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In Vivo Patterned Photo-Stimulation and Imaging in Independent Axial 
Planes 
Albeanu, Florin 
Poster 1, Session 2B 
 
Understanding the function of neural circuits requires monitoring large populations of neurons, 
while simultaneously perturbing specific circuit elements. Patterned illumination techniques 
allow the generation of flexible spatial and temporal photo-stimulation profiles, which together 
with multiphoton imaging and optogenetic manipulations provide an ideal framework towards 
achieving this goal. We describe here a platform combining one photon patterned photo-
stimulation via a digital micro-mirror device (DMD) (5) with two photon imaging. Since neural 
circuits are often arranged in three dimensions, we developed a simple method that allows 
decoupling of the imaging and the photo stimulation planes. 
Briefly, the pulsed infrared laser beam for scanning two-photon imaging and a blue laser (488 
nm) for photo-stimulation are coupled through the same objective. The blue light intensity is 
modulated by the DMD chip to form arbitrary spatial-temporal patterns on the brain surface. By 
introducing a movable holographic diffuser in a plane conjugated with the desired photo-
stimulation plane in the sample, we decouple the photo-stimulation and the imaging planes, up 
to an axial shift of 500 μm. Additionally, this allows axial confinement of the photo-stimulation 
pattern. To target large populations of neurons, we set the photo-stimulation field to ~1.5 x 1.2 
mm2 with a lateral resolution of ~20 μm. Two fast shutters in front of the blue laser and the PMT 
are used in anti-phase to rapidly alternate between photo-stimulation and imaging (10 Hz). 
When this technique is applied to the olfactory bulb (OB), we are able to optogenetically photo-
stimulate specific neural populations within individual glomeruli while simultaneously monitoring 
GCaMP3 & GCamP6f signals from populations of bulb interneurons, or output neurons (mitral 
and tufted cells). We use the two-photon imaging to obtain anatomical and functional 
information to target particular structures of interest. Within the OB, our strategy offers exciting 
possibilities for understanding broadcasting of signals by single glomeruli and their 
combinations, as well as information integration rules at the level of individual neurons during 
olfactory behaviors. 
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Dynamic Network Computations for Foraging in an Uncertain 
Environment  
 

Angelaki, Dora; Dragoi, Valentin; Pitkow, Xaq; Schrater, Paul  
Poster 2; Session 1B 

 

 
In this project we will characterize distributed neural computation in freely moving Rhesus 
macaques while they navigate and perform a complex task in a custom-built foraging room 
(Figure 1). We aim to record electrophysiologically from many hundreds of neurons 
simultaneously from multiple brain areas (Figure 2), both deep (EC, HPC, PHG, RS) and 
surface (V4, 7A, PFC). Our recordings will use wireless transmission and data-logging to 
untether the animals and permit their free exploration of a specially designed environment. 
By untethering the animals we expect to see more realistic behaviors, and to expand the 
richness and dimensionality of the neural responses. This is important not only to improve 
ethological relevance, but to understand computation as well: by including multiple nuisance 
variables that occur during natural behavior, we will challenge the brain to untangle the 
representations of task-relevant variables in ways that simpler, highly controlled tasks do not. 
Simpler tasks allow the brain to decode with mere template-matching; as linear processing does 
not need multiple processing steps, linear tasks cannot expose the function of multi-level 
processing. We will use this richness to create and fit population response models that can 
identify the distributed nonlinear processing that dynamically couples neural activity patterns 
between brain areas and thereby generates behavior. 
In the task we have designed, the monkey will try to find food pellets produced by several boxes 
along the perimeter of the room. The boxes have small computer screens that indicate 
‘ripeness’: whether the reward is available soon (Figure 3). These indicators will not be perfectly 
reliable, however, so the animal must combine memories about the recent past rewards with the 
visible cues to properly assess ripeness (the ‘what’ task). We will record from area V4, PFC, 
and RS to identify neural representations of the sensory information and, possibly, attentional 
signals suggested by recorded eye and body movements. If the animal is sufficiently uncertain, 
s/he may move to a location we call the ‘oracle’ that slowly reveals the true ripeness of all 
targets. We will control the cost of switching boxes by dimming the lights while the animal is 
traveling, and at the same time we will evaluate the quality and computational mechanism of 
path integration in the dark (the ‘where’ task) by recording from navigation-related brain areas 
7A, MEC, HPC. We will use control theory to fit the animal’s behavior and thereby impute latent 
variables like beliefs, relative values, and navigational state (Figure 4). Along with observables 
like sensory evidence and reward, these latents will function as additional targets of regression 
for measuring neural representations and interactions. 

 
Figure: 1. Overhead view 
of foraging room. 2. Brain 
regions from which we 
will record neural signals, 
and hypothesized 
context-dependent 
interactions between 
them. 3. Illustration of an 
animal’s expectation and 
uncertainty about reward 
for each box. 4. 
Environment and mental 
model used to infer latent 
variables, whose neural 
representations and 
interactions we will infer. 
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A Digital Brain Bank to Support Collaborative Studies of Brain 
Microstructure at the Meso-Scale Level: The Example of Patient H.M. 
Annese, Jacopo  
Poster 3; Session 2A 
 
By preserving the brain of his aphasic patient Leborgne, the French neurologist Paul Broca 
inaugurated the most effective instrument of human neuroscience before Magnetic Resonance 
Imaging (MRI); that is: the postmortem documentation of neurological damage in patients with 
discrete behavioral deficits. Following this illustrious tradition, but applying modern digital 
technology, The Brain Observatory is currently engaged in the development of a permanent 
digital archive for images and data produced from donated human brains. The archive is meant 
to represent the phenotypical spectrum of normal brain maturation, aging, and neurological 
disease. The resource is designed to support remote collaboration, future comparisons, as well 
as retrospective studies, as exemplified by the NSF-supported neuroanatomical database 
created for amnesic patient H.M. an atlas composed of stereotaxically  indexed data from MRI, 
blockface images and large-scale digital-pathology. The atlases are linked to MRI-based 
morphometrics, quantitative neuropathology and scores derived from neuropsychological tests. 
Some donors also consent to the recording of biographical audio- and video-interviews, adding 
a humanistic and personalize dimension to the resource. Web technologies (such as Google 
Maps APIs) maximize the navigation and interoperability of 2-D and 3-D data at multiple levels 
of resolution. 

 
Figure 1. A. 3-Dimensional (3-D) reconstruction of the brain of patient H.M. created from 2,401 digital 
anatomical images (40x40x70 µm voxels). The model allowed for the accurate delineation of the 1953 
surgical lesion (red box for the left hemisphere) as well as the discovery of a substantial portion of 
hippocampal tissue in both medial temporal lobes (MTL; green box shown on left hemisphere; Annese et 
al., 2014). Anatomical images correspond to tissue slices that are stained and digitized at 0.5 µm/pixels 
allowing for examination at cellular resolution. B. Detail of deep white matter (WM) lesion (blue box in 
panel A) revealed with myelin staining (Gallyas, 1979). 
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Sparse Genetically-Encoded Voltage Indicators 
Antic, Srdjan D; Knopfel, Thomas  
Poster 4; Session 2B 
 
Electrical (voltage) signal is the primary substrate of information processing in the brain. 
Recording and decoding voltage changes from large number of neurons in living animals 
remains a yet to be perfected key experimental approach in neurosciences. Standard glass and 
metal electrodes are hugely invasive and their use suffers from poor spatial resolution, limited 
coverage, and blindness to cellular identity. The popular calcium-sensitive indicators generate 
signals contaminated with changes in intracellular calcium that are unrelated to neuronal 
electrical signals or indirectly report the electrical signals with distorted timing and highly 
distorted waveform. A conceptually ideal principle to achieve monitoring of neuronal electrical 
activity is provided by optical voltage imaging using genetically-encoded voltage indicators 
(GEVIs). However, even the best performing GEVIs currently available are suitable only for in 
vivo monitoring of compound synaptic potentials (the summated voltage signal from unidentified 
number of neurons), but fail to resolve signals from many individual cells in intact nervous 
tissue. While better performing GEVIs with higher sensitivity are expected to emerge from the 
on-going BRAIN initiative-funded activities, this alone does not resolve the single-cell resolution 
voltage imaging problem. No matter how high the sensitivity of a GEVI is, the signals from 
overlapping individual cells will not be spatially segregated. The solution to this issue requires 
other technologies including refined genetic targeting, optical data acquisition and optical data 
analysis methods. We plan to develop protocols for sparse GEVI targeting of central nervous 
system neurons. Sparse cellular targeting will allow imaging of neuronal activity with little spatial 
overlap. We also plan to develop data analysis routines for isolating single cell responses from 
data obtained in sparsely labelled tissue and, building on this, in densely targeted tissue. In 
summary, we propose to develop a novel genetically-directed voltage imaging tool that is 
qualitatively different than those currently available, along with data analysis methods to 
facilitate the use of electrical signals from large number of neurons embedded in functioning 
neuronal networks. The novel GEVI labelling protocols and data acquisition and analysis 
algorithms developed here should be immediately useful and impactful for studying brain 
function in health and disease. 
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Building Reliable High-Throughput Consensus for Neuronal 
Morphologies 
Ascoli, Giorgio 
Poster 5, Session 1B 
 
Each of the nearly 100 billion neurons in a human brain is endowed with processes shaped like 
miniaturized trees, each with thousands of ultra-thin branches that can span from ear to ear, 
enabling neurons to connect, process information, and learn. These arbors are so diverse that, 
after three decades of manual reconstructions from microscopic imaging in countless labs 
worldwide, no one knows yet the number of distinct types or shapes even in the nervous 
systems of mice or flies. Only for the 302 neurons of the nematode C. elegans do we have a 
complete draft description, but limited to a single animal (which prevents assessment of inter-
subject variability). Quantifying neural architecture differences across species, through 
development, and based on individual experience is even more challenging. The scale of whole-
brain neuronal reconstruction demands full automation of the digital tracing process. Many 
algorithms exist for automatic reconstruction, and several recent ones have shown promise of 
performance comparable to that of human experts. The challenges are now robustness, 
integration, standardization, and generality. BigNeuron.org is a consortium initiative launched in 
2015 to port all available algorithms under a unified open source framework, enabling execution 
on supercomputers. The ultimate vision is to have a free service for the neuroscience 
community: researchers would upload their image stacks on the cloud and receive back the 
digital reconstructions. Each of the multiple BigNeuron algorithms creates non-identical digital 
tracings from every neuronal image stack. A remaining unsolved step is to morph these multiple 
variants into a single optimal ‘consensus’ reconstruction that would de facto become a 
community standard. While human expertise is currently the “gold standard” (and the “ground 
truth” may not be known), even the reconstructions of the exact same neuron by two trained 
human operators will not be identical and need to be reconciled. Thus, to ensure scalable to 
whole-brain throughput, an automated method is needed to transform a collection of non-
identical tracing versions into a consensus reconstruction, ideally with a confidence (or 
variance) associated with each branch. The specific aims of this project are to design, 
implement, test, refine, and deploy a method to generate a consensus neuronal reconstruction 
from the multiple digital tracings produced by each of the available algorithms. Specifically, we 
plan to first create a draft working algorithm by synergistically combining two recently introduced 
complementary approaches. The resulting initial procedure for morphological consensus 
production will serve as straw man for community discussion in several meetings and 
workshops. After incorporating expert feedback and new ideas, we will finalize the consensus 
generation process for incorporation into the BigNeuron pipeline. 
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Reshaping the Functional Brain Connectome to Enhance Human 
Intelligence 
Talukdar, Tanveer; Capozzo, John;Paul, Erick J.; Zwilling, Chris; Watson, Patrick; 
Hillman, Charles H.;  Cohen, Neal J.;  Kramer, Arthur F.; Barbey, Aron K.  
Poster 6; Session 1A 
 
Recent innovations in cognitive neuroscience have advanced our understanding of the 
neurobiological foundations of human intelligence. Rather than engaging a single brain structure 
or operating at a fixed level of performance throughout adulthood, emerging evidence indicates 
that intelligence is mediated by a distributed neural system whose functions can be significantly 
enhanced by specific types of intervention. Early discoveries in the neurosciences revealed that 
experience modifies brain structure long after brain development is complete, but we are only 
now beginning to establish methods to characterize the effects of experience on brain plasticity 
measured across the entire functional brain connectome. In the present study, we examined the 
extent to which participation in a 16-week training intervention (based on adaptive cognitive 
training, high-intensity interval fitness training, and mindfulness meditation) produced changes 
in the functional connectome that accounted for improvements in core facets of human 
intelligence (measured by tests of analogical reasoning and cognitive flexibility). We observed 
reliable changes in the functional connectome that were associated with improvements in 
analogical reasoning (Figure 1a) and cognitive flexibility (Figure 1b), and that engaged core 
nodes of the central executive network (corrected for multiple comparisons, p < 0.05). Our 
results provide novel evidence demonstrating that brain-training interventions alter specific 
intrinsic functional networks and that the observed changes predict enhanced analogical 
reasoning and cognitive flexibility. These data indicate that both brain and cognitive functioning 
are fundamentally linked and malleable, with specific changes in intrinsic functional connectivity 
associated with improvements in high-level cognitive ability. 
Figure 1. Changes in the functional brain connectome that are associated with improvements in 
(a) analogical reasoning and (b) cognitive flexibility (corrected for multiple comparisons, p < 
0.05).  
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Thermal-Responsive Transfer Printed Hydrogel-based Electronics for 
Brain Implantation 
Huang, Wei-Chen; Wu, Haosheng; Ding, Hanjun; Bettinger, Christopher J. 
Poster 7; Session 2A 
 
Flexible electronics are ideally suited for brain-machine interfaces because they are 
mechanically compliant and can match the mechanical properties of many types of excitable 
tissue in the brain and peripheral nerve. Brain-machined interfaces (BMI) with penetrating 
electrodes can record and stimulate with higher information bandwidth, but are subject to host-
biomaterials responses, which limit the effective electrode resolutions. Surface electrode 
systems permit minimally-invasive modes for neural interfaces by directly interfacing with tissue 
surfaces to minimize inflammation and improve reliability during recording and stimulation. 
Furthermore, the mechanical properties should ideally match the mechanical properties of 
underlying peripheral nerve, which exhibit Young’s moduli on the order of 1-50kPa. Temporary 
conformal hydrogel-based electrodes could form high resolution interfaces with brain tissues 
and obviate challenges with chronic inflammatory stimuli. Here, we develop a new kind of 
ultracompliant stimuli-responsive biodegradable hydrogel-based electronics which is composed 
of adhesion-promoting moieties and thermally reconfigurable polymer networks. More 
specifically, we also introduce a micropatterning technology for fabricating hydrated substrate-
based electronics. 
An ABA tri-block copolymer combined with dopamine methacrylate (DMA) copolymerized with 
poly(N-isopropylacrylamide) (DMA-co-PNIPAAm) as the thermal-sensitive A block and PEG-Br 
macroinitiator as hydrophilic B block will be synthesized by atom transfer radical polymerization 
(ATRP) (Figure a). The resulting (DMA- co -PNIPAAm)-b-PEG-b-(DMA- co –PNIPAAm) can 
self-assemble into nanostructural networks in a hydrated environment. By controlling the ratio of 
DMA/NIIPAAm (DN value), the temperature-responsive storage (G’) and loss (G’’) modulus of 
copolymer (DMA- co -PNIPAAm)-b-PEG-b-PNIPAAm can be manipulated, making the 
copolymer exhibit gel structure with tunable adhesion intensity at 37oC, but subject to a fast 
thermo-responsive gel-to-sol transition at the temperature up to ~40oC. On the other hand, 
based on the adhesion contributed by DMA, electric circuits could be directly transfer printed on 
a swollen hydrogel (Figure b). 
By taking advantage of materials 
engineering, microelectronic 
technology, and transfer printing, 
we construct a prototype of 
hydrogel-based multi-channel 
microelectrode arrays which will 
exhibit electrical stability, robust 
tissue-substrate adhesion, and a 
controllable self-degradation 
ability. Such biomimic electronics 
based on the polymer-based 
substrate is expected to be 
combined with more applications 
in neural implantation, such as 
bioactive delivery, tissue repairs, 
or Gene therapy. 
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Intrabody-Dependent Activation of Cell-Specific Gene Expression in 
CNS 
Blackshaw, Seth  
Poster 8; Session 2B 

 
The mammalian central nervous system (CNS) contains many hundreds of molecularly and 
functionally distinct cell types, which comprise the basic building blocks of neural circuitry.  
Individual cell types can be labeled and manipulated using transgenic and knock-in animals, but 
this approach, is slow, expensive, and limited in scope.  Furthermore, it cannot be applied to 
higher primates or humans.  We propose to develop an approach that will allow the selective 
targeting of individual CNS cell types in wildtype individuals, from a range of mammalian 
species.  This is a modification of a recently developed technology known as CRE-DOG that 
uses pairs of camelid nanobdies to scaffold assembly of functional split Cre recombinase in the 
presence of GFP.  We propose to use this general approach to target endogenous cell subtype-
specific transcription factors using Fn3-based recombinant monobodies, which can be rapidly 
produced and screened in vitro, and use these to induce assembly of split Cre and Dre 
recombinase.  These reagents can then be used to induce cell-specific activation of expression 
of reporter and effector constructs delivered by electroporation or viral vector.   
As proof of principle for this approach, we will first use Fn3-based pairs of anti-GFP monobodies 
to scaffold assembly of split Cre and Dre in vivo.  We will next raise pairs of monobodies against 
cell-specific retinal transcription factors, and demonstrate that these can scaffold assembly of 
functional Cre recombinase, and develop expression constructs that allow Cre-dependent 
expression of these reagents to avoid potential disruptive effects of monobody expression.  
Following this, we will demonstrate that these reagents direct cell-specific Cre activation in 
neonatal retina.  Finally, if proven successful, we will generate a toolbox of reagents that will 
enable selective activation of reporter and effector constructs in the major cell types of retina 
and cerebral cortex, in both mice and humans.   
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A Novel Toolkit for Imaging Transcription In Vivo 
Bloodgood, Brenda 
Poster 9; Session 1A 
 
Learning requires the conversion of transient experiences into long-lasting changes in neural 
circuitry. Animal behavior triggers changes in gene expression in small populations of neurons 
and behaviorally induced genes regulate synapses and neuronal morphology. Yet, it is unclear if 
changes in gene expression are the cause of behavioral plasticity, or the consequence. In order 
to study the interactions between regulation of the genome and learning and behavior, tools are 
needed that allow the direct visualization of the inducible transcription factors (ITFs) that 
regulate activity dependent gene expression. This project will develop a new genre of 
fluorescent reporters, genetically encoded fluorescent transcription factor reporters (GETFaRs), 
that enable the visualization and manipulation of endogenous transcription factors in individual 
neurons, in real time, and within the brain of behaving animals. Currently we are developing a 
GETFaR that recognizes the transcription factor Npas4.  
 
GETFaRs are based on molecular scaffolds, engineered through a process of synthetic affinity 
maturation of camelid nanobodies (Nbs) which bind the endogenous ITF. The Nb protein will be 
fused to a fluorophore, allowing users to visualize endogenous transcription factors in real time. 
A degradation signal (degron) will be incorporated into the Nb near the ITF binding site. 
Consequently, GETFaRs will be constitutively expressed and rapidly degraded in the cytoplasm. 
When the ITF is expressed, the GETFaR-ITF interaction will mask the degron, stabilizing the 
complex. The ITF’s nuclear localization signal will translocate the complex into the nucleus, 
resulting in stabilized GETFaRs that accumulate in the nucleus and stoichiometrically reflect ITF 
expression. We have generated a panel of candidate Nbs that recognize various Npas4 protein 
fragment. From this panel, 2 recognize the full length protein in bacteria, yeast, and mammalian 
expression systems as well as endogenous protein in neurons. Currently we are determining 
binding affinity and evaluating whether or not these nbs disrupt Npas4 function in neurons. In 
the next year we will proceed with identifying the site on Npas4 that the nb interacts with and 
targeting a degradation domain to this interface.  
 
Once developed, these reporters will have widespread utility for investigating the molecular 
mechanisms that support learning in vivo and analysis of populations of neurons that are active 
during a learning paradigm. Revealing this fundamental neurobiology will ultimately allow insight 
in the basic principles of circuit function and plasticity that are perturbed in developmental and 
degenerative disorders.  
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Spatially Controlled In Vivo Optogenetic Light Stimulation and 
Recording via Imaging Fiber Bundles 
Boppart, Stephen A.; Suárez, Javier I.; Sengupta, Parijat; Guo-Han Mun, Jonathan; 
Rhodes, Justin  
Poster 10; Session 1B 
 
The field of optogenetics has developed new approaches towards improving our understanding 
of basic neurosphysiological principles. The delivery of light to genetically targeted neurons, 
resulting in light-activated excitation or inhibition of neuronal activity, can manifest in specific 
behavioral responses in vivo. As optogenetics has emerged out of the neuroscience community, 
much research effort has been focused in using molecular biology techniques to elicit and 
observe dynamic responses from neurons. However, few have investigated control of neuronal 
output by modifying the optical properties of the light stimulus, as well as how to spatially select 
neurons in vivo. Currently, a primary method for in vivo light delivery is via a single multimode 
fiber that diffuses light over a large area of the brain, and relies on the spatial distribution of 
transfected light-sensitive neurons for targeted control. 
For our investigations, we used an imaging fiber bundle (Schott) containing 4,500 individual 
fibers, each with a size of 7.5 µm, and an overall outer bundle diameter of 530 µm (Figure). The 
use of this fiber bundle, in contrast to a single multimode fiber, allows for individually-
addressible fibers, spatial selectivity at the stimulus site, more precise control of light delivery, 
and full field-of-view imaging and/or optical recordings of individual neurons in local neural 
circuits. In our system, an objective coupled the laser sources for stimulation and imaging into 
the fiber bundle while a set of scanning mirrors were used to couple the light stimulus to distinct 
fibers within the imaging fiber bundle.  We used mCherry-tagged C1V1 (Addgene) and 
GCaMP6s transgenic mice (Jackson Labs) in our study. Stimulation of the optogenetically-
modified neurons was done via a continuous wave (cw) 561 nm laser source (Coherent), while 
imaging was done through single photon excitation with a cw 488 nm laser source (Coherent).  
Our results demonstrate that imaging fiber bundles provide increased control of spatial 
selectivity of light delivery to specific neurons, as well as provide a conduit for optical imaging 
and recording at the in vivo site of stimulation, in contrast to the use of a single multimode fiber 
that diffusely illuminates neural tissue and lacks in vivo imaging capabilities. This increased 
selectivity of specific neurons will help elucidate connectivity and functionality of more complex 
neuronal circuits. 
Future work will investigate the control of neuronal activity with spatially addressed and targeted 
stimulation through the novel use of these fiber bundles implanted in mice for an all-optical 
control and modulation platform.  
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Ultra-Multiplexed Nanoscale In Situ Proteomics for Understanding 
Synapse Types 
Boyden, Edward S; Yin, Peng; Bathe, Mark 
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In our BRAIN project, U01MH106011, we are optimizing and applying DNA-based PAINT 
(Points Accumulation for Imaging in Nanoscale Topography), a powerful super-resolution 
imaging method, towards the multiplexed super-resolution imaging of synaptic proteins in 
neurons. DNA-PAINT employs transient binding of fluorescent DNA probes to antibody targets 
conjugated with complementary single-stranded DNA sequences in order to generate target 
blinking while simultaneously allowing probe wash-out or exchange, thereby in principle 
enabling sequential imaging of arbitrary numbers of targets using a single dye and laser source.  
We have made progress along multiple fronts towards arbitrary target number, nanoscale 
imaging of synapses. 
  
First, to apply DNA-PAINT to neuronal synapse imaging, we conjugated nine antibodies with 
different DNA sequences. We employed co-localization analysis using synapsin-1 as the 
synaptic marker to validate the binding specificity of antibodies. While most DNA-conjugated 
antibodies exhibited high nuclear localization without blocking treatment, application of salmon 
sperm DNA to cellular samples efficiently blocked nuclear localization while preserving synaptic 
staining patterns. We used DNA-PAINT to resolve the localization and organization of eight 
synaptic targets simultaneously, using an automated probe exchange microfluidic device. 
Spatial distributions of synaptic proteins within individual synapses were consistent with 
previous electron microscopy and super-resolution imaging studies (which were limited to three 
targets).  
  
Second, in previous work, we used Exchange-PAINT to achieve super-resolution imaging of 
four distinct cellular targets in fixed cells. In the past year, we have extended the multiplexing 
capability to visualize 8 distinct cellular targets. In previous Exchange-PAINT work, we 
demonstrated multiplexed Exchange-PAINT imaging using TIRF microscopes. We have now 
generalized the method to DNA-Exchange-Imaging and demonstrated 10-color imaging on 
spinning-disc-confocal microscopes for diffraction limited imaging, and multicolor super-
resolution imaging. We also demonstrated DNA-Exchange-Imaging on STED and SIM 
microscopes. We applied DNA-Exchange-Imaging to obtain ten-target diffraction-limited imaging 
and eight-target super-resolution imaging in neurons. 
  
Finally, we have been working on adapting the DNA hybridization multiplexing concept to a 
novel large-volume super-resolution method, expansion microscopy (ExM), in which a piece of 
brain tissue is physically expanded in an isotropic fashion by embedding it in a dense swellable 
polymer, anchoring key labels or tags to the polymer, digesting the original sample structure, 
and expanding the polymer isotropically.  By applying DNA oligo-conjugated antibodies to a 
sample, which are then anchored and expanded away from one another, we anticipate that 
serial hybridization of fluorescent oligonucleotide probes complementary to the anchored oligos 
will enable multiplexed readout of many protein locations in large brain circuits, with nanoscale 
precision. 
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Imaging the Brain in Motion: The Ambulatory Micro-Dose, Wearable 
PET Brain Imager 
Brefczynski-Lewis, Julie Ann 
Poster 12; Session 2B 

 
In the first year of the AMPET BRAIN Initiative planning grant, we have had many exciting 
developments, such as Agile Technology’s designs and upcoming physical mechanical 
prototypes that will allow the ambulatory PET imager to be move with the 
head from a seated position, suspended from above, or worn as a 
backpack with built in supports. We plan to test supports support first with 
weights and then an improved version of WVU’s original prototype PET 
imager, and thus use real world data collection to provide feedback for 
other aspects of the design of the ideal AMPET imager.  
Imager design aspects have already been assessed using computer 
simulations, and UW and UC Davis have discovered some important and surprising implications 
related to detector design and placement. For example, simulations have demonstrated that 
image quality is influenced by how detectors are arranged around the head. The geometry and 
performance of the imager need to be carefully considered, as certain locations may worsen the 
image quality unless high performance detectors are used (using Time of Flight). For some 
applications requiring localized imaging, weight and cost of the imager could be reduced, since 
stimulations have found that fewer 
detectors are needed. For example if a 
study or clinical scan requires high 
resolution of deep brain structures, but 
can accommodate lower resolution 
surface cortical structures. It is important 
to note that existing ambulatory imagers 
like EEG and Near Infrared have low 
spatial resolution and cannot image deep 
brain structures related to psychological functions, movement disorders or memory (like 
amygdala, basal ganglia, and hippocampus), so optimizing AMPET’s advantages in this regard 
will be paramount.  
Our industrial partner, GE, is working on creating improved physical detectors. The design goals 
for this imager – high sensitivity, high spatial resolution, high timing resolution and low weight – 
have competing requirements that will require a careful trade-off analysis. Based on a detailed 
detector model detector concepts have been developed with ~1mm spatial resolution and <250 
ps timing resolution and GE is currently building prototype test boards to evaluate the concepts.  

GE has also embarked on a scoping exercise to identify 
biomarkers and applications for the ambulatory PET 
scanner. Commensurate with this effort a table has 
been assembled as a working document to use as a 
starting point for discussions to help us to prioritize 
which targets might have the greatest impacts to 
understanding brain function as well as patient 
evaluation and care. As an example, Oxygen-15 with its 
short half-life will be the best to use for function PET 
(fPET like fMRI), to image brain functions impossible to 
study with fMRI such as those related to balance and 
physical activities, while other ligands might be more 
relevant for use in traumatic brain injury, stroke, 

 

 
Ring size matters for sensitivity of deep brain structures 
like hippocampus (above) and amygdala (not shown). 
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Alzheimer’s or Parkinson’s disease, and new ligands can be developed that standard PET is not 
sensitive enough to reliably detect (see figure above). 

 
In sum, all the above physical and simulation testing 
by our team of partners are part of an interrelated 
orchestra of factors that affect, and are in turn 
influenced by, the most important aspect: application. 
We have and are presenting our findings at national 
conferences, including Society for Neuroscience, and 
using social media and s new website, 
www.pethelmet.org to communicate our findings and 
garner feedback from clinicians and neuroscientists 
about AMPET. For example, a social media poll 
conducted on Twitter and Facebook has shown that neuroscientists greatly value high 
resolution (1-3mm3) and freedom of movement, and that Virtual Reality, with greater options for 
mechanical support enabling higher resolution, might in some cases bridge these tradeoffs. By 
helping future users of the imager understand the different design optimizations necessary to 
account for sensitivity, resolution, brain coverage and weight of detector (freedom of 
movement), we can discover the best uses for our imager and focus on creating the best 
prototype designs, while developing partnerships for the future. 
  

 
Infographic describes applications, and 
pros and cons of each model 
www.pethelmet.org   

http://www.pethelmet.org/
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Mechanisms of Neural Circuit Dynamics in Working Memory 
Bialek, William; Brody, Carlos; Seung, Sebastian; Tank, David; Witten, Ilana; Wang, 
Sam 
Poster 13; Session 1A 
 
Background: Our project aims are to: First, establish accumulation of evidence tasks 
compatible both with detailed quantitative behavioral analysis and with two-photon cellular 
resolution neural activity imaging (2PI). Second, use these tasks as a platform to gain a detailed 
quantitative understanding of the neural circuit basis of the working memory component of 
accumulating evidence, at both the macroscopic and microscopic levels. 
 
Summary: We have developed two visual pulse-based accumulation of evidence tasks 
compatible with two-photon imaging (2PI). Detailed analysis of behavior in these tasks has led 
to a new understanding of the characteristics of the processes involved. Cellular-resolution 
imaging has revealed a novel sequence-based representation of accumulating evidence. And 
we have uncovered a hitherto unknown involvement of the cerebellum in gradual accumulation 
of evidence.  
 
Results: Behavior. We developed both a rat task and a mouse task in which subjects are 
presented with two trains of randomly timed visual pulses, one to their left and one to their right, 
and at the end of the pulse sequence, the subject must report which side had the greatest total 
number of pulses (i.e., which of the two sides corresponded to the greatest accumulated 
evidence). In the mouse task, subjects engage by performing a T-maze task in virtual reality, 
and the visual pulses occur on the left and right walls of the stem of the T-maze as the mouse 
runs up it; the subjects are head-fixed, allowing 2PI. We have found that mice can reliably 
accumulate graded evidence for several seconds. In the rat task, the subjects are stationary, 
and indicate their readiness to start each trial by engaging with a voluntary head-fixation system 
that allows 2PI during evidence accumulation. An analysis of the behavior that focused on how 
noise in decisions scales with the number and timing of pulses presented revealed that, contrary 
to the diffusion-like noise assumed by most previous models, the standard deviation of the noise 
scales linearly with the mean signal. This results places important constraints on possible 
accumulation mechanisms, and suggests important changes to the prevalent most current 
models. Imaging. Using 2PI with our rat task, we have described the responses of neurons with 
a generalized linear model that can account in detail for each neuron’s individual characteristics. 
We found that accumulated evidence is represented not by a static, single firing rate, but by a 
sequence of activities in both parietal and prefrontal cortices. This suggests a more complex 
dynamics than previously appreciated.Cerebellum. Consistent with a hypothesized role of 
cerebellum in cognitive processes, we have found that perturbing the cerebellum impacts 
performance in cognitive aspects of our mouse accumulation of evidence task. In particular, 
chemogenetic silencing of Crus I significantly reduces the time constant of accumulation, turning 
the system into one with a substantially leaky working memory. 
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VIrtual Brain Electrode (VIBE) for Imaging Neuronal Activity 
Bulte, J.W.M.; Magnani, M.; Kannan, K.; Pelled, G.; van Zijl, P.C.M.; Gleich, B.;  
Weber, O.  
Poster 14; Session 1B 
 
We plan to develop a technique to determine where in the brain the signal in an 
electroencephalogram (EEG) is originating from in order to generate a “voxel-specific EEG”, 
much like the signal coming from an implanted electrode. We propose to call this VIrtual Brain 
Electrode (VIBE) imaging. The method is based on the principle that red blood cells (RBCs), 
due to their specific shape and their insulating cell surface, affect the conductivity of the 
surrounding volume in dependence of their orientation. We propose to influence the orientation 
of the RBCs by loading them with magnetic nanoparticles and subjecting them to oscillating 
magnetic fields in a small volume around a field-free point (FFP), as known from Magnetic 
Particle Imaging (MPI). If, at the same time, we record an EEG, we expect a small modulation to 
be visible in the recorded signal originating from this volume. We are then able to determine the 
spatial origin of the EEG signal with high precision and, using methods similar to those used as 
in MR spectroscopic imaging, we will be able to create a specific 3D map for the origin of the 
EEG signal. This new methodology would contribute significantly to a better understanding of 
the normal functioning of the brain, applicable in healthy human subjects. In comparison to 
fMRI, our method would provide a higher temporal resolution of neuronal activation (equivalent 
to EEG) and reflect direct electric activation, as opposed to the indirect blood oxygenation-level 
dependent (BOLD) effect. 
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Technologies for Investigating Neural Circuits using Focused 
Ultrasound and fMRI 
Chaplin, Vandiver; Chen, Limin; Miga, Michael; Conley, Rebecca; Grissom, William A.; 
Caskey, Charles F.  
Poster 15; Session 2A 
 

Introduction: All presently available neural stimulation methods are either invasive or can only 
be moderately localized.  A neurostimulation method that could overcome these limitations 
would be invaluable for brain circuit investigation. Neural stimulation with magnetic resonance 
guided focused ultrasound (MRgFUS) is a promising technology that could be applied to 
noninvasively excite or inhibit neural activity in well-defined discrete volumes of the brain, and 
measure the resulting effects on brain circuits using functional MRI (fMRI) [1]. We seek to 
develop a system for ultrasound neuromodulation in non-human primates and integrate it with 
fMRI. In this study, we report on progress in hardware developments that will enable precise 
transcranial focusing of the ultrasound beam using MR-imaging guidance. 
 
Materials and Methods: A single-element focused ultrasound (FUS) transducer (Sonic 
Concepts H-115, center frequency 250/750 kHz) was mounted to a positioning arm and tracked 
by a Northern Digital (NDI) Polaris optical tracking system. The focal spot of the tracked 
transducer relative to the optically tracked probe was found using method developed in our lab 
[2]. The tracked space was then registered to the MRI space, enabling image-guided placement 
of the focal spot (Fig. 1a). To characterize the accuracy of the system, we measured the target 
registration error (TRE) between the focal spot and MR temperature maps acquired on a 7T 
Philips Achieva human MRI scanner (Philips Healthcare, Cleveland, OH) during insonation of a 
tissue-mimicking phantom. We are also fabricating an array-based transducer that can be used 
under optical guidance or within the MR environment. The 128-element transducer was 
simulated with a radius of curvature (ROC) of 6.8 cm and aperture diameter of 9.8 cm (surface 
area of 89cm2) consisting of randomly placed circular elements with diameters of 6.6 mm (Fig. 
1b). To integrate these technologies into the MR environment, we have constructed a non-
human primate stereotactic system and associated surface coils. 

 

Figure 1. (a) Image-guided 
procedure for localizing beam. 
Multiple surface fiducials will be 
placed on the macaque head 
and registered to a pre-acquired 
MR image stack using an optical 
tracking camera. (b) The 
randomized array transducer for 
transcranial neuromodulation 
that we are currently fabricating 
with our collaborators at IGT 
(Pessac, France) can generate a 
neuromodulation region on the 
order of 0.7 x 0.7 x 3.5 mm. 

 
Results and Discussion: The calibration method for image-guidance was repeatable (standard 
deviation of 2.56mm) and could be easily implemented, allowing for dissemination of the 
technology. The mean three-dimensional TRE between the desired focal spot and the 
temperature maximum during MR thermometry was 5.7+/-1.5mm (Fig. 2a). Simulations of the 
array-based transducer show that the 0.7mm x 3.5mm elliptical focus can be electronically 
steered over a 2 cm-diameter region without significant sidelobes or focal degradation (Fig. 2b). 
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Our non-human primate stereotactic system allows visualization of relevant brain anatomy in the 
presence of ultrasound neuromodulation (Fig. 2c). 

 

Figure 2. (a) Thermal map 
overlayed with T1-weighted 
volumetric image shows a 
focal spot in the expected 
location and close alignment 
between fiducial markers in 
our registration scheme. (b) 
Orthogonal cross-sections of 
the beam at the natural focus 
(0,0,6.8) cm and steered 1-cm 
off-axis (0,1,6.8) cm. (c) 
Representative T2*-weighted 
axial brain slice of the non-
human primate 
somatosensory cortex. 

Conclusions: We have developed the ability to optically track an ultrasound transducer and 
register its beam to an MR image stack, which will enable localized neuromodulation and 
registration with functional imaging. Efforts to improve the target registration error are underway, 
and we expect that an accuracy within 2mm can be achieved using this method. The array-
based device is currently being fabricated for use outside or within the MR environment. The 
electronic steering capability will allow the focus to be finely tuned enabling precise ultrasound 
neuromodulation in non-human primates. 
 
References: [1] King, RL., et al. Ultrasound in medicine & biology 39.2 (2013): 312-331. 
[2] Chaplin, V., et al. Biomedical Engineering Society Annual Meeting, 2015. 
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Exploring Learning-Induced Changes in Neural Manifolds 
Oby, Emily; Yu, Byron; Batista, Aaron; Chase, Steven 
Poster 16, Session 2B 
 
Populations of neurons have biological constraints that 
dictate the natural patterns of neural co-modulation the 
network can exhibit.  We refer to this space of natural neural 
activity patterns as the intrinsic manifold (IM).  In our 
previous work, we found that these existing patterns of 
neural co-modulation shape learning: monkeys could learn 
perturbations of a brain-computer interface (BCI) that lie 
within the IM and respect existing patterns of neural co-
modulation on the timescale of hours, but could not learn to 
generate neural co-modulation outside of the manifold on 
the same timescale (Fig. 1; Sadtler et al., 2014).   
We have recently demonstrated that monkeys can learn to 
control a BCI that requires patterns outside of the IM with 
several days of practice (Fig. 2; Oby et al., 2015).  Thus, 
outside-manifold perturbations are not fundamentally 
unlearnable, and the constraints imposed by the IM are not 
absolute.  Instead, the constraints, and presumably the IM 
itself, are plastic. Some changes in neural co-modulation 
patterns are relatively fast (minutes or hours), while others 
are far slower (days). 

As part of our NSF funded brain initiative project, we will be 
investigating how the IM changes during learning to allow for 
the production of new patterns of neural co-modulation.   Can 
a network increase its fundamental capacity to produce co-
modulation patterns? Or instead, does learning to produce 
certain new patterns of co-modulation compromise the ability 
to produce other patterns?  We will consider how neural 
activity changes on both an individual and at a population 
level.  In preliminary data, at the individual-neuron level we 
see that directional tuning changes rapidly in the beginning 
stages of learning, then stabilizes as behavior improves.  By 
comparing changes in the IM before and after learning, we 
can test how networks of neurons adapt to incorporate new 
skills.   
References 

Oby ER, Degenhart AD, Tyler-Kabara EC, Yu BM, Batista AP 
(2015) Network constraints dictate the timescale of learning new 
brain-computer interfaces. Presentation at the annual Society for 
Neuroscience, Chicago, IL. 

Sadtler PT, Quick KM, Golub MD, Chase SM, Ryu SI, Tyler-
Kabara EC, Yu BM, Batista AP (2014) Neural constraints on 
learning. Nature 512(7515): 423-6.  

  

Figure 2: Learning an outside 
manifold perturbation. After 
many days of practice, a monkey 
can learn to consistently generate 
patterns of neural activity outside 
the original intrinsic manifold.  
Here, the performance metric 
reflects changes in success rate 
and target acquire time. 

Figure 1: Outside-manifold 
perturbation.  Natural patterns of 
neural activity are described by an 
intrinsic manifold.  BCI mappings 
which lie within the IM are easy to 
learn to control and those outside 
the IM are difficult to learn to 
control. 
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Advancing MRI & MRS Technologies for Studying Human Brain 
Function and Energetics 
Chen, Wei; Yang, Qing X; Zhu, Xiao-Hong; Ugurbil, Kamil; Adriany, Gregor; Lanagan, 
Michael; Lee, Byeong-Yeul; Van de Moortele, Pierre-Francois; Rupprecht, Sebastian 
Poster 17; Session 1A 
 
Introduction: MRI and MRS have become indispensable tools for studying brain structure, 
function, neural connectivity & circuitries, neurochemistry and neuroenergetics; and are also 
essential for clinical diagnosis of neurological disorders. However, it remains a daunting 
challenge to further achieve higher spatial and temporal imaging resolutions to meet demand for 
addressing fundamental neuroscience questions even with the most advanced MRI technology 
at ultrahigh-field because the limitations of signal-to-noise ratio (SNR) and RF power deposition 
or specific absorption rate (SAR) (a major safety concern and technical limit at ultrahigh field). 
To address these challenges, this R24 research aims to achieve unprecedented 
spatial/temporal resolutions by incorporating ultra-high dielectric constant (uHDC) materials into 
radio frequency (RF) coil technology at ultrahigh-field (7.0 and 10.5T).  Figure 1 illustrates the 
concept of using uHDC material to 
substantially increase B1 efficiency 
and SNR and reducing SAR.  
Specific Aims: 
Aim 1 (Prototype development 
project): To conceptualize, 
formulate, develop and evaluate 
the new generation of uHDC 
materials and technology with optimal performance of human brain functional MRI (fMRI) and in 
vivo MRS studies at ultrahigh fields (7T and 10.5T) for significantly improving detection 
sensitivity and RF transmission efficiency, and reducing SAR.  
AIM 2 (Pilot studies): To exploit the capability and utility of the uHDC technology at ultrahigh 
fields for extremely high-resolution functional MRI (fMRI), resting-state fMRI and diffusion-
tracking MRI; and for advancing in vivo 31P and 17O MRS imaging techniques for quantitative 
assessment of the cerebral metabolites rates of oxygen and ATP as well as cerebral blood flow 
in the human brain. 
Progress and milestone:  We have made and optimized different HDC material blocks with a 
wide range of dielectric constant ( r ~ 100 to 2000) for testing phantoms and human 
applications. Figure 2 demonstrates significant enhancements of RF transmission field (B1

+), 
reception field (B1

-, which closely predicts the optimal sensitivity of signal detection) for 31P MRS 
imaging application at 7T using a RF volume head coil with 4 uHDC blocks placed around the 
phantom. Over 100% improvements were observed across the entire image and some regions 
near the blocks shown more than 200% improvement. Such high level of improvements was 
also observed in the human muscle 31P MRS image with similar setup (Figure 3). Strikingly, 
when the novel HDC material integrated with large size volume coil, it provides equivalent or 
even better 31P MRS detection sensitivity than a much small surface coil for in vivo human 
application, which truly presents a new milestone. Figure 4 shows the experimental B1

+ maps at 
10.5T (447MHz) using a spherical phantom with and without a HDC disk ( r ~ 100) between the 
sample and a RF surface coil, indicating more than 50% improvement near the coil. The 
experimental results are consistent with the simulation results using a human head model as 
shown in Figure 5. With these improvements by this simple uHDC technology, we have pushed 
the 1H MRI and 31P MRS performance forward to equivalent to >15T, which is another record-
setting. 
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Future Research Plan: We will continue to refine the HDC material and geometry for further 
improving the performance and brain coverage. Our preliminary simulation has indicated 
another fold of improvement in the human occipital lobe by modifying the geometry of the HDC 
material to better conform the human head. We will exploit challenging fMRI and metabolic 
imaging applications of human brain with unprecedented spatial and temporal resolution. 
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Chronic In Vivo Electrophysiology and Histology Stability 
Assessment of Carbon Fiber Microelectrode Arrays 
Patel, Paras; Berke, Joshua; Aragona, Brandon; Chestek, Cynthia  
Poster 18; Session 1B 
 
Recording stable, low-noise, high-amplitude unit activity in the motor cortex is crucial for the 
long-term stability of any brain machine interface system and can be equally important in many 
neuroscience studies.  To accomplish this goal, a system of electrodes should ideally elicit little 
to no immune response, have the capacity to concurrently record from a large population of 
neurons, and demonstrate the ability to chronically record neural activity.  To this end we have 
developed a 150 µm pitch, multi-electrode array, using carbon fibers (d=8.4 µm), which have 
been shown to be minimally damaging to the brain.  To demonstrate the viability of this design 
as a chronic electrode technology we implanted 5 Long Evans rats with carbon fiber arrays 
using a poly(ethylene glycol) coating to assist in insertion.  A subset of the animals implanted 
with carbon fiber arrays (n=2) and a separate cohort (n=3) were implanted with a planar silicon 
electrode (177 µm2 site size, NeuroNexus Technologies) in the contralateral hemisphere’s 
motor cortex.  Animal implant durations ranged from 3-5 months. 
Results from electrophysiology recordings show that on average 37% of carbon fiber electrodes 
(n=60 fibers) were able to detect unit activity for at least 3 months with an average amplitude of 
203.1 µV over that time.  In addition, units detected on the carbon fibers had an average SNR of 
4.22 for the first 3 months.  The chronically implanted silicon electrodes (n=5, 16 sites each) 
detected very few units, with an average amplitude of 95 µV during the 3 month implant period.  
The overall lack of detectable unit activity on the silicon electrodes may be partially attributable 
to the small site size. 

Three month histology performed on a 
subset of animals confirmed that the 
silicon probes (fig. 1, top two rows) 
elicited a large reactive response as 
evidenced by the clustering of astrocytic 
and microglial cells around the implant 
site.  This was coupled with a lack of 
neuronal bodies in the same area, which 
correlates well with the inability to detect 
unit activity on the silicon probes.  The 
carbon fiber arrays (fig. 1, bottom two 
rows) showed a minimal to non-existent 
reactive response from both astrocytes 
and microglial.  Most importantly, the 
carbon fiber arrays caused no 
discernable areas of neuronal cell death, 
which again correlates well with the 
strong unit activity that was detected over 
the lifetime of the implants.  

This work has demonstrated the ability of carbon fiber electrodes to chronically record unit 
activity in the rat motor cortex out to 16 weeks with minimal scarring. Most recently these fibers 
were used to detect dopamine in a flow chamber using multiple tip configurations. Future work 
will seek to improve array packaging to allow for even higher density arrays with higher channel 
counts coupled with site modifications that will allow us to record both dopaminergic and 
electrophysiological signals from neuronal reward pathways. 
  

Fig. 1 – 3 month histology from multiple animals 
showing large scars from silicon implants (top two 
rows) and minimal scarring from carbon fiber 
arrays (bottom two rows). 
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Socially Situated Neuroscience: Creating a Suite of Tools for Studying 
Sociality and Interoception 
Aguilar-Rivera, Marcelo; Quinn, Laleh; Heath, Scott; Schuster, Luisa; Daeun Lee; Holt, 
Jesse; Perez, Bernabe; Johnson, Taryn; Kim, Yun-Soung, Arnold, Joshua; Ball, David; 
Flodine, Zinta; Heath, Scott; Lee, Alexia; Taufatofua, Jonathon; Wiles, Janet; Coleman, 
Todd; Chiba, Andrea  
Poster 19; Session 2A 
 
The social world is an elaborate context in which much of human and animal behavior is 
situated. Thus, it is not surprising that social influences exert a pronounced effect on both the 
structure and function of the brain. To a large degree, cognition is distributed amongst a social 
group such that interactions and social decisions between animals are a critical feature. This 
highlights the importance of studying aspecits of basic behavioral neuroscience in a social 
context. Behaviorally, the “interoceptive system” is likely to be instrumental in social decisions, 
as it plays a role in self-awareness and in self-other distinctions, in addition to spanning central 
to peripheral levels of the nervous system. 
 
As a first step towards examining the underlying neurophysiology and physiology of the 
“interoceptive” system, we have developed two behavioral tasks that provide the option for a rat 
to make pro-social decisions regarding a conspecific.  We are also developing a model social 
robot for use as a manipulable control in these studies. As a proof of concept for the use of this 
robotic tool, our recent data indicate that rats demonstrate reciprocity of social favors to the 
robot as they do to a conspecific. In order to examine the dynamics of the interoceptive system 
during our new behavioral tasks, we developed light, wearable, flexible, wireless, recording 
tools, allowing simultaneous neural and autonomic recording surrounding the time of pro-social 
acts. Thus, future data will reveal critical aspects of the underlying physiology of interoception, 
while also providing proof of concept of tools that promise to enable further insights regarding 
the neural underpinnings of sociality. A byproduct of the extensive tool development undertaken 
across three laboratories, four academic disciplines and two countries is the creation of an 
exciting collaborative atmosphere for the interdisciplinary training of a diverse group of talented 
post-doctoral fellows and students.  
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Developing and Validating a Toolkit for Cell Type Specific Gene 
Manipulation 
Clandinin, Thomas R; Shah, Nirao M 
Poster 20; Session 2B 
 
Neurons express complex arrays of genes that play crucial roles in determining neuronal 
function. As such, single-gene mutations can lead to neurodevelopmental, neurophysiological, 
and neurodegenerative diseases. However, the nervous system is made up of many different 
types of neurons, which differ both in the genes they express and the function those genes 
perform. The ability to inactivate targeted genes only in the cell type of interest is therefore 
critical for our understanding of neural circuit function. This project will generate a generalizable, 
validated set of transgenic flies and mice for cell type specifically manipulating genes that 
control the inputs, outputs, and activity patterns of neurons in physiological and behavioral 
studies of a wide array of circuits.  
 
This project will generate conditional alleles of 24 genes important for neuronal excitability and 
signaling in Drosophila.  To do this, we have engineered a gene disruption tool that can be 
activated or inactivated under the control of a recombinase (Figure).   We will validate our cell 
type specific gene disruption in vivo using a combination of voltage imaging, calcium imaging 
and behavioral assays, providing strong evidence of the broad utility of this toolkit. In addition, 
since mice are critical model organisms for studying vertebrate nervous systems in health and in 
disease, we will adapt the same tool we use in flies to mice, targeting a key set of genes 
controlling excitation, inhibition and neuromodulation. 
 
 
 

 
 
Development of this toolkit will provide the neuroscience community with the means to 
manipulate essential neural genes with unprecedented precision in cell types of interest, thereby 
allowing fundamental questions about how genes shape neuronal circuit function to be 
addressed. As mutations in these classes of genes lead to devastating neurological disorders, 
this tool will facilitate studies that expand our understanding of these diseases and the treatment 
possibilities.  As pharmacological approaches to treating brain dysfunction are ultimately limited 
by molecular specificity, understanding cell-type specific gene function is critical to the 
development of new treatment strategies.  Finally, as the tool we will develop can be 
generalized to virtually any gene, future studies can extend the use of this tool to any gene of 
interest, in either flies or mice.   
  

Figure: The Flp-Stop tdTomato reporter: The 
splice acceptor signal and STOP code (which 
includes both transcriptional terminators and 
stop codons in all frames) are flanked by 
recombinase sites to enable conditional gene 
disruption.  In addition the coding sequence 
for the red fluorescent, tdTomato, is internal 
to the recombinase sites, such that upon 
cassette inversion it is brought in-line with the 
regulatory sequence UAS such that 
tdTomato expression is brought under GAL4-
UAS control.  Thus, tdTomato will only label 
neurons where a cassette inversion has 
occurred and GAL4 is expressed. 
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Elucidating the Neural Circuitry Underlying Drosophila Flight Control 
Whitehead, Samuel; Beatus, Tsevi; Cohen, Itai 
Poster 21, Session 1A 

 
Similar to balancing a stick on one’s fingertip, flapping flight is inherently unstable [1]; 
maintaining stability is a delicate balancing act made possible only by near-constant, often-
subtle corrective actions [2–4]. For fruit flies, such corrective responses need not only be robust, 
but also fast: the Drosophila flight control reflex has a response latency time of 5 ms [3], ranking 
it among the fastest reflexes in the animal kingdom.  
 
To elucidate the neural basis for 
Drosophila’s remarkable flight control 
circuit, our group combines detailed 
behavioral analysis with the vast genetic 
toolkit available for fruit fly research. 
Specifically, we apply mechanical 
perturbations to freely-flying Drosophila 
and analyze the kinematics of the flies’ 
reflexive stabilization response (Figure 1). 
By performing such assays on flies with 
cell-specific neural manipulations (e.g. 
permanent neural silencing or optogenetic 
activation), we can break down the 
function of the flight control circuit’s 
various constituents. Our group has 
previously developed reduced-order controller models to describe the Drosophila stabilization 
reflex [2–4]; our current aim is to uncover the detailed neural circuitry that gives rise to these 
simple effective models for reflexive behavior, thereby providing insight into the ways in which 
complex, high-dimensional neural function is mapped into simpler, low-dimensional behaviors.   
 
[1] M. Sun. Rev. Mod. Phys. 86, 615–646 (2014). 
[2] L. Ristroph, A. J. Bergou, G. Ristroph, K. Coumes, G. J. Berman, J. Guckenheimer, Z. J. Wang, and I. 

Cohen. PNAS 107, 4820–4824 (2010). 
[3] T. Beatus, J. M. Guckenheimer, and I. Cohen. Journal of the Royal Society Interface 12 (2015).  
[4] Whitehead, S. C., Beatus, T., Canale, L., & Cohen, I. The Journal of Experimental Biology (2015, in 

press). 
  

Figure 1: Snapshots and 3D model reconstruction from an example 
in-flight perturbation event. 
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Your Brain on Art: Bringing Research to Public Settings to Increase 
Brain Awareness and Acquire Big Brain Data  
Contreras-Vidal, Jose; Schmuckli, Claudia; Cruz-Garza, Jesus; Kopteva, Anastasiya; 
Rosengren, James; Roysam, Badri; Prasad, Saurabh 
Poster 22, Session 1B 
 
In this research, we deploy noninvasive Mobile Brain-Body Imaging (MoBI) technologies in 
public settings with the goal of assaying neural variability and individuality in large and diverse 
groups of people, including children, experiencing or creating art. Natural settings such as 
museums and art venues attract tens of thousands of people with rich demographics thereby (a) 
providing a unique opportunity to study the population distribution and stability of neural activity 
and (b) advancing understanding of the brain dynamics underlying emotive and cognitive 
systems operating in ‘action and context’ in natural environments.  Our aim is record, curate and 
analyze the largest collection of brain-body data streams and demographics acquired in natural 
settings. Here, we will review our initial findings from data (N= ~700 participants) acquired at the 
Menil Collection, Children’s museum, and the Blaffer Art museum in Houston, Texas (Fig 1). 

Fundamental knowledge and engineering innovations emerging from this project will lead to 
advanced understanding of human responses (e.g., neural variability and individuality) to 
emotionally rich stimuli such as the creative arts, our physical environments, and our 
interactions with technology, in turn leading to better engineering design of wearable 
technologies and biomedical devices based on scalp electroencephalography (EEG).  

Neuroaesthetics: Typical brain-body MoBI data acquisition at the Menil Collection 
Museum (top panel) and the Blaffer Art Museum of Houston (bottom panel). 

The Broader Impacts of this research include integrating the creative arts, science and 
engineering to advance brain science; deployment of the arts in therapy, rehabilitation, and 
human performance; understanding creativity, insight, and innovation; and advancing the 
regulatory science of biomedical devices and promoting STEAM education.  
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Simultaneous Detection of Dopamine Release and Neural Activity 
Heien, Michael; Parent, Kate; Hill, Daniel; Wiegand, Jean-Paul; Miller, Michael; 
Atcherley, Christopher; Cowen, Stephen 
Poster 23; Session 2A 
 
Complex behaviors rely on coordinated firing of neurons in local networks which are dynamically 
regulated by neuromodulators such as dopamine. However, tools for simultaneous monitoring of 
neural assemblies and dopamine dynamics have not previously been developed due to 
difficulties in integrating electrophysiological and electrochemical hardware. We have 
engineered a measurement platform capable of tandem measurements of dopamine and neural 
activity. This platform consists of high-density electrode arrays for measurement of single-
neuron activity and local-field potentials in conjunction with a separate carbon electrode for 
measurement of real-time dopamine release using fast-scan cyclic voltammetry. 
Electrochemical instrumentation was improved to allow a common reference to be utilized for 
both electrophysiological and electrochemical measurements resulting in a higher signal-to-
noise ratio (SnR) for all measurements. To prevent damage to sensitive instrumentation and 
prevent interference between voltammetric and single-unit systems, current between the 
implanted electrodes and the neural recording amplifier circuitry is interrupted during the 
application of the voltammetric waveform via a solid-state relay. In vitro testing was carried out 
in a porcine gelatin to mimic brain conductivity and 800 µV sine waves with various frequencies 
(1 – 3000 Hz) were applied near the electrode array to simulate neural oscillations. It was found 
that frequencies above 50 Hz were rapidly recovered (< 50 ms) following resumption of neural 
recordings in relation to the time between waveforms (200 ms). Stimulated dopamine release 
and multiple single-unit activities were measured in an anesthetized rat. Additionally, these 
measurements were also successfully made in a behaving rat with the addition of local-field 
potentials. 
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ARIADNE: Algorithms for Representation and Inference Informed by 
the Acquisition of Data from Neuroscience Experiments 
Cox, David; Lichtman, Jeff; Pfister, Hanspeter; Adams, Ryan; Tenenbaum, Josh; 
DiCarlo, James; Shavit, Nir; Leiserson, Charles; Vaziri, Alipasha; Scheirer, Walter; 
Kasthuri, Bobby; Chklovskii, Dmitri  
Poster 24; Session 2B 
 
The past decade has seen exponential growth in digital data, from text to images to videos and 
beyond. As our world becomes more interconnected and interdependent, this surge of 
information promises to enable threat identification with unparalleled precision and advance 
warning. However, historically, we have relied on human analysts to derive actionable meaning 
from such sources, and these human-based approaches cannot scale with the vast flows of 
data now available. Meanwhile, many of the fastest growing categories of data, particularly 
images and video, are difficult for machines to understand. As a result, we must develop 
technologies that can learn and interpret patterns in a way that augments human analysis. 
Harnessing this deluge of data increasingly requires that we be able to make sense of its latent 
structure and internal meaning. 

The field of machine learning seeks to design algorithms that can discover such latent structure 
in data and enable decisions based on it. Recent years have seen enormous progress in neural 
network approaches to machine learning, and “deep learning” networks now dominate many 
subdomains in the field. However, while advances in deep learning are impressive, they still 
come up short in the contexts that matter most to the intelligence community: settings where 
decisions must be made from limited amounts of ambiguous data, and where those decisions 
must account for uncertainty.  

Here, we describe our effort to launch an unprecedented reverse-engineering effort to discover 
fundamental aspects of the brain’s learning machinery. To guide this effort, we will focus on 
some of the most promising current ideas from computational and theoretical neuroscience. In 
particular, we consider Bayesian Generative Models, a powerful class of learning algorithms 
that analyze sensory data by synthesizing educated guesses about the structure of the external 
world, and dynamically comparing these guesses against measured sensory reality. Such 
models make a host of high-level predictions about how feedback and recurrent connections 
could be used to enable sophisticated inference processes, but we currently lack a roadmap for 
understanding at a concrete level of how these ideas might play out in the brain. The 
overarching goal of ARIADNE is to bring constraints and inspiration from neuroscience 
experiments to bear on theoretical and practical machine learning. 
 
To study the function of the brain, we will directly observe it at work, tracking its activity in real-
time as an animal learns. Combining state-of-the-art automated training procedures with next 
generation temporal focusing two-photon calcium imaging techniques, we will measure how the 
activity of thousands of neurons in the brain corresponds to the animal’s experience of the 
visual world. By watching these patterns evolve over the course of learning, we can capture 
powerful clues about the learning rules that the brain uses to grasp new information. To dig 
deeper into the machinery of the brain, we will subsequently deploy massive-scale electron 
microscopy techniques on the same brains to image and reconstruct the “wiring diagram” of a 
significant portion of the rat’s visual cortex. To date, a combined effort to characterize the 
function and anatomy of such a large portion of a brain has never been attempted. 
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Multiscale Imaging of Spontaneous Activity in Cortex: Mechanisms, 
Development, and Function 
Crair, Michael C.; Constable, R. Todd  
Poster 25; Session 1A 
 
We know much about the biophysical properties of single cells and have made great progress in 
building tools to record the activity of small populations of neurons in vivo, but orders of 
magnitude remain between this and the high dimensional neural networks generating our 
complex sensations, movements, cognition, and emotions -- the domains at which pathology 
occurs in devastating brain diseases. None of our capacities to think, feel, or do are evident in 
the individual cells whose coordinated activity produces them -- the human brain is not merely 
the sum of its 86 billion parts. Instead, the nervous system begins by the self-organizing 
interactions amongst individual neurons, operating by their own biophysical properties, which 
form into circuits with features and organizational structure not present in their constituent 
components. These circuits in turn form larger networks with similarly emergent, non-reducible 
characteristics, and this process is iterated at ever increasing levels of complexity. Through 
interactions with the world via sensory input and motor output, these networks become finely 
tuned to produce the dynamic activity patterns and cognition evident in the mature animal. 
In our BRAIN Initiative Project: Multiscale Imaging of Spontaneous Activity in Developing 
Cortex, we propose to develop and utilize an experimental and analytic framework to 
observe and study this emergent process across multiple spatiotemporal scales by 
simultaneously measuring activity in single neocortical neurons, local cortical domains, 
and the whole brain in awake, unanesthetized developing mice. We reason that linking 
single neuron activity in local circuits with mesoscopic (areal) and macroscopic (brain wide) 
measures of activity will significantly advance our understanding of fundamental features of 
brain development and function. We assert that only by studying and linking the principles of 
network development across these scales can we achieve a mechanistic understanding of the 
nervous system and truly transformative therapies be developed. 
We will achieve 
multiscale 
imaging using 
novel cortex-wide 
mesoscopic Ca2+ 
imaging paired 
with simultaneous 
measurements of 
single cell (two-
photon) acitivity 
and simultaneous 
mesoscopic Ca2+ 
and whole brain 
fMRI imaging. 
These paired, 
multiscale 
imaging 
modalities will be 
accompanied by 
an innovative 
comprehensive model to better understand how changes in development at the cellular level 
ultimately lead to changes in functional organization at the macroscopic level. Within each 
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modality there are additional innovations in experimental approach and data processing that will 
synergistically combine to provide unprecedented clarity on the mechanisms of development in 
functional organization of the mammalian cortex. Fig. 1 shows an outline of the plan. 
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Automated simultaneous large volume wavefront correction holds the 
key to high resolution and high signal-to-noise ratio in vivo calcium 
imaging at large depth in mouse brain. 

High Resolution Deep Tissue Calcium Imaging with Large Field of 
View Wavefront Correction 
Cui, Meng; Gan, Wenbiao  
Poster 26; Session 1B 
 
Two-photon microscopy based calcium imaging allows in vivo observation of neuronal dynamics 
at high spatial and temporal resolutions. The latest development allows single action potential 
sensitivity and single dendritic spine resolution, which provides a powerful solution to investigate 
the function of neural circuits. However, such resolution and sensitivity can only be achieved for 
the upper ~400 µm in the intact neocortex of adult mice. Most of the studies are still focused on 
layer 2/3 neurons. New methods are urgently needed to investigate the layer 5 and 6 neurons.  
One major challenge of deep tissue imaging is the aberration and scattering that distort the 
optical wavefront and the laser focus. Despite the apparent randomness, optical wavefront 
distortion can in principle be completely canceled by proper wavefront correction. New methods 
have emerged to enable high 
resolution imaging in highly turbid 
tissue. In effect, the new 
generation of wavefront correction 
methods provides an optical tissue 
clearing that can work for in vivo 
imaging. However, the current 
state-of-the-art methods still have 
various constraints to meet all the 
requirements of common calcium 
imaging procedures. Ideally, we 
need methods that can image 
behaving animals at flexible 
wavelength. The method should 
require no additional labels other 
than calcium indicators. To have a 
turn-key solution, the method 
needs to be automatable. Here we 
propose a robust solution based 
on our previous development, 
which can meet all the 
requirements of common calcium 
imaging procedure. 
The major bottle neck of the state-
of-the-art wavefront correction 
methods is the tradeoff between 
the correction field of view (FOV) 
and correction quality. Tiling has been employed in the past to form a larger FOV, which 
nevertheless slows down the imaging process. We propose a new method to fundamentally 
remove the tradeoff between FOV and quality to achieve high resolution calcium imaging at 
great depth without sacrificing speed and FOV. This development is useful for not only 
multiphoton microscopy but also the emerging wide field microscopy methods such as the light 
sheet microscopy and light field microscopy. Besides calcium imaging, the developed large FOV 
wavefront measurement and correction can also benefit deep tissue optogenetics, especially for 
patterned excitation.  
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Biological ‘Living Electrodes’ using Tissue Engineered Axonal Tracts 
to Probe and Modulate the Nervous System 
Cullen, D. Kacy; Serruya, Mijail; Kraft, Reuben; Litt, Brian; Chen, Isaac; Contreras, 
Diego; Wolf, John  
Poster 27; Session 2A 
Brain Machine Interfaces (BMIs) allow the nervous system to directly communicate with external 
devices in order to mitigate deficits associated with neurodegeneration or to drive peripheral 
prosthetics. There has been substantial progress using penetrating microelectrode arrays and 
optogenetics strategies; however, these approaches are limited in that they generally rely on 
placing non-organic electrodes/optrodes into the brain, inevitably leading to an inflammatory 
foreign body response that ultimately diminishes the quality of the recording and stimulation. In 
an alternative strategy, we are utilizing advanced micro-tissue engineering techniques to create 
the first biological “living electrodes” for chronic BMI. Novel micro-Tissue Engineered Neural 
Networks (micro-TENNs) serve as the living electrodes, which are composed of discrete 
population(s) of neurons connected by long axonal tracts within miniature tubular hydrogels. 
These living micron-scale constructs are able to penetrate the brain to a prescribed depth for 
integration with local neurons/axons, with the latter portion remaining externalized on the brain 
surface where functional information is gathered using a next-generation optical and electrical 
interface. Following transplant into rats, we have previously shown that micro-TENN neurons 
survive, integrate with local host neurons, and maintain their axonal architecture. These features 
are exploited in the current project to advance living electrodes as a functional relay to and from 
deep cortical layers. In this radical paradigm, only the biological component of these constructs 
penetrates the brain, thus attenuating a chronic foreign body response. Moreover, through 
custom cell and tissue engineering techniques, we may influence the specific host neuronal 
subtypes with which the micro-TENN neurons form synapses, thereby adding a level of 
specificity in local stimulation and recoding not currently attainable with conventional 
microelectrodes. In this project, we are utilizing electrophysiological, optogenetic, and advanced 
microscopy techniques to reveal evidence of micro-TENN synaptic integration with brain neural 
networks and cross-communication with micro-TENN neurons on the cortical surface in rats. 
These studies will demonstrate the ability of this versatile platform technology to read out local 
sensorimotor activity and provide input to affect neural activity and function. This will be the first 
demonstration of tissue engineered “living electrodes” to functionally integrate into native neural 
networks and to serve as a conduit for bi-directional stimulation and recording. This potentially 
transformative technology at the interface of neuroscience and engineering lays the foundation 
for preformed implantable neural networks as a viable alternative to conventional electrodes. 
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DARPA SUBNETS: Unlearning Neural Systems Dysfunction in 
Neuropsychiatric Disorders 
Dawes, H.; Alon, E.; Carmena, J.; Ganguly, K.; Knight, R.;  Merzenich, M.; Muller, R.; 
Nahum, M.; Pannu, S.; Pesaran, B.; Rabaey, J.; Sabes, P.; Shanechi, M.; Sohal, V.; 
Sommer, F.; Starr, P.; Van Vleet, T.; Wallis, J.; Chang, E. F. 
Poster 28; Session 2B 
 
Our objective is to develop a permanent rehabilitative treatment approach to neuropsychiatric 
conditions. Such disorders, prevalent among returning military service members and the general 
population, constitute a leading cause of disability worldwide. Our interdisciplinary effort is 
focused on advancing the understanding and treatment of neuropsychiatric disease at the 
network level. By integrating distributed large-scale neurophysiological recordings with 
behavioral and cognitive measures, we aim to identify and model novel markers of disease and 
mood state; illuminate relevant neural circuitry; and develop precise closed-loop stimulation 
approaches to effect symptom relief and, ultimately, disease remission. In this way, therapeutic 
strategies can be developed on the basis of an integrative assessment of brain networks 
defined by their functional connectivity and emergent state representations. The generalizability 
of this approach, and the likelihood of significant etiological overlap among many 
neuropsychiatric conditions, potentially allows us to gain insight into multiple disorders of 
interest – including Major Depressive Disorder, Generalized Anxiety Disorder, PTSD and 
Addiction – and advance therapeutic development more quickly than has been previously 
possible. A central hypothesis underlying our study is that for patients with treatment-resistant 
disease, lasting remission can only occur by leveraging the brain’s natural capacity for self-
repair. Accordingly, mechanistically-informed, targeted stimulation, in combination with 
complementary cognitive training, should enable stable restoration to healthy brain states for 
these patients. Our current efforts are focused on the identification of network states as 
biomarkers of mood and disease and the use of real-time, high-resolution neurophysiological 
recordings to develop adaptive, precisely-targeted closed-loop stimulation paradigms for 
symptom control.  
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Vascular Interfaces for Brain Imaging and Stimulation 
Desimone, Robert; Boyden, Edward S; Edelman, Elazer, Shepard, Ken; Derdeyn, Colin; 
Leuthardt, Eric; Fischl, Bruce; Polimeni, Jon 
Poster 29; Session 1A 
 
In our BRAIN project, R24MH106075, we are seeking to assemble a multidisciplinary 
collaborative to invent brain stimulating, recording, and imaging devices that can be delivered 
into the brain through the cerebral vasculature, and that can record and stimulate neurons in the 
human brain through the vascular walls, without damaging the brain, or requiring neurosurgery.   
Our core concept is to insert wirelessly powered, flexible, neural stimulation/recording chips, 
mounted on flexible electrodes, into the vasculature of the brain via catheter-delivered stents.  
The catheters will steer the stents (bearing the chip+electrode assemblies) into a target brain 
region under fluoroscopic guidance, and then expand stents so as to push the flexible 
chip+electrode assemblies against vessel walls where they can stimulate and record neurons 
through the vessel walls.  The stents and chips remain in the nervous system, while the catheter 
is removed.  In the past year, we have made significant progress on all aspects of this project.   
First, we quantitatively studied the anatomical principles of intravascular neural interfacing in the 
human brain.  We mapped anatomical structures within the human cerebral vasculature at 
whole brain scale from 7T magnetic resonance angiography (MRA) scans of healthy adult 
subjects.  Next, we combined the cerebral vasculature maps with anatomical delineations of 
brain regions, and characterized the proximities of key brain targets to cerebral arteries and 
veins.  For each target, we analyzed potential pathways for catheter device delivery from major 
blood vessels of the neck, and computed the geometric properties of the pathways, to derive 
design constraints for intravascular devices.  With these parameters, we can design stents of 
optimal diameter and length to match key targets within the brain of scientific and clinical use.   
Second, we fabricated and tested platinum/parylene flexible electrodes, and mounted them on 
medical-grade stents.  We have tested large platinum electrodes designed for neural 
stimulation, and found them to be of appropriate impedances for electrical stimulation (e.g., 
devices sized 1.5 x 1.5 mm gave impedance ranges of 1.5- 4 kOhm).  We showed that these 
stent borne electrodes could be delivered into the rabbit carotid, and we have begun to 
characterize the physiological responses that result from electrical stimulation of local nerves.  
We are performing finite element analysis simulations to study stent expansion and crimping, 
followed by materials screening, aiming to create non-metallic stents compatible with wireless 
powering of the devices.  We are finalizing surgical plans for large-animal device testing. 
Finally, we have designed a deep submicron CMOS silicon chip that will be converted into a 
flexible circuit with a “spalling” post-processing technique, resulting in a flexible device with 
unprecedented feature size.  Our design includes 4 channels of biphasic neural stimulation (with 
up to 1 mA current drive), 100 kilosample/second total neural recording bandwidth (10 bit), and 
a bidirectional wireless communication (i.e., an amplitude shift keying (ASK) data modulation 
scheme operating bidirectionally over ultrasound link, targeting a carrier frequency of 2 MHz).  
Currently this first-generation device is undergoing fabrication with Taiwan Semiconductor’s 
(TSMC) 180 nanometer wafer fabrication facility, expected to be completed by the end of 2015. 
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Non-Degenerate 2-Photon Excitation in Scattering Medium for 
Fluorescence Microscopy 
Yang, Mu-Han; Abashin, Maxim; Saisan, Payam A; Tian, Peifang; Devor, Anna; 
Fainman, Yeshaiahu  
Poster 30; Session 1B 
 
In theory, non-degenerate 2-photon excitation of a fluorophore with two laser beams of different 
photon energies may offer independent degree of freedom in tuning of the photon flux (i.e., the 
power) for each beam. Here, using spatially and temporally aligned Ti:Sapphire laser and 
optical parametric oscillator beams operating at near infrared (NIR) and short-wavelength 
infrared (SWIR) optical frequencies, respectively, we provide a practical demonstration that the 
emission intensity of a fluorophore excited in the non-degenerate regime in scattering medium is 
more efficient than the commonly used degenerate 2-photon excitation. The non-degenerate 2-
photon excitation mechanism takes advantage of the infrared wavelengths used in 3-photon 
microscopy to achieve increased penetration depth, while preserving relatively high 2-photon 
excitation cross section, exceeding that achievable with the 3-photon excitation. Importantly, 
independent control of power for each beam implies that the flux requirement for the higher 
photon energy NIR beam, which experiences higher scattering in biological tissue, can be 
relaxed at the expense of increasing the flux of the lower photon energy SWIR beam which 
experiences lower scattering, thus promising deeper penetration with higher efficiency of 
excitation. 
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Integrative Functional Mapping of Sensory-Motor Pathways: 
Methods for Tracking Information Flow in Intact Walking Animals 
Dickinson, MH; Holmes, P; Mann, R; Wilson, RI 
Poster 31; Session 2A 
 
The goal of our BRAIN Initiative Project is to develop a comprehensive experimental and 
theoretical framework for mapping sensory-motor pathways. Our approach emphasizes goal-
directed locomotion, and focuses on methods that may be implemented in intact behaving 
animals to ensure ethological context. We use the fruit fly, Drosophila, so that circuit elements 
may be genetically identified and carefully manipulated. A key pillar of our approach was 
demonstrated in a recently published paper (PNAS 112, E5523-E5532) in which we investigated 
the central complex, a brain region believed to underlie sensory motor transformation. We 
imaged neuronal activity in tethered flying flies using GCaMP and observed three separate 
functional regions defined by their responses to a variety of visual stimuli. During quiescence, 
these subunits were inactive and indistinguishable from one another, underscoring the 
importance of behavioral context in the organization of brain circuits. Our work provides an atlas 
of the cell types contributing to flight-gated visual processing in a central brain circuit. 
Much of our team efforts over the past year has focused on the sensory-motor control of 
walking, with the goal of constructing a research engine for mapping circuits that runs 
uninterrupted from the sensory periphery to the motor periphery. Working downward from 
the head, the Wilson lab has been using whole-brain in vivo GCaMP imaging to investigate 
neural networks underlying stimulus-evoked turning in head-fixed flies walking on a spherical 
treadmill, focusing on auditory and olfactory stimuli that elicit turning. We are determining what 
brain regions and cell classes are involved in comparing signals on the left and right sides of the 
body. We also aim to compare the neural ensembles that control both stimulus-evoked and 
spontaneous turns, and to understand the internal brain states that cause the fly to occasionally 
suppress stimulus-evoked turns or turn in the wrong direction. We expect this project to provide 
insight into fundamental mechanisms of coordination among brain regions, as well as the rules 
governing the interplay between external stimuli and internal brain states. 
Anticipating the efforts in the Wilson lab, the Dickinson lab has worked to establish a new 
preparation that permits the imaging of neural activity in the adult Ventral Nerve Chord (VNC), 
the region roughly analogous to the spinal chord that is responsible for controlling movements of 
the head, wings, and legs (Fig. 1A, B). This technique opens up roughly half the nervous system 
to functional imaging for the first time and will permit a rigorous analysis how descending 
commands from the brain regulate the motor circuits that control limb movement. We are 
currently using the technique to study the dynamics of sensory, motor, and neuromodulatory 
interneurons during grooming and walking and investigating how signals are carried between 
the brain and VNC (Fig. 1C).  
In a coordinated effort to study neuron function in intact and freely walking animals, the Mann 
lab is identifying small subsets of genetically identified neurons that produce consistent and 
specific perturbations of motor output when they are silenced or activated. In one example, 
silencing a small set of neurons in the adult VNC produces flies that walk nearly twice as fast as 
wild type flies, without significant alterations in other walking parameters. In a second example, 
silencing neurons that produce dopamine causes slow walking animals to assume the walking 
parameters normally exhibited by fast walking animals, suggesting that neuromodulatory 
systems may be particularly important at low speeds to modify the output of the core central 
pattern generator (CPG).  
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Focusing on the data collected in the Mann lab, the Holmes lab is using an oscillator model to 
understand gait transitions as flies change speed. Our hypothesis is that a single CPG produces 
noisy tetrapod gaits at low speeds but transitions to pure tripod gaits at high speeds. We are 
developing a model that will allow us to investigate the role of descending inputs to the VNC as 
well as to predict the results of the neuronal manipulations implemented on real flies. As they 
mature, these theoretical approaches will be critical for synthesizing data collected by team 
members at different levels of the nervous system and for generating new hypotheses regarding 
circuit function. 
 

 
  

Figure 1. (A) Preparation 
for imaging pan-neuronal 
activity in VNC during 
behavior. (B) Schematic of 
brain and VNC. (C) Image 
of foreleg ganglia with 
ROIs that are active as 
reported by GCaMP during 
walking (red), or grooming 
(blue). (Right) Neural 
activity traces for each of 
these regions. 



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

Danionella translucida: A New Fish Model for Systems Neuroscience 
Douglass, Adam 
Poster 32, Session 2B 
 
The zebrafish Danio rerio has become one of the most popular model organisms in 
neuroscience owing largely to its embryonic and larval features.  Foremost among these are its 
small size and optical transparency, which allow one to observe any cell in the living animal 
using genetically encoded fluorophores and light microscopy techniques.  These properties 
have become increasingly important as optical methods for manipulating and recording 
neuronal activity have developed and matured.  My lab and others use these methods to 
monitor and control activity in every neuron throughout the larval fish brain, enabling a level of 
experimental power that is unattainable in any other vertebrate. 
A fundamental goal of the BRAIN Initiative, and neuroscience more generally, is to determine 
how the activity of neurons within defined circuits mediates specific behaviors.  Unfortunately, a 
number of interesting behaviors are absent at the stages where zebrafish are most accessible 
for optical methods, during the first 2 weeks of life.  While adult fish exhibit courtship displays, 
aggression, shoaling, and various forms of learning, larval animals display these abilities only 
tenuously or not at all.  Unfortunately, behaviorally mature adult zebrafish have relatively large 
brains that are encased in a fully ossified skull, covered by highly pigmented skin, and lie under 
a layer of scales.  Microscopy and optogenetics approaches in adult animals are thus limited in 
scope and methodology to a degree similar to mammalian preparations. 

An ideal model organism would combine the behavioral 
repertoire of the adult zebrafish with the small size and 
optical transparency of its larval stages.  A closely related 
cyprinid fish called Danionella translucida appears to do just 
that.  The third smallest vertebrate species ever discovered, 
adult Danionella measure only 1.2 cm in length, or about twice 
the length of a larval zebrafish (Fig. 1).  Moreover, D. 
translucida and other members of its genus are paedomorphic, 
retaining several immature anatomical features into adulthood. 
This includes light pigmentation, an absence of scales, and a 
skull that is thin and mostly cartilaginous, making it likely that 
microscopy techniques developed for larval zebrafish could be 
used in these animals.  While there are just a few publications 
on Danionella and none of these address its ethology, these 
fish anecdotally display a variety of complex behaviors that do 
not mature until adult stages in Danio (Personal observations, 
A. Douglass; Paul Dixon, Bolton Museum Aquarium, UK).  
These include courtship, shoaling, fighting, and evasive 
swimming in response to alarm pheromone.   

Danionella translucida has not previously been used in a laboratory setting but holds great 
potential for neuroscience research.  Importantly, the Danionella genus is phylogenetically 
closer to Danio than any other.  Our work exploits that similarity to develop adult 
Danionella as a model organism and demonstrate its use in studying the neuronal bases 
of social behavior.  First, we are establishing protocols for breeding and genetic manipulation 
that will allow one to express transgenes in any neuron, and to edit specific endogenous genes.  
Second, we will show that two-photon and light-sheet microscopy can be used to image with 
subcellular resolution throughout the brains of living, adult fish.  Third, we are developing 
quantitative assays for social alarm in this species, and will use whole-brain calcium imaging to 

Figure 1.  Adult Danionella 
translucida are paedomorphic and 
optically tractable.  (A) 
Development in Danionella  vs. 
Danio.  Numbers indicate length in 
millimeters.  Panels courtesy of S. 
McMenamin and D. Parichy, Univ. 
of Washington.  (B) Gravid, adult 
Danionella female.  Arrow highlights 
a number of visible, unfertilized 
eggs.  Image  from 
www.seriouslyfish.com. 
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characterize neuronal activity evoked by an alarm pheromone.  This work will overcome a 
significant limitation in the field of zebrafish neuroscience by creating a new, genetically- and 
optically-tractable vertebrate model with a greatly enhanced behavioral repertoire. 
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Anion Channelrhodopsin-Based Viral Tools to Manipulate Brain 
Networks in Behaving Animals 
Dragoi, Valentin; Janz, Roger; Spudich, John Lee 
Poster 33; Session 1A 
 
Examining neural circuits crucially relies on the ability to activate or silence individual circuit 
components to subsequently assess their impact on other parts of the circuit and their influence 
on behavior. Recent refinements of viral tools for gene delivery have allowed optogenetic 
methods to target cells based on specific cell types, localization, and connectivity. The 
physiological dissection of targeted circuits has been extremely successful in the mouse brain, 
but remains of limited use in non-human primate brain. We plan to develop and test a new 
generation of viral tools that will allow us to both activate and suppress different cell types in 
non-human primate models. To accomplish our aims we have assembled an expert team with 
complementary expertise composed of a biochemist and photobiologist (John Spudich), a 
molecular neuroscientist (Roger Janz), and a systems and computational neuroscientist 
(Valentin Dragoi). Our approach builds upon recently discovered anion-conducting 
channelrhodopsins (ACRs), which perform with perfect anion selectivity, photosensitivity orders 
of magnitude greater than current optogenetic rhodopsins, and enable highly efficient neuron 
hyperpolarization (Govorunova et al. Science (2015), 349:647-650). We believe that our ACR 
constructs will open a new chapter in targeted neuro-suppression. In addition, we will use new 
neuron-activating (depolarizing) cation-conducting channelrhodopsins (CCRs) that have ~3-fold 
greater unitary conductance, faster recovery from excitation, and higher sodium selectivity than 
the commonly used channelrhodopsin-2. We will expand the breadth of ACR tools available by 
homology cloning and mutagenesis and construct viral vectors encoding ACR-CCR pairs and 
spectrally different ACRs to enabling efficient wavelength-selected neuron activation or 
suppression in large populations. A novel expression strategy will be used to deliver these new 
opsin genes to genetically targeted cell types, finally gaining control over both excitatory and 
inhibitory circuits. The effectiveness of these viral vectors will be tested in cultured and in situ 
mouse neurons and in the primary visual cortex (V1) of behaving monkeys. Developing these 
powerful tools will be invaluable for probing neural circuits in non-human primate models, finally 
allowing the interrogation of microcircuits underlying primate cognitive function.  

GtACR2 Activity.  A. Light-intensity dependence of photocurrents generated by GtACR2 and two of the previously 
most effec tive neural silencing tools at the ir respective wavelength maxima.          
B. Photoinhibition of spiking induced by pulsed (10 ms) current injection in a cultured rat pyramidal neuron expressing 

2
GtACR2; light intensity 0.026 mW/mm . 
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Epigenomic Signatures Distinguish Brain Cell-Types  
Luo, Chongyuan; Lucero, Jacinta; Zhang, Zhuzhu; Um, Kyongmi; Mukamel, Eran; Bui, 
Brian; He, Yupeng; Castanon, Rosa; Nery, Joseph; Behrens, M Margarita; Ecker, 
Joseph R 
Poster 34; Session 1B 

 
Epigenomic patterns such as cytosine DNA methylation are highly diverse across brain 
neuronal and non-neuronal cell types. For example, we have identified more than 200,000 
regions showing differential DNA methylation between three cortical excitatory and inhibitory 
neuron types. We are developing complementary methods for cataloging brain cell types and 
mapping their locations in situ based on cell-type specific DNA methylation signatures. We are 
applying single cell DNA methylome profiling and unbiased clustering to census the diversity of 
excitatory and inhibitory neurons of mouse frontal cortex. In a complementary approach, 
genomic regions carrying epigenomic signatures of distinct cell types are identified by finding 
partially methylated regions (hPMRs) associated with sequencing reads with heterogenous 
methylation states. Computational methods are being developed to identify hPMRs from deeply 
sequenced methylome of excitatory and inhibitory neuron populations from frontal cortex layers 
1-3 and 4-6. For studying the location and connectivity of cell types defined by epigenomic 
signatures, we are developing methods to label differentially methylated regions (DMRs) in situ 
using molecular inversion probes. In brief, epigenetic (methylation) variation within each brain 
cell genome is converted to genetic (sequence) variation through treatment of primary cortical 
cultures or brain tissue sections with sodium bisulfite, thus creating a unique “genetic fingerprint” 
for each cell. Conditions have been established to convert unmethylated cytosine to uracil 
(resulting in a C to T variant) with more than 95% efficiency in brain slices and tissue chunks, in 
preparation for the further integration of CLARITY and methylation mapping. We are carrying 
out extensive testing of labeling conditions for robust and specific in situ probing of DNA 
methylation variants which will provide a connection between the identified cell types and their 
locations within the brain.  
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A Robust Ionotropic Activator for Brain-Wide Manipulation of 
Neuronal Function 
Ellington, Andrew; Zemelman, Boris  
Poster 35; Session 2A 
 
The ability to manipulate defined neuron populations is central to in vivo investigations of brain 
circuitry. The main requirement for a genetically encoded neuronal actuator is that it be absent 
from the central nervous system, so that only neurons expressing the actuator are sensitized to 
the subsequent optical or chemical stimulus. While many metabotropic and ionotropic actuators 
have been devised, the drawbacks of each have created the impetus for alternatives. Building 
on our combined expertise in actuator design and protein engineering, we propose to develop 
and test a new protein platform for generating orthogonal receptor/ligand pairs to activate 
distinct genetically-defined neuron populations in vivo and in vitro. Based on members of the 
P2X nucleotide receptor family, these activators will incorporate the strongest features of 
existing tools, while avoiding many of their limitations. We are confident that our synthetic 
purinergic activator (SPArk) will usher in a new era of cell and circuit level interrogations of 
brain’s emergent properties. 

Functional brain mapping can be conducted anatomically (by 
identifying synaptically coupled circuit elements) or 
behaviorally (by producing a measurable change in animal 
performance). In both instances, experimental success is 
predicated on the efficiency, rather than rapidity, of cellular 
perturbations. As such, an activator based on the P2X 
receptor represents the ideal alternative to existing opto and 
pharmacogenetic tools for robust and selective stimulation of 
neurons. Ionotropic P2X channels support sustained currents 
of 10-20 pS (exceeding those of Chr2 by nearly 100 fold). 
Several P2X variants do not desensitize. Stimulation is 
tunable, controlled by ligand concentration. Ligands can be 
administered systemically for long-term regulation of cell 
function or chemically photocaged to provide more spatial and 
temporal control. Significantly, our orthogonal receptor/ligand 
engineering scheme, in which each binding partner can be 

optimized to fit the other, will build on these advantages. For example, ligands can be selected 
based on their ability to cross the blood-brain barrier, their lack of toxicity (for chronic use in 
mammals) or their pharmacokinetics (to regulate effect duration). In turn, receptors can be 
tuned to optimize binding of specific ligands, enabling multiple cell populations 
to be targeted independently in a single organism.  
In the course of the project, we will use receptor structural information to define candidate 
mutagenesis sites and to design complementary ligands that will be innocuous in the CNS. We 
will focus primarily on receptor residues and positions within analogs that disrupt native ligand 
binding. Scaffold replacement of candidate molecules will then enrich for more drug-like 
molecules. Extending this computational approach, we will adapt the directed evolution 
technique pioneered in the Ellington laboratory, Compartmentalized Partnered Replication 
(CPR), to engineer orthogonal purinergic receptor/ligand pairs by optimizing yeast functional 
selection circuits: Using alternating rounds of positive and negative selection, we envision 
libraries that converge on a small number of unique solutions for each ligand analog. Error-
prone PCR will yield additional beneficial mutations in subsequent selection rounds (Fig. 1).   

Figure 1. Overview of Orthogonal P2X 

Receptor-Ligand Engineering. 
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Since the proposal was submitted, we have largely completed 
the proofs-of-principle for CPR in yeast, and are starting to 
screen receptor variants. We have identified calcium-
dependent promoters (CDREs) that can drive the production of 
KOD polymerase (leading to self-amplification of functional 
P2X variants). To validate this semi-synthetic promoter, we 
constructed a yeCitrine reporter under the control of 1x and 
3xCDREs, and induced calcium influx with A23187 ionophore; 
the circuit was activated within 4 h of ionophore addition (Fig. 
2A). We have ensured efficient plasma membrane targeting of 
the receptor in yeast by truncating terminal 11-14 residues of 
P2X (a strategy adopted from the mammalian system; Fig. 2B). 
We are now confident that we can preserve the advantageous 
properties of our channel while redesigning its gating specificity 
from the ground up to produce multiple potent alternatives to 
existing pharmacogenetic tools. Our effort will entail parallel 
breakthroughs in rational receptor-ligand engineering, directed 
evolution in yeast and functional brain exploration. 
 
  

Figure 2. Preliminary data. (A) Ionophore 
A23187 activated yeCitrine expression 
from 1x and 3x CDRE promoters. (B) 
Wild-type and ΔC14 receptors imaging 
demonstrated that C-terminus truncation 
significantly increased receptor targeting 
to the plasma membrane. 
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Neural Circuits in Zebrafish: Form, Function and Plasticity 
Engert, Florian; Cepko, Constance L; Lichtman, Jeff W; Sompolinsky, Haim 
Poster 36; Session 2B 
 
We propose to combine whole brain 2-photon imaging of neural activity in behaving larval 
zebrafish with detailed anatomical and connectivity information extracted from the same 
animals. The final goal is to generate quantitative models of brain wide neural circuits that 
explain the dynamic processing of sensory information as well as the generation of motor output 
by these circuits. Anatomical data will be generated by two complementary technologies: 1) 
whole brain EM data sets will be prepared from the same fish that were used for calcium 
imaging. Respective data sets will be registered to each other, functionally relevant neuronal 
ensembles will then be identified in the EM stacks and connectivity will be analyzed in these 
sub-networks via sparse reconstruction. 2) EM based connectivity information will be 
supplemented by trans-synaptic viral tracing technology. These two technologies for identifying 
synaptic connections have complementary strengths and weaknesses and are thus ideally 
suited for combination with in-vivo 2-photon calcium imaging studies.  

The specific power of this approach is that all three techniques, whole brain calcium imaging, 
viral tracing and EM reconstruction, can be done in the same animal. Functional, anatomical 
and behavioral data can then be analyzed in the context of the specific stimuli and quantified 
behavioral output and subsequently synthesized into a theoretical framework. To that end we 
will start with quantitative models of simple reflex behaviors, like the optomotor and optokinetic 
reflex, where the transformation of sensory input to motor output is relatively straightforward and 
well defined. These elementary models will serve as a scaffold that can be refined and 
complemented by additional data from structure function studies from fish performing in more 
sophisticated behavioral assays that involve more complex stimuli, different modalities and 
plastic changes. As such the process of building such a “virtual fish” will be an iterative, open 
ended process that requires continuous and bidirectional exchange of information between the 
theoretical and experimental groups of the research team. 
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Transdiagnostic Restoration of Affective Networks via Systematic, 
Function-Oriented, Real-time Modeling and Deep Brain Stimulation 
(TRANSFORM DBS) 
Widge, Alik S.; Dougherty, Darin D.; Eskandar, Emad N.   
Poster 37; Session 1A 
 
Mental disorders are a leading cause of disability, morbidity, and mortality amongst civilian and 
military populations. Most available treatments have limited efficacy, particularly in disorders 
where symptoms vary over relatively short time scales. Targeted modulation of neural circuits, 
particularly through open-loop deep brain stimulation (DBS), showed initial promise but has 
failed in blinded clinical trials. We propose a new approach, based on targeting neural circuits 
linked to functional domains that cut across diagnoses. Through that framework, which includes 
measurement of patients using six psychophysical tasks, we seek to develop a closed-loop DBS 
system that corrects dysfunctional activity in brain circuits underlying those domains. Our 
program has identified preliminary evidence from functional neuroimaging, invasive human 
electrophysiology, and human brain stimulation experiments suggesting that this approach is 
feasible. We have identified electrophysiologic signatures potentially linked to domains such as 
Cognitive Flexibility, Emotion Regulation, and Impulsivity, and have been able to change these 
behaviors with stimulation through a variety of clinical electrodes. We have developed hardware 
and software prototypes for a fully cranially mounted implant that could monitor and control both 
biomarkers and symptoms.  
We will present an overview of these results, their place in a broader experimental plan, and our 
expectations for the coming years of this program. 
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MR Corticography: Micro-Scale Human Cortical Imaging  
Feinberg, David A; Liu, Chunlei; Mukherjee, Pratik;

 
Setsompop, Kawin 

Poster 38; Session 2A 
 
The overarching objective of our project is to bring noninvasive human brain imaging into micro 
scale resolution to begin to bridge studies of neuronal circuitry and network organization in the 
neocortex of human brain. Our technology, MR Corticography (MRCoG), leverages several 
substantial departures from ongoing MRI 
technologies. It achieves dramatic gains in spatial 
and temporal resolution by focusing high sensitivity 
coil arrays on the peripheral volume of the brain 
rather than producing image slices through the 
entire brain. The improved capabilities of the 
receiver arrays (Figure 1) with up to 256 channels 
(ch) will allow highly efficient spatial and temporal 
multiplexing in data acquisitions to further 
accelerate scanning by taking advantage of spatio-
temporal sparsity. New imaging pulse sequences will 
be designed to complement the novel receiver coil 

arrays to achieve higher spatial resolution in the 
cortex. MRCoG will also map intracortical axonal 
connectivity, overcoming current resolution limits to 
in vivo human neuronal fiber tractography with a 
susceptibility phase contrast mapping.  
Current evaluation involves development and 
comparison of 8 ch test coil arrays with identical 
transmitters but varying small coil loop diameter (3, 
4, and 7 cm) and comparison to the existing Nova 

32 channel coil which comes standard with the 7T 
MRI system. The 3 cm and 4 cm loop arrays 
obtained similar SNR and several times higher SNR 
than the standard Nova 32ch coil. This higher SNR 
enabled higher sensitivity in fMRI and higher 

resolution (0.5mm isotropic) in high quality phase 
contrast for quantitative susceptibility maps (QSM) 
(Figure 2). Utilizing this higher SNR enabled ultra-
high resolution fMRI (450 micron isotropic or .09 ml 
voxels) for which the limited test of 12 minutes of a 

checkerboard visual paradigm resulted in robust BOLD activations in visual cortex (Figure 3, 
next page).   
Future neuroscience application of MRCoG will entail use of advanced computational models of 
circuitry, comparison to optogenetic fMRI circuitry studies, fMRI of electromagnetically-
modulated human neural circuitry, ex vivo histological fiber track comparisons, as well as 
correlation to intraoperative patient studies using electro-corticography (ECoG). Functional MRI 
performed with MRCoG will be used to localize activity within cortical laminae and map the 
columnar organization of cortical regions. MRCoG clinical impact may include identification and 
possible treatment of tramatic brain injury, epilepsy, depression and cognitive disorders. 
MRCoG will generate new avenues to explore human brain circuitry at an order of magnitude 
higher spatial resolution than has previously been possible noninvasively in living humans.  

Figure 2. (Left) Coil array 3cm loops. (Right) Standard 
Nova array. Top) Comparisons of 0.5 mm iso fMRI data 
(single 3 min run). Middle) EPI  fMRI source images, 4 
average. Bottom) QSM Phase maps coronal cross sections 
of the 24 ms TE component of a 0.5 mm iso GRE QSM 
acquisition.  

Figure 1. Concept 3-movable segment 32ch coil array. 
Designed for close fit / high SNR with flexibility to scan 
larger subjects. 
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a. DF has financial interest in Advanced MRI 
Technologies and Siemens and both he and the 
companies may benefit from commercialization of 
the results of this research.  

  
Figure 3. Ultra-high resolution fMRI at 450 micron isotropic 
resolution. Top) BOLD activation (four 3 minute runs) maps 
overlaid onto T1W anatomical. Bottom) Raw source SMS GE 
EPI axial image (average over 8 TRs). TE=31ms, TR=3000 ms, 
FOV=100x90x25 mm3  (Beckett, Vu, Feinberg, ISMRM  2016, 
submitted) 
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Development of Robotic Microscopy to Monitor the Longitudinal 
Molecular Dynamics of Single Neurons and Circuits within Intact 
Tissues 
Linsley, J; Campioni, MR; Mount, E; Tripathi, A; Finkbeiner, S 
Poster 39, Session 1B 
 
Our robotic microscopy systems are a unique technology that allows automated, longitudinal 
tracking of individual neurons over long time spans. This high-throughput imaging platform 
harnesses the power of analyzing large populations of cells while maintaining the ability to 
assess phenotypes at the level of a single neuron. We were funded by the NSF EAGER 
program to expand this technology’s capacity to image intact tissues. In the first year of funding, 
we completed our 4th generation automated confocal robotic microscope. In this second year of 
funding we have applied this platform to longitudinal imaging of single neurons within brain slice 
cultures and live larval zebrafish, and developed bio-imaging analysis tools to analyze our data. 
 

 
Progress in imaging slice cultures 
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Progress in imaging larva zebrafish 
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Neural Monitoring with Magnetically-Focused Electrical Impedance 
Tomography (Mf-EIT) 
Freeman, Daniel 
Poster 42; Session 1B 
 
Existing methods for non-invasive brain monitoring are limited in their spatial (EEG, MEG) or 
temporal (fMRI, PET) resolution, motivating the need for new approaches to neural sensing. 
One alternative approach is to detect neural activity by measuring small changes in impedance 
within the brain via scalp electrodes; this technique is known as electrical impedance 
tomography (EIT). We propose to address what we believe is the core limitation of EIT: the 
inability to control the path of the injected current through the brain. Specifically, when current is 
injected into the head, the current diffuses widely, and as a result, the measurements reflect any 
changes in impedance throughout the brain, producing a noisy and imprecise estimate of neural 
activity. We will adopt a technique that is widely used in particle accelerators to control the path 
of charged particles: we will introduce a magnetic field that will essentially steer the current 
through the brain in a controlled path. By confining the injected current to a small, collimated 
volume, any fluctuations in impedance will reflect neural activity from a one-dimensional line 
across the brain. The primary application of interest is the ability to localize the source of 
seizures within the brain, avoiding the invasive and risky approach used today in which 
electrodes are inserted into the brain.     
 

 
 
Figure 1. A. To control the path of the applied current (Jbrain) through the brain, we will apply a 
uniform magnetic field, B, that is in the direction of the desired current path. B. If any current 
deviates from the straight path from electrode #1 to electrode #2, there will be a Lorentz Force 
(F) that will drive the current back towards the straight path, causing the ions to flow in a helical 
or spiral shape (blue) with diameter, d. The force will always be perpendicular to the velocity (v) 
and the magnetic field (B).    
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High Density Self-Splaying Electrodes  
Liberti, Bill; Deku, Felix; Gillis, Winthrop; Lissandrello, Charles; Markowitz, Jeff; Shen, 
Jun; Pearre, Ben; Perkins, Nathan; White, Alice; Cogan, Stuart;  
Gardner, Tim 
Poster 43; Session 2A 
 
This project seeks to develop a high density, minimally invasive electrode array for long-term 
recording and control of brain activity. The proposed recording and stimulating electrode array is 
built with sub-cellular (5 micron) microfibers distributed in three-dimensional volumes of the 
brain. To implant the device, individual electrodes are bundled together, strengthening each 
fiber through mutual support. During implant, the bundle of fibers splays apart and each fiber 
follows its own separate path into the brain as it is deflected by tissue inhomogeneity. This 
process preserves the minimally invasive properties of a single fiber.  We present progress 
toward scalable manufacturing of self-splaying electrodes in a thin film process, as well as new 
geometries of carbon fiber electrode arrays that are manually assembled. Chronic histology, 
recording, and stimulation results are consistent with an electrode that is an effective long term 
interface with the brain. 
 
We test these devices in the study of song motor control in zebra finches. Skilled behaviors may 
persist for decades, but little is known about the stability of the underlying neural control 
patterns. Using the new electrodes and a head-mounted microscope, we demonstrate that 
stable song behavior in zebra finches is associated with stable ensemble activity in pre-motor 
cortex. Excitatory projection neurons, but not inhibitory interneurons reveal day-to day drift in 
firing patterns.  These observations suggest a hypothesis for maintenance of motor skills in 
cortex: inhibitory interneurons can provide a stable mesoscopic dynamical pattern while 
individual excitatory neurons explore fine-grained variations in motor commands. 
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Imaging Brain Function in Real World Environments & Populations 
with Portable MRI 
Garwood, Michael; Vaughan, J Thomas 
Poster 44; Session 2B 
 
Functional magnetic resonance imaging (fMRI) continues to play a critical role in understanding 
the human brain. Yet current fMRI technology is far less than ideal for studying brain function 
due to the unnatural environment and restricting space of the magnet bore. Furthermore, fMRI 
cannot be performed on subjects who have metallic implants in their body (e.g., the elderly, 
soldiers and veterans), or who are impaired by certain physical disabilities as occurs in a variety 
of neurological and vestibular disorders. Finally, due to its expense and infrastructure 
requirements, MRI’s predominant accessibility to wealthier institutions has resulted in a highly 
biased subject sampling and a shortage of studies in non-western environments and cultures. In 
this project, we are planning a new way to image human brain structure using a small, 
lightweight, and portable magnet. The compactness and efficiency of this imaging system will 
make will make the study of human brain possible outside the unnatural laboratory environment 
and in subjects who previously were excluded from getting an MRI scan. To demonstrate 
feasibility, the specific aims focus on three technical innovations essential to realizing this 
revolutionary new MRI scanner: 
First, we planned to demonstrate feasibility of a new reliable and portable magnet technology 
based on a high temperature superconductor, YBCO, which will not need liquid helium. In the 
first year of this project, this specific aim (led by Dr. Bert Wang (Wang NMR, LLC)) has been 
successfully completed. In brief, YBCO tape was used to construct one of the 20 double 
pancakes of the planned 1.5 Tesla head-only magnet. In a test at liquid nitrogen temperature 
(77 deg K), the double-pancake magnet was persistent and produced the predicted magnetic 
field. These tests demonstrate the feasibility of the planned complete 1.5 Tesla YCBO magnet, 
which will be small enough to allow the human body from the shoulders down to remain outside 
the magnet. In addition, these results support calculated weight estimates of the complete 1.5T 
magnet (~500 lbs).  
Standard approaches to generating MR images require a highly uniform magnetic field (B0) and 
thus necessitate the use of magnets that are physically large. To overcome this limitation (so 
that brain MRI can be accomplished with our planned head-only magnet), a new way to perform 
MR imaging called STEREO was conceived and is being tested using computer simulations and 
experiments. Work performed this past year support our predictions of STEREO’s tolerance to 
large B0 inhomogeneity. These preliminary results demonstrate the utility of STEREO for brain 
imaging with the planned 1.5T magnet 1.  
Finally, simultaneous radiofrequency transmit and receive (STAR) capability is a necessary 
technology for STEREO to work in extreme field inhomogeneity. STAR will also permit a drastic 
reduction in size, cost, and power consumption of our portable, head-only MRI scanner. Thus, in 
this specific aim, we have focused our attention on developing the STAR electronics to allow RF 
transmission simultaneously with MRI signal detection. A prototype duplexer for this purpose 
was successfully designed, built, and tested. With it, we acquired the first ever images of human 
brain in vivo using simultaneous transmit and receive. As predicted, this approach required 
extremely low peak RF power (~ 3 mW).  
In summary, this planning project is on track to demonstrate proof-of-principle of a portable, 
remotely supportable, head-only 1.5T MRI scanner. Making this system available to 
neuroscientists will open exciting new territories of investigation into the human brain and 
human behavior, in a wide range of conditions and populations of subjects worldwide. 
1.  2D Pulses Using Spatially-Dependent Frequency Sweeping, A. Jang, N. Kobayashi, S. Moeller, J.T. 
Vaughan, J. Zhang, and M. Garwood, Magn. Reson. Med., in press.  
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Connecting Brain andBbehavior in a Genetic Model Organism 
Gershow, Marc; Gepner, Ruben; Kaplow, Margarita; Wolk, Jason; Mihovilovic-Skanata, 
Mirna; Karagyozov, Doycho; Bernat, Natalie 
Poster 45; Session 1A 
  
I will discuss the planned work for our recently awarded grant: CAREER: Solving Olfactory 
Circuits in the Drosophila larva. My lab studies the neural basis of decision making in 
this model organism, with a focus on odor-guided navigation. Although we have a 
sophisticated understanding of individual neurons, we are far from understanding how 
connected groups of neurons (neural circuits) work together to process information. The 
complexity and inaccessibility of the mammalian brain complicates our ability to study neural 
circuits in higher animals. The Drosophila larva, on the other hand, has few neurons (less than 
10,000, compared to 100 billion in the human brain) but performs complex behaviors. Advances 
in genetics, protein engineering, and microscopy allow us to optically activate, suppress, and 
visualize the activity of these neurons through the larva’s transparent cuticle. The larva is thus 
an ideal model system in which to study complete neural circuits. 
 
A given odor stimulates or inhibits an arbitrary set of odor receptor neurons, yet on the basis of 
this pattern of stimulation, organisms from flies to humans recognize and classify odors rapidly 
and reliably. The Drosophila larva has a reduced but representative insect olfactory system with 
deep homologies to vertebrates’. We hope that understanding how larvae recognize odors and 
act on that perception will reveal broad principles of how brains code odors and make 
behavioral choices.  
We will use calcium imaging to measure the responses of odorant receptor neurons in the 
larva’s dorsal organ (its “nose”) to understand how olfactory information is first presented to the 
brain, taking advantage of the genetic tools available in Drosophila, the larva’s transparency, 
and custom built apparatus developed in our lab.  
To move towards or away from an odor, the larva uses sensory input to drive motor output. In 
this process, it modulates a number of behaviors, e.g. moving forward, stopping, and sweeping 
the head to one side or the other. We will use light activated ion channels to evoke activity 
directly in the sensory neurons in order to measure the computations involved in transforming 
temporal variations in sensory input into directed motor output. 
Because the larva is transparent, it should be possible to measure neural activity in freely 
behaving animals, linking stimulus, evoked activity, and responsive behaviors simultaneously in 
a single subject. The larva’s peristaltic motion moves its brain rapidly in three dimensions, so we 
will build a microscope capable of tracking neurons three-dimensionally and use it to visualize 
the neural correlates of odor stimulus and evoked responses in a freely navigating larva.  
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Defining Cell Types, Lineage, and Connectivity in Developing Human 
Fetal Cortex 
Geschwind, Daniel H 
Poster 46; Session 1B 
 
Little is currently known about the number, proportion, or lineage of distinct cell types in the 
developing human fetal brain. Knowledge of such a component list and its functional genomic 
foundations is crucial for understanding the function of this complex system, its evolution, and 
how it is disrupted in disease. We hypothesize that comprehensive single-cell mRNA expression 
profiles provide an accurate and efficient rubric for a first generation classification schema that 
can be integrated with lineage, morphology and connectivity. We will use unsupervised learning 
algorithms to cluster 10,000 single cell transcriptomes derived from RNAseq of the human fetal 
cortical anlage, providing an unbiased model to identify and understand the resultant cell 
classes. We will validate these cell class determinations using in situ hybridization. We will use 
marker genes identified in this analysis to perform lineage tracing using cell-type specific 
reporters engineered via genome editing, and obtain single cell transcriptional profiles at 
different stages of development to determine lineage relationships. Finally, we will analyze intact 
fetal cerebral hemispheres and mouse-human chimeras processed with the CLARITY technique 
to provide 3D localization and morphology of a subset of cell types. To markedly improve 
scalability of this approach, we will apply enhanced Bessel Beam Tomography for spectral 
image acquisition, increasing imaging speed by 2-3 orders of magnitude while maintaining high 
resolution. In parallel, we will develop automated image analysis algorithms to enable cell 
detection and comprehensive morphological assessment in an automated and correctable 
fashion. Overall, completion of these studies will permit, among many future advances: (1) The 
generation of an unbiased rubric of cell class based on integration of morphological, 
transcriptomic, and connectivity data used to understand cell type diversity and function; (2) 
Connection of cellular function, morphology, and connectivity to specific genes and proteins; (3) 
Refinement of the cellular basis of transcriptomic disease signatures and understanding of the 
individual cellular mechanisms of disease (4) The construction of connectivity diagrams based 
on discovered circuit components allowing development of realistic computational models of 
brain function and dysfunction; (5) Optimization of cell types generated by in vitro stem cell 
models based on gold standard in vivo cell class definition; and (6) Advancement of light 
microscopy techniques for rapid, spectral high resolution imaging of postmortem human and 
mouse brain including automated processing, which in addition to permitting high throughput 
brain mapping, will significantly advance mechanistic studies in mouse models and pathological 
studies in human. Completion of these aims will provide a proof of principle, multiple tools, and 
a core framework on which to build a more comprehensive knowledge of cell classes in the 
human brain.  
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A Circuit Theory of Cortical Function 
Gilbert, Charles; Freiwald, Winrich; Reeke, George; Ullman, Shimon; Deisseroth, Karl 
Poster 47; Session 2A  
 
Our project is designed to develop and test a new conceptual framework for understanding 
brain function.  The underlying theory holds that the properties of any neuron and any cortical 
area are not fixed but undergo state changes with changing perceptual task, expectation and 
attention.   Because of the multiple routes by which this top-down information can be conveyed, 
each neuron is essentially a microcosm of the brain as a whole.   It is an adaptive processor 
rather than merely a link in a labeled line, taking on functions that are required for performing 
the current task.  The theory accounts for cortical function at the circuit level.  Through an 
interaction between feedback and intrinsic connections neurons select inputs that are task 
relevant and suppress inputs that are task irrelevant.  The experiments will combine visual 
psychophysics, fMRI, large scale high density electrode array recordings and optogenetic 
manipulation.  Using these techniques we will measure changes in effective connectivity 
between cortical areas and the relationship between effective connectivity and the information 
represented by neurons at different recording sites as animals perform different visual 
recognition tasks.  We will develop biologically based computational models to account for how 
task–dependent gating of connections can be achieved and will reproduce the functional 
dynamics observed experimentally.   
 
Our experiments will focus on cortical areas involved in object recognition.  Animals will be 
trained on an object recognition task, where we will devise a stimulus set composed of complete 
objects, object parts and subparts.  We will then examine, using electrode arrays chronically 
implanted in several visual cortical areas, the influence of object expectation on the stimulus 
selectivity of neurons and on the effective connectivity within and between cortical areas.  To 
test the role of feedback connections on mediating the dynamic properties of cortical neurons, 
we will inactivate selected sets of feedback connections while recording from neurons targeted 
by these connections.  Though the experimental focus will be the visual modality, the findings 
from the work will formulate a general theory of brain function that is broadly applicable to the 
brain as a whole and will be invaluable for creating biologically based artificial intelligence 
systems. 
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Multiscale Dynamics and Emergent Properties of Suprachiasmatic 
Circuits in Real Time 
Gillette, Martha; Popescu, Gabriel; Rogers, John; Sweedler, Jonathan 
Poster 48, Session 2B 
 
We seek to develop and implement novel neurotechnologies that will enable us to non-
invasively control, measure, and analyze spatial and temporal neural network dynamics. Current 
technology for measuring electrical activity in neurons requires physical contact, either by patch 
clamping or, more recently, by electrode arrays placed on the substrate. While extremely 
valuable, these approaches are limited in terms of the spatiotemporal scales on which they can 
report electrical activity. It is therefore clear that novel, ultrasensitive, label-free imaging 
methods are highly desirable.  
During our EAGER project, we have developed a new label-free method that can report on 
nanoscale dynamic changes in neuronal structures, at the millisecond scale. The new 
instrument, referred to as magnified optical spectrum (MOS) microscopy is described in Figure 
1A. MOS is an add-on module to an existing light microscope and yields pathlength maps 
associated with the specimen of interest. Due to the interferometric geometry, MOS is sensitive 
to motions at the sub-nanometer scale. As a result of the single-shot operation, the image 
throughput is limited only the camera acquisition rate. Figure 1B illustrates MOS imaging at 826 
frames/second. Panel B(a) shows a quantitative phase image of a hippocampal neuron, while 
B(b) shows an overlay with the temporal standard deviation at each point in the image (greed 
colorbar in nanometers). Panels B(c) and B(d) show the temporal traces associated with the 
areas 1 and 2 in B(a). Current efforts are dedicated to integrating MOS with an 
electrophysiology system and measure action potentials optically, for the first time. 

 
Figure 1. A. Layout of the MOS instrument. B. Imaging an unlabeled, live neuron at the nanometer and 
millisecond scales. 
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“Not noisy, just right”: Optimal inference in volatile environments and 
the role of decision noise 
Glaze, Christopher M.; Kable, Joseph W.; Gold, Joshua I. 
Poster 49; Session 1A  
 
Humans often make variable decisions when presented repeatedly with the same information. 
This trial-to-trial decision noise has typically been considered adaptive only in the context of 
behavioral exploration: stochastic action selection provides opportunities to sample new, 
potentially useful information. Here we present a theory of “mental exploration” that posits a 
different, but also beneficial, source of apparent decision noise: probabilistic, adaptive inference 
continuously re-interprets sampled information to support learning about changes in the 
statistical structure of the environment. The theory predicts that uncertainty about this structure 
governs a fundamental trade-off between flexibility and precision in decision-making behavior: 
higher uncertainty can promote faster learning about real environmental changes but also yield 
more variable decisions about sensory data, whereas lower uncertainty can hinder learning but 
promote faster and less variable decisions. 
 
We investigate this theory in the context of change-point detection in volatile environments that 
challenge subjects to distinguish variability coming from a stable environmental state from 
abrupt (volatile) changes in the underlying state itself. We recently used a two-alternative 
forced-choice task (Fig. 1A,B) to show that subjects can learn the hazard rate parameter that 
governs the rate of volatile changes. However, the degree of learning varied considerably 
across subjects, with some adapting almost perfectly to a range of values but others always 
using an intermediate value regardless of the task conditions. Here we show that subjects who 
adapted least also had the least amount of decision noise (Fig. 1C,D,F). Reaction times (RTs) 
also were different between non-learners, whose RTs closely tracked the strength of the current 
piece of evidence, versus learners, whose RTs were more strongly affected by other potential 
sources of uncertainty, including their estimates of hazard rate (Fig. 1E,G). 

 

Figure 1. A,B. Task design. The subject indicates which of two triangles was the source of the red star, sampled from a 2D Gaussian 
centered on the currently active source (triangle). C. Per-session decision noise (larger values imply less precise decisions) was 
positively correlated with greater flexibility in adjusting to the generative hazard rate. D–G. The probability of switching choices from the 
previous trial (D,F) and associated RTs (E,G) as a function of star position differed for subjects with low versus high adaptibility to 
hazard rate. H,I. Learning model: higher flexibility and less precision arises from an uncertain prior on hazard rates. J. RT as a function 
of errors in hazard-rate estimates predicted by our model. 
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We have developed a biologically plausible learning algorithm that treats the hazard rate itself 
as a probabilistic variable and approximates the full Bayesian solution to the task (Fig. 1H,I). 
This algorithm learns both the likelihood and hazard-rate parameters online. These parameters 
live in a mental “hypothesis space” that is explored and updated continuously by randomly 
drawing from a prior distribution of possible models and parameters (Fig. 1H) to generate new 
hypotheses about the sensory data. Our model explains the degree of precision versus flexibility 
in terms of the width of this prior distribution. The model also explains key features of the data, 
including the dependence of switch probability and RT on the strength of the current piece of 
evidence, the dependence of RT on parameter-based prediction error (Fig. 1J), and the 
influence of feedback on performance.  

The data and model illustrate decision noise that stems from learning in task environments that 
contain uncertain statistical structure. We are currently probing these processes with 
experiments that more directly interrogate model and parameter uncertainty. This work includes 
pupillometry and fMRI in humans and pupillometry, unit recordings, and microstimulation in 
monkeys to study how this learning process may be facilitated by noradrenergic modulation of 
neural circuits in the insula, dorsal-medial frontal cortex, and elsewhere. 
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Building and Sharing Next Generation Open-Source, Wireless, 
Multichannel Miniaturized Microscopes for Imaging Activity in Freely 
Behaving Mice 
Aharoni, Daniel; Markovic, Dejan; Khakh, Baljit S.; Silva, Alcino; Golshani, Peyman  
Poster 50; Session 1B 
 
One of the biggest challenges in neuroscience is to understand how neural circuits in the brain 
process, allocate, encode, store, and retrieve information. Meeting this challenge will require 
methods to record the activity of intact neural networks in freely behaving animals. Spectacular 
advances with the development of genetically encoded indicators and optogenetic actuators of 
neural activity now call for methods to image and manipulate the activity of large populations of 
identified neurons in freely moving mice over prolonged periods of time. Multi-channel imaging 
is needed to unequivocally identify individual neurons based on their unique gene expression or 
projection patterns, and a flexible platform is necessary so that the imaging technology can be 
easily adapted to address diverse neuroscience questions. Optogenetic capability will also be 
key to permit exploration of correlative and causal relations between cellular activity patterns 
and behavior. Finally, currently available technology is limited because it requires animal 
models (e.g. mice) to be tethered by wires, limiting their range of behaviors and ability to interact 
with stimuli in their environment. In addition, commercial miniaturized scopes are extremely 
expensive, and cannot be altered to meet individual end-user needs. Here, we present the 
current status of our project which aims to remedy shortfalls in existing technology by 
developing an open-source miniaturized microscopy platform capable of two-channel imaging, 
optogenetic stimulation, and wireless data logging in freely moving mice. 
 
We will test and optimize the multichannel imaging of our system by recording activity patterns 
of tdTomato-positive GABAergic interneurons or astrocytes and surrounding excitatory CA1 
hippocampal neuronal populations during the performance of memory-based tasks. The 
optogenetic capabilities of our system will be tested by imaging the activity of CA1 neuronal 
populations expressing the genetically encoded red calcium indicator jRCaMP1a while 
activating ChR2 expressed in GABAergic interneurons in mice exploring an open field. Finally, 
we will validate the wireless data logging system by imaging CA1 neuronal populations in 
animals performing hippocampal-dependent tasks or in animals behaving in large open fields.  
We will share our technology by distributing the information through a website that will include 
information about parts lists, microscope and circuit board designs, surgical procedures and 
analyses software.  These advances will bring a new generation of miniature microscopes to the 
neuroscience community without barriers for use.  We expect the technology will permit 
exploration of entirely new questions in a highly interactive user directed environment driven by 
ideals of free access and open sharing. 
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Real-time Optical Readout and Control of Population Neural Activity 
with Cellular Resolution 
Gong, Yiyang 
Poster 51; Session 2A 
 
Optical methods have steadily developed into staple techniques within neuroscience labs over 
the past decade. In combination with genetically encoded sensors of neural activity, optical 
imaging methods have the benefits of genetic targeting and chronic simultaneous recording of a 
large population of neurons at the cellular level. Similarly, along with light activated rhodopsin 
channels, optical perturbations methods can manipulate the same targeted neural populations. 
The neuroscience community desires techniques to simultaneously record and control neural 
activity. However, existing optical techniques have potential of optical cross-talk, where optical 
excitation needed to perturb neural activity accidentally generates sensor fluorescence, or 
optical excitation needed to record neural activity accidentally activates optogenetic control 
channels. We propose to address this shortcoming by developing an optical imaging system 
that will enable robust, simultaneous optical readout of neural activity and optical excitation of 
neural activity, all with cellular level specificity. Specifically, we will engineer a set of rhodopsin 
actuators, fluorescent sensors, and microscopy tools that will enable optical readout and control 
of neurons in broadly separable wavelength channels. 
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Large-Scale, Semi-Chronic Micromanipulator Systems for Measuring 
and Optogenetically Controlling Activity in Distributed Neural Circuits 
in Behaving, Non-Human Primates 
Goodell, Baldwin; Gray, Charles; Pesaran, Bijan; Sheinberg, David  
Poster 52; Session 2B 

 
In order to gain a greater understanding of the neural mechanisms that mediate cognitive 
function, new approaches and technologies are needed to dramatically expand the ability to 
record and manipulate the activity of large numbers of neurons throughout widespread areas of 
the primate brain. To accomplish this objective, we have developed large-scale, semi-chronic 
recording instruments that permit the implantation of hundreds of independently movable 
microelectrodes in behaving non-human primates. These devices can be flexibly configured to 
enable the long-term measurement of neuronal activity from distributed circuits spanning the 
depth and breadth of the brain. The instruments are now in widespread use in laboratories in 
North America, Europe and Asia.  
Findings from these studies have revealed several weaknesses in our original designs. These 
include inconsistencies in the reliability of the actuator mechanism, problems associated with 
fluid leakage into the devices, and limitations in the manufacturing of the devices. Here, we 
report results from new designs that eliminate or alleviate each of these potential problems.  
Electrode position is controlled by rotation of a fixed lead screw (125 μm/turn resolution) that 
advances or retracts a cylindrical shuttle to which the electrode is bonded. We have greatly 
improved the reliability of this design by constructing the shuttle to have a cross-sectional 
teardrop shape and by fabricating the actuator block with matching hole dimensions using 3D 
printing technology. We have also implemented a procedure to inject a calibrated amount of 
sterile silicone grease into the electrode guide holes on the bottom of the actuator block. The 3D 
printing technology has also allowed reduction of the inter-electrode spacing to permit higher 
density recording. Additionally, longer lead screws have been developed to permit access to the 
ventral surface of the brain. Together these design changes have significantly improved the 
performance and reliability of the system.  
We have also made significant progress on incorporating optogenetic control into the system.  
Optrodes, optical connectors and injection cannulas have been incorporated into the microdrive 
system and those designs are also reported. 
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An Optogenetic Toolkit for the Interrogation and Control of Single 
Cells 
Hannon, Gregory  
Poster 53; Session 1A 
 
Many fields of biology could greatly benefit from the ability to control the transcriptional state of 
specific cells in a complex organism with high spatial and temporal precision. Light inducible 
transcription factors exist, but they require long exposure to light (in the order of tenths of 
minutes) and high resolution cannot be achieved in vivo, especially in deep tissues, which limits 
their application to the brain. To partially fill this void, we are developing a method to activate 
single proteins or protein complexes through light-induced dimerization.  
In the past, we developed a photo-caged chemical ligand which can be fused to a protein of 
interest, bearing the self-ligating SNAP-tag domain, upon light irradiation. This method, called 
“LaserTag”, allows the recovery of the protein and its interacting partners from spatially defined 
areas of complex tissues. In our project, we are building upon this design to develop a photo-
caged dimerizer capable of linking a protein bearing SNAP-tag to a second protein bearing a 
different self-labelling domain, HALOtag. The dimerization can be triggered by light using both 

one-photon and two-photon excitation, 
and benefits from the fast kinetics of 
chemical photo-release. 
Our strategy is to achieve light-inducible 
gene regulation by dimerizing a DNA 
binding domain and an effector protein 
(I.e. a transcriptional activator or 
repressor). So far, we have produced a 
version of the popular Tet-ON system, 
where a functional reverse tetracycline 
transactivator is reconstituted upon 
release of the dimerizer. Currently, this 
system allows us to obtain a 10-fold 
induction of gene expression with very low 
background levels (figure 1A). This system 
is compatible with any Tet-inducible 
transgene, and can therefore be combined 
with a vast number of publicly available 
resources. We are now in the process of 
optimizing the caged crosslinker in order 
to increase its permeability and improve 
the transactivation efficiency. We are also 
applying the same strategy to the 
CRISPR/Cas9 system, using a 
catalytically inactive Cas9 as DNA binding 
element and combining it with several 
effectors (activator or repressors) in order 
to build a regulation system that can target 
endogenous genes. 
In addition to transient gene regulation, we 
are developing photo-activable versions of 
the two orthogonal DNA recombinases 
Cre and Dre. This will allow the induction 

 
Figure 1: A: Induction of a luciferase transgene in HEK293 
cells by dimerization of SNAP:TetR with HALO:VP160 
following addition of the chemical dimerizer (3 replicates, 
error bars are standard deviation), B: preliminary data on the 
induction of Dre-mediated recombination through 
dimerization of a split-Dre recombinase (Rox-Stop-Rox GFP 
transgene) 
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of permanent genomic rearrangements (i.e knock-outs) in specific cells with a high level of 
spatial and temporal control. We divided both proteins in two subunits (partially based on 
previously published split-Cre designs) and fused each of them to SNAP or HALO, so that they 
could dimerize after the release of our crosslinker. In order to reduce the background 
recombination level due to self-association of the subunits, we added a nuclear export signal to 
one of them, forcing them apart until dimerized. 
So far, we succeeded in obtaining a split-Dre system that can dimerize to re-form an active 
recombinase which has 10% efficiency, with a relatively low background (figure 1B). Although 
very preliminary, these results are a good starting point and indicate that our strategy is 
promising. We are currently embarking in a large-scale screening of different linkers and 
subunits combinations to improve the efficiency and reduce background, and we are similarly 
developing the spit-Cre system. These inducible recombinases could be paired with any floxed 
or “roxed” transgene (many of them publicly available) to produce a very wide range of effects 
under strict spatial and temporal control. 
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High-Resolution Multimodal Acousto-Electromagnetic Neuroimaging 
of Brain Activity 
He, Bin; Yu, Kai; Ebbini, Emad; Liu, Dalong; Chen, Wei; Wang, Jianping 
Poster 54, Session 1B 

  
The goal of this EAGER project is to explore the feasibility of detecting and mapping brain 
activation with the aid of focused ultrasound (FUS) modulation in a rat model. FUS has been 
pursued for neuromodulation. Beyond the neuromodulation effects from sonication, the 
overarching hypothesis of our project is that using the FUS modulation, we can detect dynamic 
brain electrical activity and use it for 
neuroimaging. The concept of the proposed 
approach is illustrated in Figure 1. 
To test the hypothesis, we have been 
developing multimodal instrumentation (shown 
in Fig. 2(a)). Rather than using single-element 
FUS transducers, we employ dual mode 
ultrasound array (DMUA) to produce a 3-
dimensional FUS beam. As a result, the high-
frequency ultrasound waves (center frequency: 
3.2 MHz) modulated with a given low-frequency acoustic radiation profile vibrates targeted 
neural tissues with the acoustic radiation pressure at the focal spot. Using the DMUA, the 
locations of both regions of interest and the recording electrodes can be determined with a real-
time high-resolution ultrasound imaging as in Fig. 2(b). In the existence of an external magnetic 
dipole, the interplay between the steered acoustic vibration and the magnetic field leads to the 
acousto-magneto-electric effect. This induces a local electrical potential within neural tissues, 
whose spatial specificity is determined by the dimensions of the ultrasound focal spot; as shown 
in Fig. 2(d)-(f), the ultrasound-induced electrical potential in an ex vivo rat brain is localized 
around the DMUA focal spot (estimated 3-dB contour: 1 mm in the lateral, 2.3 mm in the axial). 
Varies of acousto-electromagnetic configurations, e.g. the electrodes’ orientation and spacing, 
the DMUA’s sonication intensity and modulated frequency, were tested. The recorded temporal 
acousto-electromagnetic potential in the ex vivo rat brain is presented in Fig. 2(c). 
To further understand the sonication effects to the neural circuits, a non-invasive 

electroencephalograph (EEG) 
technique for an in vivo rat model 
is customized and utilized to 
investigate the acoustic effects of 
the transcranial FUS (tFUS). This 
tFUS is working in a low-intensity 
pulsed mode. The ultrasonic beam 
targets at cortical areas with a 
customized, conic-shaped 
collimator filled with ultrasound 
coupling gel. From our pilot 
studies, EEG recordings from the 
rat model suggest that without 
other external stimulations and/or 
perturbations, the low-intensity 

mechanical pressure waves transmitted from the ultrasound transducer can activate the neural 
circuits during the sonication and evoke subsequent brain activities in post-sonication phases. 

 

Figure 1. Concept of the proposed acousto-electromagnetic 
neuroimaging. 

 

Figure 2. The acousto-electromagnetic instrumentation and recorded effects 
using a 3-D focused DMUA in an ex vivo rat brain model. 
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This pilot experimental result suggests the feasibility of recording noninvasive 
electrophysiological signals in response to tFUS in an in vivo animal model, and that further 
investigation is warranted to explore the development of a multimodal acousto-electromagnetic 
neuroimaging modality in the future. 
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Generating Multiple Circuit and Neuron Type Specific AAV Vectors 
with Cross-Species Applicability 
He, Zhigang  
Poster 55; Session 2A 
 
The technology to generate transgenic animals that can label and manipulate specific 
populations of cells has led to fundamental advances in our understanding of how the central 
nervous system functions. Although an impressive toolbox has been generated through 
combined global efforts over more than a decade, for the most part, the production and 
validation of transgenic organisms still remains time consuming and expensive. Furthermore, 
transgenic production has only been streamlined for a small number of model organisms, 
making such experiments much less feasible in non-mouse, mammalian species. Our research 
uses near systemic delivery of AAV2/9 viruses to drive transgene expression using ultra-
conserved enhancer elements with the aim of identifying enhancer elements that are restrictive 
for certain brain regions or specific cell populations. Currently, we are delivering high titer 
AAV2/9 vectors via ultrasound-guided, intraventricular injection into mice aged P1 to P4. We 
find that most areas of the brain and spinal cord can be efficiently transduced, except for brain 
structures farther from the ventricular or pial surfaces (i.e. thalamus and striatum). Thus far, we 
have screened nearly 50 enhancer elements driving GFP expression and have found some that 
are restricted to specific brain regions (forebrain, hindbrain, spinal cord, dorsal root ganglia) and 
fewer that are enriched in specific cell types. Four of these constructs were also tested in rats, 
three of which demonstrated similar expression patterns, suggesting decent species 
conservation. We are currently investigating other possible routes of administration to reach 
deeper brain regions, and which may be more feasible for other applications (i.e. direct injection 
into cortex for primate studies). Additionally, we plan to examine the effects of different minimal 
promoters on enhancer driven expression, optimize these vectors for manipulating activity, while 
also expanding our screen over more enhancer elements. 
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Translating between Human and Animal Studies via Bayesian Multi-
Task Learning 
Ulrich, Kyle; Vu, Mai-Anh; Dzirasa, Kafui; Adcock, Allison; Beck, Jeffrey; Heller, 
Katherine 
Poster 56, Session 2B 
 
Modern experimental methods have facilitated unprecedented levels of data collection at 
increasing resolutions in both human and animal models. However, our ability to translate 
findings between species is frequently limited by large disparities in the types of data collected 
in each. For instance, human functional magnetic resonance imaging (fMRI) offers good spatial 
resolution over the whole brain, albeit at poor temporal resolution, while invasive 
electrophysiological recording in animal models offers excellent spatial and temporal resolution, 
but with only limited sampling. Here, we present new methods for jointly modeling human fMRI 
and local field potentials (LFP) in animal models that address this shortcoming by modeling 
dynamics of both within a single framework. Our approach utilizes multi-task Bayesian machine 
learning to share statistical strength across both modalities, combining a shared underlying 
state-space with observation models appropriate to each. We report progress on applying these 
methods to trials of a similar task performed in both humans and rodents, identifying shared 
functional dynamics common to both species. 
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Figure 1: ‘Dual-volume’ imaging with a resonant scanning system. 
A) Virally-expressed GCaMP6m in layer 2/3 neurons of two areas (1 mm 
apart) in mouse cortex. In each area 4 focal planes (30 micron above 
each other) were sequentially addressed by fast control of an electrically 
tunable lens. B) A heat map of the calcium transients of 5 examples cells 
per area and z-plane, acquired at 9 Hz. Each row represents the calcium 
transient of one neuron. C) Example traces of 40 randomly selected 
ROIs originating from the Area and z-plane indicated on the right. A 
characteristic motion artifact can be observed at the indicated position. 
 

Advances in Multi-Area Two-Photon Microscopy for Studying Long-
Distance Communication between Multiple Local Brain Circuits 
Chen, Jerry L; Voigt; Fabian F; Bethge, Philipp; Helmchen, Fritjof 
Poster 57; Session 1A 
 
We have further advanced the multi-area 2-photon microscope (MA2PM) that we developed to 
enable simultaneous calcium imaging of neuronal subpopulations in two sub-areas within a 
large field-of-view. Our project aims at simultaneous measurement of neuronal activity patterns 
in two connected areas of mouse neocortex in order to reveal principles of inter-areal 
communication. We have finished a first series of experiments with the MA2PM prototype, in 
which we investigated the coordination of activity in primary and secondary somatosensory 
areas in the whisker system during a texture discrimination task (manuscript submitted). With 
regard to technology, we have optimized several aspects of the MA2PM during the past year.  
As an alternative to the 16x Nikon WI-objective (NA0.8) used so far, we have integrated a 
Olympus 10x objective (XLUMPLFL10xW-SP, NA 0.6), which provides a significantly enlarged 
field-of-view size of about 3 mm. Currently, the large back aperture of this objective is 
underfilled so that we are effectively working with an NA ≈ 0.5. Nonetheless, the spatial 
resolution is sufficient to clearly resolve neurons and neuronal processes and the degradation of 
image quality towards the edge of the field of view appears acceptable.  Regarding imaging 
speed, we have successfully 
increased the frame rate by 
exchanging the scan mirrors 
with a resonant scan system 
(Cambridge Technologies 
CRS 4K, 4 kHz resonance 
frequency) and by making 
the necessary adaptations of 
the hardware and software. 
Our modular microscope 
design  allows a rapid 
exchange between different 
configurations, permitting 
imaging with either standard 
galvanometers or resonant 
scanners. With the resonant 
scanner parallel imaging of 
two sub-areas can be 
performed at high frame rate 
(up to 50 Hz). In addition, we 
have used rapid focusing 
with electrically tunable 
lenses in the two beam 
paths to address several 
planes in each area 
sequentially. With this 'dual-
volume' imaging approach, 
large populations of neurons 
can be imaged in 3D at 
sufficient temporal resolution 
of about 5-10 Hz (Figure 1).  
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Finally, we built a beam combiner with two adjustable electrically tunable lenses for scanning 
two overlaid beams 'on top of each other' in one area at different, adjustable depths. Duplication 
of this dual-beam focal plane unit and application with a low repetition rate pulsed laser should 
allow us to image four areas (two pairs of two stacked planes) at high frame rates or even four 
sub-volumes at 5-10 Hz.   
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SCAPE Microscopy For High-Speed In-Vivo Volumetric Microscopy In 
Behaving Organisms 
Hillman, Elizabeth M. C.; Mann, Richard S.; Grueber, Wesley B.; Bruno, Randy M.; 
Schoppik, David  
Poster 58; Session 1B 
 
Swept, confocally aligned planar excitation microscopy (SCAPE) is a new high-speed 3D optical 
microscopy technique capable of imaging living samples at over 40 volumes per second [1]. 
SCAPE is a type of light-sheet microscopy that is combined with the principles of confocal 
scanning and de-scanning to permit optically sectioned 3D imaging through a single, stationary 
objective lens. SCAPE microscopy is simple to use, and has a compact and inexpensive 
implementation giving it the potential for wide dissemination for neuroscience and biomedical 
research.  
In recent work we have developed a new embodiment of SCAPE that has an even simpler 
optical layout that is easier to align and use. We have applied this new system to imaging a 
wide range of biological samples including zebrafish brain and heart, freely moving Drosophila 
larvae, adult Drosophila brain during complex behaviors and the awake, behaving mouse brain. 
Although SCAPE is currently limited in its penetration depth for mouse brain imaging, since it is 
currently implemented with a 488 nm laser as its excitation source, we have been able to 
demonstrate imaging of apical dendrites of layer 5 neurons in the awake, behaving mouse brain 
during complex tasks, to depths of around 300 microns at 10 volumes per second over large 
fields of view and for durations of up to 25 minutes. In this setting, SCAPE surpasses slower 
imaging techniques including point-scanning both in terms of speed and its tolerance for motion 
artifacts, since acquired data can be registered in 3D space. In parallel to ongoing data 
acquisition, we are developing novel data handling, image and data analysis approaches for this 
unique data. In smaller organisms, SCAPE can image freely moving Drosophila larvae, 
capturing, for example, neural GCaMP data throughout the ventral nerve chord during 
locomotion, as well as the firing activity of ventral neurons (fig 1.). In the adult fly brain, we 
achieved whole-brain imaging at 10 volumes per second, capturing brain-wide responses to 
odor delivery. In the zebrafish brain, SCAPE can 
image through the thickness of the brain of fish up to 
7 days past fertilization. Data has been collected 
showing febrile and pharmaco-logically-induced 
seizure activity as well as responses to vestibular 
stimulus during mechanical manipulation of the fish 
within the 3D field of view. By developing imaging 
paradigms for these applications, and establishing 
protocols for data handling and analysis we are both 
supporting these collaborations, while also 
developing new features and improvements to 
SCAPE for new applications. 
The second goal of our proposal is to extend the 
capabilities of SCAPE for imaging deeper into scattering tissues 
such as the mouse brain, first through implementation of two-
photon excitation, but also through exploring the use of red-
shifted GCaMPs, as well as structured illumination 
implementations. We are also exploring incorporation of 3D 
photostimulation. Latest results on these technical 
developments will also be presented.  
[1] Bouchard, MB. et al, Nature Photonics 9(2): p.113-9 (2015). 

Fig 1. SCAPE maximum intensity 
projections in x-y and y-z, 
acquired at 10 volumes per 
second in a freely moving 2nd 
instar larva.   yw;410-Gal4,UAS-
GCaMP6f cross with yw;UAS-
tdtomato, UAS-GCaMP6f 
(Hillman / Grueber) 
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Developing Drivers for Neuron Type-Specific Gene Expression 
Hobert, Oliver 
Poster 59; Session 2A 
 
Driver lines that direct Cre protein to specific neuron types have proven to be invaluable tools to 
not only visualize specific neuron types but also to manipulate their activity through the Cre-
mediated activation of optogenetic probes or to assess gene function by Cre-mediated gene 
knockout. Most Cre driver lines, such as BAC-based Cre drivers or knock-ins of Cre into specific 
loci, monitor the complete expression pattern of entire genetic loci. However, genes are usually 
not expressed exclusively in very small populations of specific neuron types and this lack of 
cellular specificity limits the use of these driver lines. We have proposed to develop driver lines 
that direct gene expression to very restricted numbers of neuronal cell types in different regions 
of the mouse brain, thereby providing tools to precisely map their function and molecular 
composition. At this meeting we will present our progress in establishing a transgenic mouse 
system that uses the ᶲC31 integrase, to insert fragment of different neurotransmitter pathway 
loci. So far, we have had problems to establish this system, but now seem to have found a way 
to efficiently generate such transgenes. 
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High-Bandwidth Wireless Interfaces for Continuous Human Cortical 
Recording  
Hochberg, Leigh R.; Nurmikko, Arto  
Poster 60; Session 2B 

 
Neurologic disorders including cervical spinal cord injury, brainstem stroke, and amyotrophic 
lateral sclerosis can lead to severe paralysis of all four limbs. More than 100,000 people in the 
US have tetraplegia from these and other disorders, which in their most extreme forms can lead 
to loss of all voluntary movement and the loss of speech (locked-in syndrome). Over the past 10 
years, intracortically based brain-computer interfaces have been developed with the hope of 
restoring voluntary, intuitive, flexible, and around-the-clock control of external devices such as a 
computer cursor, or internal neuromuscular stimulators capable of reanimating limb movement. 
In humans, conveying these powerful, high-bandwidth, intracranially recorded neural signals to 
external neural decoders has required percutaneous components that tether the user to nearby 
technologies and require regular caregiver assistance to reduce the risk of infection. We have 
created and performed initial preclinical testing of a fully implanted, high bandwidth neural 
recording system that transmits 100 individual channels of neuronal ensemble data to receivers 
up to 1 meter away. Key innovations and features of the fully implantable system include: low 
profile appropriate for intracranial implantation; custom RF ASIC providing 100 channel full 
bandwidth neural data transmission across an ultra-low power, selectable 3.2-5 GHz link; ~8 
hour continuous transmission between charging; scalable design to incorporate intracortical 
microelectrode arrays, ECoG grids, or virtually any other multichannel sensors. 

In this project, slated to begin in the next two months, our tightly collaborative, multi-institutional 
project (Brown, MGH, Stanford, Case Western, Cirtec Medical); together with Providence VA 
Medical Center, and with support and expertise from the Wyss Center for Bio- and Neuro-
Engineering brings together leaders in neurology, neurosurgery, neuroscience, 
neuroengineering, industry and medical device clinical trials to (1) complete the manufacture 
and regulatory assessment of this next generation technology, and (2) perform a rigorous Early 
Feasibility Study in which six participants with tetraplegia will test the investigational BrainGate3 
Neural Interface System, at home, for at least one year. This study will provide early clinical 

 

Figure 1. (A) 100-channel wireless implantable neural interface module, connected to a multielectrode 
tracortical array (MEA). The Ti-enclosure houses all the custom microelectronic circuits and a 

echargeable battery (inductively coupled by external charging coil placed above the head of the 
ubject); (B) View from the bottom of the module which shows a specially designed, planar, 
ultipurpose polymer-sheet based interconnect pad. The scalable interconnect pad enables a fanout 

onnection from any number of neural sensors guided to the titanium enclosure through an array of 
ermetically sealed Au-ceramic-metal micro feedthroughs. 
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experience with continual use of a novel neurotechnology platform, and will inform the 
development of next-generation closed-loop neural recording and stimulating devices to help 
manage the symptoms of neurologic and neuropsychiatric disease. 
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Genetically Encoded Light Sources for Non-Invasive Optogenetics 
Shaner, Nathan; Hochgeschwender, Ute 
Poster 61, Session 1B 
 
We developed a technology which capitalizes on the unique properties of optogenetic actuators 
and combines them with non-invasive light-activation by luciferases via systemically applied 
small substrate molecules. Our strategy takes advantage of light-gated ion channels and pumps 
(i.e. direct translation of light activation into neural effects; effective in any neuron type; ever-
expanding repertoire of functionality) by using them as the common denominator, but switching 
out the light source from an invasive physical to a non-invasive biological one, i.e., a light 
producing protein, or luciferase. The luciferase emits light, activating the optogenetic actuator 
upon systemic application of its small-molecule substrate, coelenterazine (CTZ), which crosses 
the blood-brain barrier. Thus, using “biological” light allows non-invasive photonic control of 
neurons.   
 
To move this non-invasive optogenetic manipulation approach closer to potential clinical 
applications, we are addressing two key requirements: the need to increase overall light 
output of the luciferase to allow light production with substrate concentrations acceptable for 
human systemic application; and the need to broaden the spectrum of emitted light in order 
to take full advantage of the entire arsenal of optogenetic tools, which includes yellow to red 
sensing actuators. 
 
To achieve these goals we are taking advantage of intramolecular bioluminescence resonance 
energy transfer (BRET), in which the excited state energy of a luciferin substrate, bound to a 
luciferase (Luc), is efficiently transferred to an acceptor fluorescent protein (FP) by a Förster 
resonance energy transfer (FRET) mechanism, thereby increasing the emitted photon number. 
The high quantum efficiency of the Förster mechanism allows the overall light emission from the 
FP acceptor in these intra-molecular BRET pairs to be higher than that from the Luc alone. In 
addition, the light emitted from a Luc-FP fusion will be shifted from the light characteristic for Luc 
luminescence to the emission wavelength of the FP. 
 
For our initial BRET constructs we combined the donor sbALuc1 (a synthetic luciferase based 
on “slow burn” Gaussia luciferase and ALuc), or eKAZ (derived from Oplophorus luciferase), 
with the acceptor mNeonGreen (mNG), LSS-mOrange (LSS-mOr), or mApple (mAp). In these 
experiments, fluorescent proteins mNG, LSS-mOr, and mAp were expressed, in E. coli, as N- or 
C-terminal fusions to the luciferases sbALuc1 or eKAZ. Luminescence spectra in the presence 
of the substrate CTZ identified mNG as the best energy transfer acceptor for sbALuc1. The 
optimal construct obtained from the first round of testing (sbALuc1-d7NmNG) employs mNG 
with 7 amino acids deleted from its N-terminus, fused to the C-terminus of sbALuc1. 
 
The sbALuc1-d7NmNG construct is currently being tested in combination with activating and 
silencing actuators. In addition, we are performing optimizations of the initial configurations by 
generating and screening E. coli expression libraries with varying linker length and composition 
for all Luc-FP pairs, along with the most promising clones developed from other Luc-FP fusions. 
 
The expected outcome of this project is the generation and validation of a toolset of luciferase-
fluorescent protein fusions combined with actuators for minimally invasive and low cost 
implementation of optogenetics in medicine, biology and biotechnology. 
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Employing Subcellular Calcium to Control Membrane Voltage  
Hochgeschwender, Ute; Lipscombe, Diane; Moore, Christopher  
Poster 62; Session 2A 

 
The goal of this proposal is to assess the feasibility of an all-molecular method for activity-
dependent feedback control of neuronal activity. We propose to generate calcium sensitive light 
emitting molecules (bioluminescent enzymes, luciferases) that drive light sensing optogenetic 
elements (channels or ion pumps, opsins) to control membrane voltage at the level of single 
cells for positive and negative feedback control. By adjusting calcium sensitivity and molecule 
location, light production can be made specific to large events such as bursts, or sensitive to 
individual spikes or single channel activity. By coupling these new luciferases to opsins, highly 
specific sensing of calcium at its source will trigger opsin activation for augmenting or 
suppressing neuronal activity, allowing a high degree of temporal and spatial precision in 
feedback control. Goals will be achieved by pursuing three aims: 1) Developing a calcium 
sensing split luciferase with significantly improved speed, brightness and range of sensitivity; 2) 
Targeting these new molecules to subcellular domains to enable highly specific biological 
outcomes; 3) Linking these new innovations to optogenetic readouts. Our strategy is non-
invasive and it could be applied to large-scale manipulation of neural activity in behaving 
animals or in humans, where non-invasive, rapid feedback control of neuronal activity could be 
used to regulate clinically relevant activity in the brain. Our experiments are early stage, require 
proof of principle feasibility studies, but they have the potential to lead to a novel strategy to 
regulate activity only during periods of abnormal neuronal firing, such as attenuating runaway 
activity or amplifying local fluctuations. The molecular tools generated towards these feasibility 
experiments will be highly valuable in their own right, and achieving the goal of neural activity 
regulated self control of neurons will be transformative. 
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Fluorescent In Situ Sequencing (FISSEQ): A Massively Multiplex 
Panomic Technology 
Inverso; Samuel A.  
Poster 63; Session 1A  
 
The core of our approach is to use viruses to barcode a population of neurons with random 
short sequences of RNA. Fluorescence in-situ sequencing (FISSEQ) will be used to read out 
Barcoding of Individual Neuronal Connections (BOINC). The barcode acts as a unique identifier 
for each neuron.  To generate a library of barcoded viruses, we clone a commercially available 
N-mer random oligonucleotide into the Sindbis virus genome. We then infect a population of 
neurons in the cortex with this diverse viral barcode library via stereotaxic injection.  The 
throughputs of barcode-based connectomics are vastly higher than those of other approaches. 
Spinning disk confocal microscopy can process ~100k 4-color voxels per second. In each 
experiment, we will need to perform ~15 cycles of 4-color FISSEQ to identify a barcode.  Thus, 
the overall imaging voxel throughput of FISSEQ is ~5k voxels per second. Given this raw 
imaging throughput, and a ~250 nm x 250 nm x 60 nm resolution voxel size set by the optics of 
the confocal scan head, the 500 um x 500 um  x 100 um Phase 1 neuroanatomical target in one 
mouse could be acquired in a matter of days on a single instrument, and the Phase 2 target of 
(1000 um)3 in ~3 months for one mouse.  Crucially, the approach treats long-range and short-
range connections on an equal footing, and is applicable to arbitrarily large brain volumes 
without a drop in accuracy: error rates are constant as a function of the length of “traced” axon, 
rather than scaling linearly with it. Moreover, the approach naturally integrates with 
measurements of cell morphology and transcriptome; and the fast mapping of multiple brains 
provides replicate data for validation. 
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Analysis of Brain Circuits with Optically Controlled Synaptic GPCRs  
Isacoff, Ehud 
Poster 64, Session 2B 
 
The connectivity of brain circuits is central to how sensory information is processed, motor 
activity coordinated, memories stored and retrieved, and how behaviors emerge. While new 
physical connections can form and old ones be eliminated, much of brain processing depends 
on how synaptic inputs are integrated and how their strengths are dynamically adjusted. 
Progress in brain research has been revolutionized by optogenetic tools that use microbial 
opsins to excite or inhibit firing of specific neurons. But to understand connectivity, one must go 
farther and develop the means to directly manipulate synaptic transmission by controlling the 
neurotransmitter-gated receptors of synapses. We have developed a powerful strategy to 
engineer optical control into synaptic neurotransmitter-gated G protein coupled receptors 
(GPCRs). The goal of our NSF-EAGER effort is to expand the LimGluR toolkit and deploy these 
tools in the mouse for brain circuit analysis in vivo. We began our effort by addressing several 
challenges for optical control of mGluRs in the brain:  

a) We have tuned our photoswitches to respond to 2-photon illumination with the aim of 
enabling deep optical control with good 3D confinement (Carroll et al., 2015),  

b) We have created a new photoswitch design in which bio-orthogonal attachment is 
achieved using SNAPtag technology, enabling multiplexed optical control (Broichhaggen 
et al., 2015),  

c) We have generated AAV vectors that drive robust LimGluR expression (Fig. 1) and our 
first LimGluR2 knock-in mice, 

d) We have made our first light-gated group I LimGluRs (Fig. 2). 
e) We have tuned mGluRs to create LimGluRs that control transmitter release selectively 

(Fig. 3), 
f) We have reduced affinity to create LimGluRs that respond to light but not glutamate (Fig. 

4). 

 

 

 

 

Figure 2. Photoantagonism in  
Gq-coupled group I mGluR1.  

Figure 3. LimGluR7 (trans) 
and LimGluR2 (cis) both 
inhibit glutamate release 
(A,B), but only LimGluR2 
activates GIRK channels to 
suppress firing (C,D). 

Figure 4. Orthogonal photocontrol in LimGluR3 with low 
affinity LimGluR3.  

Figure 1. AAV-driven expression of 
LimGluR2 in hippocampus (background) 
and photo-suppression of transmitter 

l   
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X-ray Microtomography of Whole Mouse Brains: Preliminary Results 
and Expected Capabilities 
Kasthuri, Bobby; Jacobsen, Chris Johnson; Kording, Konrad 
Poster 65; Session 2B 
 
Complete maps of brains are emerging as a vital tool to investigate the function and dysfunction 
of the nervous system.  Technological innovations are fueling this resurgence but have focused 
primarily on the nano-scale (i.e. the development of automated approaches to serial electron 
microscopy - nm3) and at the macro scale (i.e. improvements in algorithms and microscopes for 
imaging living human brains - cm3). There remains an information and resolution gap at the 
mesoscale: whole brain maps visualized at the sub-micrometer scale so that cell shapes, 
numbers, and positions along with their long range projections can be reconstructed in a single 
brain.  Synchrotron-based X-ray computed tomography (µXCT) can fill this gap, yet has not yet 
been completely adapted to meet the demands of brain imaging.  The Advanced Photon Source 
(APS), a no-fee user facility at Argonne National Laboratory, provides a source millions of times 
brighter than laboratory sources, and is already delivering micrometer resolution 3D images of 
millimeter samples. X-ray microtomography has high data rates, promising whole brain imaging 
of mouse brains at sub-micron voxels within hours. We will explore the use of synchrotron-
based x-ray microscopy for brain imaging and develop the sample preparation, hardware and 
software pipelines for cellular reconstructions and ‘projectomes’ of entire mouse brains.  
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Multiscale Analysis of Sensory-Motor Cortical Gating in Behaving 
Mice 
Borden, P.Y.; Morrissette, A.; Waiblinger, C.; Stanley, G.B.; Jaeger, D.  
Poster 66; Session 1A 
 
Neural processing is tightly integrated across spatial scales. Single cell synaptic integration, 
local network interactions, and inter-areal communication simultaneously determine the 
performance and dynamics of the whole system; however, few projects examine how different 
scales combine to produce a particular behavioral output. Here, we employ multi-scale 
recordings of primary sensory and motor cortical regions in the mouse during a Go-Stop 
behavioral task to identify brain processes underlying movement initiation (Go) as well as 
movement suppression (Stop). In particular, we will utilize the same sensory cue to control both 
initiation and countermanding of motor commands to determine how neural processing changes 
with different behavioral goals. Using multi-scale recordings and optogenetic manipulation of the 
basal ganglia circuit, we hope to alter the processing and integration of sensory-motor 
behavioral tasks. During our first few months of funding, we have made substantial progress on 
developing the techniques and protocols for the multi-scale recordings during a complex 
behavioral task. A key component of our proposed work is to utilize genetically engineered 
voltage indicators (GEVIs) for large scale cortical recordings. 

 

Here, we have directly compared the evoked sensory cortical responses of two novel voltage 
indicators (Butterfly1.2 and ArcLight) in the awake mouse. We have determined both GEVIs are 
capable of recovering evoked cortical activity, either through active motor behavior during 
whisking or passive sensory stimulation. Using the GEVI ArcLight, we have been able to record 
imposed sensory stimulus at roughly beta range frequencies, which has been theorized to be 
critically important for long range communication and motor control. Additionally, we have also 
developed and tested multisite electrode and optic fiber implants for simultaneous LFP 
recording, cortical imaging, and basal ganglia optogenetic manipulation. These preliminary 
results suggest feasibility for long term multisite recordings and manipulation in behaving 
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animals. Lastly, we have developed the protocols for behavioral training of the Go-Stop task, 
and have successfully trained mice to respond to the initial Go-locomotion portion of the task. 
Using these methods, we will be able to address critical questions of how neural activity is 
integrated at multiple levels in both the sensory and motor cortices as well as the impact of 
basal ganglia function to initiate or suppress movements. 
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LIPS: A Novel Technology for Spatial and Temporal Control of Protein 
Synthesis in Dendritic Spines 
Jaffrey, Samie R; Gan, Wenbiao 
Poster 67; Session 1B 
 
The proteins in synapses are the fundamental regulators of synaptic plasticity, which ultimately 
controls the neural circuits that underlie behavior.  A major advance in our understanding of how 
synaptic connectivity is linked to animal behavior comes from transcranial two-photon imaging 
of dendritic spines in living animals.  However, despite the advances made by two-photon 
microscopy, most experiments have been observational. Researchers lack the ability to directly 
manipulate the protein content at specific synapses and spines, hindering their efforts to 
decipher the roles of synaptic proteins in learning, memory, behavior, and disease.  In this new 
BRAIN initiative proposal, we will develop a novel method to use two-photon irradiation to 
control protein synthesis in a spine-specific manner in awake animals.  This method is called 
LIPS: light-induced protein synthesis.  LIPS utilizes a “light-responsive” mRNA encoding a 
protein of interest.  This mRNA is designed so that it is not translated under normal conditions.  
However, upon two-photon irradiation of a dendrite or spine, a light-activated protein is recruited 
to the 5’UTR of the mRNA, resulting in localized translation.  Thus, LIPS will allow protein 
synthesis to be achieved with unprecedented spatial and temporal resolution in the brains of live 
animals.  In order to develop a simple and robust optogenetic technology to allow researchers to 
study the role of essentially any protein on synaptic function, the goals of this proposal are (1) 
To generate and optimize RNA aptamers that recruit light-activated forms of two Arabidopsis 
phytochromes: Cry2 and PhyB.  These experiments will result in the generation of the first light-
regulated RNA-protein interactions; (2) To optimize LIPS in cortical neurons.  To make light-
regulated mRNAs, we will incorporate these aptamers into specific mRNAs.  We will then 
optimize a two-photon irradiation protocol for controlling protein synthesis in dendrites and 
spines in live animals; (3) To use LIPS to dissect the role of FMRP and FMRP domains in spine 
remodeling.  The experiments in this aim are designed to investigate the role of FMRP in 
regulating dendritic spine dynamics at the level of individual dendritic spines in the cortex of live 
mice.  Here we will use LIPS to directly interrogate how varying the level of FMRP in spines 
correlates with spine turnover and we will determine if LIPS-mediated restoration of FMRP in 
Fmr1 KO dendrites results in restoration of spine stability.  Together, these experiments will 
provide insight into how FMRP controls spine remodeling in living mice.  In summary, LIPS 
provides unprecedented spatiotemporal control of protein expression within a neuron.  LIPS will 
transform two photon studies by enabling researchers to control the protein composition of 
spines and dendrites and monitor the effects of specific proteins on processes like dendritic 
spine morphology and synaptic plasticity.   
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Calcium Sensors for Molecular fMRI  
Jasanoff, Alan; Barandov, Ali; Bartelle, Benjamin B; Gonzalez, Beatriz A; Lippard,    
Stephen J 
Poster 68; Session 2A 
 
The development of minimally invasive direct readouts of neural activity is one of the greatest 
challenges facing neuroscience today. A particularly valuable contribution would be the creation 
of calcium sensors suitable for magnetic resonance imaging (MRI) of intracellular neural 
signaling processes. Functional imaging performed with these sensors would combine the 
noninvasiveness and whole-brain coverage of MRI with the molecular specificity and broad 
applicability of established optical calcium neuroimaging techniques. Calcium-dependent MRI 
will be a breakthrough technique for analysis of neural circuits in animals, with potential longer 
term applications in humans. The technique could achieve cell-type and in some cases 
individual cell-specific functional imaging of dynamic neural activity patterns, in conjunction with 
ultrahigh field MRI scanners and cell labeling techniques. 
Our project aims to create and validate a broadly applicable calcium imaging approach for 
molecular fMRI. In work so far, we have synthesized a series of membrane permeable contrast 
agents from which we build sensors (Fig. 1A). Our experiments reveal cell uptake and cytosolic 
localization of these agents (Fig. 1B). We have also demonstrated the possibility of containing 
them within cells using either nonselective or selective, genetically-targeted esterase-mediated 
trapping techniques adapted from fluorescent probe technology (Fig. 1C). Using these cell-
permeable, trappable agents as building blocks, we have synthesized our first generation of 
calcium sensors by fusing them to selective calcium chelating moieties. Lead compounds now 
include both low and high affinity calcium sensors that produce significant MRI signal changes 
(Fig. 1D). Esterified forms also show expected dependence of signal changes on ester 
cleavage. We are beginning to test these compounds in cells (Fig. 1E) and will subsequently 
bring them into animals. In years 2 and 3 of our project, we expect to continue improving the 
characteristics of our sensors and applying them for neural activity mapping.  
 

 
 
Figure 1. Calcium sensors for molecular fMRI. (A) Design principle for MRI calcium sensors based on fluorescent 
probe technology. (B) Measurements on cell pellets incubated with new cell-permeable contrast agents MnL1-L3 
(green), or with a conventional contrast agent, Gd-DTPA (magenta). (C) Retarded wash out of an analog of MnL3 
modified with an esterase labile group to promote cell trapping. (D) Design of high affinity calcium sensors based on 
the MnL3 platform and describing expected signal changes due to esterase cleavage and calcium binding (top). 
Corresponding signal changes are demonstrated by a pilot sensor (bottom). (E) A cell-permeable ester-labile low 
affinity calcium sensor (schematic at left) was synthesized and incubated with cells in the presence or absence of 
calcium-ionomycin. Relaxation rates (middle) and images (right) of cell pellets show signal changes consistent with 
cell uptake and intracellular calcium binding.  
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Toward Functional Molecular Neuroimaging using Vasoactive Probes  
in Human Subjects  
Jasanoff, Alan; Desai, Mitul; Slusarczyk, Adrian L.; Chapin, Ashley; Barch, Mariya; 
Sharma, Jitendra; Sur, Mriganka  
Poster 69; Session 2B 

 
The establishment of new and precise strategies for mapping brain activity in human subjects is 
one of the highest priorities of the BRAIN Initiative. We aim to address this challenge by 
developing a transformative noninvasive molecular neuroimaging approach capable of mapping 
molecular events in the brain; the method will offer a combination of sensitivity and resolution 
that could ultimately revolutionize neuroscientific investigation of human subjects. Our strategy 
is based on a fundamentally new type of chemical imaging probe designed to produce 
noninvasive neuroimaging readouts by purposefully manipulating endogenous hemodynamic 
contrast in the brain—in effect hijacking the blood oxygen level dependent (BOLD) effect to 
perform neural target-specific molecular imaging (Fig. 1A). This unprecedented concept 
combines three key advantages: First, by providing time-dependent sensitivity to molecular 
species such as neurotransmitters, our strategy will enable well-defined neurobiological 
phenomena to be mapped dynamically across the brain, dramatically surpassing today’s 
functional imaging approaches. Second, by influencing an endogenous contrast source 
detectable by virtually any noninvasive 
imaging modality, the new approach will be 
compatible with a formidable existing 
infrastructure for experimentation and 
analysis over multiple spatial and temporal 
scales and applicable in the lab, field, or 
clinic. Third, by circumventing limitations of 
established optical, magnetic, and radioactive 
probe designs, the new vasoactive imaging 
probes will combine exquisite sensitivity 
approaching that of positron emission 
tomography with spatiotemporal resolution 
comparable to functional magnetic resonance 
imaging (fMRI), while at the same time 
avoiding toxicity associated with existing 
imaging agents.  
Our preliminary work has shown the 
feasibility of detecting vasoactive probes at 
nanomolar levels in the brain and of 
constructing molecular sensors based on the 
probes (Fig. 1B). We plan to adapt our 
existing sensor approach for detection of 
neurotransmitters using building blocks we are currently preparing in the laboratory. We will also 
harness a noninvasive brain delivery 
technique called receptor-mediated 
transcytosis to deliver vasoactive sensors to 
the brain (Fig. 1C). Implementation of this 
brain delivery approach, initially in rats and 
marmosets, will be essential to permitting 
molecular neuroimaging using this technology 
in humans. 

Figure 1. Approach for molecular imaging with 
vasoactive probes. (A) Mechanism of vasoactive 
imaging agents. (B) Design of imaging probes activated 
by enzymes or ligands such as neurotransmitters. (C) 
Construction of blood-brain barrier (BBB)-permeable 
vasoactive sensors by fusion to anti-transferrin receptor 
(TfR) antibodies (left) and transferrin receptor mediated 
transport across the BBB (right). 
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Avalanche Dynamics of Population Activity in the Cerebral Cortex 
Plenz, Dietmar; Losert, Wolfgang; Kanold, Patrick  
Poster 70; Session 1A 
  
The layered organization of cortex fundamentally organizes how information is processed in the 
brain. Sensory input enters layer 4 (L4) from which activity quickly spreads to superficial layers 
2/3 (L2/3), deep layers 5/6 (L5/6) as well as to other cortical areas. The organization of stimulus 
preference in rodent L2/3 is currently not well understood, yet, numerous studies have shown 
that L2/3 incorporates ongoing cortical activity, usually in the form of reverberating activity from 
within or distant cortical regions, that reflect the state and behavioral context of the animal. A 
promising candidate dynamics are neuronal avalanches, which emerge in L2/3 and provide a 
scale-invariant organization of spontaneous activity patterns that correlate distant cortical sites 
in a highly selective manner, a prerequisite to form perceptual categories. We have now 
advanced theory to identify and describe avalanche dynamics during non-stationary rates in 
response to sensory stimulation and during behavior and developed analytical methods to 
describe the spatial pattern of neuronal responses. 
Towards understanding the spatiotemporal properties of population activity in auditory (A1) and 
visual cortex (V1) as well as the functional relationship of neurons participating in neuronal 
avalanches we investigate the presence of neuronal avalanches in vivo using 2-photon imaging 
of spontaneous and sensory evoked activity in awake mice using the genetically encoded 
calcium indicators GCaMP6 and YC2.60. We employ 3D motion compensation to stably image 
in awake animals. We deconvolve the signal from ROIs to derive the instantaneous neuronal 
firing rates. Non-zero firing rates from local clusters were calculated and the cluster size 
distributions were examined for power law behavior to identify avalanche dynamics. We then 
describe and compare avalanche dynamics of ongoing and evoked activity under different 
states. Together our experiments characterize the spatio-temporal population activity in the 
cerebral cortex at cellular resolution in the resting state and during information processing. 
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Integrating Neural Interfaces and Machine Intelligence for Advanced 
Neural Prosthetics 
Katyal, Kapil; Kellis, Spencer; Klaes, Christian; Dobrev, Tatyana; Brown, David; Johannes, 
Matthew; Moore, Joseph; Wester, Brock; Lee, Brian; Pejsa, Kelsie; Shanfield, Kathleen; Hayes-
Jackson, Stephanie; Aisen, Mindy; Heck, Christi; Liu, Charles; Andersen, Richard  
Poster 71; Session 2A 
 
Despite significant advances in robotics and neural signal processing, modern brain-machine 
interfaces (BMI) still lack sufficient dexterity to support clinical translation and drive widespread 
adoption. Traditionally, BMIs use control paradigms that link channels of neural activity from 
motor cortex to individual degrees of freedom (DOF) in advanced robotic prostheses. However, 
current neural recording technology yields many fewer DOF than are available in robotic 
prostheses, and low-level motor signals can be inefficient and difficult to use with increasing 
DOFs. In a significant departure from the traditional BMI, this project is focusing on decoding 
high-level cognitive intent from the parietal cortex for execution by a sensor-coupled robotic 
control system. These concepts—cognitive neural control and machine-augmented prosthetic 
control—are intended to dramatically improve BMI performance along two key dimensions: fast, 
intuitive operation and safe, functional capability. This collaborative project will span two tracks.  
For the first track, the Caltech/USC team is focusing on developing core capabilities for 
cognitive neural control ranging from a baseline supervisory construct up through contextual 
activities and object selectivity. In a second track, the JHU/APL team is developing modules for 
perception, motion and grasp planning and execution, tunable assistance, and simulation 
environments. These technologies will be integrated into the full BMI system (Figure 1) allowing 
the subject to provide high-level intent while relying on the advanced robotic technologies to 
perform the low-level execution of the tasks.  
 

 
Figure 1: System diagram for the autonomous controls framework. 
Assessment of the system will be evaluated against two key variables: intuitive use and 
functional capability.  To evaluate intuitive use, qualitative assessments will be collected from 
the subject to determine the amount of mental effort required to operate the system.  To assess 
functional performance, a series of Arm Motor Ability Tests (AMAT) will be conducted to 
evaluate the ability to complete activities of daily living including the success rate and the 
amount of time required to complete the task. 
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Memory Reactivation in Neural Circuits over Long, Continuous 
Timescales 
Kemere, Caleb; Ackermann, Etienne 
Poster 72, Session 2B 
 
The mechanistic role(s) of “introspection” – internally generated spiking during behavioral 
pauses, quiescence or sleep—has been challenging to assess. We are specifically focused on 
the phenomenon of sequential reactivation (“replay”) in the hippocampus – a region of the brain 
critical for memory. The temporal dynamics of replay in the hippocampus and how it supports 
behavioral decisions and task learning remain mysterious. Most recording sessions last only 
about an hour or two per day – what happens when animals are not plugged into recording 
tethers? To answer this question, we will carefully and systematically study replay on data 
gathered over long, continuous timescales, during which time animals will be exposed to a 
number of different contexts or environments. Such an approach poses many technical 
challenges that generalize for data that is “exo-long”– involving extended recording periods 
outside trial-ized behavioral control. This project focuses on developing tools to address two 
specific challenges.  

First, for exo-long data sets, the standard approaches for preprocessing neural data is 
prohibitive, because manually isolating the action potentials of individual neurons from analog 
data (“spike sorting”) can often take nearly as long as the experiments themselves. For multi-
day experiments, slow drifts which cause the shape of the spike waveforms to change make this 
even more of a challenge. Starting with state-of-the-art nonparametric Bayesian spike sorting 
algorithms, we are developing a cloud-based tool to maximize the ability of this data to be 
extracted automatically while retaining the ability of investigators to evaluate and improve spike 
sorting performance, with a focus of the challenging case of multi-tetrode arrays. 

Second, exo-long data sets require analytical tools to detect patterns directly from the neural 
data. For hippocampal replay, this implies a different approach than typical decoding/template-
matching. We are studying replay using the principled probabilistic framework of latent variable 
models – hidden Markov models (HMMs) in particular – which can easily model sequential 
activity in arbitrarily complex environments. Moreover, HMMs allow us to identify sequential 
activity that did not explicitly form part of the training data, such as shortcut or exploratory 
sequences that are consistent with the underlying structure or topology of the environment but 
which might never have been traversed during actual behavior. This is an important feature of 
our approach: memory traces exist without the original stimuli being present, hence a 
comprehensive understanding of memory will critically depend on our ability to analyze the 
latent structure of neural activity without necessarily ever observing the behavioral correlates. 

In our first few months of the project, we have demonstrated the effectiveness of the HMM 
approach for the study of sequential neural activity by training and interrogating several HMMs 
on linear track data from the hc-3 dataset obtained from CRCNS.org. In particular, we have 
shown that HMMs will score sequences higher if (i) those sequences are more sequentially 
consistent, and if (ii) firing activity agree more with the underlying context. Excitingly, we have 
shown that meaningful HMMs can be obtained by (exclusively) using data corresponding to 
sharp wave ripples (SWRs, corresponding to replay periods), where no observable behavioral 
correlates are available. We plan to extend our sequential analysis approach to more powerful 
and flexible nonparametric Bayesian models, which will allow us to learn and identify underlying 
contexts directly from the recorded data. 
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As we develop new technological approaches to effectively and efficiently analyze data from 
these long, continuous recordings, we are actively sharing our tools via our lab GitHub 
repository, and are actively pursuing collaborative relationships to evaluate and improve the 
tools in a variety of experimental contexts. 
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Optical Tools for Extended Neural Silencing 
Kennedy, Matthew; Tucker, Chandra 
Poster 73; Session 1B 
 
Conditionally silencing the activity of specific neural ensembles is a powerful approach for 
mapping the circuits responsible for specific behaviors. While microbial opsin tools currently 
exist to silence neural activity with light, these tools have significant limitations that make them 
unsuitable for applications that require persistent silencing over the course of minutes or hours. 
Longer term neuronal silencing has been classically achieved by expressing the catalytic light 
chain of Clostridium neurotoxins, which disrupt neurotransmitter release, however this approach 
suffers from poor temporal and spatial control. Recent chemogenetic approaches have been 
developed for persistent silencing, but lack the spatiotemporal benefits of optogenetic 
approaches. Thus, there remains an unmet need for silencing tools that combine the robust and 
persistent silencing qualities of Clostridium neurotoxin and chemogenetic approaches, with the 
spatiotemporal control of optogenetics. Here we will develop a completely new toolkit for rapid, 
extended neural silencing with a single, brief light pulse that can be readily activated by either 
single or multiphoton excitation for in vivo systems. Our tools will not only be applicable to 
neurotransmitter systems, but also to neuromodulatory systems and glial transmission. These 
powerful tools will complement and extend the existing opto- and chemogenetic silencing toolset 
by allowing rapid, robust and persistent silencing with a single light pulse. Because our strategy 
operates on a completely different principle than current tools, it could be multiplexed with 
existing approaches for complex remote control of circuit activity during behavior.  
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Novel Targeting Strategies for Projection-Specific Mapping of 
Neurons 
Kepecs, Adam 
Poster 74, Session 1A 
 
Recently, a number of important advances have enabled these recordings, including retrograde 
viral strategies that enable anatomical and genetic labeling of neurons during recording. These 
techniques are fundamental to enabling cell-type specific recordings using GCaMP, optogenetic 
tagging in projection neuron populations throughout the brain. Unfortunately, these experiments 
are limited by several factors.  First, many of the most infectious and tractable retrograde 
viruses (e.g. rabies, pseudorabies, and sindbis) show high toxicity and are not suitable for long-
term behavioral assays. Second, all existing retrograde viruses are limited by their tropism - that 
is, they fail to infect some cell types or cross some synapses due to the variable expression of 
the cellular receptor used for infection. This variable tropism presents a serious problem for viral 
technologies to provide the ground truth in connectivity.  

Neuroanatomical tracing techniques have yielded critical information about the architectural 
principles of connectivity between different brain regions. The essential techniques rely on 
tracers that show uptake at the presynaptic terminal, active or diffusional retrograde transport 
along the axon, and that allow for visualization in the cell soma. Classical retrograde tracers 
include the Cholera toxin subunit B (CTB), the organic dye Fluoro-Gold (FG), and latex 
microspheres (RetroBeads). As a result of their efficient labeling, these tracers have become 
the gold standard for anatomical retrograde labeling and extensively used in large scale efforts 
for anatomical tracing. Unfortunately, these do not provide for genetic manipulations such as 
transactivation or recombination that would enable their use beyond anatomical mapping. 

To overcome this challenge we propose a strategy for retrograde labeling that specifically 
addresses and minimizes the effects of viral tropism using non-toxic vectors.  

Cholera toxin is one of a large bacterial family of AB5 exotoxins, in which a pentameric B subunit 
serves as the carrier for the catalytic A subunit. In its complete form, the B5 pentamer mediates 
the endocytosis and retrograde transport of the toxin complex through the endosome to the 
endoplasmic reticulum. When used for neuronal tracing, the fluorescently labeled B5 subunit is 
injected on its own – with the retrograde signal observed while the CTB moecule remains 
trapped within the endoplasmic reticulum. To achieve cytosolic delivery recent work has 
exploited novel protein ligation techniques. We will exploit these methods to generate a CT:CRE 
fusion protein that will serve as a robust, non-toxic, non-viral retrograde transactivator. This 
approach will allow for the generation of a flexible virus-free actuator system, merging the 
efficiencty of CTB with the flexibility of AAV-mediated expression. 
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Computational and Circuit Mechanisms for Information Transmission 
in the Brain  
Kepecs, Adam; Frank, Loren; Ganguli, Surya; Machens, Christian; Eden, Uri; Kramer, 
Mark  
Poster 75; Session 1B 
 
Brains are highly interconnected networks of regions, each of which contains neural circuits 
specialized to carry out different functions. As with any complex network, the brain must 
coordinate the activity of its many regions dynamically to produce a coherent output. Yet despite 
the importance of inter-areal communication, we know relatively little about its underlying neural 
circuit mechanisms and computational principles.  
We propose to improve and deploy cutting edge technologies for large-scale recordings and 
cell-type-identification to study how the orbitofrontal cortex (OFC) and hippocampus 
communicate with the ventral striatum during two distinct decision-making tasks. 
Insights about inter-areal communication have primarily come from measurements of local field 
potentials (LFPs) or spikes in one region and LFPs in another region. These studies have 
identified patterns of rhythmic activity that can entrain local spiking and can be coherent across 
regions, but exactly what information is being transmitted across neural ensembles remains 
mysterious. From our perspective, these studies capture the “vessel,” but not the content, of 
inter-areal interactions.  
To understand information transmission, we need tools that can record the activity of large 
ensembles of neurons across multiple structures so that we can measure how activity in one 
region influences activity downstream. We also need to be able to identify the activity patterns 
specifically in neurons that project to the downstream area so that we can determine what 
information is being transmitted. Analytically, understanding and interpreting these new types of 
data raises both computational and theoretical challenges. We have assembled a team that 
combines cutting-edge experimental techniques and advanced computational and theoretical 
approaches to address these challenges. First, we will use new technology for very large-scale 
(~1000 channel), multi-region recording developed in the Frank and Tolosa laboratories. 
Second, we will use new optogenetic identification techniques developed in the Kepecs 
laboratory to record from specific projection neurons, establishing a mechanistic link between 
firing patterns and long-range wiring. Third, we will develop and employ multiple computational 
techniques to identify signatures of information flow (Machens, Eden, Kramer) and new 
theoretical models (Ganguli) to understand how those signatures relate to information 
processing.  
Information flow must change moment-to-moment as behaviorally required. Therefore each 
brain region needs to be probed with behaviors to appropriately engage them. We bring 
together two behavioral traditions in order to differentially engage hippocampal and frontal 
circuits: psychometric and economic decisions tasks to engage OFC (Kepecs), using precisely 
controlled timing and context at the expense of overtrained state, and a spatial learning and 
decision task to engage the hippocampus (Frank). We will obtain parallel large-scale neuronal 
recordings in the OFC, hippocampus and ventral striatum in these two behavioral tasks. We will 
then use three distinct analytical and theoretical frameworks in an attempt to discover new 
principles of inter-areal communication using a data-driven approach.  
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Closed Loop Computing in the Brainstem 
Knutsen, Per Magne; Kleinfeld, David 
Poster 76, Session 2A 
 

We consider the fundamental 
issue of constructing behaviors 
from motor actions. Here we 
focus on corticofugal control of 
motor actions (Fig. 1). Our past 
work [1-3] and that of our Israeli 
BSF partner [4] established a 
feedback loop at the level of the 
brainstem that transform touch 
into a transient forward press of 
the vibrissae . Here we describe 
projections from layer 5b 
neurons, the output cells of 
cortex, to trigeminal nuclei. 
Neurons in these nuclei, though 
regarded as sensory, also 
project to facial motoneurons. 
Thus the trigeminus serves the 
dual function of both a sensory 
and premotor region. 
Our hypothesis is that vibrissa 
sensory and motor cortex areas 
tap into the brainstem 
sensorimotor feedback circuit. 
We focus here on progress on 
the sensory aspect of this work, 
motivated by the earlier study 
from Peterson's group [5]. Our 
primary tool is to record motion 
of the vibrissa in alert, head-
fixed mice as we stimulate 
neurons that express 
channelrhodopsin in layer 5b 
neurons (Fig. 2). We further 
record spiking in different nuclei 
of the trigeminus  (Fig. 2). 
Our major findings are: 
• Activation of vS2 cortex 

leads to protraction of the 
vibrissae 

• Activation of the dysgranular 
zone near the vibrissa region 
of S1 cortex leads to 
retraction (Fig. 3). 

 
 

Figure 1 - Sketch of afferents and efferent between vibrissae regions of 
brainstem trigeminus and vibrissa sensory and motor  cortices. 
 

 
Figure 2 - Scanning laser activation to excite ChR2 in cortex and measure 
motion of specific vibrissae and neuronal spiking at up to four sites in the 
trigeminal nuclei. These data show activation of dysgranular V1 cortex. 
 

 
Figure 3. Change in set point of the vibrissae induce by optogenetic 
stimulation of vS2 versus dysgranular S1 cortex. 
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• These data support tandem action of the S1 dysgranular and S2 cortices in the control of 
the set-point of whisking (Fig. 3). 

• Dysgranular S1 projects to non-overlapping regions as compared to granular cortex 
(Fig. 4A). 

• The vibrissa region of S2 cortex projects to PCRt, spinal nucleus muralis (SpVm) and SpVC 
(Fig. 4B). 

There results lead to a composite circuit for the control of brainstem loops that govern the mean 

position of the vibrissae, in analogy with the control of posture of the limbs (Fig. 5). 
 
Figure 4. Projections from L5b neurons in cortex to brainstem regions, as determined by optogenetic 
stimulation and electrical recording (Fig. 2). 
 

 
Figure 5. Model circuit 
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Revealing the Connectivity and Functionality of Brain Stem Circuits 
Knutsen, Per; Deschênes, Martin; Freund, Yoav; Goulding, Martin; Kleinfeld, David 
Poster 77; Session 2B 
Synopsis: Defining orofacial behaviors from the underlying 
motor actions. We consider the fundamental issue of constructing 
behaviors from motor actions. Our approach is to trace circuits starting 
at the motor plant - the muscles. This leads to well defined 
sensorimotor pathways. We have so far made progress in "circuit 
busting" for two actions. We are pushing toward finding unique 
molecular markers for neurons in these circuits and those for related 
actions. 
Search consists of the actions of whisking, sniffing, and head 
movements. Our past work localized the oscillator for whisking in the 
intermediate reticular formation (vIRt) and showed that it was reset by 
the preBotzinger inhalation oscillator (pBötC) [1]. Over the past year, 
we determined how these oscillators, which drive partially overlapping 
sets of muscles, synergize to control the vibrissa, mystacial pad, and 
snout movements associated with sniffing and whisking [2-4] (Fig. 1). 
 The two new discoveries show: 
• The vIRt contains a majority population of glycinergic/GABAergic cells that rhythmically 

inhibit spiking in vibrissa facial motoneurons and supply the sole oscillatory drive for 
whisking. Thus the rhythmic whisking is in terms of retraction from a set-point of protraction. 

• As a basis for the entrainment of whisking by breathing, but not vice versa, we used viral 
tract-tracing methods and found unidirectional connections from the pBötC to the vIRt. 

• The pBötC further contributes to the control of the mystacial pad and snout. 
• The bilateral synchrony of whisking relies on the respiratory rhythm, consistent with the 

known commissural connections between pBötC cells. 
These data yield a circuit in which the pBötC acts as a master clock to phase-lock motor actions 
of the vibrissae, pad, and snout (Fig. 2A), as well as for the bilateral synchronization of whisking 
(Fig. 2B). 

 
Figure 2. Current circuit for the control of rhythmic whisking. (A) The vIRt supplies a rhythmic inhibitory input 
that retracts the vibrissae, whose set-point of protraction is determined by projections from Kolliker-Fuse (KF),  lateral 
paragigantocellular (LPGi) nuclei and superior colliculus (SC). (B) Circuit for interhemispheric synchronization of 
whisking by breathing. 

A new project seeks to localize the circuit that governs nose movement commensurate with 
breathing. We identified the muscle involved with nose deflections [3] and used N2C rabies to 
trace from the muscle to the premotor nucleus. Preliminary data identified a nucleus, posterior 
to the facial nucleus (Fig. 3A). Injection of AAV-ReaChR [5], red-shifted channelrhodopsin, into 

 
Figure 1 - Cycle of exploratory behavior 
locked to sniffing. Three motor actions, 
whisking, head bobbing, and nose 
twitching, are linked to a fourth, sniffing, 
during orofacial exploration [2]. 
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this regions labels axons in the nose region of the facial nucleus (Fig. 3B1) and can be used to 
optically drive deflection (Fig. 3B2). 
Ingestion consists of the motor actions of licking, chewing, sniffing and swallowing. Our 
data, using head-fixed rats, show that chewing consists of vertical chomping and lateral grinding 
in a 2:1 ratio with 80 % of the events in the sequence grind right - grind left - repeat (Fig. 4A,B) 
These actions are incommensurate with breathing (Fig. 4C,D). Thus chewing may function as a 
second fundamental brainstem oscillator, along with the pBötC for inhalation. 

 
Figure 3. Preliminary data indicates a premotor nucleus (nIRt) for nose wiggling in rat. (A) Rabies transport, at 
a time commensurate with two synaptic crossings, of suggests a region caudal to the facial nucleus and dorsal to the 
pBötC. (B) Injection of ReaChR into this region can be used to activate nose motion. 

The issue of coordination of the tongue, which can lock either to breathing or chewing, is of 
particular interest  as a form of decision making. Our preliminary data with free-ranging rats 
show that the intrinsic muscle of the tongue is partially locked to sniffing while the rat is not 
chewing (Fig. 5A,B). 

 
Figure 4. Preliminary data indicates chewing is not locked to breathing in rat. (A) Spatial pattern of chewing. (B) 
Distribution of lateral movements on successive chomps. (C) Spectra power during chewing. (D) Lack of coherence 
between breathing and chewing. 

 
Figure 5.  Preliminary data indicates tongue motion can lock to breathing in rat. Tongue motion measured via 
EMG. (A)  Spectral power of whisking and tongue movements and their lack of coherence as the rat chews. (B) 
Coherence rises when rat does not chew. 

Core issues for which we have made progress but currently have incomplete 
data/analysis: 
• Connections of the breathing oscillator with that in the supramaxillary nucleus, which in 

believed to drive the theta rhythm [6,7], may provide a means to tie orofacial inputs to 
sensory-motor action and memory [8]. 

• Open field foraging: A basic question is if coordination of orofacial inputs is present during 
running in an open filed toward a landmark, or only during exploration of the landmark. We 
constructed microelectronic backpacks and implantable amplifiers to meet this need and 
collect and log data. This experiment will be initiated once the above behavioral, i.e., nose 
twitching, chewing and licking, issues are settled. 
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• Construction of a digital atlas to superimpose tract-tracing and electrophysiology records. 
Our high resolution atlas of the brainstem includes the variance in the location of structure 
as well as the mean boundaries. We used fourteen P56 animals that were precision cut, 
mounted, and Nissl stained by the Mitra Laboratory (CSHL) using the Leica Cryojane 
system to minimize distortion of the tissue. We are following through with machine learning 
for automated alignment and comparisons across brains. 

• We seek lineage factors that, based on homologies with spinal nuclei, should help us get a 
handle on the molecular biology of brainstem premotor nuclei.  We are mapping three likely 
lineage factors, EN1, Chx10, and Dbx1, across the brainstem using alternate sections of 
Nissl versus DAPI/GlyT2-eGFP/factor-Alexa647. Optimization of scanning and 
reconstructions are in progress. 

• In forward looking experiments with the Zou Laboratory (UCSD), we plan to use rabies to 
identify potential premotor neurons and single-cell isolation and deep-sequencing to identify 
markers of specific neurons. 
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Fluorescent Visualization of Cellular Efflux 
Kobertz, William R. 
Poster 78; Session 1A 
 
The fluorescent visualization of calcium ions entering the cytoplasm has reimaged our basic 
understanding of the inner workings of calcium signaling in cells, tissues and living organisms.  
In contrast, there is a dearth of tools to fluorescently visualize ions exiting cells.  Part of the 
challenge stems from the fact that cellular egress is contrary to the pervasive intracellular-
centric experimental paradigm.  Recently, we have been using glycan engineering to install 
chemical handles into the cell’s glycocalyx that directly abuts the plasma membrane in all cells.  
Subsequent chemical modfication of these unnatural sugars ideally positions molecular probes 
within nanometers of the extracellular vestibules of ion channels and transporters.  My 
laboratory’s efforts to fluorescently visualize ions exiting cells using this technology will be 
presented.  
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Massive Scale Electrical Neural Recordings In Vivo Using Commercial 
ROIC Chips 
Schaefer, Andreas; Melosh, Nick; Kording, Konrad  
Poster 79; Session 1B 
 
In most areas of the mammalian brain, functionally coherent networks consist of thousands to 
millions of neurons. The distributed nature of neuronal coding within these networks and the 
reliance of these codes on relative spike timing mean that correlating network activity to 
complex patterns of behaviour requires that a substantial fraction of the neurons within the 
network be recorded simultaneously. In addition, short distance connections are key in neuronal 
circuits, and unambiguous source attribution within these local assemblies requires that 
sampling be not only broad but also dense. An ideal electrophysiological recording technique 
therefore should employ small electrodes in a highly scalable configuration. Finally, to avoid the 
signal-to-noise problems often associated with small electrodes, each electrode should also be 
optimized for both low electrode-electrolyte interfacial impedance and low stray capacitance. 
Current electrical recording technologies in neuroscience are held back by the difficulty of 
fabrication. An electrode is connected to a plug, which is connected to a pre-amplifier, which is 
connected to digitization equipment. These components are fabricated separately and then 
assembled by hand, limiting their minimum size. For that reason, the number of simultaneously 
recorded neurons have in the past not scaled with Moore’s law (doubling every 2 years), as it 
arguably should, but far slower (doubling every 7 years). 
 
Here we propose a novel approach that provides a solution to these challenges by combining 
bundles of insulated metal wires with arrays of highly sensitive amplifiers based on readout 
integrated circuits (ROICs) from high-speed infrared cameras. Glass-ensheathed metal wires 
with customizable metal core (2-15 um) and glass (10-40 um) diameters are produced by 
means of the Taylor-Ulitovsky method, and assembled in bundles with 100-100.000 individual 
wires using a custom-designed semi-automated process. Due to the large outer-to-inner 
diameter ratio, Individual electrodes have stray capacitance as low as 0.2pF/mm, while 
electrode impedance (measured at 1 kHz) is reduced to below 0.5 MΩ by electrochemical 
deposition of Iridium Oxide. The electronic readout is established by using a ROIC of a Xenics 
Cheetah 640-CL1700 camera, incorporating over 300,000 capacitive transimpedance amplifier 
circuits with <10fF feedback capacitance at a pixel pitch size of 20 um. Coupling between wire 
bundle and ROIC pixels is achieved using a custom-designed parallel force application system 
and custom designed anisotropically conducting films. Noise levels are less than 1% with 14bit 
full range digitisation and 1.6 kHz full frame (640x512 pixel) readout; spike waveforms taken 
from conventional extracellular recordings yield signal-to-noise of >10 when voltage-clamped in 
saline solution and LFP and spiking activity can be readily recorded in vivo in anaesthetized 
mice.  
 
This collaborative project between neurophysiology, engineering and computational 
neuroscience combines bundles of insulated, cast metal wires and off-the-shelf, high-speed 
ROICs, providing a highly scalable approach to neuronal unit recordings, and tying neural 
recordings to the massive progress happening in the imaging field.  
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Mathematical Modeling and Computational Studies of Human Seizure 
Initiation and Spread 
Kramer, Mark A. 
Poster 80; Session 2A 
 
Epilepsy - the condition of recurrent unprovoked seizures - is a life-shortening brain disorder 
affecting 3 million people in the United States. Although well-characterized by stereotypical 
clinical features, the mechanisms that support spontaneous human seizures remain poorly 
understood. This lack of understanding has a profound clinical impact; in one-third of patients 
with epilepsy, seizures are not adequately controlled, and severe or prolonged seizures can 
lead to brain damage and death. Improved understanding of the mechanisms that drive human 
seizure initiation and spread is required to advance therapeutic management. 
 
Results from animal studies and associated computational models have identified many 
potential mechanisms for epilepsy. Understanding these animal studies and models is an active 
area of research and debate, yet how these results relate to human epilepsy remains unclear, 
and for good reason: a fundamental challenge of human epilepsy is the lack of appropriate data. 
Most recordings from human subjects reveal only the large-scale ``macroscopic'' population 
activity of neurons, while the activity of small-scale ``microscopic'' neuronal populations and 
single neuron dynamics typically remains unobserved. This disassociation has a profound 
impact on patient care. Antiepileptic drugs (AEDs) shown to be very effective in animal models 
have not proven to be more effective than existing AEDs in patients with pharmacoresistant 
epilepsy (i.e., seizures uncontrolled by medications). Moreover, none of the emerging animal 
models of pharmacoresistant epilepsy has been validated at predicting clinical success in AED-
resistant patients. Accordingly, little substantial progress in seizure control for 
pharmacoresistant patients has been made over the past 40-50 years. These results suggest 
that, although some mechanisms of pharmacoresistant epilepsy may be consistent in animal 
models and humans, differences occur, and these differences are critical to understanding and 
treating human epilepsy. 
 
To address these challenges, we are developing a computational modeling framework to 
simulate the ionic and neuronal mechanisms that govern the human brain's spatiotemporal 
dynamics during spontaneous seizures. In doing so, we are incorporating the dynamics of 
individual neurons in cortical and subcortical structures, and ion concentration dynamics in 
extracellular space. Model observables are constrained to match both macroscopic and 
microscopic data recorded from standard clinical electrodes and microelectrode arrays 
implanted in human patients. Our most recent work focuses on the spatiotemporal patterns that 
emerge at human seizure onset, how these patterns evolve in space and time, and what 
biophysical mechanisms may support these patterns. 
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Optogenetic Pharmacology for In Vivo Analysis of Brain Circuits and 
Behavior     
Kramer, Richard H; Isacoff, Ehud Y  
Poster 81; Session 2B 
Optogenetic tools for controlling action potential firing are powerful 
instruments for unraveling the wiring of neural circuits.  However, 
a more mechanistic understanding of how circuits work can be 
obtained by controlling the neurotransmitter receptors that 
mediate synaptic transmission between neurons. We are 
developing a new approach, called Optogenetic Pharmacology 
(OGP), which combines chemistry and molecular biology to 
produce photo-controlled receptors for GABA and glutamate, the 
main inhibitory and excitatory neurotransmitters in the brain.  By 
conjugating photoswitchable tethered ligands (PTLs) onto 
genetically-modified receptor proteins, we can photosensitize 
specified types of receptors with high spatial, temporal and 
biochemical precision.   
To date, our OGP toolkit enables photo-control of kainite 
(GluK2) and NMDA receptors, metabotropic glutamate 
receptors, and all isoforms of GABAA receptors expressed in 
the brain.   We have validated the toolkit for multi-scale analysis 
of neural function, from local photo-control of GluR2 and 
GABAA receptors in individual synapses, to cellular photo-
control of NMDA receptors to induce long-term plasticity, to 
wide-field photo-control of glutamate and GABA receptors in 
the visual cortex of living mice, to understand the role of 
inhibition in mediating responses to visual stimuli.   
To enable photo-control of endogenous synaptic receptors 
without altering normal expression levels, we have generated 
knock-in “Photoswitch-Ready Mutant” (PhoRM) mice, in which 
a mutant version of a specific receptor isoform is genomically-
substituted for the wild-type isoform.  So far, we have 
accomplished this for the α1-GABAA subunit, the most abundant 
isoform in the brain, and with the α5-GABAA subunit, highly expressed 
in hippocampus and cortex and thought to regulate long-term synaptic 
plasticity.  Functional photo-control in the PhoRM mice mirrors cell-type 
specific expression suggested by antibody labeling in wild-type mice.  
Thus in the α1-GABA-Phorm mouse, light alters IPSCs in cerebellar 
molecular layer interneurons that label for α1, but not in Golgi neurons 
lacking α1 (Fig. 1A).  Photoswitching alters responses to GABA 
uncaging at puncta containing the synaptic scaffold protein gephyrin, 
but not at non-puncta extrasynaptic locations (Fig. 1B), consistent with 
previous immunolocalization of α1 to synapses.  In vivo, photo-control 
can be exerted on visual cortex (V1) by applying the PTL on the brain 
surface (Fig. 2A) or it can be exerted locally by infusing the PTL into the brain with a 
micropipette (Fig. 2B).  Photo-control of endogenous α1-GABAA receptor function alters the 
visual stimulus-elicited gamma-oscillation, in a manner consistent with PV+ interneurons, which 
are enriched in α1, playing a major role in pacemaking.  Photo-control of viral-expressed light-
activated glutamate receptors (LiGluR) can trigger activity in mouse V1 in vivo (Fig. 3). 
In summary, we have generated an extensive toolkit for photo-control of GABA and glutamate 

Figure 1 

Figure 3 

Figure 2 
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receptors in the brain, enabling interrogation of neural circuit function at the level of synaptic 
mechanisms.  By providing an effective method for remote control of endogenous 
neurotransmitter receptors with high spatial, temporal and biochemical precision, optogenetic 
pharmacology is opening new doors for understanding the workings of the brain, both in health 
and in disease. 
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Network Basis of Action Selection 
Kreitzer, Anatol; Komiyama, Takaki; Lim, Byungkook 
Poster 82; Session 1A 
 
The anatomical substrates and cellular mechanisms underlying reward-dependent learning 
have been studied for decades, but the specific circuit and network interactions between the 
cortex, striatum, and midbrain that mediate action selection have not been systematically 
investigated. Here, we bring together three different investigators with specialized expertise in 
each of these three brain regions. As a team, the investigators are well positioned to perform 
cutting-edge cell-type-, region-, and projection-specific imaging and optogenetic manipulations 
of neuronal ensembles during complex behavioral tasks designed to uncover the network-level 
representation of decision-related variables for action selection. The computational framework 
for analyzing these data is provided by reinforcement learning models. In Aim 1, the focus is on 
the striatum, which arguably lies at the center of reward-dependent learning. It is the point of 
intersection for sensorimotor and contextual information from cortex, and reward- and 
motivation-related information from the midbrain. Using microendoscopy with calcium imaging 
from genetically-specified neuronal subtypes in different striatal subregions during behavior, we 
will identify the key decision-related variables represented in the striatum during action selection 
tasks. In Aim 2, we will image from specific populations of dopamine neurons in the midbrain 
that project to different striatal subregions, in order to decipher their role in reward-related 
signaling. In Aim 3, we will image large ensembles of neurons in the motor cortex (M1 and M2) 
using two-photon microscopy, with a focus on neurons projecting to distinct cell types and 
subregions of striatum. All three aims will use the same behavioral tasks, and the same analysis 
techniques, in order to facilitate the integration of data from all three brain regions into a single 
coherent model for vertebrate action selection. 
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An Integrative Definition of Human Outer Radial Glia during Cortical 
Neurogenesis 
Nowakowski, TJ; Pollen, AA; Chen, J; Retallack, H; Sandoval-Espinosa, C; Nicholas, 
CR; Shuga, J; Liu, SJ; Oldham, MC; Diaz, A; Lim, DA; Leyrat, AA; West, JA; Kriegstein, 
AR 
Poster 83; Session 1B 
 
Radial glia, the neural stem cells of the neocortex, are located in two niches: the ventricular 
zone and outer subventricular zone. Although outer subventricular zone radial glia (oRG) may 
generate the majority of human cortical neurons, their molecular features remain elusive. Here 
we use single cell approaches to establish an integrative definition of oRG cells based on 
position, morphology, cell behavior, developmental potential, and gene expression. By 
analyzing gene expression across single cells, we find that oRG cells preferentially express 
genes related to extracellular matrix formation, migration, and stemness, including TNC, 
PTPRZ1, FAM107A, HOPX, and LIFR, and we relate these genes to the position, morphology, 
and behaviors previously used to classify these cells. Many of these genes are involved in 
growth factor signaling and self-renewal pathways, suggesting that outer radial glia cells 
establish a self-sustaining proliferative niche in the OSVZ. Using single cell clonal lineage 
analysis, we find that oRG cells can generate hundreds of daughter neurons of deep and upper 
layer identity, establishing the extensive proliferative and neurogenic capacity of this cell type. 
Finally, by using novel markers that reveal the morphology of oRG or vRG cells selectively, we 
find that oRG cells form the primary scaffold for migration of neurons to the cortical plate during 
mid- and late-phases of cortical neurogenesis. More generally, we have expanded this 
approach to identify the genes and pathways distinguishing diverse cell types during cortical 
development. 
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Genetically Encoded Reporters of Integrated Neural Activity for 
Functional Mapping of Neural Circuitry 
Lam, Kit; Trimmer, James 
Poster 84; Session 2A 
 

The overarching goal of this project is to develop innovative fluorescent reporters of integrated 
neuronal activity to map the functional neural circuitry underlying a behavior throughout the 
entire brain. Neural circuitry is a dynamic signaling network that incorporates neuronal activity at 
a variety of spatial and temporal scales. To understand the dynamics of neural circuitry and its 
control of behaviors, it is essential to identify activity-dependent neural ensembles across time 
and brain structures. Existing tools for mapping functional neural circuitry, such as genetically 
encoded indicators of neural activity based on fluorescence proteins or “immediate early genes”, 
have begun to outline behavioral circuits, but lack either the spatial or temporal resolution to 
precisely mark activated neurons in the distributed circuitry. We thus propose to develop a 
radically novel method to overcome these challenges. A fingerprint of the electrical excitability of 
neurons is the activation status of the brain's ion channels. The activation of ion channels is 
determined by their conformational and phosphorylation status.  We thus hypothesize that 
probing the activation of ion channels in time and space would provide a direct and effective 
approach to obtain spatiotemporal patterns of neural activity across circuitry or systems. Here, 
we propose to develop a novel toolset of probes to monitor the conformational changes and 
phosphorylation of ion channels, which are central effectors of integrated electrical activity, into 
permanent fluorescence signals of organic dyes, thus stamping activated neurons. 
As a first target effector channel, we focus on probing the activation of potassium channel Kv2.1, 
a key homeostatic regulator of neural activity. Kv2.1 is the dominant delayed rectifier of central 
neurons; it is widely expressed in the soma of neurons throughout the brain, and absent in non-
neuronal cells. Kv2.1's activation is slowly increased by action potential trains and it is 
extensively modulated by phosphorylation. Neuronal calcium influx triggered by action potentials 
leads to graded Kv2.1 dephosphorylation, and graded increases in channel opening probability. 
Therefore, the functional properties of Kv2.1 make it a natural integrator of neural activity; 
probing the activation of Kv2.1 in time and space could make it possible to track activated 
neuronal pathways throughout the entire depth of the brain. Recently, we have developed 
technology appropriate for creating such ion channel illuminants. Using one-bead-one-
compound (OBOC) combinatorial technology, we have identified genetically encoded short 
peptides (12-16 mers) that specifically activate the fluorescence of organic dyes under a given 
biological condition. Such genetically encoded small illuminants (GESIs) allowed visualization of 
fusion protein localization in living cells, where they report calcium transients and protein 
phosphorylation. Using existing GESIs as scaffolds, we are combining Rosetta computational 
protein structure prediction and ligand docking methods with OBOC high-throughput techniques 
to design and screen for novel peptide-dye pairs whose interaction is controlled by voltage-
induced conformational changes or phosphorylation status of Kv2.1. This project involves 
inserting GESIs into Kv2.1 and expressing these fluorescent reporter channels in neurons. The 
activation status of this abundant neuronal ion channel will be transformed to fluorescent signals 
to stamp neurons that become active over an experimentally specified time period. Neural 
ensembles with concurrent activity will be identified and quantitated in vivo or post-hoc with 
single cell resolution over large spatial scales.  
Specifically, we are developing reporter systems as well as for (i) Kv2.1 voltage sensing, and (ii) 
intracellular phosphorylation status of the Kv2.1 channel at Ser-603. During the first year of this 
project, we have developed a series of organic dyes, and used them to screen OBOC peptide 
libraries for their potential to form GESI pairs. Computational modeling of each system using 
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Rosetta was employed to aid GESI library design. For voltage sensing GESI discovery, we have 
used an 18 amino acid peptide segment of the Kv2.1 S3-S4 loop as the scaffold for library 
design. For phosphorylation reporting, we used the 22 amino acid peptide segment flanking 
position S603 of the intracellular domain of Kv2.1 for library design. For each of these GESI 
libraries, random sequences (6-12 mers) were inserted at predetermined site guided by 
molecular modeling, resulting in the generation of multiple libraries for the voltage sensing and 
phosphorylation projects. We have designed and synthesized a series of cell permeable and 
impermeable organic dyes for the discovery of GESI peptide/dye pairs. These have been 
screened for cell penetrance, cytotoxicity, and propensity for fluorescence dequenching. We 
have implemented a high-throughput imaging and analytical platform for screening immobilized 
OBOC libraries in vitro. Screening of these libraries has resulted in identification of Kv2.1–GESI 
peptide sequences that bind to and activate fluorophores, that under control conditions self 
quench in solution. The GESI sequences that are beginning to show convergence, revealing 
structural motifs that result in fluorophore activation when inserted into Kv2.1 sequences. GESI 
sequences are being cloned into the Kv2.1 channel and expressed in mammalian cells to 
identify inserts that activate dye fluorescence in a voltage- or phosphorylation-dependent 
fashion. 
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Neurotransmitter Absolute Concentration Determination with 
Diamond Electrode 
Tomshine, Jonathan; Bennet, Kevin; Settel, Megan; Marsh, Mike; Hara, Seth; Manciu, 
Felicia; Jang, Dong-Pyo; Lee, Kendall 
Poster 85; Session 2B 

 
Deep Brain Stimulation (DBS) is a neurosurgical intervention that has attracted widespread 
interest and shows promise for treating a variety of neurological disorders, yet remains limited 
by its “open-loop” nature.  That is, modern DBS implants do not automatically adjust their level 
of stimulation based on any measured physiological parameter, thus creating a potential for 
either over- or under-treatment.  This introduces the possibility of off-target effects and limits the 
indications for which the technique may be applied. 
Fast scan cyclic voltammetry (FSCV) is a well-established analytical technique that is able to 
measure - in vivo - the neurotransmitters that are released as a result of DBS.  However, 
existing FSCV methods and electrode designs are limited.  Traditional electrodes for FSCV rely 
largely on carbon fiber and degrade quickly at peak potentials above 1.2-1.4 V.  This makes 
existing electrodes unsuitable for chronic human implantation if neurotransmitters such as 
adenosine (whose oxidation potential occurs above this range) are to be measured.  
Furthermore, even the most stable electrode cannot be expected to retain a calibration for 
decades, but current FSCV protocols involve the subtraction of a known background current.  
This makes a zero-referenced (“absolute value”) FSCV protocol highly attractive, as it would 
obviate the need for a calibrated background. 
This work presents progress toward both of these dual aims.  Fragile carbon fiber has been 
substituted for a more durable diamond-based electrode capable of measuring physiologically-
relevant levels of neurotransmitter.  Over 700 of these diamond electrodes have now been 
fabricated through chemical vapor deposition of the synthetic diamond coating.  These 
electrodes explore a wide envelope of material properties and behaviors and display improved 
lifetime and robustness vs. carbon fiber electrodes.  In parallel, packaging efforts have resulted 
in a handful of robust electrode designs appropriate for both acute and chronic use in the rat, 
pig, and human brains.  DBS stimulated release of dopamine has been observed in the rat, and 
signals consistent with mechanically-stimulated release of adenosine have been observed in the 
pig and human. 
Work on the absolute value algorithm has progressed in parallel using traditional carbon-fiber 
electrodes.  A multi-pulse FSCV protocol and advanced data analysis algorithms have been 
substituted for the traditional “broken” triangular waveform and background subtraction.  After 
extensive in vitro testing, the basal levels of dopamine in the rat striatum were assessed to 
demonstrate the efficacy of the technique.  To confirm dopamine, pharmacological tests (a 
dopamine reuptake inhibitor and a dopamine depleting drug) were conducted. For example, the 
basal level of dopamine was significantly reduced when a dopamine depleting drug (AMPT) was 
injected. 
These results show that diamond coated electrodes are durable and a promising path toward a 
chronically-implantable human FSCV electrode for closed-loop DBS.  Furthermore, the 
“absolute value” concentration sensing algorithm is functioning as envisioned, thereby 
addressing the issue of electrode background re-calibration after implantation. 
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Visual Cortical Neural Circuits for Compositional Learning and 
Inference 
Lee, Tai Sing; Kuhlman, Sandra; Yuille, Alan 
Poster 86; Session 1A 
 

In this project, as a part of the IARPA's MICrONS (Machine Intelligence from Cortical Networks) 
project, we seek to elucidate and understand the principles and rules underlying neural 
representations, transformation, and learning rules in the visual system as a springboard to 
develop and revolutionize machine learning algorithms and computer vision. We will use a top-
down  and bottom-up integrated approach to address the challenges in technical area 1 of 
MICrONS. Our central conjecture is that the brain is a compositional system that can be 
modeled in terms of structured probabilistic graphical models, and that such a compositional 
system can be implemented using a set of canonical computational neural mechanisms with 
recurrent circuits that seeks to learn efficient internal models of the world that are sparse, 
predictive and associative. We propose to test and understand these neural mechanisms and 
dissect the underlying neural circuits using Ca imaging with pharmacogenetic and optogenetic 
manipulation and large-scaling multi-electrode recording in mammalian visual systems.  We will 
use neural measurements thus obtained to select, constrain and refine the computational neural 
models. We will investigate the neural rules of compositional learning, and seek to understand 
how the circuit architecture coupled with these rules can be used to construct compositional 
machines. A core technical effort is to develop fast learning and inference algorithms that can 
work well with large compositional graphical models, which is essential to make compositional 
learning useful and practical. We propose that such graphical models can be used to fit neural 
data, which can provide constraints on the learning rules of the models. We will test these 
neurally-constrained  models and algorithms  to solve  similarity discrimination, unsupervised 
learning,  one-shot learning and parsing of one-shot learned objects in complex scenes in 
computer vision. We will test these models and methods  in  real world settings that can learn 
efficient representation to make associations and predictions. The neurophysiological data will 
be made available for the community for model testing. In addition,  the animal specimen will be 
made available to our collaborators in Technical Area 2 and 3 for anatomical circuit 
reconstruction. The detailed circuitry information will help us constrain and revise the 
computational neural models.  Our project is characterized by top-down theoretically and 
computationally guided  physiological experiments to elucidating neural circuits and 
mechanisms, tight coupling between computational neural modeling and neurophysiological 
experiments, and tight coupling between neural modeling and practical computer vision 
application.  The project should lead to a better  understanding of neural learning mechanisms 
and coding strategies in the mammalian visual cortex which ultimately can advance machine 
learning and artificial intelligence.  
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Integrative Neural Approaches to Understanding Science Text 
Comprehension  
Li, Ping; Clariana, Roy; Meyer, Bonnie J. F.  
Poster 87; Session 1B 

 
Reading of an expository science text is one of the main ways school-aged children and college 
students acquire basic science concepts.  Up to now there has been almost no attention on the 
brain processes and mechanisms underlying science text reading.  In this NSF Brain Initiative 
project, we propose to study the brain network that characterizes dynamically changing patterns 
during students’ reading of scientific texts. Our approach combines and integrates cognitive 
psychological and educational research in reading comprehension with advanced neuroimaging 
techniques and data analytics. The project will have significant implications for understanding 
student learning and STEM education for both native English speakers and for the rapidly 
increasing immigrant population for whom English is a second language. Figure 1 provides an 
illustration of our research plan.  

At this initial phase of our project, we are 
collecting and analyzing a representative 
set of science texts in the STEM 
disciplines, while considering the 
properties of both the text (e.g., linguistic 
complexity, topic, text structure) and the 
learner (e.g., school-aged child readers, 
native speakers, second language 
learners).  In this first year, we will also 
design two functional MRI studies, one 
with participants who have expert 
knowledge of the science subject 
domain (e.g., physics teachers), and one 
with a group of middle school students 
who are just starting to learn domain 
knowledge from science text.  A novel 
technique that we will test is the fixation-
related fMRI, which enables us to study 
whole-paragraph text reading as in 
natural reading situations rather than as 

in a typical experimental situation in which words are presented individually in succession. 
Fixation-related fMRI allows us to collect both fMRI BOLD signals and eye-movement data in 
the scanner, and it uses the onset of a first fixation on a word as the time point for modeling the 
hemodynamic response functions. A further major goal of our studies will be to examine how the 
reader’s cognitive control abilities (e.g., working memory) interact with text reading abilities (e.g., 
students high vs. low in reading comprehension). Investigations of this type of interaction and its 
functional and structural neural substrates hold the promise for new insights into individual 
differences, neuroplasticity, and learning and literacy.   
 
  

Fig. 1.   An illustration of the reading brain and the project’s 
approach to study the underlying brain networks  
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Optogenetic Mapping of Synaptic Activity and Control of Intracellular 
Signalling  
Lin, John 
Poster 88; Session 2a 

 
This proposal aims to develop new molecular techniques to map activities of neurons, 
manipulate the strength of communication between neurons and disrupt intracellular signaling. 
Common to these projects is the use of light to ‘turn-on’ the reporting or manipulation.  
The first goal is to develop a technique where the researchers can use optical approach to 
identify synaptic connections that were active during the performance of a behavior task. This 
reporter system can be turned on with light, which defines the window of activity reporting, and 
fluorescence signal can be detected if there is significant activity between two defined cell 
groups. The goal of the project is to be able to map active connections between two neuronal 
populations independent of the neurotransmitters utilized at the synapse. 
The second goal is to develop an optogenetic technique where the researchers can use light to 
reverse LTP in specific neurons. This tool can be used to test the site of memory storage at 
different stages of learning and memory formation. 
The third goal of the project is to develop a technique where G-protein coupled receptor 
mediated second messenger pathway is inhibited by light. G-protein coupled receptors mediate 
the effects of neuromodulator and neuropeptides in the nervous system and they have great 
importance in modulating and/or mediating behaviors. We aim to use light to mask and unmask 
peptides that interfere with GPCR and G-protein interaction. With this approach, light will turn off 
G protein activation or effectors of G-protein pathway rapidly to interrogate the behavioral 
effects of neuromodulators or neuropeptides in specific cells with defined temporal resolution. 
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Molecular Mechanisms for Memory Storage by Graded Changes in 
Synapse Size 
Lisman, John; Hagan, Michael  
Poster 89; Session 2B 
 
Recent work indicates that at least some forms of memory are encoded by changes in synaptic 
strength and that synaptic strength is determined by synapse size.  This size varies over a wide 
range (40 fold, as quantified by the area of the postsynaptic density (PSD); average diameter 
300 nm). Thus, a fundamental  question regarding the mechanism of memory storage is how 
synapse size can change in a graded way during learning , but be otherwise stable even though 
its molecular constituents are constantly turning over.  From a theoretical standpoint there are 
two general classes of solution to this problem: 1) the PSD may add subunits during learning. 
Synapse size may be otherwise stable because of interactions between subunits that prevent 
spontaneous growth or shrinkage of the PSD. 2) The PSD may be composed of non-interacting 
subunits, each of which is held in a stable “on” state (i.e. has switch-like properties).  In this 
case, stability is a property of each subunit, and size variation is produced by changes in the 
number of switches. Recent work (Nair, 2013; MacGillavry, 2013) using super-resolution 
microscopy provides data that favors the second class of solutions. This work shows that 
synapses are composed of discrete AMPAR clusters. Importantly, the size of these clusters (70-
80nm) is highly stereotyped. Moreover, there is a clear separation of clusters, arguing against 
cluster interaction. The number of clusters increases with PSD size. How then might cluster 
number be determined? Work from our laboratory suggests that activity-dependent increases in 
synaptic strength (LTP) is maintained by biochemical switches, each of which consists of the 
complex of an activated CaMKII with a NMDA receptor (NMDAR). Notably, we found that an 
agent that dissociates this complex can erase LTP.  Our working hypothesis is that each AMPA 
receptor cluster is structurally organized by a CaMKII/NMDAR bistable switch. CaMKII is a large 
holoenzyme with 12 catalytic subunits. According to well established principles that have been 
validated by reconstitution experiments, the stability of this bistable switch arises from positive-
feedback intersubunit autophosphorylation that keeps CaMKII holoenzymes  phosphorylated 
despite phosphatase activity and subunit turnover.  Based on these findings, we can propose a 
solution to a fundamental problem in memory storage: we envision that the gradedness of 
synapse size, and thus memory storage, depends on the number of “on” switches within the 
synapse. This hypothesis provides the first simple and experimentally supported suggestion 
about how graded memory information could be structurally encoded in the brain.  
 
Super-resolution imaging reveals that AMPA receptors inside synapses are dynamically organized in 
nanodomains regulated by PSD95. 
Nair D, Hosy E, Petersen JD, Constals A, Giannone G, Choquet D, Sibarita JB. 
J Neurosci. 2013 Aug 7;33(32):13204-24. doi: 10.1523/JNEUROSCI.2381-12.2013. 
 
Nanoscale scaffolding domains within the postsynaptic density concentrate synaptic AMPA receptors. 
MacGillavry HD, Song Y, Raghavachari S, Blanpied TA. 
Neuron. 2013 May 22;78(4):615-22. doi: 10.1016/j.neuron.2013.03.009. 
  



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

Tracing Brain Circuits by Transneuronal Control of Transcription 
Lois, Carlos; Hong, Elizabeth; Zinn, Kai 
Poster 90; Session 1A 
 
We describe a synthetic genetic system in which cells expressing an artificial ligand activate an 
engineered receptor on their interacting partners based on ligand-induced intramembrane 
proteolysis. Upon ligand-receptor interaction in sites of cell-cell contact, the transmembrane 
domain of the engineered receptor is cleaved by intramembrane proteolysis and releases a 
protein fragment that regulates transcription in the interacting partners. We demonstrate that the 
system can be used to record membrane-membrane contacts between interacting cells in vivo, 
in transgenic Drosophila. In the Drosophila nervous system we demonstrate that the system 
allows for detection of interactions between connected neurons in brain circuits in the optic lobe 
and in the olfactory system. We anticipate that this system will be an efficient method for 
unveiling wiring diagrams of neurons in brain circuits. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A synthetic genetic system to record cell-cell contacts and manipulate interacting cells 
(A) Molecular logic of Delta-Notch signaling. Upon ligand (Delta) binding, the NRR domain of the 
notch receptor is partially unfolded, exposing the S2 site. Thereafter, it is sequentially cleaved, 
first in NRR (S2 site) and then in TMD (S3 site). After TMD cleavage, the ICD moves into the 
nucleus and activates transcription. (B) Diagram depicting the domains of notch and the 
engineered receptor, SNTGV (C) SNTGV activation uses the molecular logic of the Delta-Notch 
signaling pathway. Upon CD19 binding, SNTGV is cleaved both in NRR and TMD, and gal4VP16 
moves into the nucleus of the receiver cell to activate transcription of UAS- dependent genes.  
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Understanding Individual Differences in Cognitive Performance: Joint 
Hierarchical Bayesian Modeling of Behavioral and Neuroimaging Data: 
Preliminary Results  
Turner, Brandon; Gaut, Garren; Li, Xiangrui; Cunningham,William; Steyvers, Mark; Lu, 
Zhong-Lin 
Poster 91; Session 1B  
 
Individuals vary tremendously in terms of cognitive abilities and dispositions as seen from 
performance on high-order cognitive tasks, decision-making preferences, and emotional 
competences. In this NSF-funded project, we seek to (1) develop a joint hierarchical Bayesian 
modeling framework to improve our understanding of individual differences in cognitive 
performance, and (2) apply the modeling framework to investigate a large-sample neuroimaging 
and behavioral dataset. An ultimate goal of our research is to predict individual cognitive 
performance in novel, real-world situations based on observed (past) behavioral and neuroimaging 
data. In the first 2.5 months of the funded period, we have successfully applied a hierarchical 
Bayesian framework (Turner, et al, 2013) to jointly model both the neural imaging and behavioral 

data in a go/no-go task (Figure 1 top)), and machine learning algorithms to predict the type of and 
performance in behavioral tasks from fMRI functional connectivity (Figure 2).  
Preliminary Results I. A choice response time model (Matzke et al, 2013; left side of Figure 1) was 
used to model the behavioral data in a go/no-go task. A statistical model was used to capture 
single-trial BOLD activations in 24 regions of interest. The two submodels were combined in a joint 
modeling framework with a particular relationship between the behavioral model parameters and 
the fMRI model parameters, regulated by the hyperparameters Ω, and parameters to capture 
effects that we assume are not modulated by the neural data. The model was fit to the data from 
250 subjects who performed the go/no-go task in the scanner to assess the contribution of the 
regions of interest in facilitating the “go” and “stop” decisions. Figure 3 shows the correlations of 
each ROI (represented as the circular nodes) to the “go” process (x-axis) and the “stop” process (y-
axis). ROIs that show up in the green region represent brain areas that, when active, facilitate a 
“go” response, whereas ROIs that show up in the red region represent brain areas that, when 
active, facilitate an inhibitory “stop” response where no response is elicited.  In contrast to other 
extant models of go/no-go tasks, our results suggest that the underlying dynamics of the go/no-go 
decision is not simply a discrete competition between two options. Rather, the basal ganglia 
receives many competitive inputs signals from several brain areas, and it is this specific pattern of 
inputs that ultimately regulates the decision. Preliminary Results II. We computed pairwise 
functional connectivity between 299 regions of interest from 250 healthy subjects performing nine 
cognitive and social-emotional tasks in the scanner. To predict the task the subject was performing, 
we fit a multinomial sparse logistic regression model in a one-vs-rest paradigm using the 
connectivity features as inputs. For each task we explore the relationship between task 
classifiability and behavioral performance by testing for a difference in mean group performance 
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between misclassified and correctly classified subjects. Our classifier predicts the task with an 
average accuracy of 92%. In 5 out of 6 tasks for which we could compute behavioral performance, 
there exists a significant difference in mean group performance between misclassified and correctly 
classified subjects (p < 0.01). We conclude that functional connectivity is highly predictive of task. 
Furthermore, a subject's behavioral performance is correlated with the ability to correctly classify 
task. 
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Neuroscience Gateway – Seamless Integration of Neuroscience 
Models and Tools with HPC 
Majumdar, Amit; Sivagnanam, Subha; Yoshimoto, Kenneth; Carnevale, Ted; Silver, 
Angus; Gleeson, Padraig  
Poster 92; Session 2A 

 
Computational modeling of cells and networks has become an essential part of neuroscience 

research and investigators are using models to 
address problems of ever increasing complexity e.g. 
large scale network models and optimization or 
exploration of high dimensional parameter spaces. 
In 2012 the NSF funded the Neuroscience Gateway 
(NSG) project which enables individual 
computational neuroscientists to utilize free 
supercomputer time on NSF’s Extreme Science and 
Engineering Discovery Environment (XSEDE) High 
Performance Computing (HPC) resources by 
lowering or eliminating the administrative and 
technical barriers that otherwise make it difficult for 

neuroscientists to use HPC resources for computational modeling. The NSG has about 300 
users and has provided over 5 million HPC core hours to the computational neuroscience 
community since it began operation in 
early 2013. As far as we 
know this is the first and 
only such science gateway 
available to the 
neuroscience community 
within US and abroad.Use 
of core hours on NSF 
supercomputers has been 
increasing from year to 
year; the top figure shows 
usage of Comet and 
Stampede over the most 
recent 12 months. 
Maximum core count of 
HPC simulations run by neuroscientists has also been growing (figure on right), reaching about 
3000 cores recently. These and other usage statistics demonstrate widening adoption of NSG 
by neuroscientists, and resulting publications show the impact it is having on computational 
neuroscience.In 2015 NSF awarded a follow-on grant as a part of which RESTful services will 
be implemented for the NSG. This will allow researchers to programmatically access HPC 
resources, for complex computational modeling, both from the familiar environment of 
neuroscience community projects (such as the Open Source Brain, ModelDB, OpenWorm, 
Neuroscience Information Framework etc.) and from the familiar work environment as it exists 
within the laptop or desktop of individual users. Integration with community projects will 
significantly increase the impact of NSG for the neuroscience community. The concept of NSG 
with programmatic access is shown in the figure at the bottom right. 
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Expansion Sequencing (ExSEQ) 
Church, George; Zador, Anthony; Paninski, Liam; Lee, Jay; Koulakov, Alexei; Alon, 
Shahar; Chen, Fei; Daugharthy, Evan; Tillberg, Paul; Wassie, Asmamaw; Boyden, Ed; 
Marblestone, Adam  
Poster 93; Session 2B 
 
We are developing in-situ sequencing approaches to enable the high-resolution, high-yield 
readout of synthetic RNA barcodes encoding cell identity for connectomics, as well endogenous 
RNA transcripts indicative of cell type. Current optical methods maintain the spatial location of 
molecules, but the number of molecules that can be studied simultaneously is limited. On the 
other hand, current transcriptomic approaches allow the multiplexed measurement of potentially 
all the RNA molecules, but high-resolution spatial information is lost in the process. Here we 
devise a new method for in situ sequencing of nucleic acids throughout all the neurons of an 
intact brain circuit, by creating new forms of expansion microscopy (ExM), a technology we 
previously developed that physically magnifies brain tissues while preserving nanoscale isotropy 
(Science 347:543-548), as well as fluorescent in situ sequencing (FISSEQ; Science 343:1360-
1363). Using this new technology, which we call expansion sequencing (ExSEQ), users can 
expand brain circuits, then sequence the RNAs within the expanded tissue, resolving transcripts 
throughout entire neurons and neural circuits, enabling systematic cell type and cell state 
classification in health and disease. 
  



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

Can Cognitive Training and Transcranial Electrical Stimulation 
Enhance Fluid Intelligence? 
Mathan, Santosh  
Poster 94; Session 1A 
 
Objective Executive functions (EF) are a set of processes involved in intelligent human 
behavior– processes that play a crucial role in moderating complex problem solving behavior, 
modifying behavior in the light of new information, generating strategies, and sequencing 
complex actions (Elliott, 2003). The research described here has sought to engage and 
enhance cortical processes associated with the brain’s executive functions (EF) by combining 
cognitive training with low-current transcranial electrical stimulation (tES). By combining these 
two intervention modalities we have sought to exploit their synergistic effects on cortical 
excitability and plasticity – thereby augmenting cognitive processes that underlie intelligent 
human behavior. 
Intervention Our approach, a training regime we label Flexible Adaptive and Synergistic 
Training (FAST), builds on previous attempts to train core EF components that contribute to fluid 
intelligence, but does so in a way that avoids pitfalls inherent in past work.  Some of the most 
widely cited research in this area has typically emphasized repetitive training with fixed tasks 
(e.g., Chein & Morrison, 2010; Jaeggi et al., 2008) – such as working memory training. In 
contrast FAST engages all 3 core EF components both jointly and in isolation. Subjects never 
perform the same game twice; every 2-4 minutes they are presented with a new game to 
master. Initially the games are differentiated simply according to the stimulus material (e.g., 
numbers vs. pictures) and component EF (e.g., switching vs. updating), but later the games are 
defined according to unique combinations of EF components (e.g., switching vs. inhibiting 
based on information stored in working memory). This regime forces subjects to learn general 
skills rather than game-specific strategies. Task difficulty is increased over time in an adaptive 
fashion. Training in the FAST group was coupled with tES stimulation. 
 

 
Figure -1: FAST training was realized in the form of a game called Robot Factory 
 
Results The intervention outlined above was evaluated in a recent study where the combined 
effect of FAST training and tRNS, was compared with a control group undergoing active training 
(visuo-perceptual tasks) and a No-Contact control group (99 participants across three 
conditions). This comparison showed a larger increase in the BOMAT fluid intelligence score for 
the FAST training group (p<0.05, Cohen’s d=.42). Furthermore, analysis indicates a significant 
correlation between progression in the game and improvement on the BOMAT test.  Based on 
these promising results, the research team is currently conducting a pre-registered study, 
involving 440 participants, recruited across sites in Minneapolis, Boston, and Oxford, UK. The 
efficacy of the intervention is being compared to an active control group on the basis of a 
reliable fluid intelligence test developed by the US government.  
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Analysis of the Mammalian Olfactory Code 
Kosuri, Sri; Wachowiak, Matt; Magnasco, Marcelo; Itskov, Vladimir; Stowers, Lisa; 
Matsunami, Hiro 
Poster 96, Session 2A 
 
Mammalian olfaction is arguably the most complex sensory system in the animal kingdom, with 
hundreds of odorant receptors deployed to detect a vast array of chemical compounds across a 
stimulus space with unknown dimensionality, yet mammals including rodents and humans can 
rapidly and robustly discriminate and respond to thousands of odorants and recognize complex 
odorant mixtures as distinct odor objects. Understanding how the nervous system accomplishes 
this uniquely difficult task is likely to lead to general advances in our understanding of how the 
brain processes information. The general goal of this project is to understand how the 
mammalian olfactory system detects, encodes and extracts meaning from olfactory stimuli. 
Despite major advances in understanding specific facets of odor coding in recent years, the 
complexity of olfactory stimulus space and the size of the odorant receptor repertoire have 
created a gap in our knowledge of how olfactory stimuli map to odorant receptors - a gap which 
places a fundamental limit on our ability to understand how odors are encoded, perceived and 
acted upon by the nervous system.  
 
We propose to overcome this bottleneck by achieving, for the first time, a comprehensive 
understanding of how odor ‘space’ is represented by mammalian ORs and how biologically 
meaningful features of this space are encoded at successive levels of processing ranging from 
sensory neurons to second-order central nuclei.  Our efforts are organized around three aims 
that focus on how information about odor identity and valence – two basic features of odor 
perception – are encoded at the levels of the odorant receptors themselves (Aim 1); sensory 
neuron input to and projections from the olfactory bulb, where odor information is first processed 
(Aim 2); and the cortical amygdala, where emergent neural codes are likely to develop (Aim 3). 
We will achieve this using a broad array of innovative approaches that include deorphanizing all 
human and mouse odorant receptors using a large (~1000) odorant panel, defining the innate 
valence of these odorants using behavioral assays, mapping all odorant receptor projections to 
the olfactory bulb, functionally characterizing their neural representations in the olfactory bulb 
and cortical amygdala, and using novel mathematical analyses to analyze the underlying 
structure of odor coding at the level of sensory neurons, olfactory bulb glomeruli and amygdala 
activity. Progress towards each Aim will involve close collaborations between team members 
with diverse expertise including molecular biology, behavioral neuroscience, in vivo functional 
imaging and mathematical and theoretical analysis of complex datasets. 
 
Success of this project will overcome several major barriers to understanding the odor code, 
including identifying odorant ligands for the human and mouse odorant receptors, mapping 
mouse olfactory receptor projections to the olfactory bulb, assigning receptor identity to olfactory 
bulb glomeruli - the functional units of central odor coding, and revealing the dimensionality and 
hidden structure of odor 'space' as represented by the odorant receptor repertoire. Many of the 
approaches used are novel and represent advances to the field of olfaction in and of 
themselves. The multidisciplinary strategy implemented here promises to lead to an integrated 
and comprehensive understanding of mammalian odor coding. We expect this project to 
generate a number of important resources with broad utility to olfactory scientists. These include 
the first dataset describing odorant binding profiles of the entire mouse and human odorant 
receptor repertoire for a large odorant panel, the first large-scale mapping of the mouse odorant 
receptor repertoire to olfactory bulb glomeruli, neural activity patterns evoked by many of these 
odorants, information on their perceived valence, and novel mathematical approaches for 
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analyzing such complex datasets. We thus expect the project to enable a 'big data' approach to 
understanding odor coding at multiple levels of the nervous system. We will facilitate this by 
hosting databases that make all of these datasets publicly available. This information will also 
be important in areas outside of olfaction, including molecular evolution, chemical ecology, lead 
to new insights on the mechanisms and logic of information coding that will impact the larger 
neuroscience community, as well as generate applied technologies for chemical sensing such 
as environmental monitoring, food safety, and homeland security. 
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The Role Of Patterned Activity In Neuronal Codes For Behavior 
Maunsell, John; Fellin, Tommaso; Histed, Mark 
Poster 96; Session 2B 
 
Any sensory stimulus produces a spatiotemporal pattern of spiking that extends over many 
cortical neurons. The role of coordinated activity across ensembles of neurons in guiding 
behavior is not well understood. In particular, the brain might use aggregate measures such as 
mean spike rate to make decisions, or it might exploit correlated structure in the activity of cells 
to guide behavioral performance. To differentiate between these hypotheses, we are combining 
two-photon optogenetics to perturb neuronal activity with near-single-cell resolution with 
psychophysical paradigms in rodents to precisely measure behavioral changes consequent to 
activity perturbations. 
 
We are using a liquid crystal spatial light modulator (SLM) to place diffraction-limited excitation 
light spots or small excitation light regions (patterned illumination) over channelrhodopsin-2 
(ChR2) expressing layer II/III cortical cells identified with two-photon imaging. Using targeted 
juxtacellular electrophysiological recordings, we find that patterned two-photon (  = 920 nm) 
illumination of opsin-positive neurons can reliably increase their firing rates (Figure 1). 
Illumination is spatially localized to target a single cell or a cluster of a few adjacent cells, with 
falloff over a few tens of microns in both the XY and XZ planes (spatial decay constants:  ~30 
µm and  ~45 µm, respectively). We have trained mice to perform tasks that we have previously 
used to precisely measure behavioral perturbations induced by one-photon optogenetic 
illumination. We are moving forward with measurements of behavioral perturbations induced by 
patterned two-photon optogenetic stimulation.  
  

Figure 1: An opsin-positive neuron is identified under the two-photon microscope and a juxtasomal 
electrophysiological recording is achieved using a glass pipette. Patterned two-photon illumination is 
generated with the SLM and then delivered to the recorded cell. The cell’s firing rate is elevated while 
two-photon illumination is applied (orange). 
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Self-Motile Electrodes for Three Dimensional, Non-perturbative 
Recording and Stimulation 
Melosh, Nicholas 
Poster 98, Session 1A 
 
Transitioning from small numbers of neural recording electrodes to many thousands requires 
consideration not only of data management, but also how to non-destructively delivery these 
electrodes into the desired brain regions. Here we propose a revolutionary system aimed at high 
density sampling across three dimensions control using self-inserting, micron-scale electrodes. 
The design rules for depth electrodes are currently proscribed by the need for these devices to 
be mechanically ‘stiff’ enough to be pushed into the tissue without buckling. This requires 
relatively large electrodes, and higher electrode numbers are achieved by placing individual 
electrodes onto this mechanically robust substrate. We propose to break this paradigm by 
creating arrays of electrodes that are each ‘self-motile’, that is, they pull themselves from the 
front using a ‘front-wheel drive’ mechanism, rather than being pushed from behind. The physics 
is based upon an electro-osmotic drive that has been previously explored for all-electronic 
microfluidic pumps, but never as a propulsion technique. We propose this mechanism will allow 
insertion of ultra-small (~5 um wide x 0.20 um thick), ultra-flexible electrodes that could not be 
inserted mechanically.  
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Imaging Deep Brain Structures with a Cannula 
Kim, Ganghun; Pastuzyn, Elissa; Sheperd, Jason; Menon, Rajesh 
Poster 99; Session 1B 
 
Neuroscience has been revolutionized by the recent advent of imaging techniques that allow 
high-resolution live imaging of the intact brain in vivo. These techniques have led to increased 
understanding of how neuronal circuits are built and mediate specific behaviors. However, these 
methods have been limited to studying neuronal activity at the cellular level and cannot resolve 
activity at individual synapses. There are few methods that allow imaging in freely moving 
animals in deep brain structures. Imaging deep in the brain using large endoscopes results in 
significant damage to surrounding tissue. Multi-photon microscopy is useful to image at depths 
of ~1mm but not deeper1. It requires high-power lasers and achievable resolution is limited due 
to the long wavelengths. An alternative approach is to use miniaturized microscopes2. However, 
these require complex optical and electronic sub-systems, and aren’t readily capable of deep-
brain imaging. Recently, we applied a new computational technique to convert a simple needle 
into a high-resolution microscope.3,4 In a conventional imaging system, each point in an image 
corresponds to a unique point in the object, i.e., there is a one-to-one map between the object 
and the image. This isn’t strictly necessary. Each point on an object can be mapped onto many 
points on the image, which is captured on a sensor. As long as the intensity distribution formed 
on the sensor is unique for each object point and can be well characterized, one can apply 
computation to recover object information. We also showed that 3D imaging in a volume in the 
vicinity of the needle is also feasible.   Recently, we demonstrated this idea using an off-the-
shelf needle and achieved a transverse resolution of ~1µm. Since, only a single frame is 
required to form the image, extremely fast microscopy becomes feasible. We have also 
demonstrated the working principle using a phantom for deep imaging (Figs. 1a,b) as well as 
with a variety of fluorescently labelled biological samples (Figs. 1c,d). We will extend cannula 
microscopy to: (1) image cells deep in the brain (depth > 1mm) with minimal tissue damage, (2) 
image synaptic activity using novel molecular and genetic synaptic reporters (~1µm resolution), 
and (3) image individual proteins at synapses using super resolution microscopy (<100nm 
resolution). The rationale for these studies is to eventually understand the cellular and molecular 
basis of learning and memory. Changes in the strength of individual synapses are thought to 
underlie learning and memory in the brain, yet this theory of brain function lacks tangible 
experimental evidence to support it in vivo. Our project will enable studies that address the 
causal role of molecular events at individual synapses in mediating behavior and information 
processing.  
In summary, we used computational techniques to turn a needle into a fast, high-resolution 
microscope, which can thereby enable deep-brain imaging. Due to its simplicity and compact 
size, we believe that this technology can have a significant impact on a variety of fields. 
Figure 1: (a) Schematic of 
cannula in phantom. 
Computational-cannula 
images of (b) 4um-
diameter fluorescent 
beads at a depth of 1.5 m 
inside phantom. (c) 
Computational-cannula 
image of one cultured neuron expressing m-cherry. (d) Image of the same neuron with a 
conventional widefield microscope.  
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Ultra-Miniaturized Single Fiber Probe for Functional Brain Imaging in 
Freely Moving Animals 
Mertz, Jerome  
Poster 100; Session 2A 
 
Microscope techniques to image inside brain tissue are generally limited by poor depth 
penetration. Microendoscopy, wherein a probe is physically inserted into the tissue, can 
overcome this limitation in depth penetration, but at the expense of invasiveness and tissue 
damage due to the size of the probe. Our goal here is to palliate these problems by developing 
an ultra-miniature microendoscope probe based on a single, lensless optical fiber. The direct 
transmission of an image through an optical fiber is difficult because spatial information 
becomes scrambled upon propagation. We have recently demonstrated [1] an image 
transmission strategy where spatial information is first converted to spectral information. Our 
strategy is based on a principle of spread-spectrum encoding, borrowed from wireless 
communications, wherein object pixels are converted into distinct spectral codes that span the 
full bandwidth of the object spectrum. Image recovery is performed by numerical inversion of the 
detected spectrum at the fiber output. We have provided a simple demonstration of spread-
spectrum encoding using macroscopic optics, where we have shown that our technique enables 
the 2D imaging of luminous (i.e. fluorescent or bioluminescent) objects with high throughput 
independent of pixel number. Our technique is insensitive to fiber bending, contains no moving 
parts, and opens the attractive possibility of extreme miniaturization by embedding the spread-
spectral encoder within the optical fiber itself.  
Our goal here is to develop, characterize, and establish the versatility of a new class of ultra-
miniature fiber probes that can provide functional 2D brain imaging at arbitrary depths and with 
minimal tissue damage. Our strategy will involve probe development, machine-learning 
algorithm development, and the actual demonstration of microendoscopic imaging in freely 
moving behaving animals. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

[1] 

Barankov and Mertz, “High-throughput imaging of self-luminous objects through a single optical fibre”, 
Nat. Commun. 5:5581, DOI 10.1038/ncomms6581, 2014.  
  

Figure: Strategy for ultraminiaturized microendoscope probe. A spread-spectrum encoder is 
embedded inside a single optical fiber using a technique similar to writing a fiber Bragg grating. Light 
rays entering the fiber obtain different spectral codes depending on their direction. Image 
reconstruction is performed by numerical decoding of the detected spectrum at the output of the 
fiber. This technique will be applied to brain imaging in freely moving mice.  
 



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

 
Fig.1 Schematic of a stretchable 
graphene transistor on a neuron. 

Wrapping Cells with Stretchable Transistors 
Brown, Morgan; Reynolds, Michael; McGill, Kathryn; Davidson, Patricia; Minot, Ethan; 
Goldberg, Jesse; McEuen, Paul 
Poster 101, Session 2B 
 
Recent advances in nanotechnology offer unique 
opportunities to advance neural recording technology. Our 
work focuses on the possibility of using kirigami graphene 
(graphene that has been prepared with a pattern of cuts) to 
make neural recordings (Fig. 1). The kirigami cuts are 
designed to make the graphene more stretchable, while 
maintaining its remarkable electrical properties. The graphene 
is a semiconducting channel for electrical current that we use 
to amplify bioelectronic voltages. Recent work from our group 
(Nano Letters 2015) shows a noise floor of ~ 10 V. 
We have begun testing kirigami graphene devices with living cells. Cardiac myocytes were 
chosen for initial testing. These robust cells are cultivated in vitro. The cells spontaneously beat, 
producing bioelectronic signals that mimic neurons. We first tested the response of the cardiac 
myocytes to being touched by graphene (Fig. 2). The height of the graphene above the cell, Z, 
was reduced to zero using piezo-controlled micromanipulators. If we use an unmodified sheet of 
graphene (no kirigami cuts), the cell is easily damaged. We will present video microscopy of 
mechanical damage caused by unmodified graphene. By preparing the graphene with kirigami 
cuts, making it more stretchable, we expect to avoid cell damage. These tests are ongoing. 
Electrical measurements are also being conducted. The kirigami graphene is being used to 
record the electrical signal from individual cardiac myocytes.  
  

 
Fig. 2 Left: Optical micrograph of a graphene device connected via 

microelectrodes which are holding it above a beating cardiac myocyte 
cell, video to be presented. Right: Top and side schematics. 
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The Virtual Neuroanatomist: Using Machine Intelligence to Study 
Intelligent Machines 
Mitra, Partha 
Poster 102, Session 1A 
 
We are currently experiencing a renaissance in neuroanatomical research due to the new 
availability of comprehensive digital microscopic data sets ranging from exhaustive 
reconstructions of neuropil to complete brain-wide connectivity and cytoarchitectonic data sets. 
The computational tools needed for this field are still at an early stage of development and not 
widely available. We are developing algorithms and software for computational neuroanatomy 
adapted to the needs of the Mouse Brain Architecture project (MBA) image datasets, along 
multiple directions. Nissl segmentation: we used machine vision tools (e.g., registration, 
thresholding, segmentation) to partition and group Nissl stained image stacks, preprocessing 
the image data into manageable sized tissue-containing image blocks, using manual annotation 
for ground truth in a representative subset of these image-blocks, using supervised training to 
do automatic annotation of candidate pixels that belong to neuron somata, and subjecting the 
output to image segmentation methods at multiple scales. Comprehensive proofreading for 
auto-segmented data at whole-brain scale: We developed a proofreading platform for 
comprehensive manual correction of auto-segmented data to generate ground truth for further 
machine learning applications. In an example data set where the target objects consisted of 
fluorescently labeled nuclei of specific classes of interneurons in the 16pdf mouse model of 
Autism Spectrum Disorders, a simple 3-stage algorithm involving an intensity-threshold, a 
Canny edge detector, and a circular Hough transform achieved high precision and recall (>90% 
each); the output of this operation was used as input for human proofreading to creating whole-
brain ground truth data. Segmentation of salient anatomical compartments of the mouse brain at 

the mesoscale: we used a direct approach bypassing atlas 
registration, where two anatomical compartments of the 
hippocampus were selected as initial segmentation targets, 
(1) DG Granule Layer (Figure 1), and (2) CA pyramidal layer. 
Computational Geometry and Topology methods for 
Neuroanatomical Data: We have begun to explore advanced 
computational methods, including persistent homology and 
Morse theory, to skeletonize tracer injection data into tree-
objects (that represent the consensus projection patterns 
emanating from the injection site) 
and to define metrics in tree-space 
in order to compare reconstructed 

trees. Figure 2 illustrates the results of skeletonization of an 
anterograde tracer injection in the mouse primary motor cortex.  
 
  

Figure 1: Segmentation of DG granule layer. 

Figure 2: Tracer skeletonization. 
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Deciphering the Genealogy of Neurons via Planetary Biodiversity 
Capture  
Moroz, L. L.; Kohn, A. B.; Bostwick, C.; Dabe,  E.; Winters, G.; Yang Q.; Hawkins, R. D.; 
Kokot, K.; Whelan, N.; Halanych, K.; Morozova, I.; Kalachikov, S.; Ju, J.  
Poster 104; Session 2A 
 
Neurons are different not only 
because they have different 
functions but also because 
they might have different 
genealogies. However, the 
enormous diversity of 
neurons both within the same 
nervous system and across 
species presents tremendous 
challenges for their unbiased 
classification. Here, we 
developed novel approaches 
and algorithms toward 
establishing the natural 
classification of neurons. Our 
research strategy is based 
upon (1) high-throughput 
single-cell RNA-seq and 
single-cell epigenomic analyses of entire neuronal circuits, and (2) implementation of stochastic 
approaches from information theory and phylogenomics to incorporate the inherent statistical 
uncertainty in the operation of the genome, as well as natural selection within complex systems. 
First, we performed single-cell transcriptome and methylome analyses of hundreds of 
individually identified neurons in the defensive and feeding circuits of Aplysia californica under 
control conditions and during neuroplasticity (e.g. capture of nascent RNAs during behavioral 
learning or transmitter applications). As a result, we reconstructed an initial classification of 
neurons within the same nervous system, with the surprising finding that some neuronal 
subtypes are more different compared to each other than to selected non-neuronal cells. 
Second, we expanded this approach to homologous neurons in other related species (including 
cephalopods), and screened various cell phenotypes in mammalian nervous systems as well as 
in selected basal metazoans (ctenophores, sponges, placozoans and cnidarians). The results 
suggest that different classes of neurons and synapses might have evolved more than once 
(convergent evolution) and allow us to reconstruct the genealogy of neurons, trace ancestral cell 
lineages, and establish the natural classification of neurons within neural circuits across the 
majority of animal phyla. The field of Neurosystematics is emerging. This might be an analog of 
the periodic table for neurons, with the predictive power to delineate novel neuronal phenotypes 
and fundamental constraints on the origins and parallel evolution of neural systems.  
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Closing the Loop on Social Behaviors, From Mathematical Models to 
Neural Circuit Dynamics 
Murthy, Mala; Shaevitz, Joshua; Bialek, Bill 
Poster 105, Session 2B 
 
Animals, from insects to humans, are inherently social, and brains have evolved to be most 
sensitive to sensory cues that carry social information (for example, speech sounds or 
pheromones, and their particular dynamics and timescales). Social interactions involve both 
sensory perception (detecting cues generated by another individual) and coordinating motor 
outputs (to generate social behaviors). Most studies examine sensory and motor pathways in an 
“open loop” framework; however, social interactions are inherently “closed loop”, as data 
gathered through the senses of each individual is profoundly shaped by his/her own actions and 
those of the other individual. With new methods and new theoretical frameworks, this project is 
addressing the closed loop aspect of sensory perception between animals using the fruit fly 
Drosophila melanogaster as a model system. The three principal investigators (Murthy, 
Shaevitz, and Bialek) are experts with behavioral analysis, theory/modeling, and neural circuit 
analysis, and are studying courtship, a robust social behavior that has been shown to involve 
the complex interaction of a male and a female. We will present data from 1) quantitative 
behavioral experiments (combined with modeling) that reveal the detailed dynamics between 
male and female during courtship and 2) neural circuit imaging experiments in flies that receive 
virtual and naturalistic sensory information. In the latter experiment, head-fixed flies walk on an 
air-supported treadmill and the patterns of sensory stimuli delivered (olfactory, auditory, and 
visual) are dependent on the animals’ locomotor speed and orientation. A comprehensive 
analysis of both datasets will ultimately be used to link brain activity to specific courtship 
behaviors and decisions, across timescales. 
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Algorithms and Mechanisms of Olfactory Navigation in Drosophila 
Alvarez, Efren; Anene, Uche; Currier, Tim; Eyring, Katie; Suver, Marie; Nagel, Katherine 
Poster 106, Session 1A 
 
Animals of many species use olfactory cues to navigate towards important resources in their 
environments. The goal of this collaborative BRAIN Initiative funded project is to understand this 
process at both algorithmic and mechanistic levels.  As a group, our goals are (1) to quantify the 
distribution of odors in natural environments, (2) to measure navigation behavior in diverse 
species in these environments, (3) to examine neural encoding of sensory cues used during 
olfactory navigation, and (4) to develop means of perturbing these representations in order to 
test our models.  Our long-term goal is to develop computational models of both behavioral 
algorithms and biophysical mechanisms that can account for the resilience of this behavior to 
differences in animal size, speed, and environmental distribution of odors. 
 
Our lab uses the genetic model organism Drosophila melanogaster to pursue these questions.  
Drosophila are known to use multiple cues to navigate towards odor sources— in particular, 
changes in odor concentration and global wind direction.  To quantify the way that Drosophila 
combine these cues we have developed a miniature wind-tunnel system that allows us to 
precisely control both odor and wind cues delivered to freely walking flies.  In the presence of an 
attractive odor, Drosophila turn and run upwind.  After odor offset, flies show a prolonged period 
of increased velocity, but orient either across- or down-wind.  The speed and direction of 
running are modulated by odor concentration; moreover we find that upwind run velocity adapts 
with prolonged odor exposure.  These studies will allow us to develop a computational model of 
how odor and wind dynamically influence fly behavior. 
 
To understand how odor and wind cues are represented in the Drosophila brain we have 
developed a novel recording preparation that allows us to record neural responses to wind or 
wind+odor cues delivered from one of 5 directions.  Using this preparation we have found that 
peripheral olfactory organs encode odor concentration but not wind direction, while central 
mechno-sensitive neuron encode wind direction but not odor concentration.  Based on 
anatomical considerations we have identified several candidate neurons that are likely to carry 
wind-direction information to odor-sensitive regions of the brain.  We are currently investigating 
the tuning properties of these neurons. 
 
A critical cue for olfactory navigation is the local rate of change in odor concentration.  In 
previous studies we have found that synapses between first- and second-order olfactory 
neurons play a key role in computing changes in odor concentration.  To develop means of 
perturbing this computation we are testing the ability of selected genetic constructs to alter the 
dynamics of synaptic transmission.  We are focusing on constructs that either (1) alter calcium 
handling by presynaptic neurons, or (2) alter presynaptic release machinery.  Preliminary data 
suggest that we can alter the dynamics of synaptic transmission using these techniques. 
 
To examine the algorithms and mechanisms underlying olfactory navigation in greater detail we 
are developing a closed-loop “virtual reality” paradigm in which a flying fly can navigate through 
a virtual odor environment, while we control odor, wind, and visual cues delivered to the fly.  By 
combining this device with measurements of odor plumes by the Crimaldi group (U Colorado), 
we hope to provide a detailed account of how flies navigate through different types of natural 
odor environments. 
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Interdisciplinary Training in Computational Neuroscience for 
Researchers from Graduate and Medical Students to Junior Faculty 
Nair, Satish S. 
Poster 107; Session 1B 
 
The report of the BRAIN working group notes that “Neural coding and neural circuit dynamics 
are conceptual foundations upon which to base a mechanistic understanding of the brain” 
(BRAIN-2025, 2014). Unraveling the mechanistic underpinnings of brain function in terms of 
information processing properties is an interdisciplinary science that links the diverse fields of 
neuroscience, cognitive science, and psychology with electrical engineering, computer science, 
mathematics, and physics. However, biological and behavioral neuroscientists lack adequate 
training in the quantitative sciences, limiting their understanding and use of tools from this area. 
Similarly, engineers and quantitative scientists lack training in neuroscience necessary to 
understand the details of the diverse ‘systems’ in biology, and to facilitate improved interactions 
with biologists to develop relevant and advanced computational tools. Our proposal directly 
addresses this need. 
Truly integrative and interdisciplinary training in neuroscience is necessary to understand brain 
function in both normal and pathological states. And such training is not available presently at 
the pre- and post-doctoral and junior faculty levels due to a multitude of reasons outlined in the 
next section. We propose an integrated approach to train the next generation of ‘neuro’ 
research scientists from several disciplines including biology, psychology, medicine, 
engineering, physics and mathematics. Specifically, we will build on past successes with 
training in interdisciplinary neuroscience, to enhance the research expertise of graduate 
students, post-doctoral scholars and junior faculty in the growing area of computational 
neuroscience. This enhancement will be achieved via a 2-week short course, with 24 
participants/year, held on the University of Missouri (MU) campus in Columbia, with the 
following Specific Aims (with 7 parallel tracks; see Table 1):  
 
Aim 1. Provide training in neurophysiological concepts via free software experiments and some 
wet-lab experiments using a “from biology to model and back” again approach;  
Aim 2. Provide training in neurons and circuits for research, including via hands-on software 
development both at the individual (exercises) and two-person group (projects) levels;  
Aim 3. Work individually with each participant to develop a computational research project of 
interest to them;  
Aim 4. Provide year-round follow up to participants for one year on all aspects of the short 
course, and in the process also identify barriers to research training in this new interdisciplinary 
area.  
 
Participants do not merely memorize facts, but actively engage with the material using modeling 
principles, in a self-paced active learning setting, to better understand physiology, neuroscience, 
mathematics and engineering concepts in an integrative manner. This will be achieved by 
providing instructions via a “function-biology-model-math” framework, emphasizing back-and-
forth sessions between wet-lab and ‘software’ (active hands-on and interactive computer-based) 
experiments during week 1. This will be followed by an intensive immersive experience in the 
development of “biophysical” computational models by the participants, starting from first 
principles. In parallel, they will also be challenged to define a computational modeling project of 
their interest on their own (aim 3). We will provide follow-up with monthly webinars and email 
contacts for the 24 participants for a period of one year beyond the summer course. This will 
enable the participants to complete unfinished components of the course, including fully defining 
and even coding on their individual computational research projects. In the process they will 
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strengthen their understanding of both neurobiological as well as computational aspects at the 
research level. For interested faculty participants, we are willing to visit their institutions to foster 
interaction across disciplines, research programs, and institutions, in computational approaches. 
Our team includes four interdisciplinary faculty, three with expertise in content (1 computational 
+ 2 neuroscientists) and one in pedagogy and evaluation. Two of the faculty (Nair and Schulz) 
have been collaborating in research in and teaching interdisciplinary neuroscience for the past 8 
years. Over that period they have also been hosting annual summer workshops for 2 and 4-year 
college faculty with focus on teaching undergraduate neuroscience. 
Efforts will be made to recruit participants from groups traditionally underrepresented in science 
and engineering. All course modules will be hosted at a publicly accessible website so that 
access to course material is not limited to course participants. The site will also be publicized as 
a source of information through formal advertisements in appropriate journals, and through fliers 
distributed via annual meetings such as that of the Society for Neuroscience so that other 
researchers can also utilize the materials as appropriate. Our project evaluation will include 
formative and summative strategies. We will administer pre- and post-tests related to both 
content learning as well as perceived gains in other dimensions such as confidence and ability 
to conceive and design a computational research project. Our experience and findings will be 
published in science and engineering education journals and presented at appropriate 
conferences.  
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Fig. 2: Left: optical transfer 
function of a GL element. Right: 
images of point objects at different 
depths. 

Fig. 1: Labeling strategy for RCaMP & structural imaging  

Next Generation High-Throughput Random Access Imaging in Vivo 
Rowlands, Chris; Berry, Kalen; Subramanian, Jaichandar; Xue, Yi; Takiguchi, Yu; So, 
Peter; Nedivi, Elly 
Poster 108; Session 2A 

 
Our team is developing a next-generation high-throughput random access imaging system for 
real time monitoring of sensory-driven synaptic activity. This monitoring takes place across all 
inputs to single living neurons in the context of the intact cerebral cortex, in order to better 
understand how these synaptic signals are integrated and processed. Our first target is to 
monitor calcium signals from approximately 10,000 locations corresponding to all excitatory 
synapses of a single neuron with 100 ms temporal resolution. While calcium imaging with 
GCaMP is well-established, the RCaMP excitation wavelength at about 1050 nm is more 
compatible with high power Yb-fiber based femtosecond laser sources. These new lasers can 
generate several tens of Watts of average power with rep rates of ~1MHz, while maintaining a 
200fs pulse duration. 
 
We are testing new RCaMP 
variants, expressed both in 
neuron cultures and in the 
mouse brain, to evaluate 
signal intensity, as well as 
spectral compatibility with 
other fluorophores used as 
a cell-fill and as synaptic 
markers (Fig. 1A). In 
addition to RCaMP, 
sparsely labeled neurons each express a fluorescent cell fill to delineate their structure, 
including dendritic spines, the sites of excitatory synapse. In addition a second fluorophore 
fused to the inhibitory postsynaptic marker gephyrin labels all inhibitory synaptic sites on the 
same neuron. These neurons are first scanned using high volume, high-resolution dual color 
two-photon microscopy to provide a coordinate map of all synapses on the labeled neuron (Fig. 
1B). Since all the relevant synaptic locations can be initially determined by low speed structural 
imaging, the sampling of the calcium signals from these known locations is most efficiently 
accomplished by selective excitation. The design of the selective excitation system is based on 
3D holographic patterning where a neuron spanning approximately 150 µm in depth is divided 
into 10 “slabs” with a lateral extent of 300x300 µm2. Approximately 1000 synaptic locations lie 
within each slab (Fig. 1C). These locations can be simultaneously excited by holographically 
generating a set of 3D-distributed near-diffraction-limited 
spots using a spatial light modulator. As a pilot, we have 
demonstrated that we can generate the required density of 
spots to illuminate a 100x100x15 µm3 volume.  
 
Since the depth-of-field of a typical high numerical aperture 
objective is approximately one micron, a Gaussian-Laguerre 
(GL) element is inserted at the Fourier plane of the detector. 
With the GL element, point sources at different depths are 
imaged as pairs of spots with depth-dependent rotation 
angles. We have demonstrated that the depth-of-field can be 
extended, and that the axial locations of excitation spots at 
different depths can be simultaneously identified (Fig. 2). 
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Fig. 3: Complete instrument layout. 

  
We are also evaluating a complete system design that includes an electro-fluidic lens that will 
translate the 15 µm excitation slab through a 150 µm extent of a neuron’s depth in vivo (Fig. 3).  
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Combining Genetics, Genomics, and Anatomy to Classify Cell Types 
across Mammals 
Nelson, Sacha; Bejerano, Gil; Mitra, Partha; Lois, Carlos 

Poster 109; Session 2B 
 
Our team is tackling the problem of understanding the conservation and divergence of 
properties of the same neuronal type across different species by genetically targeting defined 
neuronal populations with identical genetic strategies in mouse and rat. We will then perform 
comprehensive analyses of the transcriptome, connectivity, morphology and physiology of 
homologous neurons in the two species.  

The Nelson lab has generated >150 mouse lines using an enhancer trap strategy that express a 
reporter gene in highly restricted cell populations of the CNS. We have isolated by FACS 12 
distinct neuronal populations from various regions of the brain including neocortical layers IV, V, 
and VI, entorhinal cortex, the hippocampal formation, and the cerebellum. These populations 
are isolated from 8 different reporter mouse lines, and we have plans to include two additional 
reporter lines with expression layers IV and VI. We have completed sequencing and begun 
analysis of biological duplicates for ATACseq and quadruplicates for RNAseq in 8 of these initial 
12 cell-types. We also have at least one ATACseq replicate sequenced for 3 of the remaining 4 
cell types. We have prioritized sequencing of the lines selected for recapitulation and 
examination by the syntenic rats that are being generated in the Lois lab. The Lois lab has 
generated constructs for the production of syntenic rats recapitulating the mouse transgene 
insertions for four different transgenic rats lines, and is in the process of analyzing the genomic 
insertion sites in the first of the syntenic rat lines. The Mitra lab is optimizing a platform for 
automated analysis of histological brain sections, both to image and quantify density of axonal 
projections by detecting genetically labeled presynaptic sites.  

For ATACseq, we are obtaining 40-60 million non-duplicate, mapped reads per sample. Peak 
calling using the HOMER algorithm and a stringent threshold of FDR=0.0001 identifies 100-
200,000 reproducible peaks when comparing replicates, with 10-20% of those being unique to 
that cell-type. As might be expected, we find peaks to be more often shared between 
neocortical layers and less often shared between more anatomically distinct regions such as 
between neocortex and cerebellum, suggesting we are detecting biologically relevant regions of 
open chromatin. We are currently optimizing our peak calling methods by comparing alternative 
algorithms such as MACS2 and analyzing the reproducibility of called peaks between replicates 
using the Irreproducibility Discovery Rate (IDR) framework developed by ENCODE. The 
Bejerano and Nelson labs are focusing on optimizing and further developing the ATACseq 
analysis.  
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Classification of Cortical Neurons by Single Cell Transcriptomics 
Ngai, John; Adesnik, Hillel; Bateup, Helen; Doudna, Jennifer; Feldman, Dan; Dudoit, 
Sandrine; Hockemeyer, Dirk; Purdom, Elizabeth; Vance, Russell; Yosef, Nir 
Poster 110; Session 1A 
 
Unraveling the complexity of the mammalian brain is one of the most challenging problems in 
biology today. A major goal of neuroscience is to understand how circuits of neurons and non-
neuronal cells process sensory information, generate movement, and subserve memory, 
emotion and cognition. Elucidating the properties of neural circuits requires an understanding of 
the cell types that comprise these circuits and their roles in processing and integrating 
information. However, since the description of diverse neuronal cell types over a century ago by 
Ramon y Cajal, we have barely scratched the surface of understanding the diversity of cell 
types in the brain and how each individual cell type contributes to nervous system function. Until 
very recently, approaches for classifying neurons rely upon features including the differential 
expression of small numbers of genes, cell morphology, anatomical location, physiology, and 
connectivity – important descriptive properties that nonetheless are insufficient to fully describe 
or predict the vast number of different cell types that comprise the mammalian brain. To address 
this challenge, we are using single cell transcriptome profiling to classify the multitude of cell 
types present in the mouse brain. Our rationale is based on the principle that the identity of a 
cell is a direct function of the specific complement of genes that it expresses from among the 
~20,000 genes encoded in the genome. We are developing and validating a single cell analysis 
pipeline using layer 5 pyramidal cells from mouse somatosensory cortex as a model system. 
Our approach can ultimately be scaled up to generate a complete census of cell types in the 
brain, a critically needed resource for interrogating nervous system function with modern 
investigative tools. The Specific Aims of this BRAIN Initiative project are: 
 
Aim 1. Identification and classification of layer 5 neuronal diversity by single cell RNA-Seq 
Aim 2. Rapid generation of neuron-specific reporter mice by CRISPR-Cas9 genome 
engineering 
Aim 3. Functional validation and mapping of genetically identified neuronal cell types 
 
During the first budget period we have: 
 

• developed robust methods for the isolation of viable cortical neurons from young adult 
mice; 

• using FACS and microfluidics technologies, successfully captured and performed 
transcriptional profiling on individual pyramidal neurons from primary somatosensory 
cortex; 

• established a data pre-processing pipeline that aligns and normalizes large sets of RNA-
Seq data; 

• developed statistical methodologies to classify cells based on single cell transcriptional 
profiles; 

• extended our analysis to include other pyramidal cell types and neurons in a basal 
ganglia circuit; 

• established a CRISPR-Cas9 genome engineering pipeline for the generation of 
multigenic cell type-specific reporter genes in transgenic mice. 

 
Thus far we have analyzed single cell RNA sequencing data from over 300 layer 5 pyramidal 
neurons. Clustering of these cells based on principal components reveals the presence of 6 
major clusters of cells. This analysis further identifies genes that are differentially expressed 
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between putative cell subtypes; these genes are expressed in punctate patterns in layer 5, 
consistent with the prediction that they are expressed in distinct subsets of layer 5 neurons. 
Preliminary double-label RNA in situ hybridization experiments validate that genes predicted to 
be co-expressed by single cell RNA-Seq indeed co-localize to common layer 5 cells. We are 
currently using CRISPR-Cas9 genome engineering to create transgenic mice in which specific 
neuronal cell types are uniquely labeled by combinations of protein reporters under the 
regulation of cell type-specific promoters. These mouse models will then be used to validate cell 
classifications by investigating the genetically tagged cells’ functional properties, including their 
morphology and location in the cortex; their intrinsic electrophysiological properties, and their 
patterns of connectivity to cortical and sub-cortical targets. 
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Sleep’s Role in Determining the Fate of Individual Memories 
Antony, James W.; Piloto, Luis R.; Paller, Ken A.; Norman, Kenneth A.  
Poster 111; Session 1B 
 
Why do some memories survive when others fade? Recent studies have shown that replay of 
memories during sleep can affect memory storage, but the factors that determine which 
memories are replayed and how replay affects memory storage have yet to be specified. Also, 
given that memories compete for space in the brain, replay of one memory can exert “collateral 
damage” on other related memories; when does this occur, and how can this damage be 
avoided? To answer these questions, this project integrates cutting-edge neural data analysis 
methods, neural network modeling, and brain imaging, making it possible to non-invasively track 
individual memories in the human brain as they compete with each other and are modified 
during sleep. This project should lead to major advances in our scientific understanding of how 
memory storage changes during sleep. These advances will impact education and public health 
by facilitating the development of new strategies for ensuring that important memories survive. 
This project will also support the development of new methods for decoding neural data and 
new “benchmark” datasets to support both basic research and clinical applications. 

A starting point for this research is that recall is generally better for information that is marked at 
encoding as being important. These studies test the hypothesis that importance shapes neural 
dynamics during sleep by selectively boosting memory replay; this boost ensures that important 
memories out-compete related memories during sleep, resulting in strengthening of important 
memories and weakening of less-important memories. To test this hypothesis, competition 
between memories will be elicited during sleep by playing sound cues, each of which was linked 
(during wake) to two different picture-location memories. Prior studies from our group have used 
this approach to trigger replay of single memories (e.g., Rudoy et al., 2009); here, we extend 
this approach to study memory competition. To manipulate the importance of memories, some 
picture-location pairs will be associated with a large reward during initial learning and others will 
be associated with a smaller reward (Oudiette et al., 2013). Multiple interlocking approaches will 
track how competitive replay dynamics during sleep shape learning. Neural network models will 
be used to generate predictions about 1) how reward responses during encoding shape replay 
dynamics and 2) how these replay dynamics determine the eventual fates of competing 
memories. These predictions will be tested by using fMRI to measure neural activity associated 
with reward processing during encoding, EEG to measure brain activity during sleep, and 
pattern classifiers to decode memory activation from the sleep EEG data.  To improve decoding 
of memory replay from EEG, we will leverage new deep-learning methods that make it possible 
to detect brief episodes of memory replay in a temporally-invariant fashion (i.e., regardless of 
when they occur).  Observations of competitive dynamics during sleep will then be related to 
subsequent memory performance, measures of sleep physiology (e.g., slow waves, spindles), 
and to multivariate fMRI measures of memory change.  
 
The project provides, for the first time, a comprehensive look "under the hood" at the life of a 
memory as it is acquired, processed during sleep, and eventually recalled. Pivotal knowledge 
will be gained about how variance in reward processing at encoding influences sleep replay 
dynamics, and about how sleep replay dynamics affect subsequent memory performance and 
the structure of neural representations. 
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Noninvasive Tomographic Imaging of Electrical Activity of the Whole 
Brain Using Ultrasound 
Okada, Yoshio; Hämäläinen, Matti; Mitra, Partha; McDannold, Nathan  
Poster 112; Session 2A 
 
This project was just funded 1 month ago for 3 years to evaluate the possibility of noninvasively 
imaging electrical activity of the whole brain using ultrasound (US). We will test the usefulness 
of two mechanisms for whole-brain neural current imaging. 
 
Mechanism 1: Dipole shaking mechanism. A focused US will be applied to each voxel in the 
brain with a unique frequency tagging each voxel. This method assumes that the US shakes the 
volume of active tissue, resulting in shaking of the equivalent current dipole (ECD) representing 
the synchronized intracellular currents in the volume. This shaking results in oscillation of one 
component of the ECD vector at the US frequency. This method assumes that the variation in 
the moment of this component of the ECD, representing the waveform of the synchronized 
population current, can be detected with a scalp EEG electrode or with an array of such 
electrodes at the unique US frequency for each voxel. Neuronal activity in the whole brain can 
be imaged by displaying this waveform across all the voxels. We will first test whether scalp 
EEG signals can be recorded at the US frequency in a single targeted voxel in the barrel cortex 
of the rat in vivo. We will test whether this method has sufficient sensitivity to detect neuronal 
activity in the entire brain or only in a restricted region of the brain close the EEG electrode 
array. 
 
Mechanism 2: Membrane modulation mechanism. A focused US will be applied to each 
voxel in the brain with a unique frequency tagging each voxel. This method assumes that the 
US shakes the lipid bilayer of the neurons in the voxel and modulates membrane properties at 
the US frequency. This method assumes that this modulation will produce scalp EEG signals at 
the US frequency with its envelope corresponding to the temporal waveform of the ECD 
representing the synchronized neuronal activity. As for Mechanism 1, neuronal activity in the 
whole brain can be imaged by displaying this waveform across all the voxels. We will first test 
whether scalp EEG signals can be recorded at the US frequency in a single targeted voxel in 
the barrel cortex. If this is possible, we will tag each voxel with a unique identifying frequency 
and test whether this method can be used to image the electrical activity in the entire brain. 
 
Given that scalp EEG can be detected at the US frequency, it is necessary to determine the 
basis for the signals. We will vary the orientation of the propagation axis of the US. If 
Mechanism 2 is responsible for the signal, the signal should be maximum when the axis of 
propagation is perpendicular to the membranes. 
 
If we find that US can be used for neural current imaging, we will determine the energy level of 
US required to modulate the scalp EEG signals at the US frequency. According to our 
estimates, we predict that this level will be below the FDA safe limit for US.  
 
Once we verify that US can be used for neural current imaging with safe energy levels, we will 
apply this technique to adult volunteers to evaluate the usefulness of this approach for neural 
current imaging for humans. 
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Algorithmically Explicit Neural Representation of Visual Memorability 
Oliva, Aude; Pantazis, Dimitrios; Torralba, Antonio  
Poster 113; Session 2B 
 
Every complex cognitive function in humans is realized by neural population responses evolving 
over time and space in multiple brain regions. Current neuroimaging technologies are limited in 
resolving spatio-temporal neural dynamics in the human cortex, as they offer either high spatial 
or temporal resolution, but not both. Here we propose a brain mapping approach to combine 
magnetoencephalography (MEG) and functional MRI (fMRI) measurements in the human brain 
by representational similarity analysis to yield a spatially and temporally integrated 
characterization of neuronal activation during human visual memory encoding and retrieval. 
Relating neuroimaging signals to a deep-learning model performing recognition memory at 
human levels, the project aims to evaluate the types of computations performed in different 
brain regions (Figure 1) and their temporal dynamics (i.e. how sustained or transient a 
processing stage is) to produce a computational model able to predict which visual information 
will be memorable or forgettable to a group of observers, and eventually, to a given individual. 
Cognitive-level algorithms of memory would be a game changer for society, ranging from 
accurate diagnostic tools to human-computer interfaces that will foresee the needs of humans 
and compensate when cognition fails. 
 

 
 
Fig. 1: High-level perception and memory regions of interest in the human brain. An isometric, 
sagittal, and axial view of three-dimensional regions of interest (ROIs) from a representative subject. The 
perceptual regions (functionally localized) are in green/yellow/orange. The medial temporal lobe 
(memory) regions (anatomical regions) are in blue/purple/red. 
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Quantitative Brain-Wide Mapping of Gabaergic Neuronal Subtypes in 
Mice 
Kim, Y; Venkataraju, K; Pradhan, K; Fitzgerald, G; Levine, J; Huang, Z; Osten, P 
Poster 114; Session 1A 
 
Recent advances in mouse genetic tools enable the identification and labeling of different 
neuronal subtypes, and promises to help in unraveling the cellular complexity of the mammalian 
brain. However, a lack of tools for quantitative brain-wide mapping of the genetically identified 
cell types has been a major constraint towards quantitative assessment of their distribution. 
Here, we use serial two-photon (STP) tomography and a data processing pipeline, termed 
“qBrain” for quantitative brain-wide mapping, to provide the first whole brain quantification of 
three major cortical interneurons expressing parvalbumin (PV), somatostatin (SST) and 
vasoactive intestinal peptide (VIP). Our analysis reveals the numbers and densities of the three 
neuronal populations per anatomical regions of the Allen Mouse Brain Atlas and 3D sphere 
voxels. The three populations show distinct spatial patterns in cortical and subcortical regions. 
Furthermore, brain-wide statistical comparison between male and female brains revealed 
sexually dimorphic brain areas in SST neurons. In contrast to the relatively homogenous PV 
neurons, SST and VIP populations each contains subtypes. Thus, we used genetic 
intersectional approach to further distinguish SST subtypes co-expressing either calretinin (CR) 
or nitric oxide synthase (nNOS), and VIP subtypes co-expressing either CR or cholecystokinin 
(CCK). In the isocortex, both VIP/CCK and VIP/CR neurons are expressed mainly in the 
superficial layer. In SST intersection, SST/CR and SST/nNOS neurons are highly expressed in 
superficial and deep cortical layers, respectively. Our dataset provides a comprehensive 
resource for cell type-based manipulation experiments and in silico neuronal network modeling. 
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Label-free 4D Optical Detection of Neural Activity 
Maksim V. Bazhenov, Devin K. Binder, B. Hyle Park 
Poster 115; Session 1B 
 
We propose to develop a functional extension of optical coherence tomography (OCT) to detect 
neural activity on the time scale of a single spike and spatial scale of single cells. Neural activity 
in any tissue produces tiny physical change in the geometry and refractive index of neurons, 
which can be detected with interferometric methods that are the basis for OCT. Unlike 
fluorescence methods, interference measurements do not require modification of the sample 
through direct or genetic introduction of an exogenous label. By utilizing both the intensity and 
the phase information obtained in OCT, we can, in principle, directly examine levels of activity 
over a millimeter-scale field of view and in single cells at sub-millisecond resolution. In addition 
to previous results in vivo,1, 2 preliminary data in ex vivo hippocampal murine brain slice 
demonstrates that non-vascular-coupled changes in OCT-based measures of attenuation and 
phase can be used to detect pathologic levels of activity. We will develop our label-free 
functional extensions of OCT for detection of physiologic levels of neural activity and validate 
these measures using multi-electrode arrays (MEAs) ex vivo. 
 
Technical advances 
Improvements to both analysis and 
instrumentation in order to improve 
sensitivity and throughput are critical 
to this application. The first step 
involves continued development of our 
novel data processing algorithms to 
remove non-reliable phase 
measurements and other sources of 
artifact, and validation and 
characterization of attenuation and 
remaining reliable phase 
measurements through comparison to 
more established measures of detecting neural activity. 
 Phase-resolved synthetic aperture: While higher NA improves lateral resolution and light 
collection angle, this is not often done in OCT as a smaller Rayleigh range translates to the 
depth-of-field (DOF). A number of methods have demonstrated the ability to extend the DOF but 
ignore phase in the reconstructed focus. We are using an annular phase plate3 to develop 
phase-resolved synthetic aperture. 
 Speckle pattern alteration using a micro-deformable mirror: The standard deviation caused 
by speckle is of a similar order of magnitude as the signal intensity in OCT, and results in 
regions of low SNR that cannot be analyzed. This problem can be mitigated by altering the 
speckle pattern of an OCT image with controlled timing using low-amplitude high-spatial 
frequency wavefront deformations (WDs) applied with a microdeformable mirror placed 
appropriately within the sample arm path.4 
 
Specific Aim #1: Validate detection of multi-unit activity (MUA) by optical coherence 
tomography (OCT) in hippocampal slices. 
The goal of these experiments is to use pharmacological agents (4AP and elevated KCl) to 
induce MUA in acute hippocampal slices. By varying the concentration of 4AP or KCl, we 
observed increase in MUA and appearance of local bursting events, detected by MEA before 
the onset of seizures.5 This approach provides a way to systematically change the degree of 

Figure 2: count of optical events (periods with reliable phase change 
outside of the SNR-determined phase noise floor, as depicted in inset) per 
minute (above) after removal of galvo jitter artifact in comparison to MEA 
recording (below) for hippocampal brain slice in ACSF (left) and during 
4AP-induced seizing (right). 



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

activity and synchrony in the slice and to correlate measurable changes in OCT signal with 
electrical activity detected by MEA. 
 
Specific Aim #2: Validate detection of local stimulation-induced synaptic activation by 
OCT. 
To allow more precise control of the stimulation site and intensity, in this Aim we will use 
combination of the minimal electrical stimulation of Schaffer Collaterals and optogenetic 
stimulation to trigger electrical activity ex vivo that will be then detected by MEA and correlated 
to the changes in the optical signal by OCT. An advantage of this approach is that stimulation is 
limited to a well-defined synaptic pathway and involves a small group of neurons. The size of 
the active population of neurons will be varied by changing intensity of stimulation. 
Simultaneous MEA and OCT recording will be analyzed and cross-correlated. These 
experiments will define, for the first time, the ability of OCT to detect local synaptic activation in 
the hippocampus. 
 
References 
1. Eberle MM, et al. Biomed. Opt. Exp. 2012;3(11):2700-6.  2. Eberle MM, et al. Biomed. Opt. 
Exp. 2015;6(5):1812-27.  3. Mo J, et al. Opt. Exp. 2013;21(8):10048-61.  4. Oh CM, et al. SPIE 
Photonics West; San Francisco, CA 2014.  5. Krishnan G, et al. J. Neurophys. 
2015;113(9):3356-74. 
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Conducting Polymer Nanowires For Neural Modulation 
Payne, Christine Payne; Flanders, Bret 
Poster 116; Session 2A 
 
Understanding how people think, act, and feel ultimately requires understanding how neural 
circuits interact spatially and temporally. This level of 
understanding requires fundamentally new tools that are 
high-throughput, direct, and non-invasive. Current 
methods are unable to satisfy all of these requirements 
simultaneously. An ideal tool would provide direct access 
to tens of thousands of individual neurons, while not 
damaging the surrounding tissue. Electrodes made from 
metals, silicon, and carbon fibers are relatively hard and 
brittle making them inherently bio-incompatible. Using 
electropolymerization, we have produced <500 nm 
diameter conducting polymer nanowires with a Young’s 
modulus of <1 GPa, two orders of magnitude more elastic 
than current state-of-the-art carbon fiber electrodes 
(Figure 1). Recent work has shown that elastic materials, 
with a Young’s modulus similar to that of tissue, are 
essential for the long term success of implanted devices. 
We expect that conducting polymer nanowires, better 
matched to the elasticity of the brain, will provide 
significantly improved compatibility with neural tissue 
compared to current electrodes. Our goal is to generate 
insulated conducting polymer nanowires and attach these nanowires to individual cells for 
controlled depolarization. Preliminary research has generated conducting polymer nanowires 
with diameters of <500 nm and lengths ranging from 800 nm to 10 mm. However, cellular 
measurement and modulation requires an insulated nanowire. We will first generate nanowires 
insulated with borosilicate and then functionalize the nanowires with albumin to attach the 
nanowires to individual cells via albumin receptors on the cell surface. Future research will focus 
on covalent attachment of application-specific molecules. We will use individual nanowires to 
control the membrane potential of cells. While this R21 is limited to the construction of a 
prototype device for use on the cellular level, our long-term goal is to work with collaborators to 
extend this tool to behaving animals. Our initial studies focus on neural modulation. In the 
future, the same nanowires can be functionalized for measurement as well as modulation. The 
ability to track neural activity in awake, active, animals at the single cell level requires new tools 
that are both smaller and higher-throughput, in addition to biocompatible. This research will 
develop an entirely new nano-scale tool for neural measurement and modulation on a single cell 
level. 
  

Figure 1. PEDOT:PSS nanowire attached 
to a HeLa cell. Movies (not shown) 
demonstrate attachment. Moving the 
electrode away from the cell shows the 
wire pulling at the plasma membrane. 
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Towards Decoding of Generic Mental Representations from fMRI Data 
Pereira, Francisco; Lou, Bin; Fedorenko, Evelina; Gershman; Samuel; Kanwisher, 
Nancy; Tenenbaum, Joshua; Botvinick, Matthew 
Poster 117; Session 2B 
 
Introduction Forward/encoding models of brain activation have increasingly been used to test 
hypotheses about mental representations of stimuli. By modeling the relation between those 
representations and the imaging data, they allow the hypotheses to be tested by identifying or 
reconstructing the stimuli used to acquire novel imaging data, not used in building the model 
itself.  These models have been demonstrated with pictures [1,2], pictures+words [3,6] or even 
video stimuli [4].  More recently, they have been used to map brain activation associated with a 
very large number of semantic categories, manually tagged in video stimuli [5]. The focus of our 
work is decoding of generic semantic mental representations, as elicited by the reading of a 
short text passage and without the need for any stimulus tagging. The text passage can be on 
an arbitrary topic, abstract or concrete. Our ultimate goal is to have a system reconstruct the 

gist of the text 
passage and, 
ultimately, show the 
concepts 
processed and 
reconstruct the 
sentences read. 
Methods The 
forward model (Fig 
1A) takes as input 
patterns of 
activation for 

sentences using the word 
with a single meaning. It represents those words as vectors in a semantic space derived from a 
text corpus, and uses the activation to learn a mapping between dimensions of that space and 
how they drive brain activation (e.g. a dimension shared by the vectors of various tool names 
might show pre-motor cortex activation), using voxelwise ridge regression (similar to [3,6]). 
Decoding (Fig 1B) takes place in multiple stages. The input is a pattern of activation collected 
while the subject reads a text passage. This is fed into a vector decoder -- obtained by inverting 
the forward model -- which predicts a semantic vector. This is then used as input to a concept 
decoder, which outputs a probability distribution over the concepts present in the pattern of 
activation, and to a language decoder, which predicts a natural language representation of the 
semantic vector (words or a sentence). The language decoder is trained on a separate text 
corpus with hundreds of thousands of sentences. The forward model is built with activation 
patterns elicited by 180 concepts selected to span the semantic space used, in order to be able 
to use the vector decoder with arbitrary input. We select them by dividing the space into regions 
(see Fig 1C for a 2D illustration of the 100D space) and picking a representative concept from 
each (shown in red). Vector decoding is implemented by representing the new activation pattern 
as a linear combination of basis images (see [3,6] for details). The concept decoder is work in 
progress. 
Results and Work in Progress We are developing the forward model and vector decoder 
using imaging data from two subjects, and in the process of acquiring more at MIT and 
Princeton. We currently evaluate decoder output by computing the cosine similarity between 
each decoded semantic vector and "ground truth" semantic vectors derived from the text in 
each of 96 passages in 24 categories (shown in Fig 2A for best subject). Decoded vectors are 

Fig 1: forward model and decoder (brain activation illustrated as a patterns of geometric 
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Fig 2: similarity between brain-
decoded (rows) and text 
(columns) semantic vectors, 
across 24 categories 
(4 passages/category are 
shown in adjacent rows/cols). 

scored by the rank of the corresponding text vector out of 96 
possibilities, which is normalized into a rank accuracy (1 is 
perfect, 0.5 chance).  We achieve rank accuracies of 0.87/0.85 in 
the two subjects.Separately, we have developed a language 
decoder that can take a semantic vector derived from a sentence 
and reconstruct an approximation of the sentence; this will be 
applied to semantic vectors decoded from brain images, now that 
we have validated our vector decoder. Finally, we are developing 
approaches that relate the decoded vector to relevant text in 
Wikipedia articles -- typically, the introduction -- and transform this 
relevance calculation into a probability distribution over the 
concepts the articles are about. 
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Three Dimensional Holography for Parallel Multi-target Optogenetic 
Circuit Manipulation 
Hernandez, O; Ronzitti, E; Papagiakoumou, E; Emiliani, V; Fidelin, K; Böhm, U; Wyart, 
C; Spampinato, GL ; Khabou, H; Dalkara, D; Marre, O; Picaud, S 
Poster 118; Session 1A 
 
Genetically encoded light-sensitive channels and reporters enable both neuronal activity optical 
control and read-out. Full exploitation of these optogenetics tools requires single-cell scale 
methods to pattern light into neural tissue. 

Two-photon excitation with temporally focused pulses can be combined with phase-modulation 
approaches, such as computer-generated holography and generalized phase contrast, to 
efficiently distribute light into two-dimensional (2D), axially confined patterns shaped on multiple 
cellular targets. Adding lens-phase modulations to 2D-phase holograms also enables 
simultaneous pattern generation of shaped patterns in multiple distinct planes. However, 
previously, axially shifted holographic shapes could not be temporally focused, and thus 
featured the axial confinement of spatial focusing alone, which degrades linearly with lateral 
shape area. 

Here, we report an optical system enabling remote axial displacement of temporally focused 
holographic patterns, as well as generation of multiple temporally focused holographic targets 
occupying separate axial planes.  

The capabilities of the system are demonstrated in two physiologically diverse experimental 
paradigms.  Axially confined multi-plane illumination are used to photoconvert, with single cell 
resolution, tens of Kaede protein expressing neurons occupying separate axial planes in live 
zebrafish larvae. Remote axial displacement of temporally focused holographic patterns is used 
to measure the functional connectivity between different layers in the retina.  
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Evolution of Genetically Encoded Voltage Indicators 
Platisa, Jelena; Ganesh,Vasan; Yang, Amy; Campbell, Robert; Pieribone, Vincent  
Poster 119; Session 1B  
 
The current collection of GEVIs does not fulfill the needs of the neuroscience community in 
providing routine high signal-noise-noise (SNR) recordings of neuronal action potentials in vivo 
in rodent cerebral cortex.  As such we are seeking the next generation of indicators based on 
highly fluorescent proteins that a) produce larger changes in fluorescence intensity for a given 
change in membrane potential, b) ones which produce an increase in fluorescence intensity (not 
a decrease) with depolarization and c) GEVIs with red-shifted excitation and emission spectra. 
We have undertaken this discovery process using established GEVIs as starting templates (i.e. 
ArcLight, ASAP1 and FLicR) as well as creating de novo GEVI templates.  Our laboratory has 
developed a work flow that allows screening of site directed and randomly mutated cDNA 
construct libraries by quantifying ∆F/∆V in excitable mammalian cells (i.e. excitable HEK293 
cells and mammalian primary neuronal cultures).  This semiautomated system allows screening 
of up to 500 constructs per day. 
The first probe which we are reporting using this system is Marina.  By systematically evolving 
the GEVI ArcLight we have produced Marina in which the sign of the ∆F/∆V is reversed 
(fluorescence increases with depolarization).  Marina produces a > +30% ∆F/F with a 100 mV 
depolarization from rest. GFP-based GEVIs which exhibit a significant increase in fluorescent 
intensity with depolarizations have been elusive but have the potential to produce indicators with 
higher SNR and reduced bleaching in vivo.   We are currently focusing on evolving Marina, 
ArcLight, ASAP1 and FLicR to have increased fluorescent intensity and even greater SNR. 
In addition, we have developed a red-shifted GEVI based on the fusion of Ciona VSP and 
mApple (FlicR).  We are currently working to improve the response amplitude of this sensors 
with high throughput mutagenesis.  Finally, are working towards developing near-infrared 
scaffolds based on smuRFP and IFPs. Our latest smuRFP Ca2+ sensor has a 5-fold 
fluorescence change in vitro. 

 

  

Time 
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Single Multi-Mode Fiber Fluorescence Micro-Endoscope 
Aguirre, Antonio; Piestun, Rafael  
Poster 120; Session 2A 

 
Recording the activity of individual neurons in brain circuits deep in the brain remains a critical 
challenge. We explore an emergent technology called wave-front shaping to enable recording of 
large neuron populations and modulation of individually identified neurons, at any depth in the 
brain with minimal tissue damage, using a thin (<100 μm) multimode optical fiber. 

The method allows the formation of arbitrary light patterns at the fiber tip and reconstruction of 
high-resolution image information flowing across the fiber. The approach utilizes recent 
advances in theoretical understanding of wavefront shaping and multimode fibers as well as 
instrumentation for spatial modulation (Digital Mirror Devices). Preliminary results suggest the 
technique has the required spatiotemporal bandwidth to sample large numbers of cells.  

The approach has key advantages over existing bulky micro-endoscope probes (width, 
flexibility, cost) and could be scaled up to record from multiple brain regions by lowering multiple 
fibers.  

 

 
Figure 1: Imaging through a single multimode fiber – Left: widefield image of a mouse brain slice 
labeled with Alexa 532. Center – Image obtained through the fiber without wavefront shaping. Right: 
Image reconstructed from data collected through the fiber while implementing wavefront shaping. 
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Flashes of insight: Revealing Dynamic Mental Models during Rodent 
Virtual Reality Foraging 
Lakshminarasimhan, Kaushik; Bridgewater, Jim; Chen, Jian; Chen, Jing; Fan, Reuben; 
Schrater, Paul; Angelaki, Dora; Pitkow, Xaq 
Poster 121, Session 2B 
 

Neuroscience has made enormous progress by examining how the brain performs simplified 
tasks, but these tasks do not expose the richly adaptive dynamics that the brain must use in a 
changing world. Here we aim to model complex neural computation in the brain of a mouse 
performing a dynamic, naturalistic foraging task — to catch ‘fireflies’ — while we record neural 
activity in multiple brain areas. Our four target brain areas are involved in vision and navigation: 
visual cortex, entorhinal cortex, posterior parietal cortex and hippocampus. 
We have built and calibrated a virtual reality environment with an immersive dome projection 
system with a spherical mirror (Figure 1), and mounted on a motion platform. We designed and 
programmed the 3D foraging game (Figure 2) and optimized it for smooth display. In this game, 
firefly targets appear transiently on a dynamically textured ground plane lacking landmarks, and 
the subject must navigate to the remembered target location using only optic flow cues. We are 
currently developing a motion cueing algorithm to generate physical motion that is perceptually 
congruent with movement in the virtual environment, subject to the device constraints. Currently 
we are training mice to forage in a 2D virtual reality environment and are collecting preliminary 
hippocampal data. Meanwhile, we have collected behavioral data from human subjects 
performing this game, and find that humans oversteer the targets when optic flow cues are 
weak, likely due to an estimation bias toward low velocity. 
We have also been developing behavioral models and neural analyses we will apply to mouse 
data. To model animal behavior, we use optimal control theory to provide a model structure, and 
optimize the control parameters to best fit actions taken by the subjects. Specifically, we model 
the task as a Partially Observable Markov Decision Process (POMDP), which we solve using 
generalized iterative Linear Exponential Quadratic Gaussian control (giLEQG), a novel 
combination of giLQG control (Todorov and Li 2005) and LEQG control (Jacobson 1972) that is 
appropriate for localized reward functions and nonlinear, uncertain dynamics. 
We will use targeted regression to discover neural representations of the task-relevant 
variables, including both observable variables, and latent variables that express the animal’s 
beliefs about things that cannot be directly observed in sense data. We will measure directed 
interactions between these neural representations, and compare these to the interactions 
expected from the task model. Finally, we will evaluate what fluctuations in the neural 
representations are decoded to cause fluctuations in the subject’s behavior. These analyses will 
reveal neural encoding, recoding, and decoding, in a characterization of neural computation 
ranging from sensory, cognitive, and motor systems. 
 

 
Figure 1: Schematic of rodent virtual reality rig mounted on motion platform.  

Figure 2: Still frame from virtual reality game, with target visible. 
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Potentiometric Photoacoustic Imaging of Brain Activity Enabled by 
Near Infrared to Visible Light Converting Nanoparticles 
Prasad, Paras; Xia, Jun  
Poster 122; Session 1B 
 
Voltage-sensitive dye (VSD) imaging, which exploits changes of optical properties of a probe 
dye (associated with a cell membrane) with variations of a membrane potential, allows for real-
time probing of the neuronal activity via non-invasive optical methods (e.g., VSD fluorescence 
imaging). However, VSDs have limited use in deep brain imaging, because they require 
excitation in the visible range. Use of the near-infrared (NIR) light, which is not strongly 
attenuated by tissue, can vastly advance VSD imaging. However development of NIR-sensitive 
VSDs is hampered as the larger π-electron system in NIR-active dyes implies smaller sensitivity 
towards changes of the cell membrane potential. We address this limitation of VSD imaging 
through the convergence of photoacoustic tomography (PAT) and biocompatible upconversion 
(UC) nanoparticles.  
PAT is an emerging hybrid imaging modality, where image contrast is determined by optical 
absorption of the endo- or exogenous contrast agents, whereas image resolution is derived from 
ultrasonic (US) detection of the photoacoustic (PA) signal. UCNPs are group of unique NPs that 
can convert two- or more- NIR photons into a 
single photon with a shorter wavelength in visible 
(VIS) or ultraviolet (UV) ranges, and the UC 
photoluminescence is generally orders of 
magnitude more intense than the fluorescence 
induced by nonlinear multiphoton absorption in 
fluorescent proteins, dyes or quantum dots.  
In our project, the PAT technique will involve NIR 
excitation and US detection, while UCNPs will 
serve as nanotransformers that convert skull 
penetrating NIR light to VIS light, which will be 
absorbed by the VSDs, allowing us to monitor 
changes in their absorption, induced by changes 
in neuronal potentials. The objective of the 
proposal is introduction and validation of this 
voltage-sensitive upconverting photoacoustic 
imaging (VSUPAI).  
Our preliminary data is shown in Fig.1. We use 
DM-NO2 to mimic absorption from VSDs. Tube 1 
is a mixture of UCNPs and DM-NO2, while tube 2 
is a mixture of UCNP and DMSO. Under 800 nm 
excitation tube 1 manifests a significantly stronger 
photoacoustic signal than tube 2. Since DM-NO2 
alone does not absorb at 800 nm and, 
correspondingly, does not produced PA signal 
under 800 nm, the results in Fig.1B indicate 
absorption of the UCPL by DM-NO2 dye, followed 
by generation of PA signal. When both tubes 
were illuminated with 480 nm light, no noticeable 
photoacoustic signal was observed due to strong 
attenuation of 480 nm light by tissue.  
  

 

 
Figure 3. Demonstration of PA imaging induced 
by UCNPs. A. Absorption of DM-NO2 dye (blue) 
and UCPL from UCNPs under excitation at 800 
nm (red). Insets show dye structure and TEM 
image of core-shell UCNPs. B. PA images of two 
tubes placed underneath of 5 mm thick pork 
muscle tissue. Tube 1 is filled with UCNPs and 
DM-NO2 dye (DMSO dispersion) and tube 2 is 
filled with UCNPs in DMSO. Concentrations of 
UCNPs in tubes 1 and 2 are the same. The Left 
and right images were acquired with 800 nm and 
480 nm excitation, respectively.  
 

A
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Discovery and Characterization of Neural Circuitry from Behavior, 
Connectivity Patterns, and Activity Patterns 
Priebe, Carey 
Poster 123, Session 1B 

 
We endeavor to develop principled statistical pattern recognition and machine learning methods 
for identifying joint properties of neuronal function and structure based on three different data 
sets extracted from the Drosophila larval nervous system: calcium imaging neural activity data 
(A for Activity), optogenetic behavior data (B for Behavior), and an electron microscopy 
structural connectome (C for Connectome). The fundamental object we shall consider for fusion 
and inference based on these three different data sets extracted from the multiple connectome 
modalities is the pair (M, W) described here. 

Assume we are given three dissimilarity matrices A,B,C on nA, nB, nC objects respectively (e.g., 
A is an nA × nA symmetric hollow ℝ+-valued matrix) and many-to-many maps ΦAB, ΦAC, ΦBC 
providing identifications between the objects (e.g., ΦAB(i,j)=1−I{object i from data set A is 
identified with object j from data set B}, so ΦAB is an nA × nB binary matrix with zero entries 
indicating object identification). 

The (nA + nB + nC) × (nA + nB + nC) omnibus matrix M is given by 

 

and the non-negative weight matrix W is given by 

  

where J is the matrix of all ones (of the appropriate dimension). For example, the upper-left 
block of W, wA · J, associates weight wA with each element of the upper-left block of M, the 
dissimilarities A for the Activity data set. Furthermore, recall that the upper-right block of M, ΦAC, 
captures the object identifications between the Activity data set and the Connectome data set, 
and hence the upper-right block of W, wAC · (J − ΦAC), associates weight wAC with these 
identifications and provides zero weights for the remaining “null” cross-modality relationships.  

Notice that the omnibus matrix M is itself a dissimilarity matrix, and thus (together with the 
weights W) lends itself to Euclidean embedding. Joint Optimization of Fidelity and 
Commensurability, or JOFC, takes the pair (M, W), and a target dimensionality d, and generates 
a Euclidean configuration 𝑋𝑋 = [𝑋𝑋𝐴𝐴⊤|𝑋𝑋𝐵𝐵⊤|𝑋𝑋𝐶𝐶⊤] of nA + nB + nC points in ℝ𝑑𝑑. This embedding 
minimizes the mismatch between the resulting Euclidean distances and the original 
dissimilarities (fidelity) while simultaneously taking into account the specified object 
identifications (commensurability). If we consider, for illustration, the simplification wA = wB = wC 
=1 and wAB = wAC = wBC = w, we see that the limit w → 0 provides a separate embedding 
configuration for each of A, B, C which ignores the cross-modality object identifications (except 
for orthogonal transformation), and the limit w → ∞ provides a joint embedding configuration 
that perfectly respects the cross-modality object identifications.  
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The basic theory for JOFC was introduced in 
[Priebe et al., 2013]. The version we consider here, 
using raw stress embedding, was developed in 
[Adali et al., 2015], wherein the tradeoff between 
the within-modality dissimilarity weights and the 
cross-modality object identification weights was 
investigated. Computational advances facilitating 
the application of this methodology to data 
extracted from our multiple connectome modalities 
were developed in [Lyzinski et al., 2015].  

For our multiple connectome modality inference, nA 
= nC ≈ 10,000 is the number of neurons, and ΦAC 
captures the one-to-one relationship; nB ≈ 1,000 is 
the number of neuron types, and ΦAB = 𝛷𝛷𝐵𝐵𝐶𝐶⊤  
captures the neuron-to-type relationship. 

The figure demonstrates, for a variety of circuit 
discovery neuron clustering tasks in the hierarchical 
stochastic blockmodel, that augmenting the structural connectome C with the activity A and 
behavior B data can improve performance in challenging settings. 
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Neural Ensembles Underlying Natural Tracking Behavior 
Fiete, Ila R.; Huk, Alexander C.; Mitchell; Priebe, Nicholas; Zemelman, Boris 
Poster 124; Session 2A 
 
The system that controls smooth pursuit eye movements is one of the most accessible and 
promising systems for understanding how neural circuits transform sensory inputs into actions. 
Pursuit is a natural, ecologically-relevant behavior that allows primates to track moving objects 
of interest in the visual world. Now-classical analyses relating neural activity to behavior have 
already provided insights into the systems-level functions and computations of pursuit, which is 
perhaps better understood than all other voluntary behaviors in mammals. 
 
We now seek to gain new insights into pursuit circuit mechanisms by measuring and 
manipulating the activities of large populations of identified neurons in the key sensory and 
prefrontal cortical areas. We intend to address how different neuronal types function during 
pursuit, how they implement systems-level computations within micro- and meso-circuits, and 
how control centers select the appropriate sensory data given cognitive factors. We propose to 
study the neural basis of pursuit eye movements in marmosets, a primate in which cortical 
areas responsible for motion sensation and target selection are easily accessed and for which 
genomic toolboxes are being generated. 
 
Our technological innovations are made possible by adoption of 
the marmoset as a model organism. Virtually all work on 
pursuit has been based on monkeys or humans. 
Marmosets are small New World primates that employ 
pursuit eye movements as part of their natural 
behavior (Fig. 1) and, crucially, they have a 
lissencephalic (smooth) brain. This simplified gross 
anatomy allows optical access to virtually all 
neocortical circuitry, including the areas responsible 
both for detecting motion and initiating pursuit. 
Lissencephalic anatomy also greatly facilitates large-scale electrophysiological array recordings, 
cell-type identification, and optogenetic stimulation. These anatomical factors allow us to record 
and manipulate large populations of neurons simultaneously in multiple areas of the pursuit 
pathway. Therefore, marmoset pursuit eye-movements occupy a unique “sweet spot”: their 
pursuit behavior is amenable to quantitative analysis, and their anatomy affords the use of 
cutting-edge recording and stimulation techniques.  
 
We propose to employ modern dimensionality reduction techniques to extract the low-
dimensional properties that relate physiology in sensory and prefrontal cortex to behavior. The 
insights we gain from this approach will allow us to integrate and interpret our results in a 
mechanistic, neural circuit-dynamics framework.   
In concert with these techniques, we 
are developing a broadly applicable 
scheme for targeting distinct classes 
of neurons in a species-independent 
fashion on the basis of co-expressed 
genes. An example of our strategy for targeting 
marmoset somatostatin (SST) interneurons, 
thought to control response gain in the cortex 

Figure 1: Marmoset pursuit 

Figure 2: Intersectional labeling of SST+ neurons. 
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(Lee, et al., 2012) is to infect neurons with cocktails of multiple interdependent viruses. AAVs 
with GAD65 and calbindin (CB) promoters used intersectionally labeled ~80% of SST-Cre 
mouse neurons (Figure 2). We will initially test similar intersectional strategies for attaining 
selective neuronal targeting in the mouse, where transgenic lines allow us to easily evaluate cell 
type-specificity. We will then adapt successful strategies for use in the marmoset. 
 
In addition, we are developing methods for measuring pursuit under more natural conditions 
than the traditional step-ramp paradigm (Fig. 1). We examine pursuit behavior in the context of 
two foraging tasks that naturally engage marmosets, and have the benefit of encouraging 
animals to work for longer periods. In one task, marmosets freely view high resolution videos of 
other marmosets chasing each other in their home cages. We find that marmosets routinely use 
pursuit eye movements to track marmosets in these videos and that their pursuit shows visual 
selection of the target motion that is robust to competing background motion signals generated 
by eye movement. In a second task, marmosets actively tracked Gaussian windowed face 
images that moved along semi-random linear trajectories. In this task it is possible to manipulate 
the position and motion of appearing face targets based on the current eye position, providing 
greater control over sensory conditions. These foraging tasks will be of value for obtaining 
sufficient repetitions in marmosets, but more critically, may lead to a new understanding of how 
mechanisms of visual selection generalize to more dynamic natural viewing conditions.  
 
In summary, we propose a transformative approach to the study of voluntary behavior by 
measuring and manipulating the activities of large populations of identified neurons in the key 
sensory and prefrontal cortical areas for smooth pursuit eye movements. We intend to address 
how different neuronal types function within the fine-grained cortical circuitry during smooth eye 
movements, which are abnormal or deficient in schizophrenia, autism, and post-traumatic stress 
disorder. This question, although stated in the context of the pursuit system, represents a more 
general problem of how population activity of large numbers of sensory neurons is parsed and 
converted into appropriate behaviors, and addressing this question will advance the 
understanding for how complex computations are performed by the neocortex, thus shedding 
light on how brain dysfunctions might be overcome to improve mental health.  
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Identifying Design Principles of Neural Cells 
Mahadevan, Arun; Robinson, Jacob; Wagner, Daniel; Qutub, Amina 
Poster 125; Session 2B 
 
Neural differentiation, the process of neural progenitor cells transforming into neurons, holds the 
key to understanding the brain’s ability to self-repair. Understanding this complex process can 
inform us how the structure of neural networks relates to their function, which is an important 
unsolved problem in neuroengineering. This project’s ultimate goal is a mechanistically-
detailed theory of how neural networks form as a result of decisions made by single 
neural progenitor cells.  Integrating emerging methods from three disciplines (systems 
biology, nanotechnology and developmental biology), the investigators will 
identify single cell features critical to network formation, and predict how 
heterogeneity and noise in the cell population defines the network’s 
function. Here we present the first results stemming from our analysis of 
cell-cell organization during the process of differentiation.  
A quantitative understanding of how neural progenitor cells (NPCs) 
differentiate into neural networks can provide critical insight into how to 
optimize neural regenerative strategies. To that end, we characterized the 
dynamics of human embryonic NPC self-organization during differentiation 
by employing a spatially-derived graphical analysis. Distinct functional 
neural differentiation stages identified by the graph-based approach were 
independently confirmed through patch-clamp electrophysiology and 
immunochemistry. Neural differentiation events including the formation of 
rosette-like structures and neurite 
extension were also captured. 
Results showed that the cell bodies 
of NPCs self-organize into smaller, 
more tightly connected cliques 
during differentiation. We also 
identified relationships between 
network efficiency and modularity in 
the networks, which we 
hypothesized indicate a shift in the 
communication mode of cells from 
one driven by localized, adjacency-
dependent signaling to electrical 
conduction. These results provide 
insight into the design of developing 
neural networks, opening the door 
for new applications that modulate 
neural cell self-organization to drive 
differentiation.  
We summarize these findings and 
present them in the context of our 
overall goal of mapping out how 
single neural progenitor cells form 
functional neuronal networks based 
on the tight integration of 
morphological, chemical and 
electrical signaling. 

 Graph representation of 
NPC communities. Red = 
soma. Yellow = proximity 
edges. Scale bar = 50 μm. 

 

Characterization of NPC dynamics during differentiation (A) Changes in graph-
based metrics. (B) Cell bodies from representative images at Days 0-14. 
Unique connected components are labeled by color. (C) Immunostaining 
showing nestin, a progenitor cell marker and MAP2, an immature neuron 
marker at 0 and 14 days after differentiation, respectively. (D) Peak inward and 
outward currents determined through whole-cell patch clamp electrophysiology.  
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Multiplexed Multiphoton Interrogation of Brain Connectomics 
Ramachandra, Siddharth; Han, Xue; Mertz, Jerome  
Poster 126; Session 1A 
 
Multiphoton laser scanning microscopy has revolutionized neuroscience since it is less invasive 
than traditional electrophysiology methods for probing neuronal processes. In most cases, such 
imaging is limited to the observation of a single fluorescent species at modest depths (the depth 
penetration of standard 2-photon microscopy in brain tissue is limited a few 100s of microns). 
Recent proposals to extend this depth penetration have made use of 3-photon excitation. But to 
avoid heating due to water absorption, long wavelengths were employed, providing access to 
only deep red fluorescent markers.  
 
We propose to improve the versatility of multiphoton microscopy by enhancing its multiplexing 
capacity and its depth penetration. To do this, we will develop a novel laser design that can emit 
light at different colors simultaneously, that are chosen to enable 2- or 3-photon imaging using 
non-degenerate (as opposed to traditional degenerate) multiphoton imaging. The key novelty 
here is a tuneable laser that emits, on demand, a pair of colors across the wavelength ranges 
that avoid water absorption but whose multiple combinations of energies sum up to excite a 
variety of popular fluorescent sensors, such as channelrhodopsins, halorhodopsins, 
archearhodopsin, and GCaMPs etc, across the entire visible spectrum. Our laser’s power and 
wavelengths will enable achieving deep tissue (up to ~2mm) imaging. Multiplexing will be 
performed by detecting fluorescence from all the non-degenerate multiphoton combinations 
available from our multicolour tunable high energy laser. We will demonstrate the proof-of-
concept of multiplexed deep tissue imaging using labelled mouse-brain tissue. This would 
create an opportunity to image deep structures such as the thalamus and hippocampus 
(depth>1000 μm) with minimal tissue damage, which have not been able to be achieved by 
current in vivo imaging methods. 
 
Recent results, since the start of the program, 
already show the achievement of ~60 fs pulses 
with ~17 nJ energy at 1300 nm. We have also 
recently created multiple colors from a single 
fiber aperture for non-degenerate excitation (see 
Figure). Continuing tasks include (a) scaling 
pulse energy (target ~50-100 nJ); (b) tailoring 
fiber dispersion to enable multicolour operation 
at required colors; (c) microscope development; 
and (d) deep tissue imaging in post-mortem 
tissue samples as well as live imaging. 
 
Success in proposed goals would create new avenues for neuroscience research, such as, for 
example, enabling imaging of large heterogeneous neuronal ensembles of transgenic mouse 
lines that can genetically label distinct neuronal populations, or facilitating circuit interrogation 
experiments involving glutamate uncaging that currently require multiple costly ultrafast lasers. 
Moreover, since the novel laser source is all-fiber in nature, the microscope is readily adaptable 
for facilitating future endoscopic in vivo imaging. 
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Five-Dimensional Optoacoustic Tomography for Large-Scale 
Electrophysiology in Scattering Brains 
Razansky, Daniel; Shoham, Shy  
Poster 127; Session 1B 
 
Neuroscience has an essential requirement for large-scale neural recording technologies to 
ensure rapid progress in the understanding of brain function, diagnosis and treatment of 
neurological disorders. At present, a large gap exists between the localized optical microscopy 
studies looking at fast neuronal activities at single cell resolution level and the whole-brain 
observations of slow hemodynamics and brain metabolism provided by the macroscopic 
imaging modalities.  
We aim at developing novel optoacoustic neuroimaging tool to volumetrically monitor activity of 
large distributed neuronal populations with unprecedented temporal resolution in the millisecond 
range. This goal will be accomplished by constructing a tomographic optoacoustic scanner to 
simultaneously record three-dimensional optoacoustic data in a spherical geometry. The 
scanner will simultaneously record activity from large fields of view in scattering brains, 
potentially reaching the mouse hippocampus and beyond. Rapid tuning of the excitation laser 
wavelength will be further employed to enable simultaneous acquisition of five-dimensional (i.e. 
real-time volumetric multispectral) optoacoustic data, which will provide enhanced sensitivity in 
detecting rapid spectral variations of the activity reporters [1], [2]. The high temporal resolution 
in volumetric recordings will make it possible to directly track action potentials using fast 
voltage-sensitive indicators. We will screen several potential candidates for voltage imaging 
using neuronal cell cultures. System validation will be subsequently performed in isolated 
scattering brains of adult zebrafish and mice, aiming at establishing sensitivity and 
spatiotemporal resolution metrics in detecting voltage signal transients due to spontaneous and 
stimulus-driven activity patterns.  
While the major importance of 3D optical microscopy techniques like two-photon imaging has 
been highlighted recently within the BRAIN initiative, they are generally limited to looking at 
small (<1mm3) superficially-located volumes with relatively slow temporal resolution, further 
requiring highly invasive cranial windows that can alter activity. In contrast, the proposed 
method is tailored for non-invasive deep brain observations and is ideal for simultaneous 
imaging of large fields of view at rapid volumetric frame rates. Furthermore, other optoacoustic 
approaches looked so far only at hemodynamic changes and blood oxygenation, slow and 
indirect indicators of brain activity. The proposed solution will be the first to examine fast 
optoacoustic signatures of voltage-sensitive indicators, thus shattering the longstanding 
penetration barrier of optical microscopy in scattering brains.    

References: 
[1] XL Deán-Ben & D Razansky. Light Sci Appl  3, e137 (2014) 
[2] G Sela, A. Lauri, XL Deán-Ben, M Kneipp, V Ntziachristos, S Shoham, GG Westmeyer, & D 
Razansky. arXiv:1501.02450 (2015) 
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Directed Evolution and High-Throughput Screening of Multi-Photon 
Probes 
Rebane, Aleks; Hughes, Thomas E.; Drobizhev, Mikhail; Campbell, Robert E.  
Poster 128; Session 2A 
 
While 2-photon microscopy techniques have advanced to allow researchers to image neuronal 
activity at a greater depth in brain tissue, current fluorescent proteins used with indicators of 
cellular activity were developed under single photon parameters, which are not fully predictive of 
responses to 2-photon stimulation. We develop a high-throughput process to screen novel 
fluorescent proteins for brightness and resistance to bleaching with 2-photon excitation. In this 
project out team will create, test and disseminate a new key enabling technology that will make 
it possible for biosensor designers and protein engineers to evolve a broad range of genetically 
encoded 2-photon optimized fluorescent proteins and sensors on a practical time scale. The 
process may be summarized in three Steps as shown in the Figure. 

 
Step I. Use high photon flux of an available 1 kHz pulse repetition rate femtosecond 
regenerative-amplifier Ti:Sapphire lasers (hence nickname “2-photon Bazooka”) for parallel 
screening of large number of E. coli colonies expressing mutagenized fluorescent proteins and 
Ca+2-sensors in a standard Petri dish. A protein engineer with a reasonable amount of training 
should be able to conduct 2-photon screening of thousands mutants per day. Key milestone is 
2-photon screening of 10,000 colonies in 1 week. Two versions of this instrument will be 
constructed. The first operating at a fixed wavelength (795 nm) and the second where the 
femtosecond excitation can be selected in the range 795 – 1250 nm in order to better evolve 
longer-wavelength red FPs. 
Step II. Best candidates resulting from the Step I will be quantitatively characterized in terms of 
their 2-photon absorption cross section, 2-photon excitation spectra and brightness. For this we 
will construct a novel 2-photon spectrometer based on an available 80 MHz pulse repetition rate 
femtosecond laser that can be automatically tuned in a broad range of wavelengths 680 -1300 
nm thus enabling a person with reasonable amount of training to acquire quantitative 2-photon 
parameters in purified protein samples with high accuracy and high throughput. Key milestone is 
2-photon spectral characterization of 100 samples per 1 week. 
Step III. Finally, the FP mutants selected from STEP I and STEP II are tested for their 2-photon 
photo-stability.  For this the available 80-MHz 680 -1300 nm tunable femtosecond laser will be 
coupled into a new 2-photon microscope. A measurement system will be built that automatically 
collects photo-stability data from FPs under realistic imaging experiment conditions. The 
milestone is to obtain quantitative 2-photon photo-stability data of 10 best probes in 1 week. 
We are actively seeking collaborations with other protein engineers and sensor designers where 
we strive to provide comprehensive yet rapid characterization of 2-photon properties including 
spectra, cross sections and photo-stability. 
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Behavioral Readout of Spatiotemporal Codes Dissected by 
Holographic Optogenetics 
Rinberg, Dmitry; Shoham, Shy 
Poster 129; Session 2B 
 

The sensory world is internally represented by spatiotemporal activity patterns across different 
levels of the nervous system. Determining which aspects of this broad cacaphony are the 
salient features read by downstream circuits to guide behavior is best addressed by 
manipulating the activity while monitoring the behavioral readout. Olfaction is emerging as an 
ideal system for investigating spatiotemporal coding where recent studies have revealed that 
fine temporal scales are essential to olfactory information processing, both in terms of 
representation and the behavioral readout.  

Here, we report on the development of advanced holographic optogenetics technology for 
flexible manipulation of the spatiotemporal firing and its application within the context of early 
olfaction. Because the essential code underlying the evolutionarily crucial ability to detect and to 
discriminate odor stimuli is carried at a fine spatio-temporal resolution, the major design goals of 
our tools is to enable millisecond-precise probing, and the targeting of different levels of 
olfactory processing, potentially down to single-neuron resolution. Our approach to this multi-
scale interfacing problem combines state-of-the-art and some novel developments in single-
photon and two-photon spatial light modulation technology.  

In early experiments we are exploring the rules underlying pattern generalization in the olfactory 
bulb, using novel pattern-optogenetics behavioral paradigms. Early results already indicate a 
clear segregation to “relevant” vs. “non-relevant” manipulations.  
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DARPA RAM: Improving Human Memory Performance via Electrical 
Stimulation of the Medial Temporal Lobe  
Rizzuto, Daniel S.; Kahana, Michael J. 
Poster 130; Session 1A 
 
The goal of the DARPA RAM project is to develop a fully implantable brain stimulation device to 
treat patients with memory disorders. Our team uses direct brain recordings and stimulation in 
human patients to test closed-loop brain stimulation protocols to improve the encoding and long-
term retrieval of verbal and spatial memory.  
 
The RAM team consists of eight leading clinical centers undertaking a clinical study of 
unprecedented scope. More than 100 patients have been enrolled in the study over the past 
year, and each patient has participated in a wide array of experiments, from verbal free recall to 
paired associate learning and spatial navigation in a virtual reality environment.  
 
We report here on select findings from Phase 1 of the RAM project. Notably: 1) we have 
identified electrophysiological biomarkers of good memory performance across four different 
memory tasks using machine learning classification of multichannel intracranial recordings; 2) 
we have found that stimulation of the medial temporal lobe modulates human memory 
performance, and is capable of both improving and impairing memory; 3) the 
electrophysiological biomarkers predict the direction and magnitude of the effect on memory 
performance; and 4) the timing of stimulation is a critical factor in determining whether an 
improvement or an impairment of memory is observed.  
 
In this presentation we will review the electrophysiological correlates of good and poor memory 
performance, discuss the effects of medial temporal lobe stimulation, and identify strategies for 
improving human memory performance using biomarker-driven, closed-loop brain stimulation 
protocols.  
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Development of Selective Activity–Dependent Based Methods for 
Tagging Neuronal Circuits Involved in Learning and Memory 
 
Kim, Tae-Kyung; Konopka, Genevieve; Meeks, Julian; Roberts, Todd 
Poster 131, Session 1B 
 
Changes in neuronal activity that occur during salient social experiences can lead to a rapid and 
dramatic reorganization of cellular and network function, ultimately endowing the animal with an 
improved capacity to respond to future experiences or learn new behaviors.   A complicating 
factor is that social experiences can engage overlapping and intermingled populations of 
neurons in a variety of ways. This added complexity challenges our ability to tag neurons 
involved in different aspects of social learning, such as sensory processing, memory retrieval, 
and coordination of motor output. Tagging neurons based on activation of the c-fos promoter 
has proven to be an effective strategy for identifying and manipulating various forms of memory; 
however, c-fos is induced by a broad range of stimuli and our understanding of its induction 
mechanisms is still limited.  The goal of our research is to identify more selective activity-
dependent markers for tagging and manipulating neuronal circuits involved in learning and 
memory. We have identified multiple enhancer elements surrounding the c-fos gene and 
demonstrate their role in ensuring a robust c-fos response to various stimuli. Importantly, 
different c-fos enhancers are engaged by different forms of cellular stimulation.  This stimulus-
specific, combinatorial c-fos enhancer activation suggests tools based on c-fos enhancers may 
allow differential tagging and manipulation of neuronal populations that are engaged by salient 
social experiences. We will provide an overview of our recent progress in the characterization of 
c-fos enhancer elements, the development of novel activity-dependent viral tools, and methods 
for using these tools for dissecting neural circuits involved in learning from olfactory and auditory 
experiences in mice and songbirds.     
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Genetic Tools and Imaging Technology for Mapping Cholinergic 
Engrams of Anxiety  
Role, LW; Talmage, DA; Gao, L; Picciotto, M 
Poster 132; Session 2A 

Our BRAIN Initiative proposal is to develop new genetic tools and advance current imaging 
technology for rapid, high resolution, large sample mapping of behavior-specific memory 
engrams. Tool development is pursued in the context of determining the role of cholinergic 
signaling in networks that underlie anxiety behaviors. Basal forebrain cholinergic neurons that 
display suprathreshold activation during recall of anxiety-induced behaviors are defined as 
enrolled in the memory engram (Eng+). We propose to advance two aspects of genetic activity-
mapping to track the extent to which cholinergic signaling is engaged by recall of an anxiety-
provoking experience in the mouse. Eng+ neurons will be mapped by genetically tagging 
activated cholinergic neurons and their projections from the basal forebrain to cingulate and 
prefrontal cortices as well as to hippocampal and amygdala regions that are implicated in 
anxiety related behavior. 

In the first 2 months of funding we have focused on developing new cholinergic-specific, neural 
activity markers and on advancing the capabilities of Selective Plane Illumination Microscopy 
(SPIM, a.k.a. light sheet microscopy) to permit large scale, high resolution activity mapping. We 
have developed Tiling Light Sheet Selective Plane Illumination Microscopy (TLS-SPIM) 
technique with real-time light sheet optimization to image multicellular specimens in 3D. It offers 
significantly higher spatial resolution and optical sectioning capability than conventional SPIM 
techniques. By using TLS-SPIM, we imaged specimens of hundreds of microns in minutes with 
subcellular 3D spatial resolution. In the next stage, we will optimize the TLS-SPIM technique 
and our microscope to enable fully automatic imaging of cubic millimeter specimens with both 
high spatial resolution and imaging speed. 
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DREADD 2.0: Refining Chemogenetic Actuators for Increased    
Functionality 
English, Justin; Roth, Bryan; Jin, Jian; Kash, Thomas 
Poster 133; Session 2B 
 
The major goal of this project is to increase the chemogenetic toolbox to allow non-invasive, 
multiplexed spatiotemporal control of neuronal activity in domains ranging from single synapses 
to ensembles of neurons. We have approached this problem from multiple angles.  First, we 
have been developing new chemical actuators with improved pharmacokinetics and 
pharmacodynamics well suited for use in primates. Second, we have developed a new 
DREADD based on the Kappa Opioid Receptor, termed the KOR DREADD, that allows for a 
multiplexed approach to chemogenetic manipulation in the brain.   One of the advantageous 
properties of the KOR DREADD is that it is activated by the ligand Salvinorin B, which has no 
action on muscarinic based DREADDs.  One of the potential issues with Salvinorin B is its poor 
aqueous solubility.  To address this, we are currently designing and testing new ligands for the 
KOR DREADD that will increase their functional range.  Finally, we are devising an approach 
that will allow for selective inactivation of previously activated DREADDs, providing a chemically 
gated ‘OFF’ switch.  Together, this suite of tools provides unique actuators that utilize 
endogenous signaling pathways to regulate neuronal function, opening a new translational 
pathway for treatment of neuronal disorders. 
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Modular Nanophotonic Probes for Dense, Large-Scale Neural 
Recording with Single-Cell Resolution 
Roukes, Michael; Siapas, Thanos; Shepard, Kenneth; Tolias, Andreas  
Poster 134; Session 1A 

We are pursuing a paradigm for functional optical imaging that surmounts the limits of present 
methods. It will permit functional imaging with cellular resolution in highly scattering brain tissue 
at arbitrary depths, offers potentially complete coverage of all neurons within target volumes, 
and has long-term prospects for human applications.  Our approach, which we term integrated 
neurophotonics, is based on distributing a dense 3-D lattice of emitter and detector pixels 
within the brain itself.  These pixel arrays are embedded onto neurophotonic probes, realized 
as implantable, ultra narrow shanks that leverage our recent advances in nanoprobe-based 
electrophysiology and integrated nanophotonics. We have made significant progress toward 
creating emitter and detector pixel arrays (hereafter, e- and d-pixel arrays) for photonic 
nanoprobes. Though our collaborative Y1 efforts, micro- and nanofabrication processes have 
been perfected that now permit e-pixel arrays to be embedded upon ultranarrow, 3- and 5-mm 
long silicon shanks (Fig. 1). The emission profile from these photonic nanoprobes is highly 
collimated and provides the basis for a new method of functional imaging based upon a novel 
method which we term “optical spike sorting” outlined in our original proposal.  These photonic 

probes for local light 
delivery have already been 
implanted in head-fixed 
mice and have enabled 
single-neuron optogenetic 
stimulation in experiments 
carried out within the Tolias 
lab (Baylor) and Deisseroth 
lab (Stanford). A publication 
describing this work has 
been submitted.  

We have also completed the 
design of CMOS chips 
allowing arrays of single-
photon avalanche diodes 
(SPADs) to be arrayed 
along narrow silicon shanks. 
These first-generation 
detector pixel (d-pixel) 
arrays have been fabricated 
at the IBM foundry and post-
processing of the dies is 
now underway at Caltech to 
create implantable shanks 
with d- pixel arrays for 
evaluation.   

We have also carried out 
extensive numerical 
simulations, of increasing 
complexity, to evaluate 
architectures and photonic 

 
Figure 4. First-generation photonic nanoprobes for multiplexed optogenetic 
stimulation. Shown are progressively magnified views for first-generation 
photonic nanoprobes that are currently being used to provide highly local 
optogenetic stimulation. (a) Several probe layouts have been fabricated, shown 
here are three 5mm long shanks supported by a 5mm × 3mm base. (b) Side view 
showing a probe with three 5mm-long shanks. (c) Magnified view, showing the 
shank thickness is ~18μm. (d) Magnified view of the three shanks; the width of 
each shank is 20μm at its tip and ~90μm at its base. The green rectangle shows 
the location of the photonic array waveguide grating (AWG) wavelength division 
demultiplexer for one of the shanks. (e) optical micrograph AWG that delivers 
separate spectral signals to the discrete e-pixels on each shank. (f) electron 
micrograph of the region in the orange rectangle of panel (e), showing the 
separate waveguides making up the AWG. (g) Optical image showing the 
photonic emitter at the tip of the shank, while turned off (d) and while emitting 
light (g). The e-pixels are each configured as a photonic grating coupler having 
dimensions of 10 × 10 μm2. 
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operational protocols for our integrated photonic nanoprobes.  These simulations model light 
propagation emanating from the emitter elements located on the probe’s shanks, as it passes 
through scattering and absorptive brain tissue, to ultimately reach large numbers of 
fluorescently labeled neurons. These labelled neurons then fluoresce somewhat akin to point-
like sources are distributed in the embedding tissue. In our simulations these are spatially 
located according to configurations determined by two-photon imaging in the cortex of actual 
mouse subjects.  Our simulations then model the propagation of the emitted fluorescent light as 
it propagates through the brain tissue to its ultimate detection sites at photonic nanoprobes d-
pixel elements.  

Using the photon flux captured, we have analyzed the separability of the fluorescent signals 
from the simulated recordings under various conditions, using both linear de-mixing and more 
complicated protocols for what we term “optical spike sorting”.    
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Identification of Enhancers Whose Activity Defines Types of Cortical 
Interneurons 
Rubenstein John; Rubin, Anna; Lindtner, Susan. 
Poster 135; Session 1B 
 
The diverse populations of cortical GABAergic interneurons play unique and important roles 
within the circuitry of the cerebral cortex, and their dysfunction has been implicated in many 
neurodevelopmental disorders including epilepsy, autism and schizophrenia. Identification and 
manipulation of individual interneuron subtypes is thus crucial for documenting the normal 
course of their development as well as understanding and treating interneuron pathologies. 
Current methods to label subsets of interneurons rely predominantly on patterns of RNA and 
protein expression. However, recent studies have demonstrated that gene regulatory elements, 
such as enhancers, can also have highly specific spatial and temporal activity patterns and are 
useful tools for labeling neuronal cell types. 
 
This work aims to systematically identify previously unknown enhancer elements in the mouse 
genome that are active within subsets of cortical interneurons during development and in the 
adult. Our genome-wide approach employs ChIP-seq for histone modifications associated with 
active enhancers (e.g. H3K27ac) in FACS-purified interneurons from postnatal Gad67-GFP 
mice. Using this method, we have identified ~2,500 putative interneuron enhancers. We are 
currently validating some of these candidate enhancers with a recently-developed in vivo assay 
involving viral transduction of an enhancer-reporter construct into immature interneurons, which 
are then transplanted into a wildtype host cortex. So far, we have identified two enhancers that 
can drive reporter expression in GABAergic interneurons postnatally. Our ongoing work includes 
determining the interneuron subtype specificity of these enhancers and further candidates by a 
variety of molecular and electrophysiological methods. We also plan to extend our ChIP-seq 
studies using conventional and combinatorial genetic labeling of subpopulations of interneurons 
(e.g. MGE- versus CGE-derived) to facilitate identification of enhancers active in particular 
subtypes. 
 
The enhancers discovered in this study will provide powerful tools for driving subtype-specific 
expression of genes for labeling and purification (reporter genes, e.g. GFP), genetic 
manipulation (e.g. Cre-recombinase), and electrophysiological manipulation (e.g. channel 
rhodopsin) for circuit-level and behavioral analyses. Identifying enhancers active in specific 
interneuron subtypes will also elucidate further details of the gene regulatory networks involved 
in interneuron development and may provide a novel taxonomy for interneuron subtype 
classification. Furthermore, genome-wide identification of interneuron-specific enhancers will 
serve as a framework for understanding the biological implications of susceptibility mutations for 
human neurological disorders that map to non-coding regions of the genome.  
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Novel Optrodes for Large-Scale Electrophysiology and Site-Specific 
Stimulation 
Assad, John; Berdondini, Luca; Devittorio, Massimo; Sabatini, Bernardo 

Poster 136; Session 2A 
 
A fundamental limitation towards understanding the function of complex mammalian brain 
circuits has been the inability to monitor and control the activity of a significant fraction of brain 
cells at any one time – typical studies of the neural underpinnings of behavior monitor at most 
~100 cells simultaneously, or approximately one millionth of the total.  In order to gain insight 
how circuit computations are carried out and subsequently control behavior, researchers located 
a Harvard Medical School and the Italian Institute of Technology will jointly develop and 
implement two novel technologies.   
 
The first is a radical new class of electrode with 50-100 times more recording sites than is 
typical and with on-board electronics, allowing unprecedented quality recordings of high number 
of neurons.  The multi-electrode arrays, designed for in vivo use and developed by Luca 
Berdondini’s lab, are low-power monolithic CMOS devices with thousands of densely packed 
microelectrode contacts arrayed and accessed using Active Pixel Sensor technology (APS) 
originally developed for high-speed camera applications. Circuitry located “on chip” performs 
random addressing logic, amplification, filtering and analog-digital conversion. The APS-MEA 
will incorporate 1024 electrode contacts on a single, thin (50 microns thick X ~100 microns 
wide), pointed shaft, with variable length to access cortical and/or deep-brain structures. The 
final version of the device will incorporate four such thin shafts, for a total of 4096 contacts, as 
well as back-end hardware and software for real-time data acquisition. 
 
The second is a novel way to deliver light into the brain in a controlled manner in order to be 
able to perturb the activity of neurons with high precision.  These consist of tapered optical 
fibers developed in collaboration between Massimo De Vittorio’s lab and Bernardo Sabatini’s 
lab.  These exploit “modal selection” that is dependent on the diameter of the tapered fiber to 
direct light output via either small permissive windows at specific location along the fiber or via 
large but selected regions along the taper.  These devices, depending on the configuration, can 
be used to output light focally to specific volumes in the brain or homogeneouslu to volumes that 
extend millimeters in length. 
 
Both sets of devices will be tested in non-human primates and mice by the Sabatini and Assad 
laboratories and are designed to eventually be turnkey systems available to the community. 
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Lagging or Leading? Linking Substantia Nigra Activity to 
Spontaneous Motor Sequences 
Adams, Ryan; Datta, Sandeep Robert; Sabatini, Bernardo 
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Behaviors are sequences of actions that are executed in the proper order and correct setting to 
achieve a goal. Action sequences and their association with the specific environmental contexts 
in which they are beneficial can be hardwired, as in the case of innate behaviors, or learned and 
flexible, as in the case of adaptive responses to changing surroundings. The basal ganglia, a 
complex set of phylogenetically ancient subcortical nuclei, collect sensorimotor information from 
across the cortical mantle and project via output nuclei to thalamic structures that regulate 
action; this circuit organization suggests that the basal ganglia may play key roles in modulating 
ongoing patterns of action. Consistent with this possibility, neurological and psychiatric diseases 
that disrupt basal ganglia function also disrupt action selection, sequencing and execution.  
 
This collaborative grant will address three key questions remain open about the relationship 
between basal ganglia activity and behavior. First, it is unclear whether the basal ganglia 
primarily encode behavioral sequences, the action components of behavioral sequences, or 
both. Second, because of the temporal diversity of task-related activity observed in the basal 
ganglia, it is not clear whether activity in specific populations of neurons is causal for behavior. 
Finally, because most research into basal ganglia function involves overtraining in operant 
tasks, it is not clear what the core principles of action encoding are that govern basal ganglia 
function during spontaneously generated patterns of behavior like exploration. Here we propose 
to take advantage of a novel 3D machine vision technology that takes advantage of Baysean 
inference methods to classify spontaneous behavior on fast timescales (100s of milliseconds) to 
probe the causal relationships between neural activity in the basal ganglia and action. We will 
focus our analysis on the main output nucleus of the basal ganglia, the substantia nigra pars 
reticulata (SNpr). We will first seek to identify predictive neural correlates within the SNpr for 
action components and behavioral sequences by combining our behavioral analysis methods 
with dense electrical recordings, both during normal exploration and during the execution of 
innate behaviors triggered by odor cues from foods, conspecifics and predators. We will then 
test the causal relationship between activity in these SPnr neurons and specific features of 
behavior by using closed-loop optogenetics to subtly alter global patterns of activity within SPnr 
neurons and upstream regions of the basal ganglia. This work will shed light on the mechanisms 
used by the brain to create self-generated patterns of action, and yield important clues about 
how the links between neural activity and action are altered during disease.  
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Neuronal Voltage Tracers for Photoacoustic Imaging in the Deep 
Brain 
Sack, Jon Thomas 
Poster 138; Session 1A 
  
The overarching goal of this project is to develop molecular tracers for imaging neuronal voltage 
changes deep in the brain. Photoacoustic imaging holds great promise to analyze the structure 
and function of neural circuitry deep in the brain, yet no compatible tools have been developed 
to probe neuronal activity. Therefore, we bring together unique resources in molecular tracer 
engineering and tissue-penetrating photoacoustic imaging technology to develop a toolbox of 
'voltage tracers' for probing neural electrical activity.   
Neural circuitry is a dynamic network that incorporates neural activity across time and brain 
structures. Existing high-resolution light microscopy modalities, such as two-photon microscopy, 
combined with fluorescent reporters of neural activity allow simultaneous optical recordings from 
large populations of neurons in awake, behaving animals, especially rodents. However, these 
approaches permit functional visualization of single neurons only at depths of ≤1mm, which is 
not even sufficient to image the entire thickness of the outermost layer of the brain, the cortex. 
To break light microscopy’s 1mm barrier, photoacoustic tomography is a promising non-invasive 
technique that has enabled high-resolution imaging at mm to cm depths, with spatial resolution 
and coverage beyond the capability of fMRI and light microscopy, respectively. Photoacoustic 
imaging holds great promise for the visualization of physiological and pathogenic processes of 
individual neurons at high-speed (100 kHz) with high-spatial-resolution proportionate to 
penetration depth (~1:200, e.g. 5-100µ  re s olution a t 1-20mm depth). Yet, no biosensors of 
neural activity exist for photoacoustic imaging. 
Recently, we have created a family of voltage tracers that enable fluorescent imaging of 
membrane depolarization by a novel mechanism (PNAS 2014, 111:E4789). Our tracers bind to 
neuron-specific voltage-gated ion channels, which function as the brain’s feedback transistors 
by controlling the flow of electrical signals through neurons. In response to action potentials, 
these tracers dissociate, resulting in fluorescence changes. Thus, our technology enables 
imaging of spatiotemporal changes in the electrical activation status of neurons. Importantly, our 
tracers are exogenously applied, giving them potential as contrast reagents for organisms less 
amenable to genetic manipulation, such as humans and other primates. Given the need for 
technologies that can image neuronal activity deep in the intact brain of model organisms, and 
ultimately humans, we propose to further engineer these ion-channel tracers as voltage tracers 
for photoacoustic imaging.  
We aim to create the neural activity probes for photoacoustic imaging deep within the brain. Our 
goal is to develop and validate voltage tracers compatible with deep brain photoacoustic 
imaging of neuronal electrical signaling in vivo. Our neuronal targets are the Kv2 channels that 
are selectively and densely expressed in the cell bodies of most, if not all, neurons in the brain. 
We recently created voltage tracers guided by Kv2 binding peptides that dissociate when 
channels are voltage activated. We will synthesize photoacoustic voltage tracers by conjugating 
photoacoustic contrast agents to our voltage-gated ion channel activity tracers. These tracers will 
be screened for ability to report electrical activation of voltage-clamped ion channels in 
heterologous cells with photoacoustic microscopy. Tracers with strong photoacoustic signal will 
be optimized by mutagenesis of their guide peptide to maximize signal response to changes in 
action potential frequency. Our initial goal is to determine functions describing action potential 
frequency–photoacoustic response profiles to enable deconvolution of photoacoustic signals into 
neuronal firing rates.  
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Whole-brainbow Calcium Dynamics in Freely-Behaving C. elegans 
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Understanding how brain dynamics create behaviors requires quantifying the flow and 
transformation of sensory information to motor output in behaving animals. Optical imaging 
using genetically encoded calcium or voltage fluorescent probes offers a minimally invasive 
method to record neural activity in intact animals. The nematode C. elegans is particularly ideal 
for optical neurophysiology owing to its small size, optical transparency, compact nervous 
system, and ease of genetic manipulation. Using this model system, we can now capture the 
activity of every neuron in the brain of an unrestrained animal for the first time [1]. This has 
enabled us to finally study sensorimotor transformations as animals navigate rich sensory 
environments and perform a large repertoire of behaviors. 
 
Despite all this, we still lack some important context. Every cell in the C. elegans nervous 
system has a well-characterized developmental lineage, and the connections between these 
cells have been mapped and tabulated in a connectome. While we can record from every cell in 
an animal's brain, we can only identify the genetic identity of cells with highly stereotyped 
positions. This prevents us from leveraging the rich data stored in the C. elegans connectome to 
contextualize our whole-brain functional recordings. Solving this problem would allow us to 
make fine-grained comparisons between whole-brain datasets obtained from different 
individuals, and to understand the role individual neurons play in these behaviors. 
 
Recently, using a combination of three fluorophores with a shared excitation band, along with a 
variety of promoters capable of targeting overlapping subsets of neurons, we have prepared an 
animal that allows us to uniquely identify neuronal names based on both position and color. 
Additionally, to capture activity along with neuronal identity, we have built a system for four-color 
whole-brain spinning disc confocal imaging in freely-moving C. elegans. We anticipate that 
these new strains and microscopes will enable us to combine whole-brain functional data with 
whole-brain connectomics to shed light on how neuronal development, neuronal ultrastructure, 
and neuronal function interact to create the large repertoire of behaviors we observe in the 
worm. 
 

 
[1] Pan-neuronal Imaging in Roaming C. elegans. V. Venkatachalam*, N. Ji*, X. Wang,  J. 
Mitchell, M. Klein, C. J. Tabone, C. M. Clark,  J. S. F. Greenwood, A. Chisholm, J. Srinivasan, 
M. J. Alkema, M. Zhen, A. D. T. Samuel, accepted at PNAS.  (* co-first-authors) 
  

Deterministic Brainbow for C. elegans. Transitioning to multi-color labeling allows us to link a cell’s functional 
data to its genetic identity. 
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Classification of Retinal Neurons Using Drop-Seq 
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Adiconis, Xian; Cepko, Connie; Regev, Aviv; McCarroll, Steve; Sanes, Joshua R 
Poster 140; Session 2A 
 
A high priority of the BRAIN Initiative is development of methods for classification of neural cell 
types.  The rationale is that classification is needed to gain genetic access to neurons so they 
can be marked and manipulated; to enable comparison of results across methods and 
investigators; and to determine which cell types are compromised in brain disorders. To meet 
this challenge, we recently described a method called Drop-seq that enables RNAseq analysis 
of thousands of single cells at high speed and low cost (Macosko et al., Cell, 2015).  In the first 
report, we applied the method to 44,808 cells dissociated from mouse retina.  Principal 
component analysis followed by t-Distributed Stochastic Neighbor Embedding (tSNE) identified 
39 transcriptionally distinct clusters, of which 33 were neuronal and 6 were non-neuronal.  All 5 
classes of retinal neurons (photoreceptor, horizontal, amacrine, bipolar and retinal ganglion 
cells) were represented but many of the estimated ≥100 neuronal types were combined into 
clusters or missing altogether.  One likely reason is that ~80% of retinal cells are rod 
photoreceptors, so rare types were poorly represented in the population.  To circumvent this 
limitation, we are now using specific labels to isolate the three most heterogeneous classes 
(bipolar, amacrine and retinal ganglion cells) separately by FACS before submitting them to 
Drop-Seq. In addition, we substantially improved analytic methods used for unsupervised 
clustering. We will describe results from ~50,000 bipolar cells, isolated using a Vsx2-GFP 
transgene and analyzed using improved analytic methods for nonlinear dimensionality 
reduction.  Bipolars are a good starting point for analysis, because they have been intensively 
studied, providing a reservoir of “ground truth” that allows us to test, optimize and validate the 
ability of Drop-seq to divide classes into types. We identified all 12 types described previously, 
and found 3 novel types.  We validated selectively expressed genes, using in situ hybridization 
and immunohistochemistry combined with virus-mediated cell labeling, thereby providing at 
least one endogenous marker for each type.  By analyzing gene expression, we are providing 
insight into the basis of functional differences among types. We believe that we have now 
accounted for all bipolar cell types. Moreover, our improved protocols can guide efforts to 
categorize neurons for which less preexisting information is available and to monitor type-
specific alterations in development or disease.  
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NeuroManager: An Object-Oriented Platform for the Simulation and 
Analysis of Power Law Data Streams in Neuroscience 
Stockton, David; Troyer, Todd; Wicha, Nicole; Santamaria, Fidel 
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The overall objective of our project is to develop a computational framework to model and 
classify power law data streams at multiple scales of biological relevance in neurobiology. As a 
first step we have developed and released NeuroManager 
(github.com/SantamariaLab/NeuroManager), an object-oriented management software engine 
for computational neuroscience. Initially, NeuroManager automates the workflow of simulation 
job submissions when using heterogeneous computational resources, simulators, and tasks. 
The object-oriented approach provides flexibility to adapt to a variety of neuroscience 
simulators, simplifies the use of computational resources, from desktops to super computer 
clusters, and improves tracking of simulator/simulation evolution and provenance. We 
implemented NeuroManager in Matlab for its prevalence in electrophysiology analysis and 
increasing use in Biology education. NeuroManager is designed with an object-oriented 
structure, making it extendable to manage large scale data analysis projects as well as 
simulations. We are currently extending NeuroManager to be able to handle heterogeneous 
data streams and analysis tools to look for evidence of power law relationships. The approach 
uses analysis engines that can look for evidence of distribution that include power law, power 
law with cutoff, exponential, stretched exponential, and log-normal. To populate the analysis 
engines we are aggregating available software packages and algorithms from multiple science 
and engineering fields, including Matlab toolboxes and Python libraries. Overall, we are 
providing a flexible computational framework to manage the large scale data streams generated 
by simulations and data analysis. Our framework can also be used to track and manage 
experimental data collection. Our future work includes testing for power law behavior in large 
data streams from song learning in birds and human EEG collected during a reading task.  
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Age-related diseases are quickly becoming the leading cause of disability in the United States. 
About 1M Americans live with Parkinson’s disease, and 7M are stroke survivors with 800,000 
additional strokes each year. Millions of young adults live with limb loss from amputation or 
paralysis from spinal cord injury. Traumatic brain injury can have lifelong effects on cognitive-
motor function and significantly decrease quality and length of life. We face a critical need for 
technologies that can more effectively address the care and rehabilitation needs of these 
patients. However, innovation in neurotechnology faces several challenges: 1) The pace of 
innovation exceeds the rate at which the effectiveness of new technology can be evaluated; 2) 
Standards and regulatory science for the rigorous validation of safety, efficacy, and long-term 
reliability are missing; 3) Lack of open access to technologies and synergistic collaborations 
impede the transfer of novel technologies to the market; and 4) Current technologies are costly, 
limiting their use in enhancing efficacy of treatment and overcoming physical and cognitive 
disabilities. 

 
We will address these challenges by creating the BRAIN Center. Our vision is a synergistic, 
interdisciplinary approach to the development and validation of affordable patient-centered 
technologies, and the use of those technologies in understanding neural systems. BRAIN will 
leverage expertise in neural, cognitive, affective and rehabilitation engineering, robotics, clinical 
trials, and reverse-translational research at Arizona State University (ASU) and University of 
Houston (UH) to (a) enhance the rate of development and empirical validation of new 
technologies through partnerships with industry leaders and other strategic partners; (b) develop 
standards and test technologies in human and non-human models, using a multi-scale 
approach ranging from single neurons to organismal systems; (c) characterize novel and 
innovative technologies such as biosensors and quantitative analysis tools for systems and 
behaviors; (d) assess the usability and long-term reliability of technologies; e) evaluate the 
impact of these technologies on health and quality of life; and (f) reduce the financial burden of 
neural technologies on hospitals and families. 

 
Broader Impacts: The BRAIN Center, through the efforts of the Education/Outreach 
coordinator will work to rectify under-representation in the science, technology, engineering, and 
math (STEM) fields by actively broadening new participation in STEM and retaining current 
participants in STEM through 1) newly-initiated K-12 outreach programs that expose aspiring 
STEM participants to innovative technologies both at academic institutions and at public 
settings, 2) undergraduate internship program within the Center that targets specific student 
organizations (e.g., the Society of Mexican-American Engineers and Scientists, the Society of 
Women Engineers), and 3) focusing on problems in the neurological space that 
disproportionately affect under-represented groups. ASU (located in Phoenix with Hispanic 
populations at twice the national average) and UH (a Hispanic-serving institution) are uniquely 
suited to increasing the representation of students of Hispanic descent and other under-
represented groups in STEM disciplines. 
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Detailed information about cell types in the mammalian cortex and their organization into 
functional neural circuits is still lacking. Our ability to classify neurons into groups that share 
defined characteristics is essential towards this goal. Our objective is to classify neurons in 
mouse visual cortex based on the expression of genes that predict their functional properties. 
By combining information about the tuning properties of visual cortical neurons, i.e. how they 
respond to visual stimulation, with their genetic expression profile we aim to define the basic 
neuronal elements constituting functional neural circuits. We use the mouse primary visual 
cortex as our model system because the tuning properties of the neurons in this areas are well 
described.  
In order to combine functional tuning properties and genetic expression profiling in single cells 
we have successfully developed a technique (figure 1) that allows us to:  First, determine the 
functional properties of neurons in primary visual cortex in vivo in response to a battery of visual 
stimuli using calcium imaging. Second, photo-label in vivo neurons with defined tuning 
properties using photo-activatable GFP. Third, cut slices from visual cortex and harvest RNA 
from individually photo-labeled neurons with defined functional properties. Fourth, perform 
RNAseq. Fifth, use analytical approaches to identify the strongest correlates between gene 
expression pattern and neuronal function.  

 
Our approach allows us to harvest RNA from single neurons using patch pipettes and to 
consistently detect between 2000 and 9000 genes per cell, hence comparable to isolated cells 
using standard dissociation protocols (figure 2C).  
 

Figure 5: Schematic illustration of the main 
steps for combining functional tuning 
properties and expression profiling in single 
cells.  
A. Following two photon in vivo calcium 
imaging and labeling of neurons in mouse 
primary visual cortex with photo-activatable 
GFP brains are extracted and sliced. Labeled 
cells are visualized under a fluorescent 
microscope, targeted with a patch pipette and 
the RNA individually harvested for sequencing.  
B. The transcriptome of the harvested neurons 
is finally correlated with their functional 
properties recorded in vivo. 
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The adapted and improved cel-seq method detects between 10-20% of the harvested 
molecules (as determined using ERCC spike-in controls), hence similar to described 
sensitivities from other established protocols (figure 2A,B). Our control experiments 
demonstrate that using this advanced protocol we can distinguish different classes of 
GABAergic neurons. We are currently harvesting the RNA of functionally characterized visual 
cortical neurons for subsequent sequencing and analysis.  
  

Figure 6  
A. The efficiency to detect mRNA molecules was 
assessed using ERCC control mRNA spiked into 
samples. On average 10-20% of the molecules were 
detected.  
B. The number of samples were quantified in which at 
least one of a particular number of spiked-in ERCC 
molecules were detected. In 50% of the samples at 
least 1 of 5 spiked-in ERCC molecules was detected.  
C. Boxplot diagrams of the number of genes detected 
per cell class (SOM-Cre, Layer 5 cells, VIP-Cre, PV-Cre).  
D. Cross correlation of expression profiles of individual 
neurons harvested from different classes of 
interneurons. 
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Severe to moderate traumatic brain injury (smTBI) annually afflicts many hundreds of thousands 
of Americans producing chronic cognitive disabilities that lack effective treatments. We plan to 
carry out a critical first-in-man early clinical feasibility study to support a next generation device 
to provide central thalamic deep brain stimulation (CT-DBS). CT-DBS is proposed as a therapy 
for the survivors of smTBI who recover to independent functional levels but remain significantly 
limited in their activities by chronic cognitive impairment (difficulties with sustained attentional 
effort, working memory, processing speed and fatigue). Stakeholders, including patients 
identifying their cognitive difficulties as matched to the functions proposed to be supported by 
CT-DBS, have shown support for this approach and willingness to consider participation after 
having the concepts and risks of this approach presented to them.  The working hypothesis for 
the present study is that the pattern of cognitive deficits seen after smTBI takes origin in a broad 
reduction of neuronal connections and cell loss produced by smTBI that will on average produce 
disproportionate down-regulation of frontostriatal systems and deafferentation of the central 
thalamus (which collectively support the range of executive cognitive functions typically impaired 
in smTBI), and that CT-DBS can activate these systems sufficiently to provide effective 
functional improvements. Preliminary studies including evidence of CT-DBS facilitation of 
cognitive function in a different, more severely brain-injured population of patients with traumatic 
brain injuries as well as pre-clinical behavioral, electrophysiological, and computational 
modeling studies in intact non-human primates (NHP) support the hypothesis and the approach.  
The present study (UH3 NS095554) will use bilateral placement of a research single-electrode 
system (Activa PC&S, Medtronic, Inc) with sensing and recording capabilities to aid the 
electrophysiological mapping of the central thalamus. Our supporting data demonstrate that 
behavioral facilitation can be achieved with a single electrode system in both the human and 
NHP. In NHP studies we have found that a more reliable and robust therapeutic response can 
be achieved through the use of a multiple electrode system capable of targeted delivery of 
electric fields across a specific fiber tract in the central thalamus. Here we will obtain and 
analyze neuroimaging, computational modeling, behavioral, and electrophysiological data from 
human subjects to advance the development of a next-generation system that may allow more 
flexibility and reliability of for the application of CT-DBS in patients with traumatic brain injuries. 
These studies will be carried out by an investigative team with multiple, long-standing 
collaborations aimed at the development of CT-DBS technologies and treatment of cognitive 
impairment following TBI; the team spans expertise in clinical trials, neurology, neurosurgery, 
neurophysiology, neurorehabilitation, neuropsychology, radiology, and computational modeling. 
The early feasibility study proposed has been through a presubmission review for an 
Investigational Device Exemption with the Food and Drug Administration.  
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Implantable Brain Microelectromechanical Magnetic Sensing and 
Stimulation (MEMS-MAGSS)  
Schiff, Steven; Tadigadapa, Srinivas 
Poster 145; Session 2B 

 
Significance: We seek to offer proof-of-concept testing and development of a novel class of 
MEMS-MAGSS technology, to address the NIH BRAIN Initiative: New Concepts and Early-
Stage Research for Large-Scale Recording and Modulation in the Nervous System (R21).  
The current state of the art for large-scale recording of neuronal activity does not have cellular 
resolution for sensing and stimulation. The current state of the art for highly sensitive magnetic 
sensing cannot be performed at safe temperatures for biological implantation, and requires 
expensive shielded rooms incompatible with human long-term use. 
Innovation: Magnetic fields can now be sensed at amplitudes and spatial density never before 
possible using several new microelectromechanical electrical systems (MEMS) technologies 
that we have pioneered. We are in a unique position to create a next generation of magnetic 
sensing and stimulation devices capable of meeting the high-density cellular level mandate of 
the NIH BRAIN Initiative. We have brought together a unique team of exceptional investigators 
in electrical engineering, physics, neurophysiology, neurosurgery, and materials science with 
the requisite skills to collaborate in a highly integrated transdisciplinary fashion capable of 
meeting the proof-of-concept milestones of this project within 2-years.  
Approach: We will approach this project by selecting from among 2 magnetic sensing 
technologies already in the prototype stage. We can incorporate on-chip adaptive magnetic 
noise cancellation for ambient magnetic fields. Using prototype MEMS based magnetic 
stimulation designs, we will develop the ability to integrate simultaneous magnetic sensing and 
stimulation. We will perform proof of concept experiments disambiguating the magnetic 
signatures from single cell firing in cortical brain slices, and establish both forward and inverse 
solutions of these same neurons.  
Impact: This project would produce a 'first-of-kind' technology capable of 1) cellular resolution 
detection of spiking activity in neurons, 2) cellular level modulation of neuronal firing, 3) adaptive 
noise cancellation enabling use outside of magnetically shielded environments, 4) room-
temperature operation enabling packaging for long-term implantation within with biological 
tissue for animal or human use, and 5) a clear translational pathway for long-term human 
implantation across a person's life-span. 
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Engineered Viral Tropism for Cell-Type Specific Manipulation of 
Neuronal Circuits 
Peng, Changwei; He, Yungui; Esguerra, Manuel; Thomas, Mark J.; Schmidt, Daniel  
Poster 146; Session 1A 
 
It is a longstanding goal of the neuroscience community to reveal how specific cell types 
contribute to different neural circuits that underlie cognition, behavior, and disease pathology. 
Although neuron types can be grouped into one-dimensional descriptive categories (excitatory, 
inhibitory, peptidergic etc.), we know there is a great combinatorial diversity of neurons that 
differ in ion channel and receptor expression levels and fulfill discrete roles within neural circuits. 

 
Problem: Genetically targeting these different subsets is difficult when virally delivering 
transgenes to many neurons – with potentially adverse effects – and relying on cell-type specific 
promoters for selective expression – the current state of the art. The mismatch between 
naturally evolved properties of commonly used viral vectors, specifically their broad tropism, and 
the researcher's delivery needs is a barrier to achieving greater cell-type specificity. 
Solution: We propose a novel gene therapy platform that does away with legacy constraints of 
natural evolution and engineers biomedically relevant properties into adeno-associated virus 
(eAAV) to improve their tropism for user-specified sets of cells. Since the functional definition of 
a neuron – its electrophysiological response to a stimulus – is intrinsically a proteomic problem, 
we achieve this by redirecting eAAV binding towards distinct sets of ion channels and receptors 
expressed on the surface of neurons. In other words, viral delivery with user-selectable tropism.  

 
Here, we describe how we will develop a generalizable 
method for creating engineered viruses with user-selectable 
tropism that can target specific subsets of neuronal cell 
types, and present first proof-of-principle 
implementations. Furthermore, we will outline 
applications of engineered AAV in intact brain 
tissue, including optogenetically targeting – without 
relying on transgenic animals or specific promoters 
– neuron subtypes that exhibit reward-related synaptic plasticity. Finally, we will 
discuss our long term plans to extend to utility of eAAVs beyond cell-type-specific genetic 
manipulation based on pre-existing knowledge of surface receptor expression patterns, and turn 
eAAVs into a technology platform to discover new cell- and circuit specific ion channel and 
receptor expression profiles in vivo.  
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Imaging Neural Spiking in Brain Tissue Using FRET-Opsin Protein 
Voltage Sensors 
Gong, Yiyang; Wagner, Mark; Jin Zhong Li ; Schnitzer, Mark 
Poster 147; Session 1B 
 
Genetically encoded fluorescence voltage sensors offer the possibility of directly visualizing 
neural spiking dynamics in cells targeted by their genetic class or connectivity. Sensors of this 
class have generally suffered performance-limiting tradeoffs between modest brightness, 
sluggish kinetics, and limited signaling dynamic range in response to action potentials. Here we 
describe sensors that use fluorescence resonance energy transfer (FRET) to combine the rapid 
kinetics and substantial voltage-dependence of rhodopsin family voltage-sensing domains with 
the brightness of genetically engineered protein fluorophores. These FRET-opsin sensors 
significantly improve upon the spike detection fidelity offered by the genetically encoded voltage 
sensor, Arclight, while offering faster kinetics and higher brightness. Using FRET-opsin sensors 
we imaged neural spiking and sub-threshold membrane voltage dynamics in cultured neurons 
and in pyramidal cells within neocortical tissue slices.  
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CoSMo – Summer School in Computational Sensory-Motor 
Neuroscience 
Schrater, Paul; Körding, Konrad; Blohm, Gunnar  
Poster 148; Session 2A 
 
Modelling is critical to synthesize information, quantify hypothesis and guide future 
experimentation. Consequently, experimentalists increasingly need to understand and develop 
models. Thus, training in computational modelling is crucial but a coherent training environment 
in neurocomputation is missing in the field of sensory-motor control. We propose a Summer 
School in Computational Sensory-Motor Neuroscience (CoSMo) to provide cross-disciplinary 
training in mathematical modeling techniques relevant to understanding brain function, 
dysfunction and treatment. In a unique approach bridging experimental research, clinical 
pathology, cutting-edge technology and computer simulations, PhD students and postdocs will 
learn how to translate ideas and empirical findings into mathematical models. Students will gain 
a profound understanding of the brain’s working principles and diseases using advanced 
modeling techniques in hands-on simulations of models during PM tutored sessions 
complementing AM lectures. This 2-week deep brain camp aims at propelling promising 
students into world-class researchers.  
CoSMo has four specific goals. (1) Training in computational neuroscience tools to accelerate 
research advancement. (2) Develop a data base of tutorials and lectures to disseminate tools, 
instructions and knowledge world-wide. (3) Create a platform for intensive scientific networking 
and professional development through individual meetings with lecturers, social media and 
professional development lectures. (4) Promote translational outcomes by building ties with 
industry, health care concerns and bench-to-bedside applications through lecturing about 
applied research topics. These goals will be achieved through a 4-day introduction section on 
the core concepts constituting the foundations of modern sensory-motor control (i.e. linear 
systems, Bayesian statistics, optimization, stochastic control and data analysis) taught by the 
organizers in a coherent fashion. There will then be specialized 2-day sessions during which 
world-class external speakers will deepen the participants’ understanding of specific topics, 
such as neural prostheses, optimal feedback control, adaptation/learning, spiking neural 
networks, computational neuroimaging and decision making.  
CoSMo has been running for the last 5 years and we will further improve this winning and highly 
acclaimed course. Alongside the taught foundations outlined above, we are currently developing 
a method to teach participants how to model, a topic that is rarely if ever covered by toolkit 
textbooks. We tutor students in practically implementing this streamlined modelling approach 
during the 2-week evening group projects. Furthermore, a session on good paper writing 
practices will complement the course. We also intend to track and quantify CoSMo participants’ 
success (using Google Scholar and a novel regression discontinuity design) as well as promote 
and track the online teaching and tutorial database usage. Overall, we believe that CoSMo is 
not just highly innovative, but also specifically tailored to maximize learning, ensure hands-on 
skill acquisition, optimize translational potential and demonstrate efficiency.  
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A Novel Approach for Cell-Type Classification and Connectivity in the 
Human Brain 
Sestan, Nenad  
Poster 149; Session 2B 

The brain is comprised of a vast array of neuronal cell types distinguished by unique molecular 
and physiological properties, projection profiles, synaptic receptivities, and morphological 
features. The establishment of neuron heterogeneity is thus fundamental for the specification 
and organization of the neural networks that underlie brain function, and it is widely 
hypothesized that expanded cellular diversity was an essential mechanism of human brain 
evolution. This project seeks to markedly advance our understanding of human brain cellular 
diversity and evolution by using advanced single cell sequencing and data analysis techniques 
to generate a systematic census/inventory of the cell types present in the developing and adult 
human, macaque monkey, and mouse prefrontal cortex (mPFC); a region that is essential for 
higher cognitive functions and highly implicated in psychiatric and neurological disorders. To 
further understanding of primate evolution, we are conducting similar studies of multiple 
nonhuman primate species and human cell types in vitro at various time points in the 
differentiation of neuralized iPS and ES cells into cortical projection neurons. Here, we present 
our approach and preliminary inventory of mouse and human mPFC cell types across multiple 
developmental periods, as well as a similar cross-species inventory of cell types present in 
neocortical ES and iPS cell cultures. We then detail agnostic and integrative computational 
methods we have developed for multidimensional analysis of single cell sequencing data. We 
describe how we will build these data sets into comprehensive libraries that define the 
transcriptional identities of diverse cell types in the mouse, non-human primate, and human 
neocortex.  Finally, we detail our plan to integrate these data with reference atlases (BrainSpan 
and Allen Brain) and make them available in a user-friendly, searchable public database.  
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Retinal Circuits: From Mapping to Understanding 
Euler, Thomas; Huberman, Andy; Meister, Markus; Seung, Sebastian; Wong, Rachel 
Poster 150; Session 1A 
 
This project aims to create comprehensive structural and functional maps of retinal circuits, and 
to understand these circuits starting with the examples of alpha ganglion cell types. 
 
The Euler lab applied calcium imaging to record the responses of thousands of ganglion cells to 
an ensemble of visual stimuli. Clustering of the responses revealed that there are at least 30 
functional channels, which include all known and several new ganglion cell types.  Starting from 
all somata contained in a (0.2 
mm)^2 patch of the ganglion cell layer of a mouse retina, the Seung lab reconstructed dendritic 
arbors within a 0.3 mm x 0.35 mm patch of the inner plexiform layer imaged by serial electron 
microscopy (provided by Kevin Briggman and Winfried Denk).  This unbiased sample of cells 
was used as the basis of a new anatomical classification of ganglion cells into at least 40 types.  
 
Three types of alpha ganglion cell (sustained On and Off; transient Off) were previously 
reported in the mouse retina.  The Meister lab has recorded visual responses of alpha ganglion 
cells in a transgenic line generated by the Sanes lab.  They found evidence of a fourth alpha 
type (transient On).  All alpha types are outstandingly linear in their responses.  The Wong lab is 
using light and electron microscopy to investigate connectivity of bipolar cells with alpha 
ganglion cells.  The Huberman lab is creating transgenic lines for particular alpha types, for 
future use in experiments testing their roles in visually guided behaviors. 
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Individual Variability in Human Brain Connectivity, Modeled Using 
Multi-Scale Dynamics Under Energy Constraints 
Siegelman, Hava; Mujica-Parodi, Lilianne R  
Poster 151; Session 1B 
 
Recent years have witnessed an explosion of interest in neuroimaging human brain connectivity 
and its relationship to brain-based disease.  However, the field currently views connectivity as 
state or population-specific fixed networks (‘biomarkers’), rather than explicitly considering the 
forces that govern the network's development.  The conceptual transition—from thinking of 
connectivity as a static feature to thinking of connectivity as a dynamic process—is critical for 
probing the neurodevelopmental influences that underlie clinical heterogeneity, as well as for 
asking why two individuals—with identical clinical diagnoses—might show markedly different 
prognoses (recovery versus degeneration versus oscillation) over time.  In order to understand 
why a functional network—measured at the clinical neuroimaging scale—not only evolves, but 
also does so differently across individuals, here we approach connectivity as an emergent 
phenomenon produced by energy constraints imposed at the mitochondrial scale (ATP 
production), and the impact on mitochondrial adaptation on neurons, glia, and synapses.   
Since August 2015, we have pursued two directions in parallel.  The first is to acquire fMRI data 
on individuals undergoing neurobiological adaptation to changing conditions of energy supply 
and demand.  The second is to adapt biomimetic neuron models to include energy 
constraints.  Using an iterative approach, in which human data provide feedback, informing 
computational models, which then make predictions that are tested against the next individual’s 
data, models will eventually converge in predicting human network trajectories based upon 
individually variable parameters. 
Using fMRI optimized to permit single-subject connectivity analyses, individuals (ages 18-70) 
are scanned using ultra-high-field (7T) ultra-fast (TR=803 ms) fMRI under varying baseline 
glycemic loads (glucogenic, hypoglycemic, and ketogenic). We then identify how network 
trajectories change as the energy supply is first depleted by cognitive demand and then 
saturated by a bolus of 75g glucose.     
Based upon data acquired from animal and human sources (the latter including both our 
acquired data and as well as the Human Connectome Project), we constructed the first iteration 
of our BrainPower model using biologically realistic models of spiking neurons powered by 
mitochondria-limited ATP. As a first approximation bridge across scales, we represented macro-
level whole brain network dynamics between regions by a network of smaller regions, 
themselves composed of many fewer neurons. For example, a human brain with 86 billion 
neurons, clustered into 100 regions, would have roughly 860 million neurons per region. Our 
model with 86,000 neurons in the whole brain would match the inter-region connectivity 
proportionally, but each single region would have only 860 neurons. We thus design our neural 
network to model such a system of networked activity dependent regions.  To match the model 
to functional connectivity data derived from human rsfMRI data, the initial connectivity and 
weight distribution of the inter-region connectivity starting neural network mimics that derived 
from the clustered grand average rsfMRI functional connectivity between brain regions, as 
measured across all subjects under glucogenic, hypoglycemic, and ketogenic states. In the 
human brain, such regions are naturally networked and known to function in complex 
hierarchical clusters, which we hypothesize to show differential requirements with respect to 
ATP. The starting weight parameters between regions in the neural network thus match an 
estimate of macro-level structural connectivity between regions in the human brain, the weight 
distributions for various other graph statistics, as well as general levels of activity and 
excitatory/inhibitory balance.  
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Using Natural Odor Stimuli to Crack the Olfactory Code 
Smith, Brian H; Sharpee, Tatyana O; Hong, Elizabeth; Samuel, Aravinthan  
Poster 152; Session 2A 
 
The use of natural sensory stimuli has transformed our understanding of higher-order brain 
areas in visual and auditory neuroscience. Historically, statistics of natural odors have been 
difficult to characterize quantitatively. A considerable amount of work has been devoted toward 
understanding how odors are transmitted through plumes in turbulent air flows. However, in 
regard to the odor itself, olfactory neuroscience continues to rely on synthetic sensory inputs 
using simple odors that, even if they have been extracted from natural odors, do not capture the 
full statistical properties of natural odor scenes. Odors that emanate from natural objects are 
mostly complex mixtures that vary in composition from one object to the next (Figure 1), and this 
variation can be often used to separate objects that have different albeit important biological 
meaning. Such natural olfactory inputs to the peripheral and central nervous system might be 
necessary to evoke the full range of neural computations that comprise olfaction. Therefore, we 
propose to quantitatively characterize the real-world statistics of multi-component natural odor 
scenes and investigate they relate to behavior and neural processing in multiple layers of the 
olfactory system. We will start by quantitatively characterizing the detailed statistical properties 
of natural odor scenes in defined ethological contexts. This will build on the rich literature on 
identified natural odors in insects and mammals. We will focus on honey bee as well as fruit fly 
adults and larva as models, where it will be possible to characterize a library of ethologically 

relevant natural odors associated with a diversity of 
behavioral outputs. To do this, we will collect and 
chemically analyze naturally occurring plant and fruit odor 
samples from the natural environments of each insect. 
We will then apply nonlinear dimensionality reduction 
techniques and approaches based on sparse coding to 
determine the dimensions of odor space that are most 
salient for behavioral decisions. Such a quantitative 
deconstruction of the sensory input would be 
unprecedented in olfactory neuroscience, and should 
allow us to effectively and comprehensively drive 
olfactory circuits for the first time. Our hypothesis is that 
the stimulus dimensions that are most behaviorally 
relevant to the animal will be most efficiently extracted by 
the olfactory system. We will then use synthetic odor 
blends, constructed to vary along behaviorally relevant 
sensory dimensions, to probe neural codes and adaptive 
behaviors in the olfactory system.  

We believe that probing the olfactory circuit with 
naturalistic stimuli will reveal new computational features 
of the circuit. Much as higher-order visual neurons only 
respond to complex stimuli like faces or hands, we 
hypothesize that naturalistic odor stimuli will reveal novel 
features of odor space that may only become apparent 
with ethologically appropriate stimuli. Because olfactory 
circuits are shallow, we expect to find feature detectors as 
early as the second- or third-synaptic relays, making it 
possible to dissect the circuit and synaptic mechanisms.  

  

Figure 1. Natural variation in composition of 
blends from two varieties of snapdragon 
flowers. Principal component analysis was 
applied to the odorant composition measured 
using gas chromatography. The variation 
between flowers is projected onto the first two 
principal components. The small green and 
orange circles represent volatiles collected from 
individual flowers of two genetic varieties 
discriminated by honey bees. Large circles 
represent synthetic mixtures designed to span 
components of variance. Insert shows that each 
point represents the proportions of component 
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Panoramic, Dynamic, Multi-Region Two-Photon Microscopy for 
Systems Neuroscience 
Stirman, Jeffrey; Smith, Ikuko; Kudenov, Michael; Smith, Spencer 
Poster 153, Session 2B 
 
We have been developing new optical systems for two-photon imaging of neural activity across 
large fields-of-view. We are focusing both on improving the field of view and the imaging speed, 
while still preserving individual neuron resolution. This application requires custom highly 
corrected large format (> 60 mm diameter) optics, and specialized high speed photon counting 
electronics. We have made rapid progress towards our goals and will share our latest imaging 
system and data we are obtaining from it.  
 
However, we are not constraining ourselves to a single one-off instrument. Systems 
neuroscience applications vary widely in their requirements. Several factors exert varying 
pressures on engineering parameters, including the sparseness of tissue staining, the 
brightness of fluorescent reporters, and specific experimental demands. Therefore, we are 
creating a pipeline for rapidly developing custom imaging solutions. Variations that are currently 
under development include water and air immersion objectives, fields of view from 10 to 40 mm2 
in area, optimizations for multiple excitation wavelengths, and extended working distances. We 
perform all of the optical design in software, both for individual subassemblies (e.g., objectives) 
and full system models. Prototypes are assembled in the lab, using custom metrology 
procedures to accommodate strict tolerances. Mock-ups with off-the-shelf lenses can move from 
design idea to experimental testing in 24-48 hours. Final designs incorporate custom lenses for 
fully optimized performance. We will share our workflow and some of the current variations 
under development. We will also discuss approaches for rapidly sampling neural activity, 
including temporally multiplexed beams, optimized excitation volume shaping, and advanced 
analytical techniques. 
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Towards a Complete Description of the Circuitry Underlying Memory 
Replay 
Losonczy, A; Buzsaki, G; Lisman, J; and Soltesz, I 
Poster 154; Session 1A 

 
The function of a brain region is an emergent property of many cell types. The criteria needed to 
understand a network have been established in studies of invertebrate “simple” networks, but 
there has not yet been an attempt to provide such a full, mechanistic understanding of any 
network in the vertebrate brain. In this BRAIN project (UO1NS090583), we aim to understand 
how the CA3 network in the hippocampus generates sharp-wave-ripples (SWR). These events 
are of great interest because of their cognitive function: they represent replay of episodic 
memory sequences and are required for subsequent memory recall, as demonstrated at the 
behavioral level. Our efforts to understand the SWR will build on previous work establishing the 
cell types of the hippocampus. However, to meet the criteria for “understanding”, a great deal of 
additional information about connectivity and intrinsic properties of cells must be obtained. We 
use recently developed large-scale electrical and optical recording methods and optogenetics to 
obtain this information, and we will also construct the first full-scale computational model of the 
CA3 region of the hippocampus, in which every cell and synaptic connection is explicitly 
represented, to provide a widely applicable tool for synthesizing experimental results and test 
our ability to understand the principles that underlie SWR generation. During the first year of the 
project we have made several important advances towards our goals: 

A. In relation to Aims 1&2, we (Buzsaki lab) tested whether local mechanisms also contribute to 
the sequential patterning of pyramidal cells and interneuron types during SWRs. We show 
that optogenetic stimulation of a small group of CA1 pyramidal cells yields consistent multi-
neuronal spike sequences, and that their sequential firing order is similar to that observed 
during spontaneous “ripple” oscillations. (Stark et al., submitted to PNAS). 

B. Gyorgy Buzsaki has written an exhaustive and forward-looking monograph on SWRs. John 
Lisman provided extensive feedback on the manuscript. (Buzsaki, G. Hippocampus, 2015) 

C. The Buzsaki lab introduced a novel method to quantify the contribution of each pyramidal 
neuron to replay and preplay of learned information, and identified specific subgroups of 
neurons which change their SWR-related activity due to previous learning (Grosmark and 
Buzsaki, under revision). 

D. In connection with Aim 2, the Losonczy lab has conducted two-photon functional imaging of 
large populations of young adult-born and mature granule cells in the dentate gyrus (DG) 
(Danielson et al., under revision). Experiments are now underway to decipher the recruitment 
of adult-born and mature GCs during SWRs in in behaving animals.  

E. In connection with Aim 2, the Soltesz lab has made advances using juxtacellular recordings 
from identified distinct GABAergic cell types in the DG of head-fixed awake animals. These 
data will be integrated with the results from the Buzsaki and Losonczy labs described above 
in order to understand how the DG may modulate SWR-related sequencing in the CA3.  

F. In connection with Aim 5, the Soltesz lab has conducted an extensive computational 
modeling investigation with our full-scale CA1 model network to characterize the parameter 
space where spontaneous theta and gamma oscillations occur. In addition, we have 
completed the construction of a functional rat DG network model that incorporates a unique 
dendritic branching structure for each principal neuron. These works provide an important 
foundation to build upon in the construction of large-scale, data-driven models of the dentate-
CA3-CA1 model. 

G. Buzsaki and Soltesz wrote a review on closed-loop technologies, which form an important 
part of Specific Aim 1 (Krook-Magnuson et al., JAMA Neurol, 2015).  
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H. John Lisman’s major effort was to lay the foundation for the computer simulation of the SWR 
that will be done when the computational platform being developed by Soltesz is completed. 
Towards that end, Lisman wrote a review for Neuron, outlining the state of knowledge about 
systems-level understanding of the brain, with substantial focus on the problem of memory. 
(Lisman J, Neuron, 2015). 

I. Lisman have attempted to come with a new theoretical understanding of how the sense of 
place is computed given the experimentally observed cell types with particular encoding of 
space or velocity). This work has been submitted to Nature Neuroscience. 

J. The Lisman laboratory undertook experimental work that relates to the mechanisms of 
synaptic modification that underlies the recall mediated by SWR (Othmaov et al., PLoS One, 
2015).  

In summary, the experimental, analytical and conceptual advances we made in the first year 
provide an important foundation to achieve the aims of the project. 
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The Berkeley Summer Course on Mining and Modeling of 
Neuroscience Data 
Sommer, Friedrich T.  
Poster 155; Session 1B 
 
Our proposal was to administer and further develop a successfully established two-week 
summer training course titled “Mining and Modeling of Neuroscience Data” which is held at UC 
Berkeley. The course teaches methods for analyzing neurophysiology data, that is, 
measurements of the neural activity over time, co-registered with behavior or stimuli. With the 
Obama BRAIN initiative in full swing, rich neurophysiology data will become available at a high 
rate. The course has the goal to help build a workforce for leveraging these data and is 
designed to fill in a significant gap in training opportunities in the intersection between 
neuroscience and computational methods (computer science, mathematics, statistics, physics, 
engineering). Specifically, attendees of the course will be individuals either with a quantitative 
background and interest in neuroscience or with a background in neuroscience who wish to 
learn cutting edge approaches for the analysis of neuroscience data. To recruit students from 
Computer Science and Mathematics the project is partnered with the Simons Institute of the 
Theory of Computing and the Mathematical Sciences Research Institute. The training provided 
by this course will help increase the pool of researches who can apply existing and develop 
novel methodology for analyzing and modeling large, complex neurophysiology data sets. 
Increasing this type of quantitative knowledge in neuroscience will be essential to enhancing the 
understanding of the brain and developing approaches to treat disorders of the brain. 
In this talk I will share the experiences in holding this course four times in the past five years 
and discuss our plans in developing the course curriculum for meeting the challenges of tbe 
BRAIN initiative. Further I will describe critical resources the course is using, the CRCNS.org 
web repository for sharing neurophysiology data, and NERSC, the high-performance computing 
center of Lawrence Berkeley National Labs, where the data is hosted and can be analyzed at 
scale.   
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Finding NEMO (Neuro-Electro-Magnetic Oscillations) with MRI in Vivo 
in Humans 
Truong, Trong-Kha; Roberts, Ken; Woldorff, Marty; Song, Allen 
Poster 157; Session 2B 
 
Introduction:  Functional MRI (fMRI) has been the most widely used method for studying 
human brain function. However, its reliance on a hemodynamics-based blood oxygenation level 
dependent (BOLD) contrast makes it an indirect and very low-temporal-resolution measure of 
the underlying neuronal activity. Although direct noninvasive measures of neuroelectric 
activities, obtained by scalp-recorded electroencephalography (EEG)1 and 
magnetoencephalography (MEG)2, have been available for some time, there remains an 
intractable problem in their inability to adequately resolve the neuronal sources throughout the 
brain due to the uniqueness problem in solving the inverse problem. Multi-methodological 
imaging combining fMRI and EEG/MEG has improved the spatiotemporal characterization of the 
neuronal activities3; however, due to their signal source differences, it cannot truly gain spatial 
and temporal accuracy simultaneously to detect neuronal activities. Thus, if MRI can be made 
sufficiently sensitive to directly measure neuroelectric activities during brain activation, it will 
fundamentally transform our ability to understand the mechanisms underlying both the functions 
and disorders of the human brain. Our project has thus been centered on gathering resources 
and developing techniques toward direct MRI detection of neuro-electro-magnetic oscillations 
(NEMO) in vivo.  
Methods: Over the past year, we have 
developed MRI pulse sequences using 
spin lock and rotary saturation 
techniques4,5 that are selectively 
sensitive to the magnetic field variations 
resulting from neural oscillations. In our 
theoretical models and phantom 
experiments, we have demonstrated a 
sensitivity to oscillatory magnetic fields < 0.02 nT. Here we focus on our recent experiments in 
vivo in humans, specifically on the direct MRI detection of neuronal oscillations in the alpha 
band (8-12 Hz) in human visual cortex. To minimize physiological fluctuations such as 
breathing-induced minute Bo changes, subjects were instructed to breathe in a controlled 
manner as illustrated in Fig. 1, while performing a simple task of opening and closing eyes, 
which is known to modulate alpha activity. The breathing frequency was set at 0.25 Hz, with the 
eyes open/close task set at 0.125 Hz. Using this paradigm, we carried out two experiments with 
our pulse sequence tuned for sensitivity to 10 Hz and 30 Hz oscillatory activity, respectively. In 
other runs, the subjects were instructed to keep their eyes open while the pulse sequence was 
tuned to 10 Hz, with the same controlled breathing pattern. Finally, a BOLD fMRI experiment 
was carried out using the same paradigm as shown in Fig. 1. 
Results: Fig. 2A shows significant visual activations while the subjects were performing the 
eyes open/close task, with the power spectrum confirming the stimulation frequency at 0.125 
Hz. Two control experiments, one with the same task but at a different tuning frequency (30 Hz), 
and the other at the same tuning frequency (10 Hz) but with eyes open, both show no activation. 
Comparison with the BOLD experiment (Fig. 2B) also confirmed that the observed NEMO 
activation in the visual area is of different spatial location and temporal phase from the BOLD 
activation. 

Fig. 1 Depiction of eyes open/closed task under controlled breathing. 
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Conclusions and 
Discussions:  We have 
demonstrated here 
preliminary results 
indicating the ability to 
directly detect NEMO with 
MRI in vivo. Further effort is 
underway to enable 
dynamic magnetic field 
mapping and shimming to 
allow free-breathing 
paradigms that will have 
broader applications in 
neuroimaging research. 
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A B 

Fig. 2  A: Activation in the visual area and power 
spectrum during eyes open/close task, using a 
NEMO tuning frequency at 10 Hz (top row). In 
comparison, the visual area was inactive in two 
control experiments (middle and bottom rows). 
Together these results suggest that our 
technique is uniquely sensitive to the changes of 
alpha band neuronal oscillations (as confirmed 
by EEG).  B: Spatial and temporal distribution of 
NEMO and BOLD activations, suggesting that 
NEMO activity is of a distinctly different origin 
from the BOLD activation signal. 
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Mapping Neuronal Chloride Microdomains 
Staley, Kevin J; Macdonald, Robert; Augustine, George; Bacskai, Brian; Qu, Shimiam 
Poster 158; Session 1A 

  
The neuronal cytoplasmic chloride (Cl) concentration is quite variable, and 10x lower than 
extracellular fluid.  The neuronal cytoplasmic and extracellular chorloride concentrations are the 
principal determinants of the polarity of GABAA signaling.  Millimolar differences in cytoplasmic 
Cl concentrations re separate excitatory GABA responses from inhibitory GABA responses.  
Recent evidence supports the idea that chloride is displaced by polyanionic macromolecules, for 
example the negative surface charges on structural proteins such as actin and polyglutamylated 
tubulin.  This creates the possibility of chloride microdomains, and the corollary of unique 
GABA responses at each GABAA synapse.  New tools needed to be created to test these 
possibilities.   

In the first year we have fused new, highly sensitive, dual-wavelength chloride indicators to the 
intra- and extra- cellular faces of individual subunits of synaptic (and soon, extrasynaptic) 
GABAA  receptors.  These constructs are nontoxic, exhibit normal GABAA receptor function, and 
normal membrane trafficking.  Fluorescence experiments demonstrate membranous expression 
and appropriate absorption and emission spectra. 

We are now calibrating these indicators in a variety of systems including HEK cells, cultured 
dissociated neurons, and organotypic brain slice cultures. In vivo studies are planned for the 
near future.  We are assessing fluorescence intensity, bleaching, stability, and spatial resolution.   

We next plan to study co-localization of the fluorophores and GABAA synapses by imaging and 
co-registration with GABAA synaptic proteins; explore the utility of fusions to additional subunits 
besides gamma2; and create a variety of expression vectors using AAV and lentiviral 
backbones, as well as transgenic animals. 

These tools will enable the exploration of chloride microdomains, their role in GABA signaling, 
information processing, and memory storage and retrieval.  The extracellular chloride reporters 
will provide the first-ever ratiometric assays of the fine structure of the extracellular matrix and 
its influence GABAA  receptor signaling in both health and after brain injuries that engender 
cytotoxic cerebral edema. 
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Robust Longitudinal Characterization of Brain Oscillations in the First 
3 Years of Life 
Stamoulis, Catherine 
Poster 159, Session 1B 
 
Postnatal human brain development is a dynamic process profoundly impacted by early 
experiences, and is characterized by multiple cognitive milestones. To date, the neural 
correlates of these milestones, particularly in the critical period of the first 3 years of life, remain 
poorly understood even at the macroscale. For example, changes in fundamental aspects of 
brain activity that may be correlated with these milestones have not been systematically 
quantified in the human brain. Longitudinally acquired electrophysiological (EEG) data during 
early development provide a unique opportunity to measure and characterize macroscale brain 
dynamics, including the trajectories of cortical oscillations (rhythms) and their networks, which 
are paramount to the communication between brain regions and neural information processing. 
This ongoing study aims to robustly estimate these dynamics from a relatively large task-
independent and visual task-related EEG dataset collected at multiple time points from 6 to 36 
months of life. To date, these data have shown that depending on their frequency, brain 
oscillations maturate at distinct rates and have distinct non-linear developmental trajectories 
with peaks that may be correlated with cognitive milestones. For example, task-independent 
beta, alpha and theta oscillation amplitudes rapidly increase from 6 to 18 months of life and 
rapidly decrease afterwards (Figure 2), presumably as a result of selective elimination of 
redundant neural connections and strengthening of the remaining circuitry. In contrast, gamma 
amplitude increases from 6 to 12 months, decreases from 12 to 24 months and increases again 
between 24 and 36 months (Figure 2). These results suggest that the gamma oscillation, which 
has been associated both with local neural communication as well as higher-order cognitive 
processing, may undergo multiple changes in the first 3 years of life as a function of the 
development of increasingly complex cognitive skills including language acquisition. In contrast, 
lower frequency oscillations, which have been associated with longer-range neural 
communication and a wide range of cognitive processes and behaviors may undergo distinct 
changes as a function of system maturation, including that the visuo-motor system. Although 
based on an ongoing analysis, these findings highlight the complexity of the underpinnings of 
brain development even that the macroscale but also the feasibility of estimating neural 
dynamics in the infant brain, which may help us better understand changes in cognitive function 
in early life.  
 
See Figures 1 and 2 on next page. 
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 Figure 1: Dynamic trajectories of neural oscillation 
frequency for the 6 dominant frequencies identified at 
each age (6 to 36 months). Mean trajectories (solid 
lines) and corresponding confidence intervals (dashed 
lines) are superimposed. Identified oscillations in the 
mean range 35-42 Hz ~20-23 Hz, 11-13 Hz, 6-7.5 Hz, 
3.5-4.5 Hz, and 1.5-2.8 Hz were identified 

Figure 2: Corresponding amplitude trajectories for the 
gamma (top left panel) to low delta (bottom right 
panel) oscillations 
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Remote Regulation of Neural Activity 
Stanley, Sarah Amy 
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This work describes a system for bidirectional, remote control of neural activity in vivo. Using 
targeted expression of modified temperature sensitive channels and genetically encoded ferritin 
to generate intracellular nanoparticles, we can activate or inhibit neurons using non-invasive 
radiowaves (RF) or magnetic fields. We have validated these tools in vitro using imaging and 
electrophysiology. In vivo, targeted modulation of hypothalamic glucose-sensing neurons using 
this system bidirectionally regulates blood glucose and controls hepatic and pancreatic function 
as well as behavior. Our studies show the utility of non-invasive modulation of neural activity in 
vitro and in vivo as well as establishing a major role for specific hypothalamic glucose-sensing 
neurons in glucose homeostasis.  
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Cortical Circuits and Information Flow during Perceptual Decisions 
Huda, Rafiq; Pho, Gerald; Goard, Michael J; Gunter, Liadan; Crawford, Ben; Malik, 
Wasim; Chung, Kwanghung; Brown, Emery; Wickersham, Ian; Sur, Mriganka 
Poster 161; Session 2B 
 
The mammalian brain has a remarkable ability to use sensory information to guide action 
selection.  Despite intense efforts, circuit-level mechanisms underlying such sensorimotor 
transformations remain unclear. In this project, we have used two photon imaging and 
optogenetics in awake behaving mice to test the involvement of two cortical areas, posterior 
parietal cortex (PPC) and the anterior cingulate cortex (ACC), implicated in this process. In the 
first project, we examined the role of PPC in visuomotor decisions: while the PPC has been 
implicated in perceptual decisions, its specific role at the interface between sensation and action 
remains unresolved. Mice were trained on a go/no-go visual discrimination task with distinct 
stimulus and motor epochs. We first tested the necessity of PPC and the primary visual cortex 
(V1) during the different task epochs using VGAT-ChR2 transgenic mice, which express ChR2 
in inhibitory neurons. Optogenetic inactivation revealed that both V1 and PPC were necessary 
during the stimulus period, but not for execution of the motor response. We then used two-
photon calcium imaging to measure population activity in V1 and PPC during engagement in the 
task and during passive viewing of the same stimuli. Whereas V1 responses were driven by 
visual stimuli alone and only weakly modulated by task engagement, PPC responses were 
strongly gated by engagement and signaled the impending response. PPC responses exhibited 
signatures of classical decision neurons: they reflected both the animal’s choice on error trials, 
as well as the degree of sensory evidence, which was manipulated using stimuli of varying 
contrasts. Lastly, to test whether PPC primarily encoded information about the stimulus or the 
choice, we re-trained mice with a reversed stimulus-reward contingency, and imaged the same 
neurons before and after the switch. We found that stimulus selectivity in PPC, but not V1, was 
dramatically reversed after retraining on the new contingency. Our results are consistent with a 
role of the mouse posterior parietal cortex in transforming sensory information to motor 
commands during perceptual decisions. 
In the next study, we examined the role of the anterior cingulate cortex in visual decision-
making. Using rabies virus-assisted anatomical tracing, we determined that the ACC receives 
direct inputs from V1. As expected, our two-photon imaging experiments in awake, passively 
viewing mice revealed that a subset of ACC neurons is visually responsive. Next, we recorded 
specifically from ACC-projecting V1 neurons using rabies viruses encoding GCaMP6f. 
Moreover, we tested the effect of silencing the visual cortex with a chemogenetic method on the 
visual responsiveness of the ACC. Together, these experiments revealed that the cortical visual 
pathway originating in the primary visual cortex functionally contributes to the visual drive of the 
ACC. To evaluate the role of the ACC in visual decision-making, we developed a visual location 
discrimination task. Mice were trained to report their decisions by moving a trackball left or right 
using their forepaws, depending on the location of a visual stimulus on the screen. Over weeks 
of training, mice became proficient at the task, allowing us to probe the involvement of the ACC. 
To reversibly and transiently inhibit the ACC, we injected a Cre-dependent virus encoding ChR2 
in the ACC of PV-Cre mice and implanted an optic fiber above the injection site. Optogenetic 
inactivation revealed that ACC is necessary for performance on this task. Notably, ACC 
inactivation only impaired task performance when the instructive visual cue was contralateral to 
the site of inactivation. These results suggest that ACC transforms visual information to guide 
action selection during perceptual decisions. Since both the PPC and ACC are involved in 
perceptual decisions, we are currently evaluating the interplay between these structures to 
elucidate their respective contributions.  
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Massive-Scale Multi-Area Single Neuron Recordings to Reveal 
Circuits Underlying Short-Term Memory 
Yildirim, Murat; Goard, Michael; Rowlands, Christopher; Pho, Gerald; Huda, Rafiq; So, 
Peter; Sur, Mriganka 
Poster 162, Session 1A 
 
Short-term memory is a fundamental cognitive process underlying an array of complex abilities, 
but its neural mechanism is not fully understood. Many brain regions are implicated in memory-
guided decisions, including visual, association, and motor cortices as well as subcortical 
structures. However, it is not mechanistically understood what regions are involved when, what 
neuronal subsets are recruited within these regions, or how they interact to represent 
information relevant to behavior. Conventional two-photon imaging systems offer high resolution 
imaging of the required brain regions, but the field of view is typically smaller than a cortical area 
in a mouse (e.g., primary visual cortex), which in turn inhibits the simultaneous measurement of 
neural activity in different brain regions. In this project, we aim to elucidate the role of specific 
cortical regions and neuronal subsets in a visually-cued memory-guided discrimination task, in 
order to understand the neural mechanism of short-term memory. For this purpose, we will 
perform  very large scale (>10 mm2) calcium imaging through two-photon microscopy in 
behaving mice to measure activity of thousands of neurons simultaneously across multiple brain 
regions. We are currently able to scan regions of 1 mm2 in area through multiple superficial 
depths, at scan rates of ~5 frames/sec, to record the activity of ~1000 neurons labeled with 
GCaMP6s. This allows us access to the primary visual cortex (V1), the posterior parietal cortex 
(PPC), or the frontal motor cortex (fMC).  Studies in mice trained to discriminate one visual 
stimulus from another, and respond after a short delay, have revealed activity in the fMC during 
the visual stimulus period and delay period, in addition to the response period.  
To obtain larger scale (>10 mm2) calcium imaging through two-photon microscopy, we have 
developed a novel system which includes non-descanned multifocal microscopy with a single 
photon counting camera, custom-made intermediate optics, and a custom made objective and 
tube lens (5x/0.7NA) to preserve the signal to noise ratio (SNR) and high resolution across the 
entire field of view. We will generate and scan multiple foci using a diffractive optical element 
(DOE) which will allow us to image multiple brain regions simultaneously. Due to the large 
scanning angle of the galvo-mirrors, we have designed the optics, objective and tube lens to 
minimize aberration while preserving high resolution in the imaging system. The system is 
designed for an excitation wavelength of 920 nm to target green calcium indicators with two-
photon microscopy. Within the limit of the average laser power, we will effectively generate 36-
64 foci on the sample with a standard Ti:Sapphire oscillator, resulting in approximately two 
orders of magnitude improvement in imaging speed. The non-descanned geometry will guide 
the emitted light to the detector directly by placing a dichroic mirror between the objective and 
the tube lens in order to maximize collection efficiency. The single-photon-counting camera will 
allocate each focus to a different pixel through a lenslet array. Combining the above system 
components will allow us to perform high speed, large field-of-view functional neuronal imaging 
in awake behaving mice, including many thousands of neurons from multiple cortical regions. 
This will allow the measurement of neural dynamics across multiple regions (e.g., V1, higher 
visual regions and PPC) during performance of the memory-guided sensorimotor decision task. 
As a future direction, we believe that we can advance this massive scale, high speed two-
photon calcium imaging to three-photon calcium imaging to discover how task-relevant 
information is coded in deeper cortical layers and brain structures.  
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Label-Free Spectroscopic Platform for Identification and Chemical 
Profiling of Cell Types and Their Connections in the Brain 
Bhargava, Rohit; Gillette, Martha; Sweedler, Jonathan 
Poster 163; Session 1B 
 
This project will create a chemical information-rich, multimodal spectroscopic approach for label-
free profiling of individual brain cells using both single cell mass spectrometry (MS) and Raman 
spectroscopy. First, we seek to advance the emerging technique of stimulated Raman 
scattering microscopy (SRSM) to provide micron scale chemical information in intact brain 
slices. With vibrational spectral data from every location of a living brain slice, dynamic chemical 
changes can be followed without the need to label the tissue. The Raman spectra contain 
tremendous chemical information but the data is coded in complex overlapping molecular 
vibrational bands. With appropriate training sets-derived from the Raman data and comparing it 
to the chemical contents of individual cells obtained using MS--a series of mathematical models 
will be developed that create unlimited "Computational Histology" maps. In order to (a) inform a 
mathematical model in the development phase using specific molecules and (b) greatly 
augment the chemical information obtained from these studies, dissociated cells will be 
subjected to another measurement-high throughput single cell MS-on tens of thousands of cells. 
Single cell MS provides detail on hundreds of components in each cell, effectively mapping 
each cells' peptidome and metabolome. The MS data includes unique information on the 
metabolic state of these cells and allows us to define known and unknown cell types. 
Computational models will be used to correlate the SRSM data to the MS-derived chemical 
content as well as deliver strategies to examine the dynamic changes and heterogeneity in brain 
tissue. These technologies will be validated using the dentate gyrus. The focus of the work will 
be on the hippocampal neurons and glia of the dentate gyrus and their involvement in memory 
formation, and issues related to astrocyte morphology changes. By performing patch clamp 
physiological measurements and detailed MS-based metabolomic profiling on the patched cells 
of the dentate gyrus, the SRSM and single cell MS technology platform will be validated by 
investigating this complex area of the brain containing many cell types, heterogeneous 
morphologies, and chemical characteristics. These technologies will provide unmatched detail 
on the chemical content and dynamics within this defined brain region, answer long intractable 
questions related to cellular heterogeneity, and relate this information to organization and 
functional processes such as long term potentiation. 
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Micro-Scale Real-Time Decoding and Closed-Loop Modulation of 
Human Language 
Tandon, Nitin 
Poster 164; Session 2A 
 
Overview: Humans produce language, a defining characteristic of our species and our 
civilization. We select words precisely out of a large lexicon with remarkably low error rates. Not 
unsurprisingly, complex speech production system is easily affected by disease. Brain damage 
induced language disorders affect millions, and with little hope of remediation. Research on the 
anatomical, physiological, and computational bases of speech production has made important 
strides in recent years but has been limited by a glaring lack of information on the dynamics of 
the process. This is a limitation that pertains to the low spatio-temporal resolution of available 
tools to collect data and the effectiveness of the current tools for analysis.  
 
Planned Activities: The overarching goal is to develop a network level understanding of 
cortical representation and fine-grained connectivity in the human language system. Microarrays 
will be used to perform closed-loop decoding of sensorimotor processes during speech 
production and transient neuromodulation of the language system in patients with epilepsy 
undergoing intracranial electrode placement for the localization of seizures. However, fine-
grained representation of sensorimotor loops in the language system necessitates the 
development of ultra-small, energy efficient, wireless detectors. This will enable the eventual 
application of the knowledge gained in this exploratory project to patients who have sustained 
neurological injuries that have resulted in pervasive language impairments. This is an integrative 
project that brings microelectronics together with state of the art large data analysis techniques 
to develop a first of its kind system to remediate language disorders. 

Expected Outcomes: The long-term objective of this research effort is to generate an 
integrated system level understanding of the language system. The engineering objective is to 
develop biocompatible sub-microchips to gain insight in cognition and learning. Miniaturized 
microchips in silicon technology will be developed that can 
record neural signals, digitize them, and transmit the signals to 
an in vitro receiver. The three-fold thrusts of this project will be 
integrated when the PIs develop closed-loop real time decoding 
and transient neuromodulation system based a population of 
miniaturized wireless detectors and neuromodulators. The 
system has the potential to provide an unprecedented detailed 
understanding of the human language system and provide the 
framework and hardware for neural prosthetics in patients with 
aphasia and other language disorders. The project has the 
potential to shift neuroengineering from recording and 
modulating in “only” a few regions of the brain to deploying a 
population of ultra-small, energy efficient and wireless detectors-
modulators with energy harvesting capabilities across multiple 
brain areas.  
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Optical Tools to Study Neuropeptide Signaling 
Tantama, Mathew; Norcross, Stevie  
Poster 165; Session 2B 
 
Neuropeptides are neuromodulators that regulate the physiology of cells, synapses, and neural 
circuits in the brain. For example, opioid neuropeptides are involved in pain and analgesia, and 
altered opioid neuropeptide levels have been observed in addiction, depression and anxiety, as 
well as a number of other neurological disorders. Clearly, neuropeptides play a significant role in 
modulating behavior and cognition, but many aspects of neuropeptide signaling are not well 
understood. Unlike classical fast synaptic transmitters such as glutamate and GABA, 
neuropeptides can be released both at the synapse and outside the synapse. Neuropeptides 
can also diffuse significant distances from where they were released. At distant sites, 
neuropeptides can continue to function as signals at low concentrations by activating high 
affinity G-protein coupled receptors. Thus, neuropeptides engage in signaling over much 
broader spatial and temporal scales than synaptic transmission, and these spatiotemporal 
characteristics have made it difficult to precisely study how neuropeptide signals propagate 
throughout the brain. This experimental barrier has left important gaps in our knowledge of how 
the neural circuits that are responsible for behavior and cognition are modulated. Therefore, in 
order to overcome this critical barrier and enable neuropeptides to be directly studied in healthy 
and diseased brain tissue, this poster will present our plans to develop (1) a genetically-
encoded fluorescent protein-based biosensor to record neuropeptide signaling and (2) a 
genetically-encoded light-activated bioactuator to modulate neuropeptide signaling. 
 

  



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

Genetically Encoded Sensors for the Biogenic Amine: Watching 
Neuromodulation in Action   
Tian, Lin 
Poster 166; Session 1A 
 
The goal of this proposal is to develop a toolbox of genetically encoded indicators for biogenic 
amines, the most important family of neuromodulators. All nervous systems are subject to 
neuromodulation, which reconfigure the dynamics of neural circuitry by transforming the intrinsic 
firing properties of targeted neurons and regulating their synaptic plasticity. The altered 
dynamics of the neuromodulators have been implicated in a number of human neurological and 
psychiatric diseases, including Parkinson’s, schizophrenia and addiction. Existing tools for 
detecting neuromodulators, such as microdialysis and cyclic voltammetry, are useful, but are 
also limited as they lack cell type and molecular specificity and are inadequate in spatial 
resolution to study signaling events at individual synapses. One potential solution would be 
genetically encoded indicators based on fluorescent proteins combined with modern microscopy 
allowing direct and specific measurement of diverse types of neuromodulators with enhanced 
spatial and temporal resolutions. Recently we have successfully established technology 
platform for the development of genetically encoded indicators of neural activity. We have 
generated a sensor for the excitatory neurotransmitter glutamate (iGluSnFR; Marvin et al., 
2013) and demonstrated its utility for detection of fast signaling events in worm, fish, fly and 
mouse. We have previously applied similar protein engineering methods to the design of 
GCaMP (Tian et al., 2009- cited ~600 times; Chen et al., 2013) and RCaMP (Akerboom et al., 
2013) calcium indicators. Broad applications of these sensors have led to breakthroughs in the 
field of systems neuroscience by permitting large-scale sensing of neural activity in behaving 
animals, launching a critical step towards decoding neural circuitry function. Standing on this 
solid foundation of past success, we propose to apply the established sensor design and 
optimization platform to the development of a set of specific, targetable and ultrasensitive 
sensors for the biogenic amines, with a focus on dopamine, the most behavioral pervasive 
neuromodulator. State-of-the-art sensors for these molecules will facilitate the non-invasive, 
precise, direct and continual measurement of released neuromodulators at both the synaptic 
and circuit levels in live model organisms. Such technology advance in optical recordings will 
facilitate neural circuitry mapping and paint a dynamic picture of neuromodulation systems in 
regulating neural circuitry and behavior. Given the clear relevance of the biogenic amines to the 
neurological diseases, these sensors are especially beneficial for long-term studies of human 
stem cell and animal disease models (specially the Parkinson’s disease) and evaluating the 
effects of candidate therapeutics.  
We have successfully obtained a few promising DA sensors based on redesigning glutamate-
binding pocket to bind to DA, which will be next characterized in living neurons. As a parallel 
effort, we have developed new scaffold proteins, including both PBP and non-PBP proteins, as 
promising templates for altering specificity towards biogenic amines. Computational models for 
each of biogenic amines based on these new scaffolds have been developed. Combined with 
direct evolution, we are screening sensors for biogenic amines, especially DA, NE and 
serotonin, with high specificity and sensitivity in a high-throughput manner. In addition, the new 
axonal targeting strategies we developed are expect to be broadly used to locate optogenetic 
tools to specific axons to improved the utilities of these tools.  
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Reverse Engineering Neocortical Intelligence  
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Siapas, A.; Urtasun, R. ; Xu, C.; Zemel, R.  
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Our research mission is to advance artificial intelligence (AI) by creating novel neuroscience-
inspired machine learning (ML) algorithms. We will apply these algorithms to target areas where 
current AI systems lag significantly behind human performance.  
State of the art machine learning (ML) relies on discriminative feed-forward networks known as 
Deep Convolutional Networks (DCNs). These networks excel at some tasks such as object 
classification, but fail at others such as scene understanding, for reasons that are poorly 
understood. The mathematically optimal solution for a variety of real-world applications would 
be Bayesian inference on an accurate generative probabilistic graphical model of the world, 
such as inverse computer graphics for vision. Alas, this ideal solution is fundamentally 
intractable, and simplifications are necessary. Approximations to this Bayesian ideal require two 
key features: the ability to learn a graphical model structure from data, and efficient local 
message-passing algorithms for inference. There is ample behavioral evidence that the brain 
performs approximate Bayesian inference, so the brain must have developed its own algorithm 
incorporating these features.  
Our team’s recent work has revealed a previously unrecognized correspondence between deep 
convolutional networks and an inference algorithm on a simple probabilistic graphical model. 
This correspondence helps explain why deep nets succeed at tasks where that simple model is 
a tolerable approximation, and why DCNs fail at tasks that cannot be easily formulated within 
that model. DCNs lack several basic message-passing properties in which the brain appears to 
invest substantial resources, such as feedback, dynamics, and complex plasticity rules. To 
improve machine learning and remedy these shortcomings of DCNs, we will study how the 
brain’s circuits transform information and learn the statistical structure of the world, and we will 
incorporate these features into novel machine learning algorithms. Critically, our theoretical 
framework provides a principled way to translate novel empirical findings about the activity of 
populations of cortical neurons into the context of new architectures and algorithms for ML. 
To successfully extract these computational operations from the brain, we will study cortical 
networks across three hierarchically organized visual areas in a behaving mouse. We will use 3-
photon imaging (3PI) and 3D random-access 2-photon imaging (3D-RAMP) to reveal the 
distributed patterns of neural activity in responses to artificial and natural stimuli. The 
transformative capabilities of 3PI will allow us to record non-invasively from nearly all 
(~100,000) neurons in 1 mm3 of cortex in vivo, across all six neocortical layers. In collaboration 
with Drs. Reid and da Costa of the Allen Institute for Brain Science and Dr. Seung of Princeton 
U. we will register these functional data with subsequent EM reconstruction of the connectome 
in the same tissue. Thus, we will achieve a full characterization of the functional properties, 
morphology, and connectivity of all neurons in all six layers across three interconnected areas of 
the mammalian cortex. With data of such unprecedented completeness, we will analyze real 
and simulated activity patterns to infer the message-passing algorithms and learning rules used 
by the distributed code of the neocortex. 
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Studying the Mechanisms of Ultrasonic Neuromodulation In Vitro and 
In Vivo 
Sato, Tomo; Lacroix, Jerome; Shapiro, Mikhail; Tsao, Doris 
Poster 168; Session 1B 
 

Non-invasive ultrasonic neuromodulation, the precise control of neuronal activity using focused 
ultrasound (FUS), represents an emerging and promising technology to understand the 
fundamental role of specific brain circuits in living animals and also to treat more effectively 
certain brain pathologies such as Parkinson’s disease and anxiety disorders. Yet, despite a 
large number of empirical studies showing effective neuromodulation in rodents and brain tissue 
preparations, this technique presently fails to produce predictable and consistent 
neuromodulatory responses. This pitfall likely arises from our lack of understanding of the basic 
molecular mechanisms that enable biological systems to transduce acoustic energy into 
biological signals. To fill this gap, we have developed tools to perform ultrasound stimulation of 
cells, brain slices, and in vivo and measure biological responses using artifact-free optical read-
out. In particular, we have obtained reproducible and robust intracellular calcium signals in 
response to ultrasound stimulation of a cultured human cell line. This in vitro system will be 
used to identify basic molecular processes responsible for the transduction of ultrasound energy 
into calcium signaling. In parallel, our first approach to systems-level ultrasonic neuromodulation 
was to image cortex-wide activity in vivo in transgenic mice expressing a neuron-specific 
fluorescent calcium indicator. Using high-speed calcium video recording in skull-thinned 
animals, we were able to directly assess brain FUS-induced brain cell activity in anesthetized 
animals. Using ultrasound powers and focal volumes similar to those used in literature for 
reliable motor stimulation, we routinely observed a cortex-wide activation. Cross-sensory 
modality signals, connections between brain regions, stimulation of white matter tracts, and 
reflection of ultrasound within the skull all likely contribute to this effect. However, a number of 
spatially-specific in vivo brain circuits were found even at these powers. We are currently in the 
process of adjusting parameters and ultrasound delivery methods to demonstrate reliable focal 
stimulation in vivo for a variety of brain regions and study its mechanism. 
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High-speed Volumetric Imaging of Neuronal Network Activity at Depth 
Using Multiplexed Scanned Temporal Focusing (MuST) 
Vaziri, Alipasha  
Poster 169; Session 2A 
 
Understanding how neural networks perform cognitively relevant functions is a major goal of 
modern neuroscience, which requires the ability to record simultaneously, and independently 
from large of neurons that make up even the simplest networks. This task has been hampered 
by the lack of available tools and technologies. We propose to design and build a device that 
will push the boundaries of existing technology for imaging the activity of large-scale neuronal 
networks at high speed and single cell resolution. This will be done by combining multiplexing 
strategy and light-sculpting microscopy in combination with amplified laser systems with 
optimized pulse characteristics. Our approach will enable unbiased calcium imaging of 
volumetric field of views of 500x500x500um at 20Hz. Such an imaging system provides the 
ability to monitor the dynamics of network activity of tens of thousands of neurons near-
simultaneously. In the mammalian cortex this capability provides the opportunity to gain insights 
into the computational principles for information processing as it will allow capturing and 
correlating the dynamics of the network activity across cortical layers. Our technology will be 
developed through an iterative and in a user-led fashion with our collaborator at Columbia 
University where it will be made accessible to the neuroscience community. The dissemination 
of this technique will be further facilitated by providing a dedicated website including open 
source code and detailed list of materials and instructions for its design and operation. 
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Electrogenetic Reporters of Neural Activity 
Wachowiak, Matt; Tabib-Azar, Massood; Tdrvik, Petr; White, John 
Poster 170, Session 2B 
 
The goal of this project is to develop a new class of genetically-encoded reporter of neural 
activity that use electrical or magnetic signals to report action potentials in genetically-targeted 
neurons, as opposed to using optical signals as is the case for all current genetically-encoded 
reporters. The proposed 'electrogenetic' probes will allow neural activity to be recorded with high 
fidelity from defined cell types across the entire physiological range of neuronal firing rates, from 
any location in the mammalian brain, and in the freely-behaving animal. Our strategy  leverages 
existing and widely available technology for recording electromagnetic signals in the brain, and 
thus has the potential to be rapidly adopted for a wide range of neuroscience applications. 

 
Genetically-encoded reporters of neural activity have been a transformative tool for 
understanding brain function because they allow for the simultaneous monitoring of activity 
across many neurons defined by genetic, anatomical and connectivity criteria. However, their 
reliance on optical signals as a reporting modality places fundamental limitations on currently-
existing probes that severely limit the ability to record neuronal activity at millisecond resolution 
within any brain structure and in the freely-behaving animal. In this NSF EAGER project we are 
pursuing a new modality for genetically-encoded reporters of activity which relies on 
electromagnetic signals that can be detected with conventional electrophysiological techniques, 
or with techniques that leverage existing technology from other arenas, such as the detection of 
radio waves or magnetic field transients.We are pursuing two strategies aimed at establishing 
such a new reporting modality. Both approaches are well-grounded in theory and both leverage 
existing technologies for detecting electromagnetic signals.   
 
Strategy 1 will develop a genetically-encoded protein (the reporter) that alters the extracellular 
action potential waveform to make it easily distinguishable from non-expressing cells and, 
ideally, increases its signal-to-noise ratio over other cells. Such a probe would leverage the 
existing, highly mature technology for recording and analyzing extracellular electrical signals in 
behaving animals. Currently, the first such candidate reporter protein is in production as a viral 
vector for testing in HEK cell lines and, subsequently, for expression and function in mouse 
brain. 

 
Strategy 2 will develop a reporter that generates action potential-triggered magnetic field signals 
that can be detected with near-field, nanoengineered magnetometer probes.  With this 
approach, novel candidate magnetic reporter proteins are being developed from existing 
genetically-encoded ferroproteins. In parallel, magnetosensors optimized to detect these signals 
in brain tissue are being developed. This approach leverages recent advancements in the 
development of nano-scale magnetic field sensors that are highly sensitive at room or body 
temperature.  We have identified three candidate reporter protein strategies, all of which involve 
ferromagnetic domains positioned to sense transmembrane potential.  

 
We have also made substantial progress in developing magnetometers to detect magnetic fields 
as low as 1 pT at room temperature. These sensors are now suitable for 
magnetoencephalography (MEG) and detection of magnetic dipoles of the reporter proteins. 
Three important innovations that were introduced to achieve the 1 pT resolution are: 1) 
development of noise cancellation circuit, 2) development of parametric feedback, 3) shielding, 
4) coupled sensors to reject common modes and amplify the signal, and 5) integrated 
piezoelectric transduction with the permanent magnet sensing region. We are in process of 
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developing a sensory array device that can be used to monitor brain activity with overlapped 
magnetometers and EEG electrodes. These arrays can be used in test animals to detect 
magnetic dipoles of the reporter proteins.  
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Wireless Measurement of Neuronal Currents Using Spin-Torque 
Nano-Oscillators 
Waks, Edo; Shapiro, Benjamin 
Poster 171, Session 1A 

  
The brain is a complex network of interconnected circuits that exchange signals in the form of 
action potentials.  These action potentials hold the key to understanding how the brain 
processes information and generates complex thought.  However, the ability to non-invasively 
detect localizes currents from individual neurons or small clusters remains one of the grand 
challenges of neuroscience, and is essential to understand the inner workings of the brain.   
As part of an NSF funded research program (award number DBI1450921) we are developing a 
novel method for non-invasive measurements that will be able to read out action potentials 
across the whole brain from single neurons. Our approach takes advantage of recent advances 
in spintronic devices to create injectable nano-reporters that will measure weak electrical signals 
in the brain and convert them to microwave signals that can be detected wirelessly outside the 
body.  Action potentials create a voltage signal lasting a few milliseconds.  We will utilize a 
nano-sized device called a spin-torque nano-oscillator (STNO) to convert these signals to 
microwave magnetic field oscillations that can be detected by magnetic induction.  The STNO is 
a variant of the giant magneto-resistor, which earned the Nobel Prize in 2007.  It is composed of 
two ferromagnetic layers, a pinned layer that has a fixed magnetic moment and a free layer 
whose magnetic moment can precess in the presence of a magnetic field.  When current flows 
through the STNO, the pinned layer generates a spin-polarized current that induces microwave 
frequency spin precession in the free layer, a process known as spin-transfer torque.  These 
microwave spin oscillations can be detected and localized by magnetic induction.   

 

 
Figure 7: (a) Camera image of electrically contacted device with microwave probe used to inject 
small currents (left), along with the lithographically patterned antenna to wirelessly detect currents 
from the device. (b) Measured power spectral density of the wireless for various input currents. 
(c) Total power as a function of distance between the receiving coil and the spin-torque nano-
oscillator. We can observe a clear signal at distances approach 7 mm and expect that further 
distances are possible. 

In the first year of our project we have demonstrated, for the first time, that spintronic devices 
can wirelessly report the presence of small local currents by magnetic induction.  Figure 1 
illustrates our recent results.  Panel (a) shows a camera image of the device and microwave 
receiving coil we developed to demonstrate this capability.  Panel (b) shows the microwave 
wireless signal power spectrum generated when we apply weak continuous currents to the 
device.  We observe a clear wireless signal.  Panel (c) plots the detected signal power as a 
function of distance between the device and the receiving coil, which shows that we are able to 
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measure a signal at distances approach 7 mm.  These distances are already very interesting for 
measuring signal from tissue below the brain surface, and we estimate that even longer 
distances are possible. 
In our previous measurements we generated weak currents using a controlled power supply.  In 
our next step we plan to extract signal directly from single neurons in order to demonstrate 
wireless transmission of neuronal action potentials.  We have partnered with several 
collaborators in the neuroscience department at the University of Maryland who have extensive 
expertise in performing measurements on live neurons.  In addition, we anticipate that neurons 
will generate much weaker currents than what we have been using in our current experiments.  
Thus, we plan to employ spintronic devices that operate at much lower current levels.  Our 
collaborator, Dr. Krivorotov at the University of California, Irvine, is in the process of preparing 
lower current devices that we expect will have the proper thresholds to be driven by neuronal 
action potentials.  If successful, these results will represent a major step towards application of 
spintronic devices for neuroscience and neuro-imaging. 
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Magnetic Particle Imaging (MPI) for Functional Brain Imaging in Humans 
Wald, Lawrence L; Griswold, Mark; Conolly, Steven 
Poster 172; Session 1B 
 
In our Brain Initiative planning grant we propose several 
engineering developments to advance Magnetic Particle 
Imaging (MPI) to replace MRI as the next-generation 
functional brain imaging tool for human neuroscience. We 
have assembled a group of technology experts including those 
at MGH, Case, and UC Berkeley to solve a myriad of identified 
and unidentified barriers anticipated in bringing MPI from the 
rodent level to the human brain. We employ simulation and 
bench-top experiments to characterize and test solutions for 
these technical obstacles and validate thru bench testing. 
Finally we will simulate the overall performance of the planned 
device and assess its benefit for human functional brain 
imaging. 
MPI is a young but extremely promising technology that uses 
the non-linear magnetic response of ironoxide nanoparticles to 
localize their presence in the body. MPI directly detects the 
nanoparticle’s magnetization rather than using secondary 
effects on the Magnetic Resonance relaxation times. Thus, 
while MPI and MRI share many technologies, the MPI method does not use the MR phenomena 
in any way.    
Our plan is to detect the activation-induced and resting-state changes in the iron-oxide 
concentration in the cerebral capillary network by monitoring the local iron oxide concentration 
(and thus local Cerebral Blood Volume, CBV). This CBV-contrast source is well-proven in 
animal and human fMRI studies which detect CBV changes of about 25% during activation by 
indirect MRI assessment of iron concentration using the same iron-oxide agents. But, by 
developing MPI as the detection modality, we show that there is a potential 120-fold increase in 
the contrast-to-noise ratio (CNR) of neuronal activation.  This astronomical detection benefit 
dwarfs any potential benefit envisioned by improving MRI 
technology.  
The principle goals of the grant are to 1) validate the intrinsic 
sensitivity to the changes in CBV expected with the blood iron 
concentration expected, 2) validate that the components of 
MPI such as the oscillating “drive field” can be scaled up to 
humans without Peripheral Nerve Stimulation (PNS), and 3) 
determine the largest imaging gradient that can be constructed 
for a zero-field line scanner in humans. 
Toward the first of these goals, we have developed an MPI 
detector and show it can detected the needed blood-iron levels 
expected after injection (see figure).  Our next step is to scale 
this system up to human size (~8cm diameter “surface coil” similar to what is used in MRI.   We 
have also begun checking the PNS thresholds of human-head sized drive fields.  To do this, we 
first calculate electric field patterns in a body model and then solve the differential equations 
which model nerve thresholds via the model of titration to determine the amplitude threshold at 
which they fire.  This is done for “test neurons” placed along lines in the body model mimicking 
peripheral nerves.  The recent breakthrough is that this is available in a commercial software 
package from SemCad in Zurich.    

Sensitivity test set-up for detecting 
diluted samples in 3mm dia bulbs. 
Detector coil is a parallel-tuned 
gradiameter and drive coil is a 
series-tuned solenoid. 

Sensitivity trace with and without 
45 ng Fe2O4 sample. Showing 
sensitivity of even primitative 
detector system to changes in 
blood iron levels. 
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E field and nerve threshold titration 
in a simple body model from a 
conventional MR gradient coil 
simulated in SemCad Sim4Life…. 
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Photoacoustic Tomography of Brains in Action 
Zhang, Ruiying; Rao, Bin; Rong, Haoyang; Li, Lei; Yao, Junjie; Raman, Barani; Wang, 
Lihong  
Poster 173; Session 2A 

Strong light scattering in brain tissue leads to an unfavorable tradeoff between spatial resolution 
and penetration depth in optical neuroimaging in small animals. Photoacoustic tomography 
(PAT) overcomes this limitation by acoustically detecting optical absorption, which enables 
structural, functional, molecular, and 
metabolic brain imaging with highly scalable 
penetration depth and spatial resolution 
(Fig. 1). Multi-scale PAT with endogenous 
contrasts (e.g., cytochrome, hemoglobin, 
lipids, and water) has been successfully 
applied to mouse brains. Of even greater 
interest, PAT is inherently well-suited for 
imaging various optical indictors 
(fluorescent or non-fluorescent) of neuron 
action potentials, such as the membrane-
voltage-sensitive dye dipicrylamine (DPA) 
and the calcium-sensitive protein 
GCaMP5G.  

In an initial study, we demonstrated 
photoacoustic recording of neuron signals in 
DPA stained mouse brains in vivo. In one 
study with 3 Hz electrical stimulations on 
the mouse’s hindpaw, the voltage-sensitive 
PA signals from DPA, which were 
modulated by the neuron membrane 
potentials, showed a strong frequency peak 
at ~3 Hz and at its second harmonic of ~6 
Hz (Fig. 2a). In another study with 4-AP-
induced epilepsy, the voltage-sensitive PA 
signals showed a relative increase of >300% 
during epilepsy (Fig. 2b). Both studies 
confirmed the feasibility of PA recording of 
neural activities using voltage-sensitive 
dyes. 

In a fruit fly model, we performed 
photoacoustic imaging of the GCaMP5G–
expressing brain, with a 1 kHz recording 
rate. During odor-induced action potential 
firing and synaptic input, calcium ions 
entered neurons and bond to GCaMP5G 
molecules, resulting in an increase in the 
optical absorption of GCaMP5G and thus 
an increase in the photoacoustic signals 
(Fig. 3a). We observed varied neural 
responses at different depths of the brain 

 
Fig. 1. Multi-scale multi-contrast PAT of mouse 
brains. (a) Macroscopic PA image of mouse brain 
cytochrome distribution. (b) Microscopic PA image of 
mouse cortical vasculature. (c) Overlay of the brain 
anatomy (shown in blue) and cortical vasculature 
(shown in red).  
 

Fig. 2. In vivo photoacoustic imaging of DPA-stained 
mouse brains. (a) Frequency spectrum of the voltage-
sensitive signals in response to 3 Hz electrical 
stimulations. (b) Relative changes in voltage-sensitive 
photoacoustic signals in response to 4-AP induced 
epilepsy. 

 

Fig. 3. In vivo photoacoustic imaging of the 
GCaMP5G–expressing brain of a fruit fly under odor 
stimulation. (a)  Relative PA signal change over time. 
(b) PA signal changes at various depths in the brain. 
The gray box in (a) and the dashed lines in (b) both 
indicate the odor stimulation period. 
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(Fig. 3b).  

We conclude that PAT has great potential to be the next generation imaging modality of choice 
for multi-scale brain mapping in vivo. 
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Use of Calcium Indicator Proteins in Spike Counting Mode 
Wang, Samuel; DiGregorio, David  
Poster 174; Session 2B 

 
A long-term goal of the BRAIN Initiative is to track activity in large numbers of neurons 
individually in behaving animals, thus capturing the information processing that is done by brain 
circuitry. A universal signal in neurons when they are active is the messenger ion calcium. By 
examining changes in calcium concentration following each action potential in an individual 
neuron, researchers can track that neuron's activity, but at present, the time resolution of this 
approach is limited, due in part to the slow binding kinetics and nonlinearity. The overall 
objective of this application is to use calcium-sensitive probes in spike-counting mode to detect 
individual action potentials as discrete events in space and time. To achieve this we propose to 
improve further the kinetics of Fast-GCaMPs, a family of fast-responding genetically encodable 
calcium indicators, and target them to presynaptic boutons, whose large surface-to-volume ratio 
leads to large spike-triggered changes in [Ca2+] that decay substantially by the time of the next 
spike. Screening of novel GECI variants will be performed using stopped-flow fluorimetry on 
purified protein, followed by ex vivo and in vivo measurements using AAV-driven expression, 
including a conditional strategy using transgenic mice in which Cre recombinase is expressed in 
cerebellar granule cells. Floxed AAV viral constructs, which many neuroscientists will find 
useful, will be made for each variant. Preliminary data using two-photon parked beam spot 
detection and a low affinity organic indicator suggests that detection of single APs for trains > 
500 Hz should be possible for Fast-GCaMPs with sufficiently fast kinetics. We are also 
developing deconvolution and movement correction approaches that will facilitate single spike 
detection and be broadly useful to the neuroscience community.  
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Cell-Type-Specific Optogenetics in Wild-Type Animals  
Wickersham, Ian; Desimone, Robert; Tsai, Li-Huei; Tye, Kay 
Poster 175, Session 2B 
 
Over the last decade, sophisticated genetic tools have been developed that allow control and 
monitoring of neurons’ electrical activity using light alone.  “Optogenetics”, as this area of 
technology has become known, has revolutionized most areas of neuroscience by allowing 
specific components of complex neural systems to be individually controlled or 
monitored.  Optogenetics is only useful, however, if the optogenetic molecules can be 
specifically expressed in functionally meaningful groups of neurons, instead of broadly in all the 
diverse neuron types that are present in any brain region.  This requirement has confined their 
use almost entirely to genetically modified (“transgenic”) mice and rats.  These rodent studies 
have been extraordinarily successful, being used in thousands of neuroscience laboratories 
worldwide and providing the basis for numerous high-impact discoveries.  However, the 
approach of using transgenic animals has three major disadvantages.  First, the production and 
maintenance of transgenic rodents is very expensive.  Second, even within transgenic rodents, 
it allows the optogenetic study and manipulation of only one or two cell types at a time, 
preventing powerful combinatorial experiments in which different neuron types are 
independently controlled within the same tissue.  These combinatorial experiments will be 
critical for deciphering the complex interactions between cell types. Third, it restricts the 
experiments to rodents, preventing studies in other important taxa including primates, in which 
optogenetic experimentation during complex cognitive tasks would almost certainly provide 
major insights into the neural circuitry underlying cognition. 
This project consists of engineering a system for causing expression of optogenetic molecules 
selectively within targeted neuron populations in wild-type (i.e., not genetically modified) animals 
of any species.  The result will be a set of reagents that will be made freely available to the 
scientific community through nonprofit repositories and service centers.  This new set of tools 
will enable the study of neural circuitry with greater resolution, power, and throughput than is 
currently possible, allowing major advances in understanding the organization of the complex 
neural systems underlying perception, cognition, and behavior.  This increased understanding is 
likely to lead to improved treatments for neurological disorders and disease and could also 
result in improved artificial intelligence and machine learning.  Finally, the direct application of 
the technology in human patients holds promise for treating conditions such as Parkinson’s 
disease and epilepsy, by allowing the selective activation or inactivation of distinct components 
of the neural circuitry that goes awry in these disorders. 
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Novel Technologies for Nontoxic Transsynaptic Tracing 
Wickersham, Ian; Desimone, Robert; Tsa, Li-Huei; Tye, Kay 
Poster 176; Session 2B 
 
Genetic tools have dramatically increased the power and resolution of neuroscientific 
experiments, allowing monitoring and perturbation of specific neuronal populations within the 
brain, often in the context of complex cognitive and behavioral paradigms. However, the 
usefulness of these tools is limited by the available means of delivering them in circuit-specific 
ways, a major drawback in view of the critical importance of specific connectivity between 
individual neurons and between neuronal classes. The primary available means of achieving 
transgene expression based on neurons’ synaptic connections is virus-based transsynaptic 
tracing, which allows identification, activity imaging, optogenetic control, and perturbation of 
gene expression in networks of synaptically connected neurons in vivo. The required viruses, 
however, are swiftly toxic to infected cells, precluding anything other than acute experimental 
designs. We are solving this problem by engineering viral transsynaptic tracing systems with 
either greatly reduced or entirely eliminated toxicity, so that the role of neuronal networks of 
known connectivity in cognition and behavior can be determined.  

To this end, we have constructed second-generation rabies viral vectors that, in stark contrast to 
their first-generation counterparts, appear to be completely nontoxic. Longitudinal structural and 
functional two-photon imaging of infected neurons in vivo shows that neurons transduced with 
the second-generation rabies virus remain anatomically unchanged and exhibit normal 
response properties to sensory stimuli for as long as we have followed these neurons (currently 
out to 16 weeks) and probably much longer. 

We are currently constructing several complementation systems to translate this advance into a 
full second-generation monosynaptic tracing system that will leave transsynaptically transduced 
neurons healthy indefinitely. The resulting system will allow optical imaging, physiological 
recording, and manipulation of the activity and gene expression of neuronal networks of known 
synaptic connectivity in the context of behavioral and other experimental paradigms lasting 
weeks, months, or years, in any mammalian model species. This will greatly enhance our 
understanding of the neural bases of normal cognition as well as neurological and mental 
disorders. 
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Anterograde Monosynaptic Tracing 
Wickersham, Ian; Feng, Guoping; Enquist, Lynn  
Poster 177; Session 2B     
 
Monosynaptic tracing using rabies virus has become a standard component of the systems 
neuroscience toolkit, allowing identification and manipulation of neurons directly presynaptic to 
any targeted neuronal population in the brain. However, while this retrograde monosynaptic 
tracing system is now well established, an anterograde counterpart, which would allow 
identification and manipulation of neurons directly postsynaptic to a target cell group, has never 
been constructed. Here we propose to meet this important outstanding need, with a 
multipronged and tiered strategy designed to ensure the delivery of at least one anterograde 
monosynaptic tracing system to the field, and possibly of several such systems, of differing 
levels of ease of use, power, and sophistication. Success of any of our aims will provide 
neuroscience with a transformative new tool for understanding and manipulating neural circuits 
throughout the brain, in many species including rodents and primates. Achievement of all of our 
aims will provide a versatile and powerful array of techniques to systems neuroscientists, 
allowing a broad set of new experimental designs that are likely to quickly yield major insights 
into the organization of neuronal circuits and the biological bases of normal cognition and 
behavior and the dysfunctions underlying neurological and mental disorders. 
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High Resolution Electrical Brain Mapping by Real-Time and Portable 
4D Acoustoelectric Imaging 
Witte, Russel S 
Poster 178; Session 1A 
 
The long-term goal of our planning project is to develop the first noninvasive, real-time and 
portable electrical brain mapping system based on disruptive acoustoelectric (AE) technology 
(Figure 1, left). This approach would overcome limitations with functional brain imaging and 
specifically electroencephalography (EEG), which suffers from poor resolution and inaccuracies 
due to the blurring of electrical signals as they pass through the brain and skull. Acoustoelectric 
Brain Imaging (ABI) employs pulsed ultrasound (US) to transiently modulate local tissue 
resistivity. As the US interacts with neural currents, a voltage modulation (“AE signal”) is 
generated at the US frequency and detected by a distant electrode. This AE signal is 
proportional to the local current density and spatially confined to the US focus (Figure 1, right). 
By rapidly scanning the US beam while detecting the modulation signals, accurate, real-time, 
volumetric images of current densities in the brain may be possible. Before this technology can 
be safely and effectively implemented as a transformative tool for functional human brain 
imaging, several major obstacles must be overcome. The greatest challenge is detecting the 
weak AE interaction signal through the skull, while maintaining safe US exposure to the head 
and brain. Through a careful team-oriented planning process, we will design and develop the 
first ABI platform for evaluation and optimization in a realistic head phantom and, later, 
performance testing in live mammals. To address these and other challenges, we propose to 1) 
Develop the first-of-its-kind US delivery system capable of transcranial ABI; 2) Devise methods 
to dramatically improve detection of the AE signal through bone and define parameters for safe 
ultrasound delivery; 3) Apply ABI to map oscillations in the rat brain with standard 
electrophysiology for validation; and 4) Compare ABI with gold standard EEG for mapping 
evoked potentials and induced seizures in the pig brain. These aims interweave technology, 
innovation, modeling, and translation to overcome major obstacles in developing transcranial 
ABI for humans. They will be embedded in an interactive planning process that brings together 
wide-ranging ideas, challenging questions, and multidisciplinary expertise in medical imaging, 
ultrasound technology, neuroengineering, neurosurgery, neuroelectrophysiology, mathematics, 
psychology, and emergency medicine. A safe, portable, and real-time platform designed for 
humans could transform our understanding of normal brain function and improve management 
(diagnose, stage, monitor, treat) of a wide variety of neurologic, psychiatric and behavioral 
disorders (e.g., epilepsy, depression, OCD). 
  



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

Imaging in Vivo Neurotransmitter Modulation of Brain Network 
Activity in Realtime  
Wong, Dean F; Rahmim, Arman; Gjedde, Albert; Boctor, Emad; Dreyer, Jakob; Grace, 
Anthony; Hanes, Justin; Kang, Jin; Li, Xingde; Loew, Leslie M; Mathews, William B; 
Phan, Phillip; Price, Richard; Roland, Per; Thorek, Daniel   

Poster 179; Session 1B 
Subproject: Voltage sensitive dye development (near-infrared) The Loew lab has produced 
four potential voltage sensitive dyes. These dyes are di-4-ANBDQPQ, di-2-ANBDQPQ, di-2-
ANBDQPTEA and di-2-ANBDQ(F)PTEA. All of these dyes can be excited in the 650nm range 
and have emission > 700nm. A novel quencher approach is shown ( Fig1). 
   

 
Subproject: Photoacoustic neuroimaging   
     The photoacoustic spectra and acoustic output was recorded across specific 
dyes of varying concentration and pH. While varying pH, a bone phantom was 

introduced for gaining insight on its feasibility.  The output 
was measured across varying skull bone thicknesses.  

Our testing system consisted of: the dyes, a gel 
phantom containing a dye sample, the excitation laser, 
and a hydrophone to record the acoustic response. These 
dyes were chosen due to their maximum absorption in the 
near infrared band (NIR). NIR theoretically allows for higher 
penetration into a sample. Penetration depth in-vivo of 
the human breast was ~ 40 mm using excitation 800 nm. In 
controlled studies, this was further increased to 50-60 mm  
(Fig 2 and 3).     

Subproject: Optical sensing through the skull  The ability to perform optical 
imaging through the skull 1st focused on an established dye, ICG to develop and 

optimize the imaging system.  Initial imaging was 
performed using a standard laser scanning 
fluorescence microscopy using a 780 nm diode laser 
as a source using a dry human temporal bone. The 
imaging set-up is shown in Fig 4.   
Top panels of Fig 5 are images of 

fluorescence from ICG threads without the 
presence of the skull.  When the threads are 
placed behind the skull, due to the highly 
scattering nature of the skull, the images became 

Exploring a new VSD 
Mechanism: Testing of Di-4-
ANEPPTEA and DPA as a two 
component fluorophore-
quencher  (Figure 1)  
 

Fig 2  

Fig  3 

Fig 4 
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highly diffusive which is shown by the middle images.  The bottom image shows 
that the processed images using Lucy-Richardson Deconvolution method that 
allows higher resolution imagine through the 
skull.  The imaging was performed at 10 frames 
per second and it shows that through a dry skull 
the system can achieve better than 100 micron 
resolution. To improve the system for imaging 
though a cadaver human head model, we are 
implementing a combination of adoptive optics 
and spare reconstruction.    
Summary: We plan to have at least 1 VSD and 1 
photoacoustic dye for preclinical  in vivo testing at 
end of year 2 An integrated 
photoacoustic/Fluorescence imaging sytem will 
be built and tested using a cadaver human head 
model. 
  

Fig 5  
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Neurophysiologically Based Brain State Tracking & Modulation in 
Focal Epilepsy 
Worrell, Greg; Kim, Inni; Stead, Matt; Vangompel, Jamie; Brinkmann, Ben; Bower, 
Mark; Klassen, Bryan; Giftakis, Jon; Devine, Robert; Stanslaski, Scott; Denison, Tim  
Poster 180; Session 2A 
 
Introduction: The apparent randomness of seizures is associated with significant psychological 
consequences. We hypothesize that epilepsy can be more effectively managed, both the 
seizures and their psychological impact, by providing patients with accurate seizure diaries, 
real-time seizure forecasting, and responsive stimulation for brain state modulation.  The NIH 
Brain Initiative Grant Neurophysiologically Based Brain State Tracking & Modulation in 
Focal Epilepsy is focused on developing these capabilities initially in canine epilepsy and then 
translating to humans. Here we describe initial experiments and results from a canine with 
naturally occurring epilepsy implanted with a Medtronic RC+S device. 
Methods: The Medtronic RC+S device provides chronic nervous system intracranial EEG 
sensing and telemetry. The RC+S device was programmed for intermittent stimulation (1 min 
every 10 minutes) over a range of stimulation parameter values with simultaneous hippocampal 
EEG wirelessly telemetered to a local computer. Off line analysis was performed to obtain state 
(sleep/wake) dependent evoked hippocampal potentials during periodic anterior nucleus of 
thalamus (ANT) stimulation.  
Results: The evoked hippocampus potential associated with periodic ANT stimulation was 
obtained over a range of stimulation amplitudes (0.5 V - 3 V) at 1 Hz. The optimal combination 
of ANT stimulation and hippocampal-evoked response was identified. High variability of evoked 
hippocampal responses was observed depending on the ANT electrode targets. These initial 
experiments demonstrate he feasibility of real-time evoked potentials to track brain state. 
Conclusions: The ability to record evoked potentials for functional assessment of the circuit of 
Papez was demonstrated in an epileptic canine during sleep and wake states. In future, 
experiments with long-term recordings from inter-ictal, pre-ictal, and ictal states will be analyzed. 
The goal is to use stimulation evoked responses to track brain states including sleep, wake, 
interictal, preictal and seizures. 
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In Vivo 3-Photon Imaging of Mouse Brain  
Xu, Chris 
Poster 181; Session 1A 
 
The goal of this research program (U01NS090530) is to optimize 3-photon fluorescence 
microscopy (3PM) at 1300-nm spectral window for large scale, noninvasive, volumetric imaging 
of neuronal activity. The program has 4 aims: 1. Develop an energetic excitation source at 1300 
nm for 3PM. 2. Fabricate a new objective lens to collect the signal efficiently at depth and 
provide convenient integration with adaptive optics (AO). 3. Implement AO for 3PM at 1300 nm. 
4. Test and validate 3PM at 1300 nm for imaging brain activity in awake and behaving mouse. A 
brief summary of our progress in the last year is presented below.  

We have successfully demonstrated recording of the mouse hippocampal activity using 3-
photon microscopy. We have successfully performed 3PM of brain activity using GCaMP6 
labeled neurons at 1350 nm throughout the mouse neocortex, and reaching as deep as the CA1 
region of the mouse hippocampus. We have quantified the spatial resolution throughout the 
depth. The lateral resolution at ~ 1.13 mm depth (the CA1 region) is ~ 1.0 µm and the axial 
resolution at the same depth is ~ 3.6 µm. These results clearly demonstrated the potential of 
3PM for recording neuronal activity deep within an intact mouse brain. We have further 
developed time domain multiplexing scheme so that we can simultaneously perform 2- and 3-
photon imaging of the same neurons. The recorded activity traces are the same. 

Sub-micron resolution imaging through an unthinned, intact skull minimizes deleterious effects 
from cranial bone removal. We have demonstrated in vivo vascular imaging 720 μm below the 
skull-brain interface of an unthinned, intact mouse skull, which is the deepest high-resolution 
through-skull imaging demonstrated to date. Neuronal imaging of a Brainbow-1.0 H Line mouse 
is also demonstrated 340 μm below the skull-brain interface. These results showcase the 
advantages of the combination 3-photon excitation and the long wavelength spectral window.  

The excitation source at 1300 nm is a major challenge for 3PM to be a practical tool for 
neuroscience. We have successfully addressed this critical issue by working with Newport 
Corporation to modify their existing optical parametric amplifier (OPA) system to perform 
optimally at the 1300-nm spectral window. The prototype system was delivered to us at the end 
of September, and it generates more than 1 μJ pulse energy at 400 kHz repetition rate with ~ 60 
fs pulse width in a compact and user-friendly package. Furthermore, the output wavelength is 
widely tunable from 1200 nm to 1500 nm, easily covering the entire 1300-nm spectral window. 
Such a robust and practical excitation source at 1300 nm is essential for 3-photon imaging to 
have a significant impact in neuroscience.        

We have incorporated AO in our 3-photon microscope using the sensorless, indirect 
optimization method. In particular, we have compared the impact of AO in 2-, 3-, and 4-photon 
fluorescence excitation by using the same laser (~ 1610 nm) and microscope to perform 2-, 3-, 
and 4-photon excitation of Alexa Fluor 790, SR101, and fluorescein, respectively. We show that 
signal improvement resulting from aberration correction grows exponentially as a function of the 
order of nonlinearity. 
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New Tools for Real-Time and Molecular Imaging of Synapses  
Xu, X. Nancy 
Poster 183, Session 2A 
 
Human brain comprises large number of neurons, which are not continuous. Synapses enable 
them to communicate complex and specific commands with each other by passing specific 
electrical or chemical signals to another cell.  Each synapse contains extensive arrays of 
molecular machinery that links the membranes of the coupled partner neurons, an array of 
neurotransmitters and their receptors. The interactions of neurotransmitters and their receptors 
at each synapse are highly regulated, which enables the communication of specific signaling.  
Current technologies are unable to real-time detect, image and study these wide ranges of 
molecular machinery and multiple types of neurotransmitters simultaneously with sufficient 
spatial and temporal resolutions and over an extended period of time.  We are developing a 
novel imaging platform, including next-generation multicolored far-field photostable optical 
nanoscopy (PHOTON) with photostable multicolored single molecule nanoparticle optical 
biosensors (SMNOBS), to quantitatively image and molecularly characterize roles and functions 
of multiple types of molecules (neurotransmitters, receptors) at individual live synapses in real 
time at nanometer (nm) resolution.  The outcomes of our studies could include new insights into 
the roles and functions of neurotransmitters in synaptic plasticity and regeneration, and 
development of innovative tools for molecular identification and characterization of roles and 
functions of multiple types of neurotransmitters, their receptors, and their interactions and 
dynamics in single live synapses with both spatial and temporal resolutions.  These powerful 
new tools are also expected to become extremely valuable to address a wide range of pressing 
biological, biochemical and biomedical questions related to molecular and real-time 
characterization of functions of single live cells (neurons), which will impact a wide spectrum of 
research fields.  The detailed experimental design and updated results will be presented. 
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Fast Time Reversal Ultrasound Encoded Optical Focusing for Deep 
Brain Optogenetic Activation  
Yang, Changhuei; Gradinaru, Vivian  
Poster 184; Session 1A 
 
We are working on applying time-reversal ultrasound Encoded (TRUE) optical focusing to 
perform deep brain optogenetic activation in living rodents. Traditionally, focusing of light in 
biological tissues is confounded by the extreme scattering nature of tissues. Interestingly, light 
scattering is a time-symmetric process. By using an optoelectronic approach to collect and play 
back a time-reversed copy of a scattered light field originating from an ultrasound modulated 
spot, we are able to usefully generate an optical focus deep within biological tissues. In the past 
year, we have implemented a system that is sufficiently fast enough to work on a living rodent. 
We are currently working on applying this system to activate optogenetic agents in a living 
rodent’s brain.   
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Novel Strategy for Genetically-directed Sparse Labeling and 
Manipulations of Mammalian Neurons 
Veldman, Matthew B; Gu, Xiaofeng; Foster, Nicholas N; Bowman, Ian; Yamashita, 
Seita; Dong, Hongwei; Yang, X William 
Poster 185; Session 1B 
 

The goal of this project (U01MH106008, RFA-MH-14-216) is to develop novel genetic tools that 
enable detailed morphological and functional analyses of genetically-defined, sparsely-labeled 
single neurons in the mouse brain. This project is based on a novel method, termed the 
Mosaicism with Repeat Frameshift (MORF), which takes advantage of the microsatellite 
instability introduced by long mononucleotide repeats (Gn) within an open reading frame of a 
reporter transgene to sparsely and stochastically label neurons. Our initial proof-concept study, 
using D1 dopamine receptor BAC to drive MORF-linked membrane associated fluorescent 
reporter in transgenic mice (D1-BAC-MORF-fGFP), reveal fine morphological details (e.g. 
dendrites, a subset of synapses and segments of axons) in about ~1% of striatal medium spiny 
neurons. Our project plan is to develop a series of MORF knockin mice that enables Cre-
dependent expression of a variety of reporters that allow sensitive detection of single neuron 
morphology, Ca2+ dynamics, and synaptic structures.   
An overarching goal of our project is to optimize MORF technology to enable brain-wide 
visualization of the complete dendritic and axonal structures of genetically-labeled single 
neurons in the mouse brain. Since the original Gn-fGFP reporter appears to be relatively weak 
and can only label proximal axons upon immunostaining, we have developed novel strategies to 
enhance the signal of the MORF reporters. First, we systematically tested different 
mononucleotide repeats in conjunction with several bright reporter proteins. We found Cn 
repeats yield the highest signal, followed by Gn repeats, and very little signals were detected for 
An and Tn repeats. Second, we identified optimal distance between the start codon and the 
repeat preceding the fluorescent protein to yield optimal fluorescent signals. Third, we cloned 
the Cn or Gn repeats in front of very bright fluorescent reporters (i.e. mNeonGreen-F, 
farnesylated tandem spaghetti monster V5).  
To create new MORF mice, we have engineered four Rosa26 knockin constructs that allow Cre-
dependent expression of four different MORF reporters, Gn-fGFP, Cn-mNeonGreen-F, Cn-
GCaMP6s, and Gn-Td-smFP-V5-F. We are currently in the process of generating knockin mice 
through gene targeting in ES cells. Moreover, we have initiated a collaboration with Dr. Hongkui 
Zeng’s group at the Allen Institute for Brain Science to target Cn-mNeonGreen-F into the murine 
TIGRE locus, which combines Cre and Tet-activator to drive highly robust, neuronal cell-type-
specific MORF reporter expression in mice.  
To image MORF neurons, we have developed two strategies: (1) A 2.5D imaging strategy for 
relatively higher throughput. All brain sections will be cut at 100 µm thickness, and will be first 
imaged at 10x using an Olympus VS110 Epifluorescence Multi-slide Scanner. After identifying 
the genetically labeled neurons, we will then re-image select individual neurons using an 
Olympus FV-1000 confocal microscope under 40x and 60x to capture detailed dendritic arbors 
and morphologies. (2) A 3D imaging strategy will utilize 1 mm thick brain sections processed 
using CLARITY. The CLARITY method turns brain tissue optically transparent and 
macromolecule-permeable so that morphological studies can be conducted without thinly 
sectioning the brain. The clarified sections will be imaged with our Olympus FVMPE-RS 
Multiphoton microscope with a 25x or 10x Scaleview objective lens that enables deep tissue 
imaging (2 mm or 8 mm, respectively), allowing us to create a 3D map of the MORF-labeled 
cells. This 3D view will more clearly show the morphology and locality of the cell types, and will 
be used to either refine or validate the percentage of individual cell types in the regions initially 



 

The information included in this abstract is intended for discussion only, and should not 
be quoted or used without express permission from the project author(s). To request a 

508 compliant version, please email BrainInitiativeConferences@mail.nih.gov. 

calculated from the 2.5D images. Minimum volume change is expected with our method, but for 
accuracy, fluorescent Nissl stain will also be used for precise anatomical registration.  
We have developed an informatics tool, called Connection Lens, to graphically reconstruct and 
map these neurons. Connection Lens uses a local adaptive thresholding algorithm to segment 
each pixel of the thresholded images as either positive signal or negative background. The 
thresholding algorithm is deployed on top of the Loni Pipeline to execute at data level parallel 
(i.e. all scanned sections are processed in parallel), enabling accelerated image processing. 
The resulting graphical reconstructions, based on the segmented labeling, will preserve the 
detailed morphologies of the dendritic arbors and spines in the MORF-labeled cells. 
We are also developing the iConnectome Cell Type Viewer, which will be designed and created 
in order to make all of the data produced from the 2.5D images available online. The MORF-
labeled neuronal populations will be displayed overlaid on top of their Nissl-stained background 
and on the corresponding level of the Allen Reference Atlas to provide an accurate anatomical 
reference. Furthermore, the high magnification confocal images will also be viewable, allowing a 
detailed view of the dendritic arbors and spines. Identification of arbors and spines will be critical 
for quantifying the number and complexity of dendritic branches, as well as the density and 
morphology of the spines that line them. In summary, we are in the process of integrating novel 
genetic, imaging and informatics tools to advance the MORF technology for labeling and 
analyzing genetically-defined single neurons in the mouse brain.  
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Project: Brain-on-a-chip for Traumatic Brain Injury Drug Discovery 
Zahn, Jeffrey D.; Schloss, Rene S.; Boustany, Nada; Firestein, Bonnie L.; Yarmush, 
Martin 
Poster 186; Session 2A 
 
Understanding the etiology and progression of complex neuropathologies can be extremely 
difficult. This is because these studies generally use either expensive in vivo animal models, the 
results of which can be tedious and difficult to analyze and which require a large number of 
animal subjects coupled with histopathological tissue evaluation. Additional studies use in vitro 
cell culture models, which can fail to recapitulate the structure, function, architecture, or 
physiology of neural tissues in vivo, or employ individually cultured brain slices, which are low 
throughput and suffer from high variability across different donors and preparations. The 
absence of in vitro models of complex circuit disorders that are 1) realistic, 2) reproducible, 3) 
amenable to high-content data acquisition and 4) allow for precise control of injury and cell 
treatments has resulted in a major bottleneck that prevents vertical advancement, largely due to 
the difficulty in elucidating the cellular mechanisms of CNS disorders. 
 
To address these limitations, we are developing a microfabricated multi-compartment culture 
chamber, which can house several compartment pairs. Each pair consists of two separate 
compartments containing organotypic brain slices, which communicate with one another via 
microchannels that geometrically confine the axonal tracts connecting these slices. This system 
can be used to induce a uniaxial strain injury by pressurizing a cavity beneath the 
microchannels and to examine neural circuit responses to injury optically, metabolically, and 
electrophysiologically. This model can be used, for example, to understand the role of 
mitochondrial dysfunction associated with neuropathologic consequences of traumatic brain 
injury (TBI), epilepsy, and Parkinson’s, Alzheimer’s and Huntington’s Diseases, which have 
recently emerged as important targets of basic scientific and clinical inquiry. 

We utilize our brain-on-a-chip microdevice to identify biomolecular changes post-injury 
electrophysiologically and to evaluate changes in mitochondria in response to injury using a 
novel noninvasive imaging approach. This latter technique eliminates the need for invasive 
fluorescent dyes, which can inadvertently affect mitochondrial metabolism. Finally, we will 
perform high-content screening of TBI therapeutics, both individually and in combination, more 
efficiently than has been previously possible. We expect to identify important molecular 
combinations that will improve recovery from injury, reduce mitochondrial and associated 
damage, and improve inter-slice electrophysiological responses.  
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Towards Neural Interrogation of Mammalian Vocal Learning Using 
Bats  
Yartsev, Michael 
Poster 187, Session 1A 
 
The ability to learn a language is a core human trait. Yet, the study of its neurobiological 
underpinnings has faced a major roadblock for hundreds of years - a tractable mammalian 
model system to study this function has never been established. The reason is that vocal 
learning abilities are remarkably sparse and only a remarkably spare subset of mammalian 
species possess vocal learning abilities, these are cetaceans, elephants and bats, with initial 
evidence of vocal development only recently emerging in non-human primates. Thus, all 
detailed neurobiological investigation of vocal learning focused on the avian brain. While this 
body of work produced invaluable insight, evolutionary divergence between avian and 
mammalian brains makes translating findings from birds to humans challenging. A mammalian 
model system is needed to bridge this major gap. Therefore our goal is to directly 
overcome this challenge by establishing bats as the first mammalian model system for 
studying the neural basis of vocal learning. To do so, we aim to establish new wireless 
behavioral and neurophysiological technologies for studying neural circuits in freely 
behaving and vocal learning bats. Our investigations target key cortical areas that are 
involved in auditory perception and vocal production - two key requirements of vocal learning. 
These experiments will facilitate the first description of the emergence of cortical responses 
during vocal learning. Ultimately, our research program will provide a detailed description of the 
mammalian neural computations that support our ability to learn language, but also help us also 
understand the causes of disorders directly related to speech and language development. 
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Working device prototype assembled on a PCB. Inset (a) shows the 
enlarged view of the optical mixer at the backend of the probe with 
GRIN lenses coupling into the two arms of the waveguide mixer. 
Inset (b) shows enlarged probe tip with color mixed output at the 
30x7μm waveguide tip. The ILD‐ GRIN cap is intentionally moved 
backwards to show the optical mixing of colors on the probe 
backend. 

Modular High-Density Optoelectrodes for Local Circuit Analysis  
Yoon, Euisik; Wise, Kensall D; Buzsa´ki, Gyo¨rgy 
Poster 188; Session 1B 
  
The work aims to develop an optical stimulation and recording technology platform that enables 
low-cost, highly customizable tools for local circuit analysis. While the number of novel opsins 
and solutions for cell-type specific expression has been rapidly increasing, the existing 
engineering solutions available to deliver light to the brain come with limited functionality. 
Stimulation through light sources placed on the surface of the brain or large fibers placed in the 
brain parenchyma constrains animal movement and activates many un-monitored neurons. 
Whereas, stimulation through light sources placed directly on the probe shank or on the shank 
backend can result in thermal tissue damage.  
Our approach is to realize a minimally invasive fiber-less, multicolor optoelectrode that can 
provide spatial precision and scalability needed to enable many novel experiments such as 
closed loop excitation, creation of synthetic patterns to study plasticity, and control of a few to 
many neurons. The highly compact optical design is implemented using side-emitting injection 
laser diodes (ILD), coupled via gradient-index (GRIN) lenses, to 7μm thick and 30μm wide 
dielectric waveguides on a 22μm thick Michigan probe. This novel waveguide approach 
provides independent activation and inhibition of simultaneously monitored neurons by 
illuminating different wavelengths at a given stimulation site and can be expanded to 
synchronously stimulate multiple optical sites along the shank length. The waveguide mixer 
design and alignment tolerances of optical assembly are thoroughly simulated in Zemax to 
maximize optical system efficiency. We have achieved 100 to 5000 mW/mm2 of irradiance at 
the waveguide tips during optical bench testing and have successfully scaled up our design to a 
4-shank device with eight ILD-GRIN assemblies. We 
validated the fully packaged device in the intact brain of 
anesthetized mice expressing Channelrhodopsin-2 and 
Archaerhodopsin in specific neuronal populations, 

Spiking activity recorded from the CA1 pyramidal 
layer (PYR) of anesthetized mice across eight 
recording channels (on the implanted probe shank) 
during control brain activity, 405nm sinusoidal 
stimulation (exhibition) and 635nm pulse 
stimulation (inhibition). 
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namely pyramidal or parvalbumin-immunoreactive (PV) cells. The threshold for pyramidal cell 
excitation and inhibition in hippocampal CA1 region was found to be 11μW and 68μW, 
respectively, whereas PV cells had higher threshold.  
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Novel Thermo-Genetic Tools for Extrinsic Control of Neuronal Circuits 
Zars, Troy; Milescu, Lorin; Milescu, Mirela 
Poster 189, Session 2A 
 
Brains can be thought of as networks of circuits, and cells within these circuits interact in a 
complex way to control behavior. How emergent properties of these circuits control behavior is a 
big question in neuroscience. The use of experimenter-controlled activation or inhibition of 
specific cells is the most promising strategy in better understanding how these circuits work in 
an ongoing fashion.  
 
While there are valuable tools that have been developed to control circuit components using 
light and other stimuli, more complex tests of circuit function demand complementary tools that 
use different activation modalities. To discover and develop thermogenetic control proteins to 
manipulate cells of the nervous system, we are mining a promising class of temperature 
responsive proteins. These new extrinsic control elements will complement light-based and 
other tools and provide a better understanding of circuit function. We are targeting the so-called 
Gustatory Receptor (GR) gene family, using an array of molecular, genetic, biophysical, 
neurophysiological, and computational approaches across animal models. Since the GR 
proteins have predicted structures that are different from other known temperature responsive 
channels, novel properties and insights in structure / function are expected.  
 
This new project will initially focus on the GR28b family of receptors, but will ultimately examine 
a larger set of these receptors. We are examining the temperature responsiveness of these 
proteins at a behavioral level with ectopic expression in specific neuron subsets and 
temperature exposure regimens. Moreover, several of the GR28b genes have been cloned and 
expressed in Xenopus oocytes. One of the receptors appears to be a temperature-dependent 
Na+ channel. Finally, imaging of labeled neurons with ectopic expression of GR28b genes is 
underway.  
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A High Precision Method for Activity-Dependent Neural Circuit 
Mapping 
Drew, Michael; Martin, Stephen; Zemelman, Boris  
Poster 190; Session 2B 
 
Optogenetic and pharmacogenetic tools strive to revolutionize neurobiology by uncovering the 
functions of circumscribed neuron populations. However, in many experimental contexts, the 
specificity of manipulations is too low or too high, such that either an entire anatomical domain 
or a single neuron class is targeted. To probe the circuitry of naturalistic behaviors, it is critical to 
identify and access key members of heterogenous neuronal ensembles. Such Goldilocks 
ensembles can be uncovered on the basis of concurrent activity. 
Our proposed activity reporter system meets three critical requirements: (1) it is unbiased with 
respect to neuron type and mechanism of activation; (2) it is robust, reporting activity during 
behaviorally-relevant time intervals; and (3) it is not predicated on genomic manipulations in 
subsets of species. 

Our methods rely on the cAMP response 
element-binding protein (CREB), which is 
found in all neurons and is phosphorylated 
in response to a multitude of extracellular 
signals to activate intracellular gene 
expression. In the neuronal signaling 
hierarchy, CREB is a cacium integrator and 
a near universal sensor of cellular 
activation, upstream of IEGs such as c-fos. 
We will begin with a CREB-based viral 
reporter already in use in our laboratories. 
Under this award, we will enhance the 

system in two significant ways. To meet Aim 
1, we will construct a bitemporal variant, 
which allows two populations of neurons to 
be labeled at different times in the same 
animal. This aim takes advantage of the fact 
that the CREB binding site is palindromic, 
and so can act as the core of a bidirectional 
activity-sensing promoter to express two 
heteroproteins. Different repressors will act 
as logic gates, blocking expression from this 

central activity-sensing promoter until displaced using appropriate ligand. Several repressor-
ligand pairs will be tested. In Aim 2, we will impose temporal control over reporter expression 
using light. Repressor ligands will be chemically caged, making them inert in the absence of 
light and restricting active neuron labeling to periods of illumination. To fulfill Aim 3, we will test 
the bitemporal reporter in the rodent dentate gyrus (DG) by labeling neurons active during 
contextual learning and recall in the same animal (Fig.1). 
Since the original proposal was submitted, we have constructed bitemporal reporters with a 
multimeric CREB operator flanked by either TetO/EryO or TetO/VanO repressor binding sites 
regulating fluorophore expression. As shown in the Figure 2, in the absence of repressors, 
robust hippocampal expression of both fluorophores is observed (Fig. 2A-B). We can also 
demonstrate that TetR, on a separate viral vector, effectively blocks the expression of the red 
fluorophore in the absence of doxycycline (Fig. 2C-D). Red label re-appears within 1 h of 
intraperitoneal doxycycline injection (not shown). We have also made progress toward Aim 2, 

Figure 1. Approaches for light-mediated tagging of active neurons. 
(A) Combinations of expression cassettes 1-6 are delivered using 
virus. Constructs 1 and 2 express the repressor molecules TetR and 
MphR. Constructs 3 and 4 are examples of the bidirectional CREB 
activity sensor: In 3 and 4, fluorophore (GFP and tdTomato) or 
recombinase (Cre and Flp) expression is regulated ETR and tetO 
operons. Constructs 5 and 6 encode Cre- and Flp-dependent 
reporters to be used with construct 4. (B) Green light uncages 
erythromycin, which relieves Flp (or GFP) from MphR-mediated 
repression. Blue light uncages doxycycline, which relieves Cre (or 
tdTomato) from TetR-mediated repression. (C) In summary, when 
used with construct 4, green and blue light enable permanent 
expression of different fluorophores or other heteroproteins. 
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and prepared several novel caged variants of 
erythromycin that are designed to undergo facile 
uncaging using visible light. Efforts toward generating 
similar caged analogs of doxycycline and vanillin are 
in progress. 
We are confident that this project will produce several 
highly original and powerful tools for functional brain 
mapping, enabling investigators to explore how 
behavioral and mental states are coded by neural 
ensembles. Cell function within defined anatomical 
regions and across species can then be analyzed in 
vivo using selective activity manipulation, while cell 
properties can be examined ex vivo using physiological, 

 

Figure 2. Preliminary results. (A-B) Bidirectional CREB 
reporter efficiently labels dorsal CA1 hippocampal 
neurons in vivo. (C-D) Same as above, but in the 
presence of TetR to block red fluorophore expression. molecular and histological assays. When used in the

context of disease states—addiction, depression, anxiety and many others—this new technique 
will also yield novel cellular targets for clinical intervention. 
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Single Cell RNA-Seq Analysis in Mouse Visual Cortex and 
Hypothalamus 
Zeng, Hongkui; Anderson, David  
Poster 191; Session 1A 
 
Cell types in the brain may be categorized hierarchically based on a variety of cellular properties 
at molecular, anatomical and physiological levels. In conjunction with and in addition to cell type 
differences, there are also phenotypic and dynamic differences that are related to cell states 
and cell function. The goal of our study is to establish a comprehensive and standardized cell 
type characterization platform at the Allen Institute for Brain Science (AIBS) and a model for 
collaboration between academic labs/centers and AIBS for characterizing cell types in specific 
brain circuits. Our proof of principle studies are based on comparison of three major neural 
circuits in the mouse brain: two cortical circuits – primary visual cortex (V1) and anterior-lateral 
motor cortex (ALM), and a more distinct circuit – the hypothalamus/amygdala emotional 
pathway.  
While also establishing physiological (for measuring intrinsic firing and synaptic properties), 
morphological, connectional, and cell number quantification paradigms, we focused on single-
cell RNA-seq profiling for cell type classification and novel cell type discovery. Transcriptomic 
profiling of thousands of genes from all types of gene families simultaneously in the same cell 
provides great statistical power and broad coverage of cellular processes for detecting 
variations not only between major cell types but also subtypes, as well as cell states and 
function. 
We established a set of experimental methods to obtain Smart-seq based single-cell RNA-seq 
datasets from dissociated, FACS-isolated, young adult (~P56) mouse cortical and subcortical 
cells, as well as computational methods incorporating clustering and machine learning 
algorisms to derive hierarchical taxonomy from the RNA-seq data. We used it to profile ~1,700 
mouse V1 Cre+ and Cre- cells from 21 different Cre lines, and identified 49 transcriptomic cell 
types, including 23 GABAergic, 19 glutamatergic and 7 non-neuronal types that exhibit varying 
degrees of interrelatedness (the left figure). We also began to correlate some of these 
transcriptomic cell types with specific and differential electrophysiological and axon projection 
properties. This work resulted in a manuscript currently in press in Nature Neuroscience.  
Using the same approach, we also began to profile cells isolated from the ventromedial 
hypothalamic nucleus (VMH). VMH is known to control innate behaviors, such as predator 
defense, reproductive and aggressive behaviors, and contains neurons expressing a range of 
sex hormone and neuropeptide receptors. We used 4 Cre lines (Nr5a1-Cre, Nkx2-1-CreERT2, 
Esr1-Cre, and Tac1-IRES2-Cre) which allows us to precisely dissect VMH and isolate neurons 
of potential behavioral relevance. Initial analysis of single-cell RNA-seq data from ~230 VMH 
neurons already identified a highly distinct new cell type that is clustered in the anterior 
ventrolateral VMH and enriched in Nkx2-1-CreERT2 mice, as well as several other potential 
clusters that are more closely related to each other (the right figure). We are investigating 
whether profiling additional cells will further resolve these potential new transcriptomic cell 
types. Additional experiments are also planned to investigate the correlation of these cell types 
with connectional and behavioral properties.  
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Towards Imaging Neuromodulation In Vivo 
Mao, Tianyi; Zhong, Haining  
Poster 192; Session 1B 
 
Neuromodulation regulates the excitability, synaptic plasticity and other aspects of neuronal 
function, and eventually imposes powerful control over brain function. However, little is known 
about the precise neuromodulatory events that occur in living animals because there has not 
been an established method to reliably record the relevant activities triggered by 
neuromodulation at the level of individual neurons in vivo. We propose a novel approach for 
examining neuromodulatory activities with single-neuron resolution by imaging the activity of 
cyclic AMP (cAMP) and protein kinase A (PKA). The cAMP/PKA pathway is a common 
downstream signal transduction pathway for both dopamine and norepinephrine. Although 
imaging experiments of cAMP/PKA has been possible in vitro by using genetically-encoded 
cAMP/PKA sensors based on Förster resonance energy transfer (FRET), doing so in vivo has 
been difficult due to the low signal-to-noise ratio under the challenging in vivo imaging condition. 
We propose a multipronged approach to eliminate several bottlenecks encountered with current 
in vivo FRET imaging to maximize the signal-to-noise ratio. We will use the optimized method to 
monitor the spatiotemporal activity patterns of norepinephrine action in mice combined with 
optogenetic and behavior manipulations. If successful, our efforts will provide an ability to 
conduct large-scale monitoring of neuromodulatory activities in the brain at the cellular and 
circuitry levels.  
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Space-Division Multiplexing OCT For Parallel Imaging of Neural 
Activity 
Solanki, Jitendra; Song, Yu; Berdichevsky, Yevgeny; Zhou, Chao 
Poster 193; Session 2A 

 
There is a great interest in label-free imaging of neuronal activity at cellular level based on 
changes in fast intrinsic optical signals (e.g. changes in light scattering and phase) that occur on 
a millisecond timescale. Fast intrinsic optical signals are related to alteration in the complex 
refractive index and small volume changes near the neuron membrane, in response to the rapid 
osmotic changes associated with ion fluxes during action potentials. Optical coherence 
tomography (OCT) is an emerging biomedical imaging technology that provides label-free and 
depth-resolved images with micron-scale spatial resolution and sub-millisecond temporal 
resolution. OCT achieves over 100 dB sensitivity, enabling it to detect weak scattering changes 
associated with neuronal activity. In addition, OCT has extremely good phase sensitivity (<one 
millirad, corresponding to an optical path length change of ~100 pm), making it possible to 
detect nanometer-scale membrane displacement associated with neural action potentials. 
Recently, our group demonstrated that individual mammalian neurons in organotypic brain 
cultures can be clearly resolved based on intrinsic optical contrast using high resolution OCT. 
We also developed a space-division multiplexing OCT (SDM-OCT) technology which allows 
parallel and synchronized imaging from hundreds or even thousands of neurons simultaneously.  
 
In this R21 program, we plan to evaluate the feasibility of using high resolution (<3 μm), 
ultrahigh speed (3.2M A-scans/s), and phase-sensitive SDM-OCT technology to image and 
characterize activity-dependent fast intrinsic optical signal changes. Validation experiments will 
be conducted using in vitro rat 2D neural cultures and 3D organotypic hippocampal cultures to 
correlate fast intrinsic optical signal changes imaged with SDM-OCT with electrophysiological 
stimulation and recording of neural activities. Since each vertical cross-sectional OCT image will 
contain hundreds of neurons, intrinsic optical signals from thousands of neurons can be 
recorded simultaneously using the SDM-OCT technology. If successful, this label-free imaging 
technology can become a powerful platform to investigate behavior of thousands of neurons in a 
network simultaneously, with the potential to significantly impact fundamental brain research. 
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