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voltage clamp of synap5c current 

Membrane Conductance Change Underlying a Synap5c Poten5al 



Augment generalized H/H equa5ons  
with synap5c conductance terms: 

a func5on 

or difference of two exponen5als 



Goldman Hodgkin Katz Equa5on 

rela5ve permeabili5es 



Ions and the resting potential

[out] [in] E P/PK

(mM) (mM) (mV)

K+ 5 100 -80 1

Na+ 150 15 +62 0.025

Ca2+ 2 0.0002 +123 –

Cl- 150 13 -65 0.1

Vm = -65 mV

Basic facts:

1. Most neurons have a resting membrane

potential of around -65 mV.

2.  Most neurons have an action potential

threshold of around -45 mV.

“Excitatory/depolarizing” 

“inhibitory/hyperpolarizing” 

“inhibitory/shun5ng”  GABAAR, GlyR 

GABABR 



AMPA and NMDA currents 

Voltage dependent ac5va5on of NMDA component 



V_rest 

V_thr 

Synap5c input required to generate an AP 



Central Synapses 

• The axon from a given presynap5c cell only has  
  a few (1‐5) synap5c boutons onto a given  
  postsynap5c target cell 
• Typically only one release site per bouton 
• Very small quantal size 

EPSPs from single presynap5c cells are small (0.1mV) 
Summa5on of many presynap5c cells required  
for AP genera5on 

Neuromuscular Junc5on 
• Many tens of synap5c boutons per axon 
• Many release sites per bouton 

EJPs from the input from a single motorneuron  
are large 

0O.2 Synapses between pyramidal neurones 421
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6

100pm'
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Figure 12. Camera lucida reconstruction of unidirectionally connected pair of neurones

Same neurones as shown in Fig. 11. The dendritic arbor of the projecting neurone is drawn in red, its axonal arbor in
blue. The dendritic arbor of the target neurone is drawn in black, its axonal arborization in green. Blue circles
indicate synaptic contacts established by the red/blue neurone at different dendritic locations on the black/green
neurone. Arrows mark synaptic contacts which are shown in Fig. 14 at the electron microscopic level.
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The membrane time constant can set the time window of summation

M. Scanziani

Why is the time window for summation important?

Membrane Time Constant Sets the Scale of Temporal Summa5on 



Temporal and Spatial Summation

!m = R
m  

C
m

 V = V0 (1-e-t/!)

variable: 10,000-150,000 !cm2 constant: 1 !F/cm2

What determines the time window for summation?

= 10 - 150 ms



slow time window 

=> integration

slow time window 

=> integration

rapid time window 

=> coincidence detection

M. Hausser 



slow time window 

=> integration

slow time window 

=> integration

rapid time window 

=> coincidence detection
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Spheres and Cables 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Figure 1 | Pyramidal-neuron structure and domains of synaptic input. a | The structures of pyramidal neurons from 
different cortical areas. Each type of pyramidal neuron has basal and apical dendrites and an apical tuft, but there are 
considerable differences between the pyramidal neurons shown. Layer V pyramidal neurons have longer apical dendrites 
and fewer oblique apical dendrites than layer II/III pyramidal neurons. The apical dendrites of hippocampal CA3 pyramidal 
neurons branch closer to the soma than those of CA1 pyramidal neurons, which typically have a more distinctive main 
apical dendrite and tuft. CA3 pyramidal neurons also have a cluster of large spines in the first 100 m of the apical 
dendrite. The full vertical length of each cell, from left to right, is: unknown; 1,180 m; 580 m; 730 m; 790 m. All cells 
are from the rat, except for the layer II/III cell, which is from the rabbit. b | The apical tuft (highlighted with a purple 
background) of pyramidal neurons receives excitatory synaptic inputs that have different presynaptic origins to those that 
form synapses onto more proximal apical dendrites or basal dendrites (highlighted by a green background). The basal and 
proximal apical dendrites of layer II/III cells receive inputs from layer IV cells and also receive local-circuit excitation. The 
apical tuft of layer II/III cells receives inputs from other cortical areas and also receives nonspecific thalamic inputs. A 
similar arrangement can be identified in layer V pyramidal cells2,199,200. The basal and proximal apical dendrites of CA1 
pyramidal cells receive input primarily from CA3 cells, whereas the apical tuft receives input from the entorhinal cortex 
and the thalamic nucleus reuniens70. c | A schematic drawing of a pyramidal neuron, illustrating various dendritic domains 
that could receive unique synaptic inputs. Some evidence supports the division of pyramidal cell dendritic trees into at 
least this many domains, which correspond to regions that receive distinct synaptic inputs and/or have synapses with 
distinct properties (see main text). Neurons in part a reproduced, with permission, from the following references: layer II/III 
neuron, REF. 3  (1995) Oxford University Press; layer V neuron, REF. 24  (1992) Oxford Academic Press; CA3 neuron,  
REF. 68  (2001) Wiley-Liss; CA1 neuron, REF. 61  (2005) Cambridge University Press; subiculum neuron, REF. 86  (2000) 
American Physiological Society. Neurons in part b reproduced, with permission, from the following references: layer II/III 
neuron, REF. 125  (2003) Society for Neuroscience; layer V neuron, REF. 62  (1998) Society for Neuroscience;  
CA1 neuron, REF. 141  (1999) Society for Neuroscience.
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Pyramidal Cell 
Terminology 



Spruston 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Spines vary considerably in their size and shape33, 
and are highly plastic. In culture and in slice prepara-
tions spines are dynamic34 (FIG. 2b), but little is known 
about how and why such changes occur in vivo. 
Although technical considerations make it difficult 
to study spine dynamics under normal conditions35,36, 
evidence indicates that there are separate populations 

of stable and more plastic spines in vivo37, and that these 
populations can change with experience38. It has been 
suggested that thin, dynamic spines might be available 
to contribute to learning, whereas larger, more stable 
spines might be involved in the storage of established 
memories39,40. Repeated activation of small spines can 
lead to a sustained increase in spine size and glutamate 

Figure 2 | Dendritic spines and synapses on pyramidal neurons. a | Two spine-studded dendrites of a stained CA1 
pyramidal neuron. The higher density of spines in the right-hand dendritic segment resulted from estrogen treatment45, 
suggesting that spines and synapses might respond dynamically to changes in circulating hormones. b | A dendrite that 
has been labelled for microtubule-associated protein 2 (MAP2; red) and actin (green). MAP2 is concentrated in the 
dendritic shafts. Actin filaments in the spine head mediate spine motility. c | A three-dimensional reconstruction of spines 
and synapses in a typical pyramidal cell, based on electron micrographs of a single stretch of dendrite from a filled cell. 
Every spine is contacted by at least one synapse. The dendrite and its spines are shown in grey; synaptic boutons forming 
single synapses are shown in blue; boutons forming multiple synapses onto more than one cell are shown in green; 
boutons forming multiple synapses onto the same cell are shown in yellow; spines from other dendrites are shown in 
orange. d | The left-hand panels show electron micrographs of two non-perforated postsynaptic densities (PSDs; top 
panel, indicated by arrows) and a perforated PSD (bottom panel, the perforation is indicated by the large arrow). The right-
hand panel contains schematic diagrams of a non-perforated synapse (top) and a perforated synapse (bottom). e | Two-
photon glutamate uncaging at various locations on a dendritic segment. The colours indicate the somatically recorded 
current amplitude that was measured when uncaging was carried out at each location. Note that the largest response 
(yellow/orange) occurred when the glutamate was uncaged on a large spine head. Part a reproduced, with permission, 
from REF. 45  (1996) Wiley-Liss. Part b reproduced, with permission, from REF. 42  (2000) American Association for the 
Advancement of Science. Part c reproduced, with permission, from REF. 43  (2001) National Academy of Sciences. 
Electron micrographs in part d reproduced, with permission, from REF. 65  (2000) Oxford University Press. Schematic in 
part d reproduced, with permission, from REF. 58  (2006) Elsevier Science. Part e reproduced, with permission, from  
REF. 55  (2001) Macmillan Publishers Ltd.
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Modeling Dendri5c Dynamics 
– Rall Model 



units: 

rm: ohm‐cm 

ra: ohm/cm 

im: A/cm 

cm: F/cm 





experiment 

theory 

temporal distribu5on 
at different loca5ons 



Voltage attenuation in branching cables

d1   = d21  + d22

3/2 3/23/2

The equivalent cylinder model

 V = V0  (1-e-x/!)

Modeling Spinal Motor Neurons 



V (x) =V0 (1− e
− x /λ )

d 3/2
j
∑ = constant





Rall & Shepherd – Evoked poten5al in OB 



Sequencing Effects of Time Delay for Distal Synapses 









The NEURON simulation environment

www.neuron.yale.edu Cambridge UP, 2006

EPSP attenuation in dendrites of pyramidal neurons

Stuart & Spruston, 1998



Cash and Yuste, Neuron (1999) 

    Spa5al Summa5on in Dendrites: Evidence for Linearity 



!

!

!

Resonance Proper5es in Dendrites 
Voltage dependent channels (h current) 





Ac5ve Dendrites 



Spencer and Kandel  “prepoten5als” 



Llinas & Sugimori 



New Techniques to Study Dendrites 

Visualiza5on (IR and Fluorescence) 
Patch recording from dendrites 
Two photon laser scanning microscopy 
Calcium concentra5on dynamics 
Caged transmiAers and two photon uncaging 



Patch Recording 



M. Hausser 

Diffusion, Visualiza5on, and Dialysis 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Action potential initiation and backpropagation in pyramidal neurons

20 mV20 mV

5 ms5 ms

axonaxon

100 µm100 µm

Synaptic Synaptic 

stimulationstimulation

somasoma

Stuart et al., J. Physiol. 1997

dendritedendrite

from Stuart & Häusser 1994

Backpropagation is not present in all neurons (e.g. Purkinje cells) 



Backpropagation is cell-type specific

Backpropagation gates the induction of LTP

Magee & Johnston,

Science 1997



Nature Reviews | Neuroscience
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backpropagating action potentials in synaptic depres-
sion remains unclear. These observations point to other 
forms of dendritic depolarization being necessary for the 
induction of synaptic plasticity174.

Dendritically initiated spikes are required for 
LTP or LTD induction in response to strong synaptic 
stimulation158,166,172 or during pairing of EPSPs with 
postsynaptic bursts168,169. In these forms of LTP the 

Figure 5 | Coincidence detection by excitable dendrites in pyramidal neurons. a | Gating of dendritic spike 
propagation in a model of a CA1 pyramidal neuron. The top panel illustrates how the simulated activation of 251 perforant-
path (PP) synapses results in a spike in the apical tuft that does not successfully invade the apical dendrite proximal to the 
primary bifurcation. The middle panel illustrates how the simulated activation of 115 Schaffer-collateral (SC) synapses 
produces spikes in apical oblique branches that do not invade the main apical dendrite. The bottom panel illustrates how 
the simulated activation of PP and SC synapses together results in the successful propagation of a spike along the main 
apical dendrite and into the soma and axon. b | Backpropagation-activated Ca2+ (BAC) spikes in layer V (L5) pyramidal 
neurons. The diagram of the nerve shows the positions from which recordings were taken: the soma (indicated by the green 
electrode), the mid-apical dendrite in layer IV (blue electrode) and the upper apical dendrite in layer II/III (red electrode). 
Membrane-potential responses and current stimuli (all colour-coded to match the electrodes) are shown for four stimuli — 
from top to bottom: excitatory postsynaptic current (EPSC)-like current injection in the upper apical dendrite produces an 
EPSP-like response; somatic current injection evokes a backpropagating action potential; a combination of these two 
stimuli produces a BAC spike in the upper and mid apical dendrites and a burst of action potentials in the soma; a larger 
EPSC-like current injection in the upper apical dendrite similarly produces a dendritic Ca2+ spike and a burst of action 
potentials. c | Amplification of backpropagating action potentials by dendritic EPSPs can lead to bursting. The two left- 
hand plots show somatic (top) and dendritic (bottom) responses to an antidromic action potential (AP) activated alone  
(blue trace) or in combination with a dendritic EPSP-like response to dendritic current injection. The combined response 
(red trace) is larger than the linear sum of the action potential and the EPSP separately (green trace). The two right-hand 
plots are from another trial in which the EPSP triggered a second action potential that backpropagated even more 
effectively, leading to a large dendritic spike that triggered another action potential and hence a burst. Part a reproduced, 
with permission, from REF. 156  (2005) Macmillan Publishers Ltd. Part b reproduced, with permission, from REF. 95  (1999) 
Macmillan Publishers Ltd. Part c reproduced, with permission, from REF. 134  (2001) Macmillan Publishers Ltd.
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Nonlinear effects of mixed PSPs and Spikes 

BAC: backprop. 
ac5vated calcium 
spike 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NMDA receptors. Figure 3a shows that the addition of the NMDA
receptor blocker AP5 (D(!)-2-amino-5-phosphonovaleric acid; 100
!M) eliminated the basal dendritic spike evoked under control
conditions (n = 12). Increasing the laser intensity further (up to
775% of the control threshold intensity) did not restore the spike.
This was true even when we used high-frequency (40–200 Hz)
glutamate uncaging (n = 5). In the presence of AP5, the peak
and half-width of the AMPA ("-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate) receptor-mediated EPSLPs were not changed
significantly by the addition of cadmium or TTX (97.8 # 5.7% and
105.6 # 5.5% of control values, respectively). More importantly,
local basal dendritic spikes were initiated even after we blocked both
VGSC and VGCC with TTX and cadmium (Fig. 3b). These spikes in
turn were blocked by AP5 (Fig. 3c, n = 5). ‘Pure NMDA spikes’ in
the presence of TTX and cadmium were higher and wider than the
spikes recorded under control conditions (peak amplitude of cable-
filtered spikes measured at soma was 7.2 # 2.6 mV, half-width of
77.3 # 12.7 ms, P $ 0.01 compared with control spikes). Our
findings indicate that local basal dendritic spikes are mediated for
the most part by current flowing through NMDA receptor channels.
Sodium and calcium channels assist in spike initiation, but are not
necessary for it.

We used computer simulations to quantify the relative contri-
butions of NMDA channels, VGSCs and VGCCs to local basal
dendritic spikes (Fig. 3d). With the parameters adjusted so that
the model matched the experimental observations, the simulations
revealed that NMDA receptor channels contributed around 80% of
the charge mediating basal dendritic spikes, with sodium and
calcium channels together contributing around 20%. Increasing
the density of VGSCs and/or VGCCs so that they contributed more
than 20% of the current mediating basal dendritic spikes was
inconsistent with the experimental findings that AMPA-mediated

EPSLPs were unaffected by cadmium and TTX. The experimental
finding that the pure NMDA spike was larger than the control
spike was consistent with modelling results showing that initiation
of pure NMDA spikes required more NMDA conductance. In
addition, the simulations revealed that NMDA spikes involved a
‘spike-chain’ mechanism: the AMPA response evoked a fast local
sodium ‘spikelet’, which elicited a slower calcium-mediated regen-
erative response, which in turn initiated the full-blown NMDA
spike (Fig. 3d).

To investigate whether local basal dendritic spikes can be evoked
by synaptic inputs, we combined focal stimulation of basal den-
drites with two-photon imaging. As in the uncaging experiments,
when we gradually increased the synaptic stimulus intensity there
was an abrupt jump in the EPSP amplitude, and a spike-like
response was initiated (Fig. 4a, b). The spike initiation was sensitive
to the frequency of activation. Although spikes could be observed
with a single EPSP (n = 6), they were easier to elicit with high-
frequency stimulation (two stimuli at 50–100 Hz; 9 out of 11
neurons examined). At dendritic threshold, the cable-filtered EPSP
peak was 2.6 # 0.8 mV and the cable-filtered basal dendritic spike
added 5.9 # 1.5 mV (226 # 46%, half-width 64.4 # 19.8 ms) to the
somatic voltage response (n = 6).

The NMDA receptor blocker AP5 (100 !M) selectively reduced
the amplitude of EPSPs that crossed the local dendritic threshold
and abolished the spike response (Fig. 4b). Furthermore, AP5
linearized the relationship between the synaptic stimulus intensity
and EPSP amplitude and eliminated the abrupt jump observed
under control conditions (Fig. 4b, n = 4). Basal dendritic spikes
could not be reinitiated in the presence of AP5, even with stimula-
tion intensities sufficient to evoke AMPA-mediated EPSPs that were
two to three times larger than the just subthreshold EPSPs in control
conditions. In control solution sufficient hyperpolarization of the
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Figure 1 Local spikes in basal dendrites evoked by focal glutamate uncaging.
a, Fluorescent image of the basal dendritic arborization (left). The grey spot obtained by
flash photolysis of caged fluorescein dextran represents the area of glutamate uncaging.
Right, somatic voltage responses evoked by glutamate uncaging at a basal dendrite
150 !m away from the soma (top) and focal synaptic stimulation (bottom) in the same
neuron. b, Traces of single EPSLPs evoked at increasing laser intensities (left). The peak
EPSLP amplitude is plotted as a function of the laser intensity for the cell shown (top right)

and for an average of 14 cells (bottom right). The laser intensity is shown relative to the
laser intensity at threshold (0). The EPSLP amplitude is presented in per cent of just
suprathreshold EPSLP (defined as 100%). c, The effect of hyperpolarization of the
membrane potential on suprathreshold EPSLP recorded at the soma. d, Images of a basal
dendritic branch (140 !m from the soma) at rest and during dendritic spike response. The
third image represents the net calcium increase during spike initiation. The circle
represents the site of the glutamate uncaging.
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Spikes 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Supplementary Figure 4. Voltage-dependent NMDA conductance + passive leak can generate current-
voltage (I-V) relations exhibiting 3 stability regimes. Theoretical illustration based on single compartment model with 
parameters indicated (Lisman et al. 1998). As the maximum (fully-depolarized) NMDA conductance gmaxNMDA increases, the I-V 
relation sweeps successively through three regimes: mono-stable DOWN ('boosting', blue lines), bistable (green lines), and 
mono-stable UP ('self-triggering', red lines), depending on the number and positions of the fixed points (zero current axis 
crossings). Stable fixed points on an exemplar I-V relation (thicker darker lines) for each regime indicated by concentric targets, 
unstable threshold fixed point on bistable exemplar marked by X. Neighboring I-V curves separated by increments in 
gmaxNMDA/gleak ratio of 0.2 (near regime boundaries), 0.4 (default) or 0.6 (just above bistable exemplar curve). Note negative 
currents are upwards (voltage clamp convention). System flow is indicated by arrows. For example, in the case of the thick dark 
green bistable curve, small negative voltage perturbations away from threshold result in negative currents through the 
membrane, hyperpolarizing the system progressively towards the stable DOWN state (cyan target). Small positive perturbations 
from threshold lead to positive currents, forcing the system to flow towards the UP-state (magenta target). Note that the DOWN 
and UP-states move to more depolarized levels as the NMDAR conductance increases, but the threshold is reduced. Pyramidal 
neurons typically exhibit inward rectification (see Supplementary Figure 2D3). The first segment of the I-V curve can be made 
steeper by including an inward rectification conductance in the membrane (not shown); this can make the N-shape more 
symmetrical as well as increasing the breadth (in parameter space) of the bistable regime.



28.5°C (D’Angelo et al. 1994), which were then adjusted to 35°C
using a q10 temperature dependence of 3 (i.e., time constants were
divided by 3(35-28.5)/10 ! 2.042).

The voltage dependence p of the Magnesium unblocking had
forward and backward rate constants

! " A!eV/Vspread!, A! " 5.4 ms # 1, Vspread! " 47 mV,

and

$ " A$"Mg2%#eV/Vspread$, A$ " 0.61 mM # 1ms # 1, Vspread$ " 17 mV

(Ascher and Nowak 1988), assumed [Mg2$] ! 1.8 mM (Brodin et al.
1991), all at 20°C and adjusted to 35°C using a q10 temperature
dependence of 3, i.e., rates were multiplied by 5.196. These param-
eters give a sigmoidal steady-state voltage dependence

"1 % e%(V%V1/2)/Vspread# # 1,

with a half-activation voltage V1/2 of %19.9 mV and a Vspread of 12.48
mV. In this scheme, gmaxNMDA is 14% above actual peak openable

NMDA conductance. During simulations for Supplementary Fig. S3,
peak envelope (openable) NMDA conductance ranged from 173 to 28
nS (proximal to tip), and peak opened NMDAR conductance ranged
from 126 to 21 nS (proximal to tip). Inclusion of low densities of
sodium and calcium channels as in Schiller et al. (2000) reduced the
amount of NMDA conductance required for a spike/plateau and
reproduced the rise in threshold seen with sodium and/or calcium
channel blockade (not shown). NEURON files available on request.

R E S U L T S

Local dendritic spike/plateaus can be evoked by brief focal
pulses of glutamate onto a single basal dendrite

Terminal basal dendrites of large layer 5 neocortical pyra-
midal neurons were stimulated focally by iontophoresing 5-ms
pulses of glutamate from a nearby sharp electrode (using
negative current). The electrode tip was within 1 or 2 &m of the
dendrite (Figs. 1A and Supplementary S1). Somatic voltage
was recorded while imaging the dendrite with a two-photon
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FIG. 1. Somatic amplitudes of basal den-
dritic spike/plateaus fall markedly with input
distance from the soma. Glutamate iontophore-
sis data. A: experimental setup. A layer 5 neo-
cortical pyramidal neuron is filled with the
low-affinity calcium indicator Magnesium
Green (Kd ! 6 &M) via a whole cell patch
pipette. A double-barreled sharp electrode with
fluorescein in 1 barrel and glutamate in the
other is advanced to within 1–2 &m of a basal
dendrite. Mean projection of image stack taken
with 2-photon microscope. B: a 5-ms pulse of
glutamate is iontophoresed onto a basal den-
drite at various distances from the soma (bigger
iontophoretic currents indicated by “hotter”
colors; different cell than A). Attenuated,
smoothed voltage responses are recorded at the
soma. Glutamate pulses above a threshold
level evoke a spike/plateau potential in the
dendrite, with an accompanying Ca2$ transient
at the input site (see later figures). Spike/pla-
teau amplitude, measured at the soma, de-
creases markedly from proximal to distal input
sites. There is a similar drop in both voltage
threshold (biggest subthreshold response) mea-
sured at the soma, and glutamate threshold.
Baseline voltages (Em) are within 1 mV of
%72 mV and aligned. C and D: somatic am-
plitude of dendritic spike/plateaus vs. input
location. C: same dendrite as in B (8 sites).
Spike/plateau amplitude (mean & SD) drops
'7-fold from proximal to distal and is bigger
at %65 mV baseline Em (red) than at %72 mV
(blue). D and E: population data from 17 dif-
ferent Layer 5 pyramidal neuron terminal basal
dendrites (n ! 64 input sites). Points from a
given dendrite are same color and symbol, with
lines joining '3 sites from same dendrite.
Baseline Em %70 to %75 mV. Black dashed
lines: exponential fits. D: spike/plateau ampli-
tudes drop '7.3-fold from proximal to distal,
on average; functional length constant 87 &m.
E: spike/plateau thresholds show similar prox-
imal-to-distal drop. Main plot: peak amplitude
at soma of largest subthreshold response versus
input location; functional length constant 96
&m. Inset: mean glutamate threshold (ionto-
phoretic current just sufficient to elicit a den-
dritic spike/plateau) vs. input location (n ! 102
sites, bars ! SE).
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Passive Compartmental Model with 2 Sequentially-activated Zones of 
               NMDAR Conductance in a Single Basal dendrite
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Supplementary Figure 6. Stimulating two different functional subunits in a single basal dendrite in a different 
temporal order can give dramatically different output. Same model as in Supplementary Figure 3, Rm 10000 Ωcm2, but 
with a 40 nS gmax NMDAR input at 164 µm and 69 µm at the indicated times. AMPAR component gmax is 6 nS at both sites. Left: 
proximal input followed after 40 ms by distal input. The proximal input fails to trigger an NMDA spike. The distal input then triggers a 
distal NMDA spike, but by then the proximal NMDAR conductance has decayed below the level at which it can produce an NMDA 
spike. Right: distal input followed by proximal input after 40 ms. The distal input is big enough to trigger a distal NMDA spike, in the 
subunit centered on 164 µm. The resulting depolarization propagates in attenuated form proximally, and lasts long enough to help 
the subsequent proximal input across threshold. The result is a proximal NMDA spike with a large somatic amplitude. Lower panel: 
schematic indicating which subunits are in high (UP) or low (DOWN) NMDAR conductance states at various times (magenta and 
dark purple, respectively).
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