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Experience-Dependent Pruning of
Dendritic Spines in Visual Cortex
by Tissue Plasminogen Activator

during the critical period (CP) remains unknown
(Hensch, 2004; Prusky and Douglas, 2003).

More recently, the motility of living spines has been
monitored using two-photon imaging techniques in
transgenic mice expressing yellow fluorescent protein in
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Brain Science Institute a subset of pyramidal cells. While basal spine dynamics
2-1 Hirosawa, Wako-shi generally decline with age, the specific correspondence
Saitama 351-0198 to the CP for MD effects remains controversial (Grutz-
Japan endler et al., 2002; Konur and Yuste, 2004; Majewska

and Sur, 2003). Interestingly, spines on layer V pyramidal
neurons may increase their motility in response to sen-
sory deprivation only during the CP (Majewska and Sur,Summary
2003; Oray et al., 2004 [this issue of Neuron]). It remains
unclear whether these rapid events ultimately produceSensory experience physically rewires the brain in
a structural redistribution of connectivity on a time scaleearly postnatal life through unknown processes. Here,
consistent with the full shift of ocular dominance requir-we identify a robust anatomical consequence of mon-
ing more than 2 days of MD (Gordon and Stryker, 1996).ocular deprivation (MD) in layer II/III of visual cortex
This saturated functional plasticity, in turn, occurs daysthat corresponds to the rapid, functional loss of re-
to weeks ahead of the classical sculpting of thalamicsponsiveness preceding any changes in axonal input.
afferent axons and boutons (Antonini and Stryker, 1993;Protrusions on pyramidal cell apical dendrites in-
Antonini et al., 1999; Silver and Stryker, 1999).creased steadily after eye opening, but were tran-

Extracellular proteolysis by serine proteases offers asiently lost through competitive mechanisms after
candidate molecular basis for linking neuronal activitybrief MD only during the physiological critical period.

Proteolysis by tissue-type plasminogen activator (tPA) with morphological change (reviewed in Liu et al., 1994;
conversely declined with age and increased with MD Mataga and Hensch, 2004; Shiosaka and Yoshida,
only in young mice. Targeted disruption of tPA release 2000). The tissue plasminogen activator (tPA)-plasmin
or its upstream regulation by glutamic acid decarbox- system in particular is expressed in various regions of
ylase (GAD65) prevented MD-induced spine loss that the brain, including the cerebral cortex (Basham and
was pharmacologically rescued concomitant with crit- Seeds, 2001), where it participates in both normal and
ical period plasticity. An extracellular mechanism for pathological events (Benchenane et al., 2004; Mataga
structural remodeling that is limited to the binocular and Hensch, 2004). Our previous findings indicate that
zone upon proper detection of competing inputs thus tPA has a permissive role for functional ocular domi-
links early sensory experience to visual function. nance plasticity (Mataga et al., 2002) downstream of the

excitatory-inhibitory balance that triggers it (Fagiolini
and Hensch, 2000; Fagiolini et al., 2004; Hensch et al.,Introduction
1998; Hensch, 2004; Iwai et al., 2003). Here, we show that
rapid and saturating experience-dependent plasticity isOccluding one eye during development ultimately trims
accompanied by a transient loss of spines on supragran-its input to the neocortex, while thalamic axons serving
ular apical dendrites only during a CP in the binocularthe open eye progressively expand (Antonini and
zone of mouse visual cortex through the action of tPAStryker, 1993; Antonini et al., 1999). Yet, the most imme-
downstream of an optimal excitatory-inhibitory balance.diate and potent cortical plasticity occurs beyond tha-

lamo-recipient layer IV (Gordon and Stryker, 1996; Shatz
and Stryker, 1978; Trachtenberg et al., 2000), for which

Resultsthe structural basis is obscured by the complexity of
the cortical microcircuit. Synapse remodeling is one fun-

Development and Experience-Dependent Pruningdamental process that may reflect dramatic changes in
of Dendritic Protrusionsneuronal activity (reviewed in Nimchinsky et al., 2002;

Segal, 2001; Yuste and Bonhoeffer, 2001). In visual cor- Dendritic spine formation is the characteristic morpho-
tex, altered spine number has been observed on apical logical feature of mature excitatory synapses (reviewed
dendrites of layer V or basal dendrites of layer III pyrami- in Nimchinsky et al., 2002; Segal, 2001; Yuste and Bon-
dal neurons following prolonged manipulation of sen- hoeffer, 2001). To establish the developmental profile of
sory input, such as dark rearing or continuous illumina- dendritic protrusions in upper cortical layers of visual
tion from birth (Parnavelas et al., 1973; Riccio and cortex, neurons were visualized by particle-mediated
Matthews, 1985; Valverde, 1967, 1971; Wallace and transfer of lipophilic dye-coated beads (DiOlistic label-
Bear, 2004). However, the rapid morphological conse- ing; Gan et al., 2000). The number of protrusions (filo-
quence of competition resulting in loss of visual acuity podia and spines) was counted from randomly labeled

apical dendrites of typical layer II/III pyramidal neurons
in the binocular zone of mouse visual cortex. Neonatal*Correspondence: hensch@riken.jp
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Figure 1. Emergence of Dendritic Protrusions on Apical Dendrites
in Developing Mouse Visual Cortex

(A) Complete three-dimensional confocal microscope reconstruc-
tions of apical dendrites from typical layer II/III pyramidal neurons

Figure 2. Age-Limited Pruning of Dendritic Protrusions by Monocu-in the binocular zone of wt mouse visual cortex. Top, before eye
lar Deprivationopening (eyes closed, postnatal days P9–10); second, precritical

period (Pre-CP, P15–17); third, during the critical period (CP, P24– Representative three-dimensional confocal reconstructions of api-
31); bottom, adulthood (adult, P57–66). Arrow indicates first den- cal dendrites (third and fifth segments) after short-term MD (4 days
dritic branch point. (B) Number of protrusions per 25 �m segment MD) (A) during the CP or (B) in adulthood. Scale bars, 10 �m. (C)
between the first dendritic branch point and the apical tuft. Eyes Spine loss is restricted to 4 days MD in the CP (filled columns, 5
closed (8 mice, 12 cells), Pre-CP (6 mice, 9 cells), CP (6 mice, 18 mice, 10 cells) and is absent in adults (open columns, 6 mice, 10
cells), and adult (11 mice, 17 cells). Mean � SEM; *p � 0.05, **p � cells). *p � 0.05 versus nondeprived mean at each age (Figure
0.01, ***p � 0.001 versus CP value for each segment. Bonferroni’s 1B); �p � 0.05, ��p � 0.01, CP versus adult; Student’s t test.
multiple comparison test for four groups.

and after short-term MD (4 days MD) either during the
CP (from postnatal days P25–26, Figures 2A and 2C,pyramidal cell dendrites were relatively bare (Figure 1,

eyes closed), as reported previously (reviewed in Nim- closed columns) or in adulthood (from P60, Figures 2B
and 2C, open columns).chinsky et al., 2002; Segal, 2001; Yuste and Bonhoef-

fer, 2001). Robust pruning of protrusions was observed only in
young mice in tight correlation with the minimum timeAfter eye opening, the density of dendritic protrusions

dramatically increased at each segment along the apical course (4 days) for a full physiological shift of ocular
dominance by MD (Gordon and Stryker, 1996; Fagiolinidendrite (Figure 1, Pre-CP) and continued to proliferate

throughout the CP for ocular dominance plasticity (Fig- and Hensch, 2000). The number of protrusions tended
to decrease in all apical segments after 4 days MD (*p �ure 1, CP and Adult). Only the first apical segment (0–25

�m from the first dendritic branch point) rapidly reached 0.05, Student’s t test versus nondeprived mice, no MD;
Figure 1B, CP), but was unchanged in adult animals,a plateau level by the third week of life, while the number

of protrusions in other segments increased significantly confirming the distinctive nature of the earlier develop-
mental stage in mice (Antonini et al., 1999; Gordon andinto adulthood (2 months old). Similarly, it is reported

that matching growth and elaboration of geniculocorti- Stryker, 1996). These results are further consistent with
an age-limited increase in spine motility induced by ancal axon arbors continues beyond the peak of the CP

(Antonini et al., 1999). even shorter (2 day) deprivation visualized by two-pho-
ton laser microscopy (Majewska and Sur, 2003; Oray etAlthough there was no simple relationship between

CP plasticity levels and the development of spines (Ko- al., 2004).
nur and Yuste, 2004), their emergence is reported to
reflect neuronal activity (Parnavelas et al., 1973; Riccio Increased tPA Activity Permits Spine Loss

by Sensory Deprivationand Matthews, 1985; Valverde, 1967, 1971). We there-
fore directly assessed whether morphological refine- Two-day MD during the CP leads to an increase in pro-

teolytic activity in visual cortex that precedes and persistsment is dependent upon visual experience and age. The
number of dendritic protrusions was compared before during the rapid loss of deprived-eye responsiveness.
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Figure 3. Elevation of tPA Proteolytic Activity
by Monocular Deprivation Only during the
Critical Period

(A) Developmental profile of tPA mRNA (open
circles), tPA protein (open triangles), and tPA
activity (filled circles) in wild-type mouse vi-
sual cortex. Shaded region represents peak
of the CP. Arrow indicates eye opening (ap-
proximately P14 in mice). *p � 0.05, **p � 0.01
versus CP. Bonferroni’s multiple comparison
test for four groups. (B) Increased tPA activity
induced by 4 days MD is seen only in the CP
mouse binocular zone. ***p � 0.001 versus
nondeprived mean (no MD); Student’s t test.

Both proteolytic activity and loss of responsiveness are GABA-synthetic enzyme glutamic acid decarboxylase.
GAD65 KO mice preserve a latent, pre-CP cortexdisrupted in the absence of tPA (Mataga et al., 2002).

To explore whether tPA levels might reflect dynamics of throughout life until they are treated with benzodiaze-
pine agonists, such as diazepam or zolpidem (Fagioliniprotrusions during development and visual deprivation,

we analyzed endogenous tPA expression in visual cor- and Hensch, 2000; Fagiolini et al., 2004; Hensch et al.,
1998; Iwai et al., 2003). Several findings indicate thattex. Inverse to the development of dendritic protrusions

(Figure 1), the basal expression of tPA mRNA, tPA pro- tPA acts downstream of an optimal excitatory-inhibitory
balance during functional ocular dominance plasticity.tein, and its proteolytic activity in visual cortex declined

steadily throughout the CP with no particular relation to Proteolytic activity is not elevated by 2 day MD in the
binocular zone of GAD65 KO mice (Mataga et al., 2002).the expected level of plasticity (Figure 3A). Instead, tPA

activity in the binocular zone was induced by 4 days Ocular dominance shifts are restored to GAD65 KO mice
by a minimum 2 day infusion of diazepam (Iwai et al.,MD in an age-restricted manner only during the CP and

not in adult mice (Figure 3B). 2003) or, in part, by longer exogenous tPA injections (1
week, i.c.v.). In contrast, plasticity remains low in tPABased on the hypothesis that tPA may then contribute

to the pruning of dendritic spines accompanying ocular KO mice, even after full diazepam treatment (4 days,
i.c.v.) throughout MD.dominance plasticity, we examined the number of pro-

trusions in three different groups of tPA knockout (KO) Loss of dendritic protrusions was not observed in
GAD65 KO mice after 4 days MD from P25–26 (Figuresmice, which showed no gross abnormality of layer II/

III pyramidal cell dendrites (Figure 4A). First, the total 5B and 5D; red filled rectangles), despite normal gross
morphology of layer II/III pyramidal neurons (Figure 5A).number of filopodia and spines was similar between

nondeprived wild-type (wt) and tPA KO mice during the Instead, as expected, the number of filopodia and spines
on apical dendrites was decreased by 4 days MD duringCP (Figure 1B versus Figure 4D, gray open triangles).

Second, a dramatic difference appeared between wt this CP in the binocular zone of wt mice (Figures 5B and
5D, red filled circles, �p � 0.05, ���p � 0.001 versusand tPA KO mice after 4 days MD (Figure 4D, red filled

circles versus red filled triangles, *p � 0.05, **p � 0.01, no MD; data not shown). A tendency for more protru-
sions than in wt mice was even observed at some apical***p � 0.001). There was no evidence of pruning by

deprivation in the tPA KO mice, but rather a trend toward segments in nondeprived GAD65 KO mice, consistent
with reports indicating that reduced GABAergic trans-increased spine number at some sites, perhaps indicating

uninhibited growth mechanisms in the absence of tPA. mission increases basal dendritic spine density (Murphy
et al., 1998a, 1998b).Finally, we combined eyelid suture of tPA KO mice

for 4 days together with exogeneous recombinant tPA Importantly, the number of protrusions after 4 days
MD was significantly higher along the entire apical den-injection (Figure 4D, 4 days MD � tPA) (E6010, Eisai Co.

Ltd., 160 IU/�l, i.c.v., starting 3 days before MD), which drite of GAD65 KO mice than in wt mice (Figures 5B and
5D; *p � 0.05, **p � 0.01, ***p � 0.001 versus wt afterlargely rescues functional ocular dominance plasticity

in this mutant (Mataga et al., 2002). Curiously, the loss 4 days MD). Pruning of spines was fully restored by
diazepam injections concomitant with the MD (Figuresof protrusions by experience was partially restored,

starting from dendritic segments nearest the cell body 5B and 5D; black filled rectangles). In this animal model,
total recovery of spine loss mirrors the complete rescue(Figures 4B and 4D; black filled rectangles, ��p � 0.01

versus 4 days MD and p � 0.05 versus no MD KO). Such of CP plasticity by our drug protocol that facilitates
GABAergic transmission (Fagiolini and Hensch, 2000;a pattern of dendritic spine elimination radiating from

the soma outward has also been observed for the intra- Hensch et al., 1998; Iwai et al., 2003). Thus, the loss of
dendritic protrusions is triggered, and the refinement ofcellular action of serum-inducible kinase (SNK) in vitro

(Pak and Sheng, 2003). experience-dependent circuits proceeds when compet-
ing inputs can be properly detected by an optimal excit-
atory-inhibitory balance.Excitatory-Inhibitory Balance Triggers

Experience-Dependent Spine Loss
We further explored whether loss of protrusions by sen- Spine Loss Reflects Competition and Is Transient

In mouse visual cortex, competitive interactions occursory deprivation through tPA specifically reveals CP
plasticity based on competition. For this purpose, we only within a narrow binocular zone in which the two

eyes’ inputs first converge to represent the central 30�analyzed spines in mice lacking the synaptic isoform of
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Figure 4. Pruning of Dendritic Spines Is Reversibly Impaired in tPA KO Mouse Visual Cortex

(A) Layer II/III pyramidal neuron dendritic arbors develop normally in the binocular zone of tPA KO mice. Scale bars, 25 �m. (B) Typical confocal
images of apical dendrites (first and fifth segments) in nondeprived (no MD), 4 days MD from P25–26, and 4 days MD of tPA KO concomitant
with exogenous tPA injection (4 days MD � tPA). Scale bar, 10 �m.
(C) Schedule of exogenous tPA injection (7 d) and MD (4 d).
(D) Summary of total number of protrusions per apical dendritic segment in tPA KO mice. Nondeprived tPA KO (gray open triangles; N � 8
mice, n � 16 cells). Spine loss due to 4 days MD fails to occur in the tPA KO (red filled triangles; N � 5, n � 11), *p � 0.05, **p � 0.01, ***p �

0.001 versus 4 days MD wt (red filled circles; N � 5, n � 10, CP in Figure 2C). Dendritic spine loss by 4 days MD is partially rescued nearest
the soma in the KO by concomitant exogenous tPA injection (black filled rectangles; N � 5, n � 16), ��p � 0.01 versus 4 days MD, and #p�

0.05, ##p � 0.01 versus nondeprived tPA KO. Bonferroni’s multiple comparison test for four groups.

of visual space (Dräger, 1975; Wagor et al., 1980; Gordon number of filopodia and spines largely recovered along
the apical dendrite, except nearest the cell body (Figureand Stryker, 1996). The larger monocular region receives

exclusively contralateral eye input serving the lateral 6B, closed columns). These results suggest that rapid
spine loss may signal the earlier retraction of deprived-visual fields. We took advantage of the laterally dis-

placed rodent visual system to determine whether spine eye inputs, followed by new spine formation to meet the
growing axons serving the open eye in a scenario veryloss requires competition between inputs or simply re-

flects a lack of sensory input. The number of dendritic much like that in the developing neuromuscular junction
(Figure 6C; Hensch, 2004; Sanes and Lichtman, 1999).filopodia and spines on typical layer II/III pyramidal neu-

rons in the monocular zone of wt mice remained un-
changed after the contralateral eye was sutured for 4 Discussion
days during the CP (Figure 6A, closed columns). Similar
results were obtained ipsilateral to the closed eye (data Experience-dependent plasticity translates learning into

synaptic remodeling. Direct modification of dendriticnot shown, 6 animals, 14 cells). Uniform (noncompeti-
tive) deprivation of both eyes, examined previously, also spine structure may be a common intermediary for rapid,

activity-dependent rewiring across brain systems (Liudoes not affect average spine length, class distribution,
or density in the binocular zone (Majewska and Sur, et al., 1994; Matsuzaki et al., 2004; Okamoto et al., 2004;

Yuste and Bonhoeffer, 2001). Several reports implicate2003).
These results indicate that competition between both tPA not only in ocular dominance plasticity (Mataga et

al., 1996, 2002; Müller and Griesinger, 1998) but also ineyes is essential for the induction of rapid dendritic spine
refinements on excitatory pyramidal neurons in visual learning and memory in the cerebellum (Seeds et al.,

2003), striatum, and hippocampus (Calabresi et al.,cortex. On the presynaptic side, the shrinkage of genicu-
locortical arbors serving the deprived eye occurs prior to 2000; Huang et al., 1996; Madani et al., 1999; Pawlak et

al., 2002). In hippocampal cultures, the role of tPA liesthe expansion of open-eye arbors (Antonini and Stryker,
1993; Antonini et al., 1999). We therefore examined in the creation or growth of new presynaptic varicosities

(Baranes et al., 1998) or in the formation of perforatedwhether reduction of dendritic protrusions is transient
or sustained throughout long-term sensory deprivation shaft synapses after induction of long-term potentiation

(LTP) through NMDA receptors in vitro (Neuhoff et al.,(�30 days MD). One eyelid of wt mice was trimmed and
sutured at P18, and protrusions were counted from the 1999). Strikingly, we found that in the visual cortex

in vivo, tPA initially acts to eliminate protrusions uponbinocular zone at the end of the CP (P58–64; Gordon
and Stryker, 1996; Fagiolini and Hensch, 2000). The sensory deprivation.
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Figure 5. Pruning of Dendritic Spines Is Reversibly Impaired in GAD65 KO Mouse Visual Cortex

(A) Gross morphology of typical layer II/III pyramidal neurons is normal in the binocular zone of GAD65 KO mice.
(B) Typical confocal images of apical dendrites (first and third segments) in nondeprived (no MD), 4 days MD (initiated from P25–26), and 4
days MD of GAD65 KO concomitant with exogenous diazepam injection (4 days MD � DZ). Scale bar, 10 �m.
(C) Schedule of MD concomitant with diazepam (DZ) injection (4 days).
(D) Summary of total number of protrusions per apical dendritic segment in GAD65 KO mice. Rapid reduction of spines in wt mice by 4 days
MD during the CP (red filled circles; N � 6, n � 16), �p � 0.05, ���p � 0.001 versus nondeprived wt (data not shown; N � 4, n � 14). Spine
loss due to 4 days MD fails to occur at all apical segments of GAD65 KO mice (red filled triangles; N � 5, n � 11), no significant differences
versus nondeprived KO (gray open triangles; N � 5, n � 14); *p � 0.05, **p � 0.01, ***p � 0.001 versus 4 days MD in wt (red filled circles).
Dendritic spine loss by 4 days MD is fully restored along the entire apical dendrite by DZ injection (black filled rectangles; N � 7, n � 10).
#p � 0.05, ##p � 0.01, ###p � 0.001 versus nondeprived GAD65 KO (gray open triangles). Bonferroni’s multiple comparison test for five groups.

tPA-Mediated Spine Elimination in Visual Cortex dominance (Antonini and Stryker, 1993; Antonini et al,
1999; Silver and Stryker, 1999). Previous work focusedWe propose that there are three steps to complete mor-

phological rearrangement during ocular dominance on basal dendrites receiving direct thalamic input in
layer IV and may, thus, have missed the transient andplasticity (Figure 6C). First, spines become motile due

to increased tPA proteolytic activity within 2 days of robust spine phenotype we describe here upon apical
dendrites (Konur and Yuste, 2004).sensory deprivation (Figure 6C, left). Very brief (2 day)

deprivation is indeed sufficient to increase spine dynam- Our findings establish a crucial proteolytic link in the
temporal profile and molecular cascade that convertsics outside layer IV in an age- and protease-dependent

manner before any changes in functional respon- early functional regulation to lasting morphological dis-
connection in the visual cortex (Hensch, 2004). Outsidesiveness occur (Gordon and Stryker, 1996; Oray et al.,

2004). Second, by 4 days MD, spines are eliminated prior the central nervous system, tPA is found predominantly
in the blood, where it functions primarily as a proteolyticto axons serving the deprived eye (Figure 6C, center).

Finally, as deprivation proceeds, axonal arbors relaying enzyme whose principal substrate is the zymogen plas-
minogen. Although present in the cortex and hippocam-strong neuronal activity from the open eye sprout to

freed spaces (Figure 6C, asterisk) along the apical den- pus of both neonatal and adult mice (Basham and
Seeds, 2001; Tsirka et al., 1997), the natural substratedrite (Figure 6C, right). Thus, physiological plasticity,

triggered by visual experience and an intracortical excit- for tPA within the brain could, in principle, be distinct
from plasminogen (Benchenane et al., 2004). Enhancedatory-inhibitory balance (Hensch et al., 1998), may grad-

ually induce morphological refinements through a multi- NMDA receptor function upon cleavage of the NR1 sub-
unit by tPA is both pathological and controversial (Hor-step proteolytic action of tPA.

A full shift in visual responses is recorded by single- wood et al., 2004; Matys and Strickland, 2003; Nicole
et al., 2001). While prolonged NMDA currents wouldunit electrodes within a few days of MD that requires

cortical (but not thalamic) protein synthesis consistent reduce ocular dominance plasticity (Fagiolini et al.,
2003), tPA clearly acts differently as it restores plasticitywith intracortical growth/retraction (Taha and Stryker,

2002). Whole-scale dendritic field realignment is limited to tPA KO mice (Mataga et al., 2002).
Alternatively, tPA in association with low-density lipo-to a subset of layer IV stellate cells at the borders of

ocular dominance columns in cats (Kossel et al., 1995). protein receptor-related protein (LRP) may be involved
in such cellular events as LTP in the hippocampus (ZhuoMoreover, after MD, structural plasticity of geniculocor-

tical axon terminals and boutons follows only slowly, by et al., 2000) or in the regulation of the blood-brain barrier
(Yepes et al., 2003). Overall, while some findings supportweeks to months, the initial physiological shift in ocular
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factors by cleaving their immature proforms. For in-
stance, hepatocyte growth factor is processed by tPA
or uPA and is required for the migration of parvalbumin-
positive interneurons from the ganglionic eminence to
appropriate cortical loci during embryonic development
(Levitt et al., 2004; Mars et al., 1993; Powell et al., 2001;
Thewke and Seeds, 1996). Weakened GABA circuits
would be expected to impair visual cortical plasticity
and spine elimination by 4 days MD (Figure 5; Hensch
et al., 1998). The total number of parvalbumin-positive
cells in the binocular zone of tPA KO mice was no differ-
ent from that in wt (72.5 � 5.8 and 64.4 � 3.0 cells/field,
8 and 9 mice, respectively; p � 0.22, Student’s t test)
and GABA content was normal as well (wt, 1.87 � 0.26;
KO, 1.67 � 0.12 nmol/mg; Mataga and Hensch, 2004).
Moreover, while acute tPA directly rescues plasticity in
these mutants (Figure 4), diazepam fails to do so (Ma-
taga et al., 2002), indicating that tPA lies downstream
rather than upstream of inhibitory function.

Mature forms of brain-derived neurotrophic factor
(BDNF) are also produced by the tPA-plasmin cascade
acting on secreted pro-BDNF (Lee et al., 2001). This
contributes to long-lasting forms of LTP and spine/axon
growth on hippocampal pyramidal cells (Baranes et al.,
1998; Pang et al., 2004; Tyler and Pozzo-Miller, 2003).
In contrast, BDNF blocks synaptic depression (Jiang et
al., 2003) and is unlikely to mediate the rapid, experi-

Figure 6. Experience-Dependent Pruning of Protrusions Reflects ence-dependent pruning of spines found in the visual
Competition and Is Transient

cortex. In principle, fewer spines could simply reflect
(A) Sensory deprivation does not induce spine loss in the monocular

retarded growth upon sensory deprivation, but this iszone of wt mice during the CP. There was no significant difference
unlikely, as acute application of tPA or diazepam duringin the total number of protrusions between nondeprived (open col-
MD rapidly leads to spine loss from a normal (or ele-umns, N � 9, n � 14) and 4 days MD of the contralateral eye (filled

columns; N � 6, n � 14). (B) Loss of protrusions is transient at vated) basal level in tPA or GAD65 KO mice. Instead,
all apical segments, except nearest the cell body. Spines largely protease-activated BDNF could contribute to later re-
recovered in the binocular zone of adult wt mice after prolonged growth of spines and sprouting of thalamocortical axons
MD (�30 days MD, P58–64) (filled columns; N � 11, n � 17). *p �

as deprivation continues and initial tPA activity levels0.05, Student’s t test versus nondeprived adult (open columns; Fig-
subside (Figure 6C, right).ure 1, Adult). (C) Model of morphological changes by sensory depri-

vation during the critical period. (Left, step 1) At MD onset during the
CP, motility of spines is increased on apical dendrites of excitatory Competition through Extracellular Mechanisms
pyramidal neurons within 2 days by elevated tPA-plasmin proteolytic in Visual Cortex
activity (gray background; Figure 3B; Mataga et al, 2002; Oray et

Rapid spine elimination in visual cortex was observedal., 2004). (Center, step 2) Concurrent with the first physiologically
only under conditions of competition between the twodetectable plasticity (4 days MD; Gordon and Stryker, 1996), the
eyes and was limited to the binocular zone during thetotal number of spines is transiently and significantly reduced (aster-

isks) to signal the early retraction of deprived-eye axons (Antonini CP. Unlike homosynaptic depression that saturates
and Stryker, 1993). Extracellular tPA-plasmin activity remains high within minutes to hours independent of competition
(Mataga et al., 2002). (Right, step 3) Upon prolonged MD (�30 days), (Heynen et al., 2003), ocular dominance plasticity in vivo
new spines emerge to receive synaptic input from sprouting open-

follows days of protein synthesis (Taha and Stryker,eye axons (Antonini and Stryker, 1993; Antonini et al., 1999) as
2002) and physical spine loss through a gradual build-uptPA activity returns to basal levels despite continued deprivation
of proteolytic activity after MD regulated by an optimal(Mataga et al., 2002).
excitatory-inhibitory balance (Figures 3 and 5; Mataga
et al., 2002). It is widely accepted that the synaptic cleft
material consists of extracellular matrix (ECM) compo-a role for the tPA-plasmin axis in neural plasticity, others

suggest that tPA acts independently of plasminogen nents and cell adhesion molecules (Dityatev and Schach-
ner, 2003). Figure 7 shows our hypothesis for spine dy-(Nagai et al., 2004; Pawlak et al., 2003; Zhuo et al., 2000).

Even at the classical neuromuscular junction, the role of namics before (Figure 7A) and after brief MD (Figures
7B and 7C). Spines become mobile due to the degrada-proteases in synapse elimination remains controversial

(Bidoia et al., 2004; Quattrocchi et al., 2003). We there- tion of ECM components by increased extracellular pro-
teolysis (Figure 3B; Mataga et al., 2002; Oray et al., 2004)fore directly confirmed that ocular dominance plasticity

is impaired in plasminogen KO mice following 4 days and may eventually be removed by continued lack of
input from the deprived eye (Figure 7C; Contra).MD during the CP (unpublished data; contralateral bias

index [CBI] � 0.66 � 0.02, 11 mice versus wt, CBI � For instance, the neuronal cell adhesion molecule
(NCAM), an Ig superfamily protein that has a site of0.49 � 0.02, 10 mice; p � 0.001, Student’s t test).

Proteases such as plasmin, tPA, and urokinase plas- cleavage by tPA and plasmin (Figure 7; yellow bars)
(Sumi et al., 1992), is well characterized as a substrateminogen activator (uPA) can activate secreted growth
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Figure 7. Model of Molecular Machinery for Experience-Dependent Synapse Refinement

(A) Normally active synapses are stabilized through a combination of cell adhesion molecules, ECM factors, and delicately balanced proteases
and their inhibitors.
(B) Gross imbalance of input following sensory deprivation (MD), initially detected by local circuit excitation-inhibition (Fagiolini and Hensch,
2000; Hensch et al., 1998), leads to a downstream release of tPA (Figure 3B; Mataga et al., 2002). Cleavage of protease-sensitive adhesion
molecules and ECM components creates a permissive milieu for increased spine motility within 2 days of MD (Oray et al., 2004).
(C) Competitive loss of inactive inputs may eventually result from unbalanced extracellular proteolytic activity, a further decline in protease-
insensitive adhesion, and/or an intracellular gradient of spine removal signals (pink arrow).

for this system in the brain (Endo et al., 1999; Hoffman dependent manner (Figure 7; red circle) (Gualandris et
al., 1996; Lochner et al., 1998; Müller and Griesinger,et al., 1998). In addition, ECM proteins laminin and phos-

phacan are also reported as targets of tPA-plasmin (Fig- 1998; Parmer et al., 1997) where it is rapidly inactivated
by coreleased tPA inhibitors (Figure 7; gray circle �ure 7; gray background) (Wu et al., 2000; Chen and

Strickland, 1997). Interestingly, NCAM expression was green triangle) (Fiumelli et al., 1999).
At least two endogenous inhibitors, neuroserpin (forslightly but significantly decreased in the binocular zone

by brief MD only in wt, not in tPA KO mice (unpublished tPA) and nexin-1 (for tPA and plasmin), are regulated
by activity in the brain (Shiosaka and Yoshida, 2000).data, p � 0.05 versus nondeprived wt).

Proteolytic removal of chondroitin sulfate proteogly- Expression of neuroserpin mRNA, in particular, is de-
creased in the hemisphere contralateral to the closedcans (CSPGs) in the ECM by infusion of other proteases

(chondroitinase) restores visual plasticity to adult ani- eye (Figure 7; green triangle) (Wannier-Morino et al.,
2003), while tPA activity is increased under the samemals (Pizzorusso et al., 2002). Curiously, this treatment

eliminates so-called perineuronal nets (Pizzorusso et al., conditions (Figure 3B; Mataga et al., 2002). These find-
ings indicate that proteolytic activity may dominate2002), which preferentially surround large parvalbumin-

positive interneurons and may buffer cations to control around synapses receiving poor input (Figure 7B; Contra).
Second, there are also protease-insensitive cell adhe-their fast-spiking behavior (Härtig et al., 1999). The reac-

tivation of ocular dominance shifts in adult animals by sion molecules in the synaptic glue. For instance,
N-cadherin becomes resistant to proteases on theablating these nets may thus reflect a resetting of the

initial GABAergic trigger for the CP, as defined pre- spine, and �-catenin is inserted into spines by activity
(Figure 7; green bars) (Tanaka et al., 2000; Murase et al.,viously (Fagiolini and Hensch, 2000). Instead, our work

here identifies the first rapid anatomical consequence 2002). Thus, active synapses could be retained despite
increased extracellular proteolysis (Figures 7B and 7C;of CP plasticity.

The competitive mechanism whereby active spines Ipsi). In contrast, deprived spines may finally be pruned
when protease-insensitive molecules eventually disap-might be preferentially retained is provocative. We pro-

pose two potential scenarios based on tPA-plasmin pear from these inactive synapses while the surrounding
ECM continues to be degraded by tPA-plasmin (Figuresavailability in the extracellular milieu. Further study will

require more specific reagents (verified in plasminogen 7B and 7C; Contra). Alternatively, intracellular signals
for spine removal, such as SNK emanating from theor tPA KO mice) to visualize cellular localization, release,

and regulation by activity. First, the balance between soma (Pak and Sheng, 2003), may underlie the proximal
spine loss once extracellular proteases permit motilityproteases and their endogenous inhibitors is important

for synapse stabilization (Figure 7; tPA-plasmin, red cir- by loosening up the ECM.
In this context, it is interesting that the endogenouscle; inhibitors, green triangle). tPA can be stored in pre-

synaptic vesicles with low protease activity (Figure 7; control of visual cortical plasticity is likely driven by
inhibitory contacts impinging upon the soma (Fagiolinigray circle) to be released upon stimulation in a Ca2�-
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immunoassay technique: murine antibody specific for tPA is pre-et al., 2004; Hensch, 2004). Such GABA circuits may
coated onto a microplate. Mice were anesthetized with halothaneeventually exert their influence on slowly shifting thala-
and sacrificed by cervical dislocation. Each binocular zone of visualmocortical axons (Hensch and Stryker, 2004), but also
cortex was homogenized with 100 �l of Tris buffer and mixed with

initiate early physiological changes (Fagiolini and Hensch, the same volume of dilution buffer (50 mM Tris buffer containing
2000; Hensch et al., 1998; Iwai et al., 2003) and rapid 1% Triton X-100). tPA in standards and diluted homogenates (50

�l) was added to microtest plate wells and incubated overnight inpruning of spines (Figure 5). The morphological refine-
the refrigerator. The sample was sandwiched by the immobilizedment identified here offers a novel perspective on the
antibody and 50 �l of biotinylated polyclonal antibody specific to tPArelevant functional time scale, as well as specific molec-
for 1 hr. Afterward, tPA complex was recognized by a streptavidin-ular targets, at the dendritic spine level for understand-
peroxidase conjugate (50 �l for 30 min). All unbound material was

ing experience-dependent brain development. then washed away, and a perioxidase enzyme substrate (chromo-
gen) was added. Color development was stopped by 0.5 N hydro-

Experimental Procedures chloric acid (a color change from blue to yellow within 10 min), and
intensity was immediately measured at a wavelength of 450 nm.

Animals
Mice carrying a targeted disruption (knockout [KO]) of the tPA (Car- tPA Clot Lysis Analysis
meliet et al., 1994; Mataga et al., 2002) or the GAD65 gene (Asada The tPA activity in the binocular zone was determined by a chromo-
et al., 1996) and respective wild-type (wt) mice were used for gene genic assay kit (Spectrolyse/fibrin, Biopool, Umea, Sweden). Briefly,
gun experiments (N � 108), Northern blot analysis (N � 16), ELISA homogenates were mixed with 20 volumes of Tris buffer. As stan-
(N � 16), and tPA proteolytic activity (N � 40). No abnormalities of dard samples, several different concentrations of human melanoma
growth or survival were observed in either tPA or GAD65 KO mice. cell line-derived tPA were also mixed with Tris buffer. Twenty microli-
Animals were maintained on a 12 hr light/dark cycle with access to ters of diluted homogenates or standard solutions were applied to
food and water ad libitum. All experimental groups were sacrificed each well of a microtiter plate. Each sample was mixed with 200 �l
at a similar time (afternoon) to avoid possible circadian effects. of chromogenic plasmin substrate (human Glu-plasminogen with

D-Bit-CHT-Lsy-pNA) and incubated in the refrigerator for 15 min.
DiI Labeling Then, a tPA substrate (soluble desAA fibrinogen) was added to each
Mice were anesthetized with halothane and nembutal (50 mg/kg). well and agitated for 10 s. After 3 hr incubation at 37�C, each well
Animals were perfused transcardially with 0.9% saline and 4% para- was treated with 25 �l of stop solution and left for 15 min, before
formaldehyde in PBS. Brains were trimmed and cut into coronal measuring the absorbance at 405 nm and 492 nm (as background)
sections at 200 �m thickness on a vibratome. Lipophilic dye (DiI, for each well. Specificity of the tPA ELISA and clot lysis assay was
Molecular Probes) was coated onto tungsten or gold particles (0.6– confirmed using tPA KO mice.
1.7 �m diameter, Bio-Rad, UK), according to Gan et al. (2000) with
minor modifications. DiI-coated particles were delivered to the slices

Drug Treatment
using a Helios Gene Gun system (Bio-Rad). A polycarbonate filter

Recombinant tPA (E6010), also termed Cleactor and Monteplace
with a 2.0 or 3.0 �m pore size and 1.6 	 106 pores/cm2 density

(with EGF domain Cys84 modified to Ser to prolong half-life; Eisai,
(Neuro Probe, MD, or BD) was inserted between the gun and the

Ibaraki, Japan), was dissolved in vehicle solution (containing 4.4 mM
preparation to remove clusters of large particles. Density of labeling

arginine, 53 mM aspartate, 168 mM mannitol, and 0.9% saline) and
was controlled by gas pressure (95–105 psi helium). A confocal

stored at 
80�C. Diazepam (2 mg/ml, Wako Pure Chemical, Osaka,
microscope (40	 oil immersion objective and 4	 zoom, �Radiance,

Japan) was dissolved in propylene glycol and diluted with 0.9%
Bio-Rad) was used to image the labeled structures. Randomly la-

saline. Solutions of tPA (160 IU/�l) or diazepam (2 mg/ml) were
beled typical pyramidal neurons were selected from deep layer II/

injected daily into the third ventricles (1.5 �l per hemisphere) ac-
III in the binocular zone of visual cortex. In the case of MD animals,

cording to indicated protocols (Figures 4 and 5C).
we obtained DiI-positive neurons from hemispheres contralateral to
the closed eye. Images at 0.29 �m steps (corrected for the refractive

Statistical Analysisindex) were acquired and stacked for 3D reconstruction using VG
All population data were expressed as the mean � SEM. The dataStudio Max software (Volume Graphics GmbH, Heidelberg, Ger-
were evaluated by Student’s t test (for two groups) or ANOVA withmany; NVS, Japan). All protrusions along each apical dendrite were
Barlett’s test for equal variances, followed by Bonferroni’s multiplecounted from the first dendritic branch toward the apical tuft at 25
comparison test (t test for 3–5 groups) using Prism software�m intervals, using Image Pro Plus software (Media Cybernetics,
(GraphPad, San Diego, CA).Inc., MD). Dendritic protrusions were not divided by morphology

(filopodia, spines) due to inherent classification ambiguities in
Acknowledgmentsstacked 3D images.
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Dräger, U.C. (1975). Receptive fields of single cells and topography Konur, S., and Yuste, R. (2004). Developmental regulation of spine
in mouse visual cortex. J. Comp. Neurol. 160, 269–290. and filopodial motility in primary visual cortex: reduced effects of

activity and sensory deprivation. J. Neurobiol. 59, 236–246.Dityatev, A., and Schachner, M. (2003). Extracellular matrix mole-
cules and synaptic plasticity. Nat. Rev. Neurosci. 4, 456–468. Kossel, A., Löwel, S., and Bolz, J. (1995). Relationships between
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