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The first several months of life are a critical period for neuronal
plasticity in the visual cortex during which anatomic and phys-
iological development depends on visual experience. In cats,
electrophysiologically assessed neuronal plasticity is minimal
until �3 weeks, peaks at 5 weeks, gradually declines to low
levels at 20 weeks, and disappears at �1 year of age (Daw,
1994). Rearing in darkness slows the entire time course of this
critical period, such that at 5 weeks of age, normal cats are
more plastic than dark-reared cats, whereas at 20 weeks,
dark-reared cats are more plastic (Mower, 1991; Beaver et al.,
2001). Thus, a stringent criterion is that genes that are impor-
tant for plasticity in visual cortex will show differences in ex-
pression between normal rearing and dark rearing that are of

opposite direction in young versus older animals. The present
study reports the identification by differential display PCR of
Munc13-3, a mammalian homolog of the Caenorhabditis el-
egans “uncoordinated” gene (unc-13), as a candidate gene for
critical-period neuronal plasticity, the expression of which is
regulated according to this criterion specifically in visual cortex
and not in frontal cortex. Other members of the Munc13 family
(Munc13-1 and Munc13-2) do not meet this criterion in visual
cortex, indicating that Munc13-3 is the only family member that
is regulated by age and dark rearing in the same manner as
physiological plasticity during the visual cortical critical period.
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The neonatal visual cortex is a highly plastic structure, the devel-
opment of which is guided by visual experience during early
postnatal life. The clearest example of such environmental effects
on visual cortical development is to rear cats with one eye sutured
closed, a condition that leads to dramatic anatomic and physiolog-
ical abnormalities (for review, see Sherman and Spear, 1982; Daw,
1994). In normal development, sensitivity to monocular depriva-
tion is limited to a “critical period,” which in cats begins several
weeks after birth, peaks at �5–6 weeks, gradually declines to low
levels at 20 weeks, and disappears at �1 year of age (Daw, 1994).

Rearing in total darkness extends this critical period and pro-
longs neuronal plasticity far beyond its normal age limits
(Cynader and Mitchell, 1980; Mower et al., 1981). Dark rearing
therefore provides a means to dissociate changes associated with
the state of visual cortical plasticity from changes associated with
the general maturation of the animal. It is an ideal system for
isolating changes in gene expression involved in controlling neu-
ronal plasticity. Electrophysiological results indicate that the ef-
fect of dark rearing is to slow the entire time course of the critical
period, such that at young ages (5 weeks), normal cats are more
plastic than dark-reared cats, whereas at later ages (20 weeks),
dark-reared cats are more plastic (Mower, 1991; Beaver et al.,
2001). Thus, a stringent criterion is that genes that are important
for plasticity in visual cortex will show differences in expression
between normal and dark-reared cats that are of opposite direc-

tion in young versus older animals. The present study reports the
identification by differential display (dd) PCR of Munc13-3, a
mammalian homolog of the Caenorhabditis elegans “uncoordinat-
ed” gene (unc-13), as a candidate gene for critical-period neuro-
nal plasticity, the expression of which is regulated according to
this criterion in visual cortex.

MATERIALS AND METHODS
Animals. Cats were reared in a normal 12 hr light /dark cycle or in
complete darkness from birth to 5 or 20 weeks of age. For each of the
four age and rearing conditions [normal (N) 5-week-old, dark-reared (D)
5-week-old, N20-week-old, D20-week-old], two animals were used in
ddPCR to reduce interanimal variability and false positives. For North-
ern blots, these eight cats and additional ones were used. Additional
animals included one cat at each age and rearing condition that were
used to compare Munc13-3 regulation in visual cortex, frontal cortex, and
cerebellum in animals not used in the original ddPCR. In addition, two
normal cats at 20 weeks were used to compare the regional distribution
of the different Munc13 genes (see below) in total RNA from visual
cortex, frontal cortex, and cerebellum. The animals were killed by an
overdose of sodium pentobarbital (75 mg/kg, i.p.). These procedures
conform to the guidelines of the National Institutes of Health and were
approved by the Institutional Animal Care and Use Committee. Fresh
brain regions [visual cortex (all of area 17 and possibly a small part of 18),
frontal cortex (the anterior quarter of the cerebral hemisphere), and
cerebellum (entire structure)] were dissected, immediately frozen in
liquid nitrogen, and stored at �80°C until used for extraction of total
RNA. RNA was extracted, and its amount and integrity were determined
as described previously (Rosen et al., 1992). DNA contamination was
removed from the RNA (MessageClean; GenHunter Corporation, Nash-
ville, TN), and cDNA was synthesized (SMART; Clontech, Palo Alto,
CA or RNAimage; GenHunter Corp., Nashville, TN).

Differential display PCR. PCR on cDNA generated from each indepen-
dent RNA sample was done using the appropriate oligo-dT-X (oligo-
dT-C, dT-G, or dT-A) primer and 80 arbitrary primers as provided in a
commercially available kit (RNAimage; GenHunter Corporation). The
radiolabeled PCR products ( 33P-dATP) were size-separated on a stan-
dard DNA sequencing gel (6% acrylamide, 8 M urea) to generate eight
lanes (two cats in each of four age and rearing conditions) for each
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arbitrary primer (see Fig. 1). The gel was dried and processed for film
autoradiography. PCR products showing appropriate differential expres-
sion caused by age and rearing were recovered by cutting from the gel.
The PCR products were amplified in a PCR reaction using the same
primers as in the ddPCR, then cloned for use in sequencing and as probes
for Northern blots (see below). Because ddPCR bands frequently contain
more than one gene fragment, multiple clones from each ddPCR band
were sequenced. ddPCR fragments are generally in the range of 150–600
bp. For smaller fragments, we used the PCR-TRAP cloning system
(GenHunter Corporation) and for larger fragments (�450 bp), we used
the TOPO TA cloning system (Invitrogen, Carlsbad, CA). The resultant
sequences were run against gene and expressed sequence tag (EST)
databases to determine similarity to known genes. 5� rapid amplification
of cDNA ends (RACE) PCR and cloning (SMART; Clontech) were
used to generate additional sequences for ddPCR fragments.

Northern analysis. Probes used for Northern blotting included (1) the
cat ddPCR fragment (503 bp) obtained from the screen; (2) a 2094 bp
human retinal est (GenBank AA016047) found to have high homology to
the cat ddPCR fragment (see below); (3) full-length rat cDNAs for
Munc13-1, Munc13-2, and Munc13-3 (kindly provided by Dr. N. Brose,
Max-Planck-Institute for Experimental Medicine, Göttingen, Germany);
and (4) segments generated by PCR of cat cortical total RNA and the
full-length rat Munc 13 cDNAs using primers designed from the rat
sequences to yield 5� probes specific to the different Munc13 genes
(Munc13-1: bases 1202–1780; Munc13-2: bases 881–1398; Munc13-3: bases
747–1277). In both rats and cats, the resultant 5� cDNA segments for the
Munc13 family members were the predicted size (�500 bp), and their
sequences were the same between rats and cats (98–99% base pair identi-
ty). BLAST searching confirmed that the designed 5� segments matched
specifically with the appropriate Munc13 family members. Results obtained
with the full-length rat Munc13-1/2/3 probes, and the designed 5� subtype-
specific probes were the same in terms of differences in expression caused
by age and rearing and regional distribution (see Fig. 3b,c).

Filters with lanes from all experimental conditions and with lanes from
different brain regions (see Figs. 3, 4) were hybridized (stringency: 0.1�
SSC, 0.1� SDS, 42°C) using these probes according to our standard
procedures (Rosen et al., 1992). All filters were either rehybridized with
a probe to GAPDH (after stripping) or simultaneously hybridized with
a Munc13 probe and GAPDH to correct for loading errors. GAPDH
levels in cat visual cortex are not affected by age and dark rearing during
the visual cortical critical period (McCormack et al., 1992; Rosen et al.,
1992). For GAPDH hybridization, a human cDNA clone inserted into
pBR322 vector was obtained from the American Type Culture Collec-
tion (Manassas, VA) (ATCC 57090). The probe was synthesized from an
800 bp XbaI-PstI fragment of the cDNA. The relative intensity of signals
in Northern blots was determined by densitometric scanning. In each
blot, Munc13 signals were corrected against GAPDH mRNA and ex-
pressed as a percentage of the maximal corrected signal for that blot.
Results from the three animals in each group were averaged.

RESULTS
Characterization of a candidate plasticity gene
We have performed a ddPCR screening of theoretically 96%
(GenHunter Corp.) of the expressed genes in the visual cortex of
normal (N) and dark-reared (D) cats at 5 and 20 weeks to directly
identify candidate plasticity genes that show opposite direction
differences in expression because of age and dark rearing. A
manageable set of candidate plasticity genes (�25) has been
identified. Figure 1 shows ddPCR results for one different primer
pair (240 primer pairs in total were used), and it indicates two
distinct patterns of differential expression. One pattern is an
elevation in N cats at 5 weeks and in D cats at 20 weeks. Genes
with this pattern of expression (“plasticity” profile) are increased
in expression by age and rearing condition combinations in which
neuronal plasticity is highest. The other pattern is the opposite:
elevated expression in D cats at 5 weeks and in N cats at 20 weeks.
These genes (“antiplasticity” profile) show decreased levels of
expression in age and rearing conditions in which plasticity is
highest and elevated expression when neuronal plasticity is re-
duced. The finding of these inverse patterns of expression fits

with current thinking that a balance between activator and sup-
pressor genes controls neural plasticity (Abel et al., 1998).

Cloning and sequencing of the ddPCR fragments in the upper
and lower bands of Figure 1 revealed several mitochondrial gene
fragments and an unknown gene. Northern blotting confirmed
differential expression of the mitochondrial genes, some showing
the plasticity and others the antiplasticity expression profile
(Yang et al., 2001). The unknown gene showed the antiplasticity
profile (Figs. 1, bottom band, 3). A database search with the 503
bp unknown cat gene fragment revealed high sequence identity
(80%) with an EST cDNA clone from human retina. To identify
the gene, we first sequenced 2094 bases of the human EST, which
database searching indicated is located on chromosome 15, and
found a region of high sequence identity (87%) with rat
Munc13-3 (Fig. 2). Northern blotting with the cat ddPCR frag-
ment (3� end of Munc13-3), the full-length rat Munc13-3 se-
quence, and a PCR segment from the 5� end of the cat Munc13-3
gene (see Materials and Methods) all showed the same antiplas-
ticity profile of differential expression caused by age and rearing

Figure 1. Candidate gene fragments identified by ddPCR. Portion of a
ddPCR sequencing gel showing a ddPCR product that is expressed more
highly in normal (N) cat visual cortex at 5 weeks and in dark-reared (D)
cat visual cortex at 20 weeks (top arrowhead). Below it is seen as a
different band that is expressed more highly in D cats at 5 weeks and N
cats at 20 weeks (bottom arrowhead). In this case, both patterns of
differentially expressed bands were detected by a single oligo dT-X/
arbitrary primer pair. Independently isolated RNA samples from two cats
at each age and rearing condition were run together (8 lanes) to help
screen out false positives. The ddPCR analysis was also repeated with the
same primer pair, and it confirmed reproducibility (data not shown).
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condition (Fig. 3a–c). Northern blotting with the human EST also
showed the same antiplasticity profile (data not shown). This
opposite direction pattern of differences caused by age and rear-
ing was not observed in frontal cortex (Fig. 3d) or cerebellum
(data not shown), and in both structures there was a slight
downregulation caused by dark rearing at both ages.

5� RACE PCR was used to generate and sequence part (1852

bases) of the cat gene. High sequence identity (85%) was found
between the resultant cat candidate gene partial sequence and the
human EST throughout their available lengths. The 5� portion of
this cat partial sequence also showed high identity (89%) with the
3� region of rat Munc13-3 (Fig. 2). The cat sequence has been
submitted to GenBank (AF465212); the human Munc13-3-like
sequence was identical to that recently submitted by another
laboratory (AK054981). On the basis of the predicted amino acid
sequence, the 5� portion of the cat gene fragment encoded 94
amino acids of rat Munc13-3. There was a 98% match between
the predicted cat amino acid sequence and that of rat Munc13-3
protein, suggesting their identity.

Differential regulation of Munc13 family members
Northern blotting with probes specific to rat Munc13-3 and the
other members of its gene family, Munc13-1 and Munc13-2
(Brose et al., 1995), revealed differential regional distributions of
the family members, as shown in Figure 4. The bands detected by
each probe in cat visual cortex were of appropriate size for
Munc13 mRNAs (�7 kb) on the basis of the rat sequences. Munc
13-1 was expressed about equally in visual cortex, frontal cortex,
and cerebellum. Munc13-2 was expressed as a doublet, which
could represent an alternative splice variant of Munc13-2 that has
a wide tissue distribution (Song et al., 1998). The larger band was
expressed in both visual and frontal cortex (slightly higher in
visual cortex) but was not detected in cerebellum. The smaller
band was also expressed at higher levels in neocortical structures
but was also detected in cerebellum. Munc13-3 was expressed
most highly in cerebellum and was also present at lower levels in
frontal and visual cortex (slightly higher in frontal cortex). These
differential patterns of regional expression of the Munc13 genes
are consistent with findings in rodents (Augustin et al., 1999),
lending confidence to the specificity of the probes.

Northern blotting with probes specific to Munc13-3 and the
other members of its gene family, Munc13-1 and Munc13-2
(Brose et al., 1995), revealed differential regulation of the family
members by age and rearing condition, as summarized in Figure 5.

Figure 2. Sequence of the human EST and cat gene. Schematic results
from sequencing �2 kb of the human retinal EST fragment and of the cat
gene. High sequence identity to the 503 bp ddPCR fragment was found in
both the human (80%) and cat (96%) gene segments in their 3� ends. The
ddPCR fragment had no significant identity with rat Munc13-3 based on
pairwise BLAST (National Center for Biotechnology Information). In
the 5� portion of the cat and human gene segments, regions of high
sequence identity to Munc13-3 were found in both the human EST (87%)
and the cat gene segment (89%).

Figure 3. Differential expression of Munc13-3. Northern blots confirm-
ing differential expression of the candidate gene Munc13-3. Total RNA
from a 5 week normal (N5), a 5 week dark-reared (D5), a 20 week normal
(N20), and a 20 week dark-reared (D20) cat visual cortex (a–c) or frontal
cortex (d) was loaded in each blot. Blots were either rehybridized (a, b)
with GAPDH (G) or simultaneously hybridized (c, d) with a Munc13-3
probe and GAPDH. a, Filter of visual cortical (VC) total RNA hybridized
with the 3� cat Munc13-3 gene fragment recovered from ddPCR; b, filter
of VC total RNA hybridized with a full-length rat Munc13-3 probe; c,
filter of VC total RNA hybridized with a probe designed for the 5� end of
the cat Munc13-3 gene (see Materials and Methods); d, filter of frontal
cortical (FC) total RNA hybridized with the same 5� cat Munc13-3 probe.
All probes identified a band of appropriate size (�7 kb) for Munc13-3,
based on the rat sequence. Arrowheads indicate 28S and 18S rRNA.

Figure 4. Differential regional distribution of Munc13 mRNAs. Portions
of Northern blots showing regional differences in expression of Munc13
family members (Munc13-1, Munc13-2, Munc13-3) in two neocortical
structures [visual cortex (VC) and frontal cortex (FC)] and cerebellum
(CB) of normal 20 week cats. Arrows indicate the Munc13 band of
interest, and arrowheads indicate 28S and 18S rRNA. Blots were simul-
taneously hybridized with the Munc13 probe and with the probe to
GAPDH (G). Probes were 5� cDNAs specific for each Munc family
member, and they share 98–99% sequence identity between rats and cats
(see Materials and Methods).
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Munc13-3 showed the antiplasticity profile, being elevated fourfold
to fivefold in dark-reared cats at 5 weeks and in normal cats at 20
weeks. ANOVA showed a significant statistical interaction
(ANOVA, F(1,11) � 17.14; p � 0.003), indicating that the effect of
dark rearing depended on age. Munc13-3 expression was also
regulated by development and increased sevenfold between 5 and
20 weeks in normal cat visual cortex (but decreased between these
ages in dark-reared cat visual cortex). The other Munc13 genes did
not show opposite direction differences in expression level caused
by age and rearing condition. Munc13-1 showed no statistically
significant differences caused by age or rearing condition.
Munc13-2 was elevated (twofold) in normal visual cortex at both
ages (ANOVA, F(1,11) � 22.22; p � 0.002). The expression profile
of Munc13-2 therefore suggests upregulation and downregulation
by neuronal activity level per se. Munc13-3, conversely, shows an
expression profile that mirrors the physiological effects of age and
dark rearing on critical-period neuronal plasticity in visual cortex.

DISCUSSION
Plasticity-related genes
Differential gene screening has identified a candidate gene for
critical-period neuroplasticity in the visual cortex, and combined
sequence and Northern blot data indicate that the gene is
Munc13-3. The effects of dark rearing on Munc13-3 gene expres-
sion matched its effects on the physiological plasticity of visual
cortical neurons, indicating a relationship between expression of
these genes and neuronal plasticity. This bidirectional regulation
of Munc13-3 gene expression across the age and rearing combi-
nations examined is difficult to explain in terms of the level of
neuronal activity. Dark rearing reduces the responsiveness of
visual cortical neurons in both young and older cats (Imbert and
Buisseret, 1975; Mower et al., 1981), and spontaneous activity is
lower in young dark-reared animals and comparable in older
dark-reared animals (Imbert and Buisseret, 1975; Czepita et al.,
1994). Therefore, the overall level of activity (including visual
responses and spontaneous activity) in light-reared animals is
higher than in dark-reared animals at all ages. If the expression of
Munc 13-3 reflected neuronal activity level, it would be expected

that dark rearing would have the same effect on expression level
in both young and old cats. Rather, Munc13-3 shows an expres-
sion profile that mirrors the effects of age and dark rearing on
critical-period neuronal plasticity in visual cortex. The expression
profile of Munc13-2, conversely, indicates unidirectional down-
regulation by decreases in neuronal activity.

Several studies have manipulated neuronal activity levels to
identify genes that may be important for neuronal plasticity, and
this approach has proved fruitful in identifying candidate effector
genes involved in the response of neurons to electrical (Yamagata
et al., 1993) and chemical (Nedivi et al., 1993; Qian et al., 1993)
seizures or blockade of neuronal activity in the visual system
(Corriveau et al., 1998). This approach has yielded important
information on a number of genes that are responsive to visual
input, regulated during the critical period, and involved in struc-
tural and functional plastic responses (Nedivi et al., 1996, 1998;
Corriveau et al., 1998, 1999; Lanahan and Worley, 1998; Huh et
al., 2000).

The gene screening criterion used in the present study, based
on physiological properties of the visual cortical critical period,
offers a promising alternative approach to identifying genes im-
portant for neuronal plasticity. In addition to the present gene
screening, a number of molecules consistent with the criterion of
opposite direction differences caused by age and dark rearing
have been identified with other biochemical procedures. Such
molecules include the NR2A subunit of the NMDA receptor
(Chen et al., 2000), basal and induced levels of cAMP (Reid et al.,
1996), stimulated phosphoinositide turnover (Dudek and Bear,
1989), and the immediate early gene product Fos (Mower and
Kaplan, 1999). The identification of neurotransmitter receptor,
second messenger system, and gene transcription regulation mol-
ecules indicates a signaling pathway from the cell surface to the
nucleus. Recently, a candidate effector molecule for neuronal
plasticity identified by differential gene screening after chemical
seizures was proven to show opposite direction regulation caused
by age and dark rearing (Lee and Nedivi, 2002). The changes in
expression of Munc13-3 found here could also indicate a change
in the nuclear output of a long-term plasticity effector molecule.

Munc13 genes and neuronal plasticity
A number of considerations indicate that the gene identified to
show the antiplasticity profile of regulation in the present screen of
cat visual cortex is Munc13-3. The available sequence indicated a
high homology with rat Munc13-3 specifically. Probes derived from
cat, rat, and human for Munc13-3 all yielded the same expression
pattern. The regional pattern of expression and the regulation of
expression by age and dark rearing yielded distinct results for the
candidate gene Munc13-3 and two closely related family members,
Munc13-1 and Munc13-2. Munc13-1, 2, and 3 are a family of three
brain-specific proteins in mammals with homology to C. elegans
unc-13 (Brose et al., 1995). The most abundant isoform in rat brain,
Munc13-1, is expressed in all regions of the rat CNS, but Munc13-2
and 13-3 are most highly expressed in the forebrain and hindbrain,
respectively (Augustin et al., 1999a). The present findings on
regional distribution in cat are consistent with those in the rat, the
major difference being that there is higher expression of Munc13-3
outside the cerebellum in cats than has been described in rodents.
There are several possible reasons for this difference. One possi-
bility is procedural. The present results are based on Northern
blots, whereas the rat data are based on in situ hybridization.
Optimizing the high Munc13-3 in situ hybridization signal that is
concentrated in the cell dense granule layer of the cerebellum

Figure 5. Differential regulation of Munc13 family member expression
by age and dark rearing. Histograms showing relative levels of expression
of Munc13-1, Munc13-2, and Munc13-3 in visual cortex of N5, D5, N20,
and D20 cat visual cortex (n � 3 at each age and rearing condition). The
relative intensity of signals in Northern blots was determined by densito-
metric scanning. In each blot, Munc13 signals were normalized against
GAPDH mRNA and expressed as a percentage of the maximal corrected
signal for that blot. Results from the three animals in each group were
averaged. Error bars indicate mean and SEM.

Yang et al. • Munc13-3 Is a Candidate Neuroplasticity Gene J. Neurosci., October 1, 2002, 22(19):8614–8618 8617



would result in an underestimation of expression in cerebral cortex,
in which the signal would be spread across the entire cortical
thickness. Another possibility is a species difference, such that
there are differences in the regional distribution and the interaction
of Munc13 family members between rats and cats. Direct compar-
ative studies with the same methods in different species will resolve
this issue. Nevertheless, the facts that both full-length and designed
5� end Munc13 subtype-specific probes labeled bands of appropri-
ate size for Munc13 genes on the basis of the rat sequences and
that each subtype-specific probe indicated a different regional
distribution and a different regulation profile caused by age and
rearing condition indicates that all three Munc13s are transcribed
in cat visual cortex.

All three Munc13 genes are phorbol ester receptors that bind
syntaxin, are specifically targeted to presynaptic active zones, and
play an essential role in synaptic vesicle release (Betz et al., 1997,
1998). Munc13-1 deletion mouse mutants die near birth, but
primary hippocampal cultures from these animals indicate an
inability of docked vesicles to fuse in response to physiological
stimuli, and this effect is evident in glutamatergic but not
GABAergic neurons (Augustin et al., 1999b). Munc13-3 mutants
thrive and show grossly normal brain morphology, but there are
impairments of synaptic transmission at cerebellar synapses and
of motor learning (Augustin et al., 2001). Munc13-3 mutants show
enhanced paired pulse facilitation at parallel fiber–Purkinje cell
synapses, which is indicative of decreased neurotransmitter re-
lease probability (Zucker, 1989), suggesting that normally
Munc13-3 functions to increase release probability and decrease
paired pulse facilitation. Mutation of brain-derived neurotrophic
factor, a molecule that promotes neuronal plasticity, conversely,
results in decreased paired pulse facilitation at parallel fiber–
Purkinje cell synapses (Carter et al., 2002). Thus, the data in
cerebellum may suggest that Munc13-3 acts in a manner consis-
tent with the antiplasticity role proposed for it in visual cortical
critical-period neuronal plasticity by the present results. Firm
conclusions must await better determination of the function of
Munc13-3, particularly in visual cortex. Overall, growing evi-
dence indicates a role of Munc13 genes in presynaptic transmis-
sion and plasticity, and the present results extend this evidence by
implicating Munc13-3 as a candidate plasticity gene for critical-
period neuroplasticity of the visual cortex. The visual cortical
critical period involves opposite processes, probably with over-
lapping but distinct temporal profiles. One process maximizes
adaptive responsiveness to external input, and the other promotes
crystallization of semi-immutable mature response properties.
Identification and characterization of genes showing plasticity
and antiplasticity profiles is a promising new direction for insight
into these interactive developmental mechanisms.
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