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Stressful events during early childhood can have a profound lifelong influence on emotional and cognitive 
behaviors. However, the mechanisms by which stress affects neonatal brain circuit formation are poorly 
understood. Here, we show that neonatal social isolation disrupts molecular, cellular, and circuit develop-
mental processes, leading to behavioral dysfunction. Neonatal isolation prevented long-term potentiation and 
experience-dependent synaptic trafficking of α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) 
receptors normally occurring during circuit formation in the rodent barrel cortex. This inhibition of AMPA 
receptor trafficking was mediated by an increase of the stress glucocorticoid hormone and was associated with 
reduced calcium/calmodulin-dependent protein kinase type II (CaMKII) signaling, resulting in attenuated 
whisker sensitivity at the cortex. These effects led to defects in whisker-dependent behavior in juvenile ani-
mals. These results indicate that neonatal social isolation alters neuronal plasticity mechanisms and perturbs 
the initial establishment of a normal cortical circuit, which potentially explains the long-lasting behavioral 
effects of neonatal stress.

Introduction
Mental stress can have different effects on the nervous system. 
While brief mild stress can evoke emotional arousal and enhance 
learning (1), chronic elevated stress can induce deficits in neuronal 
function (2, 3). In particular, social isolation early in life caused by 
neglect (a form of child abuse) can induce mental stress and lead 
to various mental illnesses such as depression, drug addiction, and 
anxiety disorders (4, 5). Because of the complex and poorly under-
stood regulation of neuronal functions by stress (6, 7), elucidation 
of how stress affects the nervous system at the molecular, cellular, 
and circuit levels is an important step in controlling stress disorders.

Experience early in postnatal life is important to the establish-
ment of normal functioning cortical circuits (8, 9). During this 
period, sensory experience through whiskers, an important form 
of social communication in rodents (10, 11), leads to a several-fold 
increase in excitatory synaptic transmission in the barrel cortex (12).

Excitatory synaptic transmission in the central nervous system 
is mainly mediated by α-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid–type (AMPA-type) glutamate receptors (13, 14). 
The number of AMPA receptors at synaptic sites determines 
the synaptic responses of postsynaptic neurons and controls 
neuronal activity (14–18). Stimuli inducing synaptic plasticity 
such as long-term potentiation (LTP) drive GluR1-containing 
AMPA receptors into synapses in vitro (19, 20). In vivo, whisker 
experience drives GluR1-containing AMPA receptors into synaps-
es in the developing barrel cortex (12, 21, 22). Synaptic addition 
of GluR1-containing AMPA receptors contributes to behavioral 
modification in several systems (1, 23–28).

A number of studies have revealed that behavioral stress, includ-
ing social isolation, affects LTP (29, 30). While some stress proto-

cols (e.g., inescapable restraint-tail shock, exposure to brightly lit 
unfamiliar chambers) attenuate LTP in the hippocampus (31–33), 
other protocols, such as brief exposure to a predator, enhance LTP 
(1). Therefore, the effect of stress on synaptic plasticity may be 
dependent on the stress protocol and show an inverted U-shape 
dose-response relation (relating the “dose” of stress and plasticity 
response). Recently, we have shown that brief arousal facilitates 
synaptic AMPA receptor delivery via norepinephrine-mediated 
(NE-mediated) signaling (1). However, the molecular mechanism of 
how behavioral stress attenuates synaptic plasticity is still unclear.

Rodents and humans may display similar effects of neonatal 
maltreatment on the nervous system (34–36). Here we examine the 
effects of early social isolation on synaptic function during corti-
cal development. We focus on the synapses formed from layer 4 to 
layer 2/3 in the developing rat barrel cortex (BC-L4, 2/3). We exam-
ine effects between P12 and P14, a time when GluR1-containing 
AMPA receptors are delivered into synapses by whisker experience 
and when the fine mapping in the barrel field is formed (12, 37). 
We find that brief periods of neonatal social isolation (but not 
merely whisker sensory deprivation) disrupt this process as well as 
LTP and result in the attenuation of whisker sensitivity at layer 2/3 
of the barrel cortex. This leads to disruption of whisker-dependent 
behavior. Furthermore, we find that these effects of neonatal social 
isolation are mediated by a glucocorticoid stress hormone. These 
results indicate that neonatal social isolation alters the formation 
of proper neuronal circuitry by a glucocorticoid signaling–medi-
ated blockade of experience-dependent synaptic AMPA receptor 
insertion and leads to long-lasting behavioral perturbations.

Results
Social isolation disrupts whisker experience–dependent synaptic delivery 
of GluR1-containing AMPA receptors. In order to study the effect 
of social isolation on receptor trafficking, we isolated rat pups 

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J Clin Invest. 2012;122(7):2690–2701. doi:10.1172/JCI63060.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 122   Number 7   July 2012 2691

from their mothers and other siblings for 6 hours per day from 
P7 to P11 (38) (see Supplemental Chart of experimental proce-
dures; supplemental material available online with this article; 
doi:10.1172/JCI63060DS1). At P12, we microinjected Sindbis 
virus expressing GFP-GluR1 in the barrel cortex of either isolated 
or nonisolated siblings from the same litter. We used low-titer 
virus to avoid toxic effects and infected about 1 of 1,000 cells in 
the injected area. Viral-mediated overexpression of GFP-GluR1 
leads to about 4-fold increase in cell bodies and 35% increase in 
dendrites of GluR1-containing AMPA receptors, indicating near 
physiological levels of AMPA receptor expression in infected den-

drites (39). The expression level of GFP-GluR1 was comparable 
between isolated and nonisolated animals (data not shown). Fur-
thermore, the basic electrophysiological properties such as input 
resistance and firing properties were indistinguishable between 
infected and noninfected neurons (Supplemental Table 1). These 
profiles were comparable between isolated and nonisolated ani-
mals (Supplemental Table 1). Recombinantly expressed GluR1 
formed homomeric receptors which, in contrast with endogenous 
receptors, showed little outward current at positive potential, and 
thus synaptic incorporation of recombinant AMPA receptors was 
detected as an increased rectification (ratio of response at –60 mV 

Figure 1
Social isolation disrupts experience-dependent synaptic delivery of AMPA receptors in the developing rat barrel cortex. (A–C) Top insets: time 
line of experiments. R1, GFP-GluR1–expressing neurons; non, nonexpressing neurons. (A) Isolation during P7–P11 disrupted GluR1 delivery 
at P12–P14 (*P < 0.05, R1 versus non; n = 8 nonisolated control, n = 9 isolated). (B) Removal of mother during P7–P11 (mother removed) did 
not disrupt GluR1 delivery at P12–P14 (*P < 0.05, R1 versus non; n = 8) (left). Blockade of whisker input during removal of mother (whisker 
mask) did not prevent GluR1 delivery (*P < 0.05, R1 versus non; n = 5) (right). (C) Isolation (P4–P7) disrupted GluR1 delivery during P12–P14 
(*P < 0.05, R1 versus non; n = 6). (D) A/N ratio at P14 was lower with rats isolated than nonisolated rats (*P < 0.05, isolated vs, nonisolated; 
 n = 18). (E) A/N ratio at P14 of pups, either mother removed or whisker masked, was comparable with nonisolated rats, but larger than isolated 
animals (n = 16) (*P < 0.05, compared with nonisolated [n = 15], mother removed [n = 17], whisker mask [n = 21] animals; F(3,65) = 4.022). (F) 
A/N ratio at P14 was lower with rats isolated at P4–P7 than nonisolated rats (*P < 0.05, isolated vs. nonisolated; n = 15 nonisolated control 
animals, n = 18 isolated animals). Scale bars: 20 pA/20 ms (A, D); 10 pA/20 ms (B); 10 pA/15 ms (E, F). Data were analyzed by paired, 2-tailed 
t test (A–D, F) or 1-way factorial ANOVA (E).
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to +40 mV) of AMPA receptor–mediated synaptic transmission. 
From P12 to P14, litters were maintained under normal condi-
tions, and acute coronal brain slices were prepared at P14. Animals 
were maintained with whiskers intact throughout the experiment. 
We performed whole-cell recordings of layer 2/3–infected pyrami-
dal neurons and nearby noninfected neurons and evoked trans-
mission by stimulating layer 4. GFP-GluR1 infected neurons from 
nonisolated control siblings showed increased rectification com-
pared with nearby noninfected neurons (Figure 1A). However, no 
increase of rectification was detected from GFP-GluR1–express-
ing neurons in isolated animals (Figure 1A). Therefore, experience-
driven synaptic delivery of GluR1 was blocked by social isolation 
at this early postnatal period. While isolation for 1 hour per day 
during P7–P11 or for 6 hours only at P7 still prevented experience-
driven synaptic GluR1 delivery during P12–P14, 1 hour isolation 
for just 1 day at P7 did not (Supplemental Figure 1A). Thus, the 
effect of social isolation on GluR1 delivery depends on the dura-
tion of isolation. In order to determine whether synaptic delivery 
of endogenous AMPA receptors was prevented by social isolation, 
we measured the ratio of AMPA to NMDA responses (A/N). In 
brain slices from P14 animals isolated between P7 and P11 for 
6 hours per day, the A/N ratio for transmission at BC-L4, 2/3 
synapses was significantly lower than that observed in noniso-
lated animals of the same age (Figure 1D), indicating that social 
isolation from P7 to P11 disrupted synaptic delivery of endog-
enous AMPA receptors. The kinetics of NMDA receptor–medi-
ated synaptic responses was not different between isolated and 
nonisolated animals, indicating that NMDA receptor–mediated 
synaptic currents are relatively stable (Supplemental Figure 1B). 
Consistent with these results, synaptosome fraction of isolated 
animals (6 hours per day during P7–P11 and assayed at P11) con-
tained a reduced amount of GluR1 compared with that of non-
isolated animals (Supplemental Figure 1C).

Since weaning occurs at a later stage, pups from P7 to P11 
depend on nutrition provided by the dam. Therefore, pups were 
deprived of nutrition during social isolation. Although we did not 
detect any difference of body weights between isolated and non-
isolated animals (Supplemental Table 2), we wished to rule out 
the possibility that the lack of nutrition during social isolation 
was responsible for the disruption of synaptic delivery of GluR1. 
We separated pups from the dam, but kept 10 pups together for 
6 hours per day from P7 to P11 (mother removed). Thus, these 
pups were deprived of nutrition from the dam, but retained social 
interaction with other pups. In these pups, GFP-GluR1–infected 
neurons showed increased rectification, indicating synaptic incor-
poration of GFP-GluR1 (Figure 1B). The A/N ratio for transmis-
sion at BC-L4, 2/3 synapses of pups deprived of the dam was not 
different from that of control pups, but was significantly larger 
than that of isolated animals (Figure 1E), indicating that mother 
removal from P7 to P11 did not disrupt synaptic delivery of endog-
enous AMPA receptors. This shows that experience-driven synaptic 
delivery of GluR1 in the development was intact in pups separat-
ed from the mother if they retained social interaction with other 
pups. Thus, disruptions in nursing do not appear responsible for 
the observed deficits.

During 6 hours per day of social isolation, pups did not interact 
with other siblings or the mother, and thus they may have had 
reduced whisker experience. A reduction of whisker experience 
during social isolation procedure could be responsible for the dis-
ruption of synaptic delivery of GluR1 by social isolation. To rule 
out this possibility, we deprived whisker experience for 6 hours 
per day from P7 to P11 by masking whiskers (whisker mask). This 
method is effective in depriving experience, as continuous mask-
ing for 2 days from P12 to P14 blocks experience-dependent deliv-
ery of GluR1 into BC-L4, 2/3 synapses (infected, 102% ± 15%; non-
infected, 100% ± 17%; P > 0.5). In order to prevent their mother 

Figure 2
Social isolation disrupts LTP in the developing rat barrel cortex. 
LTP was induced by pairing 3-Hz stimulation with depolarization 
of the postsynaptic neuron (+20 mV) for 90 seconds. Record-
ings were maintained for at least 40 minutes after pairing. Mean 
amplitude between 30 minutes and 40 minutes after LTP induc-
tion was normalized to baseline amplitude (right). Social isola-
tion during P7–P11 (A: *P < 0.05, nonisolated induced pathway 
vs. isolated induced pathway; n = 6 per each group) and P4–P7 
(B: *P < 0.05, nonisolated induced pathway vs. isolated induced 
pathway; n = 5 per each group) prevented LTP at P14 in the 
barrel cortex. (C) Social isolation during P4–P7 partially blocked 
LTP in the barrel cortex at P27 (*P < 0.05, nonisolated induced 
pathway vs. isolated induced pathway; n = 6 nonisolated control 
animals, n = 8 isolated animals). Ind, LTP-inducing pathway; 
cont, control pathway; noniso, nonisolated animals; iso, isolated 
animals. Data were analyzed by paired, 2-tailed t test.
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from removing the mask, we separated a masked animal from the 
dam, but kept it with several other siblings to retain social interac-
tion with other pups. We expressed GFP-GluR1 in the barrel cortex 
from P12 to P14 in these masked animals. We found that GFP-
GluR1–expressing cells showed increased rectification (Figure 
1B). The A/N ratio at these synapses of pups with masks was not 
different from that of control pups, but was significantly larger 
than that in isolated animals (Figure 1E), indicating that whisker 
masking for 6 hours per day from P7 to P11 did not disrupt syn-
aptic delivery of endogenous AMPA receptors. This indicates that 

deprivation of whisker experience for 6 hours per day from P7 to 
P11 did not have any effect on experience-driven synaptic incorpo-
ration of GluR1 from P12 to P14.

Taken together, social isolation from P7 to P11 disrupts whisker 
experience–dependent synaptic delivery of GluR1 at P12 to P14. 
This effect is neither due to lack of nutrition from the dam nor 
possible reduction of sensory experience during social isolation.

Social isolation at early postnatal stage disrupts experience-driven synap-
tic delivery of GluR1 later in development. We examined longer-term 
effects of social isolation on experience-driven synaptic deliv-

Figure 3
Increased glucocorticoid mediates synaptic plasticity disruption by isolation. (A and B) Isolation increased free corticosterone levels from blood 
samples collected at 1 hour and 6 hours after the initiation of isolation (*P < 0.05 compared with control animals, A: isolated at P4–P7, assayed at 
P4 and P7, B: isolated at P7–P11, assayed at P7 and P11; n = 10). (C) Administration of RU486 prevented the disruption of GluR1 delivery by iso-
lation at P7–P11 (*P < 0.05, R1 versus non; n = 5), while vehicle showed no effects (n = 5). (D) A/N ratio at P14 of isolated pups with RU486 was 
comparable with nonisolated, but larger than isolated animals without RU486 (F[2,41] = 3.481, *P < 0.05, isolated vs. nonisolated, isolated versus 
RU486; n = 15). (E) Administration of corticosterone (Cort) disrupted synaptic GluR1 delivery of animals housed in a normal environment (n = 8). 
(F) A/N ratio at P14 of nonisolated pups treated with corticosterone (n = 12) was lower than nonisolated (F(2,35) = 3.395, *P < 0.05, nonisolated 
vs. isolated, nonisolated vs. Cort, n = 15), but comparable with isolated rats (n = 16). (G) Attenuated LTP at P14 of animals treated with corticos-
terone (*P < 0.05, control vs. corticosterone-injected animals; n = 7 nonisolated control animals, n = 8 nonisolated animals with corticosterone).  
Ind, LTP-inducing pathway; cont, control pathway. Scale bars: 10 pA/20 ms (C, E); 10 pA/15 ms (D, F). Data were analyzed by paired, 2-tailed  
t test (A–C, E, G) or 1-way factorial ANOVA (D, F).
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ery of AMPA receptors. Pups were isolated from the mother and 
other siblings for 6 hours per day from P4 to P7 and then main-
tained under normal conditions from P8 to P14; GFP-GluR1 was 
expressed from P12 to P14 by viral-mediated gene transfer. Whole-
cell recording of slices prepared at P14 showed no increase of recti-
fication of GFP-GluR1–expressing cells, while normal GFP-GluR1 
delivery into synapses was observed in nonisolated control siblings 
(Figure 1C). Consistent with this, the A/N ratio for transmission 
at BC-L4, 2/3 synapses of isolated animals was significantly lower 
than that observed in nonisolated animals of the same age (Figure 
1F). This indicates that social deprivation early in development 
disturbs synaptic delivery of GluR1 1 week later in development.

Social isolation disrupts LTP. Above, we show that social isola-
tion disrupts experience-dependent delivery of AMPA recep-
tors in vivo. This could be due to a disruption of biochemical 
pathways necessary for the trafficking of AMPA receptors. Since 

similar biochemical pathways are used between LTP and experi-
ence-driven synaptic delivery of AMPA receptors (14, 16, 17, 19), 
disturbance of molecular machinery for the delivery of AMPA 
receptors should result in the disruption of LTP. Alternatively, 
rats exposed to social isolation could develop aberrant social 
behavior that could lead to inappropriate sensory stimuli (e.g., 
reduction of contact through whiskers) during the period when 
receptor trafficking requires whisker activity; this aberrant expe-
rience could prevent synaptic delivery of AMPA receptors. In this 
case, neurons of isolated rats could retain normal endogenous 
biochemical pathways that would permit LTP in vitro. In order to 
distinguish these 2 possibilities, we examined the effect of social 
isolation on LTP tested in vitro.

Acute slices were prepared from P14 rats that had been isolated 
either from P4 to P7 or from P7 to P11 for 6 hours per day. Whole-
cell recordings were obtained from layer 2/3 pyramidal neurons, 

Figure 4
Mechanisms underlying isolation-induced disruption of synaptic AMPA receptor delivery. (A) Immunohistostaining of the barrel cortex of animals 
at P11 with anti-GR antibody. (B) Nuclear fraction contained larger amount of GR at 3 hours after social isolation than nonisolated animals. The 
amount of GR in the nuclear fraction of isolated animals was normalized to nonisolated rats (*P < 0.05, isolated vs. nonisolated; n = 6 per each 
group). (C) Local injection of RU486 during social isolation prevented the disruption of synaptic GluR1 delivery by social isolation. Top inset 
showed time line of experimental manipulations (see text) (*P < 0.05, R1 versus non; n = 9 isolated with RU486, n = 7 isolated with vehicle). (D) 
Social isolation decreased phosphorylation of CaMKII at Thr286 compared with nonisolated rats. Phosphorylation level (calculated as the ratio 
to total CaMKII) of rats with social isolation in the presence of RU486 was comparable to nonisolated rats (F(2,11) = 8.163, *P < 0.05; n = 5 per 
each group). (E) Social isolation decreased phosphorylation of Ser831 of GluR1 compared with nonisolated rats. Phosphorylation level of rats 
with social isolation in the presence of RU486 was comparable to nonisolated rats but larger than isolated animals without RU486 (F(2,45) = 6.950,  
*P < 0.05; n = 12 per each group). (F) No delivery of 831A (R1 831A) at layer 4-2/3 synapses in the barrel cortex of intact rats at P12–P14 (n = 16). 
Scale bars: 200 μm (A); 100 μm (A, inset); 10 pA/20 ms. (B, D, and E); 20 pA/20 ms (C). Lanes were run on the same gel but are noncontiguous. 
Data were analyzed by paired, 2-tailed t test (B, C, F) or 1-way factorial ANOVA (D, E).
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and transmission was evoked by stimulating layer 4. LTP was 
induced by pairing synaptic stimulation with postsynaptic depolar-
ization (3 Hz, +20 mV, 90 seconds). While nonisolated rats showed 
intact LTP, paired-induced LTP was significantly reduced in sib-
lings exposed to social isolation (Figure 2, A and B). We examined 
the effect of early social isolation on LTP at a later developmental 
age (P27). Although we did not detect attenuation of LTP induced 
by the same protocol as used in young animals in isolated rats (data 
not shown), social isolation during P4–P7 partially attenuated LTP 
induced by the weaker condition (1 Hz, 0 mV, 90 seconds), indicat-
ing that the milder but persistent effect of neonatal social isolation 
continues until juvenile age (Figure 2C). These data indicate that 
biochemical pathways necessary for the trafficking of AMPA recep-
tors were perturbed by this social isolation protocol.

Glucocorticoid mediates social isolation–induced disruption of AMPA 
receptor delivery into synapses. What mediates the disruption of 
experience-driven synaptic delivery of AMPA receptors by social 
isolation? Given that plasticity was globally affected, we consid-
ered corticosterone, a major stress hormone in rodents. Since the 
active form of corticosterone is free corticosterone (rather than 
that bound to corticosterone-binding globulin), we measured the 
free blood corticosterone level (see Methods). During social isola-
tion experiments, prolonged rise of free blood corticosterone levels 
was observed (Figure 3, A and B).

Next, we injected RU486, an antagonist of glucocorticoid recep-
tor (GR), during 6 hours per day social isolation from P7 to P11. As 
described above, GFP-GluR1–expressing Sindbis virus was injected 
into layer 2/3 of the barrel cortex at P12, and acute brain slices 
were prepared at P14. Whole-cell recording of slices prepared from 
isolated rats injected with RU486 (8 μg/g of body weight) revealed 
increased rectification of infected neurons compared with non-
infected neurons (but there was no statistical difference between 
the rectification of infected neurons from isolated animals with 
RU486 and those from control nonisolated animals; control 

infected, 138% ± 7%; noninfected, 100% ± 3%, n = 27, P < 0.05; isola-
tion with RU486 infected, 143% ± 12%; noninfected, 100% ± 5%,  
n = 7, P < 0.05, no statistical difference between “control infected” 
and “isolation with RU486 infected”, P > 0.5), indicating normal 
rescue of synaptic delivery of GluR1 (Figure 3C and Supplemental 
Figure 2A). Injection of vehicle (DMSO) did not block the effect 
of social isolation in both cases (Figure 3C). The A/N ratio for 
transmission at BC-L4, 2/3 synapses of pups isolated for 6 hours 
per day in the presence of RU486 (8 μg/g of body weight) was not 
different from that of control nonisolated pups, but was signifi-
cantly larger than that of isolated animals (Figure 3D), indicating 
that blockade of GR with RU486 during social isolation rescued 
isolation-induced disruption of synaptic delivery of endogenous 
AMPA receptors. The effect of RU486 was dose dependent, since 
isolated animals injected with reduced RU486 (1.6 μg/g of body 
weight) were not rescued (Supplemental Figure 2A).

In order to elucidate further the role of increased glucocorti-
coid on experience-dependent synaptic delivery of AMPA recep-
tors, we determined whether injection of glucocorticoid mimics 
the effect of social isolation. Animals injected with corticosterone 
(4.17 μg per day) from P7 to P11 were housed in a normal environ-
ment (see Supplemental Chart). Then a GFP-GluR1–expressing 
virus was injected into rat barrel cortex at P12, and acute slices 
were prepared at P14. Whole-cell recording showed no difference 
of rectification between GFP-GluR1–expressing and nonexpress-
ing neurons, indicating no synaptic delivery of GFP-GluR1 (Fig-
ure 3E). Furthermore, the A/N ratio for transmission at BC-L4, 
2/3 synapses of nonisolated animals injected with corticosterone 
was significantly lower than that observed in nonisolated animals 
without injection and comparable to that of isolated pups, indi-
cating that endogenous AMPA receptor delivery was prevented 
by the injection of corticosterone (Figure 3F). Consistent with 
these results, injection of this amount of corticosterone attenu-
ated LTP at P14 (Figure 3G). Injection of reduced corticosterone 

Figure 5
Social isolation attenuates the sensitivity of whiskers. Responses (field 
EPSP slopes and the frequency of spikes) in layer 2/3 neurons of the 
barrel column to the deflection of principal whiskers. (A and B) The 
sensitivity of whiskers was attenuated by social isolation. (A) Rats with 
social isolation exhibited lower-field EPSP slopes than control animals, 
indicating attenuated sensitivity of whiskers (*P < 0.05, nonisolated 
versus isolated; n = 10 per each group). (B) Rats with social isola-
tion exhibited lower spike frequency (spike number during 5–50 ms 
from whisker stimulation) than control animals, indicating decreased 
sensitivity of whiskers (*P < 0.05, nonisolated versus isolated; n = 10 
per each group). (C) Wire electrode was implanted into almost identi-
cal tangential location of barrel column (arrowhead indicates the loca-
tion of the implanted electrode) throughout experiments (left). Example 
of implanted electrode into the layer 2/3 of the barrel cortex (right). 
Coronal cortical slices infected with GFP-GluR1ct–expressing virus. 
The electrode was implanted into layer 2/3 of the barrel cortex (layer 
numbers are indicated). Scale bar: 500 μm. (D) Rats with GFP-GluR1ct  
(C tail) expression exhibited lower-field EPSP slopes than GFP-
expressing animals, indicating decreased sensitivity of whiskers by the 
expression of GFP-GluR1ct (*P < 0.05, GFP versus C tail; C tail, n = 7, 
GFP, n = 4). Data were analyzed by paired, 2-tailed t test.
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(0.83 μg per day) did not block GFP-GluR1 delivery, showing a 
dose-dependent effect of corticosterone (Supplemental Figure 2B). 
These results indicate that elevated glucocorticoid levels are suf-
ficient to prevent experience-driven AMPA receptor trafficking to 
synapses, as is seen with social isolation.

To determine whether social isolation activates glucocorticoid 
signaling at the barrel cortex and prevents experience-dependent 
synaptic AMPA receptor delivery, we first examined whether 
social isolation induces nuclear translocation of GR in the bar-
rel cortex, a mechanism for activation of glucocorticoid signaling. 
Immunostaining with anti-GR antibody exhibited the expression 
of GR in the layer 2/3 neurons of the barrel cortex at P11 (Figure 
4A). Three hours of social isolation at P11 increased the amount 
of GR in the nuclear fraction (Figure 4B). These data indicate that 
social isolation activates glucocorticoid signaling at the barrel 
cortex. If social isolation–induced prevention of AMPA receptor 
delivery is mediated by the activation of GR in the barrel cortex, 
local injection of RU486 into the barrel cortex should block the 
effect of social isolation. To test this, we injected RU486 togeth-
er with virus expressing GFP-GluR1 at P12 (see Methods). One 
hour later, we isolated rat pups for 6 hours. Pups were returned 
to the home cage, and whole-cell recordings were performed  
27 hours later (Figure 4C). GFP-GluR1–expressing neurons 
showed increased rectification in the presence of RU486, while 

no increase of rectification from infected neurons 
was detected in the absence of RU486, indicating that 
local injection of RU486 prevented the effect of social 
isolation (Figure 4C). We found no statistical differ-
ence in the rectification index (RI) between infected 
neurons from control nonisolated animals (measured 
34 hours after virus injection without social isolation) 
and those from isolated animals with RU486 (control 
animals: infected, 131% ± 9%; noninfected, 100% ± 7%, 
n = 9; isolated animals with RU486: infected, 120 ± 7%, 
noninfected, 100% ± 5%, n = 8, P > 0.2 between infected 
neurons from control animals and isolated animals 
with RU486), indicating normal rescue of synaptic 
delivery of GluR1. These results suggest that blockade 
of synaptic AMPA receptor delivery with social isola-
tion in the barrel cortex was mediated by the local acti-
vation of glucocorticoid signaling.

Social isolation decreases CaMKII activity and phosphoryla-
tion of GluR1 at a site critical for its synaptic delivery. Activa-
tion of calcium/calmodulin-dependent protein kinase 
type II (CaMKII) is critical for synaptic AMPA receptor 
delivery, LTP, and behavioral plasticity (40). To eluci-
date the signaling mechanisms that mediate the con-
nection between social isolation and synaptic GluR1 
insertion, we first examined the effect of social isola-
tion on CaMKII activity. Synaptosome fractions from 
the barrel cortex of isolated animals (6 hours per day 
during P7–P11) with or without RU486 and noniso-
lated animals were prepared at P11. Then phosphory-
lation of Thr286 of CaMKIIα, an indicator of CaMKII 
activation, was assessed. We found that social isola-
tion decreased phosphorylation at Thr286, indicating 
downregulation of CaMKII activity (Figure 4D). This 
effect of social isolation was prevented in the pres-
ence of RU486 (8 μg/g of body weight) (Figure 4D). 
Downregulation of CaMKII activity by neonatal social 

isolation persisted until a later developmental age (P27) (noniso-
lated, 100% ± 15%; isolated, 61% ± 10%, n = 12, P < 0.05; data not 
illustrated), consistent with the attenuation of LTP at P27 by early 
social isolation (Figure 2C).

Ser831 of GluR1 is a target of CaMKII and known to be phos-
phorylated during LTP (41). We next examined the effect of 
social isolation on phosphorylation at Ser831 of GluR1. Synap-
tosome fraction from the barrel cortex of isolated animals exhib-
ited decreased phosphorylation at Ser831 compared with that of 
nonisolated control animals (Figure 4E). Phosphorylation levels 
at Ser831 of rats with social isolation in the presence of RU486 
(8 μg/g of body weight) were comparable to those of nonisolated 
control rats, but significantly larger than those of isolated animals 
without RU486 (Figure 4E). Consistent with the persistent down-
regulation of CaMKII activity until juvenile age in isolated ani-
mals, we found that phosphorylation of Ser831 was still reduced 
at P27 in isolated animals (nonisolated, 100% ± 5%; isolated,  
69% ± 9%, n = 12, P < 0.05). We did not observe the change of the 
phosphorylation at Ser845 with social isolation (data not shown).

Previous studies indicate that mutation of GluR1 at Ser831 to 
alanine does not prevent its synaptic incorporation in neurons 
expressing constitutively active CaMKII, indicating that increase 
of phosphorylation at Ser831 was not required for this form of 
plasticity (19). To determine whether this is the case with experi-

Figure 6
Social isolation disrupts behavior dependent on whisker-barrel function. (A) Sche-
matic of gap-crossing test. The gap was widened until rats could no longer cross 
(middle, SU), and then the gap was narrowed until they could cross (right: SL). Differ-
ence between SU and SL is indicated by ΔS (see text and Methods for details). (B) 
Rats with GFP expression in the barrel cortex showed lower ΔS than GFP-GluR1ct–
expressing (C tail) animals, indicating that GFP-expressing animals have better 
distance detection ability than GFP-GluR1ct–expressing animals (*P < 0.05, GFP 
versus C tail; n = 8 per each group). (C) Isolated rats showed higher ΔS than non-
isolated rats, indicating worse distance detection. Isolated rats treated with RU486 
showed lower ΔS than untreated isolated rats, indicating RU486 rescued distance 
detection of isolated rats (F(5,45) = 8.668, *P < 0.05 compared with nonisolated  
[n = 9] and isolated postnatal P4–P7 with RU486 [n = 9] animals, #P < 0.05 com-
pared with nonisolated and isolated P7–P11 with RU486 [n = 8] animals). RU486 
treatment alone had no effect on distance detection (n = 8). Data were analyzed by 
paired, 2-tailed t test (B) or 1-way factorial ANOVA (C).
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ence-dependent synaptic delivery of GluR1 in vivo, we expressed 
GluR1 mutant (Ser831 to alanine: 831A) in the barrel cortex at P12 
and examined whisker experience–driven delivery of 831A at layer 
2/3-4 synapses. We detected no difference of rectification between 
831A-expressing and nonexpressing neurons at P14, indicating no 
synaptic delivery of 831A (Figure 4F). Thus, phosphorylation of 
Ser831 is required for experience-dependent synaptic GluR1 deliv-
ery. Expression of constitutively active CaMKII may activate mecha-
nisms other than those produced by input from sensory experience 
in vivo and could overcome lack of phosphorylation at Ser831.

These results suggested that social isolation downregulates 
CaMKII activity via glucocorticoid, decreases phosphorylation at 
Ser831, and results in attenuation of synaptic GluR1 delivery.

NE does not mediate social isolation–induced disruption of synap-
tic AMPA receptor delivery. NE is also a crucial stress hormone in 
mammals. In order to elucidate the role of NE in the effect of 
social isolation, we injected propranolol (3.0 mg/kg), a blocker 
of β-adrenergic receptors, during social isolation from P7 to P11. 
We used this dose of propranolol, since we found that increase 
of phosphorylation at Ser845 of GluR1 induced by the systemic 
injection of epinephrine (0.5 mg/kg i.p.) was blocked in the pres-
ence of propranolol (3.0 mg/kg i.p.), suggesting the effectiveness 
of propranolol at this dose (data not shown). As was described 
above, synaptic delivery of recombinant GFP-GluR1 was assessed 
by whole-cell recording. Isolated animals showed no difference 
of rectification between GFP-GluR1–expressing and nonexpress-
ing neurons even in the presence of propranolol (Supplemental 
Figure 3A), indicating no synaptic delivery of GFP-GluR1 recep-
tors. Synaptic delivery of endogenous AMPA receptors was also 
prevented by social isolation in the presence of propranolol, since 
the A/N ratio of isolated rats with propranolol at P14 was signifi-
cantly lower than that of nonisolated rats and comparable to that 
of isolated animals without propranolol (Supplemental Figure 
3B). These results indicate that social isolation–induced disrup-
tion of experience-dependent synaptic delivery of AMPA receptors 
in the developing rat barrel cortex requires glucocorticoid signal-
ing, but not NE signaling.

Whisker-barrel function is attenuated by social isolation. Disruption 
of AMPA receptor trafficking to BC-L4, 2/3 synapses could lead 
to an aberrant functional relationship between whiskers and layer 
2/3 barrel columns. Since the effect of neonatal social isolation 
during P4–P7 on LTP persisted until juvenile age (Figure 2C), we 
chose juvenile age to assess the effect of early isolation (P4–P7) on 
whisker-barrel function.

The decrease of synaptic transmission of BC-L4, 2/3 synapses 
by the disruption of synaptic GluR1 delivery could result in an 
attenuation of the sensitivity of each barrel to the corresponding 
whiskers. To examine this, we measured the slope of field excitato-
ry postsynaptic potential (EPSP) and the discharge frequency of 
individual neurons in response to the deflection of whiskers with 
in vivo tetrode recordings from a single barrel. Whiskers with the 
highest response were defined as principal whiskers. We collected 
data from recording electrodes placed in layer 2/3 of the barrel 
field and at the almost identical tangential location within the bar-
rel column (Figure 5C). Single-unit activities were semiautomati-
cally isolated based on the spike waveform using the ND Manager 
software suite (ref. 42 and Supplemental Figure 4, A–C). As we 
excluded fast-spiking interneurons from the analysis, the major-
ity (>90%) of the isolated unit activities originated from pyramidal 
cells, from which we detected synaptic dysfunction (see above).

First, we examined the response to principal whisker deflections 
of rats either with or without social isolation. Rats were either 
isolated for 6 hours per day from P4 to P7 or kept under normal 
conditions. We measured the slope of field EPSP and the frequen-
cy of spikes in response to the deflection of principal whiskers at 
P23. We found that the slope of field EPSP and the discharge fre-
quency by the deflection of principal whiskers of isolated animals 
were significantly smaller than those of control animals, indicat-
ing that the sensitivity of the barrel to its principal whisker was 
attenuated (Figure 5, A and B). There was no difference in spike 
latency by the deflection of the principal whisker between ani-
mals with social isolation during P4–P7 and control nonisolated 
rats at P23 (Supplemental Figure 4D). This suggests that social 
isolation deteriorates the sensitivity of the barrel column to its 
principal whisker at layer 2/3. Absolute values of spike frequency 
and field EPSP at layer 4 of the barrel cortex from isolated animals 
displayed no difference with those of nonisolated control rats 
(Supplemental Figure 4, E and F), suggesting that the decrease of 
the response to the whisker deflection at layer 2/3 was not inher-
ited from dysfunction at layer 4.

Next, we wished to relate the attenuation of whisker-barrel func-
tion to the disruption of experience-dependent synaptic delivery 
of GluR1. We expressed the cytoplasmic portion of GluR1 tagged 
with GFP (GFP-GluR1ct) in layer 2/3 of the barrel cortex, begin-
ning at P4, using lentivirus-mediated in vivo gene transfer. GFP-
GluR1ct prevents experience-driven synaptic delivery of endog-
enous GluR1 (12, 23). We found that the slope of field EPSP in 
response to a deflection of the principal whisker was significantly 
smaller in GFP-GluR1ct–expressing rats than in control GFP-
expressing rats, indicating that the sensitivity of the barrel to its 
principal whisker was attenuated in GFP-GluR1ct–expressing rats 
(Figure 5D). These results suggest that social isolation attenuates 
the sensitivity of the barrel column to its principal whisker by the 
disruption of GluR1 delivery to BC-L4, 2/3 synapses.

Social isolation attenuates whisker-dependent behavior. We next exam-
ined the effects of the attenuated whisker sensitivity on behavior. 
We assessed the disruption of whisker sensitivity with the ability 
of an animal to detect distances using a modified version of the 
gap-crossing task (see Methods), which is known to be dependent 
on the detection ability of whiskers (refs. 43, 44, and Figure 6A). In 
this task, rats were initially trained to find a reward at the opposite 
end of a runway. After this training phase, a gap was inserted in the 
runway and was widened at 0.5-cm intervals. The gap was widened 
until rats would no longer step across it. This gap size was defined 
as the upper threshold (SU). Subsequently, the gap was narrowed 
at 0.5-cm intervals until rats crossed it (Figure 6A). This gap size 
was defined as the lower threshold (SL). The difference between 
SU and SL was calculated (defined as ΔS). Rats touched the target 
platform even on noncrossing trials (data not shown), suggesting 
that rats utilize their whiskers to perform this task.

Since the effect of neonatal social isolation on synaptic plastic-
ity and whisker-barrel function lasts until juvenile age (Figure 2C 
and Figure 5), we performed whisker-barrel function–dependent 
behavior task at a juvenile age.

We first used this test on P21 animals that had been express-
ing either GFP-GluR1ct or GFP in layer 2/3 of the barrel cortex 
(delivered at P4 by lentivirus-mediated in vivo gene transfer). GFP-
GluR1ct–expressing animals showed larger distance discrimina-
tion values (ΔS) than GFP-expressing animals, indicating that 
expression of GFP-GluR1ct impaired the distance-detection abil-
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ity (Figure 6B). Therefore, this gap-crossing test is dependent on 
AMPA receptor trafficking and proper whisker-barrel function.

Next, animals were exposed to social isolation for 6 hours per 
day either during P4–P7 or P7–P11. At P21, rats were tested in 
the gap-crossing task. Figure 6C shows distance discrimination 
values (ΔS) of rats housed in control nonisolated environments 
and of isolated rats treated with RU486 (8.0 μg/g of body weight) 
or without RU486 during social isolation. ΔS was significantly 
different among the groups. Post hoc analyses revealed that con-
trol rats showed lower ΔS than rats with social isolation, indi-
cating a better distance detection ability in control rats (Figure 
6C). Moreover, isolated rats treated with RU486 showed lower ΔS 
than isolated rats without RU486, but no difference was observed 
between control and RU486-treated isolated rats, indicating that 
RU486 rescued the effect of social isolation on the ability of 
distance discrimination (Figure 6C). Application of RU486 did 
not affect this behavior task, since nonisolated rats treated with 
RU486 exhibited the same level of distance discrimination ability 
as control animals (Figure 6C). It is unlikely that these effects of 
social isolation on this task were due to general anxiety, since we 
observed no difference of indicators of anxiety on the open field 
apparatus and the device used for the gap-crossing task between 
isolated and nonisolated rats (Supplemental Figure 5, A and B). 
Moreover, there was no significant difference in food consump-
tion, suggesting no effect of social isolation on the motivation 
in this task (Supplemental Figure 5C). Furthermore, we did not 
detect any difference in the length of whiskers between isolated 
and nonisolated animals (isolated, 22.4 ± 0.4 mm; nonisolated, 
23.3 ± 0.7 mm, n = 7, P > 0.3, D2 whisker), suggesting that this 
stress protocol did not have any effect on whisker growth. These 
results indicate that neonatal social isolation impaired the dis-
tance discrimination ability of animals and that this effect was 
mediated by the glucocorticoid pathway.

Since social isolation during P4–P7 induced synaptic defect at 
early developmental age (P14), we determined whether disruption of 
whisker-dependent behavior appeared at P14. To test this, we used 
the forelimb-placing test (45), which can be used on animals of this 
age. In this test, a pup’s body was supported by the experimenter so 
that the limbs of the pup were free. Then, whiskers were brushed. If 
barrel function is normal, a pup extends the forelimb contralateral 
to deflected whiskers, but not if it has aberrant barrel function. We 
counted the number of normal limb responses per 10 trials. We 
found significantly lower scores of normal forelimb response in ani-
mals isolated either during P4–P7 or P7–P11 than in pups housed 
under normal conditions (Supplemental Figure 6). This indicates 
that impairments in whisker-dependent behavior also occurred at 
the same age at which synaptic dysfunction was detected.

Discussion
While numerous studies have revealed profound effects of stress 
on neural function, few have comprehensively related molecular, 
synaptic, and circuit deficits to behavioral aberrations (30, 46, 47). 
In this study we found that the stress produced by neonatal social 
isolation disrupts synaptic delivery of AMPA receptors, circuit 
formation in the cortex, and behaviors related to somatosensory 
function. We focused on plasticity in the barrel cortex, since it is 
likely to play an important role in the integration of social infor-
mation. This region is the primary sensory cortical area receiving 
input from whiskers, which are important for social interaction 
(10, 11). Although we analyzed only the barrel cortex in this study, 

we elucidated the molecular mechanism underlying the effect 
of neonatal isolation on synaptic plasticity, which may play an 
important role in the pathophysiology of many CNS diseases.

We examined the potential signaling mechanisms underlying 
the effects of isolation. We found that a prolonged rise of corti-
costerone level was induced by neonatal social isolation. This 
downregulates CaMKII activity and phosphorylation at Ser831 of 
GluR1, and this could contribute to the interruption of experi-
ence-driven synaptic delivery of AMPA receptors, while other post-
translational modifications with social isolation could be involved 
in the disruption of synaptic AMPA receptor delivery. NE, another 
important stress hormone, does not mediate the effect of social 
isolation on AMPA receptor trafficking, since propranolol did 
not prevent social isolation–induced disruption of AMPA recep-
tor delivery. A recent in vitro study showed that brief treatment 
with corticosterone increases synaptic AMPA receptors (48). In 
contrast with the effects of chronic elevation of corticosterone 
observed with social isolation, a lower brief rise of glucocorticoid 
might enhance synaptic delivery of AMPA receptors, suggesting 
an inverted U dose-response effect of glucocorticoid signaling on 
AMPA receptor trafficking. By what molecular mechanism gluco-
coritcoid signaling alters CaMKII activity remains to be elucidated. 
One possible mechanism is an increase in a protein phosphatase 
such as calcineurin and attenuation of CaMKII activity through 
dephosphorylation of phosphorylated active CaMKII. Indeed, 
chronic stress was shown to increase the calcineurin level in neu-
rons (49). Downregulation of CaMKII activity in isolated animals 
persisted until juvenile age (P27), when attenuation of LTP was 
still observed in isolated animals, suggesting that neonatal chron-
ic stress could induce permanent changes in signaling machin-
ery required for synaptic plasticity. Although PKC could also be 
involved in the phosphorylation of Ser831, social isolation did 
not decrease PKC activity, suggesting that decrease in the phos-
phorylation of Ser831 was not due to the downregulation of PKC 
activity (data not shown). Social isolation induced the reduction of 
CaMKII activity as well as the decrease of the phosphorylation of 
Ser831 on GluR1. Social isolation–induced decrease of the phos-
phorylation of Ser831 could be due to the reduction of CaMKII 
activity or to mechanisms other than CaMKII action. Thus, our 
results delineate molecular mechanism underlying long-lasting 
effects of neonatal chronic stress on synaptic function.

Sensory processing is crucial for cognitive functions such as 
attention, emotion, memory, and social behavior. Alterations in 
sensory processing constitute prominent symptoms in various 
psychiatric disorders (e.g., autism, schizophrenia, and personal-
ity disorders) (50–53). While genetic alterations are considered 
to be important as etiologies of these mental illnesses, postnatal 
environment could also contribute to the onset of these mental 
disorders. In human studies, it has been shown that traumatic 
events such as child abuse could lead to misprocessing of sensory 
information (54–58). Our findings show that neonatal social isola-
tion, which could be a traumatic experience, can cause disruption 
of experience-dependent synaptic delivery of AMPA receptors and 
aberrant circuit formation in the rodent somatosensory cortex and 
leads to behavioral abnormalities. Since rodents and humans may 
display similar effects of neonatal maltreatment on the nervous 
system (36), elucidation of molecular and cellular events in the 
somatosensory cortex of animals with postnatal maltreatment 
could lead to the discovery of novel biomarkers of mental disor-
ders induced by postnatal severe stress such as child abuse.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 122   Number 7   July 2012 2699

Methods
Animals. Subjects were Sprague-Dawley (SD) rats (Charles River Labora-
tories), and multiple colonies that contained 5 males and 5 females were 
used. Rats were housed in plastic ekon cages and maintained on a 14-hour 
light/10-hour dark cycle (full light at 0500 and full darkness at 1900). Tem-
perature was held constant at 22°C ± 1°C and humidity at 55% ± 5%. Food 
and water were provided ad libitum.

Postnatal manipulations. For the social isolation experiment, 2 male pups 
were isolated from mother and other siblings for 6 hours per day from P4 to 
P7 or P7 to P11 from 1,000 hours to 1,600 hours (see Supplemental Chart 
of experimental procedures). Each isolated male pup was placed in a smaller 
separate cage (so that each stayed alone in a cage), which was kept on a heat 
pad at 35°C in an adjacent room during the isolation period. All pups were 
separated as a group from the dam for 6 hours per day from P4 to P7 or P7 
to P11 from 1,000 hours to 1,600 hours. Separated pups were kept in a new 
cage, which was kept on a heat pad at 35°C in an adjacent room during the 
removal period. Whiskers of male pups were covered with Scotch tape (3M) 
for the same period as described above. Two male pups with whiskers masked 
were kept with 8 other pups together, but separated from the dam as above.

Infection of neocortical neurons in vivo. Constructs of GluR1 and GluR1ct 
tagged with GFP and Sindbis viruses were prepared as previously described 
(19, 59, 60). Viral-mediated in vivo gene transfer and whisker deprivation 
were performed as previously described (12). Briefly, at P12, rats were anes-
thetized with a ketamine/xylazine cocktail (ketamine, 0.56 mg/g body 
weight; xylazine, 0.03 mg/g body weight) and positioned in a stereotaxic 
apparatus. Injections of viral solutions were delivered at 200 nl with a glass 
micropipette through a skull window by pressure application (10–15 psi). 
The injections were performed within the following stereotaxic coordi-
nates: –2.0 mm from bregma; 4.5 mm lateral from midline, and 0.5 mm 
vertical from cortical surface. Subsequently the skin was repositioned and 
maintained with cyanacrylate glue. GFP-tagged GluR1ct was amplified by 
PCR and subcloned into FUGW vector with EcoR1 and BamHI sites. Then, 
lentivirus carrying GFP-GluR1ct was produced as previously described 
(61). Lentivirus-expressing GFP-GluR1ct or GFP was injected into layer 2/3 
of entire barrel cortex at P4. Functional whisker-barrel map and behavior 
of injected animals were investigated as described below.

Electrophysiology. Two days after virus injection, rats were anesthetized 
with isoflurane gas, and acute brain slices were prepared and whole-cell 
recordings were performed as previously described (12). For rectification 
experiments, we added 0.1 mM DL-APV to the perfusate to block NMDA 
receptors. There were no significant differences in input or series resistance 
among experimental groups (Supplemental Table 1). Rectification index 
(RI) was calculated as the ratio of AMPA receptor–mediated responses at 
–60 mV to responses at +40 mV (over 50–100 responses were averaged). RI 
values of infected neurons were always normalized to those of uninfected 
neurons. A/N ratios were calculated as the ratio of peak current at –60 mV 
to the current at +40 mV 50 ms after stimulus onset (40–50 traces averaged 
for each holding potential). LTP was induced by pairing 3-Hz stimulation 
with depolarization of the postsynaptic neuron to +20 mV (isolated during 
P4–P7 or P7–P11 and recorded at P14 from the barrel cortex) or 1 Hz with 
0 mV (isolated during P4–P7 and recorded at P27 from the barrel cortex) 
for 90 seconds; recordings were maintained for at least 40 minutes after 
pairing. The excitatory postsynaptic current (EPSC) amplitude throughout 
recordings was always normalized to the average baseline amplitude before 
pairing. Bath solution contained 119 mM NaCl, 2.5 mM KCl, 4 mM CaCl2, 
4 mM MgCl2, 26 mM NaHCO3, 1 mM NaH2PO4, 11 mM glucose, and 0.1 
mM picrotoxin and were gassed with 5% CO2 and 95% O2. Patch-recording 
pipettes (3–5 MOhm) were filled with internal solution, pH 7.25, contain-
ing 115 mM CsMeSO4, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl2, 4 mM 
Na2ATP, 0.4 mM Na3GTP, 10 Na-phosphocreatinine, and 0.6 mM EGTA.

Drug treatment. Systemically administered drugs were given s.c. RU486 (40 
μg/g, 8 μg/g, and 1.6 μg/g of body weight; Sigma-Aldrich) was dissolved 
in DMSO and injected twice a day during isolation. For local injection of 
RU486, RU486 was dissolved in 100% EtOH (final 50 mg/ml) and mixed 
with PBS (RU486/PBS = 1:1,000). 200 nl of virus-containing solution was 
added to 0.8 μl of this mixture and then injected into the barrel cortex. Cor-
ticosterone (4.17 μg/g or 0.83 μg per day; Sigma-Aldrich) was dissolved in 
sesame oil and injected once a day at P4–P7 or P7–P11. Propranolol (3 μg/g 
of body weight; Sigma-Aldrich) was dissolved in saline (62) and injected 
once a day 30 minutes before isolation.

Corticosterone assay. Plasma corticosterone levels were determined in par-
allel groups of rats under isolated and nonisolated conditions. Rats were 
decapitated before isolation or after isolation (in nonisolated groups, 
decapitation was performed at the same time as the termination of isola-
tion). Trunk blood was collected in a tube and stored on ice. After cen-
trifugation at 3,000 g for 20 minutes, the supernatant was collected for 
the assay. Corticosterone plasma concentrations were determined by an 
enzyme immunoassay kit (DSL) by using 96-well microtiter plates coated 
with goat anti-rabbit IgG raised against anti-rat corticosterone IgG (DSL). 
The absorbance levels were measured with a photometric microplate reader  
(Bio-Rad) at 450 nm. The sensitivity was 1.6 ng/ml, and coefficients of 
variation within and between assays were 2.3%–6.1%.

Immunohistochemistry. SD rats at P11 were used in this experiment. Follow-
ing heparinized phosphate buffer (PB), perfusion through the cardiac ven-
tricle was done with 4% paraformaldehyde in PB (pH 7.5) at approximately 
4°C. After perfusion, the brains were removed from the cranium, fixed over-
night at 4°C in PB containing 4% paraformaldehyde, and incubated over-
night at 4°C in 25% sucrose in PB. The brains were then frozen with pow-
dered dry ice and stored at –70°C until immunohistochemical processing. 
30-μm frozen coronal sections were cut with a Bright cryostat and washed 
with 0.1 M PBS. Samples were incubated overnight at 4°C with rabbit 
polyclonal GR antibody diluted 1:2,000 (sc-1004; Santa Cruz Biotechnol-
ogy Inc.) in PBS containing 1.5% normal goat serum and 0.1% Triton X-100. 
On the next day, sections were incubated with biotinylated anti-rabbit IgG 
(1:200), followed by incubation with streptavidin-biotin-peroxidase com-
plex (Vectastain Elite ABC Kit; Vectastain Labs). Bound peroxidase was visu-
alized by incubating the sections for 3 minutes in 0.05% 3.3′-diaminoben-
zidine with H2O2. Samples were then mounted on glass slides, dehydrated  
in graded alcohol, cleared in xylene, and coverslipped with Permount.

Biochemical analysis. Barrel cortex samples were obtained at specific time 
points after isolation or under control conditions. After decapitation, tis-
sue samples were put into prechilled tubes and stored at –80°C. Nuclear 
extracts were prepared using an NE-PER kit (Pierce). Synaptosome frac-
tions were prepared as previously described (63). Briefly, samples were 
homogenized in ice-cold homogenization buffer using glass-glass tissue 
homogenizer. Homogenates were passed through 2 100-μm–pore nylon 
mesh filters, then through a 5-μm–pore filter. Filtered homogenates were 
centrifuged at 3,600 g for 10 minutes at 4°C. Resultant pellets were resus-
pended in 200 μl boiling 1% SDS, then boiled for 5 minutes. These proteins 
were separated by SDS-PAGE (3%–20% gradient gel; WAKO) and trans-
ferred onto PVDF membranes (Millipore). The proteins were detected with 
the following relevant primary antibodies: (nuclear assay) rabbit polyclonal 
GR antibody (1:1,000; Santa Cruz Biotechnology Inc.) and cAMP response 
element-binding protein (CREB) antibody (1:2,000; Upstate), used as a ref-
erence for the quantitative analysis. (synaptosome assay), rabbit polyclonal 
CaMKII and pCaMKII antibodies (1:2,000; Cell Signaling Technology), 
and rabbit polyclonal p831 and GluR1 (1:1,000; Millipore). The amount of 
actin (1:5,000; Sigma-Aldrich) was used as a reference for the quantitative 
analysis of p831. Immunolabeled proteins were detected using LAS3000 
(Fujifilm). These data were quantified with ImageQuant software.
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Forelimb placing test. To ensure unbiased evaluation, experimenters were 
blinded to animal groups during analysis. The rat’s torso was supported 
by the experimenter and suspended such that all 4 legs hung freely in the 
air. The experimenter then brought the rat toward the edge of a tabletop, 
taking care to avoid abrupt movements that might trigger placing due to a 
vestibular response. If such responses were noted, they were extinguished 
by taking the rat through the testing motions in open space (i.e., away from 
the tabletop) a few times. The rat’s vibrissae were brushed against the table 
edge on the same side of the body in which forelimb placing was evaluated. 
The percentage of 10 trials in which the rat successfully placed its forepaw 
onto the tabletop was recorded for each side.

Statistics. All data are presented as mean ± SEM. Data were analyzed by 
paired, 2-tailed t test or 1-way factorial ANOVA. In Supplemental Figures, 
data were analyzed by paired, 2-tailed t test, except for that in Supplemen-
tal Figures 5 and 6, which was analyzed by 1-way factorial ANOVA. ANOVA 
was followed by post-hoc analysis with the Fisher protected least-signifi-
cant difference test. P < 0.05 was considered statistically significant.

Study approval. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the Animal Research Cen-
ter, Yokohama City University Graduate School of Medicine and Cold 
Spring Harbor Laboratory.
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In vivo recording. At P21, rats were anesthetized with urethane (1.25 mg/
kg). In vivo recordings were performed on several animals in each group  
(n = 7–10). The skull above the barrel cortex was removed as described 
above. The barrel column was chosen at random for each animal. Wire 
electrodes were inserted at 200–400 μm below the pia. Wire electrodes con-
sisted of 4 approximately 12.5-μm (0.0005 inch) tungsten wires (California 
Fine Wire) bound together by twisting to compose a “tetrode.” Successful 
insertion of electrodes into layer 2/3 was confirmed by histological exami-
nation. Single whiskers on the contralateral side were stimulated using a 
metal needle mounted on a piezoelectric wafer. For each stimulus trial, a 
whisker was moved up followed by a downward deflection after 0.5 ms. The 
movement was 0.5 mm to 1 mm away from the skin. After amplification 
and band-pass filtering (1 Hz–5 kHz; model 4 channels), field potentials 
and action potentials were recorded continuously using Digital Lynx (Neu-
ralynx Inc). Recording sessions lasted from 30 to 60 minutes, and then the 
data were analyzed off-line. Wide-band continuous brain signals were high-
pass filtered and thresholded to detect action potentials. The extracted 
spike waveforms were separated on the basis of their spike amplitude and 
wave shape using principal component analysis (PCA). A single spike was 
represented by 12 waveform parameters as a 12-dimensional feature vec-
tor. Units were identified and isolated by an automatic clustering program 
(KlustaKwik Program). Extraction of single-unit activity is demonstrated 
in Supplemental Figure 4, A–C. The number of spikes calculated from 5 to 
50 ms after whisker deflection was counted and used as a measure of the 
response. The slopes of the initial negative deflection of field responses 
were computed by a custom-made computer program.

Gap-crossing test. The apparatus used in the modified version of the gap-
crossing-task is shown in Figure 6A. The platform was 1 meter from the 
ground. To ensure unbiased evaluation, experimenters were blinded to ani-
mal groups during analysis. One day before testing, rats were food deprived 
for 24 hours. Twelve hours before testing, both eyes were sutured. Rats 
were initially trained to find a reward (chow pellet) at the opposite end 
of a runway. After this training phase, a gap was inserted in the runway 
and was widened at 0.5-cm intervals. If rats crossed the gap to obtain a 
food reward within 2 minutes, it was considered a successful trial. The gap 
was widened until rats would no longer step across it (within the 2-minute 
period). This gap size was defined as SU. Subsequently, the gap was nar-
rowed at 0.5-cm intervals until rats crossed it. This gap size was defined as 
SL. The difference between SU and SL was calculated. This protocol was 
repeated 5 times in succession to obtain an average ΔS value. The animals 
were able to obtain a food reward for each trial. This value reflects the abil-
ity of distance discrimination and is dependent on whisker-barrel function, 
since animals with disrupted whisker-barrel mapping by the expression of 
GFP-GluR1ct in layer 2/3 of barrel cortex showed larger ΔS (Figure 6A).To 
determine general anxiety, we assessed movements of rats such as distance 
traveled just after food deprivation.
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