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Ocular dominance (OD) plasticity in mouse primary visual cortex
(V1) declines during postnatal development and is absent beyond
postnatal day 110 if mice are raised in standard cages (SCs). An
enriched environment (EE) promotes OD plasticity in adult rats.
Here, we explored cellular mechanisms of EE in mouse V1 and the
therapeutic potential of EE to prevent impairments of plasticity
after a cortical stroke. Using in vivo optical imaging, we observed
that monocular deprivation in adult EE mice (i) caused a very
strong OD plasticity previously only observed in 4-wk-old animals,
(ii) restored already lost OD plasticity in adult SC-raised mice, and
(iii) preserved OD plasticity after a stroke in the primary somatosensory cortex. Using patch-clamp electrophysiology in vitro, we
also show that (iv) local inhibition was significantly reduced in V1
slices of adult EE mice and (v) the GABA/AMPA ratio was like that
in 4-wk-old SC-raised animals. These observations were corroborated by in vivo analyses showing that diazepam treatment significantly reduced the OD shift of EE mice after monocular
deprivation. Taken together, EE extended the sensitive phase for
OD plasticity into late adulthood, rejuvenated V1 after 4 mo of SCrearing, and protected adult mice from stroke-induced impairments of cortical plasticity. The EE effect was mediated most likely
by preserving low juvenile levels of inhibition into adulthood,
which potentially promoted adaptive changes in cortical circuits.

until PD110 (i.e., in animals that were already beyond their
sensitive phase for OD plasticity). Despite pharmacological detection of in vivo GABA levels, suggesting that EE reduces
intracortical inhibition, direct electrophysiological evidence is still
missing. We therefore recorded GABA, AMPA, and NMDA
currents in slices from EE- and SC-raised mice and also tested
the efficacy of diazepam injections to abolish OD plasticity of
EE mice in vivo. Finally, we studied whether raising mice in EE
would protect them from lesion-induced impairments of OD
plasticity. Our results show that raising mice in EE preserved
OD plasticity into late adulthood rejuvenated the brain after 3
mo of SC-rearing, and protected adult mice from stroke-induced
impairments of cortical plasticity. Our electrophysiological measurements and diazepam treatment indicate that the plasticitypromoting effect of EE was primarily mediated by reduced
intracortical inhibition compared with SC-raised mice. These
results suggest EE as a preventive intervention to enhance and
preserve plasticity in adulthood and after a cortical lesion.
Results
EE Extended OD Plasticity into Adulthood. In mice raised in EE

from 7 d before birth (PD−7) to PD130, 7-d MD induced a strong
and highly significant OD shift to the open eye, which was as

O

cular dominance (OD) plasticity induced by monocular
deprivation (MD) is one of the best studied models of experience-dependent plasticity in the mammalian cortex (1, 2).
OD plasticity in primary visual cortex (V1) of C57BL/6J mice
is maximal at 4 wk of age, declines after 2–3 mo, and is absent
beyond postnatal day 110 (PD110) if animals are raised in standard cages (SCs) (3–6). In 4-wk-old mice, 4 d of MD are sufficient
to induce an OD shift to the open eye; therefore, neurons in the
binocular V1, which are usually dominated by the contralateral
eye in rodents (3, 7), become activated more equally by both eyes
(5, 8). This juvenile OD shift is predominantly mediated by a
decrease in the visual cortical responses to the deprived eye (1,
9–11), whereas significant OD shifts in older animals up to PD110
need 7 d of MD and are mediated primarily by increased openeye responses in V1. Raising animals in an enriched environment (EE) gives them the opportunity of enhanced physical,
social, and cognitive stimulation and influences brain physiology
and behavior in many ways (12, 13). It has been shown previously
that EE enhances visual system development in rats (14) and mice
(15–17), increases levels of the brain-derived neurotrophic factor
and serotonin (18), reduces both extracellular GABA levels (18,
19) and the density of ECM perineuronal nets (PNNs) (19), and
promotes OD plasticity in adult and aging rats (18–21). Here, we
explored cellular mechanisms of EE in V1 of mice and the therapeutic potential of EE to prevent impairments of plasticity after
a cortical stroke. Furthermore, we studied whether EE would
prolong the sensitive phase for OD plasticity into adulthood and
also restore this form of plasticity in mice that were raised in SC
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Significance
Experimental animals are usually raised in small, so-called
standard cages, depriving them of numerous natural stimuli.
We show that raising mice in an enriched environment, allowing
enhanced physical, social, and cognitive stimulation, preserved
a juvenile brain into adulthood. Enrichment also rejuvenated the
visual cortex after extended periods of standard cage rearing
and protected adult mice from stroke-induced impairments of
cortical plasticity. Because the local inhibitory tone in the visual
cortex of adult enriched mice was not only significantly reduced
compared with nonenriched animals but at juvenile levels, the
plasticity-promoting effect of enrichment is most likely mediated
by preserving low juvenile levels of inhibition into adulthood
and thereby, extending sensitive phases of enhanced neuronal
plasticity into an older age.
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mice (PD130 + PD220) was again as strong as in PD30 SC mice
(Fig. 2A). Actually, 8 of 10 EE mice showed even an ipsilateral
dominance after MD (including the oldest mouse in this group
with PD196); in one mouse, V1 was equally dominated by ipsilateral and contralateral eye responses, and in the remaining
mouse, V1 was still slightly dominated by the contralateral eye.
EE Restored OD Plasticity in Old Mice. Because OD plasticity is
absent in SC-raised mice beyond PD110, we next tested whether
EE would restore OD plasticity in these animals. To this end, we
transferred mice from SC into EE at PD110 (late EE) and imaged V1 activities after MD as before. After 3–7 mo of EE
rearing, 7-d MD in animals up to PD320 again caused a significant OD shift: The ODI decreased significantly from 0.25 ± 0.02
(n = 6, PD222–PD344) to 0.07 ± 0.04 after MD (n = 5, PD212–
PD320; P < 0.01, B t test) (Fig. 2A). The OD shift of the late EE
mice was, however, not clearly mediated by a change in the
response strength of either eye in V1; although deprived eye
responses in V1 were slightly reduced and open-eye responses
were slightly increased, neither change was significant [contralateral (deprived) eye: 1.71 ± 0.11; with MD: 1.46 ± 0.17; P >
0.05, t test; ipsilateral (open) eye: 1.01, n = 6; with MD: 1.28 ±
0.10, n = 5; P > 0.05, t test] (Fig. 2B). Furthermore, there was no
significant correlation between the time in EE (between 102 and
210 d) and the ODI (P = 0.396, r = −0.496, Pearson correlation).
Because adult male mice from different cages would seriously
fight in the EE cages when they are put together, we had to use
female mice in the late EE experiments. For the other EE
groups, male as well as female mice were used, whereas SC mice
were all male. To exclude that the observed enhanced plasticity
after EE-rearing compared with the SC paradigm was because of
a sex and not an environmental difference, we additionally analyzed a group of adult female SC mice. Adult female SC mice
(>PD110) also did not show an OD shift to the open eye after
MD (SI Results, Data S1: No Sex Difference), which was previously shown for male SC mice of this age range (6). The prolonged sensitive phase for OD plasticity in our EE mice is,
therefore, because of the EE rearing and not a sex difference of
the experimental animals.
Inhibitory Circuits Are Modified After EE. To test whether the prolonged sensitive phase for OD plasticity in our EE mice was
mediated by a reduced GABAergic inhibition in V1, which was
suggested for rat visual cortex (18, 19, 21), we used two different
paradigms. First, we measured intracortical inhibition directly by
in vitro patch-clamp electrophysiology in V1 slices from adult
(>PD130) EE and SC mice, and second, we boosted GABAergic
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strong as usually is only seen in 4-wk-old animals (9, 10). Visually
driven activity in V1 could even become dominated by input
from the formerly weaker ipsilateral eye (Fig. 1D). In these
cases, the activity patch induced by stimulation of the ipsilateral
eye was darker than the patch of the contralateral eye, the OD
index (ODI) became negative, the ODI histogram was shifted
left, and cold colors prevailed in the 2D OD map, indicating
ipsilateral eye dominance (Fig. 1D). Quantitative analyses of V1
activation showed that the average ODI decreased significantly
from 0.23 ± 0.02 (n = 4) without MD to −0.04 ± 0.02 (n = 7) with
MD [age range = PD119–PD129; P < 0.001, Bonferroni-adjusted
(B) t test] (Fig. 2A). This OD shift was mediated by a significant
decrease of deprived eye responses in V1 (1.44 ± 0.16, n = 4;
with MD: 0.92 ± 0.07, n = 7; P < 0.01, t test) (Fig. 2B), whereas
open-eye responses remained unchanged (0.91 ± 0.06, n = 4;
with MD: 1.02 ± 0.09, n = 7; P > 0.05, t test). In contrast, the OD
shift of adult SC-reared mice below PD110 (ODI 0.24 ± 0.02,
n = 9; with MD: 0.02 ± 0.02, n = 7; P < 0.01, t test) (Fig. 2A) was
mediated by an increase of open-eye responses in V1 (ipsilateral,
no MD: 1.27 ± 0.12, n = 9; with MD: 2.02 ± 0.12, n = 7; P < 0.01;
contralateral, no MD: 1.87 ± 0.28, n = 9; with MD: 2.11 ± 0.15,
n = 7; P > 0.05, t test) (Fig. 2B). Decreases of deprived eye
responses in V1 are typically only observed in juvenile mice
(PD30) and after 4 d of MD (1.86 ± 0.16, n = 10; with MD:
1.29 ± 0.09, n = 11; P < 0.01, t test), whereas open-eye responses
remained unchanged (1.34 ± 0.13, n = 10; with MD: 1.29 ± 0.08,
n = 11; P > 0.05, t test) (Fig. 2B). As previously described by
Lehmann and Löwel (6) (Fig. 1 A and B and Fig. 2A), OD
plasticity was absent in SC-reared mice older than PD110: V1
responses were not significantly different without and with MD
(contralateral, no MD: 1.98 ± 0.13, n = 10; with MD: 2.04 ± 0.16,
n = 11; ipsilateral, no MD: 1.25 ± 0.08, n = 10; with MD: 1.47 ±
0.13, n = 11).
To test whether EE expanded the sensitive phase for OD
plasticity into older ages, we additionally imaged visual cortical
responses in 6- to 9-mo-old EE mice. Again, 7 d of MD induced
a very strong OD plasticity: The ODI decreased significantly
from 0.21 ± 0.04 (n = 5, PD204–PD261) to −0.11 ± 0.05 after
MD (n = 3, PD177–PD196; P < 0.01, t test) (Fig. 2A), and the
OD shift was again mediated by a significant decrease of deprived eye responses in V1 (contralateral/ipsilateral 1.47 ± 0.14/
0.96 ± 0.12, n = 5; with MD: contralateral/ipsilateral 0.92 ± 0.10/
1.06 ± 0.14, n = 3; P < 0.05, t test) (Fig. 2B). Because ODIs of
the two EE mice groups (PD130/PD220) were not significantly
different (P > 0.05, t test), we pooled values for additional
analyses to the EE PD130 + P220 group (no MD: 0.22 ± 0.02,
n = 9, PD130–PD261; with MD: −0.06 ± 0.02, n = 10, PD119–
PD196). Surprisingly, the average OD shift of the pooled EE

Fig. 1. EE from birth preserved a strong OD plasticity into
adulthood. Optically recorded activity maps after visual stimulation of the contralateral (contra) and ipsilateral (ipsi) eye in
the binocular region of mouse V1 in both (A and B) standard
and (C and D) enriched cage at PD130. Maps of mice without
MD are shown in A and C, and maps of mice after MD (7 d) are
shown in B and D. (Upper) Grayscale-coded response magnitude maps and their quantification and (Lower) color-coded
polar maps of retinotopy are illustrated. (A and C) In both SC
and EE mice without MD, activity patches evoked by stimulation of the contralateral eye were darker than activity patches
after ipsilateral eye stimulation, the average ODI was positive,
and warm colors prevailed in 2D OD maps, indicating contralateral dominance. (B) Seven days of MD did not induce a significant OD shift in adult SC mice, whereas (D) it induced
a strong OD shift to the open eye in adult EE mice; V1 activity
even became dominated by input from the ipsilateral eye. SC
maps were modified from ref. 6. (Scale bar: 1 mm.)
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OD shift: ODI values after 7 d of MD (0.25 ± 0.02, n = 5, PD81–
PD91) were not significantly different from values of agematched PD90 mice without MD (6) (P > 0.05, B t test) and
significantly higher than in untreated PD90 mice with MD (P <
0.001, B t test) (Fig. S1). In contrast, in EE mice, diazepam reduced but did not completely abolish the OD shift after 7-d MD.
In addition, the effect of diazepam was quite variable in individual
animals: ODI values ranged from −0.05 to corresponding to a very
strong OD shift up to 0.26 to corresponding to no OD plasticity
(mean ODI: 0.11 ± 0.03, n = 9, PD162–PD190) (Fig. S1). Nevertheless, compared with EE mice without MD (ODI: 0.22 ± 0.02,
n = 9, PD130–PD261), there was still a significant OD shift in the
diazepam-treated mice (P < 0.05, B t test) (Fig. S1). Thus, diazepam
administration partly prevented the OD shift in adult EE mice.
The diazepam dosage that we have used was adjusted such that it
allowed normal activity and exploring behavior of the treated
mice (SI Materials and Methods).
Fig. 2. EE extended the sensitive phase for OD plasticity into adulthood and
restored plasticity in adult mice raised in SCs. (A) Optically imaged OD indices
in control animals and after MD (4 d MD in PD30 mice, 7 d MD in all other
groups) of the contralateral eye in SC and EE mice of various groups. Symbols
represent ODI values of individuals; means are marked by horizontal lines.
(B) V1 activation elicited by stimulation of the contralateral (C) or ipsilateral
(I) eye in control animals and after MD (black circle indicates MD eye). In SC
mice, OD plasticity after MD was maximal at PD30 and absent beyond PD110
(ODI values of PD30 and PD130 mice were from ref. 6). In contrast, EE raising
not only increased OD shifts but created adult animals in which OD shifts
were mediated primarily by a reduction of deprived-eye responses in V1.
*P < 0.05; **P < 0.01; ***P < 0.001.

inhibition in vivo by injecting diazepam (22, 23) to test whether
diazepam would prevent OD plasticity after MD.
Juvenile level of inhibition in adult EE mice. To conclusively test the
involvement of inhibitory or excitatory circuits in the preservation of OD plasticity in adult EE mice, we measured the ratio
of AMPA receptor (AMPAR) excitatory postsynaptic currents
(EPSCs) and late NMDA receptor (NMDAR) EPSCs (AMPA/
NMDA ratio) and the ratio of GABA receptor inhibitory postsynaptic currents (IPSCs) and AMPAR EPSCs (GABA/AMPA
ratio). A concentric bipolar stimulating electrode was placed in
layer IV, and synaptic events were recorded from layer II/III
pyramidal cells. There was no significant difference between the
AMPA/NMDA ratio in adult SC [2.37 ± 0.29; n = 5 mice (m), 21
cells (c)] and EE mice (2.37 ± 0.19; m/c = 9/17; P > 0.05, t test)
(Fig. 3 A and B). However, the ratio of GABA IPSCs and AMPA
EPSCs was significantly reduced in adult EE compared with SC
mice: the GABA/AMPA ratio of adult EE mice was 2.53 ± 0.20
(m/c = 3/16) and thus, significantly lower than the 4.04 ± 0.43 of
adult SC mice (m/c = 3/12; P < 0.01, t test) (Fig. 3 C and D).
These data suggest that EE influenced the relative levels of
intracortical inhibition. Moreover, the GABA/AMPA ratio of
adult EE mice was not significantly different from values in juvenile SC mice (PD20–PD30; 2.07 ± 0.17; m/c = 3/18; P > 0.05,
t test) (Fig. 3 C and D), indicating a juvenile level of inhibition
in the adult EE mice. Finally, in SC mice, we measured
a significant developmental increase in both the AMPA/NMDA
(PD20–PD30: 1.61 ± 0.15; m/c = 4/13; P < 0.05, t test) (Fig. 3 A
and B) and GABA/AMPA ratios (PD20–PD30: 2.07 ± 0.17;
m/c = 3/18; P < 0.05, t test) (Fig. 3 C and D). Because the adult
AMPA/NMDA ratio was similar in EE and SC mice, our data
suggest that EE had no effect on the developmental changes in
excitatory neurotransmission. In contrast, GABA/AMPA ratios
increased significantly from juvenile to adult SC mice, consistent
with an increase in the GABAergic tone (24), whereas this increase did not happen in EE mice.
Diazepam reduced OD shift in EE mice. For the in vivo measurements,
we first determined a dosage of diazepam that reliably prevented
an OD shift in SC mice, and then we used the same dosage in
a separate group of EE mice. In SC mice, 1 mg diazepam per kg
mouse, injected i.p. daily during the MD period, prevented an
1152 | www.pnas.org/cgi/doi/10.1073/pnas.1313385111

Number of parvalbumin-positive interneurons and PNNs was similar in EE
and SC mice. To examine whether a change in the number of

parvalbumin-positive (PV+) inhibitory neurons or PNNs could
contribute to the prolonged sensitive phase for OD plasticity in
EE mice, we used triple immunofluorescence staining for PV,
PNNs, and DAPI to visualize all cell nuclei and cortical layers.
The number of PV+ cells in V1 of EE mice was not significantly
different from values of SC mice (6,396 ± 278 vs. 5,683 ± 563
cells/mm3, n = 4; P > 0.05, t test) (Fig. S2A). Similarly, the
number of PNN+ cells was also not significantly different between EE and SC mice (6,408 ± 131 vs. 6,167 ± 727 PNNs/mm3,
n = 4 mice; P > 0.05, t test) (Fig. S2B).

EE Protected from Stroke Induced Impairments of Cortical Plasticity.

As we have previously shown, a photothrombotically (PT) induced small stroke lesion in primary somatosensory cortex (S1)
prevented OD plasticity in V1 of adult SC-raised mice (25). To
test whether EE can protect mice from these lesion-induced

Fig. 3. EE reduced GABA/AMPA but not AMPA/NMDA ratio in V1 of adult
EE mice to a juvenile level. (A) Representative traces of averaged 30 EPSCs of
AMPAR component recorded at −60 mV and late component of NMDARs
recorded at +40 mV (arrow marks time point; AMPAR EPSC was back to
baseline, and the current is mediated solely by NMDARs). (B) The AMPA/
NMDA ratio was not different between adult SC and adult EE mice, and it
was reduced in juvenile SC mice. (C) Representative traces of averaged 30
IPSCs of GABA receptor (GABAR) component recorded at +5 mV and 30
EPSCs of AMPAR component recorded at −70 mV (arrows mark GABA and
AMPA EPSCs peaks). (D) The GABA/AMPA ratio was significantly reduced
in adult EE mice and indistinguishable from juvenile SC mice. *P < 0.05;
**P < 0.01.
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Being Young Protected from Stroke-Induced Impairments of Cortical
Plasticity. If the major effect of EE is to preserve a younger brain

into adulthood and if a younger brain is less susceptible to
stroke-induced impairments of cortical plasticity, then OD
plasticity after a stroke lesion in S1 should also be preserved in
juvenile mice. Therefore, we next tested the effect of a stroke
lesion in S1 on OD plasticity in 4-wk-old mice. Indeed, juvenile
mice continued to display a clear OD plasticity even after a PT
lesion in S1. The PT lesions were again located in S1 of the left
hemisphere and 0.6 ± 0.19 mm anterior to the anterior border of
V1, and they measured 0.6 ± 0.11 mm in the mediolateral and
0.8 ± 0.09 mm in the anterioposterior directions. Lesions centers
were located, on average, 1.7 ± 0.25 mm lateral to the midline
and 1.6 ± 0.19 mm posterior to the Bregma. In 4-wk-old mice,
4-d MD induced a significant OD shift, even in the presence of

Fig. 4. EE and being young protected from stroke-induced impairments of
cortical plasticity. Data are displayed as in Fig. 2. (A) Optically imaged OD
indices and (B) V1 activation after stimulation of the contra- and ipsilateral
eye in adult EE and juvenile SC mice without (control) and with a PT lesion in
S1. PD90 mice were deprived for 7 d, and PD25–P35 mice were deprived for 4 d.
*P < 0.05; **P < 0.01; ***P < 0.001.
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a PT lesion in S1: The ODIs decreased from 0.26 ± 0.02 (n = 5)
to −0.05 ± 0.02 after MD (n = 7; P < 0.001, B t test) (Fig. 4A).
One mouse even had the PT lesion slightly extending into V1
and still displayed an ODI of −0.01 after MD, indicating a clear
OD shift to the open eye. The ODIs of the juvenile PT mice were
indistinguishable from sham-treated control animals after MD
(P > 0.05, B t test), in which the ODIs decreased significantly
from 0.27 ± 0.03 (n = 5) to −0.09 ± 0.02 after MD (n = 5; P <
0.001, B t test). In both control and PT mice, the OD shift was
mediated by a significant reduction of deprived eye responses in
V1 (control, no MD: 1.80 ± 0.11, n = 5; with MD: 0.96 ± 0.11,
n = 5; P < 0.001, t test; PT, no MD: 1.73 ± 0.16, n = 5; with MD:
0.95 ± 0.09, n = 7; P < 0.01, t test), whereas open-eye responses
remained unchanged (control, no MD: 0.99 ± 0.05, n = 5; with
MD: 1.13 ± 0.12, n = 5; PT, no MD: 1.01 ± 0.11, n = 5; with MD:
1.06 ± 0.10, n = 7; for both, P > 0.05, t test) (Fig. 4B).
Basic Visual Abilities, Enhanced Optomotor Reflex After MD, and
Cortical Maps Were Similar in EE- and SC-Raised Mice. We also de-

termined the highest spatial frequency (visual acuity) and lowest
contrast (contrast sensitivity) gratings that elicited an optomotor
response in animals of all experimental groups using the virtual
reality optomotor setup (26). Neither EE nor late EE had an
effect on any of the measured parameters (SI Results, Data S2:
Basic Visual Abilities of EE Mice Were Indistinguishable from SCRaised Mice and Fig. S3). After MD, both visual acuity and
contrast sensitivity values of the open eye increased significantly
in all groups, and values were indistinguishable from each other.
Diazepam-treatment had also no measurable effect on the analyzed parameters (SI Results, Data S3: Experience-Dependent
Enhancements of Vision After MD Were Similar in Adult EE and SC
Mice). Using intrinsic signal optical imaging, we also analyzed the
amplitude and layout of V1 maps of both EE- and SC-raised mice.
Although the quality of retinotopic maps was indistinguishable
between the groups, V1 activation after visual stimulation was
lower in adult EE compared with SC mice (SI Results, Data S4:
Lower Magnitude of Visual Responses in V1 of EE Mice).
EE Partially Preserved Enhancement of Vision After MD in PT Mice. In
PT-lesioned adult EE mice—unlike SC-raised mice—visual
acuity values of the open eye increased significantly from 0.38 ±
0.002 cycles per degree (c/d) on day 0 to 0.42 ± 0.006 c/d after
7-d MD (n = 8; P < 0.05, B t test). These results correspond to an
increase of 10 ± 2% on baseline. Although this increase was
lower than in nonlesioned EE mice (20 ± 1%; PD220; F1,12 =
14.302; P < 0.05, ANOVA), it was nevertheless present, and
visual acuity values were different from lesioned EE mice without MD (day 0: 0.38 ± 0.002 c/d; day 7: 0.38 ± 0.002 c/d, n = 8;
F1,14 = 47.58; P < 0.001, ANOVA) (Fig. S3). Likewise, contrast
sensitivity values of the open eye increased after MD in PT mice
raised in EE (at least P < 0.05 at the measured frequencies, B
t test). Because we have previously shown that the increase in
both visual acuity and contrast sensitivity of the open eye after
MD was completely abolished in SC mice with a PT lesion (25),
EE, thus, at least partially preserved the experience-dependent
enhancement of the optomotor reflex of the open eye. Enhancement of vision after MD was not preserved in juvenile
mice after a PT lesion but restored after ibuprofen treatment
(SI Results, Data S5: Enhancement of Vision After MD Was Not
Preserved in Juvenile Mice After a PT Lesion But Restored After
Ibuprofen Treatment and Fig. S4).

Discussion
Raising mice from 7 d before birth in an EE preserved OD
plasticity in V1 into late adulthood, which depended on modified
inhibitory but not excitatory synaptic transmission. Transferring
older SC-raised mice that were already beyond their sensitive
phase for OD plasticity into EE cages restored OD plasticity up
to an age of at least 320 d. In addition, mice were protected from
stroke-induced impairments of OD plasticity when they were
either raised in EE or just 4 wk old, indicating that one of the
PNAS | January 21, 2014 | vol. 111 | no. 3 | 1153
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impairments of visual plasticity, we raised another group of mice
in EE and then exposed them to the same stroke lesion in S1 as
before. PT lesions were located in the left S1 and measured, on
average, 0.6 ± 0.10 mm in the mediolateral and 0.6 ± 0.08 mm in
the anterioposterior directions. The lesion center was situated
1.0 ± 0.12 mm anterior to the anterior border of V1, 2.0 ± 0.21 mm
lateral to the midline, and 1.2 ± 0.12 mm posterior to the Bregma.
Lesion size (diameter, depth, and volume) and location (distance
from V1 and distance from midline) correlated with neither the
ODI nor the spatial frequency threshold of the optomotor reflex
after MD (for all: P < 0.05, Pearson correlation).
Seven days of MD in adult PT mice raised in EE induced
a significant OD shift to the open eye, whereas there was no OD
shift in lesioned SC mice of the same age (25). In enriched mice
with a stroke lesion, the ODI decreased significantly from 0.24 ±
0.01 (n = 4) to 0.02 ± 0.04 after 7 d of MD (n = 5; P < 0.01, B t
test) (Fig. 4A). Furthermore, the OD shift in EE mice with PT
was mediated by a significant reduction of deprived eye responses
in V1 after MD (from 1.69 ± 0.09, n = 4 to 1.21 ± 0.15, n = 5 after
MD; P < 0.05, t test) (Fig. 4B), whereas open-eye responses did
not change (1.04 ± 0.06, n = 4; with MD: 1.19 ± 0.12, n = 5; P >
0.05, t test). After MD in EE mice, both eyes activated V1 more
equally strong, and V1 activation was no longer significantly different (P > 0.05, t test). Thus, EE housing reliably prevented the
loss of OD plasticity after a PT lesion in S1.

major effects of EE is to preserve a younger brain into adulthood. This conclusion is supported by three findings: first,
preservation of a juvenile level of inhibition in V1 of adult EE
mice (Fig. 3); second, cortical changes, which more resemble
juvenile OD plasticity (Fig. 2); and third, preserving cortical
plasticity after thrombotic lesioning (Fig. 4). Similar to previous
results in adult and aging rats (18–21), we show that EE can
restore OD plasticity in mice. In addition, we started EE housing
before birth and compared it with the effects of EE housing late
in life. Interestingly, EE rearing from before birth into adulthood
caused very pronounced OD shifts of a size previously only observed in 4-wk-old SC-raised mice: After 7 d MD of the previously stronger, contralateral eye, ODIs became mostly negative,
indicating a dominance of the previously weaker, ipsilateral eye.
In addition, the OD shift of the adult EE-raised mice was mediated by a reduction in deprived eye responses in V1, which is
another hallmark of juvenile OD plasticity (9, 10, 27, 28),
whereas OD plasticity in adult SC-raised mice is predominantly
mediated by an increase in open-eye responses in V1 (4, 9, 27)
and absent beyond PD110 (6). In contrast to the very strong OD
shifts of our EE mice, the OD shifts documented previously in
adult and old rats after EE housing (18, 20) were not as prominent as in SC rats during the critical period (29–32). This difference is most likely because of the shorter time of EE housing
(2–3 wk) and the later onset (EE housing started when rats were
already adults) compared with our mice. Thus, our study documents the maximal possible effect caused by EE housing: to
preserve a juvenile-like V1 into adulthood. EE raising also extended the sensitive phase for OD plasticity in mice until at least
PD196 (the oldest mouse analyzed), raising the question of
whether this phase will ever close or is postponed to a later age.
OD plasticity was also restored in mice raised in an SC and
transferred to EE housing at PD110, an age where OD plasticity
was absent in SC mice (6). Although OD plasticity could be induced up to an age of 320 d, OD shifts were mediated by a
combination of both increased V1 activity after open-eye stimulation and reductions of V1 activity after closed-eye stimulation. These observations indicate that the molecular machinery
necessary for juvenile OD plasticity cannot be completely restored once the sensitive phase for OD plasticity is closed (i.e.,
because of SC rearing beyond a critical age). This interpretation
is supported by the results of the rat EE studies showing a lesspronounced plasticity compared with critical period animals (18,
20). It is interesting, in this context, that some of our late EE
mice even spend more time in EE compared with the mice raised
from 7 d before birth in EE. Nevertheless, their OD shifts
were less strong, indicating that either juvenile mice are more
susceptible to the plasticity-promoting effects of EE or the moreintense maternal care in EE makes the difference (17, 33).
What are the mechanisms underlying this extended sensitive
phase for OD plasticity? In rats, restored OD plasticity after EE
housing was accompanied by reduced levels of the inhibitory
neurotransmitter GABA (18, 19). Our patch-clamp recordings in
adult EE mice deliver direct physiological proof of the hypothesized reduction of intracortical inhibition: EE rearing not only
reduced GABA/AMPA ratio, but in addition, the GABA/AMPA
ratio was indistinguishable from values in 4-wk-old SC-raised
mice. Furthermore, the AMPA/NMDA ratio was not affected by
EE. When inhibition in EE rats was increased by applying diazepam, restored OD plasticity was completely blocked (18,
19). Diazepam applications with a dosage that reliably blocked
OD shifts in adult SC mice did, however, just partly abolish OD
plasticity in our EE mice. This result suggests that mechanisms
other than reduced inhibition are involved. Alternatively, EE
housing may change the susceptibility to diazepam (34), and
therefore, the applied dosage of diazepam was too low to effectively block OD plasticity. In fact, EE housing from birth
might lower intracortical inhibition more than just putting the
animals in EE for 2–3 wk, as in the rat experiments (18, 19).
Taken together, our results show that raising mice in an EE
preserved a juvenile inhibitory tone into adulthood without
1154 | www.pnas.org/cgi/doi/10.1073/pnas.1313385111

affecting excitatory transmission. The prominent role of reduced
intracortical inhibition for promoting OD plasticity in EE mice
does not rule out the involvement of additional mechanisms. It
has been shown that, for example, neuromodulatory systems are
affected by EE housing (35) and modulate OD plasticity (36–39).
Brain-derived neurotrophic factor is increased after EE housing
(18, 19, 40) and can reactivate OD plasticity (36). Likewise, insulin-like growth factor 1 plays an important role in mediating
EE effects, possibly acting by modulating intracortical inhibitory
circuitry (41). EE also alters the chromatin status of the brain
(42), and epigenetic modifications, like the acetylation of histones, have been shown to influence OD plasticity in the adult
visual cortex (43, 44).
The conclusion that EE raising preserves a juvenile V1 is
further supported by our stroke experiments: Both mice raised
in EE and 4-wk-old mice preserved OD plasticity after a PT
lesion in S1. Thus, EE-raised adult mice reacted to a plasticitycompromising event like critical period animals and continued to
show plasticity, despite the S1 lesion. It is, therefore, tempting to
speculate that EE may not only help to restore plasticity after
a lesion, but additionally, protect from or attenuate deficits. This
conclusion is corroborated by our optomotor results. Raising
mice in EE partially preserved the enhancement of the optomotor reflex of the open eye after a PT lesion, whereas the same
lesion completely prevented this increase in SC mice (25). Because anti-inflammatory treatment with ibuprofen rescued the
enhancement after PT to control levels (25), the present results
indicate that EE housing may reduce inflammation levels in the
brain. Ruscher et al. (45), indeed, found that in rats, EE housing
reduced the increased inflammation level after a stroke. In addition, physical exercise has been shown to be neuroprotective
after stroke: Voluntary training on a running wheel or a treadmill
for 2–3 wk before a stroke induced by middle cerebral artery
occlusion reduced cerebral infarct size and sensory motor deficits
in rodents (46, 47).
To further analyze signatures of altered inhibitory circuits in
V1 of EE mice, we quantified PV+ inhibitory interneurons that are
thought to play a crucial role in OD plasticity (1). Although a reduced number of interneurons labeled for the GABA-synthesizing
enzyme glutamic acid decarboxylase 67 was observed in V1 of
rats after 2–3 wk of EE housing (18, 20), the number of PV+
interneurons was not different between our SC and EE mice. A
change in GABAergic inhibition in our enriched mice could,
nevertheless, be mediated by other GABAergic interneurons.
The degradation of PNNs can restore OD plasticity in adult rats
(48), and EE housing was accompanied by a reduced PNN
density in rat visual cortex (19, 20). We did, however, not observe
any difference in PNNs between SC and EE mice. The different
results might be caused by differing experimental designs;
whereas our mice were born and raised in EE for at least 5 mo,
the rats were housed in EE just for 2–3 wk when they were already adults. We can only speculate that the rather abrupt change
in housing conditions of the rats may have triggered a change in
PNN density.
We have previously shown that a small PT lesion in S1 abolished OD plasticity in V1 of adult mice (25), showing that there
must be some long-range influence from outside V1 on OD
plasticity in V1 and that activity in the major thalamocortical
afferents to V1 is not sufficient for OD shifts to happen. Our
present results further indicate that the importance of longrange influences increases with age; although in both EE-raised
and 4-wk-old mice, plasticity was preserved after a PT lesion in
S1 and activity changes in the major thalamoortical afferents
were obviously sufficient to induce an OD shift after MD, longrange influences from outside V1 get increasingly important for
plasticity in an older V1.
Interestingly, in the optical imaging experiments, V1 activation
after visual stimulation was lower in EE compared with SC mice.
A recent study using simultaneous recordings of local field potentials in awake, freely moving mice and quantifying the degree
of linear and nonlinear correlation between the local field
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lesions were done in the left somatosensory cortex using the Rose Bengal
technique (51). For anti-inflammatory treatment, mice received daily i.p.
injections of ibuprofen starting directly after MD. To increase GABAergic
inhibition, EE mice were treated with diazepam during the MD period. The
spatial frequency and contrast sensitivity thresholds of the optomotor reflex
were determined using an optomotor system (26). Mouse visual cortical
responses were recorded and analyzed using the imaging method developed by Kalatsky and Stryker (52). The ratio of AMPA/NMDA and GABA/
AMPA receptor-mediated currents in SC and EE mice was measured by
means of patch-clamp recordings. Details are in SI Materials and Methods.

C57BL/6J mice were housed in an animal room with a 12-h light/dark cycle,
with food and water available ad libitum. The indicated age of mice is at the
day of the optical imaging experiment. All experimental procedures were
approved by the local government under registration numbers 33.9–4250204–10/0326 (Niedersachsen) and 02–003/08 (Thüringen). For EE housing,
commercially available cages (Marlau) (50) were used. The right eye was
deprived of vision for 4 d in PD25–PD35 mice and 7 d in all older mice (5). PT
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potentials in the two regions as a measure of synchronization
might offer an explanation (49). It was shown that EE rearing
decreased the level of coupling between the electrical activities
of the secondary motor cortex and V1 compared with SC mice. A
decreased coupling of V1 with other cortical areas might contribute to a decreased stimulus-driven activation of V1 neurons.
Taken together, our results show that EE not only preserved
V1 with a juvenile level of inhibition into adulthood, but also
rejuvenated V1 after raising mice in standard cages. In addition, EE raising protected adult mice from stroke-induced
impairments of cortical plasticity, offering a promising, nonpharmacological tool for both preserving and restoring the
plasticity of neuronal circuits.

