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SUMMARY

Experience shapes neural circuits during critical pe-
riods in early life. The timing of critical periods is
regulated by both genetics and the environment.
Here we study the functional significance of such
temporal regulations in themouse primary visual cor-
tex, where critical period plasticity drives binocular
matching of orientation preference. We find that
the binocular matching is permanently disrupted in
mice that have a precocious critical period due to
genetically enhanced inhibition. The disruption is
specific to one type of neuron, the complex cells,
which, as we reveal, normally match after the simple
cells. Early environmental enrichment completely
rescues the deficit by inducing histone acetylation
and consequently advancing the matching process
to coincide with the precocious plasticity. Our exper-
iments thus demonstrate that the proper timing of the
critical period is essential for establishing normal
binocularity and the detrimental impact of its genetic
misregulation can be ameliorated by environmental
manipulations via epigenetic mechanisms.

INTRODUCTION

Neuronal connections in the brain are first established by genetic

programs and then shaped during postnatal development by an

individual’s sensory and motor experience when interacting with

the environment. The experience-induced changes occur during

‘‘critical periods’’ in early life, and failing to receive appropriate

experience during these time windows leads to abnormal circuit

formation that is difficult to repair later in life (Lewis and Maurer,

2009; Nelson et al., 2007; Popescu and Polley, 2010; Wiesel and

Hubel, 1965).

A classic example in critical period studies is ocular domi-

nance (OD) plasticity in the visual cortex. During the critical

period of OD plasticity, monocular visual deprivation leads to a

loss of cortical response to the deprived eye and an increase
to the nondeprived eye (Emerson et al., 1982; Fagiolini et al.,

1994; Gordon and Stryker, 1996; Hubel et al., 1977; Issa et al.,

1999; Van Sluyters and Stewart, 1974; Wiesel and Hubel,

1963). The critical period of OD plasticity does not start immedi-

ately after eye opening (Fagiolini et al., 1994; Gordon and

Stryker, 1996; Hubel and Wiesel, 1970; Issa et al., 1999; Wiesel

and Hubel, 1963), and its opening and closure are regulated by

both environmental and genetic factors (Hensch, 2005; Majdan

and Shatz, 2006). For example, complete visual deprivation

from birth delays the onset of the critical period (Cynader et al.,

1976; Fagiolini et al., 1994; Mower, 1991). On the other hand,

the critical period can be reactivated in adulthood by enriched

sensory, motor, and social interactions with the environment

(Sale et al., 2007). In addition, the critical period of OD plasticity

can also be advanced or delayed genetically by enhancing or

reducing synaptic inhibition in the cortex (Fagiolini et al., 2004;

Fagiolini and Hensch, 2000; Hanover et al., 1999; Hensch

et al., 1998; Huang et al., 1999; Iwai et al., 2003).

Although the above studies have identified methods to alter

critical period timing experimentally, it is unknown whether and

how these alterations influence normal visual development. On

the one hand, cortical functions could still achieve their normal

levels as long as visual stimulation is present during the critical

period, regardless of whether it is earlier or later. On the other

hand, if the timing of the critical period is important, its alteration

would result in abnormal visual development despite the normal

visual experience. However, which of the two scenarios is true

cannot be determined with OD plasticity because it is a depriva-

tion-induced plasticity that does not normally occur. We recently

discovered that visual experience during the critical period

drives the binocular matching of orientation preference in the

mouse primary visual cortex (Wang et al., 2010a), thus making

it possible to study the functional significance of the proper

timing of the critical period in normal development.

In this study, we have first examined binocular matching of

orientation preference in mice that have a precocious critical

period due to genetically enhanced inhibition (Huang et al.,

1999). We find that binocular matching in these mice is perma-

nently disrupted and the disruption is due to a temporal discrep-

ancy between the genetically induced precocious critical period

and normal binocular development. Thematching deficit in these

mice is fully rescued by environmental enrichment during early
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Figure 1. Disrupted Binocular Matching in Mice with Precocious Critical Period Plasticity

(A) Polar plots of orientation tuning curves of a V1 neuron in BDNF-OE mice. The neuron prefers different orientations through the contralateral (‘‘Contra’’) and

ipsilateral (‘‘Ipsi’’) eye.

(B) Cumulative distribution of DO for WT and BDNF-OE mice. The dotted line represents a uniform distribution if the matching were completely random.

(C) Mean DO of WT, BDNF-OE mice, and random matching (45�).
(D) Normal binocular matching in simple cells of BDNF-OE and diazepam-treated WT mice (DZ) compared to WT and vehicle controls (Veh).

(E) Disrupted binocular matching in complex cells of BDNF-OE and diazepam-treated WT mice.

(F and G)Meanmonocular tuning curves through contralateral (F) and ipsilateral (G) eyes for BDNF-OE andWTmice. Error bars represent mean ± SEM (*p < 0.05,

**p < 0.01, ***p < 0.001). See also Figure S1 and Table S1.
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postnatal development, which induces acetylation of histone

H4 via insulin-like growth factor 1 (IGF-1) and consequently

advances the matching process to coincide with the precocious

plasticity. Together, our experiments demonstrate that a prop-

erly timed critical period is essential for establishing normal

binocularity in the visual cortex and the detrimental impact of

its genetic misregulation can be rescued by environmental ma-

nipulations via epigenetic mechanisms.

RESULTS

Binocular Matching of Orientation Preference Is
Disrupted in Mice with Precocious Cortical Plasticity
To study the functional significance of a properly timed critical

period, we examined binocular matching of orientation prefer-

ence in a line of transgenic mice that overexpress brain-derived

neurotropic factor (BDNF) in their forebrains (Huang et al., 1999).

These BDNF overexpression (BDNF-OE) mice display acceler-

ated maturation of GABAergic innervation and inhibition in the

visual cortex, which leads to precocious OD plasticity (Hanover

et al., 1999; Huang et al., 1999). We made single-unit recordings

in the binocular zone of the primary visual cortex (V1) in these

mice and determined individual neurons’ orientation tuning

separately for each eye. The monocularly preferred orientations

were then compared between the two eyes, and their difference
2 Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc.
(referred to as DO) was used to quantify the degree of binocular

matching (Wang et al., 2010a).

We first studied the BDNF-OE mice after postnatal day 30

(P30), when binocular matching has normally reached adult level

inWTmice (Wanget al., 2010a). Remarkably, we found thatmany

cortical neurons in these mice were still tuned to very different

orientations through the two eyes (Figures 1A and 1B), and the

deficit persisted well into adulthood (P31–P36: mean DO =

29.1� ± 3.3�, n = 44; P60–P90: mean DO = 33.4� ± 2.9�, n = 93;

p = 0.58). Across the population, DO in the BDNF-OE mice was

significantly greater than the age-matched WT controls (BDNF-

OE: mean DO = 32.0� ± 2.2�, n = 137; WT: mean DO = 21.8� ±

1.2�, n = 297; p < 0.001; Figures 1B and 1C), indicating a

mismatch of orientation preference through the two eyes. The

disrupted binocular matching in BDNF-OE mice was not due

to a possible change in orientation selectivity. In fact, both orien-

tation selectivity index (OSI, BDNF-OE: contra = 0.70 ± 0.03,

ipsi = 0.64 ± 0.03, n = 137; WT: contra = 0.67 ± 0.02, ipsi =

0.64 ± 0.02, n = 297; p = 0.25 and 0.73, respectively) and tuning

width (BDNF-OE: contra = 26.0� ± 1.2�, ipsi = 24.2� ± 1.2�, n = 92;

WT: contra = 27.2� ±0.8�, ipsi = 26.6� ±0.8�, n = 197; p = 0.31 and

0.13, respectively) were similar to WT controls (Figures 1F and

1G). In other words, BDNF overexpression specifically disrupts

the matching of the two streams of eye-specific inputs in the

cortex while keeping monocular tuning properties intact.



Neuron

Enrichment Rescues Precocious Critical Period

Please cite this article in press as: Wang et al., Environmental Enrichment Rescues Binocular Matching of Orientation Preference in Mice that Have a
Precocious Critical Period, Neuron (2013), http://dx.doi.org/10.1016/j.neuron.2013.07.023
Although disrupted, the binocular matching of orientation pref-

erence in the BDNF-OEmice was not completely random, which

would result in a uniform distribution of DO between 0� and 90�

(Figures 1B and 1C; p < 0.001). We thus studied whether some

cells were better matched than others in the BDNF-OE mice.

Neurons in the visual cortex can be classified into simple and

complex cells, with the two classes of cells representing succes-

sive stages in visual information processing (Hubel and Wiesel,

1962; Martinez and Alonso, 2001). We divided the recorded

neurons into these two groups based on the linearity of their re-

sponses to drifting sinusoidal gratings (see Experimental Proce-

dures for details) and then determined their degree of matching.

Remarkably, simple and complex cells in the BDNF-OE mice

showed different phenotypes in binocular matching. While sim-

ple cells in the BDNF-OE mice had normal and well-matched

orientation preference (BDNF-OE: mean DO = 24.2� ± 3.2�, n =

51; WT: mean DO = 19.1� ± 1.5�, n = 170; p = 0.46, Figure 1D),

the binocular matching of complex cells was severely disrupted

(BDNF-OE: DO = 35.7� ± 2.9�, n = 86; WT: DO = 25.4� ± 2.0�, n =

127; p < 0.05, Figure 1E; also see Figures S1A and S1C available

online for examples). Again, the monocular orientation tuning

properties of both simple and complex cells in BDNF-OE mice

were normal (see Figure S1 and Table S1), consistent with the

observation across the whole population.

We next sought to confirm that the cell-type-specific disrup-

tion of binocular matching in the BDNF-OE mice is indeed due

to the precocious cortical plasticity induced by accelerated

inhibition maturation. It was shown that brief enhancement of

inhibition with the GABAA receptor agonist diazepam after eye

opening can induce precocious critical period for OD plasticity

(Iwai et al., 2003; Kanold et al., 2009). We followed the published

protocol (Kanold et al., 2009) and injected diazepam into WT

mice daily at P16 and P17 and then studied their binocular

matching at P31–P36. The pharmacological manipulation of inhi-

bition indeed phenocopied the matching defect of the BDNF-OE

mice (Figures 1D and 1E). While simple cells in the diazepam-

treated mice showed normal binocular matching (mean DO =

19.8� ± 3.6�, n = 39; p = 0.52, Figure 1D), the matching of com-

plex cells was completely disrupted (meanDO = 40.9� ± 4.1�, n =

48; p < 0.01 compared to WT; p = 0.02 compared to vehicle-

treated controls; p = 0.26 compared to random; Figure 1E).

Just like in the BDNF-OE mice, the development of monocular

orientation tuning was not affected by the diazepam injection

(see Table S1).

Simple Cells Match Binocularly before Complex Cells
during Normal Development
To understand the cause of the complex cell-specific disruption

in mice with precocious cortical plasticity, we determined the

normal time course of binocular matching in WT mice. At P15–

P18, a few days after eye opening, most cells had mismatched

orientation preference (mean DO = 34.2� ± 3.3�, n = 60), and

the mismatch did not improve until P20/P21 (mean DO =

34.8� ± 2.7�, n = 97; p = 0.99 between the two groups). Further-

more, the level of matching at P20/P21 was similarly poor as in

mice that had never experienced any visual stimulation (reared

in complete darkness from P11 to P31–P36: mean DO =

39.2� ± 1.8�, n = 234, p = 0.26). At this age, the orientation pref-
erences were mismatched in both simple (mean DO = 33.0� ±

3.1�, n = 69; Figures 2A and 2B) and complex cells (mean

DO = 39.2� ± 5.3�, n = 28; Figures 2D and 2E), comparable to

their dark-reared counterparts (simple: mean DO = 37.7� ±

2.3�, n = 135, p = 0.16; complex: mean DO = 41.2� ± 2.8�, n =

99, p = 0.96; Figures 2B and 2E). In other words, even with

6–7 days of visual experience after eye opening, the level of

binocular matching did not significantly improve before P20.

Just a couple days later, by P22/P23, however, the matching in

simple cells had already reached the adult level (mean DO =

18.3� ± 2.7�, n = 52, p = 0.99; Figures 2A and 2B). In contrast,

the complex cells were still mismatched at this age (mean

DO = 37.6� ± 4.1�, n = 38), at a similar level as in the dark-reared

animals (p = 0.26). The complex cells remainedmismatched until

P26/P27 (mean DO = 38.5� ± 4.2�, n = 39, p = 0.60 compared to

dark-reared group; Figures 2D and 2E), and their matching

reached the mature level by P31 (mean DO = 24.4� ± 2.3�, n =

84; Figures 2D and 2E; p = 0.37 compared to P60–P90 adults).

These results thus demonstrate that complex cells normally

match orientation preference binocularly after simple cells.

In addition to the sequential process of binocular matching in

simple and complex cells, the development of monocular orien-

tation selectivity also differs in these two cell types. As a whole

population, V1 neurons increased their contralateral OSI after

eye opening (P15–P18: mean OSI = 0.55 ± 0.04, P31–P36:

mean OSI = 0.66 ± 0.02; p < 0.05), consistent with previous

studies (Kuhlman et al., 2011; Li et al., 2012; Rochefort et al.,

2011). We also revealed an increase in V1 orientation selectivity

through the ipsilateral eye (P15–P18: mean OSI = 0.54 ± 0.04,

P31–P36: mean OSI = 0.64 ± 0.02, p = 0.06). Interestingly,

such orientation selectivity improvement was restricted to sim-

ple cells (Figure 2C; also see Table S1) but was not in complex

cells (Figure 2F).

Taken together, these results revealed a detailed temporal

profile of visual cortical development. While acquiring their orien-

tation selectivity during the first 2 weeks after eye opening, the

simple cells match their orientation preference binocularly and

reach adult level by P23. In contrast, the complex cells match

a few days after the simple cells, without any obvious improve-

ment of orientation selectivity. Importantly, the discovery that

the binocular matching of simple and complex cells occurs at

two distinct stages, together with the complex cell-specific

disruption in mice with a precocious critical period, indicates

that the matching in the complex cells is not a trivial or automatic

consequence of simple cells being matched. Instead, the intra-

cortical connections from simple to complex cells, after simple

cells have already matched, must still undergo synaptic changes

in order to match the complex cells.

Simple Cells Do Not Match Earlier in BDNF-OE Mice
despite Precocious Cortical Plasticity
Although previous studies of the BDNF-OEmice showed that OD

plasticity in these mice peaked earlier than in WT mice (Hanover

et al., 1999; Huang et al., 1999), they did not test cortical plas-

ticity before P20, i.e., the period before the normal binocular

matching process as we just discovered. We therefore initiated

monocular deprivation at P15 in both WT and BDNF-OE mice

and studied the degree of OD plasticity 5–6 days later, using
Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc. 3



Figure 2. Simple Cells Match Binocular Orientation Preference before Complex Cells

(A) Cumulative distribution of DO for simple cells in five age groups during development: P15–P18, P20/P21, P22/P23, P26/P27, and P31–P36.

(B) Mean DO of simple cells is high at P15–P18 and P20/P21, similar to the dark-reared (DR) mice, then decreases and reaches the mature level by P22/P23.

(C) Mean OSI of simple cell increases during development for both contralateral (P15–P18 versus P31–P36, p < 0.05) and ipsilateral (P15–P18 versus P31–P36,

p = 0.06; P20/P21 versus P31–P36, p < 0.001) eyes.

(D) Cumulative distribution of DO for complex cells in all five age groups during development.

(E) Mean DO of complex cells is high from P15 to P27, very similar to the DR group. It decreases after P27 and reaches mature level by P31–P36.

(F) Mean OSI of complex cells remains similar during development for both contralateral (P15–P18 versus P31–P36, p = 0.79) and ipsilateral (P15–P18 versus

P31–P36, p = 0.50) eyes. Error bars represent mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001). See also Table S1.
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optical imaging of intrinsic signals to measure the visually

evoked responses in V1 (Cang et al., 2005; Figure 3A). The

response amplitude through the contralateral eye (C) and that

through the ipsilateral eye (I) were determined separately and

used to calculate an ocular dominance index (ODI = [C � I]/

[C + I]). Monocular deprivation of the contralateral eye between

P15 and P20 did not cause any ODI change in the WT mice (Fig-

ures 3A and 3B). In contrast, the samemanipulation in the BDNF-

OE mice induced a significant ODI shift (Figures 3A and 3B, p =

0.007), demonstrating a precocious onset of cortical plasticity in

these mice.

Despite the precocious plasticity before P20, however, binoc-

ular matching of simple cells in the BDNF-OE mice does not

occur earlier. At P20/P21, simple cells in the BDNF-OE mice still

remained mismatched, with DO comparable to the WT age-

matched controls (mean DO = 34.1� ± 4.5�, n = 29; Figure 3C,

p = 0.82). The OSI was also similar between these cells (see Ta-

ble S1), showing that advancing critical period plasticity has no

impact on the development of monocular orientation tuning.

These results thus revealed a genetically induced temporal

‘‘mismatch’’ between the critical period and binocular matching

in the BDNF-OE mice: the early onset of cortical plasticity does

not advance binocular matching and the precocious closure of

the critical period (Hanover et al., 1999; Huang et al., 1999) pre-
4 Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc.
vents the second phase of the matching process, namely, the

matching of complex cells.

Environmental Enrichment RescuesBinocularMatching
in BDNF-OE Mice
The above findings suggest that the matching deficits in the

BDNF-OE mice could potentially be rescued if the timing of the

binocular matching process is shifted earlier to coincide with

the precocious cortical plasticity. To test this, we reared mice

in an enriched environment, which is known to accelerate

many aspects of visual system development (Cancedda et al.,

2004; Landi et al., 2007).

First, we examined whether environmental enrichment (EE)

accelerates binocular matching in WT mice. We recorded mice

that were born and reared in an environment with enhanced

sensory, motor, and social experiences (see Movie S1 and Sup-

plemental Experimental Procedures for details). At P20/P21,

when the binocular matching process had not initiated under

normal rearing (NR) conditions, the matching in the enriched

mice was significantly improved (mean DO = 22.9� ± 1.9�, n =

129, p < 0.001 compared to NR). In fact, the degree of binocular

matching in both simple and complex cells had already reached

the adult level (simple cells: DO = 20.6� ± 2.3�, n = 78, p < 0.01

compared to the age-matched control and p = 0.43 compared



Figure 3. Precocious Cortical Plasticity Does Not Advance Binoc-

ular Matching in BDNF-OE Mice

(A) Examples of response magnitude maps fromWT (left) and BDNF-OE (right)

mice, without MD (top row, imaged at P20), or with 5 days of MD from P15 to

P20 (bottom row).

(B) A shift in ocular dominance is seen in BDNF-OE mice with 5–6 days of MD

starting at P15 (Mann-Whitney rank-sum test: p < 0.01), but not in WT mice.

(C) Mean DO of both simple and complex cells in P20/P21 BDNF-OE mice is

similarly high as in age-matched WT controls. Error bars represent mean ±

SEM (**p < 0.01).
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to NR adult; complex cells: DO = 26.5� ± 3.2�, n = 51, p = 0.09

compared to the age-matched control and p = 0.83 compared

to NR adult; Figures 4A and 4B). The enrichment also acceler-

ated thematuration of monocular orientation selectivity in simple

cells, with their OSI significantly greater than in the age-matched

NR animals for both contralateral (EE: mean OSI = 0.78 ± 0.03,

n = 78; NR: mean OSI = 0.66 ± 0.04, n = 69; p < 0.05) and ipsilat-

eral (EE: mean OSI = 0.72 ± 0.03, n = 78; NR: mean OSI = 0.57 ±

0.04, n = 69, p < 0.05; Figures S2 and S3) eyes. These results

thus demonstrate that environmental enrichment can indeed

advance the time course of orientation selectivity maturation

and binocular matching.

We next tested whether shifting the timing of binocular match-

ing earlier can rescue the matching deficits in BDNF-OE mice. In

one set of experiments, we reared these mice in EE from birth to

P31–P36 and then studied thematching in both simple and com-

plex cells. As expected, the simple cells were well matched,

similar to those in adult NR mice (mean DO = 23.2� ± 3.4�, n =

48, p = 0.70; Figure 4C). Importantly, the binocular matching of

complex cells was significantly improved by the enrichment

(mean DO = 21.8� ± 3.5�, n = 41, p < 0.01 compared to NR; Fig-

ure 4D). In fact, the degree of matching was similar to the adult

level inWTmice (meanDO = 25.4� ± 2.0�, n = 127, p = 0.42), indi-

cating a complete rescue of the binocular matching deficit by EE.

Moreover, the rescue was not due to a potential reactivation of
cortical plasticity by the EE (Baroncelli et al., 2010; Scali et al.,

2012), as the matching in the enriched BDNF-OE mice was

already complete by P20/P21 (simple: mean DO = 18.2� ±

3.6�, n = 29, p < 0.001 compared to NR; complex: mean DO =

24.2� ± 5.5�, n = 23, p < 0.001 compared to NR; Figures 4C

and 4D).

Furthermore, to determine whether the rescue was due to the

shift in the timing of visual system development or due to the

enriched experience itself, we reared the BDNF-OE pups in EE

from birth to only P17, when the matching has not yet started

in either standard or enriched conditions (Figures 4C and 4D).

The pups were then placed in standard rearing conditions until

the time of recording between P31–P36. The ‘‘enriched followed

by normal’’ rearing (EE-NR) was indeed able to rescue the binoc-

ular matching deficits in the BDNF-OEmice (complex cells in EE-

NR: mean DO = 23.8� ± 2.9�, n = 63, p < 0.01 compared to NR;

Figure 4F), indicating that the enriched experience itself is not

required during binocular matching. Together, our results

demonstrate that environmental enrichment during early post-

natal development is able to advance the binocular matching

process to coincide with the precocious cortical plasticity,

thereby rescuing the detrimental impact of genetic misregulation

of critical period timing.

IGF-1 Advances Binocular Matching and Rescues the
Matching Deficit in BDNF-OE Mice
EE was known to induce a precocious eye opening (Cancedda

et al., 2004), but the enriched mice only opened their eyes less

than 1 day earlier than the normally reared ones under our con-

ditions (NR: mean = 13.4 ± 0.1 days, n = 53 mice; EE: mean =

12.9 ± 0.1 days, n = 61; Mann-Whitney rank-sum test: p <

0.01; Figure 5A). Given that the complex cells, which normally

match between P27–P31 (Figures 2D and 2E), already show

improved matching by P20/P21 in EE (Figures 4B and 4D),

the extra 1 day of light exposure alone cannot account for

the �7 day acceleration in binocular matching.

We next examined EE’s effect on OD plasticity. As expected,

monocular deprivation from P15 to P20/P21, before the normal

critical period of OD plasticity, induced a significant shift in ODI

in the enriched WT mice (Figures 5B and 5C), unlike in the nor-

mally reared WT mice as described above (Figures 3A and 3B).

Although this resembles the precocious OD plasticity in the

BDNF-OE mice (compare Figures 3A and 3B and Figures 5B

and 5C), a fundamental difference exists between the two condi-

tions: the onset of binocular matching is also advanced in the EE

mice, but not in BDNF-OE mice (compare Figure 3C and Figures

4A and 4B). In other words, environmental enrichment during

early postnatal development must trigger other factors that are

required for binocular matching.

IGF-1 is a likely candidate to mediate EE’s effect on binocular

matching. It was shown that physical exercise, an important

component of EE, increases IGF-1 uptake in adult brain (Carro

et al., 2000). More recently, EE was shown to increase IGF-1

levels in the visual cortex at P18 (Ciucci et al., 2007), around

the time of binocular matching under EE. We thus followed an

established protocol (Tropea et al., 2006) and administered

IGF-1 into normally reared WT mice daily starting from P14/

P15. This treatment was indeed able to advance the matching
Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc. 5



Figure 4. Environmental Enrichment Advances Binocular Matching and Rescues the Deficit in BDNF-OE Mice

(A and B) MeanDO of simple (A) and complex (B) cells inWTmice reared in normal (NR) and enriched environment (EE). Binocular matching improves significantly

and reaches adult level by P20/P21.

(C and D) Mean DO of simple (C) and complex (D) cells in BDNF-OE mice reared in normal and enriched environment.

(E and F) Mean DO of simple (E) and complex (F) cells in mice reared in EE from birth to P17 and then followed by NR (EE-NR). Error bars represent mean ± SEM

(*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S2, Table S1, and Movie S1.
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process. By P20/P21, when matching has not yet started in

vehicle-treated WT controls, the degree of matching in the

IGF-1-treated mice had already reached the mature level for

simple cells, just like in the EE mice (mean DO = 22.5� ± 3.5�,
n = 45, p < 0.05 compared to vehicle-treated controls, and p =

0.60 compared to adults; Figure 5D). Notably, the monocular

orientation selectivity remained unchanged in the IGF-1-injected

mice (Figure S4 and Table S1).

Since IGF-1 treatment advances the timing of binocular

matching in WT mice, we next tested whether IGF-1 can rescue

the matching deficit in BDNF-OE mice. We injected BDNF-OE

mice with IGF-1 from P14/P15 to P21 and then recorded about

10 days later. Indeed, these mice had normal level of binocular

matching in both simple, and more importantly, complex cells

(Figure 5E, p < 0.01 for all cells compared to vehicle-treated con-

trols; for complex cells: mean DO = 24.7� ± 3.8�, n = 38; p = 0.06

compared to vehicle-treated controls: DO = 39.4� ± 4.9�, n = 24;

and p = 0.82 compared to adult WT mice). Together, these

results suggest that IGF-1 is a key factor in mediating the EE’s

effect on binocular matching.

Environmental Enrichment Induces Histone Acetylation
to Advance Binocular Matching
The genetic programs that initiate binocular matching are

entirely unknown, but the above results indicate that they are

likely regulated by environmental factors. Histone acetylation is

an epigenetic mechanism that regulates gene expression
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through chromatin modification, and previous studies have

shown that EE increases histone acetylation in the hippocampus

of adult mice (Fischer et al., 2007). We therefore examined

whether EE affects histone acetylation in the developing mice.

WT and BDNF-OE littermates were kept in standard or enriched

conditions from birth and their visual cortices were collected at

P17 for western blot analyses. Antibodies against acetylated

H3 (at Lysine 9, H3K9) or acetylated H4 (H4K5) were used to

assess their acetylation levels. Compared to the normally reared

(NR) mice, the EE group displayed a pronounced increase in

H4K5 acetylation in the visual cortex (Figures 6A and 6E, p <

0.001, t test). In contrast, H3K9 acetylation showed a trend of

decrease in the EE mice (Figures 6B and 6F, p < 0.001). These

results demonstrate that EE induces histone modifications in

the visual cortex of developing mice.

We next tested whether histone modifications are involved in

binocular matching. Because IGF-1 application mimics EE’s

effect on binocular matching, we first examined whether IGF-1

also affects histone modifications in the developing visual

cortex. Indeed, daily IGF-1 injections from P15 to P17 induced

a marked elevation of H4K5 acetylation in the visual cortex of

normally reared mice (p < 0.05) but had no effect on H3K9 (Fig-

ures 6C–6F). Given that both EE and IGF-1 advance binocular

matching, the elevated H4 acetylation seen in both conditions

indicates that it could be a key factor in this process. We then

tested this hypothesis directly using a pharmacological method

to elevate histone acetylation during development.



Figure 5. IGF-1 Advances Binocular Match-

ing and Rescues the Matching Deficit in

BDNF-OE Mice

(A) EE induces slightly earlier eye opening (WT-NR:

mean = 13.4 ± 0.1 days, n = 53 mice; WT-EE:

mean = 12.9 ± 0.1 days, n = 61; Mann-Whitney

rank-sum test: p < 0.01).

(B) Examples of response magnitude maps from

enriched WT mice (WT-EE), with strong contra-

lateral bias in control (top row, imaged at P20) and

more balanced responses after depriving the

contralateral eye from P15 to P20 (bottom row).

(C) A significant shift in ocular dominance index

(ODI) is seen in the WT-EE mice after 5–6 days of

MD starting at P15 (Mann-Whitney rank-sum test:

p < 0.01).

(D) Mean DO of all (left), simple (middle), and

complex (right) cells in vehicle-treated (0.1% BSA,

open bars) and IGF-1-treated (black bars) P20/

P21 WT mice. The unmanipulated P20/P21 and

P31–P90 groups are shown in the gray bars to

illustrate the normal level of binocular matching at

the two ages for comparison.

(E) Mean DO of all (left), simple (middle), and

complex (right) cells in vehicle-treated (0.1% BSA,

open bars) and IGF-1-treated (black bars) P31–

P38 BDNF-OE mice. Error bars represent mean ±

SEM (*p < 0.05, **p < 0.01, ***p < 0.001). See also

Figure S4 and Table S1.
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Trichostatin A (TSA) is a histone deacetylase (HDAC) inhibitor

that has been used to elevate histone acetylation in the brain

(Korzus et al., 2004; Levenson et al., 2004; Putignano et al.,

2007). We injected normally reared mice with TSA daily from

P15 to P17 and found that it resulted in increased acetylation

of H4K5 (p < 0.05), but not H3K9 in the visual cortex (Figures

6C–6F). Importantly, TSA treatment from P15 to P20/P21 was

able to completely mimic EE’s effects on binocular matching in

both WT and BDNF-OE mice. In the TSA-treated WT mice, the

matching had already reached the adult level by P20/P21,

demonstrating an advanced time course (simple cells: mean

DO = 21.8� ± 2.9�, n = 45, p < 0.05 compared to vehicle-treated

controls and p = 0.30 compared to adults; complex cells: DO =

22.9� ± 4.0�, n = 34, p < 0.01 compared to control and p =

0.74 compared to adults; Figure 6G). Consistently, the same

TSA treatment rescued the matching deficits in the BDNF-OE

mice (complex cells: DO = 28.0� ± 3.5�, n = 61, p < 0.001

compared to vehicle-treated controls; Figure 6H), just like EE.

Taken together, these results indicate that the EE’s effect on

binocular matching is likely mediated by the increased H4 acet-

ylation via IGF-1. Our studies therefore reveal an epigenetic

mechanism linking environmental manipulations and the timing

of visual cortical development.

DISCUSSION

Detrimental Effect of a Precocious Critical Period
In this study, we examined whether and how altering critical

period timing affects normal visual development. In particular,

we studied binocular matching of orientation preference in
mice that have a precocious critical period due to accelerated in-

hibition maturation. We found that the binocular matching pro-

cess does not start earlier in these mice even though the cortex

is precociously plastic, suggesting that additional factors are

needed to initiate the matching process. Instead, binocular

matching in these mice fails to reach adult level, resulting in per-

manent mismatch in complex cells, presumably due to the pre-

cocious closure of cortical plasticity. We further showed that

the matching deficit is rescued by brief EE during early postnatal

development, which shifts the binocular matching process

earlier and allows it to complete. Our results therefore demon-

strate that the precocious cortical plasticity induced by genetic

misregulation is detrimental to the development of binocular

vision, thus illustrating the importance of properly timed critical

periods in neural development.

In addition to genetic regulation, critical period plasticity is also

under the control of experience. For example, the critical period

of OD plasticity is delayed by complete visual deprivation from

birth (Mower, 1991), possibly through reduced inhibition (Chen

et al., 2001; Morales et al., 2002). On the other hand, EE can

extend or reactivate plasticity for both OD plasticity (Sale et al.,

2007) and visual-auditory map alignment in barn owls (Brainard

and Knudsen, 1998). Our current study adds to these observa-

tions by showing that EE from birth advances the onset of binoc-

ular matching. It was shown that EE elevates BDNF and GAD65

levels in the visual cortex during early postnatal development

(Cancedda et al., 2004), but it must exert additional effects since

binocular matching does not initiate earlier in the BDNF-OE

mice. Furthermore, the BDNF-OE matching deficits can be

rescued even in normal rearing condition following EE from birth
Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc. 7



Figure 6. Environmental Enrichment In-

duces Acetylation of Histone H4 to Advance

Binocular Matching

(A) Representative images of western blots for

acetylated H4K5 (top) and total H4 (bottom) in the

visual cortex of normal-reared (NR) and EE mice.

(B) Representative western blots for acetylated

H3K9 (top) and total H3 (bottom) in NR and EE

mice.

(C and D) Representative western blots for acet-

ylated and total H4 (C) and H3 (D) in IGF-1- and

TSA-treated mice.

(E and F) Quantification of relative levels of acet-

ylated H4K5 (E) andH3K9 (F). Each group included

both WT and BDNF-OE (OE) mice and was

normalized by the mean of the unmanipulated

samples on the same gel. t test was used to

compare NR versus EE; one-way ANOVA and

Tukey post test was used to compare vehicle-

(veh), IGF-1-, and TSA-treated mice. In (E), NR: n =

16 (8 mice); EE: n = 20 (8); veh, n = 4 (2); IGF-1, n =

8 (4); and TSA, n = 10 (5). In (F), NR: n = 15 (8); EE:

n = 19 (8); veh, n = 4 (2); IGF-1, n = 8 (4); and TSA,

n = 10 (5).

(G) Mean DO of all (left), simple (middle), and

complex (right) cells in vehicle-injected (0.5%

DMSO, open bars) and TSA-injected (black bars)

WT mice. The unmanipulated P20/P21 and P31–

P90 groups (gray bars) are shown to illustrate the

normal level of binocular matching at the two ages

for comparison.

(H) Mean DO of all (left), simple (middle), and

complex (right) cells in vehicle-treated (0.5%

DMSO, open bars) and TSA-treated (black bars)

P31–P38 BDNF-OE mice. Error bars represent

mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001).

See also Figure S4 and Table S1.
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to P17, indicating that EE during early postnatal development

must trigger certain factors to initiate binocular matching. It

was shown that EE increases IGF-1 levels (Ciucci et al., 2007)

and we show here that EE and IGF-1 induces histone modifica-

tions in the developing visual cortex. Administration of an HDAC

inhibitor mimics EE’s effects on binocular matching in both WT

and BDNF-OE mice. Although the effect of blocking IGF-1 has

not been tested, our results strongly suggest that histone acety-

lation via IGF-1 is likely a key factor that EE induces to affect

visual cortical development.

Histone acetylation is an epigenetic mechanism of gene regu-

lation and has been implicated in synaptic plasticity in adult

learning and memory (Peixoto and Abel, 2013; Sweatt, 2009).

There is accumulating evidence that histone acetylation pro-
8 Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc.
motes the expression of specific genes

instead of global increase in transcription

(Fass et al., 2003; Shafaati et al., 2009;

Vecsey et al., 2007; Weaver et al., 2006).

For example, histone acetylation is

important for the expression of CREB-

regulated genes (Fass et al., 2003; Vec-

sey et al., 2007). Because some of these

genes are regulated by visual experience
during the critical period (Cancedda et al., 2003; Putignano et al.,

2007), EE-induced acetylation of histone H4 would activate

potential ‘‘plasticity genes’’ responsible for binocular matching.

Although the identity of such genes remains to be explored,

our study has revealed a direct epigenetic link between genetic

(‘‘nature’’) and environmental (‘‘nurture’’) factors in neural system

development, thus contributing to the ‘‘nature versus nurture’’

debate at a mechanistic level.

Critical Period Plasticity and Neurodevelopmental
Disorders
Critical periods are developmental time windows during which

neuronal connections and neural functions are shaped by sen-

sory experience, motor use, and social interactions. Such
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experience-dependent development is especially important for

wiring up the circuits that integrate different streams of informa-

tion, such as in multimodal sensory integration and language

development, in which setting up the underlying neural circuits

entirely by genetic programs is difficult or even impossible.

Consequently, deficits in critical period plasticity and its timing

regulation could lead to problems in language, cognitive, and

social development, as seen in autism spectrum disorders (LeB-

lanc and Fagiolini, 2011). In support of this idea, many mouse

models of human neurodevelopmental disorders display

abnormal levels of excitatory-inhibitory balance (Baroncelli

et al., 2011; Begenisic et al., 2011; Gogolla et al., 2009), which

is known to control the timing and expression of critical period

plasticity (Hensch, 2005). Indeed, several studies have reported

altered OD plasticity in these mouse models, including the ones

for Angelman syndrome (Sato and Stryker, 2010; Yashiro et al.,

2009), fragile X syndrome (Dölen et al., 2007), and Rett syndrome

(Tropea et al., 2009). Here we show that precocious cortical plas-

ticity leads to a detrimental consequence in binocular matching,

thus suggesting that these animal models may also display

deficits in binocular development due to the altered timing of

critical period plasticity. Importantly, binocular matching and

development of higher neural functions may share similar mech-

anisms as they all require the proper integration of multiple chan-

nels of inputs. Our discoveries thus establish binocular matching

as a more functionally relevant model in the study of critical

period plasticity and experience-dependent neural development

in normal and diseased conditions. Furthermore, our discoveries

regarding environmental enrichment may also provide insights

on using behavioral manipulations to treat certain neurodevelop-

mental disorders.

Sequential Matching of Simple and Complex Cells
Another intriguing finding of our study is that the binocular

matching of simple and complex cells occurs in a sequence,

rather than simultaneously. Because the orientation preference

of a complex cell is presumably determined by the converging

inputs from simple cells (Alonso and Martinez, 1998; Gilbert

and Kelly, 1975; Hubel and Wiesel, 1962; Martinez and Alonso,

2001), one might expect that the matching of complex cells

would be an automatic consequence of simple cells being

matched (Figure S5). We show that this is not the case. In fact,

a time window exists when the matching in simple cells has

reached maturity, while the complex cells are still completely

mismatched. This observation is further reinforced by the com-

plex cell-specific deficit in mice with a precocious critical period.

Our discovery thus indicates that synaptic changes must still

occur after simple cells have already matched, in order to match

the complex cells.

With the inputs from individual simple cells already binocular

and preferring similar orientations through the two eyes, how

do they give rise to the mismatched orientation preference in

complex cells and how can they change to mediate the subse-

quent matching? Recent studies of functional circuits in mouse

V1 have revealed an important clue to these questions. It was

shown that layer 2/3 cells in the monocular region of adult

mice receive inputs that are individually tuned to a wide range

of orientations (Jia et al., 2010; Ko et al., 2011). The orientation
preference in a complex cell is thus determined by the summa-

tion of the heterogeneously tuned synaptic inputs (Figure S5).

For a binocular complex cell, its contralateral and ipsilateral

orientation preference is largely determined by the same group

of neurons because the vast majority of cells in its vicinity are

binocular (Gordon and Stryker, 1996; Mrsic-Flogel et al., 2007).

Importantly, although the simple cells are already binocularly

matched, their response magnitudes through the two eyes are

different and the OD level varies for individual cells. Conse-

quently, pooling the inputs of diverse OD and heterogeneous

orientation preference would result in a binocular mismatch in

the complex cells (Figure S5). Therefore, the matching of com-

plex cells would involve synaptic fine-tuning that may depend

on the OD of individual inputs or even changes of OD itself of

each input neuron. Our observations thus suggest an exciting

link between OD plasticity and binocular matching of orientation

preference, and the plasticity rules that govern these processes

are yet to be explored. Interestingly, there appears to be a ‘‘gap’’

period between the two phases of binocular matching (between

P23 and P26). This, however, does not necessarily mean a lack

of plasticity in this period. Connections to complex cells could

be undergoing changes to match their orientation preferences

during this period, but the effects are not yet visible at the pop-

ulation level. Future experiments that can follow the same cells

during this process will be extremely informative.

The binocular matching of simple cells is better understood.

Individual simple cells receive two streams of thalamic inputs

that separately signal light increment (On) and decrement (Off),

and the precise spatial layout of the On and Off subregions in

the receptive fields renders the simple cells selective for stimulus

orientation (Ferster and Miller, 2000; Hubel and Freeman, 1977).

Our laboratory has recently shown that the same-sign subre-

gions (On-On and Off-Off) preferentially overlap between the

two monocular receptive fields of individual neurons and

that such subregion correspondence is disrupted, though not

completely, in dark-reared mice (Sarnaik et al., 2013). The expe-

rience-dependent subregion correspondence may be due to

Hebbian plasticity as a result of correlated activity between the

same-sign inputs that represent identical retinotopic locations

(Erwin and Miller, 1999).

Finally, our discoveries lend additional support to the notion

that there are multiple critical periods in visual system develop-

ment (Daw et al., 1978; Fagiolini et al., 2003; Jones et al.,

1984; Lewis and Maurer, 2005). These periods are temporally

organized in a hierarchical manner, wherein the neural circuits

in the earlier stages of visual processing mature sooner (Daw,

1997; Knudsen, 2004; Lewis and Maurer, 2005). For example,

it was shown in monkeys that the critical period for monocular

acuity development ends earlier than that for binocular summa-

tion (Harwerth et al., 1986, 1990). We show here that such a

sequence even exists for the binocular matching of two succes-

sive stages of cortical neurons. Our results also demonstrate that

the different developmental processes must be regulated in a

coordinated fashion. In the case of BDNF-OE mice, even though

the manipulation of one factor alone leads to accelerated devel-

opment of monocular acuity (Huang et al., 1999), it disrupts the

binocular matching of complex cells, thus compromising the

function of the entire visual system.
Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc. 9
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In conclusion, our studies reveal two distinct stages of binoc-

ular matching, one for simple cells and the other for complex

cells. The second stage, i.e., the matching of complex cells, is

disrupted in mice with precocious cortical plasticity. This deficit

is rescued by environmental enrichment, which induces histone

acetylation to shift the binocular matching process earlier so that

it can finish before the precocious closure of the critical period.

These findings have important implications for studying the syn-

aptic mechanisms underlying binocular matching of orientation

preference and for understanding and treating certain neurode-

velopmental disorders.

EXPERIMENTAL PROCEDURES

Mice, Rearing Conditions, and Drug Injections

Wild-type C57BL/6 mice and BDNF-OE mice (Huang et al., 1999) of different

ages and both genders were used in this study. All animals were used in accor-

dancewith protocols approved byNorthwestern University Institutional Animal

Care and Use Committee.

Mice were reared either under standard condition (NR) or in enriched envi-

ronment (EE). The enriched environment consisted of a larger cage with toys

that were altered periodically following an established protocol (Cancedda

et al., 2004) (see Supplemental Experimental Procedures for details). To deter-

mine the age of eye opening, we checked pups every day (WT-EE: n = 61, 15

litters; WT-NR: n = 53, 12 litters). Eye opening was defined as any opening in

the lids of either eye.

In pharmacological experiments to advance inhibition maturation, diazepam

(Sigma)wasdissolved in50%saline: 50%propyleneglycol (Wako) at a concen-

tration of 2mg/ml. Its solution or the same volume of vehicle was injected intra-

peritoneally (i.p.) at a dose of 30mg/kg (Hensch et al., 1998; Kanold et al., 2009)

daily at P16 and P17. The animals were then reared in standard condition until

recording at age of P31–P36 (n = 4 for vehicle and n = 9 for diazepam treated).

For IGF-1 treatments, its functional peptide, GPE (Bachem), was dissolved in

0.1% BSA solution. WT and BDNF-OE mice were administered with 300 mg

of GPE daily (i.p.) from P14/P15 to P20/P21 for recording or from P15 to P17

for western blotting (WT: n = 23; BDNF-OE: n = 22). To inhibit histone deacety-

lase, we administered TSA (5mg/ml in 0.5%DMSO; Sigma) daily (i.p.) at a dose

of 2.0 mg/g (Korzus et al., 2004; Putignano et al., 2007) from P15 to P20/P21 for

recording or P15 to P17 for western blotting (WT: n = 13; BDNF-OE: n = 11).

Western Blot Analysis

Micewere deeply anesthetizedwith Euthasol (Virbac) and decapitated, and the

skull was opened down themidline to expose the cortex. Visual cortices of both

hemispheres were dissected (�23 2 mm in size and the center was �2.5 mm

lateral from themidline and�1mmanterior from the lambda), and total proteins

were then isolated (Nuclear & Cytoplasmic Extraction Kit, G-Biosciences; Liu

et al., 2007). For histone analysis, total histone proteins were further extracted

from the nuclear fraction with five volumes of 0.2 M HCl, centrifuged at

18,000 3 g, 30 min at 4�C, and the supernatants were collected. Protein

concentration was determined by BCA Assay Kit (Life Technologies). For

comparing EE and NR, samples were collected during the night, �5 hr after

lights off. IGF-1-, TSA-, and vehicle-treated samples were collected during

the daytime,�2hr after the last injection onP17.Western blotswere performed

and data quantified using NIH ImageJ as described before (Johnson et al.,

2004; Liu et al., 2007). The used antibodies are listed in the Supplemental Infor-

mation. For statistical analysis,WTandBDNF-OEmicewere combinedbycon-

dition (NR, EE, vehicle-, IGF-1-, or TSA-treated), and the signal of each sample

was normalized by the controls on the same gel (either NR or vehicle-treated).

In Vivo Physiology and Data Analysis

We followed our published procedures to perform in vivo single unit physiology

in urethane-anesthetized mice (Cang et al., 2008; Wang et al., 2009, 2010a,

2010b). The details are described in Supplemental Experimental Procedures.

Drifting sinusoidal gratings were delivered through either eye separately

to determine V1 neurons’ monocular orientation selectivity. The drifting
10 Neuron 80, 1–12, October 2, 2013 ª2013 Elsevier Inc.
direction (q) and spatial frequency of the gratings (full contrast and

temporal frequency of 2 Hz) were varied in a pseudorandom order between

0� and 360� (12 steps at 30� spacing), and 0.01 and 0.32 cycle/degree

(six logarithmic steps, or in some experiments, four logarithmic steps

from 0.01 to 0.08 cycle/degree). The preferred direction was determined

as the one that gave maximum response (Rpref), averaging across all

spatial frequencies. The preferred spatial frequency (pref_SF) was the

one that gave peak response at this direction. Responses across all

directions at the preferred spatial frequency, R(q), were used to

calculate the preferred orientation, orientation selectivity index (OSI), and

tuning width.

Half of the complex phase of
P

R(q)*e2i*q /
P

R(q) was calculated (Niell and

Stryker, 2008) and then converted to the preferred orientation (pref_O) by sub-

tracting 90�. The difference in preferred orientation between the two eyes was

calculated by subtracting ipsilateral pref_O from contralateral pref_O along the

180� cycle (�90� to 90�). The absolute values of these differences (DO) were

used in all quantifications. All responsive cells were included in the analysis

of DO.

Orientation selectivity index (OSI) was calculated as the ratio of (R’pref –

Rorth)/(R’pref + Rorth), where R’pref was the mean response of Rpref at qpref
and qpref+p as the two angles have the same orientation, and Rorth was the

mean response of the two directions orthogonal to the preferred direction.

For the mean tuning curves analysis, each tuning curve was normalized to

the peak response and then shifted to the direction that elicited the maximum

response.

Linearity of response was calculated from the responses at the preferred

direction and spatial frequency. The responses were binned at 100 ms inter-

vals and then a discrete Fourier transform was used to compute F1/F0, the

ratio of the first harmonic (response at the drift frequency) to the 0th harmonic

(mean response). Cells that showed a temporal modulation at the stimulus fre-

quency (an F1/F0 ratio R1) through both eyes were classified as simple and

the rest, which showed an F1/F0 ratio <1 through at least one eye were consid-

ered complex.

Optical Imaging of Ocular Dominance Plasticity

Monocular deprivation of the right eye was performed in WT and BDNF-OE

mice at P15 under isofluorane anesthesia (1.5%–2% in O2) following published

procedures (Cang et al., 2005). The OD plasticity of these mice was deter-

mined 5–6 days later by optical imaging of intrinsic signals (Cang et al.,

2005; see Supplemental Experimental Procedures).

Statistical Analysis

All values were presented as mean ± SEM. Differences between different

groups were tested for significance using the Kolmogorov-Smirnov test (K-S

test), unless otherwise indicated. Statistic analyses and graphing were done

with Prism (GraphPad Software) and MATLAB (MathWorks). In the figures,

*p < 0.05, **p < 0.01, and ***p < 0.001.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, one table, and one movie and can be found with this article online

at http://dx.doi.org/10.1016/j.neuron.2013.07.023.
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Flogel, T.D. (2011). Functional specificity of local synaptic connections in

neocortical networks. Nature 473, 87–91.

Korzus, E., Rosenfeld, M.G., andMayford, M. (2004). CBP histone acetyltrans-

ferase activity is a critical component of memory consolidation. Neuron 42,

961–972.

Kuhlman, S.J., Tring, E., and Trachtenberg, J.T. (2011). Fast-spiking interneu-

rons have an initial orientation bias that is lost with vision. Nat. Neurosci. 14,

1121–1123.

Landi, S., Cenni, M.C., Maffei, L., and Berardi, N. (2007). Environmental enrich-

ment effects on development of retinal ganglion cell dendritic stratification

require retinal BDNF. PLoS ONE 2, e346.

LeBlanc, J.J., and Fagiolini, M. (2011). Autism: a ‘‘critical period’’ disorder?

Neural Plast. 2011, 921680.

Levenson, J.M., O’Riordan, K.J., Brown, K.D., Trinh, M.A., Molfese, D.L., and

Sweatt, J.D. (2004). Regulation of histone acetylation during memory forma-

tion in the hippocampus. J. Biol. Chem. 279, 40545–40559.

Lewis, T.L., and Maurer, D. (2005). Multiple sensitive periods in human visual

development: evidence from visually deprived children. Dev. Psychobiol. 46,

163–183.

Lewis, T.L., andMaurer, D. (2009). Effects of early pattern deprivation on visual

development. Optom. Vis. Sci. 86, 640–646.

Li, Y.T., Ma, W.P., Pan, C.J., Zhang, L.I., and Tao, H.W. (2012). Broadening of

cortical inhibition mediates developmental sharpening of orientation selec-

tivity. J. Neurosci. 32, 3981–3991.

Liu, X., Grishanin, R.N., Tolwani, R.J., Renterı́a, R.C., Xu, B., Reichardt, L.F.,

and Copenhagen, D.R. (2007). Brain-derived neurotrophic factor and TrkB

modulate visual experience-dependent refinement of neuronal pathways in

retina. J. Neurosci. 27, 7256–7267.

Majdan, M., and Shatz, C.J. (2006). Effects of visual experience on activity-

dependent gene regulation in cortex. Nat. Neurosci. 9, 650–659.

Martinez, L.M., and Alonso, J.M. (2001). Construction of complex receptive

fields in cat primary visual cortex. Neuron 32, 515–525.

Morales, B., Choi, S.Y., and Kirkwood, A. (2002). Dark rearing alters the devel-

opment of GABAergic transmission in visual cortex. J. Neurosci. 22, 8084–

8090.

Mower, G.D. (1991). The effect of dark rearing on the time course of the critical

period in cat visual cortex. Brain Res. Dev. Brain Res. 58, 151–158.

Mrsic-Flogel, T.D., Hofer, S.B., Ohki, K., Reid, R.C., Bonhoeffer, T., and
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