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Neuronal circuits in the cerebral cortex consist mainly of glutamatergic/excitatory and GABAergic/inhibitory neurons. In the visual
cortex, the binocular responsiveness of neurons is modified by monocular visual deprivation during the critical period of postnatal
development. Although GABAergic neurons are considered to play a key role in the expression of the critical period, it is not known
whether their binocular responsiveness and ocular dominance plasticity are different from those of excitatory neurons. Recently, the end
of the critical period was found to be not strict so that cortical neurons in the adult still have some ocular dominance plasticity. It is not
known, however, which type of neurons or both maintain such plasticity in adulthood. To address these issues, we applied in vivo
two-photon functional Ca 2� imaging to transgenic mice whose GABAergic neurons express a yellow fluorescent protein called Venus. We
found that GABAergic neurons are more binocular than excitatory neurons in the normal visual cortex, and both types of neurons show
the same degree of modifiability to monocular visual deprivation during the critical period, but the modifiability of GABAergic neurons
is stronger than that of excitatory neurons after the end of the critical period.

Introduction
In the primary visual cortex, the binocular visual responsiveness
of neurons can be changed by monocular visual deprivation dur-
ing the critical period of postnatal development, one of the best-
known examples of experience-dependent modification of brain
function (Wiesel and Hubel, 1963; Wiesel, 1982; Daw, 1995). The
cerebral cortex consists mainly of two types of neurons, glutama-
tergic/excitatory and GABAergic/inhibitory neurons. It was pro-
posed that GABAergic neurons play a key role in the expression of
the critical period, on the basis of the results by the experimental
suppression or enhancement of GABAergic function (Hensch et
al., 1998) (for review, see Hensch, 2005). If GABAergic neurons
play such a role in visual cortical plasticity, their binocular re-
sponsiveness and modifiability of this property to monocular
visual deprivation may be different from those of excitatory neu-
rons. It is rather surprising that the questions of whether the
binocular responsiveness and experience-dependent plasticity
are different between the two types of neurons remain essentially
unanswered, although there was a study using glutamate decar-
boxylase 67 (GAD67)– green fluorescent protein (GFP) knock-in
mice (Gandhi et al., 2008), in which the GABA content in the

brain is abnormally low because of destruction of the endogenous
GAD67 gene (Tamamaki et al., 2003).

Recently, it has been found that monocular visual deprivation
initiated after the end of the classically defined critical period still
causes ocular dominance shift of visual cortical neurons in mice,
although the magnitude, time course, and other properties of the
change are not exactly the same as those of the critical period
plasticity (Antonini et al., 1999; Sawtell et al., 2003; Pham et al.,
2004; Tagawa et al., 2005; Hofer et al., 2006a; Fischer et al., 2007;
Lehmann and Löwel, 2008; Sato and Stryker, 2008) (for review,
see Hofer et al., 2006b; Morishita and Hensch, 2008). Again, it is
not known which type of neurons or both maintain such plastic-
ity in adulthood.

To answer these questions, we applied in vivo two-photon
functional Ca 2� imaging to transgenic mice in which GABAergic
neurons express a yellow fluorescent protein called Venus (Nagai
et al., 2002) and the expression level of GAD67 in the brain is
normal (Wang et al., 2009). We found that GABAergic neurons
are more binocular than excitatory neurons in the normal visual
cortex, and both types of neurons show the same degree of mod-
ifiability to monocular visual deprivation during the critical pe-
riod, but the modifiability of GABAergic neurons is stronger than
that of excitatory neurons after the end of the critical period.

Materials and Methods
Animal preparations. All experimental procedures were performed in
accordance with the guidelines of the Animal Experiment Committee of
RIKEN Brain Science Institute. Vesicular GABA transporter (VGAT)–
Venus transgenic mice that express Venus in GABAergic neurons were
used. Four lines of VGAT–Venus mice were generated in the C57BL/6
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strain in the same way as VGAT–Venus rats (Uematsu et al., 2008). In the
present study, we used VGAT–Venus line #39 mice, which showed the
bright fluorescence intensity (Wang et al., 2009). For monocular visual
deprivation, the eyelids of the right eye (contralateral to the recording
site) were sutured under anesthesia with ketamine/xylazine (100/10
mg/kg body weight) in VGAT–Venus mice at postnatal day 27 (P27) to
P28 for 2 d. In young adult mice, the eyelid suture was made at P50 –P55,
when the critical period for ocular dominance plasticity is over (Gordon
and Stryker, 1996), and lasted for 7 d. The animals were returned to the
cages after confirming full recovery from anesthesia. The deprivation
lasted until P29 –P30 (2 d of deprivation during the critical period) or
until P57–P62 (7 d of deprivation after the critical period), when the
imaging experiments were performed. As control, three normally reared
mice at P29, P30, and P31 and another three normal mice at P59, P61,
and P61 were subjected to the imaging experiments.

For the imaging experiments, the animals were anesthetized with ure-
thane (1.9 mg/g body weight), supplemented with additional doses (0.25
mg/g) of urethane when necessary. The animals younger than P31 were
anesthetized with a half dose of urethane after a preanesthetic intraperi-
toneal injection of chlorprothixene (1 mg/kg). Incisions were infiltrated
with lidocaine (xylocaine jelly). The level of anesthesia was continuously
monitored by observing heart and respiration rates, which were not
changed in response to strong touch of the tail. The animal’s body tem-
perature was maintained at 37.5°C by a rectal thermoprobe feeding back
to a heating pad (ATC-402; Unique Medical). The part of the skull and
dura mater over the primary visual cortex was removed, and the exposed
cortex was covered with agarose (2–3% in Ringer’s solution). Additional
details about the methods were described previously (Sohya et al., 2007).

Optical imaging of intrinsic signals. To identify the binocular region of
the primary visual cortex, we adopted the fast method of optical imaging
of intrinsic signals, as reported previously (Kalatsky and Stryker, 2003).
Visual responses to a temporally periodic stimulus were extracted from
continuously recorded images by Fourier analysis. The optical images
were obtained using a CCD camera (CS8310Bi; Toshiba Teli) combined
with a 50 � 28 mm tandem lens (Nikon). A surface vascular image and
intrinsic signal images were obtained using green (540 � 10 nm) and red
(652 � 10 nm) illumination lights, respectively. The camera was focused
600 �m below the pial surface at the recording session of intrinsic signals.

The periodic stimulus was generated by a visual stimulus generator
(VeSaGe; Cambridge Research Systems). The bar-shaped stimulus (2°)
was drifted to right or left at the spatial frequency of 75°/cycle and tem-
poral frequency of 8 s/cycle. The stimulus of the drifting bar was pre-
sented to each eye. The power of intrinsic signals at the stimulus
frequency was calculated for each eye, and then the binocular region of
the visual cortex was visualized.

Multicell bolus dye loading and in vivo two-photon laser scanning mi-
croscopy. Bolus loading of visual cortical cells was performed with fura-2
AM (Invitrogen), as described previously (Sohya et al., 2007). A total of
10 mM fura-2 AM was dissolved in dimethylsulfoxide mixed with 20%
Pluronic F-127 (Invitrogen) and then diluted with 0.1 mM sulforhodam-
ine 101 (SR101; Invitrogen) that was dissolved in Ringer’s solution. The
final concentration of fura-2 AM was 0.8 mM. A glass pipette with a tip
diameter of �10 �m was filled with this solution and inserted into the
cortex to a depth of 200 –300 �m from the surface. Fura-2 AM and SR101
were ejected from the pipettes by pressure. The volume of the dye solu-
tion for each injection site and the pressure for ejection were �1 pl and
2–10 psi, respectively.

Images of cells stained with the dyes were visualized with an upright
microscope (BX61WI; Olympus) equipped with a water-immersion ob-
jective lens (LUMPlanFL40XW; numerical aperture 0.8; Olympus) and
the laser scanning microscope system (FV-1000; Olympus), which was
based on the custom-made two-photon microscope system coupled with
a mode-locked titanium:sapphire laser (�100 fs pulse width, 80 MHz
repetition frequency at a wavelength of 800 nm) (Tsunami; Spectra Phys-
ics) pumped with a 10 W solid-state source (Millenia PRO 10sJ 110;
Spectra Physics), which was used as the excitation light source. The group
velocity dispersion was compensated by prism chirp compensation, and
the beam diameter for objective lens was adjusted using a Kepler tele-
scope. The output power of the laser was adjusted by gating with an

acoustico-optic modulator. Laser power (milliwatts) measured after the
objective lens was �15 mW of 800 nm for the excitation of fura-2 or �60
mW of 950 nm for the excitation of Venus and SR101 with laser irradi-
ation time of 2 �s/pixel.

Emitted fluorescence was divided into long-wavelength (�570 nm)
and short-wavelength light with a dichroic mirror (570 nm; Olympus),
and short-wavelength light was further filtered through a bandpass filter
(510 –550 nm; Olympus) as an emission filter. Both wavelengths of emit-
ted fluorescence were detected simultaneously using two photomulti-
plier tube detectors (PMTs). The PMT offset was kept at zero throughout
the recordings. The microscope objective was shielded from possible
stray light by covering the space over the animal’s head with lightproof
cloth.

Data acquisition and analysis. For two-photon functional Ca 2� imag-
ing, fluorescence of fura-2 in the areas of 317 � 317 �m was imaged at
295 ms/frame with 512 � 256 pixels. After recording of neural activity,
fluorescence from Venus and SR101 was simultaneously monitored by
applying the above-mentioned dichroic mirrors and filters. In each ani-
mal, images were obtained from five to eight planes separated by at
least 15 �m at the depth of 120 –230 �m from the first detectable
fluorescence-positive surface of the visual cortex. Time-lapse images
were realigned to remove tangential drifts, and cell regions in the images
were contoured visually with custom-made software. In some experi-
ments, the images were realigned using MetaMorph software (Molecular
Devices). A fura-2 signal was detected as a decrease in fluorescence in-
tensity, which was calculated as ��F/F0, in which �F 	 F � F0. The
baseline intensity, F0, was obtained by averaging the intensity values
during the prestimulus period (5 s, 16 –17 frames). The baseline signals of
cells were computed by summing pixel values within the defined cell
contours.

Visual stimulation and responses. Square wave gratings (0.05 cycle/°)
were moved randomly in eight directions at four orientations (from 0° to
135° in 45° steps) at the velocity of 20°/s on a liquid crystal display
monitor. Four sets of these visual stimuli with an interval of 20 s were
presented to each eye twice, and then signals for 24 s (5 s before, 4 s
during, and 15 s after the presentation of stimuli) were averaged so that
the responses for each eye were obtained. To obtain the response magni-
tude for each eye, the intensity values during the eight presentations of
stimuli were averaged for each eye. In this averaging, negative values were
regarded as zero, because they were not often observed in visually respon-
sive cells, and even if existed they were randomly dispersed. Cells were
defined as visually responsive if the responses to either eye were larger
than 2 SDs of the baseline intensity during prestimulation periods.

Statistics. The Kolmogorov–Smirnov (K–S) test was used to examine
significance of difference between the distributions of ocular dominance
indices (ODIs). The Mann–Whitney test was used to compare values of
ODIs and response magnitude between visually responsive GABAergic

Figure 1. Optical image of mouse visual cortex. A, Photograph showing the cortical surface
including the primary visual cortex. L and P indicate the lateral and posterior sides of the cortex,
respectively. Scale bar, 0.5 mm. The mark X in the center indicates the site in which the dyes
were injected. B, Color-indicated map of the same area of the cortex as shown in A. Areas
responsive to stimulation of the contralateral and ipsilateral eyes are indicated by red and
green. Green is completely overlapped with red so that the binocular region is shown as yellow.
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and excitatory neurons in the same rearing condition. The paired t test
was used to compare the monocularity indices (MIs) of GABAergic neu-
rons with those of excitatory neurons recorded from each of the three
control mice.

Results
Use of VGAT–Venus mice but not GAD67–GFP
knock-in mice
To identify GABAergic neurons in the visual cortex in the in vivo
condition, we used a type of transgenic mice that express Venus,
a yellow fluorescent protein, using bacterial artificial chromo-
some containing VGAT promoter. In these mice, 95.9% of
Venus-immunoreactive cells in the cerebral cortex were GABA
positive, and 93.1% of GABA-immunoreactive cells were Venus
positive (Wang et al., 2009). In the present study, we did not use
GAD67–GFP knock-in mice, because the expression level of
GAD67 in the brain of these transgenic mice is reduced and thus

the GABA content in the brain is markedly
lower than that of the wild-type mice (61%
in neonates and 84% in 6- to 7-week-old
mice) (Tamamaki et al., 2003). In VGAT–
Venus mice, conversely, the expression
level of GAD67 is normal (Wang et al.,
2009). To confirm that the GABA content
in the visual cortex of VGAT–Venus
mice is normal, we measured the level of
GABA in the cerebral cortex of nine
transgenic and eight wild-type mice and
found that the GABA level in the cortex
was not significantly different between
these two types of mice (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material).

Identification of GABAergic and
excitatory neurons in binocular region
To identify the binocular region of the
primary visual cortex, we used optical im-
aging of cortical intrinsic signals evoked
by visual stimuli given to the contralateral
and ipsilateral eyes (Grinvald et al., 1986;
Kalatsky and Stryker, 2003; Cang et al.,
2005). With optical imaging, we could
identify the binocular region of the pri-
mary visual cortex as the cortical area, in
which responses to ipsilateral as well as
contralateral eye stimulation were in-
duced (Fig. 1). In Figure 1B, the areas in
which responses to the contralateral and
ipsilateral eyes were obtained are colored
in red and green, respectively, so that the
binocular region is shown in yellow. The
mark X in the center indicates the site in
which the dyes were injected. Thus, all the
neurons in the present report were re-
corded from the binocular region of the
primary visual cortex of VGAT–Venus
mice.

Then, the bolus loading of visual corti-
cal cells was performed with fura-2 AM
and SR101, as described previously (Sohya
et al., 2007). Using these dyes and the two-
photon laser scanning microscope sys-
tem, we could differentially measure the

responses of GABAergic and excitatory neurons to visual stimuli
given to each eye (Fig. 2A,B) (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). Astrocytes stained
with SR101 were excluded from the present analysis. As shown in
Figure 2D, stained neurons showed clear visual responses to both
eyes or either eye, although some neurons did not generate sig-
nificant responses. We also observed responses in neuropil areas
surrounding the somata of the neurons. The area sizes for mea-
surements of neuropil signals were set to be nearly the same as
those for neuronal somata (Fig. 2C). In Figure 2D, it is seen that
the neuropil areas “a” and “b” showed responses to ipsilateral as
well as contralateral eye stimulation, whereas the nearby somata
of the cells 2 and 3 did not show clear responses to ipsilateral eye
stimulation, indicating that neuropil signals did not notably con-
tribute to the signals of neuronal somata, as reported previously
(Sohya et al., 2007). In 17 planes of the three normal mice at

Figure 2. In vivo imaging of cells in mouse visual cortex, visual responses of excitatory and GABAergic neurons, and ocular
dominance distribution of each type of neuron. A, Image of an optical plane of the cortex of a normally reared mouse at P30. This
plane was obtained at the depth of 120 �m from the first detected fluorescence-positive surface of the visual cortex. Scale bar, 30
�m. Green, white, and red cells represent GABAergic and excitatory neurons and astrocytes, respectively. B, Magnified image of
the rectangular area shown in A. The numbers 1– 6 indicate neurons whose responses are shown in D. “a” and “b” indicate neuropil
areas, in which responses were recorded as shown in D. Scale bar, 10 �m. C, The same area as B. Regions of interest for measuring
fura-2 signals in neuronal somata and neuropil areas are shown by white areas with the same numbers and letters as in B. D, Traces
obtained by averaging responses to visual stimulation given to the contralateral and ipsilateral eyes eight times each. Vertical
columns in pink indicate the period in which visual stimulation was given. Calibration: 10% (��F/F0), 5 s. ODI of each cell is
indicated at the right. E–G, Ocular dominance histograms of the total of 1018 neurons, 903 excitatory neurons, and 115 GABAergic
neurons, respectively, in the visual cortex of normally reared VGAT–Venus mice. Each column represents the mean proportion of
cells that were rated using the 10-point scale of ODI. Error bars indicate SEM. H, Cumulative distribution of the ODIs of the excitatory
(black line) and GABAergic (green line) neurons.
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P29 –P31, 903 (43%) of 2091 excitatory
neurons and 115 (51%) of 224 GABAergic
neurons showed significant responses to
visual stimuli. These proportions of visu-
ally responsive neurons are similar to
those obtained previously in GAD67–
GFP mice (34 and 40%, respectively) (So-
hya et al., 2007) and that of unclassified
neurons in the rat visual cortex (37%)
(Ohki et al., 2005).

GABAergic neurons are more binocular
than excitatory neurons
To quantify the preference of visual re-
sponses of cortical neurons to either eye,
we calculated the ODI of each neuron, as
follows:

ODI � 
RI � RC�/
RI � RC�,

where RI is the magnitude of responses to
the ipsilateral (left) eye (open eye in the
case of monocular deprivation), and RC is
the response magnitude to the contralat-
eral (right) eye (deprived eye). To show
the distribution of ODI as an ocular dom-
inance histogram, each neuron was rated
using a 10-point scale. In the three nor-
mally reared mice at P29 –P31, the distri-
butions of ODIs of the 1018 neurons were
biased toward the contralateral eye (Fig.
2E), as reported previously in the visual
cortex of wild-type mice (Dräger, 1975;
Métin et al., 1988; Gordon and Stryker,
1996). When neurons were classified into the two groups, non-
GABAergic (excitatory) and GABAergic (inhibitory), the distri-
butions of ODIs of the 903 excitatory neurons were also biased
toward the contralateral eye (Fig. 2F). The mean ODI of these
excitatory neurons was �0.303 � 0.015 (SEM) (see Fig. 6). Dif-
ferent from that of the excitatory neurons, the ODI distribution
of the 115 GABAergic neurons was concentrated to the binocular
value ranging mostly from 0.0 to �0.6 (Fig. 2G). The mean ODI
of the GABAergic neurons was �0.282 � 0.021 (see Fig. 6). Al-
though this mean value seemed to be not different from that of
excitatory neurons, the analysis with the cumulative proportion
of the excitatory and GABAergic neurons showed a significant
(K–S test, p � 0.001) difference in the ODI distribution between
the two types of neurons (Fig. 2H). The same line of results as
those mentioned above were obtained from the three normally
reared mice at P59 –P61 (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). The ODI distribution of
the 365 GABAergic neurons of these normal mice was not signif-
icantly different from that of the 115 GABAergic neurons of the
mice at P29 –P31 (K–S test, p 	 0.418).

To quantify the difference in binocular visual responsiveness
between excitatory and GABAergic neurons, we calculated the
MI for each mouse (Fig. 3). MI was calculated as follows:

MI � �
N1 � N10� � 
N2 � N9� � 3/4 � 
N3 � N8� � 2/4

� 
N4 � N7� � 1/4/NT,

where Nn is the number of cells classified as group n using the
10-point scale of ODI, and NT is the total number of visually

responsive cells. For example, groups 1 and 10 consisted of
neurons with ODIs of less than �0.8 to �1.0 and �0.8 to 1.0,
respectively. Groups 2–9 consisted of neurons with ODIs of in-
termediate values in 0.2 steps. If all the visually responsive cells
are classified as monocular, MI will be 1. If all the cells are rated as
group 5 or 6, MI will be 0. We found that the mean MI of the
excitatory neurons for the three normal mice at P29 –P31
(0.421 � 0.057) was significantly (paired t test, p � 0.05) larger
than that (0.253 � 0.021) of the GABAergic neurons. Such a
difference in the mean MI between the two types of neurons was
seen also in the three normal mice at P59 –P61 (0.368 � 0.060 for
excitatory neurons and 0.271 � 0.069 for GABAergic neurons;
paired t test, p � 0.05). These results indicate that GABAergic
neurons are more binocular than excitatory neurons in the visual
cortex of normally reared mice.

Ocular dominance shift of both types of neurons during the
critical period
In the three mice that were monocularly deprived for 2 d starting
at P27–P28 during the critical period, we found that the
deprivation-induced shift in ocular dominance took place in
both excitatory and GABAergic neurons (Fig. 4). In 445 visually
responsive cells of 1081 excitatory neurons, the mean ODI of the
responsive cells was �0.076 � 0.022 (Fig. 4A, columns with solid
lines) (see also Fig. 6). This ODI distribution of the visually re-
sponsive excitatory neurons was different from that of the normal
mice (Fig. 2F; shown as columns with broken lines in Fig. 4A).
The cumulative analysis confirmed that the two distributions are
significantly (K–S test, p � 10�9) different (Fig. 4B). In 114
visually responsive cells of 181 GABAergic neurons of the mice

Figure 3. Ocular dominance histograms of excitatory and GABAergic neurons in the three normally reared mice at P29 (mouse
1), P30 (mouse 2), and P31 (mouse 3). MI represents monocularity index of each distribution (see Results).

1554 • J. Neurosci., January 27, 2010 • 30(4):1551–1559 Kameyama et al. • Binocularity and Plasticity of Cortical GABAergic Neurons



that were monocularly deprived during the critical period, the
mean ODI of the responsive cells was �0.068 � 0.032 (Fig. 4C,
filled columns) (see also Fig. 6). The ODI distribution of these
GABAergic neurons was different from that of the 115 GABAer-
gic neurons of the normal mice (Fig. 2G; shown as open columns
with broken lines in Fig. 4C). The cumulative analysis also
showed a significantly (K–S test, p � 10�4) different distribution
between the two groups of GABAergic neurons (Fig. 4D). It is to
be noted that, in the mice with monocular deprivation during the
critical period, the extent of the ODI shift of the GABAergic neu-
rons was almost the same as that of the excitatory neurons (see
Fig. 6).

Stronger effect of deprivation on GABAergic neurons after
the critical period
In the mouse, the critical period for ocular dominance plasticity
of visual cortical neurons was reported to be P19 –P32 (Gordon
and Stryker, 1996). Recently, however, it has been found that
visual cortical neurons still show a certain type of plasticity after
the end of the critical period, as mentioned in Introduction. In
this study, we tested whether monocular deprivation for 7 d after
the critical period can induce a shift of ODIs in excitatory or
GABAergic neurons or both. We found that both types of neu-
rons showed such a shift, but the change seen in GABAergic
neurons was stronger than that in excitatory neurons (Fig. 5A,C)
(supplemental Fig. 2D, available at www.jneurosci.org as supple-
mental material). The mean ODI of 1266 visually responsive cells
of 2694 excitatory neurons recorded from the three deprived
mice at P57, P58, and P62 was �0.215 � 0.012 (see Fig. 6, open
circle in the rightmost group). The corresponding value of 1529

visually responsive cells of 2903 excitatory
neurons recorded from the three normal
mice at P59, P61, and P61 was �0.295 �
0.010 (Fig. 6, open circle in the third
group). The cumulative analysis indicated
that the distribution of the visually re-
sponsive excitatory neurons was signifi-
cantly (K–S test, p � 10�4) different from
that of the normal mice (Fig. 5B). Also,
GABAergic neurons showed a clear shift
of ODIs toward the open eye (Fig. 5C).
The mean ODI of 128 visually responsive
cells of 294 GABAergic neurons obtained
from the deprived mice was �0.121 �
0.027 (Fig. 6, filled circle in the rightmost
group). The mean value of 182 visually
responsive cells of 365 GABAergic neurons
recorded from the three age-matched con-
trol mice was �0.273 � 0.022 (Fig. 6, filled
circle in the third group). The cumulative
analysis confirmed a significant (K–S test,
p � 10�6) difference in the ODI distribu-
tion between the two groups of GABAergic
neurons (Fig. 5D).

To show the changes in ODI more
clearly, the mean values for excitatory and
GABAergic neurons in the four groups of
mice are plotted in Figure 6. In the mice
that were monocularly deprived after the
end of the critical period, the ODI of the
GABAergic neurons was significantly
(Mann–Whitney test, p � 10�4) larger
than that of the excitatory neurons (right-

most group) compared with no difference (Mann–Whitney test,
p � 0.1) in the mice that were deprived during the critical period
(second group). To test whether a possible contamination with
neuropil signals might affect the difference in the ODI between
the two types of neurons after the critical period, we also plotted
the ODIs of neuropil signals in Figure 6 (open squares). The
mean value of the neuropil signals in the mice deprived after the
critical period was close to that of excitatory neurons but signif-
icantly different from that of GABAergic neurons (Fig. 6, right-
most group), indicating that a possible contamination with
neuropil signals if it existed did not notably contribute to the
difference in the ODI between excitatory and GABAergic neu-
rons after the critical period. Thus, these results altogether sug-
gest that GABAergic neurons were affected more strongly by
monocular visual deprivation after the end of the critical period
than excitatory neurons.

Difference in the deprivation-induced change in the response
magnitude between GABAergic and excitatory neurons
To examine reasons for the difference in the degree of the ODI
shift between the two types of neurons in the mice deprived after
the critical period, we measured the magnitude of visual re-
sponses to each eye (Fig. 7A). The magnitude of responses of the
GABAergic neurons to the closed (contralateral) eye of the de-
prived mice was significantly (Mann–Whitney test, p � 0.01)
smaller than that to the normal (contralateral) eye of the nor-
mally reared mice (Fig. 7Ab, left two columns), whereas that of
the excitatory neurons was not significantly (Mann–Whitney
test, p � 0.1) changed (Fig. 7Aa, left two columns). The response
of the excitatory neurons to the open (ipsilateral) eye of the de-

Figure 4. Ocular dominance histograms and cumulative distribution of ODIs obtained from the mice that were monocularly
deprived for 2 d during the critical period. A, Ocular dominance histograms of 445 excitatory neurons obtained from the three
deprived mice. Columns and bars with broken lines indicate the data shown in Figure 2 F. Other conventions are the same as in
Figure 2 E–G. B, Cumulative distributions of the ODIs of the excitatory neurons of the deprived (solid line) and normal (broken line)
mice. MD, Monocular visual deprivation. C, Ocular dominance histograms of 114 GABAergic neurons obtained from the three
deprived mice. Columns and bars with broken lines indicate the data shown in Figure 2G. D, Cumulative distributions of the ODIs of
the GABAergic neurons of the deprived (solid line) and normal (broken line) mice.
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prived mice was slightly but significantly
(Mann–Whitney test, p � 10�4) en-
hanced (Fig. 7Aa, right two columns),
whereas that of the GABAergic neurons
was not changed (Mann–Whitney test,
p � 0.05) (Fig. 7Ab, right two columns).
Thus, the stronger ODI shift of GABAer-
gic neurons after the critical period may
be ascribable to the strong depression of
visual responses to the closed eye, whereas
the weaker ODI shift of excitatory neu-
rons may be attributable to the weak po-
tentiation of responses to the open eye.

We also analyzed the magnitude of vi-
sual responses to each eye in the mice that
were deprived during the critical period
(Fig. 7B). In both types of neurons, the
magnitudes of responses to the open
(ipsilateral) eye were significantly
(Mann–Whitney test, p � 0.01) larger
than those to the normal (ipsilateral)
eye of the control mice (Fig. 7Ba,Bb,
right two columns, respectively). Con-
versely, the magnitude of responses of
the excitatory neurons to the closed
(contralateral) eye was significantly
(Mann–Whitney test, p � 0.01) smaller
than that to the normal (contralateral)
eye of the control mice (Fig. 7Ba, left two
columns), whereas that of the GABAergic
neurons was not significantly changed
(Mann–Whitney test, p � 0.1) (Fig. 7Bb, left
two columns).

Discussion
Binocularity of GABAergic neurons
In this study, we found that the distribu-
tion of ODIs of GABAergic neurons in the visual cortex of nor-
mally reared mice was restricted mostly within the binocular
range, whereas that of excitatory neurons was more widespread,
although the mean ODIs were not significantly different. Re-
cently, it has been reported that both types of neurons showed the
similar distribution of ODIs in GAD67–GFP knock-in mice at
P25, P28, P30, and P35 (Gandhi et al., 2008). This seemingly
different result from the present study may reflect the reduction
in the GABA content in the brain of GAD67–GFP knock-in mice,
although other factors such as different anesthetics are not com-
pletely excluded.

The GABA content in the brain of GAD67–GFP knock-in
mice is significantly lower than that of the wild-type mice (61% in
neonates and 84% in 6- to 7-week-old mice) (Tamamaki et al.,
2003). A previous study showed that an intracortical application
of a GABA antagonist reduced the monocularity of responses of
visual cortical neurons in the cat, suggesting that the intracortical
GABAergic inhibition makes visual responses of cortical neurons
more monocular (Sillito et al., 1980). In the visual cortex, pyra-
midal cells receive very powerful GABAergic inhibition from ad-
jacent basket cells, the most popular type of GABAergic neurons
in the visual cortex, although basket cells themselves also receive
some inhibitory inputs (Kisvárday, 1992; Somogyi et al., 1998)
(for review, see Markram et al., 2004). In the visual cortex with
low GABA content, therefore, the ocular dominance distribution
of excitatory neurons might become more binocular than in the

normal cortex so that the difference between excitatory and
GABAergic neurons is undetectable. In the previous study
(Gandhi et al., 2008), in fact, the mean ODI value of the excitatory
neurons (0.23 � 0.01, which corresponds to �0.23 � 0.01 with
our equation) seems to be closer to zero than that of our excita-
tory neurons (�0.303 � 0.015).

The more binocular responsiveness of GABAergic neurons
than excitatory neurons may be ascribable in part to the wide
dendritic trees of basket cells in the visual cortex (Feldman and
Peters, 1978; Markram et al., 2004; Kawaguchi et al., 2006) and/or
to the abundance of reciprocal connections between GABAergic
and pyramidal neurons in layer 2/3 of the visual cortex (Somogyi
et al., 1998; Yoshimura and Callaway, 2005). In this arrangement
of circuits, GABAergic neurons may receive excitatory, driving
inputs from adjacent pyramidal neurons, whereas pyramidal
neurons receive inhibitory inputs from GABAergic neurons so
that the spike-generating responses of GABAergic neurons tend
to be more widespread and those of pyramidal cells tend to be
more restricted.

It is suggested that the activity-dependent modifiability of oc-
ular dominance of visual cortical neurons is controlled by the
functional maturation of the GABAergic inhibitory system in
the cortex (Hensch et al., 1998; Hensch, 2005). The strong
binocularity of GABAergic neurons may be a basis for such a
role, because it provides a place in which binocular interaction
operates.

Figure 5. Ocular dominance histograms and cumulative distribution of ODIs obtained from the mice that were monocularly
deprived for 7 d after the critical period (solid lines) and from the control mice at the matched age (broken lines). Conventions are
the same as those in Figure 4. A, Ocular dominance histograms of 1266 excitatory neurons obtained from the three monocularly
deprived mice at P57, P58, and P62 (solid line) and 1529 excitatory neurons obtained from the three normally reared mice at P59,
P61, and P61 (broken line). The data from the normal mice are shown also in supplemental Figure 3B (available at www.
jneurosci.org as supplemental material). B, Cumulative distributions of the ODIs of the excitatory neurons of the deprived
(solid line) and normal (broken line) mice. C, Ocular dominance histograms of 128 GABAergic neurons obtained from the
three deprived mice (filled columns) and 182 GABAergic neurons from the three normal mice (open columns with broken
lines). The data from the normal mice are shown also in supplemental Figure 3C (available at www.jneurosci.org as
supplemental material). D, Cumulative distributions of the ODIs of the GABAergic neurons of the deprived (solid line) and
normal (broken line) mice.
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Ocular dominance shift during the critical period
Regarding the effects of monocular deprivation during the critical
period, it is known that deprivation for just 2–3 d leads to a signifi-
cant shift of binocular visual responses of nonclassified neurons to
the open eye in the visual cortex of wild-type mice (Mrsic-Flogel et
al., 2007), although another previous study reported that depriva-
tion not for 2 d but for 4 d was necessary to induce the maximum
effect (Gordon and Stryker, 1996). In GAD67–GFP knock-in mice,
it was reported that the ODI of GABAergic neurons was little
changed after 2 d of monocular deprivation during the critical pe-
riod, but that of excitatory neurons was significantly shifted toward
the open eye (Gandhi et al., 2008). In the present study, we found
that the significant shift in ocular dominance occurs in both excita-
tory and GABAergic neurons after monocular deprivation for 2 d
during the critical period. This difference may be ascribable to the
low GABA content in the brain of GAD67–GFP knock-in mice or to
other factors such as anesthesia, as mentioned above.

In intracellular recordings from visual cortical neurons of
wild-type mice, it has been reported that fast-spiking interneu-
rons exhibited a counterintuitive shift of spike responses toward
the deprived eye after short-term deprivation (2–3 d) and then
shifted toward the open eye after long-term deprivation (�2
weeks) (Yazaki-Sugiyama et al., 2009). In the present study, we did
not observe such a shift after 2 d deprivation. This might be
ascribable at least in part to our sampling of GABAergic neurons,
which probably included non-fast-spiking as well as fast-spiking
neurons. There are other possible factors for this discrepancy:
intracellular recordings from a limited number of cells under
pentobarbital anesthesia versus functional calcium imaging of
many cells under urethane anesthesia.

Susceptibility of GABAergic neurons to
monocular deprivation after the
critical period
Recently, it has been reported that monoc-
ular visual deprivation initiated after the
end of the classically defined critical pe-
riod causes ocular dominance shift of vi-
sual cortical neurons in young adult mice
(see Introduction). The present study
demonstrated for the first time that the
extent to which binocular responsiveness
is changed in response to monocular vi-
sual deprivation after the end of the criti-
cal period is stronger in GABAergic
neurons than in excitatory neurons. Fur-
thermore, the change in ODI of the
GABAergic neurons is accompanied by
the depression of visual responses to the
deprived eye. These results seem to be in
line with the previous observations that
monocular deprivation results in the re-
duction of immunoreactivity for GABA
and its synthesizing enzyme GAD in
input-receiving layers of the primary vi-
sual cortex of adult monkeys (Hendry and
Jones, 1986), cats (Rosier et al., 1995), and
rats (Benevento et al., 1995).

Difference in plasticity between
GABAergic and excitatory neurons
The present results demonstrated that the
responses of GABAergic neurons to the

Figure 6. Mean ODIs of excitatory (open circles) and GABAergic (filled circles) neurons ob-
tained from four different groups of mice. The values of neuropil signals were also included
(open squares). Vertical bars indicate SEMs. Mean values for the 903 excitatory and 115 GABAer-
gic neurons of the normally reared mice at the age during the critical period were �0.303 �
0.015 (SEM) and �0.282 � 0.021, respectively. Those for the 445 excitatory and 114 GABAer-
gic neurons in the deprived mice during the critical period were �0.076 � 0.022 and
�0.068 � 0.032, respectively. Mean values for the 1529 excitatory and 182 GABAergic neu-
rons of the normally reared mice at the age after the critical period were �0.295 � 0.010 and
�0.273� 0.022, respectively, and those for the 1266 excitatory and 128 GABAergic neurons in
the deprived mice after the critical period were �0.215 � 0.012 and �0.121 � 0.027,
respectively. Mean values of neuropil signals of the four groups of mice from the leftmost to
rightmost columns were �0.291 � 0.014 (n 	 180), �0.070 � 0.015 (n 	 175),
�0.282 � 0.009 (n 	 268), and �0.208 � 0.013 (n 	 255), respectively. *p � 10 �4,
Mann–Whitney test. MD, Monocular visual deprivation.

Figure 7. Magnitude of visual responses of excitatory (left) and GABAergic (right) neurons recorded from the monocularly
deprived and age-matched normal mice after (A) and during (B) the critical period. Each column represents means of median
response magnitudes of individual animals for each group of neurons as shown at the abscissa. Error bars indicate SEMs. Numbers
in parentheses indicate number of neurons in each group. Asterisks in A and B indicate that the difference was statistically
significant (see Results).
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closed eye were depressed by monocular deprivation after the end
of the critical period. This may be accounted for by the Hebbian
form of synaptic plasticity, as conventionally thought to operate
in the visual cortex (Bienenstock et al., 1982; Miller et al., 1989;
Daw, 1995; Bear, 2003). The present results also showed that the
open-eye responses of excitatory neurons were potentiated by
monocular deprivation after the critical period. This seems con-
sistent with the previous results that the responses of visual cortical
neurons to the open eye were enhanced after monocular deprivation
in young adult mice, although neurons were not classified into the
two types (Sawtell et al., 2003; Frenkel et al., 2006; Hofer et al.,
2006a; Sato and Stryker, 2008). The above-mentioned depression
of responses of GABAergic neurons might play a permissive role
in this potentiation of the open-eye responses of excitatory
neurons.

The present study also showed that the responses of excitatory
neurons to the deprived eye were not significantly depressed.
Such an apparent resistance to deprivation-induced change
might reflect the homeostatic plasticity of cortical synapses, as
suggested previously (Bear, 2003; Turrigiano and Nelson, 2004;
Mrsic-Flogel et al., 2007; Kaneko et al., 2008). The present find-
ings further suggest that the operation of such homeostatic plas-
ticity in the deprived-eye responses of excitatory neurons may be
facilitated by or cooperated with the depression of the respon-
siveness of GABAergic neurons.

During the critical period, the responses of the excitatory neu-
rons to the closed eye were depressed, but those of the GABAergic
neurons were not significantly changed. The depression of the
excitatory neurons is consistent with the previous results (Gandhi et
al., 2008). No change in the response magnitude of GABAergic neu-
rons might result from a mixture of enhancement of fast-spiking
neurons (Yazaki-Sugiyama et al., 2009) and depression of non-
fast-spiking neurons. During the critical period, the responses to
the open eye were enhanced in both types of neurons. This is
consistent with the 7–10 d deprivation effect but not with the 2 d
deprivation effect in the previous report (Gandhi et al., 2008).
This inconsistency may result from the low GABA content of
GAD67–GFP mice that might make the enhancement of the
open-eye response slow.

Limitation of cell sampling to the superficial layers of
the cortex
Because of the limitation of the present two-photon laser scan-
ning system, we recorded cells located up to 230 �m deep from
the first detected fluorescence-positive surface of the cortex.
Thus, all the cells analyzed in the present study were located in
layer 2/3 of the primary visual cortex. Previously, it was reported
that the effect of monocular deprivation starts and terminates
earlier in layer 4 of the visual cortex than in other layers, and the
ocular dominance plasticity in layer 2/3 remains after the critical
period to a substantial extent in juvenile animals (Daw et al.,
1992; Guire et al., 1999; Sawtell et al., 2003; Pham et al., 2004; Sato
and Stryker, 2008). Also, it was reported that ocular dominance
plasticity in layer 2/3 is more vigorous than that in layer 4 of the
mouse visual cortex during the critical period (Gordon and
Stryker, 1996). Therefore, it may not be appropriate to simply
extend the present results obtained from layer 2/3 to the other
layers of the visual cortex.
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