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Brief Communications

Visual Deprivation During the Critical Period Enhances
Layer 2/3 GABAergic Inhibition in Mouse V1

Madhuvanthi Kannan,' Garrett G. Gross, “Don B. Arnold,? and Michael J. Higley"
'Department of Neuroscience, Program in Cellular Neuroscience, Neurodegeneration, and Repair, Yale University School of Medicine, New Haven,
Connecticut 06510, and ?Department of Biology, University of Southern California, Los Angeles, California 90089

The role of GABAergic signaling in establishing a critical period for experience in visual cortex is well understood. However, the effects of
early experience on GABAergic synapses themselves are less clear. Here, we show that monocular deprivation (MD) during the adolescent
critical period produces marked enhancement of GABAergic signaling in layer 2/3 of mouse monocular visual cortex. This enhancement
coincides with a weakening of glutamatergic inputs, resulting in a significant reduction in the ratio of excitation to inhibition. The
potentiation of GABAergic transmission arises from both an increased number of inhibitory synapses and an enhancement of presyn-
aptic GABA release from parvalbumin- and somatostatin-expressing interneurons. Our results suggest that augmented GABAergic

inhibition contributes to the experience-dependent regulation of visual function.
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Significance Statement

Visual experience shapes the synaptic organization of cortical circuits in the mouse brain. Here, we show that monocular visual
deprivation enhances GABAergic synaptic inhibition in primary visual cortex. This enhancement is mediated by an increase in
both the number of postsynaptic GABAergic synapses and the probability of presynaptic GABA release. Our results suggest a
contributing mechanism to altered visual responses after deprivation.

Introduction

A general feature of brain development is that heightened periods
of experience-dependent plasticity are essential for normal for-
mation of neuronal circuits (Katz and Shatz, 1996; White and
Fitzpatrick, 2007; Holtmaat and Svoboda, 2009; Ko et al., 2013).
These “critical periods” are shaped by patterns of molecular and
cellular activity and are strongly influenced by environmental
stimuli. In the rodent visual system, monocular deprivation
(MD) during young adolescence leads to degradation of visual
acuity (Frenkel and Bear, 2004). Moreover, both monocular and
binocular areas of primary visual cortex (V1) respond to MD
with a rapid depression of responsiveness to the deprived eye,
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followed in some cases by a delayed recovery to baseline activity,
via mechanisms that are not completely understood (Ritten-
house et al., 1999; Heynen et al., 2003; Frenkel and Bear, 2004;
Kaneko etal., 2008; Yoon et al., 2009; Hengen et al., 2013; Keck et
al,, 2013).

A large body of evidence links maturation of GABAergic syn-
aptic inhibition to the establishment of the visual critical period
(Hensch et al., 1998; Fagiolini and Hensch, 2000; Morales et al.,
2002; Sale et al., 2010). Mice with transgenic reduction in GABA
synthesis fail to exhibit visual critical period onset until triggered
by exogenous application of the GABA receptor agonist diaze-
pam (Fagiolini and Hensch, 2000). Interestingly, maturation of
inhibition beyond a set point is also thought to contribute to
critical period termination because administration of GABA re-
ceptor antagonists or a reduction in interneuron activity can re-
open the critical period in adult mice (Sale et al., 2007; Harauzov
et al., 2010; Kuhlman et al., 2013).

GABAergic circuits themselves are sensitive to experience, al-
though reports differ on the direction of inhibitory changes dur-
ing visual plasticity across layers and developmental ages. For
example, studies of monocular visual cortex have found en-
hanced perisomatic inhibition onto pyramidal neurons (PNs) in
the thalamorecipient layer 4 after critical period MD (Maffei et
al., 2006; Nahmani and Turrigiano, 2014). This result is known to
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inhibition plays a role in the modulation of
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Figure1.

decrease excitatory drive to layer 2/3 (Maffei and Turrigiano,
2008), potentially leading to a homeostatic reduction in GABAe-
rgic inhibition. Indeed, MD in adult animals decreases the num-
ber of GABAergic synapses onto the dendrites of layer 2/3 PNs
(Chen et al., 2011; van Versendaal et al., 2012), suggesting differ-
ences in experience-dependent inhibitory plasticity across layers.
Nevertheless, it remains unknown exactly how GABAergic syn-
apses onto layer 2/3 PN are altered by MD during adolescence.
In the present study, we investigated how MD during the critical
period alters GABAergic inhibition in layer 2/3 of the mouse mon-
ocular V1. By applying a range of techniques, including electrophys-
iology and anatomical mapping of GABAergic synapses, we find that
reduced visual input leads to a significant increase in GABAergic
innervation of layer 2/3 PNs. This increase occurs alongside a weak-
ening of glutamatergic input, significantly reducing the balance of
excitation and inhibition. The enhanced GABAergic input arises in
part from an increase in the number of inhibitory synapses formed
onto PN dendrites. In addition, MD produces an enhancement of
GABA release from both parvalbumin-expressing interneurons
(PV-INs) and somatostatin-expressing interneurons (SOM-INGs).
Overall, our results suggest that the augmentation of GABAergic

MD decreases the excitation/inhibition ratio in layer 2/3 PNs. A, Example traces of SEPSC recordings for control and 5.d
MD conditions. B, Cumulative distribution of SEPSC amplitudes (top) and interevent intervals (bottom) for control (black) and 5 d
MD (gray). Insets, mean (=SEM) sEPSC amplitude (top) and interevent interval (bottom) for control (black) and 5 d MD (gray).
*p << 0.05. €, Example traces of sIPSC recordings for control and 5 d MD conditions. D, Cumulative distribution of sIPSCamplitudes
(top) and interevent intervals (bottom) for control and 5 d MD. Insets, mean (2= SEM) sIPSCamplitude (top) and interevent interval
(bottom) for control (black) and 5 d MD (gray). *p << 0.05. E, Example traces of elPSCs and eEPSCs for control (black) and 5 d MD
(gray). F, Mean (= SEM) eEPSC/elPSC ratio for control (black) and 5 d MD (gray) conditions. *p << 0.05.

below. To activate ChR2-positive fibers opti-
cally, the back aperture of the microscope ob-
jective (60X, 1.0 numerical aperture) was
overfilled with collimated blue light from a
fiber-coupled 473 nm laser. Laser activation re-
sulted in an ~15- to 20-um-diameter disc of
light at the focal plane centered on the field of
view. A brief pulse (0.5-1 ms) of light (0.5 to 2
mW at the sample) evoked IPSCs reliably in
postsynaptic PNs. Trials included single and
paired pulses with an interstimulus interval of 100 ms and an intertrial
interval of 10 s.

In utero electroporation, histology, and confocal imaging. To deter-
mine inhibitory synaptic localization, a plasmid encoding the GFP-
tagged gephyrin-targeting intrabody FingR (fibronectin intrabody
generated by mRNA display; Gross et al., 2013) was electroporated
into embryonic day 15 (E15) wild-type C57BL/6 mice embryos in
utero (Kwon et al., 2012). An E15 pregnant dam was anesthetized
using 2% isoflurane and injected intraperitoneally with 0.1 mg/kg
fentanyl. The intact uterus containing the embryos was temporarily
removed from the abdomen. The embryos were each injected into the
left ventricle with 1 ul of DNA mixture containing 1 ug of pCAG-
GPHN.FingR plasmid and 0.5 pg of pCAG-dsRED plasmid (Add-
gene, #11151) using an ~30-um-diameter pipette sharply beveled at
15°-20°. Injection was visualized using 0.005% Fast Green dye, which
was added to the DNA solution. To target transfection of monocular
(medial) V1, the positive electrode was placed above and behind the
left cortical hemisphere and the negative electrode near the snout.
Brief electric pulses (5 X 50 ms/45 V) were delivered using a BTX—
Harvard Apparatus ECM 830 Square Wave electroporator. After elec-
troporation, the intact uterus was returned to the abdomen and the
mother’s abdominal wall and skin were sutured shut.
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Figure2.  MD decreases the mIPSCinterevent interval but not amplitude. A, Example traces

of mIPSC recordings for control and 5 d MD conditions. B, Cumulative distribution of mIPSC
amplitudes for control (black) and 5 d MD (gray) conditions. ¢, Mean (== SEM) mIPSCamplitude
for control (black) and 1d, 3 d, and 5 d MD (gray) conditions. *p << 0.05. D, E, Same as B and €
but for the mIPSCinterevent interval.

At P28, control and sutured electroporated mice were transcardially
perfused with ice-cold PBS followed by 4% PFA (Electron Microscopy
Sciences). Brains were postfixed in 4% PFA for 2-3 h at 4°C and 40 um
slices of the transfected left hemisphere were prepared using a vibratome
(Leica). The sections were mounted on gelatin-coated glass microscope
slides using ProlongGold (Invitrogen). Confocal images of transfected,
layer 2/3 PNs of V1 were obtained using a Zeiss 710 confocal microscope
with a 63X oil-immersion objective. Gephyrin puncta, corresponding to
putative GABAergic synapses along randomly selected apical dendrites,
were quantified using ImageJ and the MATLAB-based program SynD
(Schmitz et al., 2011). First, the background green channel (GPHN-
FingR) puncta were subtracted from each Z-stack using Image]. The red
channel (dsRed) image was converted to a binary mask and each pixel
was multiplied with the corresponding pixel from the green channel to
identify puncta that belonged on the mask. The spatial distribution of
the puncta was then quantified using SynD. Synapse size was set at 0.2
wm and neurite padding (synapse displacement from neurite) at 0.5 wm.
Total gephyrin puncta density was quantified as the number of GFP-
positive puncta per micrometer length of dendrite in control and
deprived conditions. Gephyrin puncta distribution along the somato-
dendritic axis was obtained by plotting the density of gephyrin-positive
puncta (5 wm bins) as a function of distance from the soma.

Slice preparation. Under isoflurane anesthesia, mice were decapitated
and transcardially perfused with ice-cold choline-artificial CSF (choline-
ACSF) containing the following (in mm): 110 choline, 25 NaHCOj, 1.25
NaH,PO,, 2.5 KCI, 7 MgCl,, 0.5 CaCl,, 20 glucose, 11.6 sodium ascor-
bate, and 3.1 sodium pyruvate. Acute occipital slices (300 um) were
prepared from the left hemisphere and transferred to ACSF solution
containing the following (in mwm): 127 NaCl, 25 NaHCO;, 1.25
NaH,PO,, 2.5 KCl, 1 MgCl,, 2 CaCl,, and 20 glucose bubbled with 95%
0, and 5% CO,. After an incubation period of 30 min at 32°C, the slices
were maintained at room temperature until use.

Electrophysiology. Visualized patch-clamp recordings were performed
by targeting layer 2/3 PNs in the monocular region of V1. All recordings
were performed at 32°C. Criteria for recording included a series resis-
tance (R,) of <30 M) and an input resistance between 100 and 200 M{).
R, values are presented for each group in the Results section. Spontane-
ous and evoked inhibitory currents were recorded by holding cells in
voltage clamp at the reversal potential for glutamatergic currents
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(+10 mV); excitatory currents were obtained at the reversal potential for
GABA ,-mediated currents (—65 mV). Electrically evoked responses
were obtained with extracellular stimulation in layer 2/3 using a bipolar
tungsten electrode placed 100-150 wm lateral from the recorded cell. For
evoked responses, the ACSF was adjusted to contain 2 mm CaCl, and 2
mum MgCl,. For miniature inhibitory current recordings, the ACSF also
contained 1 um TTX, 10 um CPP, and 10 um NBQX to block sodium
channels, NMDA-type, and AMPA-type glutamate receptors, respec-
tively. For most experiments, the internal solution contained the
following (in mm): 126 cesium gluconate, 10 HEPES, 10 sodium phos-
phocreatine, 4 MgCl,, 4 Na,ATP, 0.4 Na,GTP, and 1 EGTA, pH 7.3 with
CsOH. For recording inward miniature inhibitory currents, cesium chlo-
ride was substituted for cesium gluconate up to a concentration of 100
mu and cells were held at =65 mV.

Analysis. Custom-written algorithms in Igor Pro (Wavemetrics) were
used to detect and measure spontaneous and miniature events based on
a template-matching method (Clements and Bekkers, 1997). For evoked
responses, synaptic amplitude was calculated as the peak of the response.
The E/I ratio was computed as the ratio of the peak excitatory to inhibi-
tory current. Statistical analyses consisted of t tests with Welch’s correc-
tion for the data shown in Figures 1, 2, and 3 and Mann—Whitney tests for
the data shown in Figure 4 due to non-normally distributed data.

Results

To understand how sensory experience impacts GABAergic inhi-
bition, we prepared acute slices of V1 from P28 mice deprived of
monocular vision between P23 and P28. First, we evaluated syn-
aptic inputs to layer 2/3 PNs contralateral to the deprived eye.
Spontaneous EPSCs and IPSCs (sEPSCs and sIPSCs, respec-
tively) were obtained by voltage-clamping cells at the reversal
potential for GABAergic (—65mV) and glutamatergic (+10 mV)
synapses, respectively. Five days of MD did not alter the ampli-
tude of either excitatory (31.37 = 2.36 pA, n = 10 cells, R, =
14.83 = 1.6 M) vs 28.88 £ 1.76 pA, n = 12 cells, R, = 13.15 =
0.76 M{}, p = 0.41, unpaired ¢ test with Welch’s correction) or
inhibitory (54.98 £ 5.13 pA, n = 17 cells, R, = 16.32 = 1.5 MQ vs
59.41 + 4.42 pA, n = 12 cells, R, = 15.92 = 1.0 M), p = 0.52)
currents. However, MD increased the interevent interval of
sEPSCs significantly from 176.3 = 11.27 ms to 224.2 = 17.29 ms
(p = 0.032). Surprisingly, MD also decreased the interevent in-
terval of sIPSCs from 190.3 * 13.49 ms to 151.4 = 6.68 ms (p =
0.017; Fig. 1A-D).

To further characterize the impact of MD on the balance of
excitation and inhibition in individual cells, we evoked excitatory
EPSCs and IPSCs (eEPSCs and eIPSCs, respectively) by local elec-
trical stimulation, voltage-clamping individual neurons at —65
mV and +10 mV, respectively. The mean E/I ratio for evoked
responses was reduced significantly by MD (0.28 = 0.04, n = 12
cells, R, = 18.9 £ 1.0 M{)) compared with controls (0.54 £ 0.1,
n =9 cells, R, = 19.52 = 1.8 MQ), p = 0.041; Fig. 1E,F). The
average amplitude of eEPSCs did not differ between the two
groups (250.9 = 39.31 pA vs 254.8 = 43.45 pA, p = 0.95). How-
ever, the eIPSCs were increased significantly under deprivation
relative to controls (587.0 = 140.6 pA vs 1019.0 £ 152.3 pA, p =
0.05, data not shown).

To determine whether the increased sIPSC frequency refle-
cts enhanced GABAergic synaptic innervation of layer 2/3 PNs,
we next measured the amplitude and frequency of activity-
independent miniature IPSCs (mIPSCs) in the presence of the
sodium channel blocker TTX (Fig. 2A). For mIPSCs, mice were
sutured at P23, P25, or P27 and slices were prepared at P28. In
all three groups, MD did not affect mIPSC amplitude (control:
29.24 * 1.13 pA, n = 14 cells, R, = 15.68 = 0.6 MQ; 1 d MD:
29.83 = 1.86 pA, n = 10 cells, R, = 14.94 * 0.83 MQ, p = 0.79;
3dMD: 28.34 = 2.31, n = 9 cells, R, = 1547 * 0.86 M), p =
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in PPR for SOM-IN-mediated eIPSCs from
1.76 = 0.62 (n = 8 cells, R, = 20.2 £ 1.9
MQ) to 0.76 = 0.07 (n = 10 cells, R, =
289 * 1.8 M), p = 0.0031; Fig. 4D-F).
Together, these findings suggest that MD
also produces an enhancement of presynap-
tic GABA release from multiple classes of

interneurons.
D Discussion
0.3 * 1.0 L GABAergic transmission is pivotal to the
€ — 0.8 — opening and closing of the visual critical
=02 0.6 f,/ period (Hensch et al., 1998; Fagiolini and
8 01 0.4 / — Control Hensch, 2000; Morales et al., 2002; Sale et
ng. ' 024 . 5d MD al., 2010). However, how GABAergic syn-
0.0 0 ..'- apses are themselves altered by visual ex-
Control 5d MD 0 50 100 150 200 250 300 350 perience remains less well understood.
Distance from soma (um) Here, we show in the mouse that MD dur-
. ) ) o ) ) ing the adolescent critical period (P23—
Figure 3.  MD increases gephyrin puncta density in apical dendrites of layer 2/3 PNs. A, dsRED-express (red) and GPHN.FingR

staining (green) along the somatodendritic axis of a layer 2/3 PN. Dashed line indicates pial surface. Scale bar, 10 wm. Inset, In
utero electroporation of layer 2/3 PNs of mouse V1. Scale bar, 1 mm. B, Magnified view of a fragment of the neuron in A. Scale bar,
5 m. G, Calculated neurite mask (red) and identified gephyrin puncta (green) for the neuronal fragment in B. D, Mean (== SEM)
gephyrin puncta density along apical dendrites in control (black) and 5 d MD (gray) conditions. *p << 0.05. E, Cumulative distri-

bution of gephyrin puncta along the somatodendritic axis in control (black) and 5 d MD (gray).

0.73; 5d MD: 32.15 = 1.85 pA, n = 18 cells, R, = 14.18 = 0.77
MQ, p = 0.19; Fig. 2B, C). However, MD produced a significant
decrease in the mIPSC interevent interval (control: 430.0 = 47.99
ms; 1 d MD: 353.4 = 59.74 ms, p = 0.33; 3 d MD: 304.2 £ 33.52
ms, p = 0.044; 5d MD: 295.6 * 16.61 ms, p = 0.018; Fig. 2D, E).
Overall, these data are consistent with either an increased num-
ber of GABAergic synapses or increased presynaptic release.

To further investigate whether MD increases the number
of inhibitory synapses, we used a recombinant, antibody-like
protein (GPHN.FingR) to label fluorescently endogenous
gephyrin (Gross et al., 2013), a postsynaptic scaffolding mol-
ecule associated with GABAergic synapses (Craig et al., 1996;
Tretter et al., 2008; Tretter et al., 2012). We used in utero electropo-
ration to express the GFP-tagged GPHN.FingR and a cytosolic red
fluorophore dsRED-express in layer 2/3 PNs. GPHN.FingR thus
allowed the visual detection of putative GABAergic synapses
(Fig. 3A-C). For this analysis, mice were deprived at P23 and
cells were analyzed at P28. MD increased the average gephyrin
puncta density in the apical dendrites significantly from
0.145 * 0.013/um (n = 7 cells) to 0.223 * 0.017/um (n = 9
cells, p = 0.0029; Fig. 3D). The density of puncta was uniformly
increased along the somato-dendritic axis (Fig. 3E). These re-
sults support the conclusion that MD increases the number of
GABAergic synapses throughout the apical dendritic arbor.

Finally, we investigated whether MD also produces changes in
presynaptic GABA release from identified inhibitory interneurons.
We expressed the light-activated cation channel channelrhodop-
sin-2 (ChR2) in either PV-INs or SOM-INs. In acute slices of V1,
brief light pulses (0.5-1 ms, 473 nm) caused eIPSCs. To assess pre-
synaptic release, we quantified the paired pulse ratio (PPR, 100 ms
interval) for eIPSCs. MD (P23-P28) produced a significant decrease
in the PPR for PV-IN-mediated eIPSCs from 2.04 * 0.59 (n = 8
cells, R, = 16.8 = 1.4 MQ) t0 0.76 = 0.049 (n = 6 cells, R, = 28.7 =
2.0 MQ, p = 0.0047, Mann—Whitney test; Fig. 4A—C). The surpris-
ing facilitation of PV-IN-mediated eIPSCs in the control group may
be due to the expression of ChR2 in a heterogeneous population of
PV-positive interneurons. MD also produced a significant decrease

P28) strengthens GABAergic input to
layer 2/3 PNs while simultaneously atten-
uating glutamatergic input. This result is
associated with a net decrease in the ratio
of electrically evoked excitation to inhibi-
tion. Both electrophysiological and ana-
tomical data support the conclusion that
enhanced inhibition is primarily due to an
increase in the number of GABAergic synapses formed onto in-
dividual PNs. However, our data also suggest that MD produces an
increase in release probability from both SOM-INs and PV-INs in
V1, further elevating the impact of GABAergic signaling.

Our findings are consistent with previous work examining
layer 4 PNs, in which visual deprivation during the critical period
enhances the amplitude of IPSCs mediated by fast-spiking (pre-
sumed PV-expressing) interneurons (Maffei et al., 2006). Indeed,
within layer 4, the strengthening of GABAergic transmission is
mediated by an increase in postsynaptic GABA-receptor density,
as well as by an increase in the density of readily releasable vesicles
at interneuron terminals (Nahmani and Turrigiano, 2014;
Petrini et al., 2014). Previous work has also shown that multiday
MD produced by lid suturing results in a decrease in the ratio of
excitation to inhibition within layer 2/3 (Maffei and Turrigiano,
2008). Although this prior study attributed the change primarily
to a weakening of excitatory glutamatergic inputs, our results
suggest that enhanced GABAergic input also plays a role. Nota-
bly, brief (1 d) MD results in weakening of excitation onto
PV-INs that would potentially counteract the enhanced GABA-
ergic output, leading to a disinhibited circuit (Kuhlman et al.,
2013). However, whether inputs to PV-INs are altered after pro-
longed deprivation is less clear.

Surprisingly, our data differ from studies conducted in adult
animals, in which MD accelerated the loss of inhibitory synapses
on layer 2/3 PNs labeled by expression of fluorescently tagged
gephyrin (Chen etal., 2012; van Versendaal et al., 2012). Here, we
labeled endogenous gephyrin using GFP-tagged GPHN.FingR,
an approach previously shown to identify functional synapses
(Gross et al., 2013). The discrepancy between these two results
may reflect the different labeling strategies or may suggest the
intriguing hypothesis that experience has markedly different
consequences for cortical circuitry depending on the age of the
animal.

Finally, in vivo studies show that MD during the critical
period initially leads to reduced cortical responses to stimula-
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Figure4. MDincreases presynaptic GABA release from PV-INsand SOM-INs. 4, Schematic of

optogenetic stimulation of ChR2-expressing PV-INs. B, Average, normalized traces of evoked
IPSC recordings after paired, optogenetic stimulation of PV-INs in control (black) and 5 d MD
(gray). C, Mean (== SEM) PPR of optically evoked responses for control (black) and 5 d MD (gray)
conditions. *p << 0.05. D, Schematic of optogenetic stimulation of ChR2-expressing SOM-INs. E,
Average, normalized traces of evoked IPSC recordings after paired, optogenetic stimulation of
SOM-INs in control (black) and 5 d MD (gray). F, Mean (==SEM) PPR of optically evoked re-
sponses for control (black) and 5 d MD (gray) conditions. *p << 0.05.

tion of the deprived eye, followed by recovery to baseline levels
after several days (Frenkel and Bear, 2004; Kaneko et al., 2008;
Hengen et al., 2013). The mechanisms underlying these
changes are not fully understood, although our results suggest
that a rapid increase in GABAergic inhibition may contribute
to the early reduction of visually evoked activity. Subsequent
restoration of activity appears to involve homeostatic en-
hancement of excitatory synapses onto both superficial and
deep layer PNs (Hengen et al., 2013; Keck et al., 2013; Lambo
and Turrigiano, 2013). Interestingly, our data using mice re-
veal a reduction in spontaneous excitation after 5 d of depri-
vation, reminiscent of the similar decrease seen in rats for
shorter duration lid suture (Maffei and Turrigiano, 2008;
Hengen et al,, 2013; Lambo and Turrigiano, 2013), suggesting
subtle differences in the timing of synaptic modification be-
tween the two species. Overall, these findings suggest that the
reorganization of visual circuits after MD requires a complex
interplay of synaptic excitation and inhibition.
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