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J Neurophysiol 119: 738–751, 2018. First published November 8,
2017; doi:10.1152/jn.00386.2017.—Activity of cortical inhibitory in-
terneurons is rapidly reduced in response to monocular deprivation
during the critical period for ocular dominance plasticity and in
response to salient events encountered during learning. In the case of
primary sensory cortex, a decrease in mean evoked firing rate of
parvalbumin-positive (PV) inhibitory neurons is causally linked to a
reorganization of excitatory networks following sensory perturbation.
Converging evidence indicates that it is deprivation, and not an
imbalance between open- and closed-eye inputs, that triggers rapid
plasticity in PV neurons. However, this has not been directly tested in
vivo. Using two-photon guided cell-attached recording, we examined
the impact of closing both eyes for 24 h on PV neuron response
properties in mouse primary visual cortex. We found that binocular
deprivation induces a 30% reduction in stimulus-evoked mean firing
rate and that this reduction is specific to critical period-aged mice. The
number of PV neurons showing detectable tuning to orientation
increased after 24 h of deprivation, and this effect was also specific to
critical period-aged mice. In contrast to evoked mean firing rate and
orientation tuning, measurements of trial-to-trial variability revealed
that stimulus-driven decreases in variability are significantly damp-
ened by deprivation during both the critical period and the postcritical
period. These data establish that open-eye inputs are not required to
drive deprivation-induced weakening of PV neuron evoked activity
and that other aspects of in vivo PV neuron activity are malleable
throughout life.

NEW & NOTEWORTHY Parvalbumin-positive (PV) neurons in
sensory cortex are generally considered to be mediators of experience-
dependent plasticity, and their plasticity is restricted to the critical
period. However, in regions outside of sensory cortex, accumulating
evidence demonstrates that PV neurons are plastic in adults, raising
the possibility that aspects of PV response properties may be plastic
throughout life. Here we identify a feature of in vivo PV neuron
activity that remains plastic past the critical period.

critical period; inhibition; mouse; parvalbumin; vision

INTRODUCTION

The development and plasticity of inhibitory circuits play a
central role in determining the timing of critical period plas-

ticity in primary visual cortex (V1) (Hensch 2005; Jiang et al.
2005). In response to monocular deprivation (MD), a decrease
in the evoked firing rate of a specific subclass of inhibitory
neurons, referred to as parvalbumin-expressing (PV) interneu-
rons, initiates critical period plasticity (Kuhlman et al. 2013).
The deprivation-induced reduction in mean firing rate of in-
hibitory neurons is rapid and precedes changes in excitatory
neuron evoked firing rate, thereby invoking a transient state of
disinhibition that allows ocular dominance plasticity among
excitatory neurons to proceed (Aton et al. 2013; Hengen et al.
2013; Kuhlman et al. 2013). Before the onset of critical period
plasticity, PV neuron response properties are immature, in
terms of both mean evoked firing rate, which is ~50% lower in
the precritical period compared with the critical period, and
orientation tuning properties (Kuhlman et al. 2011). Visual
experience before the critical period is required for maturation
of these response properties to develop, and in adult mice MD
does not induce disinhibition. Taken together, these data sup-
port a conceptual model in which deprivation-induced disinhi-
bition is permissive, serving to gate the timing of critical period
plasticity (Kuhlman et al. 2013). This is in contrast to alterna-
tive models proposing that increased inhibition helps to gen-
erate an instructive signal during altered sensory experience
that suppresses closed-eye inputs (Gandhi et al. 2008; Kuhl-
man et al. 2010; Yazaki-Sugiyama et al. 2009). A key observ-
able feature of MD-induced plasticity is the differential time
course of plasticity between inhibitory and excitatory neurons
(Aton et al. 2013; Gandhi et al. 2008; Hengen et al. 2013). This
is important, as it sets a window of opportunity for rewiring of
excitatory connections such that synaptic weights among ex-
citatory neurons can be updated to reflect new sensory expe-
rience. Notably, the rapid cell type-specific reduction in firing
rate levels following MD occurs in both binocular and mon-
ocular regions of V1 (bV1 and mV1, respectively), indicating
that this is a ubiquitous feature of primary sensory visual cortex
(Hengen et al. 2013; Kuhlman et al. 2013).

A prediction of this conceptual model is that brief depriva-
tion itself is sufficient to induce rapid plasticity of PV neuron
responsiveness and that the reduction in firing rate is specific to
inhibitory neurons. We tested this prediction in bV1 as well as
mV1 by performing binocular deprivation (BD) and assaying
PV responsiveness with two-photon guided cell-attached elec-
trophysiological recording. We found that brief BD induced a
30–40% reduction in mean evoked firing rate specifically in
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PV inhibitory neurons and not putative excitatory neurons in
bV1 and in mV1. The impact of BD on mean evoked firing was
restricted to critical period-aged mice. We also examined the
extent to which brief perturbation of vision influences recently
developed orientation tuning properties. We found that orien-
tation tuning properties characteristic of mature PV neurons
were largely resistant to brief deprivation during the critical
period, although we did detect a significant yet subtle effect on
the number of PV neurons exhibiting a tuned component.
Finally, we considered other analyses beyond mean stimulus-
evoked firing rate. Although traditionally mean firing rate
averaged across repeated stimulus trials has been extremely
useful in understanding cortical development and plasticity,
recent studies highlight the need for a more thorough analysis
of spike times that takes into account variability across trials.
For example, Fano factor analysis of response variability
across trials revealed the presence of a cortical state change
induced by sensory input. It was observed across a range of
brain areas and animals that stimulus onset drives suppression
of variable ongoing activity of excitatory neurons. This state
change is independent of response magnitude of individual
neurons and is therefore likely a property of the local recurrent
network (Churchland et al. 2010). The extent to which PV
inhibitory neurons also display a stimulus-driven decrease in
rate variance in V1 is unknown. Given that PV neurons are
highly connected within the local network in terms of the input
that they receive, we hypothesized that, similar to excitatory
neurons, PV neurons exhibit a stimulus-driven decrease in
Fano factor. We found that, indeed, stimulus onset drives
suppression of spike rate variability in PV neurons. Further-
more, we found that the magnitude of the stimulus-driven
decrease in Fano factor was reduced after BD, and that this
reduction occurred in both the critical period and the postcriti-
cal period.

Our results provide further evidence supporting a conceptual
model in which PV inhibitory neurons gate the timing of
critical period plasticity by providing a permissive opportunity
for reorganization of excitatory neuron connections, rather than
generating an instructing signal. Our examination of spike rate
variability revealed a previously unrecognized plasticity in
adult PV neurons that may be indicative of a network-level
state change inducible throughout life.

MATERIALS AND METHODS

Animal preparation and surgery. All experimental procedures were
reviewed and approved by the Institutional Animal Care and Use
Committee of Carnegie Mellon University and were compliant with
the guidelines established by the National Institutes of Health. Mon-
ocular zone experiments were performed in mice expressing cre-
recombinase (cre) and red fluorescent protein (tdTomato) in PV
neurons derived from the cross between PV-cre knock-in female mice
(Jax: 008069, generated by S. Arbor, FMI) and male tdTomato
reporter knock-in mice (Jax: 007908, “Ai14,” generated by H. Zeng,
Allen Brain Institute). Cell-attached mode recordings were made in
left hemisphere visual cortex of 28 urethane-anesthetized mice be-
tween ages 25 and 30 days for the critical period experiment and 15
mice between 45 and 60 days for the mature group. Both male and
female mice were used. Binocular zone experiments were performed
in mice expressing cre and tdTomato in PV neurons derived from the
cross between PV-cre knock-in female mice (Jax: 008069, generated
by S. Arbor, FMI) and male tdTomato reporter knock-in mice (Jax:
007908, “Ai14,” generated by H. Zeng, Allen Brain Institute) or male

tdTomato reporter congenic knock-in mice (Jax: 007914, “Ai14,”
generated by H. Zeng, Allen Brain Institute). Cell-attached mode
recordings were made in left hemisphere visual cortex of 16 urethane-
anesthetized mice between ages 25 and 31 days. Both male and female
mice were used.

Mice that underwent the BD paradigm were anesthetized under
isoflurane (3% induction and 1.5–2% maintenance). Silicone oil was
applied to both eyes to prevent drying. A single mattress suture (silk
6-0) was made through each eyelid to hold the eye closed. These
sutures were made 24 h before the craniotomy surgery and monitored
to ensure that closure was maintained. Any mice that showed signs of
infection or lid separation were removed from the study.

For surgeries mice were anesthetized with isoflurane (3% induction
and 1.5–2% maintenance). Their body temperature was kept constant
at ~37.5°C with a heating plate. The eyes of any mice not undergoing
BD were protected with silicone oil at the onset of surgery. For mice
with eye sutures, their eyes remained sutured shut until ready for
recording, at which point the sutures were removed and silicone oil
was applied to their eyes. A custom-made stainless steel head bar was
affixed to the right side of the skull with ethyl cyanoacrylate glue and
dental acrylic, and a silver chloride ground electrode was implanted
over the cerebellum. A 1.5- to 2.5-mm craniotomy was made over the
left visual cortex. Craniotomies were positioned as described in
Kuhlman et al. (2011). A 2.5-mm coverslip was then secured over a
portion of the brain with dental acrylic, and cortex buffer (in mM: 125
NaCl, 5 KCl, 10 glucose, 10 HEPES, 2 CaCl2, 2 MgSO4) was used to
keep the brain moist as well as facilitating imaging.

In vivo cell-attached recording. Mice were sedated with chlorpro-
thixene hydrochloride (5 mg/kg) and anesthetized with urethane (0.5
g/kg). In vivo imaging was performed on a two-photon microscope
(Scientifica) imaging system controlled by ScanImage 3 software
(Vidrio Technologies; Pologruto et al. 2003). The light source was a
Chameleon ultra 2 laser (Coherent) running at 930 nm. A �40
water-immersion objective from Olympus was used to pass the laser
beam. Surface blood vessels, coverslip, and pipette were viewed in
visible-light conditions with a green filtered light. Recordings were
made 150–350 �m from the pia surface, in layer 2/3.

Pipettes had a resistance of 5–12 M� when filled with cortex buffer
and 20 �M Alexa Fluor 488 hydrazide (Invitrogen). Labeled neurons
were first identified with two-photon imaging. Their x, y, and z
coordinates were recorded, and then the pipette was positioned above
the neuron’s location at low magnification. A Patchstar micromanip-
ulator (Scientifica) was used to back the pipette up an appropriate
distance such that moving it in x and z at a 35° angle would result in
it hitting the neuron (roughly 1.73 � the depth of the neuron). The
pipette was lowered toward the surface of the brain first under low and
then high magnification. The pressure of the pipette was raised to
~200-mbar positive pressure, and a slight increase in resistance
marked contact between the pipette tip and the surface of the brain. The
pipette was lowered at a 35° angle into the brain, and pressure was
reduced to 50 mbar as soon as the dura was penetrated. Once through
layer 1, the pressure was reduced to 20–30 mbar until the desired neuron
was attained. Two-photon imaging was used to guide the pipette toward
the desired neuron, and minor changes in y were made as needed.
Targeting technique was based on Kuhlman et al. (2011) and Liu et al.
(2009). Once the pipette appeared to be touching the neuron, the resis-
tance was lowered and spontaneous spikes could usually be detected.
Resistance was decreased to 0, and the pipette was advanced until a 20-
to 200-M� loose cell-attached seal was obtained. Occasionally, negative
pressure was applied up to �50 mbar. Recordings of spontaneous and
then evoked spikes were made in current-clamp mode. Signal was
acquired with a MultiClamp 700B amplifier in current-clamp mode, a
National Instruments digitizer, and WinEDR software (J. Dempster,
Strathclyde University). Signal was sampled at 10.02 kHz. Pipette ca-
pacitance was compensated.

Visual stimulation. Visual stimulation consisted of full-field
square-wave gratings presented at six orientations spaced 30° apart
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moving in two directions (12 total stimuli). A temporal frequency of
1 Hz and a spatial frequency of 0.02 cycles per degree (cpd) were used
for putative PV neurons, while a temporal frequency of 2 Hz and a
spatial frequency of 0.04 cpd were used for putative excitatory
neurons. Stimuli were developed with custom software with Psych-
Toolbox in MATLAB (MathWorks). Stimuli were presented one at a
time in a random order for 3 s at 100% contrast, followed by a 3-s
blank gray screen with equal mean luminance. Each stimulus was
presented 3–12 times. Stimuli were presented on a 40-cm-wide
gamma-calibrated LCD monitor. For monocular zone recordings, the
monitor was positioned 25 cm in front of the mouse’s right (contralat-
eral to site of recording) eye. The mouse was positioned looking
straight forward with a 5–15% rightward tilt to accommodate the
brain site for recording being relatively flat. The mouse’s nose was
approximately aimed toward the left of the screen, with the right eye
looking at the center of the screen �5 cm right or left. For binocular
zone recordings, the monitor was positioned 25 cm in front of the
mouse’s eyes, with the nose pointed toward the center of the screen.
Responses to either contralateral or ipsilateral eye stimulation were
interleaved.

Eye shuttering. Eye shuttering was accomplished by placing an
occluding device 5 mm in front of the eye. For each eye, an occluding
device was constructed of flexible light-blocking material (1.5 cm �
2 cm) mounted on a flexible linker connected to a vertical post such
that either eye could be shuttered or not shuttered in order for each eye
to be stimulated.

Data analysis and statistics. Spike waveform analysis was con-
ducted with WinEDR and Clampfit software. For putative PV neu-
rons, the first 50–150 spikes exhibiting good peak (P1) to nadir (P2)
amplitudes were averaged and the 10–90% rising and falling slopes as
well as P1 and P2 were calculated. For putative excitatory neurons,
the first 50–150 spikes (if the neuron fired that many times) were
averaged and the 10–90% rising and falling slopes as well as P1 and
P2 were calculated. The ratios of P2 to P1 and falling to rising slope
were used to normalize for differences in cell-attached resistance
across cells.

WinEDR software along with custom-built MATLAB software
was used to analyze the firing rate of targeted neurons. The spikes
elicited from three runs of the 12 randomly presented stimuli were
first sorted. Then the number of spikes elicited over the three runs was
averaged for each of the 12 stimuli. The max evoked firing rate was
defined as the highest averaged firing rate over the complete number
of runs (usually 9 or 12). Tuning curves were obtained by measuring
responses to each of the 12 stimuli. The orientation selectivity index
(OSI) was calculated with the circular variance (CV) approach, where
OSI is defined as 1 � CV. To generate the estimate of the 95th
confidence interval of OSI tuning, an orientation was randomly
assigned to each of the gray-screen epochs shown to a given cell
(Kuhlman et al. 2011). The mean spontaneous rate for each of the 12
randomly assigned orientations was used to create a tuning curve, and
a mock OSI value was calculated. This was repeated 10,000 times to
generate a distribution of OSI values, and the 95th two-tailed confi-
dence interval was calculated and displayed as gray shading in Figs.
4 and 5. Given that there was a slight but significant increase in OSI
coinciding with a decrease in mean evoked firing rate in BD compared
with control animals, it is important to assess whether the observed
increase in OSI is an artifact of decreased signal-to-noise ratio
(Kuhlman et al. 2011). Although we did not detect a systematic
relationship between OSI and firing rate on a neuron-by-neuron basis
across the three critical period-age BD conditions (bV1contra, bV1ipsi,
mV1), one of the three BD experiments (bV1ipsi) did show a signif-
icant correlation between OSI and firing rate (Fig. 2A). Therefore we
assessed whether the confidence interval for tuning was different
across conditions and found that it was not different (Fig. 2). Thus the
increase in OSI is not an artifact of lower signal-to-noise ratio in
deprived conditions. Bandwidth calculations were based on Ringach
et al. (2002), except that a von Mises distribution function was used

to smooth tuning curves and the concentration parameter k was set to
15. After smoothing and baseline subtraction, the orientation angles
closest to the peak for which the evoked response equaled 1/�2
height of the peak response on either side of the curve were estimated.
Bandwidth is defined as one-half the difference between these two
angles. If the tuning curve did not fall below this criterion, the
bandwidth was defined as �90°.

Tuning curves were generated by assigning the orientation with the
max firing rate over the whole 3 s of stimulus presentation a value of
0 and aligning the rest of the orientations to that. For comparing
population tuning curves between control and BD conditions, all firing
rates were normalized to the max firing rate of the control condition.
For percentage of sample tuned according to OSI, tuned was defined
as the OSI value being higher than the OSI calculated based on
spontaneous activity of the neuron from the blank gray-screen pre-
sentations shown between stimulus presentations (Kuhlman et al.
2011). Even neurons that were tuned according to this definition were
still mostly broadly tuned.

Latency to max firing was calculated with 10-ms nonoverlapping
bins beginning at stimulus onset. For each 10-ms bin we calculated the
firing rate in hertz for that bin over all the given runs. Latency was
defined as the middle of the time bin during the first cycle at which the
neuron reached its max firing rate. Peristimulus time histograms were
made by plotting the firing rates of each 10-ms bin, where 0 is
stimulus onset. Raster plots were made by plotting individual spikes
of a neuron during each run of the preferred stimulus. Once again,
stimulus onset was defined as 0, and 1 s of gray screen response is
shown before all 3 s of stimulus response. First and third cycle
analysis was performed by averaging the response rate of neurons
during the first or third cycle (first or third second since the stimuli
were being presented at 1 Hz) of the preferred stimulus presentation,
respectively.

Fano factor was computed in MATLAB with code available at
http://churchlandlab.neuroscience.columbia.edu/links.html. For more
in-depth explanation, see Churchland et al. (2010). Spike counts were
computed with a 200-ms sliding window moving in 25-ms steps.
Variance (across trials) and mean of the spike count were then
computed. Fano factor is the spike count variance divided by the spike
count mean. The raw Fano factor, which is the slope of the regression
relating the variance to the mean, was used. For calculating the
difference in Fano factor, a single value was obtained for each neuron
by taking the average of the Fano factors during the entire 3 s of gray
screen and subtracting from that the average Fano factors during the
3 s of stimulus presentation.

Data are reported as means � SE. Data sets were compared with
Mann-Whitney U, binomial, or Kolmogorov-Smirnov (K-S) tests as
indicated.

RESULTS

Brief binocular deprivation induces reduction of evoked PV
neuron firing rate. To understand the effects of BD on PV
neurons during the critical period (CP), we performed two-
photon guided cell attached recordings from layer 2/3 PV
neurons in V1 in mice at age postnatal days (P)25–30 (Fig. 1).
Neural activity was recorded in response to drifting gratings,
presented at a temporal frequency of 1 Hz at 12 different
orientations. The order of stimulus presentation was random-
ized, and each presentation was interleaved with a gray screen
to assess spontaneous activity. The waveform of PV neurons is
narrowly shaped (Liu et al. 2009); we used this characteristic to
confirm that the correct cell type was targeted (Fig. 1B). We
found that 24 h of BD induced a 32% decrease in stimulus-
evoked firing rate of PV neurons in the binocular zone (bV1),
in response to contralateral (contra) eye stimulation, at the
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preferred orientation (Fig. 1C; control: 21.55 � 2.50 Hz, n �
26 cells from 9 animals; BD: 14.65 � 1.65 Hz, n � 24 cells
from 7 animals; Mann-Whitney U-test P � 0.025). Twenty-
four hours of BD also caused a significant decrease in the
spontaneous firing rate in these same cells (control:
5.91 � 0.88 Hz; BD: 2.18 � 0.34 Hz; Mann-Whitney U-test
P � 0.001). Thus 24 h of visual deprivation is sufficient to

revert both stimulus-evoked and spontaneous firing rates back
to immature levels observed during the precritical period
(Kuhlman et al. 2011), indicating that continued visual expe-
rience is required for critical period-aged neurons to maintain
their recently developed firing rate levels. Evoked responses to
ipsilateral (ipsi) eye stimulation were also recorded in these
same neurons. Similar to bV1contra, bV1ipsi evoked responses
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were significantly decreased after 24 h of BD (control:
18.88 � 2.39 Hz, n � 25 cells from 9 animals; BD:
13.84 � 1.56 Hz, n � 23 cells from 7 animals; Mann-Whitney
U-test P � 0.0499). To directly confirm that that a rapid
decrease in evoked firing rate is a general property of PV
neurons in V1 and not restricted to the binocular zone, the
experiment was repeated and PV neuron recordings were made
in mV1. We found that in mV1 24 h of BD induced a 41%
decrease in stimulus-evoked firing rate of PV neurons (Fig. 1D;
control: 23.40 � 1.94 Hz, n � 33 cells from 17 animals; BD:
13.78 � 2.06 Hz, n � 18 cells from 11 animals; Mann-
Whitney U-test P � 0.002). Again similar to bV1, spontaneous
firing rate of the same mV1 neurons was significantly de-
creased in BD animals compared with control animals (control:
6.03 � 0.65 Hz; BD: 2.24 � 0.42 Hz; Mann-Whitney U-test
P � 0.001). Individual neuron responses for all experimental
conditions are shown in Fig. 2. As expected from Hengen et al.
(2013), in which it was demonstrated that fast-spiking (FS)
neuron activity is reduced in mV1 after 24 h of MD, and
Kuhlman et al. (2013), in which it was shown that evoked and
spontaneous PV neuron activity is reduced in bV1 after 24 h of
MD, these results confirm that in both bV1 and mV1 continued

visual experience is required for the recently developed evoked
and spontaneous firing rate levels in PV neurons to be
maintained.

In addition to PV neurons, a total of 49 putative excitatory
neurons were recorded in mV1. We define putative excitatory
neurons as neurons that do not express red fluorescence and
have asymmetric waveforms compared with PV neurons (Fig.
1B). Unlike PV neurons, we did not detect a difference in mean
stimulus-evoked firing rate in putative excitatory neurons at
their preferred orientation from deprived animals compared
with control animals (Fig. 1E; control: 2.42 � 0.43 Hz, n � 25
cells from 13 animals; BD: 2.59 � 0.54 Hz, n � 24 cells from
11 animals; Mann-Whitney U-test P � 0.865). As expected
from Hengen et al. (2013), the reduction of activity was
specific to PV neurons. However, somewhat unexpectedly, we
did not detect an increase in excitatory neuron activity when
testing the reopened contralateral eye after deprivation. It is
possible that total deprivation caused a reduction in input onto
both PV and excitatory neurons but that via network rebalanc-
ing due to decreased evoked inhibition (Pouille et al. 2009) the
mean evoked firing rate of excitatory neurons did not change.
If this were the case, it would be expected that decreased

Fig. 1. Open-eye inputs are not required for rapid plasticity of visually evoked responses in PV neurons. A: 2-photon image of recording pipette approaching
a parvalbumin-positive inhibitory neuron. Scale bar, 20 �m. B: spike waveforms of inhibitory and excitatory neurons are distinct for all conditions examined.
Black circles indicate neurons shown in F. Inset: average spike waveforms of a parvalbumin-positive inhibitory neuron (red) and a putative excitatory neuron
(purple). P1 denotes the amplitude of the spike wave peak, and P2 denotes the nadir. C and D: evoked and spontaneous firing rates for PV neurons in control
(bV1: n � 26 cells, 9 animals; mV1: n � 33, 17 animals) and BD (bV1: n � 24 cells, 7 animals; mV1: n � 18 cells, 11 animals) conditions at the preferred
orientation in binocular zone (bV1) and monocular zone (mV1) in response to contralateral eye stimulation. *P � 0.05, **P � 0.001 Mann-Whitney U-test. E:
evoked and spontaneous firing rates for putative excitatory neurons in control (filled bars, n � 25 cells, 13 animals) and BD (open bars, n � 24 cells, 11 animals)
conditions at the preferred orientation in the monocular zone. ns, Not significant. F: example spike traces; gray shading indicates time of stimulus presentation.
G: Kendall correlation of evoked and spontaneous firing rates in control and BD (same neurons as in C–E). Significant P values are in bold (control, black; BD,
gray). Data from individual neurons are plotted. Means � SE are indicated by red (control) and gray (BD) crosses.
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Fig. 2. Evoked spike rates of individual PV neurons in relationship to OSI values. A, C, E, and G: Kendall correlation of evoked spike rate and OSI. Significant
P values are in bold. Brain region, age, and eye stimulation as indicated (bV1 CPcontra control: n � 26 cells, 9 animals; bV1 CPcontra BD: n � 24 cells, 7 animals;
bV1 CPipsi control: n � 25 cells, 9 animals; bV1 CPipsi BD: n � 23 cells, 7 animals; mV1 CPcontra control: n � 33 cells, 17 animals; mV1 CPcontra BD: n �
18 cells, 11 animals; mV1 Maturecontra control: n � 34 cells, 9 animals; mV1 Maturecontra BD: n � 28, 6 animals). B, D, F, and H: mean 95th confidence intervals
(CI) for OSI tuning, averaged across neurons for a given brain region, eye stimulation, and age as indicated. No differences were detected when comparing control
vs. BD conditions, indicating that a decrease in signal-to-noise ratio cannot account for the increase in OSI observed after BD in the critical period age group.
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activity would still be detected in the spontaneous activity of
excitatory neurons. To address this issue, we examined spon-
taneous activity of excitatory neurons and did not detect a
change in spontaneous firing rate in these same cells (Fig. 1E;
control: 0.65 � 0.22 Hz; BD: 0.57 � 0.19 Hz; Mann-Whitney
U-test P � 0.384). In all cases evoked and spontaneous rates
were correlated on a neuron-by-neuron basis (Fig. 1G).

PV neuron orientation tuning curves remain broadly tuned
after brief deprivation. By the onset of the critical period, PV
neuron firing rate increases twofold from that of the precritical
period in a vision-dependent manner (Kuhlman et al. 2011).
Along with the change in firing rate, there is also a vision-
dependent change in orientation tuning curves. PV neurons are
more sharply tuned during the precritical period compared with
the critical period. In other words, orientation tuning curves
become broader with visual experience. We next checked as to
whether, similar to firing rate levels, orientation tuning curves
are reverted back to the immature state after BD initiated
during the critical period. We found that the decrease in evoked
firing rate following 24-h BD occurred for all orientations
during the critical period; as such, the shape of the tuning curve
was not qualitatively altered by deprivation, as can be observed
by comparing the mean population tuning curves averaged
across all neurons in a given condition for bV1contra, bV1ipsi,
and mV1 (Fig. 3). Next, we quantitatively examined tuning
curves of individual neurons to determine whether there were
subtle changes in tuning properties after brief deprivation. Our
analysis revealed that orientation tuning curves for both
bV1contra and bV1ipsi conditions remain broadly tuned after
brief deprivation. However, a small impact was detected and
was significant (Fig. 4). First we considered the global char-
acteristics of the tuning curve by calculating the OSI (1 � CV).
To define a confidence interval for determining whether an
individual OSI value could be considered tuned for orientation,
we estimated the 95th confidence interval based on spontane-
ous firing rate during gray-screen epochs. In this manner, each
neuron can be scored as being either tuned or not tuned for
orientation. Those neurons with OSI values greater than the
confidence interval can be considered tuned. In both control

and deprived conditions the majority of neurons fell below the
confidence interval and therefore are most accurately described
as being untuned for orientation. We did find, however, that the
number of neurons with OSI values above the confidence
interval was significantly increased after 24 h of deprivation
(Fig. 4, C and E; bV1contra binomial test P � 0.032, bV1ipsi
binomial test P � 0.026).

Next, we considered the local characteristics of the tuning
curve by calculating bandwidth. Similar to OSI analysis, in
which PV neurons fell into one of two categories (tuned or not
tuned), bandwidth can also be categorized as either being
untuned (	90°) or containing a detectable tuned component
(�90°). We found that the number of neurons with detectable
local tuning significantly increased after brief deprivation (Fig.
4, D and F; bV1contra binomial test P � 0.003, bV1ipsi binomial
test P � 0.001). For those neurons with a bandwidth value of
�90°, the local tuned component is a continuous variable and
can be further analyzed statistically. In the binocular zone we
did not find a significant impact of deprivation on the band-
width value considering only those neurons with a tuned
component (Mann-Whitney U-test, bV1contra P � 0.090,
bV1ipsi P � 0.227).

Next, the same analysis was performed on PV neurons in
mV1 (Fig. 5). Similar to bV1, in terms of OSI we found that
the majority of neurons in the control condition were not
globally tuned for orientation and had OSI values less than
the confidence interval. Deprivation resulted in a significant
increase in the number of neurons tuned for orientation
(binomial test P � 0.041). Bandwidth analysis revealed that
there was also a significant change in the number of neurons
containing a detectable tuned component �90° (binomial
test P � 0.024).

Taken together, bV1 and mV1 PV neurons responded to
deprivation in a similar manner; while there were detectable
changes in tuning properties, PV neurons remain broadly tuned
after deprivation. In addition, we noted a subtle difference
between bV1 and mV1. bV1 neurons are slightly more broadly
tuned than mV1 neurons in the control condition, before
deprivation in terms of OSI (K-S test P � 0.0132; Fig. 6A) and
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bandwidth. Bandwidth analysis revealed that, in contrast to
bV1, the majority of mV1 neurons exhibit a tuned component
�90° in the control condition (binomial test P � 0.043; Fig.
6B). After deprivation, the difference between bV1 and mV1
tuning was reduced, in both OSI (K-S test P � 0.140; Fig. 6C)
and bandwidth (binomial test P � 0.281; Fig. 6D), although

the rightward shift of the mV1 distribution compared with the
bV1 distribution was still present.

Deprivation-induced changes in evoked firing rate and
tuning properties are age dependent in mV1. To determine
whether V1 PV neurons in postcritical period animals are
sensitive to brief deprivation, recordings were made from
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mature mice (P45– 65) in mV1. Given that the binocular
zone is a more specialized and smaller area compared with
the monocular zone and differences between the two areas
are known to exist (Lambo and Turrigiano 2013; Nataraj
and Turrigiano 2011), our goal was to record from the area
most likely to reveal principles of PV neuron development
that apply to sensory cortex in general. In contrast to critical
period-aged mice, in mature mice we found that mean

stimulus-evoked rates of PV neurons at the preferred orien-
tation did not change after 24 h of deprivation (Fig. 7A;
control: 18.37 � 1.26 Hz, n � 34 cells from 9 animals; BD:
16.04 � 1.26 Hz, n � 28 cells from 6 animals; Mann-
Whitney U-test P � 0.120). Nor did we detect a change in
evoked firing rate at the nonpreferred orientations (Fig. 7B).
Consistent with this observation, OSI and bandwidth were
not altered by brief deprivation in the adult (Fig. 5, E and F).
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In mature animals, V1 PV neurons are characterized as
being the first cell type to respond and their response is
strongest during the first stimulus cycle (Ma et al. 2010). Next,
we evaluated the extent to which these properties are devel-
oped at the time of the critical period (Fig. 8). Latency to reach
maximum firing rate was similar between critical period and
mature age groups (CP: 389.55 � 48.9 ms; mature: 315 � 41.6
ms; Mann Whitney U-test P � 0.415). However, the ratio of
first cycle response to third cycle response was not fully
developed in critical period-aged mice (CP: 1.45 � 0.05; ma-
ture: 1.76 � 0.12; Mann-Whitney U-test P � 0.014). Despite
this incomplete development at the time of the critical period,
deprivation induced a decrease in mean evoked firing rate in
both the first and last stimulus cycles (Fig. 8).
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PV neurons exhibit stimulus-induced reduction in variability
of spike times. It is becoming increasingly clear that, in addi-
tion to altering the trial-averaged firing rate of individual
neurons, stimulus onset alters ongoing fluctuations in sponta-
neous activity of excitatory neurons such that the variability of
spike times is dramatically reduced, at timescales of 100–200
ms (Churchland et al. 2010; Poulet and Petersen 2008; Sussillo
and Abbott 2009). Notably, the reduction occurs even in
response to stimuli that do not elicit a strong mean evoked
response, such as occurs in recordings of orientation-tuned
neurons presented with a nonpreferred orientation (Churchland
et al. 2010). At the population level, it is observed that during
sensory stimulation spike time patterns occupy a subspace of
possible patterns such that spike patterns during stimulation
appear to be constrained by the observed spontaneous activity
of the same network (Luczak et al. 2009; Shadlen and New-
some 1998). Together, this is evidence that the population
spike patterns that occur during sensory stimulation are drawn
from a parameter space of possible patterns observed during
spontaneous fluctuations. Sensory responses represent a more
narrowly restricted set of patterns and, as such, display lower
trial-to-trial variability compared with spontaneous activity.
Next, we estimated across-trial variability of PV spike times to
assess the extent to which stimulus onset reorganizes the
variability of PV neuron spike times. Given that PV neurons
are highly connected within the local network, first we hypoth-
esized that, similar to excitatory neurons, PV neurons exhibit a
stimulus-driven decrease in variability of spike times.

We assessed across-trial variability by calculating the Fano
factor of individual neuron spike times before the stimulus
(gray screen presentation, pre) and after stimulus onset (post).
Fano factor was computed as the spike time variance divided
by the mean firing rate. Assuming spike times follow a Poisson
process, which would yield a Fano factor of 1, Fano factor
values 	 1 can be interpreted as being an indication of
cross-trial firing rate variability (Churchland et al. 2006, 2010;
Mitchell et al. 2007; Nawrot et al. 2008). In both age groups,
the mean Fano factor across animals was reduced at stimulus
onset and approached a value of 1 (Fig. 9, A–D; CP: pre
2.75 � 0.13, post 1.72 � 0.10, Mann-Whitney U-test P �
0.001; mature: pre 2.07 � 0.10, post 1.27 � 0.08, Mann-Whit-
ney U-test P � 0.001). The magnitude of reduction, defined
as the difference between mean prestimulus and mean post-
stimulus Fano factor values averaged over 3 s, was similar
for the critical period-aged and mature mice, 31 � 4.0% and
37 � 3.0%, respectively. Thus, similar to excitatory neu-
rons, stimulus onset reduces across-trial variability of PV
spike times.

Stimulus-induced reduction in Fano factor occurs in de-
prived animals. Mechanistically it is unclear what gives rise to
the stimulus-induced decline in variability. Decreased variabil-
ity may be a property of large recurrent networks (Sussillo and
Abbott 2009); on the other hand, stimulus-evoked shunting
inhibition is well positioned to mediate the decline (Monier et
al. 2003). If stimulus-evoked inhibition is a contributing factor,
then manipulations that decrease stimulus-evoked inhibition
should prevent stimulus onset from driving Fano factor down
to a value approaching 1. In other words, decreased inhibition
should reduce the magnitude of the stimulus-induced decline
in variability such that Fano factor is not reduced to 1. It was
previously noted that experimentally it is difficult to test this

prediction (Churchland et al. 2010). Given that BD in critical
period-aged mice creates a network state in which PV inhibi-
tory neuron firing rate is decreased but excitatory neuron firing
rate is maintained, the prediction can be directly tested in
deprived mice. We found that the ability of stimulus onset to
drive Fano factor to a value approaching 1 was not disrupted
after 24 h of BD in PV neurons (Fig. 9E; CP BD: pre
1.75 � 0.12, post 1.36 � 0.08, Mann-Whitney U-test P �
0.026). These results indicate that stimulus-evoked inhibition
from PV neurons is not a major contributing factor to the
stimulus-induced decrease in spike time variability. Consistent
with this interpretation, the stimulus-induced decrease in Fano
factor in adults subjected to 24 h of BD, which do not have
altered PV neuron responsiveness, was similar to that of
critical period-aged mice after 24 h of BD (Fig. 9F; mature
BD: pre 1.52 � 0.08, post 1.24 � 0.08, Mann-Whitney U-test
P � 0.004). However, we cannot rule out the possibility that
rebalancing of synaptic weights masked an effect on Fano
factor in the BD condition. To confirm that Fano factor is
reduced specifically at stimulus onset (see also time course in
Fig. 9, A and B), we repeated the above analysis for a restricted
window of 200 ms before and 200 ms after stimulus onset (CP
control: pre 2.67 � 0.27, post 1.67 � 0.16, Mann-Whitney
U-test P � 0.004; CP BD: pre 2.18 � 0.31, post 1.32 � 0.16,
Mann-Whitney U-test P � 0.023; mature control: pre
1.88 � 0.14, post 1.37 � 0.15, Mann-Whitney U-test P �
0.006; mature BD: pre 1.82 � 0.25, post 1.20 � 0.11, Mann-
Whitney U-test P � 0.037).

Unexpectedly, in both age groups after BD there was a
decline in spike time variability in the nonstimulated epoch
preceding stimulus onset (Fig. 9, G and H, insets; Fano factor
values, CP: control pre 2.75 � 0.13, BD pre 1.75 � 0.12,
Mann-Whitney U-test P � 0.001; mature: control pre
2.07 � 0.10, BD pre 1.51 � 0.08, Mann-Whitney U-test P �
0.001). Consistent with this observation, the median magnitude
of the stimulus-driven decrease in Fano factor (magnitude of
reduction, defined above), was significantly reduced after de-
privation by 75% and 38% in critical period-aged (K-S test
P � 0.001) and adult (K-S test P � 0.001) mice, respectively
(Fig. 9, G and H). These data indicate that brief deprivation
alters the spontaneous spike time patterns of PV neurons and
that this deprivation-induced change is not restricted to the
critical period.

DISCUSSION

PV inhibitory neurons are generally thought to be mediators
of experience-dependent plasticity. Despite their central role in
postnatal development of sensory processing, systematic stud-
ies on the development and sensitivity of their response prop-
erties to brief deprivation are lacking. Here we focused on
three characteristics of PV neuron development and plasticity.
First, we confirmed that the ability of PV neurons to rapidly
modify their average firing rate in response to deprivation is a
general property of V1 not restricted to the specialized area of
the binocular zone and does not require the presence of
open-eye inputs. Second, in contrast to evoked firing rate, we
found that PV neuron orientation tuning is largely unaltered by
brief deprivation during the critical period. Finally, our exam-
ination of spike rate variability revealed a previously unrecog-
nized plasticity in adult PV neurons that may be indicative of
a network-level state change inducible throughout life.
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Deprivation-induced rapid plasticity of PV neurons does not
require open-eye inputs. During critical periods of develop-
ment, cortical connectivity among excitatory neurons is highly
malleable. This increased plasticity allows new experiences to
shape the neural circuity used to encode behaviorally relevant
information available in the animal’s environment such that the
neural circuitry is matched to local conditions. Classic MD
studies establish that the timing of critical period plasticity is
set by the protracted development of cortical PV inhibitory
interneurons (Hensch 2005). Two alternative mechanistic ex-
planations as to how inhibition initiates critical period have

been proposed. The first proposed that in response to MD the
imbalance of visual input between the two eyes is detected and
in response to this imbalance PV neurons shift their ocular
dominance away from the open eye such that inhibition be-
comes relatively stronger in the closed-eye pathway and pro-
motes long-term depression (LTD) and/or suppression of
closed-eye inputs. The discovery that PV neurons, which are
equally driven by both eyes in control conditions, shift their
responsiveness toward the closed eye with 48 h of MD is
strong evidence in favor of this conceptual model (Yazaki-
Sugiyama et al. 2009). Computational models constrained by

Fa
no

 fa
ct

or

2

3

4

1

1 s

4

3

2

1

Fa
no

 fa
ct

or

Pre-stimulus Fano Factor
0 1 2 3 4 5

Po
st

-s
tim

ul
us

 F
an

o 
Fa

ct
or

0

1

2

3

4

5

Pre-stimulus Fano Factor
0 1 2 3 4 5

Po
st

-s
tim

ul
us

 F
an

o 
Fa

ct
or

0

1

2

3

4

5

Pre-Post Fano factor
-1 0 1 2

%
 s

am
pl

e

0

50

100

Pre-stimulus Fano Factor
0 1 2 3 4 5

Po
st

-s
tim

ul
us

 F
an

o 
Fa

ct
or

0

1

2

3

4

5

Pre-stimulus Fano Factor
0 1 2 3 4 5

Po
st

-s
tim

ul
us

 F
an

o 
Fa

ct
or

0

1

2

3

4

5

Pre-Post Fano factor
-1 0 1 2

%
 s

am
pl

e

0

50

100

control
BD

A B

C D

E F

HG

CP Mature

CP
control

Mature
control

CP
BD

Mature
BD

CP Mature
** **

0
1
2
3
4
5

0

1

2

3

4

Fig. 9. PV neuron spike time variability during
nonstimulus epochs is reduced by deprivation:
Fano factor analysis of neural responses to the
preferred orientation and the gray screen immedi-
ately preceding stimulation (mV1 CPcontra control:
n � 33 cells, 17 animals; mV1 CPcontra BD: n � 18
cells, 11 animals; mV1 Maturecontra control: n � 34
cells, 9 animals; mV1 Maturecontra BD: n � 28, 6
animals). A and B: sliding average of Fano factor
(bold) across the population (binned by 200 ms)
before and after stimulus onset (arrowhead). Ani-
mal age group is indicated. C–F: scatterplots of
Fano factor values of individual neurons (binned
by 200 ms), averaged across the 3 s of gray screen
preceding stimulus (prestimulus) and 3 s of visual
stimulation (poststimulus). Animal age group and
treatment condition are as indicated. Mean and SE
are indicated by black crosses; note the leftward
shift of mean prestimulus values in control vs. BD
in both age groups. G and H: cumulative distribu-
tion plots of pre � post Fano factor differences for
individual neurons. Animal age group and treat-
ment condition are indicated. In both age groups
there was a leftward shift after BD. Insets: spike
time variability in the nonstimulated 3-s long epoch
preceding stimulus onset was reduced in both crit-
ical period-aged and mature conditions. **P �
0.001 Mann-Whitney U-test.
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experimental results provide further support of this proposal
(Aton et al. 2013; Kuhlman et al. 2010). Alternatively, rather
than an imbalance of input between the two eyes being the
initiating factor, it has been proposed that deprivation itself is
sufficient to cause an overall reduction in PV neuron respon-
siveness. This proposal is based on the observation that brief
MD causes a transient suppression of PV neuron activity in
both the closed-eye and open-eye pathways. Consistent with
this observation, putative PV neurons identified by their nar-
row spike waveform recorded in the monocular zone were
shown to rapidly suppress their activity within 24 h of con-
tralateral MD in freely moving animals in the monocular zone
(Hengen et al. 2013). The transient reduction of PV-mediated
inhibition in binocular zone is both required and sufficient for
ocular dominance plasticity among excitatory neurons to pro-
ceed (Kuhlman et al. 2013). Thus it appears that disinhibiting
weak, open-eye inputs during MD creates a temporary permis-
sive environment in which synaptic plasticity can update cor-
tical processing to reflect new sensory conditions (van
Versendaal and Levelt 2016). A prediction of the later proposal
is that deprivation itself is sufficient to suppress bV1 PV
neuron responsiveness, whereas PV neurons would not be
expected to alter their response properties after BD if it is an
imbalance of input between the two eyes that drives rapid
plasticity of PV neuron activity.

Here we tested this prediction by recording PV neurons after
BD and found that deprivation is sufficient to drive a decrease
in PV neuron responsiveness. From this we conclude that an
imbalance of ocular input is not required for PV neurons to
alter their responsiveness; these results support the second
proposed model. The distinction between these two models is
important; an implication of the first model is that there is a
biological circuit capable of computationally detecting closed
vs. open input pathways. The second model does not require
such a pathway-specific detector circuit; rather, in response to
deprivation, the network transiently enters a disinhibited state.
In this state, despite lower sensory drive the threshold for
induction of LTD is maintained. Without disinhibition, it is
expected that the threshold for LTD would be increased,
because of BCM (Bienenstock, Cooper, and Munro) metaplas-
ticity (Cooper and Bear 2012), and closed-eye inputs would not
undergo LTD. Consistent with this model, blockade of disin-
hibition via infusion of a GABAA receptor use-dependent
agonist during MD blocks ocular dominance plasticity (Kuhl-
man et al. 2013).

Our study focused on PV neurons, identified by their mo-
lecular expression of parvalbumin and functional narrow spike
waveform. Using this targeted approach in both bV1 and mV1,
we were able to directly address an open question in the
literature. Previously it was observed that bV1 inhibitory
neurons studied as a general class, identified by the molecular
expression of the GABA synthesizing enzyme GAD67, exhibit
a delayed shift in ocular dominance after MD (Gandhi et al.
2008). Computationally it was shown in this same study that a
transient mismatch or imbalance between inhibition and exci-
tation can promote LTD of closed-eye inputs by suppressing
closed-eye inputs. In this view, plasticity of inhibition would
be instructive rather than permissive, as are the proposed
models discussed above (Aton et al. 2013; Kuhlman et al.
2010; Yazaki-Sugiyama et al. 2009). On the other hand, reports
in which putative inhibitory neurons are identified by their

functional narrow spike waveform demonstrate that FS neu-
rons rapidly respond to deprivation in mV1 without delay
(Hengen et al. 2013). Our study confirms that FS PV neurons
rapidly respond to deprivation in both bV1 and mV1; however,
the question of how the other inhibitory GABAergic neuron
subtypes, such as VIP- and somatostatin-expressing neurons,
shift their eye dominance during deprivation-induced plasticity
remains open. Furthermore, the extent to which permissive
disinhibition applies to animals with cortical columns and less
contralateral bias in excitatory neuron drive, such as the cat,
remains unclear. In the case of cats, the data support an
instructive model in initial column development and MD (Aton
et al. 2013; Hensch and Stryker 2004). In this regard, it is
worth noting that the extent to which disinhibition plays a role
in MD of the ipsilateral eye in the binocular zone of mice is
unknown.

Based on Hengen et al. (2013), we hypothesized that the
rapid decrease in PV responsiveness observed in Kuhlman et
al. (2013) did not require open-eye inputs. Indeed, as expected,
this is what we found. However, although the effect was
specific to PV neurons we did not see an increase in excitatory
neuron activity. From recent literature, there are three likely
possible explanations as to why we did not see an increase in
excitatory neuron activity as predicted by Hengen et al. (2013).
First, it should be noted that single-eye deprivation and com-
plete deprivation may differentially impact excitatory neurons,
even in mV1. Although the monocular zone only receives input
from the contralateral eye, in terms of patterns of activity
across the visual system, which is reciprocally connected
across levels, including the thalamus, V1, and V2 (D’Souza
and Burkhalter 2017), it is possible that BD and MD result in
distinct patterns of activity across the visual system. Total
visual deprivation could decrease input onto both PV and
excitatory neurons, and such a decrease in evoked inhibition
could mask a decrease in excitatory neurons, for example, by
a dynamic gain mechanism (Pouille et al. 2009). While our
results on spontaneous activity of excitatory neurons argue
against this scenario, more direct in vitro studies examining
the strength of synaptic input onto PV neurons are needed to
establish that, similar to MD (Kuhlman et al. 2013;
Stephany et al. 2016; Sun et al. 2016), BD decreases the
strength of synaptic input from layer 4 excitatory neurons
onto layer 2/3 PV neurons via a signaling mechanism such
as the tyrosine kinase neuregulin/ErbB4 pathway (Gu et al.
2016; Sun et al. 2016). Second, BD may be a more potent
perturbation of cortical activity compared with MD and lead
to a more rapid homeostatic recovery of excitatory neurons
to their original firing rate set point (Hengen et al. 2016)
such that rather than requiring 2–3 days to recover, excit-
atory neurons start to recover within 24 h. Finally, unlike
Hengen et al. (2013), these studies were performed in
anesthetized animals.

In addition to mean evoked firing rate, we found that
deprivation had a significant effect on PV neuron orientation
tuning, specifically during the critical period. The number of
neurons showing detectable tuning increased after brief depri-
vation. However, this effect was subtle, and perhaps more
salient is our finding that the majority of PV neurons remain
broadly tuned after deprivation. Thus, in terms of functional
impact on sensory processing, the deprivation-induced change
in PV tuning is likely minimal; however, mechanistically it
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appears that continued visual experience is required to main-
tain broad tuning during the critical period but not after closure
of the critical period. We also found that bV1 PV neurons are
detectably more broadly tuned than mV1 PV neurons. The
circuit basis for this is unknown. Given that callosal inputs
from the contralateral hemisphere preferentially arborize in
bV1 compared with mV1 (Wang and Burkhalter 2007), it is
possible that callosal input serves to broaden PV neurons in the
binocular zone. Interestingly, the difference between bV1 and
mV1 was reduced after deprivation; thus the mechanism re-
sponsible for generating broader tuning in bV1 appears to be
sensitive to deprivation.

Deprivation induces decrease in spike time variability dur-
ing spontaneous but not visually evoked epochs throughout
life. Experimental evidence demonstrates that recent visual
experience is reflected in spontaneous cortical activity patterns
(Han et al. 2008). Considering Hebbian rules of plasticity, it
has been proposed that the spontaneous state’s statistics ob-
served in the absence of visual drive may reflect past input
statistics as experienced during vision, such that the upper limit
of the number of spontaneous spike time patterns that are
entered is set by how many patterns were recently experienced
during vision. The more spike time patterns present, the
higher the variability (Doiron et al. 2016; Litwin-Kumar et
al. 2016). Thus an implication of our findings is that 24 h of
visual deprivation is sufficient to degrade the number of
spike time patterns that spontaneously occur in PV neurons.
This is consistent with the view that spontaneous activity is
structured in space and time and reflects the underlying
network connectivity among neurons (Ringach 2009). Inde-
pendent of this implication, we were able to demonstrate
clearly that a reduction in sensory-evoked inhibition did not
impact the ability of stimulus onset to reduce the Fano factor
to values approaching 1 in PV neurons. It will be of interest
in future studies to determine whether this is also the case
for excitatory neurons.

Notably, the deprivation-induced decrease in spike time
variability that we observed in the spontaneous state occurred
in both critical period-aged and adult mice. Given that PV
neurons are well positioned to pool the activity of many
neighboring excitatory neurons (Bock et al. 2011), it is possible
that our measure of PV neuron spike time variability in the
spontaneous state is a readout of the spike time patterns
generated by the excitatory network. In this context, our results
raise the possibility that the spike time patterns generated by
excitatory neurons in the spontaneous state are equally sensi-
tive to deprivation in the critical period and the adult. Alter-
natively, the changes could be specific and intrinsic to PV
neurons themselves.

In summary, the evoked firing rate of PV neurons is dra-
matically reduced by brief deprivation in a manner that is
developmentally restricted to the critical period. On the other
hand, in the adult PV neurons do not initiate cortical rewiring
of excitatory network but are likely to reflect more subtle
changes in activity patterns generated by the excitatory net-
work after brief deprivation.
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