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How homeostatic processes contribute to map plasticity and
stability in sensory cortex is not well-understood. Classically,
sensory deprivation first drives rapid Hebbian weakening of
spiking responses to deprived inputs, which is followed days later
by a slow homeostatic increase in spiking responses mediated by
excitatory synaptic scaling. Recently, more rapid homeostasis by
inhibitory circuit plasticity has been discovered in visual cortex, but
whether this process occurs in other brain areas is not known.
We tested for rapid homeostasis in layer 2/3 (L2/3) of rodent
somatosensory cortex, where D-row whisker deprivation drives
Hebbian weakening of whisker-evoked spiking responses after an
unexplained initial delay, but no homeostasis of deprived whisker
responses is known. We hypothesized that the delay reflects rapid
homeostasis through disinhibition, which masks the onset of
Hebbian weakening of L2/3 excitatory input. We found that
deprivation (3 d) transiently increased whisker-evoked spiking
responses in L2/3 single units before classical Hebbian weakening
(=5 d), whereas whisker-evoked synaptic input was reduced during
both periods. This finding suggests a transient homeostatic in-
crease in L2/3 excitability. In whole-cell recordings from L2/3 neu-
rons in vivo, brief deprivation decreased whisker-evoked inhibition
more than excitation and increased the excitation-inhibition ratio.
In contrast, synaptic scaling and increased intrinsic excitability
were absent. Thus, disinhibition is a rapid homeostatic plasticity
mechanism in rodent somatosensory cortex that transiently main-
tains whisker-evoked spiking in L2/3, despite the onset of Hebbian
weakening of excitatory input.

conductance

During deprivation-induced sensory map plasticity in cerebral
cortex, changes in sensory input trigger both homeostatic
plasticity mechanisms that maintain stable cortical firing rates
and Hebbian mechanisms, in which inactive inputs lose (and
active inputs gain) representation in sensory maps (1). Diverse
mechanisms for homeostasis exist, including synaptic scaling (2—
4), plasticity of intrinsic excitability (5, 6), and changes in sen-
sory-evoked inhibition and excitation—inhibition (E-I) ratio (7-
11). How homeostatic and Hebbian mechanisms interact to
control map stability and plasticity remains unclear.

One key unknown is the relative dynamics of homeostatic and
Hebbian plasticity. Homeostasis mediated by synaptic scaling is
slow, occurring over hours in vitro and days in vivo. This process
is evident in visual cortex, where eyelid closure during the critical
period classically drives Hebbian weakening of closed eye spiking
responses (after 2 d of deprivation) followed several days later by
a slower homeostatic increase in visual responses (12, 13) me-
diated by excitatory synaptic scaling (3, 14, 15). We investigated
whether more rapid forms of homeostasis also exist that shape
the earliest stages of cortical plasticity. Recent results in visual
cortex show that eyelid closure rapidly weakens inhibitory
circuits (within 1 d), and this process increases network ex-
citability and, therefore, is an initial homeostatic response to
deprivation (10, 16). This disinhibition correlates with rapid
structural plasticity in inhibitory axons and dendrites (17) and is
mediated by a reduction in excitatory drive to parvalbumin-
positive interneurons (10). Whether rapid homeostasis by
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disinhibition or other mechanisms is a general feature of
cortical plasticity outside the visual cortex is unknown. Theo-
retical work shows that rapid homeostasis by inhibitory and/or
intrinsic plasticity can guide development of realistic sensory
tuning and sparse sensory coding in cortical networks, suggesting
broad relevance (18).

We tested for rapid homeostasis during the onset of whisker
map plasticity in the rodent primary somatosensory (S1) cortex,
a major model of cortical plasticity. Each cortical column in
the S1 whisker map corresponds to one facial whisker, termed its
principal whisker (PW). Trimming or plucking a subset of whiskers
in young adults weakens spiking responses to deprived PWs in
layer 2/3 (L2/3) of deprived columns (19, 20). This process is
mediated by Hebbian synaptic weakening at L4-1.2/3 and L.2/3-
L2/3 excitatory synapses (21-23). No homeostatic restoration or
strengthening of deprived whisker responses is known. However,
PW response weakening is often preceded by an unexplained
initial delay of ~7 d, in which deprived whisker-evoked spiking
responses remain stable (24, 25). We hypothesized that this initial
delay reflects not a lack of plasticity but rapid homeostasis that
(1) masks initial Hebbian weakening of L2/3 excitatory input and
(if) is mediated by loss of inhibition and/or increased intrinsic
excitability in L2/3 neurons. Such rapid homeostasis would be a
unique component of whisker map plasticity.

Results

Early Homeostatic Phase of Plasticity Precedes Classical Hebbian
Depression. To detect a rapid homeostatic phase of plasticity,
we measured whisker-evoked extracellular spiking in urethane-
anesthetized rats following increasing durations of D-row whis-
ker deprivation and in age-matched whisker-intact controls (Fig.
1). D-row deprivation was begun at postnatal day (P)21 + 1
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Fig. 1. Whisker deprivation causes a transient, compensatory increase in
L2/3 sensory responses before classical Hebbian depression. (A) PW-evoked
spikes (mean + SEM) for L2/3 single units in normal rats and rats with D-row
whisker deprivation from P21. Three-day deprivation transiently increased
responses to the deprived PW before classical Hebbian depression. (B) Dis-
tribution of response magnitude for L2/3 units after 3 or 7-10 d of depri-
vation as well as in age-matched controls. (C and D) Population poststimulus
time histogram (1-ms time bins) for PW responses of all L2/3 single units after
3 or 7-10 d of deprivation and in age-matched controls. Dashed lines (25 ms)
separate early from late response epoch. (E) Population poststimulus time
histogram for L4 single units after 3 d of deprivation. (F) Distribution of PW
response magnitude for L4 units after 3 d of deprivation. (G) Effect of 3 d of
deprivation on spiking responses to spared surround whiskers (SWs) for L2/3
units. *P < 0.05; **P < 0.01. NS, not significant.

(mean + SD). In control rats, L2/3 spiking responses to PW
deflection increased from P22 (the first day of recording) to P31,
reflecting circuit maturation. In deprived rats, 3 d of deprivation
caused a previously unknown 46% increase in deprived PW
responses in L2/3 of D columns of deprived rats (mean age =
P24) versus age-matched controls [control (CTL): 0.77 + 0.09
spikes/stimulus, #n = 42 units; deprived (DEP): 1.11 + 0.12 spikes/
stimulus, 7 = 30 units; P < 0.02, two-tailed ¢ test]. This increase
occurred specifically in long latency spikes (25-77 ms) (Fig. S14
and B), and spontaneous firing rate was unaffected (CTL: 1.84 +
0.26 spikes/s; DEP: 1.66 + 0.21 spikes/s; P = 0.59), suggesting
a possible reduction in PW-evoked inhibition. The increased
spiking was replaced by classical Hebbian depression at 5-10 d of
deprivation (5 d CTL: 1.26 + 0.17 spikes/stimulus, n = 23; DEP:
0.48 + 0.10 spikes/stimulus, n = 25; P < 0.01; 10 d CTL: 1.02 =
0.14 spikes/stimulus, n = 24; DEP: 0.55 + 0.08 spikes/stimulus,
n =30; P < 0.01) (Fig. 1 A-D). All recording sites were matched
in columnar location and depth, and the greatest response en-
hancement at 3 d was observed in middle and deep L2/3 (Fig.
S1). L4 responses were unaffected (3 d CTL: 1.14 + 0.13 spikes/
stimulus, n = 21; DEP: 1.32 + 0.16 spikes/stimulus, n = 23; P =
0.38) (Fig. 1 E and F). Thus, deprivation drives an apparent
compensatory enhancement of L2/3 spiking responses to the
deprived PW before classical Hebbian weakening. At 3 d,
responses to spared surround whiskers were reduced rather than
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enhanced, indicating whisker-specific rather than global ho-
meostatic plasticity (Fig. 1G).

To confirm that Hebbian response weakening is absent at 3 d
of deprivation, we recorded whisker responses at 3 vs. 7-10 d
using intrinsic signal optical imaging (ISOI), which is an indirect
hemodynamic measure of L2/3 activity (20, 26). ISOI avoids
potential single-unit selection bias but has relatively low sensi-
tivity for small changes in neural activity. D whisker-evoked peak
signal intensity and cortical response area were unaltered by 3 d
of deprivation vs. age-matched controls (DEP: n = 21 rats; CTL:
n = 32; P = 0.57, t test) but reduced after 7-10 d of deprivation
(DEP: n = 23; CTL: n = 34; P < 0.0003) (Fig. 2 A-C). The ratio
of D1 response area to the mean of E1 and C1 responses areas
within each animal (which controls for cross-animal differences
in overall responsiveness) was not altered at 3 d but sharply re-
duced at 7-10 d (Fig. S2). Together with the single-unit data, this
finding indicates that cortical responses are generally preserved
at 3 d and decrease at 7-10 d of deprivation, as observed in adult
rats and mice (24). ISOI did not detect the increase in late spiking
at 3 d of deprivation, reflecting either low sensitivity or offsetting
effects of the subthreshold contribution to the intrinsic signal.

Reduced Whisker-Evoked Local Field Potential During the Early
Homeostatic Phase. To probe the basis for response enhance-
ment at 3 d, we measured whisker-evoked local field potentials
(WLFPs) in L2/3, which primarily reflect sensory-evoked sub-
threshold synaptic input (27). Current source density analysis
from a 16-site linear probe confirmed that the wLFP in mid-L2/3
(400-pum depth) reflects a discrete L.2/3 current sink (Fig. S34).
We compared L2/3 wLFPs between deprived D and spared B
columns in D row-deprived rats. After 3 d of deprivation, wLFP
amplitude was 43 + 3% lower in D than B columns (D: —369 +
45 pV; B: =602 + 63 pV, n = 9 penetrations each; P < 0.01, two-
tailed ¢ test) (Fig. 2 D and E). This reduction occurred between
1 and 3 d of deprivation, and D-column wLFPs remained stably
smaller after 5 and 10 d of deprivation (5 d D: =357 = 58,n = 9;
B: 533 £29 uwV,n =6; P < 0.04; 10d D: —437 + 43, n = §; B:
—620 £ 51, n = 7; P < 0.02). The same pattern was observed for
wLFP initial slope (Fig. S2) and wLFP ratio (D/B column)
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Fig. 2. Stable ISOI but reduced wLFPs during the 3-d homeostatic phase of
plasticity. (A) Example intrinsic signal images (3 x 3-mm field) during D1
whisker deflection for 3- and 7-d deprived animals and age-matched con-
trols. (B) Mean D1 whisker response area for each condition. (C) Peak in-
trinsic signal (mean of four neighboring pixels) for each condition. (D) Mean
WLFP waveforms for all L2/3 recordings in 3-d deprived (gray) and spared
(black) columns. Shading is SEM. (E) L2/3 wLFP peak amplitude (mean + SEM)
for deprived and spared columns at varying deprivation durations. (F) wLFP
amplitude ratio (deprived/spared column within each animal) for L2/3 and
L4 wLFPs. *P < 0.05. **P < 0.01.

PNAS | January 28,2014 | vol. 111 | no.4 | 1617

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312455111/-/DCSupplemental/pnas.201312455SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312455111/-/DCSupplemental/pnas.201312455SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312455111/-/DCSupplemental/pnas.201312455SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312455111/-/DCSupplemental/pnas.201312455SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312455111/-/DCSupplemental/pnas.201312455SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312455111/-/DCSupplemental/pnas.201312455SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312455111/-/DCSupplemental/pnas.201312455SI.pdf?targetid=nameddest=SF2

L T

/

1\

BN AS  PNAS D)

computed in single animals (Fig. 2F). In contrast, 1.4 wLFPs
were not significantly affected (Fig. 2F). These findings suggest
that 3 d of deprivation weakens PW-evoked synaptic drive to L2/3,
even as PW-evoked spiking is increased, suggestive of a homeo-
static increase in L2/3 excitability.

PW-Evoked Excitation and Inhibition. To directly test how sub-
threshold synaptic input is altered by 3 d of deprivation, we
measured whisker-evoked synaptic currents in single L2/3 neu-
rons using blind whole-cell voltage clamp recordings in vivo (28).
Recordings were targeted by intrinsic signal optical imaging
to deprived D1 or D2 columns in deprived animals and control
D1, D2, E1, C1, and 8-columns in whisker-intact littermates.
Recordings were made in L.2/3 at 396 + 10 pm (range = 273-590
pm) subpial depth, with Cs gluconate, N-(2,6-dimethylphe-
nylcarbamoylmethyl)triethylammonium (QX-314) bromide,
and 1,2-bis(o-aminophenoxy)ethane- N,N,N’,N’-tetraacetic acid
(BAPTA) to promote voltage clamp. We presume that most cells
are pyramidal neurons, which are 90% of L2/3 neurons in this
depth range (29). For each cell, we determined the PW and
measured PW-evoked postsynaptic currents (WPSCs) at multiple
holding potentials (=90 to + 30 mV) using a standardized
whisker stimulus (2° up—down deflection, 550°/s) (Fig. S4). In-
clusion criteria included linear current-voltage (I-V) relation-
ship (Fig. S4) and initial resting membrane potential (Vrest) of <
—60 mV. We estimated whisker-evoked total synaptic conduc-
tance (Gtotal), inhibitory synaptic conductance (Gin), and ex-
citatory synaptic conductance (Gex) based on the parallel
conductance equation using standard methods (30, 31). Con-
ductance waveforms were calculated from 0 to 77 ms post-
stimulus, where I-V relations were most consistently linear.
Because of incomplete dendritic voltage clamp (32), these meas-
urements reflect apparent synaptic conductance at the soma. We
showed previously that this method (used in S1 slices) detects the
majority of L4-evoked excitation and somatic inhibition in 1.2/3
pyramidal cells (33).

We first compared 3-d deprived cells with age-matched con-
trols (Fig. 3). In control cells (n = 19; P24 + 1), PW-evoked

wPSCs and apparent synaptic conductances were small (median
peak Gtotal = 0.92 nS; median peak Gex = 0.67 nS; median peak
Gin = 0.42 nS), paralleling the weak spiking responses in 1.2/3 at
this age (34). Gex waveforms often showed slow dynamics, which
may reflect a predominance of recurrent excitation or NMDA
receptor currents. Three days of deprivation (n = 19 cells; P24 +
1) reduced PW-evoked Gtotal, Gex, and Gin relative to control
animals (Fig. 3 and Table 1). This reduction was true for both
integrated conductance (0-77 ms; reduced 51.5%, 55.0%, and
81.4% below control for Gtotal, Gex, and Gin, respectively) and
peak conductance (60.8%, 53.7%, and 71.4% for Gtotal, Gex,
and Gin, respectively). Thus, 3 d of deprivation depressed both
whisker-evoked excitation and whisker-evoked inhibition in 1.2/3
neurons. Recording depth, input resistance (Rinput), and series
resistance (Rseries) did not differ between control and deprived
cells (Table S1), but Vrest was slightly elevated in deprived cells
(see below).

To examine effects on E-I ratio, we plotted peak Gex vs. peak
Gin for each cell and observed an increase in excitation relative
to inhibition after deprivation (Fig. 44). To quantify this effect,
we calculated Gex fraction [Gex/(Gex + Gin)] for each individual
neuron (Fig. 4B). Gex fraction calculated from integrated con-
ductance was significantly increased after 3 d of deprivation
relative to age-matched controls [median (25th, 75th percentile);
CTL: 0.56 (0.42, 0.81); DEP: 0.85 (0.65, 0.94); P = 0.015, Wil-
coxon rank test]. Gex fraction calculated from peak conductance
also increased [CTL: 0.57 (0.43, 0.67); DEP: 0.77 (0.61, 0.88);
P = 0.009]. When Gex fraction was calculated millisecond by
millisecond during the response, a significant increase was found
from 25 to 77 ms poststimulus (the same late epoch when
whisker-evoked spikes were increased) (Fig. 4C). Thus, depri-
vation rapidly reduced whisker-evoked Gex in deprived columns
but reduced Gin even more strongly, leading to an increase in
E-I ratio. This effect, which co-occurred with increased whisker-
evoked spiking, indicates rapid disinhibition, which would func-
tion to homeostatically increase network excitability after loss of
PW-evoked sensory drive (9).
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Table 1. PW-evoked synaptic conductances in L2/3 neurons

Condition Cells Measurement Gtotal (nS) Gex (nS) Gin (nS)

CTL P23-P25 19 Peak (nS) 0.92 (0.72, 1.6) 0.67 (0.45, 1.0) 0.42 (0.30, 0.88)
Integral (nS x ms) 35.2 (29.2, 67.9) 25.3 (18.1, 34.4) 16.1 (6.6, 32.7)

DEP 3 d (P23-P25) 19 Peak (nS) 0.36 (0.14, 1.1)* 0.31 (0.20, 0.89)" 0.12 (0.05, 0.43)*
Integral (nS x ms) 7.1 (5.0, 51)* 11.4 (7.0, 34)" 3.0 (0.92, 13.4)*

CTL P27-P32 12 Peak (nS) 1.3 (0.88, 4.6) 0.73 (0.46, 2.1) 1.0 (0.44, 3.0)
Integral (nS x ms) 60.4 (36.9, 200) 25.4 (20.3, 70.4) 37.8 (13.7, 138)

DEP 7-10 d (P27-P32) 18 Peak (nS) 0.73 (0.22, 1.9)" 0.50 (0.17, 1.3)* 0.36 (0.07, 0.82)*

Integral (nS x ms)

28.9 (7.0, 83.5)"

16.1 (5.7, 51.2)*

8.3 (0.91, 29.7)*

*Significantly different from CTL: P < 0.01.
*Significantly different from CTL: P < 0.05.
*Trend: P < 0.07 (Wilcoxon rank test).

To better characterize the deprivation effect, we separately
analyzed early (0-25 ms) and late (25-77 ms) epochs in the PW
response (Fig. S5). In the early epoch, deprivation reduced in-
tegrated Gex and Gin similarly (median conductance value re-
duced to 0.26 and 0.09 of control, respectively; P < 0.01), and
Gex fraction was unchanged [CTL: 0.48 (0.37, 0.56); DEP: 0.55
(0.34, 0.81); P = 0.16]. In the late epoch, deprivation reduced
Gex modestly (0.60 of control; P < 0.05) and Gin substantially
(0.21 of control; P < 0.01), and Gex fraction was increased [CTL:
0.58 (0.45, 0.83); DEP: 0.86 (0.68, 0.97); P = 0.014]. Thus, both
excitation and inhibition were reduced throughout the response,
with a nonsignificant trend for greater reduction of early vs. late
Gex (P = 0.10). The early epoch showed parallel reduction of
Gex and Gin, which was associated with no change in PW-
evoked spiking, whereas the late epoch showed a preferential
reduction in Gin, which was associated with increased PW-
evoked spiking.

Disinhibition Persists After 7 d of Deprivation. Disinhibition could
occur transiently during the early homeostatic phase of plasticity
or persist during the later Hebbian weakening phase of plasticity.
To distinguish these possibilities, we measured whisker-evoked
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Fig. 4. Three-day deprivation increases E-l ratio. (4) Integrated Gex vs. Gin for
each cell in 3-d deprived rats and age-matched controls. Inset shows full pop-
ulation on log scale, and the main plot shows all but the six largest conduc-
tance cells on linear scale for better visualization. Solid lines mark population
medians. (B) Distribution of Gex fraction calculated from integrated and peak
conductance values for each cell. Medians (circles) are marked on cumulative
histograms (Top). (C) Moment by moment analysis of Gex fraction (1-ms bins)
averaged across all cells. Bars indicate time periods when Gex fraction was
significantly increased in deprived cells by running t test. P < 0.05; **P < 0.01.
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synaptic conductance after 7-10 d of deprivation vs. in age-
matched whisker-intact control rats (P27-P32) (Fig. S6). In
control animals (n = 12 cells), Gtotal, Gex, and Gin were slightly
but not significantly greater than at P24 + 1 (P > 0.07) (Table 1).
In rats with 7-10 d of deprivation (n = 18 cells), PW-evoked
Gtotal and Gin were reduced (integral: 52.2% and 78.0% less
than age-matched controls; peak: 43.8% and 64%; P < 0.05), and
there was a trend for reduction of Gex (integral: 36.6% less then
control; peak: 31.5%; P < 0.07) (Table 1). The effect on Gex
fraction was similar to 3 d of deprivation but only significant at
trend level (Gex from integrated conductance: P = 0.052; from
peak: P = 0.073) (Fig. S6D). Gex fraction calculated millisecond
by millisecond during the whisker response showed significant
disinhibition late in the response, again similar to 3 d of depri-
vation (Fig. S6F). Recording depth, Rinput, and Rseries were
not different between deprived and control cells (Table S1).
Vrest was unchanged after 7-10 d of deprivation (CTL: —71.2 +
0.7 mV, n = 24 cells; DEP: —=70.4 + 1.2 mV, n = 18 cells; P =
0.21, Wilcoxon rank test). Thus, disinhibition was largely sus-
tained during the later Hebbian phase of plasticity, and both
early homeostatic and later Hebbian phases of plasticity involved
weakening of both excitation and inhibition. Although the rela-
tive latency of Gex and Gin strongly impacts sensory-evoked
spiking (35), deprivation did not alter the relative timing of Gex
vs. Gin onset (mean Gex — Gin latency difference, CTL: 1.9 +
0.8 ms; DEP: 2.3 + 1.7 ms for 3 and 7-10 d data combined).

Synaptic Scaling and Intrinsic Excitability. To determine whether
rapid homeostasis also involves synaptic scaling (2) or increased
intrinsic excitability in L.2/3 pyramidal cells (8), we made whole-
cell recordings from visually identified L2/3 pyramidal cells in ex
vivo S1 brain slices prepared from D row-deprived rats (onset:
P19-P21, duration: 3 d) and age-matched, sham-deprived lit-
termates. We targeted recordings to visualized D columns (21, 36).
To examine synaptic scaling, AMPA receptor-mediated miniature
excitatory postsynaptic currents (mEPSCs; 200-300 per cell) were
isolated using TTX (0.5 pM), picrotoxin (100 pM), and D-amino-
5-phosphonovaleric acid (50 pM) and recorded at 30 °C at —90
mV. mEPSC amplitude and frequency distributions were identical
between D columns in deprived (n = 8 cells) and sham (n = 10
cells) slices (P = 0.28 and P = 0.92, respectively), and mEPSC
kinetics were also identical (Fig. 54). Example mEPSCs are shown
in Fig. S7. Identical results were obtained in additional cells at 22—
25 °C (n =9 deprived and 10 sham cells) (Fig. S7). Thus, synaptic
scaling was not detectable with brief deprivation. NMDA current
kinetics were also unchanged (Fig. S7).

Three-day deprivation depolarized Vrest for both L.2/3 neu-
rons in vivo (CTL: —70.1 + 0.9 mV, n = 35 cells; DEP: —67 = 1.1
mV, n = 26 cells; P = 0.016, Wilcoxon rank test) and L2/3 py-
ramidal cells in D columns in brain slices, which were measured
either with synaptic transmission intact (SHAM: —74.0 = 0.9 mV,
n = 19 cells; DEP: —70.7 + 1.0 mV, n = 22 cells; P < 0.02) or
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Fig. 5. Lack of synaptic scaling and reduction in intrinsic excitability. (A)

mEPSCs are not altered in D columns by 3-d deprivation. From left to right,
mean mMEPSC amplitude, mean interevent interval, cumulative amplitude
distribution, and mean mEPSC waveforms (n = 10 control and n = 8 deprived
cells) are shown. (B) Cumulative distribution and medians (circles) of Vrest
for (Left) L2/3 neurons in vivo and visually identified L2/3 pyramidal cells in D
column of S1 slices (Center) without and (Right) with synaptic blockers.
Points and error bars show mean + SEM. (C and D) Example spike trains and
relationship between firing rate and injected current for sham D and de-
prived D columns, measured in synaptic blockers.

in the presence of synaptic blockers of fast GABAergic and
glutamatergic transmission (picrotoxin, 100 pM; 2,3-dioxo-6-nitro-
1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide, 10 pM; D-
APV, 50 uM; SHAM: —-72.4 + 0.68 mV, n = 16 cells; DEP: —69.4 +
1.1 mV, n = 22 cells; P = 0.04) (Fig. 5B). Deprivation did not alter
input resistance (this measurement and all subsequent meas-
urements in synaptic blockers: SHAM: 74.8 + 4.7 MQ, n = 16
cells; DEP: 75.2 + 5.2 MQ, n = 22 cells; P = 0.95, ¢ test) or Ih as
measured by Vm sag ratio (P = 0.92) (Fig. S7).

Despite elevated Vrest, the somatic current required to elicit
a single spike (rheobase) was unchanged after deprivation
(SHAM: 251.2 + 14 pA, n = 13 cells; DEP: 256.9 + 14 pA,n =12
cells; P = 0.77). Above rheobase, however, the relationship be-
tween firing rate and injected current was depressed in deprived
D columns relative to sham D columns (ANOVA P = 0.004)
(Fig. 5 C and D). Reduced intrinsic excitability has also been
observed previously after whisker deprivation (37) and periph-
eral denervation (38). The reduced firing rate was associated
with increased spike width (ANOVA P = (0.012) but no change in
spike threshold (Fig. S7) or amplitude of afterhyperpolarization
after each spike in the train (P = 0.7).

Thus, brief deprivation did not induce synaptic scaling but did
induce three rapid effects in L.2/3 of deprived columns: a substantial
reduction in whisker-evoked inhibition, a smaller reduction in ex-
citation, and a modest reduction in intrinsic spiking excitability.

Discussion

Prior studies reported an unexplained delay (up to 7 d) between
the onset of whisker row deprivation and the Hebbian loss of
spiking responses to deflection of deprived whiskers (20, 24).
Our results show that this delay represents not an absence of
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plasticity but a period of active homeostasis, in which network
excitability is rapidly increased in L2/3 of deprived S1 columns to
compensate for the Hebbian loss of whisker-evoked excitation.
This homeostasis is substantial enough to maintain (and even
slightly increase) whisker-evoked 1L2/3 firing rate and maintain
normal spontaneous activity, despite a significant concurrent
reduction in synaptic excitation in L2/3. Thus, rapid homeostasis
maintains constant cortical activity for several days after altered
sensory use, as proposed theoretically (1).

Brief (3-d) deprivation weakened whisker-evoked inhibition
more than excitation, thus increasing E-I ratio in L2/3 neurons.
Thus, disinhibition is a major component of rapid homeostasis in
S1. Disinhibition and other inhibitory circuit modifications are
well-known after sustained deprivation in visual cortex (7, 8, 11, 39—
41) and S1 (33, 42-44). Rapid disinhibition (i.e., before the onset of
classical Hebbian response plasticity) is proposed as an early step in
lesion-induced adult plasticity in S1 (45) and tone-shock condi-
tioning in auditory cortex (46), and it was recently observed in vi-
sual cortex after visual deprivation (10, 16). Our results show that
this same phenomenon acts to maintain stable spiking in S1. Dis-
inhibition was previously observed in S1 in cortical columns cor-
responding to spared whiskers, where it promotes subsequent steps
in whisker map plasticity (9), but the current results demonstrate
disinhibition in deprived columns, where it mediates sensory re-
sponse homeostasis. The rapid functional reduction in sensory-
evoked inhibition is consistent with rapid pruning of GABAergic
neuron dendrites and axons after sensory deprivation or a delay in
GABAergic synapse maturation (17, 47, 48).

A likely circuit locus for disinhibition in L.2/3 of deprived S1
columns is within the local L2/3 recurrent network, where sustained
deprivation (>5 d) is known to weaken recurrent inhibition more
than excitation (43). In contrast, feedforward 14-1.2/3 excitation
and inhibition are weakened equally, on average, by sustained
deprivation (33). Preferential disinhibition in the recurrent network
would explain the current finding that whisker-evoked Gex fraction
and spiking are selectively increased at long poststimulus latencies
(Figs. S1 and S6). In visual cortex, rapid disinhibition is mediated by
reduced excitation onto L2/3 parvalbumin-positive interneurons
(10, 16), which may also be the case in S1 (33).

Brief deprivation modestly decreased intrinsic excitability in
L2/3 pyramidal cells, despite elevating Vrest. These effects were
small (5-10% change relative to controls) relative to the re-
duction in whisker-evoked inhibition (~70-80% reduced from
controls), suggesting that disinhibition is the dominant effect.
Homeostatic synaptic scaling was absent at 3 d of deprivation,
consistent with the relatively slow dynamics of scaling observed
in V1 (4, 49). How the initial homeostatic increase in whisker-
evoked spiking responses after deprivation is transformed to
subsequent Hebbian depression is unclear, because Gex and Gin
were reduced similarly after 3 vs. 7-10 d of deprivation (Fig. S6).
Possibilities include additional reduction of intrinsic excitability
at 7-10 d and changes in distal excitatory or inhibitory inputs that
could not be detected in our whole-cell recordings in vivo.

We note several functional advantages of disinhibition as a
mechanism of network homeostasis. First, disinhibition will
achieve higher network firing rates with less total synaptic current
than global homeostatic strengthening of excitatory synapses and
thus, may be more efficient metabolically. Second, because in-
hibitory neurons innervate nearly all local pyramidal cells (50, 51),
decreased excitatory drive to a few interneurons may regulate an
entire local network uniformly. Third, disinhibition powerfully
promotes dendritic depolarization and spiking and therefore, may
gate subsequent Hebbian synaptic potentiation during map plas-
ticity (9, 10). Indeed, this gating of plasticity, rather than acute
restoration of sensory representation, may be the primary role of
disinhibition (52). Fourth, in cases where specific interneurons are
tuned to specific sensory features (53), feature-specific homeo-
stasis could be implemented by disinhibition within the specific
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interneuron class. Consistent with this idea, 3 d of deprivation
homeostatically increased spiking responses to deprived PWs but
reduced responses to spared surround whiskers (Fig. 1G). This
finding is consistent with prior results (24) and not consistent with
global homeostasis mediated by synaptic scaling (2, 13).

Materials and Methods

Long-Evans rats (P19-P36) were used. Procedures were approved by the Uni-
versity of California at Berkeley Animal Care and Use Committee and meet
National Institutes of Health guidelines. Whiskers (D1-D6 and y) were deprived
unilaterally by trimming, and control animals were sham-trimmed littermates.
In vivo recording was performed under urethane anesthesia. Standardized
whisker deflections were applied 3 mm from the face in both control and
deprived rats. Single-unit LFP and whole-cell recordings were targeted by ISOI
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percentile). Conductance values were nonnormally distributed and compared
by nonparametric tests. Detailed methods are in SI Materials and Methods.
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