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STAT1 Regulates the Homeostatic Component of Visual
Cortical Plasticity via an AMPA Receptor-Mediated

Mechanism

Ikue Nagakura, Audra Van Wart, Jeremy Petravicz, Daniela Tropea, and Mriganka Sur
Department of Brain and Cognitive Sciences and Picower Institute for Learning and Memory, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139

Accumulating evidence points to a role for Janus kinase/signal transducers and activators of transcription (STAT) immune signaling in
neuronal function; however, its role in experience-dependent plasticity is unknown. Here we show that one of its components, STAT1,
negatively regulates the homeostatic component of ocular dominance plasticity in visual cortex. After brief monocular deprivation (MD),
STAT1 knock-out (KO) mice show an accelerated increase of open-eye responses, to a level comparable with open-eye responses after a
longer duration of MD in wild-type (WT) mice. Therefore, this component of plasticity is abnormally enhanced in KO mice. Conversely,
increasing STATI signaling by IFNy treatment in WT mice reduces the homeostatic component of plasticity by impairing open-eye
responses. Enhanced plasticity in KO mice is accompanied by sustained surface levels of GluA1 AMPA receptors and increased amplitude
and frequency of AMPA receptor-mediated mEPSCs, which resemble changes in WT mice after a longer duration of MD. These results
demonstrate a unique role for STAT1 during visual cortical plasticity in vivo through a mechanism that includes AMPA receptors.
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Introduction

There is growing evidence that classical immune molecules con-
tribute to neuronal function, although the function of these mol-
ecules in the developing brain, particularly in modulating
experience-dependent synaptic plasticity, is not well understood.
Ocular dominance (OD) plasticity in primary visual cortex (V1)
induced by visual monocular deprivation (MD) is a well estab-
lished model of experience-dependent plasticity (Hubel and Wi-
esel, 1970; Gordon and Stryker, 1996; Antonini et al., 1999). OD
plasticity in mouse V1 is composed of two components: (1) an
initial decrease of responses from the deprived eye that occurs
after a short period (3—4 d) of MD, followed by (2) an increase of
responses from the open eye after a longer period (5-7 d) of MD
(Frenkel and Bear, 2004; Kaneko et al., 2008; Sato and Stryker,
2008; McCurry et al., 2010). The latter component of plasticity is
noteworthy; it involves a change in eye-specific cortical drive
despite no change in visual drive and is thus an internally driven
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“homeostatic” response of cortical synapses and circuits to visual
deprivation (Turrigiano and Nelson, 2004; Keck et al., 2013).

A previous mRNA microarray screen showed that a compo-
nent of immune signaling cascades, Janus kinase (JAK) and signal
transducers and activators of transcription (STAT) signaling, was
regulated in V1 after long-term MD during the critical period
(Tropea et al., 2006). JAK/STAT signaling is initiated by a cyto-
kine binding to its corresponding receptor, which then activates
the JAK family of kinases. The JAKs (JAK1-JAK3 and tyrosine
kinase TYK2) in turn mediate phosphorylation of STATSs
(STAT1-STAT4, STAT5a, STAT5b, and STAT6), which then
translocate to the nucleus to induce transcription of immune-
related genes, including STAT genes themselves (Darnell et al.,
1994; Kisseleva et al., 2002). Here, we investigated the role of
STAT1 in experience-dependent cortical plasticity in mouse V1
and found a novel role and mechanism for STAT1 in regulating
the homeostatic component of OD plasticity.

Materials and Methods

Animals. STAT1 knock-out (KO) mice on a 129/SvEv background were
purchased (Taconic) when they were 3 weeks old and were maintained in
their home cage until experiments. Age- and strain-matched 129/SvEv
mice (Taconic) were used as wild-type (WT) controls. Male mice were
used throughout the study, except for protein measurements during de-
velopment (Fig. 1A) in which both males and females were used. We
found no difference in two WT strains, C57BL/6 (The Jackson Labora-
tory or Taconic) and 129/SvEv, in STAT1 protein measurements; we thus
used data from both in preparing Fig. 1A.

MD. For MD by eyelid suture, animals [aged approximately postnatal
day 23 (P23) to P26] were anesthetized with either avertin (0.016 ml/g,
i.p.) or isoflurane (2—4%), and the eyelid margins were trimmed. Upper
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Anterograde labeling of retinal ganglion ax-
ons. Mice during the critical period were anes-
thetized with isoflurane, and 2 ul of cholera
toxin subunit B (CTB) conjugated to Alexa
Fluor 488 was injected into the ipsilateral eye

and Alexa Fluor 594 into the contralateral eye
(1 mg/ml; Invitrogen). After 6 d, animals were
perfused, the brains were removed and post-
fixed overnight at 4°C, and 40 um coronal sec-
tions were cut with a vibratome (VT1200S;
Leica). Sections were mounted on glass slides
and coverslipped for imaging on a Zeiss LSM
510 confocal microscope.

Intrinsic signal optical imaging. Mice were
anesthetized with urethane (1.5 mg/g, i.p.) and
chlorprothixene (10 mg/kg, i.p.). The skin was
excised and the skull was exposed over V1. A
head plate was used to fix the head and mini-
mize movements. The cortex was covered with
agarose solution (1.5%) and a glass coverslip.
Red light (630 nm) was used to illuminate the
cortical surface, and the change of luminance
was captured by a CCD camera (Cascade 512B;
Roper Scientific) during the presentation of vi-
sual stimuli (custom MATLAB scripts). An
elongated horizontal white bar (9° X 72°) over
a uniformly gray background was drifted up-
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Figure 1.

and the values were normalized to no MD. Averaged data are presented as mean = SEM.

and lower lids were sutured closed, and the eyelids were regularly exam-
ined to ensure that they remained closed for the duration of the experi-
ment. MD lasted either 4 or 7-8 d. Before the optical imaging
experiment, the suture was removed, and the deprived eye was reopened
while the animal was under anesthesia. For experiments in Figure 3, IFNy
(830 U/g, or 2 ug, i.p.; Sigma-Aldrich) was injected once a day for the
duration (7 d) of MD, based on the concentration that has been shown to
penetrate the brain (Htain et al., 1997).

7d MD

Developmental and deprivation-induced changes in STAT1 expression in visual cortex. A, STAT1 protein levels at
various postnatal ages (n = 8 animals for each age; **p << 0.01vs P11). B3-Actin was used as a loading control, and the values were
normalized to P11. B, Schematic drawing of an experimental paradigm for 4 and 7 d MD during the critical period (top). STAT1
protein levels after 4 or 7.d MD (n = 7-9 animals for each condition; *p << 0.05 vs no MD). GAPDH was used as a loading control,

central dimension of the visual field. After
moving to the last position, the bar would
jump back to the initial position and start an-
other cycle of movement; thus, the chosen re-
gion of visual space (72° X 72°) was stimulated
in a periodic manner (12 s/cycle). Images of the
visual cortex were continuously captured at the
rate of 18 frames/s during each stimulus ses-
sion of 22 min. A temporal high-pass filter (135
frames) was used to remove slow noise compo-
nents, after which the temporal fast Fourier
transform (FFT) component at the stimulus
frequency (9s ') was calculated pixel by pixel
from the entire set of images. The amplitude of
the FFT component was used to measure the
strength of visually driven response for each
eye, and the OD index (ODI) was derived from
the response of each eye (R) at each pixel as
ODI = (Rcontra — Ripsi)/(Rcontra + Ripsi).
The binocular zone was defined as the cortical
region that is driven by both eyes. The response
amplitude for each eye was defined as frac-
tional changes in reflectance over baseline re-
flectance (AR/R X 10 %), and the top 50%
pixels were analyzed to avoid background con-
tamination.

Protein measurements. V1 contralateral to
the deprived eye was removed and snap-frozen
with dry ice. The brains were homogenized in
RIPA buffer (Invitrogen) containing protei-
nase and phosphatase inhibitors (Roche). For
Western blot, equal amounts of protein were
loaded on a precast gel and transferred to a
PVDF membrane. The membrane was blotted
with antibodies against STAT1a (ab2071; Abcam), B-actin (A1978;
Sigma-Aldrich), GAPDH (ab9484; Abcam), GluA1 (04-855, clone C3T;
Millipore), and pan-Cadherin (ab6529; Abcam).

Cell surface biotinylation assay. The levels of cell surface GluAl were
measured using a biotinylation assay as described previously (Thomas-
Crusells et al., 2003; McCurry et al., 2010). Briefly, mice were anesthe-
tized using isoflurane, and the brain was rapidly dissected out. A
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STAT1 KO mice show enhanced OD plasticity though an accelerated increase in open-eye responses. A, Projections from the retina to the dLGN after CTB injections into each eye (red,

contralateral; green, ipsilateral) in WT and STAT1 KO mice. Scale bars, 200 rem. B, Schematic drawing of optical imaging (left) and images of retinotopic maps (right) in V1in response to stimulation
of the contralateral (Contra) and ipsilateral (Ipsi) eyes. BZ, Binocular zone. Scale bars, 500 rum. €, Response amplitude maps in V1 (top) and their quantification (bottom) for the contralateral and
ipsilateral eyes after 4 or 7 d MD of the contralateral eye during the critical period (WT no MD, 4 d MD, and 7 d MD, n = 10, 7, and 4 animals, respectively; STAT1 no MD, 4 d MD, and 7d MD, n = 10,
8, and 4 animals, respectively). Scale bars, 500 wm. D, ODI values in WT and STAT1 KO mice. In Cand D, individual data points are plotted as circles, and asterisks above bars show statistical
significance compared with no MD in each group. Averaged data are presented as mean == SEM. *p << 0.05, **p << 0.01, ***p < 0.001.
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IFNy reduces OD plasticity in WT mice by impairing open-eye responses. A, 0Dl in WT mice during the critical period with no MD, 7 d MD, or 7 d MD with additional concurrent IFNy

treatment (no MD, 7d MD, and 7 d MD plus IFN-y, n = 10, 4, and 4 animals, respectively). B, Response amplitude for the contralateral (Contra) and ipsilateral (Ipsi) eyes in WT mice. ¢, ODI in STAT1
KO mice with the same treatment asin A (no MD, 7d MD, and 7 d MD plus IFN-y, n = 10,4, and 3 animals, respectively). D, Response amplitude for the contralateral and ipsilateral eyes in STAT1KO
mice. In A-D, individual data points are plotted as circles, and asterisks above bars show statistical significance compared with no MD in each group. Averaged data are presented as mean =+ SEM.

*p < 0,05, **p < 0.01, ***p < 0,001,

vibratome was used to make 300 wm coronal sections containing V1.
Slices were incubated in 100 um S-NHS-SS-biotin (Sigma-Aldrich) for
45 min on ice. The superficial layers of V1 were dissected out and ho-
mogenized in RIPA buffer. The homogenate was centrifuged, and the
supernatant was incubated with streptavidin beads (Thermo Fisher Sci-
entific) overnight at 4°C. The beads were then processed for Western
blotting.

Slice electrophysiology. Mice were anesthetized with isoflurane. The
brain was rapidly removed and sliced coronally at a thickness of 300 wm
with a vibratome in slicing buffer (in mm: 130 choline chloride, 25 glu-
cose, 1.25 NaH,PO,, 26 NaCHO;, 2.5 KCl, 7 MgCl,, and 0.5 CaCl,)
bubbled with 95% O, and 5% CO,. Slices were given a minimum of 60
min of incubation in room-temperature ACSF (in mm: 130 NaCl, 10
glucose, 1.25 NaH2PO,, 24 NaCHO;, 3.5 KCl, 2.5 CaCl,, and 1.5 MgCl,)
before patching. For recording of AMPA receptor (AMPAR)-mediated
mEPSCs, whole-cell patch clamp of layer II/III pyramidal neurons in the
binocular region of V1 was performed using pipettes (4—7 M() resis-
tance) filled with an internal solution [in mm: 100 K-gluconate, 20 KCI,
0.5 EGTA, 10 NaCl, 10 Na-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP,
and 10 HEPES, pH 7.2-7.3 (with 1 M KOH)]. Neurons were recorded at
room temperature (25°C) in ACSF containing 1 um TTX, 50 um AP-5,
and 50 uMm picrotoxin to isolate AMPAR-mediated currents and voltage
clamped at a membrane potential of —70 mV. mEPSCs were recorded
using a Multiclamp 700B amplifier (Molecular Devices) at 10 kHz, fil-
tered at 2 kHz, and analyzed with Clampfit 10.2 software (Molecular

Devices). Whole-cell membrane currents were recorded for 10 min. For
detection of mEPSCs, a detection template for each cell was constructed
from four to six events intrinsic to each recording. Traces were analyzed
in template search mode in Clampfit 10.2, with a template match thresh-
old of 4—4.5 to reduce false positives. All events were detected automat-
ically and edited after detection by eye to remove events that were
erroneous matches or duplicate events. ALl mEPSC events were included
in the analysis of event parameters.

Statistical analyses. A two-tailed unpaired Student’s ¢ test was used for
comparisons between two means. For comparing more than two means
(Figs. 2, 3), a one-way or two-way ANOVA was used, followed by post hoc
pairwise comparisons with either Tukey’s test (comparing three means
within a group) or Bonferroni’s correction (comparing two means be-
tween groups). Statistics for cumulative probability distributions were
performed using the Kolmogorov—Smirnov (K-S) test. All averaged data
are presented as mean = SEM.

Results

Developmental and deprivation-induced changes in STAT1
expression in visual cortex

We measured developmental changes in the expression of
STAT1 protein extracted from V1. The levels of STATI in-
creased after eye opening (P18-P19) and remained high dur-
ing the peak of the critical period for OD plasticity (P28)
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Figure 4.  STAT1 KO mice show enhanced surface expression and synaptic function of AMPARs
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after 4 d MD. A, Cell surface protein levels of GluA1 (n = 4-5 animals for each condition).

Pan-Cadherin was used as a loading control for surface proteins, and the values were normalized to the no MD condition of each genotype. B, Top, Representative traces of AMPAR-mediated mEPSCs.

Each asterisk shows an individual mEPSC. Bottom, Average mEPSC waveforms from representative n
middle, Cumulative probabilities of mEPSC peak amplitude. Right, Average peak amplitude for mEP

eurons in all conditions with an overlay of WT7 d MD and KO 4 d MD at the far right. C, Left and
SCs. D, Left and middle, Cumulative probabilities of mEPSC interevent interval. Right, Average

frequency for mEPSCs. WT no MD, 4 d MD, and 7 d MD, n = 12 (4), 8 (4), and 15 (6) cells (animals), respectively; STAT1 no MD, 4 d MD, and 7 d MD, n = 11 (3), 9 (4), and 6 (3) cells (animals),

respectively. In 4, asterisks above a bar show statistical significance compared with WT no MD. Aver.

through adulthood (older than P60) compared with the levels
before eye opening (P11; ¢ test, p < 0.01 vs P11; Fig. 1A),
suggesting that expression of STAT1 is developmentally regu-
lated and visual experience may drive its expression. To deter-
mine whether STAT1 is regulated by visual experience, we

aged data are presented as mean = SEM.*p << 0.05, **p < 0.01.

examined STAT1 expression after MD. During the peak of the
critical period, the levels of STAT1 were significantly increased
after 4 d MD (ztest, p < 0.05 vs no MD) and returned to alevel
close to baseline after 7d MD (Fig. 1B). These results demon-
strate that STAT1 expression is rapidly altered after short-
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Table 1. Rise time and decay kinetics of mEPSCs
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Kinetics WT no MD WT4dMD WT7dMD KO no MD KO 4dMD KO7dMD
Rise time (ms) 1.52 = 0.08 1.44 = 0.10 133 £0.06 143 =0.10 1.40 = 0.13 1.50 == 0.05
Decay tau (ms) 8.23 £0.70 9.70 £ 1.50 8.0 £ 0.42 7.27 £0.96 897 £1.45 8.80 £ 0.94

Rise time and decay tau kinetics are not significantly different in all conditions. All data are presented as mean = SEM.

term MD. Increased expression of STAT1 after 4 d MD suggests a
permissive or regulatory role for STAT1 in OD plasticity.

STAT1 KO mice show enhanced OD plasticity through an
accelerated increase in open-eye responses

To determine the role of STAT1 in OD plasticity, we investigated
STAT1 KO mice using optical imaging of intrinsic signals. These
mice are known to have normal development, except for suscep-
tibility to infection (Meraz et al., 1996). STAT1 KO mice showed
normal retina to dLGN projections with little overlap between
the contralateral and ipsilateral eye projections (Fig. 2A); the
mice also had normal retinotopic maps and binocular organiza-
tion in V1 (Fig. 2B). We measured eye-specific responses after
suturing the contralateral eye for either 4 or 7 d during the critical
period. In WT mice, 4 d MD led to a significant decrease in
contralateral (closed) eye responses (one-way ANOVA, F, 4 =
4.421, p = 0.0274, Tukey’s test, p < 0.05 vs no MD) without
affecting ipsilateral (open) eye responses, whereas 7 d MD led to
a significantly increased response from the open eye (one-way
ANOVA, F, 1, = 4.937, p = 0.0195, Tukey’s test, p < 0.05 vs no
MD and vs 4 d MD; Fig. 2C); this was consistent with previous
findings (Frenkel and Bear, 2004; Kaneko et al., 2008; Sato and
Stryker, 2008; McCurry et al., 2010). In STAT1 KO mice, a de-
crease of closed-eye responses occurred as in WT mice after 4 d
MD (one-way ANOVA, F, ;) = 6.859, p = 0.0057, Tukey’s test,
p < 0.01 vs no MD; Fig. 2C); however, a significant increase of
open-eye responses was already observed after 4 d MD (one-way
ANOVA, F, |4y = 9.608, p = 0.0013, Tukey’s test, p < 0.05 vs no
MD). Both WT and KO mice showed a significant shift in the
ODI toward the open eye after 4 and 7 d MD: a two-way ANOVA
yielded a main effect for the duration of MD (F, 5, = 24.71,p <
0.0001; simple effects within WT, Tukey’s test, p < 0.05 for no
MD vs 4 d MD, p < 0.001 for no MD vs 7 d MD; simple effects
within KO, Tukey’s test, p < 0.001 forno MD vs 4d MD, p < 0.01
for no MD vs 7 d MD; Fig. 2D). There was a significant difference
between ODIs for WT and KO mice after 4 d MD (p < 0.05
between 4 d MD ODIs in WT and KO with Bonferroni correc-
tion; Fig. 2D) due to the increased open-eye responses in KO mice
(t test, p < 0.05 between 4 d MD open-eye responses in WT and
KO; Fig. 2C). Interestingly, in KO mice after 7 d MD, closed-eye
responses were strengthened compared with 4 d MD to a level
comparable with control (Tukey’s test, p < 0.05 vs 4 d MD),
suggesting that STAT1 KO mice have strong enough homeostatic
plasticity to bring closed-eye responses back to pre-MD levels.

IFNy reduces OD plasticity in WT mice by impairing open-
eye responses

We next examined the effect of increasing STAT1 signaling by
applying interferon gamma (IFNy), a specific activator of STAT1
signaling (Meraz et al., 1996; Ramana et al., 2002), in WT mice
and observing the effect on the homeostatic component of plas-
ticity after 7 d MD. The shift in ODI observed after 7 d MD was
blocked by daily IFNy injection for 7 d (one-way ANOVA, F, 5,
= 11.83, p = 0.0008, Tukey’s test, p < 0.0001 for no MD vs 7 d
MD, p < 0.05 for 7 d MD vs 7 d MD plus IFNy; Fig. 3A). The
IFN'y treatment impaired open-eye responses observed after MD

(one-way ANOVA, F, |5, = 19.47, p < 0.0001, Tukey’s test, p <
0.001 for 7d MD vs 7 d MD plus IFNy) without affecting closed-
eye responses (Fig. 3B). Interestingly, IFNy treatment decreased
open-eye responses compared with the control condition
(Tukey’s test, p < 0.01 vs no MD), suggesting that IFNy has an
inhibitory effect on the basal response. The effect of IFNvy was
likely to be mediated through STAT1 because the same treatment
did not block the ODI shift observed in STAT1 KO mice (one-
way ANOVA, F(, ., = 8.082, p = 0.0046, Tukey’s test, p < 0.01
for no MD vs 7d MD, p < 0.05 for no MD vs 7 d MD plus IFNy;
Fig. 3C), nor did it affect the response amplitudes for the closed
and open eyes in these mice (Fig. 3D). These results thus demon-
strate that activating STAT1 through IFNy blocks the strength-
ening of open-eye responses, consistent with the proposal that
STAT1 negatively regulates the homeostatic component of OD
plasticity.

STAT1 KO mice show enhanced surface expression and
synaptic function of AMPARs after 4 d MD

We next sought to examine the mechanism underlying STAT1
regulation of the homeostatic component of OD plasticity.
AMPARSs are of particular interest because of their known roles in
homeostatic plasticity (Turrigiano and Nelson, 2004). AMPARs
regulate plasticity via surface insertion and internalization, i.e.,
trafficking (Anggono and Huganir, 2012). In particular, GluA1
subunits mediate deprived-eye depression through increased in-
ternalization (McCurry et al., 2010). Conversely, it is possible
that GluA1 surface insertion mediates open-eye potentiation. We
thus measured surface levels of GluAl to determine whether
changes in surface GluAl expression levels could explain en-
hanced plasticity in STAT1 KO mice. There was no difference in
surface GluAl levels in the basal, non-deprived condition be-
tween WT and STAT1 KO mice. As expected, WT mice showed
reduced levels of surface GluA1 after 4 d MD (¢test, p < 0.01 vs no
MD; Fig. 4A), consistent with increased GluAl internalization
(McCurry et al., 2010). After 7d MD, levels of GluA1 returned to
control levels, consistent with the proposal that GluA1 surface
insertion mediates open-eye potentiation. However, in KO mice,
there was no overall change in surface GluA1 after either 4 or 7 d
MD, resulting in significantly more surface GluA1 after 4 d MD
compared with WT mice (ttest, p < 0.05vs WT 4 d MD; Fig. 4A).
Sustained surface levels of GluA1 may lead to enhanced synaptic
AMPAR function in KO mice, which may underlie enhanced
open-eye potentiation and plasticity in these mice.

To examine this, we recorded AMPAR-mediated miniature
excitatory postsynaptic currents (mEPSCs) from layer 2/3 pyra-
midal neurons in the binocular region of V1. WT and STAT1 KO
mice showed no significant difference in the mean values of peak
amplitude nor frequency at baseline (no MD). However, after 4 d
MD, mEPSCs recorded from KO mice showed significant in-
creases for both peak amplitude and frequency compared with
WT mice (t test, p < 0.01 for peak amplitude vs WT 4 d MD, p <
0.05 for frequency vs WT 4 d MD; Fig. 4C,D). After 7d MD, both
mEPSC amplitude and frequency of WT neurons significantly
increased compared with 4 d MD (f test < 0.05 for both peak
amplitude and frequency). There was no increase in either pa-
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rameter in KO neurons, indicating no additional alterations of
synaptic function in KO mice after 7 d MD. The mean values and
the mEPSC waveforms of KO mice after 4 d MD were similar to
those of WT mice after 7 d MD (Fig. 4B—D), indicating that KO
mice show enhanced AMPAR-mediated synaptic function after
4 d MD that is evident in WT mice only after 7 d MD. Rise time
and decay tau kinetic parameters of mEPSCs were not signifi-
cantly different between WT and KO mice comparing these (or
any) conditions (Table 1). Cumulative probability distributions
for mEPSC peak amplitude show that 4 d MD significantly
shifted the population toward smaller amplitudes and 7 d MD
toward larger amplitudes in WT mice (K-S test, p < 0.0001 for no
MD vs 4 d MD and for no MD vs 7 d MD; Fig. 4C). Similarly,
cumulative probability distributions for interevent interval
showed a shift toward larger intervals after 4 d MD but toward
smaller intervals after 7d MD (K-S test, p < 0.0001 for no MD vs
4dMD, p < 0.05 for no MD vs 7 d MD; Fig. 4D). In contrast, KO
mice displayed a significant shift toward larger amplitudes and
smaller interevent intervals after 4 d MD (K-S test, p < 0.0001 for
no MD vs 4 d MD and for no MD vs 7 d MD for both peak
amplitude and interevent interval; Fig. 4C,D), bypassing the re-
ductions in amplitude and frequency observed in WT mice after
4 d MD. Collectively, the analysis of mEPSCs is consistent with
STAT1 KO mice exhibiting an accelerated time course of homeo-
static plasticity in response to MD.

Discussion

In this study, we have identified STAT1 as an important negative
regulator of the homeostatic component of experience-
dependent plasticity. STAT1 KO mice show enhanced OD plas-
ticity attributable to an accelerated increase in open-eye
responses after 4 d MD, whereas increasing STAT1 signaling by
exogenous IFNvy in WT mice impairs open-eye responses and
reduces OD plasticity after 7 d MD. Moreover, closed-eye re-
sponses return back to control levels after 7d MD in STAT1 KO
mice, suggesting that these mice have stronger homeostatic plas-
ticity. An AMPAR-mediated mechanism contributes to en-
hanced plasticity in STAT1 KO mice: cell surface expression and
synaptic function of AMPARs after 4 d MD in KO mice closely
resemble those after 7 d MD in WT mice, when homeostatic
plasticity normally becomes evident. This finding is consistent
with a recent study demonstrating that GluAl is required for the
homeostatic component of OD plasticity: GluA1 KO mice lack
open-eye potentiation, but do have closed-eye depression similar
to WT mice (Ranson etal., 2013). STAT1 KO mice, which display
an accelerated increase in open-eye responses with a normal re-
duction in closed-eye responses after 4 d MD, show sustained
surface levels of GluA1. It is possible that both internalization and
insertion of GluAl are taking place in STAT1 KO mice, while
insertion only takes place after 7 d MD in WT mice. Another
interpretation is that GluA1 internalization is blocked in STAT1
KO mice. While GluAl internalization appears to underlie
closed-eye depression in WT mice, it is possible that a separate
mechanism may mediate depression of closed-eye responses in
GluA1 KO or STAT1 KO mice.

We found increases in both AMPAR-mediated mEPSC am-
plitude and frequency in KO mice after 4 d MD, which resemble
those in WT mice after 7 d MD. Although an increase in mEPSC
amplitude indicates more AMPARs at given postsynaptic sites, an
increase in mEPSC frequency indicates either an increased num-
ber of AMPAR-containing functional synapses or an increased
probability of neurotransmitter release from presynaptic sites.
The former possibility is interesting: for example, PSD-95 KO
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mice show a reduction in mEPSC frequency, which reflects a
reduced number of AMPAR-containing “functional” synapses
(i.e., more “silent” synapses) rather than a reduction in the prob-
ability of neurotransmitter release (Béique et al., 2006). It is thus
possible that STAT1 KO mice after 4 d MD and WT mice after 7 d
MD have an increased number of AMPAR-containing functional
synapses in addition to increased AMPARs at a given synapse.
However, we cannot eliminate the possibility of increased trans-
mitter release from presynaptic sites.

How STAT]1 regulates AMPAR surface expression and synap-
tic function needs additional investigation. A previous study
identified tumor necrosis factor alpha (TNFa) as a key molecule
required for the homeostatic component of OD plasticity: TNFa
KO mice show impaired open-eye potentiation, resulting in re-
duced plasticity after 5-6 d MD (Kaneko et al., 2008), a pheno-
type opposite to STAT1 KO mice. Interestingly, in vitro, STAT1
hasarole asabinding partner of the TNFRI receptor complex,
leading to inhibition of downstream TNF« signaling (Wang et
al., 2000; Wesemann and Benveniste, 2003). In hippocampal
neuronal cultures, TNFa treatment increases cell surface expres-
sion of GluA1l through TNFR1 (Stellwagen et al., 2005). Thus,
one possibility is that STAT1 inhibits TNFa signaling, which then
blocks GluAl surface expression.

Previous studies have demonstrated the role of other compo-
nents of immune signaling in OD plasticity. Major histocompat-
ibility complex class I (MHC-I) is a transmembrane cell surface
protein known to act in cellular recognition by the immune sys-
tem; it is also expressed in neurons and regulated by neuronal
activity (Corriveau et al., 1998; Huh et al., 2000). MHC-I signal-
ing has been shown to negatively regulate OD plasticity: loss of
MHC-I genes or paired Ig-like receptor B (PirB), an immune
receptor for MHC-I, leads to enhancement of OD plasticity
(Syken et al., 2006; Datwani et al., 2009). Whether or not STAT1
and MHC-1/PirB signaling overlap in their roles in OD plasticity
is unclear. Mice deficient in MHC-I signaling have abnormal
synaptic projections from retina to dLGN, in which ipsilateral
projections are enlarged and show more overlap with contralat-
eral projections, contributing to enhanced thalamocortical plas-
ticity (Datwani et al,, 2009). In contrast, retinogeniculate
projections of STAT1 KO mice are normal, suggesting that the
plasticity locus in STAT1 KO mice is likely to be intracortical
rather than subcortical.

An involvement of STATI1 is suggested in hippocampus-
dependent plasticity and learning (Feng et al., 2010). Increasing
the levels of PIASI (protein inhibitor of activated STAT1) en-
hances spatial learning (Tai et al., 2011). Moreover, STAT3 is
required for NMDAR-dependent LTD in the hippocampus (Ni-
colas et al., 2012). In our study, depression of closed-eye re-
sponses, which is known to be mediated by an LTD-like
mechanism (Heynen et al., 2003), was normal in STAT1 KO
mice. Although a role for STAT1 in LTD cannot be excluded, it is
possible that different family members of STATs have distinct
functions. Our findings provide novel evidence that STAT1 has a
negative regulatory role in the homeostatic component of
experience-dependent cortical plasticity in vivo, accompanied by
the regulation of AMPARs.
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