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Contributed by Carla J. Shatz, November 10, 2013 (sent for review September 28, 2013)

Experience-driven circuit changes underlie learning and memory.
Monocular deprivation (MD) engages synaptic mechanisms of
ocular dominance (OD) plasticity and generates robust increases
in dendritic spine density on L5 pyramidal neurons. Here we show
that the paired immunoglobulin-like receptor B (PirB) negatively
regulates spine density, as well as the threshold for adult OD
plasticity. In PirB−/− mice, spine density and stability are signifi-
cantly greater than WT, associated with higher-frequency minia-
ture synaptic currents, larger long-term potentiation, and deficient
long-term depression. Although MD generates the expected in-
crease in spine density in WT, in PirB−/− this increase is occluded.
In adult PirB−/−, OD plasticity is larger and more rapid than in WT,
consistent with the maintenance of elevated spine density. Thus,
PirB normally regulates spine and excitatory synapse density and
consequently the threshold for new learning throughout life.

visual cortex | adult plasticity | LTP | LTD | circuit connectivity

Experience generates both functional and structural changes in
neural circuits. The learning process is robust at younger ages

during developmental critical periods and continues, albeit at
a lower level, into adulthood and old age (1–3). For example,
young barn owls exposed to horizontally shifting prismatic
spectacles can adapt readily to altered visual input, but adult
owls cannot. The experience in the young owls results in a rear-
ranged audiovisual map in tectum that is accompanied by ectopic
axonal projections (1). Experience-dependent structural changes
have also been observed in the mammalian cerebral cortex.
Enriched sensory experience or motor learning are both associ-
ated with an increase in dendritic spine density, and a morpho-
logical shift from immature thin spines to mushroom spines
which harbor larger postsynaptic densities (PSDs) and stronger
synapses (4–7). On the flip side, bilateral sensory deprivation
induces spine loss (8, 9). Abnormal sensory experience also
results in structural modification of inhibitory synapses and cir-
cuitry that is temporally and spatially coordinated with changes
in excitatory synapses on dendritic spines (10–13).
These experience-driven spine changes are thought to involve

synaptic mechanisms of long-term potentiation (LTP) and long-
term depression (LTD). In hippocampal slices, induction of LTP
causes new spines to emerge, as well as spine head enlargement
on existing spines (14–16); induction of LTD results in rapid
spine regression (14, 17). Importantly, the emergence or re-
gression of spines starts soon after the induction of LTP or LTD,
suggesting that these structural changes underlie the persistent
expression of long-term plasticity (14, 17).
Little is known about molecular mechanisms that restrict ex-

perience-dependent plasticity at circuit and synaptic levels and
connect it to spine stability. Paired Ig-like receptor B (PirB),
a receptor expressed in cortical pyramidal neurons, is known to
limit ocular dominance (OD) plasticity both during the critical
period and in adulthood (18). PirB binds major histocompati-
bility class I (MHCI) ligands, whose expression is regulated by
visual experience and neural activity (19–21) and thus could act
as a key link connecting functional to structural plasticity. If so,

mice lacking PirB might be expected to have altered synaptic
plasticity rules on the one hand and changes in the density and
stability of dendritic spines on the other.

Results
Dendritic Spine Density in PirB−/− Mice Is Elevated and Is Insensitive
to Effects of Visual Deprivation. Previous imaging studies show that
a period of monocular deprivation (MD) generates a net in-
crease in spine density on L5 apical dendrites in visual cortex;
this increase is stable and thought to act as a structural substrate
for enhanced OD plasticity following a second MD in adulthood
(2). To investigate whether PirB regulates dendritic spine density
in visual cortex, PirB knockout mice (PirB−/−) (18) were crossed
to the YFP-H line in which a subset of L5 pyramidal cells
expresses YFP (22). The breeding strategy ensured that both
PirB−/−; YFP+ and WT; YFP+ were littermates on the same
genetic background.
A massive increase in spine density on the apical dendrites of

L5 pyramidal neurons was detected in the binocular zone of vi-
sual cortex in normally reared juvenile PirB−/− mice: 175% of the
WT levels at P30, during the critical period (Fig. 1 A–C, and H).
In visual cortex of WT mice, 3 d of MD (P27–P30) generates
a 50% increase in spine density (Fig. 1 B, D, and H); a similar but
smaller spine density increase has been observed previously
following 8-d MD in adult WT visual cortex (2). In contrast to
WT, spine density following 3-d MD in PirB−/− mice does not
increase beyond the already high levels observed in normally
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reared PirB−/− mice (Fig. 1 C, E, and H). In other words, spine
density in PirB−/− mice is saturated before monocular deprivation.
The elevated spine density on L5 apical dendrites in juvenile

PirB−/− visual cortex persists into adulthood. At P90 in normally
reared PirB−/− mice, spine density is 43% greater than in WT
(Figs. 1 F, G, and I).

Dendritic Spine Motility Is Decreased in the Absence of PirB. Previous
in vivo imaging experiments suggest that spine density is in-
versely correlated with spine dynamics and persistence (23).
Thus, we investigated if dendritic spine motility on L5 neurons in
PirB−/− mice is altered in normally reared and in mice after 3-d
MD, relative to WT (24, 25). Spine dynamics along L5 apical
dendrites located within the binocular zone were measured using
in vivo two-photon imaging through a thinned skull (6) of WT or
PirB−/− carrying the YFP-H transgene (Fig. 2 A–E). There is

a significant ∼25% decrease in spine motility in normally reared
PirB−/− mice compared with WT (Fig. 2E). Similar results were
obtained from two-photon imaging of spines in vitro in acutely
isolated brain slices (Fig. S1). These experiments imply that PirB
signaling normally enhances spine motility. The lower motility of
spines in normally reared PirB−/− mice suggests that they are
more stable, which in turn could make spines more resistant to
elimination, thereby accounting for the higher spine density
detected on apical dendrites of L5 pyramidal neurons in mutant
visual cortex (Fig. 1).
Studies have shown that sensory deprivation causes a decrease

in spine motility (25); moreover, learning is ultimately associated
with spine stabilization and an overall decrease in turnover rates.
As noted above (Fig. 1H), spine density in PirB−/− mice does not
change with MD, raising the question of whether spine motility is
also resistant to the effects of deprivation. Spine motility was
measured in the binocular zone contralateral to the derived eye
at the end of 3-d MD (P27–P30). In WT visual cortex, spine
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Fig. 1. Dendritic spine density is elevated in PirB−/− binocular zone of pri-
mary visual cortex. (A) Low-power brightfield image of AchE histochemical
stain labeling extent of V1: thalamo-cortical fibers terminating in L4 of V1
are AchE positive; V1-primary and V2-secondary visual cortex (BZ, binocular
zone). (B and C) Example images of L5 pyramidal neuron apical dendrites
from normally reared (NR) WT vs. PirB−/− at P30. (D and E) WT vs. PirB−/−

after 3 d of monocular visual deprivation (3-d MD) from P27 to P30. (F and G)
NR WT vs. PirB−/−at P90. (H) Plot showing 75% increase in spine density
at P30 in NR PirB−/− vs. NR WT (0.87 ± 0.08 spines/μm; n = 17/8 vs. 0.50 ±
0.05 spines/μm; n = 13/8; P = 0.001). After 3-d MD, total spine density increases
∼50% in WT mice (0.75 ± 0.06 spines/μm; n = 13/5; P = 0.003). No additional
increase in spine density in PirB−/− mice after 3-d MD (0.88 ± 0.07 spines/μm;
n = 12/6; P = 1.00). (I) In adult visual cortex (P90), total spine density is ∼43%
greater in NR PirB−/− relative to NR WT: WT (1.23 ± 0.07 spines/μm; n = 21/6)
vs. PirB−/− (1.77 ± 0.16 spines/μm; n = 21/7, P = 0.02). (H and I) Spine density
normalized to NR WT at appropriate age. [Calibration bars: (A) 1 mm, (B–F)
2 μm.] Mean ± SEM; n = cells/mice. *P < 0.05, **P < 0.01; Kruskal-Wallis
followed by U test (Table S1).

B C D

0’ 30’ 60’

V1 BZ V1 MZA

E

**
**

0.00

0.01

0.02

0.03

0.04
0.05

WT PirB-/-
NR 3d MD

WT PirB-/-

M
ot

ili
ty

 (
m

/m
in

)

Motility ( m/min)

Fr
eq

ue
nc

y

0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.05 0.10 0.15 0.20

WT NR
WT 3dMD 
PirB-/- NR  
PirB-/- 3dMD 

Fig. 2. Dendritic spine motility in vivo is lower in PirB−/− visual cortex. (A)
Example fluorescent micrograph of a coronal section cut following in vivo
spine motility imaging session. YFP (green) labels L5 pyramidal cells in WT vs.
PirB−/− mice crossed to YFP-H line. DiI injection (red) confirms imaging lo-
cation within V1 binocular zone (V1 BZ, binocular zone; MZ, monocular
zone); DiI needle track is visible. The example image is from a WT mouse
brain after 3-d MD. (B–D) Maximum intensity projection images of L5 apical
dendrites from Z-stacks obtained by two-photon microscopy at 0, 30, and
60 min into imaging session. Color-coded arrowheads point to same spines
at all three time points. (Scale bar, 2 μm.) Example dendrite is from a nor-
mally reared PirB−/−. (E) Spine motility measurements in NR and after 3-d MD.
(Left) Cumulative distribution plots of all data points. (Right) Bar graphs of
mean ± SEM. WT NR (n = 190) vs. PirB−/− NR (n = 366; P < 0.001); WT 3-d MD
(n = 255) vs. PirB−/− 3-d MD (n = 293; P < 0.001); PirB−/− NR vs. PirB−/− 3-d MD,
P = 0.001. n = number of spines, from four WT NR, five PirB−/− NR, four WT
3-d MD, and seven PirB−/− 3-d MD mice. Kruskal-Wallis, followed by pairwise
U test (Fig. S1 and Table S1).
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motility dropped by ∼35% averaged over all spine types (Fig.
2E). The lower motility of these spines following MD in WT
correlates well with the observed 50% net increase in spine
density found after 3-d MD (Fig. 1). These observations are
consistent with the idea that activity from the open eye drives
stabilization of newly formed or rearranged connections in WT
visual cortex.
In contrast, in PirB−/− mice following 3-d MD, there is no

obvious change in spine motility averaged across all spine types
(Fig. 2E). In sum, in vivo imaging experiments of spine motility
further support the idea that dendritic spines in neurons lacking
PirB are more stable and therefore could constitute a readily
available anatomical substrate enabling rapid and enhanced oc-
ular dominance plasticity.

Miniature Excitatory Postsynaptic Current Frequency Is Increased in
L5 and L2/3 Pyramidal Neurons in the Visual Cortex of PirB−/− Mice.
To examine whether the increased spine density on apical den-
drites of L5 neurons in PirB−/− mice (Fig. 1) is accompanied
by an increase in the number of functional excitatory synaptic
inputs, spontaneous miniature excitatory postsynaptic potentials
(mEPSCs) were recorded from L5 pyramidal cells in slices of
visual cortex from P27–P32 mice (Fig. 3). In addition, recordings
were made from L2/3 pyramidal neurons because PirB is
expressed in this layer as well (18). L5 mEPSCs recorded in
PirB−/− slices are significantly increased in frequency (146%)
over WT (Fig. 3 A and B). L2/3 mEPSC frequency is similarly
increased (158%) (Fig. 3 D and E). On the other hand, there is
no change in mEPSC amplitude in neurons in either cortical
layer (Fig. 3 C and F). The increase in frequency but not am-
plitude in L5 PirB−/− cortical neurons is consistent with the ob-
served elevation in spine density and implies that there is a
functional enhancement of excitatory connectivity. Because this
physiological change is also observed in layer 2/3 neurons, it is
highly likely that they too undergo a spine density increase.

LTP Is Enhanced and LTD Is Impaired at L4-L2/3 Synapses in PirB−/−

Mouse Visual Cortex.The induction paradigm for LTD is known to
result in a rapid loss of spines, whereas that for LTP generates
a rapid spine increase (14). If spines are already at maximum
density and are more resistant to elimination, as they appear to
be in PirB−/− visual cortex, then it is possible that elementary
mechanisms of synaptic plasticity might be abnormal. One pos-
sibility is that LTP might be occluded using standard LTP-
inducing protocols. We therefore examined LTP, as well as LTD,
at L4 to L2/3 synapses using field recordings in visual cortical

slices at P27–P32 (Fig. 4). Unexpectedly, the magnitude of LTP
is almost twice as large in PirB−/− vs. WT 60 min after induction
with theta-burst stimulation (TBS) (Fig. 4 A and B). Moreover,
LTD at the L4 to L2/3 synapse in PirB−/− mice cannot be elicited
using standard low-frequency stimulation (LFS), whereas in WT
littermates in the same protocol generated the expected robust
synaptic depression (40% below baseline; Fig. 4 C and D) (26).
The absence of LFS-induced LTD is consistent with the re-
sistance of dendritic spines to undergo elimination, a well-known
correlate of synaptic weakening (14, 17, 27). The presence of
enhanced LTP implies that the additional spines present in
PirB−/− mice represent readily available synaptic substrate that
can strengthen further.

In Adult PirB−/− Mice, 3-d Period of MD Generates a Large OD Shift.
The increase in spine density in both juvenile and adult PirB−/−

cortex could contribute to the enhanced OD plasticity reported
previously (18). Furthermore, given the increase in LTP and
deficient LTD seen above, we would predict that OD plasticity in
PirB−/− mice is mostly carried by open eye strengthening,
whereas closed eye weakening might be decreased compared
with WT (28, 29). Two independent methods, in vivo intrinsic
signal imaging (30) and induction of the immediate early gene
Arc (18, 31), were used to assess the effect of a 3-d period of
monocular eye closure (MD) on OD plasticity in adult (P90)
PirB−/− or WT mice. For in vivo intrinsic signal imaging experi-
ments, the strength of cortical responses to visual stimulation of
the open vs. the deprived eye was imaged in the hemisphere
contralateral to the deprived eye (Fig. 5A and Fig. S2). In adult
WT mice, 3-d MD is too short to result in open eye strengthening
relative to response strength in normally reared mice, similar to
previous observations (32–34). Weakening of cortical responses
to the closed (contralateral) eye can be detected in WT after 3-d
MD (Fig. 5B). In striking contrast, in adult PirB−/− mice, open
eye responses double in strength after just 3-d MD. At the same
time, there is no significant decrease in response strength after
deprived (contralateral) eye stimulation (Fig. 5B).
Open eye strengthening was also measured using immediate

early gene induction of Arc mRNA (Fig. 5 C and D and Fig. S2)
(31).The functional representation of the open (ipsilateral) eye is
significantly increased in P90 PirB−/− after 3-d MD, whereas no
significant increase is detected in WT mice, relative to normally
reared cohorts of both genotypes. This observation confirms the
results from intrinsic signal imaging and demonstrates that the
enhanced OD plasticity previously reported in adult PirB−/−
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visual cortex can be engaged with an extremely brief period of
just 3-d MD (18).

Discussion
A major finding of this study is that the increased spine density
and decreased spine motility on L5 cortical pyramidal neurons
can explain enhanced sensory-driven plasticity present in visual
cortex of PirB−/− mice. We observed a dramatic (>50%) increase
in spine density on the apical dendrites of L5 pyramidal neurons,
which is also accompanied by a significant increase in functional
excitatory synapses on L2/3 and L5 pyramidal cells, both in
juveniles and in adults. The increased OD plasticity following
MD in PirB−/− visual cortex, measured by intrinsic signal imaging
or by Arc mRNA induction, occurs primarily via rapid strengthen-
ing of the open eye. At the cellular level, this change is accompanied
by enhanced LTP and absent LTD at L4 to L2/3 synapses, corre-
lating well not only with greater open eye strengthening and ab-
sence of closed eye weakening but also with the excessive numbers
of spines present in PirB−/− mice. These observations imply that
PirB normally facilitates activity-dependent spine regression. The
coupling of spine density increases to a shift in synaptic plasticity
toward LTP and away from LTD as shown here also implies that
Hebbian synaptic plasticity in visual cortex may be regulated by
spine density.

PirB Regulates a Structural Substrate for Plasticity in Visual Cortex.
Studies have shown that learning or sensory deprivation initially

results in increases in spine turnover and motility in dendrites of
neurons located in a variety of cortical areas, eventually resulting
in a net increase in spine number when examined at later times
(2, 24, 35). In motor cortex, learning a novel task increases the
net number of spines on apical dendrites of L5 neurons by 5%
(6). Enriched environmental rearing results in new spine for-
mation by about 5% above baseline (36). In visual cortex, MD
performed in adult mice causes an 8% increase in the number of
spines on apical dendrites of L5 neurons (2). In all these cases, a
relatively small addition of spines is strongly correlated with, and
thought to mediate, better task performance or lower threshold
for plasticity later in life. Similar increases in spine turnover,
density, and synaptic strength associated with learning have also
been seen in other systems including the song system in birds
(35). However, in none of these systems is it known how these
changes in spine density are regulated at the molecular level.
Our findings suggest that PirB contributes to this process.
It was unexpected to find that LTP is enhanced in PirB−/−

mice. Given that spine density appears to be saturated in these
mice, we might have expected LTP to be occluded. However, in
hippocampus, increases in the size and function of preexisting
spines are also known to accompany potentiation of AMPA re-
ceptor synaptic currents (16). In mouse visual cortex, the size of
the spine head closely correlates with the size of the postsynaptic
density, i.e., the larger the spine the stronger the synapse (37).
Thus, although we cannot exclude a possibility that in PirB−/−,
spine formation might also be enhanced and serve as an
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additional mechanism for increased LTP, the larger LTP ob-
served in PirB−/− can be explained by proposing that existing
supernumerary spines are still able to undergo spine head and
PSD enlargement.
The eye-specific changes observed here in OD plasticity in

adult PirB−/− mice also correlate well with enhanced LTP and
impaired LTD in L2/3 of visual cortex. The absence of closed eye
response weakening following MD is consistent with a deficiency
in synaptic LTD in L2/3, whereas rapid and larger than normal
open eye response strengthening can be attributed to the im-
mediate availability of more synapses that are able to strengthen
in PirB−/− than in WT visual cortex (28, 29). The loss of LFS-
induced LTD is reminiscent of the occlusion of LTD following
MD (28), as if in PirB−/− mice cortical circuits have already been
conditioned by prior experience.

PirB, a Receptor Linking Synaptic Structure and Plasticity in Mouse
Visual Cortex. Our findings imply that PirB is part of a molecular
mechanism that regulates the encoding of experience-dependent
plasticity into stable structural change. In this context, it is pos-
sible that PirB is involved with the Nogo/NgR system to regulate
adult OD plasticity (38), consistent with the observation that
PirB binds NogoA (39). However, although we find significant
spine density increases in PirB−/− adult visual cortex along with

increased spine stability and LTP, in adult NgR−/− somatosen-
sory cortex only spine turnover is enhanced, suggesting lower
spine stability than normal; no frank change in synaptic density
was observed in somatosensory cortex in these mice (40). An-
other receptor, DR6, was also recently found to regulate struc-
tural plasticity in adult cortex: horizontal axons of L2/3 pyrami-
dal and inhibitory neurons in somatosensory cortex of adult
DR6−/− mice fail to prune following whisker plucking, and bouton
density is increased (13). In view of our findings, we would expect
DR6−/−mice to have systems-level changes in somatosensory and
even OD plasticity. In the future, it will be revealing to examine
the direct and indirect interactions between these three receptors.
In the context of a sliding synaptic modification threshold that

would permit synaptic weights to change with experience (29),
PirB, by negatively regulating spine and synapse stability, might
normally act to prevent Hebbian synaptic mechanisms from
sliding too far toward synaptic strengthening. In the extreme,
hyperactivation of PirB signaling would be expected to slide
plasticity too far toward synaptic weakening, leading to synapse
elimination. This excessive synaptic weakening is exactly what is
seen in Alzheimer’s disease (AD) and is consistent with our re-
cent discovery that PirB is a high affinity receptor for β-amyloid
and that disease phenotypes in AD model mice, including lack of
OD plasticity (41) and enhanced LTD, can be rescued to WT by
deleting PirB (42). Together, these experiments demonstrate
a tight coupling of synaptic structure to synaptic plasticity
mechanisms and argue for a key role for PirB in this process.

Materials and Methods
Experimental Animals. Experiments were performed using WT and PirB−/−

mice all on the same mixed (C57BL/6 × SV/ 129J) genetic background and
were carried out in accordance with the guidelines of the local government
(Regierung von Oberbayern) and the Max Planck Society, Harvard University,
and Stanford University Institutional Animal Care and Use Committees.

Monocular Visual Deprivation. MD was performed on juvenile (P27–P30) or
adult mice (P90–P110) for 3 d as described previously (32).

For monocular enucleation (see below), mice were anesthetized with
isofluorane, one eye was removed, and pieces of gelfoam were inserted into
the cavity. A drop of Vetbond (3M) was put on eyelids to prevent reopening.

Dendritic Spine Imaging and Spine Density Analysis. Generating PirB−/− YFP+

mice. The YFP-H line from Jackson Laboratories [B6.Cg-Tg(Thy1-YFPH)2Jrs/J]
was crossed to the PirB−/− line. YFP-positive F1 offspring, all heterozygous for
PirB, was used to set-up a breeding colony. F2 offspring provided WT and
PirB−/− littermates, which were YFP+ and were used in experiments to de-
termine dendritic spine density. Juvenile females and males and adult males
were used.
Dendritic spine density measurements. Brains from normally reared (P30 and
P90) and mice after 3-d MD (P27–P30) were fixed via transcardial perfusion
with 4% (wt/vol) paraformaldehyde in PBS. The hemisphere contralateral to
the deprived eye was sectioned coronally, and brain sections were used for
fluorescence microscopy of YFP+ neurons. Sections were cut at 150 μm and
were interleaved with 25-μm sections used for detecting V1 and binocular
zone with an acetylcholine esterase (AchE) stain.

Distal apical dendrites of L5 neurons labeled with YFP were then imaged
with a confocal microscope (Leica Microsystems) using a 63× oil immersion
objective and 8× zoom. High-resolution images (1,024 × 1,024 pixels, 0.03
μm/pixel, 0.16- to 0.2-μm z axis resolution) of apical tufts and the primary
dendritic shaft immediately below the main branching of the dendrite
(approximate layer 2/3 border) were used in the analysis. The analysis was
done blind to the genotype and vision deprivation condition.

Dendritic Spine Motility Measurements. In vivo transcranial imaging. The pro-
cedure for transcranial two-photon imaging has been described previously
(6). See SI Materials and Methods for details.
Data quantification. All analysis of spine dynamics was done manually using
ImageJ software, blind with regard to genotype and experimental condition.
Dendritic segments were identified from 3D image stacks selected for S/N > 4,
providing high enough contrast to detect both location and lengths of
spines. Detailed description of image stack analysis and motility index cal-
culation is in SI Materials and Methods.
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Fig. 5. Brief monocular deprivation results in significant open eye
strengthening and OD plasticity in adult PirB−/− but not WT mice. (A) Ex-
perimental paradigm for 3 d of MD in adult mice. (B) Intrinsic signal imaging
experiment showing ipsilateral (Ipsi; open) eye strengthening plotted
against contralateral (Contra; closed) eye weakening; response strengths are
normalized to eye-specific response strength in normally reared (NR) con-
dition for each genotype. WT: open eye strengthening is not detected fol-
lowing 3-d MD; contra-eye weakening is present: Ipsi: NR (n = 8) vs. 3-d MD
(n = 7, P = 0.121), Contra: NR (n = 8) vs. 3-d MD (n = 7, P = 0.014). In PirB−/−,
3-d MD significantly increases open eye response and does not generate
weakening of the closed (Contra) eye: Ipsi: NR (n = 8) vs. 3-d MD (n = 6, P =
0.001), Contra: NR (n = 8) vs. 3-d MD (n = 6, P = 0.662). *P < 0.05, **P < 0.01;
U test. (C and D) Open (Ipsi) eye strengthening following 3-d MD using Arc
mRNA induction method. (C) Example micrographs of isotopic in situ hy-
bridization for Arc mRNA in WT (Left) or PirB−/− (Right) mouse visual cortex
ipsilateral to the open eye after 3-d MD. Arrowheads mark the region of
Arc mRNA induction within the BZ in layer 3/4. Note wider zone of hybrid-
ization signal in PirB−/−. Cortical layers are indicated at right; Hc, hippo-
campus. (Scale bar, 300 μm.) (D) Graph of the width of Arc mRNA in situ
hybridization signal measured in L3/4 binocular zone induced by stimulation
of Ipsi (open) eye in WT vs. PirB−/−. In PirB−/− cortex, significant widening of
Arc mRNA signal is detected after 3-d MD but is not present in WT. WT NR
(n = 12) vs. 3-d MD (n = 12); P = 0.68. PirB−/− NR (n = 12) vs. 3-d MD (n = 11);
P < 0.001. n = mice. Weighted means ± SEM were plotted. *P < 0.05, **P <
0.01; one-way ANOVA, post hoc Tukey, with stratified bootstrap sampling
(Fig. S2 and Table S1).
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Visual Cortex Slice Physiology. Brain slice preparation. Acute brain slices were
prepared using standard procedures, taking care to prevent detrimental
effects of excitotoxicity and hypoxia.
Single-cell mEPSC recordings. Thewhole-cell patch-clamp techniquewas used to
record spontaneous synaptic events from pyramidal cells in visual cortex
slices. Measurement conditions and isolation of mEPSCs were done using
previously established protocols.
Visual cortex synaptic plasticity. L4 to L2/3 LTP and LTD experiments were
performed using extracellular field recordings.

See SI Materials and Methods for detailed recording conditions and
analysis of single cell events and synaptic plasticity experiments.

Optical Imaging of Intrinsic Signals. Intrinsic signal imaging was used to in-
vestigate changes in response strength in the binocular zone of visual cortex
resulting from MD (32). The visual cortex was illuminated with mono-
chromatic light at 707 nm, and intrinsic signals were recorded with a slow
scan charge-coupled device (CCD) camera (12 bit, 384 × 288 pixels, ORA
2001; Optical Imaging). Anesthesia, visual stimulation, and data acquisition
are described in SI Materials and Methods.

Arc Induction, Arc In Situ Hybridization, and Analysis. One eye (the deprived
eye in MD mice), was enucleated 24 h before visual stimulation, and mice
were put in total darkness. Mice were returned to a lighted environment for
30 min in the alert condition. After light exposure, mice received an overdose
of sodium pentobarbital (1 mg/g body weight); brains were removed, flash-
frozen in M-1 mounting medium (ThermoShandon), and sectioned coronally
at 16 μm for in situ hybridization. In situ hybridization was performed as
described previously (31). Images were taken using dark-field optics with
a cooled CCD camera (SPOT; Diagnostic instruments). Before analysis, sec-
tions were visually screened. Analysis was done blind to condition. See SI
Materials and Methods for detail.
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