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SUMMARY

Experience-dependent synapse refinement is essen-
tial for functional optimization of neural circuits.
However, how sensory experience sculpts excitatory
synaptic transmission is poorly understood. Here, we
show that despite substantial remodeling of synaptic
connectivity, AMPAR-mediated synaptic transmis-
sion remains at equilibrium during the critical period
in the mouse primary visual cortex. The maintenance
of this equilibrium requires neurogranin (Ng), a post-
synaptic calmodulin-binding protein important for
synaptic plasticity. With normal visual experience,
loss of Ng decreased AMPAR-positive synapse
numbers, prevented AMPAR-silent synapse matura-
tion, and increased spine elimination. Importantly,
visual deprivation halted synapse loss caused by
loss of Ng, revealing that Ng coordinates experi-
ence-dependent AMPAR-silent synapse conversion
to AMPAR-active synapses and synapse elimination.
Loss of Ng also led to sensitized long-term synap-
tic depression (LTD) and impaired visually guided
behavior. Our synaptic interrogation reveals that
experience-dependent coordination of AMPAR-
silent synapse conversion and synapse elimina-
tion hinges upon Ng-dependent mechanisms for
constructive synaptic refinement during the critical
period.

INTRODUCTION

Postnatal refinement of existing neural circuits through experi-
ence occurs during a period of heightened glutamatergic syn-
aptic plasticity (Fagiolini et al., 1994; Kirkwood et al., 1995),
commonly described as the critical period. Experience-depen-
dent establishment and strengthening of functional connections
during the critical period are thought to play an essential role in
the formation of fully functional neural circuits during postnatal
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development (Ashby and Isaac, 2011; Ishikawa et al., 2014;
Wu et al., 1996). On the other hand, anatomical studies have
revealed that pruning of existing connections during the critical
period also contributes to the refinement of neural circuits (Anto-
nini and Stryker, 1993; Holtmaat et al., 2005; Zuo et al., 2005a).
These two seemingly antagonistic processes for modifying
connectivity allow experience to sculpt excitatory neural circuits
during development. How these processes are coordinated to
produce functional optimization is poorly understood.

Fast, excitatory synaptic transmission in the mammalian
central nervous system is primarily mediated by two types
of ionotropic glutamatergic receptors, o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs) and
N-methyl-D-aspartate receptors (NMDARs). Although all gluta-
matergic synapses contain NMDARSs, they are sub-categorized
into two major types: AMPAR-positive and AMPAR-silent synap-
ses, also defined as active and silent synapses (Liao et al., 1995).
The recruitment of AMPARs to AMPAR-silent synapses (unsi-
lencing) and the stabilization of the unsilenced synapses, the
process that converts AMPAR-silent synapses to AMPAR-posi-
tive synapses, is thought to be important for glutamatergic syn-
apse maturation (Huang et al., 2015) and the strengthening of
neural connectivity during postnatal development (Ashby and
Isaac, 2011; Wu et al., 1996). Functional analyses point toward
an NMDAR-dependent mechanism akin to long-term potentia-
tion (LTP) that unsilences AMPAR-silent synapses (Isaac et al.,
1995; Liao et al., 1995; Rumpel et al., 1998). Were it to act alone
or even predominate, this mechanism would enhance glutama-
tergic synaptic transmission, consistent with observed increases
in the number of AMPAR-positive synapses at certain develop-
mental stages (Ashby and Isaac, 2011; Phillips et al., 2011).

It has also been shown that axon arbors, the presynaptic
structural correlate, and dendritic spines, the postsynaptic struc-
tural correlate of excitatory synapses, are eliminated during
postnatal development as neural circuits are refined (Antonini
and Stryker, 1993; Holtmaat et al., 2005; Zuo et al., 2005a), sug-
gesting a loss of connectivity at the anatomical level. Sensory
deprivation prevents spine elimination, and recovery from sen-
sory deprivation and heightened sensory experience leads to
accelerated spine elimination, suggesting that synapse elimina-
tion during development requires experience (Bian et al., 2015;
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Zuo et al., 2005b). Although it has been proposed that spine
elimination and stabilization are coordinated events during
development (Bian et al., 2015), the functional impact of experi-
ence-dependent refinement on glutamatergic synaptic trans-
mission is unknown.

Calcium entry through postsynaptic NMDARs activates
intracellular signaling cascades including Ca2*/calmodulin
(CaM)-dependent protein kinase Il (CaMKIIl) and calcineurin.
The spatiotemporal abundance of this Ca®*/CaM complex
determines the direction of synaptic plasticity, resulting in LTP
(Malinow et al., 1988; Meyer et al., 1992; Silva et al., 1992) or
long-term depression (LTD) (Mulkey et al., 1994; Torii et al.,
1995; Zeng et al., 2001). CaMKII activation mimics experience-
dependent conversion of AMPAR-silent synapses to AMPAR-
positive synapses in the central nervous system of Xenopus
(Wu et al., 1996) and is required for experience-dependent plas-
ticity in the neocortex (Glazewski et al., 1996; Taha et al., 2002).
Conversely, NMDAR-dependent LTD requires activation of cal-
cineurin (Mulkey et al., 1994) and is associated with shrinkage
or loss of synapses (Becker et al., 2008; Wiegert and Oertner,
2013; Zhou et al., 2004). These findings led us to hypothesize
that the Ca?*/CaM-mediated signaling cascades balance expe-
rience-dependent synapse maturation and elimination.

Itis known that CaM concentrations remain relatively constant
in neurons (Baimbridge et al., 1992). However, a family of
proteins can regulate its availability and thus the Ca®*/CaM
dynamics (Slemmon et al., 2000). Among those proteins, neuro-
granin (Ng) is enriched in the hippocampus and cerebral cortex,
primarily in the postsynaptic compartment of principal neurons
(Higo et al., 2004; Represa et al., 1990; Singec et al., 2004; Wat-
son et al., 1992). Itis believed that Ng preferentially binds to apo-
CaM and suppresses the formation of Ca?*-saturated Ca/CaM
(Gaertner et al., 2004). Given that Ng is more abundant than
CaM in the postsynaptic compartment, in neurons under a
resting condition with cytosolic Ca* levels ranging from 50 nM
to a few pM, it is predicted that the majority of CaM is bound
to Ng and, upon elevation of Ca®* levels, Ng dissociates from
CaM to reveal a pool of CaM to the Ca®* influx (Zhabotinsky
et al., 2006). This suggests that Ng may regulate dendritic
Ca®*/CaM-dependent signaling (Petersen and Gerges, 2015)
and influence experience-dependent plasticity of cortical cir-
cuitry. Ng starts to express postnatally and its expression ramps
up during development (postnatal day [P]3—-P30) in rodents (Rep-
resa et al., 1990) and non-human primates (Higo et al., 2004).
Levels of Ng in the hippocampus are positively correlated with
hippocampus-dependent learning performance (Huang et al.,
2004). Loss of Ng in mice causes an impairment of spatial
learning, in addition to altering synaptic plasticity in the hippo-
campus (Pak et al., 2000), whereas increasing Ng levels in the
prefrontal cortex facilitates memory extinction and synaptic
plasticity at prefrontal glutamatergic synapses (Zhong et al.,
2015). Together, these findings suggest an important role of
Ng in regulating synaptic plasticity in the central nervous system.

The Ng gene has been associated with schizophrenia (SC2)
(Ruano et al., 2008; Stefansson et al., 2009) and a rare genetic
intellectual disability (ID) disorder known as Jacobsen syndrome
(Coldren et al., 2009), suggesting dysfunction of Ng-dependent
pathways in the pathophysiology of SCZ and ID. Interestingly,

heightened synapse elimination during postnatal development
has been recently suggested to play an essential role in the eti-
ology of schizophrenia (Sekar et al., 2016). However, little is
known about how Ng might be involved in synapse elimination.

Here we analyze the developmental profile of glutamatergic
transmission during the critical period using the mouse primary
visual cortex as the model system. By manipulating Ng, we inves-
tigate how Ca2*/CaM-mediated signaling controls experience-
dependent developmental progression of excitatory synaptic
connectivity in the primary visual cortex during this time window.

RESULTS

AMPAR-Mediated Synaptic Transmission Is Maintained
at Equilibrium while Glutamatergic Synapses Mature
during the Critical Period

To estimate AMPAR-mediated synaptic transmission, we
recorded AMPAR miniature excitatory synaptic currents
(MEPSCs). This approach provides measurements of the fre-
quency and unitary strength of AMPAR-positive synapses. We
first examined AMPAR mEPSCs at layer (L)2/3 pyramidal neu-
rons between P20 and P28, the beginning and height, respec-
tively, of the critical period in mouse primary visual cortex (V1)
(Figure 1A). Both the averaged frequency and amplitude of
mMEPSCs were similar between P20 and P28 mice (Figures 1B
and 1C; individual data points in this and subsequent figures
were replotted according to animals in the corresponding
supplemental figures), indicating that the strength of overall
AMPAR-mediated synaptic input was maintained at similar
levels between P20 and P28.

We then characterized the ratio of AMPAR- and NMDAR-
mediated synaptic currents (AMPAR/NMDAR ratio) at visual
cortical L4 to L2/3 synapses at P20 and P28. We found that
the AMPAR/NMDAR ratio was significantly higher in P28 mice
compared to P20 mice (Figure 1D). The increase of the
AMPAR/NMDAR ratio indicates a decrease in the proportion
of AMPAR-silent synapses. To directly measure the level of
AMPAR-silent synapses at visual cortical L4-L2/3 synapses,
we used minimal stimulation to perform failure analysis to extract
the relative proportion of AMPAR-silent synapses at P20 and
P28 (Liao et al., 1995). Consistent with previous studies (Huang
et al., 2015), we found that the proportion of AMPAR-silent syn-
apses was significantly lower in P28 mice compared to P20 mice
(Figures 1E and 1F), indicating that the proportion of AMPAR-
silent synapses of the overall glutamatergic synapse population
decreases during visual cortical development. This is consistent
with the idea that AMPAR-silent synapses mature during the
critical period, illustrated by the decrease in the proportion of
synapses that are AMPAR-silent (Huang et al., 2015).

Thus far, we have found that from P20 to P28, AMPAR-positive
synaptic responses remain stable, whereas the proportion
of AMPAR-silent synapses decreases. To assess changes in
glutamatergic synaptic connectivity, we analyzed our electro-
physiology data and estimated the fractions of AMPAR-positive
and AMPAR-silent synaptic responses at P20 normalized to the
control conditions in P28 mice. The calculation (see Supple-
mental Experimental Procedures) revealed that between P20
and P28, AMPAR-mediated synaptic responses are maintained
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Figure 1. Equilibrium of AMPAR-Mediated Synaptic Transmission during the Critical Period

(A) Representative traces for AMPAR-mediated mEPSCs recorded at visual cortical L2/3 neurons from P20 and P28 mice.

(B) Cumulative probability plots of AMPAR mEPSC inter-event intervals from P20 (black) and P28 (gray). Inset bar graph showing averaged mEPSC frequency
(Hz2): P20, n = 21 neurons/6 mice, 4.06 + 0.25; P28, n = 10/4, 4.12 + 0.24. Here and thereafter, unless indicated otherwise, each data point of frequency is
presented as a circle, and mean + SEM is plotted. Student’s t test was used for two-sample datasets unless indicated otherwise; p = 0.881.

(C) Cumulative probability plots of AMPAR mEPSC amplitude from P20 and P28. Inset bar graph showing averaged mEPSC amplitude (pA): P20, n =21 neurons/6
mice, 7.67 + 0.18; P28, n = 10/4, 7.26 + 0.15. In this panel and thereafter unless indicated otherwise, each data point of amplitude is presented with a circle, and
mean + SEM is plotted; Student’s t test was used for two-sample datasets unless indicated otherwise, p = 0.160.

(D) Representative traces of EPSCs recorded at holding voltage potential (V) = =70 mV and V;, = +40 mV in L4-L2/3 synapses from P20 and P28 mice. Summary
graph of the AMPAR/NMDAR EPSC ratio. P20, n = 10 slices/4 mice, 1.78 + 0.19; P28, n = 11/4,2.83 + 0.26. In this panel and thereafter unless indicated otherwise,
each data point of A/N ratio is presented with a circle, and mean + SEM is plotted; Student’s t test was used for two-sample datasets unless indicated otherwise,
**p < 0.01.

(E) Representative traces of EPSCs recorded at V, = =70 mV and V, = +40 mV with minimal stimulation from P20 and P28. Success responses are marked in
black, whereas failure responses are marked in gray. Amplitude of success (black) and failure (gray) of EPSCs by minimal stimulation from P20 and P28 mice.
(F) Summary graph of % AMPAR-silent synapses. P20 (open black), n = 8 slices/5 mice, 40.99% =+ 3.85%; P28 (open gray), n = 9/4,20.99% + 1.23%. In this panel
and thereafter unless indicated otherwise, each data point of percent AMPAR-silent synapse is presented with a circle, and mean + SEM is plotted; Student’s
t test was used for two-sample datasets unless indicated otherwise, ***p < 0.001.

(G) Summary bar graph showing % of AMPAR-positive synapses (black) and AMPAR-silent synapses (white) in L2/3 pyramidal neurons in V1 from P20 and P28
mice, normalized to the condition at P28.

pathways to sculpt excitatory synaptic transmission. To tap into
this experience-dependent process, we targeted Ng, which is
expressed exclusively in glutamatergic excitatory neurons in the
cortex (Singec et al., 2004), and sought to regulate Ca?*-depen-
dent signaling critical for NMDAR-dependent synaptic plasticity
at glutamatergic synapses (Zhabotinsky et al., 2006). To verify
the expression profile of Ng in the primary visual cortex, we
dissected the V1 region from mouse brains at different ages and

at a similar level but the number of AMPAR-silent synapses dif-
fers (Figure 1G): at P20, there is a higher overall glutamatergic
synaptic connectivity compared to that at P28 (Figure 1G;
~140% of P28 synaptic responses) due to sustained AMPAR-
positive synaptic responses and a higher proportion of
AMPAR-silent synapses.

Ng Is Required to Maintain Basal AMPAR-Positive

Synapses
We hypothesized that during the critical period, experience-
dependent processes hinge upon Ca?*/CaM-dependent signaling

894 Cell Reports 18, 892-904, January 24, 2017

measured the Ng protein level in the lysate using western blots
in comparison to CaMKlle. and CaM (Figures 2A and 2B). As ex-
pected, Ng showed a postnatal onset of expression, and the
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Figure 2. Decrease of Ng Reduced Basal Synaptic Transmission and the Frequency of mEPSCs

(A) Example western blot images of neurogranin (Ng; purple box), CaMKlla (green box), and calmodulin (CaM; orange box) from the primary visual cortical lysate
during development.

(B) Relative intensity of Ng (purple), CaMKlla (green), and CaM (orange) protein levels during development, normalized to the protein levels at P60. Protein loading
was normalized to actin intensity. Symbols are mean + SEM.

(C) Sample traces (upper) and input-output curve (lower) for basal synaptic transmission in L4-L2/3 synapses of the primary visual cortex from WT (open black)
and Ng KO (open gray) mice. At the maximum stimulation intensity, WT, n = 10 slices/3 mice, 0.97 + 0.04 mV; Ng KO, n = 13/3, 0.57 + 0.05 mV. Symbols are
means + SEM, Student’s t test, **p < 0.0001.

(D) Sample traces for AMPAR-mediated mEPSCs recorded at visual cortical L2/3 neurons in WT and Ng KO mice.

(legend continued on next page)
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expression ramped up during development, reaching a plateau af-
ter the critical period (Figure 2B). The expression profile of Ng is
similar to that of CaMKlle, a well-known player essential for synap-
tic plasticity, whereas CaM, the interaction partner of Ng, was
already expressed at a relatively high level at PO, and reached
the plateau at an earlier developmental stage (P10). This result
shows that an increase in Ng expression coincides with the devel-
opmental window of experience-dependent synaptic plasticity in
the primary visual cortex, suggesting a functional role of Ng in
this process.

If Ng is involved in experience-dependent refinement of the
primary visual cortex, we expected that excitatory synaptic
transmission in V1 would be affected in mice with Ng deletion.
We measured the field excitatory postsynaptic potential (fEPSP)
from L4-L2/3 synapses in Ng knockout (Ng KO) mice (Pak et al.,
2000) and their wild-type (WT) littermates at P28-P30. The
average fEPSP amplitudes at all stimulus levels in Ng KO mice
were at ~50% of the level of those in WT littermates (Figure 2C),
showing a decreased excitatory synaptic strength with Ng dele-
tion correlated with a decrease in visually evoked potential
magnitude recorded in vivo in Ng KO mice (data not shown).
We then measured AMPAR mEPSCs in L2/3 pyramidal neurons
from Ng KO mice and WT littermates (Figure 2D). Interestingly,
Ng KO mice showed a significant decrease in mEPSC frequency
relative to WT littermate controls (Figure 2E) without affecting the
mean amplitude of mMEPSCs (Figure 2F). These results demon-
strate that loss of Ng causes significantly weaker basal glutama-
tergic synaptic transmission in V1, associated with a decreased
frequency of synaptic events.

To test whether the deficit seen in the Ng KO mice is due to a
decrease of Ng in V1, we locally knocked down the expression
of Ng in V1 using an adeno-associated virus (AAV) expressing
an shRNA to target Ng expression (shNg; Figure 2G). An AAV
containing the H1 promoter and CAG-driven GFP expression
(GFP) and an AAV expressing an shRNA that targeted luciferase
expression (shLc) were used as the virus-infection controls (Fig-
ure 2G). Using cultured cortical neurons to test the efficacy of
the viral approach, we found that shNg significantly reduced
the expression levels of Ng in neurons transduced with shNg

AAV, compared to the levels of Ng in neurons transduced with
GFP AAV (Figure 2H). We then injected GFP-AAV, shLc-AAV,
and shNg-AAV into V1 of P21 mice and then punched GFP-ex-
pressing V1 tissue at P28 (Figure 2l) to perform a western blot
assay on the lysate. The endogenous Ng levels in V1 were signif-
icantly decreased in shNg-AAV-infected samples, compared
to GFP-AAV- and shLc-AAV-infected samples (Figure 2J). We
next recorded mEPSCs from transduced pyramidal neurons in
L2/3 at P28 (Figures 2K and 2L). Consistent with the results
from the Ng knockout mice, the frequency of mEPSCs was
reduced by ~50% in the shNg-transduced neurons compared
to those of GFP- and shlLc-transduced control neurons (Fig-
ure 2M). In contrast, the average amplitudes of mEPSCs were
not significantly different between shNg-transduced and control
neurons (Figure 2N). Therefore, decreasing Ng in V1 caused
adecrease in AMPAR-mediated synaptic transmission, demon-
strating that normal expression of Ng in V1 between P21
and P28 is critical for maintaining AMPAR-mediated synaptic
transmission.

A change in mEPSC frequency could be caused by altering
either presynaptic release probability or the total number of
AMPAR-positive synapses. Therefore, we tested whether loss
of Ng affects presynaptic release probability by measuring the
paired pulse ratio (PPR) at L4-L2/3 synapses, which is roughly
inversely correlated with the release probability. The PPRs
were not significantly different between shNg-transduced neu-
rons and GFP-transduced neurons (Figure 20), indicating that
decreased expression of Ng in V1 had little impact on presynap-
tic release probability at L4-L2/3 synapses. Thus, lowered
mEPSC frequency by shNg in L2/3 pyramidal neurons likely re-
sults from a reduction in the number of AMPAR-positive synap-
ses. Overall, these findings show that Ng is required to maintain
AMPAR-positive synapse numbers during the critical period.

Visual Experience Is Required for the Deficits in
Glutamatergic Transmission in V1 Resulting from
Decreased Ng

Given that visual experience plays an essential role in sculpting
circuits during the critical period, we hypothesized that synaptic

(E) Cumulative probability plots of AMPAR mEPSC inter-event intervals in WT (black) and Ng KO (gray) mice. Averaged mEPSC frequency (Hz): WT, n = 8 neurons/

3 mice, 4.10 + 0.48; Ng KO, n = 13/3, 2.28 + 0.21. **p < 0.01.

(F) Cumulative probability plots of AMPAR mEPSC amplitude in WT (black) and Ng KO (gray) mice. Averaged mEPSC amplitude (pA): WT, n = 8 neurons/3 mice,

9.65 + 0.47; Ng KO, n = 13/3, 9.79 + 0.58. p = 0.87.

(G) Bicistronic AAV constructs, one encoding GFP control (GFP) and one encoding GFP and shRNA targeting luciferase (shLC) and Ng (shNg).
(H) Representative images of western blots for Ng, actin, and GFP in cortical neuron cultures transduced with GFP-AAV and shNg-AAV.

() Timeline of viral injection and experiments.

(J) Representative images and normalized intensity of western blots for Ng and actin in the primary visual cortex (from three mice) transduced with GFP-AAV (open
blue), shLC-AAV (open purple), and shNg-AAV (open light red). One-way ANOVA, Bonferroni’s multiple comparisons test; **p < 0.01.

(K) An L2/3 pyramidal neuron transduced with shNg in the visual cortex.

(L) Sample traces for AMPAR-mediated mEPSCs recorded at visual cortical L2/3 neurons from GFP-AAV-, shLC-AAV-, and shNg-AAV-transduced neurons.
(M) Cumulative probability plots of AMPAR mEPSC inter-event intervals in GFP-AAV- (blue), shLC-AAV- (purple), and shNg-AAV-transduced (light red) neurons.
Averaged mEPSC frequency (Hz): GFP, n = 10 neurons/4 mice, 4.03 + 0.44; shLC, n = 11/3, 4.17 + 0.22; shNg, n = 9/3, 2.30 + 0.20. One-way ANOVA, Tukey’s
multiple comparisons test; **p < 0.01.

(N) Cumulative probability plots of AMPAR mEPSC amplitude in GFP-AAV- (blue), shLC-AAV- (purple), and shNg-AAV-transduced (light red) neurons. Averaged
mEPSC amplitude (pA): GFP, n = 10 neurons/4 mice, 10.11 + 0.39; shLC, n = 11/3, 8.79 + 0.44; shNg, n = 9/3, 9.31 + 0.36. One-way ANOVA.

(O) The paired pulse ratio (PPR) of 50-ms inter-stimulus intervals in visual cortical L4-L2/3 synapses from GFP-AAV- (open blue) and shNg-AAV-transduced (open
light red) neurons. GFP, n = 10 slices/3 mice, 1.08 + 0.06; shNg, n = 11/3, 1.10 + 0.05; each data point of PPR is presented with a circle, and mean + SEM is
plotted, Student’s t test, p = 0.676.
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Figure 3. Ng Knockdown Reduced the Number of AMPAR-Positive Synapses and Prevented Developmental Decrease of AMPAR-Silent
Synapse Proportion in a Visual-Experience-Dependent Manner

(A) Diagrams of normal rearing (NR) and dark exposure (DE) (from P21 to P28) conditions. The recording is done 1 week after viral injection. Black bars represent
darkness.

(B) Sample traces for AMPAR-mediated mEPSCs recorded at visual cortical L2/3 neurons from GFP-AAV- (GFP) and shNg-AAV- (shNg) transduced neurons in
NR and DE conditions.

(C) Cumulative probability plots of AMPAR mEPSC inter-event intervals from GFP (blue) and shNg (light red) neurons in NR and GFP (open black) and shNg (gray)
neurons in DE. Averaged mEPSC frequency (Hz): GFP NR, n = 16 neurons/5 mice, 4.51 + 0.35; shNg NR, n = 10/4, 2.41 + 0.38; GFP DE, n = 11/4, 4.40 + 0.47;
shNg DE, n = 10/5, 4.10 + 0.23. A two-factor dataset is shown in this panel and thereafter, unless indicated otherwise. Two-way ANOVA, Tukey’s multiple
comparisons test; *p < 0.05, **p < 0.01.

(D) Cumulative probability plots of AMPAR mEPSC amplitude in each condition. Averaged mEPSC frequency (pA): GFP NR, n = 16 neurons/5 mice, 8.11 + 0.28;
shNg NR, n = 10/4, 8.05 + 0.35; GFP DE, n = 11/4, 9.38 + 0.37; shNg DE, n = 10/5, 8.84 + 0.56.

(E) Representative traces of EPSCs recorded at Vi, = =70 mV and V}, = +40 mV in L4-L.2/3 synapses from GFP-AAV- and shNg-AAV-transduced neurons in NR
and DE conditions. Traces are normalized to EPSCs recorded at V}, = +40 mV. Summary graph of the AMPAR EPSC/NMDAR EPSC (A/N) ratio. GFP NR,n= 8
slices/4 mice, 2.57 + 0.17; shNg NR, n = 9/3, 1.67 + 0.15; GFP DE, n = 9/3, 1.85 = 0.11; shNg DE, n = 9/3, 1.57 + 0.20, two-way ANOVA, Tukey’s multiple
comparisons test, *p < 0.05, **p < 0.01.

(F) Representative traces of EPSCs recorded at V,, = =70 mV and V}, = +40 mV with minimal stimulation in L4-L2/3 synapses from virally injected NR and DE mice.
The amplitude of success (black) and failure (gray) of EPSCs by minimal stimulation is shown.

(legend continued on next page)
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deficits caused by shNg require visual experience. To test this,
we eliminated visual input by rearing mice in complete darkness
after virus infusion at P21 to deprive them of visual experience
during the period of shNg expression (Figure 3A). We then exam-
ined glutamatergic synaptic transmission in L2/3 principal
neurons in these mice at P28, measuring AMPAR-mediated
mEPSCs from transduced pyramidal neurons in normally reared
(NR) and dark-exposed (DE) groups (Figure 3B). Recordings
were performed in parallel NR and DE groups on alternating
days. In the NR group, the frequency of mMEPSCs was signifi-
cantly reduced in shNg-AAV-transduced neurons compared
to GFP-AAV-transduced neurons (Figure 3C), whereas in the
DE group, the frequencies of mMEPSCs were not significantly
different between shNg-AAV- and GFP-AAV-transduced neu-
rons (Figure 3C). The averaged amplitudes of mEPSCs did not
differ significantly between shNg-AAV- and GFP-AAV-trans-
duced neurons in either the NR or DE groups (Figure 3D). These
results reveal that during the critical period, the number of AM-
PAR-positive synapses in L2/3 pyramidal neurons remains at
equilibrium. The maintenance of this equilibrium likely requires
experience-induced Ca/CaM-dependent signaling, because
decreasing Ng levels led to a loss of AMPAR-positive synapses,
potentially by perturbing the Ca/CaM dynamics, and this loss
can be prevented by experience deprivation. Thus, Ng is
required to maintain visual experience-dependent equilibrium
of AMPAR-positive synapses in L2/3 principal neurons during
the critical period.

Decrease of Ng Causes Delayed Experience-Dependent
AMPAR-Silent Synapse Maturation and Exacerbated
Synapse Loss

During the critical period, glutamatergic synapses undergo
experience-dependent maturation, characterized by an increase
in the AMPAR/NMDAR ratio and a decrease in the proportion of
AMPAR-silent synapses (Figures 1D-1F; Huang et al., 2015).
Given that decreased Ng levels during the critical period led
to an experience-dependent loss of AMPAR-positive synapse
numbers, we tested whether decreasing Ng levels affects
AMPAR/NMDAR ratios and the proportion of AMPAR-silent
synapses.

We measured the AMPAR/NMDAR ratio from GFP-AAV- and
shNg-AAV-transduced neurons with the same experimental
timeline for minianalysis (shown in Figure 3A). The AMPAR/
NMDAR ratio was significantly lower in shNg-AAV-transduced
neurons at L4-L2/3 synapses compared to GFP-AAV-trans-
duced neurons in the NR group (Figure 3E). These results sug-
gest that decreasing Ng prevents a developmental increase in
the AMPAR/NMDAR ratio. With DE mice after the viral injection
at P21, the AMPAR/NMDAR ratios were not significantly different
between shNg-AAV- and GFP-AAV-transduced neurons (Fig-
ure 3E). The AMPAR/NMDAR ratio in the DE group was signifi-
cantly lower than in control neurons in the NR group and at a
similar level to that in P20 mice. Therefore, both deprivation of

experience and loss of Ng prevented the developmental in-
crease of the AMPAR/NMDAR ratio. These results reveal that
the developmental increase in the AMPAR/NMDAR ratio de-
pends on experience and requires Ng.

We next measured the proportion of AMPAR-silent synapses
with Ng manipulation and visual experience using minimum
stimulation and failure analysis. The proportion of AMPAR-
silent synapses was higher in shNg-AAV-transduced neurons
compared to GFP-AAV-transduced neurons in NR mice (Figures
3F and 3G), suggesting that the decrease in Ng protein levels
prevents the developmental maturation of AMPAR-silent synap-
ses. However, in DE mice, the proportion of AMPAR-silent syn-
apses was not significantly different between shNg-AAV- and
GFP-AAV-transduced neurons (Figures 3F and 3G). In fact, the
proportion of silent synapses was higher in both GFP-AAV-
and shNg-AAV-transduced neurons in DE mice compared
to that in GFP-AAV-transduced neurons in NR mice (Fig-
ure 3G), and was at a similar level to the proportion of silent
synapses in P20 mice (Figure 1F). This result is consistent with
previous studies showing that deprivation of experience arrests
AMPAR-silent synapses at an early developmental level (Ashby
and Isaac, 2011; Funahashi et al., 2013). Importantly, this result
shows that AMPAR-silent synapse maturation depends on
experience and requires Ng.

Thus far, we found that from P20 to P28, the number of
AMPAR-positive synaptic responses remains equilibrated (Fig-
ure 1B) and the proportion of AMPAR-silent synapses de-
creases during the critical period (Figure 1F). Ng KD led to a
lower number of AMPAR-positive synaptic responses (Fig-
ure 2M) and a higher fraction of silent synapses via interaction
with visual experience (Figure 3G). Our data predict a net
decrease in total excitatory synaptic connections, within which
the proportion of AMPAR-silent synapses remained high (Fig-
ure 3H). Given the decrease in the number of AMPAR-positive
synapses and no further increase in the proportion of AMPAR-
silent synapses with Ng KD, our functional data imply that
both AMPAR-positive and AMPAR-silent synapses are elimi-
nated. Furthermore, depriving visual experience led to a higher
fraction of AMPAR-silent synapses and a sustained number of
AMPAR-positive synapses in control neurons compared to the
NR condition. This predicts a higher number of synaptic con-
nections in the control neurons in the DE group compared to
those in the NR group at P28 (Figure 3H). Judging by the esti-
mated numbers, our results suggest that DE prevents the loss
of AMPAR-silent synapses during development and arrests
the synaptic connectivity at the earlier developmental stage
prior to experience deprivation. In addition, depriving visual
experience protects neurons from loss of synaptic connectivity
induced by Ng KD. Overall, these results show that Ng is
required for experience-dependent maintenance of AMPAR-
positive synapses, a process balanced by the loss of AMPAR-
positive synapses and conversion of AMPAR-silent synapses
to AMPAR-positive synapses. Furthermore, the interaction

(G) Summary graph of % AMPAR-silent synapses. GFP NR, n = 8 neurons/4 mice, 18.09% =+ 2.01%; shNg NR, n = 8/4, 37.91% + 6.70%; GFP DE, n = 7/3,
36.58% =+ 4.33%; shNg DE, n = 7/3, 35.78% + 1.41%, two-way ANOVA, Tukey’s multiple comparisons test, *p < 0.05.

(H) Summary bar graph showing % of AMPAR-positive synapses (black) and AMPAR-silent synapses (white) in GFP-AAV- or shNg-AAV-transduced L2/3
pyramidal neurons in V1 in the NR and DE conditions, normalized to the NR condition at P28.
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Figure 4. Decrease of Ng Exacerbates
Experience-Dependent Decrease of Spine
Density

(A) An L2/3 pyramidal neuron filled with Alexa 594
dye in a P28 wild-type mouse. The dendritic
segment in the marked box was imaged at high
resolution.

(B) Representative images of dendrites from P20
GFP-AAV- and shNg-AAV-transduced neurons at
P28 in the NR and DE conditions.

(C) Developmental decrease of spine density from
P20 to P28. Summary of spine numbers per 20 um
from P20 (black), n = 12 neurons/3 mice, 23.83 +
0.90; P28 GFP (open blue), n = 22/4, 19.36 + 0.66;
each data point of PPR is presented with a circle,
and mean + SEM is plotted, Student’s t test, **p <
0.001.

(D) Summary of spine numbers per 20 um from NR
GFP (open blue), NR shNg (open light red), DE GFP
(open black), and DE shNg (open gray). GFP NR
(replotted from C), n = 22 neurons/4 mice, 19.36 +
0.66; shNgNR, n=17/4,16.18 £ 0.92; GFP DE,n =
22/3, 22.75 + 0.89; shNg DE, n = 12/4, 23.33 +
1.03; each data point of PPR is presented with
a circle, and mean + SEM is plotted, two-way
ANOVA, Tukey’s multiple comparisons test, *p <
0.05, ***p < 0.0001.

(E) Summary of the data, showing further spine
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between Ng and experience influences the excitatory synaptic
connectivity.

Ng Regulates Experience-Dependent Spine Elimination
during Development
Dendritic spines are the primary postsynaptic site of excitatory
synapses in the brain (Yuste and Bonhoeffer, 2004), and both
AMPAR-positive and AMPAR-silent synapses have been shown
to reside in spines (Béique et al., 2006). Therefore, spine density
can be used as a morphological correlate of the excitatory syn-
aptic connectivity during development and molecular manipula-
tion. To visualize the predicted changes in excitatory synaptic
connectivity, we performed spine analysis with our manipula-
tions. We loaded L2/3 pyramidal neurons in visual cortical slices
with the fluorescent dye Alexa 594 to measure spine density
(Bian et al., 2015). Cell morphology and spine shape were clearly
observable in loaded neurons (Figure 4A). We randomly picked
the secondary dendrite (~60 um away from the cell body) of sin-
gle neurons and analyzed the number of spines in this region. We
measured the number of spines from L2/3 pyramidal neurons at
two time points during the critical periods of normally reared
mice: P20 (untransduced) and P28 (GFP-AAV transduced)
(Figures 4B and 4C). P28 mice showed a significantly lower
spine density compared to P20 mice (Figures 4B and 4C). The
decrease in spine density from P20 to P28 mice was consistent
with previous results demonstrating spine elimination during
development (Bian et al., 2015).

To test whether Ng affects spine density, we compared shNg-
AAV- and GFP-AAV-transduced neurons under the NR and DE
conditions (Figures 4B, 4D, and 4E). As expected, shNg-AAV-

loss at P28 caused by decrease of Ng in NR. The
data are re-plotted from (C) and (D). Symbols are
mean + SEM.

transduced neurons had a lower spine density compared to
GPF-AAV-transduced neurons in NR mice (Figures 4B, 4D,
and 4E). The spine density remained high in shNg-AAV- or
GFP-AAV-transduced neurons in DE mice (Figures 4B, 4D, and
4E). Thus, decrease of Ng expression accelerated experience-
dependent spine elimination. Taken together, our data show
that during development, visual experience drives spine elimina-
tion from P20 to P28, and loss of Ng leads to the acceleration of
this process. Therefore, Ng levels are critical for controlling
experience-dependent synapse elimination during this time
window.

Decrease of Ng Lowers the Threshold for Induction of
Long-Term Depression and Impairs Visually Guided
Behavior

Our results so far have revealed that loss of Ng leads to a net
loss of both AMPAR-positive and AMPAR-silent synapses and
impaired silent synapse maturation, defined by a decrease in
the proportion of silent synapses during development (Huang
et al,, 2015). Given the interaction of Ng and experience
in this process, we hypothesized that Ng would regulate the
threshold for inducing LTD, a process that depends upon
synaptic activity, requires activation of Ca/CaM-dependent
phosphatases, and leads to a decrease in AMPAR-mediated
transmission and potentially spine elimination (Wiegert and
Oertner, 2013). We recorded from GFP-AAV- and shNg-AAV-
transduced neurons. We chose to record from DE animals,
in which basal synaptic transmission was at similar levels
between GFP-AAV- and shNg-AAV-transduced neurons, to
avoid the confounding factors of different basal AMPAR- and
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Figure 5. Decrease of Ng Lowered the Threshold for LTD Expression
and Impaired Visual Cliff Detection

(A) Representative recording of EPSPs by pairing stimulation from GFP-AAV-
transduced neurons in DE. EPSP traces were plotted before (gray) and after
(black) pairing stimulation. LFS, low frequency stimulation.

(B) Representative recording of EPSPs by pairing stimulation from shNg-AAV-
transduced neurons in DE. EPSP traces were plotted before (gray) and after
(black) pairing stimulation.

(C) Time course of % baseline of EPSPs recorded at L4-L.2/3 synapses from
GFP-AAV- (black) and shNg-AAV- (gray) transduced neurons in DE.

(D) Percentage of baseline EPSP amplitude of averaged EPSP amplitude re-
corded from 30 to 40 min in GFP-AAV- and shNg-AAV-transduced neurons.
GFP, n =9 slices/5 mice, 101.28% + 6.47%; shNg, n=11/7,79.18% + 7.08%;
each data point of PPR is presented with a circle, and mean + SEM is plotted,
Student’s t test, *p < 0.05.

(E) The visual cliff apparatus and timeline for viral injection.

(F) Example plots of tracking of mouse movement for 5 min of GFP-AAV- and
shNg-AAV-transduced mice, tested at P35.

(G) Percentage of time stayed at safe side for WT littermates (open black) and
Ng KO (open gray) mice. WT, n = 9 mice, 73.56% + 2.27%; Ng KO, n = 6 mice,
58.5% + 4.03%; each data point of PPR is presented with a circle, and mean +
SEM is plotted, Student’s t test, **p < 0.01.

(H) Percentage of time stayed at safe side for GFP-AAV (open blue) and shNg-
AAV-transduced (open light red) mice. GFP, n = 14 mice, 71.38% + 1.12%;
shNg, n = 15, 63.35% + 1.96%; each data point of PPR is presented with a
circle, and mean + SEM is plotted, Student’s t test, **p < 0.01.
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NMDAR-mediated transmission (Figure 3). Using a pairing proto-
col that did not induce LTD at L4-L2/3 synapses in L2/3 GFP-
AAV-transduced pyramidal neurons (Choi et al., 2005), we
were able to elicit reliable LTD in shNg-AAV-transduced neurons
(Figures 5A-5D), suggesting that decreased Ng renders L4-12/3
synapses more vulnerable to LTD. This observation offers a plau-
sible explanation as to why visual experience leads to exacer-
bated elimination of synapses when Ng is reduced.

To further test the effect of a decrease of Ng on visual system
function, we performed the visual cliff test to test visual percep-
tion-guided behavior (Figure 5E) (Lione et al., 1999; Walk et al.,
1957) at P35, once V1 had reached functional maturity (Espinosa
and Stryker, 2012). The mice were placed in the center of an
arena with a transparent floor extending outside of the edge of
the table top, revealing an apparent cliff (Figure 5E). The whiskers
were trimmed before the task to minimize somatosensory input
from active whisking. If mice can visually discriminate a drop at
the edge of the cliff, they will prefer to explore the safe side
(the bench top). The behavioral performance of mice was
measured by the percentage of time they spent on the safe
side of the arena (Figure 5F). We tested the Ng KO mice in com-
parison to their WT littermates. WT mice showed a clear prefer-
ence for the safe side of the arena, suggesting they can visually
distinguish the cliff, whereas the Ng KO mice showed a deficit
in this task (Figure 5G). To test whether the deficit depends on
the primary visual cortex, we injected shNg-AAV and GFP-AAV
into the visual cortex at PO to specifically knock down Ng only
in V1. Similar to the Ng KO mice, shNg-AAV-transduced animals
also showed a deficit in this task in comparison to the GFP-AAV-
injected mice (Figure 5H), suggesting that the decrease in Ng
levels in V1 impaired visual perception in the mice.

Taken together, our results demonstrate that visual experi-
ence leads to an equilibrium of AMPAR-positive synapses and
a net loss of AMPAR-silent synapses in L2/3 principal neurons
in V1 during the critical period of visual cortical development.
This equilibrium is most likely due to the coordinated conversion
of AMPAR-silent synapses to AMPAR-positive synapses and
experience-dependent pruning of excitatory glutamatergic syn-
apses. The overall change in synapse number is also reflected
in the decrease in spine numbers. These data imply that Ng co-
ordinates the processes of experience-dependent AMPAR-si-
lent synapse maturation and synapse elimination. When Ng
levels are decreased, synapses become vulnerable, leading to
accelerated spine elimination, potentially via sensitized LTD,
and halting of AMPAR-silent synapse maturation. Consequently,
loss of Ng leads to impaired synaptic plasticity and impaired
visually guided behavior. These results therefore indicate
that Ng acts as an essential coordinator for balanced and
constructive synaptic refinement during visual cortical postnatal
development.

DISCUSSION

Neural activity resulting from sensory experience is required for
the refinement and maturation of neural circuits during cortical
critical periods. This refinement is thought to be important for
functional optimization of primary sensory cortices, enabling crit-
ical functions such as feature detection (Kang et al., 2013; Wang



et al., 2013). Here we show that AMPAR-positive synapses are
maintained at an equilibrium in V1, accompanied by a net loss
of AMPAR-silent synapses during the critical period of cortical
plasticity, resulting in a decrease in total glutamatergic synapse
numbers. We demonstrate that Ng coordinates balanced, expe-
rience-driven AMPAR-silent synapse conversion and glutama-
tergic synapse elimination in L2/3 pyramidal neurons in V1 to
achieve functional maturation and optimization of the cortical
excitatory circuitry.

Our results support the notion that AMPAR-positive synapses
are reorganized during the critical period leading to excitatory
circuit maturation. This circuit maturation is likely mediated
by the combined effect of AMPAR-silent synapse maturation,
defined by decreasing the proportion of silent synapses and
increasing the AMPAR/NMDAR EPSC ratio (Huang et al., 2015)
and the elimination of existing glutamatergic synapses (Bian
et al.,, 2015; Holtmaat et al., 2005; Zuo et al., 2005a). These
two processes are coordinated to maintain the equilibrium of
AMPAR-positive synapses. It is noteworthy that conversion of
AMPAR-silent synapses to AMPAR-positive synapses likely
contributes to this progressive AMPAR-silent synapse matura-
tion (Ashby and Isaac, 2011; Huang et al., 2015; Wu et al,,
1996), which should lead to an overall enhancement of
AMPAR-mediated synaptic transmission. However, the equilib-
rium in AMPAR-mediated synaptic transmission implies that
some existing AMPAR-positive synapses must go through
experience-dependent downregulation and counteract the
AMPAR-silent synapse conversion for excitatory circuit matu-
ration. The finding of a net loss of total synapses and AMPAR-
silent synapses is in agreement with previous morphological
studies showing a net decrease in spine density during develop-
ment, preferentially in thin spines, which are thought to represent
immature, weaker, or AMPAR-silent synapses (Bian et al., 2015;
Holtmaat et al., 2005; Zuo et al., 2005a). Although our data do not
provide direct evidence for the life cycle of glutamatergic synap-
ses, based upon our functional analyses it is likely that both
AMPAR-positive and AMPAR-silent synapses are eliminated
during the critical period. Interestingly, experience-dependent
re-silencing of AMPAR-positive synapses has been shown in
the nucleus accumbens under special circumstances (Graziane
et al., 2016), providing an intriguing possibility for AMPAR-posi-
tive synapse elimination. Further experiments are required to
differentiate these possibilities and measure the dynamics of
AMPAR-silent synapse maturation and synapse elimination.
Importantly, our results imply that AMPAR-silent synapse
maturation is part of the excitatory circuit maturation process
via coordinated spine elimination and AMPAR-silent synapse
conversion during heightened experience-dependent cortical
plasticity.

Consistent with previous reports, our results indicate that
sensory deprivation prevents AMPAR-silent synapse maturation
(Funahashi et al., 2013). Our results further show that sensory
deprivation arrests synapses at the early developmental
stage, with a higher proportion of AMPAR-silent synapses and
a sustained number of AMPAR-positive synapses. It is likely
that both experience-dependent synapse elimination and
AMPAR-silent synapse conversion are prevented by sensory
deprivation.

Remarkably, the function of the CaM-complexing protein Ng is
essential for this experience-dependent coordination. Loss of
Ng broke the experience-dependent equilibrium of AMPAR-pos-
itive synapses, induced the loss of AMPAR-positive synapses,
and halted AMPAR-silent synapse maturation. Deprivation of
sensory input to V1 prevented the deterioration in synaptic trans-
mission caused by loss of Ng and likely arrested the circuit at
an earlier developmental stage prior to sensory deprivation (Fig-
ures 1 and 3). These results highlight the critical involvement of
Ng in coordinating experience-dependent refinement of cortical
excitatory circuitry.

We found that decreased Ng levels lead to a lower threshold
for LTD induction at L4-12/3 synapses. Previous studies in hip-
pocampal slice culture have shown that LTD at individual synap-
ses induces spine elimination at both the targeted synapse and
selective neighboring synapses when spines are monitored a
few days following stimulation (Wiegert and Oertner, 2013). It is
therefore conceivable that visual input triggers spine elimination
in L2/3 pyramidal neurons in V1 using the cellular mechanism of
LTD, and that a decrease in Ng enhances this vulnerability by
lowering the threshold for LTD. Given the high proportion of
AMPAR-silent synapses after reduction of Ng, it is likely that
the conversion of AMPAR-silent synapses to AMPAR-positive
synapses is also impaired. Our results support the hypothesis
that Ng levels in L2/3 pyramidal neurons control the Ca2*/
CaM-dependent signaling sensitivity and orchestrate experi-
ence-dependent AMPAR-silent synapse conversion and syn-
apse elimination.

It is noteworthy that dysfunction of Ca®* homeostasis is
involved in many neurological and neuropsychiatric diseases
(Bojarski et al., 2010; Chan et al., 2009; Green and LaFerla,
2008). Genome-wide association studies have identified Ng as
a candidate gene close to a risk-carrying allele (Stefansson
et al., 2009), and Ng levels are significantly reduced in the pre-
frontal cortex of schizophrenia patients (Broadbelt et al., 2006).
Interestingly, recent genetic evidence highlighted the comple-
ment component 4 (C4) genes, suggesting a potential role of
heightened synapse elimination during postnatal development
in schizophrenia (Sekar et al., 2016). Dendritic spine loss is
also observed in neurodegenerative diseases including Alz-
heimer’s disease and Huntington’s disease (Fiala et al., 2002;
Spires et al., 2004). It has been shown that overexpression of
Ng restores synaptic transmission and LTP, both of which are
impaired by amyloid V application (Kaleka and Gerges, 2016).
Our results thus provide a potential clue to the pathophysiology
underlying aberrant neural circuit refinement in neuropsychi-
atric and neurodegenerative disorders associated with aberrant
Ca®*-dependent signaling.

In conclusion, our studies offer insight into how Ng regulates
experience-dependent cortical excitatory circuit optimization.
Our analyses reconcile the functional and anatomical observa-
tions in experience-dependent developmental modification of
glutamatergic cortical synapses and provide a general mecha-
nism concerning experience-dependent dynamic reorganization
of glutamatergic synaptic transmission: progressive elimination
of glutamatergic synapses upon experience and conversion of
AMPAR-silent synapses to AMPAR-positive synapses together
maintain AMPAR-positive synapses at equilibrium during the
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critical period to achieve cortical excitatory circuit maturation.
Decreased Ng expression breaks the balance of these pro-
cesses and leads to a loss of AMPAR-positive synapses and
delayed AMPAR-silent synapse maturation. We propose that
sensory experience coordinates these two experience-depen-
dent cellular processes through Ng-dependent regulation of
Ca?*/CaM-dependent signaling pathways to functionally opti-
mize neural circuits.

EXPERIMENTAL PROCEDURES

Animals

Male neurogranin knockout (Jackson Laboratory) and C57BL/6 mice (Charles
River) were used for all electrophysiological and behavioral experiments.
All animals were maintained in a vivarium with a light/dark cycle (7:00
a.m.~7:00 p.m.). Animal care and handling were performed according to
NIH guidelines and with the approval of the Massachusetts Institute of Tech-
nology (MIT) institutional animal care and use committee (IACUC) and Division
of Comparative Medicine (DCM).

Viral Production

AAV1/2 was produced in HEK-T cells (ATCC) as previously described (Grieger
et al., 2006). Cells were transfected with an AAV expression vector and corre-
sponding helper plasmids. Sixty to 72 hr posttransfection, the virus was puri-
fied using discontinuous iodixanol gradients. Virus titers were tested with
either the gPCR amplification of genomic copy number or the serial dilution
infection of primary neuronal culture.

Viral Injection

Male C57BL/6 mice were prepared for surgery using standard procedures in
accordance with NIH guidelines and with the approval of the MIT IACUC
and DCM. Animals were anesthetized with a mixture of Ketamine (100mg/kg
body weight) and xylazine (10mg/kg body weight) and subsequently immobi-
lized on a stereotactic apparatus (Harvard Apparatus). The coordinates for the
primary visual cortex are anterior-posterior (AP), —3.5 mm; medial-lateral (ML),
+2.5 mm from bregma; dorsal-ventral (DV), —0.3~0.5 mm below the dura;
0.5 pL of virus was injected using a nanoinjector (Harvard Apparatus). The
scalp was sutured and Buprenex analgesic (0.1 mg/kg) was given subcutane-
ously in accordance with the guidelines.

Western Blot

Mice were injected with GFP-AAV, shLc-AAV, and shNg-AAV in the primary
visual cortex. A detailed sample preparation procedure is in Supplemental
Experimental Procedures. Primary antibodies were anti-neurogranin (Milli-
pore; AB5620), 1:3,000; anti-actin (Sigma; A2228), 1:5,000; anti-CaMKlla. (Ep-
itomics; 2716-1), 1:2,000; and anti-CaM (Millipore; 05-173), 1:1,000. Signals
from infrared secondary antibodies (goat anti-mouse 700 and goat anti-rabbit
800; LI-COR; 1:5,000) were detected on an Odyssey scanner (LI-COR), and
band intensities were quantified using Imaged (NIH).

Visual Cortical Slice Electrophysiology
Mice were deeply anesthetized with isoflurane and decapitated following
disappearance of the righting reflex. The brain was rapidly removed and sub-
merged in an ice-cold choline-based dissection buffer bubbled with 95% O,/
5% CO, mixture. Coronal slices (300-350 um) from the visual cortex were
prepared using an HM 650V vibratome (Thermo Scientific). The slices were
collected in ice-cold dissection buffer and gently transferred to an incubation
chamber with artificial cerebrospinal fluid (ACSF) saturated with 95% O,/5%
COo.. The slices recovered at room temperature for 1 hr before recording.
Visual cortical slices were transferred to the recording chamber, maintained
at 29°C, and constantly perfused with ACSF saturated with 95% 0,/5% CO,.
L2/3 neurons were visually identified with infrared differential interference
contrast optics on an Olympus BX51WI upright microscope. Recordings
were done by standard procedures. Detailed experimental procedures are in
Supplemental Experimental Procedures. Neurons were recorded in a whole-
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cell patch-clamp configuration with a MultiClamp 700B amplifier (Axon Instru-
ments), and data were filtered at 2 kHz and digitized at 10 kHz using Igor Pro
(WaveMetrics).

For procedures for miniature EPSC recordings, AMPAR/NMDAR ratio, and
minimum stimulation for failure analyses, see Supplemental Experimental
Procedures. To calculate the relative proportion of AMPAR-transmitting and
AMPAR-silent synapses, all experimental conditions were normalized to the
control condition in P28 mice. Averaged mEPSC frequencies were used to
calculate the proportion of AMPAR-transmitting synapses relative to the con-
trol condition. The relative proportion of AMPAR-silent synapses was then
scaled accordingly using the data from the failure analyses.

Fluorescent Dye Microinjection

Fluorescent dye injection was carried out as previously described (Bian et al.,
2015). Detailed experimental procedures are in Supplemental Experimental
Procedures.

Visual Cliff Discrimination

The experiment was conducted in an open-top Perspex box measuring
40 cm x 40 cm x 30 cm, which was placed on the edge of a laboratory bench
so that half of the box was on the bench (safe side) and the other half was 80 cm
above the floor (cliff side). A black-and-white-striped pattern was placed under
the box and on the floor on the cliff side to emphasize the cliff dropoff. The main
light source was dimmed. A circular Perspex platform (9-cm diameter x 1.5cm)
was placed in the center of the box to allow the mouse to view its surroundings.
Each mouse was placed on the platform and observed for 5 min beginning from
its placement on the platform. Each mouse received a single trial. We trimmed
the whiskers of the animals 1 hr before each trial to ensure the engagement of
the visual sensory system. The box and platform were cleaned with quatricide
and 70% alcohol after each trial.

Statistical Analysis

Statistical analysis was performed using Prism (GraphPad). Data are pre-
sented as mean + SEM. Two-sample t test was used for comparison of two
groups of data after normality test. With more than two groups of data with sin-
gle-factor manipulation, differences were determined using one-way ANOVA
with Tukey’s post hoc test unless otherwise noted. Two-factor datasets
were analyzed using two-way ANOVA with Tukey’s post hoc test. p values
of <0.05 were considered significant.
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