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Phosphorylation of GluA1, a subunit of AMPA receptors (AMPARs), is critical for AMPAR synaptic trafficking and control

of synaptic transmission. cGMP-dependent protein kinase II (cGKII) mediates this phosphorylation, and cGKII knockout

(KO) affects GluA1 phosphorylation and alters animal behavior. Notably, GluA1 phosphorylation in the KO hippocampus

is increased as a functional compensation for gene deletion, while such compensation is absent in the prefrontal cortex.

Thus, there are brain region-specific effects of cGKII KO on AMPAR trafficking, which could affect animal behavior.

Here, we show that GluA1 phosphorylation levels differ in various brain regions, and specific behaviors are altered accord-

ing to region-specific changes in GluA1 phosphorylation. Moreover, we identified distinct regulations of phosphatases in

different brain regions, leading to regional heterogeneity of GluA1 phosphorylation in the KO brain. Our work demon-

strates region-specific changes in GluA1 phosphorylation in cGKII KO mice and corresponding effects on cognitive perfor-

mance. We also reveal distinct regulation of phosphatases in different brain region in which region-specific effects of kinase

gene KO arise and can selectively alter animal behavior.

AMPA receptors (AMPARs) are one type of glutamatergic post-
synaptic receptor that mediates fast synaptic transmission in
the central nervous system. They are tetrameric ligand-gated ion
channels consisting of a combinatorial assembly of four subunits
(GluA1–4) (Cull-Candy et al. 2006). GluA1 is the major subunit
that is trafficked from recycling endosomes to the synaptic mem-
brane in response to neuronal activity (Ehlers 2000). Altered
GluA1 expression is important in various brain disorders, as aber-
rant GluA1 expression has been detected in brains of people who
suffered from schizophrenia and bipolar disorder (Maksimovic
et al. 2014). Several phosphorylation sites within the intracellular
carboxyl-terminal domain (CTD) of GluA1 can regulate AMPAR
membrane trafficking (Lee 2006; Derkach et al. 2007). Phosphor-
ylation of serine 845 of GluA1 (GluA1-pS845) is important for
activity-dependent trafficking of GluA1-containing AMPARs and
increases the level of extrasynaptic receptors (Roche et al. 1996;
Malinow and Malenka 2002; Derkach et al. 2007; Serulle et al.
2007; Shepherd and Huganir 2007). Behavioral studies of learn-
ing and memory show a contribution of GluA1-pS845 and ex-
perimental manipulations that prevent the phosphorylation of
GluA1-pS845 have detrimental effects on learning and memory
behaviors (Lee et al. 2003; Havekes et al. 2007; Clem and Huganir
2010). cAMP-dependent protein kinase A (PKA) and cGMP-depen-
dent protein kinase II (cGKII) can mediate this phosphorylation
(Derkach et al. 2007; Serulle et al. 2007). cGKII-mediated GluA1-
pS845 is critical for hippocampal long-term potentiation (LTP)
(Serulle et al. 2007). On the other hand, calcineurin dephosphor-
ylates S845 of GluA1, which enables GluA1-containing AMPARs

to be endocytosed from the plasma membrane during the induc-
tion of long-term depression (LTD) (Lee et al. 1998; Sanderson
et al. 2012). Taken together, GluA1 phosphorylation is important
for AMPAR-mediated synaptic plasticity.

Alterations in GluA1 trafficking and phosphorylation in var-
ious brain regions have different effects on different behaviors. In
the lateral amygdala (LA) injecting a peptide that mimics the
GluA1 carboxy terminus membrane proximal region has a detri-
mental effect on fear memory acquisition (Ganea et al. 2015).
Phosphorylation of GluA1 S831 in the LA is important in fear re-
newal (Lee et al. 2013; Park et al. 2014), while GluA1-pS845 plays a
role in the ventral striatum in spatial learning (Ferretti et al. 2015).
Lithium, a common treatment used for bipolar disease, also has
anti-depressant effects on behaviors assayed by the tail suspension
test and forced swim test in an AMPAR dependent manner (Gould
et al. 2008). These studies demonstrate the importance of AMPARs
and the GluA1 subunit in various behaviors.

Although cGKII is important for GluA1-pS845 and LTP
(Serulle et al. 2007), cGKII knockout (KO) shows functional
compensation in the hippocampus via the calcineurin-mediated
homeostatic mechanism (Kim et al. 2015a). In the KO hippocam-
pus, synaptic GluA1-pS845 is increased, expressing GluA2-lacking
Ca2+-permeable AMPARs, which provides a novel form of LTP as a
compensatory response to the genetic deletion of cGKII (Kim et al.
2015a). However, we have shown that this compensation is re-
stricted to the hippocampus since GluA1-pS845 is significantly
reduced in the prefrontal cortex (PFC) (Wincott et al. 2013).
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Furthermore, impaired cGKII-mediated GluA1 S845 phosphoryla-
tion in the KO PFC, an indication of disrupted trafficking of
AMPARs, results in defective working memory as determined us-
ing the PFC-dependent radial arm maze (RAM) (Wincott et al.
2014). Therefore, we propose that the functional compensation
we described previously in the KO hippocampus is brain-region
specific, thereby GluA1-pS845 differs in each brain area, which ul-
timately alters animal behavior. Here, we show that cGKII KO
mice exhibit altered GluA1-pS845 in different brain regions, and
such alteration affects animal behaviors. We also provide a mech-
anism that can account for these differences by identifying dis-
tinct regulation of phosphatases in the hippocampus and PFC,
which leads to heterogeneity of GluA1 phosphorylation in the
KO. Evaluation of tissue-specific effects of a particular gene KO
on its functions is a challenging and important question in mod-
ern pharmacology, medical systems biology, and biomedicine.
Therefore, this study provides evidence that the mechanism of
control of GluA1 phosphorylation determines the outcome of
gene KO for behavior. This is a novel situation in which neuronal
biochemistry restricts the consequences of gene KO.

Results

Amygdala-dependent auditory cued fear conditioning

is impaired in cGKII KO animals
Since cGKII is known to phosphorylate GluA1 (Serulle et al. 2007),
we predicted that eliminating cGKII from the brains of mice
should reduce the amount of GluA1-pS845 in various brain re-
gions. Consistent with this prediction, we detected significantly
reduced GluA1-pS845 in the amygdala of these mice, indicating
disrupted AMPAR trafficking in synapses (Fig. 1A). In order to as-
sess the behavioral contribution of reduced GluA1-pS845, we per-
formed an auditory cued fear-conditioning task (Fig. 1B). Cued
fear conditioning is dependent on the amygdala but not on the
hippocampus (Phillips and LeDoux 1992). Therefore, we hypoth-
esized that such reduction of GluA1-pS845 in the KO amygdala
would lead to impaired cued fear conditioning. Mice were ex-

posed to a neutral auditory cue for 30 sec where the final two sec-
onds of the cue coincide with a mild shock. To test the fear
memory, we measured freezing behavior 24 h later when these
mice were exposed to the auditory cue alone while placed in an al-
tered chamber (Fig. 1B). Consistent with our hypothesis, cGKII
KO mice froze less than their WT littermates, consistent with re-
duced GluA1-pS845 in the amygdala disrupting AMPAR traffick-
ing and impairing amygdala-dependent learning and memory.

Hippocampus-dependent contextual fear conditioning

is enhanced in cGKII KO animals
We showed in a previous study that functional compensation oc-
curs in the hippocampus, and synaptic GluA1-pS845 levels are in-
creased in cGKII KO mice compared with WT littermates (Kim
et al. 2015a). We wanted to examine whether this functional com-
pensation via increased GluA1-pS845 in the hippocampus had a
different behavioral effect than the reduced GluA1-pS845 levels
we observed in the amygdala (Fig. 1A). To test this, we performed
a contextual fear-conditioning task where freezing behavior is
known to require hippocampal function along with amygdala ac-
tivity (Phillips and LeDoux 1992). 24 h after the initial training
session, KO mice were reexposed to the same environment where
they received foot shocks previously. In contrast with perfor-
mance in the auditory cued fear-conditioning task (Fig. 1B), the
cGKII KO mice froze more than their WT littermates during the
5-min reexposure period (Fig. 2A), suggesting that they had en-
hanced contextual fear memory. In order to preclude the possibil-
ity that increased freezing behavior is due to reduction of memory
extinction in KO mice, we measured fear memory 3 d after the
shock and found that there was no significant difference in mem-
ory extinction between WT and KO animals (Fig. 2B). We next in-
vestigated short-term memory, which was determined by
measuring freezing behavior 1 h after the initial training to iden-
tify whether enhanced fear conditioning in KO animals is depen-
dent on memory formation or learning. There was no significant
difference in short-term memory, suggesting that increased fear is
due to enhanced memory rather than learning (Fig. 2C). This sug-
gests that KO animals have enhanced contextual fear memory,
consistent with an increase in synaptic GluA1-pS845 levels in
the KO hippocampus.

cGKII KO animals show less depression-like behaviors
Nitric oxide (NO) has been implicated as a secondary messenger in
various cellular functions, including synaptic plasticity (Huang
1997). Ca2+ influx through NMDA receptors (NMDARs) activates
neuronal nitric oxide synthase (nNOS), which generates NO
(Garthwaite et al. 1989). NO activates guanylate cyclase that pro-
duces cGMP, and cGKII is a downstream signaling target of cGMP
(Rameau et al. 2007; Serulle et al. 2007; Ota et al. 2008; Kim et al.
2015a). Several studies suggest that the inhibition of both nNOS
and guanylate cyclase shows antidepressant-like effects (Eroglu
and Caglayan 1997; Heiberg et al. 2002; Kaster et al. 2005;
Joca and Guimaraes 2006; Jesse et al. 2008; Zomkowski et al.
2010). Therefore, we hypothesized that cGKII KO would have
the same antidepressant effects as those inhibitors, via alteration
of GluA1-mediated synaptic transmission. We focused on GluA1-
pS845 levels in the nucleus accumbens (NAc) because it is a part of
the mesolimbic dopamine system that is strongly associated with
depression (Nestler and Carlezon 2006). We examined tissue from
the NAc in cGKII KO mice. Similar to the amygdala tissue (Fig. 1A),
the NAc had reduced synaptic GluA1-pS845 compared with WT
littermates (Fig. 3A). Moreover, synaptic GluA1 and GluA2/3 lev-
els were significantly decreased in the KO NAc (Fig. 3A), suggest-
ing that there is impaired AMPAR trafficking in synapses of the

Figure 1. Reduction of GluA1 phosphorylation in the cGKII KO amyg-
dala and impaired cued fear conditioning. (A) Representative immuno-
blots and quantitative analysis of whole amygdala lysates from the WT
and KO animals showing significant reduction of GluA1-pS845 in the
KO amygdala (n ¼ 4 experiments, (∗) P , 0.05, unpaired two-tailed stu-
dent’s t-test). (B) Diagram of auditory cued fear-conditioning protocol
and summary of average percentage freezing during the 30 sec prior to
the initial tone as well as the average freezing during each of the two
tones for each genotype showing reduced freezing levels for KO mice
during presentation of auditory cue (n ¼ 20 WT and 21 KO mice, (∗)
P , 0.05, unpaired two-tailed Student’s t-test).
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KO NAc. We next performed two different depression-associated
behavioral tasks that require NAc activity, the sucrose preference
test (SPT) and the tail suspension test (TST). During the SPT,
mice were exposed to 2% sucrose overnight. KO mice demon-
strated an increased preference for sucrose compared with WT
littermates (Fig. 3B) suggesting that KO mice exhibited less anhe-
donia. In addition, we performed the TST, in which mice were sus-
pended by their tails for 6 min and the total amount of immobile
hanging time was recorded as a measure of depressive behavior.
KO mice displayed less immobile time compared with WT litter-
mates (Fig. 3C). Taken together, the decrease in GluA1 phosphor-
ylation in the NAc is thought to be responsible for the decreased
expression of depressive behaviors in rodents where reduced
GluA1 phosphorylation can have an antidepressive effect.

No alteration of GluA1 phosphorylation

in the olfactory bulb and olfaction
It has been shown that cGKII is not present in parts of olfactory
bulb, including the olfactory tubercle, external plexiform layer,
and inner part of granular layer, which are critical for olfaction-
related behavior (de Vente et al. 2001; Werner et al. 2004). Thus,
we hypothesized that GluA1 phosphorylation would not be
altered in the KO olfactory bulb. As expected, we detected no
change in synaptic GluA1-pS845 in the olfactory bulb of cGKII
KO mice (Fig. 4A). We predicted that
the absence of altered GluA1-pS845
would result in no difference in olfactory
dependent behavior tasks in the cGKII
KO mice. In order to test this we per-
formed a buried food test where an odor-
ous snack was buried under the bedding
and mice were allowed 20 min to find
the hidden snack (Yang and Crawley
2009). Consistent with our hypothesis,
there was no significant difference in
the amount of time it took KO mice to
find the food compared with WT litter-
mates (Fig. 4B).

Taken together these studies in vari-
ous brain regions, amygdala, hippocam-
pus, nucleus accumbens and olfactory
bulb, plus our previous study of prefron-
tal cortex (Wincott et al. 2013; Kim et al.
2015a), show a strong correlation be-

tween the regional expression of GluA1-
pS845 and behaviors requiring those
brain areas, suggesting a predictive role
for GluA1-pS845 in a behavioral readout.

Distinct regulation of phosphatases

in the PFC and hippocampus leads

to heterogeneity of GluA1-pS845

in the KO
In order to investigate the mechanism
that underlies the different levels of
GluA1-pS845, we focused on the region-
specific control of phosphatases in the
hippocampus and PFC although it has
been proposed that there are regional dif-
ferences in kinase regulation and expres-
sion (Ortiz et al. 1995; de Vente et al.
2001; Mazzucchelli et al. 2002; Havekes
et al. 2007). Two different phosphatases

are known to dephosphorylate GluA1-pS845, calcineurin and pro-
tein phosphatase 1 (PP1) (Lee et al. 1998, 2000). We have previous-
ly shown that a decrease in calcineurin activity is sufficient to
elevate GluA1-pS845 in the KO hippocampus (Kim et al. 2015a).
PP1 activity is regulated by endogenous PP1 inhibitors such as
DARPP-32 (dopamine-and cAMP-regulated neuronal phospho-
protein-32) (Walaas and Greengard 1991). Phosphorylation of
DARPP-32 at threonine 34 (DARPP-32-pT34) is mediated by dop-
amine signaling and inhibits PP1 activity (Cohen et al. 1989). As
expected, DARPP-32 was highly enriched in the striatum (Fig.
5A). Interestingly, its expression in the PFC was much higher
than the hippocampus (Fig. 5A). This suggests that PP1 activity
in the PFC and hippocampus is differentially regulated, which
could contribute to region-specific effects of cGKII KO on GluA1
phosphorylation. To further address this region specific effect,
we investigated the role of PP1 in GluA1-pS845 in the PFC and
hippocampus. We first treated cultured hippocampal neurons
with specific phosphatase inhibitors and measured GluA1-pS845
(Fig. 5B). As shown previously (Kim and Ziff 2014; Kim et al.
2015a), 5 mM FK506, a calcineurin inhibitor, was sufficient to in-
crease GluA1-pS845 in cultured hippocampal neurons (Fig. 5B).
Of note, 500 nM okadaic acid (OA) treatment, sufficient for inhib-
iting both PP1 and PP2A, was able to increase GluA1-pS845 in
hippocampal neurons (Fig. 5B). Moreover, treating hippocampal
neurons with both FK506 and OA increased GluA1-pS845 but

Figure 2. Enhanced contextual fear conditioning in cGKII KO animals. (A) Average percentage freez-
ing 24 h after the initial training for WT and KO mice during each minute of the 4-min exposure to the
training chamber showing increased freezing behavior in the KO mice during the final 2 min of the fear-
conditioning test (n ¼ 28 WT and 28 KO mice, (∗) P , 0.05 and (∗∗) P , 0.01, unpaired two-tailed stu-
dent’s t-test). (B) Average percentage freezing for WT and KO mice during reexposure to the training
context 1 and 3 d after training showing no change in rate of extinction after day 3 (n ¼ 28 WT and
28 KO mice). (C) Average percentage freezing 1 h after the initial training for WT and KO mice
during each minute of the 4-min exposure to the training chamber showing no significant difference
(n ¼ 9 WT and 8 KO mice).

Figure 3. Reduction of AMPAR levels in the NAc of KO animals and KO-mediated antidepressant
effects. (A) Representative immunoblots and quantitative analysis of PSD from the NAc of the WT
and KO animals showing significant reduction of GluA1, GluA1-pS845, and GluA2/3 in the KO NAc
(n ¼ 7 experiments, (∗∗∗∗) P , 0.0001, unpaired two-tailed Student’s t-test). (B) Percentage of
sucrose water consumed out of total liquid consumption overnight for both WT and KO mice during
the sucrose preference test showing significant increase of sucrose consumption for the KO mice
(n ¼ 15 WT and 15 KO mice, (∗) P , 0.05, unpaired two-tailed Student’s t-test). (C) Average of the
total time WT and KO mice spent immobile during the 6-min tail suspension test showing significant
reduction in immobility for KO mice (n ¼ 16 WT and 16 KO mice, (∗) P , 0.05 and (∗∗) P , 0.01, un-
paired two-tailed Student’s t-test).
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no more than each inhibitor alone (Fig. 5B). This suggests that
calcineurin and PP1 work on the same pathway to regulate
GluA1-pS845 in hippocampal neurons (Fig. 5E). We next mea-
sured alteration of GluA1-pS845 levels in cultured PFC neurons.
Unlike hippocampal neurons, neither FK506 or OA alone, nor
the two together had an effect on GluA1 phosphorylation (Fig.
5C). Notably, when we induced synaptic scaling by treating neu-
rons with 2 mM tetrodotoxin (TTX) in PFC neurons, GluA1-pS845
levels were significantly increased in response to homeostatic syn-
aptic plasticity (data not shown). This suggests that there are un-
known pathways induced by TTX but not by FK506+OA, which

are able to increase GluA1 phosphoryla-
tion in PFC neurons. This supports the
idea that there are distinct pathways of
phosphatase regulation in the hippo-
campus and PFC.

Discussion

It is not surprising to see that loss of a ki-
nase affects the functions of its targets in
a region-specific manner (Mazzucchelli
et al. 2002). In addition, there are re-
gional differences in kinase regulation,
including regulation by PKA and ERK
(Ortiz et al. 1995; Havekes et al. 2007).
However, the molecular mechanism of

such specificity is not clear. Furthermore, tissue or region-specific-
ity of inhibition of target functions in the brain is particularly
important for drug design (Petrovskiy et al. 2015). Our previous
studies of the hippocampus and PFC in cGKII KO mice have sug-
gested that effects of cGKII KO on GluA1 phosphorylation are
region-specific (Wincott et al. 2013; Kim et al. 2015a). Studies
of various mental illnesses have demonstrated an important
role for AMPARs in maintaining behavior (Kessels and Malinow
2009; Chang et al. 2012). This raises two questions; (1) How
does the region specificity of changes in GluA1 phosphorylation
affect behavior? and (2) What governs the region specificity of

Figure 4. No alteration in GluA1 phosphorylation in the KO olfactory bulb and normal olfactory func-
tion in KO animals. (A) Representative immunoblots and quantitative analysis of PSD from the olfactory
bulb of the WT and KO animals showing no alteration of AMPAR trafficking in the KO olfactory bulb.
(B) Average latency in seconds of the amount of time it took WT and KO mice to find and commence
consumption of the hidden food showing no difference between WT and KO mice. (n ¼ 13 WT and
15 KO mice).

Figure 5. Distinct regulation of phosphatases in the hippocampus and PFC affects GluA1 phosphorylation differently in the region-specific manner. (A)
Representative immunoblots showing that DARPP-32 expression is higher in the PFC than the hippocampus. (B) Representative immunoblots and quan-
titative analysis of hippocampal neurons treated with FK506, OA, or FK506 and OA showing that inhibition of phosphatases is sufficient to increase
GluA1-pS845 in cultured hippocampal neurons (n ¼ 10 experiments, (∗∗) P , 0.01 and (∗∗∗) P , 0.001, one-way analysis of variance (ANOVA) followed
by Fisher’s Least Significant Difference (LSD) test). (C) Representative immunoblots and quantitative analysis of PFC neurons treated with FK506, OA, or
FK506 and OA showing no alteration of GluA1 phosphorylation (n ¼ 10 experiments). (D) Representative immunoblots showing that DARPP-32 phos-
phorylation is not altered in the KO PFC. (E) In the hippocampus, calcineurin directly regulates I-1 phosphorylation, so that calcineurin and PP1 work
in the same Ca2+ pathway to control GluA1 phosphorylation and trafficking. (F) In the PFC, unlike the hippocampus, DARPP-32 would play a central
role in control of PP1 activity. Because DARPP-32 is mainly regulated by the dopamine signaling pathway, Ca2+-dependent calcineurin activity and
dopamine-mediated PP1 activity regulate GluA1 phosphorylation independently in the PFC.
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the effects of the KO of a kinase? In an effort to examine whether
bidirectional changes in GluA1-pS845 levels correlate with chang-
es in behavior in KO animals, we examined GluA1-pS845 in sever-
al different brain regions and tested behaviors dependent on those
brain regions. Here, we demonstrate region-specific effects of the
KO on GluA1-pS845 and cognitive performance associated with
these brain regions. We also describe distinct pathways regulating
phosphatases in the hippocampus and PFC that could underlie
the region specific differences of GluA1-pS845 in the KO.

The cGKII KO reduces Ca2+ levels and calcineurin activity in
the hippocampus as shown previously (Kim et al. 2015a). This re-
duced calcineurin activity in the KO hippocampus can have an ef-
fect on PP1 as well. PP1 inhibitor-1 (I-1) is an endogenous PP1
inhibitor, and the phosphorylated form of I-1 blocks PP1 activity
(Nimmo and Cohen 1978). Notably, calcineurin dephosphory-
lates and inactivates I-1 in the hippocampus, which in turn
increases PP1 activity to regulate hippocampal synaptic transmis-
sion (Fig. 5E; Mulkey et al. 1994). Because hippocampal expres-
sion of a second PP1 inhibitor, DARPP-32, is significantly lower
than in the PFC (Fig. 5A), I-1 would serve as the major PP1 inhib-
itor in the hippocampus (Fig. 5E). This suggests that the concom-
itant decreases of calcineurin and PP1 activities stabilize GluA1
phosphorylation in hippocampal neurons (Fig. 5E). Indeed, we
found that blocking both calcineurin and PP1 increased GluA1-
pS845 in cultured hippocampal neurons but not in PFC neurons
(Fig. 5B,C). Conversely, we found that DARPP-32 was abundantly
expressed in the PFC but not in the hippocampus (Fig. 5A). We
also found that DARPP-32-pT34 levels were not altered in the
KO PFC compared with the WT PFC (Fig. 5D), suggesting that
DARPP-32-mediated regulation of PP1 activity is independent of
cGKII in the PFC, so that PP1 activity could remain active in
the KO PFC (Fig. 5F). This suggests that in the PFC, unlike in the
hippocampus, a dopamine-dependent and Ca2+-independent
pathway regulates PP1 activity (Fig. 5F). Thus, normal PP1 activity
in the KO PFC would lead to reduction of GluA1 phosphory-
lation and failure of synaptic trafficking of AMPARs, as observed
previously (Wincott et al. 2013), contributing to impairment of
PFC-dependent learning behavior (Wincott et al. 2014). Hence,
the Ca2+-calcineurin dependence of GluA1 dephosphoryla-
tion in the hippocampus and the Ca2+-independence in the
PFC could account for the observed region specific effects of cGKII
KO on GluA1 phosphorylation, synaptic trafficking, and animal
behaviors.

Notably, cGKII KO animals express Ca2+-permeable AMPARs
(CP-AMPARs) at hippocampal synapses, which provide a basis for
a novel form of LTP (Kim et al. 2015a). Expression of this form of
AMPARs in the hippocampus enhances LTP (Jia et al. 1996;
Wiltgen et al. 2010; Sanderson et al. 2012; Jin et al. 2013), which
utilizes a distinct pathway compared with a traditional NMDAR-
dependent LTP (Jia et al. 1996; Wiltgen et al. 2010; Jin et al.
2013; Kim et al. 2015a). In this study, we reveal that KO animals
show enhanced hippocampus-dependent contextual fear learn-
ing and memory (Fig. 2). In contrast to our study, Wiltgen et al.
(2010) report that GluA2 KO mice expressing CP-AMPARs in
the hippocampus show impaired contextual fear conditioning.
This discrepancy of the fear learning and memory could be due
to the presence of GluA2-containing AMPARs. All AMPARs in
GluA2 KO are GluA1 homomeric channels, which allows hip-
pocampal LTP to be independent of NMDARs (Jia et al. 1996;
Wiltgen et al. 2010), and impairs NMDAR-mediated learning
(Wiltgen et al. 2010). Conversely, the hippocampus of cGKII KO
that expresses CP-AMPARs alongside GluA2-containing AMPARs
exhibit NMDAR-dependent LTP (Sanderson et al. 2012; Jin et al.
2013; Kim et al. 2015a). It is possible that expression of
CP-AMPARs in the presence or absence of GluA2 would activate
distinct pathways that result in different behavior outcomes.

CP-AMPAR expression in the KO hippocampus could enhance
contextual learning and memory if the CP-AMPARs can enhance
memory or recognition of the context. A previous study shows
that CP-AMPAR expression in the hippocampus is required
for contextual discrimination (Jin et al. 2013), thus CP-AMPAR ex-
pression in the KO hippocampus could increase contextual
discrimination, leading to enhanced fear learning. Since GluA1-
pS845 levels are lower in the KO amygdala (Fig. 1A) and cued
fear conditioning is impaired in the KO (Fig. 1B), it precludes
amygdala activity as the source of this enhanced fear learning.
Moreover, CP-AMPAR expression in the amygdala is required for
proper amygdala-dependent fear learning and memory (Clem
and Huganir 2010), which further confirms that the amygdala
has no effect on this enhanced contextual learning in KO animals.
Although our work demonstrates high region specificity for the
compensatory increases in GluA1 phosphorylation, we cannot ex-
clude that compensation in unidentified regions apart from hip-
pocampus also contribute to the memory enhancement.

Although inhibition of the NO-cGMP signaling is involved
in anti-depressive behaviors (Eroglu and Caglayan 1997; Heiberg
et al. 2002; Kaster et al. 2005; Joca and Guimaraes 2006; Jesse
et al. 2008; Zomkowski et al. 2010), the exact mechanism of action
of the antidepressant-like effect in this model is not fully un-
derstood. cGKs are direct downstream effectors of NO-cGMP sig-
naling (Francis and Corbin 1999), thus antidepressant action
induced by inhibition of this pathway could be due to reduction
of cGK activity. Indeed, we reveal that cGKII KO-mediated reduc-
tion of GluA1-pS845 in the NAc show antidepressant effects on
behavior assays (Fig. 3). Therefore, the NO-cGMP-cGKII signaling-
mediated GluA1 phosphorylation in the NAc would be required
for expression of depressive behavior. In contrast to this study, it
has been shown that chronic treatment with fluoxetine increases
GluA1 phosphorylation in the striatum, and could potentiate
AMPAR function as antidepressant actions (Svenningsson et al.
2002). This difference could be due to dual roles of GluA1 phos-
phorylation in the NAc. It has been suggested that various brain
regions operate in a series of highly interacting parallel circuits,
which formulate a neural circuitry involved in depression
(Nestler et al. 2002). It is possible that GluA1 phosphorylation
in the NAc during development would be required for formation
of depression-like behavior by proper wiring of the circuitry.
Conversely, after development is completed, GluA1 phosphoryla-
tion would potentiate AMPARs for antidepressant action. Thus,
cGKII KO would fail to form adequate wiring in the brain during
the development, which could contribute to antidepressive-like
behavior.

Following on from the previous study (Kim et al. 2015a), we
have raised two main questions—what are the effects of the brain
region-specific GluA1 phosphorylation on behavior of cGKII KO
animals and what are the mechanisms governing the region spe-
cificity of the effects of the cGKII KO? Alterations in GluA1 pS845
levels are known to affect behaviors, and transgenic mice expres-
sion a nonphosphorylatable mutant of GluA1, S845A, have al-
tered learning and memory (Lee et al. 2003; Havekes et al. 2007;
Clem and Huganir 2010). In this study, we demonstrate that
GluA1 phosphorylation levels differed in various regions in the
cGKII KO brain, and behaviors dependent on those brain regions
were correspondingly altered in KO animals. Moreover, we identi-
fied distinct regulation of phosphatases in different brain regions,
accounting for the heterogeneity of GluA1 phosphorylation in
the KO brain. These observations suggest that the mechanisms
of control of GluA1 phosphorylation determine the outcome for
behavior. Thus this work provides a novel example in which neu-
ronal biochemistry restricts the effects of gene KO on its func-
tions, an important issue for understanding genetic control of
behavior and drug design.
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Materials and Methods

Animal
cGKII KO animals were backcrossed to C57BL/6 and bred at
Taconic Farms in Germantown, NY. Animals were housed under
12:12 h light–dark cycle. All behavioral assays were conducted
on adult mice between the ages of 10–12 wk. Animal experiments
were conducted in compliance with the Institutional Animal Care
and Use Committee at the New York University School of
Medicine.

Rat hippocampal neuron cultures and drug treatment
Hippocampal primary neurons were carried out by the previously
described method (Restituito et al. 2011). Neurons were isolated
from embryonic day 19 Sprague Dawley (Charles River). To inhibit
calcineurin or PP1 activity, 5 mM FK506 (Tocris Biosciences) or
500 nM okadaic acid (Tocris Biosciences) was treated to DIV14
neurons for 12 h. After treatment, whole-cell lysates were collect-
ed from cultured hippocampal neurons as shown previously
(Restituito et al. 2011) and applied to immunoblots.

Tissue sample preparation and immunoblots
Whole-brain tissue and PSD fraction from mouse brain were
prepared as described previously (Restituito et al. 2011; Kim
et al. 2015b). Equal amounts of protein were loaded on 10%
SDS-PAGE gel and transferred to the nitrocellulose or PVDF mem-
branes. Membranes were blotted with GluA1 (Millipore, 1:5000),
GluA2/3 (Millipore, 1:500), GluA1-pS845 (Millipore, 1:1000), ac-
tin (Sigma, 1:5000), DARPP-32-pT32 (Millipore, 1:1000), DARPP-
32 (BD biosciences, 1:250), and cGKII (Serulle et al. 2007)
(1:1000) antibodies and developed with ECL (PerkinElmer).

Fear conditioning
Mice were trained and tested using the FreezeFrame system
(Coulbourn Instruments) as described previously with modifica-
tions (Lai et al. 2012). Briefly, Mice were habituated for 150 sec
on a shocking grid (shocking floor grids, ethanol scent). Fear con-
ditioning was conducted with two tone–foot shock pairings
(30-sec, 400-Hz, 80-dB auditory cue coterminating with a 2-sec,
0.6-mA scrambled foot shock) separated by 60 sec. Contextual
memory tests were carried out 24 h later for long-term memory
or 1 h later for short-term memory in the same environment
where mice were allowed to explore for 4 min. Cued memory tests
were carried out 24 h after training in an altered environment
(test floor grids, 1% Pinesol) where mice were allowed to explore
for 150 sec before reexposure to the same auditory cues. During
the extinction tests, mice were reexposed to the same environ-
ment for 4 min 2 d after the contextual memory test. Behavior
scoring was automated by the FreezeFrame System (Coulbourn
Instruments).

Tail suspension test (TST)
TST was performed as described previously (Cryan et al. 2005). In
brief, male mice were suspended by their tails from a rod suspend-
ed 30 cm above the tabletop surface for 6 min. Immobile time was
recorded for each mouse and averaged for each genotype.

Sucrose preference test (SPT)
The sucrose preference test was performed by presenting each
male mouse with two identical bottles containing either 2%
sucrose solution or water. Bottles were placed in the housing
chamber overnight. At the end of each test, sucrose preference
was calculated as volume of sucrose consumed divided by total
liquid consumption for each mouse.

Buried food assay
The buried food assay was performed as described previously
(Yang and Crawley 2009). Several days before the test, 2–3 Froot

Loops (Kellogg’s) were placed in each cage overnight to confirm
that the food is palatable to the mice. Mice that did not consume
the Froot Loops were omitted from the test. Mice were food-
deprived for 24 h prior to the test. Three Froot Loops were placed
in a clean cage and buried under fresh bedding prior to placing the
mice in the cage. Mice were allowed 20 min to explore the cage
searching for the hidden food and the latency to find and begin
to nibble on the food was recorded. Mice that did not find the
food after 20 min were excluded from the results.

Statistics
All statistical comparisons were analyzed with the GraphPad
Prism6 software. Unpaired two-tailed Student’s t-tests were used
in single comparisons. For multiple comparisons, we used one-
way analysis of variance (ANOVA) followed by Fisher’s least signif-
icant difference (LSD) test to determine statistical significance.
Results were represented as a mean+ sem, and P value ,0.05
was considered statistically significant.
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