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Abstract

AMPA receptor GIuA2 subunits are strongly implicated in cognition, and prior work suggests that
these subunits may be regulated by atypical protein kinase C (aPKC) isoforms. The present study
assessed whether hippocampal and cortical AMPA receptor GIuA2 subunit regulation may be an
underlying factor in known age-related differences to cognitive-impairing doses of ethanol, and if
aPKC isoforms modulate such responses. Hippocampal AMPA receptor GluA2 subunit, PKMC,
and PKCI1/\ expression were elevated during adolescence compared to adults. 1 hour following a
low dose (1.0 g/kg) ethanol exposure, hippocampal AMPA receptor GIuUA2 subunit serine 880
phosphorylation was decreased in adolescents, but was increased in adults. Age-dependent
changes in GIuA2 subunit phosphorylation were paralleled by alterations in aPKC isoforms, and
zeta inhibitory peptide (ZIP) administration prevented ethanol-induced increases in both in adults.
Ethanol-induced changes in GIuA2 subunit phosphorylation were associated with delayed
regulation in synaptosomal GIUA2 subunit expression 24 hours later. A higher ethanol dose (3.5
g/kg) failed to elicit changes in most measures in the hippocampus at either age. Similar to the
hippocampus, analysis of cerebral cortical tissue also revealed age-related declines. However, no
demonstrable effects were found following a low dose ethanol exposure at either age. High dose
ethanol exposure reduced adolescent GIuA2 subunit phosphorylation and aPKC isoform
expression that were again accompanied by delayed reductions in synaptosomal GIuA2 subunit
expression. Together, these results suggest that GluA2-containing AMPA receptor modulation by
aPKC isoforms is age-, region- and dose-dependently regulated, and may potentially be involved
in developmentally regulated ethanol-induced cognitive impairment and other ethanol behaviors.
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1. INTRODUCTION

Long-term potentiation (LTP) is essential for cognitive processes and intricately involves the
regulation of synaptic alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
(AMPA) receptors. In particular, AMPA receptor GIuA2 subunit expression (formerly
GIuR2) is a predictor of memory performance and is imperative for the maintenance of
long-term memories (Takahashi et al., 2003, McCormack et al., 2006, Kessels and Malinow,
2009). Reductions in AMPA receptor GIuA2 containing receptors have been directly linked
to, or associated with, cognitive performance in a number of behavioral paradigms,
including hippocampal dependent tasks, fear, and drug-associated memories (Wiltgen et al.,
2010, Venkitaramani et al., 2011, Liu et al., 2010, Yu et al., 2013, Liu et al., 2012b).

Phosphorylation involving protein kinase C (PKC) is implicated in synaptic AMPA receptor
trafficking, and the serine 880 (ser880) residue has been identified as the major
phosphorylation site for PKC (McDonald et al., 2001). Numerous mammalian PKC
isoforms exist that are grouped into either conventional (c), novel (n) or atypical (a) PKC
isoforms. Recent work postulates that aPKC isoforms may be involved in GluA2 subunit
phosphorylation as supported by pharmacological investigation using partially-selective
PKC inhibitors (States et al., 2008). The aPKC family includes PKC(, PKM( and PKCI/\.
Notably, PKMC is a constitutively active PKC isoform that consists of only the catalytic
domain of PKC{ generated from internal promoters within the PRKCZ gene (Sacktor, 2012),
and only PKMC and PKCi/\ are found prominently expressed in cortical and hippocampal
brain regions (Oster et al., 2004, Hernandez et al., 2003, Lee et al., 2013).

Multiple studies employing viral overexpression, knockdown, or inhibition by ZIP
demonstrate that PKMC aides in GIuA2 subunit cell surface stability, LTP, as well as the
maintenance of spatial orientation, taste, fear, and memories related to drugs of abuse (Yao
etal., 2008, Migues et al., 2010, Li et al., 2011, Parsons and Davis, 2011, Shema et al.,
2007, Pastalkova et al., 2006). PKMC has been shown to increase GIUA2 stability, but such
effects are suggested to be indirect by promoting interactions with N-ethylmaleimide
sensitive factor (NSF) and blocking PICK1-mediated internalization (Yao et al., 2008).
However, direct aPKC involvement in ser880 phosphorylation has yet to be investigated.
Furthermore, although PKMC's involvement in GluA2 regulation and memory is promising,
recent reports call into question the role of PKMC in cognition as PRKCZ knockout mice
display normal learning and memory compared to controls (Lee et al., 2013, Volk et al.,
2013). Adding to this controversy, ZIP has been reported to have equal efficacy at both
PKMC and PKCI/A (Lee et al., 2013), and PKCi/A may also regulate AMPA receptor
phosphorylation, synaptic incorporation, and LTP, as has been shown for GIuAl (Ren et al.,
2013). Clearly, more studies are needed to delineate the relationship between aPKC
isoforms and GluA2-containing receptors.
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Naturally occurring differences, such as age-related responses to ethanol, may better
illuminate the relationship between AMPA receptor GIuA2 subunits and aPKC isoforms.
Adolescence is a critical period of development marked by increases in impulsivity that
overlap with initial drug use (Spear, 2010). Multiple behavioral studies demonstrate that
adolescents and adults differ in ethanol behavioral sensitivity. Remarkably, they display
greater sensitivity to ethanol’s amnestic effects, predominantly in hippocampal-dependent
tasks (Land and Spear, 2004, Markwiese et al., 1998), but are largely unimpaired in memory
tasks that co-involve the cerebral cortex (Swartzwelder et al., 2012, Rajendran and Spear,
2004). Such behavioral results suggest region-specific modulation by ethanol. Conversely,
as working memory and decision-making are enhanced and refined during adolescence (Best
and Miller, 2010, Brenhouse and Andersen, 2011), increased ethanol impairment is of
particular importance, as neurobiological modifications may impact cognitive functioning
well after ethanol is cleared. In fact, chronic ethanol exposure during adolescence has been
shown to disrupt cognitive flexibility into adulthood in rats (Semenova, 2012), and recently,
sustained effects were noted in human adolescents (Peeters et al., 2014). In addition to
impaired cognitive performance, exposure during earlier developmental periods also affects
AMPA receptor GIuA2 subunit-related LTP and expression (An et al., 2013, Dettmer et al.,
2003, Hsiao and Frye, 2003, Bellinger et al., 2002, Wang et al., 2012). Taken together, it is
highly possible that aPKC isoform regulation of AMPA receptor GIUA2 subunits may be a
major factor in differential ethanol effects across age.

Recent evidence from our lab further supports ontogenetic PKC involvement. Not only does
expression of cortical PKC isoforms vary across adolescence, but alterations in n- and aPKC
isoforms following high-dose ethanol exposure only occurred in adolescents (Santerre et al.,
2013). In the present study, we investigated whether ethanol dose-dependent regulation of
AMPA receptor GIuA2 subunits by aPKCs may account for age-related ethanol disparities.
We examined hippocampal and cortical synaptosomal AMPA receptor GIuA2 subunit and
aPKC isoform expression across adolescence. AMPA receptor GIuA2 subunit levels and
ser880 phosphorylation as well as aPKC isoform expression was subsequently assessed
following low- or high-dose ethanol exposure in adolescents and adults. ZIP was then
employed to determine whether ZIP-sensitive kinases modulated AMPA receptor GIUA2
phosphorylation. Finally, AMPA receptor GIUA2 subunit levels were assessed 24 hours later
to determine if ser880 phosphorylation subsequently affected subunit regulation after
ethanol elimination.

2. EXPERIMENTAL PROCEDURES

2.1. Animals

Experiments were conducted in accordance with the National Institute of Health Guidelines
under Institutional Animal Care and Use Committee-approved protocols at Binghamton
University, State University of New York. Adolescent and adult male Sprague-Dawley rats
were bred in house at Binghamton University. Postnatal day (P) 28, 35 and 42 correspond
with early-, mid- and late-adolescence, respectively whereas P75 was considered adulthood.
Rats were maintained on a standard 12 h light-dark schedule with lights on at 7:00 AM.
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Animals were pair-housed post weaning and had ad libitum access to rat chow and water.
All subjects had environmental enrichment consisting of crinkle paper and a wooden block.

2.2. Surgical Procedures

Animals were unilaterally cannulated just dorsal to the anterior hippocampus similar to our
previous studies (Gigante et al., 2014, Santerre et al., 2013). Briefly, adult (P68) subjects
were anesthetized with 2.5-3.0% isoflurane and placed into a stereotaxic device. A 12.5 mm
steel cannula (Plastics One) was positioned using the following coordinates relative to
bregma: —3.5 AP, +/- 2.6 ML as noted in Paxinos and Watson’s stereotaxic atlas (2007).
Subjects were given Buprenex as an analgesic once immediately post-surgery and second
post-operative dose 24 hours later. All subjects were singly housed with added
environmental enrichment consisting of a wooden block and crinkle paper. Animals were
allowed to recover for one week and were handled daily to check body weights, and cannula
patency.

2.3. Drugs and Reagents

Zeta inhibitory peptide (ZIP, Tocris, now R&D Systems, Minneapolis, MN) was
administered at 10 nmol per rat at a flow rate of 0.5 UL per min over a two min period.
Consistent with prior studies aCSF was utilized as a control (Velez-Hernandez et al., 2013,
Howell et al., 2014). Ethanol (Pharmco, Brookfield, CT) was administered intraperitoneally
(i.p.) as 20% ethanol in saline.

2.4. Tissue Collection

For assessment of PKMC and GIuR2 subunit expression across ontogeny, rats were
sacrificed at predetermined ages (P28, P35, P42 and P75). For acute ethanol studies, rats
were injected with ethanol (1.0 or 3.5 g/kg) or saline, and sacrificed at predetermined time
points (1 and 24 hours). Time points were based off our prior work demonstrating changes
in adolescent PKC isoforms 60 min following ethanol injection (Santerre et al., 2013), as
well as studies showing changes in receptor subunit regulation 24-hours following ethanol
exposure (Liang et al., 2007), when ethanol is systemically eliminated (Buck et al., 2011).
For both studies, the brain was rapidly removed from the skull, flash frozen, and stored at
-80°C.

2.5. Sample Preparations

Total cortical and hippocampal tissue were used for assessment. For whole cell samples,
following dissection, samples were homogenized in a mixture of 1% sodium dodecyl sulfate
(SDS), ImM ethylenediaminetetraacetic acid (EDTA), and 10mM of Tris (Santerre et al.,
2013, Gigante et al., 2014). For P2 synaptosomal samples, following dissection, samples
were homogenized in 0.32M sucrose/PBS solution and spun at low speed centrifugation
(1,000x%g) followed by centrifuging the resulting supernatant at 12,000 x g for 20 min. The
pellet (P2 fraction) was resuspended in phosphate buffered saline (PBS). Phosphatase
inhibitors were obtained from Sigma-Aldrich (St. Louis, MO) and added to tissue samples at
a final concentration of 1%. Protein concentrations of all samples were quantified using a
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bicinchoninic acid protein assay kit as we have done previously (Thermo Fisher Scientific,
Waltham, MA) (Santerre et al., 2013).

2.6. Western blot analysis

Protein samples were subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE)
using Novex Tris-Glycine gels (8-16%) and transferred to polyvinylidene difluoride
(PVDF) membranes (Invitrogen, Carlsbad, CA, USA). Membranes were probed with
antibodies for the following proteins: PKC( (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), phospho-GIuA2 (Ser880) and GluA2 (Millipore, Billerica, MA). The PKCC antibody
used shares a conserved binding residue to PKCi/\ and the smaller kDa protein PKMC, thus
allowing for the quantification of both proteins simultaneously. All blots were subsequently
exposed to a second primary antibody directed against -actin (Millipore) to verify
equivalent protein loading and transfer. Samples were run in duplicate or triplicate and
averaged. All bands were detected by enhanced chemiluminescence and exposed to
autoradiography film under non-saturating conditions (GE Healthcare, Piscataway, NJ,
USA) and analyzed using NIH Image J.

2.7. Statistical analysis

All comparisons were made within blots. For age-dependent studies, each group was
compared to adult samples (P75). Analyses were conducted using one-way ANOVA with
Dunnett’s post hoc test when appropriate. For ethanol exposure time dependent studies, each
group was compared to age-matched saline controls at each time point using Student’s t-test.
For hippocampal ZIP-associated kinase inhibition studies, data were analyzed by 2-way
ANOVA with Fisher’s LSD host hoc. For all experiments, p<0.05 (a=0.05) was considered
significant.

3. RESULTS

3.1. Hippocampal AMPA receptor GluA2 subunit and aPKC expression decreases
throughout adolescence

We first examined total hippocampal GluA2 subunit expression during early-, mid- and late-
adolescence (P28, 35 and 42) relative to adults (P75). Analysis revealed an effect of age for
GIuA2 in the hippocampus [F3 26=4.210, p<0.05]. Further post-hoc analysis revealed that
hippocampal GIuA2 expression was elevated by 32.2% and 26.3% during early and mid
adolescence, relative to adults (Figure 1A). In tandem, analysis of PKMC( expression
revealed an effect of age [F3 27=5.944, p<0.01] with post-hoc analysis also revealing that
PKMC expression was higher during early- and mid-adolescence by 71.3% and 50.2%
(Figure 1B). For PKCI/), analysis revealed an effect of age [F3 26=3.949, p<0.05], with
expression higher during early adolescence by 53.7% relative to adults (Figure 1C).

3.2 Hippocampal P2 synaptosomal AMPA receptor GluA2 subunit phosphorylation and
aPKC expression are age- and dose-dependently regulated following ethanol exposure

Given that adolescents display greater ethanol-induced cognitive impairment compared to
adults, and that AMPA receptor GIuA2 subunits play a major role in cognitive behavior, we
next investigated whether synaptosomal AMPA receptor GIUA2 subunit levels were altered
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one hour following an low dose ethanol (1.0 g/kg) exposure. Although GIuA2 subunit
expression did not differ from age-matched controls following ethanol exposure,
bidirectional differences were noted for GluA2 ser880 phosphorylation. Adolescents had
reduced GIluA2 phosphorylation (p<0.01, 39.8%) whereas adults had increased
phosphorylation (p<0.05, 57.9%) following ethanol exposure (Figure 2A, 2B). Interestingly,
adolescent PKMC( and PKCi/A also displayed age-related bidirectional changes. Ethanol
exposure reduced adolescent PKMC (p<0.05, 16.3%) and PKCI/\ (p < 0.01, 44.5%), while
increasing PKMC expression, but not PKCI/), in adults (p<0.05, 26.6%) (Figure 2A, 2B). To
further investigate if hippocampal GluA2 phosphorylation and aPKC expression were
ethanol dose-dependent, hippocampal expression patterns were assessed following a high
dose ethanol exposure (3.5 g/kg). With the exception of increases in adolescent PKCi/A
(p<0.05, 30.7%), high dose ethanol exposure had no effect on hippocampal AMPA receptor
GIuA2 subunit expression, phosphorylation or PKMC expression in adolescents or adults 1
hour following ethanol exposure (Table 1).

3.3. ZIP-sensitive kinases occlude ethanol-induced increases in adult hippocampal AMPA
receptor GIUA2 subunit phosphorylation

As synaptosomal AMPA receptor GIuA2 subunit phosphorylation associated with aPKC
isoform expression, we next determined whether a ZIP-sensitive kinase modulated GIuA2
subunit phosphorylation following ethanol exposure. Since ethanol increased GluA2 subunit
phosphorylation in adults, ZIP or vehicle was directly administered to the anterior
hippocampus prior to ethanol or saline administration. Analysis revealed an interaction of
ZIP pretreatment and ethanol exposure (F1 23=10.23, p<0.01), and a potential main effect of
ZIP pretreatment (F1 23=3.98, p=0.058). Further post-hoc analysis revealed that ethanol
alone again increased AMPA receptor GIuA2 subunit phosphorylation (p<0.05, Figure 3A),
but that ZIP administration reduced increases in ethanol-exposed animals (p<0.05). GIuA2
subunit phosphorylation did not differ between control and ethanol exposed subjects
following ZIP treatment. Synaptosomal PKMC was assessed to evaluate ZIP efficacy.
Analysis revealed a main effect of ZIP pretreatment (F1 2,=20.59, p < 0.01) and an
interaction of ZIP pretreatment and ethanol exposure that approached significance
(F1,22=10.31, p=0.05). Further post-hoc analysis revealed that ZIP pretreatment reduced
synaptosomal PKMC expression (p<0.01, Figure 3B) compared to vehicle treated subjects.
Similar to a lack of ethanol-exposure on PKCI/A in adults, analysis revealed null effects of
ZIP pretreatment, ethanol exposure, or an interaction on PKCu/A expression (Figure 3C).

3.4. Ethanol-induced alterations in hippocampal AMPA receptor GIuA2 subunit
phosphorylation associate with delayed regulation in synaptosomal GIuA2 subunit

expression

We next examined whether ethanol-induced changes in hippocampal AMPA receptor
GluA2 phosphorylation elicit changes in synaptosomal GluA2 subunit levels 24 hours later
when ethanol is pharmacokinetically eliminated. 1.0 g/kg ethanol decreased GIuA2 subunit
levels in adolescents (p<0.05, 19.2%), whereas expression was increased in adults (p<0.01,
20.3%, Figure 4). Similar to the lack of changes in GIuA2 phosphorylation for both ages,
hippocampal GIuA2 subunit levels were unaffected 24 hours later following high dose
ethanol exposure (see Table 1).
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3.5. Cortical AMPA receptor GIuA2 subunit and aPKC expression decreases throughout

adolescence

AMPA receptor GIUA2 receptors are robustly expressed in other structures that associate
with cognitive performance; therefore, we next examined total cortical GIuA2 subunit
expression during adolescence relative to adults. Analysis revealed an effect of age for
GIuA2 [F3 27=3.161, p<0.05], with post-hoc analysis revealed that cortical GIuA2
expression was 49.1% greater during early adolescence relative to adults (Figure 5A).
Analysis of PKMC expression also revealed an effect of age [F3 56=4.307, p<0.01], with
post-hoc analysis revealing that PKMC expression was higher during early- and mid-
adolescence by 45.9% and 39.3% (Figure 5B). PKC u/\ levels are not shown as we
previously reported increased cortical PKCIi/A during mid-adolescence (Santerre et al.,
2013).

3.6. Cortical P2 synaptosomal AMPA receptor GIuA2 subunit phosphorylation and aPKC
expression are age and dose-dependently regulated following ethanol exposure

In order to ascertain whether ethanol-induced changes observed in the hippocampus were
conserved in the cerebral cortex, analyses were also conducted following low (1.0 g/kg) and
high (3.5 g/kg) ethanol exposure. Low dose ethanol exposure had no effect on cortical
synaptosomal AMPA receptor GIuA2 subunit expression, phosphorylation, or aPKC
expression in either age after 1 hour or GIuA2 subunit expression after 24 hours (Table 2).
Interestingly, following high-dose ethanol-exposure, adolescent cortical AMPA receptor
GIuA2 subunit phosphorylation was reduced at 1 hour (p<0.05, 25.2%) and paralleled by
reductions in PKMC expression (p<0.01, 28.2%) (Figure 6A). No changes were found in
adults (Figure 6B). Reductions in adolescent GIuA2 phosphorylation associated with
decreases in AMPA receptor GIuA2 subunit expression 24 hours later (p<0.05, 17%, Figure
6C). Adult GIuA2 subunit expression remained unaltered 24 hours later.

4. DISCUSSION

AMPA receptor GIuA2 subunits are critical for LTP and cognitive behavior. The present
study demonstrates that hippocampal and cortical AMPA receptor GluA2 subunits and
aPKC isoforms are developmentally regulated, such that both are elevated during
adolescence and progressively decrease with age. Furthermore, these results demonstrate
that cognitive-impairing low doses of ethanol induce age-dependent opposing effects in
hippocampal AMPA receptor GluA2 subunit phosphorylation and delayed subunit
regulation. Effects were dose dependent, as a higher soporific dose had no effect on
hippocampal GIuA2 subunit levels. Effects were also regionally selective, as a low dose
failed to elicit cortical changes whereas a high dose ethanol administration altered only
adolescent GIuA2 and aPKC expression. Importantly, our results not only indicate that
ethanol-induced changes in synaptosomal aPKC isoform expression are accompanied by
GluA2 phosphorylation, but that a ZIP-sensitive kinase, likely an aPKC isoform, influences
GIuA2 subunit phosphorylation.

Elevation of AMPA receptor GIuA2 subunit levels and aPKC expression during adolescence
was not unexpected. Both are implicated in modulating cognitive tasks, and the adolescent

Neuroscience. Author manuscript; available in PMC 2015 November 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Santerre et al.

Page 8

period is critical for enhancing working memory and decision-making. Such results extend
prior work. aPKC isoforms are present at birth and do not decrease compared to other PKC
isoforms that display lower levels of expression and steadily increase during early postnatal
stages (Jiang et al., 1994). Age-related declines may be related to synaptic pruning, neuronal
reorganization and cell death, particularly within cortical regions. However, this explanation
isn’t entirely satisfactory as hippocampal organization occurs earlier in development
(Soriano et al., 1994). Despite higher GIuA2 subunit levels, adolescents display greater
cognitive impairment following ethanol exposure (Markwiese et al., 1998, although see:
Rajendran and Spear, 2004), and ethanol doses analogous to our study suppress the
induction of hippocampal LTP in adolescents, but not adults (Pyapali et al., 1999,
Swartzwelder et al., 1995). Thus, our observed regulatory differences in GIuA2 subunit
phosphorylation following ethanol exposure more likely account for age-related ethanol
behavioral differences rather than total GIuUA2 subunit expression.

AMPA receptor GIuUA2 subunit phosphorylation is strongly linked to synaptosomal and
membrane expression, but disagreement exists as to whether ser880 phosphorylation results
in increased membrane stability or internalization. Ser880 phosphorylation has been shown
to increase PICK1-mediated internalization and long-term depression by interfering with
GRIP/ABP association in cultured hippocampal and cerebellar Purkinje neurons (e.g.,
Chung et al., 2000, Xia et al., 2000). However, recent work in hippocampal neurons has
challenged these results by demonstrating that subpopulations of GIuA2 subunits do not
require GRIP/ABP for synaptic anchoring, and that PKC-dependent phosphorylation
increased synaptic stability and is likely not associated with internalized subunits (States et
al., 2008). The present study demonstrates that phosphorylation results in parallel changes in
synaptosomal GIuA2 subunit levels 24 hours later and therefore supports the involvement of
phosphorylation in synaptic stability. One possibility for the differences with prior reports is
that ethanol regulation of synaptic GluA2-containing AMPA receptors may be GRIP/ABP
independent. Alternatively, aPKC isoforms may elicit opposing actions on GIuA2 subunit
trafficking than conventional PKC isoforms. PKCa-mediated activity as well as CamKII co-
involvement contribute to GIuA2 subunit internalization (Terashima et al., 2004, Perez et al.,
2001), likely through interactions with PDZ proteins (Xia et al., 2000, Kim et al., 2001).
Given these discordant effects, further studies are clearly needed to compare the contribution
of specific PKC isoforms and GRIP/ABP in ethanol action. Nonetheless, our resultant
increases in adult hippocampal GIuA2 subunit levels are consistent with elevations
following ethanol exposure elsewhere (Wang et al., 2012, Chandler et al., 1999).

Changes in aPKC isoform levels paralleled AMPA receptor GluA2 subunit phosphorylation.
Using a naturally occurring model with differences in ethanol’s cognitive impairment, age-
related divergent responses in both aPKC isoform expression and GIuA2 subunit
phosphorylation strengthens prior studies implicating aPKC activity in LTP and cognitive
function (Shema et al., 2007, Ren et al., 2013). Recent knockout data along with studies
assessing the specificity of ZIP have questioned the role of PKMC in cognition. Taking the
present results into consideration further suggests that redundancy in aPKC isoform activity
may underlie GIuUA2 subunit regulation (see also: Howell et al., 2014), particularly as ZIP is
now known to inhibit PKMZ and PKCi/\ equally (Lee et al., 2013). ZIP administration
occluded ethanol-induced increases in adult GIuA2 subunit phosphorylation. While we are
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confident that ZIP acts primarily to inhibit atypical PKC isoforms (Yao et al., 2008), the
possibility that ZIP acts in a yet unidentified manner cannot be completely ruled out.
Nonetheless, to our knowledge, this is the first study implicating aPKC isoforms in AMPA
receptor GIuA2 subunit phosphorylation. It is unknown whether PKMC or PKCI/A is
primarily responsible for GIuA2 subunit phosphorylation and subsequent expression, but
PKMZ may have a more prominent role than PKCi/\. First, PKMC expression across early-
and mid-adolescence more closely mirrors GIuA2 subunit levels. Second, following a low
dose ethanol exposure when adult hippocampal PKMC expression and GluA2 subunit
phosphorylation were elevated, PKCi/A was unchanged. Third, following high dose ethanol
exposure, adolescent hippocampal PKCI/A levels were increased but PKMC levels and
GIuA2 phosphorylation did not differ, nor were GIuA2 subunit levels elevated 24 hours
later. Immunoprecipitation studies will better determine if aPKC isoforms directly interact
with GIuA2 subunits, particularly given that prior work indicates that PKMZ may work
indirectly by enhancing NSF-mediated interactions or PSD95 clustering (Yao et al., 2008).

Adolescents displayed decreases in aPKC isoforms and GIuA2 phosphorylation that were
ethanol dose- and region-dependent. Importantly, decrements at amnestically relevant
ethanol doses were only observed in the hippocampus, while higher doses were cortically
restricted. Such regional differences mirror low ethanol doses that impair only adolescent
hippocampal-mediated spatial memory tasks while higher doses result in more widespread
effects. Apart from this, one interesting observation from the current study is ethanol’s
ability to decrease PKMC( expression. PKMC protein levels are suggested to be stable
(Sacktor, 2012) and other drugs of abuse and stress increase its expression (Li et al., 2011,
Parsons and Davis, 2011). Again, these effects are likely age-dependent as ethanol increased
adult PKMC levels. Adolescent aPKC levels may also be attributable to cognitive processes
during the experiment itself (i.e., cues related to novel environment) (Liu et al., 2012a), such
that control subjects may be exhibiting increased PKMC, rather than decreases in the
ethanol-exposed animals. Therefore, it must also be acknowledged that environmental and
social enrichment (pair-housing) were provided to animals, which may also impact ethanol
regulation of aPKCs and GIuA2 subunits. However, single-housed subjects exhibited similar
changes in GIuA2 and PKMC as pair-housed animals, thus minimizing social enrichment
effects.

Although our biochemical analysis associates nicely with cognitive-impairments captured in
the literature, a major limitation of the current study is the inability to assess GIuUA2
phosphorylation and regulation in age-related cognitive responses. Moreover, it is not clear
if known age-related ethanol-induced behavioral impairments are primarily due to aPKC-
GIuA2 or broader ethanol activity. Methodological barriers have made direct behavioral
investigation difficult. Adolescents already display elevated GIuA2 subunit and aPKC
isoform expression. Our results further suggest ethanol age-related action appears to be more
related to regulation than total expression, thereby reducing enthusiasm for overexpression
studies. Conversely, inhibition or knockdown of either aPKC isoforms or GIuA2 subunit
levels both result in memory impairments. Such an approach would further confound
ethanol impairment. In vivo site-directed mutations would ultimately be needed to better
elucidate the role of ser880 phosphorylation but are well beyond the current scope. Such an
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approach would also be critical to further understand GIuA2 phosphorylation in
electrophysiological responses. Of note, PKC activation alone increases miniature excitatory
postsynaptic current frequency and amplitude (Carroll et al., 1998), and ethanol-induced
LTD is found only in adolescents (Pyapali et al., 1999), both of which are in line with the
current results.

The timing of receptor trafficking related to LTP formation as well as future susceptibility to
excitotoxicity should also be considered. Temporary removal of GluA2-containing AMPA
receptors coupled with increases in GIuA1 facilitates LTP formation that is then stabilized
by reinsertion of GluA2-containg AMPA receptors in a PKC activity dependent manner
(Plant et al., 2006). Therefore, removal of GluA2 subunits in adolescents following ethanol
exposure could enhance initial LTP formation whereas LTP is stabilized in adults.
Alternatively, LTP-related events may be occurring earlier in adults than adolescents. Aside
from LTP, removal of adolescent GluA2-containing AMPA receptors may result in
increased Ca2* permeable AMPA receptors that are linked to excitotoxic cell death
(Ferguson et al., 2008). Future time course studies characterizing AMPA receptor GIuUAL
subunit expression and electrophysiological responses in both ages following ethanol
exposure will begin to address both issues.

Finally, the present study extends our previous results in understanding the contribution of
the developing kinome (Santerre et al., 2013). Importantly, fluctuations in PKC isoforms
across adolescence occur in multiple brain regions. While the current study focused on
AMPA receptor GIuA2 subunits, given PKC’s ability to regulate various ligand-gated ion
channel families, these results further strengthen that differences in the adolescent kinome
should be a major consideration in future age-related neurotransmitter system investigations
as well as their relation to behavioral responses. It is unclear as to which upstream signaling
mechanisms initiate age-related divergent responses in aPKC isoforms. Interestingly, GIuA2
subunit phosphorylation is modulated by cytoplasmic phospholipase A, (CPLA)) activity, a
known pro-inflammatory pathway in the brain (Gentile et al., 2012, Menard et al., 2005).
This is of particular importance as cPLA is not only implicated in activating aPKC and
nPKC isoforms via arachidonic acid production (Gailly et al., 1997), but inhibiting PKC
prevents cPLA, modulation of GIuA2 subunit phosphorylation (Menard et al., 2005). cPLA,
activity is elevated in a diagnosed Alzheimer’s disease tissue as well as a synonymous
transgenic mice line, and reducing such activity decreased learning and memory deficits
(Sanchez-Mejia et al., 2008). Our recent work further supports cPLA2 in age-dependent
ethanol responses, as inhibition increased ethanol’s soporific effects only in adolescents
(Santerre et al., 2013) at doses commensurate with changes in cortical aPKC isoform and
GIuA2 phosphorylation. Clearly more work is needed to investigate cPLA, involvement in
adolescent ethanol responses. Other upstream factors may be involved such as those
involved with stress responsivity. Ethanol increases in corticosterone, modulate AMPA
receptor GIuA2 subunit levels (Martin et al., 2009) and could impact ethanol age-related
responses as recent work indicates decreased ethanol induction of corticosterone in female
adolescents, but less so in males (Willey et al., 2012).

In summary, the present study demonstrates that aPKC isoform expression decreases
through adolescence and parallels AMPA receptor GIUA2 subunit expression. Furthermore,
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this study suggests that age-related differences in activation of aPKC isoforms are
responsible for regulating AMPA receptor GIuA2 subunits following ethanol exposure and
may underlie age-related differences in hippocampal cognitive impairment from ethanol.
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Figure 1.
Hippocampal AMPA receptor GIuA2 subunit and aPKC isoform synaptosomal expression

decreases across adolescence. Graphs depict: (A) GluA2, (B) PKMZ, and (C) PKCu/A
expression. Representative immunoblot images are shown for each. Data is presented as
mean = SEM. *p < 0.05 compared to P75, n = 7-8/group.
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Effects of low dose (1.0 g/kg) ethanol exposure on hippocampal synaptosomal AMPA
receptor GluA2 subunit expression and phosphorylation, as well as aPKC isoform
expression 1 hour following ethanol administration. Graphs represent adolescents (A) and
adults (B). Representative immunoblot images are shown for AMPA receptor GluA2
subunit expression, pGIuA2 (serine 880), and PKM{, PKCI/A. Data is presented as mean +
SEM. *p < 0.05 compared with age-matched saline controls, n = 8/group.
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Figure 4.
Hippocampal AMPA receptor GIuA2 subunit synaptosomal expression 24 hours following

low dose (1.0 g/kg) ethanol exposure. Representative immunoblot images are shown. Data
are presented as mean + SEM. *p < 0.05 compared with age-matched saline controls, n = 8/

group.
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Figure 5.
Cortical AMPA receptor GIuA2 subunit and aPKC isoform synaptosomal expression

decreases across adolescence. Graphs depict: (A) GluA2, and (B) PKMC expression.
Cortical PKCI/\ was previously published elsewhere (Santerre et al., 2013). Representative
immunoblot images are shown. Data are presented as mean + SEM. *p < 0.05 compared to
P75, n =7 - 8/group for GIuA2 and 14-16/group for PKMC.
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Effects of high dose (3.5 g/kg) ethanol exposure on cortical synaptosomal AMPA receptor
GIuA2 subunit expression phosphorylation expression as well as PKMC isoform expression.
Analysis of adolescent (A) and adult (B) AMPA receptor GIuA2 subunit expression, serine
880 phosphorylation and aPKC isoform expression at 1 hour following ethanol exposure.
(C) Adolescent and adult AMPA receptor GIuA2 subunit expression 24 hours following
ethanol exposure. Adolescent and adult PKCu/A results were previously reported in Santerre
et al., 2013, but are shown again for completeness. Representative blots are shown for each.
Data represent mean £ SEM. *p < 0.05 compared with age-matched saline controls, n = 8/

group.
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Table 1

Hippocampal AMPA receptor GIuA2 subunit and aPKC isoform expression 1 or 24 hours following high dose
ethanol. Values are expressed as percent control. Data are presented as mean + S.E.M. n = 8 per group

Hippocampus (3.5 g/kg)
Adolescent  Adult

GluA2 -145+131 0.8+128
pGluA2 3.5+18.44 -54+89
PKMCZ 24+6.8 -88+4.1

PKMUL 31941258 ~-19.0£97

GluA2 24h  -6.3+16.0 -71+78

ap < 0.05 compared with age-matched saline controls.
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Table 2

Cortical AMPA receptor GIUA2 subunit and aPKC isoform expression 1 or 24 hours following low dose
ethanol exposure. Values are expressed as percent control. Data are presented as mean + S.E.M. n = 8 per

group.

Cortex (1.0 g/kg)
Adolescent  Adult
GluA2 -50+3.0 6.1+13.4
PGIuA2 -124+47 -129+83
PKMZ -01+£51 -22+92

PKMu/A 26+45 8.6+11.3
GluA2 24h  9.4+10.0 20.5+155
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