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Abstract

Rationale—Ethanol is commonly used and abused during adolescence. Although adolescents

display differential behavioral responses to ethanol, the mechanisms by which this occurs are not

known. The PKC pathway has been implicated in mediating many ethanol-related effects in

adults, as well as GABAA receptor regulation.

Objectives—The present study was designed to characterize cortical PKC isoform and GABAA

receptor subunit expression during adolescence relative to adults as well as assess PKC

involvement in ethanol action.

Results—Novel PKC isoforms were elevated, while PKCγ was lower during mid-adolescence

relative to adults. Whole cell lysate and synaptosomal preparations correlated for all isoforms

except PKC δ In parallel, synaptosomal GABAA receptor subunit expression was also

developmentally regulated, with GABAAR δ and α4 being lower while α1 and γ2 were higher or

similar, respectively, in adolescents compared to adults. Following acute ethanol exposure,

synaptosomal novel and atypical PKC isoform expression was decreased only in adolescents.

Behaviorally, inhibiting PKC with calphostin C, significantly increased ethanol-induced loss of

righting reflex (LORR) in adolescents but not adults, whereas activating PKC with phorbol-

dibutyrate was ineffective in adolescents but decreased LORR duration in adults. Further

investigation revealed that inhibiting the cytosolic phospholipase A2/arachidonic acid

(cPLA2/AA) pathway increased LORR duration in adolescents, but was ineffective in adults.

Conclusions—These data indicate that PKC isoforms are variably regulated during adolescence

and may contribute to adolescent ethanol-related behavior. Furthermore, age-related differences in

the cPLA2/AA pathway may contribute to age-related ethanol’s effects on novel and atypical PKC

isoform expression and behavior.
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INTRODUCTION

Alcohol (ethanol) is one of the most commonly used and abused drugs (NIAAA 2000),

however, much remains unknown about its molecular mechanism of action, especially

during adolescence. This remains problematic, as ethanol use often begins during this period

(Johnston et al. 2012). Worse, the “National Survey on Drug Use and Health” reports

increases for ethanol abuse or dependence if use begins before the age of 15 compared to

later periods (NIDA 2011). Adolescence is a critical developmental period, and ethanol

exposure during this time likely alters numerous neurochemical pathways that may

accelerate alcohol-related problems. In fact, previous work indicates that adolescents readily

display differential behavioral sensitivity to ethanol compared to adults, particularly to its

aversive effects; such effects include decreased sensitivity to ethanol’s motor-ataxic

(Ramirez & Spear 2010) and sedative/hypnotic effects (Silveri & Spear 1998), but increased

sensitivity to its memory-impairing effects (Markwiese et al. 1998). Although much research

has focused on behavioral disparities between adolescents and adults, less is known about

the underlying molecular effects in adolescent ethanol responses.

In adults, ethanol is known to alter neurotransmission as well as many second messenger

cascades (e.g., Darstein et al. 1998; Sabria et al. 2003; Tabakoff et al. 2001; Weiner &

Valenzuela 2006). In particular, much work has focused on protein kinases such as protein

kinase C (PKC). The PKC family includes 10 isoforms divided into 3 subfamilies:

conventional, novel and atypical PKCs (Nishizuka 1992). Conventional PKC’s (cPKC)

include PKC α, β and γ and require both calcium and diacylglycerol (DAG) for activation.

Novel isoforms (nPKC) include PKC δ, ε, η, and θ and typically require DAG, but are

calcium independent. Atypical isoforms (aPKC) include ζ and ι/λ and are calcium and

DAG independent (Nishizuka 1992). Interestingly, novel and atypical PKC isoforms may

also be activated by the cytoplasmic phospholipase A2/arachidonic acid (cPLA2/AA)

pathway (e.g., Khan et al. 1995; Khan et al. 1994).

Prior knockout studies have shown that PKC isoforms contribute to ethanol behavioral

responses. For instance, PKCγ or PKCδ knockouts are less sensitive to ethanol compared to

their wild-type counterparts as assessed by loss of righting reflex (Bowers et al. 1999; Choi

et al. 2008; Harris et al. 1995). Conversely, PKCε knockouts are more sensitive to ethanol’s

sedative/hypnotic effects (Hodge et al. 1999). Along with behavior, acute ethanol exposure

also alters PKC isoform expression and translocation in adults. For instance, moderate

ethanol doses (2.0g/kg) increase β and ε, and decrease γ expression in cortical

synaptosomal (P2) fractions after one hour in vivo (Kumar et al. 2006). Interestingly, these

effects are dose-dependent as PKC isoform expression is unchanged following higher doses

(Kumar et al. 2012). Therefore, it is possible that PKC regulation may contribute to

adolescent ethanol responses.

PKC affects many synaptic proteins; however, regulation of basal neurotransmitter systems

prominently affected by ethanol, such as GABAA receptors, likely influences ethanol age-

related behavior (Kumar et al. 2010; Proctor et al. 2003). GABAA receptors are pentameric

ligand-gated ion channels that mediate inhibitory neurotransmission in the central nervous

system. Nineteen different subunits are capable of forming functional GABAARs, with the
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majority being 2α, 2β with either a γ or δ subunit (Olsen & Sieghart 2009). Importantly,

PKC activity contributes to GABAA receptor function, trafficking and cell surface stability

(Connolly et al. 1999; Herring et al. 2003; McDonald & Moss 1997; Moss et al. 1992). In

particular, studies have found relationships between specific PKC isoforms and GABAAR

subunits. For example, PKCδ interacts with the GABAAR δ subunit, whereas PKCγ may

associate with the α1 and α4 subunits (Choi et al. 2008; Kumar et al. 2002). In fact,

following ethanol exposure, the association of PKCγ with the GABAA α4 and α1 subunits

increases, leading to their expression and internalization respectively (Kumar et al. 2002); an

effect that is prevented by knockdown of PKCγ in cultured cortical neurons (Kumar et al.

2010; Werner et al. 2011). Additionally, PKCε-dependent phosphorylation of the GABAA

γ2 subunit prevents ethanol mediated increases in GABAAR function (Qi et al. 2007).

Notably, PKCδ regulates ethanol’s behavioral effects through enhancement of GABA-

stimulated tonic inhibition (Choi et al. 2008). Thus, age-related differences in PKC

expression may potentially influence GABAA receptor subtype expression.

In the present study, we investigated whether PKC isoform and GABAA receptor subunit

expression were regulated during the adolescent period. In addition, we assessed whether

PKC activity influenced ethanol’s sedative/hypnotic action and if ethanol affected PKC

isoform synaptosomal expression in adolescents. Finally, we investigated the involvement of

the cPLA2/AA pathway in ethanol-related behavior.

MATERIALS AND METHODS

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 (P28–P42, 110–170 g) and adult

(P75, 300–450 g) male Sprague-Dawley rats were ordered from Taconic (Germantown, NY,

USA) or bred at Binghamton University. Rats were maintained on a standard 12 h light–dark

schedule with lights on at 7:00 AM. For consistency with previous studies examining

protein kinases and GABAA receptors, animal assessments began during the first four hours

of the inactive period. Animals had ad libitum access to rat chow and water. Rats that

underwent intracerebroventricular (i.c.v.) surgery, described below, were subsequently

housed individually. Adult rats not surgically prepared were pair-housed, while adolescents

were group housed with 3–4 other rats. All subjects had environmental enrichment.

Intracerebroventricular surgery

Stereotactic surgeries were performed to implant guide cannulae directed toward the lateral

ventricles. Briefly, rats were anesthetized with 3.0% isoflurane and subsequently placed into

a stereotactic frame. Guide cannulae (PlasticsOne, Roanoke, VA, USA) were implanted

unilaterally into the lateral cerebral ventricle at coordinates AP −0.8 mm, L+ or −1.5 mm

from bregma, and DV −2.5 mm for adults (Paxinos & Watson 2007) and AP −0.5 mm, L

+1.2 mm from bregma, and DV −2.5 for adolescents. Cannulae were secured to the skull

using three stainless steel screws and dental cement, protected with an internal guide and cap

with the skin surrounding the surgical site sutured closed. Buprenex® was administered for
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postoperative care immediately following surgery, as well as 24 hours following

cannulation. Animals were given a one-week recovery period prior to behavioral testing

with cannula patency being assessed periodically during routine handling. Following

sacrifice, India ink was used to determine i.c.v. cannula placements. Only animals with a

positive indication of ink in their ventricles (98.9%) were used for subsequent analysis.

Pharmacological Agents

Ethanol (20% v/v in saline) was purchased from Pharmco (Brookfield, CT, USA).

Calphostin C (CalC) and 4-beta-phorbol-12,13-dibutyrate (PDBu) were obtained from

Sigma Chemical Co. (St. Louis, MO). CalC (500 pmol/rat) was dissolved in 2% DMSO/

aCSF and was used to measure PKC inhibiton. PDBu (100 pmol/rat) was dissolved in 0.1%

DMSO/aCSF and used to assess PKC activation. Arachidonyl trifluoromethyl ketone

(AACOCF3) was purchased from Enzo Life Sciences (Farmingdale, NY) and dissolved in

aCSF to assess cytoplasmic phospholipase A2/arachidonic acid pathway inhibition (5 nmol/

rat). Appropriate DMSO/aCSF concentrations were used as vehicles for each drug condition.

Loss of righting reflex (LORR)

To measure the effect of PKC inhibition on ethanol-induced LORR, adolescent (P35) and

adult (P75–P80) rats were administered CalC or 2% DMSO/aCSF i.c.v. 5 minutes prior to a

hypnotic dose of ethanol (4.0 g/kg, intraperitoneally (i.p.)). To assess the effect of PKC

activation on ethanol-induced LORR, PDBu or 0.1% DMSO/aCSF was injected i.c.v. 60

minutes prior to ethanol administration as described elsewhere (Kumar et al. 2005). To

assess the involvement of arachidonic acid in modulating ethanol-induced LORR, the

phospholipase A2 inhibitor AACOCF3 was administered i.c.v. 8 hours prior to ethanol

injection. AACOCF3 dose and time was based on previous reports indicating effective

inhibition of arachidonic acid (Shanker et al. 2004; Yeo et al. 2004). All i.c.v. injections

were done at a flow rate of 1 µL/min. Following completion of drug delivery, the needles

were left in place for an additional minute to mitigate backflow into the cannula. Following

ethanol administration, rats were observed until they exhibited LORR via placement in a

supine position in V-shaped troughs (90° angle). Animals remained in this supine position

until they regained their righting reflex as assessed by the ability to right three times in a 60

second period. LORR duration was calculated by subtracting the time of onset of LORR

from the time of recovery. Blood samples were taken from the tail immediately after rats

regained the righting reflex and analyzed using an AM5 Alcohol Analyzer (Analox

Instruments, Lunenburg, MA). Notably, PDBu, CalC and AACOCF3 do not elicit hypnotic

effects in the absence of ethanol (Galeotti & Ghelardini 2011; Yeo et al. 2004). With the

exception of PDBu-treated adolescents, only 1–2 rats per group failed to lose their righting

reflex. All rats that failed to lose their righting reflex were excluded from analyses.

Tissue Collection

For assessment of PKC isoforms and GABAAR subunits during the adolescent period, rats

were sacrificed at predetermined ages (P28, P35, P42 and P75). For acute ethanol studies,

rats were injected with ethanol (3.5 g/kg, i.p.) or saline, and sacrificed at predetermined time

points (30 m. and 60 m.). For both studies, the brain was rapidly removed from the skull,

flash frozen, and stored at −80°C. Preparations are described below.
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Sample Preparations

For all samples, cortical tissue was used in order to gain a better perspective in regions

associated with loss of righting reflex and consciousness (Franks & Lieb 1990). For whole

cell lysates (total expression), following dissection, cerebral cortices were homogenized in a

mixture of 1% sodium dodecyl sulfate (SDS), 1mM ethylenediaminetetraacetic acid

(EDTA), and 10mM of Tris, (Grosshans et al. 2002). For P2 synaptasomal samples,

following dissection, cerebral cortical P2 fractions were homogenized in 0.32 M

sucrose/PBS solution, and spun at low speed centrifugation (1,000g) followed by spinning

the resulting supernatant at 12,000 × g for 20 min. The pellet (P2 fraction) was resuspended

in phosphate buffered saline (PBS). Protein concentrations of all samples were quantified

using a bicinchoninic acid method.

Western blot analysis

Protein samples from whole cell lysates and P2 synaptosomal fractions were subjected to

sodium-dodecyl-sulfate 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: PKCβ, PKCε, PKCδ, (BD Biosciences, San Jose, CA, USA), PKCγ (Abcam Inc.,

Cambridge, MA, USA), GABAAR α1, α4 and γ2 (Millipore, Lake Temecula, CA, USA)

and PKCζ, GABAAR δ (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Blots were

subsequently exposed to an antibody directed against β-actin (Millipore) to verify equivalent

protein loading and transfer. Secondary antibodies were obtained from Thermo Scientific

(Waltham, MA). Samples were run in duplicate or triplicate and averaged. All bands were

detected by enhanced chemiluminescence under non-saturating conditions (GE Healthcare,

Piscataway, NJ, USA) and exposed to X-ray films and analyzed using NIH Image J.

Statistical analysis and Figure Design

For western blots, all comparisons were made within blots. For ethanol exposure time

dependent studies, each group was compared to saline controls run in parallel. 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. Pearson

coefficient was used for correlational analyses. LORR data were assessed using Student’s t-

test. For all experiments, p < 0.05 (α=0.05) was considered significant. All figures were

generated using Prism (Graphpad, La Jolla, CA).

RESULTS

Total PKC isoform expression varies across adolescence

We first examined PKC isoform expression during early-adolescence (P28), mid-

adolescence (P35), late-adolescence (P42) and adulthood (P75). Analysis of PKCβ revealed

an effect of age [F3,56=6.324, p<0.001], with PKCβ being elevated by 31.2% during late

adolescence relative to adults (Figure 1a). Analysis of PKCγ also revealed an effect of age

[F3,56= 4.081, p<0.01], with PKCγ being 28.7% lower during mid adolescence relative to

adults (Figure 1b). For novel PKCs, an effect of age was observed for both PKCδ
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[F3, 56=4.15, p<0.01] and PKCε [F3, 56= 6.057, p<0.001] with PKCδ levels being 32.4%

higher during mid adolescence, and PKCε being 23.9% and 33.4% greater during early and

during mid adolescence relative to adults (Figure 1c and d). The atypical isoform PKCζ also

had an effect of age [F3,56=2.985, p<0.05], with PKCζ being elevated by 38.1% during mid-

adolescence relative to adults (Figure 1e).

Synaptosomal PKCδ isoforms expression does not parallel total expression across
adolescence

We next assessed synaptosomal PKC isoform expression in order to ascertain the

relationship between membrane-associated PKC isoforms and total PKC expression across

adolescence, as total expression does not necessarily give insight into synaptosomal receptor

regulation. For conventional PKC isoforms,, an effect of age [F3,26=4.571, p<0.01] was

observed for PKCβ, with a trend towards elevated levels during mid adolescence (Figure

2a); however, no effect was observed for PKCγ (Figure 2b). For novel PKCs, an effect of

age was observed for both PKCδ [F3,26=3.13, p<0.05] and PKCε [F3, 27= 5.248, p<0.01].

PKCδ was 34.0% lower, while PKCε was 27.7% higher during mid adolescence relative to

adults (Figure 2c and d). For PKCζ, an effect of age was observed [F3,26= 4.092, p>0.05].

PKCζ was elevated 52.3% during mid-adolescence relative to adults (Figure 2e).

Furthermore, correlational analyses of total and synaptosoamal PKC expression revealed

that PKCγ, -ε and -ζ were significantly correlated (r = 0.49, 0.44, 0.45, respectively,

p<0.05) and PKCβ had a highly suggestive correlation (r=0.35, p=0.08). PKCδ
synaptosomal expression did not correlate with total expression (r = 0.10, p>0.05).

Synaptosomal GABAAR subunits are differentially expressed across adolescence

As PKC isoforms are known to regulate GABAARs, to further understand developmental

differences in ethanol-sensitivity we assessed GABAAR subunit expression in synaptosomal

preparations. For GABAAR α1 subunits, an effect of age [F3,26=6.971, p<0.01] was

observed, with elevated α1 levels during late adolescence (Figure 3a). For GABAAR α4 and

δ subunits, an effect of age was also observed [F3,26=4.891, p<0.01 and F3,26=5.387, p<0.01

respectively], with lower levels of both subunits during early adolescence (Figure 3b and d).

No effect was observed for GABAAR γ2 subunits (Figure 3c).

Modulating PKC activity differentially regulates ethanol-induced loss of righting reflex in
adolescents and adults

Due to the differences in basal PKC levels between adolescents and adults we wanted to

determine whether altering PKC activity contributed to adolescent ethanol behavioral

responses. Therefore, effects of altering PKC activity on the sedative/hypnotic effects of

ethanol was investigated by determining the duration of ethanol-induced LORR in

adolescents and adults following i.c.v. injection of the PKC activator PDBu or inhibitor

CalC. For both, adolescents and adults were analyzed separately due to age-related

differences in righting reflex responses. In adults, PDBu decreased the duration of ethanol-

induced LORR by 27.7% (p<0.05). In contrast, adolescents showed no changes following

i.c.v. administration of PDBu (Figure 4a). In order to determine if PDBu dose was also age

dependent, we tested a 200 pmol/rat dose in adolescents. However, higher doses did not

affect ethanol-induced LORR (167.7 ± 13.9 and 156.4 ± 18.0 for aCSF and PDBu,

Santerre et al. Page 6

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



respectively; n = 11–13, p = 0.62). Interestingly, although not included in the analysis,

approximately 27% of adolescents that were administered either 100 or 200pmol PDBu, (3

and 4 per group, respectively versus only 1–2 per other groups), failed to lose their righting

reflex; however, this did not differ compared to aCSF-treated adolescents (100pmol, X2 =

2.59, p = 0.17; 200pmol, X2 = 1.93, p = 0.19). Interestingly, i.c.v. administration of CalC in

adults had no effect on the duration of ethanol-induced LORR. In contrast, following CalC

administration, adolescent’s duration of ethanol-induced LORR was increased by 33.8%

(p<0.05, Fig. 4b). Adolescent CalC effects are likely independent of ethanol metabolism as a

suggestive (but not significant) decrease in blood ethanol concentrations (BECs) was

observed in CalC treated subjects (206.6 ± 16.4 vs 187.2 ± 6.3 mg/dL for aCSF and CalC,

respectively). Similarly, a suggestive (but not significant) increase in BECs was also noted

for PDBu treated adults (179.9 ± 9.3 and 203.0 ± 17.2 for aCSF and PDBu, respectively).

BECs were almost identical in adolescent PDBu and adult CalC studies (190.8 ± .4.25 and

196.3 ± 8.4 for adolescent aCSF and PDBu, respectively; 165.0 ± 4.2 and 175.7 ± 8.5 for

adult aCSF and CalC, respectively).

PKC isoform expression is decreased following acute ethanol exposure in adolescents

Synaptosomal PKC translocation is an indirect assessment of PKC activity. Given that

previous studies demonstrate that PKC isoform expression is regulated following 2.0 g/kg

ethanol exposure (Kumar et al., 2006), but not after 3.5 g/kg (Kumar et al., 2012), we

wanted to investigate whether adolescent PKC isoform expression was differentially altered

following a higher dose (3.5g/kg). Ethanol exposure decreased synaptosomal expression of

novel and atypical PKC isoforms, but not conventional isoforms (Table 1) of PKC during

adolescence. For PKCδ, an effect of time post ethanol was observed [F2,19=3.67, p<0.05].

Further analysis revealed that PKCδ was decreased 60 minutes following ethanol exposure

by 27.3% (Figure 5a). In parallel, an effect of time post ethanol was observed for PKCε
[F2,19=4.08, p<0.05]. Further analysis revealed that PKCε was decreased 30 minutes

following ethanol exposure by 31.2% (Figure 5b). Similarly, an effect of time post ethanol

administration was observed for PKCζ (F2,19=6.002, p<0.001). Further analysis revealed

that PKCζ was decreased at both 30 and 60 minutes by 34.4% and 26.6%, respectively

(Figure 5c). Consistent with previous reports, ethanol had no effect on PKC isoform

expression in adult rats (Kumar et al., 2012) (Table 2)

cPLA2/AA pathway contributes to adolescent ethanol-induced LORR

Since only novel isoforms of PKC were altered following ethanol exposure in adolescence,

we investigated whether the cPLA2/AA contributed to ethanol behaviors. Arachidonic acid

is typically freed from phospholipids through enzymatic cleavage by cytoplasmic

phospholipase A2 and is known to preferentially activate novel and atypical isoforms of

PKC. Therefore, to indirectly assess AA involvement, we centrally administered the

cytoplasmic phospholipase A2 inhibitor AACOCF3. Similar to LORR above, adolescent and

adult were analyzed separately due to differences in righting reflex durations. CalC,

AACOCF3 increased the duration of ethanol-induced LORR in adolescents by 98.7 minutes

(p<.001, 54.8%). In contrast, no effect was observed in adults (Figure 6). Results are likely

not due to ethanol metabolism as BECs were reduced in AACOCF3 treated adolescents
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(p<0.05; 245.1 ± 12.3 vs 173.5 ± 18.6 for aCSF and AACOCF3, respectively). BECs were

similar for adults (215.3 ± 20.7 and 216.6 ± 13.8, for aCSF and AACOCF3, respectively).

DISCUSSION

The present study demonstrates that PKC isoforms are differentially regulated throughout

ontogeny and may potentially contribute to adolescent synaptosomal GABAAR subunit

expression and ethanol-related behavior. Analyses of whole-cell homogenates revealed that

PKCβ, -δ, -ε and -ζ levels were all elevated at various adolescent ages whereas PKCγ was

lower during adolescence in comparison to adults. Interestingly, analysis of synaptosomal

fractions at identical times revealed differences in isoform expression that did not correlate

with whole-cell lysate preparations. Although PKCβ, -γ, -ε and -ζ expression was

correlated in both whole cell lysates and synaptosomes, PKCδ was lower in synaptosomal

fractions but higher in whole-cell analysis during adolescence relative to adults. GABAAR

synaptosomal expression also differed as α4 and δ subunits were lower, but α1 and γ2

subunits were either elevated or unchanged, respectively, during adolescence compared to

adulthood. Behaviorally, PKC activity reciprocally modulated acute ethanol-induced LORR

in adolescents compared to adults, and only adolescent novel and atypical PKC isoform

translocation differed following ethanol exposure, thereby suggesting a putative role in

adolescent ethanol sensitivity. Further analysis revealed that inhibiting the cPLA2/AA

pathway produced a large increase in adolescent ethanol sensitivity while remaining

ineffective in adults.

Data from this present study agree with previous ethanol behavioral assessments in PKC

knockout mice. For example, reduced ethanol LORR sensitivity and lower PKCγ expression

observed in adolescents parallels reduced ethanol LORR in PKCγ knockout mice (Bowers

et al. 1999; Harris et al. 1995). Similarly, elevated adolescent PKCε expression may also

contribute to decreased adolescent sensitivity as PKCε knockouts are more sensitive to

ethanol LORR (Hodge et al. 1999). Age-related differences in PKCδ may also play a role.

Although peak levels of total PKCδ during mid-adolescence initially contrast with reduced

sensitivity in PKCδ knockout studies (Choi et al. 2008), reductions in adolescent

synaptosomal PKCδ levels are consistent with the knockout results. Although it is unclear

from the present results as to which factors contribute to the discrepancy in total versus

synaptosomal PKCδ, further studies assessing subcellular localization will help address this

difference, as synaptosomal preparations exclude peptides in other subcellular localizations

such as cytoplasm. Further, given the current behavioral data supporting a potential role the

cPLA2/AA pathway in adolescent ethanol sensitivity, characterization of PKC isoforms in

other subcellular preparations will give valuable insight into their ontogenetic involvement.

Such future assessment is critical as PKC isoforms are promiscuous in other intracellular

molecular pathways in addition to regulation of receptors in synaptic regions. Interestingly,

PKCβ was also altered through ontogeny, reaching peak levels during late adolescence.

While the reason for this peak in relation to ethanol sensitivity is unclear as studies

elsewhere suggest PKCβ is unrelated to ethanol-sensitivity (Kumar et al. 2010; Werner et al.

2011), it is possible that elevated PKCβ is reflective of hormonal changes related to puberty

in late adolescence (Thomson et al. 1993; Wang et al. 2012) or glial-related mechanisms

(Masliah et al. 1991; Russell & Acevedo-Duncan 2005).
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PKC isoforms are well known modulators of GABAA receptors, from receptor association

and regulation of surface expression (reviewed in: Kumar et al. 2009) to function (Brandon

et al., 2000; Proctor et al., 2003) and can influence behavior (Tretter et al., 2009; Terunuma

et al., 2008). Thus, although changes in total PKC observed across adolescence may

contribute in part to ethanol-sensitivity, it’s likely that their regulation of GABAAR subtypes

also contributes to basal and ethanol-related adolescent behavioral responses. For instance,

GABAAR α1 and γ2 subunits are commonly localized synaptically and are involved in

phasic inhibition, whereas GABAAR α4 and δ subunits are primarily localized

extrasynaptically and are implicated in tonic inhibition (e.g., Choi et al. 2008; Prenosil et al.

2006). Consistent with prior studies, elevated adolescent GABAAR α1 (and potentially γ2)

subunit expression observed here and elsewhere (Yu et al. 2006), likely contributes to

increased phasic inhibition during development (Cohen et al. 2000; Hahm et al. 2005).

Importantly, such increases may be due to region specific developmental trajectories as

miniature inhibitory postsynaptic current amplitudes are similar between adolescents and

adults in other brain regions (Cohen et al. 2000; Fleming et al. 2007; Hahm et al. 2005). In

parallel to synaptic GABAARs, we also noted lower GABAAR α4 and δ subunit expression

during early adolescence compared to adults, which is in agreement with reduced GABAAR

tonic inhibition during this period (Fleming et al. 2007).

Ethanol potentiates both synaptic and extrasynaptic GABAARs. Given that extrasynaptic

receptors are suggested to be markedly more sensitive to ethanol (Lovinger & Homanics

2007), it is possible that reduced adolescent ethanol responses include PKC isoform

regulation of specific GABAAR subtypes. In fact, recent evidence suggests extrasynaptic

receptors contribute to the sedative/hypnotic effects of ethanol and other GABAA receptor

agents (Kretschmannova et al. 2013; Liang et al. 2009; Martin et al. 2011). Of particular

interest, given that PKCδ colocalizes with extrasynaptic δ-containing GABAARs and

influences tonic inhibition (Choi et al. 2008), reductions in basal synaptosomal PKCδ
observed here may also contribute to decrements in adolescent GABAAR function.

However, ethanol’s sedative/hypnotic effects are complex and are likely also driven by

potentiation of synaptic receptors (Blednov et al., 2011). As such, PKCε phosphorylation of

GABAAR γ2 subunits decreases ethanol potentiation (Qi et al. 2007); therefore increases in

basal adolescent synaptosomal PKCεmay also influence adolescent ethanol-related

responses. As such, developmental regulation of novel PKC isoform activity may contribute

to adolescent ethanol-related effects. Additionally, lower levels of PKCγduring adolescence

may also contribute to α and α4-containing GABAAR regulation (Kumar et al. 2010;

Werner et al. 2011). Notably, lower levels of PKCγ observed here agrees with prior

adolescent studies (Van Skike et al. 2010).

Albeit correlative, this interpretation should also be taken with caution, as it should be noted

that the temporal variations in basal PKC isoform in the current study do not necessarily

coincide with synaptosomal GABAA receptor subunit expression. Potentially, basal GABAA

receptor synaptosomal expression may not be contingent on PKC as in vitro PKC

knockdown and in vivo PKC knockout studies report normal GABAA subunit expression

(Choi et al. 2008; Kumar et al. 2010; Werner et al. 2011). Rather, PKC’s regulatory effects

on GABAA receptors become more prominent following ethanol exposure (Carlson et al.
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2013; Kumar et al. 2010; Werner et al. 2011). Ultimately, although outside of scope of the

current experiments, future studies investigating PKC regulation of adolescent GABAA-R

expression and phosphorylation are necessary to better elucidate PKC isoforms in adolescent

ethanol action. Additionally, synaptosomal analyses may exclude additional extrasynaptic

receptor populations; this can be easily addressed by assessing GABAA receptor surface

expression. It is also possible that fluctuations during specific adolescent time points are

critical for interactions between specific PKC isoforms and GABAA receptor subtypes,

thereby influencing ethanol responses; therefore caution should again be warranted with

interpreting experimental results across all adolescent periods. Nonetheless, independent of

basal expression levels, GABAA receptor function differs in PKC knockout models (Hodge

1999; Choi, 2008; Haris RA 1995; Proctor WR 2003) and may very well contribute to age-

related differences in GABAA receptor electrophysiological responses. Taken together,

regulation of GABAA receptor expression and function contributes to ethanol’s sedative-

hypnotic effects and may contribute to adolescent responses. Finally, basal expression could

also be related to other kinases. In fact, our recent analysis of protein kinase A regulatory

subunits display reductions at similar time points (Gigante et al., submitted).

Behaviorally, we demonstrated that PKC activity differentially alters adolescent and adult

responses to sedative/hypnotic doses of ethanol. Consistent with previous work, the non-

selective PKC activator PDBu decreased adult sleep time (Ohsawa & Kamei 1997). In

comparison, PDBu had no effect on adolescent LORR. Strikingly, administration of the

PKC inhibitor CalC elicited reciprocal behavioral responses in adults and adolescents such

that CalC increased adolescent sleep time, but was ineffective in adults. The latter is

consistent with prior adult studies (Ohsawa & Kamei 1997). One possibility for these effects

may be a greater baseline level of PKC activity in adolescents, such that further activation

was ineffective, as noted after administering a higher dose. Conversely, the inability of CalC

to increase adult sleep times may be due to a floor effect in adult PKC activity. Interestingly,

Kumar et al., (2005) demonstrated that CalC pretreatment increases muscimol sleep time in

rats. Although this initially may appear to contradict our results, subjects in that study were

between the adolescent and adult ages used in the present study based on reported animal

weights, and hence may be in a late-adolescent/early adult stage of development.

Furthermore, their results assessing PKC activity on muscimol-induced LORR and

adolescent studies elsewhere (Silveri & Spear 2002), along with the present study further

supports PKC regulation of GABAARs in adolescent ethanol-related sedative/hypnotic

effects. However, it should be noted that such behavioral effects should not be over-

simplified to only fluctuations in PKC and GABAA receptors, as adolescents display

reduced ethanol sensitivity across all adolescent ages that were molecularly characterized

here relative to adults. Further, as PKC inhibition failed to restore adolescent LORR to adult

levels, other age-dependent mechanisms are likely involved. Again, other kinases such as

protein kinase A (Gigante et al., submitted) that also regulate GABAARs, may contribute to

the remaining differences.

Apart from the behavioral data, adult synaptosomal PKC isoforms remained unaltered

following acute high dose ethanol-administration, findings again consistent with previous

reports (Kumar et al. 2012). However, unlike adults, ethanol reduced adolescent
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synaptosomal novel and atypical PKC isoforms. Such effects may possibly contribute to

GABAAR function in response to ethanol exposure and eventual ethanol-related behavior.

Along with data suggesting reduced tonic inhibition post ethanol administration in animals

lacking PKCδ (Choi et al. 2008), our data highlights the possibility that lower levels of

synaptosomal PKCδ isoform expression may be facilitating reduced tonic inhibition in

cortical regions following ethanol administration in adolescence. However, ethanol’s effects

on synaptosomal novel and atypical PKC expression may be region specific. Although

adolescents display reduced hippocampal GABAAR tonic currents, ethanol potentiation of

these extrasynaptic currents is greater in adolescents compared to adults (Fleming et al.

2007). Conversely, it is possible that similar effects may occur initially in adolescents,

potentially due to increased synaptosomal PKCδ. Again, assessing adolescent synaptosomal

GABAAR subunit regulation immediately following ethanol exposure may help address this

issue. In either case, these findings further support a potential role for novel and atypical

PKC isoforms contributing to differences between adolescent and adult ethanol responses.

Finally, we questioned whether novel and atypical PKCs were being differentially activated

in adolescent and adults. As DAG activates both novel and conventional isoforms of PKC, it

is unlikely that alterations in this pathway contribute to adolescent ethanol-related

behavioral responses. However, fatty acids such as AA bind to a distinct site on PKC that is

separate from the DAG and phorbol ester binding sites and can preferentially activate novel

and atypical PKC isoforms (el Touny et al. 1990; Khan et al. 1995). These data led us to

investigate the cPLA2/AA pathway in the sedative/hypnotic effects of ethanol. Inhibiting

cPLA2 increased sleep time in adolescents, but not adults. Furthermore, cPLA2/AA

inhibition appears to cause a greater magnitude of ethanol-induced increases in sleep time

than a non-selective PKC inhibitor. Such results suggest that: 1) novel PKCs may have a

selective role in adolescent ethanol-induced behavior; and 2) activation of other PKCs such

as the conventional isoforms may have protective effects. Nonetheless, although cPLA2/AA

activation of novel and atypical PKCs contributes to adolescent ethanol-related behavior, it

still remains unclear whether adolescent effects are due to PKCδ, PKCε, and/or PKCζ.

Coupled with the above results, future studies assessing whether these PKC isoforms do in

fact translocate to the cytoplasm in response to cPLA2/AA activity as well as PKC-selective

inhibitors in adolescent ethanol-related behavior will give further mechanistic insight into

adolescent ethanol action. Apart from adolescent effects, it would be of interest to examine

the contribution of the arachidonic acid pathway to ethanol tolerance in both ages as studies

have shown arachidonic acid and cPLA2 to be decreased following ethanol exposure

(Basavarajappa et al. 1998; Rubin 1989). However, cPLA2/AA inhibition does not

exclusively modulate PKC, as AA activity also influences monoaminergic (Hellstrand et al.

2002; LaBelle & Polyak 1998; T. et al. 1997), cholinergic (Almeida et al. 1999) and

histaminergic (Itoh et al. 2004) transmission. Future studies aim to investigate the specific

relationship between AA and PKC in ethanol sensitivity through co-modulation of systems

involved in the cPLA/AA cascade

In summary, the present study suggests that PKC isoforms, particularly novel PKCs, are

differentially regulated during adolescence and may contribute to adolescent GABAAR

biology and ethanol-related behavior.
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Figure 1. Total PKC isoform expression is variably expressed during adolescence
Representative blots are shown for PKC β (a), PKC γ (b), PKC δ (c), PKCε (d) and PKC ζ (e). Data represent mean ± SEM

*p < 0.05 compared to P75, n = 14–16/group.
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Figure 2. Synaptosomal PKC isoform expression is variably regulated
Representative blots are shown for PKC β (a), PKC γ (b) PKC δ (c), PKC ε (d) and PKC ζ (e). Data represent mean ± SEM,

*p < 0.05 compared to P75, n = 7–8/group.
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Figure 3. Synaptosomal GABAAR subunits are developmentally regulated through adolescence
Representative blots are shown for GABAAR α 1 (a), α 4 (b), γ 2 (c) and δ (d) subunits. Data represent mean ± SEM, *p <

0.05 compared to P75, n=7–8/group.
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Figure 4. Modulating PKC activity differentially regulates ethanol-induced loss of righting reflex (LORR) in adolescents and adults
Intracerebroventricular administration of PDBu decreased sleep time in adult rats (a) while CalC increased sleep time in

adolescents (b). (n=8–9), *p<0.05, compared to age-matched controls.
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Figure 5. Adolescent synaptosomal novel PKC isoforms are decreased following acute ethanol exposure
Representative blots and graphic representation showing PKC δ (a), PKC ε (b) and PKC ζ (c) expression in cortical P2

fraction at 30 and 60 min following ethanol administration (n =8). *p<0.05 compared with saline.
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Figure 6. cPLA2/AA pathway contributes to adolescent ethanol-induced loss of righting reflex (LORR)
Intracerebroventricular administration of AACOCF3 increased sleep time in adolescent, but not adult rats. (n=8–9), *p<0.05,

compared to age-matched controls.
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Table 1
Adolescent conventional PKC isoform expression following ethanol exposure

High dose acute ethanol administration does not alter conventional PKC isoform expression in adolescent rats

(n=6–8/group).

Saline 30 Minute 60 Minute

PKC β 100.0 ± 3.317 91.47 ± 5.792 83.48 ± 9.34

PKC γ 100.0 ± 8.882 89.65 ± 11.34 82.05 ± 8.26
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Table 2
Adult PKC isoform expression following acute ethanol exposure

High dose acute ethanol administration does not alter PKC isoform expression in adult rats (n=7–8/group).

Saline 30 Minute 60 Minute

PKC β 100.0 ± 10.27 116.1 ± 13.98 101.8 ± 10.26

PKC γ 100.0 ± 14.39 97.08 ± 8.91 92.58 ± 15.17

PKC δ 100.0 ± 10.68 114.9 ± 16.10 110.2 ± 11.64

PKC ε 100.0 ± 7.49 82.42 ± 9.87 77.26 ± 9.45

PKC ζ 100.0 ± 8.217 90.15 ± 5.85 97.01 ± 11.82
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