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Abstract

Protein kinase C epsilon (PKCe) regulates behavioural responses to ethanol and
plays a role in anxiety-like behaviour, but knowledge is limited on downstream sub-
strates of PKCe that contribute to these behaviours. We recently identified brain-
specific serine/threonine-protein kinase 1 (BRSK1) as a substrate of PKCe. Here,
we test the hypothesis that BRSK1 mediates responses to ethanol and anxiety-like
behaviours that are also PKCe dependent. We used in vitro kinase assays to further
validate BRSK1 as a substrate of PKCe and used Brsk1~/~ mice to assess the role
of BRSK1 in ethanol- and anxiety-related behaviours and in physiological responses
to ethanol. We found that BRSK1 is phosphorylated by PKCe at a residue identified
in a chemical genetic screen of PKCe substrates in mouse brain. Like Prkce='— mice,
male and female Brsk1~'~ mice were more sensitive than wild-type to the acute
sedative-hypnotic effect of alcohol. Unlike Prkce ™~ mice, Brsk1~/~ mice responded

like wild-type to ataxic doses of ethanol. Although in Prkce ’~ mice ethanol con-
sumption and reward are reduced in both sexes, they were reduced only in female
Brsk1~'~ mice. Ex vivo slice electrophysiology revealed that ethanol-induced facili-
tation of GABA release in the central amygdala was absent in male Brsk1~/~ mice

similar to findings in male Prkce™'~

mice. Collectively, these results indicate that
BRSK1 is a target of PKCe that mediates some PKCe-dependent responses to etha-
nol in a sex-specific manner and plays a role distinct from PKCe in anxiety-like

behaviour.
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1 | INTRODUCTION
Current evidence indicates that protein kinase C epsilon (PKCe) regu-
lates ethanol consumption, preference, intoxication and reward, and

/= mice drink substantially less ethanol

anxiety like behaviour. Prkce™
than wild-type mice and show reduced conditioned place preference
for ethanol.)™* Prkce™~ mice also show reduced anxiety-like behav-
jour compared with wild-type mice.® The ethanol-related behaviours
do not result from developmental changes since inducible transgenic
expression of PKCe in the amygdala and striatum restores normal

/= mice to

responses to intoxication and increases drinking in Prkce™
levels observed in wild-type mice.® Similarly, knockdown of PKCe by
RNA interference in the amygdala reduces anxiety-like behaviour of
wild-type mice.” In wild-type mice, knockdown of PKCe by RNA inter-
ference in the amygdala also reduces ethanol consumption, and
microinjection of a peptide inhibitor of PKCe in the amygdala or
nucleus accumbens reduces binge-like ethanol drinking.®? In addition,
a small-molecule inhibitor of PKCe reduces intermittent ethanol con-
sumption in wild-type mice.® A role for PKCe in alcohol use disorder
(AUD) is suggested by a study of lymphoblastoid cell lines (LCLs) from
21 AUD subjects and 21 controls which showed that PRKCE mRNA
transcripts were increased 1.4-fold in AUD cases compared with
controls.! Taken together, these results suggest that PKCe is a novel
target for medications development for AUD and possibly anxiety-
related disorders.

Studies in vitro using purified proteins have provided evidence of
an ethanol binding site on PKCe that inhibits the activity of PKCe, but
other in vitro studies have shown that ethanol has no effect on PKC
activity.*>*® In wild-type and Prkce™’~ mice, the EDsq of ethanol for
inducing ataxia is the same consistent with the lack of an acute effect
of ethanol on PKCze in vivo. In the same study, increased phosphoryla-
tion of PKCe at S729, which is required for full kinase activity was evi-
dent in the cerebellum only 60 min after an ethanol injection.**
These results suggest that ethanol indirectly activates PKCe through
actions on upstream signalling pathways.

In the brain, PKCe is enriched in presynaptic terminals where it
plays a role in release of synaptic vesicles.*®> There are several limbic
regions associated with AUD and anxiety where PKCe is implicated in
the release of neurotransmitters. In hippocampal granule cells, PKCe is
important for the exocytosis of glutamate, and this action is depen-
dent on an actin binding domain in PKCe. In the nucleus accumbens
of Prkce™’~ mice, dopamine release is impaired.? In the central amyg-
dala, ethanol-stimulated gamma-aminobutyric acid (GABA) release is
absent in Prkce™~ mice and blocked by PKCe inhibitors in wild-type
mice. 1017

How PKCe signalling regulates neurotransmitter release is not
known. Recently, we conducted a chemical genetic screen for PKCe
substrates in mouse brain.*® Our analysis revealed several substrates
whose function is associated with synapses or synaptic vesicles. One
of these is brain serine/threonine kinase 1 (BRSK1) which is a synaptic
vesicle associated, serine-threonine, protein kinase. BRSK1 is an
ortholog of the C. elegans protein SAD-1, which was first identified for

its role in synaptic vesicle clustering and axonal development.*”=2* In
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mammals, BRSK1 plays important roles in neuronal polarization and
nerve terminal maturation.22-28 BRSK1 also regulates synaptic vesicle
release in hippocampal granule cells and may function by regulating
the readily releasable pool of vesicles.2?~3! This association with vesi-
cle release makes BRSK1 a promising candidate for further investiga-
tion into its role in PKCe signalling.

Here we used Brsk1~/~ global knockout mice to examine the
role of BRSK1 in responses to ethanol and in anxiety-like behaviour.
We report that BRSK1 has a sex specific effect on ethanol and
anxiety related behaviours and plays a role in ethanol-induced facili-
tation of GABA release in the central nucleus of the amygdala. Our
findings indicate that BRSK1 is involved in several but not all effects
of PKCe on behavioural and physiological responses to ethanol, and
that the role BRSK1 plays in anxiety is likely unrelated to PKCe

signalling.

2 | MATERIALS AND METHODS
21 | BRSK1 expression vectors and protein
purification

The BRSK1-GST-tagged peptide constructs (12 amino acids in length)
corresponding to the PKCe phosphorylation site (5559) and the corre-
sponding alanine mutant (S559A) were cloned into pGEX-6p-2 vec-
tors (Sigma-Aldrich; Cat No. GE28-9546-50) in frame with the GST
purification tag sequence and transformed into BL21(DE3) Escherichia
coli cells for expression. Following expression, GST-tagged peptide
constructs were purified using a Pierce GST Spin Purification Kit
(Thermo Fisher Scientific; Cat No. 16106).

BRSK1-FLAG-tagged full length protein constructs were cloned
into the vector pCMVé6-Entry (OriGene; Cat. No. PS100001) in frame
with the FLAG purification tag sequence and were transformed into
DH5a cells (Thermo Fisher Scientific; Cat. No. 18265017) for plasmid
purification. Purified plasmid (10 ug) was transfected into 60-90%
confluent COS-7 cells (ATCC; Cat. No. CRL-1651) on a 10 cm plate
using Lipofectamine 3000 transfection reagent (Thermo Fisher Scien-
tific; Cat. No. L3000008). Following transfection, the cells were incu-
bated at 37°C in an atmosphere of 95% air: 5% CO, for 24-48 h
before purification using a FLAG® Immunoprecipitation Kit (Sigma-
Aldrich; Cat No. FLAGIPT1).

2.2 | In-vitro thiophosphorylation

PKCe (100 ng) was added to a 40 ul kinase reaction containing PKC
kinase buffer (20mM HEPES, 10mM MgCl,, 0.1mM EGTA, 0.3%
Triton-X-100) with 0.5 pg/ul phosphatidylserine, 1ImM PMA, 1 ng/pl
BSA, and 1 mM of ATPYS. Phosphatidylserine was prepared by evap-
orating away chloroform from 250 pl of 10 mg/ml stock solution with
a stream of argon and resuspending in 500 ul of PKC kinase buffer.
This mixture was incubated in a 27°C water bath for 10-15 min. After

this incubation, 5 pg of GST-tagged BRSK1 peptide was added to the
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reaction, which was allowed to proceed for 30 min at 37°C in a
Thermo-Mixer shaking at 1000 RPM. Then 500 mM EDTA was added
to a final concentration of 100mM to quench the reaction, followed
by addition of 2.5 ul of 50mM p-nitrobenzyl mesylate (PNBM) in
DMSO (final concentration: 2.5mM PNBM, 5% DMSQ). After 1 h of
incubation at room temperature with constant nutation, 12.5 ul of 5X
Laemmli sample buffer were added, and samples were analysed by

western blotting.

2.3 | In-vitro phosphorylation

PKCe (100 ng) was added to a 40 pl kinase reaction containing PKC
kinase buffer with 0.5 pg/pl phosphatidylserine, 1mM PMA, 1 ng/ul
BSA, and 1mM of ATP. This mixture was incubated in a 37 °C
water bath for 10-15 min. Then 2 ug of FLAG-tagged BRSK1 wild-
type or S559A mutant protein were added to the reaction. The
kinase reaction proceeded for 30 min at 37°C in a Thermo-Mixer
shaking at 1000 RPM. After 100 mM EDTA was added to quench
the reaction, samples were analysed by SDS-PAGE and western

blotting.

24 | Western blotting

GST-tagged BRSK1 peptide or FLAG-tagged BRSK1 full-length pro-
teins (0.1 ug each) were separated by SDS-PAGE and transferred to
LF-PVDF membranes. Blots from the in-vitro thiophosphorylation
kinase reaction were blocked in 5% nonfat dry milk, TBST (20 mM
Tris, 137 mM NaCl, 0.1% Tween 20) for 30 min at room temperature
and then incubated overnight at 4°C with anti-GST antibody from
mouse (Invitrogen; #MA4-004; 1:1000) and anti-thiophosphate ester
antibody from rabbit (Abcam; ab133473; 1:5000) in TBST with 5%
nonfat dry milk. After five washes with TBST, 5 min each, blots were
incubated with goat anti-mouse IgG StarBright B520 (BioRad;
#12005867; 1:5000) and goat anti-rabbit IgG StarBright B700
(BioRad; #12004162; 1:5000) in TBS with 5% nonfat dry milk and
0.02% SDS for 1 h at room temperature. Blots from the in-vitro phos-
phorylation kinase reaction were blocked in TBST with 5% BSA for
30 min at room temperature and then incubated overnight at 4°C
with anti-FLAG antibody from mouse (Sigma-Aldrich; #F1804;
1:5000), and anti-BRSK1 S(P)559 antibody from rabbit (custom anti-
body from Pacific Immunology, 1:1000) in TBST with 5% BSA. Blots
were then washed five times in TBST and incubated in goat
anti-mouse IgG StarBright B520 (1:5000) and goat anti-rabbit 1gG
StarBright B700 (1:5000) in TBS with 3% BSA and 0.02% SDS for 1 h
at room temperature. All blots were washed six times with TBST,
5 min per wash, before imaging. Blots were imaged on a BioRad
ChemiDoc MP station and analysed with Image Lab software (version
6.1, BioRad). Thiophosphorylation and phosphorylation signals were
normalized to GST or FLAG signals respectively, and signals from
mutants were quantified relative to signals from wild-type peptide or

protein.

Addiction Biolg

s —WILEY-7

25 | Animals

Studies were conducted in male and female 8- to 16-week-old
C57BL/6J wild-type and C57BL/6J Brsk1™/~ mice obtained from
Jackson Labs (Bar Harbor, ME). Mice were grouped-housed in
temperature- and humidity-controlled rooms with free access to food
(LabDiet, #5053) and water under a 12-h light/dark reverse cycle,
lights on at 11 PM. Experimental rooms were maintained at an ambi-
ent temperature of 21 + 1°C with 40-60% humidity. Experiments
were approved by the Institutional Animal Care and Use Committees
at The University of Texas at Austin and at Scripps Research, and
complied with the ARRIVE guidelines and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.®?

2.6 | Loss of righting reflex

Brsk1~/~ mice and their wild-type littermates (10-12 mice per geno-
type per sex) were administered 3.6 g/kg ethanol (20% v/v in saline) by
i.p. injection. Once mice were sedated, they were placed in a supine
position on a flat bed of nestlets and timing began. When the mice
were able to right themselves three times within 30 s, the time at the

third righting was recorded as the latency to recover the righting reflex.

2.7 | Ethanol-induced rotarod ataxia

Brsk1™/~ mice and their wild-type littermates (10-12 mice per geno-
type per sex) were moved to the procedure room to acclimate to the
environment and sound of the rotarod 1 h before the experiment.
Mice were trained on the rotarod at a fixed speed of 10 RPM until
they could stay on the rotarod for 60 s. Each mouse was given a maxi-
mum of six attempts to remain on the rotarod for 60 s; if they failed
this training, they were removed from the experiment. Mice that
remained on the rotarod for 60 s were administered 2 g/kg ethanol
(20% v/v in saline) by i.p. injection and placed on the rotarod every
15 min. Their latency to fall was measured, and they were considered

recovered when they remained on the rotarod for 60 s.

2.8 | Two-bottle choice intermittent access
ethanol drinking

Mice were individually housed and allowed to acclimate to two water
bottles 1 week before the start of the experiment. A modified two-
bottle choice, intermittent access (2BC-IA) drinking procedure was
used to determine ethanol consumption and preference.®® Mice were
given 24-hour access to two bottles, one containing water and the
other ethanol 3 h into the dark cycle on Monday, Wednesday, and
Friday (MWEF). The first week mice were given increasing concentra-
tions of ethanol (3%, 6%, 10% [v/v]) each day on MWF. The following
weeks, mice were given a 15% (v/v) ethanol solution on MWF and

given access to only water on other days. On days that ethanol was
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available, bottle positions were alternated to control side preferences.
Ethanol and water bottles were weighed after drinking days, and ani-
mals were weighed once per week to calculate consumption. The

study concluded after 31 days (14 ethanol drinking sessions).

2.9 | Saccharin and quinine consumption

A cohort of Brsk1™/~ mice and their wild-type littermates (6-12 mice
per genotype per sex) were acclimated to two bottles with water only
for one week. Thereafter, mice were given access to water and
0.75mM saccharin bottles for two days. After two days, the saccharin
concentration was increased to 1.5mM and mice were given access
for another two days. The position of the water and saccharin bottles
was switched each day to control for side preferences. Three days
later, mice were given access to water and 15 uM quinine bottles for
two days. After two days, the quinine concentration was increased to
30 uM and mice were given access for another two days. The position
of the water and quinine bottles was also switched each day to con-
trol for side preferences. The bottles were weighed after days two
and four. Saccharin and quinine consumption was measured and aver-

aged over 24 h for both concentrations.

210 | Ethanol conditioned place preference

Brsk1~/~ mice and their wild-type littermates (17-20 mice per geno-
type per sex) were conditioned in an apparatus consisting of a rectan-
gular chamber equipped with two different floor textures (rods and
holes) separated by a plexiglass barrier with a central opening. Mice
were acclimated to the conditioning room for 30 min before the start
of the experiment each day. On the day before conditioning, the mice
were pre-tested in the apparatus by injecting saline (i.p.) and allowing
30 min of free access to both chambers. Mice that showed a strong
unconditioned preference (>70%) for either side were removed from
the experiment. Each treatment group was counterbalanced by sex
and genotype for order of conditioning treatment (saline or ethanol
on day one), conditioning context paring, and orientation of the appa-
ratus. Mice were conditioned once each day, 3 h into their dark cycle,
for eight days. They received alternating injections (i.p.) of saline or
ethanol (1 g/kg) immediately prior to being confined to one of the
chamber sides for 5 min with a plexiglass barrier blocking entry to
the other side. The saline and ethanol paired sides were different and
did not change. On the day following the final conditioning (day 9),
mice were injected with saline (i.p.) and tested for conditioned place
preference by allowing free access to both compartments for 30 min
as on the initial pre-test day. The time spent in each compartment
was determined electronically by monitoring the disruption of infrared
photo beams. Results were analysed in two ways. First, the time spent
in the ethanol paired side during the pretest session was subtracted
from time spent in that same side during the test session to calculate
a CPP score, which was compared within and between genotypes.

Next, we compared the amount of time spent on the rod floor when it
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was paired with ethanol (rod+) versus when it was paired with saline
(rod-) during the test session for each genotype. Sexes were analysed
separately. The identification of outliers in the two analyses was car-
ried out using the ROUT method.>*

211 | Elevated plus maze

The elevated plus maze (EPM) consisted of two open arms
(50 x 10 cm) and two enclosed arms (50 x 10 x 40 cm) connected
by a central area measuring 10 x 10 cm, 50 cm above the floor. Mice
(14-16 per sex per genotype) were allowed to acclimate to the proce-
dure room in their home cage, 1 h before the start of the experiment.
At the beginning of each trial, mice were placed in the centre of the
EPM facing one open arm. The trials lasted 5 min and were performed
under red lighting. Trials were recorded on camera. Three-point ani-
mal tracking was used to measure distance moved and time spent in
the open and closed arms of the EPM with EthoVision XT17 (Noldus,
US) software. Sexes were analysed separately.

212 | Blood ethanol clearance

Mice (five mice per genotype per sex) were administered 4 g/kg etha-
nol (20% v/v in saline) intraperitoneally. Retro-orbital blood samples
were taken at 30, 60, 120, 180, and 240 min after injection with a
heparinized capillary tube. The capillary tubes were sealed and spun at
3 100 g for 6 min in a tabletop centrifuge. Plasma samples were stored
at —20°C until blood ethanol concentrations (BECs) were determined
in 5 ul aliquots with an AM1 Ethanol Analyser (Analox Instruments).
The machine was calibrated using a 200 mg/dl commercial standard
every 15 samples and BECs were determined using commercially
available reagents according to the manufacturer's instructions. Sam-

ples were averaged from duplicate runs and expressed as mg/dl.

213 | Electrophysiology

Preparation of acute brain slices and electrophysiological recordings
were performed as described previously”*>2¢ from six male Brsk1 ™/~
mice and five male wild-type mice. Coronal slices (300 um) that
included the central amygdala (CeA) were prepared from anaesthe-
tised mice in an ice-cold, high sucrose cutting solution (sucrose
206 mM; KCI 2.5mM; CaCl, 0.5mM; MgCl, 7 mM; NaH,PO,4
1.2 mM; NaHCO3; 26 mM; glucose 5 mM and HEPES 5 mM). Slices
were superfused (flow rate 2-4 ml/min) with artificial cerebrospinal
fluid (aCSF; NaCl 130 mM; KCI 3.5 mM; NaH,PO, 1.25 mM;
MgS0,4-7H,0 1.5 mM; CaCl, 2.0 mM; NaHCO3; 24 mM and glucose
10 mM) equilibrated with 95%0,/5% CO,. Whole-cell patch-clamp
recordings of GABAergic miniature inhibitory post-synaptic currents
(mIPSCs) were recorded in neurons from the medial subdivision of the
CeA clamped at —60 mV. Patch pipettes (3-6 MQ) were filled with an
internal solution composed of the following (in mM): 145 KCI, 0.5
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EGTA, 2 MgCl,, 10 HEPES, 2 Mg-ATP and 0.2 Na-GTP. Action poten-
tial independent GABAergic activity was pharmacologically isolated
with 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 uM), DL-2-amino-
5-phosphonovalerate (DL-AP5, 30 uM), CGP 55845A (1 uM), and
tetrodotoxin (TTX, 1 uM). In all experiments, cells with a series
resistance >25 MQ were excluded from analysis, and series resistance
was continuously monitored during gap-free recording with a 10-mV
pulse. Cells in which series resistance changed >25% during the
experiment were excluded. Data were analysed using Easy Electro-
physiology v2.5.0 with three-minute bins of gap-free recording. We
applied all drugs by bath superfusion.

214 | Drugs

CGP 55845A, DL-AP5 and DNQX were purchased from Tocris
(Ellisville, MO). Ethanol (95%) was purchased from Remet (La Mirada,
CA). Drugs were added to the aCSF from stock solutions to obtain
known concentrations in the superfusate.

215 | Statistical analysis

All data are shown as mean + SEM values and were analysed with
GraphPad Prism version 10.1.2 (GraphPad Software, San Diego, CA)
and Statistica version 13.5 (TIBCO Software, Palo Alto, CA). For the
phosphorylation reactions, each experimental condition was repeated
at least three times. For western blotting, data are shown as the aver-
age signal across three to six replicates relative to the wild-type condi-
tions. For ethanol related behaviours and electrophysiology, data
were analysed by two-tailed t-test, three-way repeated measures
ANOVA, or two-way repeated measures ANOVA with post-hoc
Sidak's multiple comparisons test as appropriate. Effect sizes were cal-

culated as partial n?, which is appropriate for ANOVAs.%”

3 | RESULTS

3.1 | PKCephosphorylates BRSK1 in vitro

In a chemical genetic screen of mouse brain lysates, we found that
BRSK1 was a putative direct PKCe substrate, with phosphorylation
sites at serines 555 and 559.18 To confirm that BRSK1 is a PKCe sub-
strate, we examined thiophosphorylation of mutant and wild-type
GST-tagged BRSK1 peptides and phosphorylation of FLAG-tagged
full-length BRSK1 proteins. PKCe thiophosphorylated GST and both
GST-tagged peptides. (Figure 1A). We observed two thiophosphory-
lated bands in the tagged peptides and only one for GST alone. The
lower band in the tagged peptides corresponded to GST, which can
be phosphorylated by PKCe.2® The upper band in the S559A peptide
was reduced compared with the WT peptide, and the residual signal
was presumed due to thiophosphorylation at S555, since this residue

was present in the tagged peptides (Figure 1B). Additionally, PKCe
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phosphorylated full-length BRSK1 at S559 as measured with an anti-
phospho S(P) S559-BRSK1 antibody (Figure 1C). The signal from this
antibody was detected when both PKCe and the wild-type BRSK1
protein were present in the reaction but was reduced in the S559A

mutant or when PKCe was not present (Figure 1D).

3.2 | Increased duration of ethanol-induced loss of
the righting in Brsk1~/~ mice

Recovery from ethanol-induced loss of righting is a measure of the
sedative-hypnotic effect of ethanol and is prolonged in Prkce™/~
mice.? If BRSK1 mediates this effect of PKCe, we reasoned that
Brsk1 ™/~ mice would show the same phenotype as Prkce™~ mice. We
found that male and female Brsk1™~ mice recovered more
slowly from ethanol-induced loss of righting after receiving a sedative
dose (3.8 g/kg) of ethanol [Fgenotype (1,40) =13.89, p = 0.0006;
Feenotype x sex (1,40) =0.2251, p = 0.6377; large effect size, partial

n? = 0.258] (Figure 2A).

3.3 | Ethanol-induced ataxia is unaltered in
Brsk1~/~ mice

/~ mice show

Lower doses of ethanol produce ataxia and Prkce™
prolonged recovery from ethanol-induced ataxia.! To determine if
Brsk1™/~ mice share this phenotype, we trained wild-type and Brsk1 ™/~
mice on a fixed-speed rotarod and measured time for them to recover
from an ataxic dose (2 g/kg) of ethanol. There was no difference
in ethanol-induced ataxia between genotypes [Fgenotype (1, 36)
= 0.2963, p = 0.5896; Fegenotype x time (12, 432) = 0.5799, p = 0.8587;

Fgenotype x sex (1, 36) = 3.334, p = 0.0762] (Figure 2B and C).

3.4 | Ethanol clearance is not altered in
Brsk1~/~ mice

To determine if the observed difference in ethanol-induced loss of
righting was due to differences in ethanol metabolism between
wild-type and Brsk1™~ mice, we measured blood ethanol clearance.
There was no difference between genotypes in ethanol clearance in
[Feenotype  (1,16) = 0.5720, p =0.4605; Feenotype « time (4 64)
=0.9762, p = 0.4269] (Figure 2D and E). Female mice of both geno-
types had higher blood ethanol levels compared with male mice of
both genotypes [Fqex (1, 16) = 6.109, p = 0.0251].

35 |
reduced in female Brsk1

Ethanol consumption and preference is
~/~ mice

Prkce™"~ mice show reduced ethanol consumption and preference for
ethanol.m? If BRSK1 functions downstream of PKCe, we predicted

that Brsk1~/~ mice would also show reduced ethanol consumption
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PKCe phosphorylates BRSK1 in vitro at $559. A) The average ratio of thiophosphorylation/GST signal expressed relative to the

wild-type (WT) BRSK1 peptide (n = 3-6). Thiophosphorylation of the S559A BRSK1 peptide was reduced compared with the WT BRSK1 peptide
[F(2,12) = 11.33, p = 0.0017, one-way ANOVA]. B) Representative fluorescent western blot of a thiophosphorylation reaction with WT and
S559A GST-tagged BRSK1 peptides, and GST alone. C) The average ratio of pS559/FLAG signal expressed relative to the BRSK1-WT full length
FLAG-tagged protein (n = 4). Imnmunoreactivity to pS559 was reduced in BRSK1-S559A compared with BRSK1-WT protein [F(3, 12) = 24.24,

p < 0.0001, one-way ANOVA]. D) Representative fluorescent western blot of pS559 immunoreactivity in BRSK1-WT and BRSK1-S559A full-
length FLAG-tagged proteins. In B and D, the + and - indicate the presence or absence of PKCe in the reaction. ** p < 0.01 and **** p < 0.0001

by post-hoc Sidak's multiple comparisons test in A) and C).

and preference. Brsk1™/~ mice and wild-type littermates were
subjected to a two-bottle choice, intermittent access (2BC-IA) proce-
dure (Figure 3).%3% No differences were observed during the initial
week as ethanol concentrations were increased, and these results are
not included in the analysis. Beginning with the second week,
Brsk1~/~ mice of both sexes consumed less (15%) ethanol [Fgenotype
(1, 81) = 7.271, p = 0.0085; medium effect size, partial n? = 0.082;
Fgenotype x day (10, 810) = 1.342, p = 0.2036; Fgenotype x sex (1, 81)
=0.8520, p =0.3587] and more water [Fgenotype (1,81) = 9.675,
p = 0.0026; medium effect size, partial n2 = 0.107; Fgenotype x day

(10, 810) =1.048, p =0.4007, Fgenotype x sex (1, 81) =0.5254,
p = 0.4706] than wild-type littermates of both sexes. Brsk1~/~ mice
of both sexes also showed reduced ethanol preference [Fgenotype
(1, 81) = 9.345, p = 0.0030; medium effect size, partial n? = 0.103;
Fgenotype x day (10, 810) = 1.539, p = 0.1206; Fgenotype x sex (1, 81)
= 0.1848, p = 0.6684] without a change in total fluid consumption.
When stratified by sex, female Brsk1~’~ mice consumed less eth-
anol [Fgenotype (1,40) =4.962, p =0.0316; Fgenotype x day (1,40)
=1.395, p=0.18] (Figure 3A) and more water [Fgenotype (1,40)
= 5.348, p = 0.0260; (1,40) = 1.452, p=0.155]

Fgenotype x day
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FIGURE 2 Brsk1™/~ mice show prolonged recovery from ethanol induced loss of righting but no change in ethanol-induced ataxia or
clearance. A) Ethanol (3.6 g/kg i.p.) increased LORR duration in both male (n = 12) and female (n = 10) Brsk1~/~ mice compared with male

(n = 11) and female (n = 11) wild-type (Brsk1*/*) mice after an acute dose of ethanol (3.6 kg/g i.p.), * p < 0.001. (B, C) Male (B) and female

(C) wild-type and Brsk1~/~ mice showed similar recovery from ethanol-induced ataxia (2 g/kg i.p.). (D, E) Blood ethanol clearance (4 g/kg i.p.) was

similar between male (D) and female (E) wild-type and Brsk1~/~ mice.

(Figure 3C) than wild-type littermates. Female Brsk1~/~ mice also
showed reduced ethanol preference [Fgenotype x day (1,40) = 2.344,
p = 0.0107] (Figure 3B) without a change in total fluid consumption
(Figure 3D). In contrast to females, male Brsk1~/~ mice did not show a
significant change in ethanol consumption [Fgenotype (1,41) = 2.245,
p = 0.1417; Fgenotype x day (1,41) =0.7323, p = 0.694] (Figure 3E),
although water consumption was slightly increased [Fgenotype (1,41)
=4.385, p=0.0425; (1,41) = 0.3979, p=0.95]

(Figure 3G) compared with wild-type male littermates. Ethanol prefer-

Fgenotype x day

ence was also not significantly reduced in male Brsk1™/~ mice

[Feenotype (1,41) =3.131, p = 0.0843; Fgenotype x day (1,41) = 0.2854,
p = 0.9843] (Figure 3F), and total fluid consumption was almost iden-
tical between male mice of both genotypes (Figure 3H).

3.6 | Saccharin and quinine consumption and
preference are not altered in Brsk1~/~ mice

To determine if the reduction in ethanol consumption and preference

in female Brsk1~/~ mice was due to differences in taste perception or
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FIGURE 3

Day

Female Brsk1~/~ mice show reduced ethanol consumption and preference. Ethanol consumption (A) and preference (B) was

reduced in female Brsk1~/~ mice (n = 25) compared with their wild-type littermates (n = 17). Water consumption was increased (C) and total
fluid consumption was unchanged (D) in female Brsk1 =~ versus wild-type mice. Ethanol consumption (E) and preference (F) in male Brsk1~/~
mice (n = 24) and their wild-type littermates (n = 19) were similar. Water consumption was slightly increased (G) but total fluid consumption was
similar (H) in male Brsk1~/~ versus wild-type mice. * p < 0.05 in (A), (C), and (G); * p < 0.05 and ** p < 0.01 compared with wild-type littermates on

the same day by post-hoc Sidak's multiple comparisons test in B).
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neophobia, we measured saccharin and quinine consumption at
two concentrations (saccharin: 0.75mM and 1.5mM; quinine: 15 uM
and 30 uM) in a separate cohort of ethanol-naive, female Brsk1~/—
and wild-type mice (Figure S1). There were no differences in
saccharin consumption [Fgenotype (1,15) = 0.282, p = 0.6398; Fgenoty-
pe x concentration (1,15) = 0.1852, p = 0.673] (Figure S1A) or saccharin
preference [Fgenotype (1,15) = 0.6852, p = 0.4208; Fgenotype x concentra-
tion (1,15) = 0.4666, p = 0.505] (Figure S1B) between genotypes.
There were also no differences in quinine consumption [Fgenotype
(1,15) = 0.5423, p = 0.4728; Fgenotype x concentration (1,15) = 0.9015,
p =0.3574] (Figure S1C) or quinine preference [Fgenotype (1,15)
=0.2315, p=0.6374; (1,15) = 0.3817,
p = 0.5460] (Figure S1D) between genotypes. Similarly there were no

Fgenotype x concentration

differences in saccharin consumption [Fgenotype (1,16) =2.182,
p= 0-1591; Fgenotype x concentration (1v16) = 0-0219‘ p= 0884]
(Figure S1E), saccharin preference [Fgenotype (1,16) = 1.60, p = 0.224;
Fgenotype x concentration (1r16) = 03477» p= 05637] (Figure SlF)v
quinine consumption [Fgenotype (1, 16) =0.1045, p = 0.7507;
Fgenotype x concentration (1116) = 01298’ p= 07233] (Figure SlG), or
quinine preference [Fgenotype (1,16) =0.2241, p = 0.6423; Fgenoty-
pe x concentration (1,16) = 0.1648, p = 0.6901] (Figure S1H) between

male mice of either genotype.

3.7 | Ethanol conditioned place preference (CPP)
in Brsk1~/~ mice varies in a genotype and sex
dependent manner

Unlike wild-type mice, Prkce™'~ mice do not show CPP for a low dose
of ethanol (1 g/kg), but do show it for a higher dose (2 g/kg).® If
BRSK1 plays a role downstream of PKCe in ethanol conditioned place
preference, then Brsk1~/~ mice should also show impaired CPP for
1 g/kg ethanol. During the analysis, one subject in the female wild-
type group was identified as an outlier by the large amount of time
spent on the rod side when paired with saline (ROD-) compared with
other subjects in this group. This mouse was removed from analysis of
the CPP data. Female wild-type mice developed ethanol CPP ([t(15)
= 2.255, p = 0.0395; one sample t-test against hypothetical mean of
0=no CPP] but Brsk1/~ female mice did not [t(19)= 0.4661,
p = 0.6465]. When genotypes were compared, CPP scores trended
toward a difference between wild-type and Brsk1~/~ female mice
[t(34) = 1.781, p = 0.0838] (Figure 4A). In contrast, we found that
male wild-type mice did not develop CPP to 1 g/kg ethanol ([t(19)
= 1.024, p = 0.3187; one sample t-test against hypothetical mean of
0 =no CPP]. Male Brsk1™'~ mice did develop CPP ([t(17) = 3.309,
p = 0.0042] but CPP scores were not different between wild-type
and Brsk1™/~ male mice [t(36)=1.019, p = 0.3148] (Figure 4C).
When we compared both sexes and genotypes for pairing with etha-
nol or saline on the rod floor, we found that only wild-type females
spent more time on the rod floor when it was paired with ethanol
than when it was paired with saline [Fgenotype x rod pairing x sex (1,66)
=8.022, p=0.0061; medium effect size, partial n2 =0.108].
(Figure 4B and D).
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3.8 | MaleBrsk1~/~ mice display increased
anxiety-like behaviour in the elevated plus maze (EPM)

Prkce™’~ mice display reduced anxiety-like behaviour compared with
wild-type mice and genetic knockdown of PKCe in the amygdala
reduces anxiety in wild-type mice.>” Brsk1~/~mice should also dis-
play reduced anxiety-like behaviour if BRSK1 functions downstream
of PKCe signalling in regulating this behaviour. Brsk1™/~ and wild-
type mice were observed on an EPM to measure anxiety-like behav-
iour. Unexpectedly, we found that male Brsk1™~ mice spent less
time in the open arms [Fgenotype (1, 56) = 6.492, p = 0.0136; Fey
(1, 56) =5.827, p=0.0191; medium effect sizes, partial n2gen,
otype = 0.104, partial N%eex = 0.094] and made less entries into the
open arms [Fgenotype x sex (1, 56) = 6.677, p = 0.0124; medium effect
size, partial n? = 0.107] than wild-type male mice (Figure 5A, B). In
contrast, there were no differences in the time spent or entries made
into the open arms between female Brsk1~/~ and wild-type mice.
There were also no locomotion differences observed between
Brsk1~/~ and wild-type mice of either sex as measured by the num-
ber of entries into the closed arms and distance moved on the EPM
(Figure 5C, D).

3.9 | Ethanol-facilitation of GABA release in the
CeA is absent in male Brsk1~/~ mice

Ethanol-facilitation of GABA release in the CeA is a PKCe-
dependent process since it is absent in Prkce ~/~ male mice and is
blocked by pharmacological inhibition of PKCe in wild-type male
mice.’®” Since BRSK1 plays a role in regulating the probability of

2931 we examined if BRSK1 functions in

neurotransmitter release,
regulating the ethanol-induced facilitation of GABA release in the
CeA of male Brsk1™/~ and wild-type littermates. We recorded
GABA, receptor mediated mIPSCs in CeA brain slices in the pres-
ence or absence of 44 mM ethanol (Figure 6A). At baseline, before
the application of ethanol, there were no differences in the fre-
quency (Figure 6B), amplitude (Figure 6C), or rise and decay kinet-
ics (Figure 6D, E) of mIPSCs between genotypes. In a subset of
cells, we applied 44mM ethanol for 9-15 min and found that it
evoked a significant increase in the frequency of mIPSCs in wild-
type mice but not in Brsk1~/~ mice (Figure 6F). There were no
differences between the genotypes in any of the other parameters
during ethanol application (amplitude, rise, and decay time)
(Figure 6F).

4 | DISCUSSION

PKCe regulates responses to ethanol and has become a potential drug
target for the treatment of alcohol use disorder.t 68-1038-41 e
sought to identify downstream substrates of PKCe that mediate its
behavioural effects with the goal of revealing additional therapeutic

targets for treatment. Here we evaluated one such substrate, BRSK1,
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using in vitro kinase assays and Brsk1 ™/~ mice. We found several beha-
vioural and physiological responses to in Brsk1 ™'~ mice that are similar,
but not identical, to those previously observed in Prkce ™~ mice.

Using a chemical genetic screen with mouse brain lysates, we
identified serine 559 (S559) of BRSK1 as a putative site of PKCe
phosphorylation.?® Here, we used a combination of in vitro kinase
assays and a phospho-specific antibody to further confirm that PKCe
phosphorylates BRSK1 at S559. These experiments provide additional
evidence that BRSK1 is a true direct PKCe substrate. Substrates of

PKCe have been identified previously using similar methods.3842-4°

However, only one has been linked to ethanol-related responses. That
substrate is the y2 subunit of GABA type A (GABA,) receptors, which
is phosphorylated by PKCe at serine 327; phosphorylation of this resi-
due reduces the sensitivity of a1f2y2 containing GABA, receptors to
ethanol.®®

PKCe regulates the duration of ethanol intoxication; male
Prkce™~

sedative-hypnotic or ataxic doses of ethanol.™* Here we found that

mice take longer than wild-type mice to recover from



DUGAN ET AL 11 0of 16
SSAEE" —Wl LEY
(A) (B) * %
80— * 80
| l [ )
® 60 o @ 60 oo
E o ® E o OO
- c O O
® 0 w 0 o
g 40— [N [ ©) = 40 O o
o fo)) o O
o 8— o)
R 20- 9 < 20- o
O S
0- T Q 0- T
Male Female Male Female
(€) (D)
20 2500
2 R X IS
2 5 o o« oo 2000 o g% o
s ¢ *e® 0o g g 8&
w @ 00 e 0O ~ 1500 @ O
Ee) [ ] @) (]
0104 @ o (o)
n 0 = §2C
o 30 S 1000-
%) S g
S -
s 500
3+
0- T T 0- T T
Male Female ® Brski(+/+) Male Female
O Brski(-/-)
FIGURE 5 Male Brsk1~/~ mice display increased anxiety-like behaviour in the elevated plus maze. A) Percent of time spent in the open arms

of the EPM by Brsk1~/~ (n = 15 male, 15 female) mice and wild-type (n = 16 male, 14 female) littermates, * p < 0.05. B) Percent of entries made
into the open arms of the EPM by Brsk1~/~ mice and wild-type littermates. C) Number of entries made into the closed arms of the EPM by
Brsk1~/~ mice and wild-type littermates. D) Total distance moved on the EPM by Brsk1~/~ mice and wild-type littermates. ** p < 0.01 by post hoc

Sidak's multiple comparisons test in B).

both male and female Brsk1~~ mice also show prolonged recovery
from a sedative-hypnotic dose of ethanol, but not from an ataxic dose.
This finding suggests that the sedative-hypnotic effect of ethanol
involves neural circuits regulated by BRSK1 whereas ethanol's effect
on coordination involves other circuits and PKCe substrates. Our pre-
vious work found that the y2 subunit of GABA, receptors is a cere-
bellar PKCe substrate that modulates ethanol-induced ataxia, which
could explain the difference in responses to ataxic doses of ethanol
between Prkce™~ and Brsk1~/~ mice.®®

Several studies have demonstrated a clear role for PKCe signalling

1.268-10 54 in female

in ethanol consumption and preference in male
mice.'® We found that Brsk1~~ mice of both sexes showed reduced
ethanol consumption and preference. However, when the data were
stratified by sex, the reduction in ethanol consumption and preference
was more significant in female Brsk1~~ mice. Thus, unlike PKCe,
BRSK1 appears to play a more sex-specific role in regulating ethanol
intake in females more so than in males. This apparent sex difference

is particularly compelling since female C57BL/6J mice consume much

more ethanol than males.>>#¢~#8 The reasons for this sex difference is
an active area of study, and there is an extensive literature on sex dif-
ferences in the neurobiology of alcohol use disorder (reviewed in%?).
Notably, women with alcohol use disorder are at higher risk for nega-
tive health outcomes compared with men who consume comparable
levels of alcohol.*°->8 Why female Brsk1~'~ mice drink less is unclear
but there is a growing literature on BRSK1's involvement in ovarian
function, age of menopause onset, cervical cancer, and breast
cancer.>”7%% Future work is needed to reveal the functional mecha-
nisms involving BRSK1 that regulate ethanol drinking in females.

The reduction in ethanol intake we observed in female Brsk1~/~
mice may be related to reduced rewarding effects of ethanol since
female Brsk1~~ mice failed to develop CPP for 1 g/kg ethanol. In
contrast, male Brsk1~/~ mice showed a lower reduction in ethanol
intake which may be related to their development of CPP for 1 g/
kg ethanol. However, results for CPP in males are not easy to inter-
pret since male wild-type mice did not develop clear CPP for etha-

nol. This result in wild type males is consistent with previous
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reports showing low levels of CPP for ethanol in C57BL/6J mice
compared with other strains.**"%” Further studies in mouse strains
more sensitive to the acute rewarding effects of ethanol, such as
the DBA/2J) strain, could help in assessing ethanol reward in
Brsk1~/~ males. Additionally, previous behavioural studies were
done with Prkce””~ mice on a 129/S4 background or a
129/54 x C57BL/6J hybrid background. The work in this study was
done with mice on an inbred C57BL/6J background. This difference
in genetic background is a limitation in our study when we compare
our present results in Brsk1~/~ mice with previous findings in
Prkce™~ mice.

Unexpectedly, we observed increased anxiety like behaviour spe-
cifically in male Brsk1~/~ mice, unlike the reduced anxiety observed in
both sexes of Prkce™~ mice.” BRSK1 appears to play a sex specific
role in regulating anxiety in a manner opposite to PKCe. This finding
suggests that the regulation of anxiety by BRSK1 is distinct from
PKCe signalling. Increased anxiety-like phenotypes have previously
been associated with increased ethanol consumption in several rodent
models.®-74 Thus, the disparity between ethanol consumption in
male and female Brsk1 ™/~ mice could be related to increased anxiety-
like behaviour in male Brsk1™/~ mice leading them to consume etha-
nol at higher levels.

Ethanol-facilitation of vesicular GABA release in the CeA was
blocked in brain slices from male Brsk1~~ mice, similar to what has

been observed in CeA slices from male Prkce™

“mice.r” This finding is
consistent with both kinases playing roles in modulating the release of
neurotransmitters.21%1617.29-31 \we previously reported a role for
PKCe in both action potential-dependent and action potential-
independent GABA transmission using both Prkce™~ mice and phar-
macological approaches.’®” We demonstrated the dual role of PKCe
in regulating baseline GABA transmission as well as ethanol-induced
facilitation of GABA release. In the current study, we limited our
investigation to the role of BRSK1 in action potential-independent
GABA release and found that BRSK1 regulates ethanol-induced vesic-
ular GABA release but unlike PKCe does not regulate baseline vesicu-
lar GABA release. A limitation of the current study is that we only
used male Brsk1~/~ mice to measure GABA release in the CeA. How-
ever, it is important to note that CeA neurons from female rats and
mice are largely insensitive to the acute effects of ethanol on GABA
release.”>™”” Since this phenotype was observed in male Brsk1™/~
brain slices, but male Brsk1~”~ mice did not show altered ethanol
intake, the PKCe signalling pathways that regulate these two pheno-
types can be dissociated, with GABA release being BRSK1-dependent

Addiction Biolo
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and ethanol consumption being BRSK1-independent in male mice.
Future studies are needed to shed light on the mechanisms underlying
these differences.

In summary, our results demonstrate a role for BRSK1 in beha-
vioural and physiological responses to ethanol and further establish
BRSK1 as a substrate of PKCe. PKCe signalling has a strong connec-
tion to alcohol and anxiety related behaviours, and our findings indi-
cate a role for BRSKI in a subset of these behaviours, some in a sex
specific manner. ldentifying additional downstream substrates of
PKCe that are involved should generate additional targets for the
development of new, potentially sex-specific treatments for AUD and
anxiety.
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