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Abstract

The medial prefrontal cortex (mPFC) has been implicated in multiple disorders characterized by
clear sex differences, including schizophrenia, attention deficit hyperactivity disorder, post-
traumatic stress disorder, depression, and drug addiction. These sex differences likely represent
underlying differences in connectivity and/or the balance of neuronal excitability within the
mPFC. Recently, we demonstrated that signaling via the metabotropic y-aminobutyric acid
receptor (GABARR) and G proteingated inwardly-rectifying K* (GIRK/Kir3) channels modulates
the excitability of the key output neurons of the mPFC, the layer 5/6 pyramidal neurons. Here, we
report a sex difference in the GABAgR-GIRK signaling pathway in these neurons. Specifically,
GABAgR-dependent GIRK currents recorded in the prelimbic region of the mPFC were larger in
adolescent male mice than in female counterparts. Interestingly, this sex difference was not
observed in layer 5/6 pyramidal neurons of the adjacent infralimbic cortex, nor was it seen in
young adult mice. The sex difference in GABAgR-GIRK signaling is not attributable to different
expression levels of signaling pathway components, but rather to a phosphorylation-dependent
trafficking mechanism. Thus, sex differences related to some diseases associated with altered
mPFC function may be explained in part by sex differences in GIRK-dependent signaling in
mPFC pyramidal neurons.
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1. Introduction

The prefrontal cortex (PFC) is involved in high-order cognitive functions such as regulation
of emotional responses and decision-making (Wood and Grafman 2003). In rodents, the
medial PFC (mPFC) is highly interconnected with limbic, cortical, and subcortical brain
regions (Heidbreder and Groenewegen 2003; Uylings et al. 2003). The mPFC consists of an
aggregate of sub-divisions including the infralimbic (ILC), prelimbic (PrLC), and cingulate
cortices (CG) (Seamans et al. 2008). While inter-species differences in mPFC function
remains a debated topic, anatomical and electrophysiological findings in rodents and non-
human primates suggest that these sub-regions display important similarities with analogous
regions in the human brain, particularly with respect to their function and connectivity
(Uylings et al. 2003; Seamans et al. 2008).

Interest in mPFC function and physiology has grown substantially in recent years, as
dysfunction of this region is implicated in a number of clinical disorders such as
schizophrenia, attention deficit hyperactivity disorder (ADHD), post-traumatic stress
disorder (PTSD), depression, and drug addiction (Sesack and Carr 2002; Godsil et al. 2013;
Ishii-Takahashi et al. 2014; Szczepanski and Knight 2014). Moreover, converging evidence
from clinical and preclinical studies has highlighted the importance of intrinsic sex
differences in mPFC physiology and function, and how these distinctions may have
translational significance for individual resilience or susceptibility to pathological disorders
such as ADHD, PTSD, depression, and addiction (Godsil et al. 2013; Ishii-Takahashi et al.
2014; Szczepanski and Knight 2014).

Several cell types exist in the mPFC, including glutamatergic pyramidal neurons and both
GABAergic and cholinergic interneurons (Kawaguchi 1993; Kawaguchi and Kondo 2002).
The glutamatergic pyramidal neurons found in layer 5/6 are the primary output neurons of
the mPFC and represent a major source of excitatory input to many cortical and subcortical
structures (Hearing et al. 2012). The excitability of these neurons is dependent on their
intrinsic physiological properties in conjunction with synaptic input (excitatory and
inhibitory) (Lee et al. 2014).

Inhibitory (GABAergic) input to layer 5/6 mPFC pyramidal neurons activates ionotropic
(GABAAR) and metabotropic (GABARR) receptors. GABAgRs exert inhibitory effects at
both the pre- and post-synaptic level through the Gj,, G protein-dependent modulation of
multiple ion channels, including Ca2* and K* channels (Hearing et al. 2012). Recently, we
demonstrated that the GABAgR-dependent inhibition of layer 5/6 mPFC pyramidal neurons
from male mice is attributable largely (~60%) to activation of G protein-gated inwardly-
rectifying K* (GIRK/Kir3) channels (Hearing et al. 2013). Neuronal GIRK channels are
formed by homo- and hetero-assembly among GIRK1, GIRK2 and GIRK3 subunits (Lujan
et al. 2014). They play a critical role in modulating neuronal excitability throughout the
brain (Luscher and Slesinger 2010; Lujan et al. 2014), have been linked to sex-differences in
cellular function (Kelly et al. 2003), and are implicated in a number of neurological
disorders (Luscher and Slesinger 2010).
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Given the impact of GIRK channels on the excitability of layer 5/6 mPFC pyramidal
neurons, the contribution of the mPFC to neuropsychiatric disorders with documented sex
biases, and previously-noted sex differences in inhibitory G protein-dependent signaling in
the mPFC (Sun et al. 2010), we sought to determine whether sex differences in GABAgR-
GIRK signaling exist in layer 5/6 mPFC pyramidal neurons. Using a combination of
electrophysiological, biochemical, and ultrastructural approaches, we show that GABAgR-
GIRK signaling is more prominent in layer 5/6 PrLC pyramidal neurons from adolescent
(P30-40) male mice as compared to female mice, a difference attributable to a
phosphorylation-dependent difference in the trafficking of GIRK channels to the cell
surface.

2. Materials and methods

2.1. Animals

Animal usage was approved by the Institutional Animal Care and Use Committee and was
in accordance with the National Institutes of Health guide for the care and use of laboratory
animals (NIH Publications No. 8023, revised 1978). All efforts were made to minimize
animal suffering and to reduce the number of animals used in this study. Generation of
constitutive Girk1™~, Girk2~/~, and Girk3~/~ mice was described previously (Signorini et
al. 1997; Bettahi et al. 2002; Torrecilla et al. 2002). Girk~/~ mice were backcrossed for >20
rounds against the C57BL/6J strain prior to initiating these studies. Mice were housed on a
12 h light/dark cycle, with food and water available ad libitum. In order to ascertain estrous
cycle stages, vaginal lumen samples were collected and analyzed as described (Caligioni
2009). Briefly, lumen samples were collected by gently flushing 10 pL of saline using a
fine-tip plastic pipette and placed into 48-well plates for visualization under light
microscope. Differentiation of the estrous phases was based on the presence of stage specific
epithelial cells (nucleated epithelial cells, cornified cells and leucocytes) in 390% of the cell
population.

2.1. Slice electrophysiology

Coronal slices (300 um) containing the mPFC were prepared from male and female mice
(30-40 d, unless otherwise noted) in an ice-cold solution containing (in mM): 229 mM
sucrose, 1.9 KClI, 1.2 NapHPQOy4, 33 NaHCOg3, 6 MgCl,, 0.5 CaCls, 10 glucose, 0.4 ascorbic
acid, bubbled with 95% O,/5% CO,. Slices were transferred to pre-warmed (32-35°C)
ACSF (in mM): 125 NaCl, 2.5 KCl, 1.25 NayHPQOy4, 25 NaHCO3, 4 MgCl,, 1 CaCls, 10
glucose, 0.4 ascorbic acid (pH 7.3-7.4), and gradually acclimated to room temperature over
the course of =1 h. Slices were transferred to a recording chamber and superfused with
oxygenated ACSF (in mM): 125 NaCl, 2.5 KCI, 25 NaHCO3, 1.3 MgCl,, 2.0 CaCly, 10
glucose, 0.4 ascorbic acid (pH 7.3-7.4) at a flow rate of 2-2.5 mL/min. Bath and chamber
temperatures were maintained at 29-30°C.

Borosilicate (2.7-3.5 M) electrodes were filled with (in mM): 140 K-gluconate, 2 MgCly,
1.1 EGTA, 5 HEPES, 2 Nay-ATP, 0.3 Na-GTP, and 5 phosphocreatine, pH 7.2. The
predicted Eg for these conditions is =105 mV. In some experiments, either okadaic acid
(100 nM) or vehicle (DMSO, 14 uM) was added to the pipette solution. Currents,

Neuropharmacology. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Velasco et al.

Page 4

resistances, and potentials were measured using a Multiclamp 700A amplifier and pPCLAMP
v.9 software (Molecular Devices; Foster City, CA) or an EPC10 HEKA amplifier and
Patchmaster 2x73.2 software (HEKA Elektronik; Bellmore, NY) and stored on hard disk.
All measured and command potentials factored in a junction potential (-15 mV) predicted
using JPCalc software (Molecular Devices).

Layer 5/6 pyramidal neurons were identified by a pyramidal-shape soma, long and
superficially-extending apical dendrite, a resting membrane potential < -60 mV, lack of
spontaneous activity, and a capacitance of =100 pF, as described (Hearing et al. 2013).
Agonist-induced changes in holding current were measured at a holding potential of —60
mV. Input and series resistance values were monitored throughout the recording using 0.2
Hz voltage steps (-5 mV, 800 ms). Only experiments with stable (<20% variation) and low
series resistances (<30 M) were analyzed. For the current/spike experiments, only those
cells with data points for all the current injection steps were included in the final analysis.

2.2. gRT-PCR

Punches (2-mm diameter, 2-mm thick) containing the mPFC were taken from male and
female mice (30—40 d). Punches were frozen on crushed dry ice and stored at —80°C.
Quantitative analysis of mMRNA levels was performed as described (Arora et al. 2011) using
the 2[ACU method. The primers used were: Girkl (forward) 5’-
GAGGGACGGAAAACTCACTCT-3’; Girkl (reverse) 5°-
TCAGGTGTCTGCCGAGATT-3’; Girk2 (forward) 5’-
CGTGGAGTGAATTATTGAATCT-3’; Girk2(reverse) 5° -
GTCATTTCTTCTTTGTGCTTTT-3’; Girk3 (forward) 5’-
CAGAGGGAACCTAGGGTACTG-3’; Girk3 (reverse) 5°-
TTCCTAGGCTTTCAGGGTC-3’; GABABL1R(forward) 5’-
GCTCCCGGAGCATCTGTAGT-3’; GABABL1R(reverse) 5’-
CTGAGTGTGGCGTTCGATTCA-3’; GABAB2R(forward) 5’-
ATGGAAGGCTACATCGGA-3’; GABAB2R(reverse) 5°-
GCTTGCTGTTGTATTCTCTTTC-3’. GAPDH was used as control using GAPDH
QuantiTect oligonucleotides (Qiagen; Valencia, CA). The following amplification program
was used: 95°C/5min followed by 45 cycles of 95°C/10s, 60°C/30s, 72°C/10s. A melting
curve at the end of the program confirmed the specificity of the reaction.

2.3. Quantitative immunoblotting

Immunoblotting procedures and quantitative analysis of protein levels from mPFC punches
(2 mm diameter, 2 mm thick) were performed as described (Hearing et al. 2013), using the
following primary antibodies diluted in 5% milk/TBS/0.1% Tween-20 or 1% milk/TBS/
0.1% Tween-20: GIRK1 (1:100, Alomone Labs; Jerusalem, Israel), GIRK2 (1:200,
Alomone Labs), GIRK3 (Frontier Institute Co., Ltd.; Ishikari, Hokkaido; Japan), GABAgR1
(1:500)(Kulik et al. 2003), GABAgR2 (1:10, NeuroMab; UC Davis/NIH, CA), GABAgR2
(pSer-783) (1:200, PhosphoSolutions; Aurora, CO), or p-actin (1:10,000; Abcam;
Cambridge, MA). Donkey anti-mouse #926-32212 (1:1000-5000, LI-COR Biosciences;
Lincoln, NE) or anti-rabbit #926-68072 (1:5000, LI-COR) secondary antibodies were used
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with the Odyssey infrared imaging system (LI-COR) and an integrated density of each band
was measured using Image J software (NIH; Bethesda, MD).

2.4. Surface biotinylation

mPFC punches (2-mm diameter, 2-mm thick) were dissected into smaller pieces using a
razor blade. Fragments were transferred into 1 mL of EZIlink NHS-SS-Biotin (1 mg/mL,
Pierce; Rockford, IL) in PBS and incubated for 1 h at 4°C with gentle agitation. Slices were
washed in 100 mM glycine/PBS followed by 2 washes in PBS for 20 min at 4°C. The
washed slices were centrifuged (10,000 x g for 1 min) and sonicated in 100 pL of lysis
buffer (25 mM HEPES, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) containing Halt
phosphatase inhibitor cocktail (Pierce). Homogenates were centrifuged at 1000 x g at 4°C
for 7 min, the supernatant was collected and protein concentrations were measured using a
BCA assay kit (Pierce). Lysates (100 ug) were incubated overnight at 4°C with 50 pL
streptavidin agarose beads (Pierce), saving the remaining homogenate as a total protein
fraction. The following day, samples were centrifuged at 10,000 x g for 5 min and the
supernatant was collected (non-biotinylated fraction). Beads were washed 3 times in ice-
cold lysis buffer followed by ice-cold 50 mM Tris-HCI, pH 7.4. All protein bound to beads
was extracted by heating samples to 90°C for 7 min in 4x SDS-sample buffer containing 100
mM DTT followed by centrifugation for 1 min at 10,000 x g and supernatant containing
biotinylated proteins was collected for immunoblotting.

2.5. Immunoelectron microscopy

The subcellular distribution of GIRK2 and GABAgR1 was assessed using pre-embedding
immunoelectron microscopy, as described (Arora et al. 2011).

2.5. Data analysis

3. Results

Data are presented throughout as mean + SEM, unless otherwise stated. Statistical analyses
were performed using Prism 5 software (GraphPad Software, Inc.; La Jolla, CA) or
SigmaPlot (Systat Software; San Jose, CA). Electrophysiological data were analyzed with
Student’s t-test or ANOVA (one-way, two-way, or two-way repeated measures), as
appropriate. Holm-Sidak post hoc test was used for pair-wise comparisons, if warranted.
Electron-microscopy data were analyzed with Mann-Whitney rank sum test. Differences
were considered significant if P<0.05.

3.1. Sex differences in GABAgR-dependent signaling in layer 5/6 PrLC pyramidal neurons

We began by evaluating GABAgR-dependent signaling in layer 5/6 PrL.C pyramidal
neurons from adolescent (P30—40) male and female C57BL/6J mice (Fig. 1A). Bath
application of a saturating concentration (200 pM) of the GABAgR agonist baclofen
triggered outward currents that correlated with a decrease in input resistance, and were
reversed by the GABARR antagonist CGP54626 (Fig. 1B,C). Baclofen-induced
somatodendritic currents were significantly (~30%) larger in layer 5/6 PrLC pyramidal
neurons from male as compared to female mice (Fig. 1B). This was not attributable to a sex
difference in baclofen potency, as ECs values for baclofen-induced current activation in

Neuropharmacology. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Velasco et al.

Page 6

male and female neurons were indistinguishable (Fig. 1D). Importantly, the larger baclofen-
induced currents in layer 5/6 PrL.C pyramidal neurons from adolescent males correlated with
a higher rheobase, the amount of current required to evoke an action potential (Fig. 1E,F). A
corresponding sex difference was also observed in the number of action potentials evoked
by increasing amounts of current (Fig. 1G). In contrast, no difference in resting membrane
potential was observed for layer 5/6 PrLC pyramidal neurons from adolescent male (-81 + 1
mV) and female (-80 £ 1 mV) mice (t3p=0.45, P=0.66; n=14-20/sex). Similarly, no
difference in action potential threshold was observed between male (-52 £ 1 mV) and female
(-50 £ 1 mV) mice (tg=1.8, P=0.11; n=5-6/sex).

Gonadal steroid hormones and aging have a significant impact on brain neurochemistry and
physiology (Anyanwu 2007; Gillies and McArthur 2010). Therefore, we next examined
whether the sex difference in GABAgR-dependent signaling was observed in layer 5/6 PrLC
pyramidal neurons from young adult (P60-70) mice. No difference in baclofen-induced
current was observed in young adult males when compared to females in either the
proestrous/estrous or metestrous/diestrous stages, when estrogen levels are at their highest
and lowest, respectively (Fig. 1H). Moreover, no significant difference was found in the
rheobase of layer 5/6 PrLC pyramidal neurons from young adult male and female mice (Fig.
11).

3.2. Anatomic specificity of the sex difference in GABAgR-dependent signaling

We next evaluated baclofen-evoked currents in layer 5/6 pyramidal neurons in the
infralimbic cortex (ILC), a ventral sub-region of the mPFC that displays similarity with the
PrLC in cytoarchitecture, but differs in terms of connectivity and functionality (Vertes 2004;
Seamans et al. 2008) (Fig. 2A). In contrast to the PrL.C, no sex differences in baclofen-
induced currents (Fig. 2B,D) or rheobase (Fig. 2C) were observed in layer 5/6 ILC
pyramidal neurons in adolescent mice, indicating that such differences in GABAgR-
dependent signaling are specific to the dorsal aspect of the mPFC.

3.3. GIRK channel contribution to sex differences in layer 5/6 PrLC pyramidal neurons

GIRK channels mediate most (60%) of the baclofen-induced somatodendritic current in
layer 5/6 PrLC neurons of male mice (Hearing et al. 2013). To determine whether the sex
difference in GABAgR-dependent signaling is linked to the GIRK-dependent component of
this composite conductance, we evaluated baclofen-induced currents in layer 5/6 PrLC
pyramidal neurons from adolescent male and female mice in the presence of Ba2*, a non-
selective GIRK channel blocker. While baclofen-induced currents were comparably reduced
by 0.3 mM Ba2* (65%) in male and female pyramidal neurons, the currents remained
significantly higher in slices from male mice (Fig. 3A). No sex difference was observed in
the baclofen-induced current, however, when measured in the presence of 1 mM Ba?*,
suggesting that the sex difference is linked primarily to the GIRK component of the
GABAGgR-dependent current.

To test whether specific GIRK channel subunits contribute to the sex difference in
GABARgR-GIRK signaling in layer 5/6 PrLC pyramidal neurons, we next compared
baclofen-induced currents in neurons from adolescent male and female Girk™'~ mice.
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Genetic ablation of either Girk1 or Girk2 correlated with attenuated baclofen-induced
currents in layer 5/6 PrLC pyramidal neurons from both adolescent male and female mice;
no sex difference was observed for the residual baclofen-induced current in these neurons
(Fig. 3B). Interestingly, while ablation of Girk3 had no effect on baclofen-induced currents
in male neurons, loss of Girk3 in females produced a significant increase in baclofen-evoked
currents, as compared to wild-type females (Fig. 3B,C). This increase also correlated with an
increase in rheobase (Fig. 3D). Collectively, these data suggest that the difference in
baclofen-induced current and rheobase in adolescent male and female layer 5/6 PrLC
pyramidal neurons may be linked to GIRKS3.

3.4. Membrane trafficking of GABAgR1 and GIRK2 in male and female mice

We next tested whether adolescent sex differences in baclofen-evoked currents in layer 5/6
PrLC pyramidal neurons is linked to altered expression of GIRK channel subunits. gRT-
PCR analysis of micropunches containing the mPFC showed no significant difference in
GIRK1, GIRK2, or GIRK3 mRNA levels, or in the expression of the two formative
GABAGRR subunits, GABAgR1 and GABARR2 (Fig. 4A). Similarly, total protein levels for
GIRK1, GIRK2, GIRK3, GABAgR1, and GABAgRR2 did not differ between adolescent
male and female mice (Fig. 4B).

Changes in the subcellular distribution of GABAgR1 and/or GIRK2 have been linked to
adaptations in GABAgR-GIRK signaling in layer 5/6 PrL.C pyramidal neurons and other
neuron populations (Arora et al. 2011; Padgett et al. 2012; Hearing et al. 2013). To
determine whether differential trafficking of the GABAgR-GIRK signaling components
underlies the adolescent sex difference in baclofen-induced currents in layer 5/6 PrLC
pyramidal neurons, we evaluated surface membrane expression of GIRK2 using a
biotinylation assay and micropunches of the mPFC. We observed a modest but significant
sex difference in the level of GIRK2 on the cell surface, with samples from female mice
showing lower surface GIRK2 levels (Fig. 5A). Using a quantitative immunoelectron
microscopy approach, we observed a greater immunoparticle density at the plasma
membrane of dendrites of layer 5/6 pyramidal neurons from adolescent male as compared to
female mice, for both GIRK2 and GABAgR1 (Fig. 5B,D). Immunoparticles were found
both in dendrites and spines, with a higher percentage of GIRK2 and GABAgRL labeling on
the cell surface relative to intracellular sites in adolescent male as compared to female mice
(Fig. 5C,D). These data suggest that the differential surface trafficking of GABAgR and/or
GIRK channels likely explains the adolescent sex differences in baclofen-induced current of
layer 5/6 PrLC pyramidal neurons.

3.5. A phosphorylation-dependent mechanism underlies the sex difference

Surface trafficking of GIRK channels and GABARgR is regulated by phosphorylation (Chung
et al. 2009; Terunuma et al. 2010a; Padgett et al. 2012; Hearing et al. 2013). Acute
intracellular application of okadaic acid (OA), a potent PP1/PP2A phosphatase inhibitor, has
been shown to normalize drug-induced adaptations in GABAgR-GIRK signaling (Padgett et
al. 2012; Hearing et al. 2013). In the present study, inclusion of OA (but not vehicle control)
in the pipette solution enhanced baclofen-induced currents in layer 5/6 PrLC pyramidal
neurons from adolescent female but not male mice (Fig. 6A,B). Moreover, OA treatment
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tended to increase the rheobase in female neurons (t;3=2.1, P=0.06; n=7-8/group) (Fig. 6C).
Previous studies have shown that the phosphorylation of Ser’83 in GABAgR2 can influence
the strength of GABAgR-GIRK signaling in multiple neuron populations, including layer
5/6 PrLC neurons (Padgett et al. 2012; Hearing et al. 2013). Using phospho-specific
antibodies and quantitative immunoblotting of micropunches of the PFC, however, we found
that the levels of GABAgR2-(pSer’83) were not different between adolescent males and
females (Fig. 6D). Thus, while our data suggest that a phosphorylation-dependent
mechanism underlies the sex difference in GIRK-dependent signaling seen in layer 5/6 PrL.C
pyramidal neurons from adolescent mice, the critical phosphorylation site(s) is/are unknown.

4. Discussion

Over the past decade, it has become increasingly apparent that some neurological and
neuropsychiatric disorders show significant sex differences with respect to susceptibility,
pathophysiology, and response to treatments (Becker et al. 2012; McCarthy et al. 2012;
Bangasser and Valentino 2014). In addition to hormonal influences, evidence suggests that
intrinsic sex differences in neural connectivity, neurotransmission, and cell physiology
within a number of brain regions, including the PFC, contribute to these differences (Baran
et al. 2010; Westberry and Wilson 2012; Godsil et al. 2013). The mPFC plays an integral
role in high-order cognitive functions important for behavioral inhibition, attention gating,
and processing of emotional- and reward-related information (Wood and Grafman 2003).
Here, we describe a sex difference in the strength of inhibitory GABAgR-dependent
signaling in layer 5/6 pyramidal neurons in the PrLC of adolescent mice.

Elevated GABAgR-GIRK signaling seen in layer 5/6 PrLC pyramidal neurons from female
Girk3~~ mice correlated with increased rheobase, suggesting a strong association between
the strength of GABAgR-GIRK signaling in, and excitability, of these neurons. Indeed, our
findings are consistent with the possibility that GABAgR-GIRK signaling exerts a tonic
inhibitory influence on the excitability of layer 5/6 PrL.C pyramidal neurons. In support of
this contention, a tonically-active A; adenosine receptor-GIRK channel signaling pathway
was shown to contribute to the intrinsic membrane properties of CA1 pyramidal neurons in
the dorsal hippocampus (Kim and Johnston 2015). No evidence for tonically-active
GABARgR-GIRK signaling, however, was observed in CA1 pyramidal neurons. While
receptor-independent (basal) activity of GIRK channels is generally considered to be low, it
is also possible that the reduced surface expression of GIRK channels in female layer 5/6
PrLC pyramidal neurons, and the correspondingly lower level of basal GIRK channel
activity, could account for the lower rheobase in female neurons. We did not, however,
observe any difference in resting membrane potential of layer 5/6 PrL.C pyramidal neurons
from adolescent male and female mice, suggesting that basal GIRK channel activity
contributes minimally to the excitability of these neurons, or that compensatory
conductances are masking what would otherwise be a GIRK-dependent sex difference.
Finally, the difference in rheobase in layer 5/6 PrLC pyramidal neurons from adolescent
male and female could reflect sex differences in another conductance(s) that influences the
excitability of these neurons.
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Sex differences in GIRK-dependent signaling have been reported previously within more
subcortical regions such as the dorsal raphe, where smaller currents in females as compared
to males was attributed, at least in part, to sex-related variations in receptor-G protein
signaling mechanisms (Loucif et al. 2006). In the present study, however, similar ECgg
profiles were observed for baclofen-induced currents in adolescent male and female
neurons, suggesting that GABAgR-GIRK coupling efficiency is not different across sexes.
Rather, biochemical and ultrastructural data support the contention that the sex difference in
layer 5/6 PrLC pyramidal neurons is largely due to differences in the trafficking of
GABAGRgR and/or GIRK channels.

Surface trafficking of GABAgR and GIRK channels is regulated by phosphorylation-
dependent mechanisms. For example, phosphorylation of Ser® on GIRK2 promotes
internalization of GIRK2-containing channels, while dephosphorylation of Ser’83 on
GABAGRgR2 is associated with reduced surface expression of the GABAg receptor (Chung et
al. 2009; Terunuma et al. 2010b; Padgett et al. 2012). In the present study, intracellular
blockade of PP1/PP2A phosphatase activity with OA negated the sex difference in
GABARgR-GIRK currents, suggesting that a sex difference in phosphatase activity in layer
5/6 PrLC pyramidal neurons may underlie the difference. Consistent with this hypothesis,
previous studies have demonstrated sex-specific differences in basal kinase and phosphatase
signaling within other limbic brain regions (Nazarian et al. 2009; Zhou et al. 2009). While
no significant differences were observed in Ser’83-GABAgR protein phosphorylation, we
cannot rule out a role for this residue in the sex-dependent differences reported herein, as the
lack of observed difference could reflect our inability to selectively isolate pyramidal
neurons within the PrLC from other cell types and mPFC sub-regions (i.e., ILC).

Constitutive ablation of Girkl and Girk2 reduced GABAgR-GIRK currents in layer 5/6
PrLC pyramidal neurons from both male and female mice. And while the loss of Girk3 did
not correlate with altered currents in neurons from male mice, it did correlate with larger
baclofen-induced currents in female mice. GIRK3 contains a unique lysosomal targeting
motif that affects its membrane expression (Ma et al. 2002). Expression of GIRK3 can
increase the level of trafficking of GIRK channels to lysosomes by virtue of its interaction
with sorting nexin 27 (SNX27) (Lunn et al. 2007). Thus, the sex difference in GIRK-
dependent signaling in layer 5/6 PrL.C pyramidal neurons may be linked to altered
expression/function of SNX27 or related trafficking proteins. Though no sex differences in
SNX27 expression or function have been reported, SNX2 expression has been shown to be
sexually-dimorphic; it is up-regulated in males and co-localizes in neurons expressing the
androgen receptor (Wu et al. 2010).

There are a number of intriguing possibilities when considering the selective nature of the
sexually-dimorphic physiology of PrLC layer 5/6 pyramidal neurons. First, these differences
were only observed in adolescent mice. As the PFC is slower to develop in comparison with
other brain regions, it remains in a highly-plastic state during adolescence (Tsujimoto 2008;
Kolb et al. 2012; Galvan 2014). This protracted development is believed to render it more
susceptible to environmental influences that are thought to promote the emergence of
emotionally-reactive and risk-related behavior, as well as heightened reward seeking that is
often observed during adolescence (Romer 2010; Somerville et al. 2011). Therefore, it is
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tempting to speculate that reductions in GIRK-dependent inhibition may permit greater
plasticity in females compared to males during this developmental period, which may in turn
explain differences in susceptibility (or resilience) to certain disorders.

The mPFC is a part of the mesocorticolimbic reward circuitry. The PrLC, in particular, plays
a critical role in the acquisition, maintenance, and reinstatement of psychostimulant place
preference and self-administration (Freeman et al. 2010; Van den Oever et al. 2010; Ary et
al. 2013). Studies have shown a sexually-dimorphic pattern of behavioral responding to
drugs of abuse in females. For example, females display more rapid acquisition of
psychostimulant self-administration, develop place preference at lower doses and with fewer
conditioning sessions, and demonstrate increased sensitivity to the motor activating effects
of drugs (Hu et al. 2004; Anker and Carroll 2011; Becker et al. 2012; Bobzean et al. 2014).
We demonstrated recently that repeated cocaine exposure reduces GIRK-dependent
signaling in layer 5/6 pyramidal neurons of the PrLC cortex, and that this reduction
facilitates behavioral sensitization to cocaine (Hearing et al. 2013). Thus, it will be
interesting to determine whether the increased excitability of layer 5/6 pyramidal neurons in
adolescent female mice alters the processing of reward-related information and facilitates
increased responding to drugs of abuse and associated stimuli.

While overlap in function and anatomical connectivity does exist between the PrLC and the
ILC, overwhelming evidence suggests that these two divisions play dissociable roles in
behaviors related to learning, stress, anxiety, and addiction. For example, alterations in PrL.C
function are important for modulating anxiety responses during stressful situations and
gating of fear-related memories, the latter of which is associated with development of PTSD
(Sotres-Bayon et al. 2012; Fenton et al. 2014). In females, heightened activation of the PrL.C
is believed to underlie increased anxiety-like behavior and enhanced expression of learned
fear (Fenton et al. 2014; Saitoh et al. 2014). Moreover, reductions in excitatory signaling in
the PrLC promote anxiolytic effects (Ohashi et al. 2014), while reductions in intra-PrLC
GABAergic signaling increase pyramidal cell activity and promote fear responding (Sotres-
Bayon et al. 2012). Therefore, it is possible that reduced inhibitory signaling in PrLC output
neurons has a role in pre-disposing females to certain aspects of emotional disorders. Given
the recent development of subtype-selective modulators for GIRK channels (Kaufmann et
al. 2013; Wydeven et al. 2014), GIRK channels within the mPFC may prove to be effective
targets for treating neuropsychiatric disorders in the future.

5. Conclusions

The present study reports sex differences in GABAgR-GIRK signaling in, and the
excitability of, layer 5/6 PrL.C pyramidal neurons in adolescent mice. The sex differences
could contribute to sex differences in susceptibility to nervous system disorders associated
with altered mPFC function. A better understanding of these differences, and the underlying
mechanisms, could lead to a more effective, sex specific, approach for the treatment of these
disorders.
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Figure 1. Sex differences in GABAgR-dependent signaling in layer 5/6 PrLC pyramidal neurons
A) Schematic depiction of the region targeted for electrophysiological characterization.

Abbreviations: PrLC, prelimbic cortex; IL, infralimbic cortex; CG, cingulate cortex. B)
Summary of baclofen-induced currents in PrLC pyramidal neurons from adolescent male
(left, black) and female (right, gray) mice (t4o=4.16, P<0.001; n=19-25/sex). C)
Representative baclofen-induced currents (upper traces) and concomitant decreases in input
resistance (lower traces) in PrL.C pyramidal neurons from adolescent male (left, black) and
female (right, grey) mice. D) Baclofen dose-response (0.2-200 pM) and ECsg determination
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for adolescent male (black) and female (gray) PrLC pyramidal neurons (t;7=1.07, P=0.3;
n=9-10/sex). E) Representative rheobase traces from adolescent male (left, black) and
female (right, gray) layer 5/6 PrLC pyramidal neurons. The schematic (middle) shows the
current injection protocol, with steps corresponding to 100 and 140 pA. Scale bar: 20 mV,
250 ms. F) Summary of rheobase data from adolescent male (M) and female (F) mice
(t20=2.48, P<0.05; n=18-24/sex). G) Current-spike plots for adolescent male (black) and
female (gray) layer 5/6 PrL.C pyramidal neurons (F7 167=4.7, P<0.001; n=10-11/sex).
Symbols: *,** P<0.05 and 0.01, respectively. H) Summary of baclofen-induced currents in
layer 5/6 PrLC pyramidal neurons from young adult (P60-70) mice. No differences were
observed in neurons from young adult male (M) and female (F) mice in the different phases
of the estrous cycle (F» gg=2.7, P=0.07; n=16-33/group). Abbreviations: P/E, proestrous/
estrous; M/D, metestrous/diestrous. I) Rheobase in layer 5/6 PrLC pyramidal neurons from
young adult mice. No differences were observed between male and female mice in the
different phases of the estrous cycle (F g4=2.4, P=0.1; n=17-43/group).
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Figure 2. Anatomic specificity of the sex differences in layer 5/6 pyramidal neurons
A) Schematic depiction of the region targeted for electrophysiological characterization.

Abbreviations: PrLC, prelimbic cortex; ILC, infralimbic cortex; CG, cingulate cortex. B)
Summary of baclofen-induced currents in layer 5/6 ILC pyramidal neurons from adolescent
male (M) and female (F) mice (t13=0.09, P=0.93; n=7-8/sex). C) Summary of rheobase data
in layer 5/6 ILC pyramidal neurons from adolescent male (M) and female (F) mice
(t18=0.86, P=0.4; n=9-11/sex). D) Representative baclofen-induced currents (upper traces)
and concomitant decreases in input resistance (lower traces) in layer 5/6 ILC pyramidal
neurons from adolescent male (left, black) and female (right, gray) mice.
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Figure 3. Contribution of GIRK channels to sex differences in layer 5/6 PrLC pyramidal
neurons

A) Summary of Ba?*-resistant baclofen-induced currents in layer 5/6 PrL.C pyramidal
neurons from adolescent male (M) and female (F) wild-type mice. Dotted rectangles show
the average baclofen-induced currents measured in the absence of Ba2* (from Fig. 1B). A
significant interaction between treatment and sex was found (F1 39=8.4, P<0.001; n=8-11/
group). Symbols: ***P<0.001 vs. male (within treatment). B) Summary of residual
baclofen-induced currents in layer 5/6 PrLC pyramidal neurons from adolescent male (M)
and female (F) Girk~/~ mice, and comparison to currents measured in neurons from wild-
type mice (dotted rectangles, from Fig. 1B). A significant interaction between genotype and
sex was observed (F3 118=8.2, P<0.001; n=7-25/group). Symbols: *,*** P<0.05 & 0.001,
respectively, vs. wild-type; #P<0.05 vs. male Girk3~/~ mice. C) Representative baclofen-
induced currents in layer 5/6 PrLC pyramidal neurons from adolescent male (left, black) and
female (right, grey) Girk3~/~ mice. D) Summary of rheobase data in layer 5/6 PrL.C
pyramidal neurons from adolescent male (M) and female (F) Girk3~/~ mice. An interaction
was found between sex and genotype (F1 g1=7.1, P<0.01; n=18-24/group). Symbols:
*P<0.05 vs. wild-type female.
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Figure 4. Expression of GABAgR-GIRK signaling components in the male and female mPFC
A) mRNA levels of GABAgR-GIRK signaling pathway constituents (GIRK1, GIRK2,

GIRK3, GABAgRR1 and GABAgR2) in micropunches containing the mPFC from adolescent
male (M) and female (F) wild-type mice. Data are normalized to the expression of GAPDH
and to mRNA levels in samples from male mice (n=4-6/sex). B) Top: representative
immunoblots showing total protein levels of the key GABAgR-GIRK signaling pathway
constituents (G1: GIRK1, G2: GIRK2, G3: GIRK3, B1: GABAgRL1, B2: GABAgR2, BAct:
j-actin) in micropunches containing the mPFC from adolescent male (M) and female (F)
wild-type mice. Bottom: quantification of GIRK and GABARgR protein levels, with
normalization to the levels of -actin and to protein levels in samples from male mice (n=6/
sex).
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Figure 5. Subcellular localization of GIRK2 and GABARRL1 in layer 5/6 pyramidal neurons of

male and female mice

A) Left: Quantification of surface GIRK2 protein levels in mPFC micropunches from
adolescent male (M) and female (F) mice, with normalization to total GIRK2 protein (to=13,
P<0.01; n=2/group). Right: Representative immunoblots showing surface (S) and total
GIRK2 (T) protein levels in mPFC micropunches from adolescent male and female wild-
type mice. B) Plasma membrane-associated immunogold particle density for GIRK2 (Mann-
Whitney rank sum test; T=5499, n=80; P<0.01) and GABAgR1 (Mann-Whitney rank sum
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test; T=4380, n=80; P<0.001) in dendrites from adolescent male (M) and female (F) mice
(n=4/sex) ***** P < 0.01 & 0.001, respectively, vs. male. C) Distribution of GIRK2 and
GABARgRL1 immunoparticles at the plasma membrane and intracellular sites in layer 5/6
PrLC pyramidal neuron spines and dendrites from adolescent male (M) and female (F) mice
(n=4/sex), expressed as a percentage of total particles (n=4/sex). D) Representative images
of GIRK2 (Image 1) and GABAgR1 (Image 4) immunoreactivity in mPFC Layer 5/6
pyramidal neuron dendrites and spines from a male mouse. Immunoparticles for GIRK2 or
GABARgR1 were mainly detected along the extrasynaptic plasma membrane (arrows) of
dendritic shafts (Den) and spines (s), and at low levels at intracellular sites (crossed arrows)
in these compartments. (Images 2,3,5,6) Representative images of GIRK2 (Images 2,3) and
GABARgRL1 (Images 5,6) immunoreactivity in mPFC Layer 5/6 pyramidal neuron dendrites
and spines from a female mouse. Immunoparticles for GIRK2 or GABAgR1 were detected
along the extrasynaptic plasma membrane (arrows) of dendritic shafts (Den) and spines (s),
and more frequently observed at intracellular sites (crossed arrows) in these compartments.
Abbreviation: at, axon terminal. Scale bars: 0.2 um.
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Figure 6. Phosphorylation and the sex difference in GIRK-dependent signaling in layer 5/6 PrLC

pyramidal neurons

A) Representative traces showing effect of vehicle (DMSO, 14 uM) or OA (added via the
patch pipette) on baclofen-induced currents in layer 5/6 PrLC pyramidal neurons from
adolescent female mice. B) Summary of baclofen-induced currents in layer 5/6 PrL.C
pyramidal neurons from adolescent male (M) and female (F) mice (n=7-10/sex). A
significant interaction was found between sex and treatment (F 33=6.7, P<0.05). Symbols:
**P<0.01 vs. female vehicle (DMSO); #P<0.05 vs. male vehicle (DMSO). C) Summary of
rheobase data for vehicle- (DMSO) and OA-treated layer 5/6 PrLC pyramidal cells from
adolescent female (F) mice (t13=2.1, P=0.06; n=7-8/treatment). D) Quantification of
GABAgR2(pSer’3) protein levels, with normalization to the level of total GABAgR2 in
micropunches containing the mPFC from adolescent male (M) and female (F) wild-type

mice (n=6/sex).
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