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Abstract

Anxiety disorders are one of the most common and debilitating mental illnesses worldwide.
Growing evidence indicates an age-dependent rise in the incidence of anxiety disorders from
adolescence through adulthood, suggestive of underlying neurodevelopmental mechanisms. Kappa
opioid receptors (KORs) are known to contribute to the development and expression of anxiety;
however, the functional role of KORs in the basolateral amygdala (BLA), a brain structure critical
in mediating anxiety, particularly across ontogeny, are unknown. Using whole-cell patch-clamp
electrophysiology in acute brain slices from adolescent (postnatal day (P) 30-45) and adult (P60+)
male Sprague-Dawley rats, we found that KOR activation increased the frequency of GABAA-
mediated spontaneous inhibitory postsynaptic currents (SIPSCs) in the adolescent BLA, without an
effect in the adult BLA or on sIPSC amplitude at either age. The KOR effect was blocked by the
KOR antagonist, nor-BNI, which alone did not alter GABA transmission at either age, and the
effect of the KOR agonist was TTX-sensitive. Additionally, KOR activation did not alter
glutamatergic transmission in the BLA at either age. In contrast, U69593 inhibited sIPSC
frequency in the central amygdala (CeA) at both ages, without altering sSIPSC amplitude. Western
blot analysis of KOR expression indicated that KOR levels were not different between the two
ages in either the BLA or CeA. This is the first study to provide compelling evidence for a novel
and unique neuromodulatory switch in one of the primary brain regions involved in initiating and
mediating anxiety that may contribute to the ontogenic rise in anxiety disorders.
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Introduction

Anxiety disorders are among the most common mental disorders and can manifest in various
manners, such as generalized anxiety, obsessive-compulsion, panic, post-traumatic stress,
and social anxiety. In the United States, the estimated lifetime prevalence of anxiety
disorders in adolescents averages 25.1% (age 13-18) with a staggering increase of ~15% at
age 6 to >30% by 18 years of age (Merikangas et al., 2010), whereas the average prevalence
in adults is 35.1% (ages 30—44) (Kessler et al., 2005). Although our understanding of age-
dependent changes in behaviors is growing, the neurobiological contributions that influence
age disparities in anxiety disorders are not well understood. Adolescence is a critical
developmental period when numerous neurobiological systems are changing, including, but
not limited to, neuronal maturation (i.e. synaptic pruning, axonal myelination) and
refinement of synaptic connections and neurotransmitter systems (Spear, 2014).
Additionally, fine-tuning and activity of brain networks involved in processing rewarding,
aversive, arousing, and emotionally-provoking stimuli have been shown to be greater in
adolescents compared to adults, albeit some studies have shown reduced activity of these
reward/emotion networks [see review by (Spear, 2011)]. It is clear that ontogenic differences
in neural functioning and emotional processing exist, yet the underlying neurobiological
substrates that regulate these differences are unknown.

The amygdala is one of the primary brain structures in the anxiety and reward circuit that
undergoes robust remodeling throughout development. Specifically, the basolateral
amygdala (BLA), primarily comprised of glutamatergic pyramidal neurons and various
GABAergic interneuron populations, has been shown to be critical in initiating and
regulating anxiety-like behaviors (Janak and Tye, 2015; LeDoux, 2000). While development
of the BLA glutamate and GABA systems appear to fully mature by early adolescence in
rodents (~ postnatal day (P) 28) (Ehrlich et al., 2013; Ehrlich et al., 2012), studies have
shown that the number of neurons decrease in the BLA after adolescence (Rubinow and
Juraska, 2009), consistent with age-dependent reductions in cell proliferation in this
structure (Saul et al., 2014). BLA excitability, primarily driven by glutamatergic pyramidal
neuron activity, is positively associated with increased anxiety-like responses (Wang et al.,
2011) and elevations in BLA GABAergic activity can robustly suppress anxiety-like
behaviors (Bueno et al., 2005; Lack et al., 2007). While the balance of glutamate and GABA
transmission within the BLA orchestrates anxiety states, these two neurotransmitter systems
are heavily regulated by numerous neuromodulatory systems that fine-tune the expression
and/or suppression of anxiety-like behaviors; however, the developmental trajectories of
most of these modulatory systems are unknown.

The kappa opioid system has received much attention due to its influence on emotional and
rewarding behaviors, particularly following stress and induction of drug dependence
(Bruchas et al., 2010; Chavkin and Ehrich, 2014; Crowley and Kash, 2015; Knoll and
Carlezon, 2010; Van't Veer and Carlezon, 2013; Wee and Koob, 2010). Alterations in kappa
opioid receptor (KOR) expression and function associated with changes in emotional states
have been found in many brain regions implicated in anxiety and reward, including the
central amygdala (CeA) (Kissler et al., 2014; Kissler and Walker, 2016), the nucleus
accumbens (Karkhanis et al., 2016; Rose et al., 2015; Siciliano et al., 2016), and the bed
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nucleus of the stria terminalis (BNST) (Crowley et al., 2016). However, the role of KORs in
the BLA is not well understood despite it being a brain structure with high levels of KOR
expression (Gackenheimer et al., 2005; Slowe et al., 1999). Interestingly, activation of BLA
KORs was shown to decrease field excitatory postsynaptic potentials (FEPSPs) and blocked
long-term potentiation (LTP) in younger animals (Huge et al., 2009), suggestive of an
anxiolytic role of KORs in adolescents. Conversely, blockade of BLA KORs with the
selective KOR antagonist, nor-Binaltorphimine (nor-BNI), reduced anxiety-like responses
following restraint stress (Bruchas et al., 2009) and fear conditioning (Knoll et al., 2011) in
older animals, suggestive of an anxiogenic role of KORs in adults. Consistent with
developmental regulation of KOR function, systemic KOR-induced aversion seen in adults
was completely absent in adolescents (Anderson et al., 2014), and anxiolytic effects of a
systemic KOR agonist have also been reported in younger animals (Privette and Terrian,
1995). Conversely, anxiogenic effects were shown following systemic activation of KORs in
adult mice (Bruchas et al., 2009). While the mechanisms underlying these age-dependent
changes in behavior are not clear, studies have consistently shown that KOR activation can
alter GABA transmission in various structures of the anxiety circuit (Crowley et al., 2016;
Gilpin et al., 2014; Kang-Park et al., 2013; Li et al., 2012). Taken together, these studies
support the idea that KOR-modulation of GABA transmission in the BLA may be
developmentally regulated, providing a novel mechanism that may contribute to our
understanding of the etiology of anxiety disorders across ontogeny.

Given the apparent behavioral and physiological age-dependent differences in BLA KOR
function, the objective of this study was to examine age-dependent differences in KOR-
modulation of synaptic transmission in the BLA of naive adolescent and adult Sprague-
Dawley rats. We report that in adolescents, KOR activation increases GABA transmission in
the BLA in an action potential-dependent manner, while having no effect on glutamate
transmission. Interestingly, KOR activation has no effect on BLA GABA or glutamate
transmission in adults. Furthermore, this ontogenic difference in KOR function is unique to
the BLA, as KOR activation similarly reduces GABA transmission in the CeA of
adolescents and adults.

Adolescent (postnatal day (P) 30-45) and adult (P60+) male Sprague-Dawley rats were
obtained from Envigo/Harlan (Indianapolis, IN). Animals were group-housed and received
food and water ad /ibitum. All animal procedures were approved by the Binghamton
University Institutional Animal Care and Use Committee.

Drugs and chemicals

All chemicals were purchased form Sigma-Aldrich (St. Louis, MO, USA). Kynurenic acid,
dynorphin A, APV, QX314-Cl, and tetrodotoxin (TTX) were purchased from Tocris/R&D
Systems (Bristol, UK).
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Slice Preparation

Rats were anesthetized with a lethal dose of ketamine and quickly decapitated. Brains were
rapidly removed and immersed in ice-cold oxygenated (95% O»-5% CO5) sucrose artificial
cerebrospinal fluid (ACSF) containing (in mM): sucrose (220), KCI (2), NaH,PO4 (1.25),
NaHCO3 (26), glucose (10), MgSQy, (12), CaCl, (0.2), and ketamine (0.43). BLA-
containing coronal slices (300 um) were made using a Vibratome (Leica Microsystems.
Bannocknurn, IL, USA). Slices were incubated in normal ACSF containing (in mM): NaCl
(1250), KCI (20), NaH,PO4 (13), NaHCO3 (260), glucose (100), CaCl, (1), MgSQOq4 (1),
ascorbic acid (0.4), continuously bubbled at 95% 0,-5% CO, for at least 40 minutes at 34°C
before recording, and all experiments were performed ~1-4 hr after slice preparation.

Whole-cell Patch-Clamp Electrophysiology

Following incubation, slices were transferred to a recording chamber in which oxygenated
ACSF was warmed to 32°C and superfused over the submerged slice at 3 ml/min.
Recordings were collected from either pyramidal neurons in the BLA or neurons in the CeA
with patch pipettes filled with a KCl-based internal solution containing (in mM): KCI (135),
HEPES (10), MgCl; (2), EGTA (0.5), Mg-ATP (5), Na-GTP (1), and QX314-Cl (1). Data
were acquired with a MultiClamp 700B (Molecular Devices, Sunnyvale, CA) at 10 kHz,
filtered at 1 kHz, and stored for later analysis using pClamp software (Molecular Devices).
BLA pyramidal neurons were visualized using infrared-differential interference contrast
microscopy (Olympus America, Center Valley, PA) and identified based on morphology and
capacitance (=150 pF), as previously described (Baculis et al., 2015). For experiments in the
CeA, recordings were made in the medial subdivision of the CeA as previously described
(Gilpin et al., 2014; Kang-Park et al., 2013). For recordings of GABAA receptor-mediated
spontaneous inhibitory postsynaptic currents (sIPSCs), we pharmacologically blocked
AMPA and NMDA glutamate receptors using 1 mM kynurenic acid and 50 uM APV,
respectively. For recordings of glutamate-mediated spontaneous excitatory postsynaptic
currents (SEPSCs), we pharmacologically blocked GABA receptors with 10 uM gabazine.
To examine action potential-independent miniature IPSCs (mIPSCs), recordings were done
in the presence of the Na* channel blocker, TTX (1 uM). Neurons were allowed to
equilibrate for at least 5 min before a baseline was recorded. We recorded a baseline period
of 2 minutes, followed by at least 3 minutes of continuous drug application. In initial
experiments, drugs were applied for ~10 minutes and we found that with drugs that
produced an effect, the effects were maximal and stable by 2 minutes of continuous drug
application (data not shown). Therefore, to minimize potential changes in access resistance,
our analysis of postsynaptic currents focused on 30 seconds of baseline (60-90 seconds into
the recording) and at least 30 seconds in the presence of a given drug following 3 minutes of
drug application (300-330 seconds into the recording). Only recordings where access
resistance changed <20% were kept for analysis.

Western Blotting

BLA, CeA and cerebellum (negative control due to low/nonexistent KOR expression) tissue
was micro-dissected from coronal slices of adult and adolescent rats immediately after
slicing using methods described above and immediately frozen at —80°C. Tissue was
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weighed and homogenized in whole-cell lysate buffer (1% sodium dodecyl sulfate (SDS)), 1
mM EDTA, 10 mM Tris as we have done elsewhere (Santerre et al., 2014), and protein
concentrations were determined using a bicinchoninic acid method. Samples were
denatured, separated using SDS polyacrylamide gel electrophoresis, and transferred to
polyvinylidine difluoride membranes (Life Technologies, Carlsbad, CA). Membranes were
blocked with BSA and probed with an anti-kappa opioid receptor primary antibody
(ABNA456; Millipore, Bilerica, MA). Bands were detected using enhanced
chemiluminescence (GE Healthcare, Piscataway, NJ), exposed to x-ray films under non-
saturating conditions, and analyzed using NIH Image J. Membranes were subsequently
exposed to antibody directed against B-actin (Millipore) to verify protein loading. All
samples were run in duplicate and averaged.

Data were analyzed using MiniAnalysis (SynaptoSoft Inc.) and statistically analyzed with
Prizm 6 (GraphPad, San Diego, CA). Data were first analyzed with the Pearson omnibus and
K-S normality tests. If data followed a normal distribution, parametric tests were used;
otherwise, nonparametric tests were used. All data are presented as mean + SEM, with p <
0.05 considered statistically significant. For all statistical analyses, the experimental unit is
an animal; in cases where the same experiment was conducted in multiple slices from one
animal, data were averaged to yield a single unit of determination (n = 1).

Membrane properties and basal synaptic transmission in the BLA

Assessment of membrane properties of pyramidal neurons from adolescent and adult BLA-
containing brain slices did not reveal significant differences in membrane capacitance or
resistance when using a KClI internal solution — this internal solution was used to record
GABA receptor-mediated synaptic transmission. Similarly, there were no significant
differences in basal sIPSC frequency, amplitude, area, or decay time between adolescents
and adults (Table 1). When recording glutamatergic transmission using a K-gluconate
internal solution, we also did not find significant differences between adolescents and adults
in membrane capacitance, nor in basal SEPSC frequency, amplitude, area, or decay time
(Table 2). However, there was a strong trend (p = 0.055) toward a larger membrane
resistance in adults relative to adolescents when using a K-gluconate internal solution.

KOR activation age-dependently potentiates GABA transmission in the BLA

KOR activation has been shown to inhibit neurotransmitter release throughout the brain, and
more specifically it can suppress GABA transmission in structures associated with anxiety
(Crowley et al., 2016; Gilpin et al., 2014; Kang-Park et al., 2013; Li et al., 2012). Therefore,
we first examined the effect of KOR activation on GABA receptor-mediated sIPSCs in
adolescent and adult BLA pyramidal neurons. Analysis of sIPSC frequency showed that
while 0.5 uM U69593 did not significantly alter sSIPSC frequency in adolescents (Fig.
1A1&C;t=1.05,df=7,n=8, p>0.05 compared to 0), 1 uM significantly increased sIPSC
frequency in adolescents (Fig. 1A2&C; t=3.64,df =7, n =8, p < 0.01 compared to 0).
Surprisingly, the effect of 1 uM U69593 was completely absent in adult BLA slices (Fig.
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1B2&C; t=0.90, df =7, n =8, p > 0.05 compared to 0) and these effects were significantly
different (t = 2.86, df = 14, p < 0.05; t-test). 0.5 uM also did not affect sSIPSC frequency in
adults (Fig. 1B1&C; 0.5 uM: t =0.81, df =5, n = 6, p > 0.05). Neither concentration altered
sIPSC amplitude, regardless of age (Fig. 1A, B&D; adolescent: 0.5 uM: t=1.82, df=7,n=
8,p>0.051uM:t=0.01,df=7,n=8, p>0.05; adult: 0.5 uM: t=0.06,df=5,n=6,p >
0.05; 1 uM:t=10.99, df =7, n =8, p > 0.05).

To determine if the effect of U69593 in adolescents could be reproduced with the
endogenous KOR agonist, we tested the effect of exogenous dynorphin A in slices from
adolescents. Similar to U69593, we found a dose-dependent effect of dynorphin A in
adolescents (Fig. 2), whereby 2 pM dynorphin A significantly increased sIPSC frequency (t
=4.49,df =5,n =6, p<0.05 compared to 0), but 1 pyM did not (t=1.41,df=4,n=5,p >
0.05 compared to 0). As with U69593, dynorphin A did not affect sSIPSC amplitude at either
dose tested in adolescents (1 uM: t = 0.35, df =5, n = 6, p > 0.05 compared to 0; 2 pM: t =
0.63,df =4,n=5, p>0.05 compared to 0).

KORs are not tonically activated in the adolescent or adult BLA

A lack of effect of the KOR activation on GABA transmission in adults could suggest that
KORs are tonically activated, as has been shown in the CeA (Gilpin et al., 2014; Kang-Park
et al., 2013). To test this we used the selective KOR antagonist (Fig. 3), nor-BNI, and found
that application of nor-BNI (1 uM) did not significantly alter sSIPSC frequency in either
adolescents (t = 1.407, df =4, n =5, p > 0.05 compared to 0) or adults (t=0.39,df=7,n =
8, p > 0.05 compared to 0). Similarly, nor-BNI did not affect sSIPSC amplitude in either
adolescents (t = 01.76, df = 4, p > 0.05 compared to 0) or adults (t=0.27,df=7,n=8,p >
0.05 compared to 0). These data suggest that KORs are not tonically activated in the BLA at
either age. However, the 1 pM U69593-induced increase in sIPSC frequency in adolescents
was completely blocked by pre-application of nor-BNI (1 uM) (Fig. 4A-C; n=5,p<0.05
by Bonferroni post-hoc).

KOR-mediated potentiation of GABA transmission is action potential-dependent in
adolescents

sIPSCs include a mixture of action potential-dependent and —independent spontaneous
GABA receptor-mediated currents, and it was unknown through which mechanism KORs
increased GABA release in adolescents. To test this we applied U69593 (1 uM) in the
presence of TTX and found that the KOR-mediated potentiation of sIPSC frequency was
completely abolished (Fig. 4A, B, and D; n = 6, p < 0.05 by Bonferroni post-hoc),
suggesting that the KOR-mediated increase in GABA transmission is likely through actions
on interneuron excitability.

KOR effects on glutamate transmission in the BLA

It was previously shown that KOR activation decreased fEPSPs in the BLA of younger mice,
presumably by inhibiting glutamate transmission (Huge et al., 2009). However, given that
GABA transmission was not blocked in that study, KOR-mediated decreases in fEPSPs
could have resulted from increased GABAergic inhibition. Therefore, to determine if KOR
activation altered glutamate transmission, we tested the effect of U69593 (1 uM) on
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glutamate-mediated transmission at both ages (Fig. 5). We did not find an effect of KOR
activation on sEPSC frequency at either age (Fig. 5A; adolescent: t =0.22, df=4,n=5,p >
0.05 compared to 0; adult: t = 0.29, df =4, n =5, p > 0.05 compared to 0). Conversely, while
there was no effect of U69593 on SEPSC amplitude in adolescents (Fig. 5A&B; t = 0.49, df
=4,n=5, p>0.05 compared to 0), we found a suggestive increase in amplitude in adults
(Fig. 5A&C; t = 2.64, df =4, n =5, p = 0.058). Interestingly, the effect on SEPSC amplitude
in adults was significantly different from adolescents (Fig. 5A;t=2.36,df=8,n=5,p <
0.05 by unpaired t-test).

Membrane properties and basal synaptic transmission in the CeA

Although there are numerous types of neurons in the CeA with various electrophysiological
properties (Herman et al., 2013), we could not distinguish them under our recording
conditions. However, we did not find any significant differences in membrane capacitance,
membrane resistance, sIPSC frequency, amplitude, area or decay time between adolescent
and adult CeA neurons.

KOR function is not age-dependent in the CeA

It has previously been reported that KOR activation suppresses GABA transmission in the
CeA of younger rats (Gilpin et al., 2014) and adult mice (Kang-Park et al., 2013). However,
whether KOR function in the CeA changes across ontogeny in the same species has not been
directly examined. Given our findings in the BLA, we tested the effect of KOR activation on
GABA transmission in the CeA of adolescents and adults. Similar to previous reports, but
unlike the BLA, we found that U69593 (1 uM) significantly suppressed sIPSC frequency in
both adolescents (Fig. 6A&B; t=5.12, df =4, n =5, p < 0.01 compared to 0) and adults
(Fig. 6A&C; t =3.76, df =4, n =5, p < 0.05). We found one cell in adults that showed a
subtle (~14%) potentiation of sIPSC frequency that was excluded from the analysis. Also
consistent with previous reports, there was no effect of 1 uM U69593 on sIPSC amplitude in
either adolescents (Fig. 6A&B; t=1.12, df =4, n =5, p > 0.05 compared to 0) or adults
(Fig. 6A&C; t=2.04, df = 4, n =5, p > 0.05).

KOR expression is not developmentally-regulated in the BLA or CeA

A potential explanation for the age-dependent effect of KOR-modulation of BLA GABA
transmission is a difference in KOR protein expression. Examination of KOR protein
expression using western blotting techniques revealed that KOR levels did not differ in the
BLA of adolescents compared to adults (Fig. 7; sum of ranks = 8,20; Mann-Whitney U = 2;
n = 3-4; p > 0.05 by Mann Whitney test). Given that the magnitude of the KOR effect on
GABA transmission in the CeA was not age-dependent, we also assessed KOR levels in the
CeA and found that KOR expression did not significantly differ between adolescents and
adults (Fig. 7; sum of ranks = 9,19; Mann-Whitney U = 3; n =3-4; p > 0.05 by Mann
Whitney test). To verify the selectivity of the KOR antibody, as a negative control,
cerebellum tissue was also analyzed (Nizhnikov et al., 2014). No bands were detected (not
shown).
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Discussion

KORs are known to modulate synaptic transmission throughout the central nervous system
and are implicated in the negative affect associated with stress and addiction (Bruchas et al.,
2010; Chavkin and Ehrich, 2014; Crowley and Kash, 2015; Knoll and Carlezon, 2010;
Schwarzer, 2009; Van't Veer and Carlezon, 2013; Wee and Koob, 2010). However, little
work has examined the role of KORs in adolescence, a critical developmental period
vulnerable to numerous factors that increase the risk of mental disorders, particularly
anxiety. This is the first study to systematically assess the functional role of KORs in
modulating GABA transmission in the BLA, a structure critical in the initiation and
maintenance of anxiety, across development. We provide compelling evidence that in drug-
and stress-naive adolescent males, KOR activation potentiates GABAergic transmission onto
BLA pyramidal neurons, the main output cells of this amygdalar nucleus, and this effect is
completely absent in adult males. Furthermore, we found that KORs are not tonically
activated by endogenous dynorphin nor do they significantly alter glutamate transmission at
either age. Strikingly, this developmental transition in KOR function is unique to the BLA,
as KOR activation suppresses GABA transmission in the CeA of both adolescents and
adults. Lastly, as BLA KOR expression did not differ between adolescents and adults, age-
related functional differences in KOR modulation of GABAergic transmission is likely
independent of transcriptional and translational mechanisms.

One of the most striking findings was that KOR activation increased GABA release in the
adolescent BLA with both a synthetic KOR agonist and dynorphin A, the endogenous KOR
agonist. While numerous studies have shown that KORs are Gj/, coupled [reviewed by
(Bruchas and Chavkin, 2010)], which ultimately reduces neuronal excitability and/or
neurotransmitter release in various brain structures (Chen et al., 2015; Crowley et al., 2016;
Gilpin et al., 2014; Kang-Park et al., 2013; Karkhanis et al., 2016; Lemos et al., 2012; Li et
al., 2012; Rose et al., 2015; Siciliano et al., 2016), studies have also shown that KORs can
couple to Gg in various cellular models (Baraban et al., 1995; Hampson et al., 2000; Shen
and Crain, 1990a, b, 1994) which can increase action potential duration (Shen and Crain,
19904, b, 1994) and neuronal excitability in dentate granule cells (McDermott and Schrader,
2011). While we have not yet directly investigated these coupling mechanisms, our findings
could be explained by a KOR-dependent increase in action potential duration of local
GABAergic interneurons, resulting in the observed increase in sIPSC frequency. That the
effect on sIPSC frequency was completely blocked by the action potential blocker, TTX,
further supports an effect on action potential mechanisms, such as interneuron excitability,
rather than an effect on release machinery. Another possible, but unlikely, explanation is that
the observed increase in GABA transmission onto pyramidal neurons is a result of
interneuron-interneuron disinhibition, which would be consistent with G; coupled KORs. It
is well known that BLA interneurons are both chemically- and electrically-coupled
(Woodruff and Sah, 2007) and reduced inhibition of one interneuron onto another through a
G;j coupled KOR would increase its excitability, ultimately resulting in the observed increase
in GABA release onto pyramidal neurons. Follow-up studies examining these potential
mechanisms in detail are ongoing in laboratory.
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Another surprising and unexpected finding from this study was that the KOR-mediated
increase in GABA transmission was completely absent in the adult BLA. Although there are
no studies that have tested KOR function across development in the BLA, it was previously
reported that KOR function is developmentally regulated in the paraventricular nucleus of
the thalamus, with a peak effect at 4 weeks of age followed by a robust and stable drop at 8
weeks (Chen et al., 2015). However, Bruchas and colleagues have reported an interaction
between CRF and KORs within the BLA of adults, specifically showing that only under
stress (when BLA CRF levels are presumably elevated) do KORs become activated within
the BLA, as BLA microinfusions of norBNI only altered anxiety-like behaviors in stressed
adult mice, but not in unstressed mice (Bruchas et al., 2009). Therefore, it is possible that
CRF must be present in order to effectively activate KORs in adults. It is worth noting that
while our western data argue against differences in KOR expression in the adult BLA
relative to adolescence as a primary factor, within the amygdala, this age-dependent
regulation of KOR function is unique to the BLA as we found that KOR activation similarly
suppresses GABA transmission in the CeA of adolescents and adults. Nonetheless, further
studies are warranted to better understand this age-dependent switch in KOR function.

It was also interesting that norBNI alone did not affect GABA transmission in the BLA in
either adolescents or adults. However, this is was not surprising given that norBNI did not
alter fEPSPs in the adolescent BLA (Huge et al., 2009). Furthermore, microinjections of
norBNI into the BLA did not alter anxiety-like behaviors in unstressed adult mice (Bruchas
et al., 2009). While these previous studies have indicated that KORs are not tonically
activated in unstressed animals, our data further supports that this is independent of age.

It is worth noting that basal neurotransmission (i.e. SIPSC/SEPSC frequency, amplitude,
area, decay time) in BLA pyramidal neurons did not differ between adolescents and adults,
consistent with the notion that both GABA and glutamate systems are stable after P28
(Ehrlich et al., 2013; Ehrlich et al., 2012) and previous comparisons of adolescents and
adults (Zhang and Rosenkranz, 2016). However, we observed a very strong trend toward an
increase in the membrane resistance of adult BLA pyramidal neurons in adolescents only
when using a K-gluconate internal solution —a common solution used to record glutamate-
mediated neurotransmission — but not with a KCI internal solution. It is well known that the
composition of internal solutions can significantly impact numerous neuronal conductances
that ultimately contribute to electrophysiological measures, including the membrane
resistance (Kaczorowski et al., 2007; Lenz et al., 1997; Woehler et al., 2014). Furthermore,
different internal solutions can also alter intracellular enzymatic activity, such as protein
kinase A (Vargas et al., 1999). Another more likely possibility is that adult BLA pyramidal
neurons have a more complex dendritic arborization and/or spine density (Bosch and
Ehrlich, 2015), which could be better detected with the K-gluconate internal. While the
reasons for this observation are not clear, these data suggest that differences in ion channels/
conductances may exist in BLA pyramidal neurons across development.

KOR activation did not significantly impact glutamate transmission in the BLA. Only one
other study has examined the functional role of KORs in the BLA and showed that KOR
activation inhibited fEPSPs and blocked LTP in the BLA of late adolescent animals (Huge et
al., 2009). While that study assumed that those effects were directly on glutamate
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transmission, our adolescent data suggest that KOR-mediated increases in GABA
transmission, with no direct effect on glutamate transmission, could significantly reduce
BLA excitability, resulting in the observed suppression of fEPSPs reported by Huge and
colleagues. However, although we did not observe any significant changes in SEPSC
frequency or amplitude in the presence of a KOR agonist in adults, there was a trend toward
an increase in SEPSC amplitude. The significance of this subtle increase in SEPSC amplitude
is unknown, but a KOR-mediated increase in glutamate activity in the BLA would ultimately
result in increased anxiety-like behavior, consistent with the known anxiogenic effects of
KOR agonists. However, as previously discussed, inhibition of BLA KORs has been shown
to have no effect on the elevated-plus maze in stress- and drug-naive adult mice (Bruchas et
al., 2009). Conversely, in adult rats, BLA KOR blockade with the KOR antagonist, JDTic,
reduced anxiety-like behaviors in the elevated-plus maze (Knoll et al., 2011). The
complexity of the BLA KOR system is evident from these studies even within a single age
group and future experiments are warranted.

An important consideration is, what the implications are of these functional processes on
behavior? Numerous studies have shown that KOR modulation can significantly regulate
anxiety-like behavior; however, the majority of these studies have been conducted in either
adults or following procedures that elevate anxiety-like behaviors, such as chronic stress
paradigms and models of drug dependence (i.e. alcohol, nicotine, cocaine) [reviewed by
(Bruchas et al., 2010; Chavkin and Ehrich, 2014; Crowley and Kash, 2015; Knoll and
Carlezon, 2010; Van't Veer and Carlezon, 2013; Wee and Koob, 2010)]. Recently it was also
shown that in stress- and drug-naive adults, systemic activation of KORs at low doses
produces anxiogenic effects, while high doses are anxiolytic, and these effects appear to be
driven by different brain structures (Wang et al., 2016). Moreover, social status also
contribute to the behavioral responses observed following KOR activation in adults
(Kudryavtseva et al., 2006). Although few studies have examined the behavioral effects of
KOR activation in adolescents, all of them have shown that KOR agonists are anxiolytic in
stress- and drug-naive younger animals (Alexeeva et al., 2012; Braida et al., 2009; Privette
and Terrian, 1995), particularly when infused in specific brain structures, such as the
infralimbic cortex (Wall and Messier, 2000). Furthermore, adolescents display reduced
aversion to systemic injections of KOR agonists (Anderson et al., 2014; Tejeda et al., 2012).
Our study provides a potential mechanism for these observations; in stress- and drug-naive
adolescents, the BLA functions as the master regulator of the anxiety circuit, whereby BLA
KOR-mediated potentiation of GABA transmission drives the anxiolytic properties of KOR
agonists, shadowing the effects of CeA KORs. Conversely, in adults, a lack of BLA KOR
regulation disengages the BLA from regulating the anxiety circuit, permitting the KOR-
mediated decrease in CeA GABA transmission to drive the known anxiogenic effects of
KOR agonists. Future studies should systematically test these hypotheses to determine the
role of these individual amygdalar nuclei across ontogeny.

Taken together, we provide the first functional evidence for a developmental switch in BLA
KOR function. Additionally, we demonstrate brain region-specific differences in the
neuromodulatory effects of KORs that suggest differential regulation and integration of brain
structures associated with anxiety. Importantly, our findings provide a novel neurobiological
mechanism that may contribute to the known age-dependent rise in anxiety disorders.
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Bettering our understanding of this dynamic system will ultimately aid in the diagnosis and
treatment of anxiety disorders across development.
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Highlights
. Incidence of anxiety disorders increases from adolescence into adulthood
. Kappa opioid receptors (KORs) are involved in anxiety
. KORs increase GABA transmission in the BLA of adolescent, but not adults
. KORs decrease GABA transmission in the adolescent and adult CeA

. Age-dependent switch in BLA KOR function may contribute to anxiety
disorders
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Figure 1. KOR activation age-dependently potentiates GABA transmission in the BLA
Exemplar traces showing effect of 2 doses of U69593 on GABAa-mediated sIPSC

frequency and amplitude in (A) adolescents and (B) adult. Effect of U69593 on sIPSC (C)
frequency and (D) amplitude in adolescents and adults. ** - p < 0.01 compared to 0; # - p <
0.05 compared to adolescent.
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adolescents. * - p < 0.05 compared to O; # - p < 0.05 compared to 1 uM dynorphin.
Exemplar traces demonstrate effect of (B) 1 uM and (C) 2uM dynorphin on sIPSC
frequency and amplitude in the adolescent BLA.
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Figure 4. U69593-mediated potentiation of GABA transmission is blocked by nor-BNI and TTX
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Effect of co-application of U69593 (1 uM) with nor-BNI (1uM) or TTX (1 uM) on sIPSC
(A) frequency and (B) amplitude in adolescents. Exemplar traces of sIPSC frequency and
amplitude of co-application of U69593 with (C) nor-BNI or (D) TTX. * - p < 0.05 compared
to 0; # - p < 0.05 compared to U69593 alone.
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Figure 5. Effect of KOR activation on BLA glutamate transmission
(A) Effect of U69593 (1 uM) on glutamate-mediated sEPSC frequency and amplitude in
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adolescents and (D) adults. # - p < 0.05 compared to adolescent.

Neuropharmacology. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Przybysz et al.

A Central Amygdala sIPSCs
) 20
= | T
2 o
i3
S § -20- El Adolescent (n=5)
- Adult (n=5)
o
s, M|
G - * % % %
<
O 0 r .
X Frequency Amplitude
B
Baseline 1 uM U6959
)
c
3
: el
S| 1 um us9s93 Baseline
T
<
Lzopn {[opn
C 1s 12ms
Baseline 1 uM U69593
= N\
-3| [20pA \
< 1s Baseline
1 pM U69593

|_8pA

15ms

Figure 6. KOR activation suppressed GABA transmission in the CeA independent of age
(A) Effect of U69593 (1 uM) on GABAa-mediated sIPSC frequency and amplitude in
adolescents and adults. * - p < 0.05 compared to 0. Exemplar traces showing effect of

U69593 on CeA sIPSCs in (B) adolescents and (D) adults.
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Figure 7. Western blot analysis of KOR expression in the BLA and CeA across ontogeny
Representative bands of KOR protein in BLA and CeA of adolescents and adult. Averaged

KOR protein levels normalized to B-actin. Data in graph are normalized to adult bands for

each brain structure.
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BLA membrane properties (KCI) and basal GABAergic synaptic transmission

Table 1

Adolescent (n =14) | Adult (n=10)

Capacitance (pF) 206.1 + 14.85 204.0+11.49
Membrane Resistance (MQ) 102.3 +33.21 97.62 £9.33
sIPSC Frequency (Hz) 6.11+0.83 5.51+0.63
sIPSC Amplitude (pA) 38.50 + 10.09 28.53+4.29

sIPSC Area (pA*ms) 1173.00 + 272.50 745.50 + 88.99
sIPSC Decay Time (ms) 25.20 + 1.60 20.49+1.71
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BLA membrane properties (K-gluconate) and basal glutamatergic synaptic transmission

Table 2

Adolescent (n = 5) Adult (n=5)
Capacitance (pF) 168.3 +17.75 221.8+24.23
Membrane Resistance (MQ) 43.30 £ 8.40 1255 +38.98 %
SEPSC Frequency (Hz) 557 +1.14 6.87 + 1.00
SEPSC Amplitude (pA) 6.32£0.75 6.24 +1.27
SEPSC Area (pA*ms) 85.15+7.63 90.09 +7.21
SEPSC Decay Time (ms) 11.02 + 0.44 11.891.94

3

p = 0.055 by Mann Whitney test (sum of ranks = 18,37; Mann-Whitney U = 3)
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Table 3

CeA membrane properties and basal synaptic transmission

Adolescent (n=5) | Adult(n=6)

Capacitance (pF) 60.97 + 7.64 63.82 + 31.45

Membrane Resistance (MQ) 138.50 + 62.60 201.00 + 43.90
sIPSC Frequency (Hz) 246 +£0.81 2.00 £0.63
sIPSC Amplitude (pA) 29.00 + 11.52 27.42 + 4.47

sIPSC Area (pA*ms) 1088.00 + 226.20 964.00 + 260.0
sIPSC Decay Time (ms) 28.72 +6.53 35.12 + 6.64
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