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Abstract

Alterations in hypothalamic-pituitary-adrenal (HPA) axis function contribute to many of the
adverse behavioral effects of chronic voluntary alcohol drinking, including alcohol dependence
and mood disorders; limbic brain structures such as the bed nucleus of the stria terminalis (BNST)
may be key sites for these effects. Here, we measured circulating levels of several steroid
hormones and performed whole-cell electrophysiological recordings from acutely-prepared BNST
slices of male rhesus monkeys allowed to self-administer alcohol for 12 months or a control
solution. Initial comparisons revealed that BNST neurons in alcohol-drinking monkeys had
decreased membrane resistance, increased frequency of spontaneous inhibitory postsynaptic
currents (sIPSCs) with no change in spontaneous excitatory postsynaptic currents (SEPSCs). We
then used a combined variable cluster analysis and linear mixed model statistical approach to
determine whether specific factors including stress and sex hormones, age, and measures of
alcohol consumption and intoxication are related to these BNST measures. Modeling results
showed that specific measures of alcohol consumption and stress-related hormone levels predicted
differences in membrane conductance in BNST neurons. Distinct groups of adrenal stress
hormones were negatively associated with the frequency of sIPSCs and sEPSCs, and alcohol
drinking measures and basal neuronal membrane properties were additional positive predictors of
inhibitory, but not excitatory, PSCs. The amplitude of SEPSCs was highly positively correlated
with age, independent of other variables. Together, these results suggest that chronic voluntary
alcohol consumption strongly influences limbic function in non-human primates, potentially via
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interactions with or modulation by other physiological variables, including stress steroid hormones
and age.
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Introduction

Chronic alcohol consumption increases the risk for a number of long-term negative health
outcomes, including alcohol dependence and anxiety. A growing body of evidence suggests
that chronic alcohol exposure-induced alterations in hypothalamic-pituitary-adrenal (HPA)
axis function contribute to these pathological behaviors. While the ability of acute alcohol to
engage the HPA axis to stimulate the release of adrenal hormones is variable (Mick et al.,
2012; Richardson et al., 2008; Thayer et al., 2006), it is well established that chronic alcohol
exposure causes aberrant plasticity in the HPA axis that may result in dysregulated release of
adrenal hormones in alcohol-dependent humans (Beresford et al., 2006; Dai et al., 2007;
Stalder et al., 2010; Thayer et al., 2006; Tirabassi et al., 2013), rhesus macaques (Helms et
al., 2014a), and rodents (Adinoff et al., 1990; Rasmussen et al., 2000; Richardson et al.,
2008; Zorrilla et al., 2001). Consistent with this, humans with hypercortisolism have
increased risk for the development of alcohol dependence (Besemer et al., 2011; Tirabassi et
al., 2013), and blocking glucocorticoid receptors (GRs) in rodents prevents escalation of
alcohol drinking to dependence (Vendruscolo et al., 2012). Further, longitudinal studies in
macaque monkeys have revealed that changes in circulating levels of stress hormones
depend on access to ethanol and the degree to which monkeys engage in heavy alcohol
drinking behavior (Helms et al., 2012; Helms et al., 2014a).

Altered stress hormone activity due to alterations in the HPA axis may contribute to
persistent adaptations in central circuits that underlie reward-seeking behavior and stress
responsivity, leading to an increased negative affective state and alcohol-seeking behavior
(Funk et al., 2006; Koob and Kreek, 2007; Koob, 2003; Santibanez et al., 2005; Valdez et
al., 2002). The bed nucleus of the stria terminalis (BNST) is a major component of the
central extended amygdala that plays a critical role of integration of stress and reinforcement
and also mediates the negative affective state associated with chronic alcohol and drug use
(Eiler et al., 2003; Erb et al., 2001; Fox et al., 2010; Francesconi et al., 2009; Harris and
Aston-Jones, 2007; Hyytia and Koob, 1995; Kash, 2012; Sahuque et al., 2006). Imaging
studies have identified the BNST as a site of aberrant plasticity and increased amygdalar
connectivity in human alcoholics (O’Daly et al., 2012). Pharmacological manipulations in
the rodent BNST can alter alcohol drinking behaviors; for example, blockade of dopamine
or GABA receptors in the BNST reduces alcohol drinking behavior (Eiler and June, 2007;
Eiler et al., 2003). In addition, chronic alcohol exposure and withdrawal have been shown to
increase intrinsic excitability, alter modulation of synaptic transmission by neuropeptides,,
and produce aberrant plasticity in BNST neurons (Kash, 2012; Kash et al., 2009; McElligott
et al., 2013; McElligott and Winder, 2009; Olive et al., 2002; Pleil et al., 2015; Silberman et
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al., 2013). Neurons in the BNST express both glucocorticoid receptors (GRs) and
mineralocorticoid receptors (MRs) (de Kloet et al., 2005; Pietranera et al., 2001;
Vendruscolo et al., 2012; Watters et al., 1996), which are bound by stress-related hormones,
including the adrenal steroid hormones cortisol/corticosterone (CORT) (McEwen, 2007;
McEwen et al., 1968; Watters et al., 1996), aldosterone (ALD) (Lienard et al., 1996; Watters
et al., 1996), and deoxycorticosterone (DOC) (Pietranera et al., 2001). Chronic alcohol
exposure causes functional alterations in GR expression in the BNST and other limbic brain
areas (\Vendruscolo et al., 2012), suggesting that stress hormones may mediate or interact
with the effects of chronic alcohol on BNST function (Garcia-Perez et al., 2012). In addition
to being a site of action for stress hormones, the BNST is a critical site for central feedback
of the HPA axis (Ulrich-Lai and Herman, 2009), suggesting it may play a particularly
important role in chronic alcohol-induced plasticity of adrenal hormone secretion.

While neuroimaging studies in humans have identified the BNST as a critical region of
plasticity in alcoholic individuals (O’Daly et al., 2012), and rodent models of chronic
voluntary alcohol use and alcohol dependence have provided some circuit-specific
mechanistic insight about how the BNST may play a role in these processes (Kash et al.,
2015; Pleil et al., 2015; Silberman et al., 2013), to date there have been no studies
combining the use of mechanistic tools in primates. Here, we use a chronic voluntary
alcohol consumption paradigm in hon-human primates that produces similar drinking
patterns as those observed in humans, including a large subset of monkeys classified as
exhibiting chronic binge drinking behavior associated with alcohol use disorder (AUD) in
humans, combined with ex vivo electrophysiological recordings of BNST neurons. We
directly compare BNST measures in alcohol drinkers and controls to assess the effects of
long-term alcohol self-administration on BNST function. We then employ a linear mixed
model statistical approach to characterize the effects of age, alcohol consumption and
intoxication levels, and stress and sex steroid hormone levels on synaptic function in the
BNST.

Methods and Materials

Subjects

Subjects were 18 male rhesus macaques (Macaca mulatta) acquired from the breeding
program of the Oregon National Primate Research Center; 14 were given long-term
continuous access to ethanol and four were ethanol-naive controls. Monkeys were singly
housed in a colony room in which they could interact with one another, trained to present
their legs for femoral blood sampling, and habituated to this procedure prior to ethanol
access (Helms et al., 2014a). All procedures were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals and approved by the Oregon National Primate
Research Center IACUC.

Ethanol access paradigm

Monkeys were trained to operate a panel to self-administer water, and were then gradually
induced to self-administer 0.5, 1.0, and 1.5 g/kg ethanol (4% wi/v) over three consecutive 30
day epochs, as previously described (Grant et al., 2008; Helms et al., 2014a). After training,
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they were given free access to 4% ethanol in water (w/v) 22 hours per day (termed “open-
access”) for at least 12 calendar months (depicted in Figure 1A; detailed time line
information is available at www.MATRR.com). Using this protocol, monkeys with average
body mass of 9.42 + 0.31 kg (mean = SEM) consumed an average of 2.5 + 0.3 g/kg per day
during the open-access period and average lifetime ethanol intake (LEI) levels of 1244.5

+ 107.0 g/kg. Blood samples were collected every 5-7 days, consistently at seven hours into
the daily 22 hr ethanol access period, to assess blood ethanol content (BEC) across the open-
access period. Patterns of ethanol intake and intoxication observed in these monkeys were
variable, as in the human literature, such that monkeys in this study represented the full
spectrum of previously identified categories, including low, binge, high, and very high
ethanol drinkers (Helms et al., 2014a). Control monkeys were in similar housing conditions
for at least 10 months and were given open access to an isocaloric 10% maltose dextrin
solution in water for seven weeks prior to the necropsy but never received access to ethanol.

Necropsy and slice preparation

The necropsy procedure was conducted as previously described (Davenport et al., 2014).
Briefly, at the time a daily drinking session would typically begin, monkeys were instead
sedated with ketamine (10 mg/kg), and isofluorane was used at a dose to maintain a deep
surgical plane of anesthesia. Trunk blood samples were collected prior to transcardial
perfusion with ice-cold oxygenated artificial cerebrospinal fluid (aCSF) to remove blood and
any ethanol from the brain tissue. A craniotomy was conducted and brains were rapidly
removed and an approximate 4mm x 6 mm x 8 mm block of tissue containing the bed
nucleus of the stria terminalis (BNST) and adjacent sections of the caudate was isolated
(shown in Figure 1B). The tissue block was placed in a conical tube of ice-cold oxygenated
artificial cerebrospinal fluid (aCSF) containing (in mM) 124 NaCl, 4.5 KCI, 1MgCl,, 26
NaHCO3, 1.2 NaH,POy, 10 glucose, and 2 CaCly, continuously aerated with a mixture of
95% 0,/5% CO», gas and transported on ice for slicing. Tissue was then transferred to ice-
cold cutting solution containing (in mM) 194 sucrose, 30 NaCl, 4.5 KCI, 1 MgCls, 26
NaHCOs3, 1.2 NaH,P04, and 10 glucose, aerated with a mixture of 95% O,/5% CO, gas.
Coronal slices at a thickness of 300 um were obtained with a ceramic blade (Camden
Instruments Limited) attached to a VT 1200S vibratome tissue slicer (Leica Biosystems,
Wetzlar, Germany). Slices were equilibrated in aCSF at a temperature of 33 C for one hour
and then transferred to room temperature until experimental use.

Blood hormone analysis

Trunk blood collected during necropsy was assayed for plasma levels of the following sex
and stress hormones by the Oregon National Primate Research Center Endocrine
Technology Services Laboratory using standardized procedures previously described (Helms
et al., 2014a): the pituitary stress hormone adrenocorticotropic hormone (ACTH), the
glucocorticoid/mineralocorticoid adrenal hormones CORT, ALD, and DOC, the adrenal sex
steroid hormone/neurosteroid dehydroepiandrosterone sulfate (DHEAS), and the gonadal
sex steroid hormone testosterone (T). Given the intimate interactions between the HPA and
hypothalamic-pituitary-gonadal (HPG) axis (Viau, 2002) and the ability of several of these
hormones to be converted into/serve as precursors for others, the impact of these hormones
on BNST function was determined using a multi-step statistical approach, described below.
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Slice Electrophysiology

Slices were transferred to a recording chamber fixed to the stage of an upright microscope,
stabilized by an overlying platinum ring and continuously perfused with solution maintained
at a temperature of 28-32 C with the temperature not varying more than 1 C during a given
experiment. Individual neurons in the BNST were identified under infrared optics using a
40x water immersion objective and images were displayed on a computer monitor, which
aided the navigation and placement of the recording pipette. Patch pipettes were pulled from
borosilicate glass capillaries (1.5 mm outer diameter, 0.86 mm inner diameter, Sutter
Instruments Co., Novato, CA) and filled with either potassium-gluconate (K-Gluc) or
cesium-chloride (Cs-Cl)-based intracellular solutions (pH 7.25, 290-295 mOsmol) for
excitatory and inhibitory synaptic transmission recordings, respectively. The Cs-Cl solution
contained (in mM) 150 CsCl; 10 HEPES, 2 MgCl,; 0.3 Na-GTP, 3 Mg-ATP, 0.2
BAPTA-4K, and 2 QX-314, and the K-Gluc solution contained (in mM) K-126 gluconate, 4
KCI, 10 HEPES, 0.3 Na-GTP, 4 Mg-ATP, and 10 phosphocreatine. Bicuculline (30uM) was
added to aCSF when recording spontaneous excitatory postsynaptic currents (SEPSCs), and
2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[ Aquinoxaline-7-sulfonamide (NBQX; 5uM) was
added to aCSF to isolate spontaneous inhibitory postsynaptic currents (sIPSCs). Recordings
were made using a Multiclamp 700B amplifier (Molecular Devices, Foster City, CA).
Whole-cell membrane currents were digitized at 20 kHz, filtered at 2 kHz, and analyzed
with pClamp software (Molecular Devices, Sunnyvale, CA).

Data Analysis

Excitatory and inhibitory synaptic transmission were measured using different intracellular
recording solutions (K-Gluc and Cs-Cl, respectively), and therefore analyses were
performed separately. In total, eight separate dependent variables were evaluated. Because
dependent measure data sets were normally distributed in natural log space, statistical
analyses were performed with log-transformed values; data are presented in natural space to
indicate values measured during experiments. First, we performed unpaired two-tailed t-tests
in Graphpad Prism (GraphPad Software, San Diego, CA) to directly compare dependent
measures from individual BNST neurons between EtOH and CON monkeys in order to
assess whether chronic voluntary alcohol drinking altered cell membrane properties and
excitatory and inhibitory synaptic transmission in the BNST (Figure 2). Effects of alcohol
exposure were then further characterized by incorporating age, specific measures of alcohol
consumption and levels of intoxication, and hormone measurements taken at necropsy into
statistical models of BNST measures. Specifically, SAS statistical software (v. 9.3, SAS
Institute, Cary, NC) was used to explore the relationships between /n vivo predictor variables
of ethanol drinking, age, and sex and stress hormone levels and ex vivo dependent
physiological measures of membrane properties and synaptic function of neurons in the
rhesus monkey BNST; MATLAB (MathWorks, Natick, MA) was used to create heat maps to
visualize these effects.

Similar to dependent measures of cell membrane properties and synaptic transmission
described above, values for physiological measures of hormone levels were normally
distributed in natural log space; thus, log-transformed values for all physiological variables
were used for all statistical analyses. The dependent measures included here were restricted
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to those measured during electrophysiological recordings (cell membrane properties and
measures of excitatory and inhibitory synaptic transmission). /n vivo demographic,
behavioral, and physiological measures were included as predictor (independent) variables
in these analyses and raw values for all variables are included in Figure 3. They include: 1)
age at necropsy—all monkeys that self-administered ethanol underwent the same behavior/
necropsy timeline but were given ethanol access starting at a range of ages between
adolescence and middle adulthood (5.5 and 11.5 years of age). Because control monkeys
were ethanol-naive and thus do not have an “age of onset of ethanol drinking”, age at
necropsy is used as a predictor variable in the models for all monkeys; 2) cumulative
lifetime ethanol intake (LEI)—recent research has indicated that the amount of ethanol
consumed across the lifespan in humans is highly correlated with many negative health
outcomes associated with alcohol use, including risk for cancers, cardiovascular disease, and
neuropsychiatric conditions (Chen et al., 2011; Corrao et al., 2000; Smith and Riechelmann,
2004). Thus, we used the cumulative amount of ethanol consumed as a predictor variable for
BNST function; 3) average blood ethanol concentration (BEC) across the 12-mo open access
period, as described above, as a measure of average intoxication. Previous human and non-
human primate research shows that individuals not exposed to ethanol do not have detectable
BECs, so these levels were considered to be zero in our analyses; 4) plasma levels of stress
and sex hormone taken at necropsy, as described above, as measures of the relative
availability of these hormones in the brain during the time of electrophysiological
recordings. Importantly, thresholds for the LEI and BEC measures described are consistently
used to categorize ethanol drinking patterns for monkeys in this model as low, binge, high,
or very high drinkers (e.g., Helms et al., 2014a); thus the use of these continuous variables in
our statistical analyses provides a representative metric of ethanol drinking pattern. We
observed a full spectrum of these categorized ethanol drinking patterns (labeled above bars
in panels H and | in Figure 3), which allowed us to closely examine how ethanol dose
mediates the effects of chronic ethanol exposure on BNST function.

Linear mixed effects models (SAS proc MIXED) were used for this analysis because ex vivo
whole-cell patch-clamp electrophysiology was performed in several neurons from each
monkey BNST (Rappaport and Kupper, 2008). Given multiple measures of specific variables
for individual monkeys, estimates were made of both within- and between-monkey
measurement variance. Here, within-monkey variance represents the spread of
measurements across neurons for any given monkey, and between-monkey variance
represents the spread of average measures across all monkeys. For any variable with
repeated measures (i.e., measures of cell membrane properties and excitatory and inhibitory
synaptic transmission), the sum of the within- and between-monkey variance equals the total
measurement variance. The intraclass correlation coefficient (ICC) is then the ratio of the
between-monkey variance to the total variance. This value is useful for gauging the
proportion of total measurement variance that can be attributed to differences across
individual monkeys.

Due to the relatively small number of monkeys in the study, and the potential for collinearity
between predictor variables that can lead to model instability, we limited the number of
predictor variables in the initial models. We identified which variables to include in initial
models for basal membrane properties using a three-step process. First, a variable cluster
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analysis (VCA) was performed (SAS proc VARCLUS) using all possible predictor variables
(i.e., Age, LEI, BEC, CORT, ACTH, DOC, ALD, T, DHEAS), a maximum Eigenvalue of
1.0, and a threshold of 0.70 for proportion of total variance explained. Linear mixed models
for dependent measures of synaptic transmission also included basal membrane properties of
those cells as predictor variables. Next, Pearson correlation coefficients were estimated
(SAS proc CORR) across all variable pairs (both within and across clusters). Finally,
correlation coefficient estimates were used to select one representative variable from each
cluster that would be examined in the initial models - selected variables had strong within-
cluster correlations, and weak across-cluster correlations. As there is no automated
procedure for elimination of insignificant variables in SAS proc MIXED, final models were
ultimately determined using a manual backwards stepwise elimination procedure. We set a
significance level of a = 0.10 in order to identify potentially meaningful associations
between variables from a relatively small number of monkeys in our study.

Notably, because slice electrophysiological recordings could only be performed at necropsy,
our statistical analyses were used to evaluate associations between /n vivo predictor and ex
vivo dependent measures of BNST function. Observed associations do not necessarily
indicate directionality, and therefore do not imply causality. However, a major strength in
using this statistical approach is that it allowed evaluation of individual predictor variables
while controlling for other covariates. Importantly, because we experimentally manipulated
whether each individual monkey received access to ethanol or served as an ethanol-naive
control, effects of ethanol variables in our models likely indicate effects of chronic ethanol
exposure on BNST function, and we were able discretely evaluate the predictive
contributions of level of alcohol consumption and intoxication, age, and hormone measures
to our dependent measures of BNST neuronal function. Thus, we were able to include all
available data into one analysis to fully characterize the contributions of variables as they
relate to BNST function in the primate.

To visually illustrate effects revealed by mixed models, heat maps containing all individual
data points used for analyses are presented as a proportion of the range of the variable, with
PROPy = (X = MIN)/(MAX - MIN), where X is the current value, MIN is the smallest
value in the dataset, and MAX is the largest value in the dataset. Heat maps are presented by
organizing cells based on the response variable, from lowest to highest value. This illustrates
both the dynamic range of values for each variable across neurons from which
measurements were taken as well as the nature of the linear relationship between the
response variable presented in the top row of the heat map and predictor variables in
subsequent rows. To gauge measurement variance within and between monkeys, and the
ability of predictor variables to explain components of measurement variance, ICC estimates
are given based on null models (ICCp; containing a model intercept as the only fixed
effect) and final models (ICCsjnq); containing all significant predictor variables).

Effects of chronic alcohol exposure on BNST function

Whole-cell voltage-clamp electrophysiological recordings were performed in individual
BNST neurons from acutely prepared coronal BNST slices from rhesus monkeys that
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received open access to and voluntarily consumed alcohol (EtOH) and control monkeys that
received open access to a control maltrose dextrin solution (CON; representative traces in
Figure 2A & B). Because brains were perfused with ice-cold aCSF during necropsy, no
ethanol was present during electrophysiological recordings. Response variables evaluated
were membrane capacitance in neurons recorded using a Cs-Cl intracellular solution (ICap)
or K-Gluc solution (ECap), a membrane property that indicates cell size and modulates both
synaptic efficacy and the velocity of action potential propagation, and membrane resistance
(ERes and IRes), the inverse of the total conductance across the cell membrane. Direct
comparisons of cell membrane properties between groups (Figure 2C—F) revealed that
BNST neurons from EtOH monkeys had lower membrane resistance than CONs when a Cs-
Cl solution intracellular solution was used (t(38) = 2.11, p = 0.041; Figure 2C), suggesting
that the conductance of ion channels on the cell membrane was increased by chronic alcohol
exposure. However, the capacitance of BNST neurons did not differ between groups (p’s >
0.25; Figure 2D & F). The frequency of sIPSCs in BNST neurons was significantly higher in
EtOH monkeys than CONs (t(38) = 3.38, p = 0.002; Figure 2G) and there was a trend
toward increased amplitude in EtOH mice (t(38) = 1.91, p = 0.064; Figure 2H), but there
were no effects of alcohol drinking on the frequency or amplitude of SEPSCs (p’s > 0.10;
Figure 21 & J). This suggests that basal inhibitory tone was increased by chronic alcohol
exposure.

Predictor variable clustering

To determine whether specific measures of alcohol intake contributed to the effects of
chronic alcohol exposure on BNST neuronal function, or whether other physiological
measures might mediate, interact with, or have independent effects from chronic alcohol
exposure on BNST neuronal function, we employed statistical modeling to our BNST data.
Raw values for all in vivo variables used to model electrophysiology data for all monkeys
are presented in Figure 3 and can also be accessed through the Monkey Alcohol Tissue
Research Resource (MATRR) website, www.MATRR.com. First, a VCA of the predictor
variables was performed to determine which variables were statistically clustered together to
identify candidate variables to be included in statistical models for response variables
measured during electrophysiological recordings (depicted in Figure 4).

This analysis revealed that variables were grouped into three clusters, which explained
greater than 70% of the total variance. Cluster 1 included LEI and BEC; Cluster 2 included
Age, CORT, ACTH, DOC, ALD, and T; and Cluster 3 included only DHEAS. The
clustering of these variables suggests that both measures of ethanol intake (i.e., LEI and
BEC) were highly associated with one another, and that age, T, and all stress hormones were
highly associated. Surprisingly, DHEAS was not associated with Cluster 2 variables, even
though it is an abundant adrenal hormone and one of its physiological roles is to serve as a
precursor for the gonadal hormones T and estradiol (Soma et al., 2014). A correlation
matrix, presented in Figure 5, illustrates the pairwise relationships between variables
measured in monkeys used for electrophysiological recordings, confirming significant
associations between variables within clusters.
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Basal membrane properties

We evaluated whether the /n vivo predictor variables of voluntary ethanol self-
administration, age, and the plasma levels of stress and sex hormones were associated with
the basal membrane properties of BNST neurons from which we recorded using Cs-Cl or K-
Gluc intracellular recording solutions. One representative variable from each cluster was
used in each linear mixed model; each selected variable was highly correlated with all other
variables in its cluster but not with variables from other clusters (see Figure 5). This led to
the inclusion of LEI from Cluster 1, DOC from Cluster 2, and DHEAS from Cluster 3 for all
predictive models of neuronal membrane properties. Mixed model results showed no
significant effects of LEI, DOC, or DHEAS on either 1Cap or ECap. However, there was a
trend for LEI to predict IRes (p = 0.092) with a negative association, explaining 8.2% of the
total measurement variance, and DOC was a significant predictor of ERes (p = 0.034) with a
negative association, explaining 13.9% of the measurement variance (Table 1). Despite these
observed associations, approximately 90% of the variability in IRes and ERes could not be
explained using the predictor variables included in our analyses. ICC estimates for
capacitance suggest that about 30-65% of the measurement variance was observed between
monkeys and that 35-70% of the measurement variance was observed across neurons within
individual monkeys. ICC estimates for IRes were in between those for ICap and ECap; the
similarity between ICCp; and 1CCgjnq for IRes suggests that including LEI as a model fixed
effect had little impact on variance estimates. The estimate of ICC for ERes indicates that
the majority of measurement variance (80%) was observed across neurons within individual
monkeys. In fact, after adjusting for DOC in the final model, all residual variance was
observed within-monkeys (i.e., ICCsina = 0). As these basal membrane properties have been
shown to indicate aspects of neuronal phenotype, ICC results indicate that there are many
different cell types expressed in the monkey BNST that may be differentially modulated by
predictor variables.

Together, mixed model results in Table 1 show that Cluster 1 and 2 variables were most
influential on the input resistance of BNST neurons. Heat maps illustrating the relationship
between predictor variables and Res are shown in Figure 6. While ethanol consumption and
sex and stress hormones appear to have a modest positive association with the intrinsic
excitability/conductance of BNST neurons (as measured by Res), our overall results indicate
that predictor variables included here may not be the most important factors regulating the
basal membrane properties of BNST neurons.

Synaptic transmission measures

We next examined which variables were significant predictors of synaptic transmission
measures (SIPSC and sEPSC frequency and amplitude). We examined a fourth variable
cluster (in addition to those shown in Figure 4), which included Cap and Res, because these
measures have previously been described to influence synaptic transmission in rodents.
Notably, Cap and Res were inversely correlated with one another for neurons patched with
either Cs-Cl or K-Gluc internal solution (Supplementary Figure 1A). Because ICap and
ECap were less associated with the other predictor variables (LEI, DOC, and DHEAS) than
IRes and ERes (as shown in Figure 5), they were selected to represent the cell membrane
properties in the mixed models.
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Significant or trend effects of DOC (p = 0.058; negative association), LEI (p = 0.003;
positive association), and ICap (p = 0.001; positive association) were observed on sIPSC
frequency (IFreq). These three predictor variables collectively explained 42.4% of the
variance in IFreq data, as detailed in Table 2 and illustrated in Figure 7A. In contrast, there
was a trend for DHEAS to predict SEPSC frequency (EFreq; p = 0.080; negative
association), explaining 12.4% of the variance (Table 2; Figure 7B). These results suggest
that inhibitory and excitatory synaptic transmission in BNST neurons are differentially
modulated by variables included in our analyses; inhibitory tone in the BNST is highly
downregulated by stress hormones enhanced by a history of high ethanol drinking, and also
dependent on the basal membrane properties of the neurons patched, while excitatory
synaptic input to BNST neurons is not modulated by these factors but in part suppressed by
the complex adrenal hormone DHEAS.

There was no correlation between frequency and amplitude for either sIPSCs or SEPSCs
(Supplementary Figure 1B), suggesting that these measures were independent. In addition,
final models showed no significant predictors of sSIPSC or sEPSC amplitude (IAmp or
EAmp, respectively; Table 2), suggesting that postsynaptic modulation of synaptic
transmission is not highly modulated by variables measured here. However, while no
significant predictors of EAmp were detected in the final models, correlational analysis
showed that it had a significant positive association with Age (as illustrated in Figure 5).
This was particularly intriguing because age was significantly correlated with many other
hormones in its cluster that were not correlated with EAmp, suggesting a potentially unique
and specific role for age in the regulation of excitatory transmission in BNST neurons.

A large difference in the partitioning of measurement variance was observed when
comparing results for amplitude. The ICC estimate for EAmp suggests that 70% of the
measurement variance was observed between monkeys, whereas the estimate for IAmp
suggests that only about 30% of the measurement variance was observed between monkeys.
Estimates of ICC, for IFreq and EFreq suggest that between-monkey variance comprised
30% and 50%, respectively, of the total measurement variance. After adjusting significant
fixed effects, estimates of 1CCg¢ng Were reduced below those of ICCpy, suggesting that
predictor variables were able to explain measurement difference across monkeys for both of
these variables.

Discussion

Here, we used a non-human primate model to examine the effects of chronic alcohol
exposure on the function of the BNST, a limbic structure integral to the regulation of
emotional and reward-related behaviors that has never been previously characterized in
primates. The ethanol self-administration paradigm employed here induced an average LEI
equivalent to approximately nine alcoholic drinks per day, everyday. This drinking behavior
models chronic binge drinking in humans with AUD, characterized by an average daily BEC
above 80 mg/dl over one year of drinking. Direct comparisons between EtOH and CON
monkeys revealed robust effects of chronic alcohol exposure on cell membrane conductance
and inhibitory synaptic transmission in the BNST. The specificity of these identified effects
was intriguing, because in conjunction with mixed modeling results discussed below, our
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results suggest that increased inhibitory tone in BNST neurons may be an adaptive
homeostatic mechanism compensating for increased membrane-bound ion channel
conductance and intrinsic neuronal excitability, as we have previously reported in a mouse
model of binge ethanol drinking (Pleil et al., 2015). We have also reported similar effects of
chronic voluntary alcohol drinking on upregulation of neuropeptide Y signaling that serves
as a homeostatic mechanism to further increase inhibition in BNST neurons in both rhesus
monkeys and mice produces an (Pleil et al., 2015). Future studies examining more specific
measures of BNST excitability following chronic alcohol exposure will be able to further
characterize these effects.

We further examined how a number of /n vivo demographic, physiological, and behavioral
measures are related to these effects of alcohol exposure. Results from linear mixed models
of eight dependent measures of neuronal and synaptic function in the BNST showed that
measures of the level of alcohol consumption/intoxication and stress steroid hormones
accounted for a small but significant proportion of variance in neuronal conductance in the
BNST, as measured by resistance, without being associated with neuronal size, as measured
by capacitance (Table 1). Notably, measures of inhibitory and excitatory synaptic
transmission were predicted by different clusters of variables; DHEAS was negatively
associated with SEPSC frequency, while the other three clusters of variables, represented by
LEI (positive association), DOC (negative association), and ICap (positive association),
significantly predicted sIPSC frequency and explained greater than 40% of the total variance
in this measure (Table 2). These results suggest that greater ethanol intake, lower stress
hormone levels, and high capacitance/low resistance neuronal phenotype were associated
with greater inhibitory synaptic transmission, while the complex neurosteroid DHEAS may
suppress excitatory synaptic transmission in the monkey BNST. Mixed modeling revealed
no significant effects of any variables on sIPSC or SEPSC amplitude, however Age was
highly positively correlated with SEPSC amplitude (Figure 5). These results demonstrate that
a number of variables predict different aspects of BNST function.

Because we experimentally manipulated whether and at what age monkeys gained access to
alcohol, we are able to reveal a causal effect of chronic alcohol exposure on membrane
conductance and inhibitory synaptic transmission and an effect of Age on postsynaptic
excitatory synaptic transmission in the primate BNST. However, our study is unable to
identify a directional relationship between specific /n7 vivo hormone and alcohol
consumption/intoxication physiological predictor measures and dependent measures of
BNST function, because these predictor measures were not experimentally controlled and
were assessed at necropsy, along with BNST recordings. The inclusion of ethanol-naive
monkeys in the study to control for hormone levels and age, however, leads us to
hypothesize that there is a causal role for alcohol drinking, age, and hormones in BNST
function. Further, results suggest that while chronic alcohol drinking may be an important
modulator of limbic circuit function, many other factors including age and stress and sex
hormones affect BNST function, either independently or by mediating some of the effects of
chronic alcohol consumption. Importantly, /n vivo predictor variables in this study have been
shown to modulate each other and likely interact to influence BNST function, as implicated
by our mixed modeling results. While /in vivo variables were used as predictors in this study,
it is also possible that there is a bidirectional relationship between them and BNST function,
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such that intrinsic BNST function modulates HPA axis function and alcohol drinking
behavior (Herman et al., 2003).

Interestingly, the identified roles of alcohol consumption/intoxication measures (LEI, BEC)
in the mixed models for membrane resistance and sIPSC frequency in the BNST were
consistent with differences between CON and EtOH monkeys initially identified in this
study. This suggests that the degree of excessive alcohol drinking may mediate the effects of
chronic alcohol exposure on BNST function, rather than alcohol exposure per se simply
regulating function. This is consistent with the human literature suggesting that the volume
and pattern of alcohol drinking are extremely influential on negative health outcomes
associated with chronic alcohol use, including risk for cancers, cardiovascular disease, and
importantly neuropsychiatric conditions, which the BNST has been associated with (Chen et
al., 2011; Corrao et al., 2000; Smith and Riechelmann, 2004). As the predictor variables
used here (LEI, BEC) have been used to categorize the functional ethanol drinking patterns
of monkeys in this study and other cohorts of monkeys in this model of chronic alcohol
drinking (see Figure 3) that are similar to patterns observed in humans, our results may have
important implications for the effects of chronic alcohol drinking on limbic function in
humans with AUDs. In addition, we found mixed model effects for SEPSC frequency when
no differences were found in initial direct comparisons, highlighting the importance of
including specific measures of alcohol consumption and intoxication when evaluating the
effects of chronic alcohol on neural function.

Relationships between in vivo predictor variables

Cumulative lifetime ethanol consumption and average concentrations of blood ethanol
during the 12-month open access were strongly positively correlated and comprised one of
the variable clusters in the VCA. This was an expected association given the established
positive relationship between ethanol consumption and BECs observed across many cohorts
of monkeys in this non-human primate model of chronic alcohol exposure (Grant et al.,
2008), and it additionally indicates that monkeys that acquired ethanol drinking thresholds
rapidly across the induction phase of ethanol access also consumed high levels of ethanol
during the open access period. Most of the adrenal and pituitary hormones measured here
were clustered together with each other and with age; interestingly, T was also in this cluster
of variables, while DHEAS was not significantly associated with any hormones in that
cluster and instead was the lone measure in a separate variable cluster. Given the broad
spectrum of ages of subjects used in this study and the strong correlations between age and
many stress and sex hormones observed here and reported in other studies, future studies
with larger cohorts of monkeys will be important for teasing apart the specific contributions
of age and hormones in this cluster to the effects on BNST neuronal function. The highly-
significant association between Age, but not other Cluster 2 variables, and SEPSC amplitude
observed here suggests that the effects of these variables may be independent in some cases.
This is described in more detail below.

While the exclusion of DHEAS from this cluster was somewhat surprising given that
DHEAS is synthesized in the adrenals of primates, DHEAS responds to chronic restraint
stress differently than CORT in rhesus monkeys (Maninger et al., 2010). In addition, it has a
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myriad of functions—from directly modulating GABA and NMDA receptor function
(Compagnone and Mellon, 2000; Demirgoren et al., 1991; Majewska et al., 1990; Tanaka
and Sokabe, 2012) to serving as a precursor to the sex hormones T and estradiol (Soma et
al., 2014)—indicating the complexity of its actions as a unique neuromodulator. This
suggests that DHEAS may be a critical factor in alcohol-induced plasticity and should be
explored further in rodent models using mechanistic tools.

Modulation of membrane conductance

Neuronal ion channels have been shown to be dynamically modulated by a number of
molecules and plasticity-related events. For example, the effects of chronic alcohol exposure
on small-conductance calcium-activated potassium channels and GABA receptor chloride
channels in limbic and cortical brain regions have been well-characterized (Botting et al.,
2003; Hopf et al., 2011a; Hopf et al., 2011b; McCool et al., 2003; Mulholland, 2012;
Mulholland et al., 2011; Mulholland et al., 2009). Further, chronic high levels of stress
hormones such as CORT have been found to bidirectionally modulate neuronal calcium
channel function (Nair et al., 1998). Our finding that ethanol consumption and stress
hormones significantly predicted cell membrane conductance, as well as inhibitory synaptic
transmission, in the rhesus BNST suggests that the BNST may be a key site for the actions
of chronic alcohol exposure. An interesting question raised by our results is why different
variables were found to contribute to the membrane resistance when different intracellular
recording solutions were used. One possibility is that steroid hormones and chronic alcohol
exposure modulate distinct types of ion, as indicated by previous reports; the high chloride
intracellular solution that was used to record sIPSCs is more sensitive to changes in chloride
conductances, such as those that arise from tonically-active GABA neurons as well as
calcium-activated chloride channels (Botting et al., 2003; McCool et al., 2003; Nair et al.,
1998). Further, the intracellular solution used to record EPSCs contained cesium, which
blocks a subset of potassium channels and could potentially mask any effects mediated by
them. The lack of strong modulation of cell membrane capacitance by /n vivo variables in
our study was not surprising given that several studies in mouse and cell culture have
indicated that membrane capacitance is not influenced by biological processes and
alterations in channel functions (Gentet et al., 2000). Together, our results support the notion
that chronic alcohol consumption alters the signaling within and between neurons.

Differential modulation of inhibitory and excitatory neurotransmission

Adrenal hormones were negative predictors of frequency of both excitatory and inhibitory
synaptic transmission, suggesting that local interneurons and/or neurons from other brain
regions that synapse onto BNST neurons are suppressed by this hormone millieu. sIPSC
frequency was also positively predicted by ethanol consumption levels, suggesting that there
are effects of chronic alcohol exposure on BNST function that occur via actions in brain
regions that have dense GABAergic projections to the BNST, such as the central amygdala
(Lietal., 2012; Oler et al., 2012; Sun et al., 1991). These network-dependent effects on
synaptic transmission in the BNST may have broad effects on anxiety and reward-related
behaviors, as the BNST projects to many brain areas directly involved in the regulation of
stress and alcohol-related behaviors, (Dong et al., 2000; Dong et al., 2001; Dong and
Swanson, 2004; Kash, 2012; Silberman et al., 2013). Interestingly, the amplitude of
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inhibitory and excitatory postsynaptic currents in the BNST was not predicted by circulating
stress and sex hormones, even though the BNST is densely populated with many receptors
for these hormones (Pietranera et al., 2001; Vendruscolo et al., 2012; Williamson and Viau,
2007). However, ICC results demonstrated that there was a large amount of intra-monkey
variance in basal membrane properties, which were shown to highly predict the frequency of
inhibitory synaptic transmission in the BNST. As these properties can indicate aspects of
neuronal phenotype, our results speak to the heterogeneity of cell types in the rhesus
monkey BNST and suggest that there may be some postsynaptic cell-type specificity for the
GABAergic inputs modulated by ethanol consumption and steroid hormones. For example,
neuropeptide Y modulation of GABAergic synaptic transmission is specific to corticotropin-
releasing factor neurons in the mouse BNST, which regulate alcohol drinking behavior, and
this modulatory role is altered after chronic voluntary alcohol exposure (Pleil et al., 2015).
In addition, recent rodent studies have attempted to categorize BNST neurons into three
types based on specific electrophysiological properties (Hammack et al., 2007; Silberman et
al., 2013). However, even individual neurons in some discrete genetically-defined or circuit-
specific neuronal populations do not all fit into the same cell-type category (Silberman et al.,
2013). This suggests that categorization of neurons based on these properties is not
necessarily indicative of cell type or projection target. In addition, because this is the first
study to examine the primate BNST, it is unclear whether BNST neurons from naive
primates can be categorized into the same subtypes as those in rodents. Thus, because we
were attempting to evaluate the involvement of many /n vivo variables on the net function of
the primate BNST, our results suggest that the identified relationships between variables in
our study are extremely robust because they were detected in the absence of defined
neuronal subpopulations. They further demonstrate the necessity of recording from several
neurons in each monkey to accurately assess the impact of and interaction between all
variables on overall BNST function.

Also of note was that while there were no significant predictors of sIPSC or SEPSC
amplitude in mixed models for these measures, age was highly positively related to the
amplitude of SEPSCs in BNST neurons according to pairwise correlations, regardless of
ethanol intake. While this has not been directly examined in the BNST of monkeys, there are
reports of age-related reductions in AMPA receptor expression that may underlie changes in
learning and memory (Gocel and Larson, 2013). Interestingly, DHEAS levels decline across
adulthood (Sorwell et al., 2014) and were observed to negatively influence SEPSC frequency
in our study, suggesting that age and DHEAS may have complex oppositional roles in the
modulation of excitatory synaptic transmission. Because ethanol intake did not appear to
modulate SEPSC amplitude, our results suggest that age of onset of ethanol drinking is not
likely a risk factor for the development of aberrant synaptic function in the BNST.
Interestingly, we have previously shown that age of onset is a risk factor for heavy drinking
in this translational model (Helms et al., 2014b), suggesting that alterations in excitatory
synaptic transmission in the BNST are more likely related to the consequences, rather than
the risk, of chronic ethanol consumption.
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Conclusions

This study is the first to characterize the impact of chronic alcohol consumption on neuronal
function in the extended amygdala of non-human primates. In addition, we examined the
interaction between chronic alcohol exposure and other physiological variables shown to
impact neuronal function, including age and steroid hormones. While many of the stress/sex
hormones in this study were associated with one another, our results indicate that DHEAS
may play a complex but unique role in the BNST. Finally, these results implicate a critical
role for adrenal hormones in the regulation of BNST function and suggest a direction
forward for the mechanistic assessment of the interactions between chronic alcohol exposure
and hormone signaling in the BNST.
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Figurel.
Experimental design for assessing bed nucleus of the stria terminalis (BNST) function in

alcohol-exposed rhesus monkeys. (a) Ethanol induction paradigm in which male rhesus
monkeys were trained to use an operant panel in their home cages and then trained to self-
administer increasing daily amounts of ethanol across the 4-month induction phase of the
paradigm. Monkeys were then allowed to self-administer 4 percent (w/v) ethanol for 22
hours/day for 12 months and then went to necropsy. (b) Representation of a coronal section
of rhesus monkey brain tissue with BNST in red and dashed line square indicating a typical
block of tissue sliced for electrophysiological recordings

Addict Biol. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pleil et al.

Page 21

A sIPSCs B sEPSCs
CON CON
A LA LIS | L
< <
L -
EtOH 1s EtOH 1s
900 ks 150 300 80
= = 60
Eeo0 100 5200 oy
<} g 2 s
= & e g 40
] a 3]
£300 < 50 & 100 u
o 20
L e RS e RS T RS
& A & f & f
G 6 Lk H 150 L 2.0 J 40
E i p=0.064 i g
> Y 315 o 30
g 4 2100 g 3
S = S £
g g g10 g 20
w < e <
o 2 o 50 Q O
7] 7 € 0.5 9 10
o o o &
» [ quo 7]
0 ™ 0.0 0
S NS NS > NS > N
& o0 & & S S L

Figure2.
Effects of chronic voluntary alcohol exposure on cell membrane properties and synaptic

transmission in the rhesus monkey bed nucleus of the stria terminalis (BNST). (a) and (b)
Representative traces of spontaneous inhibitory postsynaptic currents (sIPSCs; a) and
excitatory postsynaptic currents (SEPSCs; b) in BNST neurons from CON and EtOH
monkeys. (c) and (d) BNST neurons patched with a Cs-Cl interacellular recording solution
had significantly lower membrane resistance (IRes) in EtOH monkeys than in CONSs (c;
t(38) = 2.11, *P = 0.041), but neuron capacitance (ICap) did not differ between groups (d;
P>0.45). (e) and (f) Neurons patched with a K-Gluc intracellular recording solution did not
significantly differ in membrane resistance (ERes; e) or capacitance (ECap; f; P>0.25). (g)
sIPSC frequency was significantly higher in BNST neurons from EtOH monkeys than CON
monkeys (t(38) = 3.38, **P = 0.002). (h) There was a non-significant trend toward increased
SIPSC amplitude in BNST neurons of EtOH monkeys compared with CONs (t(38) = 1.91, P
=0.064). (i) and (j) Neither sSEPSC frequency (i) nor amplitude (j) significantly differed
between CON and EtOH monkey BNST neurons (P>0.10). All data in panels B-J are
presented in natural space as mean + SEM; because these data.
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Figure 3.
Values of all in vivo predictor variables for all monkeys used for electrophysiological

recordings, color-coded by the variable clusters determined in the variable cluster analysis
shown in Figure 4. Ethanol drinking pattern category for each monkey according to its
ethanol intake and average blood ethanol content (BEC), as defined in this monkey model, is
indicated above bars in panels H and I: very high drinker (VH) has average ethanol intake >3
9/kg AND =10 percent of days with intake over 4 g/kg; high drinker (H) has ethanol intake
above =3 g/kg for = 20 percent of days; binge drinker (B) has ethanol consumption =2 g/kg
for =55 percent of days AND at least one recorded BEC =80 mg/dL; and low drinker (L)
does not meet criteria for any other categorization
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Figure 4.
Dendrite diagram for variable cluster analysis (VCA) of in vivo predictor variables used in

mixed models for cell membrane properties, showing that three clusters of variables explain
more than 70 percent of the total variance: lifetime ethanol intake (LEI), average blood
ethanol concentration (BEC), age at necropsy (Age), cortisol (CORT), adrenocorticotropic
hormone (ACTH), deoxycortisol (DOC), aldosterone (ALD), testosterone (T) and
dehydroepiandrosterone sulfate (DHEAS)
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Figureb.
Correlation matrix heat map indicating Pearson’s R values for correlations between all

predictor variables (labeled in gray) and response variables [labeled in black: average
neuronal capacitance and resistance per monkey using Cs-Cl intracellular solution (AVG
ICap, AVG IRes) and K-Gluc solution (AVG ECap, AVG ERes), average sIPSC and sEPSC
frequency (AVG IFreq, AVG EFreq) and amplitude (AVG IAmp, AVG EAmp) per monkey]
across all 18 monkeys used for electrophysiological recordings. White dot indicates
statistically significant correlation with P<0.05; # indicates 0.05<P<0.10. Note that for all
electrophysiological measures, one value per monkey representing the average value from
all neurons recorded was used
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Figure 6.
Heat maps of variables ordered by cell membrane resistance in neurons patched with a Cs-

Cl-based intracellular solution (IRes; A) or a K-Gluc-based intracellular solution (ERes; B),
illustrating results from correlations and mixed models
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Heat maps of values for all neurons patched with variables ordered by IFreq (A) and EFreq

(B), illustrating mixed model results that IFreq was predicted by variables from most

variable clusters (except the DHEAS cluster), and EFreq was predicted by only DHEAS
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