Open

Neuropsychopharmacology (2011) 36, 2513-2528
© 2011 American College of Neuropsychopharmacology. Al rights reserved 0893-133X/1 |

g

www.neuropsychopharmacology.org

Synaptic and Morphological Neuroadaptations in the Putamen
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Alcoholism and alcohol use disorders are characterized by several months to decades of heavy and problematic drinking, interspersed
with periods of abstinence and relapse to heavy drinking. This alcohol-drinking phenotype was modeled using macaque monkeys to
explore neuronal adaptations in the striatum, a brain region controlling habitual behaviors. Prolonged drinking with repeated abstinence
narrowed the variability in daily intake, increased the amount of ethanol consumed in bouts, and led to higher blood ethanol
concentrations more than twice the legal intoxication limit. After the final abstinence period of this extensive drinking protocol, we found
a selective increase in dendritic spine density and enhanced glutamatergic transmission in the putamen, but not in the caudate nucleus.
Intrinsic excitability of medium-sized spiny neurons was also enhanced in the putamen of alcohol-drinking monkeys in comparison with
non-drinkers, and GABAeric transmission was selectively suppressed in the putamen of heavy drinkers. These morphological and
physiological changes indicate a shift in the balance of inhibitory/excitatory transmission that biases the circuit toward an enduring
increase in synaptic activation of putamen output as a consequence of prolonged heavy drinking/relapse. The resultant potential for

transmission

INTRODUCTION

World Health Organization studies indicate that >2 billion
people drink alcohol and that ~76 million suffer from
alcoholism or alcohol use disorders worldwide. Alcoholism
is a chronic disease in which episodes of heavy and problem-
atic drinking are interspersed with periods of abstinence
and relapse (Edwards and Gross, 1976). Prominent features
of alcoholism are the alcoholic’s awareness of the compul-
sion to drink and repeated efforts to reduce consumption
(Edwards and Gross, 1976), which increases the occurrence
of abstinence. Although abstinence is crucial for recovery, it
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increased putamen activation may underlie an alcohol-drinking phenotype of regulated drinking and sustained intoxication.
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is not innocuous, but rather produces plasticity in neural
and behavioral processes that contribute to more compulsive
drinking. In rodent models, periods of abstinence
from chronic alcohol exposure alter subsequent alcohol
self-administration patterns increasing intake and blood
ethanol concentration (BEC) compared with animals that do
not experience repeated abstinence (Becker and Lopez,
2004; Lopez and Becker, 2005). Similarly, attempts by
problem drinkers to abstain with formal treatment pro-
grams can be followed by periods of increased alcohol
consumption (Delucchi and Kaskutas, 2010). Studies have
yet to reveal how heavy drinking over several months to
years with periods of repeated abstinence could alter
neuronal circuits and drinking repertoire, such that daily
drinking to intoxication becomes a highly regulated
behavior (Wetterling et al, 1999).

Alcoholism is an excellent example of the transition from
an easily modulated behavior to a ‘habit of drunkenness’
(Edwards, 2010). The dorsal striatum and associated basal
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ganglia (BG) circuitry have key roles in controlling
instrumental (ie, operant) learning and the development
of habitual performance of these learned behaviors (Balleine
et al, 2007). The dorsal striatum is divided into two
subregions, the proposed roles of which are consistent with
their anatomical connections. The anterior portion of the
caudate nucleus (similar to the dorsomedial striatum in
rodents) seems to mediate conditioned behavior in concert
with ‘associative circuit’ brain regions, such as the prefrontal
cortex (Yin et al, 2005a, b; Haber et al, 2006; Glascher et al,
2009). The caudoventral area of the putamen nucleus (similar
to the dorsolateral striatum in rodents) and associated
‘sensorimotor’ structures seem to mediate habit formation
(Yin et al, 2006; Tricomi et al, 2009). Within the striatum,
medium-sized spiny neurons (MSNs) constitute 95% of total
neurons, and receive convergent glutamatergic afferents from
the cortex and thalamus, as well as dopaminergic afferents
from the substantia nigra. As the only output from the
striatum, MSNs link these nuclei to the rest of the BG.

To model chronic ethanol (EtOH) use, a 3-year longitudinal
study of EtOH self-administration with forced abstinence
periods in cynomolgus macaque monkeys was developed. This
model examined two of the original (Edwards and Gross,
1976) and continuing (Diagnostic and Statistical Manual of
Mental Disorders (DSM-1V), 1994) criteria for the diagnosis of
alcohol dependence in humans. In particular, these diagnostic
criteria are: (1) ‘reinstatement after abstinence’ or relapse and
(2) ‘narrowing in the drinking behavior repertoire’ or
stereotyped drinking (Edwards and Gross, 1976). The
narrowed drinking repertoire was further described as ‘with
advanced dependence the drinking may become stereotyped;
scheduled to a daily time table to maintain a high blood
alcohol’ (Edwards and Gross, 1976). Finally, the criteria of
‘reinstatement after abstinence’ were discussed in terms of
‘relief of withdrawal’ and ‘fear of withdrawal,” suggesting that
the dependent individual learns to avoid withdrawal by
maintaining high levels of circulating alcohol. These levels
documented in alcoholics range between 150 and 450 mg/dl
(Majchrowicz and Mendelson, 1971).

Alcohol consumption in our macaque model resembles
human alcoholic drinking, including ‘sprees’ of high intake,
drinking outside meal times, periods of self-imposed
abstinence, and loss of circadian control over drinking
(Grant et al, 2008a,b; Monti et al, 2004). Chronic alcohol
intakes also result in adverse physiological consequences to
the liver, heart, blood, and brain (Carden et al, 2006; Hemby
et al, 2006; Walker and Grant, 2006; Freeman et al, 2006;
Ivester et al, 2007; Acosta et al, 2010; Cheng et al, 2010;
Freeman et al, 2010; Lebold et al, 2011). However, the effects
of a multi-year protocol of EtOH self-administration with
repeated abstinence have not been reported, and we
hypothesized that adaptations in aspects of striatal function
likely contributes to stereotyped heavy drinking behavior.
Thus, at necropsy, we examined synaptic transmission,
dendritic spine morphology, and neuronal excitability of
striatal circuitry. Our findings indicate increased potential
for synaptic and intrinsic activation of putamen MSNs after
prolonged EtOH intake/abstinence. These neurobiological
changes are related to status as a heavy drinker, average
BECs, and cortisol response to drinking/abstinence state,
and therefore likely contribute to a pattern of alcohol-
drinking phenotypes in the non-human primate.
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MATERIALS AND METHODS
Chronic Intermittent Oral Ethanol Self-Administration

A total of 16 adult (7-9.5 years old) male cynomolgus
monkeys (Macaca fascicularis) were purchased from World
Wide Primates (Miami, FL). Upon release from quarantine,
the monkeys were individually housed in the same room in
cages containing an operant panel with two drinking spouts,
a central food cup, and instrumentation that provides
accurate measures of the amount and temporal pattern of
drinking (detailed protocol in the study by Grant et al
(2008a,b)). Drinking records were categorized as ‘bouts’
(continuous fluid displacement with <5min between
instances). During data analysis, consumption totals and
timing of events were processed to achieve totals for each
bout and full session.

In all, 12 monkeys were induced and maintained on an
EtOH self-administration protocol as described previously
(Vivian et al, 2001; Grant et al, 2008a). Using a schedule-
induced polydipsia procedure, the monkeys were first
induced to drink water and then a low concentration of
EtOH (4% w/v in water) in specified volumes equivalent to
0.5, 1.0, and 1.5g/kg per day; each dose induced for 30
consecutive days over 120 days. After induction, sessions
were increased to 22h, EtOH and water were available on
separate spouts, and food was available in three meals
separated by 2h. The monkeys had 14 months of drinking
under these ‘open-access’ conditions, with the 7th and 14th
months used for assessing pharmacological challenges to
the hypothalamic-pituitary-adrenal (HPA) axis (Porcu
et al, 2006). During this assessment of the HPA axis,
‘open-access’ conditions were in effect and cortisol
measures were reported from a 0800 hours sample.

Monkeys were then given an additional 16 months of
‘open access’ to EtOH with 4-6 month durations inter-
spersed with 28 days of EtOH abstinence with only water
available (Figure la). EtOH self-administration data are
described in terms of the three pre-abstinence phases. The
morning after the 28th abstinence day of the third
abstinence period, the monkeys were sent to necropsy.

Throughout the drinking protocol, the monkeys complied
with awake venipuncture for obtaining blood for BEC
analysis every 5-7 days at 7h after the session onset as
described previously (Grant et al, 2008a). Daily intake
patterns of EtOH were evaluated across the three pre-
abstinence phases. Previously, increased ability to drink
large volumes in bouts was determined to be a characteristic
of heavy-drinking monkeys (Grant et al, 2008a,b), and
therefore was a primary dependent variable of interest.
Control monkeys were placed on the same diet with water
available ad libitum, in the same housing rooms, and had
similar daily routines as that of EtOH-drinking animals.

Abstinence-Associated Withdrawal Symptoms

Behavioral signs of normal activity and EtOH withdrawal
were noted by three independent observers, each assessing
four focal monkeys over 15min requiring 1h of total
observation. The observations were noted during ‘intoxi-
cation’ (6 days before, 3 days before, and at the time of
EtOH removal), ‘acute withdrawal’ (at 24, 48, and 72h of
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Figure | Experimental time line and examples of brain sections used for
morphology and electrophysiology. (a) A model depicting the experimental
time line. (b) Example of a 4-mm-thick brain section obtained from the
sectioning of the monkey brain in a brain matrix. The caudate is outlined in
blue. The putamen is outlined in red. The caudate and putamen are
separated by the internal capsule. The section is further blocked for
morphological and electrophysiological analyses and is denoted by a dashed
box. The red box in the putamen denotes the area in which MSNs were
targeted for electrophysiological recording.

abstinence), and ‘prolonged withdrawal’ (at 4, 17, and 21
days of abstinence). Signs of withdrawal included body
shake (‘wet dog shake’), tremor (spontaneous shake of any
body part), intentional tremor (tremor seen when reaching
for a raisin held outside the cage), huddle (hugging self with
head’ down), low affect (sitting in the back of the cage and
indifferent to any noise or object), piloerection (raised body
hair), anorexia (not eating the daily allotment of pellets),
and vomit. These time points and withdrawal signs were
based on early reports of physical’ withdrawal from high
doses of EtOH administered by intravenous or intragastric
infusions (Ellis and Pick, 1971; Myers et al, 1972; Winger
and Woods, 1973). However, alcohol dependence from
voluntary oral EtOH self-administration has rarely been
documented in non-human primates.

Normal behaviors were also noted during the same
observation periods and included cage activity (playing with
toys, responding on the panel, foraging in the bedding),
self-directed behaviors (grooming, scratching, masturba-
tion, chewing), and social activity (open mouth aggression,
yawning, vocalization, lip smacking). Any occurrence of
these signs was noted for each monkey and pooled over the
time period.

Statistical Analysis

Log-transformed BECs, which conformed to a normal distri-
bution, were used in all statistical analyses. Except for daily
intake, EtOH bouts, and maximum bout number, all drink-
ing measures were log transformed for statistical analysis.
Linear mixed models included monkey as a repeated
subject variable. The model covariance structure with the
best fit was determined using Schwarz’s Bayesian informa-
tion criteria. Post hoc Tukey’s tests were used to evaluate
significant main effects and interactions. The number of
times a behavioral withdrawal sign occurred was summed
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across the three observations for each phase (intoxicated,
acute withdrawal, and prolonged withdrawal), and tested
with Kruskal-Wallis nonparametric analysis of variance. All
occurrences of normal behaviors within an observation
phase were averaged for each monkey and subjected to
analysis using the Kruskal-Wallis test. For all analyses,
o< 0.05.

Tissue Preparation for Electrophysiology

Monkeys were anesthetized with ketamine (10 mg/kg) and
maintained on isoflurane during the craniotomy procedure
that optimizes the brain for subsequent electrophysiological
procedures (Daunais et al, 2010). The brains were rapidly
removed (~5min) and placed dorsal side down in a brain
matrix (Electron Microscopy Sciences, Hatfield, PA) de-
signed to section the brain in the coronal plane using brain
knives the position of which was guided by each
individual’s MRI (Figure 1b). The isolated tissue section
was blocked to ~10 mm wide x 8 mm high x 4 mm thick to
contain only the caudate, putamen, and the overlying white
matter. The tissue block was placed in a conical tube of ice-
cold oxygenated perfusion solution and transported on ice
for slicing. Tissue was then transferred to ice-cold cutting
solution containing in mm: sucrose, 194; NaCl, 30; KCl, 4.5;
MgCl,, 1; NaHCOs;, 26; NaH,PO4, 1.2; and glucose, 10,
aerated with a mixture of 95% 0,/5% CO, gas. Coronal
slices at a thickness of 300 um were obtained using a
ceramic blade (Camden Instruments Limited, Lafayette, IN)
attached to a Vibroslicer (Leica, Buffalo Grove, IL). Slices
were equilibrated for 1h in aCSF containing in mM: NaCl,
124; KCl, 4.5; MgCl,, 1; NaHCO3, 26; NaH,PO,, 1.2; glucose,
10; and CaCl,, 2 continuously aerated with a mixture of 95%
0,/5% CO, gas at a temperature of 33°C. Slices were
transferred to room temperature until experimental use.

Electrophysiology

Slices were transferred to a recording chamber fixed to the
stage of an upright microscope (Axioskop2, Zeiss, Thorn-
wood, NY), stabilized by an overlying platinum ring, and
continuously perfused with solution maintained at a
temperature of 28-32 °C (Automatic Temperature Control-
ler, Warner Instruments, Hamden, CT). MSNs were
identified under infrared optics using a x40 water
immersion objective. Real-time images aided the navigation
and placement of the recording pipette. Recording patch
pipettes were pulled from borosilicate glass capillaries
(1.5mm outer diameter, 0.86 mm inner diameter, Sutter
Instruments, Novato, CA) and filled with either
K-gluconate- or CsCl-based internal solutions. CsCl internal
solution contained in mM: CsCl, 150; HEPES, 10; MgCl,, 2;
Na-GTP, 0.3; Mg-ATP, 3; and BAPTA-4K, 0.2 was used. For
current clamp recordings, a K-gluconate internal solution
containing in mM: K-gluconate, 126; KCl, 4; HEPES, 10; Na-
GTP, 0.3; Mg-ATP, 4; and phosphocreatine, 10 was used,
and experiments were carried out in the absence of any
receptor antagonists. Bicuculline (30 pM) and tetrodotoxin
(TTX; 1 uM) were added to aCSF when recording mEPSCs.
p-(-)2-amino-5-phosphonopentanoic acid (D-APV; 50 uM),
2,3-diox0-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-
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Figure 2 Repeated abstinence effects on ethanol daily intake. (a) Effects of repeated abstinence on mean (£ SEM) daily ethanol (EtOH) intake (g/kg). The
horizontal line indicates baseline EtOH intake measures averaged over 8 months preceding phase | (see Figure |a for phases). (b) The variability in daily
EtOH intake over the three phases in individual monkeys arranged from lowest (top) to highest (bottom) average daily drinkers. Variability in intakes
decreased significantly from phase | to phase 3. Only four monkeys had short-term increases in intakes after the first abstinence (25090, 25096, 25097,
25095), with three showing a short-term decline (25098, 25099, 25 086) and the rest showing no change in daily intakes. The second abstinence had little

or no effect on average daily intakes.

sulfonamide (NBQX; 5 uM), and TTX were added to aCSF to
isolate mIPSCs.

When filled with internal solution, the patch pipettes had
a resistance or 2-4 MQ. Recordings were made using an
AxoPatch 200B amplifier (Molecular Devices, Foster City,
CA). Whole-cell membrane currents were filtered at 2 kHz,
digitized using Clampex v8.0 and analyzed with Clampfit
v8.0 (Molecular Devices, Sunnyvale, CA) or MiniAnalysis
(Synaptosoft v6.0.7, Decatur, GA). Statistical analysis was
performed using SigmaStat 3.0 (SPSS, Chicago, IL). Data are
reported as mean + SEM.

Neuropsychopharmacology

Unless otherwise noted, all drugs were obtained from
Tocris (Ellisville, MO). Bicuculline methiodide (Bicu;
10 mM; Sigma, St Louis, MO, USA), TTX (1 mM), D-APV
(50 mM), and NBQX (5mM) were dissolved in ddH,0,
stored as frozen stock, and diluted to working concentra-
tions with aCSF immediately before each recording session.

Diolistic Labeling

The caudate, putamen, and the overlying white matter,
obtained from the other half of the brain not used for
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Table | Average Daily EtOH Intakes (Mean £ SD; g/kg) and Percentage of Heavy Drinking Days (Defined as > 4.0 g/kg) during the First

|2 Months, Phase |, Phase 2, and Phase 3 of the Study

Monkey ID no. |2 Months Phase | Phase 2 Phase 3
Intake (glkg) % Heavy days Intake (g/kg) % Heavy days Intake (glkg) % Heavy days Intake (g/kg) % Heavy days

25098 191+£072 03 181051 0.0 202+054 00 2041045 0.0
25099 241 £0.64 1.0 247+093 0.0 2.10+£047 0.0 1.98+0.32 0.0
25100 245+08 1.3 228+0.66 0.0 1.93+£0.55 0.0 2194038 0.0
25094 249+053 4.1 220+048 0.0 2.13£045 0.0 226+0.30 0.0
25086 254+0.63 13.0 2494088 0.0 248+0.78 23 2394045 0.0
25097 255+0.67 62 240095 42 2.14+£0.70 155 199 +£0.56 1.5
25096 2.60+058 20 2094039 42 233+0.64 217 200+0.38 0.5
25095 261 +£0.64 1.0 255+0.69 5.0 332+087 62 2.30+040 0.0
25091 269079 08 2801088 58 290092 4.7 2561056 0.5
25090 3.00£093 05 2031071 10.0 252+073 08 2211056 0.0
25087 333+065 9.7 301 %121 17.5 330+0.75 85 3.14+£049 33
25093 560+ 1.05 926 483+ 147 767 409+ 123 589 461 +£057 91.0

electrophysiology, were fixed in a solution of 4% parafor-
maldehyde and 4% sucrose in phosphate-buffered saline
(PBS; pH =7.3) for 60 min at room temperature. Tissue was
then rinsed in PBS four times and kept at 4 °C. The block of
fixed tissue was cut using a vibratome. Coronal sections of
200-um thickness were stained using Diolistic labeling
(Seabold et al, 2010). In brief, tungsten beads (1.7 um
diameter, Bio-Rad) were coated with 1,1’-dioctadecyl-
3,3,3',3'-tetramethyl-indocarbocyanine perchlorate (Dil;
Invitrogen) and shot through a membrane filter (3-pm
pore, Millipore) using a biolistic Helios gene gun (Bio-Rad)
at 120-150 psi helium gas, pressure. Sections were rinsed
with PBS several times and mounted onto glass slides using
ProLong Gold Antifade (Invitrogen). Details of image
acquisition and morphological analysis can be found in
the study by Dobi et al (2011).

RESULTS
Abstinence Changes EtOH-Drinking Topography

Daily EtOH intake (4% w/v) was monitored across months
before each imposed abstinence period (phases 1, 2, and 3;
Figure la). Analysis revealed that intake differed slightly
with average intakes greater in phase 1 (2.6 = 0.03 g/kg per
day) and phase 2 (2.6 £ 0.03 g/kg per day) than in phase 3
(2.4 £ 0.02 g/kg per day; F(2,22) =20.09, p <0.0001; Figure 2a).
Thus, the group average of daily intakes decreased by
0.2 g/kg per day (~1 drink per day from an average of 12)
by phase 3. After abstinence, the reintroduction of EtOH
resulted in a transient (<2 weeks) increase in intakes
in only one-third of the monkeys (25090, 25095, 25096,
25097), mostly confined to monkeys with the lowest
average consumption. After the second abstinence phase,
there was little evidence for a transient increase in EtOH
intakes in any of the monkeys.

The largest change across phases was a striking decrease
in the day-to-day variability of intake, rather than on the
average intake (Table 1; Figure 2b). In particular, 10 of the

12 monkeys showed a decrease in the SD of intake (Table 1;
Figure 2b) because of either increases in their minimum
intake and decreases in maximum intake or exclusively
increasing their minimum intake. A test of homogeneity of
variance for correlated measures (Zhang, 1998) comparing
the variance in drinking before the first abstinence to before
the third abstinence revealed a significant decrease in
variance (#(10) =6.01, p=0.0001). The decrease in day-to-
day variability in subsequent phases (Figure 2b) seems to
provide prima facie evidence that the drinking repertoire is
narrowed and more predictable, suggestive of a behavioral
pattern shifting from a variable pattern to a more inflexible
pattern of drinking.

The shift in the regulation of EtOH drinking in
subsequent phases had a profound effect on BECs. Overall,
average-group BECs exhibited progressive increases from
phase 1 (97 £ 5mg/dl) to phase 2 (125 £ 6 mg/dl) to phase 3
(148 £ 10 mg/dl; F(2,22) =23.13, p<0.0001; Figure 3a). In
11 of the 12 EtOH-drinking monkeys, BECs were transiently
and robustly increased when EtOH access was reinstated,
particularly after the second abstinence period (Figure 3b).
The very large increase in BECs without a change in
mean daily intake strongly suggests that the highly
regulated intake of EtOH after the second abstinence
period associated with maintaining a daily, heavily intoxi-
cated state.

To further understand the factors producing more
automated EtOH drinking in subsequent phases, we
analyzed the topography of drinking, focusing on bouts of
drinking as a stream of repetitious behavior (continuous
intake without a 5-min lapse; Grant et al, 2008a). Indeed,
the daily bout volumes and durations increased with
repeated abstinence. Average bout volumes across all
monkeys increased slightly but significantly across phase
1 (36 £ 1 ml), phase 2 (39 £ 1 ml), and phase 3 (38 £ 0.5ml;
F(2,22) =—17.44, p=0.001; Figure 4a). Average bout
durations increased linearly after repeated abstinence
(F(2,22)=39.02, p=0.0001; phase 1: 182+ 3s; phase 2:
199 + 3 s; phase 3: 206 £ 3 s; Figure 4b).

Neuropsychopharmacology



.@

Changes in behavior and putamen of alcoholic primates
VC Cuzon Carlson et al

2518

a 2004
S 150
I=)
E 100
@
W 50-
0
Phase 1 Phase 2 Phase 3
b
300 25008 e 25090 350 25096
% 200 o 250
£ _ 200
Q 100 ; g
m 100 3
l 50 .
0 0Ls - 0!
300 25094 250 25100 566 25097
Sl 200
g 200 150 ) 200
D 100 : 1 100 ' i
: ] B ] 'l I |
0 o! 0 -~
e 25099 300 25086 350 25095
5 200
B 1 250
2 150 . W .
o 100 : i 150 -
2 % 100
@ 50 '
0 - 0 - ol—% - -
500 25091 250 25087 800 25093
“E, 400 200 600
g 300 150
£ .! .L [ 400 I
O 200 ¥ 100 m
@ 100 ]l ?EJEEE. I I 50 200 L
0! 0!
Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3

Figure 3 Blood ethanol concentrations in the three pre-abstinent drinking phases. (a) The effect of repeated abstinence on mean (+ SEM) BECs. The
solid horizontal line indicates baseline BECs averaged over 8 months preceding phase |. (b) The individual and average BEC (solid bars + SEM)
measurements for individual monkeys during phase | (blue), phase 2 (green), and phase 3 (red) arranged from the lowest (top left) to the highest (bottom

right) average daily drinkers.

On an individual basis, the change in drinking patterns
in subsequent phases seems to be linked to the increased
BECs shown in Figure 3. This is illustrated in Figure 4c
by cumulative records of EtOH drinking in monkey 25087
for the first 7h of the session (ie, until the BEC sample).
These patterns are from two sessions (one in phase 1
and the other in phase 3) that were closely matched for
total intake at the time of BEC measurement (2.3 and 2.1
g/kg, respectively). The largest bout in both phases occurs
early in the session, but in the third phase, the volume
and duration of bouts increased, whereas the number
of bouts decreased compared with that in phase 1
(Figure 4d).

Across monkeys, the average bout volume showed a
significant positive correlation with average BEC (r=0.32,
p<0.001) and bout duration (r=0.45, p<0.001) within
each phase (data not shown). Furthermore, the correlation
of BEC with the volume ingested in the largest bout of the
daily session was greatly enhanced in each phase (r=0.49,

Neuropsychopharmacology

p<0.001; data not shown), suggesting that this single
behavioral parameter could account for a significant
proportion of the variance in BECs. These correlations
suggest that changes in bout topography can predict higher
BECs and therefore greater intoxication.

Prolonged EtOH drinking with repeated abstinence
resulted in decreased water bout volume (F(2,22)=16.1,
p<0.0001; Figure 4e) and bout duration (F(2,22)=11.5,
p=0.0004; Figure 4f). Mean water bout volume and
duration were greater during phase 1 than during phases
2 and 3, but phases 2 and 3 did not differ. Water
consumption was not correlated with BECs. Food intake
was constant over the course of the experiment, including
the induction period (data not shown). The monkeys gained
an average of 1.78 £0.61kg over the entire length of the
protocol and they gained an average of 0.50 + 0.30 kg from
the first day of abstinence 3 to necropsy.

Signs of physical dependence were noted during the
abstinence periods, and were particularly prominent during
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(d) Key variables summarizing the drinking pattems in panel ¢ for monkey 25 087 during phases | and 3. (e and f) Average water bout volumes (panel ) and
water bout duration (panel f) were significantly greater during phase | than during phases 2 and 3. The horizontal lines indicate baseline measures of water
bout volume (panel e) and water bout duration (panel f) averaged over 8 months preceding phase |.

the 24-72h of ‘acute withdrawal’ (Figure 5). Furthermore, only
one sign seemed to increase (body shake) and one sign
remained prominent (huddle) over the repeated withdrawals. On
the other hand, the occurrence of normal behaviors increased
monotonically within the first abstinence phase, and was highest
in the protracted withdrawal for all three abstinence phases.
Cortisol levels after the first 6 and 12 months of open-
access alcohol self-administration were lower compared
with baseline and induction phases, but not statistically
different (Figure 6). However, after additional EtOH
self-administration with interspersing abstinence periods,
cortisol levels were significantly decreased in the active
drinking phase 3 (Figure 6; p <0.02). During abstinence (at
48h and on the 18th day), cortisol levels increased above
EtOH naive baseline and above levels when drinking daily

resumed (Figure 6). Dexamethasone (DEX) suppression
reduced all cortisol values to the same extent in absolute
terms, thus showing strong suppression during abstinence
(reduced to 19-22% of baseline across all 6 abstinent time
points) and weak reduction during drinking (reduced to 59,
60, and 73% of baseline at 6 and 12 months of EtOH
drinking and at the 4th month of 22 h access during phase 3,
respectively). Lower cortisol during active drinking is
consistent with data obtained from the study by Wand
and Dobs (1991) in humans. Higher cortisol during
abstinence has been documented in 28-day abstinent
human alcoholics (Sinha et al, 2009), although not all
subjects show a robust suppression with DEX as was found
in these monkeys, most likely due to differences in DEX
dose across species.

Neuropsychopharmacology
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increase in normal behaviors in abstinence 3 compared with the first abstinence (y* (2N =233)=21.7, p<0.0001).

EtOH Increases MSN Activation and Excitability

After the final 28 days of abstinence, monkeys were sent to
necropsy and brain sections were processed for electro-
physiological and morphological analyses. Dendritic spine
density and shape were examined in the distal portion of
secondary or higher-order dendrites of MSNs from the
caudate and putamen of control monkeys (Figure 7a and b),
and a subset of chronic EtOH drinkers chosen to reflect a
range of moderately heavy drinkers (BECs of 93-137 mg/dl
per day; monkey no. 25096, 25097, 25098) and very heavy
drinkers (BECs of 167-347 mg/dl per day; monkey no.
25086, 25091, 25093). There was no significant difference in
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spine density between EtOH drinkers and controls in the
caudate (1.07 £ 0.10 spines per um for control and 1.13 £ 0.05
spines per pm for EtOH; K-S test; p = 0.16; Figure 7c1). MSNs
analyzed in the putamen of EtOH drinkers exhibited increased
spine density compared with controls (0.88 £ 0.05 spines per
pm for control and 1.02 £ 0.06 spines per pm for EtOH; K-S
test; p=0.04; Figure 7c2 and d). In control monkeys, no
significant difference was found when comparing spine
density of MSNs in the caudate vs putamen (K-S test;
p=0.09). Similarly, no significant difference in the spine
length or width was found when comparing all drinkers with
their control counterparts in the caudate or the putamen
(Figure 7e and f).
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Figure 6 Morming (0800 hours, light on 0600 hours) cortisol measures
from male cynomolgus monkeys that underwent repeated withdrawal
protocol. These samples were taken before dexamethasone (DEX)
treatment. Samples were obtained before induction (base); after 30
sessions of 1.5 g/kg per day induced dose of EtOH (Ind); after 6 and 12
months, respectively, of 22 h/day self-administration (range of mean daily
intakes per monkey was 2.0-5.6 g/kg per day or approximately 8—22 drinks
per day). 'Al” and ‘Al.l" were taken at 48 h and the |8th day of the first
abstinence, respectively. Abstinence was imposed for 28 days. Between Al
and A2, there were 4 months of 22h access to EtOH (cortisol not
sampled). After the second abstinence period (again 28 days), cortisol was
sampled in the 4th month of 22 h access to EtOH (20 months). A3 and 3.1
were taken at 48h and the [8th day of the third abstinence period,
respectively. There was a main effect of experimental phase (F(9,81) =6.7,
p<0.001) and pairwise decrease in cortisol at 20 months compared with
baseline (t=2.7, p<0.02), and pairwise increase in all samples during all
abstinence times compared to baseline (all p<0.01).

Electrophysiological assessment of glutamatergic synaptic
transmission in whole-cell recordings (Figure 8a and b)
revealed an increase in the frequency of glutamatergic
mEPSCs (observed as a decrease in interevent interval, IEI)
in putamen MSNs from EtOH-drinking monkeys
(0.89£0.12s) compared with controls (0.40%0.08s;
Student’s t-test; p<0.01; Figure 8c-e). This increased
frequency could result from increased presynaptic release
of glutamate or the number of glutamatergic synapses, as
suggested by the increase in spine density. There were no
observed differences in mEPSC amplitude, area, rise time,
and decay time between MSNs recorded from control and
EtOH-drinking monkeys (Figure 8f-h), suggesting a lack of
change in postsynaptic responsiveness to glutamate.

We next examined the effects of prolonged intermittent
EtOH drinking on GABAergic transmission in the putamen.
GABA 4 receptor-mediated mIPSCs recorded from putamen
MSNs (Figure 9a and b) of EtOH-drinking monkeys
displayed longer IEI compared with controls, suggesting a
decrease in GABA release frequency or decreased number of
GABAergic synapses (Figure 9c and d). Interestingly, this
change in IEI was positively correlated with daily BECs
averaged over phase 3 that preceded necropsy (Figure 9e).
The mIPSCs recorded from putamen MSNs of EtOH-
drinking monkeys displayed decreases in amplitude and
area (Figure 9f and g), which were not correlated with BECs
(data not shown). No change in mIPSC rise or decay time
was observed (Figure 9h). These findings suggest that
postsynaptic changes are likely due to a decrease in receptor
number and not a change in receptor subunit composition
as event kinetic characteristics such as decay and rise times
were unchanged.

Cortisol levels measured during chronic drinking (after
20 months), early during abstinence 3 (48h), and late
during abstinence 3 (18 days) were plotted vs the average
spine density, mEPSC IEI, and mIPSC IEI values for each
EtOH-drinking monkeys to determine whether any of these
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measures were significantly correlated. In comparing spine
density with cortisol levels measured at the three time
points, there was a significant positive correlation only
during chronic drinking (Pearson’s correlation; chronic
drinking: r=0.77, p=0.04; early abstinence 3: r=—0.55,
p =0.13; late abstinence 3.1: r = —0.38, p = 0.23; Figure 10a).
However, there were no significant correlations between
cortisol levels measured at the three time points and mEPSC
IEI (chronic drinking: r=—0.25, p = 0.22; early abstinence
3: r=-0.14, p=0.34; late abstinence 3.1: r=—0.08,
p=0.40; Figure 10b). Interestingly, there was a strong
inverse correlation between mIPSC IEI and cortisol
measurements during late abstinence 3 (r=-0.73,
p=0.005), but not during active drinking (r=—0.29,
p=0.19) or in early abstinence (r=-0.42, p=0.10;
Figure 10c).

Mechanisms underlying intrinsic MSN excitability
may change with prolonged intermittent EtOH intake.
Therefore, the membrane properties of putamen MSNs
of control (Figure 1la) and EtOH-drinking monkeys
(Figure 11b) were examined. Although there was no change
in membrane capacitance, suggesting similar size of MSN
cell bodies (Figure 11c), input resistance was decreased
in MSNs from EtOH drinkers compared with controls
(Figure 11d). Overall, MSNs from EtOH drinkers exhibited
more depolarized resting membrane potentials and
changes in action potential threshold to more depolarized
levels (Figure 1le). When MSN membrane potential was
briefly stepped to levels exceeding the action potential
threshold for 250ms, the frequency of action potentials
was greater in MSNs of EtOH drinkers than in controls
(Figure 11f). These findings indicate increased neuronal
excitability in putamen MSNs from EtOH-drinking
monkeys.

Taken together, our data suggest that prolonged inter-
mittent EtOH drinking decreases GABAergic synaptic
transmission while concomitantly increasing glutamatergic
transmission in the putamen. This increase in synaptic
excitation, combined with increased intrinsic excitability of
MSNs, suggests that increased output from the putamen
develops with long-term EtOH intake, likely contributing to
the inflexible pattern of EtOH intake.

DISCUSSION

To gain a better understanding of the neurobehavioral basis
of alcohol use disorders, models must share as many
features as possible with human alcoholism while still
allowing for dissection of the contributing mechanisms. The
primate model used here provides evidence that, over a
period of years, cynomolgus monkeys choose to drink daily
to intoxication, immediately reinstate heavy drinking after
prolonged abstinence, and evolve their daily pattern of
intake to become more tightly regulated and inflexible,
meeting several criteria of human alcohol dependence used
in current psychiatric practice (ie, DSM-IV). Furthermore,
although our model reveals individual differences in the risk
for very heavy drinking (> 12 drinks per day) and achieving
daily BECs more than twice the legal intoxication limit of
140-300 mg/dl (Grant et al, 2008b), it also shows that this
group of adult male monkeys uniformly narrowed their
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drinking repertoire and increased their BECs, across
the prolonged EtOH intake procedure that incorporated
repeated abstinence periods.

Relapse and Stereotyped Drinking after Repeated
Abstinence

Within our longitudinal design, we found an effect of
repeated abstinence on changes in drinking pattern that
reflected a slight decrease in the average daily intake and a
large decrease in the variability of these daily intakes,
manifested most strongly after the second abstinence period
(phase 3). Although the experience of a second imposed
abstinence is statistically a main factor in changes to
drinking patterns and BECs, we must stress that the
cumulative effect of prolonged drinking without abstinence
was not measured in this study. Thus, an interaction
between duration of drinking and abstinence is a possible
contributing factor. Nevertheless, BECs increased in 11 of 12
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monkeys after repeated abstinence, even though the
distribution of daily intakes ranged from 2.0 to 4.6 g/kg.
Thus, the same effect of repeated abstinence was found
across a wide range of chronic intakes, indicating that the
level of exposure to EtOH after 20 months of self-
administration was not a key variable in influencing
drinking patterns.

One of the characteristics of alcoholism shared by our
model is that as dependence progresses, an individual’s
drinking pattern becomes increasingly predictable and
chronic intoxication emerges as a characteristic state
(Edwards and Gross, 1976). The monkeys in this chronic
EtOH self-administration study initially displayed highly
variable daily drinking with both ‘spree’ drinking (> 16
drink equivalent) and very ‘low’ drinking days (<2 drink
equivalent). Despite the average EtOH intake remaining
fairly stable throughout the 3-year study, prolonged
drinking with repeated abstinence led to a new regulation
of drinking with a decrease in both ‘spree’ and ‘low’
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Figure 8 Chronic EtOH exposure with imposed abstinence increases the frequency of mEPSCs. (a and b) Representative mEPSCs recorded from MSNs
from control (panel a) and EtOH (panel b) monkeys. (c—h) The average (panel c), cumulative distribution (panel d), and correlation with BEC (panel e)
interevent interval (IEl) of MEPSCs measured in putamen MSNs. (Panels e-h) The average amplitude (f), area (g), rise time, and decay time (h) of mEPSCs

measured in MSNs,

drinking days and an increase in the duration and volume
consumed in bouts leading to a near doubling of BEC.
Associated with this more regulated drinking was a decrease
in basal cortisol levels, perhaps suggesting that drinking
patterns were adapting to stabilize HPA glucocorticoid
output in the face of daily intoxication.

As dependence emerges, not only have the positive
reinforcing effects of EtOH been well established but the
adverse dependence and withdrawal experiences may also
provide additional motivation to perpetuate EtOH con-
sumption sufficient to prevent or alleviate dysphoric
symptoms of withdrawal (Edwards, 1990; Stockwell, 1994;
Koob and LeMoal, 2001; Koob, 2003). Although our study
did not specifically examine the relationship between
withdrawal symptoms and EtOH consumption, we observed
a consistent increase in symptoms during the first 72h and
decrease in withdrawal symptoms by the 25th day of
abstinence after each phase (Figure 5). Also seen was a small
but significant increase in normal cage behavior in
prolonged abstinence. Thus, the ‘relapse’ to drinking after
the first and second abstinent phases (Figure 3b) does not
seem to be driven by the relief from the presence of overt
withdrawal signs. Rather, our data suggest that the
dependent individual, given experience with prolonged
abstinence, finds and maintains a steady alcohol level

rendering them comfortably in a regulated state beyond the
possible occurrence of withdrawal symptoms. This regu-
lated state involves strong intoxication, and is associated
with tissue damage and behavioral changes and is therefore
better described as an allostatic state rather than as a
homeostatic state (McEwen, 2008). The observation that
the drinking variability does not decline over the course of
phase 2, but only during phase 3 suggests that abstinence,
and prolonged drinking, contributes to this behavioral
change.

The data show little evidence of an ‘alcohol-deprivation
effect’ (Sinclair and Senter, 1968; Sinclair, 1972; Salimov and
Salimova, 1993), which is well-documented in rodent
studies. In particular, after daily access to alcohol, depriving
rodents of this access for a short period of time and then
re-introducing alcohol typically results in a transient
increase in consumption that increases with repeated
deprivation periods. As seen in Figure 2b, the best evidence
for an alcohol-deprivation effect was seen in about one-
third of the monkeys, mostly confined to those with the
lowest average consumption. This effect was diminished by
the second abstinence phase. In rodent models, deprivation-
induced increases in intake persist for progressively longer
periods as the number of exposure/withdrawal cycles
increases (Lopez and Becker, 2005). Unlike rodents,
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Figure 9 Chronic EtOH exposure with imposed abstinence decreases the frequency and amplitude of mIPSCs in MSNs of the monkey putamen.
(a and b) Representative mIPSCs recorded from MSNss in slices obtained from control (panel a) and EtOH (panel b) monkeys. (c—e) The average (panel ),
cumulative distribution (panel d), and relationship with blood EtOH concentration (panel €) of mIPSC interevent interval (IEl) measured in control (black)
and EtOH (gray) monkeys. (f-h) The average amplitude (f), area (g), and rise and decay times (h) of mIPSCs measured in MSNs of control and EtOH

monkeys. *Statistically significant differences from control at P<0.05.

drinking in primates quickly returned to baseline indicating
maintenance of a steady level of intake (Figure 2b).

In contrast to the general lack of a deprivation effect on
daily intake, BECs obtained after abstinence do show a
robust yet transient increase (Figure 3b). Furthermore,
BECs measured early in phase 3 drinking were frequently
the highest BECs measured in the long drinking histories of
these monkeys. The emergent change in drinking topogra-
phy, specifically the increased duration and volume of
intakes in bouts (Figure 4), seems to contribute to the
higher post-abstinent BECs (Figure 3b). Drinking in longer
and larger bouts reflects an increase in repetitious drinking
that may reflect the development of habitual intake
patterns. Indeed in a previous examination of long-term
EtOH self-administration in cynomolgus monkeys under
limited-access conditions (total of 30 min in a 1-h session),
total session intakes remained stable after pre-session
administration of EtOH from 0.25 to 1.5 g/kg resulting in
pre-session BECs of 10-120mg/dl (Shelton et al, 2001).
Even when primed with enough EtOH to achieve BEC
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>100mg/dl for 15 consecutive days, monkeys drank the
same volumes of EtOH. In contrast, rodents decrease in-
session intakes in response to pre-session EtOH adminis-
tration over a 6-day period (Shelton and Balster, 1997).
Therefore, long-term drinking in primates seems to
engender a consistent pattern in which drinking alcohol is
not controlled by BEC or intoxication level, but rather is
controlled by the context, consistent with habitual behavior.

EtOH and Abstinence Effects on the Dorsal Striatum

Protocols involving forced repeated abstinence have sug-
gested changes in synaptic transmission (Spanagel et al,
1996; Holter et al, 1997; Heyser et al, 1998; Schmitt et al,
2002; Schroeder et al, 2005; Vengeliene et al, 2005).
However, these studies focused on relatively short EtOH
exposure, and EtOH-induced effects were not examined in
brain regions associated with the regulation of learned
behaviors such as alcohol self-administration. The caudo-
ventral area of the primate putamen, similar to the
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dorsolateral striatum in the rodent, has been implicated in
stimulus-response ‘habit’ learning, leading to automatiza-
tion of a learned behavior that is believed to be involved in
the maintenance of drug use (Tiffany and Conklin, 2000;
Gerdeman et al, 2003; Tricomi et al, 2009). On the other
hand, the anterior portion of the primate caudate, similar to
the dorsomedial striatum in the rodent, appears to be a
striatal region involved in the acquisition or moment-to-
moment adaptation of learned behaviors in relation to
outcome value (Yin et al, 2005a,b; Haber et al, 2006;
Gldscher et al, 2009).

As dendritic spines are the sites of excitatory synaptic
input (Gray, 1959), increased spine density likely indicates
increased number of glutamatergic synapses (Schikorski
and Stevens, 1997; Matsuzaki et al, 2001; Yuste and
Bonhoeffer, 2001; Nikonenko et al, 2002; Kasai et al,
2003). The evidence for increased frequency of glutamater-
gic mEPSCs in EtOH drinkers is consistent with the idea
that increased spine density in putamen MSNs renders them
more susceptible to synaptic activation.

The decrease in GABAergic synaptic transmission in
EtOH-drinking monkeys indicates that synaptic inhibition
of MSNs is reduced. This decrease in GABAergic transmis-
sion, especially the frequency of mIPSCs, was strongly
correlated with BEC values, indicating an association
between reduced synaptic inhibition and stereotypic,
excessive EtOH intakes. Although 20% of striatal synapses
are GABAergic (Ingham et al, 1988), these synapses have a
large role in shaping the output of MSNs. Therefore, the
decrease in GABAergic transmission may have a large effect

on the output of the putamen and may be an important
indicator of the severity of EtOH dependence. The
decreased GABAergic control of MSNs would likely add to
or synergize with increased glutamatergic transmission to
make the putamen especially vulnerable to activation after
long-term intake of high amounts of alcohol. This is likely
the state at the end of prolonged abstinence, a set of
circumstances that could underlie the stereotypic drinking
observed after abstinence in these monkeys.

It should be noted that the morphological and synaptic
changes in MSNs were studied only after the final
abstinence period. Thus, these changes are not due to the
lingering presence of EtOH or ongoing acute withdrawal
symptoms. On the other hand, the frequency of putamen
(but not caudate) mIPSCs was inversely correlated with
cortisol in late abstinence 3, suggesting a complex interac-
tion between HPA glucocorticoid output and putamen
GABAergic synaptic transmission. Furthermore, there was a
strong correlation between dendritic spine density in the
putamen and cortisol levels during the chronic drinking
state of phase 3 (r=0.77, p<0.04), but not with cortisol
levels during prolonged abstinence (r=—0.38). These data
raise the possibility that dendritic remodeling is associated
with HPA adaptations to chronic drinking rather than
abstinence. In rats, chronic intermittent stress (21 days)
associated with weight loss and increased habitual behavior
has resulted in structural reorganization of both the
dorsomedial and the dorsolateral striatum (Dias-Ferreria
et al, 2009). The more selective reorganization found in this
chronic drinking procedure could be due to chronic
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hyperpolarizing and depolarizing current injections in cells recorded from MSNs from slices obtained from control (panel a) and EtOH (panel b) monkeys.
(c and d) Capacitance (panel c) was unchanged, whereas input resistance was slightly lower in EtOH than in controls (panel d). (e)The resting membrane
potential and the action potential threshold were more depolarized in EtOH compared with controls. (f) The relationship between depolarizing current
injection and the frequency of action potentials elicited. *Statistically significant differences from control at P<0.05.

metabolic, rather than physical, stress of oral ethanol
self-administration on HPA adaptation. Overall, the data
indicate the presence of long-term alterations in putamen
MSN spine density, synaptic transmission, and intrinsic
excitability related to the chronic relapsing heavy-drinking
phenotype.

Primate vs Rodent Models in EtOH Research

Aspects of human alcohol drinking and alcohol use
disorders, as well as the mechanisms contributing to these
behaviors have been modeled and elucidated using rodents.
Rodents, especially mice, are coveted because of their rapid
reproduction, known genetic background, minimal expense,
and potential for genetic manipulation. However, it is
difficult to train mice to drink EtOH at a level or pattern
similar to human alcoholics, and their short life spans
preclude the study of long-term effects of EtOH exposure
from several months to years. The use of non-human
primate models bypasses these difficulties. Non-human
primates are well positioned for comparison with humans
in EtOH research because of their 95% gene homology
(Hacia et al, 1998), similar comparative anatomy and
physiology, similar EtOH absorption and metabolism

Neuropsychopharmacology

(Green et al, 1999), and their propensity to self-administer
large quantities of EtOH orally (Meisch and Stewart, 1994).
Monkeys that engage in chronic heavy drinking present
liver (Ivester et al, 2007), heart (Cheng et al, 2010),
metabolic (Lebold et al, 2011), and CNS (Carden et al,
2006; Hemby et al, 2006; Acosta et al, 2010) abnormalities
similar to those seen in human alcoholics.

In conclusion, our findings show that this non-human
primate model reproduces both relapse and narrowing of
alcohol-related behavioral repertoires that ultimately defend
an elevated, consistent alcohol intake. Our study also
revealed functional and morphological alterations that seem
to reflect pressure to achieve a new homeostasis (or
allostasis) in which excitatory inputs gain predominance
over inhibitory inputs in the putamen. These observed
changes set up increased output from this region that may
contribute to highly regulated, inflexible drinking and
should prove useful in understanding the transition from
heavy drinking to alcoholism.
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