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Abstract

Alcohol abuse and dependence are world-wide health problems. Most research on alcohol use
focuses on the consequences of moderate to high levels of alcohol. However, even at low
concentrations, alcohol is capable of producing effects in the brain that can ultimately affect
behavior. The current studies seek to understand the effects of low-dose alcohol (blood alcohol
levels of <10 mM). To do so, these experiments utilize a combination of behavioral and molecular
techniques to 1) assess the ability of the interoceptive effects of a low dose of alcohol to gain
control over goal-tracking behavior in a Pavlovian discrimination task, 2) determine brain regional
differences in cellular activity via expression of immediate early genes (IEGS), and 3) assess the
role of the dentate gyrus in modulating sensitivity to the interoceptive effects of a low dose of
alcohol. Here, we show that intragastric administration of a dose of 0.8 g/kg alcohol produces
blood alcohol levels <10 mM in both male and female Long-Evans rats and can readily be trained
as a Pavlovian interoceptive drug cue. In rats trained on this procedure, this dose of alcohol also
modulates expression of the IEGs c-Fos and Arc in brain regions known to modulate expression of
alcohol interoceptive effects. Finally, pharmacological inactivation of the dentate gyrus with
GABA agonists baclofen and muscimol disrupted the ability of a low dose of alcohol to serve as
an interoceptive cue. Together these findings demonstrate behavioral and molecular consequences
of low-dose alcohol.

Correspondence: Joyce Besheer, Ph.D. (jbesheer@med.unc.edu), Bowles Center for Alcohol Studies, Thurston-Bowles Building;
CB#7178, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, USA, Voice: 919.843.9478; fax:
919.966.5679.

Author Contributions: PAR and DFL designed and conducted the experiments, analyzed data, and wrote the manuscript; KV and VA
conducted experiments and analyzed data; TLK provided feedback and contributed to study design. JB contributed to study design and
wrote the manuscript. All authors reviewed the content and approved final version for publication.

Data Availability Statement: Data will be made available upon request and following publication of this work.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Randall et al. Page 2

Keywords
addiction; drug discrimination; ethanol; hippocampus

Introduction

Alcohol use accounts for over 72,000 deaths in the US each year 1. To date, the majority of
alcohol research has assessed the effects of moderate to high doses of alcohol. This leaves a
considerable lack of research focused on the molecular targets and effects of low doses of
alcohol (blood alcohol concentrations of less than 10 mM; 0.046 g%. This is important given
that most individuals are not binge drinkers, but instead consume low doses of alcohol. In
adults, this constitutes around 1-2 drinks 2. Even at low doses, alcohol has effects on the
brain and numerous cognitive functions. For example, human subjects tested on a response
inhibition task showed impairments with a blood alcohol concentration (BAC) of 0.0439% 3.
Moreover, even at a 0.03g% BAC, a person’s ability to detect acoustic signals and visual
information is impaired 4 . Given that these low doses are capable of affecting behavior,
gaining a better understanding of the underlying neurobiological and molecular effects of
low alcohol doses is important for furthering our understanding of the broader consequences
of alcohol drinking.

An important aspect of drug taking behavior are the various cues, both external/
environmental and internal/interoceptive that drive continued drug use (For review, see 5). In
particular, interoceptive drug effects can be used as a valuable marker of whether or not a
particular dose of a drug is detectable by an organism. In the laboratory, one well-established
method for assessing interoceptive drug effects is to train the interoceptive effect as a
discriminative cue. Our lab has demonstrated the ability of alcohol (1.0 g/kg) to serve as a
cue predictive of reward using Pavlovian drug discrimination methods /- 8. In particular, the
Pavlovian discrimination model may be a more sensitive tool for detection of low alcohol
doses than operant drug discrimination procedures 7+ 8, likely related to the different
response costs and distinct behavioral outputs (i.e. lever response and goal tracking) of the
procedures (see 7). By utilizing this powerful behavioral tool we are able to assess not only
the ability of the rat to detect the alcohol but to act selectively based on the specific dose of
alcohol they are trained on. This is important given evidence that the ability of an individual
to correctly recognize their own interoceptive drug state may be an important contributor the
progression of addiction ©.

There is a rich literature assessing neuronal activity across the brain in response to moderate
and high doses of alcohol. Cortico-limbic brain circuitry including the nucleus accumbens
and prefrontal cortex are common targets, showing increased activity following moderate to
high doses of alcohol 10-13, Moreover, cognitive circuitry including the prefrontal cortex and
hippocampus are also recognized as playing an important role in alcohol-related behaviors
14 Further, work from our lab and others have demonstrated a functional role of cortico-
limbic brain regions (i.e., nucleus accumbens, insular cortex, mPFC, hippocampus) in
modulating the interoceptive effects of alcohol 1°-19, Given the general lack of studies
focused on low doses of alcohol, the current experiments examined immediate early gene
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expression in some of these known brain regions in rats with an alcohol interoceptive
conditioning history.

The dentate gyrus is another key brain region affected by alcohol. There has been much
interest in this brain region focused on alcohol-induced reduction of neurogenesis and
induction of long-term damage 20. A spectrum of acute alcohol doses have been shown to
reduce cell proliferation and enhance cell death in this region ranging from moderate (1.0
g/kg) to high (5.0 g/kg) 21-23. Alcohol doses as low as 3 mM enhance activity in & subunit
containing GABA, receptors which are highly expressed in dentate gyrus granule cells
24,25 and hippocampal interneuron glutamatergic receptor have been shown to be inhibited
by alcohol doses as low as 5 mM 26, Less well-studied is the functional role of the dentate
gyrus in modulating sensitivity to drug related cues and behaviors, but given that it is
important in conjunctive encoding of multisensory inputs and goal-directed decision making
21,28 jt js likely an important region in neural circuitry related to processing of interoceptive
drug effects.

To this end, the current studies utilized a mixture of behavioral and molecular approaches to
assess both the ability of a low dose of alcohol to serve as a Pavlovian interoceptive drug cue
and to survey of brain regions activated by this cue. As the dentate gyrus was the only region
to show a decrease in immediate early gene activity in response to a low dose of alcohol we
hypothesized that pharmacological inactivation of this region would result in substitution for
the interoceptive effects of alcohol (i.e. inactivation would drive an alcohol-appropriate
behavioral response in the absence of alcohol) as we have previously shown in the insular
cortex and mPFC 18,

Materials and Methods

Animals

Apparatus

Adult Long-Evans rats (Envigo-Harlan) were used for these experiments. The vivarium was
maintained on a 12-h light/dark cycle and experiments were conducted during the light
portion of the cycle. Rats had ad libitum access to water in the home cage and were fed daily
to maintain body weight at 85% of free-feeding weight. Animals were under continuous care
and monitoring by veterinary staff from the Division of Comparative Medicine (DCM) at
UNC-Chapel Hill. All animal procedures were approved by the UNC-Chapel Hill
Institutional Animal Care and Use Committee (IACUC). All procedures were carried out in
accordance with the NIH Guide to Care and Use of Laboratory Animals and institutional
guidelines. UNC-Chapel Hill is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

Chambers (Med Associates) measuring 31 X 24 x 32 cm were located within sound
attenuating cubicles and equipped with an exhaust fan that provided ventilation and masked
external sounds. Two cue lights were located on one wall of the chamber adjacent to a liquid
dipper receptacle equipped with a photobeam detector that was used to detect head entries
into the receptacle. When activated, the dipper arm was raised for 4 sec and presented 0.1 ml
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of 26% sucrose (w/v). Chambers were also outfitted with infrared photobeams (that divided
the chamber into 4 parallel zones) to measure locomotor activity during sessions (number of
beam breaks).

Sucrose Access Training

Procedures were similar to those described in detail in 7- 19 29. 30 Briefly, rats had three 50-
min sessions in which sucrose (26% w/v) was randomly presented across the session to train
rats to approach the liquid receptacle. The probability of sucrose presentation decreased
from the first to the last session and by the last 10 min of the final session rats received
approximately 0.75 sucrose presentations/min.

Pavlovian Discrimination Training

Drugs

A schematic of the training procedure can be found in Figure 1. Training sessions were
similar to those described previously by our lab 7+ 19:29.30_Briefly, training was conducted 5
days per week (M-F) during which alcohol (0.8 g/kg) or water was administered by
intragastric gavage (IG) prior to the start of the sessions. Pretreatment was on a double
rotation schedule (A,A,W,W) with all animals receiving the same pretreatment on a given
day. Immediately following alcohol or water administration the rats were placed in the
chambers for a 10 min delay to allow for the blood/brain levels of alcohol to rise. During
this time no cue lights were illuminated, no sucrose was presented and head entries into the
liquid receptacle were not recorded. The 15-min session began after this 10-min delay. On
alcohol sessions (i.e., alcohol administered prior to the start of the session), the offset of
each of the 15-sec cue light presentations (both cue lights illuminated) was followed by a 4-
sec sucrose presentation (0.1 ml). On water sessions (i.e., water administered prior to the
start of the session), no sucrose was delivered following the offset of the cue light
presentations. There were 10 cue light presentations (conditioned stimulus, CS) during each
session. The onset of the first CS presentation varied from 45-75 s, and the inter-trial
intervals (time from CS offset to the next CS onset) ranged from 30-105 s. Under these
training conditions, head entries during the light presentations increase on alcohol, but not
water sessions /. Importantly, head entries during the first light presentation (i.e., prior to
feedback from sucrose delivery) are the primary index of learning and are calculated as a
discrimination score as the primary dependent measure (described in detail in the Data
Analysis).

Alcohol (95% v/v, Pharmaco-AAPR) was diluted in tap water to 20% v/v. Alcohol was then
administered via intragastric gavage (1G) volume-adjusted to achieve a dose of 0.8 g/kg.
Sucrose (Great Value brand granulated sugar) was dissolved in tap water to a concentration
of 26% wi/v. Muscimol and baclofen (R&D systems, Minneapolis, Minnesota) were
dissolved in sterile 0.9% saline to produce a cocktail of 0.1 mm muscimol + 1 mm baclofen,
and the doses were chosen based on previous work 18 31,32,

Experiment 1: Low-dose alcohol as an interoceptive cue—Rats (n = 12/sex) were

trained on the Pavlovian discrimination task described above. After 15 sessions of each
(alcohol, water) rats were treated with alcohol (0.8 g/kg, I1G) and tail blood was collected at
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10, 30, 60, and 120 minutes post-injection to assess blood alcohol concentration (BAC).
Blood samples were centrifuged and plasma was pipetted off and analyzed using an Analox
alcohol analyzer. Training was withheld on this day. Following this assessment, rats were
given a week of training sessions to ensure stable baseline before undergoing a cumulative
alcohol test session to verify stimulus control of the training dose of alcohol (0.8 g/kg).

The cumulative alcohol test procedures were used as we describe in 7+ 29 30 and a schematic
of the cumulative testing procedure can be found in Figure 1. Briefly, test sessions were
identical to training sessions with the exception that 4 separate tests were conducted in
immediate succession. Each test was 2 min in duration (following the 10 min delay), with 1
light presentation that was followed by sucrose presentation. Onset of the light presentation
was randomized and varied from 45-105 seconds into the 2-minute test period. Dosing for
these cumulative tests were scaled to reach each stated dose. For example, to determine the
cumulative alcohol dose curve (0.2, 0.4, 0.8, 1.6 g/kg) rats initially received 0.2 g/kg alcohol
and were placed in the chamber for a testing session. At the conclusion of the session, the
rats received a subsequent alcohol administration of 0.2 g/kg (to reach the 0.4 g/kg
cumulative dose) and another test session. This procedure was repeated with two subsequent
administrations of 0.4 g/kg alcohol and 0.8 g/kg, to reach the cumulative 0.8 and 1.6 g/kg
doses. Thus, testing of the entire dose curve was completed in approximately 48 min.

Experiment 2: c-Fos/Arc immunoreactivity—At the conclusion of Experiment 1, rats
continued regular training sessions for 1 additional week. Following this period, on a non-
training day, rats were treated with alcohol (0.8 g/kg; n=6/sex) or water (n=6/sex) IG and
sacrificed 90 min later. Brain tissue was processed for c-Fos and Arc immunoreactivity as
described below to examine alcohol-induced neuronal activation.

Immunohistochemistry and Quantification

Rats were deeply anesthetized with sodium pentobarbital and transcardially perfused with
ice cold 0.1M PBS followed by 4% paraformaldehyde (4°; pH=7.4). Brains were extracted
and stored in 4% paraformaldehyde overnight at 4°C. Next, brains were moved to a 30%
sucrose (w/v) in 0.1M PBS solution and stored at 4°C. 40 micron coronal sections were
taken on a freezing sliding microtome. Immunohistochemistry staining and quantification
procedures were similar to those we have previously described 18: 33. 34 Free-floating
coronal sections were incubated in rabbit anti-c-Fos antibody (1:10,000; Synaptic Systems;
#226003; lot #: 3-37) or rabbit anti-Arc antibody (1:4,000; Synaptic Systems; #156003; lot#:
1-62) for 48 h at 4 °C with agitation. Images were acquired utilizing Olympus CX41 light
microscope (Olympus America) and analyzed utilizing Image-Pro Premier image analysis
software (Media Cybernetics, MD). Immunoreactivity (IR) data (c-Fos positive pixels/mm?2
or Arc positive pixels/mm?) were acquired from a minimum of three sections/brain region/
animal, and the data were averaged to obtain a single value per subject. The quantification
was conducted by an experimenter blind to experimental conditions.

Experiment 3: Inhibition of activity in the dentate on sensitivity to the
interoceptive effects of low-dose alcohol—Rats (n = 12/sex) were trained on the
Pavlovian discrimination task as described above and reached discrimination criteria by the
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16™ training session. Rats were anesthetized with 3% isoflurane and 2% oxygen and
received implantation of bilateral 26-gauge guide cannulae (Plastics One, Roanoke, Virginia)
aimed to terminate 2 mm above the dentate gyrus of the hippocampus (AP —3.5, ML +2.0,
DV -4.0 from bregma; coordinates based on 3%, Naproxen (10 mg/kg) was administered
immediately after surgery and 24 h postoperatively. Rats were given a week to recover from
surgery then training continued. Once rats demonstrated continued successful
discrimination, testing began. A schematic of the testing procedure can be found in Figure 1.
Tests were 2 min in duration (following the 10 min acclimation period) with 1 light
presentation that was followed by sucrose presentation. Test sessions were interspersed with
training sessions and testing occurred when a rat reached the criterion (the average of the
discrimination score from the preceding two alcohol sessions had to be =150% of the
average of the discrimination scores from the preceding two water sessions) on four
consecutive training days. While uncommon, if an animal did not meet the criteria for
testing (i.e., acquisition criteria above), the animal remained in the home cage on that test
day. During the test sessions, rats received a microinjection of the 0.1 mM muscimol + 1
mM baclofen cocktail to temporarily inactivate the DG. Baclofen/muscimol injections were
delivered through injectors extending 2 mm below the guide cannulae at a volume of 0.5
pl/min for 1 min. The injectors remained in place for an additional 2 min after the infusion
to allow for diffusion and then the rats were administered alcohol or water (IG) and placed
in the chambers for the test session. This procedure was repeated such that all subjects were
tested under all four possible conditions (ethanol/water x muscimol+baclofen/vehicle). At
the end of the experiment brains were collected and brain tissue was stained with cresyl
violet to verify cannulae placement. Only data from rats with cannulae/injector tracts
determined to be in the target brain region were used in the analyses.

Statistical Analyses

BAC was assessed using a two-way repeated measures analysis of variance (RM-ANOVA)
with sex as a factor. In addition, area under the curve (AUC) was calculated and compared
between males and females. For the discrimination behavior, the number of head entries into
the liquid receptacle and corresponding duration (in seconds) was recorded in 15-second
intervals throughout the training and testing sessions. The head entry discrimination score
was calculated by subtracting the number of head entries that occurred in the 15 seconds
before light onset (ie, pre-CS) from the head entries that occurred during the 15-second light
CS 7.8.29,30 The first head entry discrimination score (i.e., prior to feedback from sucrose
delivery) was used as the primary dependent variable and is represented on all graphs.
Similar to the head entry discrimination score, the first duration discrimination score was
calculated by subtracting the number of seconds that the rat’s head was in the dipper
receptacle in the 15 seconds before light onset from the number of seconds of active head
entry that occurred during the 15-second light CS. This measure is important as it assesses
the amount of time that rats have their heads in the dipper receptacle, as opposed to raw
number of head entries. This accounts for rats that show low head entry counts but wait with
their head in the dipper receptacle. Locomotor rate (beam breaks/min) was analyzed for the
entire session and served as a measure of nonspecific motor activity. To confirm full
substitution for the alcohol training dose (0.8 g/kg), a paired samples t-test was used to
compare the discrimination score of the training dose (0.8 g/kg) to the average of the two
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alcohol sessions prior to testing (i.e., baseline). For all behavioral experiments, RM-ANOVA
was used to assess discrimination scores (both head entries and head entry duration in
seconds) and locomotor rate across sessions (repeating factor) by sex (between subject
factor). Differences between specific doses, time points or sessions were analyzed with post-
hoc analysis (Tukey). Immunoreactivity (IR) data (c-Fos positive pixels/fmm2 or Arc positive
pixels/mm?2) were acquired from a minimum of three sections/brain region/animal, and the
data were averaged to obtain a single value per subject 18 30, Positive pixel count values
were then converted to percent of control each sex separately and analyzed with t-tests. Raw
pixel counts (positive pixels/mm2; mean+SEM) are included in Table 2. Males and females
are pooled to ensure sufficient sample size. Patterns were similar for each and sex is
represented on the individual data points on the figure. For Experiment 3, discrimination
score, discrimination duration, locomotor rate, and head entry rate were analyzed by three-
way RM ANOVA with sex as a factor. Given the lack of a main effect of sex on these
measures, the sexes were combined in a two-way RM ANOVA. Based on the a priori
hypothesis that baclofen/muscimol microinjection would substitute for alcohol in the
discrimination task, planned comparisons were conducted to determine whether or not rats
could discriminate between water and ethanol under both vehicle and baclofen/muscimol
microinjection conditions. Statistical significance was determined at p=0.05.

Results

Experiment 1: Low-dose alcohol serves as a Pavlovian interoceptive drug cue

In male and female rats, a dose of 0.8 g/kg alcohol produced peak BAC at or below 10 mM
(Figure 2A). Given that discrimination training sessions occur 10 min post-injection the
interoceptive effect of alcohol corresponds to the ascending limb of the blood alcohol curve
and is below 10 mM. There was a significant main effect of time (F[3,63] =9.938, p =
0.001). There was no difference between males or females in alcohol clearance rates. In
addition, as shown in Figure 2B, area under the curve (AUC) was calculated and determined
there was no difference between males (977.8+107.6) and females (966.6+144.0, t[17] =
0.06, p =0.95).

All analyses are reflective of the first light presentation in each session prior to any
feedback, avoiding the effects of within-session learning. For a reference of average
discrimination performance across each session, average discrimination scores are in Table
1. As shown in Figure 3, both males and females acquired the Pavlovian discrimination.
That is, the first discrimination score on alcohol sessions were significantly higher than
water sessions (i.e., more head entries while the cue light was on), demonstrating that the
alcohol interoceptive cue was modulating goal-tracking behavior during the light CS. This
was confirmed by a significant main effect of session (F[14,280] = 4.718, p < 0.0001),
treatment (F[1,20] = 14.26, p = 0.0012) and a session by treatment interaction (F[14,280] =
7.987, p < 0.0001), with scores increasing on alcohol days compared to water (Figure 3A).
Post hoc analysis showed that after 10 pairings, discrimination scores on alcohol sessions
were significantly higher than water sessions (p < 0.05). The first duration discrimination
scores showed a similar data pattern (Figure 3B). There was a main effect of session
(F[14,280] = 4.817, p = 0.0001) and treatment (F[1,20] = 27.37, p = 0.0001) with scores
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increasing on alcohol sessions compared to water (Figure 3B). The first duration
discrimination scores on alcohol sessions were significantly higher than water sessions after
10 pairings in both males and females (p<0.05). Locomotor rate also increased across
training as indicated by a main effect of session (F[14,280] = 5.042, p = 0.0001; Figure 3C).
There was no main effect of sex on any of the measures (head entry discrimination score
(F[1,20] = 0.053, p = 0.818); duration discrimination score (F[1,20] = 0.979, p = 0.334);
locomotor rate (F[1,20] = 0.1566, p = 0.696), indicating similar behavioral performance and
acquisition patterns between males and females.

As shown in the substitution curves in Figure 4A and B, 0.8 g/kg alcohol gained control over
goal-tracking behavior. This was supported by a significant main effect of alcohol dose on
head entry discrimination score (F[3,63] = 19.551, p = 0.0001; Figure 4A) and duration
discrimination score (F[3,53] = 4.645, p = 0.005; Figure 4B) with discrimination scores
increasing as the dose approached the 0.8 g/kg training dose. Moreover, post hoc analysis
showed that head entry discrimination score and head entry duration following the 0.2 and
0.4 g/kg doses were significantly lower than following the 0.8 g/kg dose in the curve (p <
0.05; Figure 4A/B). There was no effect of sex on head entry discrimination score (F[1,21] =
3.485, p = 0.076) or duration discrimination score (F[1,21] = 1.678, p = 0.209). The alcohol
training dose (0.8 g/kg) in the curve fully substituted for the training condition in both head
entry discrimination score and duration discrimination scores (discrimination scores at 0.8
g/kg did not differ from baseline). There was a main effect of dose on locomotor rate
(F[3,63] = 2.874, p = 0.043; Figure 4C), with decreasing rates as the alcohol dose increased.
There was no effect of sex on locomotor rate (F[1,21] = 1.654, p = 0.212).

Experiment 2: Low-dose alcohol alters expression of the immediate early genes c-Fos and
Arc in several brain regions.

There were no sex differences in IEG expression patterns and as such, sex was collapsed for
these analyses. As shown in Figure 5A, there was an alcohol-induced increase in c-Fos IR in
infralimbic PFC (mPFC-IL) (t[20] = 3.377, p = 0.003; Figure 5A) following 0.8 g/kg alcohol
compared to water and no change in the prelimbic PFC (Figure 5B). An alcohol-induced
increase in c-Fos IR was also observed in the AcbSh (t[20] = 3.520, p = 0.002; Figure 5C),
with no change in the AcbC (Figure 5D). There was no change in c-Fos IR in the insular
cortex (Figure 5E). In contrast, there was an alcohol-induced decrease in c-Fos IR in the
dentate gyrus (t[20] = 5.382, p = 0.001; Figure 5F). The same data patterns were observed
with Arc; mPFC-IL (t[20]=2.13, p=0.045; Figure 5G); AcbhSh: (t[20] = 2.999, p = 0.007;
Figure 51), dentate: (t[20] = 2.488, p = 0.023; Figure 5L).

Experiment 3: Infusion of baclofen/muscimol into the dentate gyrus disrupts
discrimination

Three male and 6 female rats were excluded due to lost head caps during the experiment and
one male was excluded due to poor performance following cannulae implantation. These rats
are not included in any analyses or figures. Thus, the data presented are based on 8 males
and 6 females. Figure 6A shows the injector tip locations targeting the dentate gyrus. Data
were first analyzed via 3-way ANOVA (sex x alcohol dose x microinjection). Sex was not a
significant factor in 3-way ANOVAs and therefore, a two-way ANOVA was conducted
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collapsing across sex. Data are presented with males and females combined into one group
with individual data points denoting sex displayed on all graphs (Figure 6).

Figure 6B shows head entry discrimination score following inactivation of the dentate gyrus
with baclofen/muscimol. Full substitution for the alcohol training dose following aCSF was
confirmed (head entry discrimination score did not differ from baseline), indicating that the
microinjection procedures did not affect discrimination performance. Analysis of head entry
discrimination score following baclofen+muscimol showed a significant main effect of
alcohol (F[1,13]=29.45, p<0.0001) and a trend for a main effect of baclofen/muscimol
microinjection (F[1,13]=3.93, p=0.069; Figure 6B). Based on the a priori hypothesis that
baclofen+muscimol would substitute for the effects of alcohol, planned comparisons were
conducted between ethanol and water following aCSF and baclofen/muscimol. Following
aCSF pretreatment, rats accurately discriminated between alcohol vs. water, as head entry
discrimination scores were higher following alcohol (p<0.05). Interestingly, baclofen/
muscimol pretreatment blunted the discrimination, as head entry discrimination scores did
not differ between water and alcohol (p=0.20).

Analysis of discrimination duration score showed a main effect of alcohol (F[1,13]=36.70,
p<0.0001) and a significant interaction (F[1,13]=9.13, p<0.01; Figure 6C). Post-hoc tests
showed accurate discrimination following aCSF pretreatment, with significantly higher
duration scores on alcohol vs. water (p<0.0001). However, following inhibition of the
dentate by baclofen+muscimol, rats failed to discriminate between alcohol and water
(p=0.104), demonstrating that inactivation of this region disrupted discrimination behavior,
consistent with the head entry discrimination score. Additionally, analysis of total head
entries (Supplementary Figure 1) found a significant main effect of alcohol with increased
head entries on alcohol sessions (F[1,13]=9.04, p=0.01), but no effect of baclofen
+muscimol. This finding suggests that the baclofen+muscimol reduction in discrimination
was not related to a non-specific reduction in total head entries. Furthermore, no differences
in locomotor rate (Figure 6D) were observed, also supporting the lack of nonspecific
baclofen+muscimol effects.

Discussion

Understanding the neurobiological effects of low doses of alcohol is necessary in order to
better understand the larger scope of alcohol-related effects on both the brain and resulting
behavior. The current experiments had several important findings in assessing the behavioral
and neurobiological effects of a dose of alcohol that produces a BAC level of <10 mM in
male and female rats. First, we demonstrate that a dose of 0.8 g/kg (IG) alcohol is detectable
by male and female Long Evans rats as the interoceptive effects of this dose can come to
control goal-tracking behavior in a Pavlovian drug discrimination task. Next, we show that
in rats trained to discriminate the effects of low-dose alcohol, this dose affects expression of
immediate early genes c-Fos and Arc in several brain regions, including the dentate gyrus.
Finally, we demonstrated a functional role for the dentate gyrus in modulating sensitivity to
the low-dose alcohol interoceptive cue.
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Behaviorally, these experiments have several important findings. First, they extend previous
work to show that the interoceptive effects of low-dose alcohol can effectively guide reward-
seeking behavior. There are other studies showing that rats can detect a dose of 0.5 g/kg in
an operant discrimination 36 37 and one study that utilizes low-dose alcohol as a Pavlovian
cue 38 with a dose of 0.75 g/kg, very close to the current work. This is important as learning
the two types of discriminations require different approaches. Standard operant drug
discrimination requires an instrumental response such as a lever press regardless of the
pretreatment (i.e., drug- or vehicle-appropriate lever selection). Pavlovian discrimination on
the other hand, requires that the animal learn that only when the correct conditions are
present, will they be rewarded and thus only approach the dipper receptacle under reinforced
conditions. This distinction between the tasks is important as it demonstrates that a subtle
interoceptive cue such as this low dose of alcohol, can gain a learned association with
reward. Furthermore, rats training on this task learned the association with a high degree of
specificity as shown in the cumulative testing curve (Figure 4) with discrimination score
increasing as the dose approached the training dose and slightly decreasing upon reaching a
dose higher than the training dose. This suggests that rats could detect the difference
between the training dose and the higher dose and adjusted their behavior accordingly.
Indeed, we have observed this effect previously when using this task 2% 30, Moreover, this
work shows similar acquisition of the low-dose alcohol discrimination in males and females,
suggesting similar sensitivity to the interoceptive effects of alcohol in this context. However,
future work will need to assess a wider training dose range to determine if this is the case
across multiple alcohol doses. Additionally, an advantage of the Pavlovian discrimination is
that the opposite association can be trained, such that the drug interoceptive cue signals the
absence of reward 29: 30: 3%-41 Under these conditions rats decrease their goal-tracking
behavior on drug sessions. It will be interesting for future work to determine if there are sex
differences under such conditions.

Rats with an extensive conditioning history with low-dose alcohol showed significant
increases in c-Fos and Arc IR in mPFC-IL and AcbSH following 0.8 g/kg alcohol. This is
consistent with previous studies showing rats treated with 0.5 g/kg alcohol show increased
dopamine release in Acb 42 and increased tonic firing rate of dopamine neurons in VTA 43,
which have both likely related to alcohol effects on VTA 44, Moreover, endogenous opioid
peptide tone in AchC is also increased by low doses of alcohol 4°. Furthermore, the current
findings are consistent with human imaging studies showing that 10 mM alcohol alters
glucose metabolism in both cortical and subcortical (basal ganglia) regions 46. In contrast,
previous work from our lab has implicated mPFC-PL, AcbC, and insular cortex in
modulating response to alcohol interoceptive cues 47, three brain regions that did not show
increased c-Fos or Arc in the current studies. These differences may be explained by
differences in dose (0.8 g/kg vs 1 g/kg). Indeed, a previous study assessing brain metabolic
changes in response to low and moderate doses of alcohol found that while 0.25 and 0.5 g/kg
doses increased metabolic rates across prefrontal cortex and striatum, at 1 g/kg this
transitioned to general decreases in metabolic activity in these regions 48. Taken in the
context of the current findings, this suggests that at lower doses of alcohol, different brain
regions are recruited in modulating sensitivity to the interoceptive effects of alcohol as
compared to higher doses. Indeed, this is consistent with work showing involvement of
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different receptor systems at low vs. high doses of alcohol 4%-51, An important
consideration, however, is that dentate gyrus was the only region surveyed that showed a
decrease in c-Fos and Arc IR, which suggests that dentate gyrus and potentially
hippocampus at large may play a unique role in processing alcohol-related cues. Indeed,
Hodge and Cox (1998) showed that local infusion of the NMDA antagonist MK-801 into
CAL region of the hippocampus fully substitutes for alcohol (1 g/kg training dose) in an
operant discrimination task. Moreover, Besheer et al (2008) showed that following the
training dose of 2 g/kg alcohol, c-Fos IR in the dentate gyrus was significantly decreased in
rats trained on an operant alcohol discrimination task relative to a behavior and drug-
matched control group. This discrimination training-specific decrease in c-Fos IR in the
dentate gyrus is consistent with the reductions in c-Fos in the present work as the present
rats were trained on the Pavlovian discrimination.

An important consideration for the IEG findings presented here is that all animals had
extensive behavioral training and alcohol administration, so it is not possible to disentangle
the effects of training on alcohol-induced c-Fos and Arc response. Moreover, as discussed
we have previously shown that an alcohol discrimination training history can impact
alcohol-induced c-Fos expression 2. As one of the goals of the present study was to
examine IEG expression specifically in animals that had interoceptive training with this
alcohol dose, the pattern of IEG expression following this low dose alcohol, may be different
in naive animals or in animals that have not had the extensive training history. Therefore, it
will be important for future work to include a drug- and behavior-matched control group in
order to determine whether the alcohol-induced c-Fos and Arc IR expression patterns are the
result of alcohol exposure, Pavlovian discrimination training, or both.

Finally, in exploring a potential mechanism for modulating sensitivity to the low-dose
alcohol interoceptive cue, we demonstrated that inactivation of the dentate gyrus decreased
sensitivity to the alcohol cue. We hypothesized that the reduced neuronal activity following
low-dose alcohol administration was important for behavioral expression of accurate
discrimination and thus that pharmacological inactivation of the dentate gyrus would
substitute for the effect of alcohol in the absence of alcohol (i.e., when animals given water).
This hypothesis was based on the reduction in c-Fos and Arc IR in the dentate gyrus after
alcohol administration in Experiment 2 as well as the previously mentioned training-specific
decrease in c-Fos expression in the dentate gyrus 52, Contrary to our hypothesis,
pharmacological inactivation of the dentate gyrus disrupted discrimination as evidenced by a
lack of difference between water and low-dose alcohol head entry discrimination and
discrimination duration scores following baclofen+muscimol microinjection. It is important
to consider that the discrimination scores are relative measures of behavior and therefore
may not capture overall changes in the number of head entries. However, given that
locomotor rate during the session was unaffected by baclofen+muscimol, a non-specific
effect on general motor behavior is likely not a tenable explanation for the lack of
discrimination behavior. Together, these findings suggest a dissociation between the results
of the c-Fos study and the alcohol discrimination behavior. That is, despite reduced
immediate early gene activity in the dentate gyrus after alcohol administration, activity in
this brain region is important for the expression of the interoceptive effects of alcohol.
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The dentate gyrus receives input from many sensory systems including the olfactory, visual,
and somatosensory systems 33: 54 and is thought to be involved in conjunctive encoding of
visual object and spatial information as well as contributing key information to short-term/
working memory 27:95.56_For example, lesions of the dorsal dentate gyrus resulted in
disruption of short-term spatial memory in a task where rats were required to remember and
discriminate between spatial locations based on environmental cues 7. Further, lesions of
the dentate gyrus have been shown to disrupt spatial-temporal associations between cues 58
and also disrupt context-dependent pattern separation, a form of discrimination task, based
on both the geometry 9 and surface coloration of the environment 0. The dentate gyrus has
also been demonstrated to have a critical role in discriminatory contextual fear conditioning
where subjects only display fear under the condition of contextual cues related to the fear
memory (for review see 61). There is some precedence for involvement of the hippocampus
in drug discrimination as previous work has found that that microinfusion of nicotine into
the dorsal hippocampus partially substitutes for peripherally administered nicotine 62: 63,
showing that central nicotinic receptors in the hippocampus are important for the expression
of the interoceptive effects of nicotine. In the context of the present work, it is possible that
inactivation of the dentate gyrus in the current study prevented working memory from
accessing, processing, and/or integrating information about interoceptive, spatial, or
environmental cues necessary to perform successful discrimination. Therefore, the dentate
gyrus may play an important role in the expression of the learned association that is under
the control of the alcohol interoceptive cue and/or that sensitivity to the alcohol interoceptive
cue is altered. Alternatively, inactivation of the dentate gyrus may have potentiated
sensitivity to the interoceptive effects of low dose alcohol. That is, discrimination scores
decrease at alcohol doses higher than the training dose as demonstrated in Figure 4A, B.
Therefore, it is possible that following dentate gyrus inactivation behavior is on the
descending limb of an alcohol dose response curve. This potential explanation would need to
be evaluated directly by testing a complete alcohol dose curve. An additional consideration
is that a reduction in c-Fos in this region may not necessarily indicate suppression of dentate
gyrus projection neurons. It is possible that the inhibition induced by low dose alcohol is
primarily occurring in the region’s large population GABAergic inhibitory interneurons
64,65 resulting in a/sinhibition of afferent projections while the baclofen/muscimol
microinjection is likely to be suppressing all types of neurons. A more cell-type specific
approach would be needed to observe such nuances and determine if this is indeed the case.

Taken together, these findings show that a low dose of alcohol produces measureable effects
in the brain and the interoceptive effects of this alcohol dose can be trained to control goal-
tracking behavior. Future studies should further expand on these findings by comparing
multiple alcohol doses and exploring the role of other implicated brain regions and circuits
involved in modulating this behavior. These findings may have important implications for
drug taking and seeking behaviors, and identification of critical pathways and brain regions
involved in both low and higher doses of alcohol may be of therapeutic benefit in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Experiment 1:
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Schematic of the discrimination acquisition and testing procedures. Pretreatment on
acquisition sessions was on a double alternation schedule (A,A,W,W) in which only 1
treatment was given per day. Acquisition sessions consisted of a 10 minute pre-treatment
time where the chamber was inactive, followed by a 15 minute session in which the stimulus
light activated randomly 10 times during the session (15 seconds each). On alcohol sessions,
light offset was immediately followed by 4-second access to 0.1ml sucrose. On water
sessions, light offset had no outcome. Cumulative test sessions consisted of 4 discrete tests.
Each test was preceded by a 10 minute pretreatment off-period, followed by a 2 minute test
in which a single, random light activation (15 sec.) occurred that was followed by sucrose
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access. Rats were then injected with the next dose and placed back in the chamber for the
next session.
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Figure 2.

(A) Blood alcohol concentration (mM; mean+SEM) in male and female Long-Evans rats
over a 120 minute post-injection period following 0.8 g/kg alcohol. There were no sex
differences in BAC. Moreover, there was no sex difference in alcohol clearance as measured
by area under the curve (B).
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Figure 3.
Acquisition of the low-dose alcohol Pavlovian discrimination as measured by the primary

dependent variable (mean£SEM) the first head entry discrimination score (i.e., anticipatory
head entries prior to any sucrose delivery) (A), in addition to corresponding first head entry
duration in seconds (B). First head entry discrimination score and first head entry duration
score increased on alcohol sessions compared to water sessions in both male and female rats.
There were no sex differences in acquisition. There were no effects on locomotor rate (C). *
p<0.05, alcohol different from water sessions.
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A. Head Entry Discrimination Score
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Generalization curve to assess cue specificity as measured by the primary dependent

variable (mean+SEM): head entry discrimination score (A) in addition to corresponding

head entry duration in seconds (B). Pre-test baseline (average of the previous two water and

alcohol sessions) is located on the left. Both head entry discrimination score and duration
discrimination scores (mean+SEM) increased as the cumulative dose increased with the 0.8
g/kg dose in the curve not differing from pre-test baseline, showing full substitution for the
training dose. Furthermore, head entry discrimination score and head entry duration were
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significantly lower following 0.2 and 0.4 g/kg doses in the curve compared to 0.8 g/kg in
both males and females demonstrating selectivity for the training dose (3A). There were no
sex differences on these generalization tests. Locomotor rate was significantly higher at the
0.2 g/kg dose in the curve compared to 0.8 g/kg (C). * p<0.05 different from 0.8 g/kg
alcohol.
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Dentate
Gyrus

*

—

00 038
Alcohol dose

(g/kg, IG)

c-Fos

0.8 g/kg EtOH

Arc

Assessment of immediate early gene immunoreactivity for c-Fos and Arc following alcohol
(0.8 g/kg) or water (mean+SEM). c-Fos IR was significantly increased following alcohol in
medial prefrontal cortex - infralimbic (A), but not prelimbic (B). c-Fos IR was also increased
following alcohol in the accumbens shell (C), but not the core (D) or the insular cortex (E).
By contrast, c-Fos IR was significantly decreased following alcohol in dentate gyrus (F).
Similar changes were observed in Arc IR with increases in medial prefrontal cortex —
infralimbic (G) and accumbens shell (1), with prefrontal cortex — prelimbic (H), accumbens
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core (J), and insular cortex (K) not showing effects. Furthermore, similar to c-Fos, dentate
gyrus showed decreases in Arc expression (L). (M) Atlas images depicting the quantified
regions of interest. Letters correspond to the respective figure panel for that region. (N)
Photomicrographs of representative DG sections. Symbols: Squares - males, Circles -
females * p<0.05 alcohol different from water.
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Discrimination Duration Score

Alcohol dose (g/kg):

Condition:
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Avg of last
two trainings

Pharmacological inhibition of the dentate gyrus disrupts sensitivity to the low-dose alcohol
cue. (A) Atlas images of confirmed bilateral cannulae placements (squares — males, circles —
females), and representative photomicrograph showing injector tract. Behavior was
measured by the primary dependent variable (mean+SEM): head entry discrimination score
(B) in addition to corresponding duration in seconds (C). Discrimination score following
baclofen/muscimol infusion in DG did not differ between water and alcohol pretreatment
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showing that silencing DG blunted sensitivity to low-dose alcohol. There were no effects on
locomotor rate (D). *p<0.05 alcohol different from water.
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