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Abstract
Serotonin 1B (5-HT1B) heteroreceptors on nucleus accumbens shell (NAcSh) projection neurons
have been shown to enhance the voluntary consumption of alcohol by rats, presumably by
modulating the activity of the mesolimbic reward pathway. The present study examined whether
increasing 5-HT1B receptors expressed on NAcSh projection neurons via viral mediated gene
transfer enhances ethanol consumption during the initiation or maintenance phase of drinking and
alters the temporal pattern of drinking behavior. Animals received stereotaxic injections of viral
vectors expressing either 5-HT1B receptor and green fluorescent protein or green fluorescent
protein alone. Home cages equipped with a three-bottle (water, 6%, and 12% ethanol) lickometer
system recorded animals’ drinking behavior continuously, capturing either initiation or
maintenance drinking behavior patterns. Overexpression of 5-HT1B receptors during initiation
increased consumption of 12% ethanol during both forced access and free choice consumption.
There was a shift in drinking pattern for 6% ethanol with an increase in number of drinking bouts
per day, although the total number of drinking bouts for 12% ethanol was not different. Finally,
increased 5-HT1B expression induced more bouts with very high frequency licking from the
ethanol bottle sippers. During the maintenance phase of drinking, there were no differences
between groups in total volume of ethanol consumed; however, there was a shift toward drinking
bouts of longer duration, especially for 12% ethanol. This suggests that during maintenance
drinking, increased 5-HT1B receptors facilitate longer drinking bouts of more modest volumes.
Taken together, these results indicate that 5-HT1B receptors expressed on NAcSh projection
neurons facilitate ethanol drinking, with different effects during initiation and maintenance of
ethanol drinking behavior.
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Introduction
Alcohol is a legal drug that is widely consumed in social contexts, yet one in 12 Americans
(17.6 million) is either dependant on or abuses alcohol (Grant et al., 2004). In the United
States, car accidents, medical complications, and lost earnings due to illness or premature
death associated with alcohol cost almost 200 million dollars per year (Harwood, 2000).
Previous reports suggest that environmental, genetic, and neuroplastic factors contribute to
alcohol abuse and reinstatement of alcohol seeking behavior (Alen et al.,2008; Enoch, 2006;
Hansson et al.,2006; Hansson et al.,2008; Prakash et al.,2008; Reich et al.,1998; Schroeder
et al.,2008). The serotonergic system is thought to play an important role in the rewarding
and reinforcing properties of alcohol consumption. For example, the nucleus accumbens
(NAc) and ventral tegmental area (VTA) are key nodes in the brain’s reward circuitry
(Leshner and Koob, 1999), and they receive dense projections containing serotonin (5-HT)
and express several 5-HT receptors that have been implicated in reward mechanisms (Muller
and Huston, 2006). Genetic studies have also found associations between the serotonergic
system and alcoholism including the identification of gene polymorphisms for serotonin
transporter (Mokrovic et al., 2008; Pinto et al., 2008) and the 5-HT receptor subtype 1B (5-
HT1B) (Fehr et al., 2000; Hasegawa et al., 2002; Lappalainen et al., 1998), but not all reports
are in agreement (Gorwood et al., 2002). Additionally, alcoholics have decreased 5-HT
neurotransmission (Berglund et al., 2006), and tryptophan depletion (which acutely reduces
5-HT synthesis and transmission) induces the urge to drink in alcoholics (Pierucci-Lagha et
al., 2004). Thus, there is a putative genetic and physiological link between 5-HT
neurotransmission and alcoholism.

Non-human models offer additional insight suggesting that serotonergic function affects the
drive for ethanol consumption. For example, ethanol consumption causes increased 5-HT
release in the shell region of the NAc (NAcSh), a response which habituates in control
animals but not in ethanol-preferring rats (De Montis et al., 2004), suggesting that ethanol-
induced neural feedback mechanisms are impaired in this population. Furthermore, ethanol-
preferring rats have decreased 5-HT transporter immunoreactivity in the NAc and some
regions of the dorsal raphe nucleus (Casu et al., 2004), suggesting decreased 5-HT
innervation. Finally, ethanol preferring strains of rats and mice have decreased availability
of 5-HT in the brain (Badawy, 1999; McBride et al., 1989), and 5-HT reuptake inhibitors,
which increase the availability of 5-HT, decrease ethanol self administration (McBride et al.,
1989). Together, these observations suggest that alterations in 5-HT transmission contribute
to the drive to consume ethanol.

Several 5-HT receptors have been implicated in alcoholism, including 5-HT1B receptors.
These receptors are located on axon terminals where they inhibit the release of
neurotransmitter; they function both as autoreceptors (inhibiting 5-HT release from
serotonergic terminals) and heteroreceptors (inhibiting the release of various other
neurotransmitters in a wide range of neuron types). Human imaging studies suggest that
alcoholics have increased 5-HT1B receptors in the ventral striatum, which includes the NAc
(Hu et al., 2010). In rats, administration of 5-HT1B agonists decreases ethanol consumption
(Tomkins and O'Neill, 2000; Wilson et al., 2000), and antagonists reverse some, but not all,
ethanol-related behaviors (Maurel et al., 1998; Tomkins and O'Neill, 2000; Wilson et al.,
2000). Work with 5-HT1B receptor knockout mice has shown that constitutive absence of
this receptor causes decreased ethanol intake (Crabbe et al., 1996; Risinger et al., 1996;
Risinger et al., 1999). However, other studies with these mice have yielded opposite results
(Bouwknecht et al., 2000); notably, the absence of this receptor during brain development
has been proposed to produce some of the behavioral phenotypes of 5-HT1B knockout mice
(Castanon et al., 2000).
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In addition to developmental adaptations, the cellular diversity of 5-HT1B expression in
multiple neuron types throughout brain further complicates the role of these receptors in
reward mechanisms. 5-HT1B receptors involved in the mesolimbic reward circuit illustrate
this problem. For example, 5-HT1B receptors in the NAcSh are localized on glutamatergic
afferents (Muramatsu et al., 1998), on serotonergic projections from the dorsal raphe (Sari,
2004), and on collaterals of GABAergic medium spiny neurons that primarily project to the
VTA where they synapse on dopaminergic neurons (Bruinvels et al., 1994; Johnson et al.,
1992). By inhibiting GABA release in the VTA, these latter 5-HT1B heteroreceptors
disinhibit dopaminergic neurons (David et al., 2004; O'Dell and Parsons, 2004; Yan et al.,
2004) that play a role in reward mechanisms associated with addictive behaviors involving
alcohol and other drugs (Balfour, 2009; Meyer et al., 2009; Moaddab et al., 2009). Thus, 5-
HT1B receptors are present in key brain regions that modulate alcohol reward but are
expressed in multiple cell types that may produce different effects on reward processes. We
are focusing on 5-HT1B receptors expressed in medium spiny neurons since they are
expressed at high levels in ventral striatum (Bruinvels et al., 1994) and are thought to be
major regulators of dopaminergic neurons residing in the VTA that provide reciprocal
innervation to the NAcSh (Barot et al., 2007; Morikawa et al., 2000; Neumaier et al., 2002).
Previous work specifically addressing the role of 5-HT1B receptors in the reward circuit in
the effects of ethanol has shown that intraperitoneal injection of 1–2 g/kg of ethanol results
in increased dopamine levels in both the NAcSh and VTA. Local VTA administration of a
5-HT1B agonist facilitated, while an antagonist attenuated, ethanol’s effects on DA release in
the NAc (Yan et al., 2005), consistent with the hypothesis that the 5-HT1B receptors on
NAcSh terminals in the VTA modulate ethanol-induced DA increases.

Increasing expression of 5-HT1B receptors is a useful experimental strategy to sort out the
roles of different populations of 5-HT1B receptors because they can be precisely targeted to
a specific group of neurons, even if the resulting receptors are transported to these neurons’
axon terminals elsewhere. Previously we used viral mediated gene transfer to overexpress 5-
HT1B receptors in NAcSh projection neurons; this increased the consumption of 12%
ethanol (Hoplight et al., 2006). In alcohol-preferring rats, drinking patterns over time vary
between animals, suggesting that multiple factors drive ethanol consumption behavior (Bell
et al., 2006). Therefore, we studied the patterns of ethanol intake over time as well as total
volume consumed each day in order to develop and better understand animal models of
alcoholism. Given the links between 5-HT, alcoholism, and the 5-HT1B receptor, the current
study hypothesizes that overexpression of 5-HT1B receptor mRNA in NAcSh projection
neurons will alter both the motivational aspects and temporal pattern of ethanol drinking
during both the initiation and maintenance phases of ethanol consumption.

Materials and Methods
Subjects

Male Long Evans rats (Harlan Laboratories, Inc; 225–250g) were used in all experiments.
Animals were individually housed in a temperature and humidity controlled vivarium, on a
12-12h light-dark cycle, with lights-on at 0200. This allowed us to work with the animals
close to the end of the light cycle, minimizing disruptions during the rats’ resting period.
Food and water were available ad libitum, except as specified below. Animals acclimated to
our facility for seven days prior to any experimental procedures. All procedures were
approved by the Institutional Animal Care and Use Committee. This research was conducted
according to the requirements of all applicable local, national, and international standards
for the care and use of laboratory animals (Institute of Laboratory Animal Research, 1996).
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Viral vector injection
Viral vectors were prepared as previously described (Clark et al., 2004). Rats were
bilaterally stereotaxically injected with 2µl/side of a neuron-specific, replication deficient
herpes simplex virus (HSV) that drives expression of 5-HT1B receptor and green fluorescent
protein from separate transcriptional cassettes (pHSV-HA1B/GFP) or green fluorescent
protein alone (pHSV-GFP). Transgene expression peaks at approximately 3–4 days and
dissipates approximately ten days post injection (Barot et al., 2007; Clark et al., 2004;
Ferguson et al., 2008). Injections were targeted to the medial shell of the NAc (AP +1.7 mm,
ML ± 0.8 mm, DV −6.8) (Paxinos, 1986). About 95% of striatal neurons are medium spiny
neurons, and most but not all of the HSV infected neurons are of this class. Injection
accuracy was assessed in a blinded fashion, by three separate observers. Location of green
fluorescent protein or injection tract marks visualized with cresyl violet staining were used
to determine hits or misses. To be considered a hit, both sides of the brain needed to have a
majority of green fluorescent protein or have tract marks that terminated in the NAcSh
region. Surgical hit rates were as follows: initiation: 76%, maintenance: 69%, tastant: 75%,
and locomotion: 80%.

Ethanol access and equipment
For initial ethanol exposure in both experiments, a forced-choice access paradigm was used.
Upon initial ethanol exposure, water bottles were removed from the cage and animals were
given access to two bottles: one with 6% ethanol and one with 12% ethanol (w/v). Both
bottles were weighed and refilled, and bottle order was changed daily. There are several
different methods available to increase drinking behavior in outbred rat strains; we selected
forced choice for this study so as to avoid a different set of potential confounds such as
learning effects associated with sucrose fading or noncontingent administration for vapor
chambers, for example. Therefore, forced-choice access followed by free-choice access was
the chosen paradigm for two reasons: 1) to maximize subsequent voluntary ethanol
consumption in order to draw out more robust differences in drinking behavior and 2) to
minimize the dependence of learned behavior on this experiment. Additionally, recent work
suggests that plasticity during the forced access period may contribute to subsequent drug
behavior (Timberlake et al., 2009).

Ethanol administration occurred in home cages equipped with lickometers throughout the
entire experiment. Custom constructed lickometer equipment (Lafayette Instruments; West
Lafayette, IN) consisted of a standard polycarbonate cage (48cm L × 25cm W × 20cm H),
with a specialized lid and steel panel that extended into the cage. Three 50 ml bottles were
housed behind the panel and sipper tubes passed through three cutouts on the panel. The
metallic sipper tubes were coupled to a relay that recorded the number of licks, which were
then downloaded onto a computer. Animals completed the circuit by standing on the metal
platform and drinking from one of the bottles. Activity was monitored with modified
Animal Wheel Monitoring software (Lafayette Instruments, West Lafayette, IN). The total
number of licks from each bottle was recorded every five minutes. Differences during forced
access were not anticipated; therefore, drinking behavior was recorded only during free-
access to ethanol.

Experiment 1: Initiation—The purpose of this experiment was to determine the effects of
increased 5-HT1B expression on NAcSh projection neurons on both the acquisition of
drinking behavior and the preference of ethanol concentration. On day 1, animals received
viral vector injections (Figure 1A; pHSV-GFP n=12; pHSV-HA1B/GFP n=15). On the night
following surgery, they had ad libitum access to tap water. On days 2– 4, animals had ad
libitum access to two bottles of liquid: 6% ethanol and 12% ethanol. On days 5–11, animals
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had ad libitum access to three bottles of liquid: tap water, 6% ethanol, and 12% ethanol
Drinking behavior, body weight, and food intake were recorded.

Experiment 2: Maintenance—The purpose of this experiment was to determine the
effects of increased 5-HT1B expression on NAcSh projection neurons during the
maintenance of drinking behavior, as well as ethanol concentration preference. To establish
stable drinking, animals had forced ethanol exposure for days 1–3 (Figure 1B; pHSV-GFP
n=5; pHSV-HA1B/GFP n=8). On day 4, animals were randomly assigned to groups and
viral vector was injected. On the night following surgery, they had ad libitum access to tap
water. On days 5–10, animals had ad libitum access to three bottles of liquid: tap water, 6%
ethanol, and 12% ethanol. Drinking behavior, body weight, and food intake were recorded.

Experiment 3. Tastant Effects—The purpose of these experiments was to determine
whether increased expression of 5-HT1B receptors via viral expression affects taste
perception. Animals were not liquid deprived at any time during these experiments and all
liquids were available ad libitum. Sucrose. This experiment will determine whether 5-HT1B
expression affects preference for sucrose. On day 1, animals were exposed to a 50mL bottle
of 5% sucrose solution for 24 hours to acclimate them to the presence of bottles in the cage
and the taste of the solution. All animals drank the full 50mL. On days 2 and 3, animals
were given access to two bottles for one hour; one contained tap water and the other
contained 5% sucrose. They were then stereotaxically injected with pHSV-HA1B/GFP
(n=8) or pHSV-GFP (n=9) on day 4. On days 5–9, preference for water vs. 5% sucrose was
tested daily using the same procedure. All of the 1 hour sessions were performed at 1100
daily. Saccharin. This experiment will determine whether 5-HT1B-expression affects
preference for saccharin solution. On days 1 and 2, animals were exposed to 0.1% saccharin
for 1 hour at 1100. On day 3, they were stereotaxically injected with pHSV-HA1B/GFP
(n=5) or pHSV-GFP (n=7). They rested from days 4–6, and were tested on day 7 with a two
bottle choice test comparing their intake of water vs. 0.1% saccharin for 1 hour.

Experiment 4. Locomotor Activity—The purpose of this experiment was to determine
whether augmentation of 5-HT1B receptor function via viral expression affects locomotor
behavior. Animals were stereotaxically injected with pHSV-HA1B/GFP (n=5) or pHSV-
GFP (n=3) and allowed one day of recovery. Then, homecages were placed in infrared
locomotion detection frames (San Diego Instruments, San Diego, CA) that recorded levels
of locomotion via beam break counts. Behavior was recorded continuously for four days.
Animals had ad libitum access to food and water at all times.

Brain Processing
At the end of each experiment, animals were sacrificed via CO2 inhalation and subsequent
decapitation. Brains were extracted and post-fixed in 4% paraformaldehyde at 4°C overnight
and then stored in phosphate-buffered saline at 4°C until sectioning at 40µm using a
vibratome. Injection placement was confirmed via visualization of green fluorescence or
cresyl staining in cases when virus was no longer present (see viral vector injection above).

Analysis and Statistics
Cumulative intake of ethanol was used to quantify ethanol exposure over time. To satisfy the
normality assumption of general linear model analyses involving continuous dependent
variables, we logarithmically transformed volumetric outcomes prior to statistical
evaluations (base e). Loge–transformed volumetric outcomes were analyzed with a model
that simultaneously included the between group factor VIRAL GROUP (pHSV-HA1B/GFP
or pHSV-GFP) and the repeated measure DAY using generalized estimating equations
(GEE) (Liang, 1986). GEE is more appropriate than repeated measures ANOVA when the
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analysis includes correlated longitudinal responses measured at multiple time-points
(Fitzmaurice, 2004). GEE analysis estimated the effect of GROUP as a difference of
logarithms defined as loge (volume consumed by the pHSV-HA1B/GFP group) minus
loge(volume consumed by the pHSV-GFP group), and the 95% confidence limits of the
difference. Back transforming these estimates yielded ethanol intake ratios, each defined as
the original-scale ethanol volume consumed by the pHSV-HA1B/GFP group divided by the
original-scale volume consumed by the pHSV-GFP group.

Licking behavior were normally distributed with equal variance; therefore ANOVA was
used for analysis. To assess the licking frequency during drinking bouts, (i.e., the number of
licks in each five minute interval), the number of licks were binned into four ranges: 0–600
(low), 601–1200 (medium), 1201–1800 (high), and 1801–2400 (very high). The number of
data cells that reflected a drinking response within each range was counted (number of bins)
and the results from both ethanol concentrations were combined to reflect the total activity
of ethanol consumption. Data were analyzed with two factor ANOVA with VIRAL GROUP
and NUMBER OF BINS as factors.

In addition to within interval analysis, we measured the pattern of bout duration of ethanol
consumption over extended intervals (i.e., whether animals drank in short intermittent bursts
or extended drinking episodes). The number of consecutive non-zero data cells was totaled,
beginning with single bouts (one positive data cell flanked by zero data cells) and ending
with 10 or more consecutive bouts (ten or more positive data cells in a row flanked by zero
data cells). Water, 6%, and 12% ethanol concentrations were analyzed separately, each via
two factor ANOVA with VIRAL GROUP and NUMBER OF CONSECUTIVE CELLS as
factors.

Locomotor experiment data were divided into non-directed, non-extensive beam breaks
called fine motor movement and directed, extensive beam breaks called ambulation. Data
(fine motor, ambulation, and total) were analyzed with single factor ANOVA with VIRAL
GROUP as the factor. Tastant assessment experiments were analyzed via two-factor
repeated-measures ANOVA with VIRAL GROUP and DAY as factors.

Results
Experiment 1: Initiation

Overall drinking behavior. Figure 1A depicts the design for experiment 1, which tested the
hypothesis that overexpression of 5-HT1B receptors in NAcSh projection neurons facilitates
the initiation of ethanol consumption and alters underlying drinking patterns. A schematic
diagram (Paxinos, 1986) that includes the NAcSh target is shown in figure 2A. Figures 2B
and C are a representative section from a GFP injected animal; 2B is magnified by a factor
of 4X, while 2C is magnified by a factor of 10X. pHSV/GFP signal is expressed in both cell
bodies and processes. Table 1 lists individual ethanol consumption across both forced and
free choice access days in raw volume of ethanol consumed. Analysis revealed no
significant difference between groups in water intake (F 1,26 = 1.78, p=0.19) (data not
shown). There were no differences in intake during forced (Wald chi-square = 2.52, p=0.11)
or free choice access (Wald chi-square = 0.41, p=0.52) of 6% ethanol. However, there were
significant group differences in intake of 12% ethanol during both forced (Wald chi-square
= 8.87, p=0.003) and free access (Wald Chi-square = 3.72, p=0.05), with pHSV-HA1B/GFP
animals drinking more. The pHSV-HA1B/GFP intake data are graphically presented in
Figure 3A as a ratio of the intake by pHSV-GFP controls, revealing that 12% ethanol intake
is significantly higher for pHSV-HA1B/GFP animals during both forced and free access
phases. Table 2 details the consumption of ethanol by day, by conversion into grams per
kilogram.
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We also examined the microarchitecture of drinking behavior over time. Figure 3B shows
the average number of licks (per day) after viral gene transfer. There was no main effect of
treatment (F 1,20 = 0.81, p=0.38), suggesting no difference in overall licking activity per day.
However, overexpression of 5-HT1B receptors increased the number of drinking bouts per
day for 6% ethanol (F 1,12 = 4.99, p<0.05; Figure 3C), but not for 12% ethanol (F 1,12 =
1.02, p=0.33; Figure 3D). Figure 3E shows the circadian pattern of drinking over a
representative 48 hour period. Data points represent the number of bouts on both 6% and
12% sippers per 2 hour period. Circadian patterns did not significantly differ between
groups (p=0.27).

Table 3 details licking frequency during bouts by showing the number of five minute bins
that had lick counts (the number of times the electronic circuit was completed) within four
ranges: 0–600 (low), 601–1200 (medium), 1201–1800 (high), and 1801–2400 (very high).
There were no significant treatment differences in the 1–600 range (F 1,18 = 0.158, p=0.70),
the 601–1200 range (F 1,18 = 0.02, p=0.89), or the 1201–1800 range (F 1,18 = 0.25, p=0.63).
However, there was a main effect of viral group on the number of intervals falling in the
1801–2400 range (F 1,18 = 3.54, p<0.05), suggesting that pHSV-HA1B/GFP-treated animals
had more drinking bouts with very high frequency lick counts.

The microarchitecture of bout duration is shown in Table 4. We determined bout duration by
counting the number of consecutive 5 minute intervals in which an animal consumed ethanol
(bounded by intervals with no licking). There were no treatment differences between viral
groups in bout duration for 6% (F 1,23 = 1.93, p=0.18) or 12% ethanol (F 1,23 = 0.83,
p=0.37), indicating that pHSV-HA1B/GFP-treated animals did not have longer drinking
bouts than GFP-only controls.

Experiment 2: Maintenance
Overall drinking behavior. Experiment 2 (Figure 1B) tested the hypothesis that
overexpression of 5-HT1B receptors in NAcSh projection neurons increases consumption of
ethanol during the maintenance phase of drinking. Table 5 lists individual ethanol
consumption during both forced and free access days in terms of raw volume consumed.
There was no main effect of treatment on 6% ethanol, 12% ethanol, or water (F 1,11 = 1.73,
p=0.20) (data not shown). Table 6 details grams of ethanol consumed by day by conversion
to grams per kilogram of body weight. The pHSV-HA1B/GFP ethanol intake data are
graphically presented in Figure 4A as a ratio of pHSV-GFP controls, showing no group
differences in 6% ethanol intake during forced (p=0.94) or free access (p=0.24), or 12%
ethanol intake during forced (p=0.63) or free access (p=0.74).

We also examined the pattern of ethanol drinking over time. Figure 4B shows the average
number of licks per day after viral gene transfer. While there was no main effect of viral
treatment (F 1,13 = 1.16, p=0.30), there was an interaction between fluid type and viral
treatment (F 2,26 = 5.03, p<0.05), with pHSV-HA1B/GFP animals having increased licks on
the 12% sipper. The number of bouts with 6% and 12% ethanol is shown in Figures 4C–D.
There was no main effect of viral treatment on 6% ethanol (F 1,9 = 0.01, p=0.94), but there
was a significant increase in the number of bouts for 12% ethanol (F 1,9 = 4.97, p=0.05) in
the pHSV-HA1B/GFP group. Figure 4E shows the circadian pattern of drinking over a
representative 48 hour period. Data points represent the number of bouts on both 6% and
12% sippers per 2 hour period. Circadian patterns did not differ between groups (p=0.26).

Table 7 details the microarchitecture of licking frequency during the maintenance of
drinking. There were no significant differences in the 1–600 range (F 1,9 = 0.002, p=0.97),
the 601–1200 range (F 1,9 = 0.05, p=0.83), the 1201–1800 range (F 1,9 = 3.47, p=0.06), or
the 1801–2400 range (F 1,9 = 0.50, p=0.50), suggesting that altered 5-HT1B receptor
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expression does not play a role in the licking frequency during drinking bouts during the
maintenance phase of drinking.

The microarchitecture of bout duration is shown in Table 8. There were no viral treatment
effects in 6% ethanol (F 1,15 = 0.43, p=0.52). However, there were main effects of VIRAL
GROUP (F 1,15 = 6.24, p<0.05) and intervals (F 10,150 = 115.01, p<0.05), and a viral group
by intervals interaction (F 10,150 = 6.18, p<0.05) for 12% ethanol, indicating that 5-HT1B
overexpression increased the bout duration of 12% ethanol during maintenance drinking.

Experiment 3. Tastant Effects
Figure 5A shows sucrose consumption during training and after augmented 5-HT1B receptor
expression. There was no main effect of increased 5-HT1B receptors on consumption of a
5% sucrose solution (F 1,135 = 0.02, p=0.90). Additionally, there was no treatment effect of
increased 5-HT1B receptor expression on saccharin intake (F 1,32 = 1.42, p=0.26) (Figure
5B).

Experiment 4. Locomotor activity
Figure 6 shows the average number of beam breaks associated with fine motor movement,
ambulation, and the sum of the two types of beam breaks (total). There were no main effects
of viral treatment on fine motor movement (F 1,8 = 0.02, p=0.89), ambulation (F 1,8 = 1.66,
p=0.23), or overall movement (F 1,8 = 1.25, p=0.3), indicating that increased 5-HT1B
expression did not alter global motor activity; also there was no indication of a shift in the
circadian pattern of activity.

Table 9 shows a summary of results for initiation and maintenance phase experiments.
Overall, these data indicate that overexpression of 5-HT1B receptors on NAcSh projection
neurons increases the consumption of 12% ethanol while increasing high frequency licking
bouts and bout number on 6% ethanol sippers. Whereas during maintenance drinking,
receptor overexpression greatly increases the animals’ drinking patterns associated with
higher concentrations of ethanol, but does not affect the volume of ethanol consumed.

Discussion
Numerous studies have suggested a role for the 5-HT1B receptor in alcoholism; however,
specific brain regions and mechanisms are still being elucidated. Previously we found that
overexpression of 5-HT1B receptors in NAcSh projection neurons increased voluntary
consumption of ethanol (Hoplight et al., 2006). The present study demonstrates that both the
preference for low vs. high ethanol concentration and the pattern of drinking behavior are
altered by these receptors during both initiation and maintenance of ethanol drinking.

During initiation, augmented 5-HT1B receptor expression increased the preference for 12%
ethanol without changing the pattern of consumption over time. While the overall
consumption of 6% ethanol did not change, there was a shift toward more frequent drinking
bouts on this concentration. It is important to note that the overall consumption of ethanol
did not change, the ratio of 12% to 6% increased in the animals with increased 5-HT1B
receptor expression. During maintenance of established drinking, increased 5-HT1B receptor
expression did not affect the volume of ethanol consumed due to between-subject
variability, but did have dramatic effects on the pattern of intake, especially with the 12%
ethanol, increasing the number of bouts, average number of licks, and bout duration. These
results indicate a subtle shift in the animals’ ethanol drinking, such that more time was spent
interacting with the 12% sipper. Taken as a whole, these results suggest a role for 5-HT1B
receptors during both the initiation and maintenance of ethanol drinking behavior.
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Increased ethanol consumption, as well as drinking pattern changes after 5-HT1B
overexpression are presumably due to altering the balance of rewarding and aversive effects
of ethanol, since these receptors also increase conditioned place preference to cocaine (Barot
et al., 2007; Neumaier et al., 2002). There is, however, evidence that the rewarding effects
of ethanol were enhanced as these 5-HT1B receptors modulate the mesolimbic reward
pathway and indirectly enhance dopaminergic tone in the NAcSh by negatively regulating
NAcSh GABAergic projection neurons that synapse onto dopamine projection neurons in
the VTA (Yan et al., 2004). In turn, these neurons release dopamine in the NAcSh; since
self-administration of ethanol has been shown to elicit patterned firing VTA neurons (Janak
et al., 1999) and ethanol free-choice paradigms increase dopamine efflux specifically in the
NAcSh (Rebec et al., 1997). Therefore, 5-HT1B receptors in NAcSh projection neurons
enhance disinhibition of VTA neurons thereby facilitating reward mechanisms and driving
elevations in drinking. The present results suggest that this occurs by changing the
microarchitecture of drinking behavior as well as the preference for higher concentration
ethanol, while not affecting the overall ethanol consumption.

Approximately 95% of striatal neurons are medium spiny neurons. In these studies, viral
vectors were used to alter gene expression in the ventral striatum, and specifically to target
NAcSh projection neuron circuitry. Viral effects on drinking are attributed to this population
of neurons , however, it is important to note that striatal interneurons have been shown to
play a role in ethanol drinking behavior (Herring et al., 2004). Based on the preponderance
of data on 5-HT1B receptors expressed in NAcSh neurons, they are thought to regulate
GABA release from terminals in VTA and ventral pallidum to alter reward mechanisms.
Since we have previously shown that the virally expressed 5-HT1B receptors are transported
to VTA (Barot et al., 2007), we think that this is the predominant physiological effect of the
transgenic receptors but we cannot rule out some contributions of interneurons. Promoter-
specific vectors are currently being developed in order to address this issue further.

We considered the possibility that alterations in drinking behavior were a result of
modulation of taste preference by testing whether increasing 5-HT1B receptors in these
neurons altered the preference for other tastants. Increased 5-HT1B receptor expression did
not impact consumption of either the sweet or the sweet-bitter liquid as compared to GFP
controls. While it is still possible that the taste of 6% and 12% ethanol were affected by 5-
HT1B expression, it seems most likely that the rewarding rather than taste properties were
involved, especially given previous results with cocaine that did not involve oral ingestion
(Barot et al., 2007; Neumaier et al., 2002).

Our work agrees with a previous study that specifically addressed the role of 5-HT1B
receptors in the reward circuit, which showed that intraperitoneal injection of 1–2 g/kg of
ethanol, an amount that is similar to what our animals consume per day, resulted in
increased dopamine levels in both the NAcSh and VTA (Yan et al., 2005). These increases
were attenuated by administration of a 5-HT1B antagonist into the VTA, suggesting that the
5-HT1B receptors on NAcSh terminals in the VTA are involved in ethanol-induced DA
increase. It is important to note that while the dose of ethanol in this study is similar to the
volume consumed by our animals, dopamine efflux was only measured for 120 minutes after
the ethanol dose, while our animals consumed the bulk of their ethanol during the lights-off
portion of the light cycle. Although the timecourse between the two studies is different, both
indicate a role for this receptor in ethanol effects. The present study directly implicates 5-
HT1B receptors expressed on NAcSh projection neurons, and demonstrates their role in
altering the pattern of ethanol consumption.

An important issue to address is the apparent disconnect between the increased volume of
12% ethanol consumed and increased licking activity on 6% drinking spouts during
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initiation. Volume consumed and licking patterns are not always tightly correlated. Previous
studies have demonstrated that the pattern of alcohol drinking over time is not always
strongly associated with the volume consumed, and can be associated with other factors
such as genotype or metabolism. For example, Bell and colleagues showed that changes in
patterned drinking and variations in licking behavior in alcohol preferring rats were
correlated with blood ethanol levels in some cases, not volume consumed (Bell et al., 2006).
In another study, Gill, et al showed that the frequency of ethanol drinking bouts was
correlated with aldehyde dehydrogenase and catalase activity (Gill et al., 1996), suggesting
that drinking patterns do reflect meaningful neurocorrelates. Furthermore, ethanol
concentrations in the NAc of mice have been positively correlated with licking behavior
(Griffin et al., 2007), supporting the idea that altering the function of NAc neurons changes
licking behavior. While the NAc integrates a broad range of neural inputs that affect
patterning, including circadian inputs from the hypothalamus, we did not observe that 5-
HT1B receptor levels caused substantial changes in circadian drinking behavior. Therefore,
these 5-HT receptors appear to impact the pattern of drinking over shorter rather than longer
time intervals.

The expression timecourse of our HSV construct is such that peak expression occurs at
around four days post injection; then the virus slowly dissipates until it is generally gone at
10 days post injection (Barot et al., 2007). This allows us to manipulate behavioral outcomes
with temporal precision, but also hinders us from measuring long term behavioral effects
(which could be possible with longer-lasting promoter regulation or a different virus such as
AAV). In the present experiments, virus was onboard during the behavioral testing, until the
last two days, when we expected to see a dramatic decrease in the drinking behavior of
animals with augmented 5-HT1B receptor expression. In the initiation experiment, a subtle
drop in the number of bouts was observed in the last three days of intake measurements,
while during maintenance, there was a dramatic drop in the number of bouts on day 10, as
would be expected with the timecourse of expression of this virus. As-is, our viral construct
precludes us from measuring behavior over more extended periods of time; we are currently
working on developing vectors with longer expression times that we will use in future
studies.

The present data agree with past studies that show that 5-HT1B receptors are important in
ethanol intake behavior. However, the methods in our study were slightly different than
those from our previous work (Hoplight et al). Although both studies found that augmenting
the expression of 5-HT1B receptors on NAc projection neurons enhances the animals’
interaction with 12% ethanol, the former study found so using three-bottle choice access to
ethanol and water, while the latter study found so using a forced access period before giving
choice. The intention of slightly altering the ethanol presentation method was to eliminate
learning cues that may render interpretation of the data more difficult. Additionally, the
purpose of the present studies was to directly test the role of 5-HT1B receptors on NAcSh
projection neurons in two different aspects of behavior (acquisition and maintenance of
drinking). While directly comparing the Hoplight 2006 study with the present study would
not be entirely accurate, both studies seem to indicate a role for these receptors in ethanol
consumption, especially that of higher ethanol concentration. In conclusion, we have shown
shifts in the pattern of ethanol intake after manipulation of 5-HT1B receptor expression on
NAcSh projection neurons. Overexpression of the 5-HT1B receptors in NAcSh is sufficient
to alter drinking behavior during both initiation and maintenance of ethanol consumption.
These results may provide further insights into the development of serotonergic agents to
modify problem drinking of alcohol in humans.
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Figure 1.
Schematic of experimental designs. Boxes indicate surgical injection days; bars above
indicate training days; shaded areas indicate testing days. (A) This experiment assessed the
effects of 5-HT1B receptor overexpression on the initiation of ethanol drinking. Viral vectors
were injected on day 1. Animals had forced ethanol exposure (6% and 12%) on days 2–4
and free-choice drinking (water, 6%, and 12%) on days 5–11. (B) This experiment
determined the effect of 5-HT1B receptor overexpression on maintenance of ethanol
drinking. Animals had forced ethanol exposure (6% and 12%) on days 1–3. Viral vectors
were injected on day 4. Days 5–10 were free choice drinking (water, 6%, and 12%). (C)
This experiment assessed the effects of 5-HT1B receptor overexpression on sucrose solution
intake. Animals were drink trained on days 1–3. Viral vectors were injected on day 4.
Drinking preference was tested on days 5–9. (D) This experiment assessed the effects of 5-
HT1B receptor overexpression on saccharin solution intake. Animals were trained on days 1
and 2. Virus was injected on day 3. Animals rested on days 4–6. Drinking preference was
tested on day 7. (E) This experiment assessed 5-HT1B receptor overexpression on baseline
locomotion. Viral vectors were injected on day 1 and locomotor behavior was recorded on
days 2–5.
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Figure 2.
NAcSh injection site. (A) A schematic diagram that includes the NAcSh target is shown in
figure 2A. Figures 2B and C are a representative section showing GFP fluorescence in the
NAcSh; 2B is magnified by a factor of 4X, while 2C is magnified by a factor of 10X. pHSV/
GFP signal is present in both cell bodies and processes.
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Figure 3.
Consumption of ethanol and drinking patterns during initiation drinking. (A) Drinking
volume data from generalized estimating equations were back transformed to yield ethanol
intake ratios (See analysis and statistics section), which revealed that pHSV-HA1B/GFP
animals drank almost twice as much 12% ethanol during both forced and free access
drinking, compared to pHSV-GFP animals. There were no significant differences between
groups in total average licks per day on ethanol sippers (B). The number of bouts per day, as
well as overall average bouts for 6% are depicted in C. pHSV-HA1B/GFP animals had
significantly increased bouts for 6% ethanol, compared to pHSV-GFP animals. (D) There
were no differences in bouts for 12% ethanol. (E) Representative 48-hour period of
circadian activity shows the number of bouts on 6% and 12% ethanol sippers (combined)
per 2 hours. Dark bars denote lights-off period. Data are presented as mean ± SEM. * =
p<0.05, between groups.
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Figure 4.
Consumption of ethanol and drinking patterns during maintenance drinking. (A) Drinking
volume data from generalized estimating equations were back transformed to yield ethanol
intake ratios (See analysis and statistics section), which revealed no significant differences
between groups during either forced or free access to ethanol. (B) There was a main effect of
treatment on number of licks, with pHSV-HA1B/GFP animals having increased total licks
on the 12% ethanol sipper. (C) There were no differences in number of bouts per day or
overall average bouts for 6% ethanol. (D) pHSV-HA1B/GFP animals significantly increased
bouts on 12% ethanol sippers, compared to pHSV-GFP animals. (E) Representative 48-hour
period of circadian activity shows the number of bouts on 6% and 12% ethanol sippers
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(combined) per 2 hours. Dark bars denote lights-off period. Data are presented as mean ±
SEM. * = p<0.05, between groups.
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Figure 5.
Sucrose and saccharin preference after pHSV-HA1B/GFP or pHSV-GFP injection. There
were no significant differences between pHSV-HA1B/GFP and pHSV-GFP groups in
preference for either sucrose or saccharin solutions. Data are presented as mean ± SEM.
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Figure 6.
Locomotor behavior after pHSV-HA1B/GFP or pHSV-GFP injection. There were no
significant differences between pHSV-HA1B/GFP and pHSV-GFP groups in fine motor
movements, ambulation, or total locomotion. Data are presented as mean ± SEM.
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Table 1

Raw volume of 6% and 12% ethanol consumed by pHSV-GFP and pHSV-HA1B/GFP animals during
initiation drinking.

Forced Access Free Choice Access

pHSV-GFP pHSV-HA1B/GFP pHSV-GFP pHSV-HA1B/GFP

6% EtOH (g) 25.6 ± 1.50 22.72 ± 1.96 3.91 ± 1.84 2.92 ± 1.01

12% EtOH (g) 1.10 ± 0.20 2.94 ± 1.00* 0.87 ± 0.13 2.44 ± 1.25*

Fluid volumes are in raw grams and represent the average amount consumed per day. During both forced and free-access to ethanol, pHSV-HA1B/
GFP animals consumed more 12% ethanol than pHSV-GFP animals. Data are presented as mean ± SEM.

*
= p<0.05 between groups.
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Table 2

Ethanol consumption by day during initiation drinking (g/kg).

Total EtOH (g/kg)

pHSV-GFP pHSV-HA1B/GFP

Day 2 3.28 ± 0.23 4.95 ± 0.41

Day 3 5.09 ± 0.29 5.44 ± 0.47

Day 4 4.77 ± 0.28 4.69 ± 0.35

Day 5 0.89 ± 0.26 1.73 ± 0.75

Day 6 0.88 ± 0.26 1.42 ± 0.68

Day 7 0.78 ± 0.39 1.3 ± 0.62

Day 8 0.80 ± 0.33 1.45 ± 0.69

Day 9 0.96 ± 0.38 1.25 ± 0.54

Day 10 1.06 ± 0.33 1.44 ± 0.69

Day 11 0.86 ± 0.36 1.14 ± 0.55

Data are represented as grams of ethanol consumed per kg of body weight. Day 1 was the stereotaxic injection day; the dotted line separates forced
from choice ethanol exposure. Data are presented as mean ± SEM.
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Table 3

Distribution of lick frequencies during free access to ethanol during initiation drinking.

pHSV-GFP pHSV-HA1B/GFP

1–600 33.4 ± 9.08 32.2 ± 7.63

601–1200 2.06 ± 0.16 2.11 ± 0.17

1201–1800 0.38 ± 0.07 0.47 ± 0.07

1801–2400 0.05 ± 0.20 0.52 ± 0.08*

The number of licks on ethanol sippers during five minute bouts was recorded. Since animals sometimes alternated between 6% and 12% ethanol,
these are combined for this analysis. Bouts were then divided into four ranges: low, medium, high, and very high. During initiation drinking,
pHSV-HA1B/GFP animals significantly increased very high range licking frequency. Data are presented as mean ± SEM.

*
= p<0.05 between groups.
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Table 4

Duration of drinking bouts during free access initiation drinking.

6% 12%

pHSV-GFP pHSV-HA1B/GFP pHSV-GFP pHSV-HA1 B/GFP

1 150.36 ± 8.99 172.36 ± 13.15 151.00 ± 9.93 167.36 ± 11.68

2 34.93 ± 3.88 40.91 ± 4.74 27.21 ± 2.59 30.00 ± 4.30

3 3.93 ± 1.10 4.82 ± 1.32 3.00 ± 0.62 2.55 ± 0.81

4 0.79 ± 0.21 0.91 ± 0.25 0.71 ± 0.19 0.64 ± 0.24

5 0.36 ± 0.17 0.36 ± 0.20 0.43 ± 0.23 0.18 ± 0.12

6 0.14 ± 0.14 0.00 ± 0.00 0.36 ± 0.20 0.09 ± 0.09

7 0.00 ± 0.00 0.91 ± 0.09 0.07 ± 0.07 0.09 ± 0.09

8 0.00 ± 0.00 0.00 ± 0.00 0.07 ± 0.07 0.00 ± 0.00

9 0.07 ± 0.07 0.00 ± 0.00 0.07 ± 0.07 0.00 ± 0.00

10 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

10+ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

To assess the duration of drinking bouts, consecutive non-zero cells were tabulated, starting with one non-zero cell flanked by zero cells and ending
with ten non-zero cells flanked by zero cells. There was no main effect of treatment on bout duration during initiation drinking. Data are presented
as mean ± SEM.
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Table 5

Volume of 6% and 12% ethanol consumed by pHSV-GFP and pHSV-HA1B/GFP animals during maintenance
drinking.

Forced Access Free Choice Access

pHSV-GFP pHSV-HA1B/GFP pHSV-GFP pHSV-HA1B/GFP

6% EtOH
(g) 27.31 ± 3.98 26.78 ± 1.58 8.65 ± 5.61 3.17 ± 1.00

12%
EtOH (g) 3.39 ± 1.04 3.84 ± 1.10 1.97 ± 0.37 2.61 ± 1.05

Fluid volumes are in grams and represent the average amount consumed per day. There were no significant differences between groups in the
consumption 6% or 12% ethanol during maintenance. Data are presented as mean ± SEM.
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Table 6

Ethanol consumption by day during maintenance drinking (g/kg).

Total EtOH (g/kg)

pHSV-GFP pHSV-HA1B/GFP

Day 1 7.22 ± 0.74 6.31 ± 0.49

Day 2 5.19 ± 0.81 5.63 ± 0.38

Day 3 5.19 ± 0.59 5.24 ± 0.33

Day 5 3.96 ± 0.62 3.40 ± 0.19

Day 6 1.76 ± 1.40 0.79 ± 1.15

Day 7 1.50 ± 0.75 0.74 ± 0.17

Day 8 1.45 ± 0.90 0.85 ± 0.12

Day 9 1.97 ± 0.93 0.80 ± 0.21

Day
10 2.56 ± 0.93 1.97 ± 0.26

Data are represented as grams of ethanol consumed per kg of body weight. Day 4 was the stereotaxic injection day; the dotted line separates forced
from choice ethanol exposure. Data are presented as mean ± SEM.
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Table 7

Distribution of lick frequencies during free access to ethanol during maintenance drinking.

pHSV-GFP pHSV-HA1B/GFP

1–600 29.2 ± 11.0 29.4 ± 7.73

601–1200 1.83 ± 0.34 2.02 ± 0.23

1201–1800 0.06 ± 0.04 0.44 ± 0.09

1801–2400 0.03 ± 0.03 0.22 ± 0.06

The number of licks on ethanol sippers during five minute bouts was recorded. Since animals sometimes alternated between 6% and 12% ethanol,
these are combined for this analysis. Bouts were then divided into four ranges: low, medium, high, and very high. There were no differences in
licking frequency during maintenance drinking. Data are presented as mean ± SEM.
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Table 8

Duration of drinking bouts during free access maintenance drinking.

6% 12%

pHSV-GFP pHSV-HA1B/GFP* pHSV-GFP pHSV-HA1 B/GFP*

1 109.56 ± 11.85 121.88 ± 17.80 79.56 ± 12.48 127.25 ± 14.48

2 22.56 ± 3.78 26.38 ± 4.57 11.56 ± 2.66 20.75 ± 3.62

3 2.89 ± 0.92 2.63 ± 1.07 0.67 ± 0.37 0.87 ± 0.30

4 0.33 ± 0.33 0.88 ± 0.35 0.56 ± 0.34 0.25 ± 0.16

5 0.33 ± 0.17 0.13 ± 0.13 0.11 ± 0.11 0.00 ± 0.00

6 0.00 ± 0.00 0.13 ± 0.13 0.00 ± 0.00 0.00 ± 0.00

7 0.00 ± 0.00 0.00 ± 0.00 0.22 ± 0.15 0.00 ± 0.00

8 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

9 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

10 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

10+ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

To assess the duration of drinking bouts, consecutive non-zero cells were tabulated, starting with one non-zero cell flanked by zero cells and ending
with ten non-zero cells flanked by zero cells. There was no main effect of treatment on bout duration during initiation drinking. Data are presented
as mean ± SEM
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Table 9

Summary of the effects of 5-HT1B overexpression on drinking behavior.

Initiation Maintenance

6% 12% 6% 12%

Volume of ethanol consumed ↔ ↑ ↔ ↔

Average number of bouts/day ↑ ↔ ↔ ↑

Average number of bouts ↑ ↔ ↔ ↑

Average number of licks/day ↔ ↔ ↔ ↑

Bout duration ↔ ↔ ↑ ↑

High frequency licking bouts ↑ (combined %) ↔ (combined %)
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