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Abstract
Previous studies using genetic and lesion approaches have shown that the neuropeptide Urocortin 1
(Ucn1) is involved in regulating alcohol consumption. Ucn1 is a corticotropin releasing factor (CRF)-
like peptide that binds CRF1 and CRF2 receptors. Perioculomotor urocortin-containing neurons
(pIIIu), also known as the non-preganglionic Edinger-Westphal nucleus, are the major source of
Ucn1 in the brain and are known to innervate the lateral septum. Thus, the present study tested whether
Ucn1 could regulate alcohol consumption through the lateral septum. In a series of experiments Ucn1
or CRF were bilaterally injected at various doses into the lateral septum of male C57BL/6J mice.
Consumption of 20% v/v ethanol or water was tested immediately after the injections using a
modification of a 2-hour limited access sweetener-free “drinking-in-the-dark” procedure. Ucn1
significantly suppressed ethanol consumption when administered prior to the third ethanol drinking
session (the expression phase of ethanol drinking) at doses as low as 6 pmol. Ethanol intake was
differentially sensitive to Ucn1, as equivalent doses of this peptide did not suppress water
consumption. In contrast, CRF suppressed both ethanol and water intake at 40 and 60 pmol, but not
at lower doses. Repeated administration of Ucn1 during the acquisition of alcohol consumption
showed that 40 pmol (but not 2 or 0.1 pmol) significantly attenuated ethanol intake. Repeated
administration of Ucn1 also resulted in a decrease of ethanol intake in sham-injected animals, a
finding suggesting that the suppressive effect of Ucn1 on ethanol intake can be conditioned. Taken
together, these studies confirm the importance of lateral septum innervation by Ucn1 in the regulation
of alcohol consumption.

A variety of evidence has suggested that the neuropeptide corticotropin releasing factor (CRF)
plays an important role in the development of alcoholism (Koob and Le Moal, 2001). CRF is
known as the prototypical ligand acting on CRF receptors (Vale et al., 1981). However, recent
studies indicate that CRF is not the sole ligand of CRF receptors, and that the endogenous
neuropeptides urocortin 1 (Ucn1), urocortin 2 (Ucn2, also known as stresscopin-related
peptide) and urocortin 3 (Ucn3, also known as stresscopin) also bind these receptors (Vaughan
et al., 1995, Hsu and Hsueh, 2001, Lewis et al., 2001, Reyes et al., 2001). Moreover, these
studies show that all three urocortins have higher affinity than CRF at CRF2 receptors, and
that Ucn1 has higher or equal affinity than CRF at CRF1 receptors. The complexity of the CRF
system requires that the potential role of each of the CRF-like peptides be considered in
studying the pathogenesis of alcoholism.
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While substantial evidence has accumulated that CRF plays a role in withdrawal- and stress-
induced increases in alcohol drinking (Sarnyai et al., 2001, Weiss et al., 2001, Olive et al.,
2002, Breese et al., 2005, Finn et al., 2007) recent studies show that Ucn1 is also important for
controlling alcohol intake (Ryabinin and Weitemier, 2006). Ucn1 in the brain is primarily
expressed in the perioculomotor urocortin-containing population of neurons (pIIIu), a brain
region also known as the non-preganglionic Edinger-Westphal nucleus (npEW) (Vaughan et
al., 1995, Kozicz et al., 1998, Ryabinin et al., 2005, Weitemier et al., 2005, May et al., 2007).
The pIIIu sends its projections to the lateral septum, dorsal raphe, spinal cord and several other
brain regions, but not brain regions traditionally thought to be involved in the rewarding
properties of drugs of abuse, such as the nucleus accumbens or amygdala (Bittencourt et al.,
1999, Bachtell et al., 2004, Weitemier et al., 2005). Importantly, it has been repeatedly shown
that alcohol consumption in mice and rats leads to preferential induction of the activity marker
c-Fos in pIIIu (Topple et al., 1988, Bachtell et al., 1999, Ryabinin et al., 2001, Weitemier et
al., 2001). Moreover, genetic studies have shown that the ethanol-preferring C57BL/6J inbred
strain has significantly more Ucn1-positive cells than the alcohol-avoiding DBA/2J inbred
strain (Bachtell et al., 2002, Weitemier et al., 2005). Similarly, mice selectively-bred for
increased alcohol consumption have higher numbers of Ucn1-containing neurons in the pIIIu
than mice selectively-bred for low alcohol consumption (Bachtell et al., 2003), with a
comparable line difference in mice selectively-bred for high versus low alcohol-induced place
preference (Kiianmaa et al., 2003). While the data in rats selectively-bred for differences in
alcohol intake are more complex with differences between lines in both directions, a meta-
analysis has shown that all of the alcohol-preferring rat lines analyzed to date have higher
numbers of Ucn1-containing fibers in the lateral septum than the alcohol-avoiding rats (Turek
and Ryabinin, 2005). These findings suggest that Ucn1’s regulation of alcohol consumption
occurs through innervation of the lateral septum.

In agreement with genetic studies, lesions of the pIIIu in mice, a procedure leading to a decrease
in Ucn1 innervation of the lateral septum, decreased ethanol consumption (Bachtell et al.,
2004, Weitemier and Ryabinin, 2005). More recent studies have shown that injections of Ucn1
into the dorsal raphe, another important target of the pIIIu, reduced food and water consumption
without affecting alcohol preference (Weitemier and Ryabinin, 2006). Therefore, we
hypothesized that the lateral septum was the brain region innervated by Ucn1 that could regulate
alcohol consumption.

To test this hypothesis we used a recently developed “drinking-in-the-dark” (DID) procedure.
This procedure takes advantage of higher levels of activity, fluid and alcohol consumption that
are observed in mice during early hours into the dark portion of the circadian cycle (Freund,
1970, Goldstein and Kakihana, 1977, Kurokawa et al., 2000). Placing the ethanol-containing
drinking cylinders onto mouse cages at the peak time of activity allows mice to achieve high
levels of ethanol intake during a short period of time with no need of fluid deprivation or
sweetened ethanol solutions (Ryabinin et al., 2003b, Sharpe et al., 2005). Alcohol intake in
such a procedure leads to high blood ethanol levels accompanied by significant signs of alcohol
intoxication, making this a relevant model of human alcohol consumption (Rhodes et al.,
2005, Sharpe et al., 2005, Rhodes et al., 2007). At the same time, the relatively short alcohol
DID session permits the detection of potentially transient effects of experimental manipulations
on ethanol intake.

The first three experiments of this study compared the effects of different doses of CRF and
Ucn1 on the expression of alcohol drinking in mice using the DID procedure (during the third
drinking session). The fourth experiment tested the effects of repeated Ucn1 administration
during the acquisition of alcohol consumption in the first three DID drinking sessions, as well
as the possibility of conditioning effects of Ucn1 on ethanol drinking in the fourth drinking
session performed without administration of Ucn1.
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Materials and Methods
Experimental subjects

Drug naive male C57BL/6J mice were either purchased from Jackson Laboratories West
(Davis, CA) or obtained from in-house breeding at the Portland VA Medical Center. Mice were
housed at 4-5 per cage with food and water available ad libitum on a reverse light:dark cycle
(lights off at 8AM). At six to seven weeks of age mice underwent a surgery to implant bilateral
cannulae aimed at the lateral septum. Animals were housed individually after surgery until the
end of the experiment. Experiments were initiated at 6-8 days following surgery. During the
two days prior to experiments, the water bottles were replaced with drinking tubes containing
water to habituate mice to drinking from the tubes. Drinking tubes were standard 25 ml
graduated cylinders that were fitted with sipper tubes and allowed volumes to be read to the
nearest 0.1 ml. Average volume depleted from tubes in control cages were subtracted from
individual values for each mouse on each day to control for spillage or evaporation. Mice were
handled and weighed on each of these days. A recent 2-hour version of the DID procedure was
adapted to investigate the effects of the neuropeptides on alcohol consumption (Rhodes et al.,
2005, Rhodes et al., 2007). This version is different from the earlier developed procedure in
that animals are not exposed to gradually increasing concentrations of ethanol (Ryabinin et al.,
2003, Sharpe et al, 2005), but are immediately offered a 20% ethanol solution. Both versions
of the procedure result in behavioral intoxication and blood alcohol levels of 1.5 mg/ml without
the need for food or water deprivation (Ryabinin et al., 2003b, Rhodes et al., 2005, Sharpe et
al., 2005, Rhodes et al., 2007). The drinking cylinders containing 20% ethanol were replaced
with drinking cylinders containing water immediately after the 2-hour drinking session until
the next day. All manipulations during the dark phase of the circadian cycle were performed
under red light illumination. Procedural details for each experiment are provided in Table 1.

All procedures were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted and disseminated by the U.S. National Institutes of Health and
were approved by the local Institutional Animal Care and Use Committee. Every effort was
made to minimize the number of animals used and their suffering.

Surgery
Under isoflurane anesthesia, mice were placed into a stereotaxic apparatus (Cartesian
Instruments, Sterotaxic Alignment System; David Kopf Inc.) and implanted with 26 gauge
stainless steel guide cannulae (Plastics One, Roanoke, VA) directly above the lateral septum.
Depending on the experiment, implant coordinates were: AP; range of +0.24 to +0.26 from
Bregma; L ±0.35 mm from the midsaggital suture; V; range of -2.0 to -2.5 from the skull surface
according to the atlas of Paxinos & Franklin (2001). Once implanted, guide cannulae were
secured to an array of four skull screws using dental acrylic and were kept patent with 33 gauge
stylets (Plastics One). Animals were allowed a minimum of one week for recovery. For delivery
of drugs into the lateral septum, microinjectors made from stainless steel hypodermic tubing
(200 μm OD; Small Parts, Miami Lakes, FL) were lowered to a point 0.8 mm beyond the guide
cannulae to reach -2.8 to -3.3 mm ventral to the skull.

Experiment 1. Effect of a single dose of Ucn1 or CRF on limited access ethanol consumption
On the first day of the experiment, animals were briefly handled, weighed and placed back into
their cage at 2-3 hours into the dark phase. The water-containing drinking cylinders were then
replaced with cylinders containing 20% v/v ethanol for two hours. Ethanol consumption was
analyzed by measuring the decrease in fluid level. After the ethanol drinking session, water-
containing cylinders were placed back onto the cage. At the identical time on Day 2 of the
experiment, animals were microinjected with 200 nl/side of vehicle approximately 5-15 min
prior to their 2 hours of access to the ethanol-containing cylinders. At the same time on Day
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3, separate groups of animals received a microinjection of 40 pmol (20 pmol/side) of Ucn1,
CRF or vehicle approximately 5-15 min prior to their 2 hours of ethanol access. Drug infusions
were delivered in a volume of 200 nl over 1 minute, followed by a 30 second waiting period
to allow diffusion of the peptides away from the tips of the microinjectors. Ucn 1 and CRF
peptides were purchased from Phoenix Pharmaceuticals (Burlingame, CA). Since Ucn1 is
highly hydrophobic, the vehicle in this experiment was artificial cerebral spinal fluid (ACSF)
containing 50% DMSO. ACSF consisted of (in mM) 120 NaCl, 4.8 KCl, 2.5 CaCl2; 1.2
MgCl2; 25 NaHCO3; 1.2 NaH2PO4; pH 7.4.

Experiment 2. Effect of CRF dose response on limited access ethanol and water consumption
This experiment was performed similarly to the one described in Experiment 1, except that
only CRF (and not Ucn1) was bilaterally injected in the following doses: 0, 6, 20 or 60 pmol
per animal (0, 3, 10 or 30 pmol in 300 nl per side) and that it consisted of two phases. Phase 1
of this experiment was designed to test the effects of CRF on ethanol consumption. Phase 2
was designed to test the effects of CRF on water consumption. Since CRF is not hydrophobic,
ACSF (without DMSO) served as the vehicle. As in experiment 1, on Day 1 of Phase 1,
consumption of 20% ethanol was measured following handling of animals, on Day 2 following
sham-injections, and on Day 3 following injections of CRF. In addition, a 2-hour ethanol
drinking session was performed on Day 4 to test if exposure to the peptide during the previous
day (i.e. Day 3) had any residual effect on ethanol consumption on the following day. Since
water-containing cylinders were replaced after each 2-hour session, we also measured water
intake during the 22 hours between ethanol-drinking sessions. This measurement helped to
ensure that there were no prolonged effects of the peptides on water consumption following
the ethanol drinking sessions. Following the 4 days of ethanol drinking sessions, the animals
were given 7 days of rest (water consumption, no handling) prior to Phase 2 of the experiment.
Phase 2 was conducted exactly like Phase 1, except that water (instead of a 20% ethanol
solution) was used during the 2-hour drinking session. This phase tested whether the effects
of CRF were specific to ethanol consumption.

Experiment 3. Effect of Ucn1 dose response on limited access ethanol and water
consumption

This experiment was performed as described in Experiment 2 with Phase 1 testing ethanol
consumption and Phase 2 testing water consumption. The exception was that Ucn1 (and not
CRF) was bilaterally injected at the same doses as in Experiment 2 (0, 6, 20 and 60 pmol per
animal). ACSF containing 50% DMSO served as a vehicle. Microinjection parameters were
identical to those used in Experiment 2.

Experiment 4. Effect of Ucn1 dose response on the acquisition of limited access ethanol
intake with the DID procedure

In this experiment, separate groups of animals were repeatedly injected with Ucn1 in the
following doses: 0, 0.1, 2 and 40 pmol per animal (0, 0.05, 1 or 20 pmol in 200 nl per side).
Animals were randomly assigned to a dose condition and received a daily microinjection of
Ucn1 at 3 hours into the dark cycle on Days 1-3, immediately prior to the 2-hour drinking
session with 20% ethanol. ACSF containing 25% DMSO was used as the vehicle in this
experiment.

Consumption of water was measured for 22 hours between ethanol drinking sessions. Finally,
at the same time of day on Day 4, animals received a sham injection prior to their 2 hours of
ethanol access to test whether repeated experience with ethanol and Ucn1 altered alcohol
consumption.
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Histology and Data analysis
At the end of the studies, brains were removed and immediately frozen in isopentane on dry
ice. Brains were sliced on a cryostat (40 μm sections) and mounted to identify injection tracks.
Only animals with confirmed bilateral injection placements in the intermediate and dorsal
portions of the lateral septum were included in statistical analyses. There were no animals in
which injections were located in the ventral portion of lateral septum. Because the missed
locations of microinjections were either complete misses (typically dorsal location) or hit only
one side of the lateral septum (resulting in injection of half the peptide dose into the lateral
septum), these groups could not be combined as position controls in the statistical analysis.

Ethanol dose (g/kg) and water intake (ml) were the dependent measures that were analyzed.
All statistical analyses were performed with the Statview 5 software package (SAS Institute
Inc.). Since peptides were injected only during one experimental day for Experiments 1-3, a
one-way ANOVA was used to analyze the differences between groups on each experimental
day. In Experiments 2 and 3, this analysis was followed by a mixed-design ANOVA comparing
groups of animals differing in ethanol or water consumption (between-subject factor) across
two days (within-subject factor). In Experiment 4, a mixed design ANOVA (with treatment as
between-subject factor and day as within-subject factor) was used for days with repeated
peptide treatment. Data from Day 4 of Experiment 4 (with sham injections) were analyzed by
a one-way ANOVA. Body weights in each experiment were analyzed by repeated measures
ANOVA (treatment as between-subject factor and day as within-subject factor). No significant
effects of treatment or treatment by day interactions were observed for body weight, indicating
that the effects of treatments on ethanol or water intake were not influenced by body weight
(data not shown).

Results
Experiment 1. Effect of a single dose of Ucn1 or CRF on limited access ethanol consumption

This experiment compared the effect of 40 pmol CRF or Ucn1 on ethanol consumption using
the 2-hour “drinking-in-the-dark” procedure during the third ethanol DID session. Of twenty-
four mice that began the experiment, one mouse was eliminated because of lost cannula
patency. Fourteen animals were confirmed to have correct bilateral placement of injections
and were used in the statistical analysis (Figure 1). On the two days prior to peptide
microinjection, ethanol consumption did not differ between the groups of animals subsequently
assigned to the different treatments [F(2,11)=1.27, p=n.s. on Day 2, Figure 2]. On Day 3, a
significant attenuation of ethanol intake was observed after administration of either 40 pmol
CRF or 40 pmol Ucn1 [F(2,11)=10.33, p=0.003]. Post-hoc Fisher’s PLSD confirmed a
significant difference in intake between the vehicle versus the CRF (p=0.002) and the Ucn1
(p=0.002) groups. Ethanol intake did not differ between the animals injected with CRF or Ucn1.
There were no group differences in water intake during the 22 hours after the 2-hour ethanol
drinking session [F(2,11)=1.7, p=n.s.], indicating that the peptide injections did not have a
prolonged effect on fluid consumption.

Experiment 2. Effect of CRF dose response on limited access ethanol and water consumption
This experiment tested the effect of three different doses of CRF on ethanol or water
consumption during the third DID session in Phase 1 or Phase 2 of the experiment, respectively.
Of the forty-three mice that began the experiment, twenty-six animals were confirmed to have
correct bilateral placement of injections and were used in statistical analysis. On the two days
prior to CRF microinjection, there were no differences in ethanol intake between the groups
of animals subsequently assigned to the different CRF dose groups [F(3,22)=0.43, p=n.s. for
Day 2, Figure 3]. On Day 3, a significant attenuation of ethanol intake was observed after
administration of the 60 pmol dose of CRF, but not after other doses of this peptide [F(3,22)
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=3.5, p=0.033]. Post-hoc Fisher’s PLSD confirmed that there was a significant difference in
intake between the animals injected with 60 pmol CRF versus the vehicle-injected animals
(p=0.009) and versus the animals injected with 6 pmol CRF. Ethanol consumption was also
analyzed by a repeated measures ANOVA, comparing animals treated with 60 pmol of CRF
versus all other animals (between-subjects comparison) across the baseline day and day of
treatment (within-subject comparison). This analysis showed a significant effect of treatment
[F(1,24)=4.3, p=0.049], significant effect of day [F(1,24)=6.7, p=0.016] and a significant
interaction between these factors [F(1,24)]=5.09, p=0.034], confirming that differences in
ethanol consumption between animals treated with the high dose of CRF versus other groups
were not due to innate differences in ethanol consumption between individual mice. Additional
analysis showed that there were no group differences in water intake during the 22 hours after
the 2-hour ethanol drinking session [F(3,21)=1.58, p=n.s.], indicating a lack of prolonged
effects of peptide injections on water consumption. No residual effects of peptide injections
were observed on ethanol consumption during the DID session after sham injections on Day
4 of the experiment [F(3,22)=1.37, p=n.s., data not shown].

Phase 2 of the experiment replicated Phase 1, except that water (not ethanol) was used during
all DID sessions. During the two days preceding CRF microinjection, there were no differences
in water intake between the groups of animals that were subsequently assigned to the different
dose groups [F (3,22)=0.85, p=n.s. for Day 2], indicating lack of residual effects from the
previous phase of the experiment. On Day 3, a significant attenuation of water intake was
observed after administration of the 60 pmol dose of CRF, but not after other doses of this
peptide [F(3,22)=5.31, p=0.007]. Post-hoc Fisher’s PLSD confirmed that water intake was
significantly decreased in the animals injected with the 60 pmol dose of CRF, when compared
with values in the animals injected with vehicle (p=0.015), 6 pmol of CRF (p=0.003), and 20
pmol of CRF (p=0.006). These data indicated that the intra-lateral septum injection of CRF
attenuated intake during the DID sessions in a non-specific manner, inhibiting intake of both
ethanol and water. Water consumption was also analyzed by repeated measures ANOVA,
comparing animals treated with 60 pmol of CRF versus all other mice (between-subjects)
across the baseline day and day of treatment (within-subjects). This analysis showed a
significant effect of treatment [F(1,24)=13.3, p=0.0012], no effect of day [F(1,24)=0.28,
p=n.s.] and a significant interaction between these factors [F(1,24)]=7.64, p=0.011],
confirming that differences in water consumption between animals treated with the high dose
of CRF versus other groups were not due to innate differences in water consumption between
individual animals. Similar to Phase 1 of this experiment, there were no prolonged effects of
CRF during the 22 hours after the 2-hour water DID session [F(3,22)=1.89, p=n.s.] and no
residual effects of CRF on water intake after sham injections on Day 4 [F(3,22)=2.55, p=n.s.,
data not shown].

Experiment 3. Effect of Ucn1 dose response on limited access ethanol and water
consumption

This experiment tested the effect of three different doses of Ucn1 on ethanol or water
consumption during the third DID session in Phase 1 or Phase 2 of the experiment, respectively.
Of the forty-nine mice that began the experiment, five animals were eliminated from the study
because of lack of cannulae patency. Twenty-six animals were confirmed to have correct
bilateral placement of injections and were used in the statistical analysis. During the two days
preceding Ucn1 microinjection, there were no differences in ethanol intake between the groups
of animals subsequently assigned to different dose groups [F(3,22)=0.41, p=n.s. for Day 2,
Figure 4]. On Day 3, a significant attenuation of ethanol intake was observed after
administration of all doses of Ucn1 [F(3,22)=5.39, p=0.006]. Post-hoc Fisher’s PLSD
confirmed that ethanol intake in the vehicle-injected animals was significantly higher than
values in the mice microinjected with 6 pmol (p=0.016), 20 pmol (p=0.0006), and 60 pmol

Ryabinin et al. Page 6

Neuroscience. Author manuscript; available in PMC 2009 February 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(p=0.017) of Ucn1. Ethanol intake did not differ between the animals injected with the different
doses of Ucn1. Thus, Ucn1 appeared to have higher potency to inhibit ethanol consumption
than CRF. Ethanol consumption was also analyzed by repeated measures ANOVA, comparing
animals treated with vehicle versus all animals treated with Ucn1 (between-subjects) across
the baseline day and day of treatment (within-subjects). This analysis showed a significant
effect of treatment [F(1,24)=12.9, p=0.0015], a significant effect of day [F(1,24)=9.67,
p=0.0048] and a significant interaction between these factors [F(1,24)]=5.19, p=0.032],
confirming that differences in ethanol consumption between animals treated with Ucn1 versus
vehicle were not due to innate differences in water consumption between individual animals.
There were no significant group differences in water intake during the 22 hours after the 2-
hour ethanol drinking session [F(3,22=2.63, p=n.s.], suggesting a lack of prolonged effect of
peptide microinjections on water consumption. Likewise, there were no residual effects of
peptide injections on ethanol consumption during the DID session after sham injections on
Day 4 of the experiment [F(3,22)=0.16, p=n.s., data not shown].

Phase 2 of the experiment replicated Phase 1, except that water (not ethanol) was used during
all DID sessions. During the two days preceding Ucn1 microinjection, there were no
differences in water intake between the groups of animals that were subsequently assigned to
the different dose groups [F(3,22)=0.67, p=n.s. for Day 2], indicating a lack of any carry-over
effects from the previous phase of the experiment. There were no significant effects of Ucn1
on water intake during the DID session on Day 3 [F(3,22)=1.04, p=n.s.], nor were there any
effects of the peptide on water consumption during the 22 hours after the DID water drinking
session [F(3,22)=2.59, p=n.s., data not shown]. In agreement with these findings, a repeated
measures ANOVA, comparing animals treated with vehicle versus all animals treated with
Ucn1 (between-subjects) across the baseline day and day of treatment (within-subjects) showed
no significant effect of treatment [F(1,24)=0.05, p=n.s.], a significant effect of day [F(1,24)
=12.4, p=0.002] and no significant interaction between these factors [F(1,24) =1.12, p=n.s.].
These results indicated that Ucn1 inhibited intake in a specific manner, such that ethanol, but
not water intake was affected by Ucn1 microinjection into the lateral septum.

Experiment 4. Effect of Ucn1 dose response on the acquisition of limited access ethanol
intake with the DID procedure

This experiment tested the effects of intra-lateral septum administration of Ucn1 on ethanol
intake during the first three sessions of DID, as well as potential conditioning effects of repeated
Ucn1 administration on subsequent ethanol intake. It also explored a wider dose range of the
peptide. Of thirty-two mice that began the experiment, twenty animals were confirmed to have
correct bilateral placement of injections and were used in the statistical analysis. A mixed-
design repeated measures ANOVA performed on ethanol intake during the first 3 days of
ethanol intake, showed a significant effect of Ucn1 dose [F(3,16)=4.84, p=0.014], but not of
day [F(2,32)=0.41, p=n.s.], and no dose by day interaction [F(6,32)=0.15, p=n.s., Figure 5].
Post-hoc Fisher PLSD analysis of average intake over the three DID sessions showed that
ethanol intake in the mice microinjected with the 40 pmol dose of Ucn1 was significantly lower
than values in mice injected with vehicle (p=0.008), 2 pmol (p=0.026) and 0.1 pmol (p=0.002)
of Ucn1. These data indicated that Ucn1 suppressed ethanol intake during the acquisition phase
of the DID procedure. Ethanol intake on the fourth DID session (after animals received sham
injections) was also significantly attenuated [F(3,16)=5.08, p=0.012]. Fisher PLSD performed
on the Day 4 data confirmed that ethanol intake in the mice that had previously received 40
pmol of Ucn1 was significantly lower, versus animals that had previously received vehicle
(p=0.002) and 2 pmol of Ucn1 (p=0.023). On Day 4, there also was a significant difference in
ethanol intake between animals that had previously been injected with vehicle and animals
previously injected with 0.1 pmol of Ucn1 (p=0.021). These data suggested that there might
be a conditioning effect of repeated Ucn1 injections on subsequent ethanol intake.
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A mixed-design repeated measures ANOVA on water intake during the 22 hours following
the 2-hour ethanol DID session showed no significant effect of Ucn1 dose [F(3,16)=0.24,
p=n.s.] and no significant effect of day [F(2,32)=0.76, p=n.s.]. A significant interaction
between day and dose was observed [F(6,32)=5.45, p=0.0006], reflecting a tendency towards
lower intake of water on Day 1 in animals microinjected with 60 pmol of Ucn1. However, this
tendency was not statistically significant when a post-hoc one-way ANOVA was performed
on water intake on data from Day 1 [F(3,16)=2.58, p=n.s.]. Similarly, no significant effects of
preceding repeated administration of Ucn1 on the 22-hour water intake were observed on Day
4 [F(3,16)=1.97, p=n.s.]. Taken together these data indicated that Ucn1 has suppressive effects
on ethanol intake during the acquisition of limited access ethanol intake with the DID
procedure, that repeated Ucn1 injections may lead to conditioning of the effect on ethanol
intake, and that Ucn1 injections had no long-term effects on water consumption.

Discussion
The results of these experiments provide strong evidence for the involvement of the CRF/
urocortin system in the regulation of alcohol consumption. Importantly, while the majority of
studies in this field focus on the importance of CRF, our studies clearly show that Ucn1 could
play an equal, if not a greater role in the regulation of alcohol intake. Overall, intra-lateral
septum injection of Ucn1 significantly decreased alcohol consumption at picomolar doses in
contrast to water, which was not affected by Ucn1 at these doses. Ethanol consumption
appeared differentially sensitive to Ucn1 because CRF decreased ethanol consumption only at
the highest dose (60 pmol), and both ethanol and water consumption were affected by CRF
microinjections. Ucn1 was capable of suppressing ethanol intake both when it was
administered prior to the third ethanol drinking session, presumably influencing the expression
of ethanol intake, and when it was administered during the first three ethanol drinking sessions,
presumably affecting the acquisition of ethanol self-administration. Moreover, while injections
of this peptide did not have significant prolonged effects on fluid consumption beyond the 2-
hour ethanol drinking session, a history of repeated Ucn1 injections led to decreased ethanol
intake in the absence of Ucn1, which may represent a conditioned response. Taken together,
these data suggest that Ucn1 affects the regulatory processes governing limited access ethanol
consumption.

Since Ucn1 is a peptide related to CRF, much attention has focused on its potential involvement
in the regulation of anxiety and the stress response (Bale and Vale, 2004, Gysling et al.,
2004, Kozicz, 2007). While the data on its involvement in the regulation of these responses
remain not without contradictions, with different results depending on the species and stress
paradigm (Weninger et al., 2000, Vetter et al., 2002, Wang et al., 2002, Gaszner et al., 2004,
Kozicz et al., 2004, Turek and Ryabinin, 2005), it is important to consider whether anxiety or
stress could contribute to the results observed in the present studies. In fact, several studies
have shown that intra-lateral septum injection of CRF or related peptides could induce anxiety-
related responses (Radulovic et al., 1999, Henry et al., 2006), while intra-lateral septum
injection of CRF2 receptor antagonists could attenuate them (Radulovic et al., 1999, Bakshi
et al., 2002). However, the threshold doses of Ucn1 that were capable of decreasing ethanol
consumption in our procedure (6 pmol) are substantially lower than doses of CRF (100 but not
20 pmol) or doses of Ucn2 (240 but not 48 pmol) that have been reported to increase anxiety-
like behavior in mice (Radulovic et al., 1999, Henry et al., 2006).

It has been suggested that exposure to immobilization stress can increase the sensitivity of
anxiety responses in mice to intra-lateral septum Ucn2 injections. Although it is unlikely that
mice in our procedure experience levels of anxiety similar to those produced by immobilization
stress, it is important to note that our 6 pmol dose was lower than the dose of Ucn2 necessary
to produce an increase in anxiety in mice stressed by immobilization (48, but not 4.8 pmol,
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(Henry et al., 2006)). Theoretically it is possible that Ucn1 used in our study would be more
potent than CRF or Ucn2 in producing anxiety, by acting on both CRF1 and CRF2 receptors.
However, previous studies have shown that the effects of stress-induced anxiety are mediated
by CRF2, and not CRF1 receptors (Henry et al., 2006, Todorovic et al., 2007). Therefore, it is
unlikely that activation of CRF1 and CRF2 receptors by Ucn1 would have additive effects
exceeding its action at CRF2 receptors.

Taking into account the above mentioned doses of peptides required for anxiogenic effects, it
is possible that the non-specific effects of the highest doses of CRF on ethanol and water
consumption observed in our experiments were mediated by increased anxiety following these
injections. In contrast, Ucn1 did not exert a non-specific effect on fluid consumption, exhibiting
a selective effect on ethanol intake. Therefore, it is much more likely that the effects of Ucn1
on ethanol intake were not mediated by concomitant effects on anxiety. This conclusion
concurs with early studies showing that intracerebroventricular administration of Ucn1 was
more effective than CRF at reducing food intake, but less effective at increasing anxiety (Spina
et al., 1996).

Since the selectivity of the effects of Ucn1 on ethanol consumption is suggested by lack of
effects on water intake in Experiment 3, the possibility of test-order effects should be
acknowledged. Theoretically, one can envision that a single exposure to picomolar doses of
Ucn1 (as low as 6 and 20 pmol) could lead to insensitivity of lateral septum to subsequent
administrations of this peptide. However, such desensitization did not occur in the Experiment
4, even with a higher (40 pmol) dose of Ucn1. Therefore, we believe it is unlikely that test-
order effects contributed to the selectivity of Ucn1’s effect on ethanol consumption (and lack
of effect on water consumption with subsequent microinjection) in Experiment 3.

Interestingly, it has been shown that intra-lateral septum injections of CRF-like peptides can
modulate learning independently of their effects of anxiety (Radulovic et al., 1999).
Importantly, these effects were mediated by lower doses of CRF and Ucn1 (20 pmol).
Therefore, we cannot exclude the possibility that Ucn1’s effect on alcohol consumption during
acquisition of alcohol drinking (Experiment 4) could be influenced by Ucn1’s effect on
learning. While an effect of repeated administration on learning might contribute to the putative
conditioned suppression of ethanol intake following the sham injection in Experiment 4, the
potential effect on learning cannot account for the Ucn1-mediated suppression of ethanol intake
following a single administration of the peptide (e.g., Day 3 of Experiments 1 and 3 or Day 1
of Experiment 4). Therefore, it seems more likely that Ucn1 influenced ethanol intake by
interfering with the regulatory processes governing alcohol consumption.

The role of the lateral septum in the reinforcing properties of food or drugs of abuse has been
studied less than that of the more traditionally investigated “reward” circuits. Therefore, it is
important to consider whether the observed effects of intra-lateral septum injections were
mediated by leakage of Ucn1 into other brain regions or into the ventricles.
Intracerebroventricular effects of peptides in our studies are unlikely because substantially
higher doses of Ucn1 are needed to produce significant effects on behavioral responses
(Swiergiel and Dunn, 1999, Bradbury et al., 2000, Sinnayah et al., 2003). The effects are also
not likely to be mediated by Ucn1 leakage to other brain regions because the majority of other
forebrain regions contain higher levels of CRFR1 than CRFR2 receptors, and one would expect
stronger or equal effects of CRF than Ucn1 in these brain regions (Potter et al., 1994, Chalmers
et al., 1995, Perrin et al., 1995, Turnbull and Rivier, 1997, Steckler and Holsboer, 1999, Fekete
and Zorrilla, 2006). In light of these facts, the role of the lateral septum in consumption of
ethanol needs to be given strong consideration.
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In agreement with this role, lesions of the lateral septum have been shown to increase water
consumption (Iovino and Steardo, 1985, Taghzouti et al., 1985, Vasudev et al., 1985) and food
consumption in rats (King and Nance, 1986, Oliveira et al., 1990). This suggests that the lateral
septum has suppressive effects on consummatory behaviors. Since lateral septal neurons are
preferentially GABAergic, lesions of this region would presumably disinhibit the
hypothalamus, a long-proposed integrator of consummatory responses (Leibowitz, 1992,
Elmquist et al., 1998, Inui, 1999). However, interpretation of these data are complicated by the
fact that the lateral septum is involved with other functions (including anxiety, as described
above), which would also contribute to the regulation of consummatory behaviors. In this
regard, it is important to note that one study to date investigated the effects of Ucn1 and CRF
microinjection into the lateral septum on food consumption. The results demonstrated that
relatively low doses of Ucn1 injected into the lateral septum (3-30 pmol) suppressed food
consumption in rats, and that this suppressive effect was longer lasting than that of equimolar
CRF (Wang and Kotz, 2002). No study prior to the present one has investigated the effects of
intra-septal injections of any substances on the reinforcing properties of addictive drugs. A
study using brain slices has shown that Ucn1 suppresses glutamatergic activation of neurons
in the lateral septum, and that repeated cocaine administration in rats reverses this effect (Liu
et al., 2004, Liu et al., 2005). The involvement of the lateral septum in the reinforcing effects
of drugs of abuse clearly deserves further investigation.

Given that Ucn1 exerted stronger and more specific effects on ethanol consumption than CRF,
it seems more likely that these effects are mediated through CRF2 and not CRF1 receptors.
Since the CRF2 receptor has high affinity to Ucn1, Ucn2 and Ucn3, it is important to note that
not only Ucn1, but also Ucn3, innervate this brain structure (Li et al., 2002). Therefore, we
cannot exclude the possibility that the consumption of alcohol could be regulated by either
Ucn1 or Ucn3. However, several studies that mapped expression of the immediate early gene
product c-Fos have shown that self-administration of alcohol leads to consistent activation of
the pIIIu, the major source of Ucn1 in the brain, but not brain areas containing Ucn3 (Topple
et al., 1988, Bachtell et al., 1999, Ryabinin et al., 2003a, Sharpe et al., 2005). Therefore, it
seems likely that Ucn1 from the pIIIu contributes to the regulation of alcohol consumption.

An important consideration is that previous studies using genetic and lesion approaches
correlated higher number of Ucn1-containing neurons in the pIIIu with higher ethanol intake
(Ryabinin and Weitemier, 2006). In contrast, our present study shows that application of Ucn1
suppresses ethanol intake. One potential explanation for this apparent discrepancy is that if
Ucn1 contributes to a reward signal associated with ethanol, exogenous application of Ucn1
could signal that the reward already has been achieved, resulting in no further effort to obtain
it (by alcohol consumption). However, in this case one would expect low doses of Ucn1 to
increase ethanol intake during acquisition of this behavior. Since our study included very low
doses of Ucn1, this reasoning seems unlikely. As an alternative explanation, since pIIIu neurons
contain other peptides besides Ucn1 as potential regulators of the rewarding properties of drugs
of abuse [including CART, CCK and neuropeptide B (Maciewicz et al., 1984, Innis and
Aghajanian, 1986, Couceyro et al., 1997, Kozicz, 2003, Tanaka et al., 2003)], it is possible that
synergistic actions of these peptides are needed to increase the rewarding properties of alcohol.
Lesions of the pIIIu or a study correlating the number of cells in the pIIIu with alcohol drinking
cannot directly test this possibility, but can only point to an importance of the brain region in
this behavior.

Taken together, our experiments show that the neuropeptide Ucn1 acts to suppress alcohol
consumption through the lateral septum. Further studies will be required to decipher the exact
role of the complex neurocircuits expressing Ucn1 in the regulation of the actions of alcohol
and other drugs of abuse.
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Figure 1. Neuroanatomical confirmation of successful injection into the lateral septum
Only data from animals with confirmed bilateral injections were used in the statistical analysis
of the behavioral experiments.
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Figure 2. Effects of a single dose of CRF or Ucn1 in the lateral septum on limited access ethanol
consumption
Left panel: Baseline intake of 20% v/v ethanol during a 2-hour session on Day 2 of Experiment
1 in three groups of animals after sham injections that were subsequently divided into treatment
groups. No significant differences between groups are observed. Right panel: Intake of 20%
ethanol during the 2-hour session on Day 3 of Experiment 1 following microinjections of
vehicle (Veh), 40 pmol CRF or 40 pmol Ucn1. Both CRF and Ucn1 significantly suppressed
ethanol consumption. The number of animals per group is shown in parenthesis.
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Figure 3. Dose dependent suppression of limited access ethanol and water consumption following
microinjection of CRF into the lateral septum
Top left panel: Baseline intake of 20% v/v ethanol during a 2-hour session on Day 2 of Phase
1 of Experiment 2 following sham injections in four groups of animals that were subsequently
divided into dose groups. No significant differences between groups are observed in baseline
2 hr ethanol intake. Top right panel: Intake of 20% ethanol during a 2-hour session on Day 3
of Phase 1 of Experiment 2 following microinjections of vehicle (Veh), 6, 20 or 60 pmol of
CRF. The highest dose of CRF significantly attenuated ethanol intake. Bottom left panel: Intake
of water during a 2-hour session on Day 2 of Phase 2 of Experiment 2 following sham injections
in four groups of animals that were subsequently divided into dose groups. No significant
differences are observed in baseline 2 hr water intake. Bottom right panel: Intake of water
during a 2-hour session on Day 3 of Phase 2 of Experiment 2 following injections of Veh, 6,
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20 or 60 pmol of CRF. The highest dose of CRF significantly attenuated water intake. The
number of animals per group is shown in parenthesis.
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Figure 4. Dose response of Ucn1’s suppressive effects on limited access ethanol but not water
consumption following intra-lateral septum microinjection
Top left panel: Baseline intake of 20% v/v ethanol during a 2-hour session on Day 2 of Phase
1 of Experiment 3 following sham injections in four groups of animals that were subsequently
divided into dose groups. No significant differences between groups are observed in baseline
2 hr ethanol intake. Top right panel: Intake of 20% ethanol during a 2-hour session on Day 3
of Phase 1 of Experiment 2 following injections of vehicle (Veh), 6, 20 or 60 pmol of Ucn1.
All three doses of Ucn1 significantly attenuated ethanol intake. Bottom left panel: Intake of
water during a 2-hour session on Day 2 of Phase 2 of Experiment 3 following sham injections
in four groups of animals that were subsequently divided into dose groups. No significant
differences are observed in baseline 2 hr water consumption. Bottom right panel: Intake of
water during a 2-hour session on Day 3 of Phase 2 of Experiment 2 following injections of
Veh, 6, 20 or 60 pmol of Ucn1. No significant differences between groups were found. The
number of animals per group is shown in parenthesis.
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Figure 5. Effects of repeated intra-lateral septum microinjection of Ucn1 on limited access ethanol
consumption
Top left panel: Intake of 20% v/v ethanol during 2-hour sessions on Days 1-3 of Experiment
4 following injections of 0 (vehicle), 0.1, 2 or 40 pmol of Ucn1. The highest dose of Ucn1 had
suppressive effects on ethanol consumption. Top right panel: Intake of 20% ethanol during a
2-hour session following a sham injection on Day 4 of Experiment 4 (these animals had
received 0, 0.1, 2 or 40 pmol of Ucn1 during the three days preceding Day 4, but not on Day
4). Animals with a history of repeated administration of 40 pmol of Ucn1 showed significantly
lower intakes of ethanol. Bottom left panel: Intake of water during the 22 hours after the 2-
hour ethanol drinking session during Days 1-3 of Experiment 4 (as a control for long-term
effects of Ucn1). No significant differences between groups are observed. Bottom right panel:
Intake of water during the 22 hours after the 2-hour ethanol drinking session following sham
injections on Day 4 of Experiment 4. No significant effects are observed. The number of
animals per group is shown in parenthesis (top panels).
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Table 1
General Experimental Design

Day 1 Day 2 Day 3 Day 4

Experiment 1
LS injection No injection Sham Vehicle

CRF (40 pmol)
Ucn1 (40 pmol)

Not tested

Drinking solution (2 hr
intake)

Ethanol Ethanol (baseline) Ethanol Not tested

Experiment 2
Phase 1

LS injection No injection Sham Vehicle
CRF (6, 20 or 60 pmol)

Sham

Drinking solution (2 hr
intake)

Ethanol Ethanol (baseline) Ethanol Ethanol

Phase 2 7 day break between Phase 1 & 2
LS injection No injection Sham Vehicle

CRF (6, 20 or 60 pmol)
Sham

Drinking solution (2 hr
intake)

Water Water (baseline) Water Water

Experiment 3
Phase 1

LS injection No injection Sham Vehicle
Ucn1 (6, 20 or 60 pmol)

Sham

Drinking solution (2 hr
intake)

Ethanol Ethanol (baseline) Ethanol Ethanol

Phase 2 7 day break between Phase 1 & 2
LS injection No injection Sham Vehicle

Ucn1 (6, 20 or 60 pmol)
Sham

Drinking solution (2 hr
intake)

Water Water (baseline) Water Water

Experiment 4
LS injection Vehicle

Ucn1 (0.1, 2 or 40
pmol)

Vehicle
Ucn1 (0.1, 2 or 40 pmol)

Vehicle
Ucn1 (0.1, 2 or 40 pmol)

Sham

Drinking solution (2 hr
intake)

Ethanol Ethanol Ethanol Ethanol
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