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Abstract

The perioculomotor urocortin-containing population of neurons (plllu: otherwise known as the non-
preganglionic Edinger-Westphal nucleus) is sensitive to alcohol and is involved in the regulation of
alcohol intake. A recent study indicated that this brain region is also sensitive to psychostimulants.
Since plllu has been shown to respond to stress, we investigated how psychostimulant-induced plliu
activation compares to stress- and ethanol-induced activation, and whether it is independent from a
generalized stress response. Several experiments were performed to test how the plllu responds to
psychostimulants by quantifying the number of Fos immunoreactive nuclei after acute intraperitoneal
injections of saline, 10-30 mg/kg cocaine, 5 mg/kg methamphetamine, 5 mg/kg amphetamine, 2.5
g/kg ethanol, 2 hours of restraint stress, 10 minutes of swim stress, or six applications of mild
footshock in male C57BL/6J mice. We also compared Fos immunoreactivity in plllu after acute (20
mg/kg cocaine) and repeated cocaine exposure (7 days of 20 mg/kg cocaine) injections in male
C57BL/6J mice in order to investigate the potential habituation of this response. Finally, we
quantified the number of Fos immunoreactive nuclei in plllu after administration of saline, 2.5 g/kg
ethanol, 20 mg/kg cocaine, or 2 hours of restraint stress in male Sprague-Dawley rats. We found that
exposure to psychostimulants and ethanol induced significantly higher Fos levels in plllu compared
to stress in mice. Furthermore, repeated cocaine injections did not decrease Fos immunoreactivity
as would be expected if this response was due to stress. In rats, exposure to ethanol, psychostimulant
and restraint stress all induced plllu Fos immunoreactivity compared to saline-injected controls. In
both mice and rats, ethanol- and cocaine-induced Fos immunoreactivity occured exclusively in
urocortin 1-, but not in tyrosine hydroxylase-, positive cells. These results provide evidence that the
plllu Fos-response to psychostimulants is independent of a generalized stress in mice, but not rats.
They additionally show that the plllu response to stress differs significantly between species.

Drug addiction is a significant health, social and economic problem. It is therefore important
to understand the neural pathways that may be involved in the intoxicating and addictive effects
of these drugs. Several neurocircuits, especially the pathways from the ventral tegmental area
to striatum, extended amygdala and prefrontal cortical areas, have emerged as important
components in these effects (for reviews see Koob & LeMoal, 2006; Feltenstein & See,
2008). A novel area that has recently been considered as a participant in the regulation of drug
self-administration is the perioculomotor-urocortin containing population of neurons (plllu:
also known as the non preganglionic-Edinger Westphal nucleus) (Weitemier et al., 2005;
Ryabinin & Weitemier, 2006; Horn et al., 2008; May et al., 2008).
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The plllu is the main source of neuropeptide urocortin 1 (Ucn 1) in the brain (Vaughan et al.,
1995; Kozicz et al., 1998; Bittencourt et al., 1999; Morin et al., 1999; Weitemier et al., 2005,
Ryabinin et al, 2005; May et al., 2008). Ucn 1 is a member of the corticotropin releasing factor
(CRF) family of peptides that binds with great affinity to both the CRF receptor 1 and 2
(Vaughan et al., 1995). This commonality with CRF intrinsically links Ucn 1 with the stress
response and anxiety. Indeed, an increase in immunoreactivity (ir) of inducible transcription
factors Fos and Egrl in has been observed in plllu following exposure to environmental
challenges in rats and birds (Kozicz, 2003; Gaszner et al., 2004; Cunha et al., 2007). However,
this sensitivity to stress is a matter of controversy, as exposing mice to several environmental
stressors did not result in increased Fos-ir in plllu (Turek & Ryabinin, 2005).

Importantly for drug addiction research, several lines of evidence accumulated that the pllliu
is involved in the neural response to and regulation of alcohol consumption. First, a robust
increase in Fos-ir in this nucleus was observed after experimental administration of alcohol in
rats and mice (Chang et al., 1995; Ryabinin et al., 1997; Bachtell et al. 2002a). Moreover,
increased Fos-ir following self-administration of alcohol in rodents occurred preferentially in
plllu (Topple et al., 1998; Bachtell et al., 1999; Weitemier et al., 2001; Ryabinin et al., 2003;
Sharpe et al., 2005). Second, a positive correlation between Ucn 1-ir and the genetic
predisposition to drink alcohol was observed in mice (Bachtell et al., 2002b; Bachtell et al.,
2003; Weitemier et al., 2005) and rats (Turek & Ryabinin, 2005). Third, lesions of the plllu
disrupted ethanol preference in C57BL/6J mice (Bachtell et al., 2004). The consistency of data
showing plllu’s sensitivity and involvement in alcohol self-administration is in contrast to a
very limited number of studies attempting to analyze the participation of this nucleus in actions
of other addictive drugs. Our laboratory showed that the mouse plllu is also responsive to
morphine, barbiturates and benzodiazepines, but not nicotine (Bachtell et al., 2001; Bachtell
etal. 2002b). Additional experiments in rats showed that this nucleus responds to opioids, ether
and gamma-hydroxybutyrate (Gaszner et al., 2004; Singh et al., 2004; Singh et al., 2006; van
Nieuwenhuijzen et al., 2009).

Recent studies in mice showed that administration of the psychostimulant methylphenidate
resulted in an increase of Fos-ir in plllu, an effect absent in mice with a genetic ablation of the
dopamine transporter. This study also reported that administration of cocaine and amphetamine
increased Fos-ir in plllu (Trinh etal., 2003). It appears worthwhile, therefore, to examine more
closely the role of plllu in behavioral responses to cocaine. However, the level of the plliu
Fos-ir to psychostimulants in the published study appeared weaker than in our previous studies
with ethanol (Bachtell et al., 2001; Bachtell et al., 2002a; Bachtell et al. 2002b). Since plllu
was reported to respond to environmental stressors in rats (Gaszner et al., 2004), one could not
exclude the possibility that psychostimulant-induced Fos-ir in plllu was due to a non-specific
stress reaction.

To address this possibility we performed a series of experiments comparing Fos-ir in mice and
rats following ethanol administration, stress, and administration of psychostimulants. The
present report summarizes these experiments and concludes that plllu’s response to
psychostimulants is independent of the stress response in mice, but not rats.

Materials and methods

Subjects

The National Institute of Health Guidelines for the Care and Use of Animals were followed

throughout all animal procedures. Male C57BL/6J mice purchased from Jackson Laboratory
(Bar Harbor, ME) and male Sprague Dawley rats purchased from Charles River Laboratory

(Wilmington, MA) were group-housed in standard plastic cages and kept on a 12-hour light/
dark cycle (lights on at 06:00). All animals were allowed ad libitum access to food (mice:
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LabDiet 5001, rats: Rodent Chow) and water. After arrival animals were acclimatized to
housing for 1 week prior to experimentation. For all experiments, animals ranged in age from
6-8 weeks.

Single drug injections

Animals were habituated to handling and intraperitoneal injections for 3 days prior to any drug
treatment. On the 4™ day animals were injected with saline, ethanol, cocaine, amphetamine,
or methamphetamine. Drugs were administered through intraperitoneal injections of 12 mi/kg
approximately 3 to 5 hours from the start of their light cycle and returned back to their home
cages. All drugs were dissolved in 0.9% saline. The final doses of administered drug were as
follows: 2.5 g/kg ethanol (as a 20% volume/volume solution), 10, 20, or 30 mg/kg cocaine and
5 mg/kg methamphetamine hydrochloride (National Institute on Drug Abuse drug supply
program: Research Triangle Institute, Research Triangle Park, NC), or 5 mg/kg amphetamine
sulfate (Sigma-Aldrich, St. Louis, MO).

Repeated drug injections

Stress

All drug preparations and administration protocol remained the same in both single and
repeated drug experiments. In the saline conditions mice received 7 days of saline injections;
in the ethanol and acute cocaine conditions mice received 6 days of saline and on the 7th day
received either 2.5 g/kg ethanol or 20 mg/kg cocaine; and in the repeated cocaine conditions
mice received 7 days of 20 mg/kg cocaine.

For restraint stress, animals were placed in a polypropylene restraint tube (mouse: 25 mm
diameter x 95 mm length; rat: 50 mm diameter x 200 mm length, PLAS Labs, Lansing, MI)
for 2 hours in the home cage. For swim stress, mice were placed for 10 minutes into a 2000 ml
glass beaker filled with 1000 ml of 30°C water. For footshock, mice were placed into a sound-
attenuated plexiglass chamber (20 x 25 x 12.5 cm) with a steel shock grid floor (San Diego
Instruments, San Diego, CA), where constant-current foot shock was applied at 0.75 mA
intensity 6 times with a 1-minute interval.

Tissue preparation

Two hours after injections or the start of the stressor, animals were euthanized by CO,
inhalation and brains were isolated. After removal, the brains were postfixed in 2%
paraformaldehyde in phosphate buffered saline (PBS) overnight and cryoprotected in 20% and
30% sucrose in PBS until saturation. Slices were collected with a CM1850 cryostat (Leica
Microsystems, Inc., Deerfield, IL). Immunohistochemistry was performed on 30 um mouse
and 40 um rat floating slices containing the entire plllu or nucleus accumbens.

Immunohistochemistry

To reveal the presence of Fos-containing cells, endogenous peroxidase activity was quenched
with 0.3% peroxide in PBS. Blocking was accomplished with 4.5% goat serum (Vector
Laboratory Inc., Burlingame, CA) in PBS and 0.3% Triton-X 100 (Sigma-Aldrich). Slices were
subsequently incubated overnight in a 1:2000 dilution of a rabbit polyclonal antibody against
Fos (Santa Cruz Biotech., Santa Cruz, CA) in PBS/Triton-X and 0.1% Bovine Serum Albumin
(BSA). Biotinylated anti-rabbit (raised in goat) secondary antibody (Vector Laboratory Inc.,
Burlingame, CA) in PBS/Triton-X was used to detect the Fos antibody signal. The
immunoreaction was revealed using the Vectastian ABC kit (Vector Laboratory Inc.) in PBS/
Triton-X, and the immunostaining reaction was developed using the metal enhanced DAB kit
(Thermo Scientific, Rockford, IL). Slices were subsequently mounted on gelatinized slides,
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dehydrated, and coverslipped with Cytoseal 60 mounting medium (Richard-Allan Scientific,
Kalamazoo, Ml).

Immunofluorescence

The simultaneous presence of both Fos and Ucn 1 was revealed through the following
procedure. Floating slices (described above) were blocked for 30 minutes with 2% BSA and
heparin (740 units/L) and subsequently incubated with 1:2000 rabbit polyclonal Fos antibody
and 1:5000 goat polyclonal Ucn 1 antibody (Sigma-Aldrich) overnight in PBS, 0.1% BSA and
0.3% Triton-X 100. A 1-hour incubation with 0.5% AlexaFluor 488 anti-rabbit (raised in
chicken) and AlexaFluor 555 anti-goat (raised in donkey) (Sigma-Aldrich) in PBS/Triton-X
was used to detect the Fos and Ucn 1 signals. Slices were washed with PBS, mounted on
gelatinized slide, coverslipped with VectaShield mounting medium for fluorescence with
DAPI (Vector Laboratory Inc.), and sealed with clear nail polish.

The simultaneous presence of both Fos and tyrosine hydroxylase (TH) was revealed through
the following procedure. Floating slices (described above) were blocked for 1 hour with 2%
BSA in PBS/Triton-X and subsequently incubated with 1:2000 polyclonal rabbit Fos antibody
overnight in 0.1% BSA/PBS/Triton-X. A 2-hour incubation with AlexaFluor 488 anti-rabbit
(raised in chicken) (Sigma-Aldrich) in 0.1% BSA and PBS/Triton-X was used to detect the
Fos signal. Slices were extensively washed with PBS prior to a second 2-hour blocking in 2%
BSA in PBS/Triton-X. Slices were then incubated for 2 hours with rabbit polyclonal TH
antibody (Chemicon Inc., Temecula CA) and detected with AlexaFluor 555 anti-rabbit (raised
in goat) (Sigma-Aldrich) in PBS/Triton-X. Finally, slices were washed with PBS, mounted on
gelatinized slide, coverslipped with VectaShield mounting medium for fluorescence with
DAPI (Vector Laboratory Inc.), and sealed with clear nail polish.

Quantification

The number of Fos—containing cells was counted manually using a Leica DM4000 microscope
(Bartels & Stout Inc., Bellevue, WA) by an individual masked to the group of animals. The
number of Fos-containing cells was assessed in two anterior, middle and posterior sections of
the plllu (approximate Bregma positions: -3.10 mm to -3.30 mm, -3.35 mm to -3.60 mm, -3.65
mm to -4.00 mm respectively) and averaged to produce a single data point per animal (pilot
repeated ANOVA analysis did not reveal any interactions between Bregma position and
treatment), in three-four sections of the paraventriculular nucleus of hypothalamus
(approximate bregma positions: -0.58 mm to -0.94 mm) averaged to produce a single data point
per animal, and in two sections of the shell and core of the nucleus accumbens (approximate
Bregma position: 0.90 mm) averaged to produce a single data point per animal. Images were
acquired with a Q-Imaging MicroPublisher 3.3 RTV (Surrey, BC, Canada) and processed using
Q-Capture and ImageJ Software.

Statistics

An ANOVA was used to analyze the number of Fos-positive cells per treatment. Fisher’s PLSD
post-hoc analysis was used where appropriate. All data are presented as means and S.E.M.

Results

Exposure to psychostimulants induces Fos-ir in the plllu of mice

I.p. injections of the psychostimulants cocaine (30 mg/kg), methamphetamine (5 mg/kg) and
amphetamine (5 mg/kg) increased the number of Fos-ir cells in the plllu of C57BL/6J mice
(Figure 1). This was confirmed a by a significant one-way ANOVA: F (3, 16) = 10.9, p=0.0004.
Post-hoc analysis revealed a significant difference between saline and cocaine conditions
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(p<0.05), saline and methamphetamine (p<0.0001), saline and amphetamine conditions
(p<0.001), as well as cocaine and methamphetamine conditions (p<0.05).

Since the level of the Fos response in plllu after psychostimulants appeared lower than in our
previous experiments with ethanol, we performed an additional experiment comparing the dose
response of plllu to cocaine (10-30 mg/kg) with its response to 2.5 g/kg of ethanol (a dose we
previously determined would produce a maximal induction of Fos-ir in the mouse plliu -
Bachtell et al, 2002b). All doses of cocaine produced a significant and dose-dependent increase
in Fos-ir in plllu. However, even the highest dose did not reach the magnitude of the ethanol’s
effect in this brain region (Figure 2). This was confirmed by a significant one-way ANOVA:
F (4,19) = 81.0. P<0.0001. Fisher PLSD post-hoc confirmed significant differences in all drug
conditions versus saline (p<0.0001), and a significant difference between the ethanol and all
three cocaine conditions (p<0.0001). A dose-dependence of cocaine’s effect on Fos-ir was
confirmed by significant difference in Fos-ir after 10 versus 30 mg/kg of cocaine (p<0.05).

Previous studies in mice revealed that the plllu contains a subpopulation of dopaminergic
neurons that is an extension of the rostral linear nucleus of raphe (Bachtell et al, 2003). To
investigate whether both ethanol and cocaine activated the same type of neurons in plllu we
performed double-label fluorescence immunohistochemistry experiments on brain slices from
the above experiments (Figure 3). Both cocaine (30 mg/kg) and ethanol (2.5 g/kg) induced
Fos-irexclusively in Ucn 1-positive, but not in TH-positive neurons, confirming that both drugs
are acting on the same type of neurons.

Fos-ir in the mouse plllu is increased after cocaine or ethanol, but not after restraint

Since the magnitude of the Fos response after cocaine was substantially weaker than after
ethanol, we questioned whether the effect of cocaine in plllu was pharmacologically-specific
or, alternatively, produced by the stress of being injected with cocaine. To examine this, we
tested the effect of restraint stress, a treatment known to produce a robust glucocorticoid
response (Zhou et al., 1999; Lund et al., 2006), and a significant increase in Fos-ir in the rat
plllu (Gaszner et al., 2004). We compared Fos-ir in the C57BL/6J mice following 2.5 g/kg of
ethanol, 30 mg/kg of cocaine or 2 hours of restraint stress (Figure 4). Both cocaine and ethanol
produced a significant induction of Fos-ir in plllu. In contrast, restraint stress did not induce
Fos-ir. This was confirmed by a one-way ANOVA: F (3, 16) = 105.5, p<0.0001. Fisher PLSD
post-hoc showed a significant difference between the ethanol treatment and all other
conditions, and a significant difference between cocaine treatment versus saline injection or
restraint stress (p<0.05). The lack of plllu response to restraint stress was in agreement with
previous studies in mice (Turek & Ryabinin, 2005), and suggested that stress was unlikely to
have played a significant role in cocaine-induced Fos-ir in this nucleus.

Fos-ir in mouse plllu is increased after cocaine and ethanol, but not after swim stress or

footshock

To test whether the lack of plllu response to restraint stress is specific to this stressor, we
compared Fos-ir after 2.5 g/kg of ethanol, 30 mg/kg of cocaine, 10 minutes of swim stress or
six 0.75 mA foot-shocks. In addition, a treatment-naive control group was added, as a control
for the stress treatments, and to test whether lack of difference between stressed groups and
saline controls is due to potentially higher Fos-ir in animals repeatedly injected with saline. As
in the previous experiments, only ethanol and cocaine administration, but not swim or
footshock stress, increased Fos-ir compared to saline-injected or naive controls (Figure 5). This
was confirmed by a significant one-way ANOVA: F (5,30)=7.0, p=0.0002. Fisher PLSD post-
hoc revealed significant differences between the ethanol treatment versus cocaine (p<0.05),
the ethanol treatment versus all other conditions (p<0.001), and the cocaine treatment versus
saline and naive controls (p<0.05). Fos-ir in plllu was not different between the footshock,
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swim stress, saline and naive control conditions. There was no increase in Fos-ir in plllu
following footshock or swim stress despite a substantial increase of Fos-ir in the paraventricular
nucleus of hypothalamus in footshock-stressed animals (one-way ANOVA: F (5,29)=3.1,
p=0.02, Fisher PLSD post-hoc comparison: p<0.05). The lack of plllu response to the swim
stress and footshock confirmed low sensitivity of the mouse plllu to various stresses, and
indicated that stress was unlikely to have played a significant role in cocaine-induced Fos-ir
in this nucleus.

Repeated administration of cocaine does not desensitize the Fos response in the mouse plllu

To further evaluate whether cocaine-induced Fos-ir could be influenced by a non-specific stress
response, we exposed C57BL/6J mice to acute or repeated administrations of cocaine (20 mg/
kg) or ethanol (2.5 g/kg, as a positive control). This experiment was based on the observations
that repeated exposure to a mild stressor tends to habituate the animal to this stressor resulting
in decreased Fos response. A desensitized response can be observed after only a few exposures
to a mild stressor (Melia et al., 1994; Watanabe et al., 1994; Ryabinin et al., 1999; Girotti et
al., 1996).

Both acute and repeated cocaine produced a significant induction of Fos-ir in plllu (Figure 6).
This was confirmed by a significant one-way ANOVA: F (3, 40) = 14.1, P<0.0001. Post-hoc
Fisher PLSD analysis showed significant differences between saline and acute cocaine
(p<0.05), saline and ethanol (p<0.0001), saline and chronic cocaine (p<0.01), acute cocaine
and ethanol (p<0.001), ethanol and chronic cocaine (p<0.01) treatments. However, no
significant difference was found between acute cocaine and chronic cocaine conditions,
indicating first, that there was no desensitization of the Fos response in the plllu after repeated
cocaine injections and second, that the cocaine-induced Fos response in the plllu was distinct
from any generalized stress-induced Fos-ir.

To compare the response in plllu to another area that is known to respond to psychostimulants,
we also quantified Fos-ir in the nucleus accumbens of these animals. The Fos response in the
shell and the core subregions of the nucleus accumbens was similar to what we observed in
the plllu, except that there were weaker effects of ethanol (Figure 7). Quantification of the
effect of treatment on the core of the nucleus accumbens showed a significant induction after
both acute and chronic cocaine ANOVA: F (3, 19) = 9.4, p<0.0005). Post-hoc Fisher PSLD
confirmed significant differences between saline and acute cocaine (p<0.0005), saline and
chronic cocaine (p<0.005), acute cocaine and ethanol (p<0.005), and ethanol vs. chronic
cocaine (p<0.01). Similar effects were found in the shell of the nucleus accumbens ANOVA:
F (3, 10) = 6.6, p<0.005. Post-hoc analysis confirmed significant differences between saline
and acute cocaine (p<0.0005), saline and ethanol (p<0.05), and saline and chronic cocaine
(p<0.01).

The increased Fos-ir in the rat plllu occurs after ethanol, cocaine and restraint

The lack of the mouse plllu response to restraint stress contrasts with studies in other species
showing that plllu is stress-sensitive (Gaszner et al., 2004; Cunha et al., 2007; Kozicz et al.,
2007). Therefore, we hypothesized that the magnitude of the response of plllu to cocaine,
ethanol and stress may be different in other species. To address this hypothesis we compared
induction of Fos-ir in plllu after cocaine (20 mg/kg), ethanol (2.5 g/kg) or 2 hours of restraint
stress in male Sprague-Dawley rats. All three types of stimulation resulted in an increased Fos-
irintherat plllu compared to saline-injected rats (Figure 8). This was confirmed by a significant
one-way ANOVA: F (3, 28) = 7.0, p=0.001. Post-hoc Fisher PLSD analysis confirmed
significant differences between all three treatments and the saline group (p<0.05). As in mice,
the ethanol group showed higher Fos-ir than all other groups (p<0.05). However, unlike the
experiments in mice, Fos-ir in the restraint group was not different from the cocaine group.
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To test whether cocaine and ethanol recruited similar populations of neurons in the rat plllu,
we analyzed whether Fos-ir in plllu after cocaine occurred strictly in Ucn 1-positive neurons,
or whether it occurred also in TH-positive subpopulation of cells using double-label
fluorescence immunohistochemistry (Figure 9). Similarly to mice, all Fos-ir colocalized
exclusively with Ucn 1-ir, but not with TH-ir, indicating the both cocaine and ethanol regulated
activity of the same type of neurons in plllu.

Discussion

The results of the present study demonstrate that the plllu responds to psychostimulants in
both rats and mice, and that and this response is separable from a stress response in mice, but
not rats. The issue of sensitivity of the plllu to stress has been debated. On the one hand, it has
been shown that exposure of rats to restraint, lipopolysaccharide (LPS) challenge, and to a
lesser degree, to ether, hyperosmotive and hyposmotic shock, results in induction of Fos-ir
(Gaszner et al., 2004; Korosi et al., 2005; Kozicz et al., 2004). Similarly, restraint stress in
birds increased ir of Egrl, another inducible transcription factor (Cunha et al., 2007). On the
other hand, our previous studies in mice did not find any induction of Fos or Egrl-ir following
restraint stress, LPS, administration of yohimbine, food deprivation or exposure to a novel
environment (Bachtell et al., 2002a; Bachtell & Ryabinin, 2005; Turek & Ryabinin, 2005;
Spangler & Ryabinin, unpublished observations). Lack of significant change in gene
expression could be interpreted as a lack of induction, a lack of sensitivity of method or the
wrong time point for measuring the effect. However, Turek and Ryabinin (2005) analyzed Fos-
irin plllu at several time points and demonstrated a lack of Fos response in plllu occurs despite
increased Fos—ir in other areas. The present study also indicates that swim and footshock stress
does not result in increased Fos-ir in pll1u. We conclude therefore that, at least in mice, ethanol
and cocaine are substantially more potent activators of Fos-ir in plllu than stress.

Repeated exposure to a homotypic stressor results in habituation of the global Fos response in
the brain (Melia et al., 1994; Watanabe et al., 1996; Ryabinin et al., 1999; Girotti et al.,
2006). Since our study did not demonstrate a habituation of Fos-ir in plllu to repeated cocaine,
there is another argument for the independence of this effect from stress and for a
pharmacological specificity of plllu response to psychostimulants. This result, however,
should be considered alongside studies that showed lack of attenuation of the Fos-ir in the
mouse plllu following repeated exposure to an ether challenge (Korosi et al., 2005). It seems
likely that ether induced Fos-ir in plllu via mechanisms similar to the actions of cocaine, and
not via mechanisms of a general stressor.

It is important to note that the lack of Fos in plllu after exposure to stressors does not mean
that this nucleus is completely unresponsive to these treatments. Increased Fos-ir reflects
activation of several specific signal transduction cascades (Herdegen & Leah, 1998). It is
possible that stress engages other mechanisms that do not increase Fos-ir. Studies in mice
showed that restraint stress and ether exposure, as well as a genetic deletion of CRF, can
increase levels of Ucn 1 mRNA in plllu, while transgenic overexpression of CRF leads to a
decrease in Ucn 1 mRNA in plllu (Weninger et al., 2000; Kozicz et al, 2004). Recent studies
also found that chronic social stress decreases Ucn 1-ir in the tree shrew plllu (Kozicz et al.,
2008a) and that starvation decreases Ucn 1-ir in the plllu of Xenopus (Calle et al., 2006).
Importantly, differences in Ucn 1 and brain-derived neurotrophic factor levels in plllu have
been observed in human suicide victims (Kozicz et al., 2008b), a finding suggesting that stimuli
leading to depression can change activity of this nucleus in humans. Thus, our findings of
activation of inducible transcription factors by ethanol and cocaine, but not by stress, do not
indicate that this nucleus is completely unresponsive to stress, but that stress and addictive
drugs employ different mechanisms in this nucleus.
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Since the observed effect of psychostimulants in plllu is induced by pharmacologically-
specific mechanisms it is important to consider the neurotransmitter mechanisms of this
induction. The three psychostimulants used in this study all act on the dopamine transporter.
It is logical to assume that they induce Fos-ir via the dopamine system. Interestingly, studies
in rats showed that 6-hydroxy-dopamine lesion of dopaminergic innervation of plllu did not
block stress-induced Fos-ir in this brain region (Gaszner & Kozicz, 2003). It would be
important to investigate what such lesions do to psychostimulant-induced Fos-ir. In agreement
with the involvement of dopaminergic mechanisms, mice lacking the dopamine transporter did
not show induction of Fos-ir in plllu following administration of a psychostimulant (Trinh et
al., 2003). Another study suggested the involvement of dopamine in plllu activity by showing
that haloperidol blocks ethanol-induced increase of Fos-ir in this brain region (Bachtell et al.,
2002). Interestingly, this study also showed that ethanol and morphine induce Fos-ir in this
brain region via different mechanisms because morphine-, but not ethanol-, induced Fos-ir in
plllu was blocked by the opioid antagonist naltrexone. Therefore, dopamine is most likely not
the only neurotransmitter involved in activation of plllu. Since the Fos response of plllu to
ethanol is reliably higher than the response to psychostimulants, we hypothesize that additional
mechanisms, independent of dopamine, play a role in ethanol’s effects in this nucleus.
GABAergic and noradrenergic mechanisms have also been implicated in the pl1lu Fos response
(Bachtell et al, 2002). Effects of some of these mechanisms could be additive with the effects
of dopamine.

Studies discussed so far show that plllu is sensitive to several addictive drugs. A more
important consideration is whether this nucleus is also involved in mediating effects of these
drugs, especially their addictive potential. This possibility has been confirmed in studies with
alcohol. Thus, Ucn 1-ir in plllu is significantly higher in inbred alcohol-preferring C57BL/6J
mice than alcohol avoiding DBA/2J mice (Bachtell et al., 2002b; Bachtell et al., 2003;
Weitemier et al., 2005). Similarly, Ucn 1-ir in plllu is significantly higher in two replicate lines
of selectively bred high alcohol preferring mice compared to corresponding lines of low alcohol
preferring mice (Bachtell et al., 2003). Ucn 1-ir is also significantly higher in mice selectively
bred for high alcohol-induced place preference compared to mice selectively bred for low
alcohol-induced place preference (Kiianmaa et al., 2003). Moreover, electrolytic lesions of
plllu block alcohol preference in C57BL/6J mice (Bachtell et al., 2004). Taken together this
evidence indicates that plllu is not only sensitive to ethanol, but also is involved regulation of
alcohol consumption. It is possible therefore, that plllu could be involved in regulation of self-
administration of other drugs of abuse, such as psychostimulants. In fact, data collected in this
study are in agreement with this idea. Thus, we show that administration of drugs producing
hedonic effects consistently leads to increased Ucn 1-ir in plllu across species. In contrast,
stress, which is not a hedonic factor, does not result in a consistent increase in Fos-ir in plllu
across species. We hypothesize therefore, that activation of plllu is related to positive
reinforcing properties of drugs of abuse. On the other hand, since Ucn 1 is known to act on
both CRF receptor 1 and CRF receptor 2, it is possible that the role of plllu could be biphasic:
enhancing reinforcing effects of drugs via one type of receptors at low levels of activity, and
blocking these effects via another receptor at higher levels of activity. Interestingly, biphasic
effects of CRF-related peptides have been recently demonstrated in the dorsal raphe, a brain
region innervated by plllu (Kirby et al., 1999; Pernar et al., 2004). Addressing this hypothesis
will be an important direction for further research on the mechanisms of psychostimulant
addiction.
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Figure 1.

Fos-ir after administration of saline (A) 30 mg/kg cocaine (B), 5 mg/kg methamphetamine (C),
or 5 mg/kg amphetamine (D) in male C57BL/6J mice (N=5 per group). DAB staining of the
plllu nucleus revealed minimal Fos level in the saline treatment and a significant induction of
Fos-ir after the cocaine, methamphetamine, and amphetamine treatments. Bar = 100pum.
Quantification of induction across conditions is summarized in (E).
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Figure 2.

Quantitative averages of Fos-positive cells found in the plllu after administration of saline, 2.5
g/kg ethanol, 10, 20, and 30 mg/kg cocaine in male C57BL/6J mice (N=5 per group). Induction
of Fos-ir after cocaine occurs in a dose - dependent manner.
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Figure 3.

Double label immunofluorescence staining of Ucn 1 (red) and Fos (green) confirms that both
2.5 g/kg ethanol (A) and 30 mg/kg cocaine (B) treatments induce Fos-ir exclusively in the Ucn
1-positive cells characteristic of the plllu nucleus in male C57BL/6J mice. Whereas, double
label immunofluorescence staining of Tyrosine Hydroxylase (green) and Fos (red) reveals that
Fos-ir does not occur in dopaminergic cells subsequent to injections of 2.5 g/kg ethanol (C)
and 30 mg/kg cocaine treatments (D) in male C57BL/6J mice Bar = 50um.
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Figure 4.

Fos-ir after administration of saline (A) 2.5 g/kg ethanol (B), 30 mg/kg cocaine (C), or 2 hours
of restraint stress (D) in male C57BL/6J mice (N=5 per group). DAB staining of the plliu
nucleus revealed lack of Fos-ir after the saline and the restraint stress, but a significant increase
in Fos-ir after the cocaine and ethanol treatment. Quantification of induction across conditions
is summarized in (E). Bar=100 pm.
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Figure 5.

Fos-ir after administration in plllu and the paraventricular nucleus of hypothalamus in naive
mice or mice injected with saline, 20 mg/kg cocaine, 2.5 g/kg ethanol, or exposed to footshock
or swim stress (N=6 per group). DAB staining of the plllu revealed lack of Fos-ir in the naive,
saline, footshock and swim stress condition, but a significant increase in Fos-ir after the cocaine
and ethanol treatment. Representative staining in the plllu (A, C, E) or paraventricular nucleus
of hypothalamus (B, D, F) in the naive (A, B), footshock (C, D) and cocaine (E, F) groups is
shown on the top. Bar=100 pm. Quantification of induction across conditions in plllu is
summarized in (G), Quantitation across conditions in the paraventricular nucleus of
hypothalamus is summarized in (H).
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Figure 6.

Quantification of Fos-ir in the plllu shows maintained response in male C57BL/6J mice
exposed to repeated cocaine injections. C57BL/6J mice were injected with either saline for 7
days, saline for 6 days and ethanol for 1 day, saline for 6 days and 20 mg/kg cocaine for 1 day,
or 20 mg/kg cocaine for 7 days (N=6 per group). DAB staining of the plllu revealed increased
Fos-ir induction after ethanol exposure, and both acute and chronic cocaine exposure.
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Fos-ir in the core and shell of the nucleus accumbens shows no desensitization in male C57BL/
6J mice exposed to repeated cocaine injections. C57BL/6J mice were injected with either saline
for 7 days (A), saline for 6 days and ethanol for 1 day (B), saline for 6 days and 20 mg/kg
cocaine for 1 day (C), or 20 mg/kg cocaine for 7 days (D). Bar=100 um. Quantitation of Fos-
ir in the nucleus accumbens shell (E) and core (F) revealed increased Fos-ir after both acute
and chronic cocaine exposure, and elevated Fos-ir after ethanol exposure in the shell (N=6 per

group).
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Fos-ir in saline-injected (A), 2.5 g/kg ethanol-injected (B), 20 mg/kg cocaine-injected (C), or
2 hour restraint-stressed (D) male Sprague Dawley rats (N=8 per group). DAB staining of the
plllunucleus revealed minimal Fos immunoreactivity after the saline treatment, and significant
elevation after restraint stress, ethanol and cocaine treatments. Quantification of induction

across conditions is summarized in (E). Bar = 100um.
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Figure 9.

Double label immunofluorescence staining of Ucn 1 (red) and Fos (green) confirms both 2.5
g/kg ethanol (A) and 20 mg/kg cocaine (B) treatments alter Fos-ir in Ucn 1-positive cells
characteristic of the plllu nucleus in male Sprague Dawley rats. However, double label
immunofluorescence staining of TH (green) and Fos (red) reveals that Fos-ir does not occur
in dopaminergic cells subsequent to injections of 2.5 g/kg ethanol (C) and 20 mg/kg cocaine
treatments (D) in male Sprague Dawley rats. Bar = 50um.
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