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Abstract
The primary site of urocortin 1 (Ucn1) expression in the brain is the centrally projecting Edinger-
Westphal nucleus. The EWcp is innervated by dopaminergic neurons of the ventral tegmental area
(VTA). To investigate whether activity of EWcp is regulated by the VTA, we investigated the
effects of local pharmacological inhibition of VTA activity on the induction of Fos
immunoreactivity in the EWcp of male C57BL/6J mice. A unilateral intracranial administration of
the GABA agonist muscimol aimed at the VTA resulted in increased number of Fos-positive cells
in the EWcp. This induction was lower than that produced by an intraperitoneal injection of 2.5 g/
kg of ethanol. To investigate whether inhibition of dopaminergic neurons was responsible for
induction of Fos, a second experiment was performed where the dopamine agonist quinpirole was
unilaterally injected targeting the VTA. Injections of quinpirole also significantly induced Fos in
EWcp neurons. The induction occurred only on the side of EWcp ipsilateral to the VTA injection.
These results indicate that activity of EWcp is inhibited by tonic activity of dopaminergic VTA
neurons, and that unilateral projections of VTA onto Ucn1-containing EWcp neurons provide a
link between systems regulating approach and avoidance behaviors.
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1.1 Introduction
The discoveries of CRF and CRF-related peptides urocortins (Ucns) led by Wylie Vale were
truly seminal events. While CRF acting on CRF1 receptor is the major mediator of the
hypothalamic-pituitary-adrenal response to stress and contributes to the regulation of
anxiety-related behaviors, Ucns (i.e., peptides Ucn1, Ucn2 and Ucn3) are thought to
optimize the organism’s response to life-threatening situations (Bale and Vale, 2004; Lewis
et al., 2001; Neufeld-Cohen et al., 2010; Reyes et al., 2001; Vale et al., 1981; Vaughan et al.,
1995). Adaptation to diverse environments requires an organism to adjust their approach
behavior to rewards in accordance with their need to avoid the potential environmental
harm, and vice versa (Alcaro and Panksepp, 2011; Korte et al., 2005). This suggests that the
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CRF/Ucn system, regulating adaptation to stress should be able to interact with the reward
system. Dysregulation of such interactions could lead to pathological conditions, such as
depression or alcohol and drug addiction (Ryabinin et al., 2012; Schank et al., 2012).

Multiple examples showing influences of the CRF/Ucn system on reward pathways have
been reported (Kalivas et al., 1987; Korotkova et al., 2006; Rodaros et al., 2007; Ungless et
al., 2003; Wang et al., 2005). These influences adjust activity of the reward system in
anticipation of, during or following stress. On the other hand, although neurocircuits
regulating reward should also be able to influence sensitivity to stress, examples of such
influences are hard to come by.

It is notable that Ucn1-containing neurocircuits are well placed to be regulated by the brain
regions associated with reward. For example, the main brain source of Ucn1 in the brain is
the centrally projecting Edinger-Westphal nucleus (EWcp) (Bittencourt et al., 1999; Kozicz
et al., 2011; Kozicz et al., 1998; Vaughan et al., 1995; Weitemier et al., 2005). The EWcp is
a midbrain region located in the proximity to the ventral tegmental area (VTA), a key part of
the reward pathway. Besides Ucn1, EWcp also contains several other peptides important for
regulation of food consumption, such as cocaine- and amphetamine-regulated transcript,
cholecystokinin and nesfatin-1 (Giardino et al., 2012). EWcp has been reported to be
sensitive to stress (Gaszner et al., 2004; Kozicz, 2003; Kozicz et al., 2001). It is also
sensitive to administration and self-administration of alcohol and addictive substances, and
the response to alcohol occurs in the absence of response to stress (Spangler et al., 2009;
Turek and Ryabinin, 2005). This suggests that although EWcp is the main source of Ucn1,
presumably a stress-related peptide, it is not only involved in regulation of avoidance
behaviors, but also behaviors associated with reward and approach. In agreement with this
idea, lesions of this nucleus decreased food consumption without affecting anxiety-like
behaviors (Weitemier and Ryabinin, 2005).

It has been shown that dopaminergic fibers from the VTA, as well as from the rostral linear
nucleus of raphe, extend into the EWcp and impinge on Ucn1-containing neurons (Bachtell
et al., 2002; Gaszner and Kozicz, 2003). These fibers could be in the position to regulate
activity of the Ucn1-containing neurons, and provide a link between the reward and stress-
regulating systems. To test this possibility, we investigated whether inhibition of the VTA
by site-specific injections of the GABA agonist muscimol would modulate Fos-
immunoreactivity (Fos-ir) in the EWcp. After we observed an induction of Fos in the EWcp
following muscimol injections, we tested whether it was mediated specifically by inhibition
of dopaminergic neurons following injections of quinpirole, a dopaminergic agonist capable
of acting on inhibitory D2 autoreceptors located on these neurons (Congar et al., 2002;
Jeziorski and White, 1989).

2. Materials and Methods
2.1 Animals

All animal procedures were approved by the Oregon Health & Science University animal
care and use committee and were in accordance with National Institute of Health Guidelines
for the Care and Use of Laboratory Animals. Seven to eight week old male C57BL/6J mice
were obtained from Jackson Laboratories (Sacramento, CA) and housed four per cage on a
12:12 light/dark cycle with water and food available ad libitum. One to two weeks following
arrival animals underwent stereotaxic surgery for unilateral guide cannula implantation
according to previously described protocols (Ryabinin et al., 2008; Weitemier and Ryabinin,
2006). The tip of a unilateral cannulae targeted VTA with following coordinates: −3.3 mm
(AP), ± 0.5 mm (ML) and: 4.7 mm (DV) with a guide depth of 2 mm. Three size-matched
C57BL/6J mice did not undergo surgery and were used as positive controls (see below).
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2.2 Microinjections
Experiments were performed 4–7 days following surgery. In Experiment 1, saline (0.2
microliter) or the GABAA agonist, muscimol, (Sigma-Aldrich, 20 ng in 0.2 microliter) was
infused via injector cannulae into the VTA (rate: 0.2 microliter/min). Three C57BL/6J mice
were injected intraperitoneally with 2.5 g/kg ethanol (20% v/v in normal saline) as positive
controls for Fos induction. This dose of ethanol was selected as the minimal dose eliciting
maximal Fos response (Bachtell et al., 2002). In Experiment 2, saline (0.2 microliters) or the
dopamine D2 agonist, quinpirole hydrochloride (Sigma-Aldrich, 1 microgram in 0.2
microliters) was infused via injector cannulae into the VTA (rate: 0.2 microliter/min). In
both experiments, injectors were left in place for an additional minute to allow for diffusion.
Ninety minutes post-injection, the animals were euthanized by an overdose of CO2 gas and
the brains removed and stored overnight in 2% formaldehyde made with 10 mM phosphate-
buffered saline (PBS). The brains were then cryoprotected in 30% sucrose/PBS until they
were sliced on a cryostat.

2.3 Histochemistry
Thirty micron-thick floating coronal sections encompassing the entire EWcp region were
sliced on a cryostat. Since the VTA is located within the same coronal plane as EWcp, half
of the sections were stained with thionin to verify correct placement of the cannulae (Figure
1A). The other 7–8 sections across the entire sagittal extent of the EWcp underwent
immunohistochemistry to detect the Fos protein according to previously established
protocols (Giardino et al., 2011; Ryabinin et al., 1997; Spangler et al., 2009). Briefly, seven-
nine slices per animal were included in each staining. Endogenous peroxidase activity was
quenched with 0.3% peroxide in PBS and blocked with 4.5% normal goat serum (Vector
Laboratory) in PBS and 0.3% Triton X-100. Slices were incubated overnight in a 1:2000
dilution of rabbit polyclonal antibody against Fos (Santa Cruz Biotechnology) in PBS/Triton
X-100 and 0.1% bovine serum albumin. Biotinylated anti-rabbit secondary antibody was
used to detect the primary antibody. This reaction was revealed using a Vectastain ABC kit
(Vector) and a metal enhanced DAB kit (Thermo Scientific). Slices were mounted,
dehydrated and coverslipped. The number of Fos-positive cells was counted manually using
a Leica DM4000 microscope by an individual unaware of the group assignment of the
animals. Cells in focus showing dark nuclear staining within the landmarks of EWcp were
counted as positive.

2.4. Data analysis
Only animals with verified locations of injections were included in the analyses. A single
value was calculated by averaging the cell counts from the EWcp across 6–8 slices
encompassing rostral, intermediate and caudal portions of the brain region. Data were
analyzed by one-way or two-way ANOVA. Significant effects were followed by Fisher
PLSD post-hoc analysis.

3. Results
3.1. Intra-VTA muscimol induces Fos-ir in the EWcp

To investigate whether pharmacological treatment inhibiting activity of the VTA would
affect activity of the EWcp, we analyzed Fos-ir in the EWcp following muscimol injection
into the VTA. The injection site was located primarily in the VTA, partially encroaching on
the substantia nigra pars compacta (Figure 1A). Mice injected with saline into the VTA
served as a negative control, while mice injected with 2.5 g/kg ethanol intraperitoneally
served as a positive control in accordance with previous studies demonstrating sensitivity of
EWcp to ethanol (Bachtell et al., 1999; Bachtell et al., 2003; Chang et al., 1995; Topple et
al., 1998).
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Mice injected with saline into the VTA exhibited a very low number of Fos-positive neurons
in EWcp. In contrast, animals injected with muscimol into the VTA showed a substantial
increase in the number of Fos-positive cells in the EWcp. An even greater increased in Fos-
ir was observed in animals injected intraperitoneally with ethanol. The location of the Fos-
positive cells corresponded to landmarks of the mouse EWcp described previously (Spangler
et al., 2009; Weitemier et al., 2005). The surrounding periaqueductal grey did not exhibit
any Fos response, making the identification of Fos-positive cells as belonging to the EWcp
obvious (Figure 1).

Statistical analyses confirmed this observation. There was a significant effect of treatment
on the number of Fos-positive cells: F2,21=26.3, p<0.0001. Post-hoc Fisher PLSD confirmed
that all three treatment groups showed significant differences in Fos immunoreactivity
between each other (p<0.05, Figure 2).

3.2. Intra-VTA quinpirole induces Fos-ir in the EWcp
To investigate whether induction of Fos after injection of muscimol into the VTA could be
mediated by dopaminergic neurons, we investigated whether the dopamine agonist
quinpirole, acting on dopamine D2 receptors to inhibit dopaminergic activity, would also
activate EWcp neurons. The number of Fos-positive cells was evaluated separately for each
side of the brain to assess whether the innervation of EWcp is unilateral or bilateral. As in
the previous experiment, saline-injected mice exhibited a very low basal level of Fos-ir in
EWcp. Intra-VTA quinpirole administration resulted in a substantial increase in the number
of Fos-positive cells on the side of the brain ipsilateral to the injection. No increase in Fos
numbers was observed on the contralateral side of the brain indicating that the innervation of
EWcp from VTA is unilateral. The overall numbers of Fos-positive cells observed here were
substantially lower than in the previous experiment, most likely an artifact of the variability
in levels of immunoreactivity between individual immunohistochemical stainings, which
were performed more than two years apart. Statistical analysis confirmed these observations.
Specifically, ANOVA indicated that the effect of treatment did not reach significance
(F1,11=3.87, p=0.075), but the there was a significant effect of side (F1,11=6.21, p=0.030)
and a significant treatment by side interaction (F3,11=4.98, p=0.047). Post-hoc Fisher PLSD
tests found a significant difference in the number of Fos-positive cells in the side of EWcp
ipsilateral to VTA injection of quinpirole versus all other treatments (Figure 3, p<0.05).

4. Discussion
Our results show that site-specific administration of substances inhibiting neuronal activity
of the VTA results in induction of Fos in the EWcp. This is observed after both general
inhibition of VTA activity by muscimol and after presumably cell-specific inhibition of
dopaminergic neurons by quinpirole.

These findings agree with our previous finding showing that EWcp neurons are contacted by
tyrosine hydroxylase-positive fibers originating from the VTA (Bachtell et al., 2002).
Innervation of EWcp by dopaminergic neurons has also been demonstrated in rats (Gaszner
and Kozicz, 2003). While our histological assessment does not allow distinguishing whether
the injected drugs also acted on neurons of the substantia nigra pars compacta, the
morphological evidence indicates that EWcp is innervated by VTA. Therefore, we assume
that activation of EWcp resulted from inhibition of dopaminergic neurons of VTA, and not
substantia nigra.

The previous study demonstrating innervation of EWcp by dopaminergic neurons in rats
also showed that depletion of dopaminergic fibers by 6-hydroxydopamine had no effect on
Fos immunoreactivity induced in the EWcp by an immunological challenge (Gaszner and
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Kozicz, 2003). However, this previous study did not examine basal levels of Fos in the
EWcp of unstressed animals. Dopaminergic neurons are known to exhibit tonic firing and
depolarization-induced phasic burst firing (Dreher and Burnod, 2002; Grace, 1991; Grace,
2000). While we have not tested whether burst firing exhibited by dopaminergic neurons has
an effect on the EWcp, our finding of increased Fos-ir in the EWcp following administration
of inhibitory substances into the VTA, suggests that the EWcp is under constant inhibitory
control by tonically firing dopaminergic neurons.

As a consequence, our results suggest presence of inhibitory D2 or D4 dopamine receptors
on EWcp neurons. To date, no studies have directly assessed presence of these receptors on
EWcp neurons. While mRNA encoding D2 receptors is clearly present in the EWcp (Allen
Institute for Brain Science, 2004; Gong et al., 2003), it is possible that it is mostly present on
the few dopaminergic neurons that intermingle withinthe “proper” EWcp neurons (Bachtell
et al., 2002; Fonareva et al., 2009; Spangler et al., 2009). On the other hand, in situ
hybridization mapping studies of D4 receptors have been hampered by technical difficulties,
whereas studies on transgenic mice carrying the green fluorescence marker under the D4
receptor gene promoter did not report detection of this marker in EWcp (Noain et al., 2006).
Our previous experiments using systemic approaches found that intraperitonal injection of
dopamine D2 receptor antagonist haloperidol completely blocked ethanol-induced Fos-ir,
while intraperitoneal injection of dopamine agonist apomorphine failed to induce Fos in
mouse EWcp (Bachtell et al., 2002). These findings are in agreement with the notion that
other brain regions expressing D2 receptors, rather than direct actions of dopamine in EWcp,
mediate induction of Fos in EWcp region following systemic administration of ethanol.
Indeed, the number of Fos-positive cells following the intra-VTA administration of
muscimol was significantly smaller that the number of Fos-positive cells induced by
systemic ethanol, indicating that other neurotransmitter mechanisms, besides dopamine,
regulate activity of the EWcp. In agreement with this explanation, a large number of
neurotransmitters and peptides were shown to regulate activation of Fos in the EWcp
(Bachtell et al., 2002; Gaszner et al., 2007; Kaur and Ryabinin, 2010; Linden et al., 2004;
Trinh et al., 2003). On the other hand, our studies indicate that the innervation of EWcp by
VTA is unilateral. Unilateral drug injections into the VTA were unlikely to have elicited a
maximal EWcp response. A bilateral inhibition of the VTA would have elicited a more
robust response than observed here after unilateral muscimol or quinpirole.

Although the number of Fos-positive cells in the present study was higher in ethanol than in
intra-VTA muscimol-injected animals, the location of Fos-positive cells were identical after
both treatments. Our previous studies indicated that ethanol-mediated induction of Fos in
EWcp occurs exclusively in Ucn1-containing neurons (Bachtell et al., 2003; Ryabinin et al.,
2003; Spangler et al., 2009). Therefore, the Fos-positive cells of the EWcp activated by
muscimol or quinpirole into VTA are most likely Ucn1-containing neurons.

There is abundant evidence that the VTA is sensitive to the activity of CRF-like peptides,
and that this influence is in large part mediated by CRF2 receptors (Kalivas et al., 1987;
Korotkova et al., 2006; Rodaros et al., 2007; Ungless et al., 2003; Wang et al., 2005). The
presumed function of such influence is to regulate the reward approach and seeking
behaviors in relation to experienced or anticipated stressful situations. Our study for the first
time shows that the relationship between systems regulating reward and anxiety also works
in the opposite direction: basal activity of the VTA, a reward-related area, inhibits activity of
the EWcp, the major brain source of a stress-related peptide Ucn1. It is concluded that the
interactions between the VTA and the CRF/Ucn peptide system appear to be bidirectional.

It has been proposed that Ucn1, acting on both CRF1 and CRF2 receptors is involved in
production of an optimal response to stress (Ryabinin et al., 2012). An optimal response to
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stress should take into account environmental conditions and state of the animal. It is
tempting to speculate that under basal conditions low activity of the VTA inhibits Ucn1
neurons to prevent the development of high anxiety states. This behavioral part of this
hypothesis awaits experimental confirmation.

5.1. Conclusions
Our experiments show that administration of inhibitory agents targeting dopaminergic
neurons of the VTA leads to induction of Fos in the EWcp. Together with existing literature,
they indicate that the dopaminergic VTA innervation of the Ucn1-containing EWcp neurons
is functional, and that the EWcp is under tonic inhibitory influence of the VTA. This
existence of a functional projection from neurons of the reward pathway to neurons
attributed to stress pathways adds another important detail to our understanding of reciprocal
reward-stress connections.
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Highlights

• Intra-VTA muscimol increases Fos immunoreactivity in the centrally projecting
Edinger-Westphal nucleus.

• Intra-VTA quinpirole increases Fos immunoreactivity in the centrally projecting
Edinger-Westphal nucleus.

• These results indicate that VTA tonically inhibits the centrally projecting
Edinger-Westphal nucleus.

• The VTA - Edinger-Westphal nucleus connection could serve as a link between
reward-and stress-regulating systems.
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Figure 1.
Representative images showing verification intra-VTA location of cannula tracks (A), Fos
immunoreactivity in EWcp following intra-VTA injections of saline (B), Fos
immunoreactivity in EWcp following intra-VTA injections of muscimol (C), Fos
immunoreactivity in EWcp following intraperitoneal injection of 2.5 g/kg of ethanol (D).
Scale bar for panels B–D indicates 100 microns.
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Figure 2.
Number of Fos-positive neurons of EWcp following either intra-VTA injection of saline
(N=7), intra-VTA injection of muscimol (N=14) or intraperitoneal injection of 2.5 g/kg of
ethanol (N=3). Fisher PLSD: * - significantly different from all other groups (p<0.05), # -
significantly different from Saline (p<0.05).
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Figure 3.
Number of Fos-positive neurons in the contralateral and ipsilateral side of EWcp following
either intra-VTA injection of saline (N=5) or intra-VTA injection of quinpirole (N=8).
Fischer PLSD: * - significantly different from all other groups (p<0.05).
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