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a b s t r a c t

A marked heterogeneity exists among stressors in their ability to reinstate alcohol seeking in rats. We
have reported that the pharmacological stressor yohimbine, an alpha-2 adrenoceptor antagonist, potently
reinstated alcohol seeking, but FG-7142, a benzodiazepine inverse agonist was ineffective. In rats, we deter-
mined that yohimbine elicits patterns of brain expression of the mRNAs for c-fos, a marker of neuronal
activation, and corticotropin-releasing factor (CRF) a stress-related peptide, distinct from that produced
by FG-7142. The purpose of the present experiment is to determine if these differential effects of yohim-
bine and FG-7142 on regional c-fos and CRF mRNA expression generalize to another animal commonly
used in alcohol research, the C57 BL/6J mouse. In comparing the results of the present study to those of
our previous one, we found a number of commonalities in the patterns of activation elicited by yohimbine
and FG-7142 between the two species, and some notable differences. As we found in the rat, yohimbine
selectively increased c-fos mRNA in the mouse NACs, BLA and CeA. Yohimbine increased CRF mRNA only
in the mouse PVN, but was without effect on CRF mRNA in extrahypothalamic sites, the BNST and CeA.
This differs from what we saw in the rat, where yohimbine increased CRF mRNA in these extrahypotha-

lamic regions, but not the PVN. The selective induction of c-fos in the NACs, BLA and CeA of mice and

urth
such
rats by yohimbine offers f
reinstatement induced by

The effects of stressors on alcohol seeking in laboratory rodents
have been investigated for a number of years using the reinstate-
ment procedure. We and others have shown that exposure to the
environmental stressor intermittent footshock induces reinstate-
ment of extinguished responding for alcohol, while social defeat
or restraint has no effect [13,23,27,30,49]. Different pharmacologi-
cal stressors also vary in their effects on reinstatement. Yohimbine,
a prototypical alpha-2 adrenoceptor antagonist, induces a marked
reinstatement of responding for alcohol [25], while FG-7142, an
inverse benzodiazepine receptor agonist is ineffective [49]. In stud-
ies following up on these initial observations, we determined

hat the stress-related neuropeptide, corticotropin-releasing factor
CRF) plays a key role in these effects of yohimbine and footshock
n alcohol seeking [24,26,29].
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er support for the idea that activation of these structures participates in
stressors.

© 2008 Elsevier Ireland Ltd. All rights reserved.

In a study designed to further define the biological basis for
such differences, we reported that c-fos and CRF mRNA were selec-
tively increased by stressors effective in inducing reinstatement,
footshock and yohimbine, in three brain regions previously impli-
cated in the rewarding effects of alcohol and other drugs of abuse
[14]. We observed that only these two stressors induced c-fos mRNA
in the shell of the nucleus accumbens, and in the basolateral and
central amygdalar nuclei; footshock and yohimbine also selectively
induced CRF mRNA in the dorsal bed nucleus of the stria termi-
nalis. These results imply that neuronal activity in these regions
may determine the effectiveness of stressor in the reinstatement of
alcohol seeking.

In order to help establish the generality of these effects, we
will determine in the present study whether another species,
the mouse, shows such stressor-specific patterns of neuronal
activation. Mice consume alcohol [9,34,50], and show increased
consumption in response to footshock stress in a strain-dependent

manner [31,32]. Interestingly, there is evidence that rats and mice
differ in behavioral and neural responses to stressors [1,2,5,21,48]
and in the neuroanatomical organization of brain areas implicated
in stress [1,2,5,21,48]. We will therefore contrast the effects of the
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pharmacological stressors yohimbine and FG-7142 on the expres-
sion of c-fos and CRF mRNA in the brains of C57 BL/6J mice. The
results will be discussed in light of the previous findings in our
study on rats [14].

Twenty-four male C57 BL/6J mice (Charles River, Montreal,
Canada) weighing 20–30 g were maintained at 22 ◦C (light phase
07.00–19.00 h) with free access to food and water. Experimental
procedures were done in compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH
publication no. 80–23, revision 1996) and were approved by the
local animal care committee. All efforts were made to minimize
the animals pain and discomfort during the experiments. C57 BL/6J
mice were used as they have been shown to consume more alcohol
than other strains [4,33].

Mice received vehicle injections (distilled water) prior to being
placed into test chambers for 1 h on 3 separate occasions to habit-
uate them to experimental procedures. On the test day, they were
administered distilled water vehicle (n = 8), the alpha-2 adrenocep-
tor antagonist yohimbine (Sigma, St. Louis, MO, 2.5 mg/kg, i.p., n = 8)
or the benzodiazepine inverse agonist FG-7142 (Sigma, 10 mg/kg,
i.p, n = 8) prior to placement in the test chambers. Mice were
decapitated 60 min after vehicle or drug injections and their brains
processed for in situ hybridization of c-fos and CRF mRNA. Increased
c-fos mRNA induced by various stimuli are readily detectible in
rats at this time point [8,14]. Likewise, we and others have shown
CRF mRNA to be significantly up regulated in the rat brain at this
time after stress exposure [14,18,20,28]. The doses of yohimbine
and FG-7142 chosen were based on our findings in rats [14,25,49],
and produce comparable levels of HPA activation and behavioral
signs of anxiety in rats and mice [3,7,19,35,41,42,44].

The brains were rapidly removed, frozen in isopentane (−40 ◦C),
◦
and stored at −70 C. Subsequently, coronal sections (10 �m)

through the brain areas of interest were sliced on a cryostat and
thaw-mounted onto glass slides coated with poly-L-lysine. Slicing
was guided by the use of a brain atlas [39]. Brain areas sampled
included those previously implicated in alcohol and drug seeking as

Table 1
Effects of pharmacological stressors on c-fos (A) and CRF (B) mRNA in mouse brain

Site A–P (mm) Area (�m2) df

(A) c-Fos mRNA
MFC +2.1 1050 2,23
ACg +2.1 900 2,23
OFC +1.7 660 2,23
NACc +1.7 900 2,23
NACs +1.7 230 2,22
CPu +1.1 560 2,21
MS +1.1 370 2,23
LS +1.1 580 2,23
dBNST +0.2 450 2,23
vBNST +0.2 320 2,23
PVN −0.8 210 2,22
BLA −1.3 210 2,23
CeA −1.3 210 2,23
dHIPP −1.3 210 2,19
vHIPP −3.0 280 2,23
VTA −3.0 280 2,23
DR −4.0 210 2,23
MR −4.0 210 2,23
LC −5.4 140 2,23

(B) CRF mRNA
dBNST −0.3 450 2,23
vBNST −0.3 320 2,23
PVN −1.8 210 2,23
CeA −2.6 210 2,22

The anterior–posterior location of each site is given in mm from bregma [39] and the fi
done on the integrated optical densities are also presented for each brain region. n = 6
vehicle condition. *Significantly different from the vehicle condition, p < 0.05 (Bonfer
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well as others involved in responses to stress in laboratory rodents.
These areas were the medial, orbital and anterior cingulate regions
of the frontal cortex (MFC, OFC and ACg), the core and shell of
the nucleus accumbens (NACc and NACs), the medial and lateral
septum (MS and LS), dorsal and ventral bed nucleus of the stria ter-
minalis (dBNST and vBNST), basolateral and central amygdala (BLA
and CeA), paraventricular nucleus of the hypothalamus (PVN), dor-
sal and ventral hippocampus (dHIPP and vHIPP), the dorsal and
median raphe nuclei (DRN and MRN) and the locus coeruleus (LC).
All of these regions were processed for c-fos mRNA. The main CRF-
containing nuclei in the brain, namely, the BNST, PVN and CeA were
processed for CRF mRNA [46]. In Table 1, the anterior–posterior
distances from bregma for each of the areas sampled is shown.

In situ hybridization for c-fos and CRF mRNA was conducted
according to a published protocol [16]. Oligonucleotide probes com-
plementary to mouse c-fos (5′-CGG GCA GTG GCA CGT CTG GAT GCC
GGC TGC CTT GCC TTC TCT GAC TGC-3′, [10]) and mouse CRF (5′-
CAG TTT CCT GTT GCT GTG AGC TTG CTG AGC TAA CTG CTC TGC
CCG GGC-3′; [38]) were 3′-end-labeled with 35S d-ATP using ter-
minal deoxynucleotidyl transferase. Brain sections were hybridized
overnight at 37◦ with the probe. After washing to a final stringency
of 0.5× SSC, rinsing and dehydrating, the slides were placed on
X-ray film for 7–18 days before developing and autoradiographic
analysis. All brain sections from a particular site were processed
simultaneously. Control experiments with probes made from the
sense sequences of c-fos and CRF mRNA verified the specificity of
hybridization of the antisense probes to their respective targets.

Autoradiograms were digitized using a CCD camera (DXC-390,
Sony, Toronto, ON) and a fluorescent transilluminator (Fotodyne,
Hartland, WI). Semiquantitative analysis of the digitized images
was done as described previously [15]. Guided by a brain atlas
[39], eight brain sections for each region were sampled bilaterally

for each mouse, and a mean integrated optical density value was
determined for each site using a sampling area of standard size
by a technician blind to the treatment group. Results were calcu-
lated as integrated optical density values (mean grey value of pixels

F p Yohimbine (% vehicle) FG-7142 (% vehicle)

0.52 0.601 123.18 ± 11.29 103.41 ± 16.47
3.55 0.047 135.67 ± 10.79 96.79 ± 14.06
1.92 0.172 148.37 ± 13.38 101.93 ± 13.88
6.28 0.007 139.13 ± 12.35 77.99 ± 10.07
5.12 0.016 163.99 ± 15.00* 104.33 ± 13.96
0.59 0.562 74.10 ± 10.82 72.48 ± 15.07
2.32 0.123 116.02 ± 8.44 89.98 ± 7.57
8.54 0.002 151.00 ± 10.91* 98.13 ± 8.65
5.36 0.013 185.81 ± 31.33* 84.49 ± 14.90
8.43 0.002 260.53 ± 45.54* 96.99 ± 19.27

16.18 0.001 284.85 ± 42.86* 76.10 ± 17.19
8.16 0.002 158.13 ± 10.96* 92.71 ± 6.71

13.6 0.001 182.69 ± 110.30* 99.36 ± 7.44
0.83 0.454 130.50 ± 19.28 75.73 ± 17.29
0.66 0.525 113.48 ± 8.03 106.24 ± 8.27
0.10 0.903 98.73 ± 9.12 107.58 ± 15.51
1.65 0.216 117.62 ± 10.33 90.02 ± 13.26
0.57 0.577 97.05 ± 7.34 86.72 ± 8.41

17.6 0.001 177.29 ± 11.19* 107.78 ± 9.48

1.06 0.366 109.91 ± 11.61 114.08 ± 9.97
0.02 0.985 101.06 ± 12.73 98.03 ± 8.93
4.95 0.017 136.49 ± 8.62* 108.21 ± 11.01
2.79 0.085 114.06 ± 14.89 148.99 ± 19.89

eld sizes used to measure each site are given in �m2. The results of the one-way ANOVAs
–8 animals/group. Data are presented as group means ± S.E.M. of the percentage of the

roni t-test).
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on c-fos in the mouse, at a dose twice that employed in the present
study [43]. In agreement with our findings, they reported that
yohimbine increased c-fos expression in the BLA, CeA and PVN.
They did not find a significant effect in the LC, a region where we
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ig. 1. Effects of pharmacological stressors on CRF mRNA in the PVN of mice. (A)
ehicle, (B) yohimbine (2.5 mg/kg) and (C) FG-7142 (10 mg/kg). The digitized autora-
iograms are from representative animals. Image contrast has been adjusted for
larity.

id see increased c-fos mRNA in response to yohimbine. One pos-
ible explanation of this is they measured c-fos immunoreactivity
hile we measured c-fos mRNA, that is known to be more rapidly

nduced [8,22].
The other pharmacological stressor tested, FG-7142, was with-

ut effect on c-fos expression in mice in any brain region. This
ontrasts with the activation in the frontal cortices, MS and hip-
ocampus we observed when yohimbine was administered to rats
14]. Although there are no other reports on the effects of FG-7142
dministration on c-fos in mice, there are a number of studies on
he behavioral effects of FG-7142 in this species. Since FG-7142 has
een reported to reliably induce anxiety-like behavior in both rats
12,40,41] and mice [7,19,42], this failure to observe the induction
f c-fos was unexpected. The most straightforward interpretation
f this is that mice may be less sensitive to the neuronal effects of
G-7142. Had we tested higher doses of the drug effects on mRNAs

or c-fos and CRF may have been noted.
256 D. Funk et al. / Neuroscien

over threshold × number of pixels over threshold). The threshold
was calculated as the mean background density +3.5 × S.D. Table 1
shows the sizes of the sampling areas used to measure each brain
region.

Separate ANOVAs were run on the integrated optical density
values of c-fos or CRF mRNA in each brain area measured, with
the between groups factor of Drug (Vehicle, 2.5 mg/kg yohim-
bine, 10 mg/kg FG-7142). Bonferroni-corrected t-tests were used to
assess group differences when a significant main effect of Drug was
found. For presentation, integrated optical density values (±S.E.M.)
for each treatment in each brain region were calculated as percent-
age of the mean of the relevant vehicle-treated group.

The effects of administration of the pharmacological stressors
yohimbine or FG-7142 on c-fos mRNA in discrete regions of the
mouse brain are shown in Table 1, panel A. ANOVAs revealed a sig-
nificant effect of Drug in the ACg, NACc and NACs, the LS, BNST
(dorsal and ventral), PVN, amygdalar nuclei (BLA and CeA) and
LC (p’s < 0.05). Post hoc analysis revealed significant differences
between the vehicle- and yohimbine-treated groups in these sites
with the exception of the ACg and NACc. FG-7142 did not signifi-
cantly affect c-fos mRNA in any brain region analyzed.

The results of the ANOVAs done examining the effects of drug
treatment on the CRF mRNA in the BNST, CEA and PVN are shown
in Table 1, panel B. Administration of yohimbine significantly
increased CRF mRNA expression in the mouse PVN (p < 0.05), but
not in any other region. FG-7142 did not affect CRF mRNA in any
region. Fig. 1 shows the effects of vehicle, yohimbine and FG-7142
on CRF mRNA in the PVN in photomicrographs from representative
animals.

In this report, we extended the results of our previous study
describing the effects of pharmacological stressors on the regional
brain activation of rats to C57 BL/6J mice. We found yohimbine-
induced activation in regions of the mouse brain known to be
involved in the rewarding effects of drugs of abuse. Although the
patterns of drug-induced activation observed in mice share com-
monalities with those we observed in rats in our previous study
[14], there were also a number of differences between the two
species.

Yohimbine increased the expression of mRNA for the immediate
early gene c-fos in the NAC shell, dorsal and ventral BNST, PVN, BLA,
CeA and LC in the mouse brain. These observations are in agreement
with our previous report and those of others on the effects of this
drug in rat brain [36]. In our previous study, which employed mul-
tiple types of stressors, we noted that only the two stressors shown
to produce reinstatement of alcohol seeking, footshock and yohim-
bine, induced c-fos in the NACs, BLA and CeA. A similar pattern
was observed in mice; we found that yohimbine, but not FG-7142,
selectively activated these brain regions. It appears, therefore, that
yohimbine activates a common set of neural elements in rats and
mice. Taken together with the behavioral data, these results fur-
ther suggest that the NACs, BLA and CeA may comprise common
circuitry underlying relapse to alcohol and other drugs.

We found differences between mice and rats in yohimbine-
induced induction of c-fos in three brain regions, the OFC, NACc,
DR and LS. The OFC, NACc and DR showed yohimbine-induced
increases in c-fos in rats, but not in mice, while the LS was only
activated in mice. These regions have been shown to be activated
in both species by a variety of stimuli, including psychostimulants
and stressors [6,45,47], but a systematic study of species differences
in their neuroanatomy of function has not been done.

Only one other study describes the acute effects of yohimbine

In studies on rats, we have shown that CRF plays a key role in

einstatement induced by yohimbine [29]. The importance of CRF
as underscored by our finding that CRF mRNA was significantly

nduced by yohimbine, but not by FG-7142, in the dBNST of rats
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[14]. In the present study in mice, CRF mRNA was unaffected by
yohimbine or FG-7142 in the dBNST. The reasons for this apparent
discrepancy are not known. There is, however, evidence of differ-
ences in the neuroanatomical organization of CRF-related elements
in the BNST. For example, mice have fewer CRF1, and more CRF2
receptor mRNA-containing neurons in the dBNST [48].

Likewise, we did not observe a significant effect of yohimbine in
the CeA of the mouse, but did in the rat. One possible explanation
for this is that there is relatively low basal expression of CRF mRNA
in the mouse CeA [1]. One observation that may support this idea is
CRF mRNA in the CeA is activated in the mouse by systemic injection
of cyclophosphamide 6 h after injection, but not at 1 h [37]. It is
possible that the CRF mRNA response is slower in the mouse, and
had we measured it at a later timepoint, we may have observed
drug-induced differences.

The effects of yohimbine on reinstatement of alcohol seeking
have not been examined in mice. The dose of yohimbine chosen is
based on our studies in rats on its effects on alcohol seeking [25] and
produces similar effects on anxiety-like behavior in rats and mice
[11,17,43]. Nevertheless, in the absence of a dose–response analysis
on reinstatement in mice, the possibility that species differences in
sensitivity to yohimbine underlie the differential patterns of induc-
tion of c-fos and CRF mRNA that we observed cannot be completely
ruled out. This potential limitation also applies to FG-7142, as the
effects of this compound on drug seeking are unknown in mice.

Related to this point, another factor that may limit the inter-
pretation of the present results is that the mice in this study
were alcohol naive. It could be argued that patterns of induction
of c-fos and CRF mRNA would be different in animals that have
self-administered alcohol and undergone extinction. An important
extension of this study, therefore, would be to test the effects of
yohimbine, FG-7142 or other stressors on c-fos and CRF mRNA in
alcohol-experienced mice.

In this study, we investigated only one post-injection sacrifice
interval (1 h). If mice differ from rats in the rate of c-fos and/or
CRF mRNA induction and degradation, we may have missed drug-
induced changes occurring at other times. Another extension of
this study would therefore be to determine drug effects on mRNA
expression at different times after injection in rats and mice.

We found regionally specific effects of yohimbine on c-fos and
CRF mRNA in the mouse brain. Yohimbine, a drug we have shown to
potently induce the reinstatement of alcohol seeking in rats [25,29],
selectively increased c-fos mRNA in the mouse NACs, BLA and CeA,
which corresponds to our findings in the rat. Yohimbine increased
CRF mRNA only in the mouse PVN, but was without effect on CRF
mRNA in extrahypothalamic sites, the BNST and CeA. In contrast,
rats did not show a CRF response in the PVN, but did in the BNST
and CeA. The selective induction of c-fos the NACs, BLA and CeA
of mice and rats by yohimbine offers further support for the idea
that their activation may be involved in the behavioral effects of
yohimbine.
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