
The Anxiogenic Drug Yohimbine
Activates Central Viscerosensory

Circuits in Rats

ELIZABETH A. MYERS, LAYLA BANIHASHEMI, AND LINDA RINAMAN*

Department of Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

ABSTRACT
Systemic administration of the �2-adrenoceptor antagonist yohimbine (YO) activates the

HPA stress axis and promotes anxiety in humans and experimental animals. We propose that
visceral malaise contributes to the stressful and anxiogenic effects of systemic YO and that
YO recruits brainstem noradrenergic (NA) and peptidergic neurons that relay viscerosensory
signals to the hypothalamus and limbic forebrain. To begin testing these hypotheses, the
present study explored dose-related effects of YO on food intake, conditioned flavor avoidance
(CFA), and Fos immunolabeling in rats. Systemic YO (5.0 mg/kg BW, i.p.) inhibited food
intake, supported CFA, and increased Fos immunolabeling in identified NA neurons in the
ventrolateral medulla, nucleus of the solitary tract, and locus coeruleus. YO also increased
Fos in the majority of corticotropin releasing hormone-positive neurons in the paraventricu-
lar nucleus of the hypothalamus. YO administered at 1.0 mg/kg BW did not inhibit food
intake, did not support CFA, and did not increase Fos immunolabeling. Retrograde neural
tracing demonstrated that neurons activated by YO at 5.0 mg/kg BW included medullary and
pontine neurons that project to the central nucleus of the amygdala and to the lateral bed
nucleus of the stria terminalis, the latter region receiving comparatively greater input by
Fos-positive neurons. We conclude that YO produces anorexigenic and aversive effects that
correlate with activation of brainstem viscerosensory inputs to the limbic forebrain. These
findings invite continued investigation of how central viscerosensory signaling pathways
interact with hypothalamic and limbic regions to influence interrelated physiological and
behavioral components of anxiety, stress, and visceral malaise. J. Comp. Neurol. 492:
426–441, 2005. © 2005 Wiley-Liss, Inc.
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Stress exacerbates and contributes to the development
of psychiatric disorders such as anxiety, depression, post-
traumatic stress disorder, panic disorder, and eating dis-
orders (Brambilla, 2001; Charney and Deutch, 1996;
Gerra et al., 2000; Nandi et al., 2002; Smith et al., 1989;
Southwick et al., 1999). Noradrenergic (NA) systems play
an important role in shaping stress responses to real or
perceived challenges and threats, and excessive central
NA signaling is implicated in stress- and anxiety-related
disorders in humans (Charney et al., 1989; Nandi et al.,
2002; Nutt, 1990).

Hyperarousal, tachycardia, HPA activation, and nausea
are some key symptoms commonly associated with anxi-
ety that can be effectively mimicked by systemic admin-
istration of yohimbine (YO) and other drugs that increase
NA signaling (Charney et al., 1989; Corre et al., 2004;

Malcolm et al., 2000; Mattila et al., 1988; Southwick et al.,
1999). YO is an antagonist of pre- and postsynaptic �2-
adrenergic receptors. Its antagonistic effect at presynaptic
autoreceptors potentiates the release of endogenous trans-
mitter from NA nerve terminals, and its effect at postsyn-
aptic receptors reduces the ability of endogenous NA to
decrease cAMP and intracellular [Ca2�], while leaving
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unopposed the stimulatory postsynaptic effects of NA that
are mediated by other adrenoceptor subtypes. YO acts
peripherally as a sympathomimetic, the consequences of
which are relayed to the brain along viscerosensory path-
ways (Gurguis et al., 1997). YO is highly lipophilic and
crosses the blood–brain barrier; therefore, its physiologi-
cal and behavioral effects after systemic administration
involve both peripheral and CNS actions (Szemeredi et al.,
1991).

In humans, systemic YO elevates plasma catechol and
cortisol levels, promotes nausea, increases subjective feel-
ings of anxiety, increases startle responses, and can in-
duce panic attacks (Charney and Deutch, 1996; Charney
et al., 1983, 1989; Gurguis et al., 1997; Mattila et al., 1988;
Stine et al., 2002). YO also increases plasma catechol and
adrenocorticotropic hormone (ACTH) levels and promotes
behavioral signs of anxiety in rats and mice (Callahan et
al., 1984; Khoshbouei et al., 2002; Kiem et al., 1995; Pel-
low et al., 1985; Schroeder et al., 2003; Szemeredi et al.,
1991; Tanaka et al., 2000; Wada and Fukada, 1991; White
and Birkle, 2001). Multiple brain regions are implicated in
these behavioral and physiological responses, and sys-
temic YO increases immunolabeling of the immediate-
early gene product Fos in these regions (Bing et al., 1992;
Singewald et al., 2003; Singewald and Sharp, 2000; Stone
et al., 1993; Tsujino et al., 1992).

The generally similar physiological and behavioral ef-
fects of YO in humans and animals makes this agent a
useful experimental tool for bringing together clinical and
preclinical findings relevant to the neural underpinnings
of stress, visceral malaise, and anxiety, which appear to be
highly interrelated. Shared neural mechanisms may in-
clude altered signaling within viscerosensory circuits that
impinge on the hypothalamus and limbic forebrain. How-
ever, the extent to which various central components of
these neural circuits overlap or are necessary for stress,
malaise, and anxiety is unclear. To address this issue, the
present study explored dose-related effects of YO on two
interoceptively influenced behaviors [i.e., feeding and con-
ditioned flavor avoidance (CFA)], and correlated these be-
havioral effects with YO-induced recruitment of identified
NA neurons in the medulla and pons, corticotropin-
releasing hormone (CRH)-positive neurons in the para-
ventricular nucleus of the hypothalamus (PVN), and as-
cending inputs to the central nucleus of the amygdala
(CeA) and bed nucleus of the stria terminalis (BNST).

MATERIALS AND METHODS

Subjects

Adult male Sprague-Dawley rats (250–330 g BW; Har-
lan Laboratories) were housed singly in stainless-steel
cages in a controlled environment (20–22°C; 12:12-hour
light:dark cycle; lights on at 0700 hours) with ad libitum
access to water and pelleted chow (Purina 5001), except as
noted. Rats were acclimated to daily handling for at least
1 week before experiments. All experimental protocols
were approved by the University of Pittsburgh Institu-
tional Animal Care and Use Committee.

Experiment 1: deprivation-induced food
intake

Food was removed from cages 2 hours before lights out.
Twenty-four hours later, food-deprived rats (n � 16) were

injected i.p. with 2.0 ml of 0.15 M NaCl vehicle alone or
vehicle containing YO (Sigma-Aldrich, St. Louis, MO) at a
dose of either 1.0 or 5.0 mg/kg BW. Rats received a pre-
weighed measure of pelleted chow 30 minutes after i.p.
injection (i.e., 1.5 hours before lights out). Cumulative food
intake was recorded after 30 minutes, 60 minutes, and 15
hours of food access (i.e., 60 minutes, 90 minutes, and 15.5
hours postinjection), with intake amounts corrected for
spillage. After a subsequent 48-hour period of ad libitum
chow access, the 24-hour food deprivation and feeding test
was repeated in a crossover design in which rats that
received one of the two YO doses in the first test now
received vehicle treatment and rats that received vehicle
treatment in the first test now received one of the two YO
doses. Thus, each rat served as its own control for deter-
mining the effect of YO on food intake (n � 8 for each YO
dose).

Experiment 1: data analysis

The effect of YO on deprivation-induced food intake was
expressed in each rat as percentage suppression of intake
compared with intake after vehicle treatment at each time
point. Group data were analyzed by repeated-measures
ANOVA, with YO dose and time as independent mea-
sures. When f values indicated significant overall main
effects of dose and time on cumulative food intake, ANO-
VAs were followed by selected comparisons of interest
with planned t-tests. Differences were considered signifi-
cant when P � 0.05.

Experiment 2: CFA

A sensitive two-bottle choice paradigm (Deutsch and
Hardy, 1977) was used to determine whether rats avoid
consuming water that contains flavors that were previ-
ously paired with YO treatment. Separate groups of rats
were used to determine the effects of each YO dose (i.e.,
1.0 and 5.0 mg/kg BW; n � 6 and n � 10, respectively) on
CFA. Flavor exposure during CFA training and testing
was conducted near the end of the light cycle of the pho-
toperiod, between 1500 and 1700 hours. Rats were accli-
mated for 2 days to i.p. injection of vehicle (0.15 M NaCl;
2.0 ml) prior to the start of the CFA experiment.

Rats were water deprived for 22 hours. Half of the rats
in each group were then presented with almond-flavored
tap water to drink from a graduated tube, and the others
with banana-flavored water (both 0.5% McCormick flavor
extract). The left-right position of the drinking tube on
each cage was switched after 15 minutes, with intake
recorded at 15- and 30-minute time points. Thirty minutes
after the end of this initial flavor exposure session, all rats
were injected i.p. with 2.0 ml 0.15 M NaCl vehicle. Plain
water was returned 30 minutes later, and rats had ad
libitum water access for the next 24 hours. Rats were then
water deprived again for 22 hours, followed by presenta-
tion of the alternate flavor to drink for 30 minutes, with
bottle positions switched after 15 minutes. Thirty minutes
after the end of this second flavor exposure session, rats
were injected i.p. with 2.0 ml of vehicle containing YO at
a dose of either 1.0 or 5.0 mg/kg BW. Plain water was
returned 30 minutes later, and rats had ad libitum water
access for 24-48 hours. Rats were finally water deprived
again for 22 hours, and then given 30 minutes of simul-
taneous access to two bottles of water, one containing the
vehicle-paired flavor and the other containing the YO-
paired flavor. The volume consumed from each bottle was
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recorded at 15 minutes, bottle positions were switched,
and cumulative intake was recorded at 30 minutes. Rats
then were returned to ad libitum water access.

Experiment 2: data analysis

Flavor preference ratios displayed by each rat during
the two-bottle choice test were determined by dividing the
volume consumed from each bottle (i.e., vehicle-paired
flavor vs. YO-paired flavor) by the total volume consumed
from both bottles in 30 minutes. Individual preference
ratios were averaged within each treatment group to ob-
tain group preference ratios (mean � SE) for intake of
vehicle-paired flavors relative to YO-paired flavors. Out-
comes indicating mean flavor preference ratios that did
not differ significantly (i.e., close to 50%:50%) were inter-
preted as an absence of CFA, whereas outcomes indicating
significantly shifted preference ratios (e.g., 70%:30%) were
interpreted as evidence for conditioned avoidance of the
flavor represented by the lower value in the ratio. Stu-
dent’s t-test was used to determine whether differences in
preference for vehicle-paired vs. YO-paired flavors were
statistically different, with significance set at P � 0.05.

Experiment 3: activation of central Fos
expression

In a terminal study, rats were injected i.p. with YO at
doses of 0 (n � 6), 1.0 (n � 6), or 5.0 (n � 10) mg/kg BW in
2.0 ml 0.15 M NaCl vehicle during the light cycle of the
photoperiod, between 1200 and 1500 hours. Rats were left
undisturbed in their home cages for 90–120 minutes after
injection, then were anesthetized with sodium pentobar-
bital (Nembutal; 100 mg/kg BW, i.p.) and transcardially
perfused with a brief saline rinse, followed by 500 ml of
fixative [4% paraformaldehyde in 0.1 M phosphate buffer
with lysine and sodium metaperiodate; (McLean and Na-
kane, 1974)]. The 90–120-minute posttreatment survival
window was selected based on evidence that the inhibitory
effect of YO on cumulative food intake in experiment 1
was greatest at the 30-minute time point and reduced but
still significant at the 60-minute time point (i.e., 60 and 90
minutes postinjection; see Results). Fos immunolabeling
generally peaks 60–90 minutes after the onset of signifi-
cant neural stimulation and persists at high levels for at
least 60 minutes more even when neural stimulation is
transient (Hoffman et al., 1993; Morgan and Curran,
1991). Thus, rats were perfused during a 30-minute por-
tion of the temporal window that corresponded to presum-
ably peak Fos immunolabeling. Brains were postfixed
overnight at 4°C, then blocked and cryoprotected in 20%
sucrose prior to sectioning.

Neural tracer injections

Additional rats (n � 25) received microinjections of ret-
rograde neural tracer into the CeA or lateral BNST (pro-
cedure described below) 1 week before i.p. injection of 2.0
ml 0.15 M NaCl vehicle or YO (5.0 mg/kg BW). Rats were
anesthetized and perfused with fixative 90–120 minutes
after i.p. injection, as described in the preceding section.
None of the tracer-injected rats received YO at the lower
1.0 mg/kg BW dose, because the lower dose did not signif-
icantly activate neurons in medullary or pontine regions
that provide direct neural input to the CeA or BNST (see
Results).

CeA injections

Rats were anesthetized by halothane inhalation (Halo-
carbon Laboratories; 1–3% in oxygen) and mounted into a
stereotaxic frame in the flat-skull position. Two retro-
grade tracers were used for CeA microinjections (n � 14):
Fluorogold (FG; Fluorochrome, Inc. Englewood, CO; 2.0%
in 0.15 M NaCl) and cholera toxin beta subunit (CTb; List
Biological Laboratories, Campbell, CA; 0.25% in 0.15 M
NaCl). Rats received FG injections targeted to the left CeA
and CTb injections targeted to the right CeA. The dual
tracer injection procedure increased the chance of obtain-
ing at least one accurate tracer injection site in each rat. A
1.0-�l Hamilton syringe filled with either FG or CTb was
attached to the stereotaxic arm. CeA coordinates (2.2 mm
posterior, 4.0 mm lateral, and 8.2 mm ventral to bregma)
were selected based on a standard rat brain atlas (Paxinos
and Watson, 1997). The syringe was lowered into the
brain and left in place for 5 minutes prior to injection. FG
(50 nl) or CTb (100–150 nl) was delivered by pressure over
a 1–2-minute period. The syringe was left in place for an
additional 7 minutes after each injection to reduce tracer
diffusion up the needle tract. The skin was closed with
stainless-steel clips, a topical anesthetic (2% lidocaine)
was applied to the incision site, and rats were returned to
their home cages after recovery from anesthesia. Rats
were given 7–10 days to recover from surgery and allow
sufficient time for retrograde tracer transport before YO
or vehicle treatment and perfusion, as described above.

BNST injections

FG (50 nl) was injected by pressure into the left lateral
BNST (0.28 mm posterior, 2.8 mm lateral, and 7.6 mm
ventral to bregma) in a separate group of halothane-
anesthetized rats (n � 11). A subset of these rats (n � 8)
received a contralateral injection of CTb (100 nl) into the
right BNST using the same microinjection coordinates.
The injecting needle was angled 10° laterally from vertical
to avoid passing through the lateral ventricle and septum
en route to the BNST. Other details regarding surgical
procedures and postsurgical treatment are similar to
those described for CeA tracer injections.

Histology and immunocytochemistry

Coronal 35-�m-thick tissue sections were cut from the
caudal extent of the medullary dorsal vagal complex
through the rostral extent of the corpus callosum with a
freezing microtome. Sections were collected serially in six
adjacent sets and stored at –20°C in cryopreservant
(Watson et al., 1986). Sections were removed from storage
and rinsed for 1 hour in buffer (0.1 M sodium phosphate,
pH 7.4) prior to immunocytochemical procedures. Anti-
sera were diluted in buffer containing 0.3% Triton-X and
1% normal donkey serum. Biotinylated secondary anti-
sera (Jackson Immunochemicals, West Grove, PA) were
used at a dilution of 1:500.

Tissue sections were processed for immunocytochemical
localization of Fos protein by using a rabbit polyclonal
antiserum (1:50,000; provided by Dr. Philip Larsen, Den-
mark) and Vectastain Elite ABC immunoperoxidase re-
agents (Vector Laboratories, Burlingame, CA). The speci-
ficity of this antibody for Fos has been reported elsewhere
(Rinaman et al., 1997). Sections were processed with a
nickel sulfate-intensified diaminobenzidine (DAB) reac-
tion to generate a blue-black reaction product in the nuclei
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of Fos-positive cells. Adjacent sets of Fos-labeled tissue
sections were processed for immunoperoxidase localiza-
tion of cytoplasmic CRH (rabbit anti-CRH, 1:15,000; Pen-
ninsula, Belmont, CA) and the NA synthetic enzyme do-
pamine beta hydroxylase (mouse anti-DbH, 1:30,000;
Chemicon, Temecula, CA), using nonintensified DAB to
generate a brown cytoplasmic reaction product. In tracer-
injected rats, Fos-labeled tissue sections were processed
for immunoperoxidase localization of FG (rabbit anti-FG:
Chemicon; 1:30,000) or CTb (goat anti-CTb; List Biological
Laboratories; 1:50,000). DAB was used to generate a
brown reaction product at the amygdala and BNST FG
and CTb injection sites and in the cytoplasm of retro-
gradely labeled neurons.

After immunocytochemical processing, tissue sections
were mounted onto Superfrost Plus microscope slides
(Fisher Scientific, Fair Lawn, NJ), allowed to dry over-
night, dehydrated and defatted in graded ethanols and
xylene, and coverslipped with Cytoseal 60 (VWR).

Quantification of Fos activation

Dual immunoperoxidase-labeled tissue sections were
analyzed with a light microscope to determine the number
and proportions of phenotypically identified Fos-positive
neurons. Criteria for counting a neuron as DbH positive,
CRH positive, or retrogradely labeled (i.e., CTb or FG
positive) included the presence of brown cytoplasmic im-
munoreactivity and a visible nucleus. Phenotypically
identified neurons were considered Fos-positive if their
nucleus contained blue-black immunolabel, regardless of
intensity, and Fos-negative if their nucleus was unlabeled.

DbH-positive neurons and retrogradely labeled neurons
were counted bilaterally in each region at �40. Quantita-
tive analysis of Fos immunolabeling of DbH-positive NA
neurons and retrogradely labeled neurons was limited to a
subset of brainstem regions providing direct input to the
CeA and/or BNST, including the pontine locus coeruleus
(LC; location of the A6 cell group), the lateral parabrachial
nucleus (PBN), the nucleus of the solitary tract (NST;
location of the A2/C2 cell groups), and the ventrolateral
medulla (VLM; location of the A1/C1 cell groups).

NST (A2/C2 cell groups) and VLM (A1/C1 cell

groups). Counts of DbH-positive or retrogradely labeled
NST and VLM neurons were grouped according to three
rostrocaudal levels defined with respect to the area pos-
trema (AP): 1) sections caudal to the AP (cNST and cVLM;
A2 and A1 cell groups, respectively); 2) sections through
the level of the AP (mNST and mVLM; A2/C2 and A1/C1
cell groups, respectively); and 3) sections rostral to the AP
(rNST and rVLM; C2 and C1 cell groups, respectively).
Counts in rostral sections were discontinued at the level
at which the NST moves laterally away from the floor of
the fourth ventricle. Counts of retrogradely labeled NST
and VLM neurons and the proportions that were Fos
positive were summed across sections at each rostrocau-
dal level. Counts of Fos- and DbH-positive NST and VLM
neurons were summed at each rostrocaudal level and then
averaged across the number of sections analyzed to obtain
mean counts per section.

In a preliminary study, DbH-positive neurons with vis-
ible nuclei were counted bilaterally within the NST and
VLM in six representative cases with optimal immunola-
beling and tissue quality (vehicle controls, n � 3; YO 5.0
mg/kg, n � 3). In each case, counts were grouped by
rostrocaudal level as described in the preceding paragraph

and then averaged across sections counted to derive the
mean number of DbH-positive NST and VLM neurons per
section at each rostrocaudal level. As expected, there was
little variability across animals in the number of DbH-
positive neurons counted within the NST or VLM at each
level and no significant effect of treatment. Thus, counts
obtained in these six rats were averaged to provide the
following estimates of the number of DbH-positive neu-
rons per section (mean � SE): cNST, 30.2 � 1.8; mNST,
66.7 � 3.4; rNST, 38.3 � 2.2; cVLM, 26.3 � 1.5; mVLM,
28.1 � 1.1; and rVLM, 27.8 � 2.0. These values were used
to estimate the proportions of NA neurons within the NST
and VLM that were Fos-positive within each treatment
group.

LC (A6 cell group). Counts of DbH-positive or retro-
gradely labeled LC neurons that were doubly labeled for
Fos were summed bilaterally and averaged over two tissue
sections spaced 210 �m apart that contained the greatest
number of Fos-positive neurons within the LC.

PBN. Counts of retrogradely labeled neurons within
the lateral PBN and the proportion expressing Fos were
summed unilaterally and averaged over two sections
spaced 210 �m apart that contained the highest density of
retrograde labeling ipsilateral to the CeA or BNST tracer
injection site.

Hypothalamic CRH neurons. The number of CRH-
positive PVN neurons and the proportion of these that
were Fos-positive in each rat was documented at �100 by
using oil immersion with the assistance of Stereo Investi-
gator X-Y plotting software (MicroBrightField, Colchester,
VT). CRH-positive neurons in the PVN were summed
bilaterally and averaged in each rat across two sections
spaced 210 �m apart that contained the highest density of
CRH neural labeling. In each rat, Fos-positive (i.e., double
labeled) neurons were expressed as a percentage of the
total number of CRH-positive neurons counted.

Statistical analyses

Statistical comparisons of the numbers and/or propor-
tions of phenotypically identified neurons that were Fos
positive were made using one-, two-, and three-way
ANOVA with experimental treatments (i.e., YO dose
and/or retrograde tracer injection site) and brain region as
independent variables. When f values indicated signifi-
cant main effects and/or interactions among experimental
variables, ANOVAs were followed by Fisher’s least signif-
icant difference protected t-tests for multiple post hoc
comparisons. Differences were considered statistically sig-
nificant when P � 0.05.

Photography and image preparation

Tissue sections were photographed with a color digital
camera attached to the microscope. Digital image files
were imported into Adobe Photoshop for cropping and
assembly of figures. Some color images were transformed
to gray scale. Brightness and contrast were adjusted for
consistency, but images were not otherwise altered.

RESULTS

Experiment 1: deprivation-induced food
intake

Rats in low- and high-dose YO groups consumed equiv-
alent amounts of rat chow after 24-hour food deprivation
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and i.p. vehicle injection (Table 1). Two-way repeated-
measures ANOVA revealed significant main effects of YO
dose [F(2,31) � 8.79; P � 0.001] and time [F(2,64) �
1,227.79; P � 0.0001] on deprivation-induced food intake,
with no significant interaction between dose and time.
Compared with food intake after vehicle treatment, intake
after 5.0 mg/kg YO was suppressed by approximately 40%
after 30 minutes of food access (i.e., 60 minutes postinjec-
tion) and by approximately 27% after 60 minutes of food
access (P � 0.05 at each time point; Table 1, Fig. 1).
Conversely, the lower 1.0 mg/kg YO dose did not suppress
food intake at any time (Table 1, Fig. 1). The anorexigenic
effect of 5.0 mg/kg YO diminished overnight and was not
significant at the final 15-hour time point (Table 1, Fig. 1).

Experiment 2: CFA

Rats in both CFA experimental groups consumed equiv-
alent volumes of novel almond- and banana-flavored wa-
ter when these were initially offered in 30-minute training
exposure sessions [1.0 mg/kg group (n � 6), average fluid
intake 14.8 � 0.7 ml, range 9–16 ml; 5.0 mg/kg group (n �

10), average fluid intake 15.5 � 0.5 ml, range 12–17 ml].
There were no significant differences in the volumes of
almond- or banana-flavored water consumed by either
group and no significant intake difference between the two
exposure days.

Results from the two-bottle choice tests revealed that
rats avoided consuming flavors paired previously with the
5.0 mg/kg dose of YO but did not avoid consuming flavors
paired with the 1.0 mg/kg dose (Fig. 2). In the 5.0 mg/kg
dose group (n � 10), fluid intake in the 30-minute choice
test consisted of 9.6 � 1.4 ml of the flavor previously
paired with i.p. vehicle treatment and 4.8 � 1.1 ml of the
flavor previously paired with YO (P � 0.05), evidence for a
relatively strong CFA response to YO-paired flavors (i.e.,
�69%:31% preference ratio). Conversely, in the 1.0 mg/kg
dose group (n � 6), fluid intake in the 30-minute choice
test consisted of 10.7 � 1.3 ml of vehicle-paired flavors and
9.0 � 1.7 ml of YO-paired flavors (P � 0.36, difference not
significant; �55%:45% preference ratio).

Experiment 3: central Fos immunolabeling

NST (A2/C2 cell groups). Two-way repeated-
measures ANOVA revealed a significant main effect (be-
tween subjects) of YO dose on Fos immunolabeling within
the NST [F(2,22) � 31.66, P � 0.0001], with significantly
more NA (i.e., DbH-positive) NST neurons doubly labeled
for Fos in rats after treatment with YO at 5.0 mg/kg
compared with rats treated with vehicle or with YO at 1.0
mg/kg (Fig. 3). Within subjects, there was a significant
effect of rostrocaudal level (cNST, mNST, rNST)
[F(2,46) � 17.46, P � 0.0001] and a significant interaction
between treatment group and rostrocaudal level
[F(4,46) � 8.38, P � 0.0001] in the average number of
Fos-positive NA neurons. Post hoc t-comparisons revealed
that significantly more NA neurons at each rostrocaudal
level of the NST were Fos-positive in rats treated with YO
at 5.0 mg/kg compared with rats treated with vehicle or
YO at 1.0 mg/kg (Fig. 3). Low and statistically similar
numbers of NA neurons expressed Fos labeling in rats
that received vehicle or the 1.0 mg/kg dose of YO; the only

Fig. 1. Food intake at three time points in rats after 24 hours of
food deprivation followed by YO treatment (1.0 or 5.0 mg/kg BW, i.p.).
The degree of feeding suppression after each dose of YO is expressed
relative to the amount consumed by the same rats after 24 hours of
food deprivation, followed by vehicle treatment (0.15 M NaCl, i.p.).
*Significantly suppressed compared with intake at the same time
point after vehicle treatment (P � 0.05).

Fig. 2. Average group preference ratios for novel flavors in two-
bottle choice tests after flavors were previously paired with vehicle
treatment (0.15 M NaCl, i.p.) or with YO (1.0 or 5.0 mg/kg BW, i.p.).
Results from two experimental cohorts are shown. Dashed line indi-
cates expected preference ratio of 50%:50% with no effect of flavor
pairing condition. *Significantly lower preference for YO-paired fla-
vors compared with vehicle-paired flavors (P � 0.05).

TABLE 1. Dose-Related Effect of YO in Inhibition of Feeding in Rats After
24 hr of Food Deprivation Followed by Acute Vehicle or YO Treatment

Treatment (n)

Cumulative food intake (g)

30 Min 60 Min
Overnight
(14–15 hr)

Vehicle (8) 5.8 � 0.3 6.6 � 0.3 28.4 � 0.9
YO 1.0 mg/kg BW (8) 5.2 � 0.3 6.7 � 0.4 27.9 � 1.2

Vehicle (8) 6.2 � 0.3 8.8 � 0.5 25.8 � 0.9
YO 5.0 mg/kg BW (8) 3.7 � 0.4* 6.3 � 0.4* 24.6 � 0.7

*Significantly less (P � 0.05) compared with intake by the same rats after vehicle
treatment (2.0 ml 0.15 M NaCl, i.p.).
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exception was a small but significant increase in Fos-
positive NA neurons within the rNST in rats treated with
1.0 mg/kg YO (Fig. 3). The estimated proportions of DbH-
positive neurons that also were Fos positive within each
NST region are indicated in Figure 3 by the number above
each bar. Figure 4 shows representative photomicro-
graphs of Fos immunolabeling in the mNST in rats after
vehicle treatment (Fig. 4A) or after 5.0 mg/kg YO (Fig.
4D).

VLM (A1/C1 cell groups). Two-way repeated-measures
ANOVA revealed a significant main effect (between sub-
jects) of YO dose on Fos immunolabeling within the VLM
[F(2,22) � 39.11, P � 0.0001], with significantly more NA
(i.e., DbH-positive) VLM neurons doubly labeled for Fos at
each rostrocaudal level in rats treated with YO at 5.0
mg/kg compared with rats treated with vehicle or YO at
1.0 mg/kg (Fig. 3). Within subjects, there was a significant
effect of rostrocaudal level (cVLM, mVLM, rVLM)
[F(2,44) � 3.70, P � 0.034] but no significant interaction
between treatment group and rostrocaudal level in the
average number of NA neurons per section expressing Fos
immunolabeling. Low and statistically similar numbers of
VLM NA neurons were Fos-positive in rats that received
vehicle or the 1.0 mg/kg dose of YO. The estimated pro-
portions of DbH-positive neurons expressing Fos immuno-
labeling within each VLM region are indicated in Figure 3
by the number above each bar. Figure 4 shows represen-
tative photomicrographs of Fos labeling in the mVLM in
rats after vehicle treatment (Fig. 4C) or after 5.0 mg/kg
YO (Fig. 4D).

LC (A6 cell group). One-way ANOVA revealed a sig-
nificant main effect (between subjects) of YO dose on the
number of LC neurons expressing Fos immunolabeling
[F(2,20) � 93.73, P � 0.0001], with significantly more NA

neurons doubly labeled for Fos in rats treated with YO at
5.0 mg/kg compared with rats treated with vehicle or the
1.0 mg/kg dose (P � 0.05 for each comparison). Relatively
few Fos-positive neurons were present within the LC of
rats treated i.p. with vehicle (5.1 � 2.1 neurons per sec-
tion; n � 6) or in rats treated with 1.0 mg/kg YO (13.6 �
5.0 neurons per section; n � 6). The difference between
these two groups in Fos immunolabeling was not signifi-
cant (P � 0.17). Conversely, the 5.0 mg/kg dose of YO
produced a marked increase in the average number of
DbH-positive LC cells that were Fos-positive (163.3 � 15.8
neurons per section; n � 10). Figure 4 shows representa-
tive photomicrographs of Fos immunolabeling within the
LC in rats after vehicle treatment (Fig. 4E) or after treat-
ment with 5.0 mg/kg YO (Fig. 4F). The proportion of NA
neurons in the LC that was doubly labeled for Fos could
not be accurately determined because of the high density
of DbH immunolabeling and the resulting difficulty in
distinguishing individual neurons and in visualizing un-
labeled (i.e., Fos-negative) cell nuclei.

Hypothalamic CRH neurons. On average, totals of
521 � 14.7 (mean � SE) CRH-immunopositive PVN neu-
rons were counted bilaterally across two tissue sections in
each rat. There was no significant effect of treatment
group on CRH-positive cell counts. One-way ANOVA re-
vealed a significant main effect of treatment (0, 1.0, or 5.0
mg/kg YO) in the proportion of CRH neurons that ex-
pressed Fos immunolabeling [F(2,20) � 215.9, P �
0.0001], with a significantly larger proportion of CRH
neurons labeled for Fos in rats treated with YO at 5.0
mg/kg (i.e., �73%) compared with the low and statistically
similar proportions of CRH-positive neurons doubly la-
beled for Fos in rats treated with vehicle (�3%) or treated
with YO at 1.0 mg/kg (�2%; Fig. 5). Figure 6 shows rep-
resentative photomicrographs of Fos immunolabeling in
CRH-positive PVN neurons in rats after treatment with
vehicle (Fig. 6A) or YO (5.0 mg/kg; Fig. 6B).

Fos immunolabeling in other brain regions. In rats
treated with the higher 5.0 mg/kg dose of YO, Fos expres-
sion was activated in many brain regions in addition to
those described above, which is consistent with two earlier
studies in which the same YO dose and administration
procedure was used (Singewald and Sharp 2000;
Singewald et al., 2003). These additional activated regions
included the lateral PBN (see Figs. 8, 9), lateral subdivi-
sion of the CeA (Fig. 6D), and lateral BNST (Fig. 6F).
Conversely, Fos labeling in these regions was sparse or
absent in rats treated with vehicle (Fig. 6C,E) or with 1.0
mg/kg YO (not shown).

CeA and BNST tracer injection sites and
distribution of retrograde labeling

CeA injection sites. Analysis of tracer injection sites
revealed that 12 injections were accurately targeted to the
center of the CeA (5.0 mg/kg YO, n � 8: vehicle controls,
n � 4). FG produced the most effective tracer injection
sites (see Fig. 7A), as judged by the quality of retrograde
labeling within the brainstem (described below). Amyg-
dala regions adjacent to the CeA (i.e., basolateral, baso-
medial, and medial nuclei) were included within the outer
boundaries of CeA-centered injection sites to varying de-
grees. These extra-CeA regions reportedly do not receive
direct neural input from the NST or VLM (Myers and
Rinaman, 2002; Petrov 1993; Zardetto-Smith, 1990, 1995).
In agreement with those reports, the present study found

Fig. 3. Treatment-induced activation of NA (i.e., DbH-positive)
neurons within the NST and VLM at three rostrocaudal levels: c,
caudal to the area postrema (AP); m, at the level of the AP; r, rostral
to the AP]. Values represent the average number of activated neurons
per tissue section within each treatment group. *Significantly greater
compared with activation after vehicle or YO at the lower 1.0 mg/kg
BW dose (P � 0.05 for each comparison). @Significantly greater com-
pared with activation after vehicle treatment (P � 0.05). The percent-
age values above each bar indicate the estimated proportion of NA
neurons expressing Fos.
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Fig. 4. Representative color photomicrographs depicting dual im-
munoperoxidase labeling of Fos (black nuclear label) and DbH (brown
cytoplasmic label) within the mNST (A,B), mVLM (C,D), and LC
(E,F) in rats after i.p. administration of 0.15 M NaCl vehicle (A,C,E)

or YO at a dose of 5.0 mg/kg BW (B,D,F). Arrows point to some of the
NA (i.e., DbH-positive) neurons activated after YO treatment. Insets
show double-labeled neurons at a higher magnification. Scale bar �
200 �m in A (applies to A–F).



very few or no retrogradely labeled neurons within the
NST or VLM in rats with tracer injection sites that ex-
cluded the CeA but included the medial, basomedial,
and/or basolateral amygdala. Conversely, neural tracer
diffusing to extra-CeA sites could contribute to the retro-
grade labeling observed within the LC after CeA injec-
tions, because a similar pattern and extent of LC neural
labeling was observed in the present study in rats with
tracer injection sites that were centered in the CeA or in
surrounding amygdalar regions.

BNST injection sites. FG produced the most effective
BNST injection sites (see Fig. 7B) and retrograde labeling
(described below), similar to results with CeA injections.
By comparison, retrograde brainstem labeling was subop-
timal after CTb tracer injections into the lateral BNST;
thus, the CTb retrograde labeling data were excluded from
analysis. In addition, one of the BNST FG injections inex-
plicably produced very little retrograde labeling within
the brainstem. This case also was excluded from analysis.
Thus, nine cases were quantitatively analyzed for
treatment-induced Fos expression in BNST-projecting
neurons (5.0 mg/kg YO, n � 5; vehicle controls, n � 4).

One FG injection site missed the lateral BNST but
included the anterodorsal, anteroventral, and reticular
thalamic nuclei and part of the lateral globus pallidus.
Essentially no retrograde labeling was seen in the NTS or
VLM in this case, and very little retrograde labeling was
seen in the LC (i.e., only one to three labeled cells per
section). Modest PBN retrograde labeling was observed in
this case, whereas labeling was much more prominent in

rats with tracer injection sites centered in the lateral
BNST. Several other regions adjacent to the BNST and
involved to varying degrees in tracer injection sites could
have contributed to retrograde labeling within the pons
and medulla; these include the medial and lateral preoptic
areas, lateral hypothalamus, substantia innominata, and
nucleus accumbens.

Retrograde labeling after CeA and BNST injections.

As expected, there were no significant differences in the
distribution or amount of retrograde labeling in rats that
received vehicle or YO treatment prior to sacrifice (see
Tables 2, 3). Numerous retrogradely labeled neurons were
present within the NST, VLM, PBN, and LC after CeA-
centered (Fig. 8, Table 2) or BNST-centered (Fig. 9, Table
3) tracer injections. The distribution and number of retro-
gradely labeled brainstem neurons in rats with CeA tracer
injections were consistent with a recent report from our
laboratory (Myers and Rinaman, 2005). Unilateral CeA
and BNST tracer injections produced bilateral retrograde
labeling in the NST, VLM, LC, and PBN, but with an
ipsilateral predominance relative to the side of tracer in-
jection. YO treatment activated Fos expression in the lat-
eral but not the medial PBN, so retrogradely labeled neu-
rons in the medial PBN were not included in quantitative
analyses.

Prior reports indicate that the LC provides very little
direct input to the ventrolateral BNST. In the present
study, LC labeling was highly variable in rats with BNST
tracer injections, ranging from 38 to 160 labeled neurons
in each case. The amount of retrograde LC labeling was
greatest in rats with FG injection sites that included the
dorsolateral BNST and/or the substantia innominata,
which is consistent with known LC projection targets
(Jones and Yang, 1985).

Activation of brainstem neurons projecting
to the CeA and BNST

CeA. Two-way repeated-measures ANOVA revealed a
significant main effect (between subjects) of treatment
group in the proportion of CeA-projecting brainstem neu-
rons activated to express Fos [F(1,11) � 53.44, P � 0.001],
with YO (5.0 mg/kg) activating significantly larger propor-
tions of neurons in the NST, VLM, LC, and lateral PBN
compared with vehicle treatment (Table 2, Fig. 8). Within
subjects, there was a significant effect of brainstem region
(NST, VLM, LC, PBN) on YO-induced activation of CeA-
projecting neurons [F(3,30) � 5.89, P � 0.001] but no
significant interaction between treatment group and
brainstem region. No significant trends in the number of
CeA-projecting neurons or the proportion activated to ex-
press Fos were observed at different rostrocaudal levels of
the NST or VLM (Table 2). Figure 8 shows representative
photomicrographs of Fos expression by CeA-projecting
neurons in the NST, VLM, LC, and lateral PBN in rats
after YO treatment.

BNST. Two-way repeated-measures ANOVA revealed
a significant main effect (between subjects) of treatment
group on Fos expression by BNST-projecting brainstem
neurons [F(1,8) � 58.08, P � 0.001], with YO (5.0 mg/kg)
activating a significantly larger proportion of neurons in
the NST, VLM, LC, and lateral PBN compared with vehi-
cle treatment (Table 3, Fig. 9). Within subjects, there was
a significant effect of brainstem region (NST, VLM, LC,
PBN) on YO-induced activation of BNST-projecting neu-
rons [F(3,27) � 5.95, P � 0.0042] but no significant inter-

Fig. 5. Treatment-induced activation of CRH-positive PVN neu-
rons in rats after i.p. administration of 0.15 M NaCl vehicle or YO at
doses of 1.0 or 5.0 mg/kg BW. *Significantly greater compared with
activation after vehicle or the lower dose of YO (P � 0.05 for each
comparison).
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Fig. 6. Representative color photomicrographs depicting dual im-
munoperoxidase labeling of Fos (black nuclear label) and CRF (brown
cytoplasmic label) within the PVN (A,B), CeA (C,D), and ventrolat-
eral BNST (E,F) in rats after i.p. administration of 0.15 M NaCl

vehicle (A,C,E) or YO at a dose of 5.0 mg/kg BW (B,D,F). 3, Third
ventricle; AC, anterior commissure. Scale bar � 250 �m in A (applies
to A–F).



action between treatment group and brainstem region.
Further analysis revealed that the treatment effect on Fos
activation was restricted to BNST-projecting neurons
within the NST and VLM. A trend toward increased Fos
activation in BNST-projecting LC and PBN neurons was
apparent in rats after YO treatment (Table 3) but did not
reach statistical significance in either region (i.e., P �
0.064 for the LC and P � 0.057 for the PBN).

ANOVA revealed significant main effects (within sub-
jects) of rostrocaudal level in the number of BNST-
projecting neurons counted within the NST [F(2,18) �
12.63, P � 0.0005] and VLM [F(2,18) � 17.96, P � 0.0001],
with the largest numbers of retrogradely labeled neurons
located in the mNST and cVLM (Table 3). Post hoc t-tests
confirmed a significant effect of YO in activating Fos at
each rostrocaudal level of the NST and VLM (P � 0.05 for
each region at each level). Within subjects, there was no
significant effect of rostrocaudal level on the proportion of
BNST-projecting NST neurons activated to express Fos.
However, there was a significant effect of rostrocaudal
VLM level [F(2,18) � 16.68, P � 0.0002], with both the
cVLM and mVLM containing higher proportions of acti-
vated retrogradely labeled neurons compared with the
rVLM (P � 0.05 for each comparison; Table 3). Figure 9
shows representative photomicrographs of Fos expression
by BNST-projecting neurons in the NST, VLM, LC, and
lateral PBN in rats after YO treatment.

Comparisons of retrograde labeling and YO-
induced recruitment of CeA-projecting vs.

BNST-projecting neurons

Two-way ANOVA revealed significant main effects of
tracer injection site [i.e., CeA vs. BNST; F(1,10) � 13.1,
P � 0.0018] and brainstem region [i.e., 3 NST levels, 3
VLM levels, PBN, and LC; F(7,147) � 110.3, P � 0.0001]
on the average number of retrogradely labeled neurons
(see Tables 2, 3). There also was a significant interaction
between injection site and brainstem region in the number
of retrogradely labeled neurons [F(7,147) � 18.7, P �
0.0001]. BNST tracer injections produced significantly
more retrograde labeling within the NST and VLM com-
pared with labeling in those regions after CeA tracer in-
jections (P � 0.05 for each within-region comparison),
whereas the PBN and LC contained statistically similar
numbers of retrogradely labeled neurons after CeA or
BNST tracer injections.

Three-way ANOVA revealed significant main effects of
tracer injection site [F(1,20) � 13.98, P � 0.0016], treat-
ment group [i.e., vehicle vs. YO; F(1,20) � 57.7, P �
0.0001], and brainstem region [F(7,147) � 12.75, P �
0.0001] in the proportions of retrogradely labeled neurons
activated to express Fos. There also were significant in-
teractions between tracer injection site and brainstem
region [F(7,147) � 19.69, P � 0.0001] and between treat-
ment group and brainstem region [F(7,147) � 6.46, P �
0.0001] and a three-way interaction between all three
factors [F(7, 147) � 3.47, P � 0.002] in the proportions of
retrogradely labeled neurons activated to express Fos.
Vehicle treatment induced Fos in relatively low and sta-
tistically similar proportions of CeA- and BNST-projecting
neurons within each brainstem region. YO treatment ac-
tivated statistically similar proportions of BNST- and
CeA-projecting neurons within the LC (i.e., �32–38%; Ta-
bles 2, 3) and similar proportions of BNST- and CeA-
projecting neurons within the lateral PBN (i.e., �21–26%;
Tables 2, 3). Conversely, YO activated significantly
greater proportions of BNST-projecting neurons within
the cNST and within the VLM at all three rostrocaudal
levels compared with activation of CeA-projecting neurons
in the same regions (P � 0.05 for each within-region
comparison; see Tables 2, 3).

Fig. 7. Representative examples of FG tracer injection sites (dark
immunolabeling) centered in the CeA (A) and BNST (B). AC, anterior
commissure; BLA, basolateral amygdala; BMA, basomedial amyg-
dala; CPU, caudate putamen; fu, fusiform BNST; IGP, internal globus
pallidus; ld, laterodorsal BNST; lp, lateral posterior BNST; LV, lat-
eral ventricle; MeA, medial amygdala; MPO, medial preoptic area;
OT, optic tract. Scale bar � 300 �m in A (applies to A,B).
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DISCUSSION

The present study provides new evidence that YO ad-
ministered systemically at a dose of 5.0 mg/kg BW signif-
icantly inhibits food intake, supports CFA, and increases
Fos immunolabeling in central viscerosensory circuits.
Fos-positive circuit components included medullary and
pontine NA neurons, hypothalamic CRH-positive neurons,
and neurons in viscerosensory brainstem nuclei that
project directly to the CeA and lateral BNST.

There are limitations associated with using Fos as a
marker of neurons and circuits that respond to and/or
mediate the effects of experimental treatments (Morgan
and Curran, 1991). Neural transcription of the immediate
early gene c-fos is effected through calcium-dependent
pathways that are not activated by all of the signals that
a neuron receives. For example, Fos immunolabeling does
not identify neurons whose activity is inhibited, even
though such inhibition may be a critical feature of overall
circuit activity. In addition, some neurons may not in-

crease c-fos transcription or manifest increased Fos im-
munolabeling even when demonstrably activated. Never-
theless, a treatment-related increase in Fos
immunolabeling within an identified neural population
that is Fos-negative under control conditions can be inter-
preted as evidence that the neurons within that popula-
tion experienced an increase in intracellular calcium lev-
els in conjunction with the experimental treatment. It is
reasonable to say that such Fos-positive neurons were
“activated” as a direct or indirect consequence of the treat-
ment.

The two YO doses used in this study were based on
previous reports of the drug’s effects on anxiety-related
behavior and its ability to increase central Fos immuno-
labeling in rats and mice (Bing et al., 1992; Khoshbouei et
al., 2002; Kiem et al., 1995; Schroeter et al., 2000; Shepard
et al., 2004; Stone et al., 1993; Szemeredi et al., 1991;
Tanaka et al., 2000; Tsujino et al., 1992; Wada and
Fukada, 1991; White and Birkle, 2001). However, in the

TABLE 2. YO-Induced Activation of Fos in Brainstem Neurons Projecting to the CeA (vehicle, n � 4; YO 5.0 mg/kg BW, n � 8)

Treatment Brainstem region
Total No. of retrogradely labeled neurons

(mean � SE)
Fos (%)

(mean � SE)

Vehicle cNST 22.5 � 2.0 8.6 � 7.6
YO 23.9 � 2.7 28.3 � 5.9*
Vehicle mNST 25.8 � 4.9 5.4 � 5.4
YO 29.9 � 5.0 35.8 � 7.3*
Vehicle rNST 22.3 � 3.2 5.0 � 3.2
YO 22.6 � 3.7 55.4 � 3.2*
Vehicle NST total 70.5 � 9.8 8.3 � 5.0
YO 76.4 � 8.6 38.3 � 2.9*
Vehicle cVLM 29.5 � 1.7 9.7 � 4.7
YO 22.4 � 3.9 53.3 � 4.9*
Vehicle mVLM 24.2 � 0.9 5.1 � 1.9
YO 19.8 � 5.2 40.0 � 10.5*
Vehicle rVLM 16.5 � 5.4 0 � 0
YO 15.0 � 2.1 15.1 � 5.4*
Vehicle VLM total 70.2 � 4.8 6.4 � 3.0
YO 57.2 � 9.5 37.0 � 5.1*
Vehicle LC 85 � 16.1 6.9 � 2.6
YO 66.3 � 7.3 32.2 � 4.0*
Vehicle latPBN 132.3 � 9.7 8.1 � 0.7
YO 116.7 � 12.3 21.4 � 1.8*

*Significantly greater than the proportion of CeA-projecting neurons expressing Fos in the same region after vehicle (0.15 M NaCl) treatment (P � 0.05).

TABLE 3. YO-Induced Activation of Fos in Brainstem Neurons Projecting to the BNST (vehicle, n � 4; YO 5.0 mg/kg BW, n � 5)

Treatment Brainstem region
Total No. of retrogradely labeled neurons

(mean � SE)
Fos (%)

(mean � SE)

Vehicle cNST 55.5 � 6.7** 8.7 � 3.1
YO 35.4 � 6.8** 49.2 � 6.5*
Vehicle mNST 77.5 � 7.6** 3.5 � 1.5
YO 91.8 � 24.2** 42.2 � 9.1*
Vehicle rNST 29.8 � 4.7 1.25 � 1.25
YO 30.4 � 4.0 53.2 � 5.2*
Vehicle NST total 162.8 � 6.2** 4.7 � 1.7
YO 157.6 � 30.6** 46.5 � 6.7*
Vehicle cVLM 76.8 � 12.7** 11.6 � 4.0
YO 79.4 � 6.4** 77.0 � 4.8*,***
Vehicle mVLM 36.3 � 10.1** 10.4 � 4.0
YO 59.0 � 17.0** 80.4 � 4.0*,***
Vehicle rVLM 26.3 � 14.5** 3.0 � 1.8
YO 31.4 � 5.7** 52.3 � 8.4*,***
Vehicle VLM total 139.4 � 33.8** 10.5 � 3.6
YO 169.8 � 24.5** 72.6 � 5.8*,***
Vehicle LC 96.0 � 25.2 2.1 � 1.0
YO 85.6 � 8.7 37.6 � 17.9
Vehicle latPBN 134.8 � 11.6 3.4 � 2.5
YO 122.0 � 25.7 26.1 � 9.2

*Significantly greater than the proportion of BNST-projecting neurons expressing Fos in the same region after vehicle (0.15 M NaCl) treatment (P � 0.05).
**Significantly greater than the number of CeA-projecting neurons in the same region (P � 0.05); see Table 2 for CeA data.
***Significantly greater than the proportion of CeA-projecting neurons expressing Fos in the same region after YO treatment (P � 0.05); see Table 2 for CeA data.

436 E.A. MYERS ET AL.



majority of studies, only a single YO dose was used, and
none attempted to correlate the drug’s effects on behavior
with its effects on Fos expression. Doses of 1.0 mg/kg BW
and lower have been reported to increase extracellular NA
levels and to promote anxiety-like behavior in rats when
administered intravenously and/or when combined with
other stressors or conditions, such as drug withdrawal,
immobilization, exposure to the elevated-plus maze, hy-
pertension, or prenatal stress (Shepard et al., 2004; Sze-
meredi et al., 1991; Tanaka et al., 2000; White and Birkle,
2001). However, our findings indicate that, in the absence
of such conditions, a 1.0 mg/kg BW dose of YO adminis-
tered i.p. is by itself subthreshold for inhibiting food in-
take, supporting CFA, or increasing central Fos immuno-
labeling. Conversely, the 5.0 mg/kg dose of YO produced
significant effects on all three parameters. Prior reports of
Fos expression after YO treatment did not report the
effects of doses lower than 5.0 mg/kg BW; thus, our find-
ings provide new evidence for a correlation between YO-
induced behavioral effects and YO-induced recruitment of
brainstem, hypothalamic, and limbic forebrain regions
that may mediate these effects.

YO-induced anorexia and CFA: evidence for
malaise

The anxiogenic effect of YO is evidenced in rats by its
ability to decrease social interaction and exploration, sup-
port conditioned place avoidance, enhance startle, and
reduce open-arm exploration in the elevated-plus maze
(Bhattacharya et al., 1997; File, 1986; File and Seth, 2003;
Pellow et al., 1985; White and Birkle, 2001). The present
study provides new evidence that YO also reduces food
intake in food-deprived rats, which is consistent with a
previous report in mice (Callahan et al., 1984). The time
course of the anorexigenic effect of YO is consistent with
its known half-life in rats after systemic administration
(Hubbard et al., 1988). We also report that a dose of YO
that inhibits food intake (i.e., 5.0 mg/kg BW) can serve as
the unconditioned stimulus for the formation of CFA. This
new finding complements a previous report that YO sup-
ports conditioned place avoidance in rats (File, 1986).

The ability of YO to support CFA demonstrates that YO
is aversive to rats and is consistent with the view that YO
is anxiogenic. However, the data also are consistent with

Fig. 8. Representative color photomicrographs depicting dual im-
munoperoxidase labeling of Fos (black nuclear label) and FG (brown
cytoplasmic label) within the mNST (A), LC (B), mVLM (C), and
lateral PBN (D) in a rat with a CeA-centered FG tracer injection and

subsequent i.p. administration of YO (5.0 mg/kg BW, i.p.). Arrows
point to some of the activated retrogradely labeled neurons visible
within each region. Insets show double-labeled neurons at a higher
magnification. Scale bar � 300 �m in A (applies to A–D).
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evidence in humans that YO generates nausea and mal-
aise (Linden et al., 1985; Mattila et al., 1988). Chemical
agents and treatment conditions often are defined as “nau-
seogenic” or malaise-inducing in rats based on their abil-
ity to both inhibit food intake and support conditioned
taste aversion (CTA; Parker, 2003; Reilly, 1999; Sakai and
Yamamoto, 1999). CTA in rats is operationally defined as
conditioned rejection reactions (e.g., gapes, chin rubs, pur-
poseful expelling) during involuntary exposure to a condi-
tioned taste stimulus. Unconditioned stimuli such as lith-
ium chloride that support CTA also support CFA, but the
converse is not always true (Parker, 2003). Thus, treat-
ments that are nauseogenic also are aversive, but treat-
ments that are aversive are not always nauseogenic.

The aversive and potentially nauseogenic effect of YO in
rats may represent an important component of its ability
to activate the HPA stress axis and to promote anxiety-
like behavior. We recently reported that rats exhibit con-

ditioned avoidance of flavors previously paired with expo-
sure to trimethylthiazoline (TMT), an odiferous
component of fox feces that serves as an unconditioned
stimulus for stress and anxiety responses in rats (Myers
and Rinaman, 2005). The magnitude of CFA response to
YO-paired flavors in the present study is remarkably sim-
ilar to the magnitude of CFA response to TMT-paired
flavors (Myers and Rinaman, 2005), suggesting that the
treatments are equivalently aversive. It will be of interest
to determine whether YO and/or TMT exposure supports
CTA; this would provide more direct evidence that the
treatments are nauseogenic in addition to being aversive
and, apparently, anxiogenic. In this regard, it is relevant
that anxiety and nausea/malaise occur concurrently after
bacterial endotoxin or cytokine challenge in humans and
rodents (Kusnecov and Goldfarb, 2005; Lacosta et al.,
1999; Nava and Carta, 2001; Yirmiya et al., 2000), and in
rats the “sickness behavior” associated with these chal-

Fig. 9. Representative color photomicrographs depicting dual im-
munoperoxidase labeling of Fos (black nuclear label) and FG (brown
cytoplasmic label) within the mNST (A), LC (B), mVLM (C), and
lateral PBN (D) in a rat with a BNST-centered FG tracer injection and

subsequent i.p. administration of YO (5.0 mg/kg BW, i.p.). Arrows
point to some of the activated retrogradely labeled neurons visible
within each region. Insets show double-labeled neurons at a higher
magnification. Scale bar � 300 �m in A (applies to A–D).
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lenges is accompanied by recruitment of central neural
circuits (Elmquist and Saper, 1996; Elmquist et al., 1996;
Ericsson et al., 1994) that overlap extensively with cir-
cuits recruited by TMT exposure (Myers and Rinaman,
2005) and YO (present report).

Phenotypic characterization of neurons
recruited by YO treatment

Several reports have described the central distribution
of Fos-positive neurons in rats after YO treatment (Bing et
al., 1992; Singewald et al., 2003; Singewald and Sharp,
2000; Stone et al., 1993; Tsujino et al., 1992). The present
results are consistent with those earlier studies, all of
which used a 5.0 mg/kg BW dose of YO administered i.p.
Our results provide new evidence that neurons activated
by YO include significant proportions of medullary and
pontine NA neurons. Activated neurons also include the
majority (i.e., �73%) of CRH-positive neurons within the
medial parvocellular PVN, making up the central apex of
the HPA axis. This result was predicted by evidence that
the same dose of YO produces large increases in plasma
ACTH concentration in rats (Kiem et al., 1995). The stim-
ulatory effect of systemic YO on the HPA axis is blocked by
central administration of an �2-adrenoceptor agonist
(Kiem et al., 1995), implicating central NA signaling
mechanisms.

Systemic YO increases neural firing activity in the LC
(Aghajanian and VanderMaelen, 1982) and promotes in-
creased levels of extracellular NA in several terminal ar-
eas implicated in stress and anxiety responses, including
the medulla, hypothalamus, CeA, and BNST (Forray et
al., 1997; Khoshbouei et al., 2002; Pacak et al., 1992;
Szemeredi et al., 1991). LC neurons of the A6 cell group
provide widespread input to cortical and many subcortical
brain regions, including the CeA, and likely contribute
importantly to hyperarousal after YO treatment; however,
NA inputs to the PVN and ventral BNST arise primarily
from neurons located within the NST and VLM
(Sawchenko and Swanson, 1982; Terenzi and Ingram,
1995). Our Fos data indicate that YO activates significant
proportions of NA neurons within all three brainstem
regions. The proportion of medullary NA neurons acti-
vated after YO treatment ranged from approximately 18%
to 26% of DbH-positive neurons in the NST (A2/C2 cell
groups) and from approximately 51% to 66% of those in
the VLM (A1/C1 cell groups).

Central Fos activation after systemic YO likely involves
direct effects at pre- and postsynaptic �2-adrenoceptors in
NA terminal regions within the medulla, pons, hypothal-
amus, and limbic forebrain. YO-induced recruitment of
hypothalamic and limbic forebrain neurons also could con-
tribute to the activation of brainstem neurons, and vice
versa. The PVN, CeA, and lateral BNST have well-
characterized descending projections to hindbrain NA cell
groups, and these projections contribute to activation of
medullary NA neurons during stress (Buller et al., 2003;
Dayas et al., 2004; Dayas and Day, 2001; Li et al., 1996;
Petrov et al., 1995). An additional source of central neural
activation after systemic YO treatment likely arises from
viscerosensory feedback subsequent to the peripheral
sympathomimetic effects of the drug, which significantly
alters cardiovascular and gastrointestinal functions
(Corre et al., 2004; Malcolm et al., 2000). Systemic YO in
humans dose-dependently alters colonic and rectal com-
pliance curves, producing increased tone and sensations of

pain and urgency during phasic distension (Malcolm et al.,
2000). Potentially relevant viscerosensory feedback sig-
nals travel along neural pathways that synapse in the
NST, VLM, and lateral PBN en route to the hypothalamus
and limbic forebrain, and Fos activation was observed in
all of these regions in rats after YO treatment.

YO-induced recruitment of viscerosensory
inputs to the CeA and BNST

There is growing evidence that NA inputs to the amyg-
dala and BNST play a critical role in integrating behav-
ioral and visceral responses to stress and anxiety and are
important for conditioned learning and the encoding of
memories for emotionally salient stimuli (Clayton and
Williams, 2000; McGaugh, 2000; Williams et al., 2000).
The present study demonstrates that significant propor-
tions of CeA- and BNST-projecting neurons in the medulla
and pons are activated by a behaviorally effective dose of
YO. We did not determine the chemical phenotypes of
retrogradely labeled neurons in this study; however, pre-
vious reports indicate that the large majority of NST,
VLM, and LC neurons that project to the hypothalamus
and/or limbic forebrain are NA neurons (Aston-Jones et
al., 1999; Delfs et al., 2000; Petrov et al., 1993; Riche et al.,
1990; Roder and Ciriello, 1993, 1994; Terenzi and Ingram,
1995; Woulfe et al., 1988, 1990; Zardetto-Smith and Gray,
1990, 1995). YO treatment also activated moderate pro-
portions of BNST- and CeA-projecting neurons in the lat-
eral PBN, although YO-induced activation of PBN inputs
to the BNST was variable and did not achieve statistical
significance. Activation of lateral PBN inputs to the CeA is
consistent with the finding that YO supports CFA, a type
of learning that requires the PBN, the CeA, and the con-
nections between them (Lasiter and Glanzman, 1985;
Reilly, 1999; Yamamoto et al., 1994).

Although YO activated significant numbers and propor-
tions of brainstem neurons projecting to the CeA and to
the BNST, recruitment of NST and VLM inputs to the
BNST was especially robust. As discussed above, the large
majority of BNST-projecting neurons within the NST and
VLM are NA neurons. Prior studies have strongly impli-
cated NA inputs to the lateral BNST as underlying the
aversive effects of stressors such as drug withdrawal, im-
mobilization, and foot shock (Pacak et al., 1995; Shepard
et al., 2004). Of particular interest is evidence that NA
inputs to the BNST contribute to the ability of YO and
other experimental stressors to reinstate drug seeking in
rat models of relapse (Aston-Jones et al., 1999; Delfs et al.,
2000; Shaham et al., 2000a,b; Shepard et al., 2004). Sim-
ilar neural mechanisms may underlie stress-induced prov-
ocation of relapse in drug-addicted humans, in whom YO
induces opioid withdrawal-like symptoms and drug crav-
ing (Stine et al., 2001, 2002).

In summary, we report that the ability of systemic YO to
inhibit food intake and support conditioned avoidance be-
havior in rats is correlated with increased Fos immunola-
beling in brainstem NA neurons, hypothalamic CRH neu-
rons, and ascending inputs to limbic forebrain regions that
play key roles in stress and emotional learning. These
results do not demonstrate causal relationships between
neural activation patterns and behavior after YO treat-
ment, but they do highlight several key regions that
should be targeted in continued investigation of the func-
tional organization of neural circuits that contribute to
physical and psychological features of anxiety and mal-
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aise. In particular, our results provide a foundation on
which to build experiments to determine which circuit
components are necessary and sufficient for various be-
havioral and physiological aspects of stress, anxiety, and
visceral malaise, and the extent to which these compo-
nents are functionally redundant or unique.
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