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Noradrenergic Inputs to the Bed Nucleus of the Stria
Terminalis and Paraventricular Nucleus of the
Hypothalamus Underlie Hypothalamic–Pituitary–Adrenal
Axis But Not Hypophagic or Conditioned Avoidance
Responses to Systemic Yohimbine

Layla Banihashemi and Linda Rinaman
Department of Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

The �2 adrenoceptor antagonist yohimbine (YO) increases transmitter release from adrenergic/noradrenergic (NA) neurons. Systemic
YO activates the hypothalamic–pituitary–adrenal (HPA) axis, inhibits feeding, and supports conditioned flavor avoidance (CFA) in rats.
To determine whether these effects require NA inputs to the bed nucleus of the stria terminalis (BNST), vehicle or saporin toxin conju-
gated to an antibody against dopamine � hydroxylase (DSAP) was microinjected bilaterally into the BNST to remove its NA inputs.
Subsequent tests failed to reveal any lesion effect on the ability of YO (5.0 mg/kg, i.p.) to inhibit food intake or to support CFA. Conversely,
HPA axis responses to YO were significantly blunted in DSAP rats. In a terminal experiment, DSAP and control rats were perfused 90 –120
min after intraperitoneal injection of YO or vehicle. Brains were processed to reveal Fos immunolabeling and lesion extent. NA fibers were
markedly depleted in the BNST and medial parvocellular paraventricular hypothalamus (PVNmp) in DSAP rats, evidence for collateral-
ized NA inputs to these regions. DSAP rats displayed significant loss of caudal medullary NA neurons, and markedly blunted Fos
activation in the BNST and in corticotropin-releasing hormone-positive PVNmp neurons after YO. We conclude that a population of
medullary NA neurons provides collateral inputs to the BNST and PVNmp, and that these inputs contribute importantly to Fos expres-
sion and HPA axis activation after YO treatment. Conversely, NA-mediated activation of BNST and PVNmp neurons is unnecessary for YO
to inhibit food intake or support CFA, evidence for the sufficiency of other intact neural pathways in mediating those effects.
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Introduction
Physiological and behavioral stress responses can be provoked by
drugs such as yohimbine (YO) that increase central adrenergic/
noradrenergic (NA) signaling (Morilak et al., 2005). YO increases
NA signaling by antagonizing �2 adrenoceptors that are nega-
tively coupled to cAMP production. Blockade of presynaptic re-
ceptors on NA axon terminals promotes increased neurotrans-
mitter release from those terminals. At the same time, blockade of
postsynaptic receptors reduces the inhibitory effects of synapti-
cally released NA at those receptors while leaving unopposed the

excitatory effects of NA at other adrenoceptor subtypes
(Wozniak et al., 2000). Systemic YO produces peripheral sympa-
thomimetic effects, but also crosses the blood– brain barrier to act
centrally. In humans, YO induces subjective feelings of anxiety,
can provoke panic attacks, and has pronounced stressor-like au-
tonomic and neuroendocrine effects that include hypertension
and activation of the hypothalamic–pituitary–adrenal (HPA)
axis (Charney et al., 1983, 1989).

We demonstrated previously that systemic YO activates vis-
cerosensory circuits that include NA neurons in the nucleus of
the solitary tract (NST) and caudal ventrolateral medulla (VLM)
in rats (Myers et al., 2005). YO increases Fos expression and
extracellular NA levels within the NST and VLM, and also in
stress-related brain regions that receive NA inputs from the NST
and VLM, including the PVN, lateral parabrachial nucleus
(PBN), central nucleus of the amygdala (CeA), and bed nucleus
of the stria terminalis (BNST) (Szemeredi et al., 1991; Pacak et al.,
1992; Tsujino et al., 1992; Forray et al., 1997; Khoshbouei et al.,
2002; Singewald et al., 2003; Myers et al., 2005). These YO effects
occur in concert with conditioned avoidance, increased anxiety-
like behavior, hypophagia, and HPA axis activation (Callahan et
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al., 1984; File, 1986; Baldwin et al., 1989; Johnston and File, 1989;
Khoshbouei et al., 2002; Myers et al., 2005).

YO activates NA neurons within the NST and VLM that
project directly to the BNST (Myers et al., 2005), but it is unclear
whether these projections are necessary for YO to produce its
distinct effects. NA inputs to the lateral BNST are implicated in
physiological and behavioral responses to diverse stimuli that
promote stress responses and anxiety-like behavior in rats, in-
cluding drug withdrawal, immobilization, and exposure to pred-
ator odor (Aston-Jones et al., 1999; Delfs et al., 2000; Cecchi et al.,
2002a,b; Fendt et al., 2005; Myers and Rinaman, 2005; Schweimer
et al., 2005). The BNST is reciprocally connected with the NST,
VLM, PBN, and CeA (Dong et al., 2001b), and the ventrolateral
BNST densely innervates the medial parvocellular PVN
(PVNmp) (Dong et al., 2001a), which contains corticotropin-
releasing hormone (CRH)-positive neurons that comprise the
apex of the HPA stress axis. Thus, the BNST is tactically posi-
tioned to participate in diverse behavioral and physiological re-
sponses to YO. The present study used an immunotoxin lesion-
ing approach to test the hypothesis that NA inputs to the lateral
BNST are necessary for YO to increase hypothalamic and limbic
Fos activation, and also are necessary for YO to inhibit food in-
take, support conditioned flavor avoidance (CFA), and increase
plasma corticosterone levels.

Materials and Methods
Animals
Adult male Sprague Dawley rats [250 –330 g body weight (BW); Harlan
Laboratories, Indianapolis, IN] were housed singly in stainless-steel
cages in a controlled environment (20 –22°C; 12 h light/dark cycle, lights
off at 7:00 P.M.) with ad libitum access to water and pelleted chow [Pu-
rina (Bethlehem, PA) 5001], except as noted. Experimental protocols
were approved by the University of Pittsburgh Institutional Animal Care
and Use Committee.

DSAP injections
DSAP [a mouse antibody against dopamine � hydroxylase (DbH) con-
jugated to saporin toxin] was used to specifically lesion NA neurons with
inputs to the BNST. DbH converts dopamine to norepinephrine; thus,
the presence of DbH phenotypically defines NA neurons and terminals.
A subset of medullary NA neural inputs to the BNST also synthesize the
enzyme phenylethanolamine N-methyl transferase, which processes nor-
epinephrine to epinephrine; this “adrenergic” subset of NA neurons also
is subject to DSAP lesions. DSAP binds to vesicular DbH when vesicles are
exposed to the synaptic cleft during transmitter exocytosis (Wrenn et al.,
1996). The DSAP antibody–toxin complex is internalized during vesicle en-
docytosis and is retrogradely transported. After reaching the cell body, sa-
porin inactivates ribosomes (Ippoliti et al., 1992) to interrupt protein syn-
thesis and produce NA cell death within 1–2 weeks (Madden et al., 1999,
2006; Rinaman, 2003; Ritter et al., 2003). The specificity of DSAP as an
NA lesioning agent has been demonstrated in several reports (Madden et
al., 1999, 2006; Ritter et al., 2001, 2003; Rinaman, 2003).

For bilateral injections of DSAP or vehicle into the BNST, rats (n � 27
DSAP; n � 17 sham control) were anesthetized by halothane inhalation
(Halocarbon Laboratories, River Edge, NJ; 1–3% in oxygen) and
mounted into a stereotaxic frame in the flat-skull position. A 1.0 �l
Hamilton syringe was attached to the stereotaxic arm. Injection coordi-
nates targeting the left and right ventral lateral BNST (0.28 mm posterior,
2.8 mm lateral, and 7.6 mm ventral to bregma) were selected based on a
standard rat brain atlas (Paxinos and Watson, 1997). The injecting needle
was angled 10 degrees from vertical to avoid passing through the lateral
ventricle and septum en route to the BNST target site. DSAP (11 ng
delivered in 50 nl of 0.15 M NaCl vehicle; Advanced Targeting Systems,
San Diego, CA) was pressure injected over a 1–2 min period. Sham
control rats were similarly injected with 50 nl of vehicle alone. The sy-
ringe was left in place for 10 min after each injection to reduce injectate
diffusion up the needle tract. BNST injections were repeated on the op-

posite side of the brain in the same surgical session. The skin was closed
with stainless-steel clips and rats were returned to their home cages after
recovery from anesthesia. DSAP and sham control rats recovered for at
least 10 d after surgery before experiments were initiated.

Each DSAP and sham control rat participated in one of the following
experiments: a behavioral test to determine the ability of systemic YO to
inhibit food intake (experiment 1), a behavioral test to determine the
ability of YO to support CFA (experiment 2), or a physiological test to
determine the ability of YO to elevate plasma corticosterone levels (ex-
periment 3). Rats used in behavioral experiments 1 or 2 were subse-
quently included in a terminal experiment to assess the ability of YO to
activate central Fos expression (experiment 4). Rats used in experiment 3
(plasma corticosterone assays) were not included in experiment 4 (Fos
analyses) because of the additional manipulations they experienced dur-
ing insertion and maintenance of indwelling arterial catheters. The
brains of all DSAP and control rats, including those used in experiment 3,
were examined postmortem to ascertain lesion extent (described below,
Quantification of Fos activation and DSAP lesion extent).

YO preparation and administration
YO (Sigma, St. Louis, MO) was freshly dissolved before each experiment
by vortexing in sterile 0.15 M NaCl for 5 min at room temperature,
followed by passage through a 0.45 �m syringe filter (Millex HV) to
remove particulate residue. Rats were injected intraperitoneally with 2.0
ml of 0.15 M NaCl vehicle alone, or with vehicle containing YO at a dose
of 5.0 mg/kg BW. Injection volumes were adjusted around an average of
2.0 ml per rat to account for small between-animal differences in BW
within each experimental cohort. The 5.0 mg/kg BW dose of YO was
selected based on recent findings demonstrating that a lower dose of YO
(i.e., 1.0 mg/kg BW) did not produce significant effects on food intake,
CFA, or central Fos activation (Myers et al., 2005).

Experiment 1
Effect of DSAP lesions on the ability of YO to inhibit food intake. Food was
removed from cages at 3:30 P.M. (i.e., 3.5 h before dark onset). At 3:00
P.M. on the following day (i.e., 23.5 h later), food-deprived rats (n � 8
DSAP; n � 8 sham control) were injected intraperitoneally with either
YO (n � 4 DSAP; n � 4 sham control) or vehicle (n � 4 DSAP; n � 4
sham control). A measured amount of pelleted chow was provided 30
min later, at 3:30 P.M.. Cumulative food intake by each rat, corrected for
spillage, was determined after 30 min, 60 min, and 18 h of food access.
Rats then were returned to ad libitum chow access for 48 h. The 24 h food
deprivation and feeding test was repeated in a counterbalanced design in
which rats treated previously intraperitoneally with YO subsequently
received vehicle intraperitoneally, and vice versa. Thus, each rat served as
its own control for determining the effect of YO on deprivation-induced
food intake.

Data analysis. The effect of YO on food intake was analyzed by re-
peated measures ANOVA with lesion group (DSAP vs sham), treatment
(i.p. YO vs vehicle), and time (30 min, 60 min, 18 h) as independent
variables. When F values indicated significant main effects of experimen-
tal variables on cumulative food intake, the ANOVA was followed up
with Fisher’s protected least significant difference (LSD) tests. Differ-
ences were considered significant when p � 0.05.

Experiment 2
Effect of DSAP lesions on the ability of YO to support CFA. A sensitive
two-bottle choice paradigm (Deutsch and Hardy, 1977) was used to
determine whether DSAP lesions alter the ability of rats to express con-
ditioned avoidance of flavors previously paired with YO treatment
(Myers et al., 2005). Flavor exposure during CFA training and testing was
conducted near the end of the light cycle of the photoperiod, between
3:00 and 5:00 P.M. Rats (n � 14 DSAP; n � 7 sham) were acclimated for
2 d to intraperitoneal injection of vehicle (0.15 M NaCl; 2.0 ml) before
beginning the CFA experiment. Rats also were acclimated to one trial of
overnight water deprivation followed by morning access to water in the
same type of graduated drinking tube used in the CFA experiment. Food
was available ad libitum.

Rats underwent an initial 22 h water deprivation period beginning at
3:00 P.M., then were given 30 min access to water containing 0.5% al-
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mond or vanilla flavor extract (McCormick, Hunt Valley, MD). Half of
the DSAP or sham control rats within each experimental cohort were
presented with one flavor, and the remainder with the other flavor. The
left–right position of the drinking tube on each cage was switched after 15
min, with intake recorded at 15 and 30 min time points. Thirty minutes
after the end of the first flavor exposure session, all rats were injected
intraperitoneally with 2.0 ml of 0.15 M NaCl vehicle. Plain water was
returned 30 min after intraperitoneal vehicle injection, with ad libitum
access provided for the next 24 h. Rats were then water deprived again for
22 h beginning at 3:00 P.M., after which each rat received the alternate
novel flavor to drink for 30 min, with drinking tube positions switched
after 15 min and cumulative intakes recorded at 15 and 30 min. Thirty
minutes after the end of this second flavor exposure, all rats were injected
intraperitoneally with YO (5.0 mg/kg BW). Plain water was returned 30
min after intraperitoneal YO injection, with ad libitum access until the
day before the final two-bottle choice test, which occurred 3– 4 d later.

Before the choice test, rats were water deprived for 22 h beginning at
3:00 P.M., and then given 30 min of simultaneous access to two drinking
tubes, one containing the YO-paired flavor (either almond or vanilla) and
the other containing the alternate vehicle-paired flavor. The volume of each
flavor consumed was recorded at 15 min, tube positions were switched, and
cumulative intake was recorded at 30 min. Rats were returned to ad
libitum water access immediately after the two-bottle choice test.

Data analysis. Flavor preferences displayed by each rat during the two-
bottle choice test were determined by dividing the volume consumed
from each drinking tube (i.e., vehicle-paired flavor vs YO-paired flavor)
by the total volume consumed from both tubes during the 30 min choice
test. Individual preference ratios were combined by surgical group (i.e.,
DSAP vs sham control rats) to obtain group preference ratios (mean �
SE) for vehicle-paired versus YO-paired flavors. Outcomes indicating
group mean flavor preference ratios that did not differ significantly (i.e.,
close to 50:50%) were interpreted as an absence of CFA, whereas out-
comes 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. Student’s t tests within each
group were used to determine whether preference ratios for vehicle-
paired and YO-paired flavors were significantly different, with signifi-
cance set at p � 0.05.

Experiment 3
Effect of DSAP lesions on the ability of YO to elevate plasma corticosterone
levels. DSAP (n � 6) and weight-matched control rats (n � 6) were
anesthetized with halothane. The control group of six rats included three
intact controls (i.e., with no previous stereotaxic surgery) and three sham
controls with previous stereotaxic injections made into the region of the
BNST bilaterally. With the aid of a surgical microscope, the right femoral
artery was cannulated with polyethylene (PE) 50 tubing (Intramedic Clay
Adams Brand; Becton Dickinson, Sparks, MD) and the cannula tip se-
cured within the artery using silk sutures. PE tubing extending from the
artery was tunneled subcutaneously to emerge through a small incision
between the scapulae. The cannula tubing was secured at the exit site with
a purse-string suture and was protected by a lightweight flexible harness
system (Instech Laboratories, Plymouth Meeting, PA). Cannula tubing
was extended distally and connected to a liquid swivel tether system
(Instech Laboratories) mounted to a counterbalanced arm. The arm was
attached to the stainless-steel top of a standard shoebox cage in which
each cannulated rat was individually housed with corncob bedding, with
pelleted rat chow and water available ad libitum. This tether system al-
lowed remote arterial blood sampling in freely moving rats.

Rats were prepared with arterial cannulas and tested experimentally in
cohorts of three, as described below. Rats were allowed to recover from
surgery and acclimate to the tether system and cage for 48 h before
beginning the experiment. During recovery, the arterial cannula line was
opened twice each day (at 10:00 A.M. and 4:00 P.M.) to allow a few drops
of blood to flow, followed by infusion of 200 �l of heparinized saline into
the line to maintain patency.

On experimental day 1, a baseline blood sample (150 �l) was collected
from each rat into a vial containing 3.75 IU of heparin at time 0 (10:00
A.M.). Immediately afterward, one or two of the rats in each cohort was

injected intraperitoneally with YO (5.0 mg/kg BW). The remaining rat(s)
in the same cohort was injected intraperitoneally with 0.15 M NaCl vehi-
cle. Additional blood samples (150 �l) were collected 30, 60, and 90 min
after intraperitoneal injection of YO or vehicle. Rats were subsequently
left undisturbed after the final 90 min sample. The intraperitoneal injec-
tion and blood sampling procedure was repeated on the following day,
with each rat receiving the alternate intraperitoneal injection (i.e., vehicle
or YO) after the time 0 baseline sample. In this manner, each rat served as
its own control for determining baseline corticosterone levels and the
temporal effect of YO and vehicle injections.

Blood samples were collected on ice and centrifuged within 5 min of
collection to separate plasma from blood cells. Plasma samples were
stored at �20°C until being assayed for corticosterone concentrations
using an EIA kit (Immunodiagnostic Systems, Fountain Hills, AZ). Kit
assay sensitivity for corticosterone was 0.55 ng/ml, with synthetic corti-
costerone recovery of 98.6 � 6.3%, and linearity of 99.7 � 4.3%.

A few hours after completing blood sampling on experimental day 2,
DSAP and control rats were anesthetized and perfused transcardially
with fixative as described below for rats used in experiment 4. Fixed
brains were sectioned and processed for immunocytochemical analysis
of DbH to qualitatively assess DSAP lesion extent.

Data analysis. Three-way ANOVA was used for statistical comparisons
of plasma corticosterone levels. Independent variables included lesion
group (DSAP, intact control, or sham control), intraperitoneal treatment
condition (YO vs vehicle) and time (baseline, 30, 60, and 90 min blood
samples). When F values indicated significant main effects and/or inter-
actions among experimental variables, the ANOVA was followed up with
planned t comparisons of interest. Areas under the curve also were com-
puted based on corticosterone levels over time within each experimental
group. Differences were considered statistically significant when p � 0.05.

Experiment 4
Effect of DSAP lesions on the ability of YO to activate central Fos expression.
In a terminal experiment, DSAP (n � 22) and sham control rats (n � 14)
used in behavioral experiment 1 or 2 received an intraperitoneal injection
of YO (n � 12 DSAP; n � 5 sham) or 0.15 M NaCl vehicle (n � 10 DSAP;
n � 9 sham) between 11:00 A.M. and 2:00 P.M. Rats were left undis-
turbed in their home cages for 90 –120 min after intraperitoneal injec-
tion, then were deeply anesthetized with sodium pentobarbital (Nembu-
tal, 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). Brains were postfixed in situ overnight at 4°C, then
removed from the skull, blocked, and cryoprotected in 20% sucrose so-
lution before sectioning.

Histology and immunocytochemistry. Coronal 35-�m-thick tissue sec-
tions were cut from the caudal extent of the medullary dorsal vagal com-
plex through the rostral extent of the corpus callosum using 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 h in buffer (0.1 M sodium phosphate, pH
7.4) before immunocytochemical procedures. Antisera were diluted in
buffer containing 0.3% Triton X-100 and 1% normal donkey serum.
Biotinylated secondary antisera (Jackson Immunochemicals, West
Grove, PA) were used at a dilution of 1:500.

Tissue sections were processed for immunocytochemical localization
of Fos protein using a rabbit polyclonal antiserum (1:50,000; provided by
Dr. Philip Larsen, Rheoscience, Ro�dovre, Denmark) and Vectastain Elite
ABC immunoperoxidase reagents (Vector Laboratories, Burlingame,
CA). The specificity of this antibody for Fos has been reported (Rinaman
et al., 1997). Sections were processed using a nickel sulfate-intensified
DAB reaction to generate a blue-black nuclear reaction product in Fos-
positive cells. Adjacent sets of Fos-labeled tissue sections were subse-
quently processed for immunoperoxidase localization of the NA syn-
thetic enzyme DbH using a monoclonal anti-DbH antibody (1:30,000;
Millipore, Temecula, CA), and for cytoplasmic CRH using a polyclonal
rabbit anti-CRH antiserum (1:15,000; Peninsula, Belmont, CA). DbH or
CRH immunolabeling was visualized using a nonintensified DAB reac-
tion to generate a brown cytoplasmic reaction product. One set of tissue
sections from each rat used in experiment 3 (plasma corticosterone as-
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says) was processed for single immunocytochemical localization of DbH to
document lesion extent. After immunocytochemical processing, tissue sec-
tions were mounted onto Superfrost Plus microscope slides (Fisher Scien-
tific, Houston, TX), allowed to dry overnight, dehydrated and defatted in
graded ethanols and xylene, and coverslipped using Cytoseal 60 (VWR,
West Chester, PA).

Quantification of Fos activation and DSAP lesion extent. Dual
immunoperoxidase-labeled tissue sections were analyzed with a light
microscope to determine the number of DbH-positive medullary NA
neurons in the DSAP (n � 22) and sham control rats (n � 14) used in
experiments 1, 2, and 4. The proportion of NA neurons activated to
express Fos after intraperitoneal YO or vehicle treatment also was deter-
mined. Criteria for counting a neuron as DbH-positive included the
presence of brown cytoplasmic immunoreactivity and a visible nucleus.
NA neurons thus identified were considered Fos-positive (i.e., activated)
if their nucleus contained blue-black immunolabel, regardless of inten-
sity, and Fos-negative if their nucleus was unlabeled. DbH-positive neu-
rons were counted bilaterally in the NST and VLM using a 60� micro-
scope objective. Counts of DbH-positive NST and VLM neurons were
grouped according to three rostrocaudal levels defined with respect to the
area postrema (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 within the rNST and rVLM were discontinued at
the rostrocaudal level at which the dorsal vagal complex moves laterally
away from the floor of the fourth ventricle. Counts of DbH-positive NST
and VLM neurons classified as Fos-positive or negative were summed at
each rostrocaudal level and then averaged across the number of sections
analyzed per level in each rat to obtain mean counts per section, and to
compute the proportion of DbH neurons activated to express Fos within
each region at each rostrocaudal level.

A subset of DSAP lesioned (n � 4) and sham control rats (n � 4) that
received intraperitoneal YO treatment before perfusion were selected for
additional quantitative analyses. The behavioral data obtained in exper-
iments 1 or 2 from each of these eight cases were fully representative of
the relevant experimental group, but these eight cases were selected for
additional anatomical analysis based on their optimal forebrain tissue
preservation and (for the DSAP rats) the relative completeness and bilat-
erality of their lesions. YO-induced Fos expression was quantified in the
dorsolateral and ventrolateral BNST, CeA, and PVNmp. Brown cytoplas-
mic CRH immunolabeling was used to identify nuclear boundaries
within the BNST and CeA, and Fos-positive cells were counted within
those boundaries. Within the PVNmp, CRH-positive neurons that ex-
pressed nuclear Fos labeling were counted. The total number of Fos-
positive neurons counted within each specified region in each animal was
divided by the number of sections analyzed per animal to obtain group
mean counts per section for each region.

Data analysis. ANOVA was used for statistical comparisons of the
numbers of DbH-positive medullary neurons, and the proportions of
phenotypically identified neurons expressing Fos within each brain re-
gion. Independent variables for each ANOVA included lesion group
(DSAP vs sham control), treatment condition (i.p. YO vs vehicle) and
rostrocaudal level (for NST and VLM). When F values indicated signifi-
cant main effects and/or interactions among experimental variables,
ANOVAs were followed up with planned t comparisons of interest or
with Fisher’s LSD tests. Differences were considered statistically signifi-
cant when p � 0.05.

Results
Postmortem analyses of DSAP lesion extent in brain tissue sec-
tions from rats used to assess the effects of YO treatment on
behavior (experiments 1 and 2) and on the HPA axis (experiment
3) revealed that DSAP microinjected into the lateral BNST signif-
icantly and consistently reduced the number of DbH-positive
neurons within the NST and VLM, and virtually eliminated DbH
immunolabeling within the BNST injection site as well as within
the PVNmp. These anatomical data are presented in more detail

below, after presentation of the behavioral and plasma cortico-
sterone results.

Experiment 1: effect of DSAP lesions on the ability of YO to
inhibit food intake
DSAP and sham control rats were of similar body weight at the
onset of food intake experiments (DSAP, 247.5 � 3.1 g; sham,
251.3 � 2.4 g). Repeated-measures ANOVA revealed a significant
main effect of treatment (i.e., vehicle vs YO) on deprivation-
induced food intake in both DSAP and sham control rats (F(1,14) �
39.18; p � 0.0001) (Table 1). The overall effect of lesion group
(i.e., DSAP vs sham control) on food intake approached but did
not reach statistical significance (F(1,14) � 4.05; p � 0.064). As
expected, ANOVA revealed a significant effect of time on cumu-
lative food intake (F(2,13) � 678.38; p � 0.0001). However, there
was no significant interaction between lesion group and time
(F(2,13) � 1.58; p � 0.243) or between intraperitoneal treatment
and time (F(2,13) � 1.60; p � 0.239).

Post hoc t tests confirmed that YO treatment suppressed food
intake significantly and to a similar extent in DSAP and sham
control rats at the 30 and 60 min time points after food was
returned ( p � 0.01 at each time point within each lesion group)
(Table 1; Fig. 1). In sham controls, cumulative food intake after
YO treatment recovered to baseline (i.e., vehicle-treated) levels

Table 1. Food intake after intraperitoneal injection of vehicle versus YO treatment
in DSAP and sham control rats

Cumulative food intake (g); mean � SE

Surgical group (n) Treatment (i.p.) 30 min 60 min 18 h

Sham controls (8) Vehicle 5.1 � 0.3 6.5 � 0.6 30.2 � 1.5
YO 2.4 � 0.5* 3.9 � 0.6* 27.9 � 0.9

DSAP (8) Vehicle 5.8 � 0.5 8.0 � 0.7 30.7 � 1.0
YO 2.2 � 0.5* 3.2 � 0.7* 24.6 � 1.4*

*Significantly less (p � 0.05) compared to intake by the same rats after vehicle treatment. Vehicle, 0.15 m NaCl; YO,
5.0 mg/kg BW.

Figure 1. Suppression of deprivation-induced food intake at three time points in sham con-
trol and DSAP rats after YO treatment (5.0 mg/kg BW, i.p.). Bars depict the magnitude of feeding
suppression relative to intake by the same rats after deprivation and vehicle treatment (0.15 M

NaCl, i.p.). YO-induced feeding suppression did not differ significantly between DSAP and sham
control rats at any time point. *Significantly suppressed compared with intake at the same time
point after vehicle treatment ( p � 0.05). Error bars indicate SEM.
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within 18 h after food was returned (Table 1, Fig. 1). In DSAP
rats, cumulative food intake remained modestly but significantly
suppressed at the 18 h time point after YO treatment compared
with food intake by the same rats after vehicle treatment ( p �
0.05) (Table 1). However, the magnitude of YO-induced feeding
suppression at each time point did not differ significantly be-
tween DSAP and sham control rats (Fig. 1).

Experiment 2: effect of DSAP lesions on the ability of YO to
support CFA
Rats consumed similar volumes of novel almond or vanilla fla-
vored water during initial presentation on single-bottle CFA
training days (12.4 � 0.6 ml consumed on saline-paired day, 11.
9 � 0.6 ml consumed on YO-paired day; range, 6 –17 ml), with no
significant effects of lesion group (DSAP vs sham) or flavor pair-
ing order (vanilla plus vehicle followed by almond plus YO, or
vice versa) on cumulative 15 or 30 min intakes.

Repeated-measures ANOVA revealed a significant within-
subjects difference between intake of saline-paired versus YO-
paired flavors during the two-bottle choice test (F(1,20) � 20.99;
p � 0.001), but no between-subjects effect of DSAP lesion (F(1,20)

� 0.174; p � 0.682) (Fig. 2). In two-bottle choice tests, both
groups of rats consumed significantly lower volumes of flavors
previously paired with intraperitoneal YO (DSAP 6.1 � 0.8 ml;
sham 4.9 � 1.0 ml) compared with intake of vehicle-paired fla-
vors (DSAP 11.9 � 0.9 ml; sham 11.3 � 1.3 ml) ( p � 0.01 for
each group). The resulting flavor preference ratios of �70:30
(saline-paired:YO-paired) were similar in DSAP and sham con-
trol rats (Fig. 2).

Experiment 3: effect of DSAP lesions on the ability of YO to
increase plasma corticosterone
Baseline plasma corticosterone levels ranged from 18.7 to 61.0
ng/ml across animals (mean, 38.8 � 3.1) and were not different

between control versus DSAP rats or across treatment days (Fig.
3). ANOVA revealed no significant differences between intact
control rats (n � 3) and sham control rats (n � 3) in their plasma
corticosterone responses to intraperitoneal vehicle or YO treat-
ment ( p � 0.82) and so these data were combined to comprise a
single control group of n � 6. Arterial blood samples could not be
obtained from one of the six DSAP rats in this experiment,
thereby reducing the DSAP group size to n � 5.

Computed area under the curve (AUC) values were as follows
(group mean � SE): control rats, vehicle treatment, 24,052.3 �
296.0; control rats, YO treatment, 44,290.0 � 658.6; DSAP rats,
vehicle treatment, 16,131.3 � 971.4; DSAP rats, YO treatment,
16,578.3 � 1098.6. ANOVA revealed significant main effects of
surgical group (DSAP vs control; F(1,10) � 317.6; p � 0.001) and
intraperitoneal treatment (vehicle vs YO; F(1,10) � 547.5; p �
0.001) and a significant interaction between surgical group and
intraperitoneal treatment (F(1,10) � 501.2; p � 0.001) on plasma
corticosterone levels (AUC). In control rats, intraperitoneal in-
jection of vehicle alone produced a significant increase in plasma
corticosterone levels that peaked at 30 min and subsequently
declined over the 90 min sampling period. YO injections in the
same control rats promoted significantly greater elevations in
plasma corticosterone levels that peaked at the 60 min postinjec-
tion time point, with no decline toward baseline evident within
the 90 min period sampling period (Fig. 3).

Compared with responses in control rats, DSAP rats were
characterized by significantly attenuated corticosterone levels af-
ter both intraperitoneal vehicle and intraperitoneal YO injections
( p � 0.05 compared with control rats for each intraperitoneal
treatment) (Fig. 3). Plasma corticosterone levels did increase sig-
nificantly in DSAP rats after intraperitoneal injections, but the
vehicle- and YO-induced increases were of similar magnitude in
DSAP rats at the 30 and 90 min time points and were significantly

Figure 2. Average group preference ratios (mean � SE) for novel flavors in two-bottle
choice tests after flavors were previously paired with vehicle treatment (0.15 M NaCl, i.p.) or YO
(5.0 mg/kg BW, i.p.). The dashed line indicates the expected preference ratio of 50%:50% if
there was no effect of flavor pairing condition. Sham control and DSAP rats show a significantly
lower preference for YO-paired flavors compared with vehicle-paired flavors. Error bars are too
small to be visible. *Significantly reduced preference for YO-paired flavors compared with in-
take of saline-paired flavors ( p � 0.05).

Figure 3. Plasma corticosterone levels (p[cort], ng/ml) measured at baseline (BL; preinjec-
tion) and at three subsequent time points (i.e., 30, 60, and 90 min) after intraperitoneal injec-
tion of 0.15 M NaCl vehicle (veh) or after intraperitoneal YO (5 mg/kg BW) in control rats (n � 6;
solid symbols) and in DSAP rats (n � 5; open symbols). Symbols represent averaged group data
(mean � SE).
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attenuated compared with increases at the same time points in
control rats (Fig. 3). Corticosterone levels were higher in DSAP
rats after YO compared with vehicle treatment at only the 60 min
time point ( p � 0.05).

Experiment 4: effect of DSAP lesions on DbH
immunolabeling and the ability of YO to activate
Fos expression

BNST
DSAP rats displayed a marked loss of DbH terminal labeling
within the dorsolateral (dl) and ventrolateral (vl) BNST (Fig. 4).

The ability of YO to activate Fos expression in BNST neurons was
quantified in a selected subset of rats (n � 4 DSAP; n � 4 sham
controls) using tissue sections double labeled for Fos and CRH
combined with consultation of a rat brain atlas to ensure sam-
pling of similar BNST subregions. YO activated Fos expression in
an average of 41.0 � 5.7 BNSTdl neurons per section in DSAP
rats, compared with 52.3 � 3.4 BNSTdl neurons per section in
sham controls (Fig. 5); these values were not significantly differ-
ent ( p � 0.05). Conversely, Fos activation in the BNSTvl was
significantly attenuated in DSAP rats (39.3 � 10.7 neurons per
section) compared with BNSTvl activation in sham controls
(85.4 � 5.1 neurons per section; p � 0.05) (Figs. 5, 6).

PVN
DSAP rats displayed a clear loss of terminal DbH labeling within
the PVNmp, whereas DbH immunolabeling within the lateral
magnocellular (lm) PVN was relatively unaffected (Fig. 7). The
ability of YO to activate CRH-positive PVNmp neurons (Myers
et al., 2005) was quantified in a selected subset of rats (n � 4

Figure 4. Representative low-magnification photomicrographs of dual DbH and Fos immu-
nolabeling within the BNSTdl and BNSTvl. A, Sham control rat treated intraperitoneally with
vehicle. B, DSAP rat treated intraperitoneally with YO. AC, Anterior commissure; 3v, third ven-
tricle; LV, lateral ventricle. See Figure 6 for a higher-magnification view of YO-induced Fos
immunolabeling within the BNSTvl.

Figure 5. Comparison of YO-induced Fos expression within the BNST (dl and vl), PVNmp, and
CeA in sham control and DSAP rats. *Significantly fewer activated neurons than in sham controls
( p � 0.05).

Figure 6. Representative photomicrographs of dual CRH and Fos immunolabeling within
the BNSTvl. A, Sham control rat treated intraperitoneally with YO. B, DSAP rat treated intraperi-
toneally with YO. See Figure 4 for regional orientation.
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DSAP; n � 4 sham controls). YO treatment activated Fos expres-
sion in an average of 46.0 � 5.9 CRH-positive PVNmp neurons
per section in sham controls, but in only 8.7 � 4.0 CRH-positive
PVNmp neurons per section in DSAP rats. These values were
significantly different ( p � 0.05) (Figs. 5, 8).

PBN and CeA
DbH immunolabeling within the pontine PBN was moderately
dense in both DSAP rats and sham controls, with no differences
evident between groups (Fig. 9). DbH immunolabeling was rela-

Figure 7. Representative photomicrographs of dual DbH and Fos immunolabeling within
the PVN (lm, lateral magnocellular subdivision; mp, medial parvocellular subdivision). A, Sham
control rat treated intraperitoneally with vehicle. B, DSAP rat treated intraperitoneally with YO.
3v, Third ventricle.

Figure 8. Representative color photomicrographs of dual CRH and Fos immunolabeling
within the PVN (lm, lateral magnocellular subdivision; mp, medial parvocellular subdivision). A,
Sham control rat treated intraperitoneally with YO. B, DSAP rat treated intraperitoneally with
YO. 3v, Third ventricle.
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tively sparse within the CeA in both surgical groups, and appeared
somewhat diminished in DSAP rats relative to sham controls (data
not shown). Quantitative analysis of CeA Fos expression in a
selected subset of rats (n � 4 DSAP; n � 4 sham control) using
tissue sections double labeled for Fos and CRH to ensure similar
regional sampling confirmed that DSAP lesions had no signifi-
cant effect on YO-induced CeA activation (Figs. 5, 9). YO acti-
vated Fos expression in an average of 45.1 � 10.7 CeA neurons
per section in DSAP rats, and in an average of 53.6 � 3.0 CeA
neurons per section in sham controls, values that were not signif-
icantly different ( p � 0.48) (Fig. 5). DSAP lesions did not appear
to attenuate YO-induced Fos expression in the lateral PBN (Fig.
9), although PBN Fos labeling was not quantified because of fre-
quent loss of tissue sections at the pontine tissue block sectioning
interface.

NST and VLM
ANOVA revealed a significant main effect
of DSAP lesions to reduce the number of
DbH-positive NA neurons within the NST
and VLM (F(1,34) � 288.72; p � 0.0001).
DSAP lesions reduced the number of NA
neurons within the NST and VLM by �59
and 69%, respectively, compared with
counts in sham controls (Table 2, Fig. 10).
The loss of NA neurons in DSAP rats was
most pronounced at levels caudal to the
AP (i.e., cNST and cVLM) (Table 2), but
reductions were significant at all three ros-
trocaudal levels analyzed ( p � 0.001 for
each level). The average numbers of DbH-
positive NST and VLM neurons counted
per section in each rat were positively and
significantly correlated within both sham
and DSAP groups (Fig. 11), evidence that
DSAP lesions affected both populations of
medullary NA neurons in a proportional
manner.

As expected, the loss of medullary NA
neurons led to fewer absolute numbers of
activated (i.e., Fos-positive) NA neurons
within the NST and VLM in DSAP rats
compared with sham controls after YO.
Nevertheless, the overall proportions of
medullary NA neurons activated in
DSAP rats after YO treatment were sta-
tistically similar to the proportions acti-
vated after YO treatment in sham con-
trols (F(1,29) � 0.01; p � 0.926) (Table 3,
Fig. 12). In both groups of rats, ANOVA

revealed a significant between-subjects effect of final treat-
ment (i.e., YO vs vehicle) on the proportion of medullary NA
neurons activated to express Fos within the NST (F(1,35) �
62.38; p � 0.001) and within the VLM (F(1,35) � 29.35; p �
0.001) (Table 3, Fig. 12). Post hoc t tests confirmed that YO
significantly activated similar proportions of NA neurons at
each rostrocaudal level of the NST and VLM in DSAP and
sham control rats (Table 3), despite the overall reduced num-
ber of NA neurons in DSAP rats (Table 2). Only one signifi-
cant difference in medullary NA activation was identified be-
tween lesion groups: after intraperitoneal vehicle treatment, a
greater proportion of the NA neurons remaining within the
caudal NST expressed Fos in DSAP rats compared with sham
controls (Table 3).

The DSAP and control rats used in experiment 3 (plasma
corticosterone assays) were not included in the Fos analyses de-
scribed above. However, tissue sections from these rats were pro-
cessed for DbH immunoperoxidase labeling to qualitatively con-
firm DSAP-induced lesions. The six control rats (n � 3 intact;
n � 3 sham control) included in experiment 3 each displayed the
expected robust pattern of DbH fiber labeling within the BNST
and PVN and of cellular labeling within the NST and VLM. Each
of the six DSAP rats used in experiment 3 (only five of which
contributed arterial blood samples) displayed a marked bilateral
loss of DbH fiber immunolabeling within the BNST and PVN
accompanied by clear reductions in the number of DbH-positive
NST and VLM neurons, as reported above for the DSAP rats
assessed in experiment 4.

Table 2. DSAP lesion effect on counts of DbH-positive NST and VLM neurons

Number of DbH-positive NA neurons
(average per section)

Loss of NA neurons in DSAP rats
compared with sham controlsMedullary region Sham (n � 14) DSAP (n � 22)

cNST 23.6 � 1.2 7.1 � 0.6* 69.9 � 2.7%
mNST 45.7 � 3.4 20.0 � 1.6* 56.1 � 3.4%
rNST 47.1 � 4.0 24.5 � 2.2* 47.9 � 4.7%
Total NST 37.4 � 1.7 14.3 � 0.9* 58.9 � 2.5%
cVLM 24.4 � 1.6 6.5 � 0.5* 73.5 � 2.0%
mVLM 30.2 � 1.8 9.1 � 0.9* 70.0 � 2.9%
rVLM 37.7 � 1.7 13.2 � 1.2* 64.9 � 3.2%
Total VLM 29.9 � 1.3 8.4 � 0.6* 69.2 � 2.2%

*Significantly less compared to NA cell counts in the same medullary region in sham controls (p � 0.001).

Figure 9. Representative photomicrographs of dual DbH and Fos immunolabeling in the lateral PBN (A, C) and dual CRH and
Fos immunolabeling in the CeA (B, D). A, B, Sham control rat treated intraperitoneally with YO. C, D, DSAP rat treated intraperi-
toneally with YO. latPBN, Lateral parabrachial nucleus.
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Discussion
We reported previously that systemic YO
suppresses food intake, supports CFA, ac-
tivates hypothalamic and limbic regions
that receive NA inputs, activates NA neu-
rons within the NST and VLM that project
to the BNST and CeA, and activates CRH-
positive PVNmp neurons in rats (Myers et
al., 2005). Because activation of medullary
NA inputs to the lateral BNST was espe-
cially striking in that study, we sought to
determine the extent to which behavioral
and central neural activation responses to
YO depend on these NA inputs. Our new
findings support five main conclusions.

Axon collaterals arising from BNST-
projecting NA neurons provide most of
the NA innervation of the PVNmp
DSAP lesions targeting the lateral BNST
produced a nearly complete loss of NA ter-
minals within not only the DSAP injection
site, but also within the PVNmp. Thus, at
least a subset of BNST-projecting NA neu-
rons have axon collaterals that innervate
the PVNmp. Collateralized NA projec-
tions from caudal VLM neurons (A1 cell
group) to the PVN and BNSTvl have been
reported previously (Woulfe et al., 1990).
The extent of collateralization was not
quantified in that study, but appeared to be less extensive than
what might be predicted based on the present findings. It is pos-
sible that the extent of collateralized projections is greater for NA
neurons of the NST than of the VLM.

NA terminals occupying the PVNlm remained relatively in-
tact in DSAP rats, despite concurrent marked depletion of NA
terminals within the lateral BNST and PVNmp. This observation
complements previous evidence that magnocellular and parvo-
cellular PVN subdivisions are differentially innervated by NA
inputs arising from the VLM and NST, respectively (Cunning-
ham and Sawchenko, 1988), and provides new evidence that
most NA inputs to the PVNlm arise from neurons that do not
also project to either the lateral BNST or the PVNmp.

DSAP lesions do not attenuate hypophagic responses to
YO treatment
The BNST has been implicated in stress-related hypophagia (Erb
and Stewart, 1999; Koob, 1999; Roozendaal et al., 2002; Winsky-
Sommerer et al., 2004). Systemic YO activates Fos in CRF-rich
regions of the BNST (present study; Myers et al., 2005), and CRF
acts within the BNST to inhibit food intake (Ciccocioppo et al.,
2003). The BNST projects to feeding-related hypothalamic re-
gions, including the PVN (Swanson, 2000; Dong et al., 2001a;
Dong and Swanson, 2003, 2004). In the present study, however,
DSAP rats remained quite sensitive to the hypophagic effect of
systemic YO, evidence that NA inputs that recruit neural activa-
tion within the lateral BNST and PVNmp are not necessary for
this effect.

Another DSAP study revealed that NA neurons within the
NST are required for systemic cholecystokinin (CCK) to inhibit
food intake (Rinaman, 2003). Although many of these NA NST
neurons project to the PVN (Sawchenko and Swanson, 1981,
1982), these ascending projections are unnecessary for CCK hy-

pophagia (Ritter et al., 2001). Considered together with the
present findings, these results support the view that NST NA
neurons that are necessary for CCK hypophagia do not project to
the PVN and/or BNST; instead, they may project locally within
the medulla and/or to other central sites. The same population of
medullary NA neurons may also be necessary for YO-induced
hypophagia, but this remains to be determined.

Figure 11. Scatter plot showing correlations between counts of DbH-positive NA neurons
within the VLM and NST in sham control and DSAP rats. Symbols represent individual rats.

Figure 10. Representative color photomicrographs of dual DbH and Fos immunolabeling within the dorsomedial medulla (A,
B) and VLM (C, D) at the rostrocaudal level of the area postrema. A, C, Sham control rat treated intraperitoneally with YO. B, D,
DSAP rat treated intraperitoneally with YO. DMV, Dorsal motor nucleus of the vagus.
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DSAP lesions do not reduce the ability of YO to support
conditioned flavor avoidance
The CFA paradigm is based on the proclivity of rats to avoid
ingesta previously associated with an aversive experience. Sys-
temic YO is aversive to rats, as evidenced by a CFA response to
flavors previously paired with YO treatment (Myers et al., 2005).
The BNST and PVNmp have not been implicated in the ability of
rats to learn or express CFA. However, NA signaling within the
BNST is involved in other types of aversive conditioning (Schwei-
mer et al., 2005). For example, blockade of NA receptors in the
BNST reduces place avoidance conditioned by precipitated opi-
ate withdrawal, evidence that NA acts within the BNST to pro-
mote the aversiveness of withdrawal and/or to promote learning
based on the aversive experience (File, 1986; Aston-Jones et al.,
1999; Delfs et al., 2000). Conditioned place avoidance also occurs
after systemic YO (File, 1986), and so we hypothesized that BNST
DSAP lesions would suppress the ability of YO to promote avoid-
ance behavior in the form of CFA. This hypothesis was not sup-
ported by our results, as DSAP rats expressed a normally robust
CFA response to YO-paired flavors.

A wealth of evidence indicates that CFA requires the pontine
PBN, the CeA, and connections between them (Lasiter and Glan-
zman, 1985; Sakai and Yamamoto, 1998, 1999). The ability of YO
to support CFA similarly in DSAP and sham control rats may
relate to our finding that DSAP lesions did not alter YO-induced
Fos expression within the CeA and did not appear to affect Fos
expression within the PBN. DbH immunolabeling within the
PBN was not noticeably altered in DSAP rats, suggesting that NA
inputs to the PBN arise from neurons that do not also innervate
the lateral BNST. DSAP lesions also did not attenuate YO-
induced Fos expression within the CeA, evidence that remaining
NA and/or other chemical signaling pathways are sufficient for
activation of this limbic region.

NA inputs are necessary for systemic YO to activate Fos
expression within CRH-rich regions of the BNSTvl
and PVNmp
YO treatment increases extracellular norepinephrine (NE) levels
and activates Fos expression in the medulla, hypothalamus, CeA,
and BNST (Tsujino et al., 1992; Khoshbouei et al., 2002;
Singewald et al., 2003). CRH immunolabeling was not affected by
DSAP lesions, but DSAP significantly attenuated the previously
reported ability of YO to activate neural Fos expression within
CRH-rich regions of the lateral BNST and PVNmp (Myers et al.,
2005). Thus, BNST and PVN Fos responses to YO treatment
apparently require NA signaling in these regions. It is important
to keep in mind, however, that other endogenous neurotransmit-
ter chemicals are costored and released along with NE to modu-
late its physiological effects (Khoshbouei et al., 2002). Loss of
these additional neurochemical transmitters from NA terminals
may have contributed to DSAP-related effects.

In nonlesioned rats, YO-induced Fos expression within the
BNST could result, in part, from direct neural effects of increased
local NE signaling, including alterations of local GABAergic or
glutamatergic tone (Alden et al., 1994; Dumont and Williams,
2004). The neural effects of NE within the BNST differ by subre-
gion, as do the excitable properties of intrinsic BNST neurons
(Egli and Winder, 2003; Dumont and Williams, 2004; Egli et al.,
2005). DSAP lesions attenuated YO-induced increases in Fos ex-
pression in the BNSTvl, but not in the BNSTdl. The BNSTdl
receives a moderate NA input that arises primarily from the locus
ceruleus (A6 cell group), whereas the BNSTvl receives a dense NA
input that arises primarily from the NST (A2 cell group) and
VLM (A1 cell group) (Jones and Yang, 1985; Aston-Jones et al.,
1999). Fos expression in the BNSTdl in DSAP rats potentially
could be maintained by YO-induced activation of other signaling
pathways, including CGRP-positive inputs from the PBN, which
project heavily to the dorsal lateral BNST (Alden et al., 1994;
Kozicz and Arimura, 2001), GLP-1 inputs from the NST (Mer-
chenthaler et al., 1999), and/or inputs from the CeA (Dong et al.,
2001b).

NA inputs are necessary for systemic YO to increase plasma
corticosterone levels
YO generated large and sustained increases in plasma corticoste-
rone levels in intact and sham control rats, as expected given the
robust YO-induced Fos expression in the BNSTvl and in CRH-
positive PVNmp neurons in sham controls in experiment 4. Be-
cause DSAP lesions significantly attenuated YO-induced Fos ac-
tivation within CRH-rich regions of the BNSTvl and PVNmp, it
was not surprising that they also significantly attenuated the abil-
ity of YO to elevate plasma corticosterone. HPA axis responses to
intraperitoneal vehicle also were attenuated in DSAP rats com-

Table 3. Effect of DSAP lesions on YO-induced Fos activation of DbH-positive NST
and VLM neurons

Medullary region
Intraperitoneal
treatment

Sham controls
(n � 9 vehicle;
n � 5 YO)

DSAP rats
(n � 10 vehicle;
n � 12 YO)

% NA neurons expressing Fos

cNST Vehicle 19.0 � 6.2 48.9 � 5.8***
YO 60.7 � 7.0* 76.8 � 2.2**

mNST Vehicle 15.6 � 4.8 23.6 � 3.6
YO 45.3 � 4.5* 53.0 � 3.0**

rNST Vehicle 10.8 � 4.7 8.5 � 2.9
YO 45.1 � 4.8* 38.8 � 3.2**

cVLM Vehicle 20.3 � 8.2 18.9 � 5.7
YO 61.1 � 8.0* 52.0 � 6.1**

mVLM Vehicle 25.2 � 9.1 21.0 � 7.5
YO 64.6 � 5.0* 48.9 � 3.5**

rVLM Vehicle 22.9 � 8.8 11.8 � 4.7
YO 64.9 � 9.8* 58.7 � 5.4**

Vehicle, 0.15 m NaCl; YO, 5.0 mg/kg BW. *Significantly greater than NA activation in the same medullary region in
sham controls after vehicle treatment (p � 0.05). **Significantly greater than NA activation in the same medullary
region in DSAP rats after vehicle treatment (p � 0.05). ***Significantly greater than NA activation within the cNST
in sham control rats after vehicle treatment (p � 0.05).

Figure 12. Similar proportions of DbH-immunopositive NA neurons present within the NST
and VLM are activated to express Fos in sham control and DSAP rats after YO treatment. All three
analyzed levels of the NST and VLM are combined (for breakdown by rostrocaudal level, see
Table 3). *Significantly more activation in both surgical groups after YO treatment compared
with activation after intraperitoneal vehicle ( p � 0.05). n.s., No significant difference between
surgical groups.
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pared with controls; however, intraperitoneal injections in DSAP
rats still produced modest but significant increases in corticoste-
rone above baseline levels. The residual HPA axis responses in
DSAP rats could be caused by incompleteness of bilateral lesions
and/or effects mediated by other intact neural pathways.

Together, these findings support the view that YO-induced
activation of the HPA axis depends mainly on NA inputs to the
PVNmp and/or BNSTvl that recruit activation of CRH neurons
in the PVNmp. These data are consistent with findings that
chemical lesions of the BNSTvl attenuate the ability of systemic
IL-1� to activate Fos expression within the PVNmp and increase
plasma ACTH (Crane et al., 2003). In addition to its direct NA
input, the PVNmp receives a dense projection from neurons
within the same BNSTvl region (Dong et al., 2001a) that is heavily
innervated by medullary NA neurons. It is unclear whether the
diminished PVNmp Fos response to YO in DSAP rats is caused by
loss of direct NA inputs to the PVN, loss of NA inputs to the
BNST, or both. Alternatively, or in addition, DSAP lesions could
have affected neural processing in other brain regions that regu-
late the activity of PVNmp CRH neurons (Herman et al., 2005).

Previous studies have implicated NA inputs to the BNST in
various physiological and behavioral responses to anxiogenic,
stressful, and aversive stimuli (Aston-Jones et al., 1999; Delfs et
al., 2000; Cecchi et al., 2002a,b; Fendt et al., 2005; Schweimer et
al., 2005). Our new findings indicate that NA inputs to the BNST
collateralize to provide most of the NA innervation of the
PVNmp, and that these inputs are necessary for YO to activate
neural Fos expression in the BNST and PVNmp and to increase
plasma corticosterone. Conversely, NA inputs to the same re-
gions are unnecessary for YO to inhibit food intake or to support
CFA, implicating other neural pathways in those effects. Collec-
tively, these findings provide new evidence for anatomical and
functional dissociations among behavioral and physiological re-
sponses to YO.
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