
Brain stem catecholamines circuitry: Activation by alcohol and
role in the hypothalamic-pituitary-adrenal response to this drug

Soon Lee, Zackary Craddock, and Catherine Rivier
The Clayton Foundation Laboratories for Peptide Biology, The Salk Institute, La Jolla, CA, 92037,
USA

Abstract
While the stimulatory effect of alcohol on the rat hypothalamic-pituitary-adrenal (HPA) axis is
well known, the mechanisms underlying this influence remain poorly understood. Here, we tested
the hypothesis that brain catecholamines play an important role in this response. As expected, the
acute intragastric administration of alcohol to adult male rats elevated plasma ACTH levels and
activated hypothalamic corticotropin-releasing factor neurons. Novel findings pertain to the effect
of alcohol on, and the role played by, brain adrenergic circuits. We first observed that alcohol
upregulated c-fos signals in the locus coeruleus (LC), the main noradrenergic brain cell group; and
that it activated (nor)adrenergic medullary cells called A1–A2/C1–C3. Evidence for the role
played by these catecholaminergic circuits then came from the observation that blockade of α1-,
but not β-, adrenergic receptors interfered with alcohol-induced ACTH secretion; and that
depletion of catecholaminergic input to the PVN by the toxin 6-hydroxydopamine, significantly
decreased the ACTH response to alcohol. Finally, destruction of the A1–A2/C1–C3 region with
the immunotoxin anti-DBH-saporin interfered with the catecholaminergic input to the PVN.
Collectively, our work extends our knowledge of the ability of this drug to upregulate
catecholamine circuitry in the rat brain. It also shows that medullary catecholamine innervation of
the hypothalamus plays an important role in modulating the stimulatory effect of alcohol on the
HPA axis, an effect exerted through activation of α1-adrenergic receptors.
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Introduction
The hypothalamic-pituitary-adrenal (HPA) axis plays a critical role in the organism’s
response to stressors. It comprises neurons in the paraventricular nucleus (PVN) of the
hypothalamus that manufacture corticotropin-releasing factor (CRF), which upon release
from the median eminence, induces ACTH release (1–4). The HPA axis is activated by
many stimuli, including alcohol (5), and the PVN plays a critical role in this response (6, 7).
However, the mechanisms through which this drug exerts its influence on the HPA axis
remain surprisingly elusive.

While in isolated systems, alcohol acts directly on the CRF promoter through cAMP-PKA-
dependent pathways (8), its effect in intact animals likely involves intermediates. There is
evidence that alcohol releases dopamine (9) and stimulates fos signals in catecholamine-rich
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brain regions [see for example (10–12)]. However, with the exception of nitric oxide (13),
the physiological importance of specific modulators is unknown. Here we focused on
norepinephrine, a bioamine that stimulates the PVN (14, 15) through activation of α1-
adenergic receptors, and whose release within this nucleus is critical for many HPA axis
responses to stressors (16). Aminergic pathways to the PVN originate from the lower brain
stem in the ventrolateral medulla, the nucleus of the solitary tract (NTS) and the locus
coeruleus (LC). As this latter only provides sparse direct innervation to the PVN (17), its
influence on the HPA axis response to stressors is thought to involve innervation of the
prefrontal cortex (18, 19), while the NTS and the related A1–A2/C1–C3 cell groups
represent the most important direct catecholaminergic input (2, 20, 21). However, at present,
the importance of adrenergic circuits in mediating the HPA axis response to alcohol remains
largely untested. Importantly, because categorically distinct stressors stimulate the HPA axis
through different circuits and mechanisms (22), results obtained with other stimuli cannot
automatically be considered relevant during alcohol exposure. We therefore first evaluated
the effect of this drug on medulla noradrenergic cells and on afferent circuits to the PVN,
using freely-moving rats bearing intragastric (ig) cannulae (23). This protocol has the
advantage over many previous studies, that alcohol is administered without the stress of
handling the animals and is delivered to the stomach rather than the abdominal cavity, which
can release pro-inflammatory cytokines whose effect on the HPA axis (24) interferes with
the interpretation of the results. We then investigated the role played by adrenergic-
dependent pathways with type-specific adrenergic receptor antagonists, with specific
emphasis on the α1 subtype (14, 16). Finally, we used the toxins 6-hydroxydopamine (6-
OHDA) to destroy the catecholaminergic input provided to the PVN by the ascending
bundle, and anti-DBH-saporin to eliminate >65% DBH-PNMT staining in the A1–A2/C1–
C3 regions [see (18, 25–28)]. Collectively, our results demonstrate a hitherto unreported
response of the A1–A2/C1–C3 regions to alcohol and show that catecholamines in general,
and the brain stem in particular, regulate the HPA axis response to this drug through
activation of α1-adrenergic receptors.

Materials and Methods
Animals

Male Sprague-Dawley rats, aged 60–65 days at the time of the experiments, were kept under
standard lighting regimens (12 h lights on:12 h lights off, lights on at 0630) and provided rat
chow and water ad libitum. The animals were housed individually after surgery. All
protocols were approved by the Salk Institute IACUC.

Procedures
Surgeries and assays—Permanent indwelling ig, intravenous (iv) and/or
intracerebroventricular (icv) cannulae were implanted under ketamine/acepromazine/
xylazine (icv) or isoflurane (iv or ig) anesthesia as previously described (29, 30). Icv and ig
cannulae were put in place 7–8 days, and iv cannulae 2 days prior to the experiments.
Correct placement of the icv or microinfusion cannulae was checked in coronal sections of
the brains after injections of dye, and only rats with correct placement were included in the
statistical analysis. On the day of the experiment, the rats were individually transferred from
their home cages to individual opaque, plastic buckets. Their icv, iv and/or ig cannulae were
connected to tubing that extended through a hole in the top of the bucket and attached to
syringes for injection of test materials and/or blood withdrawal. These procedures avoid
subjecting the animals to handling stress during the experiment. A 2.5–3 h rest was then
allowed before the experiments started between 0930 and 1000. Blood volumes withdrawn
were 0.35 ml, and were replaced with apyrogenic saline.
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Alcohol injection—Alcohol was diluted with water to ≤18% v/v and slowly injected via
the ig cannulae over a 90 sec period into freely-moving, non-handled animals. The dose, 4.5
g/kg, was chosen because in our hands, it induces the consistent endocrine responses
required in our protocols. While the volumes used depended on the animals' weights, they
averaged 5.0 ml. As controls were administered a comparable volume, gastric distension is
not believed to contribute to the ability of alcohol itself to induce brain stem activation.
Changes in blood alcohol levels observed under these conditions were 257.9 ± 20.0 mg% 2
hrs after alcohol ig injection, which corresponds to those we previously reported (23, 31).
While the animals appeared somewhat intoxicated, they remained conscious and
ambulatory. Controls were injected with the vehicle.

Reagents
Anti-dopamine-B-hydroxylase (DBH)-saporin was purchased from Advanced Targeting
Systems (San Diego, CA). Six-hydroxydopamine, phenoxybenzamine, propranolol and
corynanthine were purchased from Sigma-Aldrich (St. Louis, MO). Phenoxybenzamine was
first dissolved in DMSO, then in 0.04 M PBS, pH 7.4, while all other reagents were
dissolved directly in PBS (for systemic injection) or apyrogenic water (for icv injections).
Absolute, reagent grade alcohol was purchased from Aaper EtOH and Chemical Co.
(Shelbyville, KY). R/hCRF, synthesized as previously described (32), was generously
provided by Dr. Jean Rivier (The Salk Institute, La Jolla, CA). It was dissolved in 0.04 M
PBS, pH 7.4, that contained 0.1% crystalline BSA and 0.01% ascorbic acid.

Hormone assays
ACTH—Plasma ACTH levels were determined by a commercially available two-site
immunoradiometric assay from DiaSorin Inc. (Stillwater, MN). The lower detection limit of
this assay is 15 pg/ml and samples in which ACTH levels were less than 15 pg/ml were
assigned that value for statistical analysis. The intra- and inter-assay coefficients of variation
are 7 and <15%, respectively.

Corticosterone—Plasma corticosterone levels were determined using a commercially
available radioimmunoassay kit (MP Biomedicals, Orangeburg, NY). The lowest limit of
detectability is 5 ng/ml. Intra- and interassay coefficients of variation are 7.3 and 13.2%,
respectively.

Catecholamine blockade
Antagonists—An array of compounds blocking α-adrenergic receptors is available,
including prazosin, phentolamine and phenoxybenzamine. In our hands, the α-adrenergic
antagonist prazosin, albeit widely used, produces a strong elevation of basal plasma ACTH
levels, which probably at least in part results from significant changes in blood pressure and
the neuronal activity of the related catecholaminergic afferents to the PVN (33). We
therefore used phenoxybenzamine instead, a non-reversible general α-adrenergic antagonist
(34) (10 mg/kg, iv - 3 h) that penetrates the brain following systemic injection (35) and only
induces a slight increase in basal ACTH release (C. Rivier, unpublished and current work).
Specific blockade of α1- and β-adrenergic receptors was achieved with corynanthine and
propranolol, respectively, at doses and regimens chosen from the published literature (14,
29, 36). These were 150 µg icv/rat for corynanthine and 2.5 mg/kg iv for propranolol, all
injected 45 min prior to alcohol or its vehicle.

Chemical lesions—Destruction of PVN catecholamine terminals was done by injecting
6-OHDA dissolved in sterile apyrogenic water with 0.2% ascorbic acid. As 6-OHDA does
not alter serotonin levels, it is considered a specific neurotoxin for catecholamine
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(noradrenergic and dopamine) cells. Also, it displays a higher regional specificity for LC
axons than for lateral tegmental noradrenergic neurons (28). We used a 100 µg dose icv,
which does not alter behavior and, in our hands as well as those of others, depletes synaptic
norepinephrine as well as dopamine levels by ≥90% (29, 37). The 100 µg dose (or vehicle
for control rats) was administered into the right ventricle daily for two consecutive days at
the rate of 1 µl/20 µg/10 sec (total volume: 5 µl), and the animals were used 48 h later. Only
animals with lesions determined to have destroyed ≥90% of catecholaminergic terminals
[measured by decreases in levels of NE and tyrosine hydroxylase (TH) immunoreactivity in
the PVN as described in (37)], were used in the statistical analysis of the data.

Immunological lesions—As 6-OHDA can also destroy dopaminergic neurons (38–41),
we also used the axonally transported immunotoxin anti-dopamine-β-hydroxylase-saporin
(anti-DBH-saporin), which is an antibody to DBH (the enzyme responsible for NE
synthesis) coupled to saporin. This toxin, which arrests protein synthesis in the neuronal cell
body, specifically eliminates noradrenergic as well as adrenergic terminals and their neurons
while preserving dopaminergic and cholinergic cell bodies (26). The toxin was microinfused
directly in the A1/C1 and A2-C2/C3 region of the brain stem (see details below) in order to
provide more discrete lesions that those caused by icv treatment, which also destroys
noradrenergic neurons of the LC (42). And indeed, this approach indicated that the LC was
spared, as illustrated by positive DBH staining of this region (data not shown). Preliminary
experiments were conducted on the basis of published data [see for example (18, 25–28, 42–
44)] to establish the dose of toxin required to eliminate ≥65% DBH/PNMT staining in the
A1–A2/C1–C3 regions (see below). Also, while we conducted preliminary experiments to
specifically target one area only (i.e., A1/C1, A2/C2 or C3), results were not satisfactory,
probably because the shape of these nuclei precludes lesions that are both specific to one
area, and complete for this area only. Consequently, the micropipette was first lowered into
the A2/C2/C3 area, then into the A1/C1 area. We microinfused 60 nl (vehicle or 33 ng
toxin) bilaterally via a micropipette (inner diameter, 10–20 mm) using a pressure ejection
system (picospritzer II, World Precision Instruments) that delivered treatments at the
following stereotaxic coordinates: A1/C1; anteriorposterior −10.5 mm, mediolateral ± 1.4
mm, dorsoventral −9.4 mm, A2/C2–C3; anteriorposterior −10.5 mm, mediolateral ± 0.4
mm, dorsoventral − 7.1 mm. Treatments were injected over 30 seconds, and the pipette was
left in situ for 5 minutes following completion of the injection. Thereafter, the pipette was
slowly removed, the incision was sutured and the animal was allowed to recover from
anesthesia under a heat lamp. Effectiveness of lesions of the A/C cell groups was evaluated
by measuring a significant (≥65%) reduction in the density of the DBH-immunoreactive (ir)
innervation (i.e., terminal fields) of the PVN (18, 28, 45) as well as in the number of the
ventrolateral A1/C1 and dorsomedial A2/C2/C3 neurons positively stained for DBH or
PNMT (26).

Anti-DBH-saporin lesions both noradrenergic and adrenergic cells in the medulla. The
approach exploits the fact that DBH on the inner surface of synaptic vesicles is exposed to
the extracellular space during transmitter release, providing a target for antiserum to bind the
enzyme, and toxin to be internalized, in the normal course of vesicle recycling. DBH
converts dihydoxyphenylalanine to NE; immunolabeling for this enzyme represents both NE
and E fibers and terminals, whereas staining for PNMT is specific to E.
Immunohistochemical techniques were performed to show that these immunotoxin lesions
did cause dramatic DBH cell loss in medullary cell groups. Also, DBH was used to identify
E and NE fibers in the PVN [see for example (46)]. Since we are interested in the medullary
C cell groups that project to the PVN and affect the HPA axis, we measured PNMT-ir cells
on the C1, C2, and C3 areas after alcohol injection. Immunotoxin treatment produced a
marked depletion of the aminergic innervation of the PVN and nor/adrenergic cell loss in
medullary cell groups. The observation that some neurons survive even at high doses of the
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toxin, agrees with previously published reports (26–28). The animals were used 2 weeks
later to allow maximum degeneration of aminergic inputs.

Immunohistochemistry
The animals were randomly divided into vehicle or alcohol injection groups (N = 5–6 each).
All experiments were started between 0930 and 1000 following a 2.5 – 3 h period during
which the rats were left undisturbed. The rats were sacrificed 2 h after the injection of the
vehicle or alcohol (4.5 g/kg, ig), which our preliminary studies indicated as corresponding to
peak protein responses. In a few select studies, we also included a 3 h time point to ensure
that we did not miss delayed responses, but as this was not the case, these results are not
included in the present work. The animals were deeply anesthetized with 35% chloral
hydrate and then perfused transcardially with saline followed by 4% paraformaldehyde/0.1
M borate buffer, pH 9.5. The perfused brains were transferred to 10% sucrose in phosphate
buffer overnight before sectioning. Brain sections were created by freezing sucrose-treated
tissue with dry ice (−80°C) and mounting on a Leica microtome. Sections were cut in the
coronal plane at 30 µm thickness and placed in cryoprotectant solution (50% 0.1M
phosphate-buffered saline, 30% ethylene glycol, and 20% glycerol) until histochemical
analysis. Each analysis consists of every 4th section from the PVN, locus coeruleus, and
brain stem. Single DAB-labeled staining was performed on free-floating sections. Sections
were rinsed in 0.1 M KPBS and then placed in 0.1% NaBH4 in KPBS. Residual NaBH4 was
rinsed with KPBS. Sections were then incubated in mouse anti-DBH (1:1,000, Chemicon,
Temecula, CA), mouse anti-TH (1:20,000, Novus Biologicals, Littleton, CO) or sheep anti-
PNMT (1:7500, Chemicon, Temecula, CA) for 48 hr at 4°C. Sections were rinsed and
placed in appropriate biotinylated secondary antibody (goat anti-rabbit, or rabbit anti-sheep
1:500, Vector Laboratories, Burlingame, CA) for 1 h at room temperature, then rinsed and
incubated in avidin–biotin complex (ABC kit, Vectastain, Burlingame, CA) for 1 h at room
temperature. After the incubation, sections were rinsed in KPBS and 0.1 M Sodium Acetate
(NaOAc) and developed with a Ni-DAB solution and coverslipped. Double
immunohistochemistry consisted of rabbit or goat anti-c-fos antibody (1:10,000,
Calbiochem, San Diego, CA or Santa Cruz Biotechnology, Santa Cruz, CA) as the first
primary antibody and one of the following antibodies as the second primary antibody
[mouse anti-DBH (1:1,000, Chemicon, Temecula, CA), rabbit anti-CRF (1:13,000, RC-70,
W. Vale, Salk Institute, La Jolla, CA) or mouse anti-TH (1:20,000, Novus Biologicals,
Littleton, CO)]. Sections were rinsed and placed in appropriate biotinylated secondary
antibody (goat anti-rabbit, goat anti-mouse, or rabbit anti-sheep 1:500, Vector Laboratories,
Burlingame, CA) for 1 h at room temperature, rinsed, and incubated with avidin–biotin
complex (ABC kit, Vectastain, Burlingame, CA) for 1 h at room temperature. Sections were
then rinsed in KPBS and 0.1 M NaOAc. Staining for c-fos was done using Ni-DAB solution
in a glucose oxidase reaction for 120–180 seconds. The sections were again rinsed in
NaOAc and KPBS and then placed in blocking solution (3–5% normal serum) for 30 min
and then incubated with appropriate second primary antibody (see above) for 24–48 hrs at
4°C. After rinsing, sections were incubated in appropriate secondary antibody, then in ABC
complex at room temperature, 1 h each and rinsed with KPBS and 0.05 M Tris saline.
Reaction was carried out in DAB–H2O2 solution for 120–180 sec. The sections were then
rinsed in Tris-buffered saline and KPBS. Stained sections were then mounted on gelatin-
coated sub slides, dehydrated, and cover slipped using DPX mounting media (Fluka
Biochemika, Ronkonkoma, NY). Negative controls without primary or secondary antibody
were included. The pictures were taken on a bright-field microscope at 100X magnification.

Quantification of immunohistochemistry
The PVN and the medullary sections were captured using a Coolsnap Photometrics digital
video camera on a bright-field Nikon Eclipse microscope at 200X. The images were
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rendered using the Real Micro Color Capture program (CRI, Boston, MA). The resulting
stains gave the first antibody (c-fos) black stain and the second antibody (DBH, CRF, TH or
PNMT) brown stain. The black (c-fos) stain indicates activated nuclei whereas the brown
DBH, CRF, TH, or PNMT-ir stain shows cytoplasmic signals. Immuno-labeled cells were
counted using Image J 1.34s (NIH, Bethesda, MD) and edited using Canvas 8.0 (Deneba
Systems, Miami, FL). The contrast and brightness were adjusted for optimum visualization,
and the signals of each image were manually counted and those counts were adjusted for the
background counts. Total number of cells in the PVN and the medulla were counted per
section using a 20X dry objective, and the mean values were determined in 3 sections for
each rat and for each brain region. The data was expressed as the number of Fos-positive
cells colocalized with CRF, DBH or TH-positive cell bodies. For quantitative assessments of
lesion effectiveness, measurements were done on the intact and lesioned slides. Bright-field
photomicrographs of DBH-ir in the PVN were collected at 100X with the same camera and
a microscope as above and saved as 1300 × 1030-pixel, 16-bit grayscale Tiff files. The Tiffs
were analyzed by using the Image J, to estimate the areal fraction of the PVN occupied by
DBH-ir fibers. The border of the PVN was traced to estimate its area in each section. Images
were thresholded to the default auto-function and all particles in the PVN area were included
and the data was averaged across 3 sections per animal.

Statistical Analysis
Data were analyzed by one- or two-way analysis of variance (ANOVA) followed by
Newman-Keuls’ test or the least squares means test as a post-hoc test. Each value was
expressed as the mean ± SEM, and statistical significance was accepted for P < 0.05.

Results
Influence of acute alcohol injection on hypothalamic and amygdala neurons

In vehicle-injected rats, CRF-ir neurons were found exclusively in the parvocellular part of
the paraventricular hypothalamic nucleus (pPVN) (Fig. 1). Alcohol (EtOH) induced a
significant (P<0.01) increase in c-fos signals in pPVN CRF, measured 2 h later. In addition,
and in agreement with previous reports using other alcohol protocols (47, 48), we found that
ig alcohol increased c-fos signals in the central nucleus of the amygdala (vehicle; 47.6 ±
21.5, alcohol, 136.8 ± 13.3, P < 0.01).

Ability of acute alcohol injection to activate catecholaminergic-rich brain stem/medullary
regions

Noradrenergic A1–A2 and adrenergic C1–C3 cell groups—We focused on DBH,
the enzyme that catalyzes the conversion of dopamine to noradrenaline and is expressed
selectively in noradrenaline (A1–A2) and adrenaline (C1–C3) neurons. In these regions,
alcohol (EtOH) significantly (P<0.01) increased c-fos levels in DBH-ir cells, measured 2 hr
later (Fig. 2).

LC—Previously published work reported increased c-fos signals in the LC of rats
administered alcohol (10, 49). However, these investigators not only administered the drug
intraperitoneally, which can cause cytokine release due to local inflammation, they also
handled the animals during injection, which can cause an additional stress. Results obtained
with this approach may therefore not be entirely due to the effect of alcohol itself. For these
studies, we focused on TH, the rate limiting enzymes in biosynthesis of dopamine and
norepinephrine. We show here that the stress-free injection of alcohol (EtOH) into the
stomach of freely-moving rats significantly (P<0.01) upregulated c-fos signals in TH-
immunoreactive cells in the LC (A6), measured 2 h later (Fig. 3).
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Consequences of interfering with the catecholaminergic innervation of the PVN
Depletion of hypothalamic NE—A representative illustration of this type of 6-OHDA
lesion is presented in Fig. 4. In sham-lesioned rats, acute alcohol injection induced the
expected rise in plasma ACTH levels (Fig. 5). The loss of noradrenergic terminals to the
PVN (6-OHDA treatment) significantly (P<0.01), but not completely reduced this response.
We also measured corticosterone levels even though the rapid saturation of this curve at
relatively low ACTH values [see (50)] makes this steroid a less informative parameter of
HPA axis activity because even relatively modest increases in ACTH release prompt large
elevations in corticosterone levels. While basal corticosterone levels remained <40 ng/ml in
all animals, peak values in alcohol-injected rats, measured 30 min post-drug, were 312 ± 43
ng/ml in the vehicle-pretreated group, and 157 ± 23 ng/ml in animals with 6-OHDA lesions.

Elimination of A1–A2/C1–C3 neurons—Compared to results obtained in rats that did
not receive anti-DBH-saporin, the toxin induced the following changes in brain tissues
obtained 2 hr after alcohol (EtOH) injection: they significantly decreased the density of
DBH-ir fibers in the PVN (Fig 6), indicating the loss of catecholaminergic input to this
hypothalamic region; and they also lowered the number of positive immunoreactive cells for
PNMT (Fig. 7) in the C1–C3 region of the brain stem.

Effect of blockade of specific adrenergic receptors on the ACTH response to alcohol
(EtOH)

Having shown that adrenergic input was required for the effect of alcohol on the HPA axis,
we then identified the type of adrenergic receptors involved in this effect. The roles of α-
and β-adrenergic receptors involved in the modulating influence of catecholamines in our
model was first investigated with the general α-adrenergic antagonist phenozybenzamine
and the general β-adrenergic antagonist propranolol, respectively. While phenoxybenzamine
caused a slight increase in basal ACTH levels, it also reduced the ACTH response to alcohol
by >65% (P<0.01) (top Fig. 8A). In contrast, propranolol was without effect (top Fig. 8B).
These results support a primary role of α, but not β-adrenergic receptors on the pituitary's
response to ig injected alcohol. Probably because the corticosterone dose-response curve to
ACTH is saturated at relatively low ACTH levels in rats [see (50)], significant decreases in
ACTH levels were only accompanied by modest changes in corticosterone release. We then
examined the role of the α1 subtype receptor because of its importance in the HPA axis
response to a variety of stressors (14, 16). Though blockade of the α1 subtype with
corynanthine slightly elevated plasma ACTH and corticosterone levels, it nevertheless
significantly (P<0.01) interfered with alcohol-induced ACTH release (top Fig. 8C). In
contrast, only the 60 min time point of the corticosterone response for that group was
significantly (P<0.05) altered (bottom Fig. 8C).

Discussion
PVN CRF perikarya represent the primary site at which alcohol exerts its stimulatory
influence on the rodent's HPA axis (6, 51, 52), and the critical role of this peptide on the
ensuing ACTH release (7, 53) takes place via activation of pituitary CRF receptors type 1
(54). However, we still do not understand whether the main effect of alcohol is exerted
directly on PVN perikarya, or (also?) involves intermediates. The work described here
examined the potential role of catecholamines in a model of investigator-controlled alcohol
delivery.

Catecholamines primarily stimulate the HPA axis via a local influence on PVN neurons
(55), though other sites might also be involved, such as the prefrontal cortex (18, 19). In
addition, major afferents to the PVN include adrenergic C1–C3 and noradrenergic A1–A2

Lee et al. Page 7

J Neuroendocrinol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cell groups of the brain stem, which have specific projections to, and terminals on, PVN
CRF neurons (2, 46, 56, 57). Finally, the LC has wide-spread efferent fibers that supply
norepinephrine throughout the central nervous system (58, 59), and while its direct
projections to the PVN are considered sparse (60), they nevertheless mediate the HPA axis
responses to various stressors (16, 57, 61, 62). However, to our knowledge, there is no
information regarding the role played by (nor)adrenergic pathways in mediating alcohol-
induced activation of the HPA axis. As a first step, we examined the effect of the acute ig
injection of this drug, in a paradigm free of any other stressors, on specific (nor)adrenergic
areas. While other investigators have reported a stimulatory effect of alcohol on LC function
(10, 11, 49), these models were not stress-free, which makes it difficult to differentiate
between the influence of the drug itself, and that of its mode of injection. Here we show that
the ig delivery of alcohol to non handled, freely moving rats increased neuronal activity in
the LC as well as in the A1–A2/C1–C3 cell groups of the brain stem. This suggests that this
drug activates catecholaminergic-rich regions of the brain stem. Furthermore, while gastric
distension can activate the brain stem (63), the observation of upregulated medullary
neuronal activity in several different models of alcohol exposure (see Introduction), suggests
that this represents a response specific to this drug, and not a function of its mode of
administration. Collectively, these results provided novel information regarding the
stimulatory effect of alcohol on the (nor)adrenergic circuitry, and they also guided us in the
subsequent functional studies.

(Nor)adrenergic medullary cell groups convey interoceptive information in a stress-specific
manner (17, 19, 22, 64) and their lesion, through knife cuts or catecholamine depletion
induced by toxins, interferes with the ACTH response to a variety (22, 29), but not all (19)
stressors. While we therefore hypothesized that this area might also mediate the HPA axis'
response to alcohol, it was important to demonstrate it. Six brain stem cell groups are
currently considered to provide the catecholaminergic input required for normal PVN CRF
responses to many stressors, i.e., the noradrenergic A1, A2 and A6 (LC) regions on one
hand, and the adrenergic C1, C2 and C3 (including the NTS) regions on the other hand (16).
As 6-OHDA lesions are considered to interrupt (nor)adrenergic inputs from the brain stem to
the PVN, results of this type of experiments give us general information regarding the
functional importance of these terminals on CRF neurons. It should be noted, however, that
the ability of these lesions to impact (nor)adrenergic circuitry throughout the brain, does not
allow us to assess the potential role of regions other than the brain stem, that impact on the
PVN. This being said, we show here that indeed, like many other stressors, the ability of
alcohol to release ACTH, and by inference to activate PVN CRF perikarya, at least partially
depends on this innervation. However, while functional involvement of the LC in the
stimulatory effect of alcohol on the HPA axis was of significant interest, it was not entirely
unexpected because many stimuli can activate this pontine region [review in (59)]. Indeed,
we believe that the most novel finding reported here pertains to the importance of the A1–
A2/C1–C3 region. These medullary (nor)adrenergic cell groups provide sensory signals to
the PVN (65) such as those related to changes in blood pressure and sodium/water balance
(66). They therefore are important homeostatic centers that contribute to the
catecholaminergic innervation of the PVN (46). To our knowledge however, their precise
role in regulating the HPA axis response to alcohol has not been studied. We had recently
reported that female rats exposed to alcohol prenatally and stressed as adults, not only
exhibited the documented enhanced HPA axis response, but also showed significantly
enhanced neuronal response of their A1/C1 region (67). This had suggested a possible
involvement of this brain area in the neuroendocrine effect of alcohol. Additionally, we
focused on C1–C3 cells because as they mostly arise from non-LC nuclei (46), we reasoned
that they would provide information that complemented those obtained with 6-OHDA
lesions. We recently showed that selective destruction of medullary neurons by bilateral
microinfusion of the immunotoxin anti-DBH saporin significantly decreased PVN CRF cell
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number (68), while here we report that it caused the loss of catecholaminergic input to this
hypothalamic region. These preliminary observations indicate that the anti-DBH toxin can
be used in future experiments to examine the role played by adrenergic projections provided
to the neuroendocrine hypothalamus, and that originate in the medullary region, in the HPA
axis response to alcohol; and to better understand the hierarchy of the adrenergic circuitry
that mediates HPA axis activation by this drug.

Lastly, we examined the type of receptors involved in mediating the influence of
(nor)adrenergic pathways in our alcohol model. In general, the bulk of the stimulatory
catecholaminergic drive to the central limb of the HPA axis is provided by adrenergic
receptors type α [references in (14, 15)], and subtype α1 receptors have been localized in the
endocrine PVN (69). However, their central blockade interferes with the effect of only
selective stressors (14, 21, 36, 70). Whether this represents poor penetration into the brain of
systemically-injected drugs, inadequate reach by these drugs of the brain areas that are
important in the model studied, or a differential reliance of various stressors on
catecholaminergic inputs into the PVN remains unclear, though the issue of the blood-brain
barrier was circumvented in some studies by the icv administration of the antagonists (14,
71). Alpha1 adrenergic receptors are also reported to mediate CRF release from the median
eminence (72). We found that blockade of β receptors did not significantly alter the ability
of alcohol to release ACTH, and that on the other hand this drug was not capable of
inducing ACTH secretion in the absence of functional α1-adrenergic receptors. We had
previously shown that alcohol acts on PVN CRF neurons and not directly on the pituitary (7,
8). As corynanthine does not significantly interfere with ACTH release induced by
exogenous CRF (Rivier, unpublished), we propose that the primary site of action of this
antagonist is exerted in brain regions protected by the blood-brain barrier. Finally, as alcohol
increases circulating levels of epinephrine (73), which may be able to penetrate the brain,
one might argue that blood-borne amines might play a role in our model. However,
activation of the HPA axis by epinephrine is mediated by β-adrenergic receptors (74). As
blockade of these receptors did not alter the effect of alcohol, it seems unlikely that changes
in peripheral catecholamines represent an important mechanism in the stimulatory effect of
this drug on the HPA axis.

In conclusion, we present here novel information regarding the ability of alcohol to
stimulate brain catecholaminergic circuits, and the role that these circuits play in mediating
the influence of acute injection of this drug on the HPA axis. While our current experiments
focused on the PVN, the ability of the pharmacological manipulations we used to also
influence other brain areas, indicates that future studies will need to examine the potential
importance of brain sites outside the hypothalamus. Finally it is important to reiterate, as
indicated at the beginning of this Discussion, that all our experiments involved non-
contingent alcohol administration. Whether drug self-administration influences the HPA
axis through mechanisms comparable to the ones we studied in the present work, therefore
remains to be determined. Nevertheless, we believe that these findings are important for our
overall understanding of the mechanisms that mediate the neuroendocrine influence of
alcohol, and also for the development of potential therapies designed to address the adverse
consequences of its abuse.
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Figure 1.
(A) Acute alcohol (EtOH) increases c-fos levels in CRF-positive cells of the PVN. Bright-
field photographs through the PVN from vehicle controls (top), and rats challenged with
alcohol (bottom). Images show a representation of the double immunohistochemical
techniques that stained c-fos-ir in black nuclei and CRF-ir in brown cytoplasm with a 10X
dry objective (scale bar = 200 µm) and insets with a 40X objective (scale bar = 50 µm). (B)
Cell counts were obtained for c-fos-ir and CRF-ir positive cells throughout the rostral-caudal
extent of the PVN. Mean ± SEM levels of c-fos signals in CRF–immunoreactive cells in the
PVN (top right) and total number of CRF cells (bottom right) of 5–6 rats injected with
vehicle or EtOH. ***, P<0.001.
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Figure 2.
(A) Acute alcohol (EtOH) increases c-fos signals in the A1–A2/C1–C3 cell region,
identified by DBH. Bright-field photographs through the A1–A2/C1–C3 area of brain stem
from vehicle controls (left), and rats challenged with alcohol (right). Images show a
representation of the double immunohistochemistry that stained c-fos-ir in black and DBH-ir
in brown (scale bar = 200 µm). (B) Cell counts were obtained for c-fos immunoreactivity in
DBH-ir cells. Mean ± SEM levels of c-fos signals in DBH–ir cells in the A1/C1, A2/C2 and
C3 area of 5–6 rats injected with vehicle or alcohol. *, P<0.05; ***, P<0.001.
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Figure 3.
(A) Acute alcohol (EtOH) increases c-fos signals in the LC, identified by TH-positive cells.
Bright-field photographs through the LC from vehicle controls (top), and rats challenged
with alcohol (bottom) with a 20X objective (scale bar = 100 µm) (left) and a 60X objective
(scale bar = 50 µm) (right). (B) Cell counts of c-fos positive nuclei in TH-positive cells in
the LC. Mean ± SEM levels of c-fos positive signals in TH–immunoreactive cells in the LC
of 5–6 rats injected with vehicle or alcohol (right). **, P<0.01.
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Figure 4.
Representative bright-field photographs showing TH-ir fibers in the PVN of 6-OHDA
treated rats, compared to those injected with the vehicle (scale bar = 100 µm).
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Figure 5.
Compared to rats without lesions, 6-OHDA lesions significantly blunt the ACTH response
to alcohol (EtOH). Time = 0 indicates plasma ACTH levels immediately prior to alcohol
administration. Each point illustrates the means ± SEM of 5–7 rats. **, P<0.01 vs. ACTH
response in corresponding EtOH intact controls.
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Figure 6.
(A) Anti-DBH-saporin lesions significantly decrease the number of DBH-positive fibers in
the PVN, compared to sham-operated rats. Bright-field photographs through the PVN from
sham controls (top) and lesion rats (bottom) challenged with alcohol. Images show a
representation of the immunohistochemical procedures that stained DBH fibers in brown
(scale bar = 200 µm). (B) The density of DBH-ir fibers in the PVN. Mean ± SEM density of
DBH-ir fibers in the PVN of sham and lesion rats injected with alcohol. ***, P<0.001.
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Figure 7.
(A) Lesions caused by the anti-DBH-saporin toxin significantly decreases the number of
PNMT-positive cells in the C1–C3 cell groups, compared to rats pretreated with the vehicle.
Bright-field photographs through the C1–C3 area of brain stem from sham controls (left)
and lesion (right) rats challenged with alcohol. Images show a representation of the
immunohistochemical techniques that stained PNMT-ir in purple (scale bar = 200 µm). (B)
Cell counts were obtained for PNMT-ir positive cells in the C1, C2 and C3 area of the brain
stem. Mean ± SEM levels of PNMT-ir cells in the C1–C3 area of sham and lesion rats
injected with alcohol. ***, P<0.001.
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Figure 8.
Effect of various adrenergic receptor antagonists on the ACTH (top graphs) and
corticosterone (bottom graphs) responses to alcohol. (A) Phenoxybenzamine significantly
(P<0.01) blunts the ACTH response to alcohol (E + phenoxy) at all times tested, compared
to rats injected with alcohol alone (EtOH). In contrast, this antagonist only significantly
(P<0.05) decreases the corticosterone response at the 60 min time point. (B) Propranolol
does not alter the ACTH or corticosterone responses to alcohol (E + propranolol), compared
to rats injected with alcohol alone (EtOH). (C) Corynanthine significantly (P<0.01) blunts
the ACTH response to alcohol (E + corynanthine) at all times tested, compared to rats
injected with alcohol alone (EtOH). In contrast, this antagonist only significantly (P<0.05)
decreases the corticosterone response at the 60 min time point. Time = 0 indicates plasma
ACTH/corticosterone levels immediately prior to alcohol administration. Each point
illustrates the means ± SEM of 5–7 rats. *, P<0.05 and **, P<0.01 vs. EtOH alone; a,
P<0.01 vs. vehicle.
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