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Ethanol-Induced c-Fos Expression in Catecholamine-
and Neuropeptide Y-Producing Neurons

in Rat Brainstem
Todd E. Thiele, Inmaculada Cubero, Gertjan van Dijk, Cristina Mediavilla, and Ilene L. Bernstein

Background: Previous studies have used c-Fos-like immunoreactivity (cFLI) to examine the neuroana-
tomical location of cells that are activated in response to ethanol administration. However, the use of cFLI
alone fails to reveal the phenotypical identity of cells. In the present study we used double-labeling
procedures to identify the neurochemical phenotype of neurons that showed ethanol-induced cFLI in the
rat brainstem.

Methods: Individual groups of rats received intraperitoneal injection of ethanol (1.5 g/kg or 3.5 g/kg) or
isotonic saline (23 ml/kg). To assess the specificity of cFLI induced by ethanol, we injected other rats with
the drug lithium chloride (LiCl; 76 mg/kg). Two hours after injection, rats were killed and their brains were
processed for immunohistochemistry.

Results: Both doses of ethanol promoted cFLI in several brainstem regions, including the nucleus of the
solitary tract (NTS), the locus coeruleus (LC), and the ventrolateral medulla (VLM). Although LiCl caused
significant cFLI in the NTS, this drug promoted only minimal cFLI in the VLM and no significant activation
in the LC. We found that a significant proportion of tyrosine hydroxylase (TH)-positive neurons coex-
pressed ethanol-induced cFLI in the VLM (;75–85%), the NTS (;65–75%), and the LC (;30–65%).
Additionally, a significant proportion of neuropeptide Y (NPY)-producing neurons in the VLM coex-
pressed ethanol-induced cFLI (;60–75%). On the other hand, LiCl promoted activation of TH-positive
neurons in the VLM and the NTS but failed to stimulate cFLI in TH-producing neurons in the LC or in
NPY-producing neurons of the VLM.

Conclusions: Neurons in the rat brainstem that show ethanol-induced c-Fos expression produce cat-
echolamines and NPY. This research demonstrates the usefulness of double-labeling immunohistochem-
istry procedures for identifying the neurochemical identity of neurons that are activated after ethanol
administration.

Key Words: Alcohol, Locus Coeruleus, Neuropeptide Y, Norepinephrine, Ventrolateral Medulla.

IMMUNOSTAINING FOR c-Fos, the protein product of
the immediate-early gene c-fos, is a useful technique for

examining neuronal activity (Morgan and Curran, 1991;
Sagar et al., 1988). In the absence of neuronal activation,
transcriptional activity of the c-fos gene in neurons is low,
with an associated lack of translation of active protein.
Because of the low baseline levels, increased c-Fos expres-

sion after stimulation can reveal the location of neuronal
activity. Over the past several years, c-Fos immunohisto-
chemistry has been used to identify neuronal sites activated
by ethanol administration. Ethanol-induced c-Fos-like im-
munoreactivity (cFLI) has been identified in several fore-
brain regions that include the bed nucleus of the stria
terminalis, the paraventricular nucleus of the thalamus and
hypothalamus, the central nucleus of the amygdala, and the
nucleus accumbens (Chang et al., 1995; Hitzemann and
Hitzemann, 1997; Ryabinin et al., 1997; Thiele et al., 1998b;
Zoeller and Fletcher, 1994). In the brainstem, ethanol-
induced cFLI has been observed in regions that include the
lateral parabrachial nucleus (PBN), the area postrema
(AP), the locus coeruleus (LC), and the nucleus of the
solitary tract (NTS) (Ryabinin et al., 1997; Thiele et al.,
1996, 1997, 1998b). These data suggest that ethanol stim-
ulates neuronal activation in multiple forebrain and brain-
stem regions.

Although cFLI has provided important information
about the neuroanatomical location of cells that are acti-
vated in response to ethanol administration, this technique,

From the Department of Psychology and the Alcohol and Drug Abuse
Institute (T.E.T., I.L.B.), University of Washington, Seattle, Washington; the
Departmento de Psicologia Experimental y Psicobiologia (I.C.), University of
Almeria, Spain; the Department of Animal Physiology (G.V.D.), University of
Groningen, Groningen, Netherlands; and the Departmento de Psicologia
Experimental y Fisiologia del Comportamiento (C.M.), University of
Granada, Spain.

Received for publication October 8, 1999; accepted March 13, 2000.
This research was supported by National Institutes of Health Grants

AA00258, AA07455, and NS37040, and by a generous donation from the
Brunstad family.

Reprint requests: Todd E. Thiele, Ph.D., Department of Psychology, Uni-
versity of Washington, Box 351525, Seattle, WA 98195; Fax: 206-685-3157;
E-mail: thiele@u.washington.edu

Copyright © 2000 by the Research Society on Alcoholism.

0145-6008/00/2406-0802$03.00/0
ALCOHOLISM: CLINICAL AND EXPERIMENTAL RESEARCH

Vol. 24, No. 6
June 2000

802 Alcohol Clin Exp Res, Vol 24, No 6, 2000: pp 802–809



by itself, fails to reveal the phenotypical identity of acti-
vated cell populations. However, by labeling for cFLI and
specific neurotransmitters in the same tissue by using
double-labeling immunohistochemistry procedures, it is
possible to identify the neurochemical phenotype of cells
that show cFLI in response to drug administration (Hoff-
man et al., 1992, 1993; Matta et al., 1993, 1997). This is
possible because c-Fos protein is typically confined to the
cell nucleus whereas neurotransmitter is located in cyto-
plasm, thus making it possible to simultaneously visualize
both labeled proteins.

In the present study, we used double-labeling procedures
to begin characterizing cells that are activated by ethanol
administration in the brainstem. Previous research has in-
dicated that the catecholamine norepinephrine (NE) may
be involved in regulating voluntary ethanol ingestion and
the intoxicating effects that are produced by this drug
(Brown et al., 1977; Hodge et al., 1996; Lister et al., 1989;
Mao and Abdel-Rahman, 1996). Additionally, ethanol ad-
ministration has been found to increase synthesis, turnover,
and release of NE (Carlsson and Lindqvist, 1973; Corrodi
et al., 1966; Hunt and Majchrowicz, 1974; Karoum et al.,
1976; Pohorecky and Jaffe, 1975), and ethanol induces
cFLI in brainstem regions known to be populated by cat-
echolaminergic cells (i.e., the LC, ventrolateral medulla
[VLM], and NTS) (Cunningham and Sawchenko, 1988;
Palkovits et al., 1992; Riche et al., 1990; Zardetto-Smith
and Gray, 1990, 1995). Therefore, we assessed coexpression
of cFLI with tyrosine hydroxylase (TH) (the rate-limiting
enzyme in catecholamine biosynthesis) in the brainstem.
Furthermore, we examined coexpression of ethanol-
induced cFLI with neuropeptide Y (NPY), a neuropeptide
that is coexpressed with catecholamines in the brainstem
(Everitt et al., 1984; Sawchenko et al., 1985) and that
recently has been implicated in modulating sedative effects
produced by ethanol and voluntary ethanol consumption
(Ehlers et al., 1998; Hwang et al., 1999; Thiele et al.,
1998a).

Finally, as a control to assess specificity of ethanol-
induced cFLI, we also examined double labeling in animals
that were administered lithium chloride (LiCl). We used a
dose of LiCl that has been found to yield comparable
conditioned taste aversions and that has been shown to
cause cFLI induction in some of the same brainstem re-
gions as the largest dose of ethanol used in the present
study (Thiele et al., 1996).

METHODS

Animals

Subjects were male Long-Evans rats that weighed between 300 and
400 g and were individually housed in stainless steel cages on a 12 hr
light-dark cycle. Laboratory rat chow and water were provided ad libitum.
In an attempt to reduce stress-induced c-Fos induction, rats were accli-
mated to handling for approximately 2 weeks before the start of the
experiment. All procedures used in the present research were in compli-

ance with National Institutes of Health guidelines, and the protocols were
approved by the University of Washington Animal Care Committee.

Drug Administration

Different groups of rats were used for NPY and TH double-labeling
studies, and the studies were run at different times; however, the proce-
dures were identical and were as follows. On the test day, rats were
distributed to four groups equated for body weight (n 5 5 per group).
Each rat was removed from its cage, given an intraperitoneal injection of
drug, and then immediately returned to its cage. To assess potential
dose-dependent effects of ethanol on cFLI, we administered two doses of
ethanol: 1.5 g/kg or 3.5 g/kg, 15% (w/v) mixed in isotonic saline. As a
control, rats in a third group were given an injection of isotonic saline in
a volume equal to the largest dose of ethanol (23 ml/kg). Finally, a fourth
group of rats were given an injection of LiCl (76 mg/kg; 0.15 M). This dose
of LiCl and the largest dose of ethanol yield comparable saccharin aver-
sions after one-trial taste aversion conditioning and produce similar pat-
terns of cFLI in the brainstem (Thiele et al., 1996). Two hours after
injection, rats were anesthetized with Equithesin (3.3 ml/kg ip) and tran-
scardially perfused with isotonic phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were
removed and postfixed for approximately 48 hr and then were processed
for immunohistochemistry.

Immunohistochemistry Procedures

We cut 50 mm slices from the brainstem with a vibrotome in the coronal
plane. Tissue was collected just caudal to the AP (approximately 214.30
mm relative to bregma) and rostral through the LC (approximately
210.60 mm relative to bregma). Tissues were rinsed in PBS, incubated 20
min in 0.3% H2O2 in absolute menthol to quench endogenous peroxidase,
rinsed, and incubated 1 hr in 1% gelatin and 5% normal goat serum in
PBS. Slices were then transferred without rinsing to the primary antibody
solution (mixed in PBS) that consisted of 0.005 g/ml polyclonal rabbit
antiserum (Santa Cruz Biotechnology, Santa Cruz, CA; 1:20,000), which
recognizes residues 3 through 16 of the c-Fos protein. After approximately
48 hr of incubation at 4°C, slices were rinsed and processed by using the
ABC method (Vector Laboratories, Burlingame, CA). Slices were trans-
ferred to biotinylated goat antirabbit antibody for 1 hr, rinsed, transferred
to avidin-biotinylated peroxidase for 1 hr, rinsed again, and developed
with diaminobenzidine substrate intensified with nickel sulfate (6 min),
which produced dark blue-black cFLI nuclei. After an overnight rinse in
PBS, sections were run through a second assay. Sections from the NPY
study were incubated for 1 hr in 1% gelatin and 5% normal goat serum in
PBS, whereas sections from the TH study were incubated for 1 hr in 1%
gelatin and 5% normal horse serum in PBS. Sections were then trans-
ferred without rinsing to either rabbit anti-NPY (Sigma Chemical, St.
Louis, MO; 1:60,000) or mouse anti-TH (Sigma Chemical; 1:80,000). After
approximately 48 hr of incubation on ice (4°C), slices were rinsed and
transferred to either biotinylated goat antirabbit antibody (NPY study) or
biotinylated horse antimouse antibody (TH study) for 1 hr. Sections were
then rinsed and transferred to avidin-biotinylated peroxidase for 1 hr,
rinsed again, and developed in diaminobenzidine substrate without the
nickel sulfate (which produced light-brown cell bodies). Thus, double-
labeled cells were seen as dark blue-black nuclei surrounded by light-
brown cell bodies. Finally, slices were rinsed, mounted on slides, and
cover-slipped with Permount. As a control to assess potential nonspecific
staining in each assay, some sections were run through the assay either
without primary antibody (anti-NPY or anti-TH) or without secondary
antibody. Cell staining was absent when primary or secondary antibody
was omitted.

Scoring Immunohistochemistry and Data Analyses

Group treatments were masked on all slides during data quantification.
For each brain region examined, one section was scored per brain, and
care was taken so that structures were scored in approximately the same
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plane between brains. Camera lucida drawings were prepared in an area
of approximately 0.38 mm2 from c-Fos immunoreactive sections, in which
the number and location of c-Fos positive nuclei were recorded. Counts
were also made of neurotransmitter-positive cells (NPY or TH) and of
cells that coexpressed the c-Fos and neurotransmitter proteins. We used
analyses of variance (ANOVA) to analyze the cell count data and con-
ducted post hoc analyses by using Bonferroni tests. One-way ANOVAs
assessed differences between drug-treated groups (data collected from the
LC), whereas two-way ANOVAs assessed differences between drug treat-
ment at different brain regions through the caudal-rostral extent of the
brainstem (data collected from the NTS and VLM). For both cFLI data
and double-labeling data, the group injected with saline served as the
control comparison. In all cases, significance was accepted at p , 0.05
(two-tailed).

RESULTS

As reported previously (Thiele et al., 1996), ethanol-
induced cFLI was observed in the AP and the PBN; how-
ever, because significant double labeling was not observed
in these regions, these data are not presented. The pattern
of ethanol-induced cFLI did not differ between the NPY
and the TH studies, so only cFLI data from the TH study
are reported. Although NPY staining in the LC and the
NTS has been reported with immunohistochemistry proce-
dures (Everitt et al., 1984), the antibody we used in the
present study revealed NPY staining only in the VLM.

Ethanol-Induced cFLI and Double Labeling With TH and
NPY in the VLM

Drug-induced cFLI in the VLM is presented in Fig.
1A. Both the 1.5 g/kg and 3.5 g/kg doses of ethanol
induced significant cFLI relative to the saline injection
throughout the caudal-rostral extent of the VLM, in both
the noradrenergic A1 (caudal) and adrenergic C1 (ros-
tral) subregions. Furthermore, the 3.5 g/kg dose of eth-
anol induced significantly greater c-Fos expression than
the 1.5 g/kg dose, which indicated a dose-response effect.
However, when compared with the saline injection, LiCl
promoted significant cFLI only at 213.80 mm relative to
bregma. ANOVA on the data revealed a significant drug
treatment effect [F(3,16) 5 51.81], a significant brain
regions effect [F(3,48) 5 27.61], and a significant inter-
action between these variables [F(9,48) 5 2.46]. A Bon-
ferroni test confirmed the individual group differences.

Double-labeling data of cFLI with TH in the VLM are
presented in Fig. 1B, and photomicrographs representa-
tive of these data are in Fig. 2A through 2 C. When
compared with the saline injection, both doses of ethanol
caused cFLI in a significant percentage of TH-producing
cells throughout the entire extent of the VLM, and there
were no significant differences between the two ethanol-
treated groups. LiCl induced significant levels of cFLI in
TH-producing cells near the caudal end of this brainstem
region. At 214.30 mm and 213.80 mm relative to
bregma, ;75% to 85% of the TH-positive cells coex-
pressed ethanol-induced cFLI. In this same region, dou-
ble labeling was seen in ;35% to 55% of the TH-positive

cells after LiCl injection. ANOVA revealed a significant
drug treatment effect [F(3,16) 5 110.55] and a signifi-
cant brain regions effect [F(3,48) 5 18.17]. A Bonferroni
test confirmed the group differences. A slightly different
pattern of coexpression emerged with the NPY data (Fig.
1C and Fig. 2D through 2F). Both doses of ethanol
induced cFLI in a significant number of NPY-positive
cells throughout the entire VLM (;60 –75% coexpres-
sion in the caudal region) relative to the saline treat-
ment, and there were no significant differences between
the ethanol-treated groups. However, LiCl completely
failed to promote any significant level of coexpression.
ANOVA was significant and showed a significant drug
treatment effect [F(3,16) 5 26.04] and a significant brain
regions effect [F(3,48) 5 4.28]. A Bonferroni test run on
the data confirmed the conclusions.

Fig. 1. Data collected through the VLM at various points relative to bregma
after intraperitoneal injection of drug. Sal, saline (23 ml/kg); LiCl, lithium chloride
(76 mg/kg); E1.5, ethanol (1.5 g/kg); E3.5, ethanol (3.5 g/kg). (A) Mean (6SEM)
cFLI nuclei in the VLM. (B) Mean (6SEM) percentage of TH-producing neurons in
the VLM that coexpress drug-induced cFLI. (C) Mean (6SEM) percentage of
NPY-producing neurons in the VLM that coexpress drug-induced cFLI. * Signif-
icant at p , 0.05 relative to the saline-injected group (sal).

804 THIELE ET AL.



Ethanol-Induced cFLI and Double Labeling With TH in
the NTS

Drug-induced cFLI in the NTS is presented in Fig. 3A.
Relative to saline injection, both doses of ethanol and

LiCl induced significant cFLI in this A2 (noradrenergic)
region of the NTS, and these three groups did not differ
significantly. ANOVA revealed a significant drug treat-
ment effect [F(3,16) 5 5.25] and a significant brain
regions effect [F(1,16) 5 6.98]. Data that show double
labeling of cFLI with TH in the NTS are presented in
Fig. 3B, and representative photomicrographs through
the NTS are presented in Fig. 4A through 4C. When
compared with the saline treated group, in the most
caudal aspect of the A2 region (214.30 mm relative to
bregma) ethanol promoted a significant level of cFLI in
TH-producing cells (;20% coexpression), whereas sig-
nificant coexpression was caused by both ethanol (;65–
75% of TH-positive cells) and LiCl (;50% of TH-
positive cells) at 213.80 mm relative to bregma. There
were no significant differences between the LiCl- and
ethanol-treated groups. ANOVA on the double-labeling
data revealed a significant drug treatment effect
[F(3,16) 5 13.08], a significant brain regions effect
[F(1,16) 5 35.15], and a significant interaction between
the variables [F(3,16) 5 3.85]. Post hoc tests confirmed
the conclusions.

Ethanol-Induced cFLI and Double Labeling With TH in
the LC

Data showing drug-induced cFLI in the LC are pre-
sented in Fig. 5A. As with the VLM and NTS, when com-
pared with the saline treatment, both doses of ethanol
caused significant induction of cFLI in the LC, at approx-
imately 210.60 mm relative to bregma. Furthermore, the
3.5 g/kg dose of ethanol promoted significantly greater

Fig. 2. Representative photomicrographs of coronal slices through the VLM (4003 magnification was used for all photomicrographs). Slices show double labeling
of TH-producing neurons with drug-induced cFLI (A, B, and C) and NPY-producing neurons with drug-induced cFLI (D, E, and F). Sections in the left column are from
animals given intraperitoneal injection of 3.5 g/kg ethanol (A and D), sections in the middle column are from animals given intraperitoneal injection of LiCl (B and E),
and sections in the right column are from animals given intraperitoneal injection of saline (C and F). The VLM is approximately 213.80 mm relative to bregma. Dark
brown-black spots are cFLI nuclei, which are often found within light-brown cell bodies. Arrows indicate examples of coexpression of cFLI with TH- or NPY-
immunoreactivity.

Fig. 3. Data collected through the caudal aspect of the NTS at various points
relative to bregma after intraperitoneal injection of drug. (A) Mean (6SEM) cFLI
nuclei in the NTS. (B) Mean (6SEM) percentage of TH-producing neurons in the
NTS that coexpress drug-induced cFLI. * Significant at p , 0.05 relative to the
saline-injected group (sal).
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cFLI than the 1.5 g/kg dose in this region. On the other
hand, LiCl injection failed to promote cFLI in the LC.
ANOVA run on LC data attained statistical significance
[F(3,16) 5 6.99], and a Bonferroni test confirmed the
individual group differences. Data that depict double label-
ing of cFLI with TH in the LC are presented in Fig. 5B, and
representative photomicrographs through the LC are pre-
sented in Fig. 4D through 4F. Relative to the saline group,

there was significant coexpression (;30–65%) of ethanol-
induced cFLI with TH in the LC, and the two ethanol
treated groups differed significantly from each other, which
indicated a dose-response effect. However, because there
was no significant induction of cFLI in this region by LiCl,
coexpression was not possible. ANOVA performed on the
double-labeling data from the LC was significant
[F(3,16) 5 27.51], and the post hoc test confirmed the
group differences.

DISCUSSION

Consistent with previous research (Ryabinin et al., 1997;
Thiele et al., 1996, 1997, 1998b), ethanol caused dose-
dependent cFLI in several brainstem regions, including the
NTS (Fig. 3A) and the LC (Fig. 5A), as well as the AP and
PBN (data not shown). Additionally, we found that ethanol
caused robust cFLI through the caudal-rostral extent of the
VLM (Fig. 1A). Interestingly, c-Fos induction in the LC
was limited to ethanol injection, with no significant cFLI
observed in this region following LiCl injection.

The main goal of this research was to characterize the
neurochemical phenotype of cells in the brainstem that are
activated by ethanol administration. Two distinct cell pop-
ulations have been identified in the VLM: a noradrenergic
cell group at the caudal end (A1 group) and an adrenergic
cell group that begins rostral to the obex (C1 group) (Kalia
et al., 1985a, 1985b; Tucker et al., 1987). NPY is colocalized
with catecholaminergic neurons of both groups. Addition-
ally, the catecholamine NE and NPY are produced in the
LC (A6 group) and in the NTS (A2 group) (Everitt et al.,
1984). Thus, we assessed coexpression of drug-induced

Fig. 4. Representative photomicrographs of coronal slices through the NTS (A, B, and C) and the LC (D, E, and F) show double labeling of TH-producing neurons
with drug-induced cFLI (4003 magnification was used for all photomicrographs). Sections in the left column are from animals given intraperitoneal injection of 3.5 g/kg
ethanol (A and D), sections in the middle column are from animals given intraperitoneal injection of LiCl (B and E), and sections in the right column are from animals
given intraperitoneal injection of saline (C and F). The NTS is approximately 213.80 mm relative to bregma, and the LC is approximately 210.60 mm relative to bregma.
Dark brown-black spots are cFLI nuclei, which are often found within light-brown cell bodies. Arrows indicate examples of coexpression of cFLI with TH-
immunoreactivity.

Fig. 5. Data collected from the LC after intraperitoneal injection of drug. (A)
Mean (6SEM) cFLI nuclei in the LC. (B) Mean (6SEM) percentage of TH-
producing neurons in the LC that coexpress drug-induced cFLI. * Significant at
p , 0.05 relative to the saline-injected group (sal).
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cFLI with TH- or NPY-immunoreactivity in these brain-
stem regions. A significant percentage of TH-
immunoreactive cells in the VLM coexpressed cFLI after
ethanol injection, with highest levels of coexpression at
;75% to 85% in the caudal VLM (Fig. 1B). Similarly,
ethanol injection promoted cFLI in a significant proportion
of TH-positive neurons in the caudal NTS (Fig. 3B; ;65–
75% coexpression) and in the LC (Fig. 5B; ;30–65%
coexpression). On the other hand, although LiCl-injection
was associated with a high proportion of TH-producing
neurons that were c-Fos positive in the VLM (;35–55%)
and the NTS (;50%), LiCl completely failed to stimulate
significant cFLI in TH-positive cells in the LC.

We found that a large proportion of NPY-producing
cells in the VLM coexpressed ethanol-induced cFLI (Fig.
1C; ;60–75% coexpression in the caudal VLM). In con-
trast, LiCl injection failed to stimulate any significant cFLI
in NPY-producing neurons in the VLM. Together, these
data suggest that catecholamine- and NPY-producing neu-
rons in the brainstem are activated in response to ethanol
administration. Importantly, these data provide the first
evidence that ethanol administration activates neurons that
produce NPY. Activation of catecholaminergic neurons in
the LC and NPY neurons in the VLM was specific to
ethanol administration, because LiCl failed to stimulate
cFLI in these cell groups. On the other hand, LiCl and
ethanol administration produced similar patterns of cFLI
in catecholaminergic cells in the NTS and in the caudal
aspect of the VLM. We have shown previously that LiCl,
ethanol, and tastes that have become aversive by virtue of
their association with these drugs activate neurons in the
NTS, a region hypothesized to play a role in conditioned
taste aversion learning (Thiele et al., 1996). Given the
importance of the NTS in taste aversion learning, the
present data suggest that activation of catecholaminergic
cells in the NTS may be a cellular response to the aversive
effects of ethanol and the toxin LiCl. The similar activation
of catecholaminergic cells in the caudal VLM by LiCl and
by ethanol suggests that these cells may also respond to the
aversive effects caused by these drugs.

The present report and previous studies have found ro-
bust cFLI in the LC after ethanol administration (Ryabinin
et al., 1997; Thiele et al., 1997, 1998b), which suggests that
ethanol stimulates neuronal activity in this brain region.
However, although evidence for ethanol-induced stimula-
tion of LC neurons also has been found by using local
glucose utilization as a measure of neuronal activity
(Williams-Hemby et al., 1996), others have found that eth-
anol administration is associated with inhibition of neuro-
nal activity in the LC (Aston-Jones et al., 1982; Pohorecky
and Brick, 1977; Strahlendorf and Strahlendorf, 1983). A
possible explanation for this apparent discrepancy is that
ethanol-induced cFLI is located in inhibitory
g-aminobutyric acid (GABA) intraneurons located within
the LC (Iijima et al., 1988; Van Bockstaele, 1998). Thus,
ethanol may activate GABA cells in the LC, which in turn

contributes to a general inhibition of neuronal activity in
this region. At odds with this explanation, however, is our
observation that ethanol-induced cFLI is found in TH-
positive neurons. Previous reports indicate that tyrosine
hydroxylase and GABA are not expressed in the same
neurons within the LC (Van Bockstaele, 1998). A second
explanation is based on evidence of cellular inhibition in
the LC via recurrent axonal collaterals (Aghajanian et al.,
1977; Egan et al., 1983). It is possible that catecholaminer-
gic cells in the LC are initially activated by ethanol admin-
istration, which induces c-Fos expression. Initial activation
of catecholaminergic cells may be followed by inhibition
caused by inhibitory recurrent axonal collaterals from the
same cells (Aghajanian et al., 1977; Egan et al., 1983). This
could explain evidence of ethanol-induced c-Fos expres-
sion, and inhibition of neuronal activity by ethanol, in the
LC.

It is of interest to speculate on the possible role that
catecholamines and NPY play in mediating neurobiological
responses to ethanol. We have found that mutant mice that
lack NPY show high levels of ethanol consumption and are
resistant to ethanol-induced sedation. On the other hand,
transgenic mice that overexpress NPY were found to drink
little ethanol and had increased sensitivity to the sedative
effects of this drug (Thiele et al., 1998a). These data sug-
gest that ethanol consumption and resistance to the acute
effects of ethanol are inversely related to central NPY
levels. Other evidence that suggests a role for NPY in
mediating ethanol consumption comes from rats that have
been selectively bred for high and low ethanol intake, that
is, the Indiana alcohol-preferring (AP) and alcohol-
nonpreferring (NP) lines, respectively (Li et al., 1993).
Quantitative trait locus analyses run on these rats suggested
that line differences in ethanol intake may be modulated by
the NPY gene (Carr et al., 1998). Furthermore, NPY levels
were found to be low in several brain regions of the AP rats,
including the central nucleus of the amygdala (CeA)
(Ehlers et al., 1998; Hwang et al., 1999). More recently, the
selectively bred high alcohol-drinking (HAD) rats also
were found to have abnormally low levels of NPY in the
CeA (Hwang et al., 1999). Thus, there is increasing evi-
dence that NPY may be involved with regulating ethanol-
seeking behavior and the acute effects that are produced by
this drug.

The present data suggest an additional role for NPY by
showing that ethanol treatment stimulates activity of cells
that contain NPY, which indicates that ethanol may stim-
ulate central NPY activity. It will be important to deter-
mine if ethanol administration promotes synthesis and/or
synaptic release of NPY in the central nervous system.
Interestingly, NPY-producing neurons in the VLM have
been shown to project to the CeA (Zardetto-Smith and
Gray, 1995). It is tempting to speculate that ethanol-
induced activation of NPY neurons in the VLM causes
synaptic release of this neuropeptide in the CeA, perhaps
serving as a mechanism to prevent overconsumption of

CATECHOLAMINE, NEUROPEPTIDE Y, AND ETHANOL-INDUCED c-FOS 807



ethanol. High alcohol-consuming rats (AP and HAD),
which show low levels of NPY in the CeA, may have
abnormally low ethanol-stimulated NPY activity, which
promotes increased consumption of this drug.

Consistent with the present results, acute administration
of ethanol has been found to increase synthesis, turnover,
and release of NE, which suggests an important role for this
catecholamine in regulating the neurobiological effects of
ethanol (Carlsson and Lindqvist, 1973; Corrodi et al., 1966;
Hunt and Majchrowicz, 1974; Karoum et al., 1976; Po-
horecky and Jaffe, 1975). Although chemical-induced le-
sions of NE-producing cells have produced conflicting re-
sults (Kiianmaa, 1980; Melchior and Myers, 1976; Myers
and Melchior, 1975; Richardson and Novakovski, 1978),
blocking conversion of dopamine to NE with dopamine
b-hydroxylase inhibitors has been found to reduce ethanol
consumption in rats (Brown et al., 1977), and infusion of
NE into the paraventricular nucleus of the hypothalamus
(PVN) has been found to increase ethanol consumption in
rats (Hodge et al., 1996). NE-producing neurons from the
VLM, the NTS, and the LC all provide projections to the
PVN (Cunningham and Sawchenko, 1988; Palkovits et al.,
1992; Riche et al., 1990). Thus, in light of the present
results, it is possible that activation of brainstem neurons
after consumption of alcohol causes synaptic release of NE
into the PVN, which may promote continued ingestion of
this drug.

In addition to its involvement in ethanol-seeking behav-
ior, there is evidence that NE may be involved with acute
effects that are produced by ethanol. For example, antag-
onists of the a2 adrenoreceptors attenuate the sedative
effects associated with ethanol administration, whereas a2
agonists potentiate ethanol-induced sedation (Lister et al.,
1989; Mao and Abdel-Rahman, 1996). Thus, NE activity in
response to ethanol may contribute to the intoxicating
effects of this drug. Additionally, ethanol administration
causes vasodilation and dramatically reduces blood pres-
sure (El-Mas and Abdel-Rahman, 1999; Gillespie, 1967).
NE promotes vasoconstriction (Taylor et al., 1999), and
catecholaminergic projections from the VLM to the fore-
brain have been implicated in blood pressure regulation
(Saper et al., 1983). Thus, it is possible that activation of
catecholaminergic neurons in the VLM may represent sym-
pathetic activity that serves as a compensatory mechanism
against vasodilation and altered blood pressure produced
by ethanol administration.

REFERENCES

Aghajanian GK, Cedarbaum JM, Wang RY (1977) Evidence for
norepinephrine-mediated collateral inhibition of locus coeruleus neu-
rons. Brain Res 136:570–577.

Aston-Jones G, Foote SL, Bloom FE (1982) Low doses of ethanol disrupt
sensory responses of brain noradrenergic neurones. Nature (Wash. DC)
296:857–860.

Brown ZW, Amit Z, Levitan DE, Ogren SO, Sutherland EA (1977)
Noradrenergic mediation of the positive reinforcing properties of eth-
anol: II. Extinction of ethanol-drinking behavior in laboratory rats by

inhibition of dopamine-beta-hydroxylase. Implications for treatment
procedures in human alcoholics. Arch Int Pharmacodyn Ther 230:76–
82.

Carlsson A, Lindqvist M (1973) Effect of ethanol on the hydroxylation of
tyrosine and tryptophan in rat brain in vivo. J Pharm Pharmacol 25:
437–440.

Carr LG, Foroud T, Bice P, Gobbett T, Ivashina J, Edenberg H, Lumeng
L, Li T-K (1998) A quantitative trait locus for alcohol consumption in
selectively bred rat lines. Alcohol Clin Exp Res 22:884–887.

Chang SL, Patel NA, Romero AA (1995) Activation and desensitization of
Fos immunoreactivity in the rat brain following ethanol administration.
Brain Res 679:89–98.

Corrodi H, Fuxe K, Hokfelt T (1966) The effect of ethanol on the activity
of central catecholamine neurones in rat brain. J Pharm Pharmacol
18:821–823.

Cunningham ET Jr, Sawchenko PE (1988) Anatomical specificity of nor-
adrenergic inputs to the paraventricular and supraoptic nuclei of the rat
hypothalamus. J Comp Neurol 274:60–76.

Egan TM, Henderson G, North RA, Williams JT (1983) Noradrenaline-
mediated synaptic inhibition in rat locus coeruleus neurones. J Physiol
(Lond.) 345:477–488.

Ehlers CL, Li T-K, Lumeng L, Hwang BH, Somes C, Jimenez P, Mathe
AA (1998) Neuropeptide Y levels in ethanol-naive alcohol-preferring
and nonpreferring rats and in Wistar rats after ethanol exposure. Alco-
hol Clin Exp Res 22:1778–8217.

El-Mas MM, Abdel-Rahman AA (1999) Estrogen-dependent hypotensive
effects of ethanol in conscious female rats. Alcohol Clin Exp Res
23:624–632.

Everitt BJ, Hokfelt T, Terenius L, Tatemoto K, Mutt V, Goldstein M
(1984) Differential co-existence of neuropeptide Y (NPY)-like immu-
noreactivity with catecholamines in the central nervous system of the
rat. Neuroscience 11:443–462.

Gillespie JA (1967) Vasodilator properties of alcohol. Br Med J 2:274–
277.

Hitzemann B, Hitzemann R (1997) Genetics ethanol and the Fos re-
sponse: A comparison of the C57BL/6J and DBA/2J inbred mouse
strains. Alcohol Clin Exp Res 21:1497–1507.

Hodge CW, Slawecki CJ, Aiken AS (1996) Norepinephrine and serotonin
receptors in the paraventricular nucleus interactively modulate ethanol
consumption. Alcohol Clin Exp Res 20:1669–1674.

Hoffman GE, Smith MS, Fitzsimmons MD (1992) Detecting steroidal
effects on immediate early gene expression in the hypothalamus. Neu-
roprotocols 1:52–66.

Hoffman GE, Smith MS, Verbalis JG (1993) c-Fos and related immediate
early gene products as markers of activity in neuroendocrine systems.
Front Neuroendocrinol 14:173–213.

Hunt WA, Majchrowicz E (1974) Alterations in the turnover of brain
norepinephrine and dopamine in alcohol-dependent rats. J Neurochem
23:549–552.

Hwang BH, Zhang JK, Ehlers CL, Lumeng L, Li T-K (1999) Innate
differences of neuropeptide Y (NPY) in hypothalamic nuclei and cen-
tral nucleus of the amygdala between selectively bred rats with high and
low alcohol preference. Alcohol Clin Exp Res 23:1023–1030.

Iijima K, Ohtomo K, Ijima K (1988) Immunocytochemical study using a
GABA antiserum for the demonstration of inhibitory neurons in the rat
locus ceruleus. Am J Anat 181:43–52.

Kalia M, Fuxe K, Goldstein M (1985a) Rat medulla oblongata. II. Dopa-
minergic, noradrenergic (A1 and A2) and adrenergic neurons, nerve
fibers, and presumptive terminal processes. J Comp Neurol 233:308–
332.

Kalia M, Fuxe K, Goldstein M (1985b) Rat medulla oblongata. III.
Adrenergic (C1 and C2) neurons, nerve fibers and presumptive terminal
processes. J Comp Neurol 233:333–349.

Karoum F, Wyatt RJ, Majchrowicz E (1976) Brain concentrations of
biogenic amine metabolites in acutely treated and ethanol-dependent
rats. Br J Pharmacol 56:403–411.

808 THIELE ET AL.



Kiianmaa K (1980) Alcohol intake and ethanol intoxication in the rate:
Effect of a 6-OHDA-induced lesion of the ascending noradrenaline
pathways. Eur J Pharmacol 64:9–19.

Li T-K, Lumeng L, Doolittle DP (1993) Selective breeding for alcohol
preference and associated responses. Behav Genet 23:163–170.

Lister RG, Durcan MJ, Nutt DJ, Linnoila M (1989) Attenuation of
ethanol intoxication by alpha-2 adrenoceptor antagonists. Life Sci 44:
111–119.

Mao L, Abdel-Rahman AA (1996) Synergistic behavioral interaction be-
tween ethanol and clonidine in rats: Role of alpha-2 adrenoceptors.
J Pharmacol Exp Ther 279:443–449.

Matta SG, Foster CA, Sharp BM (1993) Nicotine stimulates the expres-
sion of cFos protein in the parvocellular paraventricular nucleus and
brainstem catecholaminergic regions. Endocrinology 132:2149–2156.

Matta SG, Valentine JD, Sharp BM (1997) Nicotine activates NPY and
catecholaminergic neurons in brainstem regions involved in ACTH
secretion. Brain Res 759:259–269.

Melchior CL, Myers RD (1976) Genetic differences in ethanol drinking of
the rat following injection of 6-OHDA, 5,6-DHT or 5,7-DHT into the
cerebral ventricles. Pharmacol Biochem Behav 5:63–72.

Morgan JI, Curran T (1991) Stimulus-transcription coupling in the ner-
vous system: Involvement of the inducible proto-oncogenes fos and jun.
Annu Rev Neurosci 14:421–451.

Myers RD, Melchior CL (1975) Alcohol drinking in the rat after destruc-
tion of serotonergic and catecholaminergic neurons in the brain. Res
Commun Chem Pathol Pharmacol 10:363–378.

Palkovits M, Mezey E, Skirboll LR, Hokfelt T (1992) Adrenergic projec-
tions from the lower brainstem to the hypothalamic paraventricular
nucleus, the lateral hypothalamic area and the central nucleus of the
amygdala in rats. J Chem Neuroanat 5:407–415.

Pohorecky LA, Brick J (1977) Activity of neurons in the locus coeruleus of
the rat: Inhibition by ethanol. Brain Res 131:174–179.

Pohorecky LA, Jaffe LS (1975) Noradrenergic involvement in the acute
effects of ethanol. Res Commun Chem Pathol Pharmacol 12:433–447.

Richardson JS, Novakovski DM (1978) Brain monoamines and free choice
ethanol consumption in rats. Drug Alcohol Depend 3:253–264.

Riche D, De Pommery J, Menetrey D (1990) Neuropeptides and cat-
echolamines in efferent projections of the nuclei of the solitary tract in
the rat. J Comp Neurol 293:399–424.

Ryabinin AE, Criado JR, Henriksen SJ, Bloom FE, Wilson MC (1997)
Differential sensitivity of c-Fos expression in hippocampus and other
brain regions to moderate and low doses of ethanol. Mol Psychiatry
2:32–43.

Sagar SM, Sharp FR, Curran T (1988) Expression of c-fos protein in brain:
Metabolic mapping at the cellular level. Science (Wash. DC) 240:1328–
1331.

Saper CB, Reis DJ, Joh T (1983) Medullary catecholamine inputs to the
anteroventral third ventricular cardiovascular regulatory region in the
rat. Neurosci Lett 42:285–291.

Sawchenko PE, Swanson LW, Grzanna R, Howe PR, Bloom SR, Polak
JM (1985) Colocalization of neuropeptide Y immunoreactivity in brain-
stem catecholaminergic neurons that project to the paraventricular
nucleus of the hypothalamus. J Comp Neurol 241:138–153.

Strahlendorf HK, Strahlendorf JC (1983) Ethanol suppression of locus
coeruleus neurons: Relevancy to the fetal alcohol syndrome. Neurobe-
hav Toxicol Teratol 5:221–224.

Taylor MS, Gao H, Gardner JD, Benoit JN (1999) Effects of IBMX on
norepinephrine-induced vasoconstriction in small mesenteric arteries.
Am J Physiol 276:G909–G914.

Thiele TE, Marsh DJ, Ste. Marie L, Bernstein IL, Palmiter RD (1998a)
Ethanol consumption and resistance are inversely related to neuropep-
tide Y levels. Nature (Lond.) 396:366–369.

Thiele TE, Roitman MF, Bernstein IL (1996) c-Fos induction in rat
brainstem in response to ethanol- and lithium chloride-induced condi-
tioned taste aversions. Alcohol Clin Exp Res 20:1023–1028.

Thiele TE, Roitman MF, Bernstein IL (1998b) Learned tolerance to
ethanol-induced c-Fos expression in rats. Behav Neurosci 112:193–198.

Thiele TE, van Dijk G, Bernstein IL (1997) Ethanol-induced c-Fos ex-
pression in rat lines selected for low and high alcohol consumption.
Brain Res 756:278–282.

Tucker DC, Saper CB, Ruggiero DA, Reis DJ (1987) Organization of
central adrenergic pathways: I. Relationships of ventrolateral medullary
projections to the hypothalamus and spinal cord. J Comp Neurol 259:
591–603.

Van Bockstaele EJ (1998) Morphological substrates underlying opioid,
epinephrine and gamma-aminobutyric acid inhibitory actions in the rat
locus coeruleus. Brain Res Bull 47:1–15.

Williams-Hemby L, Grant KA, Gatto GJ, Porrino LJ (1996) Metabolic
mapping of the effects of chronic voluntary ethanol consumption in rats.
Pharmacol Biochem Behav 54:415–423.

Zardetto-Smith AM, Gray TS (1990) Organization of peptidergic and
catecholaminergic efferents from the nucleus of the solitary tract to the
rat amygdala. Brain Res Bull 25:875–887.

Zardetto-Smith AM, Gray TS (1995) Catecholamine and NPY efferents
from the ventrolateral medulla to the amygdala in the rat. Brain Res
Bull 38:253–260.

Zoeller RT, Fletcher DL (1994) A single administration of ethanol simul-
taneously increases c-fos mRNA and reduces c-jun mRNA in the
hypothalamus and hippocampus. Brain Res Mol Brain Res 24:185–191.

CATECHOLAMINE, NEUROPEPTIDE Y, AND ETHANOL-INDUCED c-FOS 809


