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mRNA levels in the locus coeruleus in rats
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Abstract

Exercise exerts antidepressant effects in humans and rodent models of affective disorders. These effects may be mediated by the upregulation of
endogenous factors that exert antidepressant actions. The physiological functions and behavioral actions of the neuropeptide galanin (GAL) suggest
antidepressant activity. Previous studies have shown that various modes of exercise elevate GAL gene expression in the locus coeruleus (LC) in
rats. The present experiments examined the interaction between voluntary exercise and antidepressant pharmacotherapy. Male Sprague-Dawley
rats were provided access to activity wheels (exercise condition) or inoperative wheels (sedentary condition) for 28 days. Rats in each group were
injected with clomipramine (10 mg/kg/day) or vehicle throughout this period (for 3 weeks). Prepro-GAL mRNA in the LC was measured by in
situ hybridization histochemistry. Exercise and clomipramine treatment significantly elevated GAL gene expression, though prepro-GAL mRNA
levels in rats receiving both interventions did not differ from sedentary controls that received vehicle. Prepro-GAL mRNA levels were significantly
correlated with running distance. The results further implicate a role for GAL in the antidepressant effects of exercise and pharmacotherapy, though

the mechanisms through which these treatments influence GAL gene expression appear to differ significantly.
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An accumulating body of evidence consistently reveals that
physical exercise exerts antidepressant effects in humans [3,4,8].
Research from our laboratory using different rodent models of
depression supports this finding. Specifically, we have reported
that voluntary physical activity in rats restores the deficits in
appetitively motivated behavior that occur in two, distinct rodent
models of depression [2,16]. These and other experiments have
also revealed potential neural mechanisms for the antidepressant
effects of exercise. For example, the expression of various neu-
rotrophins, such as brain-derived neurotrophic factor (BDNF)
[12,15], and the neuropeptide galanin (GAL) [10,15] increases
after exercise. Both BDNF [7,13] and GAL [9] have been shown
to exert antidepressant-like actions in rodent models, suggest-
ing their role in the mitigation of depression symptoms through
exercise.

Considering the putative role that the forebrain noradrener-
gic system plays in affective disorders, the locus coeruleus (LC)
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is a good candidate for examining the neural mechanisms for
the antidepressant effects of exercise, pharmacotherapy, and the
potential interaction between these two treatments. Our previous
research has focused primarily on exercise-induced upregulation
of GAL in the LC, where GAL is densely co-localized with nora-
drenergic neurons. Prior studies have demonstrated that various
experimental modes of exercise in rats increase galanin (GAL)
gene expression in the LC. We have thus reported that 6 weeks of
treadmill training in Fischer rats increased prepro-GAL mRNA
levels in the LC without influencing tyrosine hydroxylase [10].
Three weeks of voluntary wheel running similarly increased
GAL gene expression in the LC of Long-Evans rats [15].

The present experiment was designed to control for a poten-
tially confounding variable inherent in our previous experi-
ments, and it provides further evidence supporting the gener-
alizability of exercise-induced regulation of GAL. Our previ-
ous report of GAL upregulation after voluntary, activity wheel
exercise in Long-Evans rats [15] involved a fear-conditioning
paradigm subsequent to the exercise condition. The increased
GAL we observed may, therefore, have resulted from an interac-
tion between the stress of the learning paradigm and the exercise
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condition. The present experiments involved no such behavioral
intervention. Sprague—Dawley rats served as subjects in order
to determine whether previous effects observed in Long-Evans
rats generalize to this strain.

The present experiment was also designed to examine the
effect of antidepressant therapy on GAL gene expression in the
LC. Rats thus received either saline or the tricyclic antidepres-
sant clomipramine. We hypothesized that chronic clomipramine
treatment would elevate GAL mRNA in the LC similarly to exer-
cise. The potential interaction between the exercise manipulation
and drug treatment was thereby assessed.

All experiments were approved by the University of Georgia
Animal Care and Use Committee and followed the guidelines
of the NIH Guide for the Care and Use of Laboratory Animals.
Male Sprague—Dawley rats weighing 225-250 g at the beginning
of the exercise condition were group housed in 30 cm x 60 cm
polycarbonate cages in a temperature and humidity-controlled
vivarium for a 1-week acclimation period. Lighting was main-
tained on a 12/12h light/dark cycle with lights off at 07:00 h.
Following acclimation, rats were individually housed in the
same size cages equipped with 105 cm circumference Minimitter
activity wheels fitted with electromagnetic revolution counters.
Rats were randomly assigned to either exercise or sedentary con-
ditions. Wheels were locked in place for the sedentary condition.
Rats in both exercise and sedentary conditions were randomly
assigned to drug treatment conditions of vehicle (0.9% saline)
or clomipramine (10 mg/kg/day, IP), yielding a 2 x 2 factorial
design (exercise x drug). Injections began on the 8th day of
introducing the activity wheel and continued with a single, daily
injection for 21 days at 18:00-20:00 h. Running distance was
measured daily and calculated by multiplying the number of
revolutions by the circumference of the wheel. All rats were
weighed daily. Rats were killed between 07:00 and 11:00 h on
the final day of the exercise condition (approximately 12 h after
their final drug injection). Brains were removed, frozen on dry
ice, and stored at —80 C.

Brains were cut in 12 pm sections through the LC (Plates
57-59 of Paxinos and Watson atlas [11]) using a Microm
cryostat and prepared for in situ hybridization histochem-
istry as previously described. Briefly, sections were fixed in
4% formaldehyde in 0.12 M sodium phosphate-buffered saline
(PBS, pH 7.4), dehydrated using a series of ethanol and acetic
anhydride washes, delipidated in chloroform, and allowed to
dry. An oligonucleotide probe (Oligos Etc.) complementary to
bases 115-153 of porcine prepro-GAL mRNA transcript was
labeled at the 3’-end with [35S]-dATP (Perkin-Elmer), terminal
deoxynucleotidyl transferase (25 units/ml; Roche), and tailing
buffer. Column separation was used to separate unincorporated
nucleotides from the probes. Sections were hybridized with radi-
olabeled probes in solution containing 50% formamide, 600 mM
NaCl, 80 mM Tris—HC1, 4 mM EDTA, 0.1% sodium pyrophos-
phate, 0.2% SDS, 0.2 mg/ml heparin sulfate, and 10% dextran
sulfate. Brain sections were incubated with the hybridization
solution for 20 hin ahumid chamber at 37 °C. Sections were then
subjected to a series of washes to reduce non-specific binding (M
sodium citrate and 50% formamide at 40 °C) and were exposed
to autoradiographic film (BioMax MR, Eastman Kodak).

Autoradiographic films were analyzed using a computerized
image analysis system to determine optical density (OD) within
the LC (Image 1.38 software, Rasband, 1995, National Institute
of Mental Health).

The LC was analyzed by taking the average OD reading using
an 8 x 10 pixel oval placed in the dorsal portion of the nucleus,
in each section, of each animal. The investigator was unaware
of subject condition at the time of quantification.

Based on our previous studies we expected to demonstrate
a 1 standard deviation effect for the 2 (exercise versus seden-
tary) x 2 (drug versus saline) interaction for GAL mRNA. A
sample size of 11 animals per cell was deemed necessary to pro-
vide a statistical power of 0.80 at an « of p <0.05. Therefore, 11
animals were assigned to each of the experimental conditions.
Running distance and body weight data were analyzed by two-
way ANOVA with weeks as a repeated measure. Huynh-Feldt
was used to adjust degrees of freedom for violations of sphericity
in the repeated measure. Autoradiographic film data were ana-
lyzed by two-way ANOVA followed by post hoc contrasts. Data
were missing for three animals each in the drug and sedentary
groups. Outliers (two runners in the saline group and one runner
in the drug group) were identified using Grubb’s criterion [6].
The relation between running distance and prepro-GAL mRNA
levels was examined using multiple linear regression analysis,
including drug group and body weight as covariates.

Consistent with our previous studies, running dis-
tance increased over the course of the exercise condition
(F(3,48)=229, p<0.01 172 =0.59). The increase was best
described by a quadratic trend (F(1,16)=21.2, p<0.01), with
increases diminishing after week 3. Differences in running
distances between saline-treated and clomipramine-treated
rats, and the group-by-time interaction, were not significant
(p>0.40). By week 3 and 4, mean running distances for
both the saline and clomipramine-treated rats were compara-
ble (25.0 km/week in saline-treated rats and 25.4 km/week in
clomipramine-treated rats during week 4). The overall average
daily running distance was approximately 30% lower than that
observed in our previous study of the effects of activity wheel
running on GAL mRNA in the LC [15]. Body weights increased
linearly over the 4 weeks of the study (#(3,105)=210.7, p<0.01
n? =0.86). Inaddition, a group-by-time interaction was observed
(F(9,105)=5.9, p<0.01 n?=0.34). Sedentary rats treated with
clomipramine exhibited a lower rate of weight gain than the
other groups. Sedentary rats treated with saline had the highest
weights by week 4 (mean =297.7 g). Mean body weights for all
other groups ranged between 276 and 279 g.

Analysis of the in situ hybridization data for prepro-GAL
mRNA levels revealed a significant interaction between exer-
cise and drug treatment (F(1,31)=6.03, p=0.02, 172 =0.16; see
Fig. 1). The mean prepro-GAL mRNA levels in the LC in exer-
cising rats that received saline and sedentary rats that received
clomipramine were one standard deviation higher than that of
sedentary rats treated with saline (p =0.04). Linear regression
analyses revealed a significant, positive relation between run-
ning distance during week 4 and prepro-GAL mRNA in the
LC that was independent of effects of drug treatment and body
weight (partial r=0.65, p <0.01; see Fig. 2).
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Fig. 1. The effects of activity wheel (AW) running and chronic clomipramine
(CLM) treatment on prepro-galanin mRNA levels in the locus coeruleus mea-
sured by in situ hybridization. Prepro-galanin mRNA levels were significantly
elevated in AW + saline and in SED + CLM rats, compared to SED + saline rats
(p=0.04).

The results confirm and extend our previous finding of
exercise-induced upregulation of prepro-GAL in the LC.
Though voluntary wheel-running distances were lower than
those observed in our previous study [15], the exercise-induced
increases in GAL gene expression were comparable between the
two studies (approximately one standard deviation increase in
the present study versus approximately 1.5 in the prior experi-
ment). The significant correlation between running distance and
prepro-GAL mRNA suggests that the effect of exercise on GAL
gene expression is “dose-dependent”, so it is reasonable to con-
clude that differences in the magnitude of GAL gene expression
observed across experiments are directly related to differences
in running distance. The lower running distance observed in the
present study was most likely the result of mild stress inherent in
daily handling and injections. Though Long-Evans rats served as
subjects in the previous experiments, strain differences are prob-
ably not a significant factor in the effects of voluntary running on
GAL gene expression. Experiments with Sprague—Dawley rats
currently underway in our laboratory demonstrate higher rates of
voluntary running compared to our prior work with Long-Evans
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Fig. 2. Scatter plot depicting the relation between running distance and prepro-
galanin mRNA levels in the locus coeruleus. Prepro-galanin mRNA was signif-
icantly correlated with running distance independently of body weight or drug
treatment (p <0.01).

rats [in preparation]. That exercise increases GAL gene expres-
sion in both strains suggests that exercise-induced upregulation
of GAL is a general phenomenon in rats.

The present findings resolve a potential confound inherent in
our previous study. In that study [15], rats were killed imme-
diately after testing in a fear-conditioning paradigm, which
involved measure of defensive freezing behavior conditioned to
electric footshocks. It was therefore possible that the increased
GAL gene expression we observed resulted from an interaction
between stress and exercise. The present experiments involved
no significant stressor other than daily handling and IP injec-
tions, and the nature and time course of this mild stressor clearly
differs from that of fear-conditioning. Rats were injected daily
for 21 days, offering the opportunity for stressor habituation,
and the final injection was given approximately 12h prior to
brain collection, diminishing the potential impact of any acute
stress response that may have occurred to the injection. Fur-
ther supporting the conclusion that exercise-induced GAL gene
expression does not require an interaction with stress, a pre-
vious, unpublished experiment from our laboratory found no
effect of wheel running on LC GAL in rats that were injected
daily but were killed three to five days after activity wheels were
removed. In order to determine whether our failure to detect
exercise-induced changes in GAL in this previous, unpublished
experiment was due to the delay between exercise and brain har-
vesting rather than the influence of daily injections, the present
experiments employed daily injections as before but advanced
the time point for euthanasia. Though we have not systemat-
ically evaluated this possibility, it appears that elevated GAL
gene expression may diminish within days after exercise has
ceased.

Our results are consistent with a previous report of elevations
in GAL gene expression in the LC consequent to chronic antide-
pressant therapy. In this experiment [9], prepro-GAL mRNA
was measured by real time PCR after fluoxetine was adminis-
tered daily for 14 days. This previous study also found increased
GAL gene expression after sleep deprivation and electroconvul-
sive therapy. Our data revealed no additive effects of exercise and
chronic clomipramine treatment. Rather, a negative interaction
was observed, suggesting that exercise and pharmacotherapy
alter GAL gene expression through distinct and possibly inter-
fering processes. Taken together, the present and previous results
suggest that upregulation of endogenous GAL may function as
a common mediator of antidepressant effects for a variety of
interventions, though the precise mechanisms by which these
interventions alter GAL gene expression may differ signifi-
cantly. Considering the well established antidepressant effects
of exercise in humans [3,4,8], and previous findings of simi-
lar effects in rat models of depression [1,2,5,16], the present
findings implicate GAL in the exercise-induced amelioration of
depression symptoms.
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