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Abstract
The neuropeptide galanin extensively coexists with norepinephrine in locus coeruleus (LC) neurons.
Previous research in this laboratory has demonstrated that unlimited access to activity wheels in the
home cage increases mRNA for galanin (GAL) in the LC, and that GAL mediates some of the
beneficial effects of exercise on brain function. To assess whether capacity for aerobic exercise
modulates this upregulation in galanin mRNA, three heterogeneous rat models were tested: rats
selectively bred for 1) high intrinsic (untrained) aerobic capacity (High Capacity Runners, HCR) and
2) low intrinsic aerobic capacity (Low Capacity Runners, LCR) and 3) unselected Sprague-Dawley
(SD) rats with and without free access to running wheels for three weeks. Following this exercise
protocol, mRNA for tyrosine hydroxylase (TH) and GAL was measured in the LC. The wheel-
running distances between the three models were significantly different, and age contributed as a
significant covariate. Both selection and wheel access condition significantly affected GAL mRNA
expression, but not TH mRNA expression. GAL was elevated in exercising HCR and SD rats
compared to sedentary rats while LCR rats did not differ between conditions. Overall running
distance significantly correlated with GAL mRNA expression, but not with TH mRNA expression.
No strain differences in GAL or TH gene expression were observed in sedentary rats. Thus, intrinsic
aerobic running capacity influences GAL gene expression in the LC only insofar as actual running
behavior is concerned; aerobic capacity does not influence GAL expression in addition to changes
associated with running.
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1. Introduction
Chronic exercise influences brain function in a variety of beneficial ways [3]. Exercise reduces
symptoms of depression and anxiety in humans [9] and animals [8], mitigates the harmful
effects of stroke [5], and modulates the severity of seizure effects [11,23,29]. Voluntary wheel-
running enhances performance on tests of spatial learning [34] and reduces the negative impact
of aging on this performance [35]. Many of these effects may be attributed to adaptations in
intracellular signaling. Activation of survival and proliferation pathways in the hippocampus,
such as PI3-kinase [2], MAPK [30], as well as increased activity of vesicle-related proteins
synapsin I [36] and synaptophysin [37], is associated with voluntary running.

The recent finding that regular exercise upregulates galanin (GAL) mRNA expression in the
noradrenergic locus coeruleus (LC) [15,28,33] suggests that GAL may mediate some of the
behavioral effects of exercise. For example, rats with three weeks of free access to cage wheels
show significantly reduced seizure behavior to a 0.2 μg intracerebroventricular (ICV) dose of
kainic acid, an effect abolished with the GAL receptor antagonist M40 [29]. Since the LC
projects to dorsal and ventral aspects of the hippocampus [22] where GAL receptors are found
[27], and GAL modulates hippocampal excitability and seizure [23], the exercise-induced
upregulation of GAL in the LC could be an important component of hippocampal
neuroprotection.

GAL coexists with norepinephrine (NE) in most of the cell bodies of the LC [14,24]. The LC
comprises the primary noradrenergic innervation of the central nervous system and projects to
areas throughout the forebrain including neocortex and hippocampus, as well as hypothalamus,
thalamus, cerebellum and spinal cord [22,24,26]. Receptors for GAL are distributed throughout
the brain, with particularly high densities found in the hippocampus and diencephalon, as well
as the LC itself [27]; they are G-protein coupled and linked to adenylyl cyclase inhibition
[13] and activation of potassium channels [10]. GAL receptor activity is associated with
pathways such as Akt, ERK [12], or PKC [38].

The present experiments investigated whether intrinsic (untrained) running capacity influences
exercise-induced upregulation of GAL. A rat model system, selectively bred to express greater
or lesser intrinsic aerobic capacity [18-20], demonstrates a substantial expansion or reduction
in running speed, duration, and maximal oxygen uptake [17]. Thus, the high capacity and low
capacity rat strains (HCR and LCR, respectively) differ dramatically in their capacity to run
on a treadmill to the point of exhaustion [18,20]. These differences may be associated with a
greater capacity of HCR to deliver and utilize O2 in skeletal muscle [16].

Since age is another characteristic that influences exercise effects in rats [1], the present
experiments included and analyzed age as a covariate. Older rats show reduced expression of
GAL protein [4] and increased GAL binding site density [21], demonstrating an age-related
reduction in GAL signaling. Age also influences how exercise affects other factors, such as
brain-derived neurotrophic factor (BDNF) [1].

The present studies thus aimed to further characterize the nature of the relationship between
wheel running and GAL in the LC, and address the following questions: 1) Does selection for
intrinsic aerobic running capacity influence the exercise-induced upregulation of LC GAL? 2)
What effect does wheel running have on mRNA for tyrosine hydroxylase (TH), the rate limiting
enzyme in NE production [25]? 3) Does age covary with the effect of exercise on LC GAL (or
potentially TH) mRNA upregulation?
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2. Method
2.1 Subjects

Previous work details the development of a rat model of aerobic running capacity [18]. Briefly,
rats chosen from a genetically heterogeneous N:NIH founder population ran to exhaustion on
a treadmill, and the distances were recorded. The 13 lowest running males and 13 lowest
running females comprised the beginning of a LCR line, while the 13 highest running males
and 13 highest running females started an HCR line [18]. At 10 generations, there was an
overall difference in running capacity between HCR and LCR rats of 317% [19]; by 21
generations, the difference reached 450% [20].

A total of 63 male rats, HCR (n=32) and LCR (n=31), from generation 23 of selection, were
shipped from the University of Michigan. Phenotype data provided with these rats showed that
LCR and HCR groups differed by 650% for intrinsic aerobic running capacity at 11 weeks of
age. The mean treadmill running duration for HCR was 61 minutes compare to only 18 minutes
for LCR rats. Ages for the LCR and HCR rats ranged from 121 to 217 days. A total of 41
Sprague-Dawley (SD) rats, aged 60 days (n=21) or 321 days (n=20) were supplied by Harlan.
For purposes of assignment, rats were designated as young (SD: 60.0±0.00 days, LCR/HCR:
122.74±2.09 days) and old (SD: 321.0±0.00 days, LCR/HCR: 180.4±26.35 days), and were
then randomly assigned to exercise (16 HCR, 16 LCR, and 20 SD rats) or sedentary groups
(16 HCR, 15 LCR, and 21 SD rats).

Animals were housed in a temperature and humidity-controlled vivarium with lighting
maintained on a 12-hour light/dark schedule. Food and water were available ad libitum and
animals were weighed weekly throughout the study. All procedures were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and with
University of Georgia IACUC approval.

2.2 Exercise Protocol
Rats in the exercise condition were housed individually in polycarbonate cages, provided with
unlimited access to a stainless steel cage wheel for 21 days. Previous work has demonstrated
that three weeks of cage wheel access is sufficient to induce GAL mRNA upregulation in the
LC [33]. Revolutions were recorded with a magnetic counter. Running distances were recorded
every other day and calculated by multiplying revolutions by the circumference of the wheel
(1.05 m). Three HCR and three LCR rats were excluded from analysis because mean daily
revolutions did not exceed 50, which was likely associated with their age and size. Running
data from a total of 46 rats (HCR n=13, LCR n=13, SD n=20) were analyzed. Animals in the
sedentary condition (HCR n=16, LCR n=15, SD n=21), were housed under identical conditions
without a cage wheel.

2.3 In Situ Hybridization
At the start of day 22, approximately 12 hours following the end of the last dark cycle, rats
were decapitated and the brains were removed and frozen using dry ice, then stored at -80°C.
Coronal sections at the level of LC were cut using a Microm cryostat (Waldorf, Germany) at
a thickness of 12 μm. Sections were thaw-mounted onto gelatin-coated glass microscope slides.
Anatomical location was verified using a 0.1% thoinin stain. Sections were fixed in 4% (v/v)
formaldehyde in 0.12 M sodium phosphate-buffered saline (PBS) solution, rinsed in PBS, and
soaked in 0.25% (v/v) acetic anhydride in 0.1 M triethanolamine HCl-0.9% (v/v) NaCl.
Sections were dehydrated in a series of ethanol washes, delipidated in chloroform, and rinsed
in ethanol.
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Oligonucleotide probes (Oligos Etc., Wilsonville, Oregon) for GAL and TH, were labeled at
the 3’ end with [35S]-dATP (New England Nuclear, Boston, Massachusetts), terminal
deoxynucleotidyl transferase (TdT, 25 units/ml; Roche, Indianapolis, Indiana), and tailing
buffer. Column separation was used to remove unbound nucleotide. Sections were hybridized
with the radiolabeled probes in solutions containing 25% (v/v) formamide, 72 mM NaCl, 3.2
mM Tris-HCl, .0032 mM EDTA, 0.001% (v/v) sodium pyrophosphate, 0.004% (v/v) sodium
dodecyl sulfate, 0.002 mg/ml heparin sulfate, and 2% (v/v) dextran sulfate. Sections were
incubated overnight at 37°C, followed by a series of washes in SSC and SSC-50% formamide,
water and ethanol, and then were dried.

Hybridized sections were placed into film cassettes and exposed to autoradiographic film
(BioMax MR, Eastman Kodak, Rochester, NY) and developed with Kodak GBX developer
and Kodak GBX fixer.

2.4 Film Analysis
Autoradiographs were scanned into Adobe Photoshop using a high resolution scanner
(Microtek, San Francisco, CA), with a PowerMAC G4 (Apple, Inc., Cupertino, CA) for
processing. ImageJ (National Institutes of Health, Bethesda, MD) was used to highlight and
quantify grayscale brightness units in the LC.

2.5 Statistical Analysis
A mixed-model, 3-group × 10-time repeated measures analysis of covariance (RM-ANCOVA)
adjusted for age (in days at the beginning of wheel-running), with Greenhouse-Geisser
correction for sphericity violation, was performed to examine running distance over time. An
intraclass correlation coefficient (ICC) was used to describe reliability across days. Two-way
ANCOVA adjusted for age was also used to identify any differences in gray scale units for
GAL mRNA or TH mRNA among the groups. Bonferroni adjustment was used to correct for
multiple follow-up comparisons. Linear regression analysis adjusted for age was used to
determine whether relations existed between overall running distance and mRNA for GAL or
TH. SPSS 17.0 (Chicago, IL) was used for all statistical analyses.

3. Results
3.1 Running Distance

Daily running distance was highly reliable, ICC(2, 10)=0.97, and increased over time, F(9,
378)=20.77, ε = .212, p<0.001. There was a main effect of strain, F(2, 42)=6.256, p<0.01. HCR
rats ran more than LCR rats, p<0.01, but not more than SD rats, p=1.0, which ran more than
LCR rats, p=0.013 (figure 1). Significant interactions were identified between the covariate
age and running over time, F(9, 378)=10.77, p<0.001, and also between strain and running
over time, F(18, 378)=4.25, p<0.01. Follow-up RM-ANCOVA within each strain indicated
that running distance did not increase in LCR rats, F(9, 99)=1.38, ε=0.161, p=0.287, but
increased linearly in both SD rats, F(9, 162)=12.08, ε=0.145, p<0.001, and HCR rats, F(9, 99)
=13.22, ε=0.316, p<0.001.

3.2 LC mRNA Expression
3.2.1 GAL—The omnibus F test for our ANCOVA of LC GAL mRNA was statistically
significant, F(6, 77)=3.872, p<0.01. Age did not significantly contribute as a covariate to
differences in GAL mRNA F(1, 77)=2.959, p=0.089, but there were effects of strain (HCR,
LCR, or SD), F(2, 77)=7.273, p<0.01, and exercise condition, F(1, 77)=5.365, p=0.023. The
LCs of HCR showed greater GAL mRNA than those of LCR, p<0.01, and SD showed greater
LC GAL mRNA than did LCR, p<0.01, but no significant difference was identified between
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SD and HCR, p=1.0. Strain and exercise condition did not interact to produce an effect on LC
GAL mRNA expression, F(2, 77)=1.117, p=0.332.

Overall, voluntary running distance was correlated with GAL mRNA expression, r=0.317,
p=0.028. That relation remained after adjustment for age (β=0.40, t=2.25, p=0.03), but it was
explained by the strain effect (β=0.41, t=2.39, p=0.022) of lower running distance and lower
GAL mRNA in LCR rats compared to SD and HCR rats (p<0.01). For a scatterplot of the data,
see figure 2. See also figures 3 and 4.

3.2.2 TH—The omnibus F test of TH mRNA was not significant, F(6, 54)=0.659, p=0.683,
indicating that strain and exercise condition did not significantly differ or interact with regard
to TH mRNA expression in the LC (figure 5).

Overall running distance and TH mRNA expression were not significantly correlated, r=0.285,
p=0.079.

4. Discussion
In the present study, we established that fitness capacity influences upregulation of GAL in
the LC. The outbred SD group, presumably of genetically variable composition, had total
distance values having fallen in between the HCR and LCR rats, though nearer to HCR than
LCR (figures 1 and 3) which is consistent with differences in speed and VO2 max capacities
[17]; so it is reasonable to conclude based on the present data that both above-average or
average running capacities facilitate an upregulation of GAL in the LC in a similar. However,
a below-average aerobic running capacity appears to influence LC GAL regulation in a
negative manner (albeit with a nonsignificant interaction), with LCR rats showing little GAL
mRNA difference between exercise and sedentary groups (figure 4).

Forced exercise, in the form of short-term treadmill running, has been shown to have an age-
related effect on LC TH mRNA expression, with younger rats showing a response to five daily
bouts of treadmill running, but not older rats [32]. Though the effects of forced exercise
paradigms may be difficult to interpret because they involve stress, both voluntary wheel
running and treadmill running have been shown to protect against stress-related depletion in
LC NE [6-7], so exercise likely influences NE activity in the LC in some fashion. However,
in agreement with previous work [31], wheel running did not produce an effect on TH
expression in the LC (figure 5), a finding previously observed in this laboratory with treadmill
running [28].

It is important to understand that while exercise enhances GAL activity, age may factor into
its upregulation. Indeed, GAL expression changes over a lifespan; septal GAL protein is
reduced in older rats [4], while GAL binding sites are increased in piriform and entorhinal
corticies, and dentate gyrus in older rats [21]. Other neuronal factors that exhibit a robust
increase with exercise, such as BDNF, show a diminished exercise effect with age [1].

The HCR and LCR rats demonstrated a dramatic difference in voluntary wheel-running, with
HCR rats running upwards of 2625 m on average per day more than LCR rats. Interestingly,
SD running behavior fell closer to the daily running distance of HCR rats. On average HCR
rats ran, total distance, more than six times as much as LCR rats (figure 3). This proportion
(approximately 650%), is identical to the proportional difference in intrinsic capacity measured
at 11 weeks of age in these rats. The RM-ANCOVA within each strain verified what seems
apparent in the running data; HCR rats increase their running behavior over three weeks more
than the LCR rats, who in the present study did not increase more over time. Also, rats increase
their running behavior less over time with age. These findings further highlight the profound
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effects selection has on aerobic running capacity and help to define how the running behavior
of these selected rats relates to the running behavior of the more commonly used SD rat, which
is the commercially employed stock for most of the previous exercise research in this
laboratory.

Exercise condition and selection did not significantly interact to produce an effect on GAL
mRNA expression, but overall running did significantly correlate with GAL mRNA
expression. More running did generally correspond with more GAL expression. Considering
these relationships, it is then likely that running capacity due to selection affects GAL mRNA
expression in the LC only insofar as actual running behavior is increased, without any
additional synergistic influence.

5. Conclusion
Selection for aerobic running capacity produces dramatic differences in running behavior, and
age contributes to this difference in behavior. Intrinsic aerobic running capacity does influence
GAL mRNA expression in the LC, with exercising HCR and SD rats exhibiting higher GAL
mRNA than their sedentary counterparts. No such differences between exercising and
sedentary groups were seen in the LCR, which may be explained by their relative lack of
running since total running distance is related to GAL upregulation in the LC. Overall, the
results further suggest that the regulation of GAL in the LC is tightly coupled to exercise.
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Figure 1.
Mean two-day running distance values per group, in meters.
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Figure 2.
Mean total running distance values per group, in meters.
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Figure 3.
Scatterplot of total running distance (in kilometers) vs. GAL mRNA (grayscale units).
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Figure 4.
Mean GAL mRNA expression in the LC, grayscale units.
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Figure 5.
Mean TH mRNA expression in the LC, grayscale units.
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