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Abstract

Although obesity is an ongoing healthcare challenge in the U.S., diet and exercise have limited efficacy
in losing weight and maintaining the weight loss, particularly for post-menopausal women. Nonetheless,
few preclinical studies focus on females, even though it is well-known that rats rapidly gain weight after
ovariectomy. To evaluate the effect of exercise on weight gain, we gave one group of ovariectomized
(OVX) rats access to running wheels for three weeks immediately after ovariectomy; a second group
had access to running wheels that was delayed for three weeks after ovariectomy. We also investigated
the effect of exercise on circulating metabolic hormones that communicate with the central nervous
system (CNS), as well as on neuroimmune factors in CNS areas involved in the control of body weight.
Body weight was assessed each week for six weeks, and circulating levels of metabolic hormones and
central neuroimmune factors were assessed after six weeks. Regardless of whether exercise was initiated
immediately or was delayed for three weeks, OVX rats gained weight at a slower rate during the first
week of running. However, this transient effect was longer-lasting when running was delayed.
Circulating insulin and leptin were decreased in OVX rats when running was delayed; hindbrain
astrocyte activation and toll-like receptor 4 levels also were reduced. Thus, although adaptations to
voluntary exercise may limit its efficacy as a weight loss strategy, even transient slowing of post-
ovariectomy weight gain is associated with reductions in metabolic hormones, which may be related to
region-specific modulation of central neuroimmune factors.

Introduction

In the United States, ~40% of adults are obese!-?, with ~7% classified as morbidly obese®. Obesity is
associated with a range of co-morbidities, including type 2 diabetes, stroke, heart disease, kidney
disease, and cancer'~. The associated medical costs are staggering: people with obesity are estimated
to pay as much as $2,700 more in health care costs annually compared to normal weight individuals®.



Managing obesity remains a challenge, in part, because diet and exercise, the most common
recommendations for obese individuals', typically result in only short-lived weight loss>®. Further
complicating the issue is that obesity is a multi-faceted disease that is influenced by genetics and the
environment. For example, obesity disproportionately affects African Americans, Hispanics, and
groups with lower education and socioeconomic status'. Moreover, more women are obese compared
to men (38.0% vs. 41.5%?), with a further increase in obesity in post-menopausal women?®’. The
increase in obesity after menopause is particularly troubling given the aging of the U.S. population.
Surprisingly, obesity research has largely focused on males and this sex bias extends to preclinical
studies involving animal models. Most of these studies preferentially use younger animals, further
limiting their applicability to understanding and managing obesity in post-menopausal women.

Female rats rapidly and reliably gain weight after ovariectomy®® and the weight gain follows a
predictable time course'?. A variety of mechanisms likely contributes to this body weight gain!!,
among which are peripheral signals associated with eating and body weight including metabolic
hormones such as leptin and insulin''. These hormones have actions at receptors localized to the
hypothalamic arcuate (ARC) and paraventricular (PVN) nuclei'?>'?, and the hindbrain dorsal vagal
complex (DVC), central nervous system (CNS) areas that studies of male rodents have shown to be
involved in body weight regulation and control of feeding'*!®. In our recent study, we found that
weight gain in OVX rats is associated with changes in chemokine and cytokine expression in the ARC,
PVN, and DVC!, suggesting that reproductive hormones also alter central neuroimmune mechanisms
that impact body weight regulation. Notably, these changes in neuroimmune signals followed a
temporal pattern, with some occurring early during the post-ovariectomy weight gain, and others not
evident until the rate of weight gain had slowed.

Taken together, these findings raise the possibility that strategies like exercise, commonly used to
manage body weight, may be differentially effective depending on the time at which the strategies are
initiated, and on their impact on metabolic hormones which, in turn, may affect neuroimmune signals.
Accordingly, in the current studies, we introduced voluntary exercise at different times after
ovariectomy to evaluate the impact on post-ovariectomy weight gain and on peripheral metabolic
hormone levels. At the same time, we conducted preliminary assessments of central neuroimmune
factors to determine whether central neuroimmune signals in ovariectomized (OVX) rats are modified
by voluntary running and/or changes in metabolic hormones, and whether the timing of initiating
exercise alters these effects.

Materials and Methods

Animals

Adult female Sprague—Dawley rats (90 days; Charles River) were individually housed in a
temperature-controlled room (21-25°C) in animal facilities at the Oklahoma State University-Center
for Health Sciences (OSU-CHS) on a 12:12 light/dark cycle (lights on at 07:00), with unlimited access
to standard rodent chow and water. All procedures were approved by the OSU-CHS Animal Care and
Use Committee and were conducted in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Experimental Procedures
After seven days of acclimation to the colony room, rats (n=16) were treated with the long-lasting
analgesic, meloxicam (1.5 mg/kg, i.0.) before anesthesia with isoflurane. Bupivacaine was applied



topically, the abdomen was incised, the ovaries were removed, and muscle and skin then were closed;
~18 h later, bupivacaine was applied to the incision site. Rats were allowed to recover for an additional
24 h. Body weights of rats were recorded immediately prior to ovariectomy, and then at weekly
intervals for a total of six weeks. Change in body weight was calculated each week as [weight (g) for
current week — weight (g) for previous week].

During the first three weeks, one group of rats (n=8) was individually housed in standard cages (44 x
22 x 20 cm). The other group (n=8) had 24 h/day access to 35 cm-diameter running wheels (Lafayette
Instruments) attached to individual plexiglass cages (47 x 37 x 20 cm). Running distance data were
collected using electronic counters linked to a personal computer with Lafayette Instruments software.

After the first three weeks, the groups were switched, and rats that initially had access to running
wheels were housed in standard cages (R-S), while rats that initially were housed in standard cages
then were housed in cages with attached running wheels (S-R). This phase lasted another three weeks.
Thus, all rats had three weeks of voluntary exercise, with the R-S group given access to running
wheels immediately after ovariectomy and the S-R group given access beginning three weeks after
ovariectomy.

Tissue Collection and Preparation

After 6 weeks, all rats were rendered unconscious by CO> inhalation and rapidly decapitated. Trunk
blood was collected on ice, then centrifuged. Plasma was collected and stored at —80°C until assayed
for total protein concentration and levels of insulin and leptin. Brains and spleens were collected on
ice. Brains were stored at —80°C until processed for determination of neuroimmune factors.

Peripheral factors
Spleens from rats in the R-S group (n=8) and the S-R group (n=8) were weighed; spleen weight was
expressed as mg/100 g body weight. Plasma was used to assess circulating levels of the metabolic
hormones insulin and leptin, as well as plasma protein concentration as an index of plasma volume.
Insulin and Leptin. Circulating insulin and leptin were assessed using commercially available
ELISA kits (Millipore/Sigma; Rat/Mouse Insulin; EZRMI-13K and Rat Leptin; EZRL-83K) according
to the manufacturer’s instructions.
Plasma protein concentration. Plasma protein concentrations were assessed using a
refractometer (Leica).

Neuroimmune factors

ARC, PVN, and DVC were identified in thick, frozen brain sections using the following landmarks:
ARC—caudal 3rd ventricle and median eminence; PVN-rostral 3rd ventricle, anterior commissure, and
optic chiasm; DVC—central canal, pyramidal tract, and caudal inferior olivary nucleus. Bilateral
punches were taken from these areas using a 1.0 mm Uni-Core punch (Ted Pella), collected into
Eppendorf tubes, and stored at —80°C until homogenized. Brain tissue (100 mg/ml lysis buffer) was
sonicated on ice for 10 sec. in lysis buffer containing 50 nM Tris—HCI, pH 7.4, 150 nM NaCl, 0.02%
sodium azide, 0.1% sodium dodecyl sulfate, 1.0% IGEPAL, 0.5% sodium deoxycholate, 10 pg/ml
aprotinin and 0.5 mM phenylmethylsulfonyl fluoride.

In these studies, we focused on interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1),
toll-like receptor 4 (TLR4), and glial fibrillary acidic protein (GFAP; a marker of astrocyte activation)
because of their involvement in innate immune activation associated with obesity'”!8, and the changes



in these factors observed in our recent study'®.

IL-6 and MCP-1 expression. Homogenized samples of ARC, PVN, and DVC from rats in the
R-S group (n=4) and rats in the S-R group (n=4) were assessed for IL-6 and MCP-1 expression by
ELISA using commercially available, standard dual-antibody solid phase immunoassay kits
(Peprotech, Rocky Hill, NJ) via colorimetric analysis.

GFAP and TLR4 expression. Homogenized samples of ARC, PVN, and DVC from other rats in
the R-S group (n=4) and other rats in the S-R group (n=4) were assessed for GFAP and TLR4 by
western blot using antibodies from Cell Signaling (Danvers, MA), Santa Cruz Biotechnology (Dallas,
TX), MilliporeSigma (Burlington, MA) or Sigma-Aldrich (St. Louis, MO) and standard protocols.
Equal amounts of total protein (30 ug) were separated by SDS-PAGE and transferred to PVDF
membrane which was incubated in target-specific 1° antibody (anti-TLR4, 1:200; anti-GFAP, 1:5000;
or B-tubulin, 1:1000), washed, then incubated in 2° antibody (anti-IgG, 1:1000). For subsequent
targets, membranes were stripped of antibody by western blot stripping buffer (Thermo Fisher) for 20
min at room temperature, washed three times in Tris-buffered saline+Tween 20 (TBST), then re-
blocked in 5% bovine serum albumin in TBST for 2 h prior to incubation with 1°/2° antibodies as
described above. Labeled proteins were analyzed by NIH Image J software and expressed relative to -
tubulin.

Statistics

All data are shown as group means + standard error of the mean (SE). Data for body weight, change in
body weight, and distance run were analyzed using repeated measures analysis of variance (rmANOVA),
with group (R-S, S-R) and week as factors, repeated for week. Significant (p<0.05) main effects or
interactions were further assessed using Fisher’s LSD tests. Effect sizes were calculated using partial eta
squared (pn?). Data for peripheral hormone levels, plasma protein concentrations, and spleen weights
were assessed using individual 2-tailed t-tests. Effect sizes for these comparisons were calculated using
Cohen’s d. Data for neuroimmune factors showed considerable variability. Thus, we included only
individual data points that were < 2 standard deviations from the group mean for each area prior to
analyses using individual Mann-Whitney U tests for nonparametric comparisons.

Results

Body weight

As expected, OVX rats rapidly gained weight (Figure 1A); however, rmANOVA revealed differences
in body weight that depended on the interaction between group and week [F(s.s4) = 10.48, p<0.001; pn> =
0.428]. Pairwise comparisons of the interaction showed that body weight of OVX rats that ran initially
and then were switched to sedentary conditions (R-S) increased steadily, with weight each week
significantly greater than each of the preceding weeks (ps<0.05-0.001). In contrast, body weight of OVX
rats that initially were sedentary increased only until they began running. For rats in this S-R group,
weight during each of the first three weeks was significantly greater than each of the preceding weeks
(ps<0.001). After the switch, body weight did not differ from week-to-week; however, weight on week
6 was significantly greater than that on week 4 (p<0.01).
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A 425

400

375
350
325

300

Body weight (g)

275

250

30

--{--RS --@--5-R

01 @.

ol 1R,
e b, . p<0.001
- ‘h g *
P e e RUGITITITLEREn, TR [ S TS
[l] W

Weight change (g)

Evaluation of the change in body weight from week to week (Figure 1B) also revealed differences that
depended on the interaction between group and week [F(s70) = 5.21, p<0.001; pn?> = 0.271]. Pairwise
comparisons of this interaction showed that the R-S group, which ran immediately after ovariectomy,
had a consistent weight gain each week, though the gain during the 2" and 3" week (while running)



both were greater than those during the last 2 weeks (while sedentary; ps<0.05-0.01). The S-R group,
which ran after a 3-week delay, also had a consistent weight gain during the first 3 weeks (while
sedentary); however, they lost weight during the first week after the switch (while running; ps<0.001,
0.05 vs. all other weeks). For this group, the weight gain during the last 2 weeks were significantly less
than the first 3 weeks, but were not different from each other. Finally, during the first week, the R-S
group gained significantly less weight (p<0.01), than did the S-R group, but during the week after the
switch, the S-R group gained less weight than did the R-S group (p<0.001). There were no other
differences between the groups on a weekly basis.

Running distance

The distance run by OVX rats was not affected by whether they were given access to running wheels
immediately or 3 weeks after ovariectomy (Figure 2). Rather, the distance run depended on week [F(2,12)
=9.53, p<0.01; pn* = 0.614]. Pairwise comparisons revealed that, independent of group, OVX rats ran
significantly less during their first week of access to running wheels compared to the next two weeks
(ps<0.05, 0.001), which were not different from each other.

Figure 2
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Peripheral effects

Running condition did not affect spleen weight (Table 1). However, t-tests revealed that plasma protein
concentration was significantly less in the S-R group that initially were sedentary and then had access to
running wheels for three weeks (Table 1; t 14) = 2.49, p<0.05; d = 0.522).



Table 1

R-S S-R

Spleen 187.1 8.0 211.3+99
(mg/100g body wt)

Plasma proteins 7.61+0.16 7.18+0.07%
(g/dL)

Moreover, both circulating insulin and leptin levels (Figure 3) were significantly less (tas4) = 2.61,
p<0.05, d = 0.547; ta4) = 2.67, p<0.05, d = 0.544, respectively) in OVX rats in the S-R group.

Figure 3
A p<0.05 B
16 - ' ' p<0.05
OR-S 1
1 4 mSR 60 ORS
ms-R
12 ‘ 50 - |
£ £
e 10 A ~ 40
0o
£ &
8 i S
é E 30 -
3
2 o
£ e
20 -
4 -
5 10 A
0 0

Neuroimmune factors



Individual comparisons of neuroimmune factors in the ARC, PVN, and DVC (Figure 4A-D) using
Mann-Whitney nonparametric tests revealed that both GFAP and TLR4 levels in the DVC were
significantly less in the S-R group that initially were sedentary and then had access to running wheels
for three weeks (Z = 2.309, p<0.05; Z = 2.021, p<0.05, respectively). No differences in MCP-1 or IL-6
levels were observed in the DVC, nor did any neuroimmune factors differ in ARC or PVN.
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Discussion

The peripheral signals and central pathways involved in the post-ovariectomy weight gain in female
rats®® remain a subject of more than theoretical interest given the obesity epidemic in the United States'"
33 Importantly, the weight gain in OVX rats follows a predictable time course'® that allows for
systematic evaluation of the impact of weight loss strategies such as diet and exercise—which typically
are recommended as the first line of defense!—on body weight, peripheral signals, and central factors
implicated in body weight regulation. To date, most investigations have focused on central
neurotransmitter systems!4!®; however, we recently reported that post-ovariectomy weight gain also is
associated with specific temporal patterns of changes in neuroimmune factors!®. Accordingly, in the
present study, we initiated voluntary exercise at different times after ovariectomy and assessed weight
gain and peripheral hormone levels, as well as the impact of exercise on neuroimmune factors in OVX
rats.



We found that exercise had transient effects to slow post-ovariectomy weight gain, regardless of whether
it was initiated immediately after ovariectomy or was delayed for three weeks. This effect occurred when
the distance run was least, raising the possibility that after the first week, some adaptation to increased
energy expenditure associated with running'® occurred that minimized weight loss as time went on, even
as running increased. Interestingly, when access to running wheels was delayed for three weeks after
ovariectomy, rats lost weight during the first week of running and gained more slowly thereafter. Our
previous work showed that post-ovariectomy weight gain slows after three weeks'’; thus, it is possible
that the weight loss observed when access to running wheels was delayed for three weeks was
attributable to slower rate of weight gain during this period. However, two observations argue against
this interpretation. First, the difference in weight change between runners and sedentary OVX rats was
greater when running was delayed vs. when rats ran immediately after OVX (~27 g vs. ~17 g,
respectively). Second, despite the ‘rebound’ in weight gain after the first week of running, it took longer
for OVX rats to achieve the same rate of weight gain as their sedentary counterparts when access to
running wheels was delayed.

The regulation of body weight incorporates both short-term and long-term controls!#162? including
signals from the GI tract related to feeding and energy stores, as well as metabolic hormones and other
circulating factors. Levels of both insulin and leptin were decreased in rats that initially were sedentary
and then had access to running wheels during the last three weeks ** 2! On the surface, it seems
reasonable to assume that loss of body weight during the first week of running included reduced white
adipose tissue, the source of leptin??, while the blunted insulin levels indicate more efficient glucose
handling*’, or decreased food intake and/or increased water intake?’, as suggested by lower plasma
protein concentrations in rats that initially were sedentary and then had access to running wheels.
However, leptin and insulin levels were reduced at a time when group differences in body weight no
longer were apparent. It is possible that changes in these hormones reflect physiological changes due to
increased energy expenditure during running'®. Alternatively, the rebound in body weight during the
three weeks that R-S rats were sedentary produced changes (e.g. increased adipose, alterations in feeding
and/or metabolic rate) leading to increased leptin and insulin in that group. More experiments will be
necessary to distinguish between these possibilities; nonetheless, the differences were unexpected given
the lack of group differences in body weight at this time point, and lead to the question of how increased
body weight is sustained at similar levels in OVX rats despite access to running wheels and differences
in insulin and leptin levels.

Although much obesity research focuses on neurotransmitters in CNS pathways!#!®, increasing
experimental attention has turned to the role of inflammation. The metabolic endotoxemia hypothesis of
obesity postulates the involvement of low-grade inflammation associated with activation of TLR4 by
classic proinflammatory factors like lipopolysaccharide and/or by free fatty acids, changes that have
been shown to occur in rodents during chronic maintenance on a high fat dietr reviews: see I7.1825 [ fact,
much of the evidence linking inflammation and obesity derives from studies that utilize high fat diet-
induced obesity (DIO), many of which address peripheral inflammatory effects, such as insulin
resistance?”. However, recent advances indicate a role for neuroinflammation in DIO. For example,
activation of TLR4 on microglia in the hypothalamus may contribute to DIO?® ®ts¢¢26_Tq date, however,
most investigators have focused on neuroimmune factors in the pathological consequences of extreme
and established obesity after prolonged maintenance on high fat diet, with few investigations focused on
more physiological weight gain such as that after ovariectomy.

We previously reported that neuroimmune factors in the ARC, PVN, and DVC of OVX rats change as



early as three weeks after ovariectomy'®. Surprisingly, then, there were no differences between
immediate and delayed exercise groups for most neuroimmune factors in the current study. It is possible
that the sensitivity of the analytical kits were insufficient to reveal subtle changes in these factors,
particularly given that weight did increase in both groups—albeit at slower rates in OVX rats that had
access to running wheels during the last three weeks. However, differences in neuroimmune factors were
detected in the DVC. Specifically, levels of both GFAP and TLR4 were significantly decreased in the
DVC of OVX rats that initially were sedentary and then had access to running wheels for three weeks.
In contrast, OVX rats that initially had access to running wheels but were sedentary during the final three
weeks exhibited levels of GFAP and TLR4 in the DVC that were comparable to levels observed in OVX
rats that did not exercise reported in our previous study. Direct comparisons between the two studies
must be interpreted cautiously due to differences in the lots of the analytic kits; nonetheless, together
these data suggest that voluntary exercise had selective effects on neuroimmune factors in the DVC.

The contribution of neuroimmune signaling in the hindbrain to obesity often is overlooked. This is a
baffling oversight, as the DVC is important in both short-term and long-term control of body weight.
The interconnected structures that comprise the DVC confer responsiveness to ‘real-time’ changes that
occur during feeding, with pre-absorptive signals pertaining to gastrointestinal distension and nutrients
in the gastrointestinal tract that may limit subsequent feeding transmitted by vagal afferents to the
nucleus of the solitary tract (NTS)?’. On the other hand, post-absorptive signals (e.g., circulating levels
of metabolites or metabolic hormones), as well as hormonal signals of longer-term energy balance that
may alter feeding or metabolic rate are monitored by the area postrema (AP), the hindbrain
circumventricular organ. AP is uniquely situated to serve in this role by virtue of an incomplete blood-
brain-barrier and receptors for numerous hormones®®?’, including insulin and leptin'>!3. Together, these
structures detect and process signals related to both feeding and energy balance and then communicate
the information directly and indirectly to other CNS areas involved in control of feeding and body
weight, including hypothalamic areas**-2. Thus, decreases in TLR4 and GFAP in the DVC of rats that
ran beginning three weeks after ovariectomy may be related to the detection of peripheral signals
concomitant with the transient reduction in the rate of weight gain and, in turn, to communication within
CNS pathways involved in the control of body weight.

Astrocytes influence communication in the CNS in multiple ways, including synthesis of glutamate and
gamma-aminobutyric acid (GABA), clearance of potassium from the synapse, and long-term changes in
synaptic efficacy®®>3°. A function of astrocytes that is particularly relevant to the DVC is their
contribution to the blood-brain-barrier***’. Thus, decreased GFAP in the DVC may indicate retraction
of glial processes that contribute to maintenance of the blood-brain-barrier®®® in the AP, thereby
facilitating access of circulating hormones to receptors located in that region, and allowing consistent
activation of leptin and/or insulin receptors despite reduced hormone levels—which may be critical to
maintain neural and neuroimmune activation in CNS areas involved in body weight regulation. The idea
of a neural-glial communication circuit in the hypothalamus has been proposed and is suggested to be
related to innate immune responses’’. Given the connectivity of the DVC!63%3140-42 it seems likely that
this circuit includes the DVC. Thus, it is possible that the decrease in TLR4 levels in the DVC is an
integral part of information flow within that circuit and is important to maintain activation in other CNS
areas. Clearly, more studies are required to determine whether there are changes in the DVC blood-
brain-barrier integrity as suggested by decreased GFAP levels, as well as the role of TLR4 activation in
this communication circuit that affects feeding and body weight regulation; however, these are testable
ideas. Thus, while still speculative, these observations could, at least in part, explain the recovery of
weight gain after the first week of running, as well as the absence of differences in other neuroimmune
factors.



Nonetheless, given the group differences in circulating levels of both leptin and insulin, it was surprising
that these were the only changes observed. It is possible that changes in GFAP and TLR4 in the ARC
and PVN—as well as changes in MCP-1 and IL-6 in any of the areas—are less likely with the overall
slowing of weight gain during the last three weeks of the study. However, in our previous study, we
found that neuroimmune factors in the ARC, PVN, and DVC change during post-ovariectomy weight
gain as early as three weeks after ovariectomy'’, arguing against this possibility. Other explanations
merit further investigation. For example, the increase in body weight that occurred in both groups during
the first three weeks may have ‘set’ the levels of neuroimmune factors such that more substantial weight
loss is necessary to reverse those changes; residual estrogens during the first few weeks after OVX may
have minimized changes in rats that run immediately after OVX; the transient nature of the exercise-
induced slowing in weight gain—and the reduction in GFAP and TLR4 levels in the DVC—may have
prevented changes in other neuroimmune factors. In short, although we cannot rule out the possibility
that decreases in GFAP and TLR4 expression may be causally related to the slower rate of weight gain
in rats with delayed access to running wheels, a more complete time-course study will be necessary to
address the issues that remain, with additional studies to determine whether more substantial or more
prolonged weight loss reveals differences in other neuroimmune factors.

Conclusion

Voluntary exercise had transient effects to slow the rate of weight gain in OVX rats, especially when
exercise was initiated three weeks after ovariectomy. These transient effects on body weight were
associated with decreased plasma leptin and insulin, and decreased levels of GFAP and TLR4 in the
DVC. The latter may promote continued activation of receptors for insulin and/or leptin in the AP despite
reduced circulating levels of insulin and leptin, and thereby sustain communication between CNS areas
involved with the control of feeding and body weight regulation. As a result, body weight may be
maintained even when running activity increases. In short, although the beneficial effects of exercise are
increasingly emphasized as the obesity epidemic continues', exercise may be accompanied by changes
in metabolic hormones and neuroimmune factors that complicate its exclusive use as a weight-loss
strategy. Thus, the possibility that reproductive hormones alter mechanisms associated with body weight
regulation remains a challenge in understanding obesity and in identifying effective management
strategies.
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Figure Legends

Figure 1. Body weight in ovariectomized (OVX) rats initially given access to running wheels for three
weeks and then switched to standard cages (R-S) or initially housed in standard cages for three weeks
before being given access to running wheels for three weeks (S-R).

Panel A: body weight for rats in the R-S group (open squares) and for rats in the S-R group (black circles).
* = significantly greater than preceding weeks within the R-S group (ps<0.05-0.001); # = significantly
greater than preceding weeks within the S-R group (ps<0.05-0.001); @ = significantly greater than week
4 within S-R group (p<0.01)

Panel B: weekly change in body weight for rats in the R-S group (open bars) and for rats in the S-R group
(black bars). P-values (0.01, 0.001) indicate significant difference between groups at specific time points;
white # = significantly less than all other time points for both groups (ps<0.05-0.001); * = significantly
less than change from week 1-2, 2-3 (ps<0.05-0.01) within R-S group; black # = significantly less than

change from week 0-1, 1-2, 2-3 (ps<0.001) within S-R group

Figure 2. Weekly distance run by ovariectomized (OVX) rats initially given access to running wheels for
three weeks and then switched to standard cages (R-S; open squares) or initially housed in standard cages

for three weeks before being given access to running wheels for three weeks (S-R; black circles). * =


https://doi.org/10.1002/cne.902050306
https://doi.org/10.1016/0031-9384(88)90154-0

significantly less than other weeks, independent of group (ps<0.05, 0.001)

Figure 3. Plasma levels of insulin (Panel A) and Leptin (Panel B) in ovariectomized (OVX) rats initially
given access to running wheels for three weeks and then switched to standard cages (R-S; open bars) or
initially housed in standard cages for three weeks before being given access to running wheels for three

weeks (S-R; black bars). Brackets and p-values (0.05) indicate significant differences between groups

Figure 4. Neuroimmune factors in central nervous system areas involved in body weight regulation in
ovariectomized (OVX) rats initially given access to running wheels for three weeks and then switched to
standard cages (R-S; open bars) or initially housed in standard cages for three weeks before being given
access to running wheels for three weeks (S-R; black bars).

Panel A: Monocyte chemoattractive protein-1 (MCP-1) in the hypothalamic arcuate nucleus (ARC) and
paraventricular nucleus (PVN) and in the hindbrain dorsal vagal complex (DVC).

Panel B: Interleukin-6 (IL-6) in the hypothalamic ARC and PVN and in the hindbrain DVC.

Panel C: Glial fibrillary acidic protein (GFAP) in the hypothalamic ARC and PVN and in the hindbrain
DVC. Brackets and p-value (0.05) indicate significant difference between groups within an area
Panel D: Toll-like receptor-4 (TLR4) in the hypothalamic ARC and PVN and in the hindbrain DVC.
Brackets and p-value (0.05) indicate significant difference between groups within an area

Panel E: Representative digital images of western blots for TLR4 (top), the housekeeping protein -
tubulin (middle), and GFAP in the DVC. MW °‘ladder’ is in the first lane, other lanes are from individual

S-R and R-S rats. Images were adjusted for brightness and contrast.



Table 1. Spleen weight and plasma protein concentrations in ovariectomized (OVX) rats initially given
access to running wheels for three weeks and then switched to standard cages (R-S) or initially housed in
standard cages for three weeks before being given access to running wheels for three weeks (S-R). * =
significantly less than other group (p<0.05)

R-S S-R

Spleen 187.1+8.0 211.3+9.9
(mg/100g body wt)

Plasma proteins 7.61+0.16 7.18 £ 0.07*
(g/dL)
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