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BORER, K. T., R. BONNA AND M. KIELB. Hippocampal serotonin mediates hypoactivity in dietarily obese hamsters:
A possible manifestation of aging? PHARMACOL BIOCHEM BEHAYV 31(4) 885-892, 1988.—To determine whether
endogenous opiates mediate hyperactivity in food restricted hamsters and serotonergic fibers innervating the hippocampus
mediate hypoactivity in obese hamsters, food restriction and high-fat diet supplementation were used to produce significant
body fat changes (8 vs. 21%). The levels and pattern of spontaneous running were examined after IP saline or naloxone HCI
(20 mg/kg) and following the infusion of vehicle and 5,7-dihydroxytryptamine creatine sulfate (4 ug/2 ul) into rostromedial
septum of mature female hamsters. Septum-medial preoptic area (POA), hippocampus, hypothalamus, and cortex were
dissected from the three groups as well as from two additional groups of hamsters receiving vehicle or neurotoxin.
Concentrations of serotonin, norepinephrine, and dopamine were measured in these tissues by HPL.C method. Fat-fed
hamsters were hypoactive relative to food-restricted hamsters. Naloxone had no significant effect on running behavior.
Serotonin neurotoxin increased the running activity of fat-fed hamsters to the level displayed by control hamsters by
increasing the number of runs, the total activity level, the speed of running and by decreasing the duration of pauses.
Neurotoxin led to selective deletion of serotonin in the hippocampus (77%) and parietal cortex (50%). Serotonergic fibers
innervating the hippocampus thus appear to mediate the hypoactivity that is induced by dietary obesity ir mature hamsters.
Since serotonin mediates some other manifestations of aging, and slow weight increases characterize mid-portion of
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hamster life span, we hypothesize that serotonergic mediation of hypoactivity is another manifestation of aging.
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MECHANISMS which regulate body energy balance and
control spontaneous running behavior are interrelated. This
is apparent at the time of sexual maturation in rodents when
there is a rapid increase in spontaneous running activity to an
all-time high at the same time as the rate of somatic growth
and of weight gain rapidly decline (8). It is also evident after
the onset of sexual maturity, during the period of slow
weight gain when activity levels decline in inverse propor-
tion to increases in body size (4, 8, 37). Thus, when the
weight of mature hamsters doubles, their spontaneous activ-
ity levels are reduced by about 50% (4,8). Furthermore,
when accumulation of excess energy results in obesity, mice
(45), rats (37,40), and hamsters (5) display even greater spon-
taneous hypoactivity.

Reciprocal relationship between energy regulation and
spontaneous running remains intact after some neurosurgical
manipulations which affect both mechanisms. In the ham-
ster, voluntary running levels are reduced by 80% following
electrocoagulative lesions of rostromedial septum (10), hori-

zontal transection of septo-hippocampal interconnections
(9), or bilateral transections of dorsal hippocampus (11),
while at the same time these neurosurgical procedures in-
duce striking acceleration of somatic growth and some ac-
cumulation of body fat. These observations suggest that
septo-hippocampal neural circuits participate in the
bioenergetic modulation of spontaneous running in hamsters
in that they suppress somatic growth and accumulation of fat
at the same time that they stimulate spontaneous running
activity.

That this reciprocal relationship is not merely coinciden-
tal and consequent to physical proximity of two neural cir-
cuits mediating age-associated changes in the regulation of
energy balance and spontaneous running is shown by re-
stricting the access to food energy in rodents. When a nega-
tive energy balance is imposed on rats (17-19, 32), hamsters
(5,6), gerbils (17), and kangaroo rats (23), their spontaneous
running rises in inverse proportion to decreases in body
weight until debilitation or death occur.

1Requests for reprints should be addressed to Dr. Katarina T. Borer, Department of Kinesiology, 401 Washtenaw Avenue, The University
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All of the above evidence suggests that spontaneous run-
ning is functionally linked to mechanisms regulating energy
balance in a nonhomeostatic fashion. When the energy con-
tent of the body declines below the norm, the resultant
hyperactivity exacerbates the negative energy balance. On
the other hand, when the energy content of the body is
driven above the norm, the concomitant hypoactivity
enhances and perpetuates obesity. This nonhomeostatic re-
ciprocal relationship between body energy content and spon-
taneous activity has also been observed in humans where
spontaneous hypoactivity has been reported in obese indi-
viduals (2,16), and hyperactivity has been reported to ac-
company compulsive dieting and excessive weight loss (3,
26, 30, 44).

Our intent in this study was to clarify the neurochemical
basis of the brain mechanism which interrelates energy ho-
meostasis with spontaneous running. We have relied on
previous findings linking endogenous opiates with facilita-
tion of spontaneous running in female hamsters (34) and link-
ing septo-hippocampal serotonergic neurons with hypoac-
tivity in female rats (42,43) to form our hypotheses. Our
experiments were designed to test two hypotheses, first that
endogenous opiates are necessary for expression of
hyperactivity in hamsters which are in negative energy bal-
ance, and second, that septo-hippocampal serotonergic
neurons induce hypoactivity in hamsters which have become
obese. We used food restriction and dietary high-fat supple-
ments to produce deviations in hamster body energy balance
from its norm, and opiate receptor blockade and nuerochem-
ical destruction of septal serotonergic neurons to assess the
relative contribution of endogenous opiates and septo-
hippocampal serotonin neurotransmission in nutritional
modulation of spontaneous running.

METHOD
Animals

Thirty-three female golden hamsters (Mesocricetus au-
ratus, Harlan Sprague-Dawley, Haslett, MI), between 174
and 241 days old, were used.

Maintenance

Animals were housed individually in metal cages with
wire floors (20 cm high, 20 cm wide, and 28 cm high) at all
times except when they were tested for spontaneous running
levels. Animal room temperature was maintained at 20-22°C
and lighting was 14 L:10 D, lights on at 7 a.m.

Experimental Design

In Experiment 1, nineteen hamsters were assigned to one
of three dietary groups for a period of 66 days: control group
(n=6, 136.7+2.7 g), food-restricted group (n=6, 135.9+2.0
g), or fat-diet supplemented group (n=7, 139.3+1.5 g). Adap-
tation to running cages and measurements of running activity
following intraperitoneal saline or naloxone injections took
place between days 16 and 46 of the experiment. Saline and
naloxone injections were administered in randomized order
and were separated by one day of no injection.

Between days 48 and 50, the vehicle (0.1% ascorbate) was
injected into the rostromedial septum to determine the
possible effect of nonspecific intraseptal fluid administration
on voluntary running. The effects of infusion were tested on
the third day postinjection.

Between days 58 and 60, serotonin neurotoxin 35,7-
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dihydroxytryptamine creatine sulfate was injected into the
rostromedial septum of all hamsters. Voluntary activity
levels and running patterns were examined on the third day
postinjection when similar neurotoxic lesions were reported
to produce maximal behavioral consequences in rats (42).

On day 67 of the experiment, hamsters were killed by
decapitation between 9:30 and 12 a.m. Their brains were
dissected for regional determination of serotonin, norepi-
nephrine, and dopamine concentrations as a function of nu-
tritional variables. Carcasses were frozen for subsequent
body fat determination.

Since in Experiment | hamsters served as their own con-
trols and all received serotonin neurotoxin following the
administration of vehicle, Experiment 2 was performed for
comparison of regional concentrations of brain serotonin in
hamsters which received serotonin neurotoxin (n=7,
167.0+8.9 g) and others which received intraseptally the ve-
hicle (n=7, 165.0+6.9 g). On the third postinfusion day,
animals were killed by decapitation, and their brains were
dissected for regional determination of serotonin, norepi-
nephrine, and dopamine concentrations.

Running Activity

For measurements of running activity hamsters were
housed in acrylic boxes (38 ¢cm high, 38 cm wide, and 49 cm
long) with wire floors and a horizontal disc exerciser, 25-cm
in diameter. Two days of familiarization with the running
box preceded the first drug treatment and data collection.
For all subsequent tests hamsters were housed in the wheel
box during a 24-hour period immediately foliowing intraperi-
toneal saline or naloxone injections or 48 hours following
intraseptal vehicle or neurotoxin infusions.

Disc turns were recorded on electromechanical counters
and on Harvard cumulative event recorders. Total number of
wheel turns, number and duration of running bouts, running
speed, and duration of pauses were determined from the
event records. Paper speed on the event recorder was 5
mm/min, and each disc turn produced a 0.25 mm sideway
pen excursion. To separate the infrequent accidental ac-
tivations of the wheel from actual running, running bouts
were defined as episodes of running activity consisting of
more than 20 consecutive disc revolutions separated by
pauses, that is periods of more than 150 seconds of inactiv-
ity. Running speed was determined from the rate of sideways
pen excursion during an individual running bout. Total noc-
turnal running volume was a sum of activity during all of the
running bouts.

Nutritional Manipulations

All hamsters received water ad lib. Control group re-
ceived Purina Formulab 5008 powder ad lib inside 4-0z glass
jars during the first 24 days and the same diet in the form of
pellets thereafter. Food-restricted group received the pow-
dered diet in quantities which were adjusted to 70% of the ad
lib intake at the start of the nutritional manipulation and
which were increased to 85% of ad lib intake until the weight
of the animals stabilized at 80% of control weights. Fat-fed
group received a choice of pellets and of a high-fat diet con-
sisting of a mixture of 60% vegetable shortening and 40% of
chow powder inside a 4-0z glass jar.

According to manufacturer, Purina Formulab 5008 chow
contains 23% protein, 6.5% fat, and 49.9% carbohydrate, and
4.3 kcal/g in gross energy content. We determined the gross
energy content of chow to be 4.1 kcal/g by bomb
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calorimetry. Solid vegetable shortening contained 9.2 kcal/g
of gross energy. Food intakes were measured during the first
27 days of the experiment to assess their contribution to
changes in body mass.

Body Weight and Fat Measurements

Hamsters were weighed daily to monitor the
effectiveness of nutritional manipulations. Body fat was
determined (27) from carcasses after removing the brain for
neurochemical analysis and after discarding the gut content.
Carcasses were autoclaved, homogenized in 250 ml of water,
and dehydrated by freeze-drying. Dehydrated matter was
ground to powder. The fat content of an aliquot of powdered
dehydrated homogenate was extracted with petroleum ether.

Drug Administration

Naloxone HCI (E. 1. Du Pont de Nemours, Wilmington,
DE) was injected IP at the dose of 20 mg/kg previously found
to inhibit voluntary running but not other incentive behaviors
(12). An equivalent volume of saline was injected IP either 48 hr
before or 48 hr after naloxone injection. Injections were done
during the hour before the onset of nocturnal running.

The vehicle and the neurotoxin were infused from a 10 ul
Hamilton syringe through a length of PE-10 polyethylene
tubing and through a 30-ga stainless-steel cannula lowered
stereotaxically into the rostromedial septum under sodium
pentobarbital anesthesia (75 mg/kg). With the skull level be-
tween the bregma and lambda, a midline hole was trephined
in the skull 2 mm anterior to bregma, and the cannula tip was
lowered down the midline, 2 mm anterior to bregma and 5
mm below the dura. These coordinates define the rostrome-
dial septum-medial preoptic area at the level of anterior
commissure where electrocoagulative lesions induce hypo-
activity, and accelerate growth (10).

5,7-Dihydroxytryptamine creatine sulfate (DO136,
Sigma) was dissolved in 0.1% sodium ascorbate and 4 ug of
free base in 2 ul was infused into the rostromedial septum.
To prevent the nonspecific norepinephrine depletion, norepi-
nephrine reuptake was blocked by injection of desipramine
HCl (25 mg/kg, IP) 67.5+4.6 min before the vehicle and
54.0+2.3 min before the neurotoxin infusion. The intraseptal
infusion rates were 0.37+0.03 ul/min for the vehicle and 0.26
wpl/min for the neurotoxin. After the infusion, cannula was
left in place 2 min before retraction to prevent fluid migration
out of the injection site.

Tissue Dissection

Brain was dissected from the skull and dura and im-
mersed in ice-cold saline within 40.6+2.1 seconds of decapi-
tation in Experiment 1 and within 37.4x2.0 seconds in Ex-
periment 2. Brain was dissected on an ice-chilled aluminum
bloc by a modification of the procedure of Brownstein et al
(13,14). A 3-mm wide strip of parietal cortex was separated
on both sides of the brain from the corpus callosum and the
cerebral hemispheres by cuts parallel to longitudinal fissure.
The hippocampus on both sides of the brain was severed at
its transition into fornix. The brain was then placed with the
ventral surface up and divided by three coronal cuts, through
the anterior third of olfactory tubercle, optic chiasm, and the
posterior border of the median eminence. Septum-medial
preoptic area (POA) block was defined by the first two co-
ronal cuts, and hypothalamus by the second and third co-
ronal cuts. Lateral borders of the two blocks of tissues were
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parasagittal cuts passing through lateral ventricles, and dor-
sal borders were cuts placed just dorsal to the anterior
commissure.

Tissues were rapidly weighed on a Cahn torsion elec-
trobalance, placed into plastic vials and snap-frozen in
isopentane and dry ice within 9.3+0.2 min of decapitation in
Experiment 1 and within 6.4+0.4 min in Experiment 2. Cor-
tical and hippocampal tissues collected from both sides of
brain and single septal and hippocampal blocks of tissue
were stored at —70°C for subsequent neurochemical analyses.
Neurochemical analyses were performed after 8.5 months of
storage for tissues from Experiment 1 and after 1 month of
storage for tissues from Experiment 2.

Assay Methods

A coulometric detector (ESA Coulochem model 5100,
Medford, MA) with two analytical cells (ESA model 5011) was
used for determination of regional concentrations of brain
monoamines by reverse-phase high-performance liquid chro-
matography. Detectors were set at 0 and 0.4 V, respectively.

Tissues were disrupted by sonication (Heat Systems Ul-
trasonics sonicator model W18SF, setting 2.5) for 10-15 sec
in homogenization buffer (0.16 N perchloric acid, 0.4 mM
sodium bicarbonate) and with DHBA (3,4-dihydroxybenzil-
amine HCl, Sigma D7012, 4.6 X107 M) and methylserotonin
(N-omega-methyl-5-hydroxytryptamine oxalate, 3.6x1077
M) as internal standards. Homogenates were centrifuged 15
min at 1°C at 12,300x g in a model J21C Beckman centrifuge
and the supernatant was injected onto an Altec C-18 ultra-
sphere column (4.6 mm i.d., 25 cm long) without further
treatment. The mobile phase was a modification of a Rainin
protocol (35) and consisted of 0.09 M monochloroacetic acid,
0.56 mM EDTA, 0.35 mM sodium octyl sulfonate and 18 to
22.5% methanol at pH 3.5.

An integrator (Spectraphysics, model SP4270) was used
for peak height (norepinephrine, NE) and area (serotonin,
SHT and dopamine, DA) detection. The concentrations of
indoleamines were calculated by comparing sample peak
area or height with those of standard solutions. All peak
areas or heights were normalized to the internal standards
(DHBA for the catecholamines, M5-HT for 5-HT) and no
corrections were made for recovery.

Statistical Analysis of Data

Analysis of variance (ANOVA) with repeated measures
was used in evaluation of body weight changes with time.
ANOVA and analysis of covariance with repeated measures
was used to assess the effects of nutritional and phar-
macological manipulations on the level and pattern of spon-
taneous running. In addition, paired z-test was used to com-
pare the level and pattern of running before and after drug
administration. Disc turns were converted to distance using
48 cm as representative of average circumference of a ham-
ster running path on a disc (4). When determinations of neu-
rotransmitter concentrations were done bilaterally, mean
values were used in statistical analyses. ANOVA and Dun-
can’s multiple range test (24) were used in the evaluation of
the nutritional and neurotoxic treatments on brain neuro-
chemistry in Experiment 1. Student’s ¢-test for independent
groups was used to compare ad lib food intakes of control
and fat-fed hamsters and for neurochemical comparisons in
Experiment 2.
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FIG. 1. Changes in body weight as a function of 66-day exposure to
chow diet (control hamsters, n=6), to restricted access to chow
(deprived hamsters, n=>5), and to choice between chow and high-fat
diet (60% shortening, 40% chow, n=7).

RESULTS
Nutritional Variables

Between days 2 and 9, fat-fed hamsters consumed 30%
more calories (57.4+4.3) than the control hamsters
(44.1+4.7 kcal/day, p<0.05). Intakes of the two groups did
not differ during the remainder of the 27-day measurement
period.

Figure 1 illustrates dietary influence on body weight. Fol-
lowing a 2-week period of weight loss, the weight of food-
restricted hamsters stabilized at about 80% of the control
hamsters’ weight. Body weight of restricted hamsters was
first significantly lower (123.3+2.8 g, p<0.01) than that of
control hamsters (140.4+2.6) on day 4 of deprivation.

After the initial 2-week period of rapid weight gain, fat-fed
hamsters continued to gain weight at a somewhat faster rate
than the control hamsters for the next five weeks before
returning to control rates of weight gain. The weight of fat-
fed hamsters (151.3+3.8, p<0.05) first exceeded that of con-
trol hamsters on day 10 of dietary manipulation.

Final body fat content of fat-fed hamsters (21.3+2.3%,
p<0.01) was significantly higher than that of the other two
groups. However, body fat contents of control hamsters
(12.5+1.6%) and food restricted hamsters (8.0+1.7%) were
not significantly different.

Nutritional Modulation of Spontaneous Running

The total amount of running activity increased by about
20% in food-restricted hamsters, and decreased by about
24% in fat-fed hamsters. Activity levels of hyperactive food-
restricted hamsters differed significantly from the activity of
fat-fed hypoactive hamsters (Fig. 2A, open circles), F(2)
=4.476, p<0.05, but neither group differed from control
hamsters. Dietary manipulations did not significantly affect
any other aspect of the pattern of running activity.
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FIG. 2. Effect of intraseptal administration of 5,7-dihydroxy-
tryptamine creatine sulfate in food-restricted hamsters (8% body
fat), control diet hamsters (12.5% body fat) and fat-fed hamsters
(21.3% body fat) on total running activity levels (A), number of
running bouts (B), speed of running (C), and duration of pauses
between the running bouts (D). Asterisks between the curves denote
significant differences as a function of neurotoxin treatment, and
besides the values, significant differences as a function of nutritional
manipulations. Brackets denote S.E.M.s.

Neurochemical Determinants of Diet-Induced Changes in
Running Activity

Opiate receptor blockade led to slight nonsignificant de-
creases in total running activity and did not reliably influence
the pattern of spontaneous running (data not shown).

Intraseptal infusion of vehicle led to slight nonsignificant
decreases in total running activity compared to preinfusion
activity levels and had no distinct effects on the pattern of
running (data not shown).

Intraseptal infusion of serotonin neurotoxin facilitated
spontaneous running in the fat-fed hamsters (solid circles,
Fig. 2). Analysis of covariance with repeated measures re-
vealed significant group differences in distance run, F(2,16)
=3.58, p=0.05, and pairwise comparisons identified fat-fed
hamsters as the source of variance, 1(6)=2.73, p<0.05
After the toxin, fat-fed hamsters ran as much as the control
hamsters. In addition, neurotoxin administration led to sig-
nificant time effects in the speed of running, number of runs,
and duration of pauses (p<0.005 for each, Fig. 2), and the
variance in each instance was contributed by the fat-fed
group. Thus, intraseptal administration of neurotoxin
speeded up the running, increased the number of running
bouts, and shortened the pause between the runs.

Three days following the administration of serotonin
neurotoxin, there was selective 76.9% depletion of serotonin
from the hippocampus (p<0.01), and a 50.3% depletion of
serotonin from the parietal cortex (p <0.01) but not from the
hypothalamus, and there were no changes in regional con-
centrations of norepinephrine and dopamine (Fig. 3). Eight
days following the administration of serotonin neurotoxin,
food-restricted hamsters had 1.4 times greater concentration
of septal serotonin (p<0.01,) and 1.6 times greater concen-
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FIG. 3. Concentrations of serotonin, norepinephrine, and dopamine
in hypothalamus, septum, hippocampus, and parietal cortex of
food-restricted hamsters (solid bars), control-diet hamsters (open
bars), and fat-fed hamsters (cross-hatched bars) eighteen days after
intraseptal administration of vehicle and eight days after intraseptal
administration of serotonin neurotoxin. Brackets denote S.E.M.s.

tration of septal dopamine (p <0.05, Fig. 4) than the other
two dietary groups. Neurochemical data from Experiments 1
and 2 showed consistency in pattern, but serotonin and nor-
epinephrine concentrations in the hypothalamus and hip-
pocampus were between 30 and 50% lower in tissues from
Experiment 1 than in tissues from Experiment 2.

DISCUSSION

Dietary manipulations employed in this study were effec-
tive in producing significant displacements of the body en-
ergy content of mature female hamsters from the norms dis-
played by the control group. Supplementation of the stand-
ard chow diet with a high-fat diet induced obesity while food
restriction led to a 4.5% drop in body fat content of food-
restricted hamsters. Diet-induced body energy changes were
followed by reciprocal changes in the levels of voluntary
activity. We have thus been able to induce body energy-
associated changes in activity which are frequently reported
in cross-sectional studies as associations between the varia-
bles of weight (4-6, 37), age (8), or body composition (4-7)
on one hand and activity levels on the other.

We have been able to clarify the neurochemical mediation
of bioenergetic hypoactivity but not of bioenergetic
hyperactivity. Our data supported only the hypothesis that
serotonergic neurons innervating the hippocampus mediate
the hypoactivity induced by obesity. Intraseptal administra-
tion of serotonin neurotoxin which has previously been
shown to damage serotonin fibers innervating the hippocam-
pus in the rats (42,43), converted the obese hamsters from
hypoactive to normally active without an effect on activity
levels of control or food-restricted animals. The neurotoxin
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in hypothalamus, hippocampus, and parietal cortex of hamsters
which have received three days earlier an intraseptal infusion of
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Brackets denote S.E.M.s.
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FIG. 5. Changes in daily levels of spontaneous running activity as a
function of age-associated increases in body weight in mature female
hamsters {redrawn after Borer and Kaplan (8), with permission from
Pergamon Press]. Arrows denote activity levels of food-restricted
(deprived) hamsters, control hamsters fed chow, and fat-fed ham-
sters that were recorded in the present study (Fig. 2).

appeared to produce this effect by selective facilitation of
running speed and by inducing an increase in the number of
running bouts and a decrease in the duration of pauses.
These behavioral changes were associated with significant
depletion of hippocampal and cortical serotonin which were
specific for this neurotransmitter (Figs. 3 and 4) and for the
brain regions known to be innervated by serotonergic fibers
originating in the nucleus raphe medianus (20,31).
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Our data did not support the second of our two hypothe-
ses, that endogenous opiates are necessary for the expres-
sion of hyperactivity in hamsters that are in negative energy
balance. Although naloxone administration produced
changes in running activity in the expected direction, the
magnitude of these changes did not reach statistical signifi-
cance. We suspect that the age of the animals used in the
present study may account for the failure of endogenous
opiates to significantly influence running behavior as they
were shown to do in 100-day-old hamsters. Activity levels
are greatly reduced in aged female hamsters, and are not
affected by opiate receptor blockade (33). Since energy dep-
rivation facilitated running in our older hamsters but opiate
blockade did not have an effect, the hypothesis that endoge-
nous opiates mediate hyperactivity in hamsters when they
are in negative energy balance, is untenable. Other, yet to be
identified, neural mediators control such hyperactivity.

We see several significant implications of our observa-
tions. First that the reciprocal relationship between the body
energy balance and spontaneous physical activity has impor-
tant nonhomeostatic consequences. Hypoactivity that is in-
duced by accumulation of excess body energy will act to
augment and perpetuate obesity once it has been attained.
Conversely, a negative energy balance will induce hyperac-
tivity and even further jeopardize the energy balance. Thus,
spontaneous running is clearly not a compensatory negative
feedback process in the service of energy regulation. It con-
tributes to deviations rather than to corrections of energy
balance.

This insight may have implications for humans as well.
There is a considerable amount of interest in the possible
contributions of spontaneous physical activity to the devel-
opment and maintenance of human obesity. Early observa-
tional studies suggested that obese human infants (36), obese
human adolescents (15, 28, 39), and obese human adults
(2,16) engage in less voluntary physical activity than their
normal-weight counterparts. These studies favored the in-
terpretation that obese humans, like obese rodents, are
hypoactive, and that this hypoactivity may at least contrib-
ute to the maintenance, if not to the development, of obesity.
Studies demonstrating concurrent development of obesity
and hypoactivity in genetically obese rodents, suggested that
both changes, obesity and hypoactivity, may reflect simulta-
neous developmental expression of a common genetic
trait (40).

This hypothesis has been challenged by studies using di-
rect measures of energy expenditure as a function of body
mass which show that under controlled laboratory circum-
stances, movement of a heavier body has a higher
bioenergetic cost than a movement of lighter body. This evi-
dence was used to argue that the higher bioenergetic cost of
movement of a heavier body is not likely to lower the energy
balance in obese individuals.

The obvious resolution of the conflicting outcomes would
be to perform a bioenergetic study in a naturalistic setting,
examining the total spontaneously generated energy ex-
penditure in individuals which display significant deviations
from normative energy balance. In a recent attempt at this
kind of experiment, results had very high variances but
suggested that obese individuals selected low intensity ac-
tivities more often than the normal weight individuals (1).

It would be of interest to determine whether the associa-
tion of compulsive recreational running and dieting (44) re-
flects biological relationships between altered energy bal-
ance and levels of spontaneous physical activity (22) rather
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than psychopathology as these changes are often charac-
terized (26,30). If, indeed, the association of obesity and
hypoactivity on one hand, and of negative energy balance
and hyperactivity on the other, reflect general biological re-
lationships, then this insight would simplify attempts to cor-
rect deviations in human energy balance. Physical activity
will need to be linked with external incentives to motivate
obese individuals to use this avenue of increased energy ex-
penditure, and negative energy balance will first have to be
corrected before the feed-forward contribution of physical
activity to energy deficit could be curbed.

The third implication of the biological effects of altered
energy balance on spontaneous running activity is its con-
nection with the process of aging. Mature rodents show slow
but systematic increases in body weight during the mid-
portion of their life span, and weight losses toward the end of
the life span (41). A similar pattern of age-associated changes
have been reported in the humans (25). In the hamster, the
reciprocal association between the weight gain of maturity
and the levels of spontaneous activity is established as early
as 7 weeks of life when the animals weigh about 75 to 80 g
(8). A very orderly relationship between weight gain and
increasing hypoactivity predicts running levels as a function
of weight throughout hamster adult life span [(8), Fig. 5].
This relationship then suggests that weight gains are pro-
grammed during the mid-portion of rodent life span and are a
natural manifestation of aging.

Data obtained in the present study confirm this predic-
tion. Food-restricted animals show the hyperactivity charac-
teristic of younger, lighter hamsters, while hypoactivity of
fat-fed hamsters mimics the hypoactivity of older, heavier
hamsters (Fig. 5). Viewed from this perspective, excessive
weight gain can be interpreted as an acceleration, and weight
loss as a reversal, of the aging process for the variables of
body mass and spontaneous activity. The relevance of
weight-activity relationship to the aging process is affirmed
by our demonstration of serotonergic link in this process,
and by demonstration by others (38) of the role of serotonin
in some other manifestations of aging. Further, by observa-
tions of others, that food restriction extends the life span in a
number of different species of animals (46).

The present study confirms our hypothesis that septo-
hippocampal interconnections link the information on body
energy balance with the spontaneous running behavior. In
addition, our study shows that a serotonergic component of
this circuit mediates diet-induced hypoactivity. The most
probable origin of this inhibitory serotonergic influence over
spontaneous running activity is the mesolimbic serotonergic
projection to the hippocampus and the cortex from the nu-
cleus raphe medianus (20,31).

An unexpected finding of the present study was that food
restriction was associated with significant increases in
serotonin and dopamine content within the septum-MPOA
region. These changes could possibly be related to compen-
satory inhibition of resting metabolic rate (21,29) by which
underweight hamsters regulate their energy balance (7) or
any of other behavioral and physiological consequences of
food restriction.

In conclusion, we have shown that experimental altera-
tion of body fat content in mature hamsters leads to changes
in spontaneous running activity which can be related to
changes in the function of serotonergic neurons innervating
the hippocampus. We believe that these data represent the
first demonstration of neurochemical basis for hypoactivity
which results from obesity in a mature mammal. The signifi-
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cance of these findings is in revealing a neurochemical
change in brain function that is a probable mediator of re-
duction in the amount of spontaneous physical activity in-
duced by obesity. Such dietarily-induced changes in physical
activity may contribute to perpetuation of obesity and may
represent an acceleration of the natural aging process.
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