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GILLIAM, P E. W W. SPIRDUSO, T. P MARTIN, T. J. WALTERS, R. E WILCOX AND R. P. FARRAR. The
effects of exeraise travming on [*H]-spiperone binding in rat strnatum PHARMACOL BIOCHEM BEHAYV 2((6) 863-867,
1984.—Thirty male Sprague-Dawley rats 100 days of age were divided into three groups interval tramned, endurance
tramed, and pair-weighted controls. Both trained groups ran up to one hour per day, 6 days per week for 12 weeks. The
mterval tramed group ran up to 20 repeat intervals at 54 meters per minute for 30 seconds, while the endurance tramed group
ran at 27 meters per minute for 60 minutes. The ammals were sacrificed. and the effects of aerobic traimng were docu-
mented by measuring cytochrome oxidase activity in the mixed quadnceps muscles. The cytochrome oxidase activity of the
nterval and endurance trained groups increased 49%, and 31% respectively, above the control group. [*H]-spiperone was
used to label dopamine receptors in the stniatum The endurance group was not significantly different from the interval
group m [*H]-spiperone receptor binding, so the two exercise groups were combined to form one group of runners. The
runners had significantly higher [*H]-spiperone receptor binding than the controls, F(1,26)=4.87, p<0.05. The mean and
standard error for receptor binding was 89+ 13 fmoles/mg protein for the runners and 60=5 fmoles/mg protein for the
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SKELETAL muscle physiological adaptations to chronic
endurance exercise are well documented [11]. In contrast,
little is known of the effects of chronic endurance exercise
upon the central nervous system, in particular exercise ef-
fects on brain neurotransmitters. A few investigators have
reported brain neurotransmitter changes in response to
chronic exercise. Brown and Van Huss [7] found higher
steady state whole brain norepinephrine concentrations in
male Sprague-Dawley rats after 8 weeks of an interval train-
ing program. They later extended their findings by examining
norepinephrine and serotonin in three brain areas (cerebral
cortex, cerebellum, and remainder of the brain) of endurance
trained and sedentary female rats [6]. Both norepinephrine
and serotonin levels were significantly higher in most brain
areas of the exercised rats.

These studies relating chronic exercise to brain neuro-
transmitter levels are provocative but not conclusive inas-
much as they have measured neurotransmitter concentra-
tions. Neurotransmitter concentrations fluctuate greatly, are
easily affected by the method of sacrifice and the time be-
tween dissection and freezing, and give little indication of the
dynamics of the transmitter system. Receptor binding is
somewhat more indicative of transmitter dynamics. It is par-
ticularly critical for neuron function since the neurotransmit-
ter receptor binding is the first step in the postsynaptic re-
sponse to an electrochemical signal [20].

The vast heterogeneity of the brain with respect to behav-
ioral and neurotransmitter functions suggests that it is impor-
tant to examine region specific transmitter functions associ-

863

ated with movement control. The dopaminergic nigrostriatal
system has been strongly implicated in the initiation and con-
trol of movement [2, 10, 16]. For example, Wolf et al. [27]
and Spirduso et al. [25] reported higher [*H]-spiperone binding
in the striatum of rats that were faster in speed of movement
initiation than in their slower counterparts.

Inasmuch as Spirduso and Farrar [24] demonstrated that
regular endurance exercise 1n aging rats attenuated the de-
cline in movement initiation seen with non-exercised old
rats, and since movement initiation has been shown to be
related to nigrostriatal dopamine function, it is reasonable to
propose that a systematic exercise training program may
either directly or indirectly produce changes in nigrostriatal
dopamine function.

Due to the fact that training protocols vary so much from
laboratory to laboratory, validation of the training adapta-
tions achieved need to be documented in order for valid
comparisons and inferences to be made. Recently, Davies et
al. [8] found that muscle cytochrome oxidase activity was
highly correlated (r=.92) with endurance capacity, and both
parameters increased with exercise training. Some marker of
endurance capacity, such as cytochrome oxidase activity,
should be used in any experiment in which exercise is an
independent variable.

Since intensity, duration and type of traiming required to
evoke brain neurotransmitter changes have been different in
the few studies on the topic [6,7], two different chronic
exercise training protocols were used. In this study the ef-
fects of interval and endurance exercise training on DA re-
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TABLE 1

BODY WEIGHTS OF YOUNG MALE SPRAGUE-DAWLEY RATS AT
100 AND 180 DAYS OF AGE

Body Weights

Before Training

Body Weights
At Sacnifice

Groups 100 days of age 180 days of age
Controls 3758 + 24 5473 = 42
Interval Tramed 384.3 + 40 549.7 + 33
Endurance Tramned 367.9 = 20 5314 + 27

Values are mean + standard deviations
No significant differences among any groups

ceptor binding (as labeled by [*H]-spiperone) in the
strnatum of male Sprague-Dawley rats were examined.
Cytochrome oxidase activity in the mixed quadriceps mus-
cles was employed as a marker of endurance capacity

METHOD
Treatment of Animals and Tramning Protocols

Thirty male Sprague-Dawley rats, 100 days of age, were
randomly assigned to one of three groups: endurance
trained, interval tramned, or pair-weighted control. Each
group consisted of 10 ammals All animals were individually
housed in a constant temperature and humidity room on a
6:00 a.m./6 00 p.m. light/dark cycle for the duration of the
study The animals in the endurance and interval tramned
groups were given ad lib access to water and standard rat
chow. The controls were given free access to water but food
intake was restricted such that they gained body weight at
the same rate as the two experimental groups. Body weights
were determined twice weekly and the food restricted ac-
cordingly. The three groups did not differ significantly 1n
body weights before or after the exercise protocol (see Table 1).

The exercised groups were trained on a motor driven
treadmll (Quinton) Training consisted of either a low inten-
sity endurance protocol or a high intensity interval protocol.
Both training procedures were performed 6 days/week for 12
weeks.

Endurance Traiming Protocol

Endurance tramning consisted of daily runming at a speed
of 27 m/min and 09 grade, a workload of approximately 80%
of their maximum oxygen consumption [22]. Animals trained
under this regime initially maintained this pace for 20
min/day. Each subsequent day two additonal minutes were
added to the traming time until 60 minutes of continuous
running were attained. This level was continued throughout
the remainder of the study.

Interval Training Protocol

Interval training consisted of daily running under one of
two protocols. Each protocol was preceded by a 3 minute
warm-up period of running at 16.2 m/min. Protocol A re-
qutred running at 54 m/min for 30 seconds followed by 60
seconds of running at a speed of 16.2 m/min. This sequence
was 1nitially repeated three times and progressively in-
creased to 20 repetitions by the fourth week. On alternate
days the animals were tramned under Protocol B, which con-
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sisted of three minutes of running at 40.5 m/min followed by
one minute of running at 16.2 m/min. Initially, two repeti-
tions were performed-and progressively increased until by
the fourth week six repetitions were completed. Both
protocols required the rats to work at or above 95% of their
maximum oxygen consumption [22].

These training protocols were designed such that the
interval trained group was performing at a higher intensity
during the sprints than the endurance tramed. Estimations
based on the data of Shepherd and Gollnick [22], place the
rate of oxygen consumption during the endurance tramning
protocol at 7 6 ml O,/100 g/min. Interval training, however,
during the sprints, required 9 0 ml O,/100 g/min under
Protocol B and 10.4 ml O,/100 g/min under Protocol A. The
rationale for two different training procedures for the inter-
val tramed group was to avoid possible fatigue associated
problems that may result from chronic high mtensity interval
training. Protocol B, of the interval training regime, allowed
the animals to run at a higher intensity than those in the
endurance trained group while allowing the animals to re-
cover from the previous training under the higher speed
Protocol A.

Muscle Tissue Preparation

Following the twelfth week of training one animal from
each of the two experimental groups was rested for 48 hours
before sacrifice. The rats were sacrificed between 7 00 and
7:30 a.m. The remaming animals maintained their tramning
program up to the 48 hours prior to sacnifice. The quadriceps
muscles were rapidly removed, gleaned of fat, weighed, and
stored at —80°C until assayed On the day of the assay the
quadriceps were diced while frozen and placed mto 1ce cold
175 mM KCl, 10 mM reduced glutathione, and 2 mM EDTA,
1 g/20 ml The tissue was homogemzed three times for §
seconds at a variac setting of 50 with a Brinkman Polytron
PT20. The generator and tissue were cooled in an ice bath
between homogenizations. The homogenate was centrifuged
at 700x g and the supernatant decanted and frozen n hiquid
and thawed three times.

Cytochiome Oxidase Activity

Cytochrome oxidase activity was measured polargraphi-
cally using a Yellow Springs Instruments oxygen electrode
Modei 5331 1n a water-jacketed reaction vessel maintained at
37°C The medium was that of Abu-Errish and Sanadi [1]
which consisted of 20 mM potassium phosphate, 0.1 mM
EDTA, (pH 7 25), 10 mM ascorbate, 250 uM cytochrome
C and 2.4 mM TMPD (N,N,N,N, tetramethyl-P-phen-
ylenediamine) The cytochrome oxidase activity of the
three groups, expressed as umoles O,/g wet weight of mus-
cle, was compared by analysis of variance and Newman-
Keuls post-hoc tests [26] Protein was determined by the
method of Bradford [5].

[*H]-Spiperone Receptor Binding

Following sacrifice, the striatum was rapidly dissected
over 1ce and stored at —80°C for assay In vitro striatal [3H]-
spiperone receptor binding was carried out as previously de-
scribed [19, 25, 27]. Briefly, the striatal tissue was thawed on
1ce and homogenized m 50 mM Tris pH 7.7 buffer containing
0 1% ascorbic acid using a Brinkman Polytron. The homoge-
nates were centrifuged (50,000 x g) for 10 minutes, the super-
natant was discarded and the pellet resuspended n the pH
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FIG 1 The cytochrome oxidase activity of the quadriceps muscles of
young male Sprague-Dawley rats expressed as umoles oxygen per
gram of wet weight The two groups are significantly different at
p<<001 Error bars are standard errors

7.7 Tnis buffer. This procedure was repeated. After discard-
ing the supernatant a second time, the pellet was resus-
pended in a 50 mM Tnis buffer (pH 7.1) contaiming 0.1%
ascorbic acid. 120 mM NaCl, S mM KCl, 2 mM CaC12, 1 mM
MgClI2 and 10 uM pargyline. The homogenate was again
centrifuged (50,000xg) for 10 minutes, the supernatant dis-
carded and the pellet resuspended in the pH 7.1 Tris buffer
for preincubation (10 min at 37°C). This tissue preparation
yielded a protein concentration of approximately 200 ug per
incubation tube. Triplicate incubation tubes for total ligand
binding contained Tris buffer (pH 7.1), ascorbic acid and
concentrations of the hgand of 0.20 nM (Kd 0.23 nM; Gilliam
and Wilcox, unpublished observations). Triplicate tubes for
nonspecific ligand binding contained the same as above plus
1 uM d-butaclamol as the blank m each tube. Under these
conditions striatal [*H]-spiperone binding is primarily due to
dopaminergic receptors [13]. After a 15 minute incubation at
37°C, the contents of each tube were rapidly filtered under
vacuum through Whatman GF/B microfiber filters, using
Milipore filtration manifolds and the filters rinsed 3 times
with ice cold Tris buffer (pH 7.7). The filters were placed in
10 ml liquid scintillation cocktail (HP Ready-Solv Beckman)
and counted 24 hours later by hquid scintillation spec-
trometry, Beckman LS 9000, efficiency=40%. Fmoles/mg
protein of each group were compared by analysis of variance
and Newman-Keuls post-hoc tests [26]. Protein was
determined by the method of Lowry er al. [15]
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FIG 2 The [*H]-spiperone binding 1n the striatum of young male
Sprague-Dawley rats expressed as fmoles per milligrams of protein.
The two groups are sigmficantly different at p<<0 05 Error bars are
standard errors

RESULTS
Muscle Cytochrome Oxidase Activity

Cytochrome oxidase activity of the quadriceps muscles, a
marker of the effects of the exercise training, revealed that
the exercised animals were indeed well-trained,
F(2,26)=55.43, p<0.01 The interval trained group
(mean=31.06+0.7 umoles O,/g wet weight) increased 4%
above the controls (21.2+0.6) while the endurance trained
group (27.7+0.9) increased 31% above the controls. Both
trained groups were significantly different from the control
group at the p<0.01 level.

Since the two experimental groups were not different on
{®H]-spiperone binding they were combined into one running
group. The running group showed a 40% increase in cyto-
chrome oxidase activity above controls (Fig 1). The cyto-
chrome oxidase activity for the running group was 29.7+0.8
pumoles O,/g wet weight and for the control group was
21.2+0.6 umoles O./g wet weight.

[PH]-Spiperone Receptor Binding

Since the endurance and iterval groups were not signifi-
cantly different from each other they were pooled to form
one running group [26]. The running group was significantly
higher 1n [?H]-spiperone receptor binding than the control,
F(1,26)=4.87, p<0.05; Fig. 2.

The [H]-spiperone receptor binding for the running group
was 89+13 fmoles/mg protem and 60+5 for the control
group.
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DISCUSSION

This report has shown that animals, exercised on a mod-
erate to high intensity endurance running protocol, are sigmf-
icantly different from sedentary controls in at least one ni-
grostriatal dopamine marker, receptor binding. This study 1s
the first report in which the training protocol was well con-
trolled, and shown to have produced a significant change in
oxidative capacity, along with changes in brain neuro-
transmitter function. The few investigators who have re-
ported brain neurotransmitter changes with exercise, either
have had poorly controlled exercise protocols [7], or have
not used any marker of training to show that the animals
were mdeed well trained [6,7]. While a shock control group
was not included in the present study, a series of reports
(reviewed by Bannon and Roth [3]) suggest that striatal
dopamine markers are unaffected by the low level. in-
frequent foot shocks employed 1n this report

Though not many researchers have examined the effects
of chronic exercise training on brain function, several have
examined the effects of acute bouts of exercise on bramn
neurotransmitters. Gordon ¢f al. [9] found an increased con-
version of whole brain tyrosine to norepinephrine 1n rats
after an acute bout of running (one hour) in a large motor
driven rotating drum (7 rpm). The experimenters concluded
that under normal circumstances, the level of brain norepi-
nephrine 1s maintained during exercise because of an en-
hanced rate of norepinephrine synthesis. However, they did
not notice an increased conversion of tyrosine-Cl14 to
dopamine. This may have been due to the fact that they
examined whole brain regions, rather than a specific region,
striatum, which is associated with the control of movement
and contains 80% of all of the dopamine in the brain [14].
Barchas and Freedman [4] examined the response of bramn
levels of norepinephrine and serotonin to an exhaustive bout
of exercise. They found a 15% increase 1n serotonin levels,
and a 20% decrease in norepinephrme levels after an
exhaustive swim of four to six hours. After a run to exhaus-
tion (approximately three hours), the rats had a 10% increase
m serotonin and a 10% decrease in norepinephrine.

Semenova et al. [21] hypothesized that differences
motor activity of rats might be related to differences in the
brain levels of norepinephrine, dopamine, and serotonin.
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Their results indicate that hypoactive rats are characterized
by higher functional activity of the serotonergic system of
the bramn, whereas hyperactive animals exhibited higher ac-
tivity of theiwr catecholaminergic system. Therefore,
dopamine, norepinephrine, and serotonin levels may not
only respond to acute bouts of exercise, but may be respon-
sible for activity levels within a species

A maintenance of dopamine binding accompanying exer-
cise, might have accounted for maintained speed of move-
ment 1nitiation found by Spirduso and Farrar [24] 1n old
exercised rats compared to old sedentary rats. A relationship
between striatal dopamine function and movement initiation
has been demonstrated in normal rats by Wolfer af. [27] and
Spirduso et «l. [25] They reported that animals that were
fast reactors to a stimulus, had higher [*H]-spiperone recep-
tor binding than the slow reactors, both between strains, and
within the same strain of rat. Also. significantly lower levels
of dopamine, and dopamine receptor binding, have been
consistently associated with the motor disorder, Parkinson’s
disease [12,18]

While 1t 1s not possible to determine migrostriatal
dopamtne function 1n humans directly, the observation that
well trained humans have faster speeds of movement mnitia-
tion than their sedentary counterparts (see Spirduso [23] for
review), might be attributable 1n part to the retention of ni-
grostriatal dopamine receptors in the exercised mdividuals
Marshall and Berrios [17] have shown that injections of the
dopamine receptor stimulant apomorphine can apparently
reverse some movement dysfunctions m old rats. Exercise
has been shown to modify various parameters of serotonin,
norepmephrine, and dopamine function. Therefore. 1t 15
possible that chronic exercise has the potential to mantain
the integrity of some motor functions normally lost with ag-
mg. Exercise could maintain relationships between release
and binding 1n several brain regions, and among the various
transmitter systems associated with motor behavior

ACKNOWLEDGEMENTS

This work was supported in part by grants AG02071 to WWS and
RPF and MH 33442 to W.H Riffee and REW

REFERENCES

1 Abu-Ernsh, G M and D R Sanadi Age-related changes in

cytochrome concentration of myocardial mitochondria Mech

Ageing Dev 7: 425-432, 1978

Anderson, M E The basal ganglia and movement In Hand-

book of Behavioral Newiobiology, edited by A L Towe and E

S Luscher New York Plenum Press, 1981

3 Bannon, M J and R H Roth Pharmacology of mesocortical
dopamine neurons. Pharmacol Rev 35: 53-67, 1983

4 Barchas,J and D. Freedman Brain amines. response to phys-
10logical stress Biochem Pharmacol 12: 1232-1235, 1963

5 Bradford, M. M A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utiizing the principle of
protein dye binding Anal Biochem 72: 248-254, 1976

6 Brown, B. S, T Payne, C Kim, G Moore, P Krebs and W.
Martin Chronic response of rat brain norepmephrine and
serotonin levels to endurance traming J App! Phvsiol 46: 19-23,
1979

7 Brown, B S and W Van Huss. Exercise and rat brain cate-
cholamines J Appl Physiol 34;: 664-669, 1973

(2]

8 Davies. K J A . L Packer and G A Brooks Biochemical
adaptation of mitochondria, muscle and whole-animal respira-
tion to endurance training. A+ i Bioc hem Biophys 209: 539-554,
1981

9 Gordon, R S, A Spector and S Udenfriend Increased syn-
thesis of norepinephrine and epinephrine 1n the intact rat during
exercise and exposure to cold J Pharmacol Exp Ther 153: 440-
447. 1966

10. Hassler, R Striatal control of locomotion, ntentional actions
and of integrating and perceptive activity J Newrol Sci 36:
187-224, 1978.

1! Holloszy, J O. and F W Booth Biochemical adaptations to
endurance exercise in muscle. Annu Rev Physiol 38: 273-291,
1976

12 Hornykiewitz, O The mechamsms of action of L-DOPA m
Parkinson’s disease Life Sci 15: 1249-1260, 1974



EXERCISE AND DOPAMINE BINDING

13

17

18

19

Huff, R M and P B. Molmoff Quantitative determination of
dopamine receptor subtypes not linked to activation of adeny-
late cyclase m rat striatum Proc Natl Acad St USA 79: 7561-
7565, 1982

Kandell, E R and J H. Schwartz Principles of Neural Sci-
ence New York Elsevier North Holland, 1982.

Lowry, O H. I Rosebrough, A L Farr and R J Randall.
Protein measurement with the Folin phenol reagent J Biol
Chem 193: 265-273, 1951

. Marsden, C. D. The mystertous motor function of the basal

gangha The Robert Warten lecture New ology 32: 514-539,
1982.

Marshall, J F. and N Berrios Movement disorders of aged
rats reversal by dopamine receptor stimulation Science 206:
477-479, 1979.

McGeer, P L. and E G. McGeer. Enzymes associated with the
metabolism of catecholamines, acetylcholine, and GABA in
human controls and patients with Parkinson’s disease and Hun-
tington's chorea J Neurochem 26: 65-76, 1976

Riffee, W H, R E. Wilcox, D M Vaughn and R V Smith
Dopamine receptor sensitivity after chronic dopamine agonists
Striatal [3H}-spiroperidol binding i mice after chronic adminis-
tration of high doses of apomorphine, N-n-propylnorapo-
morphine and dextroamphetamine Psychophatmacology (Ber-
hin) 77: 146-149, 1982

20

21

22.

23

24

25.

26.

27.

867

Samorajski, T Normal and pathologic aging of the brain. In
Brain Neurotransnutter and Receptors tn Aging and Age-
Related Disorders, edited by S J Enna. New York Raven
Press, 1981

Semenova. T P.,V A Ivanovand T. M Tret'yak. Brain levels
of noradrenaline, dopamine, and serotonin n rats with different
levels of motor activity Neurosct Behav Physiol 11: 153-1S55,
1981.

Shepherd, R E. and P D. Gollnick. Oxygen uptake of rats and
different work mtensities Pfugers Arch 362: 219-222, 1976
Spirduso, W. W. Exercise and the aging bramn. Res Q Exerc
Sport 54: 208-218, 1983

Spirduso. W W, and R P Farrar Effects of aerobic training on
reactive capacity An amimal model. J Gerontol 36: 654-662,
1981

Spirduso, W. W, P E. Gilham and R E Wilcox [*H]-
Spiroperidol receptor binding 1s related to speed of movement
mttiation mn young and old adult rats Psychopharmacology
{Berlin), 1n press

Winer, B. J Statistical Principles in Experimental Design New
York McGraw-Hill Book Company, 1962

Wolf, M. D., R. E. Wilcox, W H Riffee and L D Abraham
Strain differences m dopamine receptor function and the imtia-
tion of movement Pharmacol Biochem Behav 13: 5-7, 1980.



