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TWERY. M. J..C. W. COOPER AND R. B. MAILMAN. Culcitonin depresses umphetamine-induced locomotor activity.
PHARMACOL BIOCHEM BEHAYV 18(6) 857-862. 1983.—Synthetic salmon calcitonin (sCT), given subcutaneously (6.4
ung/kg) or intracerebroventricularly (ICV, 30-600 ng), depressed amphetamine-induced locomotor activity in rats by more than
50%. 1CV injection of sCT. either three hours or immediately before intraperitoneal amphetamine (1-3 mg/kg). significantly
reduced the amphetamine-induced activity. In the absence of amphetamine, sCT had no effect on locomotor activity during
the first 100 minutes after treatment. These results show sCT can act centrally to modify drug-induced behavior and may be
related to reports of calcitonin receptors and calcitonin-like peptides in the brain.

Calcttonin Amphetamine Locomotor activity

THE putative physiological role of calcitonin is to decrease
the blood calcium level through an action on bone. However,
high affinity calcitonin binding sites exist in other tissues.
including the brain [14, 22, 32, 39]. Furthermore. im-
munoreactive calcitonin-like peptides have been found in the
hypothalamus and pituitary of several mammals including
the rat and man [9. 10. 12-15].

Analgesia [1, 16, 25, 34], changes in prolactin release [5,
18. 35], and the inhibition of both drug and stress-induced
feeding [24, 28, 29] have been reported to follow direct ad-
ministration of salmon CT (sCT) into the brain. The present
studies demonstrate that sCT can depress amphetamine-
induced locomotor activity and address the dose-effect and
time course relationships of this action.

METHOD
Animals

Male. Sprague-Dawley rats, 5-10 weeks old and weighing
125-200 g were purchased from ARS (Madison, WI) or
Charles River Breeding Labs (Wilmington, MA).

General Procedures

Animals were housed in wire cages at a temperature of
25+1°C with a 12 hr light cycle (lights on 0700-1900 hr).
Locomotor activity was estimated using doughnut-shaped
cages equipped with six equally spaced photocell detectors
[20]. The cages were individually housed in soundproof
boxes the interiors of which were dimly lighted by a 7.5 W
incandescent bulb. Rats receiving sCT intracerebroventricu-
larly (ICV) were first habituated to the locomator apparatus
for 2 hr prior to treatment. Individual animals were then

removed, injected intraperitoneally (IP) with either am-
phetamine or vehicle and ICV with sCT or vehicle, and im-
mediately returned to their respective locomotor units for an
additional hour of post-treatment measurement. Other rats
received subcutaneous (SC) injections of sCT or vehicle two
hours before receiving amphetamine or vehicle 1P. The
number of photocell interruptions (counts) during habitua-
tion as well as after drug treatment were recorded automati-
cally for each animal.

ICV injections were performed using the method of
Popick [38]. Briefly, a semicircular band of metal fitted with
an appropriately located guide cannula was placed over the
head of the rat relative to preselected anatomical co-
ordinates. A 50 ul Hamilton syringe fitted with a 27 ga., 0.5 in.
syringe needle was thrust through the guide cannula. pene-
trating the calvaria and stopping within the lateral ventricle.
Correct configuration of the band and location of the cannula
were confirmed in test animals by injecting 10 ul of a dye
solution. The rat was sacrificed after 10 minutes and saggital
sections were inspected for evidence that the dye had pene-
trated to the ventricular system. This method of rapid ICV
administration also produced results similar to those ob-
tained with cannulas chronically implanted in the right lateral
ventricle.

Drug Administration

Synthetic sCT (4700 MRC U/mg) was a gift from Armour
Pharmaceutical Co. (Kankakee, IL) and was dissolved in 1
mM HCI:0.15 M NaCl for injection. For SC administration,
sCT was injected in a volume of 1 ml/kg body weight. All
doses of sCT administered ICV were delivered as a bolus
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injection in 10 wl. With both injection procedures. control
animals received vehicle only. d-Amphetamine sulfate
(Sigma Chemical Co.. St. Louis, MO) was dissolved in
sterile distilled water for IP injection (1.5 ml/kg).

Statistical Analysis

Data analyses were based on either total photocell counts
for the one hour post-drug period, or the photocell counts
for each of twelve consecutive five minute periods. Values
are presented as mean+SEM and represent data grouped
from several experiments.

When presented as total counts for one hour, analysis of
variance (ANOVA) and Duncan’s Multiple Range test were
used within experiments to determine which treatment levels
were different at the p=0.05 significance level. These data
are graphed in two ways: (1) as photocell counts per hour, (2)
as the proportion. (AC-VV)/(AV-VV), where AC is the mean
number of photocell counts for rats administered am-
phetamine and sCT; AV. the mean activity of rats injected
with amphetamine IP and vehicle ICV: and VV. the mean
activity of rats receiving vehicle IP and ICV. This manipula-
tion corrected for the interexperimental variation in the re-
sponse to amphetamine and vehicle, permitting a more cohe-
rent presentation of data grouped from different experi-
ments. However, statistical comparisons were not made be-
tween these experiments due to baseline variability.

The repeated measures ANOVA was considered for
analyzing the data consisting of consecutive observations
and was determined to be liberally biased. The test produces
artificially large F values when markedly different levels of
correlation exist between observations in adjacent time
periods compared to more distant periods [27]. Conse-
quently, a one factor multivariate ANOVA was used to test
these results. This approach provided a more conservative
estimate of the differences between treatment levels. The
statistical model consisted of an independent variable,
treatment, with three levels, and the twelve consecutive time
periods (5 minute photocell counts) as dependent variables.
Treatment effects were accepted as significant at the p=0.05
level.

Two computer programs, the General Linear Model pro-
cedure from SAS (release 79.5) and the MANOVA proce-
dure from SPSS (version H, release 9.0) performed all com-
putations.

RESULTS
Peripheral Injection of sCT

Figure 1 shows that SC injection of 6.4 ug/kg sCT de-
pressed amphetamine-induced activity 40 to 50%,
F(3,16)=7.64, p=0.0022. A thirty fold lower dose did not
significantly change the locomotor response to am-
phetamine.

Administration of either 0.21 ug or 6.4 ug/kg of sCT, in
the absence of amphetamine, had no effect on locomotor
activity during the first 100 minutes after treatment. For
example, in one experiment, rats treated with vehicle SC
produced 661=111 photocell counts during a 100 minute
period, while animals receiving sCT generated 709+154
counts with 0.21 ug/kg and 592+118 counts with 6.4 ug/kg.

ICV Administration of sCT

Figure 2 shows the effect of 10 to 600 ng sCT administered
ICV. The 600 ng dose completely suppressed amphetamine-

TWERY, COOPER AND MAILMAN

Y
~
«
=
o
T
<
)
'_
z
S5 3
o
o
m
o
—
s
»
=z *
o
— 2
'—
a
>
o
e
ul
—
=z
—
a1
_Jl
o
o
o
—
o
T
a

0 0.21 6.4
DOSE OF SALMON CALCITONIN (UG/KG)

FIG. 1. The effect of sCT on amphetamine-induced activity. Rats
were injected with amphetamine (1.5 mg/kg) [P, two hours following
SC administration of 0, 0.21, or 6.4 ug/kg sCT. Bars represent
mean+*SEM (5-7 rats/group). The asterisk indicates a significant
difference (p<0.05) from the zero dose using Duncan's Multiple
Range Test.

induced activity. A dose of sCT as low as 30 ng significantly
decreased the amphetamine-induced activity 40 to 50%,
F(2,27)=3.89, p=0.033.

Figure 3 illustrates how the locomotor response to |1
mg/kg amphetamine was altered by 300 ng sCT in one exper-
iment. Although sCT treatment decreased the total number
of photocell counts, the overall time course of the am-
phetamine response was not statistically different. This rela-
tionship was seen at each dose of amphetamine and sCT
tested. However, with larger doses of amphetamine, the
maximum number of photocell interruptions occurred 30 to
40 minutes after treatment with or without sCT administra-
tion.

In experiments where the dose of amphetamine was var-
ied (Fig. 4), ICV administered sCT (300 ng) decreased the
activity produced by 1, 1.5 and 3 mg/kg amphetamine, but
not by 10 mg/kg. When sCT was administered without am-
phetamine, it produced no effect on locomotor activity.

Onset and Duration

The locomotor activity elicited by 1.5 mgkg am-
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FIG. 2. The effect of 10 to 600 ng sCT. administered ICV, on
amphetamine-induced activity. Rats received | mg/kg amphetamine
IP immediately following ICV administration of sCT. Bars in this
and subsequent figures represent the proportion, (AC-VV)/(AV-
VV). where AC is the mean number of photocell interruptions for
rats administered amphetamine and sCT: AV, the mean activity of
rats injected with amphetamine IP and vehicle ICV: and VV, the
mean activity of rats receiving vehicle [P and vehicle ICV. A one-
way ANOVA was used within experiments (i.e., at each dose) to
test the effect of amphetamine and CT treatments. Asterisks indicate
doses at which the AV and AC means within experiments were
significantly different at the p =0.05 confidence level using the Dun-
can Multiple Range Test. The photocell counts for vehicle control
groups (VV) in each experiment were 799+72.4 (600 ng), 1121288
(300 ngj. 417132 (100 ng). 431+57.4 (30 and 10 ng). N=95 (16-23
rats/bar).

phetamine was depressed by 300 ng sCT (ICV) when sCT
was administered either three hours or immediately before
amphetamine (Fig. 5). Pretreatment with sCT 18 hours prior
to administration of amphetamine increased activity. The
duration of the sCT anti-amphetamine-like effect, therefore,
appears to be at least three hours, since there was no di-
minution of the anti-amphetamine-like activity during this
time period.

DISCUSSION

Our findings show sCT is a potent and efficacious de-
pressor of amphetamine-induced locomotor activity. The re-
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FIG. 3. A representative time course for the response to vehicle
alone (---@---). or | mg/kg amphetamine IP and vehicle (--A--) or 300
ng sCT (-00-) ICV. Values are the mean number of photocell inter-
ruptions accumulated during consecutive five minute periods within
each group (4-6 rats/group). Treatment effects were significant
(multivariate, F(2,13)=5.03, p<0.025).

sults demonstrate that ICV administration of 30, 100, 300, or
600 ng sCT significantly decreased amphetamine-induced lo-
comotor activity in a manner which appeared to be dose-
related (Fig. 2).

The onset of the anti-amphetamine-like property was
rapid, being clearly evident 5 to 10 minutes after ICV injec-
tion, and persisting for at least three hours (Figs. 3 and 95).
Administration of sCT. 18 hr before treatment with am-
phetamine, actually enhanced the locomotor response. Al-
though the relationship between these contrasting effects is
unknown, the ability of sCT to also suppress food consump-
tion {17, 40, 41] may be involved. Starvation can potentiate
amphetamine-induced arousal and locomotor activity (3,19],
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FIG. 4. The anti-amphetamine effect of sCT at doses of am-
phetamine from | to 10 mg/kg. Values are the proportion of
amphetamine-induced activity remaining after treatment with sCT
(300 ng) ICV (16-20 rats/bar). The photocell counts for vehicle con-
trol groups in these experiments were 1121288 at 1 mg/kg, 837213
for 1.5 and 3 mg/kg, and 355+62 for 10 mg/kg. *p<0.05.

and this has been attnibuted to an alteration of serotonergic
function due to the absence of dietary tryptophan [19]. The
significance this mechanism might have in mediating the en-
hanced response to amphetamine 18 hr following treatment
with sCT or whether sCT is more directly involved in this
time-course phenomenon (e.g.. neurotransmitter release)
has not been determined.

Doses of amphetamine (1 to 3 mg/kg) which were suffi-
cient to produce substantial increases in locomotor activity
were blocked by sCT. The effect of a larger dose (10 mg/kg).
which did not cause any further increases in the number of
photocell counts, was not significantly altered by sCT treat-
ment (Fig. 4). It seems likely that sCT does not block all
behaviors induced by amphetamine (e.g., locomotion, gnaw-
ing. rearing). However. determination of precisely which
behavioral activities are affected could not be accomplished
using the automated photocell method of estimating locomo-
tor activity which we used in this study.

In the absence of amphetamine, sCT administered SC or
ICV produced no change in motor activity which was detect-
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FIG. 5. Onset and duration of the anti-amphetamine effect produced
by sCT. Amphetamine (1.5 mg/kg) was administered 0. 3. or 18
hours after ICV infusion of 300 ng sCT. The photoceil counts for
vehicle control groups were 837x213, 350x147. and 67654, rc-
spectively. Asterisks indicate a significant difference (p<0.05 be-
tween AV and AC means within experiments, 11-19 rats/bar).

able by the photocell apparatus. This may indicate that phys-
ical disablement, following administration of sCT. does not
underlie the effects observed.

Several experimental findings suggest sCT acts on the
central nervous system to depress amphetamine-induced lo-
comotor activity. Doses of sCT ineffective by SC adminis-
tration were effective when given ICV (Figs. | and 2).
Presumably, the higher dose apparently required by the SC
route results in a small amount of sCT crossing the blood-
brain barrier to reach sensitive areas of the central nervous
system. Also. SC administration of 0.21 pg/kg, a dose sub-
stantially larger thant hat needed to lower blood calcium
{31], did not suppress amphetamine-induced locomotion.
This suggests that anti-amphetamine-like activity is probably
not related to the classical skeletal actions of calcitonin.
Other lines of evidence which suggest sCT may act centrally
include the presence of binding sites for calcitonin in several
areas of mammalian brain [14. 22, 32, 39] and the detection of
an immunoreactive calcitonin-like material in the pituitary
and hypothalamus of many species [9, 10, 12-15, 42]. It thus
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seems likely that the ability of sCT to depress amphetamine-
induced locomotor activity is mediated by the central nerv-
ous system.

Since the dopamine system is important for amphet-
amine-induced motor activity [11, 20, 21], the ability
of sCT to aticnuate the response to amphetamine suggests an
interaction of sCT with dopaminergic systems. However.
sCT does not appear to block motor activity produced by the
direct-acting dopamine agonist, apomorphine [40]. These
data suggest that sCT is affecting presynaptic dopaminergic
mechanisms. However, it is unclear whether this occurs di-
rectly or through multi-synaptic events involving other
chemical messengers, such as serotonin [2. 19, 20].

It is possible that sCT could depress the response to am-
phetamine by exerting changes in calcium metabolism. In
man. parenteral administration of sCT has been reported to
increase the calcium concentration in cerebrospinal fluid
(CSF)[6]. {n vitro, the uptake of **Ca by hypothalamic slices
from rat brain has been reported to be decreased by sCT
{28]. While neuronal function has been shown to be sensitive
to physiological changes in calcium concentration [24] and
while changes in CSF calcium are believed to be associated
with the symptoms of some behavioral disorders in man
(e.g.. mania) [6-8]. the present findings do not allow us to
associate the anti-amphetamine-like activity of sCT with ef-
feets on calcium.

How closely the anti-amphetamine-like property of sCT is
related to other central nervous system effects purported to
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follow the administration of calcitonin is unclear. Analgesic
effects have been reported in rabbits [1,34] and ICV sCT has
been found to alter prolactin release in the rat [18,35]). Mor-
ley ¢t al., found that doses of sCT even lower than those
required to depress amphetamine-induced locomotion (i.e.,
0.45 ng, ICV) can lower gastric acid production and depress
tail-pinch induced eating in rats (24,29]. In man, sCT report-
edly produces analgesia [16.25], substantially reduces manic
symptoms in psychiatric patients [7,8], and suppresses the
stimulated release of prolactin [5], growth hormone {26,37],
thyroid-stimulating hormone [23]. and luteinizing hormone
[23]. All studies to date agree in showing that calcitonin is a
potent agent when given centrally. Whether this is a phar-
macological artifact or whether sCT mimics the action of an
endogenous ligand remains to be determined.

Our results show sCT is an effective suppressor of
amphetamine-induced activity. This finding, in concert with
reports of immunoreactive calcitonin in the pituitary, spe-
cific binding sites for calcitonin in brain, and a wide range of
behavioral effects following ICV administration of calcito-
nin, supports the concept of a calcitonin-like molecule acting
as a chemical messenger (neurotransmitter or modulator) in
the central nervous system.
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