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KOW, L -M AND D W PFAFF Cvclo(His-Pro) potentates the reduction of food intake induced by amphetamine, fenfluranine,
or serotonin PHARMACOL BIOCHEM BEHAV 38(2) 365-369, 1991 —Electrophysiological and pharmacological evidence sug-
gests that cyclo(His-Pro) (cHP) could reduce food intake by modulating the actions of relevant neurotransmitters We tested this hy-
pothesis by giving rats a combmation of cHP or 1ts analogs centrally and an anorectic, amphetamine or fenfluramme, systemically
Compared to saline control, cHP at doses too low to affect food intake by itself significantly potentiated the reduction of food n-
take by amphetamine This potentiation 1s thought to be due to cHP modulation of norepinephrine (NE) action, because at the low
dose used amphetamine acts mainly through NE to mhibit food intake The modulation has specific requirements for cHP structure,
since 1t was mumucked by one but not two other analogs tested The anorectic effect of fenfluramine was also potentiated and pro-
longed by cHP at a dose not effective by 1self Since fenfluramine 1s known to act by increasing brain serotonin (5-HT), the poten-
tiation was apparently a result of an interaction between cHP and 5-HT effects To examne this interaction more drrectly, we
adminmistered both cHP and 5-HT centrally Agam, cHP potentiated the reduction of food intake caused by S-HT Thus the neuro-
modulation of feeding-relevant neurotransmutter effects, following NE and 5-HT. 1s probably a mechanism by which cHP reduces
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CYCLO(HIS-PRO), or cHP, 1s a putative metabolite of thyrotro-
pin-releasing hormone (TRH). Like TRH (17, 22-24), cHP can
reduce food intake (17, 18, 25). However, for cHP to do so re-
quired high doses. One reason for this could be that the structure
of the cHP molecule 1s not optimal. To explore this possibility,
attempts were made to 1mprove the anorectic potency of cHP by
modifying the structure of 1ts molecule (13). An alternative pos-
sibility for the low cHP potency is that 1t achieves 1ts anorectic
effect by modulating neuronal responses to feeding-relevant neu-
rotransmutters. Accordingly, cHP would not be effective when
admmstered alone, but could be very potent when given 1n com-
bination with an appropriate transmitter-related agent. This pos-
sibility was raised by an in vitro study on the electrophysiological
actions of TRH and cHP. Although TRH could act both directly
as a neurotransmitter, to stimulate neurons, and indirectly as a
neuromodulator, to modify neuronal responses to other transmit-
ters, only the neuromodulatory action was shared by cHP (11)
Since the two peptides also shared the anorectic effect, we hy-
pothesized that they reduce food intake by modulating the actions
of feeding-relevant neurotransmitters. This hypothesis 1s consis-
tent with findings by others that TRH and cHP affect other bio-
logical functions and behaviors by modulating catecholaminergic
and serotonergic systems (1, 16, 21).

We tested this hypothesis by treating rats with a combination
of cHP with the anorectic agents amphetamine, fenfluramine, or
serotonin (5-HT). To ensure that we were dealing with modula-
tory actions, cHP was always adminmistered at doses too low to
affect food intake by itself. Amphetamine was used because cHP
augmented the effect of amphetamine in inducing stereotypic be-
havior by interacting with brain catecholamines (20), and, sec-
ondly, amphetamine could inhibit food intake primarly by
mncreasing brain catecholamines (2, 5, 7) We reasoned that the
anorectic effect of amphetamine might also be potentiated by cHP.
Fenfluramine 1s known to exert 1ts anorectic effect primarily by
increasing brain 5-HT (2, 5, 7), which, 1n turn, can reduce food
intake (15). Since TRH potentiates the effect of 5-HT and 1ts an-
alogs in inducing hyperacttvity (8), and since cHP shares anorec-
tic effects with TRH, it was plausible to propose that cHP can
reduce food intake by potentiating the actions of 5-HT and fen-
fluramine. A portion of the results has been reported 1n abstract
form (12).

METHOD
Subjects

Adult, male Sprague-Dawley rats were used. They were housed
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individually 1n an air-conditioned room with lights on from 8.00
a m. through 8.00 p m. They had free access to water and pow-
dered rat chow (Purina Rodent Lab Chow, No. 5001). The pow-
dered chow was placed 1n a special container to prevent spillage.
After amval, the rats were given at least one week to adapt to
eating powdered chow and to the new environment. The rats were
then chronically implanted with a cannula, as described 1n detail
in the preceding paper (13), for intracerebroventnicular (ICV) 1n-
fusion of test agents into the lateral ventricle. They were allowed
to recover for one week, during which they were undisturbed

Experimental Procedures

Two kinds of procedures were followed one for experiments
using powdered chow as the test diet, and the other for an exper-
iment using milk as the test diet. In the first procedure, the rats
were food-deprived daily except for 7 h from 10-00 a.m. to 5:00
p.m., during which the feeding test was carried out. At the be-
ginning of the test, powdered chow was presented and the cumu-
lative food consumption was measured at 1, 2, and 7 h after food
presentation. Before food presentation, the subjects were handled
twice; the first prepared the rat for ICV infusion and the second
for ntraperitoneal (IP) injection. At first, the rats were adapted to
the experimental procedure and received only the handling. After
7-10 days of training, their food intake became stabilized The
rats then received experimental treatments in which the first han-
dling allowed ICV infusion of cHP, its analogs, or saline, and the
second handling allowed IP injection of amphetamine, fenfluramine,
or saline. The ICV infusion and the IP injection were spaced 5-8
minutes apart to allow time for the infused cHP or its analogs to
act on the brain. Depending on whether amphetamine or fenflu-
ramine was used, the interval between the IP injection and food
presentation was 3 or 30 minutes, respectively.

The second experimental procedure, using milk, was the same
as that described in the previous paper (13). Briefly, the rats were
food-deprived for 5 h, starting at 10:00 a.m., and then subjected
to a feeding test. Before the test, they were handled/ICV infused
twice, spaced 10 min apart. In the first infusion cHP or saline
was admuustered. In the second 5-HT was infused The second
infusion was followed 15 mun later by a 30-min feeding test,
during which the rats were presented with milk At the end of the
test the milk was removed for measurement and was replaced
with regular food (rodent chow pellets).

At the end of the experimental treatment day, each rat was
infused with angiotensin II (50 ng/5 wl/rat, ICV) to assess ICV
cannula location and patency [see (13)]. Only the rats that started
to drnink within 2 mun of angiotensin infusion were included 1n
this report.

Test Agents

To test for neuromodulatory action, cHP (Sigma Co.) and three
cHP analogs synthesized by Abbott Labs [see (13)] were used.
The analogs included two (A-65171 and A-65206) that preserved
the anorectic action of cHP, and one (A-65913) that reversed the
anorexia. These agents, dissolved in saline, were administered
through ICV infusion at 1000, 500, or SO nmoles/10 plrat. The
whole process included a 60-s infusion and a 30-s wait to allow
for diffusion.

In order to allow for modulation, we used the doses of anorec-
tics that induced only moderate inhibition of food intake. These
doses were determined from dose-response experiments Results
for d-amphetamine (Amph) and dl-fenfluramine (Fenf) are sum-
marized 1n Table 1. On the basis of such results, doses of 0.4 and
1.0 mg/1 ml saline/kg body weight (b.wt.) were chosen for Amph
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TABLE 1

DOSE-DEPENDENT EFFECTS OF SYSTEMIC, INTRAPERITONEAL
INJECTIONS OF d-AMPHETAMINE AND dI-FENFLURAMINE ON FOOD
(POWDERED CHOW) INTAKE

Dose Food Intake* as Mean = SEM % at
(mg/kg
b wt) l1h 2h

d-Amphetamine

1 00 250« 72 747+ 50
075 54,6 = 127 765 = 09t
050 609 =100 791 = 68
025 731 = 85 834 x 24
dl-Fenfluramine
300 13.5 = 49 250+ 10
150 416 = 68 605 + 109
075 86.6 x 108 908 32
0 375 1113 = 96 1175 = 33

*Food Intake (FI) = (Postinjection FI/Preinjection control FI) X 100%,
n=4 1n all cases except for the case marked t
n=3.

and Fenf, respectively. For 5-HT, the dose chosen was 0.5 pmole/
5 pl saline/rat, ICV.

Measurement of Food Intake

Cumulative consumption of powdered chow was determined
by measuring the weight difference between the beginning and
the end of a test period Spillage, if any. was collected and in-
cluded in the weight measurement. To normalize across rats, the
chow or milk consumption was calculated as the percentage of
the baseline level obtained from the last 3 days of tramming. Ex-
perimental and control groups were compared using the r-test to
assess the effect of each treatment.

RESULTS
Combined Treatment With cHP and d-Amphetamine

Figure 1 shows the results of these experiments. Control ad-
ministration of saline (ICV) and saline (IP injection) had no ef-
fect on food intake at any time point. Likewise, infusion of cHP
at the dose of 1000 nmole/rat followed by IP injection of saline
did not affect food intake either. As expected, saline infusion
followed by Amph njection caused moderate reductions in food
intake at 1 and 2 hours. Addition of 1000 nmoles cHP potenti-
ated this anorectic effect of Amph at all time points. For this
modulation ¢cHP was still effective at 500 nmoles and as low as
50 nmoles (Fig. 1). None of the rats treated with saline plus
Amph or cHP plus Amph showed signs of increased locomotion
or other changes in behaviors, phenomena often induced by high
doses of Amph. These results clearly showed that cHP at doses
too low to affect food intake by itself could potentiate the anorec-
tic effect of another agent.

Effects of cHP Analogs

In some experiments, cHP was replaced by 1ts analogs to see
if the latter also had neuromodulatory actions As shown in Ta-
ble 2, analog A-65171 potentiated the effect of Amph at a dose



cHP POTENTIATES ANORECTIC AGENTS

&
\7,6*
& £
F& o’
110~ AR\
o] 00
100 +
1000 oo
0 04
g e
3
] 50 04
£ 8o}
]
@ 500 04
a
= mfF 1000 04
]
E
m©
g 60 -
jd
a
s 50F
o
i p values
4 w0k * <0010 t - test against
2 ** <0005 { salne + saine
g
c #» <0050
o Wk %% <0025 1 - test against
g wew 001° [, salne -
e *ana <0005 phetamine
20
0* { 1 1
1 2 7

Hours After Food Presentation

FIG 1 The effects of combining treatments with cHP and amphetamine
The number of rats tested and the doses of cHP and amphetamune are
Disted to the nght of the figure There was no statistical difference be-
tween saline plus saline and cHP plus saline groups All p values are
one-talled

of 1000 nmole/rat. (It had a nonsignificant tendency to do so at
half that dose.) Another analog, A-65206, had no modulatory
action. The third analog, A-65913. which by itself had a feeding-
inducing effect (13), not only cancelled the anorectic effect of
Amph, but even stimulated food 1ntake for more than two hours.

Combined Treatment With cHP and dl-Fenfluramine

As shown in Table 3, comparison between the saline-Fenf and
the control (saline-saline) groups shows that Fenf inhibited food
intake significantly for at least two hours. This anorectic effect of
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FIG 2 The effects of combining treatments with cHP and serotonin (5-
HT). On the ordinate axis, 100% indicates the level of milk consumption
measured during the last three training sessions, when the rats were sub-
Jected to handling only The number 1n parentheses indicates the number
of rats tested All p values are based on 7-tests and are one-tailed

Fenf, like that of Amph, was potentiated and prolonged by a
preceding cHP infusion.

Combined ICV Infusion of cHP and 5-HT

As shown 1n Fig. 2, two nfusions of saline (Veh + Veh) did
not affect mulk intake. Infusion of cHP (0.5 umole/0.5 pl/rat)
plus saline had a nonsignificant tendency to reduce milk mtake.
The central administration of 5-HT (0.5 wmole/rat) following sa-

TABLE 2

NEUROMODULATORY ACTIONS OF ICV-INFUSED ¢cHP ANALOGS ON THE ANORECTIC
EFFECT OF d-AMPHETAMINE (0 4 mg/kg b wt IP INJECTION)

Dose n Food Intake® as Mean + SEM % at

(nmole/ of
Agents rat) Rats 1 bh° 2h 7h
Saline - 10 608 x 40 70.2 = 3.8 933 x 44
A-65171 1000 5 48.7 = 4 6% 54.6 = 6 5* 799 = 160
A-65171 500 4 533 + 124 62355 1010 = 139
A-65206 1000 4 659 + 62 737 72 1026 = 57
A-65913 500 6 1239 + 20.6% 985 = 57t 9% 7 = 6.0

*Food Intake (FI) = (Postinfusion FI/Pretreatment control FI) x 100%, with 100%
being the FI of rats subjected only to training handlings

>Time after food presentation

*p<<0 05, tp<0.005, one-tailed, s-test aganst saline control
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TABLE 3

NEUROMODULATORY ACTIONS OF cHP ON THE ANORECTIC EFFECT OF
diI-FENFLURAMINE (Fenf)

cHP Fenf n Food Intake® as Mean = SEM % at
(nmole/ (mg/kg of

rat) b wt ) Rats 1 h® 2h 7h

0 0° 6 933 £ 69 956 + 59 1035 + 39
1000 0° 7 104.1 = 33 933 £ 45 960 + 47
0 1.0 9 541 % 55* 635 + 7 1* 975 + 87
1000 10 10 283 = 7 1% 424 = 49+ 647 £ 61t

2Food Intake (FI) = (Posttreatment FI/Pretreatment FI) x 100%

*Time after food presentation

“These saline + saline and cHP + saline control groups are the same as those shown
in Fig 1 The FI's of these two groups are not statistically different
*p<<0 005, one-tailed r-test against saline + saline group, tp<0 025, one-tailed t-test

agamst saline + Fenf group

line caused a small but significant reduction 1n milk consumption.
When the 5-HT treatment was preceded by an infusion of cHP,
the inhibition of milk intake was potentiated This exaggerated
reduction of food intake (down to 39% of baseline) was greater
than the sum of the inhibitions (down to 64.3% of baseline) caused
by cHP and 5-HT, separately. Thus HP could modulate the cen-
tral 5-HT effect in potentiating 1ts anorectic action

DISCUSSION

In the present study we have found that cHP used at doses that
had no effect on food intake by themselves could potentiate the
anorectic effects of amphetarine or fenfluramine. Using pow-
dered chow as a test diet in the present experiment, we found that
cHP at the dose of 1000 nmole/rat had no anorectic effect. This
1s different from the results of previous experiments, where the
same ¢HP dose caused inhibition of milk intake (13) Such a dif-
ference is probably because milk mntake 1s more vulnerable to 1n-
hibition. The main action of amphetamine 1s to cause the release
and 1nhibit the reuptake of the catecholamines (2. S, 7) norepi-
nephﬁne (NE) and dopamine (DA), which mediate most amphet-
amine effects. Therefore, potentiation of an amphetamine effect
by ¢cHP can be due to modulation of NE and/or DA action. In-
deed. cHP has been reported to increase the stereotyped behavior
induced by amphetamine, apparently through a modulation of the
DA system (20). In the case of the anorectic effect, however,
cHP may modulate NE rather than DA In the reduction of food
ntake, as the dose of amphetamine 1s lowered, the importance of
DA decreases and that of NE increases (3). In the present study,
the dose of amphetamine used was small (0.4 mg/kg b.wt.). Ac-
cording to a large set of results (2), the anorectic effect of am-
phetamine at this low dose 1s mediated mainly by NE. Consistent
with this 1s the observation that amphetamine-treated rats did not
show the hyperactivity which is attributable to DA [cf. (4)]. So,
in the present study, the potentiation of the amphetamine effect
may have resulted from the modulation of NE action by cHP.
Such an interaction was also seen before 1n our electrophysiolog-
ical study' we found that, in the ventromedial nucleus of the hy-
pothalamus, TRH and cHP modulated NE responses 1n 25 of 27
NE-responsive neurons tested, primanly by potentiating excita-
tory responses to NE (11). The consistency of the two types of
studies. the electrophysiology at the single neuron level and be-
havior of whole ammals, suggests that neuromodulation of the
action of NE could be one of the mechanisms by which cHP can
affect food 1ntake.

Another neuromodulatory effect of cHP was indicated by the
interaction between cHP and fenfluramine. The anorectic effect
of fenfluramine has been attributed mainly to 1its ability to induce
a release in 5-HT (2,5). The present observation that cHP poten-
tiated the fenfluramine effect, therefore, suggests that cHP can
regulate food intake by modulating the action of 5-HT. This sug-
gestion was supported further by the experiment in which both
cHP and 5-HT were infused ICV we found that cHP potentiated
the reduction of food 1ntake caused by 5-HT (Fig. 2). In this re-
spect, 1t is interesting to note that there are conditions where ICV
infusions of amphetamine that induced anorexia and hypodipsia
also caused release of 5-HT in addition to NE and DA (19)
Therefore, cHP modulation of 5-HT could account for some of
the potentiation of amphetamine action.

In the accompanying paper (13), we found that some analogs
of cHP with certain structural modifications could preserve its
anorectic effect Two such analogs (A-65171 and A-65206), as
well as one analog (A-65913) which reversed the anorectic effect
and stimulated feeding, were used 1n place of cHP in some ex-
periments to see whether they also had neuromodulatory actions.
The fact that A-65206 did not potentiate amphetamine, and that
A-65913 still sumulated feeding indicated that the potentiation of
amphetamine action by cHP was specific in that 1t was not com-
mon to all of its structural analogs. A-65171 did potentiate the
anorectic effect of amphetamine (Table 2) But, unlike cHP which
was effective even at 50 nmole/rat, analog A-65171 was effective
only at 1 pmole/rat These findings remnforce the notion that there
are particular requirements for the neuromodulatory action of cHP.

One major finding of the present study is that cHP could po-
tentiate the anorectic effects of other agents at doses more than
twenty times lower than that for cHP’s direct action. This effec-
tiveness of cHP at low doses suggests that cHP inhibits food in-
take predominantly by neuromodulatory actions.

Cyclo(His-Pro) 1s not the only agent which can reduce feed-
ing by a neuromodulatory effect. For example, systemic injection
of dopamine agonists at doses not effective by themselves could
potentiate the anorectic effect of centrally administered neuroten-
sin (9). This potentiation was interpreted as the result of neuro-
tensin modulating the DA system (9). Also, it has been shown
that subcutaneous injectrons of morphine or naloxone at low doses,
in combination with low doses of S-hydroxytryptophan, induced
anorexia (6). Sunilarly, IP injections of low doses of cholecysto-
kinin 1n combination with low doses of glucagon and/or bombe-
sin produced anorexia that was greater than the sum of the effects
of individual injections (10,14). These examples, together with
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the present results, show that neuromodulation can be an impor-
tant mechanism 1n reducing food intake.
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