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DES 2(1) 105-111, 1981.—The mechanism of action subserv-

ing the potential anti-Parkinsonian properties of L-prolyl-L-leucyl-glycinamide (PLG) was investigated in behavioural and
neurochemical models of dopaminergic function in the rat. Acute administration of PLG (20 and 40 mg kg~! SC) failed to
alter appreciably the intensity of the cataleptic response elicited by haloperidol (3 mg kg~! IP). By contrast, chronic PLG
treatment (20, 40 and 80 mg kg~! SC twice daily for five days) significantly attenuated haloperidol-induced catalepsy. The
effect of PLG on in vitro dopamine/neuroleptic receptor binding in rat striatum as differentially labelled by apomorphine
and spiroperidol was also examined. PLG selectively enhanced the affinity of the specific binding of agonist [*H] apomor-
phine to dopamine receptors in the striatum, but had no effect on [*H] spiroperidol binding. The behavioural and biochemi-
cal results obtained in the present study raise the possibility that PLG may facilitate nigro-striatal dopaminergic neuro-
transmission through interacting with a unique PLG receptor functionally coupled to the dopamine receptor-adenylate

cyclase complex.

Haloperidol L-Prolyl-L-leucyl-glycinamide (PLG)

Catalepsy

Dopamine Parkinsonism

ALTHOUGH it remains to be established whether the
tripeptide, L-prolyl-L-leucyl-glycinamide (PLG), as iden-
tified by Nair ez al. [24] represents the physiologically active
hypothalamic factor inhibiting the release of melanocyte
stimulating hormone from the pituitary [28], the extra-
endocrine actions of PLG have recently aroused consider-
able interest. The potential anti-Parkinsonian properties of
PLG have been recognized since it has been demonstrated to
be pharmacologically active in potentiating L-DOPA-in-
duced behavioural arousal and antagonizing oxotremorine-
induced tremor [15, 25, 26]. Fischer et al. [13] and Barbeau
[1] reported encouraging results with PLG in the manage-
ment of Parkinsonian patients. These considerations
strongly suggest that this tripeptide merits serious consid-
eration as an adjunct therapy to L-DOPA in Parkinsonian
syndrome.

Accumulating evidence suggests that neuropharmacolog-
ical profile of activity of PLG may be mediated through in-
teracting with central dopaminergic mechanisms. Friedman
et al. [14] reported that PLG increased dopamine synthesis
in striatal slices following repeated administration, though
this finding could not be confirmed by Kostrzewa et al. [19].
In an attempt to reconcile these apparent discrepancies,

Versteeger al. [34] injected PLG intracerebroventricularly in
rats and found enhanced turnover of dopamine in the cau-
date nucleus, but not in other brain foci. In accord with these
neurochemical findings, it has been further shown that PLG,
when administered alone or in combination with amphet-
amine, elicited rotational behaviour in a direction suggestive
of its alleged dopamine-releasing influence on pre-synaptic
dopaminergic terminals [30,32]. In contrast to prototypal
dopamine agonists and antagonists, PLG failed to compete
for specific neuroleptic receptor binding in the striatum in
vitro [11] or to modify the levels of striatal cAMP [8]. On the
other hand, Mishra and Makman [21] found that PLG inhib-
ited dopamine-sensitive adenylate cyclase activity in mon-
key and rat striatum in a dose-related manner.

In view of possible parallelism between the catalep-
togenic properties of antipsychotics and their liabilities of
inducing extrapyramidal motor dysfunction in humans [3,16]
we have used haloperidol-induced as the behavioural assay
to study the interactions of PLG with dopaminergic mech-
anisms in the extrapyramidal systems. The influence of PLG
on in vitro dopamine/neuroleptic receptor binding as differ-
entially labelled by [*H] apomorphine and [*H] spiroperidol
in the striatum was also investigated.

'Send reprint requests to Dr. Ram K. Mishra, Department of Psychiatry, McMaster University Medical Center, Hamilton, Ontario, Canada
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METHOD
Subjects and Drugs

Male Sprague-Dawley rats purchased from the Canadian
Breeding Farm, Quebec, were used throughout the studies.
The animals weighing between 200-250 g upon arrival were
housed individually in plastic cages in temperature-
controlled rooms maintained on a 12-12 light-darkness cycle.
They were allowed free access to food (Purina rat chow) and
water to acclimatize themselves for at least three days prior
to use in experiments.

The sources of the drugs used were as follows: haloperi-
dol, McNeil Laboratories, Canada; spiroperidol, Janssen
Pharmaceutica, Belgium; ADTN (2-amino-6,7-dihydroxy-
1,2,3,4-tetrahydronaphthalene), Burroughs Wellcome, U.K.;
dopamine (APO), TRH (Thyrotropin releasing factor:
Proglu-His-Pro-NH,) and PLG from Sigma Chem. Co. USA
and the analogue of Met-enkephalin (DALA: (Tyr-Ala-Gly-
Phe-Met-NH,) from Calbiochem, USA; [1-Phenyl-4-*H]
spiroperidol (25.64 Ci/mmole) and [8,9-*H] apomorphine (38.6
Ci/mmole) were purchased from New England Nuclear, Bos-
ton, USA. All other chemicals used were of the finest rea-
gent grade available.

Catalepsy Testing

At each experimental session the rats were transferred to
a sound-attenuated room and allowed to habituate to the en-
vironment for at least half-an-hour prior to drug treatments.
Catalepsy was assessed by the simple bar test as described
previously by Chiu and Mishra [6]: it entailed gently placing
both front paws of the rats in extended positions on a hori-
zontal metal bar mounted 10 cm above a wooden platform
and measuring the time spent in maintaining this abnormal
motor state. The animals were tested three times at each
specified time interval after drug administration and the max-
imal intensity of the cataleptic response was recorded in sec-
onds.

For the series of acute experiments, naive rats were in-
jected with PLG (20 and 40 mg kg~ SC) ten seconds prior to
haloperidol (3 mg kg~"-IP) while the haloperidol-control
animals received haloperidol (3 mg kg~! IP) in addition to
0.9% saline solution. Haloperidol was dissolved in 0.1 M
tartaric acid prepared in 0.9% saline solution and PLG was
dissolved in 0.9% saline solution immediately prior to use.
All rats received drug treatments only once.

For the series of chronic experiments, rats were randomly
assigned to four groups and groups I-1II received PLG at the
doses of 20, 40 and 80 mg kg~! SC respectively twice daily for
five days. Group IV received isotonic saline (1.0 ml SC) for
the same period of time. All rats were challenged with halo-
peridol (3 mg kg~! IP) ten seconds after the last drug treat-
ment. Catalepsy was evaluated every 30 min for the first
hour and every hour thereafter, for a total of four hours. All
injections were carried out at 9 am and 5 pm daily to prevent
interference with their circadian rhythm.

[’H] Apomorphine Binding Assay

The binding assay for [°H] apomorphine was carried out
essentially as described by Creese er al. [10] with minor
modifications. The freshly dissected striatum was initially
suspended in 50 volumes of 50 mM Tris-HCL buffer (pH 7.7,
at 25°C) and homogenized with Polytron homogenizer (set-
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ting at 6) for 20 seconds. The tissue homogenate was twice
centrifuged at 40,000xG for 10 min in refrigerated Sorvall
centrifuge after resuspending in fresh Tris buffer. The final
pellet was suspended in 50 mM Tris buffer consisting
of 0.1% ascorbic acid, 120 mM NaCl, 5 mM KCI, 2 mM
CaCl; and 10 uM pargyline (pH 7.1 at 25°C) at the approx-
imate concentration of 20 mg of wet tissue weight per ml of
incubation buffer. The standard assay consisted of 0.4 to 0.6
mg protein of the brain homogenate, 3.0 nM of [*H] apomor-
phine and the buffer with or without various concentrations
of the competing ligands or drugs in a total incubation vol-
ume of 0.6 ml. Incubation was carried out in triplicate in a
water shaker bath maintained at 37°C. Upon termination of
the 10 min incubation period, the contents of the incubation
tubes were rapidly filtered under partial vacuum over What-
man GF/B filters, followed by four 2.2 ml washes of ice-cold
50 mM Tris-HCI (pH 7.1). The filters were then placed in
liquid scintillation counting vials containing 10 ml of PCS
counting cocktail (Amersham Corporation, Chicago, [llinois,
USA) and after equilibration for at least six hours, were
counted in liquid scintillation counter.

The specific binding of [*H] apomorphine was defined as
the difference in binding occurring in the absence and in the
presence of 10 uM of unlabelled apomorphine. For drug
displacement studies, increasing concentrations of each drug
were added to the incubation tubes containing 3 nM [3H]
apomorphine and the drug concentration required to inhibit
50% of the specific binding of the radioligand (IC;, value)
was calculated by log probit analysis. Protein determination
was performed according to the method of Lowry et al. [20].

[*H] Spiroperidol Binding Assay

The procedure for [*H] spiroperidol binding was identical
to that of [*H] apomorphine except that the incubation was
carried out for 15 min. The specific binding of [*H] spi-
roperidol was defined as the difference between the total
binding and the non-specific binding in the presence of 500
nM of unlabelled spiroperidol. The blank value of non-
specific binding in the presence of 1 uM of (+)-butaclamol
was similar to that obtained with 500 nM of unlabelled
spiroperidol. For drug displacement studies, increasing con-
centrations of each drug were added to the series of incuba-
tion tubes containing 0.25 nM of [*H] spiroperidol. The 1C.,
values of competing drugs were calculated by log probit
analysis.

Statistics

The behavioural data were subjected to ANOVA for mul-
tiple testing. The biochemical data were analyzed by Stu-
dent’s z-test.

RESULTS
Behavioural Studies

As depicted in Fig. 1 acute administration of haloperidol
(3 mg kg™! IP) elicited maximal cataleptic response at two
hours, but the duration of the drug effect extended beyond
the 4-hour observation period. Pre-treatment with PLG at
the respective doses of 20 and 40 mg kg~* SC did not signifi-
cantly attenuate haloperidol-induced catalepsy at all the
time intervals. PLG when administered alone, either acutely
or chronically. did not produce anv remarkable overt he.
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FIG. 1. Effect of acute PLG treatment on haloperidol-induced catalepsy. Two groups of rats (n=6)
were pretreated with PLG at the doses of 20 mg kg~ SC (A) and 40 mg kg~* (O) respectively, followed
ten seconds later by haloperidol (3 mg kg~ IP). Haloperidol-control group (® ; n==8) received equiv-
alent volumes of isotonic saline followed ten seconds later by haloperidol (3 mg kg~ IP). Catalepsy and
statistical analysis of results were conducted as previously described in Method.

havioural events such as hyperactivity, sedation or catalepsy
(data not shown).

For the chronic series of experiments, whereas protracted
treatment with isotonic saline did not alter the intensity of
haloperidol-induced catalepsy, rats which were chronically
administered with PLG at the doses of 20, 40 and 80 mg
kg~! SC twice daily for five days developed significant be-
havioural tolerance towards acute haloperidol-induced
catalepsy (Fig. 2). The anticataleptic action of PLG was evi-
dent at 30, 60 and 120 min after haloperidol challenge in the
40 and 80 mg kg~! PLG-groups while in the 20 mg kg~! PLG
Group PLG-group antagonism of haloperidol catalepsy was
observed for the first hour after injection.

Dopamine Receptor Binding Studies

Scatchard analysis of [?H] apomorphine specific binding
to dopamine receptors in the striatum indicated the existence
of a single high-affinity binding site characterized by a dis-
sociation constant (Kp) of 4.44 + 0.14 nM and a maxi-
mal number of binding sites (Bpay) 0f 269 = 5.34 fmoles mg™!
protein (Table 1). Analysis of the displacement curves for
various drugs indicated that spiroperidol competed for spe-
cific [*H] apomorphine binding in a biphasic mode, with IC;,
values of 104 nM and 2 uM. Dopamine and ADTN were less

TABLE 1

EFFECT OF PLG ON SPECIFIC [*H] APOMORPHINE BINDING IN RAT
STRIATUM IN VITRO

Rat Striatum Specific [*H] apomorphine binding*

Bmax KD

(fmoles mg~! protein) (nM)
Control (No PLG added) 269.0+5.34 4.44+0.14
1 uM PLG addedt 278.5+1.19 2.26+0.2

*Specific binding on [*H] apomorphine was defined as the binding
displaceable by 10 uM of unlabelled apomorphine. Receptor binding
parameters (B,., and K;) were determined by the Scatchard
analysis method. The values represent the mean = SEM from five
independent experiments with triplicate determinations.

+PLG at the final concentration of 1 uM was added to the reaction
mixture prior to incubation.

1Significantly different from control, p<0.05.
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FIG. 2. Effect of chronic PLG administration on acute haloperidol-
induced catalepsy. Three groups of animals were given PLG at the
doses of 20 mg kg~! SC (A; n=6), 40 mg kg~* SC (A; n=6) and 80 mg
kg~! SC (O; n=6) respectively twice daily for five days and chal-
lenged with haloperidol (3 mgkg—! IP) ten seconds after the last PLG
treatment. Haloperidol-control group (®; n=8) received 0.9% saline
solution (1 ml SC) for the same period of time and haloperidol was
injected ten seconds after the last saline treatment. Catalepsy testing
and statistical analysis of results were carried out as described in
Method. *p<0.01: significantly different from the haloperidol-
control at the respective time interval.

potent than spiroperidol in competing for [*H] apomorphine,
with their respective IC;, values of 190 nM and 570 nM.
These values agree essentially with those reported by Creese
et al. [9]. The non-specific binding in the presence of 10 uM
of unlabelled dopamine is similar to that obtained with 10 M
of unlabelled apomorphine.

In contrast, PLG did not compete for specific [*H]
apomorphine binding over the concentration range of 10~* to
10~* M, but actually enhanced the specific binding of the
agonist to the dopamine/neuroleptic binding (Fig. 3). A bell-
shaped dose-response curve was obtained for the influence
of PLG on specific binding of [*H] apomorphine in the rat
striatum, with the maximal effect occurring at approximately
10~¢ M. In an attempt to further characterize the interaction
of PLG with the dopamine/neuroleptic receptor, the specific
binding of [*H] apomorphine was examined in the presence
of 1 uM of PLG and Scatchard analysis revealed the PLG
selectively increased the apparent affinity of [*H] apomor-
phine binding sites by 50.9% as compared to the control in
the absence of PLG (significantly different from the control,
p<0.05) (Table 1). The By of specific [*H] apomorphine
binding was essentially unaltered.
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[*H] Spiroperidol, on the other hand, specifically bound
to dopamine receptor sites with a single high-affinity compo-
nent (Kp=0.16 = 0.03 nM; By 340 = 10.0 fmoles mg!
protein). Drug competition studies revealed that haloperidol
was the most potent in inhibiting specific [*H] spiroperidol
binding (IC5,=6 nM), followed by dopamine and ADTN,
with their respective IC;, values of 4 uM and 12 uM. PLG,
on the other hand, did not exert any effect on the specific
binding of [*H] spiroperidol over the concentration range of
0.01-100 uM.

Neuropeptides such as TRH and DALA were very weak
in inhibiting specific [*H] spiroperidol and [*H] apomorphine
binding with IC;, values >100 uM.

DISCUSSION

The major findings of the present study indicate that (a)
chronic, but not acute, administration of PLG antagonized
haloperidol-induced catalepsy; (b) PLG selectively enhanced
agonist binding to dopamine receptors in striatum at a con-
centration previously shown to be most effective in inhibit-
ing dopamine-sensitive adenylate cyclase activity [21]. Our
behavioural data confirmed an earlier study by Voith [35] on
the antagonism of fluphenazine-induced catalepsy by PLG.
It appears unlikely that the differential effect of acute versus
chronic administration of the tripeptide may be explained
simply on the basis of its relatively short pharmacological
half-life [27] inasmuch as the duration of its anti-tremorlytic
activity far exceeded its half-life disappearance from the
plasma [26]. Our behavioural finding provides indirect evi-
dence that PLG does not function as a prototypal agonist at
the dopamine receptor. Conversely, protracted treatment
with dopamine agonists like apomorphine have previously
been demonstrated to potentiate, rather than antagonize,
neuroleptic-induced catalepsy [23,29]; this behavioural
manifestation of extrapyramidal motor dysfunction may be
attributed to concomitant desensitization of the dopamine
receptor [22]. Alternatively, the observed antagonism of
haloperidol-induced catalepsy may be explicable in terms of
its indirect facilitatory effect of PLG on nigro-striatal
dopaminergic neurotransmission. However, different doses
of haloperidol should be tested before definite conclusions
can be drawn regarding the mode of interaction of PLG and
haloperidol. Experiments along these lines are in progress.

Our biochemical studies on the effects of PLG on in vitro
dopamine receptor binding in the striatum showed that PLG
failed to inhibit competitively specific [*H] apomorphine and
[*H] spiroperidol binding, but paradoxically enhanced the
affinity of the dopamine receptor for agonists. Conceivably,
this would be most beneficial in Parkinsonian disease, for the
enhanced sensitivity of the dopamine receptor to the endog-
enously released dopamine and/or exogenously administered
dopamine precursor, L-DOPA, may effectively compensate
for the partially degenerating dopaminergic terminals in
Parkinsonism. Furthermore, in a recent study of the action
of PLG in the 6-hydroxydopamine-lesioned rotational
model, PLG has been demonstrated to significantly poten-
tiate the behavioural responses to apomorphine on denerva-
tion-induced supersensitive dopamine receptors [18].

The peculiar bell-shaped dose-response relationship de-
scribing the facilitatory effect of PLG on [*H] apomorphine
binding in vitro (Fig. 3) merits some comment. In animal
studies in vitro, Bjorkman and Sievertsson [4] found similar
anomalous dose-effect phenomenon in the behavioural



PLG, CATALEPSY AND NEUROLEPTIC/DOPAMINE RECEPTOR BINDING 109

HINE BINDING

£3H]APOM0HP
(] (&)}
o 1) o

% INCREASE OF SPECIFIC
-h N
o o

) 8 y

5 4 3

-LOG CONCENTRATION OF PLG (M)

FIG. 3. Dose-response relationship of the influence of PLG on specific [*H] apomorphine binding in
the striatum in vitro. Various concentrations of PLG were added to the incubation mixture and specific
[*H] apomorphine binding was defined as the difference in binding occurring in the presence and
absence of 10 uM of unlabelled apomorphine. No PLG was included in the control and the final
concentration of [*H] apomorphine was 3 nM. The values represent the mean + SEM from four
independent experiments performed in triplicate, with the SEM less than 10% of the mean.

paradigm of antagonism of oxotremorine-induced tremor.
These behavioural findings may be interpreted as differential
interaction of PLG with heterogeneous populations of high-
and low-affinity receptor binding sites for the neuroregula-
tory peptide. Recognition of this unique dose-response rela-
tionship may have some implications in designing therapeu-
tic strategy of PLG: the therapeutic response of PLG in Par-
kinsonian and depressive patients has been shown to decline
with higher doses [2,12]. Moreover, the pharmacological ac-
tion of PLG appears to depend on the sensitivity of the
dopamine receptors, as evidenced by the failure of PLG to
elicit favourable therapeutic outcomes from Parkinsonian
patients maintained on chronic L-DOPA therapy which
possibly causes refractoriness of the post-synaptic dopamine
receptors [5].

The interaction of PLG with the dopamine receptors ex-
hibits specificity for the agonists, since it did not affect the
specific binding of the antagonist [3H] spiroperidol binding to
the receptor. In this respect the modulatory effect of PLG on
the affinity of the dopamine receptor for agonists and the
sensitivity of the cyclase system to dopamine stimulation is
ODDORIte to that disnlaviad he atianina mixslandioles T401 1.0

dence derived from lesion and drug specificity studies
suggests that [*H] apomorphine and [*H] spiroperidol label
different neuronal elements (1, 3, 17], though they may both
be associated with dopamine sensitive adenylate cyclase.
Furthermore, the property of PLG in enhancing specific
dopamine agonist binding is not shared by other neuropep-
tides such as TRH and enkephalins. It remains to be seen
whether in vivo administration of PLG will alter the affinity
of the dopamine receptor, and restore the sensitivity of the
receptor when the latter has been desensitized or hypersen-
sitized by pharmacological or surgical manipulations.

It appears difficult to reconcile the in vitro effect of PLG
on striatal dopamine receptor binding with the failure of
acute administration of PLG to antagonize the behavioural
manifestations of dopamine receptor blockade in vivo, as
observed in our present study. Post-receptor synaptic events
may also mediate the behavioural manifestations of
dopamine receptor blockade in vivo, as observed in our
present study. Post-receptor synaptic events may also
mediate the behavioural effects of neuroleptics and PLG has
previously been shown to inhibit dopamine-sensitive adeny-
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dopamine receptor, is likely to amplify the dopamine-
dependent neuronal responses; on the other hand, the ob-
served inhibition of PLG on the -catalytic activity
dopamine-stimulated adenylate cyclase is compatible with
its hypothesized negative feedback role on dopamine-
specific neuroeffector mechanism. The ultimate behavioural
profile of PLG will be determined by the relative predomi-
nance of these two mutually antagonistic influences on the
dopamine receptor/adenylate cyclase complex.

In summary, we have demonstrated that PLG antago-
nized haloperidol-induced catalepsy upon chronic, but not
upon acute administration. The facilitatory effect of PLG on
dopamine receptor binding in the striatum in vitro is
agonist-specific. The biochemical and behavioural sequence
of events is most likely to be mediated through interaction
with specific PLG receptors. We have succeeded in identify-
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ing a saturable, high affinity binding site for PLG in the
striatum of three mammalian species: human, bovine, and
rodent, using radioligand binding technique [7]. In this re-
spect further studies are warranted to define the mode of
functional association between putative PLG receptors and
dopamine receptor/adenylate cyclase complex.
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