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Abstract—The central side effects of pentamethylmelamine (PMM), an antitumoral agent, were studied
on brain neurotransmitters from the biochemical and behavioural points of view. PMM causes a dose-
related reduction in the body temperature and motility of mice. 100 mg/kg of PMM lowers the levels of
noradrenaline (NA) and raises 3-methoxy-4-hydroxyphenylethyleneglycol (MHPG) in the telen-
cephalon. A similar dose increased striatal levels of dopamine (DA) metabolites, homovanillic acid
(HVA) and dihydroxyphenylacetic acid (DOPAC), at earlier times (30 min), reducing their levels at
2hr. These effects disappear at longer times (4 hr). No changes were observed in the levels of 3-
methoxytyramine (3-MT), the extraneuronal metabolite of DA. The serotonin metabolite 5-hydroxy-
indolacetic acid (SHIAA) was almost not affected. PMM and its metabolites do not displace [°H}-
spiroperidol from mouse striatal binding sites.

These data show that some of the neurological effects induced by PMM are associated with changes
in the metabolism and/or release of brain catecholamines but are not mediated by direct action on DA
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receptors.

Pentamethylmelamine (PMM), the N-desmethyl
metabolite of hexamethylmelamine (HMM), shows
similar activity to the parent compound against sev-
eral experimental tumours [1], with no hemopoietic
inhibitory effect {2]. Being much more water-soluble
than the parent compound, PMM can be admin-
istered i.v., thus possibly overcoming the problems
connected with the poor and variable oral bioavail-
ability of HMM. Phase I studies, however, showed
severe CNS side effects that discouraged further
clinical investigations [3-7].

We therefore explored the CNS activity of PMM
in mice, finding a drastic reduction of locomotor
activity and marked hypothermia. This suggested
the possibility of impaired neurotransmission in the
central monoaminergic system. to investigate this,
we measured the levels of the monoamines nor-
adrenaline (NA), dopamine (DA) and serotonin
(SHT) and of their metabolites, 3-methoxy-
4-hydroxy-phenylethyleneglycol ~ (MHPG), 3-
methoxytyramine (3MT), homovanillic acid (HVA),
dihydroxyphenylacetic acid (DOPAC) and S-
hydroxyindolacetic acid (SHIAA) in several brain
regions after PMM administration. We also exam-
ined the possibility of direct action at the receptor
sites.

MATERIALS AND METHODS

Animals and treatment. CSTBL/6] female mice
(20 = 2 g body weight) from Charles River, Italia,
Calco, were used. Animals were housed under stand-
ard controlled conditions with free access to food
and water. For the in vivo and in vitro experiments
the following drugs were used: pentamethyl-
melamine  (PMM);N,, N,, N,  Ngtetra-
methylmelamine (TMM); MN,, N,, Ng-trimethyl-

melamine (TriMM) and N-methylol-pentamethyl-
melamine (N-methylol) (Fig. 1). All drugs were
kindly provided by Drug Development Branch, Divi-
sion of Cancer Treatment, National Cancer Institute
Bethesda, MD, U.S.A., except N-methylol which
was a gift from the Cancer Chemotherapy Group,
Pharmacy Department, University of Aston in Bir-
mingham. PMM was injected i.p. in water solution
at doses from 50 to 200 mg/kg. Animals were killed
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Fig. 1. Structural formula of hexamethylmelamine (HMM),

pentamethylmelamine (PMM), N,N,N,Ny-tetramethylme-

lamine (TMM), NN N¢-trimethylmelamine (TriMM) and
N-methylol-pentamethylmelamine {N-methylol).
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either by decapitation or, when striatal 3-methoxy-
tyramine (3MT) was to be detected. by microwave
irradiation (1.3kW at 2.45 GHz for 2.1 sec) at the
times reported under Results, striata, hippocampus,
telencephalon and hypothalamus were immediately
dissected, frozen on dry ice and kept at —80° until
biochemical assay.

Biochemical determinations. Monoamines and
their metabolites were determined in mouse brain
tissue as previously described [8-10]. Tissues were
homogenized either in 0.4 N perchloric acid for cat-
echolamines and their metabolites [8-10] or in acid-
ified butanol for serotonin and SHIAA [9]. After
centrifugation, samples were extracted from the clear
supernatant according to our previously described
methods [9-10].

Liquid chromatography with electrochemical
detection (L.CED) (Bioanalytical Systems Inc., West
Lafayette, IN) was used for all biochemical
determinations.

The effects of PMM and its derivatives TMM,
TriMM and N-methylol on [*H] spiroperidol binding
to dopaminergic receptors were determined in a
receptor preparation from mouse striata [11].
Increasing concentrations of the drugs were added
to these samples and the drugs’ ability to displace
[*H] spiroperidol specifically bound to receptors was
assessed.

Behavioural determinations. Body temperature
was measured 0, 15, 30 and 60 min after drug admin-
istration by an electric thermometer, inserting the
thermistor (0.5 cm into the rectum. The mice’s ability
to remain balanced on a rotating bar {rotarod test)
was assessed before and after PMM treatment. The
number of times PMM treated mice fell, as a per-
centage of the number for controls was taken as a
parameter of muscle relaxant activity.

RESULTS

Effect of PMM on body temperature and on rotarod
performance

As indicated in Fig. 2, PMM induces a dose-
dependent reduction of body temperature, starting
from the dose of 25 mg/kgi.p. The dose of 100 mg/kg
1.p. caused a severe reduction in body temperature,
maximal 30 min after drug administration. In the
rotarod behavioural test (Fig. 3) doses of 25 and
50 mg/’kg of PMM had no effect while 100 mglkg
induced complete muscle relaxation 15min after
administration.

Effect of PMM on central monoaminergic system

In order to explore whether PMM affected mono-
aminergic neurotransmission in the mouse brain, we
investigated the changes induced by this drug in
DA and its metabolites 3MT, HVA and DOPACin
striata, in SHT and its metabolite SHIAA in hip-
pocampus, and in NA and its metabolite MHPG in
telencephalon (Table 1), Thirty and 60 min after
100 mg/kg of PMM, striatal HVA levels were sig-
nificantly elevated, while DOPAC was significantly
reduced 60 min after drug administration {Table 1}.
Other dopaminergic parameters such as DA and
3MT were not modified by the treatment. PMM also
had no effect on SHT and its metabolite SHIAA in

C. PEREGO et al.

sea--- PMM 25 mglkg
4w~ PMM 50mglkg

& » Q== PMM 100 mq/kg
3B+
T
ERET SO »
| Dk SCCEEISU ¥
3 ¥ e
\ ..
5
¥ 35 3
. ‘7‘ .
v .
3 Ay
o \es -
5 34 Loy -
Q \,\. _V”
£ S ffy
&
=
2 324
o
]
304
4
Q v >
o 15 30 60

Time {min}

Fig. 2. Effect of PMM on body temperature. PMM was
administered at doses of 25, 50 and 100 mg/kg, Body tem-
perature was measured by an electric thermometer, insert-
ing the thermistor 0.5 cm into the rectum, 0, 15, 30 and
60 min after drug administration. Data are the mean = S.E.
of six determinations. Statistical significance was analysed
by a modification of Duncan’s new muitiple test {24] using
an SPBS computer program {25]. < P 0.05 controls.
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Fig. 3. Effect of PMM on rotarod test performance. PMM
was adrunistered at doses of 25, 50, 100 mg/kg. Rotarod
performance was tested before 15, 30 and 60 min after
PMM. Data are the mean of six determinations and are
expressed as % of falls from the rotating bar in respect
to controls. Time 15 is significantly different respect to
controls; statistical significance was analysed by binomial
test (P = 0.031 <0.05).
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Table 1. Effect of PMM on monoamines and their metabolites in several mouse brain areas.

PMM 100mgkg  PMM 100 mg/kg

Controls 30 min 60 min
DA (ng/g) 25600 = 2233 31944 + 2930 29624 = 1437
Stri 3MT (ng/g) 65.9£3.9 66.5+7.8 n.d.
triata HVA (ng/g) 1061 + 41 1347 + 64* 1249 = 50"
DOPAC (ng/g) 798 + 44 840 + 45 551 = 49*
Hionoc SHT (ng/g) 443 + 23 463 + 19 488 + 10
Ippocampus SHIAA (ng/g) 451+ 22 414+ 24 402+9
PMM 100mg/kg  PMM 100 mg/kg
Controls 30 min 120 min
NA (ng/g) 696 + 53 504 + 13* 552+ 12¢
Telencephalon  \111pG (ngle) 93.9 + 7.4 175 = 10* 99.6 + 2.5

* P < 0.01 vs controls.

PMM was administered at a dose of 100 mg/kg i.p. and animals were killed by decapitation or
u wave irradiation 30, 60 and 120 min later. Data are the mean + §.E. of six determinations.

Statistical significance was analysed by a modification of Duncan’s new multiple test [24] using
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a SPBS computer program [25].

hippocampus (Table 1) and in other brain areas
{(striata, brainstem and telencephalon) not reported
here in detail. NA levels were significantly reduced
in telencephalon 30 and 120 min after PMM 100 mg/
kg, while MHPG was elevated in the same area
30 min after drug administration (Table 1).

Dose-response and time curve: effect of PMM on
striatal dopamine metabolites

Since PMM seems to affect striatal DA metab-
olites, the dose-response (Table 2) and the time
course of the effect of this drug (Table 3) were
explored.

PMM, 50-200 mg/kg, caused a dose-related rise in
HV A 30 min after injection (Table 2), while DOPAC
levels were lowered at a dose of 50 mg/kg, the dose
of 100 mg/kg apparently being ineffective {Table 2).
The time course of the effect of PMM was analysed
using 100 mg/kg PMM (Table 3). HVA levels were
significantly raised 15, 30 and 60 min after drug
administration but significantly lowered 2 hr after
treatment.

Striatal DOPAC was elevated 15 min after PMM,
at 30 min the values were back to the normal and at
60 and 120 min they were significantly lowered.

In vitro effects of PMM on binding of [*H] spiro-
periodol to striatal dopaminergic receptors
The effects of PMM in reducing motility and body

temperature and increasing HVA levels might be
explained as direct antagonistic action at the DA
receptor. Therefore the drug’s ability to displace *H-
spiroperidol from its binding sites was investigated.
We tested the two N-demethylated bioproducts of
PMM, TMM and TriMM (Fig. 1), known to be
present in large amounts in mouse brain and in CSF
of patients treated with the drug [12, 13]. N-methylol
is not a metabolite of PMM, as it is an intermediate
formed in the N-demethylation of HMM to PMM
[14], but we tested it because no other methylol likely
to be formed during the oxidative N-demethylation
of PMM (e.g. N-methyloltetramethylmelamine) has
ever been synthesized.

Figure 4 shows that PMM and its derivatives
TMM, TriMM and N-methylol did not displace [°H]
spiroperidol binding to mouse striatal membrane
preparation compared to haloperidol. Even at high
concentrations (1074, 1675 M) PMM and its deriva-
tives did not affect DA receptors in vitro.

Effect of PMM on dopamine metabolites in striata
and hypothalamus of mice kept at 37°

A reduction in body temperature could as a com-
pensation induce activation of central dopaminergic
mechanisms [15, 16]. In order to explore whether
the changes in striatal HVA and DOPAC levels were
caused by the loss of thermoregulation induced by
PMM, we performed an experiment in which the loss

Table 2. Dose-response effect of PMM on striatal dopamine metabolites

Controls PMM 50 mg/kg PMM 100 mg/kg PMM 200 mg/kg
HVA (ng/g) 856 = 24 852 =35 918 + 39* 1212 + 72*
DOPAC (ng/g) 612 = 21 469 + 30 569 = 22 1209 + 103*

PMM was injected at doses of 50, 100 and 200 mg/kg i.p. and animals were killed by decapitation
30 min later. Data are the mean = S.E. of six determinations.
Statistical significance was analyzed by a modification of Duncan’s new multiple test [24] using

a SPBS computer program [25].
* P < 0.01 vs controls.
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Table 3. Time course of the effect of PMM on striatal dopamine metabolites

Controls 15 min 30 min 60 min 120 min 240 min
HVA (ng/g) 1061 * 14 1287 + 86* 1347 = 64* 1249 = 50* 823 = 41*+ 1128 + 65
DOPAC (ng/g) 798 = 44 963 + 70* 840 = 45 551 + 49*%% 502 + 42%+ 704 + 49

PMM was injected at a dose of 100 mg/kg i.p. and animals were killed by decapitation 15, 30, 60 and 120 min later.

Data are the mean = S_E. of six determinations.

Statistical significance was analysed by a modification of Duncan’s new multiple test {24] using a SPBS computer

program [25].
* P < 0.01 vs controls and 240 min.
+ P <0.01 vs 15 min.
+ P < 0.01 vs other times.

of body temperature was compensated by keeping
the mice at a temperature of 37°. Animals were
divided into 3 groups, two of which were kept in a
hot room at 37 = 1° for 1 hr before drug or vehicle
administration, and throughout the experiment, and
the third group was kept at room temperature and
received vehicle only (Table 4). No loss in body
temperature was found in PMM treated mice kept
at37 *+ 1°at any time considered. HVA and DOPAC
were determined in striata and in hypothalamus, a
brain area considered important in thermoregulation
[15.16]. In both areas 30 min after 100 mg/kg of
PMM, HVA levels were raised (Table 4). This was
similar to the effect observed in animals treated with
PMM and kept at room temperature. The exposure
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Fig. 4. Displacement of [*H] spiroperidol binding by PMM

or its metabolites. % of inhibition of stereospecific [*H]

spiroperidol (0.25 nM) binding to mice striatal membranes
by PMM, TMM, TriMM, N-methylol and haloperidol.

of mice to a temperature of 37° did not modify basal
HVA and DOPAC levels (Table 4).

DISCUSSION

Hexamethylmelamine is used clinically for the
treatment of ovarian cancer [17]. Because of its
gastrointestinal toxicity and its variable absorption
[18], a more water-soluble, i.v. injectable analog
is needed. Its N-demethylated metabolite PMM is
soluble in physiological solvents and equally active
on some experimental tumours and was given by i.v.
injection in phase I trials. Unfortunately, in some
patients it induced marked neurological side effects
[3-7]. The distribution curve of HMM and PMM
showed higher concentrations of PMM and metab-
olites in brain [12] and CSF [13] after PMM than
after HMM. This might justify the hypothesis that
PMM and its metabolites play an important role in
the neurological side effects of this drug [3-7].

High doses of PMM (i.p.) corresponding to those
effective in the treatment of murine tumours (LDsy
200-220 mg/kg i.p.) {1, 12] induce hypomotility in
mice as a sign of neurological toxicity. The reduction
in motility was behaviourally tested in mice by par-
allel wires, cross limb, stick with string and rotarod.
The results, not reported here, indicated a severe
reduction in motility 15 and 30 min after PMM in all
the behavioural tests used with the exception of cross
limb. The rotarod test was selected rather than the
others because it provides a more specific assessment
of the hypomotility related to muscle relaxation [19].
In the present study we also quantified the effect of
PMM on body temperature. The muscular impair-
ment of hypothermia was dose-dependent and lasted
over one hour.

The effect of PMM was also investigated on brain
monoamines. SHT and its main metabolite SHIAA
were not modified by PMM treatment in the hip-
pocampus or other brain areas. Brain catechol-
amines, however, showed marked changes. PMM
reduced NA in the telencephalon and raised MHPG:
HVA and DOPAC in the striatum were markedly
affected by PMM, with elevation at earlier times
(30 min) followed by a drop at 2 hr. This effect ended
4 hr after PMM administration. DA and 3MT, a
metabolite which reflects release of DA in the syn-
aptic cleft [20~22] were not modified by PMM.
Therefore, intraneuronal synthesis of DA appears
to be enhanced as a result of PMM administration.
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Table 4. Effect of PMM on dopamine metabolites in striata and hypothalamus of mice kept at
+37°
Controls Control PMM PMM
room temp. 37° 37° room temp.
Striata HVA 106246  1020+30 134520 1342 = 36
A
Hypothalamus 233 £13 244 * 16 332 £ 27% n.d.
P (ng/g)
PMM was administered at a dose of 100 mg/kg i.p. to mice kept at 37 + 1° and at room
temperature.
Animals were killed by decapitation 30 min thereafter. Control groups were kept at room
temperature and at 37 + 1°
Statistical significance was analysed by a modification of Duncan’s new multiple test [24] using
an SPBS computer program [25].
* P < 0.01 vs controls.
A direct effect of PMM on the inactivation or on tamethylmelamine. Cancer Therapy Evaluation

the active transport of acidic metabolites across the
blood-brain barrier can be excluded by the fact that
the acidic metabolites of DA, NA and 5HT were
differently affected by PMM; SHIAA was not
modified, MHPG increased, HVA and DOPAC
were either raised or reduced. In the case of a direct
effect of PMM on these mechanisms the modi-
fications could be expected all to be similar.

Since DA metabolism was most affected by PMM,
we examined the possibility of direct action of PMM
on DA receptor activity. Neither PMM nor its N-
dimethylated metabolites act directly on the dopa-
minergic system since they are inactive on dopamine
postsynaptic receptors, judging by the fact that *H-
spiroperidol binding to striatal membranes was not
affected even at high concentrations of the tested
compounds. Therefore a direct effect of PMM on
DA receptors can be excluded, at least as regards in
vitro studies. The effect of PMM on the dopa-
minergic system was not caused by hypothermia,
since it persisted even when the fall in body tem-
perature was prevented by keeping the mice at 37°.

Neurological side effects present in patients were
generally Parkinson-like symptoms such as ataxia
and tremors [3-7, 23] typically related to dysfunction
of the extrapyramidal system. The biochemical effect
of PMM in mice, associated with changes in the
metabolism and/or release of brain catecholamines,
could help explain the central side-effects of PMM
in patients. If this is a major mechanism it should be
possible to counteract the side effects of PMM by
using appropriate drugs with opposite action on the
catacholaminergic system.
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