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Abstract—Imipramine, desipramine, citalopram and chlorpromazine in concentrations which corres-
ponded with their concentration in the central nervous system of rats after pharmacological doses,
potentiated phospholipid methylation in the synaptic cortical membranes of naive rats in-vitro. Chronic
administration of imipramine, desipramine or citalopram induced changes in the activity of phospholipid
methyltransferases since none of these drugs stimulated phospholipid methylation in the synaptic cortical
membranes of rats treated with these antidepressants for two weeks. In contrast, chronic treatment with
chlorpromazine did not change the sensitivity of phospholipid methyltransferases to the stimulating effect
of chlorpromazine, whereas addition of haloperidol to the synaptic cortical membranes of rats treated
chronically with haloperidol led to a decrease of phospholipid methylation.

Phospholipid methylation and rapid vectorial rearrange-
ment of the synthesized phospholipids within the membrane
has been shown to affect the membrane fluidity (Hirata &
Axelrod 1978). Since many membrane-bound enzymes and
receptors have subunits which interact with the membrane,
changes in the fluidity of membranes can affect the activity of
enzymes or receptors by altering rotation, diffusion and
association of various subunits. For example, it was found
that conversion of phosphatidylethanolamine (PE) to phos-
phatidylcholine (PC) in the rat reticulocyte ghosts regulates
the activity of f-adrenoceptors (Strittmatter et al 1979) and
adenyl cyclase (Hirata & Axelrod 1980). There is also
evidence for the coupling between dopaminergic receptors
and phospholipid methylation in the mouse B lymphocytes
(Le Fur et al 1981), for the phospholipid methylation and
{*H]diazepam and [PH]JGABA binding in membrane prepa-
rations of the rat cerebellum (Di Perri et al 1983), and for the
phospholipid methylation and Ca?* influx and histamine
release in rat mast cells (Ishizaka et al 1980). Therefore
phospholipid methylation is partially involved in the mecha-
nism by which biochemical signals are transmitted through
membranes (for review see Hirata & Axelrod 1980).

It has been shown that some amphiphilic drugs, such as
imipramine or chlorpromazine, bind non-specifically to
biological membranes (Bickel & Steele 1974), and that
administration of tricyclic antidepressants in a high single
dose, or prolonged exposure to these drugs leads to phospho-
lipid accumulation in cells of an intact organism of various
species (Lillmann-Rausch 1979). Moreover, Honegger et al
(1983) demonstrated a lysosomotropic action of desipramine
in cultured human fibroblasts. It was also found that single
doses of desipramine potentiate phospholipid methylation in
the rat cerebral cortex (Racagni et al 1983). All these data
suggest that tricyclic antidepressants induce phospholipido-
sis within membranes, this phenomenon being possibly
connected—at least partially—with the well known adaptive
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changes of membrane receptors and membrane enzymes,
produced by these drugs (for review see Brunello et al 1987).

The present work was aimed at assessing the effect of some
antidepressant and neuroleptic agents on phospholipid
methylation in in-vitro and ex-vivo experiments in the
synaptic membranes of the rat cerebral cortex. The cerebral
cortex was chosen for the experiments because most of the
binding studies and the studies of the second messenger
systems after administration of antidepressant drugs have
been performed in this brain area.

Materials and Methods

Experiments were carried out on male Wistar rats, 190-200 g,
which had free access to tap water and standard laboratory
diet (Bacutil).

The drugs used were imipramine hydrochloride (IMI)
(Polfa, Starogard), desipramine hydrochloride (DMI)
(Serva, Heidelberg), citalopram hydrobromide (CIT) (Lund-
beck, Copenhagen), chlorpromazine hydrochloride (CPZ)
(Polfa, Starogard) and haloperidol hydrochloride (HAL)
(Gedeon-Richter, Budapest).

In-vitro experiment

The animals were decapitated, the cortex was isolated and a
synaptosomal fraction was prepared by the method of Hajos
(1975). The total phospholipid (PL) methylation (phospha-
tidyl-N-methylethanolamine + phosphatidyl-N, N-dimethy-
lethanolamine + phosphatidylcholine) in the cortical
synaptosomal fraction was assayed by the method of Crews
et al (1980). Briefly, 100 uL of synaptosomes suspended in a
Tris-HCI buffer, pH 7-4 containing 0-2-0-4 mg protein L~!
(Lowry et al 1951), was incubated with S-adenosyl-L-
[’H]methylmethionine (0-4 4Ci), Amersham UK spec. act. 15
Ci mmol~!,2mM MgCl,, 5 ymIMI or 5 ym DMI or 5 um CIT
or 10 um CPZ or 10 um HAL and Tris-HCI buffer, pH 7-4.
The concentrations of antidepressants or neuroleptics added
to the incubation mixtures corresponded to the mean
cerebral concentrations of those drugs after their administra-
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tion in pharmacological doses to rats. The reaction mixture
was prepared at 4°C. The incubation was performed at 37°C
for 30 min. The reaction was stopped by the addition of 20%
aqueous solution of disodium trichloroacetate, and the
samples were centrifuged at 27000 g. The methylated
phospholipids were extracted with 3 mL of chloroform-
methanol (2: 1, v/v), the chloroform phase was washed twice
with 0-1 M KCl in 50% methanol and the chloroform was
evaporated under a stream of nitrogen. Three mL of a
scintillation fluid was added to the vial and the radioactivity
was measured in a Beckman LS-3801 scintillation counter at
40% efficiency.

Ex-vivo experiment
The animals were treated with single or multiple doses of
IMI, DMI or CIT (10 mg kg~! i.p. or 14x 10 mg kg~' i.p,,
respectively), or with single or multiple doses of CPZ (2 mg
kg~ 'i.p.or 14 x2mgkg~'i.p.) or HAL (0-1 mg kg~'i.p. or
14 x 0-1 mg kg~' i.p.). The rats were decapitated 24 h after
administration of the respective drug (the chronically treated
animals were killed 24 h after the last dose), the cerebral
cortex was excised and the total PL methylation in the
synaptosomes was assayed as described above.

The results were evaluated using an analysis of variance
followed by Dunnet’s test.

Results

When added to the incubation mixture in a concentration of
5 uMm, IMI DMI or CIT potentiated incorporation of
[*H]methyl into the cortical membrane of naive rats. A
similar effect was produced by 10 um CPZ, whereas HAL
when added to the incubation mixture in a concentration of
10 uMm did not change the basal activity of the system (Fig. 1).

Single doses of IMI, DMI, CIT, CPZ or HAL neither
changed the basal activity of PL-methyltransferases in the
synaptic cortical membranes of rats nor affected the sensiti-
vity of those enzymes to the stimulating effect of IMI, DMI,
CIT or CPZ, respectively (Figs 2, 3).

Repeated stress connected with chronic i.p. injection of
water neither affected the activity of PL-methyltransferases
in the synaptic cortical membranes of rats nor changed the
response of the system to the stimulating effect of IMI, DMI,
CIT or CPZ (Fig. 4).
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FIiG. 1. The effect (left to right) of control (5442-63 +247-66 dpm
mg~! protein) imipramine (5 uM), desipramine (5 uM) citalopram
(5 uM), chlorpromazine (10 uM) or haloperidol (10 uM) on phospholi-
pid methylation in the synaptic cortical membranes of naive rats.
n=7-9. a—statistically significant when compared with the control.
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FIG. 2. The effect of a single dose (1 x 10 mg kg~'i.p.) of imipramine,
desipramine or citalopram on phospholipid methylation in the
synaptic cortical membranes of rats, in the presence of imipramine,
desipramine or citalopram. Rats were killed 24 h after administra-
tion of antidepressant. Left to right: control (4989-05+321-98 dpm
mg~! protein), imipramine (1 x 10 mg kg~! i.p.) imipramine (1 x 10
mgkg~'i.p.)+imipramine (5 uM), desipramine (1 x [0 mgkg~'i.p.)
desipramine (1 x 10 mg kg~ ! 1.p.)+ desipramine (5 uM), citalopram
(1 x 10 mg kg~ i.p.), citalopram (1 x 10 mg kg~ i.p.) +citalopram
(5 uMm). n=7-9. a—statistically significant when compared with the
control; b—statistically significant when compared with group
treated with the corresponding antidepressant.
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FiG. 3. The effect of a single dose of chlorpromazine (2 mg kg~ ' i.p.)
or haloperidol (0-1 mg kg ~'i.p.) on phospholipid methylation in the
synaptic cortical membranes of rats, in the presence of chlorproma-
zine or haloperidol. The rats were killed 24 h after administration of
chlorpromazine or haloperidol. Left to right: control (4398-90+
354-12 dpm mg~! protein), chlorpromazine (1 x2 mg kg~' i.p.)
chlorpromazine (1 x2 mg kg~! i.p.)+chlorpromazine (10 uM)
haloperidol (1 x0-1 mg kg~! i.p.), haloperido! (I x0-1 mg kg~

i.p.)+ haloperidol (10 uM). n=5-7. a—statistically significant when
compared with the control; b—statistically significant when com-
pared with the group treated with the corresponding neuroleptic.
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FiG. 4. The effect of repeated stress (two-week intraperitoneal
injection of water) on phospholipid methylation in the synaptic
cortical membranes of rats, in the presence of imipramine, desipra-
mine, citalopram, chlorpromazine and haloperidol. The rats were
killed 24 h after the last injection of water. Left to right: control,
naive rats (5078-89+456:11 dpm mg~! protein), 14 x H0,
14 x H;O+ imipramine (5 uM), 14 x H,O +desipramine (5 uM),
14 x HyO +citalopram (5 uM), 14 x H.O +chlorpromazine (10 um),
14 x H,O + haloperidol (10 um). n=35-7. a—statistically significant
when compared with the control; b— statistically significant when
compared with the group treated with H»O for two weeks.
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Fic. 5. The effect of prolonged administration of imipramine,
desipramine or citalopram (14 x 10 mg kg~! i.p.) on phospholipid
methylation in the synaptic cortical membranes of rats, in the

resence of imipramine, desipramine or citalopram. The rats were
killed 24 h after the last dose of antidepressant. Left to right: control
(14 x H;0) (5355-72+439-99 dpm mg~' protein), imipramine
(14 x 10 mg kg~ i.p.), imipramine (14 x 10 mg kg~' i.p.)+imipra-
mine (5 uM), desipramine (14x 10 mg kg~' i.p.), desipramine
(14 x 10 mg kg~ ! i.p.) + desipramine (5 uM), citalopram (14 x 10 mg
kg~ ! i.p.), citalopram (14 x 10 mg kg~! i.p.)+citalopram (5 um).
n= 7-9

Chronic administration of IMI, DMI or CIT (14 x 10 mg
kg~! i.p.) to rats led to a slight increase in the basal PL-
methyltransferase activity of animals treated chronically
with IMI, when compared with animals receiving water for
two weeks. However, addition of IMI, DMI or CIT in a
concentration of 5 um to incubation mixtures did not
potentiate the incorporation of [*H]methyl into the synaptic
cortical membranes of rats treated with the respective
antidepressants for two weeks (Fig. 5).

Chronic treatment of rats with CPZ (14 x 2-0mgkg~!i.p.)
or HAL (14 x 0-1 mg kg~'i.p.) did not induce any changes in
the basal activity of PL-methyltransferases. Addition of
HAL to the incubation mixture (10 uM) significantly inhi-
bited incorporation of [*H]methyl groups into the synaptic
cortical membranes of rats treated chronically with HAL.
CPZ (10 um) potentiated the reaction in the synaptic cortical
membranes of rats receiving CPZ for 14 days (Fig. 6).
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F1G. 6. The effect of prolonged administration of chlorpromazine
(14 x 2mg kg~ 'i.p.) or haloperidol (0-1 mgkg~!i.p.) on phospholi-
pid methylation in the synaptic cortical membranes of rats, in the
presence of chlorpromazine or haloperidol. The rats were killed 24 h
after the last dose of chlorpromazine or haloperidol. Left to right:
control (14 x H,0) (5123-85 +400-23 dpm mg ™! protein), chlorpro-
mazine (14 x 2 mg kg~ !i.p.), chlorpromazine (14 x 2mg kg~!i.p.)+
chlorpromazine (10 um), haloperidol (14 x 0-1 mg kg~! i.p.), halo-
peridol (14x0-1 mg kg~! ip.)+haloperidol (10 um). n=5-7.
a—statistically significant when compared with the control;
b—statistically significant when compared with the group treated
with the corresponding neuroleptic.

Discussion

In concentrations corresponding to those found in the rat
brain after pharmacological, single or multiple doses, all
drugs, except HAL, potentiated the PL-methylation in
cortical synaptic membranes in in-vitro experiments. This
effect seems to be partly independent of the chemical
structure of the agent used, as CIT a non-tricyclic drug,
induced a similar, though weaker effect, to IMI or DMI,
comparable in potency with the effect of CPZ.

Our results are consistent with those of Racagani et al
(1983), who found an increase in PL-methylation in rat
cortical membranes 1 h after administration of DMI at a
dose of 10 or 20 mg kg~'i.p. According to the phamacokine-
tic data, the concentration of DMI in the rat brain 1 h after its
administration at a dose of 10 mg kg~! i.p. was approxima-
tely 3—4 um (Hrdina & Dubas 1981), i.e. similar to the DMI
concentration used in our in-vitro experiments.

Potentiation of PL-methylation by drugs added externally
to the incubation mixture may be explained in the following
way. Molecules of amphiphilic drugs may interact with
membranes (Romer & Bickel 1979; Zimmer & Schulze 1981),
and may thus produce changes in the membrane organiza-
tion. IMI given to rats in a single dose or added to the
incubation mixture in a concentration equivalent to that
found in the rat brain after pharmacological doses of IM1
increased the fluidity of the cortical membranes of rats
(Melzacka et al 1988; Wesemann et al 1988). Also CPZ
induced changes in the fluidity of membranes isolated from
ox brain white matter and erythrocytes (Neal et al 1976;
Zimmer & Schulze 1981) and of artificial membranes (R6mer
& Bickel 1979). The increase in membrane fluidity poten-
tiates the turnover of enzymatic processes (Gavish & Werber
1979), as well as the rate of lateral encounters (Hanski et al
1979) which, in turn, may facilitate the methylation of
membrane PL.

The modulation of PL-methylation by altering the level of
the substrate (phosphatidylethanolamine—PE) by exter-
nally added IMI, DMI, CIT or CPZ cannot be excluded;
however the results of Honegger et al (1983), Liillmann-
Rausch (1979), Moor et al (1988) and Allan & Mitchell
(1975) indicate that only prolonged exposure of the tissues to
antidepressants and CPZ led to phospholipidosis in the
membranes.

The stress connected with repeating intraperitoneal injec-
tions seems not to affect the rate of the PL methylation in the
synaptic cortical membranes of rats. The responses of
animals treated with water for two weeks to the stimulating
effect of IMI, DMI, CIT and CPZ were similar to the
respective responses of the control rats.

A two-week treatment of rats with IMT, DMI or CIT
induced some changes in the sensitivity of PL-methyltrans-
ferases to the stimulating effect of the investigated anti-
depressants, since the 5 uM concentration of IMI, DMI or
CIT added externally to the incubation mixture did not
potentiate PL-methylation in the synaptic cortical mem-
branes of rats treated chronically with antidepressants. We
found previously (Melzacka et al 1988; Wesemann et al 1988)
that chronic treatment of rats with IMI led to the resistance
of the cortical membranes to the fluidizing effect of IMI. Tt
was also found that, in contrast to short time exposure, long-
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term treatment with IMI or DMI led to the accumulation of
PL and induced marked differences in the PL contents in
various tissue (Lillmann-Rausch 1979; Moor et al 1988).
Therefore, the chronic response of rats to the antidepressants
might be a decrease in the level of the substrate
(phosphatidylethanolamine—PE) and/or increase in the
level of the product (phosphatidylcholine—PC) in the cere-
bral cortices. These changes might not affect the basal
activity of PL-methyltransferases; however, they might
inhibit the stimulating effect of externally added antidepres-
sant. Therefore it is arguable that chronic treatment of rats
with IMI, DMI or CIT produces changes in the physical and/
or chemical properties of the membrane therefore different
from those induced by short-term exposure of membranes to
those agents. This membrane effect, produced by antidepres-
sants given chronically, may be a primary one—at least
partially—to the well-known adaptive changes in the mem-
brane receptors and enzymes induced by long-term treat-
ment with antidepressants (for review see Brunnelo et al
1987).

The effects of chronic CPZ and HAL differed from those
of IMI, DMI or CIT. CPZ given to rats for two weeks did not
change the sensitivity of PL-methyltransferases to the stimu-
lating effect of CPZ, whereas chronic HAL altered to some
extent PL-methyltransferases but differed from the effect
induced by chronic antidepressants. The addition of HAL to
synaptosomal membranes of rats treated chronically with
HAL evoked the inhibition of the PL-methylation in-vitro.

The difference between the effect of chronic CPZ and
chronic IMI or other antidepressants may be due, among
others to a diverse mechanism of their interaction with the
membrane. According to Romer & Bickel (1979) and
Zimmer & Schulze (1981), IMI binds near the surface of
liposomes only, whereas CPZ binds to the surface of the
membrane and also penetrates into the inner hydrocarbon
phase of the bilayer. Another explanation is that chronic
CPZ did not affect the PL turnover in the same way as did
prolonged administration of the antidepressant.

At the present it is difficult to explain the action of chronic
HAL on phospholipid methylation. According to Zimmer &
Schulze (1981), HAL, like CPZ, showed at low concentra-
tions an increase of the order at the surface of the membrane
(decrease of fluidity), while an increased fluidity of the
hydrophobic interior of the membrane was induced only by
CPZ and not by HAL. This could suggest some differences
between membrane effects of CPZ and HAL. Since no data
are available on the effect of HAL on PL turnover, some
additional experiments are reqired to clarify the event.

Aschronic CPZ and HAL exert contrary effects on the PL-
methylation in the synaptic cortical membranes of rats, it
seems that their action on the PL-methylation is not
connected with the antipsychotic effect of either compound.
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