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1 Methylamine and chloroquine both ‘lysosomotropic’ agents (i.e. agents which sequester in
lysosomes) caused a dose-related inhibition of mitogen-induced lymphocyte activation in the
concentrations which have previously been shown to increase the pH of lysosomes.

2 The dose-response curves of inhibition of mitogen-induced lymphocyte activation for chloro-
quine and methylamine are very steep and are similar to the dose-response curves obtained with
dimaprit and nordimaprit, but very different from the flat dose-response curves previously described
for histamine. Approximate ICso values were methylamine 6.4 mM, dimaprit 0.13 mM, nordimaprit

0.03 mM and chloroquine 18 uM.

3 Itis suggested that the mechanism of action of methylamine and chloroquine may be related to
their lysosomotropic action and consequent interference with ligand-receptor processing, and that
dimaprit and nordimaprit but not histamine may act by a similar mechanism.

Introduction

Several drugs are known to inhibit mitogen-induced
lymphocyte activation. These include the autacoid,
histamine, (Wang & Zweiman, 1978; Beets & Dale,
1979) histamine analogues (Vickers et al., 1980;
Gordon et al., 1981) and chloroquine and its congen-
ers (Hurvitz & Hirschhorn, 1965; Trist & Weath-
erall, 1981). It has been suggested that histamine
produces its effects by an action on an H,-receptor
(Wang & Zweiman, 1978), though adequate phar-
macological evidence for this is difficult to obtain
(Beets & Dale, 1979). The picture is complicated by
the fact that though dimaprit, an H,-receptor agonist,
causes marked inhibition, this action is not affected
by H,-receptor antagonists. Furthermore, nordimap-
rit, a chemical congener of dimaprit with virtually no
H,-receptor agonist activity on other tissues (see
Ganellin, 1982), is even more effective as an agonist
than dimaprit in inhibiting lymphocyte activation
(Vickers et al., 1980; Gordon et al., 1981). The
mechanism of action of these agents is at present a
mystery.

It has been pointed out that the action of dimaprit
resembles, in some respects, the action of chloro-
quine (Gordon et al., 1981). Chloroquine and
mepacrine, like dimaprit, have very steep dose-
response curves and are able to produce total inhibi-

tion of activation (Trist & Weatherall, 1981). Possi-
ble mechanisms of action suggested for chloroquine
and/or mepacrine include inhibition of glycolysis
(Frazer & Kermack, 1957), of phospholipase A,
(Vigo et al., 1980), of RNA and DNA polymerase
(O’Brien et al., 1966), and of ATP-requiring mem-
brane pumps (Trist, 1979). One of the cellular effects
of chloroquine which may well be involved in its
inhibitory action on lymphocyte activation and which
has not been emphasized is its ‘lysosomotropic’ prop-
erty, i.e. its propensity to sequester in lysosomes (de
Duve et al., 1974), and to increase lysosomal pH
(Ohkuma & Poole, 1978) which would interfere with
the action of the acid hydrolases. Indeed, chloro-
quine and other lysosomotropic amines have been
shown to inhibit the mitogenesis of fibroblasts in-
duced by epidermal growth factor (King et al., 1980).
It is possible that degradation of the internalized
ligand-receptor complex by the acid hydrolases in the
lysosomes may be an essential step in the transduc-
tion mechanism of the mitogenic response to a ligand
(Das, 1980). If this is so, then other simpler amines
should be equally effective in inhibiting lymphocyte
activation. Methylamine, for example, is extremely
effective in increasing lysosomal pH - a concentra-
tion of 10 mM producing in macrophage lysosomes,
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an increase from pH 4.7 to approximately 6.2 (Ohku-
ma & Poole, 1978). It has also been shown to inhibit
the intracellular proteolytic processing of complexes
of receptor and epidermal growth factor in cultured
Swiss mouse 3T3 cells (Michael et al., 1980).

We describe the effect of methylamine on
mitogenic lymphocyte transformation along with
comparisons with the effect of dimaprit, nordimaprit,
chloroquine and histamine, and data on the relative
toxicity of these agents. We suggest that the results
obtained with methylamine may provide a clue to a
possible mechanism of action of dimaprit and nor-
dimaprit, which differentiates their action from that
of histamine.

Methods
Preparation of lymphocytes

Blood, 40—100 ml, was withdrawn from the antecub-
ital vein of human volunteers and mixed immediately
with 1/10 of its volume of sterile 0.1M EDTA
(ethylenediaminetetraacetic acid) and diluted with
three volumes of sterile 0.9% w/v NaCl solution
(normal saline). The cell suspension was then partial-
ly separated by centrifugation at 2000 g and 24°C for
30 min over a mixture of 24 parts of 9% Ficoll to 10
parts of 34% Isopaque 440 adjusted to a specific
gravity of 1.078. The blood mononuclear cells were
then collected from the buffy layer, washed three
times in Hank’s balanced salt solution and resus-
pended in 5 ml tissue culture medium, RPMI 1640. A
100 pl aliquot was diluted 1/10 in 0.4% Trypan blue
and the cells counted in a Neubauer chamber. The
remainder of the suspension was diluted in
RPMI 1640 to a final concentration of 2.5 x 10%
cellsml~1.

The viability of the final lymphocyte suspension
was always better than 95% as assessed by Trypan
blue exclusion.

Lymphocyte cultures

The culture plates (Nunc, Denmark) were set up as
described by Beets & Dale (1979) each well receiving
200 ul of lymphocyte suspension (500,000 cells) and
10 ul aliquots of mitogen (either Concanavalin A or
phytohaemagglutinin) and of drug in varying con-
centrations, made up in RPMI 1640; control wells
received 10 pl aliquots of the suspension medium so
that all wells contained equal final volumes of mix-
ture. The distribution of the treatments in the plate
was a partial Latin Square design.

After gassing as described by Beets & Dale (1979)
the cultures were incubated for 48h at 37°C in a
humidified 92% air, 8% CO, atmosphere and then

withdrawn for the addition to each well of 0.5 uCi of
[*H]-thymidine in 10 pl of sterile saline. The incuba-
tion chamber was re-gassed and incubated for a
further 18 h.

Harvesting of tritiated lymphocytes

Harvesting was as described by Beets & Dale (1979)
except that for the first wash, Hank’s balanced salt
solution was used at 4°C and the plates were cen-
trifuged at 300g. The plates were centrifuged at
350 g and 4°C after subsequent washings with 5%
trichloroacetic acid and then methanol. The results
were expressed as percentage inhibition using the
following formula:

(drug-treated,
(mitogen-stimulated — mitogen-stimulated,
control samples) test samples)

100
(mitogen-stimulated control samples) x

Mortality assessment by >!Cr assay

Three eighths of the undiluted lymphocyte suspen-
sion from each experiment was used for this assay. It
was diluted to contain 107 cells per ml of medium to
which had been added *'Cr-labelled sodium chro-
mate at a concentration giving 5 uCi per 109 cells.
This mixture was then incubated at 37°C for one hour
with gentle shaking every 15 min to resuspend the
cells. After incubation the suspension was washed
four times with Hank’s balanced salt solution, resus-
pended in RPMI 1640 and the cells counted again in
Trypan blue, to determine viability. Low viability
suspensions were discarded. The suspension was di-
luted in RPMI 1640 to give 2.5 x 10 cellsml~! and
200 ul aliquots were distributed among the wells of a
micro-test plate and the treatments, as described
above, were applied in similar Latin Square design to
that used for the accompanying lymphocyte culture
plate except that only three replicates were used, as
opposed to the four to six used for assessment of
thymidine uptake. The 5!Cr-labelled lymphocytes
were incubated in the same way as for the thymidine-
uptake assay — the incubation was interrupted at 48 h
as if for the addition of thymidine but the incubation
chamber was merely re-gassed.

For harvesting, the plates were centrifuged at
300 g for 10 min at 24°C and 110 pl of each supernat-
ant (one half of the total volume added) was removed
from each well and placed in counting tubes. The
cells in the control wells were lysed with equal vol-
umes of 10% Triton X100 for estimation of total >'Cr
added, and 110 ul (one quarter of the total volume)
transferred to counting tubes. Each counting tube
was then topped with wax for safety and the radioac-
tivity measured in a gamma-counter (Packard 5210).



The results were expressed as percentage cell mor-
tality by multiplying by 100 the ratio of the difference
between the mean counts for drug-treated and un-
treated mitogen-stimulated cells to the difference
between the mean counts for total 5!Cr added and
mitogen-stimulated cells; i.e.,

(drug-treated, — (untreated,
mitogen-stimulated) stimulated) % 100
(total added) — (untreated, stimulated)

Drugs

Concanavalin A (Con A), methylamine and chloro-
quine were obtained from Sigma U.K. and
phytohaemagglutinin (PHA) from Wellcome Reag-
ents Ltd. Dimaprit and nordimaprit were generously
donated by Smith, Kline & French Ltd. All drug
solutions were filtered using 0.22 um Millipore
filters.

Reagents

RPMI 1640 culture medium containing 40 mM L-
glutamine and buffered with 25 mM HEPES (N-2
hydroxyethylpiperazine-N’-2 ethane sulphonic acid)
was obtained from Gibco. This was supplemented
with ampicillin, 200 pg ml~! (Beechams), streptomy-
cin  sulphate, 400pgml~', benzylpenicillin,
240 pgml~! (Glaxo), and 10% heat decom-
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plemented foetal calf serum (Gibco). 5!Cr was ob-
tained as [*!Cr]-Na,CrO, (100-350Ciug™") from
Amersham International Ltd.

Results

In  experiments on lymphocyte activation
methylamine was tested against three different doses
of ConA, 5, 10 and 20pugml~!. In all cases
methylamine produced a dose-related inhibition of
lymphocyte activation though there was some degree
of variation in sensitivity between subjects. The full
results are given in Table 1. The pooled results of the
7 experiments in which Con A 10 ugml~! and all 4
doses of methylamine were used, are plotted in Fig-
ure 1 for comparison with results with other in-
hibitors. The ICso was 6.4 mM. The inhibition of
activation was only partly due to a toxic effect of
methylamine as is shown by 3!Cr release experiments
(Table 2) which were carried out concomitantly with
some of the experiments indicated in Table 1. The
figures for percentage inhibition produced by 20 mm
methylamine were 95.2, 99.3, 98.7 and 98.9. The
concomitant figures for mortality as shown by 3'Cr
release were 41.8%, 37.5%, 39.7% and 21.9%,
respectively, with a mean of 35+9%.

The results obtained with dimaprit and nordimap-
rit were in line with those previously found and were
not very different for 3 different concentrations of

Table1 The effect of methylamine on Concanavalin A (Con A) induced lymphocyte activation (% inhibition)

Methylamine (mm)

ConA 2 10 20
Spugml~! — 49.0t4.7 — 88.3+1.7
0 50.2+4.6 95.2+0.5t
32.9+3.7 79.2+1.7 92.3%0.5 97.7+0.6
0 65.1+4.6 95.5+0.3
28.4+2.5 63.8+6.6 93.1+1.1 99.3+0.1%
— 63.4+7.3 87.6+1.0 98.9+0.2
10 ugml~? — 35.1+£7.7 — 91.3%+2.0
0 322t4.4 75.3+4.7 99.0+0.2
0 30.9+6.7 86.710.3 98.8+0.2
5.814.7 70.5t4.2 90.1+0.7 98.4+0.4
0 53.2+4.3 92.4+2.6
12.0£5.3 45.2+7.7 90.3+0.9 98.7+0.2*
0 40.7+6.7 82.9+2.1 98.3+0.2
20 pgml~? 23.3+10.0 31.1+9.8 77.7+2.9 97.9%+0.3
12.0+4.5 71.1+£1.5 92.4+0.8 98.9+0.1
0 25.6+10.2 89.1+2.6
43+4.0 47.7+42 90.9+2.4 98.9+0.3**
— 27.219.3 82.4+2.1 98.3+0.5

The figures given are the mean * s.e.mean of four replicates. For meaning of symbols, see Table 2.
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Figure 1 The effect of drugs as inhibitors of mitogen-stimulated [*H]-thymidine incorporation into human
lymphocytes. Methylamine with Concanavalin A (Con A) (® — @); chloroquine with phytohaemagglutinin
(PHA) (A ——A); nordimaprit with Con A (——®); dimaprit with Con A (O——0O); dimaprit with PHA
(O——0). Results from other work are given for comparison: Chloroquine with PHA (A----- A from Trist &
Weatherall, 1981); dimaprit with PHA (O----- O from Gordon etal., 1981); histamine with PHA (V —.~.-V from
Vickers et al., 1980). The shaded areas show the variation between experiments as indicated by standard errors

(given by vertical bars) at each concentration of methylamine (n = 7) and chloroquine (n = 8).

Con A -5,10and 20 pg m1~!. When 20 pg Con A was
used to stimulate the lymphocytes the figures for
percentage inhibition with dimaprit, used in concent-
rations of 0.03, 0.1, 0.3 and 1 mM were 0, 36, 99 and
100, respectively (Figure 1), with an ICso0f 0.13 mM,
and the concomitant percentage mortality as meas-
ured by 5!Cr release was 0, 0, 44.6+1.2 and
55.7%7.2. The average figures for percentage inhibi-
tion with nordimaprit used in the same concentra-
tions with 5pugml~! Con A were 52, 100, 100 and
100 (Figure 1) with an ICsp of 0.03 mM and the mean
figures for percentage mortality with the same 4
concentrations of nordimaprit in 2 experiments were
10.2, 35.4,56.1 and 71.2, respectively. Thus, as with
methylamine, the lowest concentrations of dimaprit
and nordimaprit which resulted in 99-100% inhibi-
tion also caused about 35% mortality, as measured
by 3!Cr release.

When PHA was used as the mitogen in a 1 in 6
dilution, the figures for mean percentage inhibition
from 2 experiments with dimaprit in concentrations
0f0.03, 0.1, 0.3 and 1 mM were 1.5,29, 100 and 100,
respectively (Figure 1) with an ICso of 0.14 mM.

The figure for mean percentage inhibition in 8
experiments with chloroquine used in concentrations
of 2, 5, 10, 20 and 40 uM with PHA diluted 1 in 6
were 0, 9.3, 23, 55 and 98, respectively (Figure 1)
with an ICs of 18 puMm.

Discussion

The present results show that methylamine is ex-
tremely effective in inhibiting lymphocyte activation
in the concentrations previously shown to increase
lysosomal pH (Ohkuma & Poole, 1978), to inhibit

Table2 Percentage mortality of mitogenically-stimulated lymphocytes as measured by 5'Cr release

Methylamine (mMm)
ConA 2 5 10 20
5ugmil~! — 7.0+0.5 13.9+1.0 41.8+5%
22+1.3 8.9+0.8 21.6%0.5 37.5+2.3%
10 ugmil~! 42+15 10.1+3.0 31.1+1.0 39.7+2.1*
20 ugmi~! 0 0 18.4+3.4 21.9+4.5**

The figures were obtained on the cells used in 4 of the experiments recorded in Table 1 and indicated by the following

symbols: 1, 1, *, **.



fibroblast proliferation (King et al., 1981), and to
inhibit the intracellular processing of ligand-receptor
complexes (Michael et al., 1980). Because of its
simple structure it is exceedingly unlikely that
methylamine could affect DNA or RNA polymerase
by intercalation in the DNA, as has been suggested
for chloroquine, and it is not known to affect phos-
pholipase A; or glycolysis. The most likely mechan-
ism of action is related to its lysosomotropic effect.
The unionized moiety crosses into the lysosomes,
becomes protonated and is thus sequestered. As
shown by Ohkuma & Poole (1978) this process re-
sults in an increase of pH to values outside the
optimal range of the acid hydrolases and may thus
interfere with lysosomal function. It has been prop-
osed that continuous degradation or limited proces-
sing of ligand-receptor complexes by lysosomal en-
zymes is required to stimulate cell growth, one
hypothesis being that this results in the production of
a necessary intracellular messenger (Das, 1980; King
etal., 1980). It is also possible that general lysosomal
activity is essential for the lymphocyte to reprocess its
constituents during activation and that inhibition of
the acid hydrolases prevents this. Certainly there is
an increase in the number of lysosomes during trans-
formation (Allison & Mallucci, 1964; Hirschhorn et
al., 1967) and it has been shown that lysosomotropic
amines inhibit protein degradation (Seglen & Gor-
don, 1980) which could be necessary for transforma-
tion.

Chloroquine could inhibit lymphocyte activation
by a similar mechanism or by any of the other
mechanisms described in the Introduction, while the
mechanism of action of dimaprit and nordimaprit is
essentially unknown. A comparison of the dose-
response curves for chloroquine, methylamine, di-
maprit and nordimaprit with that previously found
for histamine (Figure 1) strongly suggests that his-
tamine is likely to act by a different mechanism from
the other agents. There is a striking similarity in the
dose-response curves of the other four drugs and in
contrast to histamine, all four can produce total
inhibition of lymphocyte activation regardless of
mitogenic stimulus. The dose-response curve for his-
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