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Abstract—The psychotomimetic drug PCP displays a vast array of known pharmacological effects,
among them its capacity to affect cation transport in nervous and myocardiac tissues. Since increased
movements of cations are essential for the immune responses, it has been mentioned that PCP could
also depress immune functions by this mechanism. In order to check this hypothesis, we have investigated
the effects of PCP and of many other structural derivatives on the blastogenic response of murine or
human T lymphocytes. We find that all the drugs block an early event of T lymphocyte activation and
prevent their further proliferation; conversely they do not affect primed lymphocytes. The compounds,
which do not inhibit interleukin-1 (IL-1) production in stimulated macrophages, lower interleukin-2
(IL-2) synthesis in activated T helper cells. This negative action appears to be related to the inhibition
of the rise of free cytosolic calcium concentration [Ca?*}; observed soon after the T receptor triggering
and which is an essential message for IL-2 production. The lymphocyte membrane depolarization
induced by the drugs could explain the blockade of the lectin-induced [Ca’*}; changes. The study of the
structure-activity relationship shows that the PCP analogs which possess a quasi-rigid conformational
structure express an inhibitory capacity of T lymphocyte proliferation higher than that of PCP (200
times for some products). Since these compounds interact poorly with the CNS tissues and have few
behavioral effects, we suggest that PCP exerts its negative action on lymphocytes on cell components
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different from its receptor(s) in the CNS.

Phencyclidine (PCP) is a psychotomimetic drug that
displays a vast array of pharmacological effects. Its
actions on central and peripheral nervous systems in
animals and in man are well documented [1-3] but
its effects on the immune response have been poorly
documented. A brief report has nevertheless men-
tioned that humoral and cellular responses were
depressed in lymphocytes treated in vitro by PCP
[4]. A study of the mechanism by which the drug
affects lymphocyte functions appears important since
administration or consumption of PCP may produce
a schizophrenia-like syndrome [5] and since in some
instances schizophrenia is considered as a CNS auto-
immune disease [6]. Moreover a PCP congener, keta-
mine, is often used in general anesthesia during
surgery and could influence postoperative infections,
if it possesses immunosuppressive properties.
Activation of T lymphocytes by specific antigens
(or mitogenic lectins) initiates a sequence of events
which begins with the binding of the mitogen and
culminates in DNA synthesis and cell proliferation.
It is well established that most of the events are
controlled by ion transport mechanisms and that
early increases of cation fluxes are necessary steps
for triggering further DNA synthesis [7-9]. Since

PCP is able to modify cation movements in other
tissues [10-12], it might influence lymphocyte
response through this mechanism.

We have investigated the effects of PCP and some
of its analogs on the blastogenic response of murine
or human T lymphocytes. We report here that PCP
and its congeners block an early step of lymphocyte
activation and prevent lectin-induced proliferation.
The inhibition efficiency depends on the molecular
conformation and on the nature of the substituents of
the products. We found that in fact these compounds
lowered interleukin-2 (IL-2) production, an essential
step in lymphocyte proliferation. This effect was
consequent to an inhibition of the rise of cytosolic
free calcium concentration ([Ca**}])), observed after
T receptor triggering, that was probably due to the
membrane depolarization induced by PCP and its
analogs.

MATERIALS AND METHODS

Materials. Lymphoprep was purchased from Euro-
bio, concanavalin A (Con A) from Pharmacia, phy-
tohemagglutinin (PHA), RPMI 1640 from GIBCO
fetal calf serum (FCS) from Boehringer, {6°H]-thy-
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midine ([*H]-dThd) from CEA, Quin 2 and Quin 2
acetoxymethylester (Quin-2-AM), phorbol myri-
state acetate (PMA), valinomycin and A23187 cal-
cium ionophore from Sigma, E. coli lipo-
polysaccharide (LPS) from DIFCO, 11°333434-
hexamethylindodicarbocyanine iodide (Dil-C-(5))
from Molecular Probes.

Chemistry, Ketamine hydrochloride was a gift of
Dr G. Trouiller, Vert-le-Petit, France. Compounds
GK, (TCP), GK,; (PCP), GK,, GK,, GK,, GKis,
GK47, GK;y; have been synthesized and their
physicochemical properties published [13, 14]. The
details of the synthesis and physicochemical prop-
erties of the new PCP derivatives will be published
elsewhere as well as the relationship between their
structures and their biological activities,

Cells. Human mononuclear cells (HMC) were
obtained by separation of blood cells from healthy
volunteer donors on lymphoprep [15]. Murine thy-
mocytes and splenocytes from Swiss mice were pre-
pared as previously {16]. The IL-2-dependent line of
murine cytotoxic T cells {CTLL) and the JURKAT
cell line were a generous gift from Dr Dupuy &’ Angeac
{INSERM U291, Montpellier).

DNA synthesis in mitogen stimulated lymphocytes.
[*H}-dThd incorporation was determined in lym-
phoid cells stimulated with different mitogens: 10 ug/
ml Con A or 5 ug/ml PHA for HMC, 2.5 ug/ml Con
A or 5 ug/ml PHA or 7 ng/mi PMA + 5 ug/ml PHA
or 7ng/m! PMA + 50ng/ml A23187 for murine
splenocytes, 2.5ug/ml Con A or 7ng/ml
PMA + 50 ng/ml A23187 or 7ng/ml PMA + 5 ug/
mi PHA for murine thymocytes, in the presence or
in the absence of drugs. Cells were distributed into
microtitration plates (200 ul per well) at2 x 10 cells/
ml RPMI 1640, 5% FCS, and incubated for 72 hr
(HMCQ) or 48 hr (murine cells) at 37°. 4 hr before
harvesting the cells 0.5-1 uCi [°H]-dThd was added
to each well and the [*H]-dThd incorporated into the
cells determined as previously reported [15].

Determination of interleukin-1 production in the
supernatants of murine macrophages stimulated by
LPS in the presence or absence of drugs. Macro-
phages obtained from peritoneal exudates of Swiss
mice were incubated in 2.5 ml plastic dishes for 6 hr
at 37° at 10 celis/ml RPMI 1640. The non-adherent
cells were then washed thrice with RPMI 1640 and
the adherent population supplemented with the initial
volume of RPMI 1640. These cells were then cultured
with or without 20 pg/mi LPS in the presence or
absence of the indicated concentrations of PCP ana-
logs at 37°. The supernatants were collected at 24 hr,
centrifuged and extensively dialysed. The IL-1
activity of each supernatant was assayed by the thy-
mocyte proliferation assay exactly as describedin [17].
The response of CBA mice thymocytes (107 cells/ml
RPMI 1640, 5% FCS, 50 uM mercaptoethanol) to
5 ug/ml PHA was studied as mentioned above in the
presence of dilutions 2, 4, 8 of the macrophage super-
natants [17].

Determination of IL-2 production in the super-
natants of Con A stimulated splenocytes or of
PMA + PHA stimulated JURKAT cells. Splenocytes
(2.5-3 X 10° celis/mi) were cultured for 24 hr at 37°
in RPMI 1640, 5% FCS, in the presence of Con A
{5 ug/ml) and different additives. The cells were then
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centrifuged, and supernatants were dialysed and
their IL-2 activity was measured in a bioassay with
a murine IL-2-dependent cytotoxic T cell line [9].

JURKAT cells (10° cells/ml RPMI 1640, 5% FCS)
were stimulated to produce IL-2 with 10 ug/ml
PHA + 7ng/ml PMA for 24 hr at 37° as described
in [9]. In some experiments drugs were present. The
IL-2 activity of the supernatants was determined
after dialysis.

At concentrations inhibiting lymphocyte blasto-
genesis, PCP or its analogs do not affect the response
of CTLL celis to exogeneous IL-2 (data not shown),
which established that IL-2 determination could not
be perturbated if drug traces remained in the cell
supernatants after dialysis.

Determination of [Ca**);. Experiments were per-
formed exactly as described in [18], in 10 mM Hepes
buffer, pH 7.5, 5.6 mM Na,HPQ,, 103 mM NaCl,
5.35mM KCl, 0.41 mM MgSO,, 0.42mM CaCl,,
11 mM glucose. Thymocytes (2 X 107 cells/ml) were
loaded with 40 gM Quin-2-AM and, after washing,
the fluorescence of the cellular suspension {107 cells/
ml) was determined {A,, 339 nm, 4., 492 nm) with a
Perkin-Elmer Hitachi spectrofluorimeter, before and
after addition of 5 ug/ml Con A. [Ca®*}; was cal-
culated following the method of Rink et al. [19]. In
some experiments the drugs, at indicated con-
centrations, were added to the cell suspension before
or after Con A,

Determination of membrane potentials. Membrane
potentials were determined with the fluorescent
probe Dil-C;-(5) (0.5 uM final concentration) by the
method of Rink et al. [20], using 5 x 10° thymocytes
per ml 10mM NaHepes buffer, pH 7.2, 1 mM
Na,HPO,;, 139mM NaCl, 6mM KCI, 125mM
Ca(l,, 0.8mM MgSO,, 5.6 mM dextrose. The flu-
orescent signal of the permeant product was moni-
tored at 37° with continuous stirring (4., 620 nm, A,
660 nm). The membrane potential was evaluated
using the null point method [20] after addition of
1 uM valinomycin to the cell suspension.

RESULTS

1. Analogues and derivatives of the PCP molecule
used (Table 1)

As the PCP molecule is known to adopt in solution
a preferred conformation with an axial phenyl group
and as the preferred conformation is proved to play
a role in the biological activity throughout the series
[13], the choice of the structures to be tested was
based upon the conformational characteristics of the
structures. Thus the first set of molecules was con-
stituted by the most mobile conformations, i.e.
cyclohexy! unsubstituted molecules (PCP, TCP,
GK,3). The second set of molecules was constituted
by moderately modified conformations by means of
cyclohexyl substitutions (GK a more equatorial
phenyl group than in PCP, GKg: a more axial phenyl
group than in PCP; GK' relatively similar con-
formation to that of PCP). The third set of molecules
was constituted by quasi-rigid conformations resuit-
ing from the substitution of an equatorial f-butyl
group in the cyclohexyl ring, restraining the phenyl
group in an axial position (GK,;, GKg, GKipp).
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Table 1. Studied PCP congeners

3 R,
Code R, R, Cyclohexyl*
GK, (TCP) 2-Thienyl Piperidine —
GK, (PCP) Phenyl Piperidine —
GK; Phenyl Piperidine trans-4-t-butyl
GK, Phenyl Piperidine cis-4-methyl
GK, Phenyl Piperidine cis-3-methyl
GK,;3 2-Benzothienyl Piperidine —
GKg Phenyl Piperidine 4 4-dimethyl
GKy; 2-Thienyl Piperidine trans-4-t-butyl
GK,y; Phenyl Dimethylamine trans-4-t-butyl
GK 3 m-CH;-phenyl Piperidine trans-4-t-butyl
GKy p-CHs-methyl Piperidine trans-4-t-butyl
GKys m-CH,;0-phenyl Piperidine trans-4-t-butyl
GKisy p-F-phenyl Piperidine trans-4-t-butyl
GKiss m-F-phenyl Piperidine trans-4-t-butyl

* cis and trans refer to the spatial relationship between the substituent and R,.

Finally the last set of structures included derivatives
of GK; bearing electron donating (GK33, GKi44,
GK45) or electron withdrawing (GK,s4, GK;s5) aro-
matic substitutions to influence the basicity of the
tertiary amino group.

In addition ketamine presented a particular inter-
est as this PCP related molecule is used as a human
anesthetic drug whose preferred conformation is
reversed compared to that of PCP [21].
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Fig. 1. Effect of PCP and of its analogs on DNA synthesis
by Con A stimulated murine splenocytes. Cells were stimu-
lated by 2.5 ug/ml Con A in the presence of different
concentrations of PCP (A), GK; (@), GK, (V¥), GK¢ (®),
or ketamine (M), and pulsed with [*H]-dThd during the
last 4 hr. Ordinates represent the percentage of [°’H]-dThd
incorporated above a control value determined in the
absence of drug. Measurements were performed in quad-
ruplicates: standard deviation were lower than 10%. Con-
trol values (cpm = SD) were 8250=*1200 and
324,000 = 22,850 for unstimulated and Con A stimulated
cells, respectively.

2. Inhibitory effect of PCP or PCP congeners on T
lymphocyte proliferation

Figure 1 shows the dose-dependent inhibitory
effect of PCP and of PCP analogs GK;, GK,, GK¢;
and ketamine on DNA synthesis in Con A (or PHA)
activated murine splenocytes. Similar effects were
observed with both mitogens when the drugs were
added to the cell cultures at the initiation of
activation. GK; was found a better inhibitor than
PCP: it led to 50% inhibition of mitogenesis at
2.4 uM while 20-fold higher PCP concentrations were
necessary to reach the same effect which was also
observed with 5 uM GKg; and 12 uM GK,; ketamine
has no inhibitory action.

Other PCP congeners have been tested: except
ketamine all of them suppressed lymphocyte blasto-
genesis in a similar way. Table 2 reports the drug
concentrations promoting 50% inhibition of DNA
synthesis in Con A activated murine splenocytes,
murine thymocytes or human HMC. All drugs were
more inhibitory than PCP, the most efficient being
GK 4 (200-fold better than PCP). Their capacity to
suppress proliferation was similar for all lymphocyte
populations. At concentrations 3—4-fold higher than
those inducing 50% inhibition the drugs were not
cytotoxic as assessed by Trypan blue exclusion, which
explains why lymphocytes could be stimulated again
after 24 hr incubation with the drugs and extensive
washing.

The reversible suppressive effect of PCP or its
derivatives was maximal only if the drugs were added
during the first 15 hr following activation; it was
abrogated when they were added during the last
24 hr of the culture (data not shown).

3. PCP and analogs do not inhibit macrophage IL-1
production but prevent IL-2 formation by helper T
cells

It is now accepted [22] that the mitogenic effects
of lectins on T cell necessitates lymphokine pro-
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Table 2. Inhibitory effect of PCP and of its congeners on mitogen-induced T lymphocyte

proliferation

Drug added Murine splenocytes Murine thymocytes HMC
GK 38.6 = 12.0 30.0 £ 18.0 30.0 = 100
GK, 45.0 = 11.0 48.0 = 10.0 54.0 = 10.0
GK; 2,40 + 1.20 250 + 1.10 2.00 = 1.00
GK, 12.0 = 1.20 12.5 = 5.00 15.0 = 5.00
GKg 10.0 = 6.00 13.0 = 4.00 20.0 = 5.00
GKy 10.0 % 2.00 8.00 = 3.00 9.00 £ 3.00
GKy 8.60 = 3.50 R.80 = 2.50 6.00 = 1.00
GKy 5.00 = 1.00 4.30 = 1.50 5.00 = 2.00
GK](*; n.d. 5.00 = 1.00 n.d.

GK 3 0.76 + 0.12 0.76 = 0.21 n.d.

GK a4 0.26 x 0.15 0.60 = 0.20 0.20 = 0.10
GKyys 0.70 + 0.10 1.00 = 0.50 0.60 = 0.20
GKisa 0.88 * 0.15 1.10 = 0.30 n.d.
GKjss 1.30 = 0.50 1.20 £ 0.50 n.d.
Ketamine n.d. >100 >100

Drug concentrations (¢M) promoting half inhibition of DNA synthesis in Con A
activated murine splenocytes or murine thymocytes or HMC. Experimental conditions
were those of Fig. 1; a mean of three different determinations is presented.

duction for the culmination of either cellular or
humoral immune responses. Interleukine-1 (IL-1)
and interleukine-2 (IL.-2) are synthesized by access-
ory cells (macrophages) and helper T cells respect-
ively soon after stimulation by antigen (or lectin).
Because the inhibition of lymphocyte proliferation
by PCP and analogs results from the blockade of an
early stimulation step, we have measured the effects
of these drugs on IL-1 or IL-2 production.

We found that PCP and its derivatives did not
affect IL-1 production from LPS stimulated murine
macrophages, even at concentrations double those
required for inhibition of lymphocyte blastogenesis;
on the other hand, they suppressed IL-2 accumu-
lation in the supernatants of Con A stimulated
murine splenocytes in a dose-dependent manner
(data not shown). At all concentrations, the blockade
of IL-2 production paralleled the inhibition of
lymphocyte proliferation, the doses producing 50%
inhibition of both effects being similar {Table 3).
Similar PCP and its derivatives inhibited IL-2 pro-
duction by stimulated JURKAT cells (Table 3). This
human leukemia T cell line is often used as a model
for T cell activation and can be activated in absence
of accessory cells by PMA and PHA to produce IL-
2.

4. Effect of PCP or GK; on T lymphocyte pro-
liferation induced by the combination of PMA and
the calcium ionophore A23187

The activation of T lymphocytes by antigens or
mitogenic lectins proceeds via the inositol lipid path-
way {23, 24] which delivers two necessary signals:
rise in cytosolic free calcium concentration [Ca®*};
and protein kinase C activation. The requirement of
these signals can be bypassed by a combination of a
calcium ionophore A23187 and PMA that is a protein
kinase C activator {25, 26].

Figure 2 shows that PCP and GK; differently
affected the proliferation of murine thymocytes or
splenocytes induced by Con A or by PHA + PMA

or by PMA + A23187: that induced by the calcium
ionophore and PMA was slightly (splenocyte) or not
(thymocytes) affected by drug concentrations which
prevented the mitogenesis induced by Con A. Similar
data, obtained with the other drugs, suggest that the
lectin induced event bypassed by the ionophore is the
target of the drug action: this {Ca®*}; rise triggered by
the lectin binding is probably affected by PCP and
its derivatives.

5. Inhibitory effects of PCP and analogs on Con A
induced [Ca?*); rise in lymphocytes

Con A triggers a rapid change in thymocyte [Ca*};
which increases more than twice {(from 110aM to
240 nM) [18]. Using the fluorescent probe Quin-2 we
have monitored the thymocyte [Ca®*]; increase (Fig.

Table 3. Inhibitory effect of PCP and its congeners on
IL-2 synthesis by stimulated murine splenocytes or by

stimulated JURKAT cells

Drug added  Murine splenocytes  JURKAT cell line
GKe 46.0 = 12.0 56.0 = 20.0
GK; 43.0 = 18.0 45.0 = 10.0
GK; 2.60 = 0.50 1.80 = 1.50
GK, 10.0 = 2.00 n.d.
GK, 11.0 = 5.00 17.0 = 7.00
GKys 12,5 = 2.50 n.d.
GKyg 6.40 = 3.10 n.d.
GKg 5.00 = 2.00 10.0 = 1.00
GK]gg 0.75 + 0.15 n.d.
GKm‘g 0.55 + 0.25 n.d.
GK145 0.95 £ 035 n.d.
GK154 1.00 = 0.50 n.d.
GK{jS 1.20 = 0.70 n.d.
Ketamine >100 >200

Drug concentrations (4M) promoting half inhibition of
IL-2 synthesis by Con A stimulated murine splenocytes or
by the human T celi line JURKAT stimulated by
PHA + PMA. Mean of three different experiments,
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Fig. 2. Effect of GK; on DNA synthesis by murine thy-
mocytes of splenocytes stimulated by different mitogens.
Celis were stimulated for 48 hr with 2.5 yg/ml Con A ()
or 10ug/ml PHA + 7ng/ml PMA (¥) or 50ng/mi
A23187 + 7ng/ml PMA (@) in the presence of GK; con-
centrations. [°H]-dThd incorporation (cpm) was deter-
mined as in Fig. 1. Ordinates are the percentages of [*H]-
dThd incorporated above controls in the absence of GKa.
Part A: splenocytes; control values were 10,850 + 1,320,
235,372 + 22,000, 225,000 + 12,500, 462,350 + 26,700, for
unstimulated, Con A, PMA + PHA, PMA + A23187
stimulated cells, respectively. Part B: thymocytes;
control values were 1800 =200, 374,820 + 14,800,
236,500 = 27,200, 225,700 = 23,200, for unstimulated cells,
Con A, PMA + PHA, PMA + A23187 stimulated cells,
respectively.

3) and determined the effects of different drugs, Con
A being added to the cell suspension 10 min after
the drugs. Figure 3 (A and B) shows that PCP and
GK;, acting in a dose-dependent manner, prevented
the calcium rise induced by the lectin. Similar marked
inhibition was obtained with other PCP derivatives.
All these compounds equally block Con A-induced
[Ca®*}; rise in splenocytes and HMC. Following
removal of the drug by washing, addition of Con A
stimulated a normal increase of [Ca®*};, confirming
the reversibility of the effects of PCP or analogs
(data not shown). For some drugs, Table 4 reports
the concentrations leading to 50% inhibition of the
Con A-induced [Ca®*]; rise. It shows that the ability
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Fig. 3. Inhibitory effect of PCP and GK; on Con A induced
[Ca"]; tise in mouse thymocytes. Thymocytes were loaded
with Quin-2-AM and their fluorescence monitored (A,
339 nm, A, 492nm). When indicated (arrow), 10 ug/mi
Con A was added to the cell suspension (time 0). [Ca®*];
was calculated [19] and plotted as a function of time (@).
Curve A: 50 uM (@) or 100 yM (M) PCP was added to the
cell suspension 10 min before Con A. Curve B: 7.5 uM ()
or 10 uM (W) GK; was added to the cell suspension 10 min
before Con A.

of these compounds to inhibit lymphocyte pro-
liferation paralleled their ability to block the [Ca?*};
rise required for IL2 secretion, even if this second
effect is observed at slightly higher concentrations.

6. Effectof PCP oranalogs on lymphocyte membrane
potential

[Ca?*); changes induced by lectins are dependent
on membrane potential: a depolarization of the
membrane can reduce [Ca?*}; and the proliferative
response to mitogenic lectins {27]. Using a flu-
orescent potential-sensitive dye, Dil-C; [5], we
measured thymocyte membrane potential as pre-
viously described [20], in the presence or in the
absence of PCP or GK. Figure 4 shows that addition
of 7.5 uM GK; to thymocytes immediately depo-
larized these cells: the membrane potential changed
from its resting level, approximately —64.5mV, to
—43mV. Under the same conditions the small Con

Table 4. Inhibitory effect of PCP and some of its congeners on Con A induced proliferation of murine
thymocytes and on Con A induced [Ca?*]; rise in the same cells

GK,

GK, GK; GK, GKy3 GKer GKu
Psg 30 = 18 48 = 10 25%1 155 8§+3 43 %15 0.6 02
ICasy 50 £ 20 5215 6.0x1 18=x3 13x2 8.0 £ 0.5 1.2+05

Comparison of drug concentrations (uM) promoting half inhibition of Con A induced proliferation
(1P} or Con A induced [Ca**}; rise (1Casy). Mean of three different experiments.
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Fig. 4, Effect of GK; on thymocyte membrane potential.
Thymocytes (5 x 10° cells/ml) were preequilibrated in the
buffer indicated in Materials and Methods, containing
0.5 uM Dil-C~(5), a fluorescent membrane potential indi-
cator. When indicated (arrow) 7 uM GK; or 10 pg/ml Con
A was added to the cell suspension (time 0). The fluor-
escence of the suspension was monitored (A,, 620 nm, 4.,
660 nm). In separate experiments the membrane potential
in absence or presence of additives were calculated by the
null point method [20].

A induced hyperpolarization {(—7 mV) could not be
evidenced and the addition of GK; after Con A
completely abolished the lectin effect and depo-
larized the cell membrane (Fig. 4).

At this low concentration PCP did not affect
lymphocyte membrane potential, but 100 uM PCP
displayed the same depolarizing action (data not
shown). We also obtained that, like GK; or PCP, all
the other PCP congeners exert a depolarizing action
on thymocytes, splenocytes or HMC membranes at
concentrations preventing the lectin-induced [Ca®**};
rise (data not shown}.

DISCUSSION

Qur study shows that the proliferative response of
murine or human T lymphocytes to mitogenic lectins
is decreased when these cells are treated in vitro by
high doses of PCP or TCP (>20 uM} at the onset of
the activation. Unlike these compounds the general
anesthetic ketamine does not exert the same sup-
pressive effect, which suggests that it most probably
does not affect T lymphocyte functions in vivo.

The other PCP (or TCP) derivatives that we tested
also diminish T lymphocyte blastogenesis in a dose-
dependent manner and are more potent inhibitors
of this lymphocyte response than the parent com-
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pounds: half inhibition was obtained between 0.2
and 10 uM, as compared with 40~50 uM for PCP or
TCP. The inhibition does not result from a toxicity
of the drugs and the fact that extensive washing
restores the lymphocyte capacity to respond to a
mitogenic stimulus suggests a direct interaction of
the drugs with the external face of the cell membrane,
maybe with specific receptor site(s).

The fact that PCP and its congeners block an early
event of T lymphocyte activation also explains why
the murine IL-2 dependent CTLL line which rep-
resents primed lymphoid cells proliferates in pres-
ence of drug concentations which completely
suppress thymocyte or splenocyte proliferation.

Cytokine synthesis occurring soon after the mito-
genic stimulus is an obligatory step in lymphocyte
proliferation [22]. Our data showing that PCP does
not alter IL-1 production from LPS-activated murine
macrophages suggest that these cells are not the
target of the inhibitory action of the drug, a result
conflicting with that of Khansari et al. [4] who
observed that PCP treatment reduced IL-1 pro-
duction of human monocytes by 50%. We cannot
explain the discrepancy between these authors’ data
and ours since we have repeated our results with all
the PCP derivatives tested (Table 1): all failed to
inhibit IL-1 production even at concentrations 2~
3-fold higher than those preventing thymocyte or
splenocyte responses. These data favour the absence
of interaction between macrophages and PCP.

Conversely, at concentrations preventing mito-
genesis, all the drugs strongly inhibit IL-2 accumu-
lation in the supernatants of Con A stimulated
splenocytes. This effect, in the absence of inhibition
of IL-1 synthesis, is sufficient by itself to explain the
suppression of lymphocyte proliferation and shows
that a T helper cell function is affected by the drug
action. Since IL-2 production by JURKAT cells is
also similarly suppressed, one can imagine that a
general biochemical mechanism involved in IL-2 pro-
duction is affected by the drugs. Comparison of the
inhibitory effects of GK; on murine thymocytes or
splenocytes stimulated by either Con A, or
PHA + PMA, or PMA + A23187, suggests that the
drug interacts with the calcium signal delivered by
the lectin binding to its receptor(s}; effectively,
lymphocyte activation by the calcium ionophore
[24, 26] which by-passes this signal is little affected,
while the response observed in the presence of the
protein kinase C activator PMA and the lectin is still
inhibited.

When using the fluorescent indicator Quin-2, we
found, like others [18], that Con A rapidly elevates
[Ca?*}; in thymoeytes. In contrast, when Quin-2-
loaded thymocytes are pretreated with PCP or ana-
logues before lectin addition, we noticed a marked
inhibition of this enhancement. Half inhibition of
the [Ca®*}; rise is observed at drug concentrations
slightly higher than those inhibiting IL-2 synthesis
and lymphocyte proliferation, a difference which
probably arises from the different conditions for the
two types of experiment. However, we observed a
similar potency order for the drugs in calcium rise
inhibition and in cell proliferation inhibition. It is
well defined that the [Ca®*]; rise in mitogen-treated
lymphocytes is an intracellular messenger for IL-2
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production [28] but not for the IL-2 induced pro-
liferation [29]; thus our data tend to establish that
PCP and its analogs which do not affect primed cells
prevent IL-2 synthesis by inhibiting the obligatory
mitogen-induced [Ca?*}; rise; the efficiency of each
drug for interacting with this biochemical signal is
different.

Our data show that the drugs affect not only T
helper cells involved in IL-2 production but also
immature thymocytes: the Con A induced [Ca®*};
rise of unseparated thymocytes is due to the sum of
the responses of the immature cortical population
and of the mature medullary population which rep-
resent 75-85% and 10-20% of total thymocytes,
respectively, and Con A induces similar changes of
[Ca®*]; in both subsets [30]. Despite these results it
is unlikely that PCP derivatives affect similarly all T
lymphocyte populations: indeed, when stimulated by
PMA + A23187, splenocytes were more sensitive
than thymocytes to GK effects (Fig. 2}, which sug-
gests that, in addition to the effect on [Ca?*]; rise
observed on both populations, the drug might also
interact with other early events of the activation, in
a manner different in each population.

In lymphocytes the lectin-triggered [Ca®*];
changes are dependent on membrane potential:
depolarization of the membrane reduced [Ca?*}; and
the proliferative response to lectins [28]. Our pre-
liminary results showing that PCP and congeners
depolarize the membrane of resting thymocytes and
prevent the hyperpolarization of the stimulated cells
could explain the ability of these drugs to prevent
[Ca®*}; rise; this might imply an interaction between
the drugs and cation channels. PCP has been
reported to block K* channels in CNS [31] and could
exert a similar effect on lymphoid cells. Two K*
channels with different characteristics have been
described in these cells [8, 32, 33]. Other cation chan-
nels, such as the Nav channel [8], could also be
implicated. Moreover, it is well known that the
[Ca?*}; increase in lymphocytes after antigen trig-
gering is due to a great extent to extracellular calcium
influx [23,34] which does not occur through the
voltage-sensitive K* channels [35] as previously
believed [36]. This increase is not observed in the
presence of calcium channel blockers, such as nifed-
ipine {37}; a nifedipine-like activity of the PCP drugs
could explain the suppression of the [Ca’*}; rise.
Measurements of cation transport and associated
electric currents in resting or stimulated lympho-
cytes, in the presence or absence of drugs, might help
to explain how PCP and derivatives affect membrane
potential and Con A induced [Ca®*}; increase.

Except ketamine, all PCP derivatives inhibit IL-
2 synthesis and [Ca?*]; rise; it appears difficult to
establish structure-activity relationships with the
small number of compounds tested. However, some
preliminary inferences can be drawn from our data.
PCP (GK,) and TCP (GKg} are the least potent
inhibitors; they are also the molecules with the most
mobile conformation. The molecules which have
been slightly modified by cyclohexyl substitutions,
GK, GK¢, GKy;, are 3-4-fold more efficient than
the original compound GK,, whereas those which
have received an equatorial tertiobutyl-4 group that
blocks the molecule in a quasi-rigid conformation
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with an axial phenyl group exert the most inhibitory
action: GK; and GK;;y are 10~20-fold more inhibi-
tory than GK;, GK¢; 6-9-fold more than GK,. These
results seem to establish the necessity of an increased
rigidity of the molecular structure for maximal inhibi-
tory activity (possibly together with an increased
lipophilicity). When we compare GK;; to GK; and
GKBg, GK;&, GK145, GK154, GK155 to GK3, we find
that this activity is also affected by modifications of
the aromatic group. In fact it appears that the
addition of electron donating substitutions of the
phenyl ring (GKj35, GKi4, GK,45) which enhances
the basicity of the molecule, increases more
efficiently the inhibitory action of the drugs than the
electron withdrawing substitutions (GK;ss, GKjss)
which decrease the basicity. Other structural modi-
fications could give rise to more active compounds
but the necessity of a rigid conformation with an
axial phenyl group and increased basicity appears
fikely: GKyy and GKyys exert the same inhibitory
effect as PCP but at concentrations 150-200-fold
lower.

The existence of PCP receptors on T lymphocyte
is questionable; it has been proposed that a great
heterogeneity of these receptors exists in these cells
{4]. Previous studies [38] have established that PCP
derivatives with a rigid conformational structure, like
GKj3, possess a low affinity (100-fold lower than
GK,) for [*H]-PCP sites in the CNS and display few
behavioral effects. Thus the molecules which are the
least potent on lymphocyies are the most active on
the CNS and vice versa. This suggests that PCP does
not exert its suppressive effect on lymphocytes by
interacting with PCP-binding entities similar to those
in nervous cells, such as the opiate sigma membrane
receptor [39] or the 43 kD and 95 kD synaptosome
proteins, or the o and § subunits of the acetylcholine
receptor [4, 12, 40]. It secems rather likely that it
interacts with cell membrane entities having a high
affinity for the quasi-rigid PCP analogs which could
be cation channels as suggested by membrane poten-
tial determinations.

The structural modifications of the PCP molecule
have completely changed its initial properties; they
have given rise to a class of compounds which could
be useful tools for studying the cation channels
involved in lymphocyte proliferation and which have
immunosuppressive properties. On the other hand,
the study of the effects of PCP congeners on some
particular events involved in lymphocyte activation
might constitute an interesting comparative model
for understanding the action of PCP at the CNS
level.
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