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Abstract—The presence of guanylate cyclase in intact circulating human lymphocytes and the sensitivity
of this enzyme to stimulation by sodium nitroprusside could be confirmed. However, in contrast to other
observations all attempts failed to stimulate the enzyme by cholinergic agonists, despite the use of M1
as well as M2 selective agonists. These findings do not support the assumption that cholinergic recognition
sites on human lymphocytes described by many groups are part of a functioning muscarinic transducing
mechanism. While several other neuroreceptor agonists were also unable to affect lymphocyte guanylate
cyclase activity, lithium was found to potently inhibit the stimulation of guanylate cyclase by sodium
nitroprusside at an intracellular concentration close to the therapeutic plasma levels. It is suggested that
the effects of lithium on guanylate cyclase activity in human lymphocytes could be related to a possible
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mechanism of action of lithium in affective disorders.

Because of the inaccessibility of the central chol-
inergic neurotransmission to experimental inves-
tigations in man, we are currently investigating the
possible use of intact circulating human lymphocytes
as cellular model systems to study cholinergic func-
tions in man [1, 2]. Peripheral human lymphocytes
possess a number of characteristics of cholinergic
neurons, €.g. membrane bound acetylcholinesterase
[3] and muscarinic cholinergic recognition sites {1,
4-6]. Moreover, several reports suggest that chol-
inergic recognition sites on human lymphocytes are
part of a cholinergic transducing mechanism, since
cholinergic agonists like acetylcholine lead to an
intracellular accumulation of c-GMP [7, 8] and aug-
ment lymphocyte mediated cytotoxicity, similar to
the effects of lectins [9]. Since lectins also augment
intracellular c-GMP concentration [10] it has been
suggested that both effects on cytotoxicity are
mediated by an increase of intracellular ¢-GMP.
These findings suggest the important role of guanyl-
ate cyclase for cholinergic signal transduction in
intact circulating human lymphocytes. Accordingly,
we investigated the general properties of this enzyme
in human lymphocytes and its possible stimulation
by cholinergic agonists. Moreover, we investigated
the possible effects of lithium on guanylate cyclase
activity in this system.

MATERIALS AND METHODS

Materials. 8-["*C]Guanosine 3',5'-cyclic phosphate
(sp. act. 52 mCi/mmol) was from Amersham-Buch-
ler (Braunschweig, F.R.G.), guanine-8-
[*H]hydrochloride (sp. act. 10.5 Ci/mmol) from
Rotem Industries (Beer-Sheva, Israel). Dulbecco’s
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modified Eagle’s medium (DME, Hepes buffered)
was obtained from Sigma-Chemie (Deisenhofen,
F.R.G). All other chemicals used were of analytical
grade. Drugs were obtained from the manufacturers.
Incubation media were always freshly prepared and
filtered through sterile Millex-GS 0.22 um filter units
(Millipore S. A..; Molsheim, France) before use. Cells
were counted on a Coulter Counter T 540.

Lymphocyte preparation. Human lymphocytes
were isolated from fresh blood (EDTA containers)
of healthy adult donors (aged between 23 and 35
years) using Ficoll-Paque (Pharmacia, Uppsala,
Sweden) according to the method of Boyum [11] and
the directions provided by the manufacturer. The
washed lymphocytes were finally suspended in DME
medium containing 5% autologous serum at a con-
centration of 6 x 10°cells/mL. Viability as deter-
mined by the trypan blue exclusion test was 95% or
more. Thrombocytes concentration was less than
10%/uL. The pH of the incubation medium was
adjusted to 7.35 and did not exceed 7.5 during incu-
bations.

Guanylate cyclase assay. Guanosine 3',5'-cyclic
phosphate (c-GMP) was assayed slightly modified, as
previously described [7, 12]. Briefly, the lymphocyte
suspension was incubated at 37° for 2hr with
[*H]guanine in a concentration of 1uCi/
4 x 106 cells. After this incubation time [*H]guanine
incorporation into GTP was maximal. Aliquots
(0.5 mL) of the labelled cell suspension, containing
approximately 3 x 10%cells were added to plastic
tubes and again incubated for 10 min. Theophylline
was added 20 min and lithium chloride 10 min before
the addition of the various drugs. The reactions were
terminated by the addition of ice-cold TCA (final
concentration 10%) and sonication for 30 sec (Sono-
rex Rk 100, Bandelin). After the addition of 8-[**C]c-
GMP as internal standard, the samples were passed
through a column (1.0 x 10 cm) of Dowex S0W X2-
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Fig. 1. Time course of the sodium nitroprusside induced intracellular c-GMP accumulation. Lymphocytes
were incubated in the absence of theophylline with sodium nitroprusside at concentrations of 1 mmol/
L (W) or 0.1 mmol/L (O) for the time indicated. The samples were processed as described in Materials
and Methods. Values represent means = SD of three experiments.
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Fig. 2. Concentration dependence of the sodium nitro-

prusside induced intracellular c-GMP accumulation. Lym-

phocytes were incubated with sodium nitroprusside in the

concentrations indicated. The incubation was terminated

after 30sec and c-GMP was determined as described in

Materials and Methods. Values represent means + SD of
three experiments.

400, applied to a Baker SPE system (J. T. Baker,
GroB-Gerau, F.R.G.). First, labelled GTP and GDP
were together eluted with SmL 0.1 N HCl and
2.5 mL of water, before labelled c-GMP was eluted
with 1.2 mL of water. To separate c-GMP from small
amounts of GDP (less than 1% of total GDP was
found in the c-GMP fraction as evaluated by HPLC)
we used a precipitation step. Twenty uL of 3.2 mol/
L ZnSO, and 20 uL of 3.2 mol/L. Na, CO; solutions
were added to each tube. The supernatant was
removed and assayed for *H and '*C. Eight mL of
Quickszint 2000 (Zinsser, F.R.G.) were added and
the samples were counted by a double-label program

To 0.5mL of the lymphocyte suspension, lithium
chloride was added in two different concentrations
and the incubation was continued for the times indi-
cated. The lymphocyte suspensions were put on ice
for 30 sec and centrifuged for 3 min at 1500 g by 4°.
The incubation medium was quickly removed and
the lymphocytes were washed three times by sus-
pending in ice-cold Hank’s balanced salt solution and
centrifuged (see above). To assure that no lympho-
cytes were lost during the washing procedure the
lymphocyte concentration of the washing solutions
were determined with a Coulter Counter T 540.
Because small amounts of lithium ions are bound
extracellularly at the cell membrane and at the plastic
tubes used, the values were corrected by subtracting
a blank value. Blank values were generated by the
addition of lithium chloride to the lymphocyte sus-
pension at 4° and the immediate start of the washing
procedure. Finally, the lymphocytes were lysed by
the addition of TCA in a concentration of 10% and
sonication for 10 min. The samples were contrifuged
at 4000 g for 10 min and lithium was quantified by
flame photometry. For calculating intracellular lith-
ium concentrations an average lymphocyte volume
of 100 fL/lymphocyte was assumed.
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Fig. 3. Inhibitory effect of lithium chloride on the sodium nitroprusside induced intracellular c-

GMP accumulation. Lymphocytes were preincubated for 10 min with lithium chloride in the indicated

concentrations. After preincubation, sodium nitroprusside was added (final concentration 1 mmol/L)

and the incubation was stopped after 30 sec. Lithium chloride alone or sodium chloride (as control) did

not alter basal guanylate cyclase activity. c-GMP was determined as described in Materials and Methods.
Values represent means * SD of three experiments.
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Fig. 4. Influence of theophylline on sodium nitroprusside
induced intracellular c-GMP accumulation in the presence
or absence of lithium chloride. Lymphocytes were pre-
incubated for 20min with or without theophylline
(10 mmol/L) and for 10 min with lithium chloride or sodium
chloride respectively (control), both at a concentration of
20 mmol/L. After the addition of sodium nitroprusside
(1 mmol/L) the incubation was continued for 30sec. c-
GMP and GTP + GDP were determined as described in
Material and Methods. The data represent means + SD of
three experiments.

RESULTS

General properties of guanylate cyclase activity in
intact human lymphocytes

After incubation with [*H]guanine but without the
addition of a stimulator of guanylate cyclase only
very low levels of [*H]c-GMP were found in human
lymphocytes. However, in agreement with the report
by Atkinson et al. [13] we were able to augment c-
GMP levels by nearly one order of magnitude by
stimulation of guanylate cyclase activity [14] with
sodium nitroprusside (Fig. 1). The response of
lymphocyte guanylate cyclase to low and high con-
centrations of sodium nitroprusside was very rapid

with an apparent maximum already observed after
only 30sec (Fig. 1). The activation of lymphocyte
guanylate cyclase activity by sodium nitroprusside
was dependent on the medium concentration of the
drug probably in a biphasic fashion with a slight
increase up to sodium nitroprusside concentrations
of about 100 umol/L and a steep increase between
0.1 and 1.0 mmol/L (Fig. 2). Half-maximal stimu-
lation was observed at about 500 umol/L (Fig. 2).

Effects of cholinergic agonists and other transmitter
substances

In contrast to the pronounced stimulation seen for
sodium nitroprusside (Figs. 1 and 2) we were unable
to elevate baseline levels of c-GMP in intact human
lymphocytes by a variety of cholinergic agonists using
many different concentrations and different stimu-
lation times (Table 1). Similar negative results were
also obtained after inhibition of phosphodiesterase
by preincubating the lymphocytes with theophylline.
Several other neurotransmitters or receptor agonists
including norepinephrine, serotinin, apomorphine,
histamine and neurotensine, which have been shown
to stimulate guanylate cyclase activity in other tissues
(4, 15-19] or which possess specific binding sites on
human lymphocytes did not elevate c-GMP levels
in human lymphocytes for the conditions indicated
(Table 1). Moreover, preincubation of human
lymphocytes with norepinephrine, serotonin, his-
tamine as well as carbachol did not modify the stimu-
lation of lymphocyte guanylate cyclase activity by
sodium nitroprusside (Table 1).

Effects of lithium

Incubating human lymphocytes with lithium
chloride up to concentrations of 20 mmol/L did not
alter baseline levels of c-GMP (data not shown).
However the activation of guanylate cyclase activity
by sodium nitroprusside was markedly inhibited by
lithium chloride in a dose dependent fashion (Fig.
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Fig. 5. Individual variations in the activation of guanylate cyclase by sodium nitroprusside in the presence
and absence of lithium chloride. Lymphocytes of four healthy subjects were incubated with sodium
nitroprusside (concentration 1 mmol/L) for 30 sec in the presence of lithium chloride or sodium chloride
(concentration of 20 mmol/L) respectively (control). Lithium chloride and sodium chloride were added
10 min before the addition of sodium nitroprusside. ¢-GMP and GTP + GDP were determined as
described in Materials and Methods. Data represent means * SD of three experiments.

Table 1. The insensitivity of lymphocyte guanylate cyclase to cholinergic agonists and

other neuroreceptor agonists. Summary of the experimental conditions investigated,

which failed to give any effect on baseline levels of c-GMP or on ¢-GMP levels after
stimulation with sodium nitroprusside

Time of
Concentration stimulation
Substance investigated (min)
Effects on basline ¢-GMP
Carbachol 5 mmol/L 2
1 mmol/L 0.15.0.5. 1. 2. 3, 5, 10, 20, 50
10 umol/L 2
1 nmol/L 2
Oxotremorine 10 pmol/L 05,3
1 umol/L 0.5.2,3,5
100 nmol/L 0.5,2
10 nmol/L 0.5,2
McN-A-343 1 mmol/L 0.15,2
100 umol/L 05,1,2,3
100 pmol/L 2
Neurotensine 25 umol/L 05,2
1 umol/L 0.5
Norepinephrine 100 gmol/L 5,10
Serotonin 10 umol/L 0.5,2
Histamine 100 ymol/L 0.5,2
Apomorphine 100 umol/L 05,2
Effects on stimulation by sodium nitroprusside
Carbachol I mmol/L 05,2
Norepinephrine 100 gmol/L 0.5,2
Serotonin 100 ymol/L 0.5,2
Histamine 100 pmol/L 05,2
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Fig. 6. Time course of lithium-uptake by lymphocytes.

Lymphocytes were incubated for the indicated time with

lithium chloride at concentrations of 10 or 20 mmol/L.

About 1-2 x 107 lymphocytes were used per sample. The

intracellular lithium concentration was evaluated as

described in Materials and Methods. Data represent
means + SD of two experiments.

3). Half-maximal inhibition was observed at about
10 mmol/L lithium chloride (Fig. 3). To further eluci-
date the inhibitory effect of lithium, we also per-
formed several experiments after preincubation of
lymphocytes with theophylline (Fig. 4). As expected,
inhibition of phosphodiesterase by theophylline
increased the levels of ¢-GMP in intact human
lymphocytes after stimulation with sodium nitro-
prusside (Fig. 4). However, the inhibitory effect of
lithium was not different whether the lymphocytes
were preincubated with theophylline or not (about
50% inhibition, Fig. 4). The activation of lymphocyte
guanylate cyclase activity by sodium nitroprusside
and inhibition of this effect by lithium showed a
considerable variation when investigated in indi-
vidual healthy subjects (Fig. S). There was no cor-
relation between both effects (Fig. 5). However,
when the same experiment was performed with
lymphocytes of the same subject, the individual
responses to sodium nitroprusside and/or lithium
chloride were always comparable (data not shown).

Estimation of the intracellular lithium concentration

In order to have an estimation about the intra-
cellular lithium concentrations under the exper-
imental conditions employed, we investigated the
time course of lithium uptake by intact human
lymphocytes for two lithium chloride concentrations
(Fig. 6). Intracellular lithium concentrations
increased over the time and tended to reach equi-
librium after 3 hr of incubation (Fig. 6). Based on
these data, the intracellular lithium concentration
after 10 min incubation with lithium chloride con-
centrations of 10 or 20 mmol/L (the standard con-
ditions used for the experiments) were estimated as
about 1.5 or 4 mmol/L, respectively.

DISCUSSION

The data presented in the present communication

confirm previous findings about the presence of
guanylate cyclase activity in intact circulating human
lymphocytes [13]. In contrast to some other authors
{4, 8] but in agreement with the preliminary obser-
vations by Atkinson et al. [13], all our attempts to
stimulate lymphocyte guanylate cyclase by chol-
inergic agonists failed in spite of the use of rather
M1 selective compounds like McN-A-343 as well as
rather M2 selective compounds like oxotremorine or
carbachol. At the present state of the experiments,
we are not able to explain these discrepant findings,
especially since our experiments with sodium nitro-
prusside clearly show that functioning guanylate
cyclase is present. Although today most findings
point against the concept of c-GMP being a critical
second messenger of m-cholinoceptors, strong evi-
dence is present that in many tissues activation of m-
cholinoceptors leads to an activation of guanylate
cyclase as an event secondary to other mechanisms,
possibly an increase of intracellular calcium [20].
Accordingly, the original observations about the
stimulation of lymphocyte guanylate cyclase activity
by cholinergic agonists strongly suggested the pres-
ence of cholinergic functions in intact human
lymphocytes [4, 8]. Our failure to find any effect of
cholinergic agonists on lymphocyte guanylate cyclase
activity does not support the assumption that chol-
inergic recognition sites found on human lympho-
cytes by many groups [l,4-6] are part of a
functioning muscarinic transducing mechanism.
Thus, the suitability of intact human lymphocytes to
study cholinergic mechanisms in man is not sup-
ported by our findings. Our failure to find cholinergic
functions on human lymphocytes in the presence of
binding sites with properties fairly similar but not
identical to those of cholinergic recognition sites [1,
4-6] confirms the critique on the use of binding
studies as sole evidence for receptors [21, 22].

Considering the insensitivity of lymphocyte
guanylate cyclase to cholinergic agonists and many
other neuroreceptor related molecules, the pro-
nounced effect of lithium on the stimulation of the
enzyme by sodium nitroprusside is remarkable.
While our observations with theophylline strongly
indicate that the decreased levels of c-GMP are not
related to an activation of phosphodiesterase, the
possible mechanism by which lithium inhibits guanyl-
ate cyclase activity remains obscure. In contrast to
the well known effects of lithium on hormone-stimu-
late adenylate cyclase activity in most tissues inves-
tigated [23] very little is known about possible effects
of lithium on guanylate cyclase activity. Zatz [24]
reported that lithium is able to inhibit the increase
of ¢-GMP in rat pineal glands after stimulation by
norepinephrine. Similarly, Belmaker er al. [25]
reported that lithium-treatment prevented the rise
in plasma c-GMP after the subcutaneous application
of epinephrine in manic-depressive patients.
Although the pharmacological significance of these
observations was not further investigated, both agree
with our findings suggesting a direct inhibition of
guanylate cyclase by lithium in spite of the mech-
anism of stimulation.

If an inhibition of guanylate cyclase by lithium
contributes to its therapeutic efficacy in effective
disorders is not known although the effect takes
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place at intracellular concentrations quite close to
the therapeutic plasma concentrations (around
1.5 mmol/L) (this paper) or at similar plasma levels
[25] in the case of the epinephrine-stimulation of
plasma ¢-GMP. Moreover, carbamazepine, which
like lithium is used to treat bipolar patients, reduces
the c-GMP levels in the liquor [26] and also inhibits
the sodium nitroprusside induced increase of c-GMP
in human lymphocytes (Schubert and Miiller, unpub-
lished observations). Thus, the similar effect of both
drugs on guanylate cyclase activity represents an
attractive clue for a possible common mechanism of
action of both drugs in affective disorders. Moreover,
the pronounced individual response of human
lymphocytes for the inhibitory effect of lithium on
guanylate cyclase suggests the possibility of using
this system to test the individual responsiveness of
patients to the pharmacological effects of lithium.
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