with smaller chitin-synthesizing parti-
cles, such as chitosomes, as shown by
the absence of fluorescence outside the
membrane areas in Fig. 1. Both by fluo-
rescence and autoradiography, it ap-
pears that the synthetase is present at
many different locations on the mem-
brane. Other evidence (2, 3) indicates
that most of the enzyme is found in the
zymogen state if proteolytic activation is
prevented. Thus, the initiation of chitin
septum at a specific site of the membrane
most probably occurs by localized acti-
vation of the zymogen, as postulated in
our scheme (2). The results are not in
agreement with an alternative hypothe-
sis, namely, that localization of septum
synthesis is attained by delivery of chitin
synthetase to specific sites. If this were
the case, the enzyme would be found on-
ly in a very small zone of the membranes
and most of it should already be in the
active form, because it would be partici-
pating in septum synthesis.

Sloat and Pringle (9) have reported
that a temperature-sensitive yeast mu-
tant, which is defective in bud initiation,
shows, at the nonpermissive temper-
ature, delocalized chitin deposition over
the whole cell wall. This behavior sharp-
ly contrasts with the precise localization
of chitin at the mother cell-bud junction
in normal cells. Our working hypothesis
(1, 6) assumes that during budding initia-
tion, vesicles containing an activator of
the chitin synthetase zymogen is direct-
ed, by a still unknown apparatus, to a
specific site. It seems possible that,
when cells are arrested in a prebudding
state for a relatively long time, the direc-
tional apparatus might become dis-
organized; the vesicles containing the ac-
tivating factor would then collide with
the plasma membrane at random: activa-
tion of chitin synthetase and chitin depo-
sition would occur over the entire sur-
face of the cell as observed by Sloat and
Pringle.
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Lithium: A Modulator of Cyclic AMP-Dependent

Events in Lymphocytes?

Abstract. Theophylline, salbutamol, isoproterenol, and dibutyryl cyclic AMP in-
hibited E-rosette formation by human T lymphocytes and immunoglobulin M secre-
tion from human plaque-forming B cells and augmented T-suppressor cell activity in
three patients with agammaglobulinemia. Lithium chloride increased mitogen-in-
duced lymphocyte proliferation and inhibited suppressor cell activity. In the pres-
ence of lithium, the effects of all the drugs except dibutyryl cyclic AMP could be
prevented. The data suggest a role for lithium in the modulation of cyclic AMP-
dependent events in lymphocytes. Its potential role as an inhibitor of suppressor cell

activity warrants further attention.

The regulatory role of cyclic nucle-
otides on cell function has been demon-
strated in a number of experimental sys-
tems. Although much of the work has
been carried out with nonlymphoid tis-
sues, there is now evidence that these
nucleotides are important mediators of

Aorug [l Drug-~lithium E3 Lithium-=drug
100+
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Percentage of control
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Fig. 1. Lithium modulation of drug effects on
E-rosette formation. Peripheral blood mono-
nuclear cells, obtained by Hypaque-Ficoll
gradient centrifugation, were incubated with
the drugs for 60 minutes at 37°C. In the study
shown, lithium was added either 5 minutes be-
fore or 60 minutes after the drugs, and the
mixtures were incubated for a further 60 min-
utes at 37°C. Sheep red blood cells were then
added, the mixtures were centrifuged (200g)
for 5 minutes at room temperature, and the
pellet was maintained at 4°C for 2 hours. The
pellet was then gently resuspended and the
number of rosetting cells counted and ex-
pressed as a percentage of mononuclear cells.
Controls, in the absence of any treatment,
ranged from 50 to 62 percent. The means of
three experiments, carried out in duplicate,
are shown, in which an optimal concentration
of lithium (5 X 1073M) was used; values are
expressed as a percentage of the control. Mo-
lar concentrations are: lithium, 5 X 1073; the-
ophylline, 5 x 1073; salbutamol, 1 X 1074
isoproterenol, 1 x 1074 and dibutyryl cyclic
AMP, 1 X 107%. Abbreviations: Theoph., the-
ophylline; Salb., salbutamol; Isopro., isopro-
terenol; and DBcAMP, dibutyryl cyclic AMP.
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hormonal action on a variety of specific
lymphocyte functions [reviewed in (/)].
Thus, adenosine 3’,5’'-monophosphate
(cyclic AMP) has been shown to regulate
the formation of E rosettes, a marker of
T cells, as well as the activation, prolifer-
ation, differentiation, and effector func-
tion of T lymphocytes. In addition, there
is considerable evidence that cyclic
AMP regulates the synthesis and release
of immunoglobulin from antibody-pro-
ducing cells. Membrane adenylate cy-
clase, through the production of cyclic
AMP, plays a crucial role in the trans-
duction of regulatory signals in cells fol-
lowing recognition and triggering (2).
Lithium, probably through its ability to
interfere with adenylate cyclase activa-
tion, can affect a variety of cyclic nucle-
otide-dependent events in the kidney,
thyroid, and adrenal glands (3). We have
examined the role of drugs known to in-
volve cyclic nucleotide synthesis or deg-
radation, in modulating the expression of
different human lymphocyte functions,
and have shown that these drug-induced
effects were effectively countered by
lithium chloride.

Formation of E rosettes by human T
lymphocytes is inhibited by drugs that
increase the intracellular levels of cyclic
AMP via different mechanisms ). The-
ophylline, salbutamol, isoproterenol,
and dibutyryl cyclic AMP lead to a dose-
dependent inhibition of E-rosette forma-
tion. As shown in Fig. 1, incubation with
5 x 107*M lithium chloride, for as little
as 5 minutes prior to the addition of the
drugs, could abrogate drug-related inhi-
bition of rosette formation in all in-
stances except for inhibition induced by
dibutyryl cyclic AMP. Moreover, lith-
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Fig. 2. Inhibition of the effect of drugs on im-
munoglobulin secretion. The drugs or lithium,
added 5 minutes prior to the drugs, were add-
ed to a constant number of PFC specific for
ovalbumin. Plaque-forming cells were gen-
erated in culture after 5 days of incubation
with antigen, and the residual PFC activ-
ity was assayed. Control tubes contained
S50 to 60 PFC per well. Results, expressed
as a percentage of control, represent the
means of three experiments carried out
in triplicate. The optimal concentration
of lithium in these studies was 1.5 X 1073M.
Molar concentrations are: lithium, 1.5 X
1073; theophylline, 1 x 107%; salbutamol,
1 X 1074 isoproterenol, 1 x 107% and di-
butyryl cyclic AMP, 1 x 107,

ium could prevent the inhibitory effects
of synergistic combinations of theo-
phylline, isoproterenol, and salbutamol;
lithium alone had no effect. If the drugs
were added to the cell suspension prior
to the addition of lithium, their inhibitory
effects were not reversible.

The generation of hemolytic plaque-
forming cells (PFC) and the effector
function of these antibody-producing B
cells are also regulated by intracellular
levels of cyclic AMP (5, 6). Activators of
adenylate cyclase, inhibitors of phospho-
diesterase, and dibutyryl cyclic AMP
were able to inhibit plaque formation by
murine spleen cells, sensitized in vivo,
and the inhibitory effects were correlated
with an elevation of lymphocyte levels of
cyclic AMP (6). Using a human hemo-
lytic PFC assay system (7), we were able
to assess the role of these drugs in the
release of specific antibody from anti-
body-forming cells. Salbutamol, isopro-
terenol, and dibutyryl cyclic AMP were
inhibitory to the secretion of immuno-
globulin M (IgM) antibody to ovalbumin
from human lymphocytes (Fig. 2) §).
Theophylline was only marginally ef-
fective but, in combination with subop-
timal concentrations of the other agents,
synergism was observed with inhibition
of PFC activity. The addition of lithium
to the incubation mixtures permitted the
full expression of PFC activity with all
combinations of drugs, but it was inef-
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fective in preventing the inhibitory ac-
tivity contributed by dibutyryl cyclic
AMP.

These data imply that cyclic AMP ex-
erts a negative control over the synthesis
or release of antibody from antibody-
forming cells. The findings of inhibition
of IgM secretion by the drugs were simi-
lar to those observed if peripheral blood
lymphocytes (or purified T cells), freshly
obtained from certain patients with hu-
moral immunodeficiency, were mixed
with PFC generated in culture (9). That
is, significant suppression of PFC activi-
ty was demonstrated when patient cells
were added to generated PFC just prior
to the plaque assay; the addition of nor-
mal cells did not alter PFC activity (Fig.
3). In an attempt to ascertain whether
this suppression could be regulated or in-
fluenced by intracellular levels of cyclic
AMP, we studied the effect of the drugs
on suppressor cell activity. Figure 3 il-
lustrates one such study in which theo-
phylline was shown to augment suppres-
sor cell activity in three patients with
congenital agammaglobulinemia. Signifi-
cant augmentation of suppressor cell ac-
tivity could also be observed in the pres-
ence of salbutamol, isoproterenol, and
dibutyryl cyclic AMP alone or in combi-
nation. In contrast, the addition of lith-
ium virtually eliminated the expression
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Fig. 3. Inhibition of suppressor cell activity by
lithium. Equal numbers of normal cells (O) or
cells from three patients (x, ¢, A) with con-
genital agammaglobulinemia were added to a
constant number of PFC specific for ovalbu-
min (®). Residual PFC were then assayed in
the presence or absence (No treat.) of theo-
phylline (Theoph.) (1 x 107°M) or theo-
phylline plus lithium (1.5 x 1073M). Lithium
was added 5 minutes prior to the drug. Results
are expressed as the number of residual PFC
per well and represent the means of three ex-
periments carried out in triplicate.

2.0

Proliferation index

0.5

T T T T 1
0.5 1 5 10 20

Lithium (10~3Mm)
Fig. 4. Augmentation of PHA-response in the
presence of lithium. Peripheral blood mono-
nuclear cells were incubated in the presence
or absence of varying concentrations of lith-
ium for 30 minutes at 37°C, prior to the addi-
tion of 10 ug per milliliter of PHA. The degree
of proliferation at 72 hours was assessed by
uptake of [*H]thymidine. The proliferation in-
dex was calculated by counts per minute (ex-
perimental tube)/counts per minute (control
tube), where an index of 1.0 represents the
control values in the absence of lithium. The
means of two experiments (+ 1 standard de-
viation), carried out in triplicate, are shown.

of suppressor cell activity by these pa-
tients’ cells and prevented the expres-
sion of drug-augmented suppressor cell
activity in all instances except for that in-
duced by dibutyryl cyclic AMP.

Since increased levels of intracellular
cyclic nucleotides and activation of
adenylate cyclase have been demon-
strated in lymphocytes after exposure to
phytohemagglutinin (PHA) (/10), we de-
termined the effect of lithium on PHA-
induced proliferation (Fig. 4). The addi-
tion of lithium at the same time or up to 1
hour prior to the addition of PHA result-
ed in a dose-dependent enhancement of
[*H]thymidine uptake with a peak re-
sponse at 5 X 107°M lithium. Higher
concentrations of lithium (=1072M) were
inhibitory in this 72-hour assay. The ad-
dition of theophylline to the incubation
mixture resulted in a dose-dependent in-
hibition of proliferation, which could be
reduced or eliminated by the inclusion of
lithium in the incubation mixtures, and
the degree of reversibility was dependent
on the concentration of theophylline.
The inhibitory effects of 107*M theo-
phylline were completely reversible by
5 x 1073M lithium.

These experiments indicate that drugs
associated with the induction of in-
creased intracellular levels of cyclic
AMP can modulate E-rosette formation,
PHA-induced proliferation, IgM secre-
tion, and suppressor cell activity in three
patients with congenital agammaglobu-
linemia. Although cyclic AMP levels
were not measured (/7), our findings are
analogous to a number of other studies
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that demonstrate a regulatory role for cy-
clic nucleotides in lymphocyte function
(7). A role for cyclic AMP is further im-
plied by the observed synergistic effects
of the drugs in all functions tested ¢).
Lithium, on the other hand, appears to
be a potent antagonist of the effects me-
diated by both the phosphodiesterase in-
hibitor (theophylline) and the B-agonists
(salbutamol and isoproterenol). On its
own, it was capable of augmenting the
lymphocyte proliferative response to
PHA and abrogating suppressor cell ac-
tivity. In contrast, lithium could not pre-
vent the effects of dibutyryl cyclic AMP
in any of the assays. The mechanism of
lithium action may be through inhibition
of adenylate cyclase activation, pre-
venting increases in intracellular levels
of cyclic AMP (3). An inhibitory effect of
lithium at a step beyond the formation of
cyclic AMP has also been suggested (/2).
Alternatively, the observations with lith-
ium may be unrelated to adenylate cy-
clase blockade per se. As an imperfect
substitute for other cations involved in
a number of cellular processes, lithium
effects may be secondary to a more gen-
eral influence on the cellular micro-
environment, particularly the tertiary
structure of membrane macromolecules
(3). Although its precise mechanism of
action remains to be defined, the use of
lithium as a nonspecific immunologic ad-
juvant or as an inhibitor of suppressor
cell activity warrants further investiga-
tion.
ErRwWIN W. GELFAND
HANS-MICHAEL DoscH
DEBORAH HASTINGS
ABRAHAM SHORE
Department of Inmunology, Research
Institute, Hospital for Sick Children,
Toronto, Ontario, Canada M5G 1X8

References and Notes

1. T. B. Strom, A. P. Lundin, C. B. Carpenter,
Prog. Clin. Immunol. 3, 155 (1977).

2. E.J. M. Helmrich, H. P. Zenner, T. Pfeuffer, C.
F. Cori, Curr. Top. Cell. Regul. 10, 41 (1976);
M. Sonnenberg and A. S. Schneider, in Recep-
tors and Recognition, P. Cuatrecasas and M. F.
Greaves, Eds. (Chapman & Hall, London,
1978), series A, vol. 3, p. 3; M. F. Greaves, Na-
ture (London) 265, 681 (1977).

3. T. Dousa and O. Hechter, Life Sci. 9, 765
(1970); R. Temple, M. Berman, J. Robbins, J.
Wolff, J. Clin. Invest. 51, 2746 (1972); 1. Singer
and D. Rotenberg, N. Engl. J. Med. 289, 254
(1973).

4. F. V. Chisari and T. S. Edgington, J. Exp. Med.
140, 122 (1974); S. P. Galant and R. A. Remo, J.
Immunol. 114, 512 (1975); M. H. Grieco, I. Sie-
gel, Z. Goel, J. Allergy Clin. Immunol. 58, 149
(1976); A. R. Hayward and L. Graham, Clin.
Exp. Immunol. 23, 279 (1976).

5. J. Watson, R. Epstein, M. Cohn, Nature (Lon-
don) 246, 405 (1973); R. Bosing-Schneider and
H. Kolb, ibid. 244, 224 (1973); H. S. Teh and V.
Paetkau, ibid. 250, 505 (1974).

6. K. L. Melmon, H. R. Bourne, Y. Weinstein, G.
M. Shearer, J. Kram, S. Bauminger, J. Clin. In-
vest. 53, 13 (1974).

7. H.-M. Dosch and E. W. Gelfand, J. Immunol.
Methods 11, 102 (1976); J. Immunol. 118, 302
(1977).

8. In contrast to their effects on complement-medi-

SCIENCE, VOL. 203, 26 JANUARY 1979

ated lysis of mast cells [M. Kaliner and K. F.
Austen, Science 183, 659 (1974)], the drugs did
not affect the complement-dependent lysis of the
ovalbumin-coated sheep red blood target cells in
the PFC assay.

9. E. W. Gelfand and H.-M. Dosch, in In vitro In-
duction and Measurements of Antibody Syn-
thesis in Man, A. S. Fauci and R. E. Ballieux,
Eds. (Academic Press, New York, in press).

10. J. W. Smith, A. L. Steiner, W. M. Newberry, C.
W. Parker, J. Clin. Invest. 50, 431 (1971); R.
Krishnaraj and G. P. Talwar, J. Immunol. 111,
1010 (1973); F. R. DeRubertis, T. V. Zenser, W.
H. Adler, T. Hudson, ibid. 113, 151 (1974).

11. Since a number of the functions measured repre-
sent the activities of a small proportion of the
cells in a given, but heterogeneous, cell popu-

lation, the measurements of cyclic AMP and
adenylate cyclase may not accurately correlate
with functional effects. For example, the PFC
frequency in the cell populations tested was
< 0.1 percent (7) and frequency of suppressor
cells in the patients, < 3 percent (9).

12. J. N, Forrest, N. Engl. J. Med. 292, 423 (1975).

13. This work was supported by grant MT-4875
from the Medical Research Council of Canada
and by the National Foundation March of
Dimes. We thank J. Lee and S. Kwong for their
technical assistance, and Drs. F. Coceani and C.
Pace-Asciak for their helpful discussions.
E.W.G. is a recipient of a Queen Elizabeth II
Scientist award.

31 May 1978

Wax Secretion and Color Phases of the Desert

Tenebrionid Beetle Cryptoglossa verrucosa (LeConte)

Abstract. The desert beetle Cryptoglossa verrucosa(LeConte) exhibits distinct col-
or phases that range from light blue to jet black when subjected to extremes of low
and high humidity, respectively. The color phases are created by “‘wax filaments’’
that spread from the tips of miniature tubercles that cover the cuticle surface. The
meshwork that accumulates at low humidity reduces transcuticular water loss and
may lower the rate at which body temperature rises under a radiation load by in-

creasing reflectance.

Cryptoglossa verrucosa (LeConte) is a
common beetle in the Sonoran Desert of
the southwestern United States and ad-
jacent portions of Mexico and Baja Cali-
fornia (7). It is most abundant during hot
summer months and can be collected
from the surface from immediately be-
fore sunset until shortly after sunrise.
Unlike other tenebrionid beetles with
which it is sympatric, C. verrucosa ex-
hibits distinct color phases that vary
from bluish-white to black with inter-
mediate gradations (Fig. 1A).

Initially these color phase changes
were thought to reflect hydration state;
however, this hypothesis was disproved
by simple laboratory experiments. Sub-
sequent tests indicated that relative hu-
midity (RH) was the principal controlling
factor. Beetles kept at 25°C and 35 to 40
percent RH in the laboratory retained an
intermediate color phase whether fed or
starved. When transferred to a desicca-
tor (~ 0 RH), their color gradually
changed to the whitish-blue phase (here-
after referred to as blue). Maximum
lightening required 7 to 10 days. A sec-
ond transfer of groups of blue beetles to
0, 20, 32.5, 50, 62.5,75.5, 85, and 97 per-
cent RH (2) produced the following re-
sults: (i) beetles at 97 percent RH
showed pronounced darkening after 2
hours and were completely black after 24
hours, (ii) beetles at 75.5 and 85 percent
RH exhibited limited darkening and
some blotching after 24 hours (no further
changes were noted), (iii) beetles main-
tained at 32.5, 50, and 62.5 percent RH
assumed an intermediate color phase af-
ter 1!/2 to 2 weeks, and (iv) beetles at 0

and 20 percent RH showed no change
from the blue phase. More rapid dark-
ening was obtained when beetles were
suspended over water in closed contain-
ers (100 percent RH). Localized dark-
ening was also achieved by carefully ap-
plying a drop of distilled water to the cu-
ticle.

The experiments described above
were performed with living intact
beetles. When freshly killed beetles were
subjected to the same tests, darkening at
high humidities proceeded at the rate ob-
served with living beetles. Dead black
beetles, however, did not return to the
blue phase when transferred to 0 RH
even after a 3-week exposure. Irrevers-
ible color phase changes were also ob-
served when pieces of elytral cuticle re-
moved from blue beetles were darkened
in saturated atmospheres and then trans-
ferred to 0 RH. The failure of dead
beetles or cuticle segments to lighten
from the black phase indicated that the
process required energy.

The morphological basis for the hu-
midity-induced color phases was deter-
mined by scanning electron microscopy.
Pieces of cuticle from the dorsal thorax
and abdominal elytra of beetles in the
blue and black phases were examined
3). The elytra of this species are charac-
terized by rows of large subacute tu-
bercles (/). Projecting from the sides of
each large tubercle as well as the general
cuticle surface are numerous miniature
tubercles (1200 per square millimeter)
that appear to function in the wax-se-
creting process. Several of these tu-
bercles in black (high humidity) beetles

0036-8075/79/0126-0367$00.50/0 Copyright © 1979 AAAS 367



