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A B S T R A C T Chediak-Higashi (CH) syndrome is a
genetic disorder of children and certain animal species
including the beige mouse. Wehave previously described
a membrane abnormality in CH mouse polymorphonu-
clear leukocytes (PMN). Whereas normal mouse PMN
do not form surface caps with concanavalin A except
after treatment with agents such as colchicine that in-
hibit microtubule assembly, CH mouse PMN show
spontaneous cap formation. This capping is inhibited by
3',5' cyclic guanosine monophosphate and by the cho-
linergic agonists carbamylcholine and carbamyl P-meth-
ylcholine that increase 3',5' cyclic guanosine monophos-
phate generation. These data suggested that microtubule
function may be impaired in CH syndrome perhaps
secondary to an abnormality in 3',5' cyclic guanosine
monophosphate generation. The cholinergic agonists
were also shown to prevent development of the giant
granules that are pathognomonic of CH syndrome in
embryonic fibroblasts isolated from CH mice and cul-
tured in vitro.

In this report it is shown that an extreme degree of
spontaneous concanavalin A cap formation is also char-
acteristic of peripheral blood PMNfrom two patients
with CH syndrome. This indicates an abnormality of
microtubule function in CH syndrome in man. 3',5'
cyclic guanosine monophosphate, carbamylcholine, and
carbamyl f-methylcholine reduce spontaneous capping
in CH cells. In addition, it is shown that monocytes iso-
lated from the patients' blood and incubated in tissue
culture generate a large complement of abnormal gran-
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ules. When the same cells mature in vitro in the pres-
ence of carbamylcholine or carbamyl 8-methylcholine,
the proportion of cells containing morphologically nor-
mal granules is significantly increased.

These responses can be reproduced in vivo in the
beige (CH) mouse. Animals treated for 3 wk and
longer with carbamylcholine or carbamyl fi-methylcho-
line show normal granule morphology and a normal
degree of concanavalin A cap formation in peripheral
blood PMNleukocytes.

INTRODUCTION
The beige mouse, a spontaneous mutant of the C57 black
mouse, is considered a homologue of Chediak-Higashi
(CH) 1 syndrome of man (1-3).

Werecently described an abnormality of concanavalin
A (Con A) distribution on polymorphonuclear leuko-
cytes (PMN) from CH mice that suggested a defect
in microtubule assembly in these cells (4). In lympho-
cytes (5), virus-transformed 3T3 fibroblasts (SV3T3)
(6) and other cells, the disassembly of microtubules by
treatment with agents such as colchicine and vinblastine
that interact with microtubules (7), favors the aggrega-
tion of Con A into a surface cap (reviewed in 8). Con-
sistent with this, PMNfrom normal black mice showed
a random surface distribution of Con A except after

'Abbreviations used in this paper: Bethanechol, carbamyl
p-methylcholine; carbachol, carbamylcholine; cGMP, 3',5'
cyclic guanosine monophosphate; CH, Chediak-Higashi;
Con A, Concanavalin A; FITC, fluorescein isothiocyanate;
FITC-Con A, Fluorescein isothiocyanate conjugated Con A;
PMN, polymorphonuclear leukocytes.
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incubation with colchicine which permits cap formation.
By contrast, Con A was capped spontaneously on PMN
from the beige or CH mouse to the same degree as on
colchicine-treated normal cells. In addition, it was found
that cyclic 3',5' guanosine monophosphate (cGMP) and
the cholinergic agonists carbamylcholine (carbachol)
and carbamyl P-methylcholine (bethanechol) that are
capable of increasing cellular cGMP levels (9) normal-
ized the surface distribution of Con A on CH PMN
and antagonized the colchicine effect on normal PMN.
This suggested that defective cGMP generation was
linked with impaired microtubule function in CH PMN.
Studies by Zurier et al. and Weissmann and co-workers
(10, 11) have previously indicated that elevation of
cGMP and assembly of microtubules may be related
processes in human PMN.

Further studies showed that the continued presence
of cholinergic agonists could also prevent generation of
abnormal lysosomal granules in CH fibroblasts. Primary
embryonic fibroblasts isolated from CH mice and main-
tained in tissue culture in the absence of drugs, de-
veloped the giant granules that are characteristic of CH
syndrome in more than 60% of cells at confluency. How-
ever, when CH fibroblasts were plated at low cell
density and maintained to confluence (10-14 days) in
medium supplemented with carbachol (10 tM) only
9% of cells contained one or more giant granules (12).

We report here the extension to man of these in vitro
observations in mouse and indicate the potential thera-
peutic value of cholinergic agonists by studies of mice
in vivo.

METHODS

The patients with the CH syndrome were 5 and 32 yr old
males, the former brought to our attention by Dr. Thomas
Stossel and the latter by Dr. George Buchanan, both of
Children's Hospital Medical Center, Boston, Mass.

We were able to study the child's leukocytes through the
cooperation of his personal physician, Dr. William Collins,
New Bedford, Mass., his consulting hematologist, Dr.
George Buchanan, and Dr. Stossel. For some studies, the
personnel in the Department of Pathology, St. Luke's Hos-
pital, New Bedford, Mass., obtained blood samples from the
patient and allowed us use of their facilities for cell sepa-
ration procedures. Signed informed consent was obtained
from the patient's parents before studies were begun. The
patient was in the accelerated phase of the disease and was
being treated with alternate day corticosteroids (10-60 mg
prednisone q.o.d.). Blood was obtained just before a sched-
uled dose of prednisone or on the alternate nontreatment
day and only at a time when the patient's blood was drawn
for studies necessary to the clinical management of his
disease. The second patient has photophobia, pale irides,
marked horizontal nystagmus, and a peripheral neuropathy.
Giant granules were readily apparent in Wright stained
preparations of peripheral blood leukocytes from both pa-
tients.

Peripheral blood mononuclear leukocytes from human sub-
jects were obtained by means of Hypaque-Ficoll gradients

(13) and resuspended in phosphate buffered saline (PBS).
In some experiments the fractions were stored on ice for
3 h (during transportation) before use. Alternatively, whole
blood was stored on ice, and the cells were isolated within 3
h in our laboratory. No difference was observed between
cells handled by these two techniques. The suspension of
mononuclear cells was diluted with Dulbecco's modified
Eagle's medium containing penicillin and streptomycin
(Grand Island Biological Co., Grand Island, N. Y.), and
2-ml portions were plated into 3.5-cm plastic petri dishes
containing three 15-mm glass cover slips. After 2 h, non-
adherent cells were removed, and the medium was replaced
with fresh Dulbecco's modified Eagle's medium containing
40% fetal calf serum with and without added carbachol (10
/AM) or bethanechol (0.1 mM). The medium was changed
daily. Cell numbers remained approximately constant be-
tween the two groups between days 2 and 7 of culture.

Human peripheral blood PMNwere obtained by centrifu-
gation of whole blood (stored on ice during transportation)
at 400 g for 10 min at 4VC in a Sorvall RC5 centrifuge,
(Ivan Sorvall, Inc., Norwalk, Conn.) followed by collection
of the buffy coat. The cells were pelleted by centrifugation
for 3 s in an Eppendorf microfuge, contaminating erythro-
cytes were removed by osmotic lysis, and the cell suspension,
containing approximately 80% PMNand 20%o mononuclear
cells, was filtered through nylon and resuspended in Dul-
becco's PBS (approximately 106 cells/ml). Mouse PMN
were isolated as previously described from peripheral blood
collected by heart puncture (4).

Granule morphology was monitored by incubating cells
adherent to cover slips for 3 min with acridine orange (1:
106) in PBS. The cells were observed with a Zeiss photo-
microscope III with an epi-illuminator, fluorescein isothio-
cyanate (FITC) interference filter, 500 dichroic mirror, 53
barrier filter and a X 40 planapochromatic objective (Carl
Zeiss, Inc., New York). Acridine orange stains lysosomes
an intense orange color against a background of green cyto-
plasm and nucleus (14, 15). The use of acridine dyes for
characterization of leukocyte lysosomal granules, including
those in CH leukocytes, has been established by previous
investigators (15, 16).

The distribution of Con A on human PMNwas observed
by a modification of the method used previously (4) for
mouse PMN. Portions (0.5 ml) of the cell suspensions were
incubated in 2-ml plastic tubes at 37°C in the presence of
5 ,cg/ml fluorescein isothiocyanate conjugated Con A (FI-
TC-Con A) for 5 min. 0.5 ml 2% paraformaldehyde was
added to fix the cells during a further 5-10-min incubation
at room temperature, after which the labeled cells were col-
lected by centrifugation, washed once with PBS, and re-
suspended in 20-50 Al PBS. 10-iu portions were sealed under
glass cover slips, and the distribution of fluorescence was
observed by combined phase-fluorescence using a Zeiss Uni-
versal fluorescence microscope equipped as above but using
a X 100 neofluar phase objective. 100 PMNwere identified
by phase-contrast microscopy and scored for the presence
or absence of surface caps. The distribution of Con A was
classified into three categories: A cell was considered (a)
capped when all of the fluorescence was present in a knob
or projection at one pole of the cell; (b) random, when
fluorescence was seen as a discrete ring around the cell pe-
riphery, and (c) patched, when fluorescence was distributed
in intracellular vesicles either around the cell periphery,
under a capped area of the cell surface, or in aggregates
near the center of the cell. Intracellular Con A was iden-
tified by its resistance to removal by postincubation of cells
with the competing hapten sugar, a-methyl-D-mannoside.
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All Con A could be eluted with the competing sugar from
randomly-labeled and capped cells.

The distribution of Con A on mouse PMNwas observed
using cell monolayers as previously described (4). Mono-
layers formed during a 30-min incubation of mouse periph-
eral blood leukocytes on glass cover slips followed by vigor-
ous rinsing in PBS contained 80-85% PMNand 15-20%
mononuclear cells. These cells were labeled with FITC-Con
A (5 ,ug/ml) for 10 min, rinsed, wet mounted, and ex-
amined by combined phase-fluorescence microscopy as de-
scribed above. The same monolayer technique was used for
initial experiments with human PMN.

In Vivo experiments. In initial studies, two normal black
(C576J +/+) and two CH (C576J bg/bg) mice (The
Jackson Laboratory, Bar Harbor, Maine) were injected
subcutaneously with 5 jAg carbachol or 10 Ag bethanechol
twice daily. Rapid onset (2 min) of transient (5 min) lacri-
mation and rhinorrhea was observed during the 1st wk after
each carbachol injection in CH but not normal mice. Beth-
anechol did not produce any apparent side effects. Treat-
ment was continued for at least 3 wk before sacrifice. More
recently, carbachol and bethanechol have been administered
orally to groups of up to 30 mice. No apparent adverse
effects occur in CHmice given relatively high doses of drug
orally for up to 6 mo: 200 ug/ml carbachol, or 400 ,tg/ml
bethanechol ad lib. in the water bottles. Each mouse (ap-
proximate weight, 25 g) ingests between 0.5 and 1.0 mg
carbachol or between 1.0 and 2.0 mg bethanechol daily.

RESULTS
Distribution of Con A on human PMN. In experi-

ments with the first patient the distribution of FITC-
Con A on CHPMNwas compared with the distribution
on normal human PMNusing cell monolayers formed
on glass cover slips at 37°C as previously used for
mouse PMN (4). In experiments with the second pa-
tient the distribution of FITC-Con A was determined
using the new suspension assay described above. The
results were qualitatively similar, but the suspension
assay was found to be considerably more suitable than
the monolayer assay for human cells.

Monolayers of normal human PMNshowed surface
caps on 3-7% of cells, with the remainder showing a
rim of peripheral (surface) fluorescence. Intracellular
vesicles, identified by their persistence in cells post-
treated with a-methyl-D-mannoside, were also present
in 50-70% of cells. Preincubation of these monolayers
with colchicine (1 /M) increased the proportion of cells
that appeared to be capped with Con A to 32-45% in
five experiments, with intracellular lectin being apparent
in both the capped and noncapped cells. PMNfrom the
first CH patient exhibited spontaneous cap formation on
a substantial portion of cells (31 and 46% in two ex-
periments). This high degree of capping was not in-
creased by colchicine but was completely antagonized by
10 AM carbachol. In two experiments only 7 and 9%
of cells were capped with Con A after carbachol treat-
ment. However, intracellular vesicles were again seen
in most cells.

A procedure was then developed that would allow

further examination of the redistribution of Con A on
the cell surface without the complication of simultaneous
internalization of lectin. This internalization obscured
the surface distribution of Con A on some cells. Fur-
ther, the possibility that the apparent reduction in cap-
ping in cells treated with cholinergic agonists was due to
an increased rate of internalization of caps could not be
eliminated. It was first found that labeling of human
PMNin suspension rather than on monolayers resulted
in a lower rate of internalization. We then discovered
that very little internalization occurred in PMNisolated
rapidly from buffy coat, whereas PMNisolated by con-
ventional procedures, by dextran sedimentation or cen-
trifugation through bovine serum albumin or Hypaque-
Ficoll, showed a significant rate of pinocytic internaliza-
tion of lectin. While this apparent activation of pinocyto-
sis is of interest, the procedure that essentially elimi-
nated pinocytosis was adopted for subsequent capping
studies.

The results obtained when control PMNand PMN
from the second patient were labeled using the sus-
pension assay are shown in Table I. In normal prepara-
tions only 6% of cells formed caps with Con A, and the
majority of cells showed a completely random distribu-
tion of fluorescence, as illustrated in Fig. 1A. Colchicine
caused a dramatic increase in capping to 82% of cells
(Fig. 1B). CH PMN formed caps spontaneously on
75% of cells (Fig. IC), and no further increase fol-
lowed colchicine treatment. Spontaneous capping was
restricted to PMNand was not observed on lymphocytes
or monocytes present in the cell suspensions. Colchicine-
induced capping on lymphocytes but not monocytes was
observed in both normal and CH human cells. In both
colchicine-treated normal PMN and untreated CH
PMN, cGMPand cholinergic agonists, in the presence
of imidazole to inhibit phosphodiesterase activity, re-

duced capping (Fig. 1 D). However, capping was not

completely inhibited as previously observed with cell
monolayers of mouse PMN (4) or CH PMNfrom the
first patient (described above). The proportion of cells
showing intracellular fluorescence (patched cells) was

consistently low in all cell preparations.
Granule morphology in CHhuman monocytes. When

peripheral blood monocytes are incubated on surfaces in
medium supplemented with serum, they mature into
typical macrophages within 5-10 days, developing long
cell processes and generating a large complement of
lysosomal granules. This process has been extensively
studied and described by Bennet and Cohn (17).

Fig. 2A shows the morphology of acridine orange-
stained blood monocytes from a normal adult human
after 6 days in culture. The cell contains many small
granules dispersed throughout the cytoplasm. By con-

trast, the monocyte from the first CH patient after 6
days in culture (Fig. 2B) contains fewer granules, and
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TABLE I
Distribution of Con A on HumanPMN

Distribution of fluorescence

Normal CH

Preincubation Random Patched Capped Random Patched Capped

(30 min)

PBS 86 8 6 18 7 75
Colchicine (1 pM) 17 1 82 19 8 73
Imidazole (1 mM) 80 10 10 32 6 62
cGMP(1 mM) + imidazole 86 9 5 49 9 42
Carbachol (10 pM) + imidazole 79 14 7 43 6 51
Bethanechol (0.1 mM) + imidazole 90 9 1 45 9 46
cGMP+ imidazole + colchicine 65 0 35
Carbachol + imidazole + colchicine 50 0 50 - -
Bethanechol + imidazole + colchicine 59 6 35

Leukocytes were isolated from 10 ml heparinized blood from normal donors and from the second CHpatient. Both
blood samples were held on ice for 3 h before isolation of leukocytes and labeling of cell suspensions with
FITC-Con A. Normal PMNshowed identical labeling patterns when cells were separated immediately after with-
drawal of blood or after the 3-h period of storage of blood on ice. Results are the average of four separate deter-
minations with leukocytes from three normal donors and of two determinations with leukocytes from the second
CH patient. Example of a random and capped distribution of FITC-Con A are shown in Fig. 1. A patched distri-
bution results from internalization of FITC-Con A by pinocytosis during the labeling period.

these granules are distinctly larger than normal. Fig.
2C shows a cell with apparently normal granule mor-
phology. This cell was obtained from a 6-day culture
of CH cells incubated in the continuous presence of 0.1
mMbethanechol.

The proportion of cells with giant granules was quan-
tified by scoring 100 cells from each of three cover slips
for the presence or absence of abnormal acridine-orange
stained inclusions. Monocytes from normal blood de-
veloped no giant granules. In two experiments with

FIGURE 1 Distribution of Con A on normal and CH PMN. Cell suspensions were incubated
for 30 min at 370C in PBS with or without addition of drugs and then labeled with FITC-Con
A (5 pg/ml) for 5 min. Untreated normal cells (A) showed a random distribution of fluores-
cence, and most cells were capped after treatment with IAM colchicine (B). By contrast CH
PMNcapped spontaneously with Con A (C). The proportion of CH cells that capped was
reduced by treatment with cGMPor cholinergic agonists (D). Initial magnification X 1,000.
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FIGURE 2 Granule morphology in normal and CH peripheral blood monocytes after 6 days of
in vitro culture. Normal cells (A) showed a large number of small granules after vital staining
with acridine orange. CH cells showed large granules in the majority (about 66%) of cells
(B). When carbachol (10 ,gM) or bethanechol (0.1 mM) were included in the culture medium,
granule morphology was normalized in about 65%o of cells (C). Initial magnification x 500.

cells from the first CH patient, an average of 68% of
cells contained giant granules after incubation for 6 days
in medium alone. However, cells cultured in the pres-
ence of 10 AMcarbachol or 0.1 mMbethanechol showed

giant granules in only 34 and 24%, respectively, of cells
after 6 days of in vitro culture. Similar data were ob-
tained in one experiment with cells from the second
patient. After 8 days in medium alone, 65% of cells
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cultured (in medium alone) contained giant granules.
This proportion was reduced to 48% in the presence of
carbachol and to 39% with bethanechol.

In vivo studies. Granule morphology of peripheral
blood leukocytes isolated from carbachol or bethanechol-
treated CH mice was dramatically different from gran-
ule morphology in untreated CHmouse PMN. In leuko-
cytes from CH mice (80% PMN, 20% lymphocytes and
monocytes) giant granules were apparent in most cells
(compare the granules in normal cells, Fig. 3A with
those in CH cells, Fig. 3B). By contrast, very few giant
granules were present in leukocytes from two carbachol-
treated mice (5 Ag twice daily subcutaneously). Beth-
anechol (10 ug twice daily subcutaneously) also nor-
malized leukocyte granule morphology in two mice (Fig.
3C). In addition, oral administration of bethanechol
(400 /g/ml ad lib.) for 4-12 wk was as effective as
subcutaneous administration in normalizing granule
morphology in each of five mice.

Oral administration of bethanechol also caused a sig-
nificant decrease in spontaneous Con A cap formation
in PMN (Table II). Monolayers of PMNfrom CH
mice show Con A capping on a high proportion of cells
(56%). By contrast, only 22% of PMNfrom bethane-
chol-treated CH mice showed caps with Con A. This
is not different from the proportion of cells from normal
mice that cap (22%). The monolayer technique was
retained for these capping studies because of its greater
convenience with mouse PMN. First, excessive internal-
ization of surface-bound Con A does not occur when

TABLE II
The Distribution of Con A on PMNfrom Untreated

and Bethanechol-Treated Mice

Distribution of fluorescence

Mouse Random Patched Capped

Normal (C57/6J black) 67 11 22
CH (C57/6J beige) 26 18 56
Bethanechol-treated CH 64 14 22

PMNwere isolated and labeled on monolayers as before (4).
Results are average of three separate determinations using
mice of approximately 6 mo of age. The bethanechol-treated
mice received the drug ad lib. in the drinking water
(400 ;ug/ml) for 10 wk.

mouse cells are attached to a surface, as shown by the
low proportion of patched cells in Table II. Second, sus-
pensions of mouse peripheral blood leukocytes contain
a much higher proportion of lymphocytes (about 50%)
than similar preparations of human blood leukocytes
(about 20%). These lymphocytes are rather similar in
size to mouse PMN so that differentiation between
lymphocytes and PMNin mouse leukocyte preparations
by phase contrast microscopy is more difficult than with
human leukocyte populations. Most lymphocytes do not
adhere to surfaces and so can be conveniently separated
from PMNby plating cell suspensions onto glass, fol-
lowed by vigorous washing to remove nonadherent cells.

FIGURE 3 Granule morphology in mouse peripheral blood leukocytes. Monolayers of leukocytes
(80%o PMN, 20%o mononuclear cells) isolated from peripheral blood from normal black mice,
untreated CH and bethanechol-treated (3 wk, subcutaneous administration) CH mice were
stained with acridine orange. The leukocytes from untreated CH mice (B) showed giant
granules in most cells, while very few giant granules were seen in leukocytes from bethanechol-
treated CH mice (C) or from normal black mice (A). Carbachol administered subcutaneously
and bethanechol administered orally also normalized granule morphology in PMN. Initial mag-
nification X 625.
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DISCUSSION

CH syndrome in man is a rare autosomal recessive dis-
order characterized by partial oculocutaneous albinism,
photophobia, nystagmus, frequent pyogenic infections,
and the presence of giant irregularly shaped lysosomes
in most granule containing cells (1, 2, 18). Mild to
severe peripheral neuropathy has been observed in sev-
eral CH patients. Febrile episodes are common and an
accelerated (lymphoma-like) phase develops, during
which patients have hepatosplenomegaly and lympha-
denopathy due to lymphoid and hystiocytic infiltrates in
these organs (19). Death usually occurs in childhood,
due to infection or hemorrhage (1). A similar disorder
has been described in mink (20), cattle (21), and mice
(3, 22) as well as in cats and in a killer whale (23,
24). Neutropenia, presumably due to intramedullary de-
struction of cells (25, 26) is common, and marrow
granulocyte responses are decreased (26). Chemotactic
responses of neutrophils from man (27) and mouse (3)
are impaired, but particle uptake by CH neutrophils is
normal. The complement of lysosomal enzymes is rela-
tively normal (28) although reductions in myeloper-
oxidase and P-glucuronidase have been reported (29).
These cells exhibit a delay in killing intracellular
bacteria (30), perhaps as a result of a selective de-
granulation defect which has been detected in leukocytes
from CHpatients (28).

In this report, we establish that CH human PMN
show the same surface abnormality previously described
in the beige (CH) mouse (4). Exaggerated cap forma-
tion by Con A occurred with cells from the first patient
who was in the accelerated phase of the disease and was
receiving steroid therapy and from the second patient
who was not chronically drug treated and whose dis-
ease has never progressed to the accelerated stage. Thus,
we suppose that spontaneous surface Con A capping is
an intrinsic manifestation of CH syndrome and is un-
related to the severity of disease or to steroid therapy.

Con A cap formation can be induced in normal human
PMNby compounds that inhibit microtubule assembly.
Three such agents are presently known. The plant alka-
loids colchicine and vinblastine (and their derivatives
such as Colcemid and vincristine) promote capping in
a variety of cell types including human PMN (8). In
addition, the new synthetic antimicrotubule agent meth-
yl-5 [2-thienyl-carbonyl-lH-benzimidazol-2-yl] carbamate
(31) promotes Con A capping in normal human PMN
(32). Although these agents may have sites of action
besides inhibition of microtubule assembly or disruption l
of microtubules, their structural dissimilarity makes it t
unlikely that another common site exists that could
account for enhancement of Con A capping. Thus, we
consider that capping in normal human PMNafter in- s
cubation with antimicrotubule drugs reflects the absence

of polymerized microtubules. By extension, spontaneous
capping in CHPMNis most likely a direct consequence
of the inability of these cells to assemble microtubules.

Electron microscopic studies that confirm this conclu-
sion will be presented shortly. Wehave established that
incubation of normal human PMNwith Con A for 5
min is accompanied by extensive assembly of cytoplasmic
microtubules. CH human PMN show a complete ab-
sence of microtubules under the same conditions.2 Since
CH cells divide normally and the amount of colchicine-
binding protein (presumably tubulin) is the same in
liver and lymphocytes from both normal and CH mice3'
it is unlikely that the failure of polymerization in CH
PMN is due to the absence of tubulin. Therefore, we
suppose that a signal to microtubule assembly is acti-
vated in normal PMNbut not in CHPMNby a surface
event such as Con A binding.

Enhanced Con A capping is antagonized in CH
human PMNas in CH mouse PMNby cGMP, carba-
chol, and bethanechol. This suggests that these agents
may promote microtube assembly in CH cells. It has
previously been established that cGMPenhances micro-
tubule assembly in normal human PMN (10, 11). The
reduction in capping in human CH PMNby cGMPand
cholinergic agonists measured by the suspension assay
is less profound than that observed with human cells on
monolayers and that previously reported with mono-
layers of mouse cells. This may reflect the difference in
assay technique: perhaps contact with a surface per se
facilitates microtubule assembly as suggested from the
observation that colchicine induces less capping (30-
40%) on normal PMNon monolayers as compared to
the capping (75-90%) measured in suspension, or it may
be that the optimal concentrations of cGMP and cho-
linergic agonists have not yet been tested in the sus-
pension assay, due to the rather limited availability of
cells.

The cholinergic agonists also modify granule mor-
phology in peripheral blood monocytes obtained from
the patients and stimulated to mature to macrophages
in vitro. Without drugs, most of the cells (> 65%)
generate a population of very large granules which are
morphologically quite aberrant when compared with the
small granules that develop in normal blood monocytes.
However, when the cells matured in the presence of cho-
linergic agonists, only 24-48% of cells contained giant
granules, and the morphology of the granules in the
remaining cells was not different from normal. As for
the capping data, the granule response is less dramatic
than that observed in mouse fibroblasts in vitro (12)
and in mouse peripheral blood leukocytes in vivo shown

'Albertini, D. F., R. B. Zurier, and J. M. Oliver. Manu-
script in preparation.

Sherline, P., and R. B. Zurier. Unpublished results.
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here. However, it should be noted that at least 20% of
CH monocytes contained a small number of giant gran-
ules at the time of plating. Studies of granule turnover
are required to find if these same granules are still
present after a week in culture in addition to the new
granules that develop in vitro.

The precise relationship between the surface abnor-
mality (capping) and the granule abnormality in CH
syndrome is not known. Since both characteristics re-
spond to cholinergic agents and since the surface ab-
normality likely reflects a microtubule defect it is tempt-
ing to speculate that abnormal microtubule function
may also be involved in generation of giant granules.
The mechanism by which increased cGMP generation
leads to increased microtubule assembly also remains to
be established.

It is particularly encouraging that the cholinergic
agonists are able to reverse several characteristic ab-
normalities of CH mice in vivo. Administration of car-
bachol or bethanechol to CH mice for 3 wk results in
the appearance in these animals of a new population of
peripheral blood leukocytes in which the granules do not
differ from granules in leukocytes from normal mice.
Since granule fusion to produce giant lysosomes in
PMN occurs during maturation in the bone marrow
(33) our results suggest that cholinergic agonists can
gain access to this tissue. This is of potential clinical
importance since in man the marrow is the site of ab-
normal granule formation and also of accelerated leuko-
cyte destruction (25). Con A capping is also reduced
to normal levels in PMNfrom mice treated with cho-
linergic agonists in vivo, just as previously described in
experiments where isolated PMNwere exposed to the
drugs in vitro (4). It is possible that the therapeutically
altered population of PMNmay show improved lyso-
somal degranulation and chemotaxis since colchicine
may depress and cGMP and carbachol enhance both
these functions in normal PMN (9, 10, 34).

Each abnormal property of CH mouse or human cells
tested thus far, whether in vivo or in vitro, has re-
sponded favorably to carbachol and/or bethanechol,
although more dramatic responses were consistently
observed in mice than in human cells. It is not known,
of course, whether these or similar compounds might
retard or halt the infiltrative, lymphoma-like phase of
the disease that occurs in man. Vincristine has been
the mainstay in efforts to control the accelerated phase
of the disease (1). The drug, however, prevents micro-
tubule assembly, and cells from these patients already
show evidence of impaired microtubule function. The
observations presented here support a rational alterna-
tive: treatment of CH syndrome with bethanechol. Pro-
longed oral administration of bethanechol is not without
precedent. Children with familial dysautonomia have

been treated with up to 2 mg per Kg daily without
serious toxic reactions (35).

ACKNOWLEDGMENTS
Ms. Joyce Krawiec and Ms. Donna Sayadoff provided ex-
cellent technical assistance.

This paper was supported by American Cancer Society
grant BC-179, National Institutes of Health grants ES00106,
AI 12225, AM17309, and a clinical center grant of the
Arthritis Foundation.

REFERENCES

1. Blume, R. S., and S. M. Wolff. 1972. The Chediak-
Higashi syndrome: Studies in four patients and a re-
view of the literature. Medicine. 51: 247-280.

2. Wolff, S. M., D. C. Dale, R. A. Clark, R. K. Root,
and H. R. Kimball. 1972. The Chediak-Higashi syn-
drome: Studies of host defenses. Ann. Intern. Med. 76:
293-306.

3. Gallin, J. I., J. S. Bujak, E. Patten, and S. M. Wolff.
1974. Granulocyte function in the Chediak-Higashi syn-
drome of mice. Blood. 43: 201-206.

4. Oliver, J. M., R. B. Zurier, and R. D. Berlin. 1975. Con-
canavalin A cap formation on polymorphonuclear leuko-
cytes of normal and beige (Chediak-Higashi) mice.
Nature (Lond.). 253: 471473.

5. Edelman, G. M., I. Yahara, and J. L. Wang. 1973. Re-
ceptor mobility and receptor-cytoplasmic interactions in
lymphocytes. Proc. Natl. Acad. Sci. U. S. A. 70: 1442-
1446.

6. Rosenblith, J. Z., T. E. Ukena, H. H. Yin, R. D. Berlin,
and M. J. Karnovsky. 1973. A comparative evaluation
of the distribution of Concanavalin A-binding sites on
the surfaces of normal, virally-transformed, and pro-
tease-treated fibroblasts. Proc. Natl. Acad. Sci. U. S. A.
70: 1625-1629.

7. Wilson, L., J. R. Bamberg, S. B. Mizel, L. M. Grisham,
and K. M. Creswell. 1974. Interaction of drugs with
microtubule proteins. Fed. Proc. 33: 158-166.

8. Oliver, J. M. 1975. Microtubules, cyclic GMPand con-
trol of cell surface topography. In Immune Recognition.
A. S. Rosenthal, editor. Academic Press, Inc., New
York. 445-471.

9. Goldberg, N. D., M. K. Haddox, D. K. Hartle, and
J. W. Hadden. 1973. The biological role of cyclic 3'5'-
guanosine monophosphate. Proceedings of the 5th In-
ternational Congress on Pharmacology. (Karger, Basel)
Vol. 5, pp. 146-169.

10. Zurier, R. B., G. Weissmann, S. Hoffstein, S. Kammer-
man, and H. H. Tai. 1974. Mechanisms of lysosomal
enzyme release from human leukocytes. II. Effects of
cAMP and cGMP, autonomic agonists and agents which
affect microtubule function. J. Clin. Invest. 53: 297-309.

11. Weissmann, G., I. Goldstein, S. Hoffstein, and P-K.
Tsung. 1975. Reciprocal effects of cAMP and cGMPon
microtubule-dependent release of lysosomal enzymes.
Ann. N. Y. Acad. Sci. 253: 750-762.

12. Oliver, J. M., J. A. Krawiec, and R. D. Berlin. 1976.
Carbamylcholine prevents giant granule formation in
cultured fibroblasts from beige (Chediak-Higashi) mice.
J. Cell Biol. In press.

13. Boyum, A. 1974. Separation of blood leukocytes, gran-
ulocytes and lymphocytes. Tissue Antigens. 4: 269-274.

14. Zelenin, A. V. 1966. Fluorescence microscopy of lyso-

1246 J. M. Oliver and R. B. Zurier



somes and related structures in living cells. Nature
(Lond.). 212: 425-426.

15. Rozenszajn, L. A., and J. Radnay. 1970. The lysosomal
nature of the anomalous granules and chromosome aber-
rations in cultures of peripheral blood in Chediak-Hi-
gashi syndrome. Br. J. Haematol. 18: 683-689.

16. Blume, R. S., P. R. Glade, and L. N. Chessin. 1969.
Euchrysine, a supravital fluorescent lysosomal stain:
technic and application for hematologic investigation.
Blood. 33: 87-99.

17. Bennet, W. E., and Z. A. Cohn. 1966. The isolation and
selected properties of blood monocytes. J. Exp. Med.
123: 145-160. (+ Plates 23-26.)

18. Chediak, M. 1952. Nouvelle anomalie leucocytaire de
caractere constitutionnel et familial. Rev. Hematol. 7:
362-367.

19. Kritzler, R. A., J. Y. Terner, L. Lindenbaum, J. Magid-
son, R. Williams, R. Preisig, and G. B. Phillips. 1964.
Chediak-Higashi syndrome. Cytologic and serum lipid
observations in a case and family. Am. J. Med. 36:
583-594.

20. Leader, R. W., G. A. Padgett, and J. R. Gorham. 1963.
Studies of abnormal leukocyte bodies in the mink. Blood.
22: 477-484.

21. Padgett, G. A. 1968. The Chediak-Higashi syndrome.
Adv. Vet. Sci. 12: 239-284.

22. Lutzner, M. A., C. T. Lowrie, and H. W. Jordan. 1967.
Giant granules in leukocytes of the beige mouse. J.
Hered. 58: 299-300.

23. Bell, T. G., Z. Camacho, K. Meyers, and G. Padgett.
1975. Platelet storage disease in Chediak-Syndrome ani-
mals. Fed. Proc. 34: 861. (Abstr.)

24. Kramer, J. W., W. C. Davis, and D. J. Prieur. 1975. An
inherited condition of enlarged leukocytic and melanin
granules in cats: Probable homology with the Chediak-
Higashi syndrome. Fed. Proc. 34: 861. (Abstr.)

25. Davis, W. C., and S. D. Douglas. 1972. Defective gran-
ule formation and function in the Chediak-Higashi syn-
drome in man and animals. Semin. Hematol. 9: 431-450.

26. Blume, R. S., J. M. Bennett, R. A. Yankee, and S. M.
Wolff. 1968. Defective granulocyte regulation in the
Chediak-Higashi syndrome. N. Engl. J. Med. 279: 1009-
1015.

27. Clark, R. A., and H. R. Kimball. 1971. Defective granu-
locyte chemotaxis in the Chediak-Higashi syndrome. J.
Clin. Invest. 50: 2645-2652.

28. Stossel, T. P., R. K. Root, and M. Vaugh~an. 1972. Pha-
gocytosis in chronic granulomatous disease and the Che-
diak-Higashi syndrome. N. Engl. J. Med. 286: 120-123.

29. Kimball, H. R., G. H. Ford, and S. M. Wolff. 1975.
Lysosomal enzymes in normal and Chediak-Higashi
blood leukocytes. J. Lab. Clin. Med. 86: 616-630.

30. Root, R. K., A. S. Rosenthal, and D. J. Balestra. 1972.
Abnormal bactericidal, metabolic, and lysosomal func-
tions of Chediak-Higashi syndrome leukocytes. J. Clin.
Invest. 51: 649- 665.

31. DeBrabander, M. J., R. M. L. Van de Veire, F. E. M.
Aerts, M. Borgers, and P. A. J. Janssen. 1975. The
effects of R17934 (NSC 238159), a new synthetic anti-
tumoral drug interfering with microtubules on mam-
malian cells cultured in vitro. Cancer Res. In press.

32. Oliver, J. M. 1976. Concanavalin A cap formation on
human polymorphonuclear leukocytes induced by R17934,
a new antitumour drug that interferes with microtubule
assembly. J. Reticuloendothel. Soc. In press.

33. Davis, W. C., S. S. Spicer, W. B. Greene, and G. A.
Padgett. 1971. Ultrastructure of bone marrow granulo-
cytes in normal mink and mink with the homolog of
the Chediak-Higashi trait of humans. I. Origin of the
abnormal granules present in the neutrophils of mink
with the C-HS trait. Lab. Invest. 24: 303-317.

34. Bandmann, U., L. Rydgren, and B. Norberg. 1974. The
difference between random movement and chemotaxis.
Effects of antitubulins on neutrophil granulocyte loco-
motion. Exp. Cell Res. 88: 63-73.

35. Axelrod, F. B., R. Nachtigal, and J. Dancis. 1974.
Familial dysautonomia: diagnosis, pathogenesis and
management. Advan. Pediat. 21: 75-96.

Correction of Abnormalities in Chediak-Higashi Syndrome 1247


