treatment with chloroquine plus desipra-
mine; 7 days of treatment with chloroquine
is usually necessary to cure owl monkeys
infected with chloroquine-susceptible P. fal-
ciparum (20). Therapy was stopped in this
initial experiment after 3 days because of the
striking reduction in parasitemia.

Although the doses of desipramine used
in these studies appear to be high in compar-
ison to the doses used in humans, the plasma
desipramine concentrations were assumed
to be in the same range of those seen with
conventional doses of desipramine in hu-
mans because of a marked difference in
plasma kinetics between monkeys and hu-
mans. In rhesus monkeys, a single oral dose
of 25 mg of desipramine per kilogram yield-
ed peak plasma concentrations of 50 ng/ml
with a half-life of about 5 to 6 hours (21).
Thus, steady-state plasma concentrations
with three times daily administration of 25
mg of desipramine per kilogram (total daily
dose, 75 mg/kg) would probably have been
somewhat higher than 50 ng/ml. In humans,
0.4 mg of desipramine per kilogram given
orally three times daily (total daily dose, 1.2
mg/kg) yielded a mean steady-state concen-
tration of 42.7 ng/ml with a half-life of 18
hours (22). Detailed pharmacokinetic and
toxicology studies must be conducted before
desipramine can be used for the clinical
treatment of chloroquine-resistant malaria.
However, our present data suggest that the
dose needed to obtain clearance of parasites
in humans may be a small fraction of the
dose administered to monkeys in this study,
making clinical use of desipramine for treat-
ment of malaria a realistic possibility.
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A c-myb Antisense Oligodeoxynucleotide Inhibits
Normal Human Hematopoiesis in Vitro

A1AN M. GEWIRTZ* AND BRUNO CALABRETTA

The nuclear protein encoded by the proto-oncogene c-myb has been hypothesized to
play an important role in the process of hematopoiesis, but direct proof of this function
has been lacking. To address this issue, normal human bone marrow mononuclear cells
were exposed to c-myb sense and antisense synthetic oligodeoxynucleotides, and the
effects on hematopoietic colony formation and maturation were examined. Exposure
of these cells to c-myb antisense, oligodeoxynucleotides resulted in a decrease in both
colony size and number, without apparent effect on the maturation of residual colony
cells. Exposure to c-myb sense, or irrelevant antisense, oligonucleotides had no such
effect. These results show that (i) c-myb plays a critical role in regulating normal
human hematopoiesis and (ii) the combined use of antisense oligodeoxynucleotides
and hematopoietic cell culture techniques will provide a powerful tool for studying the
role of proteins encoded by proto-oncogenes, or other specific genes, in normal human

hematopoiesis.

HE PROTO-ONCOGENE C-myb, THE

normal cellular homolog of the avian

myeloblastosis virus transforming
gene v-myb (1), may play an important role
in regulating hematopoietic cell prolifera-
tion, and perhaps differentiation (2-4). Evi-
dence to support this hypothesis includes
the observations that: (i) c-myb is preferen-
tially expressed in primitive hematopoietic
cell tissues and hematopoietic tumor cell
lines of several species (3); (ii) as cells ma-
ture c-myb expression declines (4); and (iii)
the constitutive expression of exogenously
introduced c-myb inhibits the erythroid dif-
ferentiation of a murine erythroleukemia cell
line (MEL) in response to known inducing
agents (5). Although these data clearly im-
plicate the c-myb gene product as a poten-
tially important regulator of hematopoietic
cell development, this evidence is largely of
an indirect nature. Accordingly, the func-
tion of the c-myb proto-oncogene in normal
hematopoiesis remains speculative.

To directly determine whether c-myb has a
role in regulating normal human hemato-
poiesis, at least in vitro, we used the anti-
sense strategy (6). This approach to the
study of specific gene function has been used
successfully to study the effects of c-myc (7,
8) and proliferating cell nuclear antigen
(PCNA or cyclin) (9) on cell proliferation
and differentiation. We therefore synthe-

sized (9) 18-bp oligodeoxynucleotides com-
plementary to either the sense or antisense
strands of the c-myb mRNA transcript start-
ing from the second codon (10). We then
exposed light-density, normal human bone
marrow cells depleted of adherent macro-
phages and T lymphocytes to these synthetic
oligodeoxynucleotides and assayed the effect
of this treatment by analyzing colony forma-
tion in a plasma clot culture system (11, 12).
As additional controls, we also synthesized
antisense oligodeoxynucleotides of identical
size and initiation point complementary to
human myeloperoxidase (MPO) (13) and
coagulation cofactor V (FV) mRNA tran-
scripts (14). These proteins were chosen
because decrements in the levels of such
abundant proteins can be detected in single
cells (see below), and the effect of blocking
synthesis of relatively late appearing (15,
16), lineage-specific proteins on colony for-
mation could also be determined.

The effect of exposing normal human
hematopoietic progenitor cells to different
oligodeoxynucleotides was assessed by two
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criteria. First, we visually monitored the
actual process of myeloid and erythroid col-
ony formation in the cultures. Colonies
were defined by standard criteria (17). Sec-
ond, we enumerated the number of colonies
that formed under the different culture con-
ditions at the end of the incubation period.

The c-myb antisense oligodeoxynucleotide
had immediate effects on the process of
colony formation, which appeared to be
secondary to an inhibitory effect on cell
proliferation (Fig. 1). By day 4, for example,
one observed that cells exposed to c-myb
sense or MPO antisense oligodeoxynucleo-
tides (Fig. 1, A and C, respectively) had
already undergone numerous cell divisions
with the consequent formation of rudimen-
tary myeloid colonies. In contrast, cells ex-
posed to the c-myb antisense oligomers were
markedly delayed in their development and
appeared to have undergone only one divi-
sion during this observation period. Cell
doublets, not aggregates, were uniformly
observed in these cultures (Fig. 1B, arrows).
This inhibitory effect on cell proliferation
persisted throughout the culture period,;
when culture plates were harvested on day

12, fully developed colonies were observed
in the c-myb sense—treated or MPO anti-
sense—treated cultures (Fig. 1, D and F), but
colonies in the c-myb antisense—treated
plates were uniformly small, and more con-
sistent with cluster, rather than true colony
formation (Fig. 1E). An equivalent effect
was also observed in the erythroid colonies
(Fig. 1, G, H, and I); colony formation in
the presence of the c-myb sense oligodeoxy-
nucleotide (Fig. 1G) and FV antisense oli-
godeoxynucleotide (Fig. 1I) appeared to be
normal. In contrast, exposure to the c-myb
antisense oligomer almost uniformly led to
the development of distinctly small, yet
clearly hemoglobinized (confirmed by ben-
zidine staining), colonies (Fig. 1H); nor-
mal-appearing colonies were rarely ob-
served. Exposure to c-myb antisense oligo-
deoxynucleotide also resulted in the genera-
tion of megakaryocyte colonies composed of
small numbers of individual cells.

The effect of the various oligomers on the
number of colonies in the culture dishes in
six separate experiments, each performed
with a different preparation, is shown in
Table 1. The exposure of a population of

Table 1. Effect of sense and antisense oligodeoxynucleotides on human hematopoietic colony
formation in vitro. Light-density bone marrow mononuclear cells (MNC) were obtained from
consenting normal volunteers, enriched for hematopoietic progenitor cells, exposed to oligodeoxynu-
cleotides, and then cultured in plasma clots (studies 1, 2, 5,and 6,2 x 10° MNC per milliliter; studies 3
and 4, 1 x 10° MNC per milliliter) as described (11, 12). Cultures used to assay for CFU-E contained
cither recombinant human erythropoietin (5 U/ml, studies 5 and 6) or aplastic anemia serum (study 3).
Cultures used to assay for CFU-GM and CFU-Meg contained recombinant human granulocyte-
macrophage colony-stimulating factor (GM-CSF, 5 ng/ml) and recombinant interleukin-3 (~10 U/ml).
Study 4 was resupplemented with the oligonucleotides noted in the table at 72 and 120 hours after clot
formation. Hematopoietic colonies were identified in situ: CFU-E and CFU-GM by visual criteria (17),
and CFU-Meg by immunofluorescent staining (11, 16) with a platelet glycoprotein IIb/IIIa—specific
monoclonal antibody (19). Each study was carried out on a separate occasion with different oligomer
preparations and MNC derived from a different donor. Colony numbers are reported as mean + SEM
of quadruplicate control cultures (no oligodeoxynucleotide added) and duplicate experimental cultures.

Colonies or clusters formed

Study Oligodeoxynucleotide
CFU-GM CFU-E CFU-Meg
1 Control (no oligomer added) 110 = 16
c-myb sense 52+ 9
¢-myb antisense 16 = 2
2 Control 152+ 7 17 £3
c-myb sense 186 + 8 121
¢-myb antisense 46t 6 4+4
3 Control 164+ 6 68+ 7 24 +2
c-myb sense 133+ 8 64+ 2 259
c-myb antisense 95+ 1 3+ 1 4*2
4 Control 355 £ 27 57 + 4
c-myb sense 474 + 27 387
c-myb antisense 92 =11 15+1
MPO antisense 372 = 18
FV antisense 41 £ 9
5 Control 526 + 40
c-myb sense 616 + 31
c-myb antisense 244 + 25
6 Control 1445 + 59
c-myb sense 1608 = 1
¢-myb antisense 415+ 4
FV antisense 1120 + 20
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progenitor cells to the c-myb antisense oligo-
mer, at concentrations similar to those em-
ployed by other investigators (7-9), resulted
in a statistically significant (Student’s ¢ test)
decrease in colony formation in every
study. In studies 1, 2, 3, and 4, the decrease
in granulocyte-macrophage colony-forming
units (CFU-GM) was 86% (P = 0.018),
70% (P = 0.040), 43% (P = 0.001), and
74% (P = 0.001), respectively. Similar data
were generated in the erythroid and mega-
karyocyte studies. In experiments 2, 5, and 6
the c-myb antisense oligomer inhibited ery-
throid colony-forming units (CFU-E) by
96% (P = 0.003), 54% (P = 0.011), and
71% (P = 0.001), respectively, and in stud-
ies 1, 3, and 4, megakaryocyte colony-form-
ing units (CFU-Meg) were inhibited 77%
(P =0.040), 84% (P = 0.001), and 74%
(P =0.001), respectively. If the study data
are combined, mean colony formation from
CFU-GM was decreased 68% (P = 0.002,
Student’s ¢ test), from CFU-E by 67%
(P = 0.044), and from CFU-Meg by 76%
(P = 0.010) in comparison to control.

In contrast, the c-myb sense oligomer had
no consistent effect on the formation of
hematopoietic colonies of any lineage. Even
in those studies in which colony formation
was inhibited after exposure to c-myb sense
or unrelated oligomer, the colonies that
formed were almost always morphologically
normal, and rarely bore any resemblance to
the small cluster-type aggregates shown in
Fig. 1, E and H. If these data are combined,
colony formation in control and c-myb
sense—containing cultures showed no signif-
icant difference (P = 0.778, P = 0.796, and
P=0.375 for CFU-GM, CFU-E, and
CFU-Meg, respectively).

We also determined whether the inhibi-
tion of colony formation correlated with the
concentration of oligodeoxynucleotide. Af-
ter progenitor cells were exposed to 0.3, 1.4,
7, and 14 pM of c-myb sense and antisense
oligodeoxynucleotides, erythroid and mega-
karyocytic colony formation was examined.
As expected, the c-myb sense oligodeoxynu-
cleotide had no significant effect on colony
formation, even at the highest dose tested
[CFU-E—derived colonies: control (no oli-
godeoxynucleotide added) versus experi-
mental = 526 = 81  versus 618 * 31;
CFU-Meg—derived colonies: control versus
experimental = 24 + 2 versus 25 = 9). In
contrast, there was a clear dose-dependent
response between increasing amounts of the
c-myb antisense oligodeoxynucleotide and
the degree of colony inhibition. Exposure to
the c-myb antisense oligodeoxynucleotide at
the concentrations mentioned above led to
the formation of 21 = 3, 17 £ 1, 10 = 2,
and 4 * 2 megakaryocyte colonies, respec-
tively; exposure to 1.4, 7, and 14 pM
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concentrations of the antisense oligodeoxy-
nucleotide led to the formation of
775 £ 127, 515 = 9, and 244 * 25 colo-
nies, respectively. In addition, we examined
the effect of delayed addition of the oligo-
mers on colony formation. When the c-myb
antisense oligodeoxynucleotide was added
to the cultures after 5 days of incubation,
only slight (16%) inhibition of the forma-
tion of myeloid colonies and no inhibition
of the formation of erythroid colonies was
noted; addition on day 10 had no effect on
the number of myeloid colonies formed.
These results suggest that c-myb protein
synthesis is most critical during the early
stages of colony formation.

These experiments suggested that the in-
hibition of colony formation was due to a
specific effect of the c-myb antisense oligo-
deoxynucleotide. The effect of antisense oli-
godeoxynucleotides against irrelevant, or
relatively late, maturation marker proteins
was therefore tested simultaneously in sever-
al studies. Antisense oligodeoxynucleotide
to MPO and FV had no effect on myeloid or
megakaryocyte colony formation, respec-
tively (Table 1, study 4). Similarly, an ant-
sense oligodeoxynucleotide to FV had no
effect on erythroid colony formation (Table
1, study 6). Since neither the sense nor
unrelated antisense oligodeoxynucleotides

had any consistent effect on colony forma-
tion (Fig. 1 and Table 1), we conclude that
the failure of hematopoietic colony develop-
ment was due to a specific biological effect
of the c-myb antisense preparation.

To provide more evidence that inhibition
of hematopoietic colony formation was due
to an intracellular effect of the c-myb anti-
sense oligonucleotide, we determined
whether the oligomers were indeed taken up
by the target cells. Demonstrating uptake
into hematopoietic progenitor cells was
deemed technically unfeasible due to the
rarity of these cells and the difficulty in
purifying large numbers. However, we rea-
soned that if the cells took up the MPO
antisense oligodeoxynucleotide, they should
also be capable of taking up an identically
sized (18-bp) c-myb oligodeoxynucleotide.
Accordingly, we examined the intracellular
synthesis of MPO protein after prolonged
exposure (Table 1, study 4) to the MPO
antisense oligodeoxynucleotide and a similar
exposure to unrelated oligodeoxynucleo-
tides. Myeloperoxidase synthesis by individ-
ual cells within colonies was monitored by
indirect immunofluorescence (11, 16) with
an antibody to MPO. The exposure of cells
to either the c-myb sense or antisense oligo-
deoxynucleotide did not effect the synthesis
of MPO as shown by the bright fluorescence

Fig. 1. Development of human hematopoietic colonies cloned in plasma clot cultures from normal bone
marrow cells exposed to different sense and antisense oligodeoxynucleotides (see text and Table 1 for
details). (A) to (F) are CFU-GM—derived colonies; (G) to (l) are CFU-E—derived colonies. Granulo-
cyte-macrophage colony development after 4 days of exposure to c-myb sense (5'-GCC CGA AGA CCC
CGG CAC-3'), c-myb antisense (5'-GTG CCG GGG TCT TCG GGC-3'), or MPO antisense (5'-AGA
GAA GAA GGG AAC CCC-3') oligodeoxynucleotides is shown in (A), (B), and (C), respectively.
Arrows in (B) point to cell doublets. Granulocyte-macrophage colony development after 12 days of
exposure to c-myb sense, c-myb antisense, or MPO antisense oligodeoxynucleotides is shown in (D),
(E), and (F), respectively. Erythroid colony development after 7 days of exposure to c-myb sense, c-myb
antisense, or FV antisense (5'-GCG TGG GCA GCC TGG GAA-3') oligodeoxynucleotide is shown in

(G), (H) (arrow), and (I), respectively.

2 DECEMBER 1988

of cells that make up these colonies (Fig. 2,
A and B). Also, despite the fact that the
antisense  oligodeoxynucleotide inhibited
cell proliferation (Fig. 2B), maturation, at
least as demonstrated by an ability to synthe-
size¢ MPO, was unaffected. In contrast,
MPO antisense oligodeoxynucleotide expo-
sure resulted in a clear decrease in synthesis
of this protein (Fig. 2C). Quantitation of
these data by computer-assisted microspec-
trophotometry (9) on an arbitrary fluores-
cence intensity scale of 0% to 100% showed
that cells arising in cultures containing c-myb
sense, c-myb antisense, and MPO antisense
oligodeoxynucleotides had mean (+ SEM)
fluorescence intensities of 71.3 * 1.3%,
77.3 £ 1.6%, and 22.6 + 0.4%, respective-
ly (number of colonies examined from each
group was 10, 25, and 10, respectively; total
cells examined per group was 200). The
decrease in fluorescence intensity in the
MPO antisense—treated cultures was highly
significant (P < 0.001). Of note, inhibition
of MPO synthesis had no apparent effect on
cell proliferation, as there was no difference
in the number of cells comprising MPO
antisense— versus c-myb sense—treated colo-
nies (Fig. 2B versus 2A).

A

Fig. 2. Myeloperoxidase antigen expression, as-
sessed by indirect immunofluorescence (11), in
human CFU-GM—derived colony cells after pro-
longed exposure (see Table 1, study 4, for details)
to c-myb sense (A), c-myb antisense (B), and MPO
antisense (C) oligodeoxynucleotides.
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Direct evidence that the c-myb gene prod-
uct is required for the formation of normal
human hematopoietic colonies of the my-
cloid, erythroid, and megakaryocytic lin-
eages in vitro is provided by these studies.
They suggest an important in vivo role for
this nuclear protein as well. The function
served by the c-myb proto-oncogene remains
unclear. Based on the model that hemato-
poiesis is a developmental continuum (18),
we hypothesize that the c-myb gene product
is involved in regulating the very early stages
of hematopoiesis, and is probably most rele-
vant to initial progenitor cell proliferation
events. We cannot exclude, however, more
subtle effects on cells at either earlier (pluri-
potent hematopoietic stem cell) or later
(precursor cell) developmental stages. These
studies also imply that it is now possible to
employ a powerful yet technically simple in
vitro model for studying the effect of delet-
ing any protein encoded by a proto-onco-
gene (or other specific gene) on the develop-
mental biology of human hematopoietic
cells. Finally, since blocking expression of
relatively late differentiation markers has no
discernible effect on either colony formation
or the remainder of the cell’s differentiation
program, it is also now possible to develop
in vitro models for the study of specific
enzyme or protein deficiency disorders of
hematopoietic cells.
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Transient Expression Shows Ligand Gating and
Allosteric Potentiation of GABA, Receptor Subunits

Do1aN B. PRITCHETT, HARALD SONTHEIMER, CORNELIA M. GORMAN,
Heimur KETTENMANN, PETER H. SEEBURG,* PETER R. SCHOFIELD

Human y-aminobutyric acid A (GABA,) receptor subunits were expressed transiently
in cultured mammalian cells. This expression system allows the simultaneous charac-
terization of ligand-gated ion channels by electrophysiology and by pharmacology.
Thus, coexpression of the o and B subunits of the GABA, receptor generated GABA-
gated chloride channels and binding sites for GABA, receptor ligands. Channels
consisting of only a or B subunits could also be detected. These homomeric channels
formed with reduced efficiencies compared to the heteromeric receptors. Both of these
homomeric GABA-responsive channels were potentiated by barbiturate, indicating
that sites for both ligand-gating and allosteric potentiation are present on receptors

assembled from either subunit.

HE GABA, RECEPTOR CONTAINS

an intrinsic chloride ion channel that

is opened (gated) by GABA, the
major inhibitory neurotransmitter in mam-
malian brain. GABA, receptor activation
stabilizes the neuron’s resting potential (1,
2). Channel activity can be allosterically
modulated by therapeutically useful drugs,
for example, barbiturates and benzodiaze-
pines (1-3). The affinity-purified receptor
contains an o subunit of 53 kD, on which
the benzodiazepine binding site is thought
to be located, and a B subunit of 57 kD,
which can be photoaffinity labeled by
GABA agonists (4-6).

Human «; and B; subunit-encoding
cDNAs were isolated from a fetal brain
library (7). The DNA and predicted poly-
peptide sequences of these cDNAs reveal a
high degree of conservation with the corre-
sponding bovine sequences (1). The cloned
a; and B; subunit cDNAs were inserted,
singly or together (in tandem array), into a
eukaryotic expression vector, pCIS2, that
contained the human cytomegalovirus pro-

motor-enhancer (8). Human embryonic kid-
ney cells (8) were transfected with these
constructs at high efficiencies, by using a
modified CaPO, precipitation technique (9,
10). Cells were harvested 48 hours after
transfection for RNA isolation, for pharma-
cological studies, or were used for electro-
physiology. Analysis of total RNA from
transfected cells showed high levels of
GABA, receptor subunit mRNA but no
such mRNA was seen in untransfected or
mock-transfected cells (Fig. 1).

To characterize the transiently expressed
heteromeric a; + By receptors, membranes
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