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Under deoxygenated conditions (F, = 0 mmHg), sulfhydryl reagents such as N-ethylmaleimide and iodoa-
cetamide had no effect on sickling, but they did inhibit the anti-sickling activity of chlorpromazine. At the
same concentration, these sulfhydryl reagents inhibited the cup formation of chlorpromazine in an oxygenated
state (P, = 143 mmHg). This supports our previous finding that the anti-sickling effect of membrane-inter-
acting compounds is related to their ability to form a cup-shaped red cell.

Introduction

It is known that certain types of membrane-in-
teracting drugs such as chlorpromazine, produce a
‘cup’ shaped erythrocyte [1]. These investigators
provided an explanation based upon the interac-
tion of these drugs with the lipid bilayer of the
erythrocyte membrane. Haest et al. have reported
that a sulfhydryl-interacting reagent such as N-eth-
ylmaleimide inhibits the cup formation caused by
these drugs due to a loss of erythrocyte deforma-
bility [2]. Sato has found that other sulfhydryl
reagents such as iodoacetamide also inhibit the
cup formation induced by chlorpromazine (Sato,
unpublished data). Allen and Cadman [3] reported
that iodoacetamide did not change the deformabil-
ity of erythrocytes. Since sulfhydryl groups are an
earmark of protein, these results suggest that pro-
tein may also be involved in the drug-erythrocyte
membrane interaction.

We have reported that chlorpromazine and other
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membrane-interacting drugs [4-7] have in vitro
anti-sickling activity. However, the mechanism of
the anti-sickling effect of these drugs is still un-
known. In order to study the relationship between
cup formation and anti-sickling, as well as to
investigate the role of protein, we have undertaken
this study. Using the ability of N-ethylmaleimide
and iodoacetamide to inhibit cup formation, we
have tested whether or not these compounds also
inhibit the anti-sickling effect of membrane-inter-
acting drugs. The data suggest a correlation be-
tween cup formation and the anti-sickling effect.

Materials and Methods

Blood. Heparinized venous blood was obtained
from an adult sickle-cell anemia subject (27-years
old). Normal blood was drawn from a healthy
donor with normal hemoglobin.

Drugs. Chlorpromazine was a gift from Smith,
Kline and French (Philadelphia, PA). All other
chemicals were purchased from Sigma Chemical
Company.

Incubation of red blood cells with drugs. A
medium used in this experiment contains 110 mM
NaCl, 5 mM KCl, 20 mM sodium phosphate
buffer, 27 mM sodium bicarbonate, 1 mM MgCl,,
5 mM glucose, and 0.5% human serum albumin.



The medium was equilibrated before use with a
gas mixture of 95% air/5% CO, at 37°C in a
rotating flask (7] and the pH was adjusted to 7.4.
Red blood cells were suspended in the medium to
make the hematocrit value 1%. The suspension was
pretreated for 30 min in the presence or absence of
sulfhydryl agents. The cells were washed-centri-
fuged twice with the medium and resuspended
(same hematocrit value).

The suspension was then incubated for 30 min
in the presence or absence of chlorpromazine.
Finally, the suspension was equilibrated at several
oxygen partial pressures (with the gas mixture of
95% air /5% CO, and 95% N, /5% CO,) for another
30 min. The oxygen partial pressure was de-
termined by a Clark electrode.

Morphological studies. An aliquote of the sus-
pension was taken out and fixed in 0.9%
glutaraldehyde solution (in 0.1 M phosphate
buffer; pH 7.4) which had been equilibrated with
the same gas mixture as that used for cell suspen-
sion.

Measurement of sickling. The degree of sickling
was measured under a light microscope by the
method reported previously [7]).

Oxygen affinity of sickle cells. P;) values were
determined by the TCS Hemox Analyzer (South-
ampton, PA) using the method described previ-
ously [7). The standard deviation was calculated
from four measurements.

Scanning electron microscopy. The shape of the
erythrocyte was observed under a scanning elec-
tron microscope, type JSM-335, the Japan Electron
Optic Co. (Tokyo, Japan), after fixation with 0.9%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4,
and a coating of carbon and gold.

Statistical method. The Student’s r-test was used
for statistical analysis of differences between con-
trol and experimental groups.

Results

Anti-sickling effect of sulfhydryl reagents

On studying the effect of sulfhydryl reagents on
sickling, we have observed that the drugs them-
selves have an anti-sickling effect which begins to
become significant above a P, of about 10 mmHg
(Fig. 1). Fig. 2 shows the dose-response rela-
tionship of these reagents on sickling. At a P, of
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Fig. 1. Effect of Po, on anti-sickling activity of 9.5 mM N-
eythylmaleimide (NEM) (a) and 9.5 mM iodoacetamide (IAM)
(®). Experimental conditions: 110 mM NaCl, 5 mM K}, 20
mM sodium phosphate buffer (pH 7.4), 27 mM sodium bi-
carbonate, 5 mM glucose, 0.5% serum albumin, 1 mM MgCl,.
Deoxygenation was done with a gas mixture of 95% air/5%
CO, and 95% N, /5% CO,. Temperature 37+0.1°C,

0, they have no effect, but at a P, of 30 mmHg
the sickling can be suppressed from a control level
of 90% +, down to 17% (see also Fig. 3). Some
sulfhydryl reagents are known to have an anti-sick-
ling effect by virtue of a direct interaction with the
hemoglobin molecule [8-10]. Therefore, we have
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Fig. 2. Anti-sickling effect of 9.5 mM N-ethylmaleimide (NEM)
(4) and 9.5 mM iodoacetamide (IAM) (®) at Fo, of 30 mmHg
(solid lines) and 0 mmHg (dotted lines). Experimental condi-
tions are the same as those in Fig. 1.
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examined whether or not these reagents interact globin increased) to 10.5+ 1.5 (P <0.001) and

with hemoglobin to change the oxygen affinity. 22.0 + 1.3 (P < 0.001) in the presence of N-ethyl-
The P3° value from this sickle cell patient was maleimide (5 mM) and iodoacetamide (5 mM),

36.5 + 1.0 mmHg. We have observed that the P3° respectively.

value decreased (i.e., the oxygen affinity of hemo- Since these drugs do not show any anti-sickling

PO, (mm Hg)

|AM + CPZ NEM NEM NEM + CPZ

Fig. 3. Scanning electron micrographs of sickle cells. Drug concentrations are: (A), (D) and (G): no drug: (C), (E), (H) and (K):
pre-treatment with 9.5 mM iodoacetamine (IAM); (F), (I} and (L): pre-treatment with 9.5 mM N-ethylmaleimide (NEM); and (B),
(), (J), (K) and (L): 140 uM chlorpromazine (CPZ). Oxygen partial pressures (Fy,) are: (A), (B) and (C): 143 mmHg; (D), (E) and
(F): 30 mmHg; and (G)-(L): 0 mmHg. For details of incubation conditions see Methods.



TABLEI

EFFECT OF PRE-TREATMENT BY SULFHYDRYL REA-
GENTS ON THE ANTI-SICKLING ACTIVITY OF
CHLORPROMAZINE

The number in the table indicates the sickling percentages in
the blood suspension incubated 30 min at zero oxygen partial
pressure. Prior to the deoxygenation, cells were pre-treated for
30 min with sulfhydryl reagents, wash-centrifuged, and in-
cubated with chlorpromazine for another 30 min.

Pre-treatment Chlorpromazine

0 140 upM 200 pM
None 95.0 51.0 35.4
9.5 mM N-ethylmaleimide 96.0 88.5 76.0
9.5 mM iodoacetamide 93.5 87.2 75.3

activity by themselves at Py = 0, we have used
P, =0 in the following experiments to simplify
the interpretation of data.

Inhibition of anti-sickling activity of chloropro-
mazine by sulfhydryl reagents

As we reported earlier, chlorpromazine can in-
hibit sickling in vitro even at P, =0. Tablel
demonstrates how sulfhydryl reagents inhibited the
anti-sickling effect of chlorpromazine.

Scanning electromicroscopy

Fig. 3 shows the effect of these drugs on the red
cell shape as observed by a scanning electron
microscope. Photos (A), (B) and (C) show the
effects of the drugs at the oxygenated state. Photo
(C) shows that the pretreatment by 9.5 mM
iodoacetamide inhibits the cup formation by chlor-
promazine, The pre-treatment itself did not change
the cell shape (photo not shown). The pre-treat-
ment by 9.5 mM N-ethylmaleimide had the same
effect (photo not shown). Photos (E) and (F) show
the anti-sickling effects of iodoacetamide and N-
ethylmaleimide at P, =30 mmHg. Photos (H)
and (I) show that these sulfhydryl reagents do not
affect sickling at P, =0. Photos (K) and (L)
demonstrate that the anti-sickling effect of chlor-
promazine (as shown by photo (J)) is inhibited by
the pre-treatment with these reagents.

Similar phenomena of cup-formation by chlor-
promazine and the inhibition by the pre-treatment
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with these sulfhydryl reagents were also observed
in normal red blood cells (data not shown).

Discussion

We have previously demonstrated that many
membrane-interacting compounds inhibit sickling
without altering the oxygen affinity of sickle he-
moglobin {4-6]. A common property of these com-
pounds is their ability to cause the erythrocyte
shape to change to a spherocyte (‘cup’ form). As
we reported in this paper, the anti-sickiing effect
of chlorpromazine is inhibited when cup formation
is blocked with sulfhydryl reagents. This confirms
the close relationship between cup formation and
the anti-sickling effect.

Why do cup-formed cells not sickle? Asakura et
al. [4] has postulated that an increase in volume
may occur accompanying the cup formation, which
lowers the mean corpuscular hemoglobin con-
centration, thereby delaying the polymerization of
deoxy-hemoglobin S. We still could not rule out
other possible mechanisms. Shibata et al. [11) pro-
posed that the erythrocyte membrane might have
some enhancing effect on the gelation of deoxy-he-
moglobin S in the cell. Goldberg et al. [12) argued
against this result by reporting that the enhancing
effect is only three times, and thus is not signifi-
cant. The inhibition of cup formation by sulfhydryl
reagents suggests that proteins are also playing an
important role in the drug-membrane interactions.
Further studies are necessary to elucidate the
mechanism of cup formation by membrane-inter-
acting drugs as well as to investigate the mecha-
nism of anti-sickling effect of these drugs.

As far as the pharmacological efficacy of mem-
brane-interacting compounds is concerned, we
must solve certain problems. For example, a nega-
tive aspect in the use of these compounds is that
the erythrocyte membrane is more rigid in the cup
shaped erythrocyte than in a normal erythrocyte
[13]. These cells may be sequestered by the spleen
as abnormal cells. However, there is some evidence
that these compounds improve the general health
condition of the sickle-cell patients. Lewis et al.
{14] have tried a phenothiazine compound for
sickle-cell patients with some improvement.
Cabannes [15] has reported that cetiedil also has a
beneficial effect on sickle-cell patients. Although
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an exact blood level of cetiedil has not been estab-
lished, it is obvious that the blood level of this
compound never reaches the point where we ob-
serve a significant in vitro anti-sickling effect
(150-200 uM). Then, what kind of mechanism
could account for the observed efficacy? A possi-
bility is that we study the in vitro anti-sickling
effect at P, =0, while in the circulation, such an
extreme condition seldom occurs. Therefore, a
smaller concentration of the drug may be suffi-
cient to cause an appreciable anti-sickling effect.
Another mechanism of action may be the preven-
tion of potassium loss from sickle cells by the drug
(16,17]. The loss of potassium causes the dehydra-
tion of cells and may lead to an increased possibil-
ity of sickling as well as the formation of irreversi-
bly sickled cells.

Further studies are needed to elucidate the
mechanism of in vivo anti-sickling activity of
membrane-interacting drugs as well as a
determination of their minimum beneficial blood
level.

Acknowledgement
This work was supported in part by NIH Grant

HL23200. The authors wish to acknowledge Dr.
Bonita Cody for editorial assistance.

References

1 Sheetz, M.P. and Singer, S.J. (1974) Proc. Natl. Acad. Sci.
U.S.A. 71, 44574461

2 Haest, C.W.M.,, Fischer, T.M., Plasa, G. and Deuticke, B.
(1980) Blood Cells 6, 539-553

3 Allen, S.W. and Cadman, S. (1976) Proc. Soc. Exp. Biol.
Med. 152, 318-321

4 Asakura, T., Ohnishi, S.T., Adachi, K., Ozguc, M.,
Hashimoto, K., Singer, M., Rassel, M.O. and Schwartz, E.
(1980) Proc. Natl. Acad. Sci. U.S.A. 77, 2955-2959

5 Ohnishi, S.T. (1982) Blood Cells, in the press

6 QOhnishi, S.T., Devlin, M.T., Sato, T., Hashimoto, K. and

Singer, M. (1981) Eur. J. Pharmacol. 75, 121-125

Ohnishi, S.T., Hashimoto, K., Sato, T., Devlin, M.T. and

Singer, M. (1982) Can. J. Physiol. Pharmacol. 60, 148-153

8 Zak, SJ., Geller, G.R., Finkel, B., Tukey, D.P., Mc-
Cormack, M.X. and Krivit, W. (1975) Proc. Natl. Acad. Sci.
U.S.A. 72, 41534156

9 Dean, J. and Schechter, A.N. (1978) N. Eng. J. Med. 299,
863-870

10 Hassan, W., Beuzard, Y. and Rosa, J. (1976) Proc. Natl.
Acad. Sci. U.S.A. 73, 3288-3292

11 Shibata, K., Cottman, G.L. and Waterman, M.R. (1980)
FEBS Lett. 110, 107-110

12 Goldberg, M.A., Lalos, A.T. and Bunn, H.F. (1981) J. Biol.
Chem. 256, 193-197

13 Ohnishi, S.T. (1982) Blood Cells 8, 79-87

14 Lewis, P.A., Jilly, P. and Kay, R W.W. (1965) Ghana Med.
J. 4,47-52

15 Cabannes, R. (1977) International Symposium on Vascular
Diseases (Rome, [taly)

16 Berkowitz, L.R. and Orringer, E.P. (1981) Clin. Res. 29,
330A

17 Schmidt, W.F,, I1l., Asakura, T. and Schwartz, E. (1982) J.
Clin. Invest. 69, 589-594

-3



