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Tne sulfnydryl group reagent N-etnylmaleimide was found to 
inhicit a dose dependent manner regulatory volume 
decrease o?human peripheral lymphocytes swollen in buffered 
hyQosmotic NaCl media. In hyposmotic KC1 media NEM treated 
lymphocytes prevented an additional secondary swelling seen 
in control lymphocytes. The data suggest that N- 
ethylmaleimide acts on ion transport mechanisms involved in 
volume regulatory changes. This effect contrasts with the 
stimulation ny N-etnylmaleimide of apparently volume sensi- 
tive K/Cl fluxes in certain mamalian red cells. 

A fraction of the passive, ouaoain-insensitive K+ move- 

ments across mammalian red cell membranes occurs not by 

electrodiffusion but apparently ny Cl--dependent transport 

systems exhioiting Kinetically carrier characteristics. 

Exposure of low K+ sheep (l), human (2) and pig (3) red 

cells to tne sulfhydryl group (SH) reagent N-ethylmaleimide 

(NEM) has teen shown to furtner activate Cl- dependent K+ 

fluxes suggesting the functional involvement of thiol groups 

wnich at least in the sheep appear to be metanolically 

dependent (4). At present it is not yet clear whether or 

not tne thiol-stimulated K/Cl flux is related to K+ trans- 

port induced cy hyrQosmotic ShOCK in red cells of sheep 

(5,6), numan (71, oirds (8,9) and certain fish (101, and to 

K+ fluxes causing regulatory volume decrease (RVD,8) in 

Enrlicn ascites tumor cells (11) and lymphocytes (12). In 

contrast to red cells, the latter two cell types achieve RVD 

oy procaoly Ca++ sensitive electrochemical translocation of 
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K+ and Cl- via separate channels (12-14). On the other 

hand, amphiuma red cells seem to take up an intermediate 

position as during RVD a K+/H+ exchange is activated that is 

paralleled by Cl-/HCOi exchange (15). It is not known 

whether NEM exerts similar effects on passive K+ movements 

in nucleated cells as compared to erythrocytes. 

In the present study on human peripheral blood lympho- 

cytes (PBL) we have chosen to study the effect of NEM on RVD 

rather than on K+ flux as the latter technique requires 

large scale cell preparations. We monitored RVD of PBL with 

a flow cytometer (METRICELL), a technique well established 

for lympnocytes (12,13) and Enrlich asci,tes tumor cells 

(11). We found that NEM inhibited RVD in PBL in a dose 

dependent manner and at concentrations where K+ flux stimu- 

lation was observed in red cells (16). As also inhibitory 

effects of NEM on K+ fluxes in LK sheep red cells have been 

reported (17,18) it is possible that electroneutral K+/Cl- 

cotransport in these cells differs biochemically from 

independent K+ and Cl- movements effecting RVD in PBL and 

Enrlich ascites tumor cells by the presence of activating SH 

groups. A preliminary report of this work has been 

presented elsewhere (19). 

MATERIAL AND METHODS 

Twenty milliliters of heparinized blood from healthy 
adults were diluted threefold with washing medium (composi- 
tion, see below), layered over 4 ml Lymphocytes Separation 
Medium (LM, Litton Bionetics, Kenington MD) in four 20 ml 
centrifuge tubes and centrifuged at 365 g for 20 minutes. 
The cell layers at tne interfaces containing lymphocytes, 
monocytes and platelets were collected and washed once at 
160 g for 10 minutes in 25 ml isosmotic 
medium containing (mM): 144.6 Na+, 5.4K+, 

(30;.;0s;;+yashing 
0.9 

Mg++ 0.34 HP04--, 1.3 H2P04-, 14.3 HC03-, 135 Cl- ahd 5.6 
glu&se, pH 7.4. The cells were resuspended in 50 yl wash- 
ing medium and used witnin 2 hours. 

The volume changes of PBL in hyposmotic media were 
induced by diluting 7.5 ~1 of the concentrated PBL suspen- 

1.55 



Vol. 117, No. 1, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

sion (3~10~ cells/ml) into 750 cl1 of a 180 mOsmo1 buffer 
containing 5 mM phosphate pH 7.4 and 90 mM of either NaCl or 
KC1 and either N-ethylmaleimide (NEM, Sigma, St.Louis, MO) 
or furosemide (5-sulfamoyl-N-furfuryl anthranilic acid, gift 
of Hoechst-Roussel, Sommerville, N.J.) at concentrations 
indicated in the figure legends. The hyposmotic dilution 
was carried out in 750 ~1 Eppendorf microcentrifuge tuoes 
with a small hole at the bottom to be placed over tne ori- 
fice of the Metricell in order to achieve a constant parti- 
cle stream from the test tune through the sizing Coulter 
orifice (20). 

Volume distribution curves of PBL were measured oy 
electrical sizing of the cell volume pulses with a Metricell 
flow cytometer at 0.49 mA aperture current and a flow rate 
of 800-1200 cells/set (21) at 25'C. Tne cylindrical orifice 
had a diameter of 80 pm and a length of 60 pm, and the cell 
flow was hydrodynamically focused through the center of the 
orifice. The pulse data were classified as a one dimen- 
sional histogram in a multichannel analyzer. The mean 
values of the curves were evaluated ay computer programs 
descrioed earlier (22). 

RESULTS AND DISCUSSION 

Tne application of flow cytometric techniques to esti- 

mate relatively fast changes in cellular volume caused by 

movements of solute and water has oeen recently successfully 

demonstrated for PBLS (12,13) and Ehrlich ascites tumor 

cells (ll), and for maturational volume changes of sheep 

reticulocytes (23). Fig.1 shows tne volume changes of PBLS 

exposed to various hyposmotic media in the presence and 

absence of 2 mM NEM. Relative cell volumes are given as 

numbers of channels recorded in the multichannel analyzer 

representing the peaKs of the volume distribution curves as 

plotted against time. The mean cell volume of PBLs fresnly 

suspended in isosmotic NaCl media was usually equivalent to 

channel numoer 63 and had reached a stabile value equivalent 

to channel 58 after 8 min of ooservation. 

In contrast, and consistent with the ooservation of 

others (12-14), PBLs exposed to hyposmotic (180 mOsmo1) salt 

media immediately swelled about 1.33 fold (channel 82) with 

subsequent volume changes dependent on the cations present. 
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Fig. 1: RVD of human 
Effect of K+ 

lymphoc tes in hyposmotic media. 
and f  Na , and of N-ethylmaleimide 

(NEM). Controls were maintained in 300 
(filled triangles) while 

pOsm NaCl 
experimental cells were 

diluted witn 180 mOsm NaCl (rilled circles, soiid 
line), 180 mOsm KC1 (x, solid line), I70 mOsm NaCl 
+ 10 mOsm KC1 (open triangles), or 180 mOsm NC1 
(filled circles, broken line) or KC1 (x, broKen 
line) witn 2mM NEM. 

Thus in hyQOSInOriC NaCl media PBLS returned to their normal 

volume (channel 58) witnin less than 4 minutes, while in 180 

mOsmo1 KC1 medium further swelling occurred to a volume 

equivalent to cnannel numner 120 after 5 min. It may De 

assumed that tne second swelling in KC1 media was due to 

entrance of KC1 and water which is consistent with the 

reported hyperpolarization of the memnrane potential upon 

hyposmotic ShocK (12,13). 

Furosemide known to inhinit Cl- dependent passive K+ 

transport, did not have any significant effect on volume 

regulatory decrease of hyposmocically swollen lymphocytes 

(data not shown). Furthermore, replacement of extracellular 

Cl- oy NO; also had no effect on the RVD indicating that the 

process of RVD is Cl- independent, a finding confirming 

other onservations (12,13). 

Closer inspection of the early portion of the curves of 

fig.1 shows that the initial cell swelling was completed ny 
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24 (k 3) seconds and that the cells maintained their new 

volume for anout 15 seconds nefore shrinking. Assuming a 

lympnocyte volume of 260 ~3 (Hempling et al. 1978) a mean 

water influx of .81 (k.09 n=2) p3/min was estimated for the 

primary swelling phase. 

We have previously shown that NEM acts virtually 

immediately on the Cl- dependent K+ transport in LK sheep 

red cells (l-3). In tne experiments involving NEM and shown 

in Figures 1 and 2, the chemical was added at t=O (with the 

nuffer) to the cell suspension. Under tnese conditions, 2mM 

NEM did not visinly interfere with ceil swelling in 

nyposmotic media. However, ooth, volume reduction in 180 

mOsmo1 NaCl as well as the further secondary volume increase 

in 180 mOsmo1 KC1 were inninited in the presence of 2 mM NEM 

(Fig.1). This finding suggests that NEM prevents K+ move- 

ments known to ne associated with RVD in these (12-14) and 

other cells (8,9,10,11). The concentration dependence of 

the NEM inhibition of RVD in nyposmotic NaCl media is shown 

in Fig.2. Apparently 20 PM NEM did not significantly affect 

-*---a 2 mM NEM 

‘o 0.2 mM NEM 

NTROL 
NEM 

Fig. 2: 

MINUTES AFTER DILUTION 

RVD of human lymphocytes in 180 mOsm NaCl witn 
varying NEM concentrations as indicated. The ori- 
ginal volume of the lymphocytes in isotonic medium 
was close to channel 60 (see also Figure 1). 
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the rate and final level of RVD while 200 PM NEM produced 

anout 50%, and 2 mM NEM full inhibitlon of RVD. 

Based on previous work on red cells (l-4,17) we 

consider that NEM primarily reacts with membrane SH rather 

than with NH2 groups. While in sheep red cells this 

irreversible SH-NEM adduct formation leads to a concentra- 

tion (18) and QH (17) dependent small inhibition, but mainly 

stimulation of Cl- dependent K+ fluxes, the NEM effect on 

RVD of PBLs may involve separately Kt and/or Cl- channels. 

It is conceivable that NEM may reduce K+ movements or, 

equally effective, prevent the swelling-induced opening or' 

the Cl' channel (12,13). Aside from these direct effects on 

membrane permeaoility it is not unlikely that NEM affects 

the latter indirectly via metaoolic perturoations, a possi- 

oility underscored by the recent ooservation of metabolic 

dependence of the NEM induced K+/Cl- flux in LK sheep red 

cells (4). Whatever tne mechanism of NEM action, the data 

suggest the crucial role of SH groups in regulation of cell 

volume and ion transport (25). 
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