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Phenothiazine-mediated depolarization of the plasma membrane in a renal cell 
line 

(Received 11 January lY88; accepred 12 April 1988) 

The phenothiazines have been described recently as agents 
useful for the protection of ischemic tissue [l-4]. Several 
authors, however, have commented upon the cellular tox- 
icity of phenothiazines. describing increased plasma mem- 
brane permeability [2], plasma membrane blebbing 121. 
mitochondrial abnormalities [2, 51, and decreased cellular 
proliferation and clonogenicity [6]. Here. we report pheno- 
thiazine-induced depolarization of the plasma membrane 
after exposure to low concentrations of phenothiazines. 
This depolarization represents an early effect of pheno- 
thiazines on the cell membrane. 

Materials and methods 

Cellculture. LLC-PKl renal epithelial cells (between pass- 
ages 209 and 230) were cultured according to methods 
previously described [2]. The culture medium consisted of 
Dulbecco’s Minimal Essential Medium (DMEM) con- 
taining glutamine and 10% fetal bovine serum. Cells were 
grown at 37” in a humid 5% carbon dioxide atmosphere 
until utilized in experiments, which were performed at 
room temperature (20”). 

Reagents and incubation techniques. Promethazine. 
chlorpromazine, trifluoperazine and N-(6-aminohexyl)-5- 
chloro-1-napthalene sulfonamide (W-7) were obtained 
from Sigma. 1,1’,3,3’-Hexamethylindocarbocyanine iodide 
(DiICl (3)) was obtained from Molecular Probes (Junction 
City, OR). 

For all experiments, approximately 10h cells were incu- 
bated in 2 ml of Earle’s Balanced Salt Solution (EBSS) 
containing 4 g/L glucose and either 50 PM or 1.8 mM CaCl, 
at pH7.3. Plasma membrane potential was quantitated 
using the fuorescent probe DiICl(3). This is a cationic 
fluorescent probe which partitions between the cytoplasm 
and the extracellular space in accordance with the mag- 
nitude of the membrane potential [7. S]. A stock solution 
of this dye in dimethyl sulfoxide (2 mM) was stored at 0” 
and diluted to 1 PM in EBSS prior to use. An equilibrium 
distribution, as demonstrated by stable cellular fluor- 
escence, was achieved after 15.min incubations of the cells 
in the dye solution. Phenothiazines were added to the 
suspension at concentrations varying from 0 to 100 PM, and 
measurements were made after 30-min exposures of the 
cells to the phenothiazine. 

Cells were harvested using one of two methods in order to 
produce populations of cells with differing basal membrane 
potentials: (1) exposure of monolayers to a 0.25% trypsin- 
EDTA solution at 37” until detachment from substratum. 
and (2) sequential exposure of monolayers to Ca“-free 
EBSS solution at 37” for 30 min followed by exposure to 
Ca’+-free EBSS solution containing 6 units/ml papain, 
again at 37” for 5-10 min until detachment. 

Flow cytometry. Flow cytometric analysis was performed 
with an FACS-III fluorescent-activated cell sorter (Becton- 
Dickenson) using a 488 nm laser operated at 300mW. 
Scatter size was set to bracket the LLC-PKl cell size distri- 
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bution while excluding both debris and cellular clumps from 
measurement. A bandpass filter was placed in front of the 
photomultiplier tube to ensure that only fluorescent light 
was recorded. Relative membrane potential was measured 
as described previously [7,X]. Membrane potential recor- 
dings were begun at least 15 min after addition of the 
fluorescent probe to the cell suspension. at a time when a 
constant level of dye accumulation had been observed in 
the cells. indicating equilibrium. 

Statistical analysis. All statistical analyses were per- 
formed using analysis of variance. followed by the two- 
tailed r-test for unpaired data when the F-test indicated a 
significant difference between groups. Bonferroni’s cor- 
rection was used, when appropriate, to correct for multiple 
comparisons. 

Results 

Figure 1 shows the effect of various concentrations of 
phenothiazines on the plasma membrane potential in LLC- 
PKl cells, measured after 30-min exposures to the 
phenothiazine. The mean concentrations required to de- 
polarize the plasma membrane to 50% of its control value 
(IC~J were 9~3 PM for trifluoperazine, 19 ? 2pM for 
chlorpromazine (P < 0.05 from trifluoperazine), 39 ? 2 PM 

Fig. 1. Effect of various concentrations of phenothiazines 
upon plasma membrane potential. Relative membrane 
potential indicates that percent dye content of cells after 
30 min of phenothiazine exposure relative to the dye con- 
tent of control cells at 30 min. Points are means 5 SEM, 
N = 4. Each curve is representative of several experiments. 
Key: (-_) trifluoperazine, (. .) chlorpromazine, and 

(--) promethazine. 
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Table I. Time course of chlorpromazine-mediated 
depolarization 

Time (min) c; Control potential* 

The memhrane potential of LLC-PKl cells was monitored 
as a function of time of exposure to 30 /IM chlorpromazine. 
Values are means i- SEM. N = 3. 

* Percent control potential = 

dye content of cells at time t 
dye content of cells at time 0 

x 100. 

i P < 0.01 from control. 
$ P < 0.02 from 2 min. 

for promethazine (P < 0.05 from chlorpromazine) and 
43 + 10 nM for W-7. A progressive depolarization was 
observed with time, as indicated in Table I, although the 
rate of depolarization was most marked immediately after 
exposure. 

Cells were obtained with differing degrees of membrane 
injury by harvesting either with trypsin-EDTA or Ca”- 
free EBSS-papain solutions. Relative DiICl(3) uptake was 
determined for each group and the two groups were then 
exposed to identical graded concentrations of chlor- 
promazine from 0 to lOO,uM (see Fig. 2). Cells harvested 
using papain-Ca’--free EBSS demonstrated lower mem- 
brane potentials than did those harvested with trypsin- 
EDTA (P < 0.01). Cells with greater degrees of basal mem- 
brane injury (as evidenced by a lower membrane potential) 
demonstrated greater sensitivity to phenothiazine-induced 
depolarization (P < 0.001). 

We were unable to determine a consistent influence of 
extracellular calcium (at concentrations between SO PM 
and 9 mM) upon the phenothiazine-induced membrane 
depolarization. Similar concentrations of chlorpromazine 
depolarized cells to 50% initial potential in the presence of 
either 0 (24 t 2 FM chlorpromazine) or I .X (I9 f 2 /IM 
chlorpromazine) mM calcium (not significant). 

Trypan blue staining was studied with time of exposure 
of cells to (&IO0 I’M promethazine and chlorpromazine. 
Appreciable staining wab observed after a 2S-min exposure 
to 50 and 100/~M concentrations of the phenothiazines. 
with equivocal staining seen at 20 ELM concentrations after 
a 45min exposure, In all cases. these changes in per- 
meability to trypan blue were preceded by signilicant 
plasma membrane depolarization. 

The phenothiazines represent a class of calmodulin 
inhibitors in waide clinical use which have been reported 
recently to protect ischemic tissue in ~ifrv [l-4]. In addition 
to their calmodulin inhibiting properties, phenothiazines 
are known to affect membrane permeability by a direct 
action, likely affecting lateral phase separation [9]. 

Several toxic effects have been reported in cells exposed 
to phenothiazines. These include changes in proliferative 
ability [6]. plasma membrane permeability (21. and alter- 
ations in mitochondrial membrane potential [S] and ultra- 
structure [2]. Recent work has suggested that several of 
these changes constitute earlier markers of cellular injury 
than others [l&12]. Lemasters et al. [ 1 I] recently demon- 
strated that changes in mitochondrial potential precede 
alterations in membrane permeability. Similarly. WC have 

CONCEN TRA TION b/M/ 

Fig. 2. Effect of cell injury upon membrane potential 
response to phenothiazinc. Relative membrane potential, 
defined as in Fig. 1, is shown for cells with two different 
initial membrane potentials exposed to differing con- 
centrations of chlorpromazine. Measurcmcnts were made 
after a 30-min exposure to the phenothiazine. The two cell 
populations were obtained by harvesting cells with two 
different enzyme techniques. resulting in different degrees 
of cellular injury incurred during isolation. Note that the 
depolarization is more pronounced relative to the initial 
(unexposed) potential in injured cells (cells with an initially 
lower dye content). The iqjured cell group had an initial 
dye content 31% that of the uninjured group. The dye 
contents of both groups of cells were normalized (such that 
the initial potentials, prior to phenothiazine exposure. were 
equal) to facilitate visual comparison of the two curves. 
Injured (---) and uninjured (---_) cells arc shown. 

Points are means -+ SEM. N = 3. 

shown changes in plasma membrane potential to prcccdc 
alterations in permeability. using a hydrogen peroxide 
model of injury [12]. In this paper. WC‘ dcacrihc alterations 
in the plasma membrane potential occurring in response to 
the phenothiazine agents preceding changes in permeability 
to trypan blue dye. 

All three phenothiazines studied signihcantly t-educed the 
plasma membrane potential at micromolar concentrations. 
Their effectiveness in producing this depolarization pat-- 
alleled their potency as cahnodulin inhibitors [l-11. i.c 
trifluoperazine (I( 4,, = 9 PM) > chlorpromazine ( I( _,, = I4 
uM) > promethazine (IC 4,, = 39 /rM). The non-phcnothia- 
zine calmodulin inhibitor, W-7. depolarized the cell\ in a 
similar concentration range (IC,~, = 44 ,uM). The dcpolar- 
ization was evident within minutes of cxpoaurc (Table I ) 
and increased slightly with time. Injured cells were more 
susceptible to depolarization by phcnothiazincs, as shown 
by the lower phenothiazine concentration required to de- 
polarize injured cells to SO r/; of the baseline potential. 

Changes in plasma memhrane permeability to trypan 
blue followed depolarization of the plasma membrane attcr 
phenothiazine exposure. It is possible that metabolic abnor- 
malities leading to plasma membrane depolarization pre- 
cede changes in membrane pcrmcahility. Al\o. since the 
membrane potential is dependent upon the distribution 01 
molecular species (K' , Na ) smaller trypan blue. it may bc 
that more subtle changes in plasma tncmhranc integrity 
produce alterations in the plasma membrane potenttal. It 
has been suggested that calmodulin antagonists may act 
as weak potassium ionophores IS]. wshich might result in 
membrane depolarization. 

We conclude that the phenothiazines altcrcd the plasma 
membrane potential at micromolar concentrations in l_L<‘- 
PKl cells and that this depolarization preceded change\ 



Short communications 37x7 

in plasma membrane permeability to trypan blue. The 
depolarization was dependent upon both the concentration 
of, and time of exposure to, phenothiazines, was more 
pronounced in injured cells. and appeared immediately 
upon exposure to the drug. 
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Irreversible inhibition by tyrosine-directed alkylating reagents of muscarinic 
cholinergic receptors in membranes from rat forebrain and heart 

(Received 16 November 1987: accepted 7 March 1988) 

Muscarinic cholinergic receptors (mAChRs) are composed 
of several types. The genes of rat cerebral M, and cardiac 
M, receptors have been recently cloned and sequenced 
[l, 21. Other potential mAChR types have been suggested 
based on biochemical and functional studies as well as by 
gene cloning studies [2]. A major characteristic of the 
mAChR types is their different affinities for selective 
muscarinic ligands such as pirenzepine (PZ) [3] and AF-DX 
116 [4]. Whether or not this difference reflects a variation of 
the amino acid compositions at the ligand binding site of 
the different receptor types is a field of active investigation. 
In the present study, two tyrosine-directed reagents were 
used to modify the mAChRs from rat forebrain and heart. 
The results suggest that the existence of a tyrosyl residue 
is essential for ligand binding to both rat forebrain (mostly 
M,) and cardiac (mostly M,) muscarinic receptors. 

Methods and results 

Male Sprague-Dawley rats (20@3OOg) were killed by 
decapitation. The forebrains and whole hearts were dis- 
sected and homogenized in 20~01. of ice-cold 50 mM 
sodium/potassium phosphate buffer (pH 7.4) with a Poly- 
tron homogenizer. The homogenates were centrifuged at 

1OOOg for 5 min. The supernatant fractions were recen- 
trifuged at 40.000 g for 20 min. The pellets were suspended 
in the same buffer supplemented with 25 mM MgCI, and 
with either 4-fluorosulfonyl-1-hydroxy-2-naphthoic acid 
(FSNA, Aldrich Chemical Co. Inc.) or p-nitro- 
benzcnesulfonyl fuoride (pNBSF. Pierce Chemical Co.) 
dissolved in absolute alcohol (control samples received an 
equal amount of alcohol). The final concentration of alco- 
hol in homogenates was 2%. The homogenates were incu- 
bated at room temperature for IS min. In the protection 
experiments the homogenates were preincubated with 
muscarinic drugs for 1 hr. The reaction was stopped by 
immersion of the tubes in an ice-water bath followed by 
centrifugation. The resuspension-centrifugation process 
was repeated three times. The final pellets were resus- 
pended in 50 mM sodium/potassium phosphate buffer. An 
aliquot of the homogenate was incubated with 
[lH](-)quinuclidinyl henzilate ([‘H](-)GNB; 33.2 Ci/ 
mmol, New England Nuclear) at 25” for 2 hr. in the pres- 
ence or absence of atropine (1 PM) for the determination 
of specific binding. Bound and free radioligands were sep- 
arated by rapid filtration through GF/B filters followed by 
four rinses using 3 ml of ice-cold buffer. The radioactivity 


