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Abstract. Membrane potential changes accompanying 
Ca 2+ influx stimulated by release of Ca =+ from intra- 
cellular stores (store-regulated Ca 2+ uptake) were mon- 
itored in BAPTA-loaded rat thymic lymphocytes using 
the fluorescent indicator bis(1,3-diethylthiobarbituric 
acid)trimethine oxonol. Depletion of [Ca2+]i stores by 
the application of thapsigargin, ionomycin or cyclopi- 
azonic acid induced a depolarization which was (i) de- 
pendent upon BAPTA-loading, (ii) dependent upon ex- 
tracellular Ca 2+, (iii) independent of extracellular Na + 
and (iv) abolished by 5 mM extracellular Ni 2+. This de- 
polarization was followed by a charybdotoxin-sensi- 
tive repolarization and subsequent hyperpolarization to 
values approximating the K + equilibrium potential, 
consistent with secondary activation of a K + conduc- 
tance. These membrane potential changes temporally 
correlated with Ca 2+ influx from the extracellular medi- 
um as measured fluorimetrically with indo-1. The di- 
valent cation permeability sequence was investigated by 
monitoring the magnitude o f  the depolarization ob- 
served following the addition of 4 mM Ca 2+, Mn 2+, 
Ba a+ or Sr 2+ to cells pretreated with doses of thapsi- 
gargin or ionomycin known to activate the store-regu- 
lated calcium uptake pathway. On the basis of these ex- 
periments, we conclude that the store-regulated Ca 2+ 
uptake pathway has the following permeabili ty se- 
quence: Ca 2+ > Mn 2+ > >  Ba 2+, Sr 2+ with Mn 2+ dis- 
playing significant permeability relative to Ca 2+. This 
pathway is distinguishable from other divalent cation 
uptake pathways reported in other cells types on the ba- 
sis of its activation by thapsigargin and its high Mn 2+ 
permeability. 
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Introduction 

One of the earliest ionic events following mitogenic 
stimulation of T-lymphocytes is a rise in [Ca2+]i . When 
measured in cell suspensions, this increase in [Ca2+]i is 
composed of two components. The first is a release of 
Ca =+ from intracellular stores followed by a second 
component resulting from a sustained electrogenic in- 
flux of Ca 2+ across the plasma membrane from extra- 
cellular sources. The combination of these two mech- 
anisms results in a biphasic rise in [Ca2+]i with a tran- 
sient peak due to release from stores subsiding to a 
lower, sustained plateau phase maintained by the elec- 
trogenic influx of Ca 2+ from the extracellular medium. 

The mechanism responsible for the initial Ca 2+ 
peak following mitogenic stimulation is well charac- 
terized and is generally accepted to be due to IP3-me- 
diated release of Ca 2+ from an intracellular Ca 2+ pool 
(IP3-sensitive Ca 2+ pool) [34]. It is well documented 
that the secondary sustained rise in [Ca2+]i is due to in- 
flux of Ca 2+ from the extracellular medium inasmuch 
as it is stringently dependent upon the availability of ex- 
tracellular Ca 2+ [2, 35], is blocked by membrane im- 
permeant inorganic antagonists such as La 3+ and Ni 2+ 
[3, 24, 30] and is associated with an increase in unidi- 
rectional divalent cation uptake measured isotopically 
with  45Ca2+ [6, 24]. 

Uptake of Ca 2+ from the extracellular medium oc- 
curs via an electrogenic pathway inasmuch as it is ex- 
quisitely sensitive to alterations in the transmembrane 
potential [7, 9]. A number of mechanisms have been 
proposed to account for the activation of the electro- 
genic plasma membrane Ca 2+ influx pathway in cul- 
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tured T-ce l l  l ines  inc lud ing  direct  ac t iva t ion  o f  a Ca  2+ 

channel  by IP 3 [16] or  e leva t ions  in [Ca2+]i [28, 29], ac- 
t iva t ion  o f  vo l t age -dependen t  Ca 2§ channels  [4, 5] and 
ac t iva t ion  o f  Ca 2+ channels  v ia  a d i rec t  r ecep to r / chan-  

nel  in terac t ion  [31]. Resul t s  f r o m  our  l abora to ry  have  

recent ly  demonst ra ted  that an e lec t rogenic  p lasma m e m -  

b rane  Ca  2+ i n f l u x  p a t h w a y  can  be  a c t i v a t e d  in rat  

thymic  lymphocy tes  by a m e c h a n i s m  independent  of: (i) 

IP 3 fo rmat ion ,  (ii) increases  in [Ca2+]i and (iii) p l a sma  
m e m b r a n e  depolar izat ion.  These  explanat ions  therefore  

fal l  short  o f  exp la in ing  the m e c h a n i s m  under ly ing  the 
ac t iva t ion  o f  the p la sma  m e m b r a n e  inf lux  pa thway  in 

thymic  l y m p h o c y t e s  [22, 24, 25]. 

In contrast ,  a s ign i f ican t  body  of  e v i d e n c e  is accu-  
mula t ing  in suppor t  o f  the con ten t ion  that  the p l a sma  

m e m b r a n e  Ca  2+ p e r m e a b i l i t y  o f  l y m p h o i d  t i ssues  is 

r egu la ted  in large  part by  the Ca  2+ con ten t  o f  the IP 3- 
sens i t ive  pool  (store-regulated Ca 2+ uptake; SRCU) [3, 

8, 22, 24, 27, 33]. The  coup l ing  b e t w e e n  the p l a sma  

m e m b r a n e  and the IP3-sens i t ive  e n d o m e m b r a n e  p o o l  is 

impor tan t  not  on ly  in med ia t i ng  the [Ca2+]i ef fects  o f  
m i t o g e n i c  s t imul i  and o ther  agonis t s  but  s eeming ly  al- 

so in the cont ro l  o f  res t ing [Ca2+]i homeos ta s i s  [22, 24, 

271. 
To  date,  ne i ther  di rect  nor  ind i rec t  e l ec t rophys io -  

log ica l  m e a s u r e m e n t  o f  Ca  2+ currents  a t t r ibuted to SR-  

C U  has been  repor ted  in lymphocy tes .  Us ing  al terat ions 
in m e m b r a n e  potent ia l  as a measu re  o f  changes  in the 

p la sma  m e m b r a n e  conduc tance  proper t ies ,  exper iments  

were  under taken  to isolate  m e m b r a n e  potent ia l  changes  

assoc ia ted  with  the ac t iva t ion  o f  S R C U  in rat t hymic  

l ymphocy te s .  

M a t e r i a l s  a n d  M e t h o d s  

REAGENTS AND SOLUTIONS 

The acetoxymethyl ester (AM) derivatives of iudo- 1 and 1,2-bis-(2- 
aminophenoxy)ethane-N,N,N;N;-tetraacetic acid (BAPTA) and 
bis(1,3-diethylthiobarbituric acid)trimethine oxonol (bis-oxonol) were 
purchased from Molecular Probes (Eugene, OR). Ionomycin, thap- 
sigargin and HEPES were obtained from Calbiochem (San Diego, 
CA). The culture medium RPMI 1640 (bicarbonate-free), grami- 
cidin, cyclopiazonic acid and ethyleneglycol-bis-([5-aminoethyl)- 
N,N,N;N'-tetraacetic acid (EGTA) were purchased from Sigma (St. 
Louis, MO). Charybdotoxin was purchased from Peninsula Labora- 
tories (Belmont, CA). N-methyl-D-glucamine (NMG), NiC12 hexa- 
hydrate, and anhydrous dimethyl sulfoxide were purchased from 
Aldrich (Milwaukee, WI). NaC1, KC1, CaC12, MgCI 2, MnCI 2, o-glu- 
cose, NaOH and KOH were purchased from Fisher Scientific (Hous- 
ton, TX). Stock solutions ofindo-l-AM, BAPTA-AM, thapsigargin, 
cyclopiazonic acid and gramicidin were made up in anhydrous di- 
methyl sulfoxide. Ionomycin was dissolved in ethanol. 

The basic solution used in the fluorescence experiments con- 
tained (raM) 140 NMGCI, 3 KCI, 1 CaC12, 1 MgC12, 10 D-glucose, 
and 20 HEPES-free acid. NaC1 solution was made by replacing NMG- 
C1 with NaC1. Solutions were titrated to pH 7.3 at 35~ with NMG 

or NaOH as required. Nominally Ca2+-free solution was made by 
omitting Ca 2+. When required, Ca 2+, Mn 2+, Ba 2+, Sr 2+ and Ni 2+ 
were added directly to the solution as chloride salts. All solutions and 
stocks were stored at -20~ 

CELL ISOLATION AND MANIPULATIONS 

Thymic lymphocytes were isolated from 140-200 g male Wistar rats 
(Charles River Breeding Laboratories) as previously described [10]. 
The cells were counted using a Model ZM Coulter Counter (Coulter 
Electronics, Hialeah, FL) and maintained at room temperature at a 
concentration of 25-45 • 106 cells/ml in bicarbonate-free RPMI 
1640 culture medium buffered to pH 7.4 with 20 mM HEPES. 

FLUORESCENCE DETERMINATIONS 

All experiments were performed at 35-37~ using a Photon Tech- 
nology International fluorescence spectrophotometer (Delta Scan) 
equipped with a magnetic stirrer and temperature control. The cells 
were counted immediately after the last manipulation, prior to addi- 
tion to the cuvette, to ensure that the appropriate cell number was 
added. All results presented are representative of experiments in a 
minimum of three preparations. 

DETERMINATION OF FREE CYTOSOLIC 

CALCIUM CONCENTRATION 

[Ca2+]i was determined by measuring the fluorescence of indo-1 as 
previously reported [24]. The excitation and emission wavelengths 
used were 331 nm (3 nm slit width) and 405 nm (10 nm slit width), 
respectively. Thymocyte suspensions (25 • 106 cells/ml) were loaded 
with indo- 1 by incubation with a 2 gM concentration of the AM pre- 
cursor for 25 min at 37~ in basic NaCI solution. When required, cells 
were simultaneously loaded with BAPTA by addition of 20 gM BAP- 
TA-AM to the incubation medium. The cells were then sedimented, 
resuspended in basic solution and kept at room temperature until re- 
quired. To monitor fluorescence, aliquots containing the required cell 
number were sedimented, resuspended in the appropriate medium 
plus or minus Ca 2+, as indicated, and added to the cuvette. Fluores- 
cence was calibrated using ionomycin and Mn 2+ as previously de- 
scribed using a dissociation constant of 250 nM[ 13]. 

DETERMINATION OF MEMBRANE POTENTIAL (Era) 

Determinations of E,n were made by measuring the fluorescence of the 
negatively charged dye bis-oxonol [32] at excitation and emission 
wavelengths of 540 nM (3 mm slit width) and 580 ng (10 nm slit 

i 1 width), respectively. Aliquots containing the appropriate cel num- 
be r were sedimented, resuspended in the indicated medium and added 
tothe cuvette at a final concentration of 1 • 106 cells/ml. Bis-ox- 
onol was then added to a final concentration of 0.15 laM and the flu- 
orescence was monitored. External calibration was made by adding 
gramicidin to cells suspended in media containing varying ratios of 
Na + and NMG +. A calibration curve was constructed as previously 
described [ 11 ], assuming comparable gramicidin-induced Na + and K + 
conductances and/or that intra- and extracellular concentrations of al- 
kali cations are identical at equilibrium. 

R e s u l t s  

W e  h a v e  p rev ious ly  repor ted  that  re lease  o f  Ca  2+ f r o m  
in t race l lu la r  pools  in rat t hymic  l ymphocy t e s ,  s t imulat -  
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ed by the addition of the endosomal Ca2+-ATPase in- 
hibitor thapsigargin, is accompanied by a marked mem- 
brane potential-sensitive uptake of Ca 2+ from the ex- 
tracellular medium (SRCU) [22, 24, 25]. We monitored 
the effect on E m of SRCU stimulated by thapsigargin ad- 
dition in normal thymic lymphocytes in Na+-free medi- 
um. Na+-free solutions were utilized to eliminate the 
effect of Na + conductance on the interpretation of the 
results. A representative experiment is presented in 
Fig. 1A. Addition of 33 nM thapsigargin resulted in a 
pronounced hyperpolarization which was exquisitely 
sensitive to charybdotoxin, a known inhibitor of Ca 2+- 
gated K + channels in these cells [12, 20, 21]. Given that 
this experiment was performed in Na+-free medium, 
subsequent addition of gramicidin (40 riM), a monova- 
lent cation-forming channel antibiotic, resulted in a pro- 
nounced hyperpolarization to a value approaching the 
K + equilibrium potential. Additionally, the thapsigar- 
gin-mediated hyperpolarization was slowly reversed by 
the addition of 5 mM Ni 2+ (Fig. 1B). In parallel mea- 
surements using indo-1, addition of Ni 2+ following 
thapsigargin-mediated elevations in [Ca2+]i resulted in 
recovery of Ca 2+ to near basal levels ( r e s u l t s  n o t  

shown) .  This is consistent with inhibition of Ca 2+ up- 
take and subsequent extrusion of Ca 2+ via the plasma 
membrane Ca 2+ pump. Such a fall in  [Ca2+]i would be 
expected to inactivate a Ca2+-gated K + channel, re- 
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Fig. 1. Effect of thapsigargin on E m in normal rat thymic lympho- 
cytes. Non-BAPTA-loaded cells were suspended in NMG medium 
containing 5 mM Ca 2+, and the fluorescence of bis-oxonol was mon- 
itored and calibrated as outlined under Materials and Methods. (A) 
Where indicated 33 nM thapsigargin (THG), 50 nM charybdotoxin 
(CTX) or 40 nM gramicidin (GRAM) was added. (B) Where indicat- 
ed, 5 mM Ni 2+ (added a NiCI2) or 40 nM gramicidin (GRAM) was 
added. 

suiting in a return to basal Em. The recovery to basal 
levels of E m following addition of Ni 2+ is overcome by 
addition of gramicidin, precluding an artifactual influ- 
ence of Ni 2+ on the fluorescence properties of b i s - o x -  

onol. Taken in concert, these data support the propos- 
al that Ca 2+ uptake mediated by thapsigargin-stimulat- 
ed release of Ca 2+ from intracellular pools results in the 
activation of Ca2+-gated K + channels. 

To investigate the E m changes directly attributable 
to electrogenic influx of Ca 2+ from the extracellular 
medium, it was necessary to accentuate the Ca 2+ cur- 
rent while delaying or abolishing the onset of Ca2+-gat - 
ed K + channel activity described above. To accomplish 
this, the CaZ+-buffering power of the cells was increased 
by loading with the Ca 2+ chelator BAPTA. This pro- 
cedure effectively increases the amount of Ca 2+ enter- 
ing the cell while concomitantly delaying the onset of 
the CaZ+-gated K + current. Such a technique has pre- 
viously been used for investigations of the E m changes 
associated with receptor-linked events in human B-lym- 
phocytes [19]. To further amplify the Ca 2+ current, ex- 
tracellular Ca 2+ (Ca2+o) was increased to 7 raM. These 
experiments were performed in Na+-free medium. It 
should be noted, however, that the presence of Na + had 
no effect on the results, consistent with a minimal in- 
volvement of Na + in the response. A representative ex- 
periment is presented in Fig. 2A. Addition of 33 nM 
thapsigargin induced a marked depolarization of ap- 
proximately 30 mV. This depolarization was followed 
by a pronounced repolarization and subsequent hyper- 
polarization to a value approximating the K + equilibri- 
um potential ( - 1 0 0  mV) as depicted in Fig. 2A. Ad- 
dition of 40 nM gramicidin resulted in a further small hy- 
perpolarization. 

ORIGIN OF THE DEPOLARIZATION 

Experiments were performed to determine the ionic ba- 
sis of the depolarization phase of the response and the 
underlying mechanism. In support of the hypothesis that 
the depolarization phase is a direct result of an increase 
in the plasma membrane Ca 2+ conductance, we have 
found the magnitude of the depolarization to be depen- 
dent upon the extracellular concentration of Ca 2+ with- 
in the range of 1 to 7 raM. A representative experiment 
is presented in Fig. 2A-C.  Activation of this CaZ+-de - 
pendent depolarization could be secondary to release of 
Ca 2+ from intracellular stores or alternatively a result 
of a direct effect of thapsigargin on the Ca 2+ perme- 
ability of the plasma membrane. To distinguish between 
these possibilities, we investigated the effect on E m of 
alternative compounds known to release Ca 2+ from in- 
tracellular pools. Ionomycin has been shown to release 
Ca 2+ from intracellular stores in rat thymic lymphocytes 
[23]. Low doses of ionomycin were used to minimize 
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Fig. 2. Effect of external [Ca 2+] on 
thapsigargin-mediated changes in E m in BAPTA- 
loaded rat thymic lymphocytes. The fluorescence 
of bis-oxonol was monitored in BAPTA-loaded 
cells suspended in NMG medium containing 7 
mM (A), 4 mU (B) or 1 mM (C) extracellular 
Ca 2+. Where indicated, 33 nM thapsigargin 
(THG) or 40 nM gramidicin (GRAM) was added. 
Divalent cation concentration was maintained at 
8 mM by the addition of extra Mg 2+. (D) Effect 
of Ni 2+ on thapsigargin-mediated changes in E m 
in BAPTA-loaded cells. Cells were exposed to 7 
mg Ca 2+ in the presence of 5 mM Ni 2+, and the 
fluorescence of bis-oxonol was monitored. 
Where indicated, 33 nM thapsigargin (THG) or 
40 nM gramicidin (GRAM) was added. All 
experiments were performed with cell aliquots 
taken from the same BAPTA-loading procedure. 
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Fig. 3. Effect of external [CA 2+] on ionomycin- 
mediated changes in E in BAPTA-loaded rat 
thymic lymphocytes. The fluorescence of bis- 
oxonol was monitored in BAPTAqoaded cells 
suspended in NMG medium containing 7 mM 
(A), 4 mM (B) or 1 mg (C) extracellular Ca 2+. 
Where indicated, 20 nM ionomycin (IONO) or 40 
ng gramicidin (GRAM) was added. Divalent 
cation concentration was maintained at 8 mM by 
the addition of extra Mg 2+. (D) Effect of Ni 2+ on 
ionomycin-mediated changes in E in BAPTA- 
loaded cells. Cells were exposed to 7 mM Ca 2+ in 
the presence of 5 mM Ni 2+, and the fluorescence 
of bis-oxonol was monitored. Where indicated, 
20 nM ionomycin (IONO) or 40 nM gramidicin 
(GRAM) was added. All experiments were 
performed with cell aliquots taken from the same 
BAPTA-loading procedure. 

the concomitant rise in [Ca2+]i attributable to elec- 
troneutral transport of Ca 2+ by the ionophore. Changes 
in E indistinguishable from those activated by thapsi- 
gargin were observed following the addition of 20 nM 
ionomycin. Additionally, the E m depolarization acti- 
vated by this concentration of ionomycin was dependent 
upon the concentration of extracellular Ca 2+ (Fig. 3). 

Another inhibitor of endosomal Ca2+-ATPase ac- 
tivity, cyclopiazonic acid, has been shown to release 
Ca 2+ from the thapsigargin-sensitive pool of rat thymic 
lymphocytes [22, 25]. Cyclopiazonic acid (5 gU) was 
found to activate extracellular Ca2+-dependent E m 

changes indistinguishable from those activated by thap- 
sigargin or ionomycin (results' not shown). 

Experiments were undertaken to investigate the ef- 
fect of extracellular Ni 2+ on the E m response observed 
following release of Ca 2+ from intracellular stores in 
BAPTA-loaded lymphocytes. Ni 2+ (5 mM) effectively 
blocked the depolarization induced by thapsigargin (Fig. 
2A and D) and ionomycin (Fig. 3A and D). Ni 2+ (5 raM) 
also abolished the depolarization induced by cyclopia- 
zonic acid (results not shown). In further support of the 
hypothesis that an increase in Ca 2+ conductance un- 
derlies the depolarization phase, 5 mM Ni 2+ inhibited the 
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Fig. 4. Changes in [Ca2+]i induced by thapsigargin in BAPTA- 
loaded cells. Cells loaded with indo-1 and BAPTA were suspended 
in NMG medium containing 4 mM Ca 2+ in the presence (B) or absence 
(A) of 5 mM Ni 2+, and the fluorescence of indo-I was monitored. 
Where indicated, 33 nM thapsigargin (THG) was added. These are 
paired experiments performed with ceil aliquots from the same BAP- 
TA-loading procedure. 
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Fig. 5. Effect of charybdotoxin on thapsigargin-mediated changes in 
E m in BAPTA-loaded cells. BAPTA-loaded cells were suspended in 
NMG medium containing 5 mM Ca 2+ in the presence (top trace) or 
absence (bottom trace) of 150 n~ charybdotoxin (CTX), and the flu- 
orescence of bis-oxonol was monitored. Thapsigargin (THG) (33 riM) 
and 40 nM gramicidin (GRAM) were added where indicated. Paired 
experiments were performed with cell aliquots from the same BAP- 
TA-loading procedure. 

thapsigargin-mediated slow rise in [Ca2+]i detected in 
BAPTA-loaded cells (Fig. 4). Extracellular Ni 2+ also 
abolished the slow rise in [Ca2+]i induced by low dos- 
es of ionomycin and cyclopiazonic acid (results not 
shown). 

ORIGIN OF THE HYPERPOLARIZATION 

Experiments were undertaken to investigate the origin 
of the secondary repolarization and subsequent hyper- 
polarization phases of the E m response mediated by re- 
lease of Ca 2+ from intracellular stores. Such E 
changes may be a result of activation of CaZ+-gated K + 
channels, secondary to the slow rise in [Ca2+]i trig- 
gered by release of stored Ca 2+ (Fig. 4). Consistent with 
the dependence of the observed hyperpolarization on el- 

2+ evations in [Ca ]i, we have found that in addition to 
abolishing both Ca 2+ uptake and the Ca2+-dependent 
depolarization phase, prior exposure to 5 mM Ni 2+ al- 
so abolishes the secondary hyperpolarization phase 
(Figs. 2 and 3). Furthermore, prior incubation with 
150 nM charybdotoxin, a potent inhibitor of CaZ+-gat- 
ed K + channels in rat thymic lymphocytes [12, 20, 21], 
markedly slowed the rate of repolarization and inhibit- 
ed the magnitude of the subsequent hyperpolarization 
(Fig. 5). 

PERMEABILITY TO OTHER DIVALENT IONS 

The SRCU pathway has previously been shown to trans- 
port Mn 2+ as judged by Mn 2+ quenching of intracellu- 

larly trapped fluorescent Ca 2+ indicators such as indo- 
1 and fura2 [1, 22, 25, 27]. While such experiments 
have provided qualitative information regarding the 
state of activation of this pathway, they have not pro- 
vided information regarding the relative Mn 2+ perme- 
ability in rat thymic lymphocytes. To address this ques- 
tion, we have monitored E m changes during addition of 
Ca 2+ or Mn 2+ to BAPTA-loaded cells suspended in 
Na+-containing medium devoid of these divalents. To 
ensure thorough activation of the SRCU pathway prior 
to divalent addition, cell suspensions were pretreated 
with thapsigargin. Under these conditions, the magni- 
tude of the E m depolarization, monitored following the 
re-addition of 5 mM Ca 2+ or Mn 2+, provides an index 
of the relative permeability of these divalents. To en- 
sure that the magnitude of the depolarization is not af- 
fected by the activation of CaZ+-gated K + channel ac- 
tivity, we performed all experiments in the presence of 
150 nM charybdotoxin. In all experiments, the response 
to Ca 2+ or Mn 2+ addition was tested in the same batch 
of cells to control for differences between cell prepara- 
tions and any differences in the effectiveness of the 
BAPTA-loading procedure. Addition of 5 m s  Ca 2+ re- 
sulted in a depolarization of 30 mV from a resting E m 
of - 6 0  mV (Fig. 6). In comparison, addition of 5 mM 
Mn 2+ to cells taken from the same batch resulted in a 
depolarization of 24 mV from a resting potential of 
- 6 0  inV. The results of this series of experiments are 
summarized in the Table. On average, addition of 5 mM 
Ca 2+ depolarized the cells approximately 25 mV corn- 
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Fig. 6. Effect of the reintroduction of Ca 2+ or  Mn 2+ on E m of thap- 
sigargin-treated ceils. BAPTA-loaded thymic lymphocytes were sus- 
pended in nominally Ca2+-free Na 2+ medium in the presence of 33 
nM thapsigargin and 150 nM charybdotoxin, and the bis-oxonol flu- 
orescence was monitored. Ca 2+ (4 mM) (top trace) or Mn 2+ (bottom 
trace) was added as indicated. These are paired experiments per- 
formed with cell aliquots from the same BAPTA-loading procedure. 

pared with 18 mV for Mn 2+ addition (P < 0.05, n = 9). 
On the basis of these data, we conclude that the path- 
way is highly permeable to Mn 2+. 

Consistent with the hypothesis that the Ca 2+ and 
Mn2+-mediated depolarization is a result of electro- 
genic divalent cation uptake, we have found that this de- 
polarization is abolished by pre-exposure to 5 mM Ni 2§ 
(Fig. 7). In further support of the hypothesis, we have 
found that 5 mM Ni 2+ totally abolished the slow rise in 
[Ca2+]i monitored in parallel experiments in which cells 
were treated identically (Fig. 8). 

Experiments identical to those presented in Fig. 6 
were performed using low doses of ionomycin as the 
stimulus to release Ca 2+ from intracellular stores. The 
results of these experiments are summarized in the 
Table. In the presence of 20 nM ionomycin, re-addition 
of 5 mM Ca 2+ or Mn 2§ resulted in a mean depolariza- 
tion of 22 and 18 mV, respectively (P < 0.05, n = 7), 
consistent with significant Mn 2§ permeability. 

As evident in Fig. 7, the addition of 5 mM Ni 2+ re- 
suited in only a very modest apparent depolarization 
while virtually abolishing the marked depolarization 
induced by addition of Ca 2+ or Mn 2+. This small ap- 
parent depolarization induced by Ni 2+ was not always 
evident, with equal numbers of experiments displaying 
no change in fluorescence or a modest decline in this pa- 
rameter. Such results precluded the possibility that the 
marked depolarization observed following Ca 2+ or 
Mn 2+ addition in the absence of Ni 2+ was due to arti- 
factual increases in fluorescence due to alterations in 
surface charge. Alterations in surface charge might be 
expected as a result of the re-addition of high concen- 
trations of divalent ions to the medium. Surface charge 

effects were avoided by performing these experiments 
in Na+-containing medium. As noted above, the E m re- 
sponse induced by thapsigargin addition was not influ- 
enced by the presence or absence of extracellular Na +. 

Additionally, we have investigated the permeabil- 
ity of this divalent permeant pathway for both Ba 2+ 
and Sr 2§ To allow for direct comparisons relative to 
Ca 2+ and Mn 2§ the depolarization detected following 
the addition of 5 mM divalent to thapsigargin-treated 
cells was compared only under conditions in which all 
four divalents were administered to cells obtained from 
the same BAPTA-loading procedure. Increases in bis- 
oxonol fluorescence following Ba 2+ or Sr 2+ addition 
were found to be small, approximating those sometimes 
observed in response to the addition of 5 mM Ni 2+ alone 
(see above).  As a result, it is difficult to distinguish be- 
tween possible surface charge effects induced by re-ad- 
dition of the divalent and alterations in fluorescence at- 
tributable to a valid depolarization. However, it is clear 
from these experiments that the permeability of the SR- 
CU pathway for Ba 2+ and Sr 2+ is much lower than for 
Ca 2+ and Mn 2+, if it displays any permeability at all. 
On the basis of these experiments, we conclude that the 
pathway conducts divalents with the following relative 
permeability sequence: Ca 2+ > Mn 2+ > >  Ba 2+ and 
Sr 2+. 

D i s c u s s i o n  

Evidence has accumulated in support of the hypothesis 
that the plasma membrane Ca 2+ permeability of lym- 
phoid tissue is regulated in large part by the Ca 2+ con- 
tent of an intracellular Ca 2+ pool (SRCU) [3, 22, 24, 27, 
33]. While it is generally accepted that SRCU occurs 
via an electrogenic pathway in that it is exquisitely sen- 
sitive to depolarization, direct measurements of the cur- 
rent have remained elusive, indicative of its low con- 
ductance properties. In the present experiments, we 
have exploited the high input resistance characteristic of 
primary rat thymic lymphocytes to indirectly monitor 
small alterations in transmembrane current as large 
changes in Em. To effectively monitor alterations in 
transmembrane current attributable to alterations in SR- 
CU current, we loaded rat thymic lymphocytes with 
the divalent cation chelator, BAPTA. This procedure ef- 
fectively slows the rate of rise of [Ca2+]i and hence the 
activation of the dominant Ca 2+-gated K + conductance 
present in these cells [12, 20, 21]. 

Under these conditions, and in the presence of ex- 
tracellular Ca 2§ a biphasic change in E m could be de- 
tected in response to release of intracellular Ca 2+ stores 
following addition of thapsigargin, cyclopiazonic acid, 
or low concentrations of ionomycin. All three of these 
agents release Ca 2+ from a common intracellular pool. 
In response to these agents, an initial depolarization 
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Table. Effects of divalent cation reintroduction on E in BAPTA-loaded thymic lymphocytes exposed to thapsigargin or ionomycin 

Membrane potential (mV) 

Ca2+ Mn 2+ 

Resting Final A Resting Final A 

Thapsigargin 
n = 9 -52.4 -+ 9.7 -27.8 + 6.9 24.6 + 4.9 -52.2 -+ 8.0 -34.2 -+ 6.8 18.0 a -+ 3.6 

Ionomycin 
n =7 -53.1 + 8.7 -31.6 -+ 7.8 21.6 -+ 5.4 -56.4 -+ 11.3 -38.6 + 7.0 17.9 b -+ 5.0 

BAPTA-loaded cells were suspended in nominally Ca2+-free Na + medium in the presence of 150 nM charybdotoxin and either 33 nM thapsi- 
gargin or 20 nM ionomycin. The E,, changes elicited by addition of 4 mM Ca 2+ or Mn 2+ are summarized. Resting E,, prior to Ca 2+ or Mn 2+ 
addition was not significantly different for either condition, a and bE m change induced by reintroduction of Mn 2+ was significantly different 
from that induced by reintroduction of Ca 2+ (paired t-test, t < 0.05). 
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Fig. 7. Effect of Ni 2+ on E m changes induced by 
the reintroduction of Ca 2+ or Mn 2+ to 
thapsigargin-treated cells. BAPTA-loaded cells 
were suspended in nominally Ca2+-free Na + 
medium in the presence of 33 nM thapsigargin 
and 150 nM charybdotoxin, and the fluorescence 
of bis-oxonol was monitored. Where indicated, 5 
mM Ca 2+, Mn 2+ or Ni 2+ was added. (A and B) 
and (C and D) are paired experiments performed 
with cell aliquots from the same BAPTA-loading 
procedure. 

followed by a secondary repolarization and subsequent 
hyperpolar izat ion was detected. The depolarizat ion 
phase is consistent with a marked increase in Ca 2+ con- 
ductance following release of Ca 2+ from intracellular 
stores inasmuch as: (i) the magnitude of the change is 
dependent  upon the [Ca2+]o and correlates with eleva- 
tions in [Ca2+]i measured fluorimetrically; (ii) the de- 
polarization is blocked by the inorganic Ca 2+ channel  
blocker Ni 2+, consistent with the ability of Ni 2+ to in- 
hibit the rise in [Ca2+]i measured fluorimetrically; and 
(iii) detection of the depolarization is dependent  upon 
BAPTA loading. While these data are consistent with 
an increase in Ca 2+ conductance, possible alterations in 
other t ransmembrane conductances must be considered. 

Both Na + and C1- have equilibrium potentials more 
positive than resting potential in thymic lymphocytes. 
As such, increases in the conductance of either of these 
ions would be expected to depolarize the cell. An in- 
crease in Na + conductance is easily ruled out on the ba- 

sis that the depolarization was observed in Na+-free so- 
lutions. Additionally, direct comparison of the response 
in the presence and absence of Na § yields no discern- 
able differences (results not shown). The finding that 
BAPTA loading facilitates the detection of the depo- 
larization would argue against a role for Ca2+-gated 
C1- conductance in the observed depolarization. The 
presence of this chelator would not be expected to fa- 
cilitate the detection of a conductance which is depen- 
dent upon a rise in [Ca2+]i for activation. However, this 
procedure effectively increases the amount of Ca 2+ en- 
tering the cell, a condit ion which would facilitate a 
longer lasting and possibly larger E change induced by 
such Ca 2+ influx should it occur via an electrogenic 
pathway. 

The BAPTA-loading technique has previously been 
used by MacDougal  and coworkers [19] for investiga- 
tions of Ca2+-dependent E m changes associated with 
receptor-linked events in human B-lymphocytes.  The 
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Fig. 8. Effect of Ni 2+ on the rise in intracellular [Ca2+]i following 
reintroduction of Ca 2+ to thapsigargin-treated cells. Cells loaded 
with indo-1 and BAPTA were suspended in nominally Ca2+-free 
Na + medium in the presence of 33 nM thapsigargin, and the fluores- 
cence of indo-1 was monitored. Where indicated, 4 mM Ca 2+ or 5 mM 
Ni 2+ was added. These are paired experiments performed with cell 
aliquots from the same BAPTA-loading procedure. 

E m depolarization detected by these investigators fol- 
lowing cross-linking B-cell surface receptors has been 
ascribed to electrogenic Ca 2+ uptake. However, the 
mechanism underlying the activation of this receptor- 
linked pathway in B-cells was not investigated. Such 
electrogenic Ca 2+ uptake may have its origin in the in- 
ositol 1,4,5-trisphosphate (IP3) mediated release of Ca 2+ 
from intracellular stores, a documented response initi- 
ated by cross-linking B-cell surface receptors [2]. 

The origin of the subsequent hyperpolarizing com- 
ponent demonstrated in the present experiments is at- 
tributable to the activation of a K + conductance. This 
is based on the following observations: (i) K + is the on- 
ly ion with an equilibrium potential more negative than 
resting potential in these cells and (ii) the repolarizing 
and hyperpolarizing phases are significantly inhibited by 
the potent K § channel blocker charybdotoxin. The abil- 
ity of 5 mM Ni 2+ to inhibit the slow rise in [Ca2+]i and 
the secondary hyperpolarizing phase are consistent with 
a role of Ca2+-gated K + channels in the observed hy- 
perpolarization. It is important to note, however, that 
the concentration of charybdotoxin required to effec- 
tively inhibit the secondary repolarization and hyper- 
polarization phases of this response (150 riM) was con- 
siderably higher than that previously shown to abolish 
Ca2+-gated K + channel activity in non-BAPTA-loaded 
thymic lymphocytes ([12, 20, 21] and Fig. 1). While 50 
nM charybdotoxin displayed some inhibitor effect (re- 
sults not shown), 150 nM was much more effective in in- 

hibiting this phase. The activation of voltage-gated K + 
channels secondary to the initial depolarization could 
account for such a response. Consistent with this no- 
tion, the hyperpolarizing phase was inhibited by 5 mM 
Ni e+ possibly due to the Ni2+-dependent block of the 
triggering depolarizing phase of the response. This 
may be indicative of the involvement of both Ca 2+- 
gated and a class of K + channels displaying less sensi- 
tivity to charybdotoxin. 

While increases in K + channel activity could ac- 
count for the secondary repolarization and subsequent 
hyperpolarization in the absence of charybdotoxin, in 
the presence of 150 nM toxin, E m stabilized at values on- 
ly slightly more negative than resting E m as judged by 
the marked hyperpolarization following gramicidin ad- 
dition (Fig. 5). This result may be indicative of inacti- 
vation of the Ca 2+ current rather than activation of 
charybdotoxin-insensitive K + current. Two mecha- 
nisms can be proposed to account for such an apparent 
inactivation. A decrease in inward current may occur 
due to a decrease in the driving force as a result of el- 
evations i n  [Ca2+]i under the membrane. Alternative- 
ly, the pathway may be directly inactivated by elevat- 
ed levels of [Ca2+]i. Further investigations are required 
to address the origin of the secondary repolarization 
and modest hyperpolarization in the presence of charyb- 
dotoxin. 

We have previously reported that IP3-mediated re- 
lease of Ca 2+ from intracellular stores underlies the 
Ca 2+ influx response to the mitogenic plant lectin con- 
canavalin-A in rat thymic lymphocytes [24]. Addi- 
tionally, this is accompanied by a modest depolarization 
in BAPTA-loaded cells suspended in 1 mM extracellu- 
lar Ca 2+ [21]. On the basis of the present investigation, 
such a depolarization would be consistent with an in- 
crease in Ca 2+ conductance due to IP3-mediated release 
of Ca 2+ from intracellular stores. Activation of a high- 
ly selective Ca 2+ current has been reported by Lewis 
and Cahalan [18] in the cultured T-cell line Jurkat fol- 
lowing addition of the mitogen phytohaemagglutinin 
(PHA). Addition of this IP3-generating plant lectin re- 
sulted in a whole-cell current of < 1 to 10 pA after a 
delay of 100-300 seconds. This increase in current 
was associated with a slow rise in [Ca2+]i . Activation 
of the current often occurred spontaneously, suggesting 
an additional activation mechanism independent of the 
presence of PHA. Elevations in [Ca2+]i were found to 
inhibit the pathway, a regulatory response which may 
account for the slow secondary repolarization phase 
observed in the presence of charybdotoxin in the present 
experiments (see above). 

Gardner and coworkers [17] have described single 
channel and whole-cell currents activated by PHA in 
cultured T-cell lines. When recorded in cell-attached 
mode in isotonic BaC12, this channel has a conductance 
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of approximately 7 pS (whole-cell currents of approx- 
imately - 3 0  pA at - 6 0  mV), is not detectably voltage 
sensitive and displays brief channel openings which oc- 
cur in bursts. A role for IP 3 in the activation of this 
poorly selective cation channel was concluded from ex- 
periments demonstrating the activation of the channel 
in excised patches by the addition of IP 3 to the bathing 
medium [16]. More recently, these observations in Ju- 
rkat cells have been supported by the results of exper- 
iments using rapid elevations in cytosolic IP 3 in intact 
cells [26]. Although IP 3 has been implicated in the ac- 
tivation of this current, the mechanism underlying this 
activation remains controversial. Two mechanisms can 
be proposed to account for the activation of a Ca 2+ cur- 
rent by this compound. First, IP 3 may mediate its ef- 
fect via its ability to release Ca 2+ from intracellular 
stores. Secondly, IP 3 may directly bind to IP 3 receptors 
in the plasma membrane and activate a Ca 2+ channel di- 
rectly. In support of the second hypothesis, the exis- 
tence of plasma membrane IP 3 receptors in both Jurkat 
and rat thymic lymphocytes has been reported [15]. 
Our data, however, support a role for Ca 2+ release from 
intracellular stores in the activation of the divalent 
cation conductance in rat thymic lymphocytes. 

Experiments in mast cells have provided evidence 
for the regulation of a plasma membrane Ca 2+ current 
by the Ca 2+ content of the IP3-sensitive intracellular 
store [14]. Elevations in IP 3 or addition of the Ca 2+ 
transporting ionophore ionomycin both activated an 
identical Ca 2+ current in support of activation via re- 
lease of Ca 2+ from intracellular stores. Although we 
propose a similar mechanism underlying regulation of 
plasma membrane Ca 2§ conductance in thymic lym- 
phocytes, two significant differences between the find- 
ings in mast cells and rat thymic lymphocytes exist. 
First, in mast cells, thapsigargin was not an effective ac- 
tivator of the Ca 2+ current [14]. Second, the pathway 
activated by release of mast cell intracellular Ca 2+ stores 
was not significantly permeable to Mn 2+ [14]. Such a 
lack of Mn 2+ permeability is a characteristic shared by 
the IP3-activated current reported in Jurkat cells [26]. 

The data derived from the experiments outlined in 
this investigation provide the first measurement and 
characterization of E changes attributable to increas- 
es in the plasma membrane Ca 2+ conductance follow- 
ing release of Ca 2+ from intracellular stores in prima- 
ry lymphoid tissues. While depletion of intracellular 
Ca 2+ stores results in the activation of plasma mem- 
brane Ca 2+ conductance in rat thymic lymphocytes, its 
relationship to previously reported mechanisms in cul- 
tured lymphoid tissues and other cell types is present- 
ly unclear. Direct characterization of this Ca 2+ current 
with patch-clamp techniques is required to clarify this 
point. Additionally, such techniques will aid investi- 
gations into the mechanism underlying regulation of 

this current by the Ca 2+ content of the intracellular 
Ca 2+ stores. 
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Note Added in Proof 

While this manuscript was under review, a report by Zweifach and 
Lewis (1993, Proc. Natl. Acad. Sci. USA 90:6295-6299) using patch- 
clamp techniques was published, demonstrating thapsigargin-mediated 
activation of a Ca 2+ current in cultured T-lymphocytes. 


