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Ca z+ is known to he required for mitogcn-mediated lymphocyte activation. In order to further define the regolato~ role 
of Ca z+, we have examined the activation events which occur ~ollowing treatment with ionmnycin (a Ca 2+ ionophore), as 
compared to those occurring fullowing concanavalin A (Con At treatment of mouse splenic T-lymphocytes. Our results 
indicate that ionomyeln and Con A induce the exposure of he~h interleukln-2 (IL-2) and insulin receptors on the surface 
of the lymphoeytos within the first 5 rain of treatment. The exposed insulin and IL-2 receptors have the following 
properties: (I)  they consist of both high- and low.affinity receptors; and (27 they appear on the cell surface in small 
dusters (i.e., pQtehus) or, occasionally, a large aggregate (i.e., cap). c . m y c  gent expression and DNA synthesis occur in 
both the ioqomy¢in and Con A-breated lymphocytes when either IL-2 or insulin is present in the culture medium. 
Furthermore, tire exposure of both hormone receptors can he inhibited by either EGTA (a Ca a÷ chelator), bepridil (a 
Ca z+ channel blocker), W.7  (a ealmodu]in antagonist) or c~tochalasln D (a microfilament inhibitor). Treatment with 
these inhlbltors also blocks the expression o[ c - m y e  gene a~d DNA synthesis which occur at later times during 11,-2 and 
Insulin-Induced activation of ionomycin- and Con A-t~ated lymphocytes. These findings suggest that a Ca -'+ and 
culmedulin.medlated contractile system is involved in the exposure of certain hormone receptors which appear to he 
required for complete lymphocyte activation. 

Introduction 

One of the requirements for the immune response is 
the activation of differentiated lymphocytes (i.e., un- 
dergo blast formation and mitogenesis) [1-13]. Speeifi- 
eully, T-lymphocytes are activated when they bind wi~h 
mitngens such as Con A and PHA, or with antibodies 
such as anti.Thy-I antibody [l-5].  B-lymphocytes can 
be activated by binding with the mitogen, lipopoly- 
saccharide (LPA), or with anti-immunogiobulin anti- 
body I2,6-111. 

Lymphocytes are known to undergo a cascade of 
biochemical and morphological changes during mito- 
genesis [12,13]. In unstimulated mouse splenic lympho- 
cytes, hormone receptors are not detected on the eel] 
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surface [14]. One of the earlier changes to occur during 
mitogenesis is the exposure of certain hormone recep- 
tors. such as the IL-2 and insulin receplors [15-17]. 
IL-2 receptors have been detected within 6-12  h and 
insulin receptors within 24-48 h. following mitogenic 
stimulation [15-17]. Recently, however, we have found 
that Con A can induce the exposure of both [I.-2 and 
insulin receptors as early as 5 rain following milogenic 
stimulation [18]. The binding of certain growth factors 
and hormones (e.g,, IL-2 and insulin) to their receptors 
is considered to be essential for lymphocyte prolifera- 
tion and differentiation [19-25]. However. the regu- 
latory mechanisms respoimible for inducing the ex- 
posure of lymphocyte hormone receptors during activa- 
tion are not well-understood. 

Calcium ions appear to play an important role dur- 
ing cell activation by transmitting signals from the 
molecules in the plasma membranes involved in surface 
recognition to the intraccllular components responsible 
for producing the functional response(s) [26-28]. For 
example, many hormones exert their effects on target 
cells in part by raising the Ca 2+ concentration in the 
cytoplasm [Ca2+]i, thus activating Ca2+-dependent 
enzymes that direct cellular responses [18,29]. In par- 
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ticular, it has been suggested that Ca ~+ together with 
inositol lipids [301 and protein kinase C [31] may account 
for a number of the transient cellular responses that 
occur during hormone action and cell proliferation. 

Calmodulin is an ubiquitous CaZ+-binding protein 
that regulates a variety of CaZ÷-dependent cellular ac- 
tivities [32]. A number of Ca~-*/calmodulin-dependent 
enzymes are involved in the overall processes of cell 
growth and division [33.34]. In lymphoeytes, there is 
now a great deal of evidence supporting the involve- 
ment of Ca 2+ and ealmodulin in receptor capping 
[35-37] and mitogenesis [18,33,34]. The present study 
was designed to further exanaine the regulatory roles 
that Ca -'+ and calmodulin may play in the exposure of 
hormone receptors and the subsequent activation of 
lymphocytes. 

Materials and Methods 

Ce//s 
Mouse splenic T-lymph0cytes were obtained from 

Balb C / J  mice (Jackson Laboratory. Bar Harbor, 
Maine) and were prepared by passing the spleen cells 
over a nylon wool column as d~scribed previously [38]. 

Immunecytochemical localization of ionomycin.induced, 
newly exposed IL-2 or insulin receptors 

Mouse splenic T-lymphocytes were treated with 
ionomyein (1 #M) for 20 rain at room temperature in 
order to achieve the maximal exposure of their hormone 
receptors. Ionomycin-treated cells were then fixed in 1% 
paraforrnaldehyde (in Dulbecco's phosphate-buffered 
saline, DPBS) for 20 rain at 4°C, Subsequently, either 
IL-2 (500 U/rid) or insulin (1.10 -s M) was added to 
their respective receptors in a buffer containing 100 mM 
Hepes/~20 rnl~ NaC1/1.2 mM MgSO4/2.5 mM KCI/1 
mM EDTA/ffi rnM g}ucose/1.5 mM sodium acetate 
(pH %8) at 15~C for 15-30 min. The controls received 
RPMI 1640 medium only, followed by fixation in 1% 
paraformaldehyde. All fixed cells were washed in DPBS 
plus 0.1 M giycine followed by incubation with fluo- 
r~ in~anjuga ted  or colloidal gold-conjugated and-IL- 
2 antibodies (an affinity purified fraction) (obtained 
from Dr. Thomas Maiek, University of Miami, Miami, 
FL) or fluorescein-conjugated or colloidal gold-con- 
jugated anti-insulin antibodies (an affinity purified frac- 
tion). To verify the specificity of immunolaballng, an 
excess amount of IL-2 or insulin was added to the cells 
to compete for fluorescein-conjugated or colloidal 
gold-conjugated insulin or IL-2 binding. 

The fhiorescein-labeled samples were examined with 
a Zelss photomieroscope using a 63 x oil immersion 
lens and epiigumination. Cells were photographed with 
Kodak plus-X film (Eastman Kodak, Rochester, NY). 

The colloidal gold-labeled samples were further fixed 
with 2% gintaraldehyde, postfixed with 2~ OsO4, dehy- 

drated through ethanol and embedded in Epon 812. 
Ultrathln sections were obtained on a Sorvall MT2-B 
microtome using a diamond knife, then stained with 
uranyl acetate and lead citrate. In some cases, ultrathin 
sections were not treated with any staining reagents 
such as acetate and lead citrate in order to obtain a 
better resolution and contrast of colloidal gold labeling. 
These materials were then observed under a JEOL 
electron microscope. 

Insulin or IL-2 induced-receptor capping in ionomycin- 
treated lymphocyres 

Mouse splenic T-lymphocytes were treated with 
ionomycin 0- ~M) for 20 rain at room temperature in 
order to achieve the maximal exposure of their hormone 
receptors. After binding with either IL-2 (100 U/ml). 
insulin (1.10 -x M) or to their respective receptors in a 
buffer containing 100 mM Hopes/120 mM NaCI/1.2 
mM MgSOd2.5 mM KCI/1 mM EDTA/10 mM glu- 
eose/l.5 mM sodium acetate (pH 7.8) [39] (with or 
without treatment with various metabolic inhibitors, 
such as EGTA (3 mM), Bepridil (20 pM), W-7 (20 ~tM), 
cytochalasin D (50 pg/ml), colchiclne (1.10 -s M) and 
cycloheaimide (50 #M)) at 15°C for 15-30 rnin, the 
cells were washed three times with the same buffer and 
fixed by incubation in 0.5% paraformaldehyde (in 
DPBS) for 20 rain at 0°C. The controls received RPMI 
1640 medium only, followed by fixation in 1% petal- 
formaldehyde. All fixed cells were washed in DPBS plus 
0.1 M giycine followed by incubation with (a) fluo- 
reseein-conjugated rabbit anti-IL-2 receptor antibodies 
(an affinity purified fraction) (obtained from Dr. 
Thomas Malek, University of Miami, Miami, FL) and 
(b) fluorescein-conjugated human anti-insulin receptor 
antibodies (an affinity purified fraction) (a gift from Dr. 
Guemher Baden, University of Pennsylvania, Phila- 
delphia, PA). To verify the specificity of immunolabel. 
ing, some samples received fluoreseein-conjugated pre- 
immune serum or pro-absorbed serum (anti-insulin or 
[L-2 receptor-free serum). The anti-IL-2 or insulin 
receptor-free serum was prepared by (1) incubating 
anti-IL-2 receptor antibody with IL-2 receptor contain- 
ing CTLL T-lymphoeytes to remove specific anti-fL-2 
antibody from the serum and (2) incubating anfi-insuhn 
receptor antibody with insulin receptor-containing IM-9 
B-lymphoblasts to remove specific anti-insulin receptor 
antibody from the serum. After the CTLL and IM-9 
cells had been centrifuged down, the supernatant con- 
taining non-specific serum (so-called pro-absorbed 
serum or anti-fL-2 or anti-insulin-free serum) was used 
as a control. Both pro-absorbed serum and pre-immune 
serum showed no obvious fluorescent staining. 

Hormone receptor binding assays 
Mouse splenic T-lymphocytes were treated with Con 

A (6 v,g) or ionomycin (1 #M) at room temperature for 



various time intervals ( t  = 1, 2, 3. 5, 10. 20 and 30 rain}. 
To measure the exposed IL-2 or insulin receptors, these 
Con A-treated or ionomycin-treated T.lymphocytes (1 - 
106 cells per  assay point)  were further incubated wilh 
~2Sl-IL-2 (specific activity. 50 / zCi /#g ;  concentrat ion 
ranging from 1 - 1 0  - °  to 10 I-~ M) or 1'5I-insulin 
(specific activity, 100 ~Ci / ,ag;  concentrat ion r a n ~ n g  
f rom 10 -~ to 10 - t z  M) in 1 ml of  b inding  buffer 
conta ining 100 m M  Hepes /120  mM NaCI /1 .2  mM 
Mg$O4/2.5  m M  K C I / I  m M  E D T A / 1 0  mM glucose/1 
m g . m l  -~ bovine serum a lbumin /1 .5  m M  sodium 
acetate t p H  7.8) [39] at 1 5 ° C  for 15 30 rain or 60 min  
followed by washing extensively at 4 ° C .  In  this b ind ing  
assay, we measured the amount  of bo th  IL-2 and  insulin 
receptors expressed after Con A or ionomycin treat- 
ment ,  Th~ level of ho rmone  b inding  was the same 
regardless of  whether  the ceils were incubated for 15-30 
rain or 60 rain at  150C. To conf i rm the specificity of 
IL-2 and  insulin b inding  assays, excess amounts  of  
unlabeled IL-2 or insulin were added to compete  for the 
b ind ing  of t2~l-lL-2 or 12~l-insulin; less than  5% of the 
b ind ing  was nonspecifie. The amount  of 1251-IL-2 and  
12~I-insulln b ind ing  was measured by an  LKB G a m m a  
counter. 

To obtain the Scatchard plot,  ~251-IL-2 and  ~Z~l-in- 
sulin b ind ing  assays were done using l igand concentra-  
t ions ranging  from 1 • 10 9 to 1 - t 0  t~- M for IL-2 and  
1 . 1 0  -t~ to 1 -10-12  M for insulin. 1"~51-IL-2 or I"~l-in- 
sulin were diluted with unlabeled IL-2 or insulin at a 
fixed ratio of  1 :9 .  Nonspecific b ind ing  was determined 
by performing identical assays in the presence of 1 - 10 ~ 
M of unlabeled IL-2 or insulin. The level of specific 
b inding  was then measured by subtracting nonspecifie 
b ind ing  from total binding. Data  points  from the 
Seatehard plot  were extrapolated and  fitted manually 
following the principles described previously [40]. The 
experimental  points expressed were mean  values of at 
least three to five experiments with a s tandard  deviatlo, 
less ~han + 5%. 

Measurement of45Ca 2 ~ influx 
Mouse splenic T-lymphocytes were first incubated 

for 30 rain in R P M I  1640 medium at room temperature 
before adding  ~ C a  2+ (5 -10  # C i / m l ;  50 C i / # g l  and  
beginning  Con A ( 6 / L g / m l )  treatment.  At various t ime 
intervals ( t = l ,  2, 3. 5, 10, 20 and 30 mini ,  Con  
A-treated samples were rapidly transferred into 10 ml of 
ice-cold PBS (pH  7.3) plus 2 m M  EGTA in order  to 
terminate Ca ~+ uptake. After  washing with an  ad-  
dit ional 20 ml of cold PBS plus EGTA,  the cells were 
placed in scintillation fluid fMiniblend,  ICN)  and 
counted in an  L K B  Mini  Beta Scintillation Counter.  
Control  samples were treated with R P M I  1640 only and  
no  Con  A was added, aSCa"+ influx measurements were 
made  with bo th  uristimulated cells and  cells st imulated 
by ionomycin or Con  A, The da ta  points presented in 
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Fig. 2 are net cpm counts for ~Ca z* influx obtained by 
taking the aSCa influx (cpml of stimulated cells (epml 
minus 4~Ca-' ~ influx (cpm} of unslimulated cells. 

Assay for c-~[vc g~ne expression 
Isolation of RNA. Cytoplasmic R N A  was isolated 

according to the procedures described previously by 
White and Bancroft [dl] followed by phenol  and Scrag 
(ch loroform/ isoamyla lcohok 2 4 : 1 ,  v / v )  extraction. 
Mouse splenic T-lymphocytes pretreated with mnomy- 
cin were incubated with or without  IL-2 (100 U)  or 
insulin (1 • 10 ~ M) in the presence or absence of vari- 
ous metabolic inhibitors (e.g., EGTA (3 raM}, Bepridil 
(20 gM) ,  W-7 (20 ~zM). cytoehalasin D (20 t tg /ml) ,  
colchicine (1 - l0  5 M} and cycloheximide (50 #M))  at 
37 ° C  for 30 rain. Subsequently. cells were t'esuspended 
in 50/ t l  of ice cold 10 mM Tris-HCI t pH  7.0) and  3 mM 
EDTA and lysed by lC~ NP-40. After  centrifuging this 
NP-40 solubilized material at 15000 × g ~  for 3 rain, 
the pellet (containing nuclei and uebroken cells) was 
discarded and the supernatant  was extracted with a 
mixture of p h e n o l / S c r a g  ( l  : 1. v /v) .  The amount  of 
R N A  obtained by this method was determined by mea- 
suring UV absorbance at 260 nm. Isolated R N A  was 
mixed wilh an  equal ~x)lume of solution containing 0.15 
M NaCI /0 ,015  M sodium citrate (3 parts) and 37% 
formaldehyde (2 parts}, heated at 6 5 ° C  for 15 rain and 
stored at - 20 o C, 

Dot blot anah'sis. Isolated R N A  was serially diluted 
with a solution containing 0.15 M NaCI/0 .015 M 
sodium citrate and  manually applied to a pre-wetted 
nitrocellulose paper  IBA 45. 0.45 # m ,  Sehleicher and 
Sehuell) with a capillary pipet. The nitrocellulose papers 
were then incubated at g 0 ° C  for 2 h in vacuo and 
stored at - 20 ° C. 

Hybridi-'ation technique. A high specific activity ~: p_ 
ant i -sense-RNA probe (1 • 10 ~ c p m / # g )  was prepared 
using SP 6 t r an~r ip t ion  as described in Ref. 42. The 
mouse c-p~fw- probe consists of 1.5 kb from exons 2 and 
3 of  c-no,c eDNA.  The blotted paper  was treated with 
0.15 M NaCI /0 .015  M sodium citrate in a sealed bag 
c o n t a i n i n g  hybr id iza t ion  solu t ion  150~ formal-  
d e h y d e / 5 0  m M  sodium phosphale  buffer (pH 7.0l/0.15 
M NaCI /0 .0 t5  M sodium citrate/0.1% SDS/1  mM 
E D T A / D e n h a r d t ' s  solut ion/100 p .g -ml  - I  denatured 
D N A / I 0 0  v .g .ml  - I  yeast RN&'* at 6 5 ° C  for 2-,* h. 
Following the prehybridization, the 32P-labeled probe 
{1 .10  ~' c p m / m l )  was added to the blotted paper  and 
hybridized at 65 ° C for 20 h. The filter was then washed 
with a solution conta ining 0,15 M NaCI/0 .015 M 
sodium citrate/0.1% SDS at  50°C.  The hybrids were 
observed by autoradiography using Kodak XAR-5 film 
~,ith intensifying screen at - 7 0 ° C .  

Measurement of DNA .~vnrhesis. Mouse splenic T- 
lymphocytes (5 .  l05 cells) were dispensed into the wells 
of microtiter plates containing 0.2 ml of R P M I  1640 
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medium, in the presence or absence of the Ca 2÷ iono- 
phore, ionomycin (1 ~M). Following incubation at room 
temperature for up  to 30 rain, the ionomycin-treated 
ceils were supplemented with either IL-2 (100 U / m l )  or 
insulin ( 1 . 1 0  -8 M) in the presence or absence of vari- 
ous metabolic inhibitor~ (e.g., EGTA (3 mM),  Bepridil 
(20 pM),  W-7 (20 ~M),  cytoehalasin D (20 # g / m l )  and 
colchicine (1 • 10 -~ M)) in 5% CO2/95% air  at 3 7 ° C  for 
12-24 h. Control  samples were treated with R P M I  1640 
medium only and incubated under  the same conditions. 
Cells were then pulsed with 0.1 ttCi 3H-thymidine ( ICN 
Chemical and Radioisotope Division, lrvine, CA) for 4 
h at  3 7 ° C  in 5% CO2/95% air as described previously 
[36,37]. Synthesis was stopped by addit ion of ice-cold 
10% trichloroacetie acid (TCA); and the TCA-precipi- 
rated materials were washed and collected on  Millipore 
filters, dried and counted in an LKB liquid scintillation 
counter. 

Results 

Insulin and 1L-2 receptor exposure 
IL-2 and insulin receptors are generally not found on 

the surfaces of  unstimulated mouse splenic T-lympho- 
cytes (Fig. IA )  [14]. However, t reatment  of mouse 
splenic T-lymphocytes wi th  a mitogen such as Con A 
causes the rapid influx of Ca 2÷ (within 1 min after 

t reatment)  IFig. 2). followed by the exposure of  bo th  
IL-2 and insulin r ~ e p t o r s  (within 3 - 5  rain after treat- 
ment)  (Fig. 2). Scatchard plot analysis, using 'gSl-tL-2 
and 1251-insulin b inding  assays, indicates that  the ex- 
posed 1L-2 and  insulin receptors consist of two popula-  
tions: (1) high-affinity receptors (approx. 1084 IL-2 
binding sites (Fig. 3) and  380 insulin b ind ing  sites (Fig. 
4) per  cell); (2) and  low-affinity receptors (approx.  8428 
IL-2 b inding  sites (Fig. 3) and  1523 insulin b ind ing  sites 
(Fig. 4) per  cell). 

Since the influx of Ca 2+ occurs pr ior  to ho rmone  
receptor exposure dur ing  Con  A treatment ,  we have 
decided to use the Ca 2+ ionophore,  ionomycirt, to de- 
termine whether  Ca 2+ can directly trigger ho rmone  
receptor exposure. Our  results indicate that  ionomyein 
itself can induce bo th  Ca ~+ influx (within  30 s after 
t reatment)  (Fig. 2) and  the exposure of bo th  IL-2  and  
insulin receptors within 3 -5  rain following addit ion of 
the ionophore  (Figs. I B - E ;  P-efs. 5 and  6; Fig. 2). 
Microscopic examinat ion,  using bo th  immunof luo-  
reseence and  immuno-gold  labeling techniques, reveals 
that  the ionomyein-induced IL-2 (Figs. 1B and C) and  
insulin receptors (Figs. 1D and  E) appear  as aggregates 
(so-called 'pa :ehes ' )  on  the lymphocyte  surface, 
Scatcimrd plot analysis indicates tha t  ionomycin-in-  
duced hormone  receptors also consist of  two popula-  
tions: (1) high-affinity receptors (approx.  1084 IL-2 

F 

C 

Fig. I. Immnnofluore~ence and immuno-gold ~taining of hmmone r6~ptors. (A) Absence of IL-2 ~ceplors on nnslimulated (r~tingl mou~ 
splenk- T-lymph~ytes. (The same result was obse~ed for insulin re,~ptors in unstimulated cells-data not shown). IB and C) Mou~ splenic 
T-lymph~ytcs wc~ treated with ionomycin foUowed by staining with fluores~nce-labeled {B) or colloidal gold-labeled IC) anti-lL-2 receptors. ID 
and E) Mouse splenic T-lymphocytes were treated with ionomy¢in follow*d by staining with nuommvnce-labded (O) or colloidal gold-labeled (E) 
nntbln~ulin reeeptor~ (F and (31 Mouse splenic *[-[ymph~yles were treated with ionomycln followed by [L-2 or insulin treatment. Capped [L-2 
receptors iF) and insulin recepto~ tG) were detected by staining with nuo~ence-laheled anti-lL-2 receptor or anti-insulin ~ceptor, respectively. 
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Fig. 2. Con A- and ionomycin-indu~d Ca ~ influx and h o ~ o n e  
receptor cxp~ure on mouse splenic T-lymphc~3,tes. Cells were treated 
with either Con A 46 /lg) ( x )  or ionomyein {1 8M) (A} followed by 
Ca ~+ influx me~u~ment  and h o ~ o ~  receptor binding analyses, m 
exposed insulin binding sites during Con A ~realment; o. exposed 
IL-2 b~nding sites dunng Con A tr~lmen:. {Similar i~sulln and IL-2 
r~eptor exposur~ were obse~'ed in ionom!,cin-tr~ated cells; data nOl 

sllo~n). 

b i n d i n g  s i tes  (F ig .  5)  a n d  820 insu l in  b i n d i n g  s i tes  (F ig .  
6 )  p e r  cell) a n d  (2) low-a f f in i ty  r ecep to r s  ( a p p r o x .  9632 
I L - 2  b i n d i n g  s i tes  (F ig .  5)  a n d  2500  insu l in  b i n d i n g  si tes 
(F ig .  6 )  p e r  cell). 

Effects of narious inhibitors 
Six  d i f f e r e n t  r e a g e n t s  - a C a  2+ c h e l a t o r  ( E G T A ) ,  a 

C a  a÷ b l o c k e r  (Bepridi l ) ,  a c a l m o d u l i n  a n t a g o n i s t  (W-7) ,  
a m i e r o f i l a m e n t  i n h i b i t o r  ( cy tocha l a s in  D) ,  a m i e r o t u b -  
u l e  d i s r u p t i n g  a g e n t  (eo lch ie ine)  a n d  a p r o t e i n - s y m h e s i s  
i n h i b i t o r  ( e y e l o h e x i m i d e )  were  t es ted  for  t he i r  e f fec t s  
o n  i o n o m y c i n - i n d u c e d  h o r m o n e  r e c e p t o r  exposu re .  O u r  
r e su l t s  i nd i ca t e  t h a t  E G T A .  Bepr id iL  W - 7  a n d  cy to -  

c h a l a s i n  D c a n  all s u b s t a n t i a l l y  i nh ib i t  i o n o m y e i n - i n -  

d u c e d  1[.-2 a n d  i n su l i n  r ecep to r  e x p o s u r e  ( T a b l e  I). 
H o w e v e r .  co lch ic ine  a n d  e y c l o h e x i m i d e  d id  n o t  inh ib i t  
t h e  e x p o s u r e  o f  e i t h e r  | L - 2  o r  i n su l i n  recep tors .  T h e s e  
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TABLE I 

f#:,:;;,,;{..:;::,.:: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  ., ......... 
Ionom~cin-treated m~.,;se ~plenic Ivmph~ytes ~ere preincubated with 
valSous d~gs at 4 ° c  for 30 ~ir~ before IL-2 and insulin r~eptor 
binding a~ays ~¢re carried ~ut. Each number repregenls the average 
or three 1o five experiments ~ilh a standard devimion less than + 5% 

Treatment g or conlrol 

IL-2 Insulin 
receptors r~eptor~ 

Control ionom~cin I I ~M~ ~,nlv IOO 
25 EGTA (3 n,M) 20 

Bcpridi] (20/tM) 31 23 
W-7120 ~xM) 9 10 
C}t~halasin D 120 ~g /mb  35 25 
Colehicine (I.  10 • ~ M) cg O6 
Cyclohcxlmid¢ (50/~ M) 88 9O 

d a t a  ind ica te  t h a t  Ca'- " / c a l m o d u l i n  a n d  m i c r o f i l a m e n t s  
I b u t  n o t  m i c r o t u b u l e s  a n d  p ro t e in  , / n t b e s i s )  are  p rob -  

a b l y  involved  in  i o n o m v c i n - i n d u c e l  I L - 2  a n d  insu l in  
r ecep to r  exposu re .  

Hormone-induced/rmphoErre mitogen~ ~is 
Prev ious  s lud ies  h a v e  d e m o n s t r a t e d  t h a t  horn ' .one- in-  

d u c e d  cell a c t i va t i on  a n d  p ro l i f e ra t ion  a re  assoc ia ted  

w i t h  C a  -'+ mobilizi~tior, [18,29], r ecep to r  p a t c h i n g / "  
c a p p i n g  [18,29] a n d  t he  exp re s s ion  o f  p r o t o - o n c o g e n e s  
s u c h  as  c-los a n d  c- tnyc genes  [43.44]. I n  th i s  s t u d y ,  we 
have  f o u n d  t h a t  l y m p h ~ c y t e  m i t o g e n c s l s  (e.g., c-~9"c 
g e n e  e x p r e s s i o n  a n d  D N A  syn thes i s )  d id  no t  o c c u r  
fo l lowing  i o n o m y c i n  t r e a l m e n t  in  s e r u m - f r e e  m e d i u m  

{Fig. 7A;  T a b l e  11). Howeve r ,  w h e n  I L - 2  o r  in su l in  was  

a d d e d  to  t he  m e d i u m  fo l lowing  i o n o m y c i n  t r e a t m e n t ,  

c o m p l e t e  l y m p h o c y t e  ac t i va t i on  a n d  m i t o g e n e s i s  en-  
sued .  Specif ical ly ,  t he  fo l lowing  even t s  occur :  ( ] l  I L - 2  

~I con A Tr*awat. l  

~i 14 m0n affinity Mncilng |it**: gd'6 .4  x I O - I = M  
o low ilflnlly dndln~ SlIIII: Rd-?*O II 10-1051 ,: 

-0 #2 4 6 e TO 12 14 1§ 

Ooun U 1251_1L_ 2 i f  mal l /  1 • 106 ~ H I )  

Con A ¢rntm~t 

~ \  High affinity bln~In t sJlea: gd=a,a x 10-12M 
Low llf[nlly lflndlm 3 SlIII: KII.7,9 • ~011M 

Bound 12$1-1n~lln (~ mo~lll X 1 0 7 ¢ ~ 1  

Figs. 3 and 4. Scatebard plat analys~ of [L-2 and imulin binding lo Con A-t~aled mouse splenic T-iymph~yEc~. The cells were firsl Irealed wizh 
Con A (6 PS) for 20 rain al r ~ m  temperalu~ and incubated wilh IZ~l-lL-2 (Fi E, 3) or I~ [*i~sulin I FiB. 4) in the presence of various c~centrafions 
of unlabeled IL-2 or insulin as de~ribod in Malerials and Methods. Data points from the Scatehatd plot wure e•trapolaled and fitted manually as 

d~cnbed previously 14O]. 
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Ionomy¢ln Tre t tm ln t  

Hlgfl I f f l M ~  Mfldln~ f l i r t :  Kd-6 .S  I i n  - 1 2  M 

:ow | t r in i ty  Idndln o t l l e l l  Kd-2,0 x 10 -10 M 

i ~ 4 6 8 l o  12 14 1B 
BGUnd 1251 .1L-2  ( f  molo l l  X 1 0 6 c e l l s )  

| 
_¢ 

3 

Ionomycln T t u n 4 n l  

High affinity ~nalng l l l U l  Kd-2 ,5  X 10 -1~  M ~ on | t i n i l y  tdndlrflff | l l n :  Kd-6 .2  • 10 -11 M 

• ~, 
I '2"0 " ° ' ~ ,1  

soondt2Sl-lnlulln ( f  ~ r e / t  • l o ? ¢ e l l s )  

Figs 5 and 6. Scatchard plot analys~s of IL-2 and insulin binding to ionomycin-t~aled splenic T-lymphecyt~. The ~lls were first treated with 
ionomycln for 20 rain at room tern ~rature and incubated with I2SI-IL-2 or I~ I-insulin in the p r ~  of various concentrations of unlabeled IL-2 
or insulin as described in Materials and Methods. Data points from the Scatcbard plot were extrapolated and fitted manually following the 

principles de~erih ed p~eviously 140]. 

A B c D 

Fig 7 Analysis of c-,nyc gene expr~sion by dot b y b d d i ~ t i o n .  Mon~ 
splenic T-lymph~ytes ~ r e  first Ireatcd with ionomyein for 20 rain at 
r ~ m  temperature. These ioaomycin-treated cells were then incubated 
with or without IL-2 (100 U) or insulin {1-10- s MI m the p r ~ e n ~  or 
absence of W-7 (2O tl Mt at 37 o C rot 30 m~n. The expression of ¢.my¢ 
gene product was sho,~n as follows: (At no hormone addition; (B) 
with IL-2 addlBoa ~¢t  metabolic inhibi~rs such as W-7; (C) with 
IL-2 addition; and ( D )  with insulin addition. Cytoplasmic RNAs 
isolated from the aforementioned sampl~ (A D) were used for 
cytoplasmic dot hybridization analysis of c.myc gear expression 
according to the p~ec lu r~  d~cribed i n  Materials and Methods. (a) 1 

/~g RNA; (b) 0.5 pg RNA: (c) 0.25 ~g RNA, 

TABLE 11 

Har~zone requirement fi~r DNA synthes:~ m ionamycin treated lynzpho- 
cyrgs 

F~ch number r e p ~ n t s  the average of thee  to Eve experiments Wilh 
a standard deviation less than + 5%. 

Traatment DNA synthesis 
(~ of conffob 

Control tno ionomyein) 100 
Ionomycin (1/AM) only IC~ 
I L-2 ( 1o3 U/mr) only 102 
Insulintl ,10 H ,*At only lfil 
Ionomycin ( I  FM) plus IL-2 1100 U/ml)  400 
Ionomycin (I FM) plu~ insulin (1.10- ~ M) 350 

a n d  i n su l i n  r e c e p t o r  c a p p i n g  o c c u r r e d  w i t h i n  5 - 1 0  ra in  
a f t e r  t h e  a d d i t i o n  o f  1 1 . 2  o r  i n su l i n  t r e a t m e n t  (F igs .  1 F  
a n d  G ) ;  (2) e - m y c  g e n e  was  exp re s sed  a t  3 0 - 6 0  m i n  

a f t e r  I L . 2  o r  i n su l i n  t r e a t m e n t  O~]~s. 7 ( ;  a n d  D ) ;  a n d  
(3) D N A  syn the s i s  was  initi: .~ed wit~ in  1 2 - 2 4  h fo l low-  

i ng  I L - 2  o r  in su l in  t r e a t m e n t  ( T a b l e  I I ) .  F ina l l y ,  t r e a t -  

m e n t  o f  t h e  l y m p h o e y t e s  w i t h  e i the r  E G T A ,  Bepr idi l ,  
W - 7  o r  c y t o e h a l a s i n  D ( b u t  n o t  co lch ic ine )  b l o c k e d  
b o t h  I I - 2 -  a n d  i n s u l i n . i n d u c e d  r e c e p t o r  c a p p i n g  ( T a b l e  
111), e - m y c  g e n e  e x p r e s s i o n  (F ig .  7B)  a n d  D N A  s y n t h e s i s  
( T a b l e  i l l ) .  O u r  d a t a ,  t h e r e f o r e ,  s u g g e s t  t h a t  C a Z + /  

c a l m o d u l i n - d e p e n d e n t  c o n t r a c t i l e  e l e m e n t s  a r e  r e s p o n -  

s ible  f o r  I I , -2  a n d  i n s u l i n  r e c e p t o r  e x p o s u r e  w h i c h ,  in  

t u r n ,  are  r e q u i r e d  fo r  1 1 . 2  o r  i n s u l i n - d e p e n d e n t  
l y m p h o c y t e  a c t i v a t i o n  a n d  p ro l i f e r a t i on .  

TABLE lit 

Effect of ~ r i ~  inhibJlors on hormone-lnduced ~ p l o r  capping and 
DNA symhesis in ionomyon-~realed ]ymphoc~tes 

Each number represents the average of three or five cxperlmcnts with 
a standard deviation less than ± 5%. Ionomycin (1 FM) was used for 
ihe prctreatmenl of cells• 

Trcatm~t  % of control 

receptor capping DNA synthesis 

IL-2 insulin IL-2 insulin 

Control (no inhlbltor) 100 120~6 110~8 110~9 
F.GTA (2 mM) 30 
Bepridil (20 ~M) 22 25 15 20 
W-7 (20 ~M) 27 20 16 17 
Cyt~halasin D (20 Fg/mll  35 30 25 27 
Colehicine(I-10 s M) 105 102 lfil 100 



Discussion 

Recent evidence indicates that  the early signal-trans- 
duct ion events leading to mitogenesis include: (a) stimu- 
lation of phosphatidylinositlde turnover giving rise to 
IP  3 [30] and  diacylglycerol (DAG)  i31!, which then 
induce internal Ca z+ release [30] and protein kinase C 
activation [31], respectively; (b) an  increase in Na ~ / H  ~ 
antiporter  activity which causes an increase in cyto- 
plasmic p H  [45]; and  (c) activation of surface receptor 
tyrosine kinase activity [46]. In  this study, we have 
examined two early signal-transducing events that  occur 
dur ing  lymphocyte activation: influx of Ca '-+ (Fig. 2) 
and  exposure of two different ho rmone  receptors on  the  
cell surface (Figs. 3-6) .  

Ca 2+ mobilization o ~ u r s  dur ing  growth factor or 
mitogen-indueed activation of various cell types includ- 
ing lymphoeytes [18,29,47,48] and  neutrophils [49]. Con 
A has  been shown to cause IP  3 format ion in lympho-  
cytes [50,51]. IP  3 then triggers the release of Ca -'+ f rom 
internal storage sites [52] and, possibly, the  influx of 
external Ca z+ [53]. Since changes in Ca 2+ influx a n d / o r  
in t racdlular  free Ca 2+ are considered essential to cell 
activation, we decided to employ a Ca 2+ ionophore,  
ionomycin,  to determine whether  Ca a~ is directly in- 
volved in the signal t ransduction mechanism(s)  (c.g., 
ho rmone  receptor exposure) leading to lymphocyte pro- 
dferation. 

IL-2 and  insulin receptors are generally not present 
on  the surface of unst imulated mouse splenic T- 
lymph0eytes [14]. W h e n  lymphocytes are activated by a 
variety of mitogens,  the receptors for these hormones  
become detectable 115-18]. Similar f indings have re- 
cently been reported for other  cell types [54]. For  exam- 
ple, several different growth factors and  peptide 
hormones  have been shown to induce a rapid transloca- 
t ion of transferrin receptors and  ghieose transporter  
f rom intraceUular pools to the cell surface [54]. Re- 
cently, we have reported that  bo th  Con  A and  electric 
st imulation induce exposure of insulin and  IL-2 recep- 
tors (within 3 -5  min  after t reatment)  in mouse splenic 
lymphocyles [18]. The  molecular mechanisms involved 
in these mitogen-medlated membrane  changes (e.g., re- 
ceptor exposure and  expression) are not  fully under-  
stood. 

In  this study, we have determined that ,  similar to 
Con  A treatment  (Figs. 2-4) ,  ionomycin can induce 
exposure of  bo th  11.-2 and  insulin receptors on  the 
lymphocyte plasma membrane  (Figs. I B - E .  5 and  6). 
The  observed increase in insulin receptors following 
ionomycin or  Con A treatment may be a requirement of 
lymphocyte proliferation. In  the ionomycin-treated cells, 
the b ind ing  of either insulin or 11--2 to their respective 
receptor promotes a sequence of  cellular activation in- 
c luding hormone  receptor clustering (Figs. 1F and  G),  
proto-oncogene expression (Figs. 7C and D) and  finally 
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DNA synthesis (Table IlL Our  data suggest that Ca" '  
may be directly involved in revealing masked or cryptic 
forms of hormone  receptors. Alternately. Ca 2+ may 
trigger Ihe tr~nslocation of internal membrane pools of 
IL-2 and insulin receptors to the plasma membrane.  
The binding of hormone to ionomycin-induced hormone  
receplors is required for complete lymphocyte activa- 
tion. 

Another  mechanism by ~'!!icb Ca 2 " m~y trigger early 
signal t raheducing events dul ing cell activation involves 
its interaction with ealmodulin, an  ubiquitous Ca:+-bi-  
riding protein. Ca ~ -dependen t  calmodulin activity is 
known to be responsible for the activation of a number  
of impc~rrant cellular enzymes, including adenylate 
cyclase, membrane-associated Ca 2., Mg2÷-ATPase. 
myosin lio~ht chain kinase, etc. 132.55] . As shown in 
Figs. 1 B - E ,  the [L-2 and insulin receptors on  the surface 
of ionomycin-treated lymphocytes clustered into patches 
or  caps (Figs. 1F and  G}. Recent evidence from our  
laboratory indicates that  a number  of  cyto~keletal pro- 
tein (e.g., actin, myosin, fodrin, etc.) are either directly 
or indirectly associated with clustered hormone recep- 
tors [55-61]. The fact that  various inhibitors such as 
Ca2+-channel blockers. Ca ' - '  chelators, calmodulin 
antagonists,  and  cytoskeletal inhibitors [but not micro- 
tubule-disrupting drugs) can prevent ionomycin-in- 
duced exposure of clustered hormone  receptors (Table 
1) and  also block hornaone-mediated receptor capping 
(Table 111). e-rove gene expression (Fig. 7B) and  DNA 
synthesis (Table 111) suggests that  Ca -'+ and  calmodu- 
l in-dependent  contractile cytoskeletal elements (hut  not 
microtubules) are required for early signal transduction. 
leading eventually to lymphocyte activation and  pro- 
liferation. 

Acknowledgement 

This work was supported by National Institutes of 
Health grant  G M  36353 and  American Heart  Associa- 
t ion grants.  L.Y.W. Bourguignon is an Established 
Investigator of the American Heart  Association. 

Refe~n~s  

1 Potter, M.R. and MooR. M. (1975) Clin. Exp, ImmuaoL 21. 
446-467 

2 [Iourguignon, LY.W, Radar, R.L. and McMahon. JT. 11979) 3. 
Cell PhysioL. 99, 95-100. 

3 Gunter, KC,, Malek, T.R. and Shev~h~ EM: (1984) J Exp. Mcd. 
159. 716 730. 

4 Maine. V.C. Norcross. M,A,. Perkins. M.S. and Smith, R.T, 
(1981) J. [mmunol. 126. 1829-1836. 

5 Nov/elL PC. (1960) Cancer Res. 20, 462-466 
6 Kcros. A.M.C.. Mazur, J.M. and Mowery. M,J, (196S) J. Exp, 

Mad. 128, 235 257. 
7 No~al, G.J.V. (19621 Adv. Immunol. 2. 163-204. 
8 Tannenberg. W.JK. (196S1J. Exp. Mad. 128, S95-925. 



1 6 0  

9 FangeL MW..  Hart. D A .  Wells, J.V. and Nisonoff, A. (1970) J. 
Immunol. 105. 1484-1492. 

IO Sieckmann. D.G.. Asofskv. R., Mosier, D E .  Zltron. I M  and 
Paul. W.E  09781J .  Exp. Med. 147, 814-829. 

I1 Weiaer, h.L.. Moorehead. JW.  and Clarnan, H N .  119761 3. Im- 
munol l l f i .  1656 1661. 

12 Cunningham. B.A,. Sela. B.A.. Yahara. I. and Edelman, G . M  
119761 in Mitogens in Immunobiology {Oppenheim, J J .  and 
Ro~nstrcich. D.L,. eds,L p. 13, Academic. N ~  York  

I1 Hutue. D.A. and Weidemann, M J  (19801 Mitogenie Lymphocyte 
Tran~fu~at ion.  Elsevier. Amsterdam 

14 Gules. Y J Caruso and T.B. Strum. 11981 ~ Diabetes 30. 314-316. 
15 Helderman. J.H., Reynolds. T.C. and Strum. TB,  (I9781 Eur. J 

Immunok ~. 589-595. 
16 Helderman, J.H. and S/roe.  T.B. (19781 Nature 274.62-63.  
17 Helderman. J,H. and S t em.  T.B. 09771 J. Clin. Invest. 59. 

53~-344. 
18 Bourguignon. L.Y,XV., Jy. w. .  Majereik, M.H. and Bourguignon, 

G.J. (19881J. Cell Biochem 37. 131 150 
19 Cantrcll. D.A. and Srui01. K.A. (1984) Science 224.1312-1316. 
20 Helderman. J.H. 119811 J. C l in  Invest. 67. 1636-1642 
21 Knhn. C.R.. Baird. K I.. Jarrett. D R and Flier. J .S 11978) P r ~ .  

Nail. Aead. Scl. USA 75. 4209-4213. 
22 Robb. P..J.. Munck. A. and Smith. K,A, 119811 J. Exp. Med. I54, 

1455-1474, 
23 Malek. T.R.. Ortega. R G ,  Jakway. J,P.. Chan, C and Shevach, 

E.M. (19841 J. Immunol. 133. 1976-1982, 
24 Smith. K A  and Baker, P.E 11979) in The M o l ~ u l a r  Basis o[ 

Immune Cell Function (Kaplan, J.G.. e d L  pp. 223-237, Elsevier/  
North-Hogand. Amsterdam, 

25 Kahn. C.R. 119761 J. Cell Biol. 70. 261-286. 
26 Caratoli. E., Clemcnti. F.. Drahikowski. W. and Margrcth, A. eds. 

0975)  in Calcium Transport in Contraction and Secretion, 
North-Holland. Iqex~ York. 

27 Duncan. C.J.. ed. 119761 in Calcium in Biological Systems, Cam- 
bridge University Press. London. 

28 Scarpa, A and Carat01i. E, 119781 Calcium Transport and Cell 
Func t i~ .  New York Academy of Scien~s. New York. 

29 Majereik. M. and Bourguignon, L.Y.W. 119881 Bi~hem.  J. 252. 
815-823. 

30 Berridge, M J  and l~ine ,  R F .  119841 Nature 312, 315-321. 
31 Takai. Y.. Kishimoto. A. and Nishizuka. Y. 119821 in Calcium and 

Cell Function (Cheung. W.Y., ed) .  2, pp. 385-412, Academic 
Prc~s. N e ~  York 

t~ Cheung. W Y 119801 Science 207, 19 27. 
33 Rasmussen. C.D. and Means, A.R. (]987) EMBO 3. 6, 3961-2968. 
34 Bachvaroff. RF.,  Miller, F. and Rapaport. F.T. 119841 Cell Ira- 

munol. 85. 135 145. 
35 Bourguignon. LY.W.. N~gpal, M.N., Balazovich, K., Guerriero, 

V. and Means. A.R. 11982) J. Cell Biol. 95. 793-797. 

36 Bourgulgnon. L.Y.W, and Bourguignon. G J .  (1989) Inlemational 
Revlcw of Cylology (Bourne, G.H. and Danidll .  J.F.. eds.), Vol. 
87. pp. 195 224, Academle P ~ ,  New York. 

37 Bourguignon, LY.W. and Kerdck. W.G.L (19831 L Membr. Biol, 
75, 65-72. 

38 Julius. M,H.. Simpson. E, and He~enberg. L.A, {19731 Eur. J. 
Iramunol 3. 645 -664  

39 Lang. U.. Kahn, C.R. and Harrison, L,C. (19801 Bi~hemistry  19, 
64-70  

40 Scatehard. 13. (1949) Ann.  N.Y. Acad. ScL 5], 660-675. 
41 White, B.A. and Bancroft, F.C. (1982) J. BioL Chem. 257, 

8569-8572. 
42 Zinn, K., Diaraaio, D. and Manialis.  T (19831 Cell 34. 805 879. 
43 Pompidou, A., Corral, M., Michel, P., Kmh,  J. and Curran, T. 

(19861 C.R. #tend. ~ i .  303, 4z~5-4,17 
GrausT~ J.D.. Fradelizi. D.. Dautry. F.. Monier. R. and Lehn, P. 
119861 Eur. J. ImmunoL 16,1217-1221. 

45 Ive~ H.E. and Daniel.  T.O. (19871 P r ~ .  Natl. Acad. Sci. USA 84. 
1950 1954. 

46 Hunter.  T. and Cooper, J.A, (19851 Annu. Rev. Biochem. 54, 
897-930. 

47 Tsien. R.Y. P ~ l a n ,  T. and Rink, TJ .  119821 ]. Cell Biol. 94, 
325-334. 

48 P o ~ n ,  "f., Arslan, P., Tsien, It..Y. and Kink. T.J. 11982) J. Ca0 
Biol. 9,*. 335-340. 

49 "COn Tschamer, V., Prod'hum, B., Baggiolini, M. and Renter, H. 
119861 Nature 324, 369-372. 

5O Taylor, M.V., Metcalfe, J.C.. H~ke th ,  T,R.. Smith. G.A. and 
Moore, JP .  (1984) Nature 312, 462-465. 

51 F¢isteL A.3, and 3age, H,J. 119861 Bi0chem, Biophys. ges. Con;- 
mun. 14L 657-664. 

52 Smith. J.B.. Smith. L. and Higgins. B .L  (1985) J. Biol. Chem..260, 
14413 14416, 

53 Kuno, M and Gardner. P. (19871 Nature 326, 301-304. 
54 Simpson, I.A. and Cushman, KW. 119861 Anon. Rev. B i~hem.  55, 

1059-1089. 
55 Kc*rick, W.G.L, and Bourgu ign~ ,  L.Y.W. 11984) Proc. Natl .  

Aead. g e l  USA 81. 165 169. 
56 Boarguignon, LY.W. ~ d  Singer, SA. 0977)  Proc. Natl. Aead. Scl. 

USA 74, 5031-5O35. 
57 Bourgulgnon, L.Y.W., Tokuyasu. K. and ginger. S.J. 11978) J. Cell 

Physiol. 95. 239 259. 
58 B0urguignon, L.Y.W., Suehard. S.J., Nagpal, M . L  and Glenney, 

J.R. 11985) J, Cell Biol. 101. 477-487. 
59 Bourgu ign~ .  L.Y.W.. Walker. O., Suehard. S.J. and B a l ~ v i e h .  

K. 11986) J. c e n  Biol. 1OL 2115-2124. 
60 Bourguignon, L.Y.W., Suchard, S.3. and Kalomiris, E. 119861 3. 

Cell Biol. 103. 2529 2840. 
61 Kalomiris. E.L. and Bourguignon, L.Y.W. (19881 J. Cell Biol. 106. 

319-327. 


