
tion in the human enhancer. Fourth, alter
ation of the spacing between the |JLB and 
|xA elements affects enhancer function 
{21), which suggests the need for appropri
ate spatial configuration of these elements-

On the basis of in vitro binding, mRN A 
expression, and trans-activation experi
ments, we propose that |JLB and |JLA binding 
proteins are encoded by the PV. l/Spi-l and 
ets-l proto-oncogenes, which implicates 
them in the activation of the IgH locus 
(22), Other early B cell-specific genes such 
as X5, V-pre-B, and mb-l also have |JLB 
homologous sequences in their promoters 
(23), which suggests that PU-1 may be a 
general regulator of early B cell gene expres
sion. Although a role for Ets-l has been 
suggested in T cell receptor a enhancer 
activity (24) and in the regulation of sev
eral T lymphotropic viruses (18, 25), our 
results provide the first evidence of Ets-l 
function in B lymphoid cells. 

The expression of PIL1 and Ets-l to
gether in nonlymphoid cells is sufficient to 
activate the core /JL enhancer, which sug
gests that no other lymphoid-specific com
ponents are required in COS cells to 
induce core enhancer activity. The re
quirement for both proteins for efficient 
trans-activation in COS cells may reflect a 
necessity for occupancy of both |JLA and 
|JLB sites for enhancer function (26). Such 
a complex may provide a joint activation 
domain for the basal transcription ma
chinery or may recruit (27) a different 
activator protein for this purpose. Further, 
the coordinate requirement for two differ
ent ETS-domain proteins, with overlap
ping expression patterns, may be an exam
ple of regulatory specificity achieved by the 
combinatorial use of factors with differing 
properties. Identification of the sequence 
motifs and the gene products that govern the 
activity of a B cell-specific domain of the |JL 
enhancer provides a starting point for the 
biochemical reconstruction of the multiple 
DNA-protein interactions that constitute a 
functional enhancer. 

REFERENCES AND NOTES 

1. L. M. Staudt and M. L. Lenardo, Annu. Rev. 
Immunol. 9, 373 (1991). 

2. B. Nelsen and R. Sen, Annu. Rev. Cytol. 133, 121 
(1992). 

3. J. M. Adams et al., Nature MB, 533 (1985). 
4. W. Y. Langdon et al., Cell 47, 11 (1986). 
5. W. Reik et al., Eur. J. Immunol. 17, 465 (1987). 
6. B. Nelsen, L. Hellman, R. Sen, Mol. Cell. Biol. 8, 

3526 (1988). 
7. E. V. Schmidt, P. K. Pattengal, L Weir, P. Leder, 

Proc. Natl. Acad. Sci. U.S.A. 85, 6047 (1988). 
8. G. D. Yancopoulous and F. W. Alt, Cell 40, 271 

(1985). 
9. F. W. Alt etal, Immunol. Rev. 89, 5 (1986). 

10. P. Ferrier et al., EMBO J. 9, 117 (1990). 
11. M. Lenardo, J. W. Pierce, D. Baltimore, Science 

236, 1573 (1987); M. Kiledjian, L-K. Su, T. Ka-
desch, Mol. Cell. Biol. 8, 145 (1988); B. P. Tsao et 
al., Nucleic Acids Res. 16, 3239 (1988). 

12. C. Murre, A. Voronova, D. Baltimore, Mol. Cell. 

Biol. 11, 1156 (1991); R. B. Wilson etal., ibid., p. 
6185; D. Ruezinsky, H. Beckmann, T. Kadesch, 
Genes Dev. 5, 29 (1991); M. Schlissel, A. 
Voronova, D. Baltimore, ibid., p. 1367. 

13. A. Aronheim et al., Nucleic Acids Res. 19, 3893 
(1991); H. Weintraub et al., Science 251, 761 
(1991); S. R. Cordle etal., Mol. Cell. Biol. 11, 1734 
(1991); B. L. Kreider, R. Benezra, G. Rovera, T. 
Kadesch, Science 255, 1700 (1992). 

14. B. Nelsen, T. Kadesch, R. Sen, Mol. Cell. Biol. 10, 
3145 (1990). 

15. T. A. Libermann et al., ibid., p. 3155. 
16. M. J. Klemsz etal., Ce//61, 113 (1990). 
17. F. D. Karim etal., Genes Dev. 4, 1451 (1990). 
18. C. V. Gunther, J. A. Nye, R. S. Bryner, B. J. 

Graves, ibid., p. 677. 
19. Expression of reporter plasmids in transient trans-

fection assays varies with DNA concentration [M. 
A. Lopata, D. W. Cleveland, B. Sollner-Webb, 
Nucleic Acids Res. 12, 5707 (1984); D. J. Sussman 
and G. Milman, Mol. Cell. Biol. 4,1641 (1984); B. F. 
Selden etal., ibid. 6, 3173 (1986); (21)]. In S194 
cells, a decrease in the amount of transfected DNA 
from 5 |ig to 2 |ig results in lower activity of the 
|i702 plasmid, which is further reduced to back
ground by the |JLA mutation (JX702JXA-). 

20. N. K. Bhat etal., Proc. Natl. Acad. Sci. U.S.A. 84, 
3161 (1987). 

21. B. Nelsen and R. Sen, unpublished results. 
22. Because proteins that bind DNA by means of an 

ETS domain share DNA recognition properties 
(17), we cannot rule out the possibility that other 
family members could also function at the jxA and 
|iB elements. 

23. K. Lo, N. R. Landau, S. T. Smale, Mol. Cell. Biol. 
11,5229(1991). 

24. I-C. Ho et al., Science 250, 814 (1990). 
25. R. Bosselut etal., EMBO J. 9, 3137 (1990). 
26. We performed methylation and ethylation interfer

ence assays with a bacterially expressed GST.PU 

Insulin-dependent diabetes mellitus (IDDM) 
is an autoimmune disease associated with 
massive lymphocytic infiltration of the endo
crine pancreas, reaction of circulating auto
antibodies with autoantigens on the insulin-
producing p cells, and destruction of the p 
cells (I-A). The latter effect is believed to 
precede the onset of IDDM. In serum from 
children with newly diagnosed IDDM, anti-

fusion protein in order to define the binding site of 
this factor on the |JLB sequence (E. Rao and R. 
Sen, unpublished data). The contact residues 
identified for PU.1-|JLB interaction are highly anal
ogous to those identified for the Ets-1 factor on its 
cognate recognition element [J. A. Nye et al., 
Genes Dev. 6, 975 (1992)]. These results suggest 
that the two most divergent ETS domains recog
nize DNA similarly and indicate that there is 
sufficient room for both PU.1 and Ets-1 to bind 
simultaneously to the |JL enhancer. In addition, 
electrophoretic mobility-shift analysis with the 
minimal JJL enhancer fragment revealed a slower 
mobility (higher order) nucleoprotein complex in 
the presence of both proteins. Formation of this 
complex was dependent on |xA and |JLB elements 
being intact, which suggests that it represents an 
interaction of both PU.1 and Ets-1 with DNA. 

27. C. C. Thompson, T. A. Brown, S. L McKnight, 
Science 253, 762 (1991); R. A. Hipskind, V. N. 
Rao, C. G. F. Mueller, E. S. P. Reddy, A. Nord-
heim, Nature 354, 531 (1991); J. M. R. Pongubala 
etal., Mol. Cell. Biol. 12, 368 (1992). 

28. R. Sen and D. Baltimore, Cell 46, 705 (1986). 
29. A. Ephrussi, G. M. Church, S. Tonegawa, W. 

Gilbert, Science227, 134 (1985). 
30. M. Z. Gilman, R. N. Wilson, R. A. Weinberg, Mol. 

Cell. Biol. 6, 4305 (1986). 
31. P. Matthias, M. M. Muller, E. Schreiber, S. 

Rusconi, W. Schaffner, Nucleic Acids Res. 17, 
6418 (1989). 

32. F. L. Graham and A. J. van der Eb, Virology 52, 
456 (1973). 

33. We thank S. Smale for discussions and com
ments. Supported by grants from NIH (GM38925 
and IK04GM00563 to R.S. and GM38663 to B.G.), 
the March of Dimes Birth Defects Foundation (to 
R.S. and B.G), and an ACS fellowship to J.G. 

8 June 1992; accepted 1 September 1992 

bodies to the islet cell surface affect glucose-
induced insulin release (2). Voltage-depen
dent Ca2+ channels participate in various 
cellular processes, including the stimulus-se
cretion coupling in the p cell- We were 
interested in clarifying a possible effect of 
IDDM serum on voltage-activated L-type 
Ca2+ channels, and the molecular conse
quences, in insulin-secreting cells-

Increased Activity of L-Type Ca2+ Channels 
Exposed to Serum from Patients with 

Type I Diabetes 
Lisa Juntti-Berggren, Olof Larsson, Patrik Rorsman, 
Carina Ammala, Krister Bokvist, Karin W&hlander, 

Pierluigi Nicotera, Jeanette Dypbukt, Sten Orrenius, 
Anders Hallberg, Per-Olof Berggren* 

Type I diabetes [insulin-dependent diabetes mellitus (IDDM)] is an autoimmune disease 
associated with the destruction of pancreatic p cells. Serum from patients with IDDM 
increased L-type calcium channel activity of insulin-producing cells and of GH3 cells 
derived from a pituitary tumor. The subsequent increase in the concentration of free 
cytoplasmic Ca2+ ([Ca2+]j) was associated with DNA fragmentation typical of programmed 
cell death or apoptosis. These effects of the serum were prevented by adding a blocker 
of voltage-activated L-type Ca2+ channels. When the serum was depleted of immuno
globulin M (IgM), it no longer affected [Ca2+]j. An IgM-mediated increase in Ca2+ influx may 
thus be part of the autoimmune reaction associated with IDDM and contribute to the 
destruction of p cells in vivo. 
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Normal pancreatic P cells from mice and 
clonal insulin-producing RINm5F cells (5), 
incubated in the presence of serum from 
newly diagnosed IDDM subjects (IDDM 
serum), exhibited increased Ca2+ current 
amplitudes as compared with the current 
amplitudes observed in cells incubated with 
serum from healthy individuals (Fig. 1, A 
and B). Whereas mouse P cells contain 
exclusively L-type Ca2+ channels, in rat P 
cells a sizeable fraction of the inward Ca2+ 
current flows through T-type Ca2+ chan- 
nels (6). These two types of channels, T- 
and L-type Ca2+ channels, differ with re- 
gard to their sensitivities to Cd2+, voltage 
dependence of activation, and steady-state 
inactivation properties (7-1 0). Our data 
suggests that IDDM serum acts selectively 
on L-type Ca2+ channels because (i) the 
effect was maximal around 0 mV (Fig. 1, A 
and B), which roughly coincides with the 
membrane potential at which L-type Ca2+ 
currents are maximal (1 1 ); (ii) no effect was 
obtained at membrane potentials more neg- 
ative than -20 mV (Fig. IB), which cor- 
responds to membrane potentials at which 
T-type Ca2+ channels predominate; and 
(iii) no stimulatory effect was observable 
after blocking L-type Ca2+ channels with 
Cd2+ (Fig. 1B). Prolactin-secreting pitu- 
itary tumor cells (GH, cells), incubated in 
the presence of IDDM serum, also demon- 
strated an increased voltage-dependent 
Ca2+ current (Fig. 1E). The effect was most 
pronounced at voltages around 0 mV and 
remained observable when the cell was held 
at -50 mV, suggesting that the serum 
affects L-type Ca2+ channels in this cell 
type as well. 

The most direct approach to demon- 
strate that L-type Ca2+ channels are affect- 
ed by serum from patients with IDDM is to 
record currents from single Ca2+ channels. 
Selective blockers of T-type Ca2+ channels 
are not available. However, the steady- 
state inactivation properties of the T-type 
Ca2+ channels (holding potential, Vh = 
-66 * 2 mV; n = 5) are such that the 
portion of current flowing through them is 
almost completely inactivated (>90%) at 
-50 mV, whereas most of the L-type Ca2+ 
current is activated (Fig. IC) (12). Single 
channel measurements with 110 mM Ba2+ 
as the charge carrier revealed that T-type 
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Ca2+ channels opened when the cell mem- 
brane was depolarized from - 100 to -30 
mV. These openings ceased when the hold- 
ing potential was changed to -50 mV (Fig. 
2A). Single channel openings during depo- 
larization to 0 mV, elicited from a holding 
potential of -50 mV, occurred throughout 
the depolarization and had an amplitude of 
=1 pA (Fig. 2A). Moreover, applying the 
L-type Ca2+ channel agonist BAY K 8644 

(5 kM) evoked a transition from short to 
long openings (13) and produced a three- 
fold increase in the associated mean current 
compared with the control (mean * SEM, 
3.0 k 0.6; n = 6; P < 0.005, Student's t 
test for paired data) (Fig. 2B). Some of the 
openings extended beyond the end of the 
depolarization. These biophysical and phar- 
macological properties are those expected 
for L-type Ca2+ channels. Thus, we con- 

Fig. 1. Effects of diabetic v (mv) 
serum on whole cell A -60 -40 -20 0 20 40 60 
Caa currents. Mem- 
brane currents (left) were 
recorded in normal pan- 
creatic p cells (A) and IDDM 
RINm5F cells (B) during -10 
depolarizing voltage 

-15 steps to membrane po- 
tentials between -40 -20 
and +40 mV (A) and -50 50 rns 
and +40 mV (B) (only the 
falling part of the current- v (mw 

-80 -60 -40 -20 0 20 40 60 
voltage (I-V) relation is 0 
shown for the current 

-5 traces). The holding po- 
tential was -50 mV in (A) % -10 

and -80 mV in (B). To - % -15 
the right, the complete g -20 
I-V relation is shown 

-25 
(mean * SEM of 8 to 14 
experiments). To corn- 50 rns -30 
pensate for variation in 
cell size, currents were 
expressed as current 
densities (I/C), which we 
obtained by normalizing 
the current amplitude ( I )  
to cell capacitance (C). 
Open circles represent 
control cells and filled 
circles represent cells 
pretreated with IDDM se- 
rum.  In (B) peak currents 
observed in the pres- V(mW 

D -60 -40 -20 0 20 40 60 

exposure to control (C) 
serum (open triangles) 
and after pretreatment 
with IDDM serum (filled 0.5 

triangles) are also dis- 
played (data points su- 
perimpose). (C) Mem- 0 
brane currents from vm 
RINm5F cells in the pres- 

* 
ence of 20 pM Cd" during a depolarizing step to -30 mV [to selectively activate T-type Ca2+ 
channels (6); compare with (B) (open triangles)] from holding potentials of -50 mV and -80 mV. 
Peak current I-Vrelation (right) obtained from holding potentials of -80 mV (open squares) and -50 
mV (filled squares). In (D) the steady-state inactivation of T-type Ca2+ currents is shown. A standard 
test pulse to -20 mV (80 ms) was preceded by a pulse going to potentials between -100 and -40 
mV (10 s). The current size evoked subsequent to a prepulse to -100 mV was taken as unity. The 
relative peak amplitude (h,) was plotted against the respective conditioning membrane potentials 
(V,) (26). The different symbols correspond to the individual experiments performed. Some data 
points are superimposed. We evaluated statistical significances by comparing control and IDDM 
serum at each voltage using Student's t test for unpaired data. (E) Effect of diabetic serum on whole 
cell Ca2+ currents in GH, cells. Membrane currents were recorded during depolarizing voltage 
steps to membrane potentials between -60 and +40 mV from a holding potential of -80 mV. Open 
circles represent cells treated with control serum and filled circles represent cells treated with IDDM 
serum. We evaluated statistical significances by comparing control and IDDM sera at each voltage 
using Student's t test for unpaired data. * P  < 0.05, t P  < 0.01, and $P < 0.001 
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cluded that the channel activity we ob- 
served was attributable primarily to L-type 
Ca2+ channels. 

We recorded Ba2+ currents through 
L-type Ca2+ channels in RINm5F cells 
treated with control serum (Fig. 2C) and 
IDDM serum (Fig. 2D). Under control 
conditions, channel openings were short 
and separated by long closures, which yield- 
ed a small ensemble current (0.02 & 0.01 
PA; n = 6). In cells treated with IDDM 
serum, Ca2+ channel activity was more 
intense, and there was a tenfold increase in 
the associated mean current (0.20 + 0.05 
PA; n = 6; P < 0.01, Student's t test for 
unpaired data). Analysis of single channel 
kinetics indicated that this tenfold increase 
in mean current was the result of not only 
longer open times, but also shorter closed 
times. The time constants for the distribu- 
tion of the open times averaged 0.7 + 0.1 
ms and 1.2 + 0.2 ms (P < 0.025, Student's 
t test for unpaired data) after treatment 
with control serum and IDDM serum, re- 
spectively. Analysis at the single channel 
level, omitting sections containing super- 
impositions, showed that the mean closed 
time was reduced from 14.0 + 1.8 ms in 
cells exposed to control serum to 3.9 & 0.4 
ms in cells exposed to the IDDM serum (P 
< 0.001, Student's t test for unpaired data). 
This result along with the values we ob- 
tained for open times account for most of 
the increase of the associated mean current. 

The stimulatory effect of the serum from 
patients with IDDM was more pronounced 
in the intact cell (cell-attached recordings) 
than in the whole cell recordings (exchange 
of the cell interior), suggesting the involve- 
ment of a soluble, cytosolic constituent in 
mediating the response to the IDDM se- 
rum. To exclude a direct effect on the Ca2+ 
channel protein, we added IDDM and con- 
trol sera to RINm5F cells just prior to 
measuring the current in the whole cell 
configuration of the patch-clamp tech- 
nique. Under these experimental condi- 
tions, there was no effect of IDDM serum 
on Ca2+ channel activity (14). 

Increases in free cytoplasmic Ca2+ 
([Ca2+Ii) were observed when RINm5F 
cells, normal mouse p cells, and GH, cells 
were depolarized after the extracellular Kt  
concentration was increased to 30 mM 
(Fig. 3). Cells treated with IDDM serum 
displayed greater [Caz+], transients than 
their respective controls. In individual ex- 
periments, sera from four different subjects 
with IDDM (Table 1) all potentiated the 
Kf -induced increase in [Ca2+], compared 
with the Kt  response obtained with control 
serum. The [CaZ+], increase was expressed 
as the difference in the 340 nml380 nm 
fluorescence ratio obtained before and after 
Kt  depolarization (A3401380 ratio) and 
corresponded to (mean SEM) 0.90 + 

Fig. 2. Increased activity of A -30 mV -30 mV 0 m~ single Ca2+ channel currents 
in cells treated with IDDM se- 1-v 

7 
-50 mV -50 mV 

rum. (A) Examples of single 
channel currents recorded ,- ,- 
from a cell-attached patch on 
a RINm5F cell when depolar- 
ized as indicated in the fig- ,+pw+y,w ,- 
ure. All traces are from the 
same cell. Note the differ- A PA 

"W 
ence in time scale. (6) Exam- 50 ms 

ples of single channel cur- 
J1 PA 

100 ms 
rents recorded from the same 
cell-attached patch on a Control 
RINm5F cell in the absence 

BAY K 8644 (5 W) 0 m~ 

and presence of BAY K 8644 
(5 pM) (C and D) Examples 
n -I -50 mv 

of cell-attached, single chan- mmv ' 7  
nel recordings from RINm5F 
cells treated with normal and ww* , l l P A  
IDDM serum, respectively. ?WW 100 ms 

The bottom traces represent v. 
the mean currents obtained 
by averaging 125 (C) and 90 Control serum n IDDM serum mV 
(D) traces. Arrowheads indi- 
cate current level when the -50 mV 

channel is closed. The pi- ,unCrcr*rrrr*rcrm. 

pette solution contained 110 
mM BaCI,, 10 mM TEA-CI, 
and 5 mM Hepes-Ba(OH), 

,T 

(pH 7.4). To control mem- 
brane potential, we bathed ,- wm 
cells in a depolarizing solu- 
tion containing 125 mM KCI, 'm 
30 mM KOH, 10 mM EGTA, 2 
r n ~  CaCI,, 1 m~ M ~ C I , ,  5 '- 
mM Hepes-KOH (pH 7.15), 1 1  PA 

and 10 mM glucose. Pulses 
were applied at a frequency 

'- ,-m 
of 0.5 Hz. Currents were fil- 
tered at l kHz (8-pole Bessel 1 0 . 2 ~ ~  

filter, -3-dB point) and digi- too ms 
tized at 4 kHz and analyzed with custom-made software, by a computer. 

IDDM 

Control 

~ - l  , 
1 min 

RINm5F cells 
5 

GH3 cells 

Fig. 3. Effect of IDDM serum on [Ca2+],. (A) Representative 
trace of effects of K+ depolarization on [Ca2+], in RINm5F 2.5 
cells incubated with IDDM or control serum. (B and C) Effect 
of K t  depolarization on [Ca2+], in RINm5F cells (B), normal p + 2.0 
cells, and GH, cells (C) treated with control (C) or IDDM a 
serum. (D) Effect of K +  depolarization on [Ca2+], in p cells, 
RINm5F cells, and GH, cells treated with D D M  serum 1 and 1 
control serum 1 after ammonium sulfate precipitation. Mean 3 1.0 
2 SEM ( n  = 4 to 10) increase in [Ca2+], is expressed as the 
change in ratio of fura-2 fluorescence at 340 nm and 380 n m  0.5 

(A3401380 ratio). For the [Ca2+], measurements, cells were 
seeded onto plastic cover slips and cultured overnight in O.O p cells RINmSF GH3 cells 
RPMl 1640 medium supplemented with serum (10%) from cells 
normal subjects or patients with IDDM. Changes in [Ca2+], 
were measured as described (27). 
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O.lO(n=6),0.75?0.22(n=4),0.78? 0.11?0.02(n=5),0.30+0.12(n=3), 
0.05 (n = 4), and 0.45 2 0.11 (n = 5) for and 0.20 2 0.04 (n = 6) for control serum. 
IDDM serum and 0.58 2 0.09 (n = 5), Because the various cell preparations dem- 

Flg. 4. The effects of serum A 
from normal and diabetic 40- 
individuals on DNA frag- 
mentation (A), whole cell 
Ca2+ currents (B), and 
morphology of RINm5F 30 
cells (C). (A) Normal serum 3 
(0); IDDM serum (A); g 
IDDM serum and verapam- 2 
i l  (10 pM) (A); normal se- 
rum and verapamil(10 FM) $ 20 
(0). For quantitation of 
DNA fragmentation 9 x .E 
lo4 cells were seeded in a 2 
12-well plate (4 cm2 of 10 
growth area per well) in 
RFMl 1640 medium sup- 
plemented with serum 
(1 0%) as detailed below. 0- Cells were incubated with 
[14C]thymidine (0.03 $31 llme (hours) 
ml) for two generations and 
then for 24 hours in RPMl 
1640 medium supplement- 
ed with fetal calf serum 
(1 0%). Thereafter, cells 
were washed with RPMl 
1640 devoid of serum and 
then exposed to medium 
supplemented with IDDM 
or control serum (1 0% vh) 
for up to 48 hours. At the 
times indicated cells were 
collected, washed free of 
medium, and treated with 
450 pI of cold lysis buffer 
containing 20 mM EDTA, 
Triton X-100 (0.5% vlv), 
and 5 mM trisGI (pH 8.0) 
overnight at 4°C. Cells 
were then centrifuged for 
15 min at 13,000g in a mi- 
crofuge (Biofuge A, Her- 
aeus, Sepotech, Germany) 
to separate intact chroma- 
tin (pellet) from DNA frag- 
ments (supernatant). Sedi- 
mented material was re- 
suspended in 0.5 ml of 
buffer containing 10 mM 
tris-HCI and 1 mM EDTA 
(pH 8.0). The graph shows 
DNA fragmentation as the 
percentage of the total ra- 

Control C-"--- 

dioactivity (in the superna- 
tant and sedimented fractions) that was present in the supernatant. To clarify the nature of DNA 
degradation, and thereby verify the existence of the typical ladder pattern of the internucleosomal 
cleavage by an endonuclease associated with apoptosis, we performed an agarose gel electro- 
phoresis (28) on DNA from cells treated with IDDM serum from supernatant (S) or sedimented (P) 
fractions. Because cells treated with control serum did not demonstrate DNA fragmentation, only the 
lanes of the gel corresponding to cells treated with IDDM serum are shown. (6) Whole-cell Ca2+ 
currents recorded from intact RINm5F cells in the presence and absence of verapamil (10 pM). 
Currents were recorded during voltage steps to 0 mV from a holding potential of -50 mV, using the 
perforated-patch whole cell technique (amphotericin B). The pipette solution consisted of 76 mM 
Cs2S04, 1 mM MgCI,, 10 mM NaCI, 10 mM KCI, and 5 mM Hepes (pH 7.35 with CsOH). (C) Phase 
contrast photographs of RINm5F cells treated with normal serum or IDDM serum for 48 hours. 
Photographs were taken with a Nikon F301 camera attached to a Nikon PFx microscope. 
Magnification x250. 
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onstrated a varying K+ response when 
treated with control sera, we had to have a 
corresponding control for each experiment 
performed with IDDM serum. When cells 
were incubated with IDDM and control 
sera subjected to ammonium sulfate precip- 
itation (Fig. 3D), the differences remained. 
These findings indicate that an immuno- 
globulin may participate in the stimulatory 
action of IDDM serum on [Ca2+],. As 
above, IDDM serum that passed through a 
protein A column retained its activity. The 
A3401380 ratio corresponded to 0.6 ? 0.1, 
n = 15, and 0.4 2 0.1, n = 14 (P < 0.02, 
Student's t test for unpaired data) for 
RINm5F cells subjected to IDDM serum 
and control serum, respectively. This sug- 
gests that immunoglobulin G (IgG) is not 
the factor mediating the increase in 
[Ca2+li. By contrast, IDDM serum depleted 
of immunoglobulin M (IgM), by passage 
over an anti-IgM Sepharose column, was 
without stimulatory effect on [Ca2+],. In 
this case the A3401380 ratio corresponded 
to 1.1 2 0.1,n = 15, and 1.0 ? 0.1,n = 
15 (not significant), for normal P cells 
treated with IDDM serum devoid of IgM 
and control serum, respectively. The corre- 
sponding values for this particular IDDM 
serum, before it was depleted of IgM, and 
control serum were 1.3 k 0.1, n = 16, and 
1.0 -+ 0.1, n = 16, respectively (P < 0.05, 
Student's t test for unpaired data). In the 
presence of D-600 (50 pM), which blocks 
voltage-activated L-type Ca2+ channels, 
the K+-induced increase in [Ca2+], was 
inhibited in cells treated with either IDDM 
or control serum (1 5). 

Increases in [Ca2+], have been linked 
to cell death in a number of experimental 
systems (1 6-1 8). Internucleosomal DNA 
cleavage by a Ca2+- and Mg2+-dependent 
endonuclease, activated by intranuclear 
CaZ+ uptake (1 9, 20), is a characteristic 
marker of programmed cell death (21). 
We measured DNA fragmentation to clar- 
ify whether DNA damage was induced by 
increased L-type Ca2+ channel activity 
and the resulting increase in [Ca2+],, 
which we observed in RINm5F cells incu- 
bated in the presence of IDDM serum. 
Incubated under such conditions, 
RINm5F cells exhibited DNA fragmenta- 
tion after 24 hours (Fig. 4A). To investi- 
gate the pattern of DNA fragmentation, 
DNA extracted from RINm5F cells that 
had been incubated for 48 hours with 
IDDM serum was analyzed by agarose gel 
electrophoresis. We observed a DNA frag- 
mentation pattern typical of endonucle- 
ase-mediated DNA cleavage. Fragmenta- 
tion was maximal at 48 hours, when 40% 
of the DNA was cleaved. When RINm5F 
cells were exposed to IDDM serum in the 
presence of the L-type Ca2+ channel 
blocker verapamil, to prohibit Ca2+ from 
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Table 1. Characterization of the IDDM patients. The amount of antibodies to islet cells (ICA) was 
determined by an indirect immunofluorescence technique, using unfixed cryostat sections of 
human pancreas. The assay was calibrated against the Juvenlle Diabetes Foundation (JDF) 
standard serum to permit conversion of the titers to JDF units. In the f~fth Immunology of Diabetes 
Workshop ICA Proficiency Test, the assay obtained a 93% validity, 100% specificity, and 88% 
sensitivity. Antibodes to GAD (anti-GAD) were detected by imrnunoprec~pltation of 35S-labeled rat 
islet proteins (29). The dlabetic sera contained normal concentrations of glucagon. Gender of the 
patients is designated as F, female, and M, male Healthy blood donors, all negative for ICA and 
anti-GAD, served as sources for control sera. 

Duration 

Age 
of IDDM 

Patient Sex since Medication ICA (JDF Anti-GAD 
(years) diagnosis units) 

(weeks) 

1 F 46 < 2 No* 320 Pos 
2 F 25 1 No* 160 Pos 
3 F 70 78 Yes? 320 Pos 
4 M 15 < 1 No* 20 Pos 

*Insulin was the only med~cation adm~nistered. iThe patient was treated w~th  Insulin, 36 immunizing units per 
day, glibenclamide 3.5 mglday; levothyroxine, 0.1 mgiday; and spironolactone, 50 mgiday. 

entering the cell, DNA fragmentation was 
prevented (Fig. 4A). Verapamil also 
blocked Ca2+ influx in RINm5F cells (Fig. 
4B). The progression of DNA fragmenta- 
tion was associated with morphological 
changes of the cells (Fig. 4C). After 48 
hours, cells treated with IDDM serum 
assumed a spherical appearance and began 
to lose adherence to the culture dishes. 
Membrane ~ermeabilization. measured as 
leakage of lactate dehydrogenase, invari- 
ably followed at later stages. These chang- - - 
es were also prevented by verapamil. 
These findings suggest that alteration in 
Ca2+ channel activity is associated with 
programmed cell death in insulin-produc- 
ing cells. 

We identified one of the pancreatic f3 
cell autoantigens, with a molecular size of 
64 kD, as glutamic acid decarboxylase 
(GAD) (22). Autoantibodies to GAD 
were not restricted to pancreatic p cells 
but were also found in stiff-man syndrome 
(22, 23). However, we could not detect 
GAD in our RINm5F cells by immunoflu- 
orescence or immunoorecioitation of '%- . . 
labeled proteins with several different 
IDDM sera (24). Moreover, no other band 
was detected in immunoprecipitation ex- 
periments or by protein immunoblotting 
with IDDM serum. These results, together 
with the fact that purified IgG did not 
affect [Ca2+],, makes it unlikely that the 
autoantibody to the 64-kD autoantigen 
accounts for our results. Instead, proteins 
in the IgM fraction of IDDM serum may 
indirectly affect the voltage-dependent 
L-tvve Ca2+ channels and therebv in- , L 

crease [Ca2+],, resulting in apoptosis. 
Hence, Ca2+-induced apoptosis may be 
involved in the complex autoimmune re- 
action associated with IDDM. Although a - 
number of cells express voltage-activated 
L-type Ca2+ channels, the regulation of 
those channels at the molecular level may 

be different from that in the f3 cell, mak- 
ing these cells less vulnerable to the cyto- 
toxic effect of IDDM serum. Nevertheless, 
our results in GH3 cells suggest broader 
effects of the IDDM serum that may con- 
tribute to the multitude of clinical com- 
plications observed in IDDM. 
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