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Abstract

The characteristic three-dimensional cell type organization of
islets of Langerhans is perturbed in animal models of diabetes,
suggesting that it may be important for islet function. Rat islet
cells in culture are able to form aggregates with an architecture
similar to native islets (pseudoislets), thus providing a good
model to study the molecular basis of islet architecture and its
role in islet function. Sorted islet B cells and non- B cells were
permanently labeled with two different fluorescent dyes (DiO
and DiI), mixed, and allowed to form aggregates during a 5-d
culture in the presence or absence of TNF-a (100 U/ml), a
cytokine suggested to be implicated in the early physiological
events leading to insulin-dependent diabetes mellitus. Confocal
microscopy of aggregates revealed that TNF-a reversibly per-
turbs the typical segregation between B and non-B cells. Insu-
lin secretion, was altered in the disorganized aggregates, and
returned towards normal when pseudoislets had regained their
typical architecture. The homotypic adhesion properties of
sorted B and non-B cells cultured for 20 h in the presence or
absence of TNF-a were studied in a short term aggregation
assay. TNF-a induced a significant rise in Ca2"-independent
adhesion of B cells (from 24±1.1% to 44.3+1.2%; n = 4, P
<0.001). These findings raise the possibility that the in-
creased expression of Ca2"-independent adhesion molecules on
B cells leads to altered islet architecture, which might be a
factor in the perturbation of islet function induced by TNF-a.
(J. Clin. Invest. 1993. 91:1868-1876.) Key words: tumor ne-
crosis factor-a * cell adhesion * rat islet B cells * islets of Lan-
gerhans * insulin-dependent diabetes mellitus

Introduction

Cells are nonrandomly distributed within islets of Langerhans.
In the rat, islets are formed as a core of insulin-secreting B cells
surrounded by the three other cell types, A, D, and PP, secret-
ing glucagon, somatostatin, and pancreatic polypeptide, respec-
tively (1). This typical topographical arrangement of cells
within the islet is perturbed in all forms of diabetes that have
been studied (2-7), suggesting that it may be important for
islet function.

Whenrat islet cells are dissociated with trypsin and allowed
to reaggregate in culture, they form islet-like structures, with B
cells in the center surrounded by a rim of non-B cells (8-10).
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Such "pseudoislets" have been proposed as a model to study
the influence of islet cell interrelationships upon islet function
(9-12). The ability of islet cells to form islet-like organoids
suggests a cell type-specific expression of cell adhesion mole-
cules (CAMs)' responsible for selective recognition/adhesion
and segregation between B and non- B cells. Indeed, sorted islet
non- B cells express significantly higher levels ofCa2+ -indepen-
dent CAMscompared to B cells, while E cadherin (uvomoru-
lin), a Ca2+-dependent CAM, is identically expressed on both
cell types ( 13, 14). Furthermore, incubation of cells with anti-
bodies directed against Ca2+-independent CAMsprofoundly
perturbs the cellular organization of pseudoislets ( 14).

Cytokines secreted by leukocytes infiltrating the islets have
been implicated in the early events leading to diabetes ( 15-19).
Furthermore, the cytokine TNF-a has been shown to induce
the expression of a CAM, the intercellular CAM-l (ICAM- 1),
on pancreatic endocrine B cells (20, 21 ). Thus, in addition to
allowing the attachment of cytotoxic lymphocytes, this cyto-
kine might initiate islet dysfunction by the induction of un-
usual CAMs, with the resulting loss of islet cell type segrega-
tion, or by modifying the expression of constitutive CAMsre-
sponsible for normal cell type adhesion and segregation.

In the present work, we show that TNF-a reversibly per-
turbs the cellular organization within pseudoislets, together
with a reversible alteration of basal and glucose-induced insu-
lin secretion. To gain more insight into the molecular basis of
the effect of TNF-a on islet architecture, we also studied the
effect of the cytokine on the homotypic adhesion properties of
sorted islet B and non-B cells. The results show that TNF-a
increases the Ca2+-independent homotypic adhesion of B cells.
It is suggested that this increase is responsible for the altered
pseudoislet cellular organization.

Methods
Islet isolation. Pancreatic islets were isolated from Sprague-Dawley
rats (weighing 200-250 g) by a modification of the method of Sutton et
al. (22), as previously described ( 13). The yield was about 800 islets
per rat.

Preparation of islet cells. Freshly isolated islets were washed twice
with Mg2+-, Ca2+-free PBS containing 0.5 mMEDTA and resus-
pended into 1.5 ml of Puck's buffer containing 0.16 mg/ml of trypsin
(activity against casein, 1:250) and 0.1 mMEDTA. Digestion was
carried out for 6-7 min at 370C until only few doublet cells remained.
The reaction was ended by adding 10 ml ice-cold Krebs-Ringer bicar-
bonate (KRB) buffer, pH 7.4, containing 0.5% BSA, 2.5 mMglucose,
and 10 mMHepes. After centrifugation for 8 min at 4°C and 600 g,

1. Abbreviations used in this paper: CAMs, cell adhesion molecules;
DiI, 1,1 'dioctadecyl-3,3,3',3'-tetramethyl-indo-carbocyanine perchlo-
rate; DiO, 3,3'-dioctadecyl-oxa-carbocyanine perchlorate; ICAM- 1,
intercellular adhesion molecule-i; IDDM, insulin-dependent diabetes
mellitus; KRB, Krebs-Ringer bicarbonate; LFA-1, lymphocyte-func-
tion associated antigen-i; NCAM, neural cell adhesion molecule;
NIDDM, non-insulin-dependent diabetes mellitus; TC treatment,
trypsin treatment in the presence of Calcium; TE treatment, trypsin
treatment in the presence of EDTA.
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cells were taken up in the same buffer to a final concentration of 3
X 106 cells/ml. The yield was 1-1.5 X 106 cells per pancreas.

Autofluorescence-activated cell sorting of islet B- and non- B cells.
Dispersed islet cells were analyzed in an Epics-V flow cytometer con-
nected to a Multidisplay Acquisition Data System microcomputer
(Coulter Electronics, Hialeah, FL). Cellular autofluorescence, excited
by an argon laser beam tuned to 488 nmat 500-600 mWoutput power,
was plotted against forward light scatter, which relates to cellular size
(23). As reported (24), at 2.5 mMglucose, two islet cell populations
became apparent when particle flavin adenine dinucleotide autofluore-
scence (510-550 nm) was plotted against light scatter. Sorting "win-
dows" were then externally applied around both populations in order
to deflect viable cells into one or the other collecting tube containing
sterile KRB-BSA.

The distribution of insulin and glucagon containing cells was as-
sessed by classical double antibody cytochemistry (25). As recently
described ( 13), following this procedure, one sorted population con-
tained 93±1.6% non-B cells, and the other population contained
95±0.7% B cells. About 1 million non-B cells and 2.8 million B cells
were obtained from six rats.

Islet cell culture. For the short-term aggregation assay, sorted : cells
were resuspended in DME(Gibco Laboratories, Grand Island, NY),
containing 5% FCS, 5 mMglucose, with or without 100 U/ml of
mouse recombinant TNF-a (kindly provided by BASF& Knoll Ak-
tiengesellschaft, Ludwigshafen, Germany). Cells were seeded in 100-
mmnonadherent petri dishes (model no. 1007; Falcon, Oxnard, CA)
at a concentration of 2 x I04 cells/ml to prevent their premature reag-
gregation, and kept for 20 h in a humidified atmosphere of 95%air and
5%CO2at 370C to allow them to fully regenerate any lost or damaged
cell surface proteins.

Colorimetric pseudoislet assay. The method recently proposed by
Friedlander et al. (26) to study the sorting out of mouse cells, was used
to investigate islet cell type segregation during pseudoislet formation in
vitro ( 14): sorted islet cells were differentially labeled with the vital
fluorescent dyes 3,3'-dioctadecyl-oxa-carbocyanine perchlorate (DiO)
and 1,1 '-dioctadecyl-3,3,3',3'-tetramethyl-indo-carbocyanine perchlo-
rate (DiI) (Molecular Probes, Inc., Eugene, OR). These compounds
have a high affinity for lipids, are nontoxic to the cells, and provide an
intense cell fluorescence which fades much more slowly than either
fluorescein or rhodamine. DiI is maximally excited by green light and
fluoresces red-orange when viewed through rhodamine filters, while
DiO is excited in the blue and fluoresces green when observed through
fluorescein filters. Membranes labeled with these tracers retain the fluo-
rescence for several days, even weeks (27). After cell sorting, islet B and
non-B cells were separately incubated in DMEcontaining 5 mMglu-
cose, 5%FCS, and either 3 gg/ml of DiI (B cells) or 10Ig/ml of DiO
(non- B cells) for a period of 18-20 h, at a dilution of 3 X I04 cells/ ml
to avoid premature reaggregation. At the end of this labeling/culture
period, cells were washed three times with fresh medium to eliminate
unbound dye. The two cell populations were mixed together at a ratio
of 60% non- B cells and 40% B cells, to account for the smaller size of
non-B cells, and resuspended at a concentration of 2 x 106 cells/ml in
DMEcontaining 5 mMglucose, 10% FCS, 10 mMHepes, with or
without 100 U/ml of mouse recombinant TNF-a. They were then
placed in 35 X 10-mm nonadherent petri dishes as microdroplets of 40
,ul each, and incubated overnight in a humidified atmosphere of 95%
air and 5%CO2at 37°C. The next day, clusters were diluted by adding 3
ml of fresh medium with or without 100 U/ml TNF-a. Samples to be
studied for the effect of the cytokine were supplemented with 100 U/
petri (- 30 U/ml) of fresh TNF-a at the end of days 3 and 4 to
account for TNF-a degradation (18, 28). Cell type segregation and
organization within the pseudoislets were monitored at day 5 by laser
fluorescence microscopy using a confocal imaging system (MRC-600;
Bio-Rad Laboratories, Microscience Division, Watford, UK). Samples
were examined through a dual channel system using a green 514-nm
argon ion laser line for excitation of both DiO and DiI fluorochromes,
applying the filter combination Al /A2 (Bio-Rad Laboratories). The
same day, equivalent samples of control and TNF-a-exposed pseu-

doislets were washed, replated in fresh medium without the cytokine,
and cultured for an additional 3-d period to study the reversibility of
the TNF-a effect. On day 8, samples were studied under confocal mi-
croscopy for cell type organization.

The partial overlap existing between the emission spectra of the two
carbocyanines allowed us to simultaneously identify on the same
scanned plane both DiO and DiI fluorescences as different grey levels.
Gain and contrast levels were set according to procedures standardized
to ensure that the collected image demonstrates a full range of grey level
values from black (0-pixel intensity level) to peak white (255-pixel
intensity level). Clusters of only non-B cells labeled with the green
fluorescent DiO, and clusters of only B cells labeled with the red fluores-
cent DiI were used as controls to identify the grey band width corre-
sponding to the green (DiO) or red (DiI) fluorescence, respectively.
Pseudoislets were then scanned using the Kalman filter, which averages
all frames since initiation of image acquisition. Confocal sections
corresponding to the equatorial regions of each aggregate were chosen
to consistently identify the organization of cells within the core of the
pseudoislets. To remove residual noise on the acquired confocal
images, the smoothing function ofthe confocal scanning optical micros-
copy software was then applied, choosing the s5a patch size, where the
letter s symbolizes the smoothing command, the number 5 determines
the highest spatial frequencies to be smoothed (second grade of 3, 5, 7,
and 9 patch sizes available), and the associated letter a indicates the
severity of the operation (a is least). A pseudocolor display of the ac-
quired images was then produced attributing green and red to the DiO
and the DiI grey bands respectively using the "band" commandof the
CSOM's software (Bio-Rad Laboratories).

Glucose-stimulated insulin secretion from pseudoislets. After 5 d in
culture, using exactly the same protocol as described above for pseu-
doislets destined for colorimetric assay, controls, and pseudoislets ex-
posed to TNF-a were hand-picked, washed, and preincubated at 370C
for 1 h in KRBbuffer containing a low concentration of glucose (2.8
mM). The pseudoislets were then resuspended and incubated first for
90 min at 370C in KRBcontaining 2.8 mMglucose (basal secretion)
and then for a further 90 min at 37°C in KRBcontaining 16.7 mM
glucose (stimulated secretion). Insulin in the media, collected at the
end of each incubation, and in cells extracted in acid/ethanol was
measured by RIA using rat insulin as the standard. The same day,
equivalent samples of control and TNF-a-exposed pseudoislets were
washed, replated in fresh medium without the cytokine, and cultured
for an additional 3-d period to study the reversibility of any TNF-a
effect on insulin secretion.

Short-term aggregation assay. At the end of a 20-h culture period,
untreated sorted B cells, non-B cells, and cells exposed to TNF-a were
applied on top of a discontinuous Percoll gradient (3.5 ml each of
isotonic 30 and 60% Percoll) (Pharmacia, Uppsala, Sweden) to elimi-
nate dead cells and cell debris. The viable cells of each sample (har-
vested from the 30/60% Percoll interface after centrifugation for 10
min at 900 g; 24°C) were then divided in two pools that were washed
with KRBcontaining 10 mMglucose, 0.5% BSA, 50 ,g/ml DNase
(type IV, cat. no. D-5025; Sigma Immunochemicals, St. Louis, MO)
and either 1 mMCaCl2 or 0.5 mMEGTA. The cells were then resus-
pended in 10-ml polycarbonate conical tubes (Nunc, Roskilden, Den-
mark), in 150 ,il of the same buffers at a concentration of 7 X I05
cells/ml. The tubes were then placed at a fixed angle of 300 in a shaking
waterbath ( 100 cycles/min) and incubated at 37°C for 45 min, a time
during which a plateau of aggregation is reached (data not shown). At
the end of this incubation period, B cell aggregation was assessed in the
different samples, both qualitatively using conventional light micros-
copy and quantitatively by comparing the number of events before and
after the aggregation period as measured in a particle counter (ZM
Coulter counter; Coulter Electronics, Luton, UK) ( 13, 14). The extent
of aggregation was expressed in percent using the following formula:

Aggregation = (b -a) x 100,b x10
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where b is the number of events before aggregation and a is the number
of events counted after the 45-min aggregation period.

In antibody-induced perturbation studies, control and TNF-a-
exposed cells were preincubated for 45 min at 4VC with either anti-
neural CAM(NCAM) polyclonal antibody (500 Asg/ml) (kindly pro-
vided by Dr U. Rutishauser, Case Western Reserve University, Cleve-
land, OH), or anti-rat ICAM-1, anti-rat LFA- I/a, or anti-rat
LFA-l/3 monoclonal antibodies (10 ,g/ml) (kindly provided by Dr.
T. Tamatani and Dr. M. Miyasaka, The Tokyo Metropolitan Institute
of Medical Science, Tokyo, Japan) (29). As an internal control for
nonspecific binding, a sample of cells was preincubated with a nonim-
mune serum. All samples were then incubated at 370C for 45 min for
aggregation in the absence of calcium (0.5 mMEGTA).

Immuno-flow cytometric analysis. 2.5 X I05 control and TNF-a-
treated cells were incubated on ice for 45 min in a volume of 150 p1 of
KRBbuffer containing first 500 jig/ml of anti-NCAM polyclonal anti-
body (kindly provided by U. Rutishauser), or 10 pg/ml of purified
monoclonal antibodies against rat ICAM-1, LFA-1/a, or LFA-1/(
(kindly provided by Dr. T. Tamatani and Dr. M. Miyasaka), and sec-
ond FITC-conjugated appropriate IgG (Tago, Inc., Burlingame, CA) at
1:100 dilution. After washing, cells were analyzed in a flow cytometer
(FACScang; Becton Dickinson, San Jose, CA).
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Selective removal of Ca2"-independent CAMsfrom B cell surface:
TC treatment. Takeichi et al. first demonstrated that trypsin treatment
can selectively remove either Ca2+-independent or Ca2"-dependent
CAMs(also known as cadherins) from the surface of Chinese hamster
V79 lung cells, depending on the presence or absence of Ca2", and on
the concentration of trypsin (30). In the presence of Ca2 , cadherins
assume a three-dimensional configuration that renders their cleavage
sites inaccessible to trypsin, while Ca2+-independent CAMsare di-
gested (TC treatment). We recently demonstrated the usefulness of
this procedure for the selective removal of Ca2+-independent CAMs
from the surface of islet cells ( 14): cells were washed with Puck's buffer
containing 1 mMCaC12, and incubated in the same buffer, supple-
mented with 10 pg/ml trypsin (type I; Sigma Immunochemicals), at
37°C for 15 min. The reaction was ended by adding cold KRBcontain-
ing 0.3% BSA. The cells were then assessed for their adhesion properties
in the short term aggregation assay.

Selective removal of Ca2"-dependent CAMsfrom B cell surface: TE
treatment. As reported ( 14), the incubation of islet cells with a low
concentration of trypsin in the absence of calcium leads to the selective
removal of Ca2+-dependent CAMs. Cells were washed in ice-cold KRB
without calcium (0.2 mMEDTA) and without BSA, and then incu-
bated in the same buffer containing 1 ,ug/ml trypsin (type I; Sigma

Removal of TNF-a

Figure 1. Effect of TNF-a on islet cell type organization. Sorted islet B cells and non-B cells were labeled with the fluorescent carbocyanines, Dil
and DiO, respectively. The two differentially labeled populations were then mixed together and allowed to form aggregates in culture over an
8-d period. On day 5, control cells (A and B) had formed compact pseudoislets with smooth borders, as demonstrated by conventional phase
contrast microscopy (A). Under confocal fluorescence microscopy, the characteristic sorting out of cells can be appreciated (B), with B cells in
the center ( redfluorescence), surrounded by non- B cells (green fluorescence); the very thin lines at the periphery are diffusion artefacts of light
fluorescence unrelated to cells. In cells cultured for 5 d in the presence of TNF-a (C and D), the limits of aggregates were ill defined (C) and
segregation between B and non-B cells did not occur (D). Onday 5, TNF-a-treated aggregates were transferred to fresh medium without TNF-a.
3 d later (E and F), aggregates displayed a normal configuration (E), with the characteristic segregation between B and non-B cells (F), showing
that the TNF-a effect is reversible. The figure is representative of a total of six separate experiments. Bar, 50 ,um.
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Figure 2. Glucose-stimulated insulin secretion from pseudoislets.
After 5 d in culture, control and TNF-a-exposed pseudoislets were
incubated with 2.8 and 16.7 mMglucose during two successive 90-
min incubation periods to measure basal and stimulated insulin se-

cretion, respectively. The cellular insulin content of pseudoislets in
each sample was as follows: 5-d control, 718±221 ng; 5-d TNF-a,
747±200 ng; 8-d control, 642+181 ng; 5-d TNF-a plus 3-d without,
616±178 ng. Insulin release is expressed as a percentage of these cel-
lular insulin contents. Basal insulin release was significantly
(P < 0.002) elevated from pseudoislets formed in the presence of
TNF-a as compared to control (A, 2.8 mMglucose). When the glu-
cose concentration in the stimulation medium was raised to 16.7 mM,
insulin secretion was significantly (P < 0.02) lower from pseudoislets
exposed to TNF-a (A, 16.7 mMglucose). Pseudoislets incubated for
5 d with TNF-a, followed by 3 d without, showed a normalization
of both basal and stimulated insulin secretion (B). Bars show the
mean±SEMof four independent experiments with each experiment
performed in triplicate.

Immunochemicals) for 15 min at 37°C. The reaction was ended by
adding cold KRBcontaining 1 mMCaCl2 and 0.3% BSA. The cells
were then assessed for their adhesion properties in the short-term aggre-
gation assay.

Presentation of data and statistics. Data are presented as

mean±SEM. The significance for differences between groups was evalu-
ated by Student's two tailed t test for paired groups.

Results

Effect of TNF-a on pseudoislet organization. A suspension of
islet cells was obtained by mild trypsin digestion of freshly iso-
lated rat islets of Langerhans. B and non-B cells were sorted by
flow cytometry ( 13) and labeled with carbocyanines ( 14). Islet
B cells (labeled with DiI) and non-B cells (labeled with DiO)
were mixed together at a ratio of 40% B cells and 60% non-B
cells, and placed in culture in the presence or absence of mouse
recombinant TNF-a. After 5 d, numerous pseudoislets were

observed in each sample. Pseudoislet formation was followed

by conventional light microscopy (Fig. 1, A, C, and E),
whereas confocal fluorescent microscopy was used to assess

segregation between cell types (Fig. 1, B, D, and F). Control

pseudoislets display a characteristic compact configuration
with smooth borders (A). Under the confocal microscope the
segregation between B cells (red) and non-B cells (green) is

striking, with the non-B cells restricted to the periphery of the

microorgan (B). By contrast, islet cells exposed to TNF-a dur-

ing the 5 d of reaggregation, produced clusters with rugged
borders (C), and grossly perturbed cell type segregation (D).
Aggregates previously exposed to TNF-a for S d were then

transferred to fresh medium without the cytokine, and cultured
for an additional 3 d. As shown in the right panels, they fully
recovered the typical shape of control pseudoislets (E), with
the characteristic cell type segregation (F), demonstrating that
the effect of TNF-a on islet architecture was fully reversible.

Glucose-stimulated insulin secretion from pseudoislets. To
evaluate the functional consequences of long-term (5-d) expo-
sure of islet cells to TNF-a, control and TNF-a-exposed pseu-
doislets were incubated with 2.8 and 16.7 mMglucose during
two successive 90-min incubation periods to measure basal and
stimulated insulin secretion, respectively. There was no TNF-a
present for either groups during these two assay periods. Basal
(2.8 mMglucose) insulin release was slightly elevated from
pseudoislets formed in the presence of TNF-a as compared to
control (Fig. 2 A: 2.4±0.1 %vs 1.6±0.1%; P < 0.005). When
the glucose concentration in the stimulation medium was
raised to 16.7 mM, insulin secretion was stimulated 5.5-fold in
the control samples (Fig. 2 A: 8.9±1.7% vs 1.6±0.1 %) but only
2.4-fold in TNF-a-exposed pseudoislets (Fig. 2 A: 5.8±1% vs
2.4±0. 1%). Interestingly, TNF-a-exposed pseudoislets that re-

covered normal cellular architecture over an additional 3-d
period without the cytokine showed a normalization of both
basal and stimulated insulin secretion (Fig. 2 B).

Short-term aggregation assay. There is growing evidence
that quantitative and qualitative differences in expression of
cell adhesion molecules are responsible for segregation between
cell types (26, 3 1 ). CAMsare cell surface glycoproteins com-
monly divided into two main classes according to their func-
tional dependence upon cations (32-35). To gain more insight
into the molecular basis of the perturbing effect of TNF-a on

islet cell type organization, short term aggregation assays of
purified islet B cells and non-B cells were performed in the
presence or absence of Ca2+. For control B cells, almost no

aggregation was observed in the absence of Ca>2 (Fig. 3 B),
while extensive aggregation occurred in its presence (Fig. 3 A).
By contrast, in B cells treated with TNF-a some aggregation
did occur in the absence of Ca2 (Fig. 3 D), although still
inferior to that seen in the presence of Ca>2 (Fig. 3 C). This
finding suggests the induction by TNF-a of functional Ca2+ in-
dependent CAMsat the surface of B cells. No qualitative effect
of TNF-a was seen on aggregation of either non-B cells or a
40:60% mixture of B/non-B cells (same ratio as used for pseu-
doislets) (data not shown).

This qualitative appreciation of the phenomenon was con-

firmed quantitatively by comparing the number of events at
the end of the aggregation period with the starting conditions,
which is a classical means of quantifying aggregation (36). As
expected from our previous studies ( 13, 14), in the presence of
Ca>2 (Fig. 4 A, white bars) there was no difference between the
aggregation of B and non-B cells (68.7±1.2% compared to
70±3%, NS). Preexposure to TNF-a (Fig. 4 A, hatched bars)
had no significant influence on these levels (72.5±0.8% and
72. 1 ± 1%), probably because aggregation was already maximal
in both cell types. When the two cell populations were aggre-

gated in the absence of Ca>2 (0.5 mMEGTA) (Fig. 4 B, white
bars), B cell aggregation only amounted to 24±1.1%, while
non-B cell aggregation reached 62.1 ± 1.3%. Pretreatment with
TNF-a (Fig. 4 B, hatched bars) resulted in a significant in-
crease in Ca2+-independent aggregation of B cells, from
24±1.1% to 44.3±1.2% (n = 4, P < 0.001), suggesting an in-

duction of Ca2"-independent cell adhesion molecules by the
cytokine. By contrast, preexposure to TNF-a had no signifi-
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Figure 3. Short-term aggregation assay. Qualitative changes in aggregation properties of B cells treated with TNF-a. Sorted B cells were cultured
for 20 h in the absence or in the presence of 100 U/ml TNF-a, at a dilution preventing spontaneous aggregation. They were then concentrated
and incubated for 45 min under standardized conditions (see Methods). Aggregation was evaluated by conventional phase contrast microscopy.
In the presence of 1 mMCaCl2 (A and C), no major qualitative difference in aggregation could be observed in cells treated with TNF-a (C),
compared to control (A). In the absence of Ca2+ (0.5 mMEGTA) (B and D), no aggregation occurred in control cells (B), while some aggre-
gation was observed in cells treated with TNF-a (D), suggesting the induction of functional Ca2+-independent CAMsat the surface of these
cells. The figure is representative of four independent experiments. Bar, 60 ,um.

cant effect on short-term aggregation of non- B cells in the
absence of Ca2l (62.8±4.4% compared to 62.1 ± 1.3%), most
likely because of the constitutively high Ca2+ -independent ad-
hesion of this cell type.

Experiments were also performed using a 40:60% mixture
of B and non-B cells (the same ratio as used for the pseudois-
lets experiments). As expected from the qualitative data, no
effect of TNF-a was measured in short-term aggregation of the
mixture of B and non-B cells, either in the presence or absence
of calcium (data not shown).

TC treatment (selective removal of Ca2"-independent
CAMs). To verify that the increased adhesion of B cells ex-
posed to TNF-a was really caused by an induction of Ca2+-in-
dependent CAMs, we tested the adhesion properties of control
and TNF-a-exposed B cells after selectively removing Ca2+-in-
dependent CAMsfrom their surface, according to Takeichi et
al. (30) (TC treatment, see Methods). As expected, this treat-
ment had no significant effect on Ca2+-dependent aggregation
(Fig. 5 A), thus demonstrating its specificity. In the absence of
Ca2+ (Fig. 5 B), the aggregation of both control (24±1.1%) and
TNF-a-exposed B cells (44.3±1.2%) was completely abolished
by TC treatment (8.6±0.4%, and 8.5±0.2%, respectively) sup-
porting the hypothesis that the cytokine might act by inducing

the expression of Ca2"-independent adhesion molecules on the
surface of B cells. Weassume that the recorded 8% "aggrega-
tion" obtained in the absence of Ca2" after selective removal of
Ca2"-independent CAMs is caused by nonspecific adhesive
events and/or by the loss of some cells during the aggregation
assay. It is reassuring to see that this value is not different in
cells exposed to TNF-a.

TE treatment (selective removal of Ca2"-dependent
CAMs). As reported ( 14), the incubation of islet cells with a
low dose of trypsin (1 ,ug/ml) in the absence of calcium allows
for selective removal of the Ca2"-dependent CAMsfrom the
cell surface. Weused this approach to demonstrate that the
effect of TNF-a on Ca2"-independent adhesion of islet B cells
is not an artefact caused by the absence of calcium in the aggre-
gation assay. Such a treatment, by removing Ca2"-dependent
CAMs, allowed us to test adhesion strictly mediated by Ca2+-in-
dependent CAMseven in the presence of calcium. As already
discussed, no effect of TNF-a could be detected on control B
cells in the presence of Ca2 (Fig. 6, A, 68.4±2.4% compared to
65.6±3.2%, NS). In the absence of Ca2+ (Fig. 6 B), an increase
in Ca2 -independent aggregation became apparent in TNF-a-
treated B cells (44.6±1.3% in TNF-a-treated samples as com-
pared to 26.2±0.9% in control samples). After inactivation of
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Figure 4. Short-term aggregation assay. Quantitative changes in ag-
gregation properties of B and non-B cells treated with TNF-a. Sorted
B and non-B cells were cultured for 20 h in the absence or in the
presence of 100 U/ml TNF-a. Short-term aggregation was then
quantified (in the absence of TNF-a) by comparing the number of
events in aliquots of cell suspension taken before and after a 45-min
incubation period. In the presence of calcium (A), aggregation of
TNF-a-treated B and non-B cells (hatched bars) was comparable to
control cells (open bars). In the absence of calcium (B), there was
a significant increase in adhesion of B cells exposed to TNF-a
(hatched bar), as compared to control (open bar) (P < 0.001),
whereas no change was observed for non-B cells. Bars represent the
mean±SEMof four independent experiments.

Ca2+-dependent CAMs(Fig. 6 C, TE treatment), an effect of
TNF-a of the same magnitude was observed in the presence of
Ca2+ (44.3±1.2% in TNF-a-treated samples as compared to
26.8±0.7% in control samples).

The increased Ca2"-independent adhesion of B cells in-
duced by TNF-a is not mediated by NCAMor ICAM-J. We
previously reported that NCAMis highly expressed on islet

non-B cells compared to B cells (13). We, therefore, tested
whether the increased Ca2 -independent aggregation of TNF-
a-exposed B cells was possibly caused by an upregulation of
NCAMexpression. Using anti-NCAM antibodies, flow cyto-
metric analysis of cells treated with TNF-a did not show any
modification of NCAMimmunoreactivity compared to con-
trol B cells (data not shown). Immuno-flow cytometry analy-
sis further confirmed the induction by TNF-a of ICAM- 1 (20,
21), but not LFA- 1 molecules, on rat islet B cells (data not
shown). Thus, in the absence of the natural ligand of ICAM- 1
(i.e., LFA- l ), it was not surprising to find that blocking mono-
clonal antibodies against either ICAM- 1 or LFA- 1 did not pre-
vent the effect of TNF-a on Ca2+-independent aggregation of B
cells (see Table I). Furthermore, anti-NCAM Fab fragments
did not mask the effect of TNF-a on B cell short term aggrega-
tion in the absence of calcium (Table I). These negative find-
ings suggest the induction by TNF-a of as yet unidentified and
possibly novel Ca2+-independent CAMson islet B cells.

Discussion

Previous studies have shown that the topological cell relation-
ships described in normal islets is disturbed in all forms of
diabetes. In insulin-dependent diabetes mellitus (IDDM), the
islet looks like a random mixture of non-B cells (3); in dia-
betic mice, Orci et al. have observed penetration of the residual
B cell core by D cells (4). In Stilman Salgado (eSS) rats, a
disruption of islet architecture precedes B cell destruction, but
coincides with the onset of glucose intolerance (6). In animal
models of non-insulin-dependent diabetes mellitus (NIDDM)
(db/db or ob/ob mice), the hyperplasia of B cells is such that
the rim of non-B cells is completely dismantled (5). It has
further been found that in ob+ /ob+ mice a profound pertur-
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Figure 5. Short-term aggregation assay. The effect of TNF-a is abol-
ished by TC treatment of islet B cells. Treatment of islet cells with
trypsin in the presence of calcium (TC treatment) had no effect on
Ca2"-dependent aggregation (A) of both control (white bars) and
TNF-a-treated cells (hatched bars), while specifically removing
Ca2"-independent cell adhesion (B). The finding that the TNF-a-
induced Ca2 -independent aggregation is abolished by TC treatment
(B), further strengthens the hypothesis that the cytokine may act by
inducing and/or activating Ca2 -independent adhesion molecules.
Bars represent the mean±SEMof four independent experiments.

TNF-a _ + - + _ +

No treatment "TE treatment"

Figure 6. Short term aggregation assay. Inactivation of Ca2"-depen-
dent CAMs(0.5 mMEGTAor TE treatment) is necessary to disclose
the effect of TNF-a on short term aggregation of B cells. Preexposure
of B cells to TNF-a is apparently without effect on short-term aggre-
gation of B cells in the presence of Ca2" (A). After inactivation of
Ca2"-dependent CAMs, however, either by removal of Ca2" (B) or
TE treatment (C), a significant (P < 0.001 ) effect on adhesion is
disclosed, suggesting that TNF-a acts by increasing the expression/
activity of Ca2"-independent CAMs, either in the presence or absence
of Ca2. Bars represent the mean±SEMof four independent experi-
ments.
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Table L Effect of Specific Antibodies (or Fab Fragments) on Ca2`-independent Aggregation of Control and TNF-a-treated B Cells

ICAM-1 LFA-la LFA-Ift NI NCAM
Antibodies n = 4 n = 4 n = 4 Fab fragments n = 2 n = 2

Control 27.8±1.2 27.1±2.5 26.7±1.1 Control 25.3±0.7 26.3±0.7
TNF-a 44.7±0.9* 44.3±1.2* 44.2±1.1t TNF-a 43.1±0.1 42.8±0.9

Data represent the percentages of Ca2+-independent aggregation obtained in the short term aggregation assay in the presence of the indicated
antibodies or Fab fragments (see Methods for details). For ICAM- 1, LFA- l a, and LFA- I B experiments, values are expressed as mean±SEMof
four separate experiments (* P < 0.0001; t P < 0.005). Values for NCAMexperiments are expressed as mean±SD(n = 2). NI, nonimmune.

bation of islet architecture accompanies the onset of the dia-
betic syndrome within 20 wk of birth (7). It has been proposed
that such islet structural disturbance might significantly con-
tribute to the dysregulation of glucagon (in IDDM) or insulin
(in NIDDM) secretion (2). Since recent studies have empha-
sized a possible role of TNF-a in the early physiopathological
events leading to IDDM ( 17, 19), we wanted to assess whether
TNF-a might jeopardize the integrity of islet structure.

The ability of isolated islet cells to reaggregate in organoids
displaying a three-dimensional cell type organization similar to
that of native islets (8-10, 14) provided a good model system to
study the possible effects of TNF-a on islet cell type segrega-
tion. The study shows that a mixture of isolated islet cells is still
able to form clusters in the presence of TNF-a, but that the
typical segregation between B and non- B cells does not occur.
This effect occurred at a dose of TNF-a known to be nontoxic
to islet cells (37-39), and was reversed after removal of the
cytokine from the incubation medium, suggesting a true regula-
tory effect on cell adhesion.

Insulin secretion of aggregates formed in the presence of
TNF-a was characterized by an increased basal secretion and a
decreased response to glucose, compared to control pseudois-
lets. The effect was also fully reversible. The same pattern of
changes has been observed in the past with dissociated B cells,
compared to intact islets or to pseudoislets (40-45). Our find-
ing is thus consistent with the hypothesis that a disordered islet
architecture might result in the loss of intraislet regulation of
insulin secretion. Nevertheless, we cannot exclude the possibil-
ity of a direct effect on insulin secretion of TNF-a, even at such
a low dose (38, 39). Other ways of perturbing islet cell type
organization will therefore be needed to confirm a direct role of
islet organization in islet function.

Cell adhesion molecules have been established to play an
important role in the formation and maintenance of tissue
structure (34). As shown by CAMtransfection studies, both
quantitative or qualitative differences in CAMexpression re-
sult in segregation between clones in culture (26, 31). Also,
perturbation of CAMexpression results in remodeling of the
three-dimensional organization of tissues (35). The same prin-
ciples might govern the reconstitution of islet-like organoids
(pseudoislets) from a mixture of dissociated islet cells in vitro.
It has been recognized that CAMsfall into two general classes
of molecules: the Ca2"-dependent and the Ca2"-independent
CAMs, which can both coexist on the same cell (32-35). We
previously reported that strictly calcium-dependent aggrega-
tion mechanisms were equally efficient on both B cells and
non-B cells, while Ca2 -independent mechanisms were much

more prominent on non-B cells (13). Perturbation experi-
ments with anti-CAM Fab fragments suggested to us that the
difference in expression of Ca2"-independent CAMswas re-
sponsible for islet cell type segregation ( 14).

The present results show that preincubation with TNF-a
increased the aggregation of B cells in the absence of Ca2 ,
suggesting that the cytokine induced the expression of Ca2+ -in-
dependent CAMson these cells. This hypothesis is supported
by the demonstration that the effect was abolished by the re-
moval of this class of molecules from the surface of B cells (TC
treatment). This test is the only available means of selectively
removing Ca2+-independent CAMs. The fact that aggregation
in the presence of calcium was not modified, and that aggrega-
tion of both B and non-B cells in the absence of calcium was
similarly abolished by TC treatment attest for the specificity
and the sensitivity of this widely used test ( 14, 30, 33, 46-48).

Although the study of aggregation in the absence of calcium
is a classical means of assessing possible involvement of
Ca2+-independent CAMs, it is nonphysiological. To circum-
vent this flaw, strictly Ca2+-dependent CAMswere inactivated
by TE treatment, allowing the inductive effect of TNF-a on
Ca2+-independent CAMsto be disclosed even in the presence
of Ca2+

It has been shown that TNF-a can induce the expression of
ICAM- 1 on human islet B cells (20, 21 ). This was confirmed
on rat cells in the course of the present study. Although ICAM-
1 is a Ca2+-independent CAM, and shares some homology
with NCAM(both belonging to the immunoglobulin superfa-
mily) (49, 50), we doubted that it could be responsible for the
effect of TNF-a on B cell aggregation for the following reasons:
(a) the integrin LFA- 1, which is the ICAM- I ligand (51, 52), is
not expressed on B cells as assessed by flow cytometry, using
anti LFA- 1 (against a and ,3 subunits) antibodies; (b) another
member of the LFA- 1 family of integrins is probably not in-
volved, since an antibody against the common 3 subunit nei-
ther revealed the molecule by flow cytometry, nor prevented
the effect of TNF-a on short term aggregation; and (c) finally,
an anti-rat ICAM- 1 antibody did not prevent the effect of
TNF-a on short-term B cell aggregation. This last finding also
excludes the possibility that ICAM- 1 may provide homophilic
adhesion between cells, as is the case for other CAMsbelonging
to the immunoglobulin superfamily (49, 50). Among these,
NCAMwas shown to be expressed on islet cells, with higher
concentration on non- B cells ( 13 ). Its expression on B cells
was not, however, modified by TNF-a.

Whether there is a direct cause-effect relationship between
the increase in Ca2+-independent aggregation of B cells and the
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altered cell type segregation induced by TNF-a cannot be af-
firmed yet. One might have expected that randomization of B
cells within pseudoislets be associated with a decreased affinity
between B cells. However, according to our previous studies
demonstrating the crucial role of Ca2l -independent CAMsin
islet cell type segregation (14), and the transfection studies
mentioned above, it is reasonable to think that an increased
level of Ca2"-independent CAMson B cells would attenuate
the differences in aggregation properties between cell types,
thereby affecting segregation within pseudoislets in vitro.

Cell adhesion and segregation are also dependent on func-
tional microtubules and microfilaments of the cytoskeleton
(53). It is unlikely that part of the effect of TNF-a is secondary
to an altered cytoskeleton function, since cell cluster formation
and short-term aggregation are not impaired.

In conclusion, the present study shows that TNF-a in-
creases Ca2"-independent aggregation of islet B cells and pre-
vents the normal segregation between islet cell types during the
formation of pseudoislets. This was accompanied by an abnor-
mal insulin secretion. Other ways of perturbing islet architec-
ture will be needed to confirm a direct role of islet organization
in islet function. Nonetheless, the observed effects of a cytokine
on islet structure and function might represent an additional
pathway in the cascade of events leading to islet functional
defects in diabetes.
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