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Misregulated hormone secretion from the islet of Lang-
erhans is central to the pathophysiology of diabetes.
Although insulin plays a key role in glucose regulation,
the importance of glucagon is increasingly acknowl-
edged. However, the mechanisms that regulate gluca-
gon secretion from a-cells are still unclear. We used
pseudoislets reconstituted from dispersed islet cells to
study «-cells with and without various indirect effects
from other islet cells. Dispersed islet cells secrete aber-
rant levels of glucagon and insulin at basal and elevated
glucose levels. When cultured, murine islet cells reas-
sociate to form pseudoislets, which recover normal
glucose-regulated hormone secretion, and human islet
cells follow a similar pattern. We created small (~40-p.m)
pseudoislets using all of the islet cells or only some
of the cell types, which allowed us to characterize novel
aspects of regulated hormone secretion. The recovery
of regulated glucagon secretion from «a-cells in small
pseudoislets depends upon the combined action of
paracrine factors, such as insulin and somatostatin, and
juxtacrine signals between EphA4/7 on a-cells and ephrins
on B-cells. Although these signals modulate different
pathways, both appear to be required for proper inhibi-
tion of glucagon secretion in response to glucose. This
improved understanding of the modulation of glucagon
secretion can provide novel therapeutic routes for the
treatment of some individuals with diabetes.

Glucose homeostasis depends on hormones secreted by
the islet of Langerhans. Insufficient levels of the main
islet hormone insulin leads to diabetes, and the use of
insulin to treat this disease ranks among the most important

medical therapies. The success of insulin as a clinical
treatment of diabetes has focused most islet research
onto the insulin-secreting (3-cells. Glucagon, another islet
hormone, is known to prevent hypoglycemia. Although we
now understand that aberrant glucagon secretion from
pancreatic islet a-cells can exacerbate hyperglycemia,
the role of glucagon in diabetes remains controversial
and poorly understood. In healthy individuals, glucagon
secretion from islet a-cells decreases in response to
elevated glucose, but paradoxically, dispersed a-cells
increase their glucagon secretion under the same condi-
tions (1-3). The mechanistic origin of this paradox is
currently unknown, but recent publications (4,5) suggest
that multiple signaling pathways within a-cells and be-
tween islet cells likely simultaneously regulate glucagon
secretion.

Published data support several models to explain how
a-cells regulate glucagon secretion (6-8). These models
fall into three classes; a-cell-intrinsic, paracrine-signaling,
and juxtacrine-signaling models. In the intrinsic a-cell
model, o-cells regulate their own secretion through changes
in intracellular metabolism and electrical signaling in re-
sponse to glucose (9,10). In the paracrine-signaling model,
glucose indirectly inhibits glucagon secretion through fac-
tors secreted by the other islet cell types, including insulin
from 3-cells and somatostatin from &-cells (4,11-13). In
the juxtacrine-signaling model, specific cell-to-cell con-
tacts impinge upon EphA receptors in the a-cells, puta-
tively by ephrinA ligands on the neighboring 3-cells, to
regulate glucagon secretion (5). On their own, each of
these models fails to completely explain the published
data concerning glucose inhibition of glucagon secretion
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from islet and dispersed a-cells. Thus, we hypothesize that
a combination of signaling pathways, both intracellular and
intercellular, are required to inhibit glucagon secretion
from a-cells in response to glucose.

To enable determination of the direct impacts and
interactions of multiple signaling pathways on glucagon
secretion, we created and characterized pseudoislets
composed of either all islet cell types or specific purified
combinations of individual cell types. Pseudoislets can be
created by dissociating islets and allowing them to
reassociate in culture over time (14-20). Pseudoislets
from murine and human islet cells demonstrate isletlike
characteristics, including morphology and glucose-stimulated
insulin secretion from B-cells (GSIS). However, a-cell func-
tion and glucagon secretion in pseudoislets have not been
fully characterized.

We show that small pseudoislets self-assemble from
dispersed cells in culture from mouse islet cells with a
time course of 3 days and from human donor islet cells
over 14 days. Pseudoislets from mice reestablish normal
insulin and glucagon secretion, and the measured changes
in hormone secretion correlate with changes in multiple
intracellular signaling pathways. Human pseudoislets,
although more variable, follow a similar trend of recovery
for both insulin and glucagon secretion. Additionally,
pseudoislets of specific mouse islet cell-type combina-
tions, created using FACS of labeled islet cells, demon-
strate the relative importance of specific islet paracrine
factors and cell-to-cell contacts on the regulation of gluca-
gon secretion from a-cells.

RESEARCH DESIGN AND METHODS

Islet Isolation

All animal studies were completed under approval by the
Vanderbilt Institutional Animal Care and Use Committee
(Nashville, TN) and the Washington University Animal
Studies Committee (St. Louis, MO). Male mice, aged 8-16
weeks on the C57BL/6 background, were used. Islets
were isolated using a 0.075% collagenase digestion at
34°C and allowed to recover overnight in mouse media
(RPMI 1640 with 10% FBS, penicillin-streptomycin, and
11 mmol/L glucose) prior to experimentation. Human
islets were obtained through the Integrated Islet Distri-
bution Program. Upon arrival, human islets were cultured
in human media (RPMI 1640 with 20% FBS, penicillin-
streptomycin, and 11 mmol/L glucose) for 2 h prior to
experimentation.

Transgenic Animals

To obtain fluorescently labeled {-cells, mouse insulin
promoter GFP-expressing mice were used. To obtain
fluorescently labeled a-cells and 8-cells, mROSA tan-
dem-dimer red fluorescent protein (RFP) mice were
crossed with a glucagon CRE or somatostatin CRE
recombinase, resulting in animals containing islets
with red fluorescent a-cells or d-cells, respectively
(1,21).
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Islet Dispersion and Cell Sorting

Islets were washed in Dulbecco’s PBS (no Ca’' or
Mg2+ [pH 7.4]) and then dispersed using Accutase (Life
Technologies) for 6 min at 37°C under gentle pipetting.
Cells were resuspended in either islet media for further
culture or Krebs-Ringer bicarbonate HEPES (KRBH) buffer
(128.8 mmol/L NaCl, 4.8 mmol/L KCl, 1.2 mmol/L
KH,PO,4, 1.2 mmol/L MgSO, 7H,0, 2.5 mmol/L CaCl,,
20 mmol/L HEPES, 5 mmol/L NaHCOs3, and 0.1% BSA
[pH 7.4]) for flow sorting. An FACS Aria (BD Biosciences)
was used to sort GFP- or RFP-positive cells. Purity and
viability were verified after sorting using endogenous
fluorescence and uptake of DAPI. Dispersion resulted
in >75% viable cells, and the resulting fields of plated
cells were examined by digital-phase contract micros-
copy to ensure that no clusters remained. This ensured
that >95% in a single-cell state, with only a minimal
number of cell douplets, but no other clusters visible.
This was verified by FACS, which showed that the removal
of the <5% of doublet cells does not affect pseudoislet
formation or glucagon secretion recovery (Supplementary
Fig. 1). Content samples of purified cells had undetectable
levels of opposing cell types and their hormones when
analyzed by ELISA.

Pseudoislets Creation

Dispersed islet cells or FACS cells were plated on 30 pg
Bovine T1 collagen (BD Biosciences) and 20 pg human
fibronectin-coated (Thermo Fisher Scientific) MatTek
glass-bottom dishes with islet media (22). The dispersed
cells from 25 islets were plated for all cell-type pseudois-
lets. Selective pseudoislets of a-cells with B-cells and
a-cells with 8-cells were plated in a ratio indicative of islet
ratios (~8:1, B:a; and 2:1, a:d) (23). Islet media was
refreshed every 24 h. Data were collected from pseudois-
lets at 72 h, unless otherwise indicated.

Static Hormone Secretion Assay

Islets, dispersed cells, or pseudoislets were equilibrated in
KRBH buffer at 2.8 mmol/L glucose for 1 h at 37°C and
then transitioned to 1 or 11 mmol/L glucose for 1 h at
37°C with or without the following conditions: 100 pwmol/L
3-isobutyl-1-methylxanthine (IBMX), 50 wmol/L forskolin
(Fsk), 4 pg/mL ephrinA5-Fc (R&D Systems), 100 nmol/L
somatostatin, 12.5 wmol/L 4-(2,5-dimethyl-pyrrol-1-yl)-2-
hydroxy-benzoic acid (DPHBA; Santa Cruz Biotechnology),
1 pmol/L S961 (Novo Nordisk), and 1 pmol/L insulin. The
supernatant was collected, and then the cells were lysed for
hormone content using 1.5% 12 N HCI in 70% ethanol.
Secretion and content samples were measured by ELISA
(glucagon from RayBiotech, Inc., Norcross, GA; insulin
from Alpco, Salem, NH). Secretion data are presented as
percent of total hormone content.

Calcium Imaging

Islets, dispersed cells, and pseudoislets were equilibrated
in KRBH at 2.8 mmol/L glucose with 5 pmol/L cell-
permeant calcium indicator Fluo-4 AM for 30 min and
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then transitioned to 1 or 11 mmol/L glucose at 37°C.
Samples were allowed to equilibrate in a CO,-controlled
37°C stage for 10 min prior to imaging. Fluo-4 signal was
measured using an LSM 880 confocal microscope (Carl
Zeiss) with a 488-nm laser, whereas RFP-labeled cells
were imaged using 561-nm excitation. Fluo-4 intensity,
an indicator for free intracellular calcium, was measured,
and changes in intensity over baseline were analyzed for
oscillations in order to determine if a cell is active, as
previously described (24). To control for unevenness of
indicator labeling among cells, the fluorescent signal was
normalized to the average basal intensity for each cell.
Data are reported as the percentage of cells active under
each condition.

cAMP and F-actin Imaging

For immunofluorescence imaging, islets, dispersed a-cells,
and pseudoislets were treated like secretion assays, but
fixed in 2% paraformaldehyde in PBS at 4°C for 30 min,
permeabilized, and blocked overnight in 0.3% Triton
X-100, 5 mmol/L sodium azide, 1% BSA, and 5% goat
serum. Samples were incubated with the primary anti-
bodies, mouse anti-cAMP (Cell Signaling Technology),
and guinea pig anti-glucagon (EMD Millipore) for 72 h
at 4°C, washed three times, and then incubated with the
secondary antibodies labeled with Alexa Fluor 488 and
546 (Life Technologies) and the F-actin-binding phalloi-
din, conjugated to Alexa Fluor 633 (Invitrogen) for 72 h at
4°C. Cells were mounted with DAPI Fluoromount-G
(Southern Biotechnology Associates). Data analysis used
background subtracted raw images, whereas representative
images included were linearly adjusted for presentation
purposes only. Fluorescence intensities were normalized to
cAMP or F-actin fluorescence levels in the islet at 1 mmol/L
glucose.

Data Analysis and Statistics

Data were analyzed and prepared using ImageJ (National
Institutes of Health), MATLAB (MathWorks), Excel
(Microsoft), or Prism 5 (GraphPad Software). Error bars
represent SEM, with P < 0.05 considered statistically
significant, as determined by one-way ANOVAs. To desig-
nate comparisons, an asterisk (*) labels a difference be-
tween 1 and 11 mmol/L glucose, whereas a hash mark (#)
labels a difference between control (islet or pseudoislet
sample used) and experimental conditions at the same
glucose concentration.

RESULTS

Formation of Pseudoislets From Dispersed Mouse

and Human lIslet Cells

Cells from dispersed mouse islets reassociate to form
pseudoislets. These pseudoislets, containing all islet cell
types, begin forming within an hour postdispersion and
continue forming larger aggregates over a period of 72 h
(Fig. 14). The resulting pseudoislets are smaller than native
islets, and they average ~40 pm in diameter (Fig. 1B).
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These pseudoislets typically contain <50 cells. Gluca-
gon secretion, which is normally inhibited in response to
11 mmol/L glucose in the islet, is significantly increased in
the dispersed state, but pseudoislets recapitulate isletlike
levels of glucagon secretion in response to glucose by 72 h
(Fig. 1C). Concurrently, GSIS, which is lost in dispersed
B-cells, is reestablished in pseudoislets by 72 h (Fig. 1D).
This change in regulated secretion does not appear to be
because of nonspecific extracellular damage or time-
dependent recovery from dispersion because a-cells re-
main responsive to stimulation with 1 pwmol epineph-
rine during pseudoislet formation, and sparsely plated
islet cells remaining at a single-cell suspension fail to
recover regulated glucagon secretion over time (Supple-
mentary Fig. 2). To determine the efficiency of our dis-
persion protocol, cells were passed through FACS, and
successful dispersion of single cells was verified empir-
ically by FACS scatter data (>95% single cells). To con-
trol for possible cellular damage from the FACS and
determine any effects on pseudoislet formation and
function from residual cell doublets or clusters, we re-
covered all live single-islet cells from a basic flow-
through (no fluorescence sorting) and allowed them to
recover in culture and form pseudoislets. These FACS-
purified samples lacked any cell doublets and clusters,
yet they formed pseudoislets and exhibited temporal
profiles and amplitudes of reestablished glucagon secre-
tion similar to cells that have not undergone FACS (Sup-
plementary Fig. 1). These data indicate that any residual
doublets or possible small clusters left after dispersion
or the FACS process do not interfere with pseudoislet
formation and function. These data were further con-
firmed by treatment with a known stimulator and in-
hibitor of oa-cell juxtacrine signaling, which showed
similar results on both dispersed and FACS-sorted cells
(Supplementary Fig. 3A and B).

Similar to what is seen in the murine cells, dispersed
human islets reassociate to form pseudoislets (19,25).
Glucagon secretion, which is normally inhibited in the
islet in response to 11 mmol/L glucose, is significantly
increased in the dispersed state (Fig. 1E). The time course
of pseudoislet formation with human cells, though, ap-
pears to be somewhat slower than for murine cells. Hu-
man pseudoislets secrete glucagon at near isletlike levels
trending toward normal inhibition of glucagon secretion
in response to glucose after ~14 days (P = 0.18). The
glucagon secretion change between low and high glucose
goes from positive immediately after dispersion to nega-
tive (as it is in islets) after pseudoislet formation (Fig. 1E).
Additionally, GSIS, which is lost in dispersed B-cells,
is reestablished in human pseudoislets after ~14 days
(Fig. 1F). The difference in recovery time between mice
and humans pseudoislets could be influenced by a variety
of factors, including donor age, culture time, and species.
Despite this temporal difference, mouse and human pseu-
doislets provide a novel tool to study the recovery of
normal hormone secretion.
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Figure 1—Formation of mouse and human pseudoislets in vitro. A: Representative images of mouse pseudoislets forming in vitro over 72 h
after dispersion. Islet cells begin to aggregate within an hour of dispersion, form elongated structures at 24 h, and continue to round at 72 h.
B: Islet cells, under these culture conditions, formed pseudoislets that averaged ~40 pm at 72 h. C and D: Glucagon and insulin secretion
in response to 1 and 11 mmol/L glucose was measured from mouse intact islets, dispersed (Disp.) islets, and pseudoislets at 24, 48, and
72 h (islets, dispersed cells, and pseudoislets each from six mice). E and F: Glucagon and insulin secretion in response to 1 and 11 mmol/L
glucose was measured from human donor islets, dispersed islets, and pseudoislets at 3, 7, and 14 days (islets and pseudoislets from six
donors) (Supplementary Table 1). Error bars represent SEM. *Differences between 1 and 11 mmol/L glucose. #Differences between control
and conditions at the same glucose concentration (P < 0.05 by one-way ANOVA).

Changes in Islet Cell Calcium Dynamics During
Pseudoislet Formation

The regulation of intracellular calcium is critical for the
proper release of hormones from islet (26,27). In B-cells,
the complete inhibition of insulin secretion at low glucose
depends upon islet electrical coupling, which is absent in
dispersed B-cells (26,28). In contrast, a-cells show het-
erogeneous calcium dynamics at all glucose levels
(1,27,29-31). We hypothesized that normal calcium
dynamics, which are lost upon dispersion, would be
reestablished in pseudoislet B-cells, whereas the a-cells

would remain unchanged. To test this hypothesis, we
labeled islets, dispersed cells, and pseudoislets with the
caldum indicator dye Fluo-4 and measured intracellular
free calcium activity in response to glucose (Fig. 2A and B).
In islets, B-cells are electrically coupled, resulting in no
measurable calcium activity at low glucose and coordi-
nated oscillatory activity at high glucose (Fig. 2C) (26).
This electrical coupling that regulates calcium activity is
lost in the dispersed state, resulting in aberrant calcium
activity in some {-cells at low glucose and decreased
glucose-stimulated calcium oscillations. The B-cells in murine
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Figure 2— Changes in calcium dynamics during pseudoislet formation. A: Representative image of a Fluo-4-labeled pseudoislet. a-Cells were identified
by the presence of transgenic RFP expression. B: Representative traces of Fluo-4 intensity changes in an a-cell and one B-cell within a pseudoislet at
11 mmol/L glucose. The percent of oscillating 8- (C) or a- (D) cells represent data from three mice (>25 B-cells/mouse or >10 «-cells/mouse). Disp.,
dispersed cells. Error bars represent SEM. *Differences between 1 and 11 mmol/L glucose. #Differences between control and conditions at the same

glucose concentration (P < 0.05 by one-way ANOVA).

pseudoislets continue to recover decreased calcium activ-
ity at low glucose and increased calcium activity in high
glucose by 72 h. In contrast, calcium activity in a-cells
does not appear to change among the islet, dispersed,
and pseudoislet states (Fig. 2D). Although the role of
a-cell calcium dynamics in glucagon release remains un-
clear, the restoration of tightly regulated calcium dynamics
in B-cells quantitatively parallels the recovery of insulin
secretion in pseudoislets.

Changes in a-Cell cAMP Levels, F-actin Density,

and Glucagon Secretion in Pseudoislets

The levels of cAMP in a-cells is decreased by paracrine
factors like insulin and somatostatin and has been pro-
posed to play a key role in the inhibition of glucagon
secretion in response to glucose (4,12,30). Juxtacrine sig-
naling between EphA4/7 on a-cells and ephrins on 3-cell
has also been proposed to reduce glucagon secretion by
modulating F-actin density (5). Although this signaling is
normally dominated by EphA4, EphA7 is also expressed in
a-cells and has been shown to partially compensate for
the loss of EphA4 by genetic deletion (5). We hypothesize
that both a-cell cAMP and F-actin levels are misregulated

in the dispersed state, but recover in pseudoislets by 72 h.
As previously described (4,5), we used semiquantitative
immunofluorescence to measure the static levels of cAMP
and F-actin in a-cells from islet, dispersed cells, and form-
ing pseudoislets (Fig. 34 and B). Unlike intact isolated
islets, pseudoislets are not encased in a collagen capsule,
and although the cells of the pseudoislet remain contigu-
ous, we find that they lose their round shape during the
fixation procedure. In islet and pseudoislet a-cells, the lev-
els of cAMP decrease in response to elevated glucose. As
was seen for glucagon secretion, this glucose-dependent
decrease is lost upon islet dispersion, but returns in pseu-
doislets within 72 h (Fig. 3B). The levels of cAMP do not
appear to depend on pseudoislet diameter (Supplementary
Fig. 4). In a-cells within intact islets, F-actin levels show
minimal changes between 1 and 11 mmol/L glucose (Fig. 3C).
However, F-actin levels are significantly decreased upon
dispersion, similar to what we observe from other param-
eters, and F-actin reaches isletlike levels by 48 h during
pseudoislet formation.

To determine if these pseudoislets exhibit cAMP and
juxtacrine signaling similar to intact islets, we treated
pseudoislets with known stimulators of each pathway: the
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Figure 3—Changes in cAMP levels, F-actin density, and glucagon secretion in pseudoislets. A: Fixed samples were stained for cAMP
(green) and F-actin (magenta), and fluorescence intensities were measured in glucagon-positive regions (white overlay). Representative
images show staining for an islet and pseudoislet. The observed changes in fixed pseudoislet morphology compared with living samples is
the result of fixation. The fixed pseudoislets remain contiguous. Quantification of a-cell-specific cCAMP (B) and F-actin (C) levels in intact
islets, dispersed (Disp.) cells, and pseudoislets at 1 and 11 mmol/L glucose. Quantification of a-cell-specific cAMP and F-actin levels in
pseudoislets at 1 and 11 mmol/L glucose in response to 100 pwmol/L IMBX and 50 pmol/L Fsk, 4 ng/mL ephrinA5-Fc, or both (Dual),
normalized to islet cAMP (D) or F-actin (E) levels at 1 mmol/L glucose (n = 3 mice with >15 «-cells/mouse). Glucagon secretion at 1 and
11 mmol/L glucose was measured from mouse intact islets (F) and pseudoislets at 72 h (G) in response to 100 pmol/L IMBX and 50 wmol/L
Fsk, 4 wg/mL ephrinA5-Fc, or both (n = 6 mice). Error bars represent SEM. *Differences between 1 and 11 mmol/L glucose. #Differences
between control and conditions at the same glucose concentration (P < 0.05 by one-way ANOVA).

phosphodiesterase inhibitor IMBX combined with the stimulates the formation of cAMP in a-cells at 11 mmol/L
adenylyl cyclase stimulator Fsk and the EphA stimulator glucose, whereas ephrinA5-Fc does not alter cCAMP levels
ephrinA5-fc (Fig. 3D and E). In pseudoislets, IBMX/Fsk  (Fig. 3D). IBMX/Fsk, ephrinA5-Fc, nor the combination of
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both alters F-actin density in pseudoislet a-cells (Fig. 3E).
EphrinA5-Fc treatment does increase F-actin density
in dispersed a-cells, which correlates with a decrease in
glucagon secretion (Supplementary Fig. 3B and C). The
ability of ephrinA5-Fc to stimulate the formation of
F-actin density in dispersed a-cells but not pseudoislets
suggests that a-cells in pseudoislets have reestablished
EphA4/7 forward signaling with neighboring (3-cells.

Regulated glucagon secretion appears to be modulated
by both the levels of cAMP and F-actin in a-cells. It is
unclear how or whether these pathways interact in order
to regulate glucagon secretion in response to glucose. We
hypothesize that although IMBX/Fsk can potently stimu-
late glucagon secretion, EphA4/7 forward signaling can
block glucagon secretion downstream of cAMP-dependent
regulators. To test this hypothesis, we measured glucagon
secretion from islets and pseudoislets treated with IMBX/
Esk, ephrinA5-Fc, or both (Fig. 3F and G). The treatment
of IMBX/Fsk, which elevates cAMP in a-cells, stimulates glu-
cagon release at 11 mmol/L glucose. The treatment of
ephrinA5-Fc, which does not increase F-actin density in o-cells,
can further inhibit glucagon release at 1 mmol/L glucose.
In combination, IMBX/Fsk fails to overcome ephrinA5-Fc
inhibition of glucagon secretion.

Pseudoislets From Specific Cell Types

Using transgenic animals that express endogenous tags,
we were able to isolate pure populations of a-, B-, and
8-cells and create pseudoislets independent of other islet
cell types. With this approach, we know treatments will
only affect the present cell types, minimizing complex
indirect effects that could modulate glucagon secretion.
We created pseudoislets composed of just a- and B-cells
(Fig. 4A) and measured glucagon secretion in response to
proposed regulators at 72 h (Fig. 4B). Without the pres-
ence of 8-cells and somatostatin, a-/B-cell pseudoislets
fail to suppress glucagon release in response to high glu-
cose. The addition of exogenous somatostatin potently
inhibits glucagon secretion, similar to isletlike levels. We
also blocked proposed glucagon modulators originating
from the B-cell. Treatment with the selective EphA2/4
inhibitor DPHBA disrupts the reformed EphA4 forward
signaling and results in glucagon secretion similar to dis-
persed a-cells. Antagonism of the insulin receptor with
S961 enhances glucagon secretion, supporting the model
in which insulin secreted by neighboring (-cells contrib-
utes to in the inhibition of glucagon secretion.

Because of the heterogeneity reported for a- and 8-cell
arrangement in islets, it is unclear if a-cells form functional
cell-to-cell contacts with &-cells or other a-cells in an intact
islet (32,33). To examine this further, we attempted to
create pseudoislets from purified a-cells with or without
8-cells. Unfortunately, a-cells fail to aggregate with them-
selves or d-cells, even after >72 h. Both purified a-cells
with 8- and a-cells alone secrete glucagon similar to dis-
persed cells (Fig. 4C and D). The addition of the paracrine
factors insulin and somatostatin and the EphA4/7 stimulator
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ephrinA5-Fc all inhibit glucagon secretion, which is maximally
inhibited by combination treatment.

The inability of purified a-cells and 8-cells to form aggre-
gates may be because of the lack of supporting B-cells. Data
suggest (3-cells are the core cell type for the formation of
islets (32). To determine if pure B-cell populations form
functional pseudoislets, we created B-cell pseudoislets (Fig. 4E)
and measured insulin secretion (Fig. 4F). B-Cell pseudo-
islets exhibit near-normal GSIS and secrete insulin at islet-
like levels at 72 h.

DISCUSSION

Both B-cells and a-cells recover near-normal regulated
hormone secretion upon the formation of small pseudois-
lets from the dispersed state (Fig. 1). Our data show that
pseudoislet formation occurs more slowly for human cells
than for mouse, but in both cases, insulin and glucagon
recover to near-normal behaviors in parallel. In human
pseudoislets, the response of glucagon secretion between
low and high glucose moves from positive immediately
after dispersion to negative (as it is in islets) after pseu-
doislet formation. This trend of recovery strongly follows
the behavior observed in mouse pseudoislets, but the
sample-to-sample variability of human islet preparations
lowered the statistical significance of these differences.
Taken together, these data highlight the importance of
pseudoislet culture time with regard to function. Pseudois-
lets, prior to full recovery, may remain in a dysfunctional
dispersed state rather than an isletlike state (19,25).
B-Cells recover regulated calcium oscillations and elec-
trical coupling that potentiate GSIS, whereas glucose con-
centrations or cell clustering have little to no effect on the
number of active a-cells or their calcium dynamics (Fig.
2). These effects are similar to what is seen in islets and is
consistent with previous reports (1,4,27). The recovery of
regulated glucagon secretion appears to depend on the
restoration of GSIS from B-cells, as well as cell-to-cell
contacts between a- and B-cells. As insulin becomes max-
imally secreted from B-cells, pseudoislet a-cells recover
glucose-dependent cAMP levels. Concurrently, the contact
of B- to a-cells appears to provide the necessary ephrin
stimulation to activate EphA4/7 forward signaling and
stimulate the formation of F-actin (Fig. 3). In B-cells,
F-actin plays a critical glucose-sensing role by providing
a barrier at low glucose to prevent aberrant insulin release
(34). In a-cells, the role of F-actin appears to act differ-
ently as a barrier to tonically inhibit maximal glucagon
secretion (5). When this barrier is lost, as seen in the
dispersed state, glucagon secretion increases significantly.
Recovery of this barrier by pseudoislet formation or
EphA4/7 activation by ephrinA5-Fc potently inhibits glu-
cagon secretion. Although ephrinA5-Fc only minimally in-
creases F-actin density in islets and pseudoislets, it still
inhibits glucagon secretion. This may indicate a change in
actin matrix stability or remodeling, rather than an increase
in the F-actin density. In neurons, changes in intracellular
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Figure 4—Selective pseudoislets recapitulate aspects of the islet. A: Representative image of an a-/B-cell pseudoislet at 72 h. a-Cells (red)
were identified by transgenic RFP expression, whereas B-cells (green) were identified by GFP expression. B: Glucagon secretion from
a-/B-cell pseudoislets treated with 1 or 11 mmol/L glucose with or without 100 nmol/L somatostatin (SST), 12.5 wmol/L DPHBA,
or 1 wmol/L S961 (n = 6 mice). C: Glucagon secretion from a-cells in coculture with 8-cells treated with 1 or 11 mmol/L glucose with or
without 1 pmol/L insulin (INS), 4 wg/mL ephrinA5-Fc, or both (Dual; n = 5 mice). D: Glucagon secretion from «a-cells treated with 1 or
11 mmol/L glucose with or without 1 wmol/L insulin and 100 nmol/L somatostatin, 4 ng/mL ephrinA5-Fc, or both (Dual) (n = 4 mice). E:
Representative image of B-cell pseudoislets at 72 h. F: Insulin secretion from B3-cell pseudoislets treated with 1 or 11 mmol/L glucose (n =
6 mice). Error bars represent SEM. *Differences between 1 and 11 mmol/L glucose. #Differences between control and conditions at the

same glucose concentration (P < 0.05 by one-way ANOVA).

calcium and cAMP have been shown to alter F-actin density
through downstream regulators (35,36). This is not the
case in a-cells, in which the forced formation of cAMP
does not alter the levels of F-actin, even in the dispersed
state when EphA4/7 stimulation is absent (Supplementary
Fig. 3C). Further investigation is required to determine if
this pathway provides an additional fine-tuning mechanism
for glucagon secretion independent of cAMP signaling,

Although flow-sorted populations of individual islet
cells have been successfully isolated and interrogated
previously (1,20,37), the creation of pseudoislets from
specific fluorescent protein-labeled cell types provides ad-
ditional insights into islet signaling and glucagon regula-
tion (Fig. 4). The B-cells appear to drive pseudoislet
formation and provide both cell-to-cell contacts and para-
crine signals to regulate glucagon secretion. However,
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pseudoislets composed of only a- and 3-cells do not re-
capitulate normal glucose inhibition of glucagon secre-
tion. In this case, though, the addition of somatostatin,
independent of any other d-cell signal, leads to proper
inhibition of glucagon secretion, and this inhibition is
consistent with the lowering of cAMP levels by insulin
and somatostatin as previously described (4). This obser-
vation is consistent with our hypothesis that the eph-
rinA ligand signal comes from the B-cells and not the
6-cells. Cultures consisting of only 8- and a-cells fail to
form pseudoislets, which suggests that the B-cells may
provide the cell-to-cell contacts required for islet integ-
rity, and offers further evidence against a-cell EphA4/7
interactions with &-cell ephrins. Despite the absence of
pseudoislet formation, basal glucagon secretion is lowered
when a-cells are cocultured d-cells, putatively because of
the basal release of somatostatin (Fig. 4C vs. Fig. 4D).

Altogether, our data indicate that glucagon secretion is
regulated by multiple independent mechanisms. EphA4/7
signaling in a-cells appears to require ephrinA ligands
from B-cells, and upon stimulation, these receptors regu-
late F-actin density to provide a secretion barrier for glu-
cagon secretion. However, this barrier appears permissive
and independent of glucose, which is consistent with glu-
cagon secretion during glucose stimulation falling only
to ~50% of its maximal level. EphA4/7 signaling does not
appear to directly affect o-cell cAMP levels, which instead
are lowered by paracrine signals, including insulin and
somatostatin. Thus, regulation of cAMP acts as an inde-
pendent mechanism of indirect glucose regulation on glu-
cagon secretion. Finally, our data support a mechanism in
which the independent paracrine and juxtacrine path-
ways, which fail to fully suppress glucagon release alone,
act additively to maximally inhibit glucagon secretion in
response to glucose. Additional investigation is required
to better understand the collaborative effect and relative
contribution of both pathways on regulated glucagon
secretion.

The complexity of regulated hormone secretion within
the islet presents a continuing challenge in the pursuit of
new therapies for diabetes. Potential reorganization of
islet architecture after isolation complicates compari-
sons between in vivo and in vitro data. Although islet
vasculature has been proposed to play an important role
in in vivo communication among islet cells, the contribu-
tion of blood flow is clearly lost upon islet isolation. Still,
pseudoislets provide an easily manipulated, reductionist
model to study specific paracrine and cell-to-cell interac-
tions, and despite the lack of blood flow, the resulting
insulin and glucagon responses to glucose and other
stimuli in pseudoislets are remarkably similar to what is
measured in vivo. Our data support a model in which the
paracrine interactions are not strictly dependent on blood
flow. Regardless of the preparations, though, it is diffi-
cult to predict the overall concentrations and temporal
exposure of the a-cell to paracrine factors in vivo, in
ex vivo islets, or in pseudoislets of various sizes.
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Although the importance of the size component of
pseudoislets needs further exploration, it is clear that
small pseudoislets can also recapitulate the islet state like
larger pseudoislets from other species. This is of partic-
ular relevance because it has long been thought that size
is a critical component to islet function, and pseudoislet
dimensions must be comparable to intact islets for proper
hormone secretion (14,16-18,22,25,38). Although large
pseudoislets have been used in transplantation and B-cell
mass replacement studies, this model can also be used to
interrogate the function of the other islet cell types. With
pseudoislets, the differences in glucagon secretion observed
between islet and dispersed a-cells can be reconciled, affirm-
ing that a-cell function is under multiple levels of regulation
that depend on other islet cells. These data argue that cor-
rection of dysfunctional glucagon secretion in patients with
diabetes will require combination therapies that modulate
different pathways simultaneously present in a-cells.
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