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Insulin secretion by pancreatic p cells is a complex and highly reg-
ulated process. Disruption of this process can lead to diabetes
mellitus. One of the various pathways involved in the regulation
of insulin secretion is the activation of heterotrimeric G proteins.
Bordetella pertussis toxin (PTX) promotes insulin secretion, sug-
gesting the involvement of one or more of three G; and/or two
G, proteins as suppressors of insulin secretion from g cells. How-
ever, neither the mechanism of this inhibitory modulation of in-
sulin secretion nor the identity of the G;,, proteins involved has
been elucidated. Here we show that one of the two splice variants
of G,, Gy, is a key player in the control of glucose-induced insulin
secretion by B cells. Mice lacking G,,a, but not those lacking «
subunits of either G,¢ or any G; proteins, handle glucose loads
more efficiently than wild-type (WT) mice, and do so by increased
glucose-induced insulin secretion. We thus provide unique genetic
evidence that the G, protein is a transducer in an inhibitory path-
way that prevents damaging oversecretion of insulin.
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Diabetes mellitus is characterized by abnormalities in insulin
secretion that may be either a primary defect, as seen in type I
diabetes, or a secondary defect, where secretion is inadequate to
overcome primary insulin resistance seen in type II diabetes. In
either case, individuals are hyperglycemic. Insulin is the master
controller of glucose metabolism, and its release from f cells is
tightly regulated. Many factors, including hormones, neuro-
peptides, and neurotransmitters regulate insulin secretion by ac-
tivating heterotrimeric G proteins, which can control the output of
insulin in response to physiological demands (1, 2). Activation of
pathways mediated by Gy and/or G stimulates insulin release
from p cells (3, 4). The involvement of G;/G,, proteins as inhibitors
of insulin secretion from  cells was originally uncovered in studies
on the Bordetella pertussis toxin (PTX) in animals and cells (5, 6).
Previously called islet-activating protein (IAP), PTX was shown to
lower glucose levels in the bloodstream by increasing insulin se-
cretion from P cells (7). The enhanced secretion resulted from the
removal of tonic inhibition exerted by neurotransmitters/hor-
mones, including adrenaline (8), galanin (9), and ghrelin (10).
PTX catalyzes the ADP ribosylation of a carboxyl-terminal cys-
teine present in the a subunits of the G protein subgroup now
referred to as Gi/G, (11). This event causes these G proteins to
become uncoupled from receptors and thereby disrupts the signal
transduction process. The nonsensory PTX-sensitive Gi/G, G
proteins encompass three Gy’s (Gj1, Gz, and Gi3), and two G,’s
(Go1 and Gyy). The a subunits of G; and G, display extensive
homology and are functionally similar as they can be activated by
the same or similar receptors and appear to signal to partially
overlapping sets of effectors (12). This has raised questions
whether the individual G; and G, proteins function distinctively
between different receptors and effectors or whether they are
simply isoforms of one another. To address these questions and to
better define the functional role of G,/G; proteins in vivo, we have
generated knockout animals deficient in each of the a subunits of
the Gi/G,, group (13-15). Analysis of these mutant animals reveals
that each knockout has unique deficiencies or abnormalities,
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suggesting that each member mediates some distinct biological
functions. Like Gy, all three G; proteins are expressed in most cells
in the body. G, has a less ubiquitous expression pattern than G; or
G; and is highly expressed in the central and peripheral nervous
systems, where it was originally identified (16, 17). G, is also
expressed in the heart and in the endocrine system, including the
pituitary gland and pancreatic islets (18, 19).

Insulin secretion can be modulated through cAMP-dependent
and -independent pathways (1, 20). Activation of Gy in pancre-
atic p cells enhances insulin release through an adenylyl cyclase/
cAMP-mediated mechanism. All G;/G, proteins serve as sub-
strates for PTX-mediated ADP ribosylation, which blocks in-
hibition of adenylyl cyclase in p cells mediated by G; proteins (21).
However, G, proteins do not mediate inhibition of adenylyl cy-
clase in vitro (22). Moreover, the inhibitory hormones, galanin and
ghrelin, can block insulin secretion stimulated by potassium-
induced depolarization (9, 10); somatostatin, galanin, and epi-
nephrine inhibit Ca** induced insulin release in permeabilized
cells (23-25), suggesting adenylyl cyclase/cAMP-independent
regulation of insulin secretion exists. We recently reported that G,
is required for normal glucose-regulated insulin secretion. Con-
ditional disruption of both G, isoforms in islets results in reduction
of readily releasable pools of insulin (26). However, to date, the
precise G protein(s) responsible for the inhibition of insulin se-
cretion has not been identified. In this study, using animal models,
we demonstrate that among the five nonsensory PTX substrates
(Gi17 Gi2, Gi3, Gob and G02), G02 is the target of PTX responsible
for the increased insulin release and therefore a key physiological
player in the control of glucose-induced insulin secretion by f cells.

Results and Discussion

As an initial step to identify the G protein involved in tonic in-
hibition of insulin release, we examined the expression of Gy,
proteins and verified their absence in the corresponding knockout
mice by examining PTX-mediated [*?P]ADP ribosylation of Gy/G,
proteins from isolated islets. The Gy a0 and Gy isoforms of G
were found in pancreatic islets, but were not detectable in acinar
cells (Fig. 14), and signals corresponding to either G, 1o or G
are absent from the islets isolated from G,a knockout mice. In
contrast to G,a, the radio-labeled protein bands that correspond
to Gi1/Gjza and Gp,a are present in both pancreatic islets and ac-
inar cells. As was the case for the a subunits of G,;/G,, o subunits
for Gy, Gjp, and Gy; were absent in the corresponding knockout
mice (15, 27). We noted no significant change in the expression of
G, proteins in pancreatic islets from Gi-deficient mice.

To delineate the Gi/G, subtype responsible for the inhibitory
regulation of insulin secretion, we performed glucose tolerance
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Fig. 1. (A) Goa proteins are absent in pancreatic islets of Goo ™'~ mice; dis-

ruption of Goo expression does not significantly alter expression of G
proteins. Homogenates of islets and acinar cells from G,a™’~ and wild-type
mice were ADP ribosylated by pertussis toxin with [32PJADP ribose. Proteins
from a matched number of islets or acinar cells were resolved by SDS-urea
PAGE. The labeled proteins were visualized by autoradiography. (B) “Im-
proved” glucose tolerance tests in Gy~ but not in Gja-deficient mice.
Overnight-fasted mice received an i.p. injection of 1.5 mg of glucose per
gram of bodyweight. Blood glucose levels were measured at the indicated
times. Glucose levels are means + SEM; n = number of mice tested.

tests in G,a and Gjo knockout mice and in age-matched wild-type
(WT) controls. Mice deficient in G,a, by conditional deletion as
recently reported (26) and conventional deletion (Fig. 1B), were
found to have altered tolerance tests. In contrast, the tolerance
test is not significantly affected in G;-deficient mice. The Gy ™/~
mice had an “improved” glucose tolerance, indicating that they
can clear a glucose load more efficiently than the wild-type con-
trols. This improved glucose tolerance phenomenon is similar to
that seen in animals treated with PTX (28). These results indicate
that one or both isoforms of G, but not the G;j proteins, are in-
volved in normal regulation of insulin secretion.

Mice homozygous for loss of Goa (Gooc_/ 7) are obtained from
crossing heterozygotes (G,ot/7). Gy~ mice are born, but most
die before they reach adulthood. The few Goa™'™ survivors are
smaller with a mean body weight of only 45% of their G,a*'* or
Goat'™ littermates. Surviving G,o™'~ mice have a generalized
tremor, turning behavior, and impaired locomotion (13). These
mice also lack the b-wave in electroretinograms (ERG), con-
firming that G, mediates the signal transduction downstream of
mGluR6 receptor in retinal ON-bipolar cells (29). The wide array
of deficiencies in G,a~'~ mice suggests that one or both of the G,
variants mediates critical biological processes in several parts of
the body, including the f cells of pancreatic islets. G,;00 and G0
are identical throughout the first two-thirds of the protein and only
differ in their last third, which is encoded in alternate exons 7 and 8
(30-32). These exons encode the last 113 amino acids of the G,o
proteins, which include key portions of the guanine nucleotide
binding pocket and importantly, the receptor-interacting residues
of the C terminus (33, 34). It has been shown that G,; and G, are
activated by distinct populations of receptors to regulate common
biological responses (35). In our studies, Goo knockout was
obtained by disrupting exon 6, the last exon common for both G,
and Gy (13). To test whether one or both of the G, proteins
participates in inhibitory regulation of insulin secretion, we gen-
erated subtype-selective G, a-specific and Gya-specific knockout
mice. G, 0 was disrupted by insertion of a neomycin cassette into
exon 7-1 (the exon 7 for G, ) using a targeting vector of the re-
placement type (Fig. S1). Because exons 7-2 and 8-2 (exons 7 and 8
for G,2a) are between exons 6 and 7-1, inactivation of the Gga
splice variant was done with a two-step “hit and run” strategy,
using an insertion-type targeting vector. This allows for in-
troduction of point mutations into a genome (36). G, was thus
inactivated by creating an in-frame stop codon in exon 7-2, leaving
the rest of the gene unaffected (Fig. S2) and ensuring that the
G, protein expression remains unaffected in Gy knockouts.
The targeting vectors were electroporated into ES cells, neomycin-
resistant clones were selected, and correct homologous recombi-
nants with targeted G, and Gy were identified by genomic
Southern blot analysis. The counter selectable marker co-inserted

1694 | www.pnas.org/cgi/doi/10.1073/pnas.1018903108

into the ES cells with the targeted G,,a gene was then removed in
the “run” step that entails an intrachromosomal homologous re-
combination. Animals lacking G,a and G0 were derived from
the targeted ES cells as described (37).

In many ways, Goja”'~ mice resemble the Gyaftotal]™~ mice
described previously (13). They are born in normal numbers, but
most die before reaching adulthood. The few survivors show
neuronal deficiencies, including tremor, turning behavior, im-
pairment of locomotlon and they lack ERG b-waves contrlbuted
by retinal ON-bipolar cells. G~ mice, unlike the Gqaftotal] ™~
and G0~ mice, have a higher survival rate. In fact, G,a null
mice are obtained at the expected Mendelian frequency, do not
differ from their wild-type littermates in overall health, fertility,
and longevity, and have a normal growth rate. Histological ex-
aminations showed no abnormalities in brain, heart, liver, lung,
spleen, pancreas, and intestine of G, and Ga deficient mice.
Expression of the G,ja and Gy o proteins was evaluated by
Western blot analysis using G- and Gpa-specific antibodies.
Both anti-G,;a and anti-G,,a antibodies recognize G,; and G,
subunits specifically, without apparent cross-reactivity (Fig. 24).
Each antibody recognized a ~39-kDa protein band, which corre-
sponds to the migration of G, and G,y proteins (32). As ex-
pected, no Gy o signal was detected in brain homogenates from
Goa™™ and Gooftotal]” ~/~ mice. Likewise, the Ggoa signal was
absent in brain homogenates from G,a™~ and Gooc[total]
mice. The absence of Gy,a was also confirmed in pancreatic islets
of G0~ mice (Fig. 24). These findings demonstrate that pre-
venting the expression of G,,a does not hamper expression of
G or vice versa. In fact, expression of G,a was increased in
Gy~ islets, and the level of G, a was increased in Ggyo ™™
samples. The selective expression of G,o in the endocrine cells of
the pancreas was confirmed by immunohistochemical staining of
sections of wild-type mice (Fig. 2B). Immunostaining of pancreatic
sections from G,a-deficient mice confirmed the absence of Gy«
and Gya proteins in Gy~ and Gy~ pancreatic islets, re-
spectively. Moreover, the number and the size of islets of Lan/g
erhans were found to be comparable between Go10™™, Gopot™ i
and wild-type controls. Both G, and G« proteins are present in
all endocrine cells of the pancreas, but not in the exocrine cells.
The subcellular localization of Gya and G, a in islet cells was
similar. Staining was concentrated at plasma membranes with little
or no staining in cytoplasmic or nuclear areas (Fig. S3). In contrast,
anti-insulin antibody staining was localized to the cytoplasm of p
cells. To confirm that Gy, proteins are present in pancreatic en-
docrine cells, we performed dual-antibody staining of pancreatic
sections from wild-type mice using anti-G,a antibodies along with
anti-insulin (f cell), glucagon (o cell), somatostatin (8 cell), or
pancreatic polypeptide (pp cell) antibodies (Fig. 2C). Cells stain-
ing positively for insulin, glucagon, somatostatin, and pancreatic
polypeptide (PP) are also positive for the Gy,o protein, demon-
strating that G, is expressed in B, o, 5, and pp cells of the endocrine
pancreas. These results confirm the expression of both G,; and
Gooa in islet cells. Loss of Goa and Gy in mice does not appear
to adversely affect islet cell proliferation or differentiation.

To examine the role of G,; or G,, proteins in maintaining
glucose homeostasis, glucose, and insulin tolerance tests were
performed on G,;07”~ and G0~ mice (Fig. 34). Because both
G, isoforms are expressed in islet cells and serve as substrates
for PTX, either isoform could be the target of islet-activation by
PTX. After glucose was administrated, blood glucose levels in
wild-type and Gy~ mice peaked within 10-20 min and then
gradually decreased to basal levels after 150 min. In G,a ™'~ mice,
the peak value of blood glucose was significantly lower than that
seen in wild-type and Gy~ mice. Furthermore, the decline of
blood glucose was faster than in W11d -type mice, sh0w1ng that the
phenotype observed in Goaftotal] 7~ mice is recapltulated in G0
knockout mice. It is noteworthy that the baseline in Gop0™™ mice
during overnight fasting was also lower than that of wild type
Thus, the “improved” glucose tolerance test seen in Gya[total]
mice is associated with the loss of Gy,a, not that of Gg;a.

Knockdown of Gja, another member in Gy, protein family,
has been shown to alter insulin sensitivity of peripheral tissues
(38). To test whether loss of G, has a similar effect that could

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1018903108/-/DCSupplemental/pnas.201018903SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1018903108/-/DCSupplemental/pnas.201018903SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1018903108/-/DCSupplemental/pnas.201018903SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1018903108

A Homogenates

. \ Islet
Brain @ . \ , \'o 3
KN x N ,Q\Q KN
‘\6 & ¢ 0‘ \6 &
S o¥ oF o o0 © & o
Anti- e
G,
Anti-
Goza s T e

B

Wild Type

Anti Gola Anti Gola Anti Gola

Anti G62¢

Anti Go2a

Anti Go2a

Anti Go2a. Anti Go2o

Overlay

Overlay Overlay Overlay
Fig. 2. Loss of Gyja and Geya in the corresponding knockout mice. (A)
Western blots analysis of brain (Left) and pancreatic islets (Right) homoge-
nates. (B) Immunohistochemical localization of Gy and Geya proteins in
mouse islets from wild-type, Gy, and G0 knockout mice. Seven-micrometer-
thick cryosections were fixed and immunostained with antibodies anti-Go 1o,
and anti-Ggya. (C) Colocalization of Gga with insulin, glucagon, somato-
statin, and pancreatic polypeptide. WT pancreas cryosections were fixed and
dual immunostained with anti-Go,a plus anti-insulin, anti-glucagon, anti-
somatostatin, and anti-PP antibodies. The immune complexes were visual-
ized with fluorescein-labeled secondary antibodies.

contribute to the altered glucose tolerance test, an insulin toler-
ance test was performed in Gy~ knockout mice. Although the
initial basal glucose levels in Gy« are lower than that in wild
type, both groups’ mice show the hypoglycemic response to ex-
ogenous insulin (Fig. 3B). Normalized glucose responses in
G0~ were indistinguishable from that of wild-type mice (Fig.
3C). This indicates that lack of G does not significantly alter
insulin sensitivity of peripheral tissues. These observations sug-
gest that the more effective handling of a glucose load by G0~

mice is likely due to augmented insulin release from p cells. To
confirm this hypothesis, Goo0”'™ mice were studied for insulin
secretion upon glucose administration. After overnight fasting,
mice were administered glucose intraperitoneally and serum in-
sulin levels were measured by ELISA. Basal insulin levels in
control and G0~ mice were similar with mean values of 0.49
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Fig. 3. Glucose and insulin tolerance tests and glucose-induced insulin se-
cretion in Go,0~'~ mice. (A) Glucose tolerance test in Go0™'~, Goqo”~, and WT
control mice. Fasted mice received 1.5 mg of glucose per gram of body-
weight i.p. Values are expressed as means + SEM. (B and C) Insulin tolerance
tests. B depicts absolute blood glucose levels; C, normalized data expressed
as the percentage of initial blood glucose levels. Blood glucose levels were
measured at the indicated times following i.p. injection of 0.60 IU of insulin
per kilogram of body weight. (D) Insulin secretion in WT and Go,a™'~ mice in
response to an i.p. injection of 1.5 mg of glucose per gram of bodyweight.
Values are mean insulin levels (+SEM) before and 20 min after glucose ad-
ministration. n = number of mice tested; P, Student’s t test.

ng/mL + 0.10 (SEM, n = 8) and 0.50 ng/mL + 0.09 (n = 9), re-
spectively. Twenty minutes after the administration of glucose,
insulin levels increased to 1.30 ng/mL + 0.20 (n = 8) in control
mice and to 4 70 ng/mL +0.98 (n = 9) in G~ mice (Fig. 3D).
Thus, G0~ mice respond to glucose with an enhanced pan-
creatic output of insulin, reducing the peak levels to which blood
glucose increases after a glucose load and shortening the time
required to return to basal levels.

To verify in vivo observations and provide direct evidence that
the “improvement” in glucose tolerance in mice lacking the G a
is due to enhanced insulin secretion from f cells, we performed
ex vivo perifusion assays on isolated islets and assessed the p-cell
response to glucose directly. Mouse pancreata were digested
with collagenase, and isolated islets were packed in perifusion
chambers. Islets were first perifused with low glucose buffer to
stabilize the basal levels of insulin secretion. Islets were then
perifused with 16.2 mM glucose buffer for 120 min, returned to
the basal condition for 30 min, followed by 30 mM KCI stimu-
lation. Wild-type, Gga* - and Gooo ™™ islets exhibited a first
peak insulin secretion within 5-10 min, followed by a sustained
second phase (Fig. 44). Both the first (2-18 min) and second
sustained (18-60 min) phases are greatly enhanced in G0/~
islets (Fig. 4 A and B). Areas under the curve of the first and
second phases for wild type are 0.212 + 0.043 (mean + SEM) and
0.767 + 0.137, respectively. Areas under the curve of the first
and second phases for Gopot/™ are 0.212 + 0.034 and 0.629 +
0.063, respectively; Areas under the curve of the first and second
phases for Gya™™ are 0.715 + 0.120 and 1.664 + 0.217, re-
spectively. Thus, islets from G,,a™~ mice secrete about threefold
more insulin than islets from Go20t'™ heterozygous and wild-type
controls in response to the same glucose stimulation. KCl-induced
insulin release is also enhanced in G,,a '~ islets, and areas under
the curve for wild type, G0, and G0/~ are 0.121 + 0.039,
0.154 + 0.065, and 0.365 + 0.043, respectively. This result is con-
sistent with our in vivo observations that Gg,a ™~ mice secrete
more insulin upon glucose stimulation. Therefore, the observed
increase in circulating insulin levels in G0~ mice is likely to
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Fig. 4. Islet perifusion, insulin gene expression, and insulin contents. (A)

Perifusion of wild-type and G.,a™" islets. Average of three to five experi-
ments for each genotype. (B) Area under curve of insulin in the first (2-18
min), sustained phases (18-60 min), and potassium-induced release (150-172
min). (C) Ratio of insulin output rate for the period with somatostatin (60—
90 min) over the period after the removal of somatostatin (90-120 min). (D)
mRNA expression of insulin in wild-type and G0 islets (n = 4-5). (E)
Average insulin content in pancreas, n = 5. (F) Average insulin content in
islets, n = 5. Data are presented as means + SEM.

be accounted for by enhanced insulin secretion by p cells. Although
we observed that there is an up-regulation of G a protein in
Gooo’™ and ¥/~ mice, the heterozygous Gga™'~ islets exhibit
the same phenotype as wild-type islets during glucose-induced
insulin secretion. This suggests that the enhanced insulin release in
G0/ islets is not due to overexpression of G,;a; rather it is the
direct consequence of loss of G0t

Several inhibitory hormones/neurotransmitters, such as so-
matostatin, galanin, and norepinephrine, elevate blood glucose
levels by inhibiting insulin release. Their actions are sensitive to
the PTX treatment, demonstrating that they are Gj, protein
mediated. To test whether G,, mediates the neurohormonal
inhibitory effect on insulin release, we chose to test somatostatin
using the islet perifusion assay. Somatostatin is a peptide hor-
mone widely distributed in the body and plays an important role
in regulating hormone secretion. Particularly, somatostatin re-
lease from the § cells within pancreatic islets can effectively reg-
ulate pancreatic hormone release, including insulin. During the
high (16.2 mM) glucose perifusion period (from minute 0 to
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120), somatostatin (100 nM) was included transiently (from min-
ute 60 to 90) in the buffer to test its inhibitory effect on the insulin
release (Fig. 44). Somatostatin suppressed insulin release in both
wild-type and the heterozygous Go,a~ islets. When somatostatin
was removed from the buffer, insulin secretion resumed. So-
matostatin suppressed insulin release from control and Ga*'~
islets t0 59.2 + 6.9% and 54.9 + 2.2% of the rate observed after the
somatostatin removal, respectively (Fig. 4C). However, in Go,a ™/~
islets, somatostatin did not inhibit insulin release, which only de-
creased to 95.0 + 11.4% of the rate observed after the removal of
somatostatin. The unchanged insulin secretion during and after
somatostatin infusion demonstrates that somatostatin suppresses
insulin secretion mainly through a G,,-mediated mechanism.

The regulation of the insulin gene expression and the renewal
of insulin stores are important aspects of normal homeostasis.
Because G/~ P cells secrete more insulin than wild-type
controls, we looked at whether the expression of insulin genes is
enhanced in G0~ mice to accommodate the increased insulin
secretory responses. Insulin gene expression was evaluated using
quantitative, real-time reverse transcription PCR (qRT-PCR).
As depicted in Fig. 4D, the expression of both the insulin I and
the insulin II genes in Goo'~ islets is comparable to that of
wild-type controls. No difference in insulin gene expression was
observed between Gyo”'~ and wild-type islets, indicating that
the enhanced insulin release from islets of Gyo™'~ knockout
mice results from a greater insulin secretory response to glucose.
Next, we assessed the insulin content in Gopo /™ mice in both
whole pancreas and isolated islets. The insulin content was
2577 £ 2.19 and 17.77 + 1.35 ng/mg pancreas for wild-type
control and G0~ mice, respectively. Thus, the insulin content
in Gyyo™'™ mice was only 69% of that in controls, which is a sig-
nificant reduction (P = 0.014) (Fig. 4E). We did not observe any
obvious reduction in either the number or the size of islets in
Gypo ™'~ mice compared with control in histological or anatomical
analyses. We then determined the average insulin content in
medium-sized islets. The average insulin per islet was 21.01 + 0.54
ng for wild-type control islets and 14.27 + 0.83 ng for G/~
islets (Fig. 4F). Similar to observations in the whole pancreas, the
insulin content is significantly reduced (P = 0.0076) in G/~
islets, which contain only 70% of the insulin found in wild-type
islets. This proportional reduction of insulin content in islets and
pancreas suggests that the reduction of insulin content in G~
pancreas is the likely consequence of reduced insulin in islets,
rather than a reduced number or size of the islets in G,2 '~ mice.

These results demonstrate that the absence of Gya results in
insulin oversecretion and insulin content reduction, suggesting
that G,, mediates a critical negative regulatory pathway that
prevents insulin oversecretion and preserves insulin content.
Oversecretion of insulin into the bloodstream can lead to life-
threatening hypoglycemia and increases the risk for developing
insulin resistance. Hyperinsulinemia has been observed during the
progression of type II diabetes. Prolonged exposure to high levels
of circulating insulin leads to desensitization of peripheral tissues
to insulin’s action. During the progression of type II diabetes,
reduced p-cell mass and insulin content are observed following
hyperinsulinemia. When f-cell mass and insulin secretory capacity
are no longer sufficient to compensate for insulin resistance, hy-
perglycemia appears. Normalization of plasma glucose levels by
enhancing insulin output is a current therapeutic approach for
treating type II diabetes. Despite treatments, p-cell failure occurs
during the progression of disease and may result from depletion of
insulin stores. Thus, the phenotypes of enhanced insulin secretion
and reduced insulin content found in G,2a~/~ mice model aspects
of type II diabetes progression. However, the mechanism linking
G, signaling to the preservation of insulin content is unclear. It is
a logical assumption that G,, mediates inhibition of insulin
oversecretion and therefore maintains insulin stores.

Like the global Goo ', islet-conditional G« total knockouts
also yield a hyperinsulinemic phenotype (26). We show that the
hyperinsulinemic phenotype is recapitulated by deletion of G,
but not by deletion of Gy, Gpoa, Gz, or Gy in mice.
Therefore, we conclude that deletion of G, in islets is the primary
cause for the loss of inhibition of insulin release rather than the
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secondary loss of G,,a in other tissues. Complete blockade of all
G, activity via p cell-specific expression of the PTX S1 subunit in
mice has also been reported to induce hyperinsulinemia (39).
Combined with our findings, this suggests that G,; is the major
target for PTX’s insulin secretion stimulating (islet activating)
properties. However, this study does not rule out the involvement
of the other PTX-sensitive G proteins in regulating insulin secre-
tion. Notably, after overnight fasting, f-cell PTX-expressing mice
have a four- to fivefold increase in circulating insulin levels,
whereas, G,ya-deficient mice have levels similar to wild-type de-
spite having lower blood sugar levels. Loss of PTX-sensitive G
protein activity, other than G,,, may account for the rise of basal
insulin secretion in PTX-expressing p cells. The finding of aug-
mented basal insulin levels in PTX-expressing pancreatic islets and
not in Gya-deficient islets suggests a unique role for G, in tem-
pering insulin secretion mainly after glucose stimulation. In addi-
tion, ablation of G,a, a PTX-insensitive member of the Gy, family,
also results in augmented insulin secretion in mice (40). Loss of G,
caused an elevation of cAMP levels and resulted in 2#30% increase
in insulin secretion after glucose challenge versus WT. The mice
expressing PTX-S1 in f cells, which disrupts all Gy, activity but
leaves the G,-pathway unaffected, and G0 mice both exhibit
a greater enhancement of glucose-induced insulin secretion than
that seen in G,a”~ mice. This suggests that in islets the G,,-me-
diated pathway is a more effective inhibitor of insulin secretion
than the G,o-mediated pathway. Further study is required to de-
termine whether the inhibitory effects of G, and G, on insulin
secretion occur through additive and/or independent mechanisms.

The o subunits of the PTX-sensitive subfamily of G proteins
are highly homologous to each other (12). Although Gy, proteins
can elicit similar signaling responses in cells, their functional
overlap in the body remains to be elucidated. The divergence in
expression pattern between G; and G, proteins alludes to unique
functions for each. Gj proteins, expressed in most cells of the
body, play a predominant role in antagonizing Gy activity by
inhibiting adenylyl cyclase. Therefore, there is no surprise that
a triple Gjy o300 knockout is early embryonic lethal. Individual Gjo
knockouts and some combinations of double knockouts are viable
and have normal growth rates, suggesting some degree of com-
pensation and functional redundancy among G; proteins. How-
ever, analysis of individual G;a knockouts has yielded deficiencies
unique to each Gja subtype (15, 27, 41). The differing phenotypes
suggest that there are preferential receptors and/or effectors
coupling through each G; protein. The G, proteins, having a more
restricted expression pattern, are found in neurons, endocrine
cells, and at lower levels in other tissues, e.g., heart (42).
Gaftotal] knockout (G,a™~) animals have distinct phenotypes
from the Gja knockouts, which reflects poor functional compen-
sation between G; and G,. Moreover, the level of functional re-
dundancy between the two alternatively spliced G,a isoforms has
remained unclear. Using G, isoform-specific knockouts, we have
now identified unique and essential roles for these G, isoforms.
Goaftotal] knockout animals exhibit reduced survival, enhanced
insulin secretion, and neurological abnormalities and lack ERGs
b-wave in retinal ON-bipolar cells (14, 29). Interestingly, the G
and G0 isoform-specific knockout mice demonstrate mutually
exclusive segregation of these phenotypes with reduced survival,
neurological abnormalities, absent b-wave segregating with
Goro™™ mice (43), and abnormal insulin secretion and b-wave
amplitude modulation segregating with G.,o”/~ mice (44). This
indicates that G,; and G, govern distinct biological processes in
the body. G, and G, share the same expression pattern; and,
given their distinctive phenotypes in the knockouts, it is unlikely
that heterotrimeric G,; and G, are interchangeable for signaling
transduction in the body. Because the 354-amino acid G,a iso-
forms differ by only 25 of their 106 carboxyl-terminal residues
(31), the segregation of G,a[total]”~’s phenotypes suggests a re-
markably high level of G protein specificity. The C terminus of Ga
subunits is critical for receptor binding and discrimination, sug-
gesting that the G,; and G, proteins may couple to different sets
of receptors. In vitro studies suggest that PTX-sensitive Gy, G
proteins could couple to similar types of receptors and elicit
similar signaling responses (1, 20). However, gene ablation ani-
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mals will be necessary to dissect functional differences among the
subfamily and validate effector proteins reported in vitro.

Several G protein-coupled inhibitory hormone/neurotransmit-
ter receptors have been identified in pancreatic islets, including
those for somatostatin, galanin, ghrelin, and norepinephrine (1).
Somatostatin, a peptide hormone secreted from & cells within
pancreatic islets, is released upon glucose stimulation. We observe
an absence of somatostatin-induced inhibition on insulin secre-
tion in Gya-deficient islets, suggesting that G, is the primary
transducer for somatostatin receptors in islet cells. Whether G, is
the exclusive transducer for the other inhibitory hormones is un-
known. It has been proposed that by potentiating Karp channel
activity, inhibiting Ca®* channels, and inhibiting adenylyl cyclase,
inhibitory hormones can effectively suppress insulin release (1).
Indeed, G, can mediate norepinephrine inhibition of insulin
release by potentiating the K,rp channels in an insulinoma cell
line (45). Activation of the Katp channel, which hyperpolarizes
the cell membrane, prevents insulin secretion from pancreatic
islets, and modulation of the channel activity has been a thera-
peutic for treating type II diabetes. G, can also mediate so-
matostatin-induced inhibition of Ca** currents in the GH3 rat
neuroendocrine cell line (46). Intracellular calcium is a central
regulator for triggering the secretory machinery. Whether G,; can
inhibit adenylyl cyclase activity to suppress insulin secretion in 8
cells is under investigation. Furthermore, G, may directly regu-
late the insulin exocytosis process. G, protein has been located on
secretory granules in chromaffin cells (47) and may directly be
involved in the exocytosis machinery (48). The constitutively ac-
tivated G0 subunit itself can inhibit the insulin exocytosis pro-
cess in an insulin-secreting cell line (49). The inhibitory hormones/
neuropeptides, e.g., somatostatin (23), epinephrine (24), and
galanin (25) can suppress the insulin exocytosis process in f-cell
lines in a PTX-sensitive manner. We have observed that the
readily releasable insulin pools are significantly reduced in con-
ditional G, knockout § cells (26). We show here that KCl-induced
insulin release is also augmented in G0~ B cells, supporting
that the G,,-mediated signaling may play a role in the exocytosis
process. Interestingly, other members of Gjj, Gi1/2, can mediate
norepinephrine suppression of refilling of readily releasable pools
of insulin in a cell line via their Py subunits (50). The precise
mechanisms remain to be determined.

Insulin secretion is necessary for the efficient transport of
energy into tissues, and it is therefore tightly regulated to the
availability of nutrients in the plasma. Negative regulation of
insulin secretion serves to prevent hypoglycemia and to preserve
insulin stores and peripheral tissue insulin sensitivity. This report
is a unique physiological study of insulin secretion using specific
G, o isoform-deficient mice and shows that the G, isoform is an
important negative regulator of insulin secretion. Of the Gj, o
knockout mice used in our study, only G,ya-deficient mice
demonstrated significant improved glucose tolerance and hyper-
insulinemia in the glucose-stimulated state. Furthermore, im-
proved glucose handling in G, knockouts is the direct result of
augmented pancreatic insulin output rather than altered periph-
eral insulin sensitivity. In conclusion, our data indicate that G,,
is a major target of PTX and responsible for the islet activating
effects of the toxin in f cells. Gy is indispensible for regulating
normal glucose-stimulated insulin secretion from f cells because
any redundant functions among other Gy, proteins cannot pre-
vent oversecretion. The components in G protein signaling path-
ways, including G protein coupled receptors, and downstream
effectors, such as enzymes and ion channels have been a rich
source of targets for pharmaceuticals. The results presented here
provide a possible direction for future investigations into inter-
ventions aimed at improving management of abnormal insulin
secretion, both in the case of diabetes mellitus and persistent
hyperinsulinemic syndromes.

Methods
Additional methods are described in S/ Methods.
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Generation of G4, and G,,, Mutant Mice. G, was inactivated by disrupting
the exon 7.1 (Fig. S1). Goa was disrupted by introducing a stop codon in
exon 7.2 (Fig. S2) using the two-step hit and run targeting strategy (36).

Measurements of Insulin Release in Islets. Pancreatic islets were isolated by
collagenase digestion. A pool of islets was packed in a perifusion chamber for
ex vivo insulin release assay in HKRB solutions and the insulin contents were
determined by ELISA.
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Insulin Content in Pancreas and Islets. Insulin in pancreata and islets was
extracted with acid alcohol and the contents were determined by ELISA.
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