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Abstract

Glucagon release upon hypoglycemia is an important homeostatic mechanism utilized by vertebrates to restore blood glucose to normal.
Glucagon secretion itself is triggered by Ca** influx through voltage-gated ion channels, and the gene inactivation of R-type Ca>" channels,
with Ca,2.3 as the ion conducting subunit, has been shown to disturb glucose homeostasis. To understand how glucagon release may be
affected in Ca,2.3-deficient mice, carbachol, insulin and glucose induced glucagon response was investigated. While the rise of insulin and
glucose induced by carbachol is normal, mutant mice show an impaired glucagon-response. Further, the effect of insulin injection on
glucagon levels was altered by the loss of the Ca,2.3 subunit. Ca,2.3-deficient mice are characterized by an impaired glucose suppression of
glucagon release. This was most obvious at the level of isolated islets suggesting that Ca,2.3 containing R-type voltage-gated Ca>" channels

are involved in the glucose-mediated signalling to glucagon release in mice.
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1. Introduction

The release of peptide hormones is triggered by several
voltage-gated Ca”"-channels. For the release of insulin, the
best known Ca®" channels belong to the L-type Ca,l
subfamily, as Ca,1.2 («1C) and Ca,1.3 (a1D). To under-
stand their contribution to insulin release, their genes were
inactivated either in general or tissue specifically, leading
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only to a moderate endocrine phenotype (Hofmann et al.,
1999; Namkung et al., 2001; Schulla et al., 2003).

In addition to the L-type family, another high voltage-
gated subfamily, the Ca,2 channels containing the ion
conducting subunits of P/Q-, N- and R-type Ca”*-channels
(Mori et al., 1991; Seino et al., 1992; Williams et al., 1992,
1994; Schneider et al., 1994) are also involved in peptide
hormone release (Catterall, 1999; Perez-Reyes, 2003). Even
more, members of the recently discovered T-type subfamily
Ca,3 are expressed in endocrine systems, as for example
Ca,3.2 (Perez-Reyes, 2003; Satin, 2000; Leuranguer et al.,
2000; Glassmeier et al., 2001; Schrier et al., 2001).

The R-type channels, sometimes also called E-type,
contain Ca,2.3 (a1E) as the ion conducting pore. This Ca**-
channel subunit was cloned as neuronal (Williams et al.,
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1994) and endocrine splice variants (Schneider et al., 1994;
Pereverzev et al., 1998, 2002a) initially detected in the
insulinoma cell line INS-1 (Vajna et al., 1998, 2001) and the
heart (Weiergrédber et al., 2000; Mitchell et al., 2002). The
complex phenotype of Ca,2.3 deficient mice reveals neuro-
nal (Saegusa et al., 2000; Dietrich et al., 2003; Kubota et al.,
2001; Lee et al., 2002) and endocrine deficits, resulting in a
slight glucose intolerance and an impaired secretagogue
induced insulin release (Matsuda et al., 2001; Pereverzev et
al., 2002b).

Initial immunhistochemical investigations revealed to
us that the glucagon releasing o cells of the islets of
Langerhans also express Ca,2.3 (Grabsch et al., 1999).
Much less is known for the Ca®" channels which trigger
the release of glucagon. To further test the hypothesis that
Ca,2.3 is involved in the release of glucagon or in the
modulation of its release, glucagon secretion from isolated
islets as well as from whole animals was analyzed, after
applying carbachol, insulin or glucose itself, in wild type
mice and in mice lacking the Ca,2.3 Ca®" channel
subunit.

2. Materials and methods
2.1. Materials

Carbachol (Sigma Miinchen, Germany) and human
insulin Actrapid HM solution (40 1.U./ml; Novo Nordisk
Pharma GmbH Mainz, Germany) were diluted in 0.9%
NaCl sterile solution. Sterile glucose solution was from
Delta Pharma GmbH (Pfullingen, Germany).

2.2. Animals and gene inactivation

Mice were housed at a constant temperature (22-23 °C),
with light from 7 am. to 7 p.m. and ad libitum access to
food and water. The animals were fed a breeding diet
containing 22.5% crude protein, 5% crude fat, and 4.5%
crude fiber (#1310, Altromin, Lage, Germany). The animal
experimentation described in the text was approved by the
institutional committee on animal care.

The cacnale gene encoding Ca,2.3 was disrupted by us
in vivo by deleting a region containing exon 2 on mating
Ca,2.3(fl+) and deleter-mice on a C57Bl/6 background
(Pereverzev et al., 2002b) which express Cre-recombinase
constitutively under the control of the CMV promoter
(Schwenk et al., 1995). Ca,2.3(+|—) mice containing one
cre-transgene were inbred, and pups with the Ca,2.3(—|—)
genotype were selected and transferred by embryo transfer
into a SPF facility. The transfer included the breeding with
C57Bl/6 mice which delivered heterozygous Ca,2.3(+|—)
mice. Only cre-negative pups were selected and inbred
yielding either Ca,2.3(+/+) or Ca,2.3(—|—) mice. Thus,
parallel breeding ensured identical backgrounds between
Ca,2.3(++) and Ca,2.3(—|—) mice.

2.3. Blood glucose, serum insulin and serum glucagon
determination during insulin tolerance testing, and after
injection of carbachol or glucose

Ten-week-old male mice were used. For glucagon
determination, blood samples were collected from a small
tail cut at the time intervals mentioned. Serum samples were
prepared after blood clotting in a standard way by fast
centrifugation. Glucagon in serum was measured by a rat/
human glucagon, enzyme-linked immunosorbent assay
(ELISA) kit (Yanaihara Institute Inc., Japan) according to
the protocol of the manufacturer.

After carbachol injection, the serum glucagon and the
blood glucose were determined at specific time points
(Simonsson and Ahren, 1998). To test the influence of
injected glucose on serum glucagon, 2 mg D-glucose/g body
weight (Delta-Pharma GmbH) was injected intraperitoni-
cally. The blood glucose was determined in blood taken
from the cut tail tip, before and after the administration of
glucose at the times indicated in the figures. The glucose
concentration was determined using the Glucometer Elite
(Bayer Diagnostics GmbH, Germany).

Before experiments for insulin tolerance, mice were
starved for 14 h but allowed free access to water. Insulin
tolerance was tested by intraperitoneal injection of 0.75
international units human insulin Actrapid per kg body
weight. The amount of insulin injected, was optimised in
previous experiments. We used 0.75 L.U. which decreased
glucose close to 50% of the initial values, about 1 hour after
insulin injections (see Fig. 5). Serum insulin was measured
in cut tail tip derived blood using the ELISA kit from
Crystal Chem (Chicago, USA), after intraperitoneal injec-
tions of glucose, as well as carbachol or insulin.

2.4. Isolation of islets of Langerhans for glucagon release

Pancreatic islets were isolated by collagenase digestion
as previously described (Schulla et al., 2003). Glucagon
release was assayed in static batch incubations (10 islets per
batch). The islets were first preincubated for 30 min at 37
°C in 1 ml in Krebs-Ringer bicarbonate buffer consisting of
(in mM): 120 NaCl, 25 mM NaHCOs;, 4.7 KCI1, 1.2 MgSOy,,
2.5 CaCl,, 1.2 KH,PO,, 1 glucose and 10 Hepes (pH 7.4).
The medium was gassed with 95% 0,-5% CO, to obtain
constant pH and oxygenation. During the subsequent 60
min incubation period at 37 °C, the medium was changed to
the test conditions indicated in text and figures. Immedi-
ately after incubation, a 25-pl aliquot of the medium was
removed for assay of glucagon by radioimmunoassay
(RIA).

2.5. Data analysis
Data are calculated and plotted throughout in the figures

as the meanzstandard error of the mean. Significance was
estimated by #-test. Levels of p<0.05 were considered
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statistically significant (*), and levels of p<0.001 as
statistically highly significant (**).

3. Results

3.1. Glucagon release induced by carbachol is impaired in
Ca,2.3(—|—) mice but its effect upon blood glucose is
normal

Carbachol (Simonsson and Ahren, 1998) and insulin
(Karlsson et al., 2002) stimulate glucagon release in mice. In
our Ca,2.3(+[+) mice, the basal serum glucagon was similar
as reported in other experiments with mice (Sund et al.,
2001). Wild type and Ca,2.3-deficient mice were always
compared side by side, and in unstarved animals, intra-
peritoneal injection of carbachol (0.53 pmol/kg) raised
serum glucagon in Ca,2.3(++)-mice significantly from
411£16 pg/ml to 576164 pg/ml (n=9; Fig. 1A), while in
Ca,2.3(—|—) animals, the basal serum glucagon of 318+23
pg/ml was only slightly elevated to 339428 pg/ml (n=8).
These results suggest that the carbachol induced glucagon
release is impaired in Ca,2.3-deficient mice.

While carbachol is also known to effect insulin release,
no significant alteration in the increase of insulin was
seen 10 min after its administration, Ca,2.3(+/+) merely
by 4.5 fold (n=7) and 5.6-fold (n=8) in Ca,2.3(—|—) mice
(Fig. 1B).

Blood glucose was determined before and 10 min after
i.p. injection of carbachol (Fig. 1C). It increased 1.33+0.07
and 1.31+0.07-fold in 9 Ca,2.3(++) and 10 Ca,2.3(—|—)
mice, respectively, from 124+7 mg/dl to 166+ 14 mg/dl in
wild type, and from 12944 mg/dl to 168£19 mg/dl in
Ca,2.3 deficient mice. These results suggest that the blood
glucose increase is similar in both genotypes but that 10 min
after carbachol injection, the glucagon response is impaired
in Ca,2.3-deficient mice compared to Ca,2.3(+[+) animals.

3.2. Effect of insulin injection on serum glucagon, serum
insulin and blood glucose in Ca,2.3(—|—) mice

Human insulin (2.0 1.U.) was also injected intraperitoni-
cally. As with carbachol, injected insulin caused a signifi-
cant rise of serum glucagon in Ca,2.3(+[+) mice from
492+20 pg/ml to 568%+26 (n=12) pg/ml. In Ca,2.3-
deficient mice, a milder and not significant increase was
observed from 495+30 pg/ml to 548+43 (n=10) pg/ml
(Fig. 2A) suggesting that the hypoglycemic stress induced
glucagon release may be partially suppressed in Ca,2.3-
deficient mice.

After insulin injection in Ca,2.3(++) mice, serum insulin
increased from 1716+88 pg/ml to 5478 +536 pg/ml (n=11).
Near identical results were recorded for Ca,2.3(—|—) mice,
in which basal serum insulin increased from 1614%146 to
58831557 pg/ml (n=10; Fig. 2B). Consecutively, blood
glucose in Ca,2.3(+|+) mice dropped from 117+4 mg/dl to
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Fig. 1. Serum glucagon before and after carbachol injection. The male mice
at the age of 10 weeks were fed ad libitum. (A) Serum glucagon before and
10 min after i.p. injection of 0.53 umol/kg carbachol. Only in Ca,2.3(++)
mice the increase after 10 min was significant (paired ¢-test, p=0.029; n=9),
and not in Ca,2.3(—|—) mice (p=0.69; n=8). (B) Serum insulin before and
10 min after i.p. carbachol injection (10 wk old male mice). In Ca,2.3(+[t)
mice, serum insulin was increased from 18174235 pg/ml to 8105+1973
pg/ml (n=7), while in Ca,2.3(—|—) mice serum insulin was elevated from a
basal value of 15714261 pg/ml to 8824+1636 pg/ml (n=8). No significant
difference was observed between the basal insulin of both genotypes
(p=0.50), or the serum insulin after 10 min in between both groups
(p=0.78). (C) Blood glucose before and 10 min after i.p. injection of
carbachol (0.53 pmol/kg). The increase of glucose was similar in
Ca,2.3(++) (n=9) and Ca,2.3(—|—) mice (n=10).

6143 mg/dl (n=12), and in Ca,2.3(—|—) mice from 127+5
mg/dl to 65+4 mg/dl (n=10; Fig. 2C), leading to the
conclusion that the injection of a bolus of insulin does not
impair the glucose response after 60 min in either genotype,
but the insulin induced glucagon increase is attenuated in
Ca,2.3-deficient mice.
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Fig. 2. Injection of insulin provokes similar responses in Ca,2.3(++) and
Ca,2.3(—|—) mice. The data from 12 Ca,2.3(+/+) and 10 Ca,2.3 deficient
10-week-old male mice are plotted. No fasting occurred. (A) Serum
glucagon before and 60 min after intraperitoneal injection of 2.0 L.U./kg
insulin. The increase of insulin from 12 Ca,2.3(++) mice was significant,
but not for the Ca,2.3(—|—) animals. (B) Serum insulin before and 60 min
after i.p. insulin injection. (C) Blood glucose before and 60 min after i.p.
insulin injection.

3.3. Glucose induced suppression of glucagon release is
impaired in islets from Ca,2.3-deficient mice

To understand if the impaired glucagon response to
glucose is caused directly by the deletion of Ca,2.3 in the
islets of Langerhans, and to understand its involvement in
the disturbed glucose homeostasis of Ca,2.3-deficient mice,
islets were isolated and the glucose induced suppression of
glucagon release was studied in isolated islets (Fig. 3A). In
wild type mice, the increase of superfused glucose from 1
mM to 20 mM significantly suppressed glucagon release

from 36%2 to 2012 pg glucagon per islet per hour, while in
Ca,2.3 deficient mice, glucagon secretion was maintained at
a rate of 4314 and 42+5 pgf/islet per hour, respectively. In
conclusion, the suppression of glucagon release by elevated
glucose is disturbed in isolated islets from Ca,2.3-deficient
mice.

Glucagon content of serum was determined also in whole
mice after intraperitoneal injection of glucose (2 mg/g body
weight). In ten Ca,2.3(+[+) control mice glucagon was
reduced significantly from 971449 pg/ml to 900+42 pg/ml
(p=0.03; paired ¢-test), while in 6 Ca,2.3 deficient mice
only a very minor change from 718 +84 pg/ml to 705+82
pg/ml was observed (Fig. 3B), confirming our conclusion
drawn from isolated islets of Langerhans, that glucose
suppresses less the release of glucagon in Ca,2.3 deficient
mice compared to control animals.

3.4. Body weight, basal glucose, insulin and glucagon levels

To understand if the observed defects in glucagon, insulin
and glucose induced glucagon response cause metabolic
disturbances, basal paramaters as body weight, blood
glucose, and serum insulin as well as glucagon levels were
determined. Thirtyone Ca,2.3(++) and 27 Ca,2.3(—|—)
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Fig. 3. Glucagon release in isolated islets and in mice. (A) Glucagon release
in islets incubated at 1 or 20 mM glucose, in Ca,2.3(+/+) mice or
Ca,2.3(—|—) mice, as indicated. Measurements were performed in 60-min
static batch incubations (10 islets/batch) and data represent average values
of 8 batches for each condition. (B) Determination of glucagon before and
60 min after intraperitoneal injection of glucose (2 mg/g body weight). In
the paired ¢-test, the glucose induced suppression was significant in
Ca,2.3(++) mice (n=10) but did not reach the level of significance in
Ca,2.3 deficient mice (n=0).
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male mice were analysed for the basal values of body
weight, blood glucose without starvation, insulin and
glucagon levels. The mean body weight of the Ca,2.3(++)
mice was 28.3 g+0.4 g, varying between 24.7 g and 35.8 g,
while the Ca,2.3-deficient mice were somewhat heavier and
varied between 25.3 g and 36.1 g with a mean 0£29.7 g+0.5
g (p=0.047) (Fig. 4A). The blood glucose of fed Ca,2.3-
deficient mice was significantly increased at 133+4 mg/dl
(n=27) compared to Ca,2.3(+t+) control male at 123+3
mg/dl (n=31) (p=0.02) (Fig. 4B). Thus, body weight and
blood glucose were slightly and significantly increased after
inactivation of Ca,2.3. For both, the serum insulin and the
serum glucagon a slight difference was observed between
both genotypes. Neither the serum insulin levels of
1664+109 pg/ml for Ca,2.3(+/+) and 1815+139 pg/ml for
Ca,2.3(—|—) mice (Fig. 4C), nor the serum glucagon levels
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Fig. 4. Body weight, blood glucose, serum insulin, and serum glucagon
from control and Ca,2.3-deficient mice. The individual parameters were
determined from mice which were not starved. Ca,2.3(++) mice, black
columns, and Ca,2.3(—|—) mice, grey columns. (A) Body weight from 31
Ca,2.3(+[t) and 27 Ca,2.3(—|—) mice. (B) Blood glucose from 31
Ca,2.3(++) and 27 Ca,2.3(—|—) mice. (C) Serum insulin was determined
in an ELISA test using rat insulin as a standard and were derived from 30
Ca,2.3(++) and 27 Ca,2.3(—|—) mice. The insulin increase does not reach
the level of significance. (D) Serum glucagon was determined using an
ELISA test. The values were derived from 31 Ca,2.3(+/+) and 27
Ca,2.3(—|—) mice. The glucagon reduction does not reach the level of
significance. (E) Body weight of male (n=20) and female mice (n=22).
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Fig. 5. Insulin tolerance test of Ca,2.3(+|+)- and Ca,2.3-deficient male
mice. Blood glucose content during 120 min tolerance testing period after
the intraperitoneal injection of 0.75 international units (L.U.) of human

insulin per kg body weight in 1012 week old male mice. Mean values of 7
Ca,2.3(++) (@) and 14 Ca,2.3(—|—) mice (A).

with 623+48 pg/ml (Ca,2.3(++)) and 501£43 pg/ml
(Cay2.3(—|—)) mice (Fig. 4D) were significantly different
upon an ad libitum diet.

The more systematic investigation of the body weights
showed a slight increase in growth rate for Ca,2.3-deficient
mice between 3 and 10 weeks of age (Fig. 4E). In
conclusion, Ca,2.3 deficient mice have a minor increase
in blood glucose content and a small increase of their body
weight (Fig. 4A and F). Basal insulin increase and glucagon
decrease might be part of a compensation mechanism.

3.5. Testing of insulin tolerance in Ca,2.3-deficient mice

To investigate whether insulin action is affected in
Ca,2.3 deficient mice, an insulin tolerance test was
performed. After starvation, the blood glucose in paired
Ca,2.3(++) and Ca,2.3(—|—) mice was compared during an
insulin challenge. This revealed a significant increase of
blood glucose in Ca,2.3-deficient mice (Fig. 5). However,
the normalized blood glucose, plotted as percentage of
glucose before insulin injection does not differ between both
genotypes during the whole tolerance test. Thus, the insulin
stimulated glucose uptake is unaffected by the absence of
the Ca,2.3 channel.

4. Discussion

Glucagon is one of the major counter-regulatory hor-
mones for insulin. We investigated the glucagon release in
Ca,2.3 deficient mice by intraperitoneal injection of
carbachol and insulin, and the suppression of glucagon
release by glucose in both, isolated islets and whole animals.
To exclude other genetic influences, animals on identical
backgrounds were used. The most important finding of the
present study is the observation that isolated islets from
Ca,2.3 deficient mice do not reduce their glucagon release
at elevated glucose levels. Also during testing of glucose
tolerance in mice, the glucagon level in serum was not
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significantly reduced after intraperitoneal injection of
glucose in Ca,2.3 deficient animals. However, the glucose
induced glucagon suppression was normal in control mice.

Further, carbachol or insulin induced glucagon release is
impaired in Ca,2.3-deficient mice. As glucose induced
insulin release is reduced (Pereverzev et al., 2002b) and as
glucagon release is not increased but impaired, one would
expect as reported for diabetic humans (Shah et al., 2000)
additive effects of both disturbances. Glucose would be
consumed more slowly by the different organs, and still be
released from the glycogen storage. However, glucose
tolerance after intraperitoneal injection is very similar
(Pereverzev et al., 2002b) between animals of both
genotypes.

These observations can only partially be explained by the
known mechanism of glucagon release from o cells
(Ashcroft, 2000; Barg et al., 2000; Gromada et al., 2001).
As in B cells, the hormone secretion in « cells is triggered by
Ca®" influx through voltage-gated Ca®" channels (Barg,
2003). The « cells contain a prominent tetrodotoxin-sensitive
Na' channel, and at least 2 types of high voltage gated Ca**
channels (Barg et al., 2000). Further, in guinea pigs a low
voltage gated T-type current has also been described (Rors-
man, 1988). After blocking N- and L-type voltage gated
Ca*" channels, up to 31% of an R-type like current is left in
a cells of mice (Barg et al., 2000). Hence, one might
speculate, that Ca,2.3-containing R-type Ca®" channels
could constitute part of this component, and even more,
the contribution of R-type inward currents might be under
estimated, because Ca,2.3 induced currents are partially
sensitive towards dihydropyridines (Stephens et al., 1997).

Both, «a cells and 3 cells are electrically excitable and
generate Na™ and Ca”" dependent action potentials. Both
cell types show an inverse glucose dependence for hormone
secretion. Indeed, in both hormone release cascades, ATP-
dependent K" channels are involved and initiate signalling
(Ashcroft, 2000). However in «, unlike in B cells, the
activity of Karp-channels is low. In « cells, increased
glucose levels suppress glucagon secretion by inducing the
closure of remaining Karp-channels. This leads to further
membrane depolarisation, inactivating the ion channels
which participate in action potential generation (Gopel et
al., 2000). If Ca,2.3-containing R-type Ca”" channels are
involved in depolarising the a cells in response to increased
glucose levels, this might explain the lack of suppression of
glucagon release at elevated (20 mM) glucose in isolated
Ca,2.3(—|—) islet cells. As glucose tolerance is unchanged,
additional factors involved in glucose homeostasis other
than insulin and glucagon (possibly adrenaline, noradrena-
line, cortisol, somatostatin or growth hormone), must
contribute to the adjusted levels of blood glucose in
Ca,2.3 deficient mice. For example, the release of adrena-
line from murine adrenal glands is dependent on R-type
Ca”" channels, resulting in a reduced stress induced hyper-
glycemia in Ca,2.3 deficient mice (Albillos et al., 2000;
Pereverzev et al., 2002b).

Also, it cannot be excluded that Ca,2.3 containing R-type
Ca”" channels trigger somatostatin release from vy cells
resulting in an impaired glucose-induced, and somatostatin-
mediated glucagon-suppression in the Ca,2.3-deficient mice.

We tested the hypothesis that Ca,2.3-containing R-type
Ca”" channels are involved in the carbachol induced
glucagon release. This stimulation is routinely used for
increasing glucagon as well as insulin release in mice
(Simonsson and Ahren, 1998). The effect of carbachol or
acetylcholine on insulin release (Satin and Kinard, 1998) is
better understood than its effect on glucagon release. In
pancreatic p-cells acetylcholine binds to muscarinic My
receptors and exerts different effects including the stimula-
tion of glucose-induced insulin release (for review: (Gilon
and Henquin, 2001). Acetylcholine may increase cytosolic
Ca”" in the pancreatic B-cells in a number of ways, either by
mobilization of intracellular stores, by capacitative Ca*"
entry, or by Ca®" influx through voltage-dependent Ca*"
channels (Gilon and Henquin, 2001) through the activation
of protein kinase C (Tang and Sharp, 1998). The depola-
rization produced by acetylcholine also triggers Ca®" influx
through voltage-dependent Ca®" channels at near-stimulat-
ing glucose concentrations (at 6—7 mM) (Gilon and
Henquin, 2001).

Much less is known for the acetylcholine mediated
effects on the pancreatic a-cells, but recently the gene
inactivation of the muscarinic M3 receptor in mice showed
that both, pancreatic insulin and glucagon release are
impaired (Duttaroy et al., 2004). Our present study shows
that Ca,2.3 containing R-type Ca*" channels slightly affect
glucagon release in vivo, but appear more important in vitro,
by supporting the glucose mediated suppression of glucagon
release as observed in isolated islets. In vivo, one must
deduce, that the muscarinic stimulation of glucagon release
and maybe also insulin release is triggered by Ca,2.3
containing E-type Ca>" channels.
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