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ABSTRACT. Galanin is a novel peptide, widely distributed
throughout the central and peripheral nervous system, including

nerve endings surrounding the pancreatic islets. In dogs, galanin %

infusion has been reported to induce hyperglycemia along with
a reduction of circulating insulin. In this work, we have studied
the effect of galanin (a 200 ng bolus followed by constant infusion
at a concentration of 16.8 ng/ml for 22-24 min) on insulin,
glucagon, and somatostatin secretion in the perfused rat pan-
creas. In addition, we have investigated the effect of galamn (10
and 100 nM) on glycogenolysis and gluconeogenesis in 1solated
rat hepatocytes.

In the rat pancreas, galanin infusion marked inhibited un-
stimulated insulin release as well as the insulin responses to
glucose (11 mM), tolbutamide (100 mg/liter) and arginine (5

mM). Galanhﬁ failed to alter the glucagon and somatostatin
responses to glucose, tolbutamide, and arginine.

In isolated rat hepatocytes, galanin did not influence glyco-
genolysis or glucagon phosphorylase a activity. Gluconeogenesis
and the hepatocyte concentration of fructose 2,6-bisphosphate
were also unaffected by galanin.

In conclusion>1) in the perfused rat pancreas, galanin in-
hibited insulin seeretion without modifying glucagon and so-
matostatin output, thus pointing to a direct effect of galanin on
the B cell; and 2) in rat hepatocytes, galanin did not affect
glycogemolysis or gluconeogenesis; hence, the reported hypergly-
cemia induced by exogenous galanin does not seem to be ac-
counted for by a direct effect of this peptide on hepatic glucose
productlonk(Endocrmology 121: 378-383, 1987)

ALANIN is a 29 amino acid straight chain peptide,
recently isolated and characterized by Tatemoto et
al. (1) from porcine intestinal extracts. Galanin immu-
noreactivity has since been shown to be widely distrib-
uted throughout the central and peripheral nervous sys-
tem, both in cell bodies and nerve fibers, and is now
considered to be a neuropeptlde (1-5). Although galanin
presents partial structural similarities to physalaemm
substance P, and gonadoliberin, as well as to propiomel-
anocortin, its unique amino acid sequence suggests it
belongs to a new family of peptides (1).
As for the biological activity of galanin, the original
study by Tatemoto and associates (1) showed that be-

Received November 4, 1986.

Address requests for reprints to: J. Marco, M.D., Hospital Puerta de
Hierro, Universidad Autonoma de Madrid, San Martin de Porres, 4,
28035 Madrid, Spain.

* This work was supported by grants from the Fondo de Investiga-
ciones Sanitarias de la Seguridad Social (Instituto Nacional de la Salud,
Ministerio de Sanidad y Consumo) and from the Comision Asesora de
Investigacion Cientifica y Técnica (Ministerio de Educacién y Ciencia),
Spain.

Presented in part at the 22nd Annual Meeting of the European
Association for the Study of Diabetes, Rome, Italy, September 1986.

t Research fellow from the Fondo de Investigaciones Sanitarias de
la Seguridad Social.

I Research fellow from the Ministerio de Educacién y Ciencia.

378

.

sides contrdeting smooth muscle preparations of the rat,
when infused iv in conscious dogs, this peptide induced
a mild, sustained elevation of fasting glycemia. Subse-
quent work by McDonald et al. (6) confirmed the hyper-
glycemic effect of exogenous galanin in the dog, both in
the fasted state and during parenteral glucose adminis-
tration; this was accompanied by a reduction of plasma
insulin levels.

To further explore the influence of galanin on pan-
creatic hormone secretion, we have investigated the ef-
fect of this peptide on insulin, glucagon and somatostatin
release in the perfused rat pancreas. In view of the
hyperglycemic effect of galanin, we have also studied its
possible influence on glucose production, glycogenolysis
and gluconeogenesis, in isolated rat hepatocytes.

Materials and Methods
Perfused rat pancreas system and hormone determination

Fed male Wistar rats (200-250 g BW) from our inbred colony

" were used as donors. After anesthesia of the rat with pentobar-

bital sodium (50 mg/kg, ip), the pancreas was dissected and
perfused in situ according to the procedure of Leclercq-Meyer
et al. (7); all adjacent organs, including duodenum, were ex-
cluded. The pancreas was perfused through the celiac and
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perior mesenteric arteries, via a cannula inserted into the
orta. Effluent samples were collected from the portal vein,
ithout recycling, at 2-min intervals (flow rate, 2 ml/min) in
bes containing 2000 kallikrein inhibiting units Trasylol
ayer AG, Leverkusen, West Germany), and frozen at —20 C
ntil the time of assay.

The perfusion medium consisted of a Krebs-Ringer bicar-
onate buffer (gas phase 95:5, 0,-CO,; pH 7.4) supplemented
ith 4% (wt/vol) dextran T-70, 0.5% (wt/vol) bovine albumin
ohn fraction V), and glucose (5.5 mM). After an equi’librafion
eriod of 35 min, baseline samples were collected for 12 min.
t zero time, synthetic porcine galanin (Peninsula Laborato-
g;Inc., Belmont, CA) were infused through a sidearm cannula
a priming dose (200 ng in 15 sec), followed by constant
fusion at a rate of 33.6 ng/min (16.8 ng/ml) for 22 or 24 min.
S secretagogues of the endocrine pancreas, glucose, L-arginine
ydrochloride (Slgma Chemical Co., St. Louis, MO) and tol-
utamide (Boehringer Mannheim GmbH, Mannheim, West
ermany) were employed. Addition of these substances to the
rfusate was performed as described in the corresponding
gures. In control experiments, an identical volume of perfu-
on medium was infused.

RIA was employed to measure insulin (8), glucagon (9), and
matostatin (10). Antiglucagon serum (30 K) and antisoma-
statin serum (80 C) were kindly donated by Dr. R. H. Unger
niversity of Texas Health Science Center at Dallas, TX).
amples for each given series of experiments were analyzed in
e same run.

cubation of rat hepatocytes and measurement of glycogenolysis
d gluconeogenesis

Hepatocytes were isolated from fed male Wistar rats (200-
0 g BW) by perfusion of the liver with collagenase (Boehrin-
r Mannheim GmbH) (11), and subsequently incubated in
rebs-Ringer bicarbonate buffer as described elsewhere (12).
ve minutes after galanin addition (10 and 100 nm), aliquots
cell suspension (0.1 ml) were taken and immediately frozen
in liquid N, until the time of glycogen phosphorylase a activity
d fructose 2,6-bisphosphate assays. In control incubations, a
boptimal concentration of glucagon (0.1 nM) (Novo Industri
/8, Copenhagen, Denmark) was similarly tested.
Glycogenolysis was estimated by the rate of net glucose
oduction (13). In these experiments, neither glucose nor
uconeogenic precursor were added to the incubation medium.
luconeogenesis was measured by the rate of radioactive glu-
se formation (12) using 4 mM L-(U-C)lactate (0.5 uCi/ml)
mersham International, Amersham, UK) as gluconeogenic
precursor. Glycogen phosphorylase a activity was measured at
37 C, as described by Hue et al. (11). Fructose 2,6-bisphosphate
was assayed by its ability to activate the enzyme pyrophosphate
fructose 6-phosphate 1-phosphotransferase from potato tuber
{Sigma Chemical Co.), as previously described (14). All the
above measurements are expressed per gram (wet weight) of
}lepatocytes 1 g packed hepatocytes corresponds to 220 + 5 mg
protein (n = 12). Protein was measured by the method of
Bradford (Bio-Rad Protein Assay, Bio-Rad Laboratories,
tinchen, West Germany) using BSA as standard (15).
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Expression of results

Results are presented as the mean + SEM. Hormone response,
from zero min until the end of infusion, was calculated as the
integrated area of the curve-above or below the mean preinfu-
sion level (average of all.baseline levels), using the trapezoidal
method. Differences between values were tested for significance
by Student’s paired or unpaired ¢ test.

: Results

Effel‘t of galanin on unstimulated insulin release by the
pgréused rat pancreas (Fig. 1) ,

Baseline values from control and galanin experiments
roverlapped. As expected, in control perfusions, insulin
output did not vary significantly throughout the experi-
mental period. Incorporatlon of galanln into the perfu-
sate.was followed by a depression of insulin release
preinfusion value: 1 + 0.1 ng/4 ml.2 min; 4-min value
45 + 0.1 ng/4 ml-2 min, P < 0.01) which remained
statistically significant until the 20-min point. Further-
more, during galanin infusion, insulin secretion, as cal-
culated by the integrated area under the response curve,
was reduced as compared to control perfusions (13.1 +
1.9 ng/4 ml-24 min vs. 20.9 + 0.9 ng/4 ml-24 min, P <
0.01). ‘

Effect of galgnin on the insulin, glucagon, and somatosta-
tin responsks to glucose (11 mM) by the perfused rat
pancreas (Fig. 2).

In these experiments, galanin markedly blocked the
insulin secretion evoked by glucose (incremental re-
sponse: 82.8 = 32.6 ng/4 ml-22 min vs. 325 * 61.4 ng/4
ml-22 min in control experiments; P < 0.01). Galanin
did not significantly affect the suppressor effect of glu-
cose on glucagon secretion. Glucose, at the concentration
employed in these perfusions, did not stimulate son_iato-
statin release; when galanin was simultaneously infused,
no change in the secretion of somatostatin was observed.

== CONTROL N=6
=== GALANIN N=6

INSULIN
ng/4mi/2 min

GALANIN 33.6 ng/min
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F1G- 1. Effect of galanin (a priming dose of 200 ng, followed by con-
stant infusion at a rate of 33.6 ng/min) on unstimulated insulin release
by the perfused rat pancreas. Solid and broken lines correspond to
control and galanin experiments, respectively (means + SEM). %, Sta-
tistically significant differences (P < 0.05) between galanin and control
perfusions at a gi\ienjtime.
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F1G. 2. Effect of galanin (a priming dose of 200 ng, followed by con-
stant infusion at a rate of 33.6 ng/min from 0 to 22 min) on the insulin,
glucagon, and somatostatin responses to glucose (11 mM) by the per-
fused rat pancreas. Solid lines represent glucose experiments. Broken
lines represent glucose plus galanin experiments (means + SEM). %,
Statistically significant differences (P < 0.05) between galanin and
control perfusions at a given time.

Effect of galanin on the insulin, glucagon, and somatosta-
tin responses to tolbutamide (100 mg/liter) by the perfused
rat pancreas (Fig. 3)

The release of insulin induced by tolbutamide (incre-
mental response: 164 = 41 ng/4 ml-22 min) was intensely
blocked when galanin was added to the perfusate (incre-
mental response: 51 = 17 ng/4 ml-22 min, P < 0.025).
The reduction of glucagon output observed during tol-
butamide infusion (decremental response: 3991 *+ 473
pg/4 ml-22 min) was not significantly affected by galanin
(decremental response: 4036 = 540 pg/4 ml-22 min). Nor
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FiG. 3. Effect of galanin (a priming dose of 200 ng, followed by con-
stant infusion at a rate of 33.6 ng/min from 0 to 22 min) on the insulin,
glucagon, and somatostatin responses to tolbutamide (100 mg/liter) by
the perfused rat pancreas. Solid lines represent tolbutamide experi-
ments. Broken lines represent tolbutamide plus galanin experiments
(means * SEM). %, Statistically significant differences (P < 0.05)
between galanin and control perfusions at a given time.

was tolbutamide-induced somatostatin release {(incre-
mental response: 877 + 148 pg/4 ml-22 min) significantly
modified by galanin (incremental response: 795 + 195
pg/4 ml.22 min).

. Effect of galanin on the insulin, glucagon, and somatosta-

tin responses to two different concentrations of arginine,
10 mM (Fig. 4) and 5 mM (Fig. 5)

As shown in Fig. 4, galanin failed to suppress the
insulin secrstion elicited by 10 mM arginine (incremental
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1G. 4. Effect of galanin (a priming dose of 200 ng, followed by con-
tant infusion at a rate of 33.6 ng/min from 0 to 24 min) on the insulin,
lucagon, and somatostatin responses to arginine (10 mMm) by the
erfused rat pancreas. Solid lines represent arginine experiments. Bro-
n lines represent arginine plus galanin experiments (mean + SEM).
here were no statistically significant differences between galanin and
ontrol perfusions at any given time.

esponse: 271 + 38 ng/4 ml-24 min vs. 251 & 74 ng/4
mi.24 min in control perfusions). The glucagon re-
ponses to arginine with or without galanin were com-
arable (24,111 + 4,833 and 22,016 + 6,745 pg/4 ml.24
in, respectively). Galanin failed as well to significantly
ffect arginine-induced somatostatin release (incremen-
al response: 941 + 137 pg/4 ml-24 min vs. 572 + 219
g/4 ml.24 min in control experiments; P = 0.21).
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Fi6. 5. Effect of galanin (a priming dose of 200 ng, followed by con-
stant infusion at a rate of 33.6 ng/min from 0 to 24 min) on the insulin,
glucagon, and somatostatin responses to arginine (5 mm) by the per-
fused rat pancreas. Solid lines represent arginine experiments. Broken
lines represent arginine plus galanin experiments (means + SEM). %,
Statistically significant differences (P < 0.05) between galanin and
control perfusions at a given time.

In view of the lack of effect of galanin on the insulin
secretion evoked by 10 mM arginine, we tested the effect
of galanin on the insulin response to a lower concentra-
tion of arginine, 5 mMm.

“As shown in Fig. 5, in these experiments, galanin
significantly blocked arginine-induced insulin output
(incremental response: 89 * 19 ng/4 ml-24 min vs. 238
+ 53 ng/4 ml- 24 min in control experiments; P < 0.025).
The glucagon secretion elicited by 5 mM arginine (incre-



382

mental response: 15,249 * 4,148 pg/4 ml-24 min) was
not significantly modified by galanin (incremental re-
sponse: 12,075 + 2,443 pg/4 ml- 24 min; P = 0.5). Finally,
arginine, at 5 mM, did not stimulate somatostatin release;
when galanin was simultaneously infused, no change in
the secretion of somatostatin was observed.

Effect of galanin on glycogenolysis and gluconeogenesis in
isolated rat hepatocytes (Table 1)

Galanin (10 and 100 nM) did not significantly modify
glycogenolysis or gluconeogenesis in isolated rat hepa-
tocytes. Glycogen phosphorylase a activity and the con-
centration of fructose 2,6-bisphosphate in these cells

were also unaffected by the addition of galanin to the .

incubation medium. In parallel control incubations, glu-
cagon (0.1 nM) showed its well known stimulatory effect
on glycogenolysis, gluconeogenesis, and glycogen phos-,
phorylase a activity, and reduced the hepatocyte concen- '
tration of fructose 2,6-bisphosphate.

Discussion

The foregoing results show that in the perfused rat
pancreas, galanin infusion reversibly inhibits unstimu-
lated insulin release as well as the insulin response to
glucose. These findings are in agreement with those of
McDonald et al. (6) who first observed, in the conscious
dog, the suppressor effect of galanin on both fasting and
glucose-stimulated plasma insulin levels. Our study also
demonstrates that galanin inhibits insulin secretion as
induced by tolbutamide and by arginine.

As of this writing, two animal studies have been pub-
lished confirming the inhibitory effect of galanin on
insulin secretion. Manabe et al. (16) have reported that,
in the unanesthetized dog, iv galanin infusion reduces
fasting insulin concentrations in peripheral plasma.
Dunning et al. (17) have described that in the pentobar-
bital-anesthetized dog, iv administration of galanin re-
duces insulin output without modifying arterial and pan-
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creatic venous catecholamine levels; moreover, they of.
served that injection of a peripherally ineffective dose of
galanin into the pancreatic artery also blocks insulip
secretion. ' '

In our preparation of rat pancreas, galanin did not
modify the glucagon responses to either stimulatory (ar.’
ginine) or inhibitory (glucose and tolbutamide) agentg,
Accordingly, McDonald et al. (6) and Manabe et al, (16)
found no significant changes in the plasma glucagon
levels of dogs subjected to galanin infusion. Conversely,

~zDunning et al. (17) observed that exogenous g:ianin

stimulates pancreatic glucagon output, this effect not
being reflected in arterial plasma.

Galanin also failed to significantly alter the somato-
statin responses to either tolbutamide or arginine in the
perfused rdt pancreas. Similarly, it did not modify the
release of somatostatin observed during glucose (11 mu)
infusion. It should be commented that in our pancreas
model, the secretagogue effect of glucose on somatostatin
secretion becomes manifest at a higher glucose concen-
‘tration (16.6"mM) than that employed in the present
study (18). Again, these findings are in contrast with the
blocking effect of galanin on somatostatin output found
by Dunning et al. (17) in their preparation of dog pan-
creas. The reason for the discrepancies between our data
and those of Dunning et al. (17) is not clear and might
represeht a species difference.

In summary, our observations show that, in the rat
pancreas, galanin inhibits insulin secretion without mod-
ifying glucagon and somatostatin release, thus suggesting
a direct effect of galanin on the B cell. The presence of
galanin-like immunoreactivity in nerve endings sur-
rounding the islets of dog pancreas (17) favors the con-
cept of galanin as a regulatory peptide implicated in the
control of insulin release.

Finally, our studies in isolated rat hepatocytes show
that galanin does not affect glycogenolysis or glycogen
phosphorylase a activity. Gluconeogenesis and the he-
patocyte concentration of fructose 2,6-bisphosphate, a

TABLE 1. Effect of galanin on glycogenolysis, gluoneogenesis, glycogen phosphorylase activity, and fructose 2,6-bisphosphate concentration in

hepatocytes isolated from fed rats

Glyogenolysis L-(U-C)Lactate Glycogen Fructose
Additions (umol glucose/g cells converted to glucose phosphorylase a 2,6-bisphosphate
X 20 min) (zmol/g cells X 20 min) (U/g cells) (nmol/g cells)
(n=26) n=9) n=9) n=6)
Saline 219+ 1.24 2.47+0.20 4.62 % 0.40 12.2 £ 0.72

Galanin (10 nM)
Galanin (100 nM)
Glucagon (0.1 nM)

18.7 £ 1.62 (NS)
20.8 = 1.15 (NS)
44.6 + 4.1°

2.53 £ 0.17 (NS)
2.52 £ 0.24 (NS)
12.60 = 0.40°

5.15 = 0.33 (NS)
4.50 & 0.41 (NS)
12.22 + 0.71°

12.2 + 0.60 (NS)
12.3 £ 0.76 (NS)
2,74 £ 0.12°

Hepatocytes were incubated for 30 min in Krebs-Henseleit medium with 10 mM glucose. Galanin, glucagon, or saline, and the gluconrogenic
precursor were then added to the incubation medium; 5 min later, aliquots of the cell suspension were taken for the assays of glycogen phosphorylase
activity and fructose 2,6-bisphosphate. To measure glycogenolysis, hepatocytes were incubated for 20 min without adding glucose to the medium.

Values are means + SEM of six or nine incubations.
“ P values vs. saline incubation of less than 0.01; NS, nonsignificant.
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gulatory metabolite that plays an important role in the
ntrol of this process (19), were also unaffected by
alanin, Thus, the reported hyperglycemia induced by
xogenous galanin does not seem to be accounted for by
direct effect of galanin on hepatic glucose production.
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