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Abstract

The neuropeptide galanin is widely expressed in both the central and peripheral nervous systems.
However there is limited understanding of how individual galanin receptor (GalR1, 2, and 3)
subtypes mediate the physiological activity of galanin in vivo. To address this issue we utilized
NAX-5055 a systemically available, metabolically stable galanin analog. NAX-5055 displays a
preference for GalR1 receptors and possesses potent anticonvulsant activity in vivo, suggesting
that NAX-5055 engages central galanin receptors. To determine if NAX-5055 also modulates the
activity of peripheral galanin receptors, we evaluated the effect of NAX-5055 on blood glucose
and insulin levels in mice. Acute and repeated (once daily for four days) systemic administration
of NAX-5055 (4 mg/kg) significantly increased blood glucose levels compared to vehicle treated
mice. However, a hyperglycemic response was not observed following systemic administration of
NAX-805-1 a scrambled analog of NAX-5055, with critical receptor binding residues, Trp? and
Tyr9, reversed. These results suggest chemical modifications independent of the galanin backbone
of NAX-5055 are not responsible for the hyperglycemic response. The effect of NAX-5055 on
glucose homeostasis was further evaluated with a glucose tolerance test (GTT). Mice administered
either acute or repeated (once daily for four days) injections of NAX-5055 (4mg/kg) displayed
impaired glucose handling and reduced insulin response to an acute glucose (1g/kg) challenge.
Here we have shown that systemic administration of a centrally active GalR1-preferring galanin
analog produces acute hyperglycemia and an inhibition of insulin release in vivo and that these
effects are not attenuated with repeated administration. NAX-5055 thus provides a new
pharmacological tool to further the understanding of function of both central and peripheral GalR1
receptors in vivo.
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INTRODUCTION

Galanin is a 29 (30 in humans) amino acid neuropeptide widely expressed throughout the
central and peripheral nervous system with similar distribution in mice, rats, and humans
(Kéhler and Chan-Palay, 1990; Lang et al., 2007; Robertson et al., 2011; Tatemoto et al.,
1983). Immunohistochemical studies have shown that galanin colocalizes with a number of
classical neurotransmitters including glutamate, acetylcholine, serotonin, and GABA. Due to
this broad expression pattern there has been diverse interest in the physiology of galanin. To
date galanin has been linked to the regulation of a number of neuronal functions including
learning and memory, neuronal excitability, neuroprotection, and neuroendocrine regulation
(Crawley, 2008; Hobson et al., 2008; Mazarati et al., 1998). The ability of galanin to
modulate these physiological processes has led to an interest in the development of galanin-
based therapies for a number of common disorders including epilepsy, neuropathic pain,
Alzheimer’s disease, and diabetes (Crawley, 2008; Kask et al., 1997; Lerner et al., 2008;
Mechenthaler, 2008; Robertson et al., 2011). Galanin is known to bind to three distinct G-
protein coupled receptors GalR1, GalR2, and GalR3 (Branchek et al., 2000). Both GalR1
and GalR3 receptors selectively couple to the inhibitory G-protein G; (Parker et al., 1995;
Tang et al., 2012). In contrast, GalR2 receptors demonstrate a more complicated signaling
cascade due to interaction with multiple different G-proteins, including G and Gg11,
resulting in either a inhibitory or excitatory cellular response (Lang and Kofler, 2011). The
understanding of how each of these receptor subtypes contributes to the different
physiological actions of galanin has been limited by the lack of systemically active,
receptor-selective, galanin agonists and reliable galanin receptor antibodies (Florén et al.,
2000; Lu and Bartfai, 2009; Robertson et al., 2011). The development of better tools to
investigate the effects of galanin both in vivo and in vitro will facilitate the potential
development of neuropeptide-based therapeutics.

Previous attempts to generate systemically active galanin agonists have produced two
compounds: galmic and galnon (Bartfai et al., 2004; Saar et al., 2002; Sollenberg et al.,
2005). However, both compounds were shown to interact with non-galanin receptors in the
micromolar (UM) range thereby limiting their use as specific and selective pharmacological
tools (Florén et al., 2005; Lu et al., 2005). To address this issue, Bulaj and colleagues
successfully designed a series of truncated galanin analogs in which nonessential amino acid
residues are replaced by cationic and/or lipoamino acid residues (Bulaj et al., 2008). One
analog from this group, NAX-5055, was demonstrated to possess a 15-fold preference for
GalR1 over GalR2 with nanomolar (nM) binding affinity in a time-resolved fluorescence
binding assay (Bulaj et al., 2008; White et al., 2009).

Although the galaninergic system provides an interesting set of molecular targets for
therapeutic development, modulation of this system is complicated by the broad
physiological activities of galanin. As a result, it is important to increase our understanding
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of how the different galanin receptor subtypes mediate the activity of galanin in a region and
cell-type specific manor. Of particular interest is the observation that GalR1 mRNA and
immunoreactivity are highly expressed in both the ventral hippocampus and f§ cells of the
islets of Langerhans (Bhandari et al., 2010; Gustafson et al., 1996; Jungnickel and

Gundlach, 2005; Parker et al., 1995). Within the ventral hippocampus galanin has been show
to potently inhibit the release of neurotransmitters including acetylcholine and glutamate;
thus suggesting a role for galanin in mediating cellular excitability in a region known to
generate seizure activity (Mazarati et al., 2000; Yoshitake et al., 2011; Zini et al., 1993).
Increasing the concentration of central galanin through either direct injection or genetic
overexpression has been reported to delay acquisition of kindling and reduces the severity
and duration of seizures following electronically or chemically evoked status epilepticus
(Kanter-Schlifke et al., 2007; Schlifke et al., 2006). Further, we have recently shown that the
GalR1 preferring analog NAX-5055 has potent anticonvulsant activity in a number of
seizure and epilepsy animal models, suggesting that the GalR1 receptor is a promising
molecular target for seizure control (White et al., 2009).

In the peripheral nervous system, galanin is known to regulate insulin secretion and blood
glucose levels in many species including rodents and canines (Ahrén, 2000; Leibowitz,
2005; McDonald et al., 1994; Tatemoto et al., 1983). Galanin is expressed in sympathetic
nerve terminals that innervate the endocrine pancreas and is colocalized with norepinephrine
(Dunning et al., 1986; Mei et al., 2006). Stimulation of the mixed pancreatic nerve bundle
results in the release of galanin at sufficient levels to inhibit insulin secretion, however this
effect is impaired in galanin knockout mice (Ahrén et al., 2004; Dunning and Taborsky,
1989). Further, galanin has been shown to reduce glucose-stimulated insulin release from
cultured p islet cells of the pancreas (Gregersen et al., 1991). Consistent with the inhibition
of insulin secretion, galanin infusion increases blood glucose levels in canines, but not in
humans (Dunning and Taborsky, 1989; McDonald et al., 1994). Although this
hyperglycemic response could be mediated by the reduction of insulin secretion, there is
additional evidence that glucagon levels are also increased following galanin infusion,
which may play a role in the effect of galanin on circulating glucose levels (Dunning et al.,
1986; Dunning and Taborsky, 1989). Recent work investigating the expression levels of the
galanin receptors on mouse B-cells showed detectable mMRNA levels for all three receptors,
with GalR1 demonstrating the highest expression levels (Barreto et al., 2011). However, it
still remains unclear how the different galanin receptors mediate the galanin response in the
endocrine pancreas. Previous attempts to use galanin-based pharmacology to study the
effects of galanin on the endocrine pancreas have failed due to lack of specificity and off-
target effects of the available pharmacological tools galnon and galmic (Quynh et al., 2005).

Modulation of galanin and its receptors provide targets for therapeutic intervention in a
number of common disorders including epilepsy and diabetes. However, given the broad
expression and modulatory effects on multiple cell types it is critical to understand how
pharmacological intervention in this system alters different physiological circuits. The
present study was designed to determine if targeting GalR1 receptors with the GalR1-
preferring agonist NAX-5055 would affect glucose and insulin regulation at doses that
reliably produce anticonvulsant activity.
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Adult male CF-1 mice weighing at least 18g (Charles River, Kingston, WA) were used for
all experiments in this study. Animals were housed in a temperature-, humidity-, and light-
controlled (12 h light:dark cycle) facility. For all studies not involving a food restriction,
mice were group-housed and provided free access to food (LabDiet) and water. For studies
involving a fast, mice were initially group-housed and given full access to food and water
until the beginning of the fasting period. At the beginning of the fasting period mice were
housed individually and food restricted for 6 hr. During the fast, mice were allowed free
access to water. All experimental procedures were performed in accordance with the
guidelines established by the National Institutes of Health and received approval from the
University of Utah’s Animal Care and Use Committee. At the completion of all
experimental procedures mice were humanly sacrificed by CO, asphyxiation.

Peptide preparation

The galanin analog NAX-5055 was originally designed and synthesized at the University of
Utah as previously described (Bulaj et al., 2008), and later synthesized in bulk by NeoMPS
(San Diego, CA). An inactive scrambled analog of NAX-5055 (referred to as NAX-805-1),
in which amino acid residues Tyr? and Trp? were reversed, was also designed and
synthesized at the University of Utah (White et al., 2009). Solutions were prepared by
dissolving synthesized peptides in 0.9% saline containing 1% Tween 20 (Sigma-Aldrich, St.
Louis, MO). Solutions were made fresh daily. Prior to each experiment, peptide
concentration was confirmed by UV absorbance of tyrosine and tryptophan residues (Cary
50 Bio UV Spectrophotometer, Varian). Dosing solutions containing peptide were
administered to mice via intraperitoneal (i.p.) injection in a volume of 0.01 mL/g body
weight.

For all studies mice were randomly selected from their home cage and placed into
experimental groups with no intentional bias. Mice were removed from the colony, weighed,
treated, and returned to the colony (in their home cage) or sacrificed between the hours of
8:00 AM and 5:00 PM. For all experiments involving multiple dosing regimens, mice were
administered a single i.p. injection of either NAX-5055 (4 mg/kg), NAX-805-1 (4 mg/kg) or
vehicle (0.9% saline with 1% Tween 20) once daily for 4 consecutive days. The injection of
peptide or vehicle was dependent on the randomly assigned experimental group as described
below. Glucose and/or insulin levels were obtained one hour post-peptide injection,
corresponding to the time to peak effect (TPE) for the anticonvulsant activity of NAX-5055
(Bulaj et al., 2008).

Acute and repeated administration studies

Studies designed to compare the effects of acute and repeated administration of galanin
analogs utilized the same experimental groups. These groups included a vehicle control
group where animals received vehicle (0.9% saline containing 1% Tween 20) injections only
for 4 consecutive days; an acute peptide group where animals received vehicle injections for
the first 3 days followed by a single injection of NAX-5055 on the 4™ day, and a repeated
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peptide group where animals received NAX-5055 injections for all 4 days. In studies
comparing the effect of NAX-805-1 a fourth group was used in which animals where treated
with NAX-805-1 for the first 3 days followed by a single injection of NAX-5055 on the 4t
day.

Repeated administration of NAX-5055 or NAX-805-1—To compare the effect of
repeated treatment with either NAX-5055 or NAX-805-1 on blood glucose levels, mice were
split into one of four treatment groups as described above and depicted in Figure 2A (n =8,
per group). One hour after the last injection on day 4, glucose levels were obtained for all
animals in all four groups.

Acute and repeated administration of NAX-5055—To compare the effects of acute
versus repeated treatment with NAX-5055 on glucose or insulin levels mice were split into
one of three groups as described above and depicted in figure 4A. Mice treated with this
dosing regimen were also subjected to a glucose tolerance test (described in detail below)
wherein glucose and/or insulin levels were determined (Figure 3). Given the amount of
blood (approximately 200 uL per animal) that was required to obtain enough plasma to run
duplicate samples using an insulin ELISA, blood samples were taken from different sets of
mice and then pooled for insulin determination. For determination of glucose levels, 6
animals were used in the vehicle and acute NAX-5055 treatment groups, 8 animals were
used from the repeated NAX-5055 treatment group and all animals were subjected to a GTT
on the same day. For determination of insulin levels, 16 mice per group were used. Two
separate glucose tolerance tests were conducted using 8 animals per group per day. There
was no significant difference in insulin levels from vehicle-treated mice so data from both
days were pooled.

Glucose and Insulin Measurements

Blood samples were obtained from a cut made approximately 1 cm from the tip of the tail in
gently restrained mice. Glucose levels were measured using a Bayer Contour blood glucose
meter (9545C, Tarrytown, NY) and Contour blood glucose test strips (7098C, Tarrytown,
NY). Measurements were made directly from the tail clip. Insulin levels were measured
from plasma. Blood was collected from tail clips in lithium heparin Microtainer® tubes
(Becton Dickinson), and immediately placed on wet ice until samples from all animals had
been collected. Blood samples were spun using a tabletop microcentrifuge (Labnet
Spectrafuge™ 16M) for 5 min at 14,000 rpm. Plasma was removed from the samples and
frozen at —80 °C until insulin levels could be determined using Ultra sensitive mouse insulin
ELISA Kits (Crystal Chem, Inc., Chicago, IL). Assays were run according to the
manufacturers’ protocol. All samples were run in duplicate.

Glucose Tolerance Test

For the glucose tolerance test (GTT) mice were fasted for 6 hrs prior to the start of the test.
As determined by their assigned treatment group (Fig. 4A), mice were given their fourth and
final injection of either vehicle or NAX-5055 five hours after the start of the food fast and
1hr prior to the beginning to the test, so that the GTT would begin at the TPE for
NAX-5055. At the beginning of the GTT (corresponding to time point 0), blood samples
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were collected for insulin measurement and glucose level determination. Immediately
following the collection of these samples mice were administered a 1 g/kg i.p. injection of
D-glucose (Sigma-Aldrich, St. Louis, MO). Glucose levels were sampled at 0, 5, 15, 30, 60,
and 120 min post glucose injection. For insulin level determination, blood samples were
drawn at 0, 15, 30, and 60 min following the glucose injection (Figure 2). All mice were
immediately sacrificed after the final blood samples were obtained.

Data Analysis

RESULTS

All data and results are reported as means + standard error of the mean (SEM). Statistical
significance was determined by unpaired t-tests when comparing only two groups (Figure 1)
and one-way ANOVA when comparing 3 or more groups (Figures 2 & 4). To determine
significance between groups involving multiple comparisons, Bonferroni post hoc tests were
used to compare significance between all groups and Dunetts post hoc tests were used to
compare experimental treatments to vehicle controls. Area under the curve (AUC) was
calculated, using the trapezoid rule, for individual curves generated during the time course
of the GTT for both glucose and insulin measurements. A one-way ANOVA of the
calculated AUC values was used to determine any significant differences. All statistics were
done using GraphPad Prism Software (La Jolla, CA).

Glucose response to NAX-5055

We have previously demonstrated that the GalR1 preferring galanin analog NAX-5055 (4
mg/kg) protects against acute seizure. To determine if an anti-seizure dose of NAX-5055
also affects glucose homeostasis we measured blood glucose levels 1hr after a single
systemic injection of vehicle or NAX-5055 (4 mg/kg). Mice administered NAX-5055
displayed increased glucose levels compared to controls (mean + SEM: vehicle, 188.2 + 5.3
mg/dL; NAX-5055, 312.9 + 27.9 mg/dL, p < 0.001; n=14, per group) (Figure 1A).

To determine if the observed increase in glucose levels following systemic administration
resulted from the interaction of the active Gal(1-13) fragment of NAX-5055 with galanin
receptors, or as a side effect of the chemical modifications added to increase bioavailability
we utilized a scrambled peptide version of NAX-5055; i.e., NAX-805-1. This peptide was
designed with the residues Trp? and Tyr® reversed. Time-resolved fluorescent binding
studies with NAX-805-1 confirm that this peptide does not bind with high affinity to either
GalR1 or GalR2 receptors (data not shown). No significant increase in blood glucose levels
were observed in mice treated with NAX-805-1 (4 mg/kg) 1 hr post-administration (mean +
SEM: vehicle, 169.8 + 8.3 mg/dL; NAX-805-1, 164.5 + 14.6 mg/dL, p = 0.76; n = 4 per
group) (Figure 1B). These results suggest the active galanin fragment of NAX-5055
interacts with galanin receptors involved in glucose homeostasis following systemic
injection, eliciting a hyperglycemic response in mice.

Glucose response to repeated NAX-5055

Both the GalR1 and GalR2 receptors have been shown to rapidly internalize following
chronic agonist exposure in vitro. To determine if repeated activation of galanin receptors in
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vivo would attenuate the observed hyperglycemia, we repeatedly dosed mice with
NAX-5055 and evaluated blood glucose levels 1hr after the last dose. For this study, four
treatment groups were employed as outlined in Figure 2A and described in detail in the
Methods section. Mice given either a single or repeated administration of NAX-5055
showed elevated glucose levels compared to vehicle-treated mice (mean = SEM: vehicle =
157.5 + 6.5 mg/dL; acute NAX-5055 = 353.5 + 39.9 mg/dL; repeated NAX-5055 = 378.0 =
20.8 mg/dL, p < 0.001, n = 8 per group) (Figure 2B). In addition, mice repeatedly treated
with NAX-805-1 followed by a single administration of NAX-5055 also displayed elevated
glucose levels compared to vehicle treated mice (mean £ SEM: vehicle = 157.5 + 6.5
mg/dL; NAX-805-1 = 297.5 + 39.0 mg/dL, n = 8, per group) (Figure 2B). There was no
significant difference between the glucose levels of the acute, repeated or scrambled peptide
treatment groups (p > 0.5) (Figure 2B). These data suggest that repeated exposure of galanin
receptors to the agonist NAX-5055 in vivo does not diminish the hyperglycemia associated
with acute NAX-5055 administration.

Glucose tolerance test following NAX-5055 administration

Based on the robust hyperglycemia induced by NAX-5055 under basal conditions, we
sought to further investigate the effect of NAX-5055 on glucose and insulin levels in
response to a glucose tolerance test (GTT) (Figure 3). We first measured glucose levels in
mice treated with either acute or repeated doses of NAX-5055. At the 0 min time point
(immediately before glucose injection) both the acute and repeatedly treated mice displayed
elevated glucose levels compared to vehicle controls; however a significant difference was
only observed between the vehicle and repeated treatment groups (mean = SEM: vehicle =
152.8 + 5.3 mg/dL; acute = 215.5 + 32.7 mg/dL; repeated = 290.8 + 28.1 mg/dL, p =
0.0051) (Figure 4B). All mice showed increased blood glucose levels following glucose
injection, but varied in their time to peak effect and the magnitude of the hyperglycemia
observed. In vehicle-treated animals, glucose levels peaked at 15 min after glucose injection
and returned to baseline after 60 min. However, in both the acute and repeated treatment
group, glucose levels increased immediately after glucose injection, but did not reach peak
levels until the 60 min time point (Figure 4B). Total AUC for the glucose response curve
was significantly increased for the acute and repeated treatment groups compared to the
vehicle treated controls (p < 0.001). No significant difference in AUC of the glucose
response curve was observed between mice given acute or repeated NAX-5055 treatment
(Figure 4C).

Given that the mechanism of action for galanin receptor activation on pancreatic -cells is
proposed to be inhibition of insulin release, we also measured insulin levels following either
acute or repeated treatment with NAX-5055 (Figure 3). At time point 0 in the GTT
(immediately before glucose injection) both the acute and repeated treatment groups
displayed significantly decreased insulin levels compared to vehicle controls (mean + SEM:
vehicle = 1.4 + 0.19 ng/mL; acute = 0.22 + 0.08 ng/mL; repeated = 0.58 + 0.09 ng/mL, p <
0.001, n = 16 per group) (Figure 4D). Following glucose injection, only the vehicle treated
animals showed any glucose-induced increase in insulin levels; insulin levels peaked at 15
minutes and rapidly returned to pre-glucose injection levels. The total area under the insulin
response curve demonstrates a significant decrease in insulin release for both the acute and
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repeated treatment groups compared to vehicle treated controls (p < 0.001) (Figure 4E). In
contrast, there was no significant difference between acute and repeated groups (p > 0.05).

DISCUSSION

This study is the first to demonstrate that a systemically available GalR1-preferring galanin
analog can regulate glucose and insulin levels in vivo, in @ manner similar to that proposed
for endogenous galanin (Ahrén, 2000; McDonald et al., 1994). Acute administration of
NAX-5055 resulted in a significant increase in glucose levels under both basal conditions
and following an acute glucose challenge. In contrast, insulin levels were significantly
reduced following acute NAX-5055 administration under basal conditions. Furthermore
insulin levels of NAX-5055 treated mice were not altered in response to an acute glucose
challenge. The effects of NAX-5055 on both glucose and insulin levels persisted following a
four-day repeated dosing regimen.

The observed increase in basal glucose levels following a single administration of
NAX-5055 is consistent with previous studies showing hyperglycemia in canine, rat and
mouse following intravenous galanin infusion and stimulation of mixed pancreatic nerves,
which is associated with galanin release (Lindskog and Ahrén, 1987; Manabe et al., 1986;
McDonald et al., 1985). The effect of galanin on glucose homeostasis has largely been
attributed to the inhibition of insulin release from B-cells within the pancreas (Gregersen et
al., 1991; Lindskog and Ahrén, 1991; 1987). Our results support this hypothesis as insulin
levels are also significantly reduced following acute NAX-5055 administration. Some
suggested mechanisms for the inhibition of insulin by galanin include opening of ATP-
sensitive K* channels, reduction in cAMP levels by inhibition of adenylyl cyclase and direct
inhibition of exocytosis (de Weille et al., 1988; Sharp, 1996; Tang et al., 2012). Activation
of ATP-sensitive K* channels and inhibition of cCAMP levels has also been seen in the
central nervous system following galanin receptor activation and is suggested to play a role
in inhibiting neurotransmitter release (Hawes et al., 2006; Zini et al., 1993). It should be
noted that intravenous galanin administration not only affects insulin secretion, but it may
also increase glucagon levels as seen in both the canine and mouse, but not in rat (Dunning
etal., 1986; Lindskog and Ahrén, 1987; Silvestre et al., 1987). During the GTT, both acute
and repeated NAX-5055 treated mice showed increased glucose levels; however those
receiving repeated NAX-5055 injections displayed higher glucose levels, particularly at the
15 and 30 minute time points. Although we did not directly measure glucagon levels in this
study it is tempting to speculate that the robust increase in glucose following administration
of NAX-5055 may result from both an inhibition of insulin as well as an increase in
glucagon secretion.

All three galanin receptors are expressed within islet cells of the pancreas (Barreto et al.,
2011; 2009), however it is unclear how each receptor subtype directly modulates islet
function. Galanin and its receptors are also expressed on sympathetic nerve terminals and
within the hypothalamus, providing another juncture where galanin-based pharmacological
intervention could modulate glucose homeostasis (Branchek et al., 2000; Leibowitz, 2005;
Potter and Smith-White, 2005). NAX-5055 displays a 15-fold preference for GalR1 with
binding affinity in the nanomolar range (Bulaj et al., 2008), suggesting the physiological
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activity of NAX-5055 is primarily through GalR1 receptors. Preliminary evidence from our
laboratory has shown that GalR2 preferring analogs administered systemically in similar
dose ranges do not result in hyperglycemia, suggesting GalR2 receptors are likely not
involved in NAX-5055 induced effects. However, we cannot rule out the potential
contribution of GalR3 receptors to the observed disruption in glucose homeostasis. Indeed
both GalR1 and GalR3 are known to couple to the Gj;, subfamily of G-proteins, resulting in
similar downstream effects (Parker et al., 1995; Smith et al., 1998). Further, signaling
though the G,2, a member of the Gj/, subfamily, mediates the inhibition of insulin release
from B-cells, implicating this pathway in galanin’s effect on glucose homeostasis (Tang et
al., 2012). Taken together these observations suggest that GalR1 receptors, and potentially
GalR3 receptors play an important role in mediating the effects of galanin on glucose and
insulin levels.

The finding that there is no significant attenuation of the hyperglycemic response to
NAX-5055 following repeated treatment is particularly interesting. In the past, these types
of studies have been difficult to perform with native neuropeptides in vivo because of their
propensity for rapid degradation following systemic administration (Bulaj et al., 2008).
Work with immortalized cell lines in vitro has suggested that both GalR1 and GalR2
receptors are prone to internalization following prolonged agonist exposure (Wang et al.,
1998; Xia et al., 2008; 2004). Further, internalized GalR1 receptors have been shown to be
trafficked to lysosomes for degradation and GalR1 activation-dependent inhibition of cAMP
has been suggested to decrease receptor expression (Hawes et al., 2006; Xia et al., 2008).
However, in our in vivo studies with mice, the hyperglycemic response elicited with single
administration of NAX-5055 showed no attenuation to the response seen following four
days of repeated dosing. These results suggest that peripheral galanin receptors are
responsive to NAX-5055 following both acute and repeated exposure, and suggest that
peripheral GalR1 receptors are not likely internalized following sub-chronic dosing with
NAX-5055. This activity is dependent on the interaction of NAX-5055 with galanin
receptors given that repeated treatment with the scrambled analog NAX-805-1, which does
not bind with galanin receptors, did not modify the NAX-5055-induced hyperglycemic
response. A limited supply of NAX-805-1 prevented us from directly testing the effects of
repeated treatment with this peptide on blood glucose levels. However, we demonstrated
that NAX-805-1 has no effect on glucose levels following acute administration and repeated
NAX-805-1 administration does not attenuate or exaggerate the hyperglycemic response
associated with acute NAX-5055 administration. Based on these observations and binding
studies demonstrating NAX-805-1 has no affinity for galanin receptors, it is likely that
NAX-805-1 would have no effect on blood glucose levels following repeated
administration.

C57/BI16J mice are often used to test the activity of galanin related compounds in the glucose
tolerance test (Dunning et al., 1986; Zorrilla et al., 2007). For this study we chose to use the
CF-1 mouse in order to directly relate our findings to the anticonvulsant studies that we have
previously conducted with NAX-5055 using this mouse strain (Bulaj et al., 2008). Similar to
work done with the C57BI6J mice, glucose administration in vehicle-treated CF-1 mice
elevated glucose and insulin levels rapidly; i.e., both peaked within 15 min of glucose
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injection. Both glucose and insulin levels returned to baseline levels by the completion of
the test, confirming glucose sensitivity in this strain of mice. In contrast, the glucose
tolerance test conducted in the acutely and repeatedly treated NAX-5055 mice demonstrated
an altered response to the glucose challenge, consistent with previous GTT studies with
native galanin (Dunning et al., 1986; Lindskog and Ahrén, 1987). The proposed mechanism
of action of galanin in this test is the inhibition of insulin release (Ahrén et al., 2004;
Olkowicz et al., 2007). Here we have shown that NAX-5055 completely abolishes any
glucose stimulated increase in insulin release for the duration of the test. These observations
suggest that NAX-5055 is an effective and potent inhibitor of insulin release in CF-1 mice.
Although not statistically significant, the insulin levels observed following repeated
treatment are slightly higher than those in the acute treatment group. Thus, it is possible that
there is a slight tolerance to the inhibition of insulin release following repeated treatment
with NAX-5055; however, further study is required to fully test this hypothesis.

The altered response to the glucose challenge following both acute and repeated NAX-5055
treatment is evident in the persistent increase in blood glucose levels and lack of insulin
response following systemic glucose injection. These findings are consistent with other
studies showing galanin-induced glucose insensitivity (Ahrén and Lindskog, 1992).
Interestingly, studies utilizing the galanin knockout mouse and the GalR1 knockout mouse
have also demonstrated similar glucose insensitivity to the glucose tolerance test; i.e., mice
lacking galanin or GalR1 displayed impaired insulin secretion and glucose disposal (Ahrén
et al., 2004; Zorrilla et al., 2007). It remains unclear why a similar physiological response to
glucose stimulation is observed following both increased and decreased galanergic activity.
One possibility is that galanin and/or the GalR1 receptor has an important role in the
development of normal -cell innervations or physiological function and thus normal
cellular activity is compromised in the presence of the mutation. A second possibility is that
there are compensatory changes in galanin receptor complement or other neuropeptide
systems that may alter the response of p-cells to either galanin or glucose stimulation.
NAX-5055 and similar galanin receptor selective analogs may help provide further insight
into the role of galanin and the galanin receptors in the physiological response of -cells to
glucose stimulation.

The hyperglycemia and inhibition of insulin release observed with NAX-5055 raises
concerns about the use of systemically active GalR1 preferring analogs for the treatment of
neurological diseases in humans. However, the effect of galanin on glucose and insulin
levels in humans is inconsistent. Similar to mice and dogs, humans express galanin in nerves
innervating islet cells of the pancreas (Ahrén et al., 1991). Infusion of human galanin during
an oral glucose test in normal humans at doses shown to inhibit insulin release in dogs did
not change circulating glucose or insulin levels (McDonald et al., 1994). However, in
isolated human islets cells, infusion of porcine galanin significantly inhibited insulin release
(Ahrén et al., 1991). These differences between in vivo and in vitro studies suggest that
galanin’s regulation of insulin levels in humans may extend beyond direct effects on p-cells.
Regardless, additional investigation would be required before any firm conclusions
regarding the effect of an exogenously administered GalR1 agonist on insulin secretion and
hyperglycemia in humans can be made.
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The regulation of galanin expression is also directly affected by glucose in humans, such
that circulating galanin levels positively correlate with increased glucose levels in an oral
glucose test in healthy controls (Legakis et al., 2007). Further, adults with type-2 diabetes
and children with type-1 diabetes mellitus show elevated galanin (Celi et al., 2005; Legakis
et al., 2005). Thus there is not a direct correlation between the effects of galanin in animal
model systems and in humans suggesting the effects we report here for NAX-5055 may not
translate to humans. In addition, it is still unclear how each galanin receptor mediates the
effects of galanin on B-cell function. The data shown here suggest that GalR1 is involved in
regulating glucose and insulin homeostasis; however, a non-GalR1 agonist may not display
this same effect. Indeed preliminary evidence with GalR2-preferring analogs demonstrates
that targeting this receptor results in anticonvulsant activity without negatively affecting
blood glucose levels (unpublished results). Increased understanding of the role of each
galanin receptor in the different physiological functions of galanin in both the peripheral and
central nervous systems will help mitigate concerns about the clinical use of galanin-based
therapeutics.

This study is the first to show that a GalR1-preferring galanin analog acts in the endocrine
pancreas in a way similar to galanin infusions in vitro. Evidence that p-cells contain mMRNA
to encode all three galanin receptor subtypes enhances the need to further understand the
role of each receptor subtype in mediating the heuromodulatory function of galanin in vivo.
In conclusion, we have shown here that the GalR1 receptor agonist NAX-5055 is a potent
regulator of both glucose and insulin in the mouse under basal and glucose-stimulated
conditions. NAX-5055 thus provides the scientific community with a useful
pharmacological tool to increase our understanding of how the different galanin receptor
subtypes mediate the activity of galanin.
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Figure 1.
Systemic administration of the galanin analog NAX-5055 produces hyperglycemia.

A.) Mice were given a single i.p. injection of NAX-5055 (4 mg/kg) and glucose levels were
measured 1 hr after injection. Treated mice showed a significant increase in blood glucose
levels (unpaired t-test, ***p < 0.001, n = 8).

B.) Mice were given a single i.p. injection of the inactive analog NAX-805-1 (4 mg/kg),
which lacks affinity for the galanin receptors GalR1 or GalR2. NAX-805-1 did not produce
a significant change in blood glucose 1 hr after injection (unpaired t-test, p > 0.05, n = 4).
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Figure 2.
Repeated treatment with NAX-5055 does not attenuate the hyperglycemic effect seen with
NAX-5055.

A) Schematic of the experimental treatment group design.

B) Glucose levels following acute or repeated treatment with NAX-5055 or NAX-805-1;
groups described in detail in Methods. All groups that received at least one injection of
NAX-5055 showed a significant increase in blood glucose levels (one-way ANOVA, ***p <
0.001, *p < 0.05, n = 8 per group).
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Figure 3.

Schematic representation of the time course of events for the glucose tolerance test
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Figure 4.
Mice given a single acute or repeated treatment with NAX-5055 show exaggerated

hyperglycemia and decreased insulin secretion following a systemic glucose challenge.

A) Schematic of the experimental treatment group design.

B) Glucose levels in vehicle (n = 6), acute (n = 6), and repeatedly (n = 8) treated mice across
the duration of the glucose tolerance test.

C) AUC measurements for all groups demonstrate both acute and repeated treatment groups
have significantly increased blood glucose levels compared to vehicle treated mice (One-
way ANOVA of AUC, **p < 0.01, ***p < 0.001).

D) Insulin levels in vehicle (n = 16), acute (n = 16), and repeatedly (n = 16) treated mice
across the duration of the glucose tolerance test.

E) AUC measurements for all groups demonstrate both acute and repeated treatment groups
have significantly decreased plasma insulin levels compared to vehicle treated mice (One-
way ANOVA of AUC, ***p < 0.001).
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