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Abstract
The neuropeptide galanin has been shown to play a role in psychiatric disorders as well as in other
biological processes including regulation of pain threshold through interactions with three G-protein
coupled receptors, GalR1 - 3. While most of the pharmacological studies on galanin in stress-related
disorders have been done with rats, the continuous development of genetically engineered mice
involving galanin or its receptor subtype(s) validates the importance of mouse pharmacological
studies. The present study on mice examined the homeostatic, endocrinological and neuroanatomical
effects of the galanin, injected intracerebroventricularly (icv), in regulation of stress responses after
restraint stress. Furthermore, the roles of galanin receptor subtype 1 (GalR1) on these effects were
studied using GalR1 knockout (KO) mice. The core body temperature and the locomotor activity
were monitored with radio telemetry devices. Galanin (icv) decreased locomotor activity and exerted
a bidirectional effect on the restraint stress-induced hyperthermia; a high dose of galanin significantly
attenuated the stress-induced hyperthermic response, while a low dose of galanin moderately
enhanced this response. The bidirectional effect of galanin was correlated with changes in stress
hormone levels (adrenocorticotropic hormone and corticosterone). To neuroanatomically localize
the effects of galanin on stress response, cFos immunoreactivity was assessed in galanin receptor
rich areas; paraventricular nucleus (PVN) of the hypothalamus and the locus coeruleus (LC),
respectively. A high dose of galanin significantly induced cFos activity in the LC but not in the PVN.
In GalR1KO mice, a high dose of galanin failed to induce any of the above effects, suggesting the
pivotal role of GalR1 in decreased locomotor activity and stress-resistant effects caused by galanin
icv injection studied here.
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Augmented stress responses have been implicated in the etiology of many somatic as well as
psychiatric disorders including anxiety and depression. Stress exposure is known to increase
body temperature rapidly, which is referred to as stress-induced hyperthermia (SIH). SIH is
time-dependent with a rapid rise and relatively long return phase; approximately 60 min to
return to the basal temperature (Van der Heyden et al., 1997). The SIH response is correlated
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with, among others, the elevation of two stress hormones, adrenocorticotropic hormone
(ACTH) and corticosterone (Groenink et al., 1994, Groenink et al., 1995, Spooren et al.,
2002), that are the key players in the hypothalamic-pituitary-adrenal (HPA) axis (Tsigos and
Chrousos, 2002). SIH phenomenon commonly occurs across a large variety of species (Adriaan
Bouwknecht et al., 2007) and is mediated by activation of the autonomic nervous system.
Persistent autonomic hyperactivity is regarded as one of the diagnostic markers of generalized
anxiety by the Diagnostic and Statistical Manual (DSM-IV) produced by the American
Psychiatric Association, and indeed the SIH paradigm is a valid and well-known tool to identify
drug candidates for the treatment of anxiety (Spooren et al., 2002). Since current
pharmacological treatments for anxiety and depression are not totally effective in a significant
proportion of patients, a great deal of effort has been therefore directed to understand the
molecular basis of these disorders in the hope to find a more efficacious treatment with fewer
side-effects.

Galanin, a 29 amino-acid (30 in humans) neuropeptide (Tatemoto et al., 1983), has been
indicated to play a role in stress-related disorders (Weiss et al., 1998, Holmes and Picciotto,
2006, Karlsson and Holmes, 2006, Wrenn and Holmes, 2006, Lu et al., 2007, Kuteeva et al.,
2008a, Kuteeva et al., 2008b, Mitsukawa et al., 2008) as well as in numerous other biological
and physiological functions such as learning and memory, seizure, pain and feeding (Wrenn
and Crawley, 2001, Abramov et al., 2004, Walton et al., 2006, Counts et al., 2008, Crawley,
2008, Lerner et al., 2008, Xu et al., 2008), through actions at three G-protein coupled receptors,
GalR1 – 3 (Branchek et al., 2000). Galanin and galanin receptor subtypes are abundantly
expressed in the brain regions that are critical for the stress responses including the PVN and
the LC (Skofitsch and Jacobowitz, 1985, O'Donnell et al., 1999, Jungnickel and Gundlach,
2005). In the rodent brain, over 80 % of the norepinephrine neurons in the LC and 60 % of
serotonergic neurons in the dorsal raphe nucleus (Melander et al., 1986, Holets et al., 1988,
Xu and Hokfelt, 1997, Xu et al., 1998, Lang et al., 2007, Sharkey et al., 2008) have galanin-
like immunoreactivity. To date, most of the pharmacological studies on the role of galanin in
stress-related behaviors (Karlsson and Holmes, 2006, Wrenn and Holmes, 2006, Kuteeva et
al., 2008b) have been conducted on rats. However, due to the lack of galanin receptor subtype
selective pharmacological tools except recently introduced GalR3 selective antagonists
(Swanson et al., 2005, Barr et al., 2006), transgenic mice carrying gene mutation of galanin or
its receptor subtype(s) have been developed to gain a better understanding of the galaninergic
system and it is critical to confirm the pharmacological effects of galanin in mice. Therefore
despite many studies on the role of galanin in stress-related behaviors, the role of galanin and
the galanin receptor subtypes involved in stress responses have not been entirely clear. Recently
GalR2 agonists were suggested as putative antidepressant agents (Lu et al., 2005a, Kuteeva et
al., 2008b) and GalR3 has been suggested as a putative target for the development of
antidepressants and anxiolytics by use of novel GalR3 antagonists (Swanson et al., 2005, Barr
et al., 2006).

In the present study, the effects of galanin on stress responses are evaluated at different levels.
We monitored the effects of galanin (icv) on restraint stress-induced hyperthermia and
measured ACTH and corticosterone levels. In addition, to neuroanatomicaly investigate the
effects of galanin on restraint stress, cFos immunoreactivity as a neuronal activity marker was
assessed in the PVN and the LC. Moreover, the use of GalR1KO mice enabled us to delineate
the role of this galanin receptor subtype in the effects of galanin on restraint stress.

Materials and Methods
Animals

GalR1KO mice were generated as described previously (Jacoby et al., 2002, Blakeman et al.,
2003, Fetissov et al., 2003, Grass et al., 2003, Holmes et al., 2003, Zorrilla et al., 2007). Age-
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matched, adult (11 - 16 weeks old of age) male GalR1KO mice backcrossed for at least 7
generations onto a C57BL/6J background, their wild-type (WT) littermates and C57BL/6J mice
(The Jackson Laboratory) were given ad libitum access to food and water. The mice were
housed separately and maintained on a 12 h light/dark cycle (lights on at 6:00). All procedures
adhered to the National Institutes of Health Guide for the Care and Use of laboratory animals
and were approved by the Institutional Animal Care and Use Committee of the Scripps
Research Institute.

Stereotaxic operations and telemetry device implantation
The mice were anesthetized with isoflorane (induction, 3–5%; maintenance, 0.9–1.5%) and
placed in a stereotaxic frame. A stainless steel guide cannula (24 gauge, 7 mm long; Plastics
One, Roanoke, VA, USA) was implanted into the right lateral ventricle (0.3 mm posterior to
bregma, 1 mm lateral to the mid-sagittal line and 2.3 mm ventral to the surface of the skull)
and anchored to the skull with a 1.6 mm stainless steel screw (Plastics One, Roanoke, VA,
USA) and dental cement. A 31 gauge dummy cannula (Plastics One, Roanoke, VA, USA) was
kept inside the guide cannula when not in use. The mice used in restraint stress-induced
hyperthermia test were implanted with radio telemetry devices (TA10TA-F20; Data Sciences,
Inc., St. Paul, MN, USA) into the peritoneal cavity just before the intracerebroventricular (icv)
cannulation surgery.

Measurement of core body temperature and locomotor activity and injection
Mice were individually housed and allowed to recover for at least one week from the surgery.
Mice were subjected to daily handling and mock injection for 3 days before the start of stress
paradigm and the injection of galanin or its vehicle. Temperature and locomotor activity,
transmitted via digital telemetry devices, were recorded with the RPC-1 receivers (Data
Sciences, Inc., St. Paul, MN, USA) and forwarded to the Dataquest A.R.T.™ (Data Sciences,
Inc., St. Paul, MN, USA). Temperature and locomotor activity from the radio telemetry devices
were sampled at a 5 min interval. Galanin (Biopeptide CO., LLC, San Diego, CA, USA) or
the vehicle (artificial cerebrospinal fluid: ACSF) was injected i.c.v via cannula, at a volume of
3 μl, over 4 min.

Restraint stress and blood sample collection for basal and stress-induced conditions
In order to investigate the effects of galanin on stress-induced conditions, mice were placed in
an adjustable restraining device one hour after the injection of either galanin or its vehicle
(ACSF). Then, after 40 min period of restraint stress exposure, mice were deeply and quickly
anesthetized and the blood was collected through the right atrium very quickly in an adjacent
room between 13:00 and 15:00.

Transcardial perfusion and Tissue slice preparation for immunohistochemistry
After the mice were deeply anesthetized and blood samples were collected, they were
transcardially perfused with 0.1 M phosphate buffer (PB) followed by freshly prepared 4 %
paraformaldehyde (PFA) in 0.1 M PB. Brains were post-fixed in 4 % PFA overnight and
subsequently cryoprotected with 30 % sucrose in 0.1 M PB for 24 - 48 hours at 4 °C. Serial 35
μm coronal sections were cut from each brain with a cryostat (Leica Microsystems,
Bannockburn, IL, USA)

Hormone measurement
Plasma corticosterone and ACTH concentrations were measured using commercially available
radioimmunoassay kits (MP Biomedicals, Costa Mesa, CA, USA). The inter- and intra-assay
coefficients of variability for ACTH and corticosterone were similar to the manufacturer's
reported values.
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Immunohistochemistry
Sections were pre-incubated with 0.1 M phosphate-buffered saline (PBS) containing 1 %
bovine serum albumin (BSA) and 0.2 % Triton X-100 for 30 min, followed by the wash with
0.1 M PBS containing 0.5 % BSA. Then slices were incubated overnight with primary antibody
(rabbit anti-cFos, 1: 5000; Santa Cruz, Santa Cruz, CA, USA) in 0.1 M PBS containing 0.5 %
BSA and 0.05 % sodium azide. After rinsing with 0.1 M PBS, slices were incubated in the
secondary antibody (biotinylated anti-rabbit, made in goat, 1:500; Vector laboratories,
Burlingame, CA, USA) in 0.1 M PBS containing 0.5 % BSA for an hour. Then after the wash
in 0.1 M PBS, they were placed in avidin-biotin-peroxidase complex (ABC kit; Vector
laboratories, Burlingame, CA, USA) for one hour, followed by the diaminobenzine-nickel
(DAB-Ni) reaction (0.25 mg/ml DAB, 0.009 % H2O2, 0.04 % NiCl2 in 0.1 M PB) for 5 min.
All sections were mounted in 0.1 M PB on slide glasses and after the dehydration they were
examined under the light microscope. For each animal, the counts of cFos positive neurons per
brain regions were determined bilaterally. Brain regions were identified by using the atlas of
Franklin & Paxinos (1997): PVN, bregma −0.58 to −1.22; LC, −5.34 to −5.80.

Statistical analysis
Data are reported as means ± S.E.M. Values of galanin-injected groups were compared with
each vehicle control group by using the factorial analyses of variance (ANOVAs). When
appropriate, Tukey's test for one-way ANOVA and Bonferroni's test for two-way ANOVA
were used for post hoc analysis. Comparisons involving only two groups were evaluated by
Student's t-test. The level of significance was evaluated at p < 0.05.

Results
Effects of galanin (icv) in C57BL/6J mice: SIH and stress hormone responses

Core body temperature (Figure 1a) and locomotor activity (Figure 1b) were continuously
monitored by radio telemetry after the injection of either vehicle or galanin in adult male mice.
As shown in Figure 1a, core body temperature increased immediately following the icv
injection in both vehicle- and galanin-treated groups, peaked at 10 - 15 min and recovered by
60 min after the injection (F[12, 32] = 48.86, P < 0.0001). There were no significant differences
of core body temperature between vehicle- and galanin-treated mice. During the same period
of time, locomotor activity was significantly decreased by injection of galanin (Figure 1b, F
[2, 32] = 5.71, P = 0.0076). Figure 2 illustrates the effects of galanin icv injection on restraint
stress. Mice were injected with either galanin or vehicle (icv), and were subjected to restraint
stress one hour later. Figure 2a shows the difference in core body temperature (T2 − T1: T1 is
the pre-restraint stress basal body temperature whereas T2 is the post-restraint stress body
temperature measured at the indicated time point) that is considered to reflect the SIH. Restraint
stress markedly increased body temperature that reached the plateau in 30 min both in vehicle-
and in galanin-treated groups (F[8, 200] = 277.3, P < 0.0001). Interestingly, the effects of
galanin on the restrain stress-induced hyperthermic response was bidirectional (F[2, 200] =
11.37, P < 0.0001); a low dose (3 nmol) of galanin showed significantly (P < 0.05) increased
SIH response by 25 %, while a high dose (30 nmol) of galanin dramatically (P < 0.0001)
attenuated by 37 %, compared to the vehicle-injected group (Figure 2a). The basal body
temperature (T1), which is shown at 60 min post injection in Figure 1a, was not different
between the groups. These effects of galanin in the restraint stress-induced hyperthermia were
correlated with changes in serum stress hormone levels. As indicated in Figure 2b, icv
administration of a low dose (3 nmol) of galanin showed the significantly increased
corsticosterone level (451.3 ± 28.03 ng/ml) under the restraint stress while a high dose (30
nmol) of galanin elicited markedly lower level of plasma corticosterone (201.6 ± 21.95 ng/ml)
compared to the vehicle (305.6 ± 11.88 ng/ml), which is consistent with the SIH response in
Figure 2a, indicating the bidirectional effect of acute treatment with galanin on the restraint
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stress. At the same time points (13:00 – 15:00), however, both 3 and 30 nmol galanin icv
injection produced a decline, in a dose-dependent manner, in the ACTH level after the 40 min
duration of restraint stress (Figure 2c).

Effects of galanin on cFos induction in C57BL/6J mice
We investigated the effects of galanin (icv) on restraint stress-induced neuronal activity in the
LC and in the PVN; two areas with rich galanin receptor expression (O'Donnell et al., 1999,
Jungnickel and Gundlach, 2005), by using cFos immunoreactivity as a neuronal activity
marker. As shown in Figure 3a, in the LC, the higher dose of galanin (30 nmol, icv) injection
significantly induced cFos immunoreactivity to almost twice the level observed in the vehicle-
treated group (189.11 ± 28.20 % of vehicle control; P < 0.05 vs. Vehicle), while a lower dose
of galanin (3 nmol, icv) did not cause significant difference compared to vehicle control (Figure
3a). In the PVN (Figure 3b), there were no significant differences in cFos staining between
vehicle- and galanin-injected groups at either a lower (3 nmol) or a higher (30 nmol) dose of
galanin (icv).

Effect of galanin on restraint stress in GalR1KO mice: SIH and stress hormone responses
To determine the galanin receptor subtype(s) involved in SIH and stress hormone responses,
the same experimental procedure as in control C57BL/6J mice was carried out using GalR1KO
mice and WT mice. There were no significant differences of basal plasma corticosterone
(Figure 4a) and ACTH (Figure 4b) levels between GalR1KO and WT mice. Figure 4c shows
no difference in core body temperature between vehicle- and galanin-injected groups of
GalR1KO mice during the 60 min observation after the injection, although injection-related
stress significantly increased core body temperature in both groups (F[12, 120] = 16.94, P <
0.0001). Locomotor activity was not significantly different between the two groups during the
same time period (Figure 4d). One hour after the injection of either vehicle or galanin,
GalR1KO mice were exposed to restraint stress for 40 min. As shown in Figure 5a, restraint
stress increased core body temperature in both vehicle- and galanin-treated GalR1KO mice
(F[8, 80] = 71.79, P < 0.0001), similarly to WT mice. However, injection of 30 nmol galanin
had no effect, compared to the vehicle injection, on the SIH response in GalR1KO mice (Figure
5a) and the difference observed between vehicle- and galanin-treated group in WT mice
disappeared in GalR1KO mice at 40 min after the restraint stress exposure (Figure 5b).
Consistently, plasma corticosterone (Figure 5c) and ACTH (Figure 5d) levels in both vehicle-
and galanin-treated GalR1KO mice were dramatically increased in response to restraint stress
and they were not significantly different between these two groups. In WT mice, galanin 30
nmol treatment (icv) showed significantly decreased levels of corticosterone (Figure 5c) and
ACTH (Figure 5d) in response to restraint stress. These results indicate the important roles of
GalR1 in a high dose of galanin injection–induced decrease of locomotor activity, SIH and
stress hormone responses, respectively.

Effects of galanin on cFos induction in GalR1KO mice
We investigated whether the effect of galanin on neuronal activation in the LC as measured
by cFos staining shown in Figure 3a is mediated via GalR1 activation. Although in WT control
mice, the number of cFos positive cells in the LC of galanin-injected group was almost twice
(189.11 ± 28.20 %) as many compared with the vehicle-injected group (Figure 6, P < 0.05),
this effect of galanin was not observed in GalR1KO mice (101.12 ± 16.06 % for galanin-
injected group; Figure 6), indicating that increased neuronal activity in the LC by galanin icv
injection under restraint stress is likely to be mediated by GalR1 activation.
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Discussion
The present study demonstrates that acute injection of a high dose of galanin (30 nmol, icv)
reduces the SIH response, suppresses the associated increase in stress hormone release
(corticosterone and ACTH), and causes increased neuronal activation in the LC as measured
by cFos staining. In contrast, mice with a targeted deletion of the gene for GalR1 failed to show
any of these effects of galanin icv injection, indicating the critical role of GalR1 for the effects
of a high dose of galanin on stress responses; the reduction in SIH, the correlated decrease in
stress hormone levels and increased cFos immunoreactivity in the LC. The present study also
shows that a low dose of galanin (3 nmol, icv) induces a moderate increase in SIH with the
associated changes in stress hormone levels. Furthermore, we also show the decreased
locomotor activity after galanin injection, as previously observed (Fone and Dixon, 1991,
Ericson and Ahlenius, 1999, Weiss et al., 2005). We attribute, for the first time, this effect to
be mediated through GalR1 by using GalR1KO mice.

A multitude of behavioral studies using stress-related animal models have been done to
examine the role of galanin and its receptors in anxiety and affective disorders (Karlsson and
Holmes, 2006, Bailey et al., 2007, Rajarao et al., 2007, Kuteeva et al., 2008a, Kuteeva et al.,
2008b, Lu et al., 2008). There are many conflicting reports of the role of galanin in stress-
related behavioral phenotypes, such as anxiogenic-like (Moller et al., 1999, Khoshbouei et al.,
2002b, Echevarria et al., 2005, Swanson et al., 2005), anxiolytic-like (Bing et al., 1993, Holmes
et al., 2002, Khoshbouei et al., 2002a, Barrera et al., 2006) or no effects (Karlsson et al.,
2005, Kuteeva et al., 2005). The role of galanin in stress-related behaviors seems to be complex
depending on the animal species, route and site of drug administration and behavioral
paradigms employed (Lu et al., 2005b, Karlsson and Holmes, 2006, Rajarao et al., 2007),
reflecting the complex galaninergic innervation in the CNS and the discrete yet partially
overlapping patterns of the three galanin receptor subtypes (GalR1 – 3). The present series of
experiments demonstrate for the first time that galanin (icv) has bidirectional effects on stress
responses depending on its doses, in mice with C57BL/6J genetic background under the
restraint stress condition. Previous data showed that 3 nmol galanin (icv) reduced anxiety-like
behavior in the Vogel conflict test in rats (Bing et al., 1993), while Karlsson et al. (2005) have
shown in C57BL/6J mice that centrally administered galanin have no anxiety-related effects
in two commonly used tests, the elevated plus maze test or in the light-dark exploration test,
suggesting the results are species and paradigm dependent. It should also be noted that the
doses of galanin used in the previous studies were lower than those of the current study. There
may be differences between rats and mice in the affinity and pharmacokinetics for galanin and
higher doses of galanin may be required to detect the end-point readouts of stress-related tests
in mice. Indeed, a lower dose of galanin used here only had a moderate effect in the SIH
paradigm. Consistent with a moderate increase of SIH response, increased level of
corticosterone was observed at 3 nmol galanin (icv), compared to the vehicle control. At the
same time point, however, the ACTH level was lower than the vehicle control. This may reflect
the negative feedback system of the HPA axis since corticosterone is known to be able to
suppress the ACTH secretion (Sapolsky et al., 2000, Tsigos and Chrousos, 2002). A
comprehensive temporal analysis of these stress hormone levels may be required to fully
investigate the difference between the effects of galanin injection on corticosterone and ACTH
level at a low dose.

We also examined whether galanin affects the restraint stress-induced neuronal activity, using
cFos immunoreactivity, in the hypothalamic PVN and in the LC. We chose these two brain
areas because they are the well-studied central control stations of the stress system in the brain
(Tsigos and Chrousos, 2002) and areas where galanin and galanin receptors are predominantly
expressed in the brain (O'Donnell et al., 1999, Jungnickel and Gundlach, 2005, Mitsukawa et
al., 2008). The LC is a primary source of norepinephrine and the LC-norepinephrine system
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plays an important role together with HPA axis during the stress exposure, underlying the fight
or flight response and serving as an alarm system (Carrasco and Van de Kar, 2003, Valentino
and Van Bockstaele, 2008). The PVN and the LC are the regions where stressors including
anxiogenic stimuli and anxiolytic agents including benzodiazepines (Beck and Fibiger, 1995,
Compaan et al., 1996, Salminen et al., 1996, Kovacs, 1998) induce cFos expression. In the
present study, 30 nmol galanin icv injection significantly increased restraint stress-induced
cFos immunoreactivity at the LC. On the other hand, however, we could not detect galanin
induced-significant difference of the cFos-positive immunoreactivity in the PVN under the
restraint stress, although HPA axis was less activated as a result of 30 nmol galanin icv injection
as it showed the decreased levels of both corticosterone and ACTH. Consistent with our data,
intraventricular galanin infusion prior to challenge with fresh cage exposure did not change
cFos expression level in the PVN compared to the vehicle infusion (Stone et al., 2007). Our
finding is also consistent with results obtained using a group II metabotropic glutamate receptor
(mGluR) agonist LY354740 which has shown anxiolytic-related effects in preclinical models
(Monn et al., 1997, Helton et al., 1998, Ferris et al., 2001, Spooren et al., 2002) and in clinical
findings (Grillon et al., 2003, Schoepp et al., 2003), having no effects on cFos in the PVN but
increased level of cFos in the LC in mice that were exposed to the elevated plus maze as a
stressor (Linden et al., 2004). Both galanin and group II mGluR agonists inhibit glutamate
release (Zini et al., 1993, Kinney et al., 1998, Muly et al., 2007) therefore the decreased level
of glutamate may be the common possible mechanism of their effects on cFos expression. We
report that cFos activation following galanin adminstration observed in this study is similar to
that of Group II mGluR agonists that are presently in clinical trials suggesting that galanin may
be a novel therapeutic agent for anxiety.

GalR1KO mice were used to investigate which receptor subtype(s) is involved in the effect of
galanin on SIH, stress hormone levels and cFos immunoreactivity in the LC. Among the three
galanin receptor subtypes, GalR1 is the most abundant and predominantly expressed receptor
throughout the brain including the PVN and the LC (Hawes and Picciotto, 2004, Mitsukawa
et al., 2008). The icv injection of a low dose of galanin (3 nmol) showed only a moderate effect
on the SIH in control C57BL/6J mice, therefore only a high dose of galanin was tested in
GalR1KO mice. GalR1 KO mice failed to show the decrease of the locomotor activity, the
decrease of the SIH and its associated stress hormone levels (both ACTH and corticosterone),
or the increase of cFos immunoreactivity in the LC, all of which were shown in control WT
mice, indicating that GalR1 plays a critical role in the anxiolytic-like effects of galanin under
the stressful conditions. A potentially interesting experiment one can perform in the future to
demonstrate a somewhat pure GalR1 effect is to investigate the anxiety related effect of galanin
in GalR2 and GalR3 double KO mice. Given that GalR3 antagonists have anxiolytic-like effects
(Swanson et al., 2005) and that GalR2 KO mice have a weak, if any, anxiety-like phenotype
(Gottsch et al., 2005, Bailey et al., 2007, Lu et al., 2008), we predict that a stronger anxiolytic-
like effect of galanin may be seen in mice expressing GalR1 subtype alone (i.e. GalR2 and
GalR3 double KO mice) than in WT mice. In addition, we did not observe differences in
locomotor activity upon galanin injection in GalR1KO mice, suggesting the important role of
GalR1 in the effect of galanin on locomotor activity. However it can not be ruled out that the
results observed here may be secondary to alterations in other neuronal circuits, not yet
identified, which are influenced in a compensatory manner by the null mutation of GalR1.
Holmes et al. (2003) have shown that GalR1KO mice exhibit increased anxiety-like behavior
specific to the elevated plus maze test, suggesting the anxiolytic-like actions of galanin exerted
via GalR1, under conditions of relatively high stress. This is supported by the present data that
showed no differences of basal stress hormone levels between GalR1KO mice and WT mice.
However, restraint stress, considered as relatively severe stress condition, did not evoke any
temperature or endocrine differences in the vehicle-injected groups between GalR1KO mice
and WT mice (Figure 5). The reason for this is currently unclear, but it is possible that ceiling
response was observed in this study.
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In summary, we showed the bidirectional (anxiolytic and anxiogenic) actions of galanin in
stress-related paradigm and that GalR1-mediated signaling participates, at least in part, in the
anxiolytic actions of galanin. It is interesting to note that galanin has been also shown to exert
bidirectional, dose-dependent effects on pain responses; a low dose of galanin increases
neuropathic pain and a high dose of galanin has predominantly inhibitory effects on neuropathic
pain (Wiesenfeld-Hallin et al., 1988, 1989, Liu and Hökfelt, 2002). This is consistent with our
present data as pain is known as an important stressor. These results underlie the importance
of developing GalR1 agonists that may act as putative anxiolytic agents.
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Figure 1.
The effects of galanin injection (icv) on the core body temperature and the locomotor activity.
Mice were injected vehicle or galanin (3 or 30 nmol, icv) and kept in individual home cages
for 60 min while being measured the core body temperature (a) and the locomotor activity (b)
with the implanted radio telemetry devices. The injection-related stress increased body
temperature in vehicle- and galanin-treated mice and the injection of galanin decreased
locomotor activity (* p < 0.05, ** p < 0.01; vs. Vehicle). The data represents means ± SEM (n
≥ 6).
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Figure 2.
The effects of galanin injection (icv) on the restraint stress-induced hyperthermia test (a) and
on its associated plasma corticosterone (b) and ACTH (c) levels. Mice were injected vehicle
or galanin (3 or 30 nmol, icv), kept in individual home cages for 60 min and then given the
restraint stress for 40min, followed by the blood sample collection (13:00 - 15:00). Both
vehicle- and galanin-injected mice showed the increased core body temperature in response to
restraint stress. A low dose of galanin (3 nmol, icv) showed the significantly increased core
body temperature while a high dose of galanin (30 nmol, icv) showed the markedly decreased
core body temperature, compared to the vehicle injection (a; * p < 0.05, ** p < 0.01; vs.
Vehicle). These changes were correlated with corticosterone and ACTH levels (b, c; * p < 0.05,
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** p < 0.01; vs. Vehicle, # p < 0.05, ## p < 0.01; vs. Galanin 3 nmol). The data represents
means ± SEM (n ≥ 7).
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Figure 3.
The effects of galanin injection (icv) on cFos immunoreactivity in the LC (a) and the PVN (b)
of restraint-stressed mice. Mice were injected vehicle or galanin (3 or 30 nmol, icv), kept in
individual home cages for 60 min and then given the restraint stress for 40 min, followed by
the perfusion of brain samples which were later immunostained for cFos. In the LC, galanin
30 nmol injection significantly increased cFos immunoreactivity (* p < 0.05 vs. Vehicle). There
were no significant differences of cFos activation in the PVN between vehicle- and galanin-
injected groups. The data represents means ± SEM (n ≥ 6). The levels of cFos activation are
shown relative to each vehicle-treated group that is set as 100 %.
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Figure 4.
The basal plasma corticosterone (a) and ACTH (b) levels in WT mice and in GalR1KO mice,
and the effects of galanin injection (icv) on the core body temperature (c) and the locomotor
activity (d) in GalR1KO mice. Mice treatments are as described in Figure 1. There were no
significant differences in basal corticosterone and ACTH levels between WT and GalR1KO
mice. In GalR1KO mice, there were no significant differences in core body temperature and
in locomotor activity between vehicle- and galanin-injected groups. The data represents means
± SEM (n ≥ 6). n.s.; not significant
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Figure 5.
The effects of galanin injection (icv) on the restraint stress-induced hyperthermia test in
GalR1KO mice (a) and its comparison between WT and GalR1KO mice at 40 min after the
restraint stress exposure (b). Plasma corticosterone (c) and ACTH (d) levels were measured
with or without restraint stress in WT and GalR1KO mice. Mice treatments are as described
in Figure 2. There was no effect of 30 nmol galanin on restraint stress-induced hyperthermia
in GalR1KO mice and the lower core body temperature observed in WT mice at 40 min after
galanin 30 nmol injection, compared to vehicle injection, was not observed in GalR1KO mice.
These results were well correlated with corticosterone and ACTH levels. The data represents
means ± SEM (n ≥ 6). ** p < 0.01

Mitsukawa et al. Page 18

Neuroscience. Author manuscript; available in PMC 2010 June 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
The effects of galanin injection (icv) on cFos immunoreactivity in the LC of restraint-stressed
WT and GalR1KO mice. The injection of 30 nmol galanin increased cFos immunoreactivity
in WT mice (* p < 0.05, vs. Vehicle), however this effect of galanin was not observed in
GalR1KO mice. The data represents means ± SEM (n ≥ 5).
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