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Galanin is a neuropeptide implicated in the regulation of feeding, reproduction, cognition, nociception, and
seizure susceptibility. There are three known galanin receptor (GALR) subtypes (GALR1, GALR2, and
GALR3), which bind to galanin with different affinities and have their own unique distributions, signaling
mechanisms, and putative functions in the brain and peripheral nervous system. To gain further insight into
the possible physiological significance of GALR2, we created mutant mice that were deficient in GALR2 and
compared their phenotype to that of wild-type (WT) littermate or age-matched controls, with respect to basic
motor and sensory function, feeding behavior, reproduction, mood, learning and memory, and seizure suscep-
tibility. Phenotypic analysis revealed that animals bearing a deletion of GALR2 did not differ significantly from
their WT controls in any of the measured variables. We conclude that either GALR2 plays no role in these
physiological functions or through redundancy or compensation these mutant animals can adapt to the
congenital absence of GALR2. It is also conceivable that GALR2 plays only a subtle role in some of these
functions and that the impact of its loss could not be detected by the analytical procedures used here.

Galanin is a neuropeptide comprising 29 to 30 amino acids
and is widely distributed throughout the central and peripheral
nervous system (35, 36, 45, 46, 49). Since its discovery over 20
years ago, galanin has been shown to have a role in numerous
physiological processes, including the neuroendocrine regula-
tion of gonadotropin and growth hormone secretion, nocicep-
tion, cognition, and seizure susceptibility (reviewed in refer-
ences 1, 3, and 19). The molecular actions of galanin are
thought to be mediated by one or more galanin receptor
(GALR) subtypes, GALR1, GALR2, and GALR3, all of which
are G-protein-coupled receptors (reviewed in references 6, 7,
and 25). Despite their partial sequence homology, these recep-
tors differ with respect to the signaling pathways activated by
galanin. Activation of GALR1 and GALR3 inhibits adenylate
cyclase and the opening of potassium channels (reviewed in
references 6, 29, and 47), whereas activation of GALR2 in-
creases intracellular calcium through stimulation of phospho-
lipase C (6, 41, 53, 55). Differences among their signaling
mechanisms are likely to contribute to their unique physiolog-
ical actions. In addition, these different GALRs also have dis-
tinctive patterns of distribution in the nervous system, sustain-
ing the notion that these receptors have diverse physiological
functions (6, 9, 11, 16, 17, 21, 29, 37, 39, 47). However, beyond
the diversity of their signaling mechanisms and distributions,
we understand relatively little about the physiological role
played by any of the different galanin receptor subtypes. This is

partly attributable to the fact there are few (if any) receptor-
specific ligands available (2, 31, 43, 57), and to date, only one
of the receptors (GALR1) has been genetically targeted for
ablation for the purpose of studying the resultant phenotype
(4, 18, 23, 26, 34, 56).

GALR2 has been implicated in the mediation of galanin’s
effect on jejunal contraction (54), stimulation of growth hor-
mone and prolactin secretion (11, 40), myometrial contraction
(38), seizure susceptibility (34), peripheral nerve regeneration
(8, 32), hippocampal neuroprotection (12, 33), and the re-
sponse to axotomy in motor and sensory neurons (48, 58). In
the case of GALR2, its mRNA has been localized to hypotha-
lamic nuclei, hippocampus, amygdala, several regions of the
cortex, and the dorsal root ganglion (reviewed in references 11,
20, 29, and 39) and has been shown to be regulated following
peripheral nerve axotomy (48, 58). Considering the distribu-
tion of GALR2 and its mRNA in such areas as the hypothal-
amus, hippocampus, amygdala, cortex, and dentate gyrus (11,
16, 20, 29, 39) and its unique signaling mechanism (7), we
postulated that GALR2 plays an important role in regulating
feeding behavior, growth, several aspects of reproduction, be-
havior, learning and memory, and seizure susceptibility. To
identify physiological processes for which GALR2 has a vital
function, we generated mice that were deficient in GALR2 and
compared their phenotype to that of normal wild-type (WT)
controls.

MATERIALS AND METHODS

Experimental animals. All animals used in these studies were housed in the
animal care facilities at the University of Washington Department of Compar-
ative Medicine or at Nura, Inc. (Seattle, WA). All procedures were approved by
the University of Washington or the Nura Institutional Animal Care and Use
Committee, in accordance with the National Institutes of Health Guide to Care
and Use of Laboratory Animals. Animals were group housed except during
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actual experimental procedures, when single housing was required. All animals
were kept on a constant light/dark cycle at all times (12:12 with lights on at 6:00
[University of Washington] or 7:00 [Nura]). Mice were weaned onto Pico Lab
Rodent 20 5058 (20% protein, 9% fat) and then later switched to Pico Lab
Rodent 20 5053 (20% protein, 4.5% fat).

Generation of GALR2�/� (null) mice. GALR2�/� knockout (KO) mice were
produced at Nura, Inc., by retroviral mutagenesis as described previously (30).
Briefly, an embryonic stem (ES) cell library was constructed by infecting 129/
SvImJ ES cells with a retroviral vector. The vector included a selection marker,
termination codons in all reading frames, a splice acceptor, and a transcription
terminator. Mutations in the GALR2 gene were found in the library by PCR
analysis of genomic DNAs using vector-specific and gene-specific primers. Mu-
tant clones isolated from the library were used for animal production using
standard injection methods. In brief, mutant ES cells were injected into blasto-
cysts of C57BL/6J mice before being transferred into the uteri of day 2.5 pseu-
dopregnant CD-1 females. Chimeric mice were bred with 129S1/SvImJ mice to
generate knockouts on an inbred background. The resulting progeny were geno-
typed by PCR of tail DNA to identify pups containing a disruption in the GALR2
gene. Heterozygous animals bearing the mutation were bred together to obtain
homozygous GALR2 KO mice and wild-type control mice.

Reverse transcriptase (RT) PCR was employed to confirm inactivation of the
GALR2 gene. Brains were dissected and stored in RNALater (Ambion, Austin,
TX) at 4°C until RNA isolation. RNA was isolated from homogenized tissue by
phenol extraction and LiCl precipitation using Totally RNA (Ambion). RNA was
treated with DNase I (Ambion) for 1 h at 37 C. Equal amounts (�100 ng) of
RNA were used in each sample for reverse transcription reactions using a
Super-Script first-strand synthesis kit (Invitrogen, Carlsbad, CA). Each reaction
was run in duplicate with reverse transcriptase or without to control for possible
genomic DNA contamination. cDNA was amplified for 40 cycles (94 C for 60 s,
58 C for 60 s, 72 C for 90 s, final extension 72 C for 10 min) with GALR2-specific
primers (5�-TCACTGCTCTGCAAGGCCGTTCA-3� and 5�-AGATTGGCCA
GCTGCGACTGACTGT-3�) that were predicted to produce a 233-bp PCR
fragment. The primer binding regions are located in exon 1 and exon 2 of the
GALR2 gene, with the inactivating retroviral insertion located in the intron
separating the two exons. Verification of deletion of the GALR2 gene was
previously published by Krasnow et al. (30).

All WT control mice used were littermate controls or age-matched to the
GALR2 knockout mice from Het � Het breedings. Food and body weight
measurements were taken daily just prior to lights out.

Behavioral testing. (i) Home cage activity. Home cage activity was monitored
by a MicroMax photobeam system (Accuscan Instruments, Columbus, OH) that
was exterior to the cage. Animals in their home cage were placed in the photo-
beam boxes and tested for activity over a 3-day period. Food consumption was
also measured during this same time frame (test days 1 to 3) (n � 22 per
genotype [11 males and 11 females]).

(ii) Open field activity. Open field activity was monitored in VersaMax cham-
bers (Accuscan Instruments) measuring 40 by 40 cm and detected by photobeam
breaks. Measurements used to assess locomotor activity include horizontal ac-
tivity, total number of rearing events, and distance traveled in the center com-
pared to total distance traveled (center to total distance ratio) (n � 22 per
genotype [11 males and 11 females]).

(iii) Nociception. Nociception was measured using the standard hot plate test
for nociception (pain) carried out by placing a mouse on a 55°C hot plate
(Accuscan Instruments) and measuring the latency of a hind limb response
(shake or lick). The maximum time allowed on the hot plate was 30 s; if the
animal did not respond within this time; the time of latency was recorded as 30
seconds (n � 22 per genotype [11 males and 11 females]).

(iv) Tail suspension assay. The tail suspension assay involved the use of an
automated tail suspension apparatus (Med Associates, St. Albans, VT). The load
cell amplifier picked up the animal’s movements (struggle to escape), and the
data were collected over a 6-min test session (n � 22 per genotype [11 males and
11 females]). The time spent struggling is a measure of learned helplessness
behavior or behavioral despair, and the latency to the onset of the end of the
struggling can be increased by antidepressants.

(v) The light-dark exploration test measures the conflict between the natural
tendencies of mice to explore a novel environment and their tendencies to avoid
the aversive properties of a brightly lit (anxiety-provoking) open area. The
brightly lit compartment (27 cm by 20 cm by 30 cm) comprises two-thirds of the
surface area, while the dark compartment (18 cm by 20 cm by 30 cm) comprises
one-third of the surface area. An opening is designed to allow the mouse access
to both compartments. This test was used in conjunction with the stress-induced
hypothermia test.

(vi) Stress-induced hyperthermia test. The stress-induced hyperthermia test
measures anxiety and reflects an unconditioned physiological response where the
rectal temperature of a mouse increases in response to stress. The basal tem-
perature (T0) of mice was measured rectally (Physitemp). A few seconds later
the mouse was placed in the light-dark box for 6 min. The timing of each
transition from the dark to light or light to dark compartments was recorded
during the period. Immediately after the completion of the light-dark box test,
the mouse was removed from the box and the stressed temperature (T1) was
determined. Measurements used to assess anxiety-related responses are the total
number of transitions in the light-dark box and the change in body temperature
(T1 � T0) from baseline over the 6-min test (n � 22 per genotype [11 males and
11 females]).

(vii) PPI. Prepulse inhibition of the acoustic startle response (PPI) was tested
using the SR-Lab system (San Diego Instruments, San Diego, CA). A test session
consisted of six trial types. One type used a 40-ms, 120-dB sound as the startle
stimulus. Four types used acoustic prepulses followed by acoustic startle stimu-
lus. The 20-ms prepulse sounds of 73, 76, 79, and 82 dB were presented 100 ms
before the startle stimulus. Finally, there were 70-dB trials where no startle
stimulus was presented to measure baseline reaction. Six blocks of the six trial
types were presented in pseudorandom order. The startle response was recorded
for 65 ms starting with the onset of the startle stimulus. Measurements used to
assess PPI were the maximum startle amplitude and the percent time each of the
four prepulses inhibits the startle response (n � 22 per genotype [11 males and
11 females]).

(viii) Contextual fear conditioning test. The contextual fear conditioning test,
which measures emotion-based learning and memory, involved placing a mouse
in an enclosed chamber (Med Associates) with the floor made up of metal rods
equipped to deliver a mild electric shock. Electric shock was paired with a noise
such that the shock was delivered immediately when the noise turned off. In
training session the mouse was placed in the chamber and allowed to explore the
environment. Then a 75- to 80-dB white noise was turned on. A foot shock was
paired with the noise cessation. The mouse was tested 24 h later by assaying the
amount of freezing it showed in the context (the chamber) in which it was
shocked (context test) (n � 22 per genotype [11 males and 11 females]). Freezing
was automatically measured using the FreezeFrame system (Actimetrics, Wil-
mette, IL). This paradigm of “background” contextual fear conditioning is a
measure of both amygdala and hippocampal functions (42).

(ix) Tolerance and sensitivity to ethanol. Tolerance and sensitivity to ethanol
were tested by examining core body temperature of the mice before and after an
intraperitoneal (i.p.) injection of ethanol. Core body temperature was measured
rectally (T0) (Physitemp), and then the mice were administered an i.p. dose of
2.5 g/kg of body weight and placed in a dosing chamber. Body temperature was
measured rectally 30 min post injection (T1). On the next day mice were treated
the same way. Sensitivity to ethanol was measured as the difference in body
temperature (T1 � T0) after injection, while tolerance was measured as the
difference in the temperature changes between the two testing days (n � 22 per
genotype [11 males and 11 females]).

References for the above behavioral tests can be found in Current Protocols in
Neuroscience (10).

Reproductive physiology. (i) Estrous cyclicity. Female mice were housed in-
dividually and allowed to acclimate for 7 days while being handled daily. After
the 7th day, a daily vaginal smear was obtained from mature females, just after
lights came on for 28 days. Smears were placed onto microscope slides and
allowed to dry and stained using a Giemsa stain. Smears were then analyzed
blindly for stage of estrus. After stage of estrus was determined for each of the
smears, they were then evaluated for estrous-cycle length and amount of time
spent at each stage of estrus (n � 9 per genotype).

(ii) Fertility and lactation. To determine fertility and mammary gland function
(lactation), KO female mice were bred to WT male mice and KO male mice were
bred to WT female mice (n � 5 females per genotype). The number of pups born
and number of pups weaned were noted. Maternal behaviors were noted for any
deviation from normal maternal behavior (including cannibalization and aban-
donment).

Feeding and body weight regulation. (i) Body weight and food intake. Daily
body weight and food intake measurements were taken just prior to lights out for
12 days prior to any experimental procedures (after being housed singly for �7
days; n � 9 per genotype). Food consumption was measured after animals were
housed singly for a minimum of 7 days to stabilize body weight and food con-
sumption. For the fasting experiment and leptin injection study, cages were
cleaned prior to experiments to remove potential spillage and cages were exam-
ined for residual food at the end of the study.

(ii) Leptin administration. Leptin used in these studies was supplied by Zy-
mogenetics Inc., Seattle, WA. Weight-matched WT and KO littermates (n � 10
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per genotype) were housed individually and monitored until body weight and
food consumption stabilized. Mice were treated intraperitoneally with either
leptin (100 �g/mouse in 500 �l saline) or saline (500 �l) for 14 days. Injections
were given 1 h prior to lights out (22).

(iii) Fasting. Weight-matched WT and KO littermates (n � 9 per genotype)
were housed individually and monitored until food intake and body weight
stabilized. At 11:00 on day 1, food was removed from 48 h. Mice were provided
with water at all times. At 11:00 on day 3, mice were refed. Body weight of mice
was monitored at 24 h, 36 h, and 48 h of fasting to be sure that body weight did
not drop below 20% of normal weight. Body weight and food intake were
monitored for the next 48 h after the fast.

Seizure susceptibility. (i) Pentylenetetrazole-induced seizure susceptibility.
Pentylenetetrazole (PTZ) (25 to 50 mg/kg) was dissolved in water and adminis-
tered (4 ml/kg, i.p.) to seizure-naive mice (n � 9 [KO]; n � 8 [WT]). After
injection, animals were placed into a clear container and closely monitored for 10
min. Latencies to first myoclonic jerk (focal seizure) and clonic-tonic (general-
ized) seizure served as measures of seizure susceptibility. Animals not having
seizures were assigned latencies of 10 min.

(ii) Flurothyl-induced seizure susceptibility. Seizure-naive mice were placed
in an airtight Plexiglas chamber, and flurothyl (2,2,2-trifluroethylether; Aldrich,
Milwaukee, WI) was infused (20 �l/min) onto filter paper inside the container,
from which it vaporized (n � 8 per genotype). Mice were removed immediately
from the chamber after the onset of a generalized seizure. Each mouse was
tested individually and received only one exposure to flurothyl. Latencies to first
myoclonic jerk and to clonic-tonic seizure were measured.

Statistics. Statistical analyses of behavioral tests were performed by a 2-way
analysis of variance (gender � genotype), with repeated measures for tests with
multiple time points. Data from the other tests were analyzed by Student’s t test
or by two-way analysis of variance if a treatment was involved. The criterion for
a statistically significant difference was a P value of 	0.05.

RESULTS

Behaviors. There were no significant differences between
genotypes in home cage activity (daytime activity, 5,043 
 537
beam breaks [WT] versus 6,426 
 524 beam breaks [KO];
nighttime activity, 10,518 
 893 beam breaks [WT] versus
12,201 
 870 beam breaks [KO]) (see Fig. S1 in the supple-
mental material), suggesting that the GALR2 mutation did not
disrupt circadian activity rhythms. There were no significant
differences between genotypes in open field activity (i.e., hypo-
or hyperactive) (total activity, 948 
 147 cm [WT] versus 1,025

 143 cm [KO]; center to total distance ratio, 0.037 [WT]
versus 0.034 [KO]) (see Fig. S2 in the supplemental material).
There were no significant differences between genotypes in
latency to response to the hot plate (i.e., nociception) (16.3 

1.2 s [WT] versus 16.3 
 1.2 s [KO]) (Fig. 1). There were no
significant differences in stress-induced hyperthermia (body
temperature baseline, 36.04 
 0.09°C [WT] versus 35.9 

0.09°C [KO]; change in body temperature, 1.41 
 0.09°C [WT]
versus 1.44 
 0.09°C [KO]) (Fig. 2) observed between geno-
types, and there were no significant differences between geno-
types in the tail suspension assay (total immobility, 182 
 6 s
[WT] versus 191 
 6 s [KO]) (see Fig. S3 in the supplemental
material), indicating no significant differences in anxiety- and
depression-based behaviors between WT and GALR2 KO
mice. Furthermore there were no significant differences be-
tween genotypes for the contextual fear conditioning assay
(percent in freezing time, 50.9 
 4.2% [WT] versus 51.6 

4.1% [KO]) (Fig. 3), indicating that learning behavior was
similar between the genotypes. Also, there was no significant
differences between genotypes for prepulse inhibition of the
acoustic startle response (PPI) (73 dB, 32.5 
 7% inhibition
[WT] versus 37.6 
 3.6% inhibition [KO]; 76 dB, 63.9 
 3.9%
inhibition [WT] versus 67.7 
 3.6% inhibition [KO]; 79 dB, 69


 4.5% inhibition [WT] versus 74.3 
 2.8% inhibition [KO];
82 dB, 81.9 
 3.3% inhibition [WT] versus 85.3 
 1.9% inhi-
bition [KO]) (see Fig. S4 in the supplemental material), indi-
cating that the sensory motor gating function that is often
disrupted in psychotic conditions is normal in the GALR2 KO
mice. Finally, there were no differences between genotypes in
sensitivity (change in temperature, �2.86 
 0.16°C [WT] ver-
sus �2.94 
 0.15°C [KO]) and tolerance (change in tempera-
ture, �0.76 
 0.20°C [WT] versus �0.92 
 0.19°C change in
temperature [KO]) to ethanol (see Fig. S5 in the supplemental
material).

Reproductive physiology. There was no significant difference
in reproductive phenotype observed in either male or female
GALR2 knockout mice compared to WT controls. Estrous
cyclicity was similar between genotypes, with an average cycle
lasting between 4 and 5 days (4.1 
 0.9 days [WT] versus 4.8 

0.1 days [KO]) (Fig. 4A). Both genotypes had similar numbers
of pups with their first litter (4.5 
 1.9 pups [WT] versus 4.7 

1.5 pups [KO]) (Fig. 4B) and weaned similar numbers of pups
(4.2 
 2.3 pups [WT] versus 4.2 
 1.9 pups [KO]) (Fig. 4C). No
significant differences in maternal behaviors were observed
between genotypes. All GALR2 KO males were able to im-
pregnate WT females (data not shown), as were their WT
controls.

Feeding and body weight regulation. There were no signif-
icant differences between genotypes in either body weight
(males, 27.5 
 4.2 g [WT] versus 30.1 
 3.0 g [KO]; females,
21.8 
 2.9 g [WT] versus 21.6 
 2.3 [KO]) (Fig. 5A) or food
intake (3.2 
 0.6 g [WT] versus 3.3 
 0.4 g [KO]) (Fig. 5B).
Leptin treatment did not significantly affect food intake (data
not shown) but did significantly reduce body weight (data not
shown) in both genotypes; however, there were no significant
differences between genotypes in either food intake (4.02 

0.44 g [WT] versus 3.55 
 0.56 g [KO]) (see Fig. S6B in the
supplemental material) or change in body weight (�1.86 

0.58 g [WT] versus �1.39 
 0.51 g [KO]) (see Fig. S6A in the

FIG. 1. Nociception. Latency (in seconds) to hind-limb response
(shake or lick) during a standard hot plate test is shown. There were no
differences between genotypes (P � 0.98; n � 22 per genotype [11
males, 11 females]).
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supplemental material) while the animals received leptin. Fast-
ing produced a significant reduction in body weight in both
genotypes, and there were no discernible differences between
genotypes at 0 h (22.1 
 2.9 g [WT] versus 21.6 
 1.8 g [KO]),
24 h (20.9 
 2.6 g [WT] versus 20.6 
 2.7 g [KO]), 36 h (21.2

 5.2 g [WT] versus 19.9 
 2.7 g [KO]), or 48 h (19.5 
 2.5 g
[WT] versus 19.6 
 2.9 g [KO]) of the fast and no significant
difference between genotypes in the overall change in body
weight at 48 h of the fast (�2.5 
 1.0 g [WT] versus �2.0 

1.3 g [KO]) (Fig. 5C). At 24 h and 48 h postfast there was no
significant difference between genotypes in body weight (24 h
postfast, 22.0 
 3.1 g [WT] versus 21.8 
 2.0 g [KO]; 48 h
postfast, 22.2 
 2.9 g [WT] versus 21.5 
 1.8 g [KO]) (Fig. 5C)
or food intake (24 h postfast, 6.7 
 3.6 g [WT] versus 6.7 

1.5 g [KO]; 48 h postfast, 3.9 
 0.9 g [WT] versus 3.4 
 0.8 g
[KO]) (Fig. 5D).

Seizure susceptibility. There were no significant differences
between genotypes in either the latency to myotonic jerk (226


 155 s [WT] versus 154 
 38 s [KO]) (Fig. 6A) or the latency
to clonic-tonic seizures (340 
 169 s [WT] versus 356 
 163 s
[KO]) (Fig. 6A) following administration of PTZ. There were
no significant differences between genotypes in the number of
mice that showed tonic extension or tonic extension coupled
with death (Fig. 6B).

There were no significant differences between genotypes in
the latency to myotonic jerk (347 
 25 s [WT] versus 349 

20 s [KO]) (Fig. 6C) or in the latency to clonic-tonic seizure
(374 
 17 s [WT] versus 371 
 28 s [KO]) (Fig. 6C) following
flurothyl administration. There were no significant differences
between genotypes in the number of mice that underwent tonic
extension or tonic extension coupled with death (Fig. 6D).

DISCUSSION

Galanin has been widely implicated in many diverse pro-
cesses (reviewed in references 1 and 3), and GALR2 is ex-
pressed throughout the central and peripheral nervous system,
notably in areas of the brain that control complex physiological
processes (16, 17, 24, 39). Thus, we anticipated that mice de-
ficient in GALR2 would show phenotypic alterations in key
physiological functions and behaviors, such as reproduction,
body weight homeostasis, and learning and memory. However,
GALR2 KO mice were indistinguishable from their littermate
or age-matched WT controls in the tests we performed. These
results expand our earlier limited observations in GALR2 KO
mice (30). Our results show that GALR2 KO mice are not all
that different from GALR1 KO mice except that GALR1 mice
exhibit anxiety behaviors (23), seizure susceptibility (26, 34),
lower serum concentrations of insulin-like growth factor 1 (26),
and some other subtle phenotypes (4, 56), all of which were not
evident in our studies of the GALR2 KO mouse.

We had expected that deletion of GALR2 would result in
reproductive dysfunction, perhaps being reflected by failure of
pregnancy or parturition. Galanin and GALR2 mRNAs are
both expressed in myometrium (38), and alterations in myo-
metrial contractility produced by galanin are thought to be

FIG. 2. Anxiety and stress. Results of the stress-induced hyperthermia test are shown. (A) Baseline body temperature of GALR2 KO and WT
littermates (P � 0.2); (B) change in body temperature from baseline body temperature during stress-induced hyperthermia (P � 0.84; n � 22 per
genotype [11 males, 11 females]).

FIG. 3. Learning and memory. Results of the contextual fear con-
ditioning test are shown. There were no significant differences in the
percentage of freezing time to the context between genotypes (P �
0.91; n � 22 per genotype [11 males, 11 females]).
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attributable to GALR2. Furthermore, the expression of gala-
nin increases in the gravid myometrium (38, 51, 52), suggesting
that galanin and GALR2 may have a role in pregnancy and
parturition. However, no effect of GAL2 deficiency was evi-
dent in any reproductive parameter. Although the mutant and
WT females delivered at similar dates, parturition was not
observed. Thus, it is conceivable that the mutant animals may
have experienced dystocia, but even if this was the case, it did
not influence the number of live pups produced.

We also thought that deletion of GALR2 might result in
disruption of the homeostatic regulation of body weight, as
might be reflected in differences in growth rates and the re-
sponse to fasting and leptin treatment. GALR2 is highly ex-

pressed in the arcuate nucleus (39), which is a nodal point for
the neuroendocrine regulation of body weight (44). GALR2 is
also colocalized in the arcuate nucleus with proopiomelano-
cortin, which plays a key role in the regulation of body weight
(5, 44). Moreover, mice that are deficient in galanin are more
sensitive to chronic leptin treatment (22), all of which would
suggest that galanin and GALR2 play a role in the homeostatic
regulation of feeding and body weight. However, we observed
no difference in any measures of feeding or body weight reg-
ulation between WT and GALR2-deficient mice.

We also anticipated that GALR2-deficient mice might show
alterations in anxiety- and depression-related behaviors and
tasks involving learning and memory, since galanin has been

FIG. 4. Reproductive function. (A) Estrous-cycle length (n � 9 per genotype); (B) fertility (pups/litter; n � 5 litters/genotype); (C) lactation
(number of pups weaned; n � 5 litters/genotype). There were no significant differences between genotypes in estrous cyclicity (P � 0.12), number
born (P � 0.50), or number weaned (P � 0.62). All GALR2 KO males were able to impregnate WT females (data not shown) (n � 5 per genotype).

FIG. 5. Food intake and body weight. (A) Mean body weight (P � 0.67; n � 9 per genotype). (B) Mean 24-h food intake (P � 0.66; n � 9 per
genotype). (C) Body weight response to a 48-h fast and refeeding (0 h, P � 0.67; 24 h, P � 0.82; 36 h, P � 0.85; 48 h, P � 0.97; n � 9 per genotype).
(D) Food intake 24 and 48 h after fast. Body weight, P � 0.89 24 h postfast and P � 0.53 48 h postfast. Food intake, P � 0.96 24 h postfast and
P � 0.26 48 h postfast (n � 9 per genotype). There were no significant differences between genotypes for any of the measured parameters.
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implicated in these complex behaviors and GALR2 is ex-
pressed in regions of the brain where these behaviors are
coordinated (39). Yet we observed no discernible effect of
GALR2 deficiency on anxiety (stress-induced hyperthermia),
depression (tail suspension assay), learning and memory (con-
textual fear conditioning), psychosis (prepulse inhibition), ac-
tivity (open field and home cage activity tests), or nociception
(hot plate test). We also thought GALR2-deficient mice might
show alterations in their susceptibility to seizure induction,
especially in light of the new findings by Mazarati et al. in
which reduction of GALR2 receptor binding via complemen-
tary antisense peptide infusion increased seizure susceptibility
in rats (33, 34). However, again we observed no difference in
seizure susceptibility between WT and GALR2-deficient ani-
mals.

Thus, despite the strong inference that would implicate ga-
lanin/GALR2 signaling in the coordination of various complex
behaviors, analysis of the GALR2 null mutants did not reveal
a discernible phenotype. It is conceivable that developmental
compensation or some redundancy in the function of another
galanin receptor subtype masks what would otherwise appear
in the phenotype of these mutants. It is also possible that
GALR2 plays only a subtle modulatory role in these complex
behaviors and that its absence is physiologically insignificant

and potentially discoverable only with more sophisticated anal-
yses. It is not unprecedented that deletion of a single important
neuropeptide or receptor gene produces an unremarkable or
subtle phenotype (13, 27). However, when animals with such a
single deletion were challenged pharmacologically or studied
under special circumstances, a previously unseen phenotype
was discovered (13, 50). Moreover, it has been shown that
when animals with a single mutation are crossed with animals
with a different mutation, both of which have unremarkable
phenotypes, the apparent significance of the gene may become
manifest. For example, although neuropeptide Y-deficient an-
imals do not exhibit any remarkable feeding phenotype (14),
when they are crossed with ob/ob mice, the obesity syndrome
in the ob/ob mouse is partially corrected (15). This demon-
strates the importance of neuropeptide Y in controlling feed-
ing behaviors, at least in the pathological state characteristic of
the ob/ob mouse. It is possible that different pharmacological
manipulations of the GALR2 KO mouse, or crossing the
GALR2 KO with another mutant animal, may reveal the sig-
nificance and importance of GALR2.

None of our tests revealed a difference between the WT and
GALR2-deficient animals; however, it is possible that for some
(or all) of these measures, there actually is a difference be-
tween the genotypes but our analysis lacked sufficient statistical

FIG. 6. Seizure susceptibility. (A) Latency to myotonic jerk (MJ) induced by PTZ (P � 0.20; n � 8 WT mice and 9 KO mice) and latency to
clonic-tonic seizure (C/T) induced by PTZ (P � 0.83; n � 8 WT mice and 9 KO mice). (B) Number of mice that experienced MJ, C/T, tonic
extension, or tonic extension with death after seizure induction with PTZ. (C) Latency to MJ induced by flurothyl (P � 0.87; n � 8 per genotype)
and latency to C/T induced by flurothyl (P � 0.78; n � 8 per genotype). (D) Number of mice that experienced MJ, C/T, tonic extension, or tonic
extension with death after seizure induction with flurothyl.
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power to identify them—i.e., false negatives. Conclusively rul-
ing out false negatives can be problematic. In the work pre-
sented here, it is possible that we missed a difference in one or
more of the variables because the assay(s) lacked sufficient
statistical power; however, we determined that with a power of
0.8, it would have been possible to detect a difference of 25%
or less with most of the tests, including the hot plate test
(23%), body temperature (0.7%), the tail suspension test
(12%), ethanol sensitivity (19%), body weight (14%), food
intake (14.5%), body weight after fasting (17%), food intake
after fasting (25%), food intake while receiving leptin (15%),
estrous-cycle length (23%), and seizure susceptibility induced
by flurothyl (9%). Thus, we would conclude that any real effect
of genotype on these various behaviors is likely to be subtle and
physiologically insignificant, at least under laboratory condi-
tions. Recently, Kinney et al. reported preliminary findings on
an independent line of GALR2-deficient mice, demonstrating
that GALR2 KO mice are normal compared to WT controls in
a wide battery of tests, with the single exception of a subtle
difference in a reflex index (28).

In summary, mice that are deficient in GALR2 exhibit nor-
mal growth, reproduction, body weight regulation, learning
and memory, and susceptibility to seizure induction. We con-
clude that developmental mechanisms compensate for the con-
genital lack of GALR2 signaling or that redundant pathways
mask the phenotype of the null mutation in GALR2. Alterna-
tively, it is conceivable that GALR2 plays only a subtle role in
these complex behaviors and that genetic ablation of GALR2
produces a phenotype that falls below detectable limits of the
assays used to analyze these physiological processes.
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