
Galanin-induced decreases in nucleus accumbens/striatum
EPSPs and morphine conditioned place preference require both
GalR1 and GalR2

Emily B. Einstein1,2, Yukiko Asaka1, Mark F. Yeckel3, Michael J. Higley3,4, and Marina R.
Picciotto1,3,4,*

1Division of Molecular Psychiatry, Department of Psychiatry, Yale University School of Medicine,
New Haven, Connecticut
2Interdepartmental Neuroscience Program, Yale University School of Medicine, New Haven,
Connecticut
3Department of Neurobiology, Yale University School of Medicine, New Haven, Connecticut
4Program in Cellular Neuroscience, Neurodegeneration and Repair, Yale University School of
Medicine, New Haven, Connecticut

Abstract
The neuropeptide galanin has been shown to alter the rewarding properties of morphine. To
identify potential cellular mechanisms that might be involved in the ability of galanin to modulate
opiate reward, we measured excitatory post-synaptic potentials (EPSPs) using both field and
whole-cell recordings from striatal brain slices extracted from wild type mice and mice lacking
specific galanin receptor (GalR) subtypes. We found that galanin decreases the amplitude of
EPSPs in both the dorsal striatum and nucleus accumbens. We then performed recordings in slices
from knockout mice lacking either the GalR1 or GalR2 gene and found that the ability of galanin
to decrease EPSP amplitude was absent from both mouse lines, suggesting that both receptor
subtypes are required for this effect. In order to determine whether behavioral responses to opiates
were dependent on the same receptor subtypes, we tested GalR1 and GalR2 mice for morphine
conditioned place preference (CPP). Morphine CPP was significantly attenuated in both GalR1
and GalR2 knockout mice. These data suggest that mesolimbic excitatory signaling is significantly
modulated by galanin in a GalR1- and GalR2-dependent manner and that morphine CPP is
dependent on the same receptor subtypes.
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Introduction
Opioids are extremely effective analgesics and are the most widely prescribed class of drugs
in the United States (Kuehn, 2007). Unfortunately, the actions of these drugs on the brain
reward circuitry (Matthews and German, 1984; Shippenberg and Elmer, 1998) confers a
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substantial risk for abuse (Compton and Volkow, 2006). It is therefore critical to understand
the endogenous mechanisms that modulate morphine reward in order to identify novel
pathways to combat the development of opiate addiction.

The neuropeptide galanin interacts with morphine in several behavioral paradigms. Galanin
and morphine can both alleviate pain (Wiesenfeld-Hallin et al., 1990; Hobson et al., 2006;
Hulse et al., 2011), but in combination, produce significantly greater antinociception than
would be explained by an additive effect (Wiesenfeld-Hallin et al., 1990; Przewłocka et al.,
1995; Zhang et al., 2000; Hua et al., 2004; Sun and Yu, 2005). In contrast, galanin can
interfere with the rewarding properties of morphine. For example, in a conditioned place
preference (CPP) paradigm, intracerebroventricular infusion of galanin decreased CPP to a
threshold dose (Zachariou et al., 1999). Similarly, mice lacking the galanin peptide showed
morphine CPP at a lower dose than their wild-type littermates (Hawes et al., 2008),
indicating a potential role for galanin in morphine reward processing.

Morphine CPP requires activity of the mesocorticolimbic system (Koob, 1992; Carlezon and
Wise, 1996). Both the dorsal striatum (DS) and nucleus accumbens (NAc) are critical for the
integration of dopaminergic signaling of the midbrain with glutamatergic inputs from the
prefrontal cortex, hippocampus, and amygdala (Koob, 1992; Chao and Nestler, 2004;
Carlezon and Thomas, 2009; Stuber et al., 2012). The medium spiny neuron (MSN) outputs
from these areas influence drug taking and habit formation (Koob and Volkow, 2010).
Galanin signals through three receptor subtypes, GalR1, GalR2 and GalR3, all of which can
couple to Gi signaling cascades (Smith et al., 1997, 1998; Branchek et al., 2000; Lang et al.,
2007). So far, inhibitory effects of galanin have been characterized in the dorsal raphe, locus
coeruleus, hypothalamus, and hippocampus (Xu et al., 2005; Picciotto et al., 2010). Despite
reports that galanin can alter dopamine dynamics (Tsuda et al., 1998; Ericson and Ahlenius,
1999), a direct effect of galanin on excitability of neurons in the mesocorticolimbic system
has never been shown.

In order to identify physiological mechanisms that could underlie the interplay between
galanin signaling and morphine reward, we recorded excitatory post-synaptic field potentials
(fEPSPs) in the DS and in the NAc before and after bath application of galanin. We also
recorded the effect of galanin on EPSPs from individual MSNs in GalR1 and GalR2
knockout (KO) mice and their wild type (WT) siblings. Finally, to determine whether the
same GalR subtypes were involved in effects of galanin on mesolimbic physiology and
morphine reward, we tested GalR1 or GalR2 KO mice and their WT siblings in a morphine
CPP paradigm. These experiments revealed a novel interaction between the morphine and
galanin systems that provides a mechanistic basis for the role of individual GalR subtypes in
modulation of the mesolimbic system.

Materials and Methods
Animals

All mice were housed under standard laboratory conditions (21±2°C, lights on 7am–7pm),
in Sealsafe Plus individually ventilated cages (Tecniplast, Buguggiate, Italy) and given ad
libitum access to chow (Harlan Teklad #2018) and water. For electrophysiological
recordings in wild type mice, C57BL/6J litters were obtained from Jackson Laboratories
(Bar Harbor, ME, USA) and housed together with the dam until weaning at P28. Mice with
an inactivating mutation in exon 1 of the GalR1 gene were generated as described
previously (Tsuda et al., 1998; Ericson and Ahlenius, 1999) and backcrossed onto a C57Bl/
6J background for at least 10 generations. Mice with an early termination mutation in the
intron of the GalR2 gene were generated as described previously (Hobson et al., 2006) and
backcrossed onto a C57Bl/6J background for at least 10 generations. Heterozygous mating
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pairs of GalR1 +/− or GalR2 +/− mice were used to generate GalR1WT and GalR1KO or
GalR2WT and GalR2KO littermates, respectively, for behavioral testing. In some
physiology experiments, GalR1 or GalR2 KO mice were generated from homozygous
breeding pairs. Adult mice were housed together (2–5 per cage) and habituated to the colony
for at least one week before behavioral testing. Both male and female mice were tested in
behavioral studies. Male mice were used for field recording studies in wild type mice. In
patch clamp studies, recordings were performed in both slices from male and female WT,
GalR1KO and GalR2KO mice. There was no significant difference between males and
females in these recordings, so the data from both sexes were combined for statistical
analysis. All animal procedures were approved by the Yale Animal Care and Use
Committee and conducted in compliance with the Guidelines laid down by the National
Institutes of Health regarding the care and use of animals for experimental procedures.

Drugs
Morphine HCl (NIDA drug supply program) was dissolved in 0.9% saline, and delivered
subcutaneously at a volume of 0.01 mL/g. Galanin (1–29) (rat-mouse) (Tocris, Bristol, UK)
and galnon (Tocris) were dissolved in artificial cerebrospinal fluid (ACSF) to a stock
concentration of 1 mM. Picrotoxin (PTX) (Sigma-Aldrich, St. Louis, MO, USA) and
CGP55845 (Tocris) were dissolved in DMSO to respective stock concentrations of 100 mM
and 50 mM.

Slice Preparation
Acute striatal slices were prepared from mice aged P19–P33. Mice were anesthetized with
isoflurane and decapitated, and the brain was rapidly dissected into ice-cold cutting solution
containing, in mM: 200 sucrose, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1 NaH2PO4, 26
NaHCO3,11 dextrose for field recordings or 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 2.5
KCl, 7.0 MgCl, 110 cholineCl, 11.6 ascorbate, 3.1 pyruvate, 0.5 CaCl2 for patch clamp
recordings. Coronal or parasagittal slices were cut to a thickness of 300 μm using a Leica
VT1000S Vibratome and then transferred to oxygenated ACSF, containing, in mM: 127
NaCl, 25 NaHCO3, 1.25 NaH2PO4, 25 Glucose, 2.5 KCl, 1 MgCl, 2 CaCl. Slices were
incubated at 37°C for 30 min before recovering at room temp for an additional 30 min.

For recordings, slices were submerged in a recording chamber and continuously superfused
with room temperature ACSF, which was constantly bubbled with 95% O2-5% CO2.
Responses were collected for a total duration of 40–50 minutes for fEPSPs and 20–30
minutes for EPSPs. Recording ACSF contained 100 μM picrotoxin to block GABAA
receptors and 2 μM CGP55845 to block GABAB receptors. Galanin was bath applied at a
concentration of 100 nM or 1 μM, and galnon was bath applied at a concentration of 1 μM.

Field Potential Recordings
fEPSP recordings were performed in the striatum to measure responses evoked by
stimulation of excitatory cortical afferents in the corpus collosum (for experiments in the
DS) or within the NAc (for experiments in NAc) using bipolar tungsten electrodes (FHC,
Bowdoinham, ME, USA). Test stimuli were applied at a low frequency to elicit an fEPSP
amplitude of 30–50% of maximum. Synaptic responses were recorded extracellularly using
glass microelectrodes (0.5–1MΩ) filled with 2M NaCl, placed 200–600 μm ventral to the
stimulation point. were amplified using a DP-301 differential amplifier (Warner Instrument
Corportation, Hamden, CT, USA) and digitized at 10 kHz for analysis with pClamp 9.0
software (Axon Instruments, Union City, CA, USA). fEPSPs demonstrated a wave shape
characteristic of cortico-striatal activation. These waves consist of two negative potentials,
N1 and N2, which have been associated with direct and synaptic activation, respectively
(Lovinger et al., 1993; Sergeeva et al., 2003). fEPSPs were quantified using the initial slope
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of N2 as calculated between points at about 10% and 30% of the negative potential in order
to isolate initial synaptic input. To be sure that effects of galanin were not due to run-down,
we also tested the effects of the small molecule, galanin receptor agonist galnon (Saar et al.,
2002). To control for wash-in of galanin, statistical analyses were performed on the last 5
evoked responses of the baseline and galanin epochs for each experiment. All data were
analyzed using repeated measures ANOVA. No significant effect of, or interaction with,
time was detected, so responses were averaged for two-tailed, paired sample t-tests and the
level of significance was set at p < 0.05.

Whole-cell Current Clamp Recordings
Single cell EPSPs were evoked by stimulation of excitatory cortical afferents using theta
glass stimulating electrodes. Stimuli were applied to evoke responses between 5–10 mV.
Whole-cell recordings were obtained from MSNs identified with video-IR/DIC. Glass
recording electrodes (2–4 MΩ) were filled with internal solution containing (in mM): 135
KMeSO3, 10 HEPES, 4 MgCl2, 4 Na2ATP, 0.4 NaGTP, and 10 Na2CreatinePO4, adjusted
to pH 7.4 with KOH. Data were collected with a Molecular Devices Multiclamp 700B and
digitized at 10 kHz. To control for wash-in of galanin, statistical analyses were performed
on the maximum amplitude of the last 5 evoked responses of the baseline and galanin
epochs for each experiment. All data were analyzed using repeated measures ANOVA. No
significant effect of, or interaction with, time was detected, so responses were averaged for
two-tailed, paired sample t-tests and the level of significance was set at p < 0.05.

Conditioned Place Preference
Mice (aged 3–5 months) were habituated to handling once a day for 3 days prior to testing.
The CPP paradigm was carried out exactly as has been described previously (Narasimhaiah
et al., 2009; Neugebauer et al., 2011) using modified three-chamber boxes (ENV-256C Med
Associates, Inc, St. Albans, VT, USA) with a central gray chamber and two black
conditioning chambers distinguishable by their respective grid and bar floors. Movement
within and among chambers was quantified by photocell beam breaks and time spent in each
chamber was recorded with MED-PC IV software. Day 1 of of testing consisted of a midday
pre-test (beginning at approximately 11:00 AM) during which mice were placed in the
central chamber and allowed to freely explore all chambers for 15 min. Animals that spent
greater than 70% of the test period in one chamber were excluded from the experiment (n=3
of 142). On Days 2–4, mice received conditioning sessions. During morning sessions
(beginning at approximately 9:00 AM), mice were given a subcutaneous injection of 0.9%
saline (0.01 mL/g) immediately before confinement in the saline-paired chamber for 30 min.
For afternoon sessions (beginning at approximately 1:00 PM), the mice were given a
subcutaneous injection of drug (0, 3, or 5 mg/kg morphine) immediately before confinement
for 30 min in the drug-paired chamber. Mice within treatment and genotype groups were
counterbalanced for bar/grid floor drug chamber pairing. On Day 5, a post-test was carried
out at a time intermediate between the conditioning sessions to avoid any associations with
time of saline or drug administration, in which the mice were once again placed in the
central chamber and allowed to freely explore for 30 min. Data are expressed as a difference
score, which has been calculated by subtracting the post-test time spent in the saline-paired
chamber from the post-test time spent in the drug-paired chamber. This difference score was
then corrected by the average of the difference score from saline-treated mice. Because of
the large number of animals in the behavioral studies, multiple cohorts were bred and tested
at 3–5 months of age. Each cohort included all genotypes and morphine doses, and to
control for variability in preference ratios over time, each cohort was normalized to its own
control group to allow pooling of the data. Data from GalR1 and GalR2 experiments were
analyzed using two-way ANOVA with genotype and treatment as factors.
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Results
Field Potential Recordings

To determine the effect of galanin on excitatory signaling in the striatum, we recorded
fEPSPs in both the DS and NAc. The initial fEPSP slope was significantly decreased by
bath application of galanin (100 nM) in the DS. Repeated measures ANOVA did not reveal
a significant effect of time or a significant interaction of time and treatment (F(4,32) =
1.626, p = 0.1917 and F(4,32) = 0.2684, p = 0.8961), but there was a significant effect of
galanin treatment (F(1,8) = 7.255, p = 0.0273), which reduced the slope to 66% of baseline
(n = 5 slices from 5 male mice; t4 = 6.88, p = 0.0011; Fig. 1). In NAc shell, repeated
measures ANOVA again did not reveal a significant effect of time or a significant
interaction of time and treatment (F(4,40) = 0.4151, p = 0.7967 and F(4,40) = 0.5301, p =
0.7143), but did show a significant effect of galanin treatment (F(1,10) = 32.88, p = 0.0002),
which reduced the slope to 55% of baseline (n = 6 slices from 6 male mice; t5 = 2.62, p =
0.0234; Fig. 2).

The ability of galnon to reduce the slope of the fEPSP in the DS and NAc, as well as the
wash out of this effect, suggests that the ability of galanin to decrease the fEPSP is unlikely
to be due to run-down in the slice. For the DS, time and interaction of time and treatment
were not significant (F(4,40) = 1.194, p = 0.0960 and F(4,40) = 2.121, p = 0.3284; Fig. 3),
but there was a main effect of treatment (F(10,40) = 49.49, p < 0.0001). Slope was reduced
to 48% of baseline. For the NAc, time and interaction of time and treatment were also not
significant (F(4,40) = 2.169, p = 0.0900 and F(4,40) = 1.358, p = 0.2656), but there was
again a main effect of treatment (F(10,40) = 22.51, p < 0.0001; Fig. 4). Slope was reduced to
67% of baseline.

Whole-Cell Current-Clamp Recordings
To determine whether the inhibitory actions of galanin identified in field potential
recordings were mediated by changes in synaptic inputs to MSNs, the amplitude of
electrically evoked EPSPs were compared before and after bath application of galanin.
Initial studies using 100 nM galanin did not result in consistent responses (not shown), so
subsequent experiments were performed using 1 μM galanin. In MSNs of the DS, a
significant decrease in EPSP amplitude was seen after galanin application. Repeated
measures ANOVA did not reveal a significant effect of time or a significant interaction of
time and treatment (F(4,48) = 1.951, p = 0.1171 and F(4,48) = 0.6389, p = 0.6373), but there
was a significant effect of galanin treatment (F(1,12) = 92.48, p < 0.0001), which reduced
the slope to to 71% of baseline response (n = 7 cells from 6 male mice; t6 = 8.625, p =
0.0001; Fig. 5). Recordings from MSNs in the NAc also revealed a significant decrease in
EPSP amplitude after galanin application. In NAc MSNs, repeated measures ANOVA again
did not reveal a significant effect of time or a significant interaction of time and treatment
(F(4,64) = 0.7856, p = 0.5388 and F(4,64) = 0.9662, p = 0.4322), but did show a significant
effect of galanin treatment (F(1,16) = 39.35, p < 0.0001), which reduced the slope to 72% of
baseline response (n = 9 cells from 6 males, 3 females; t8 = 5.1410, p = 0.0009; Fig. 6). No
significant changes in input resistance or membrane potential were observed in the DS or
NAc. In the DS, membrane potential was −89.7mV ± 1.9 and input resistance was 91MΩ±
8.3, and in the NAc, membrane potential was −84.1 mV ± 2.4 and input resistance was
130MΩ± 16.0. Paired-pulse ratio was also assessed in both brain regions, and no significant
difference was observed after application of galanin.

In order to identify the GalR subtypes involved in the ability of galanin to decrease the
amplitude of the EPSP in NAc, galanin was applied to slices from GalR1and GalR2 KO
mice. Galanin had no effect on EPSP amplitude in NAc in the absence of GalR1 or GalR2.
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ANOVA showed no effect of time or treatment in slices from GalR1KO mice (F(4,32) =
0.9825, p = 0.4309, F(1,8) = 0.2345, p = 0.6412; n = 5 cells; 3 females, 2 males; Fig. 7) or
GalR2KO mice (F(4,40) = 1.497, p = 0.2214, F(1,10) = 0.3637, p = 0.5599; n = 6 cells from
2 females, 4 males; Fig. 8). There was an interaction of time and treatment in GalR1KO
recordings (F(4,32) = 4.775, p = 0.0039). No sex differences were observed, so data were
pooled for subsequent analysis. While the effects of galanin on EPSP amplitude do not wash
out, as is often the case with large peptides in brain slices, the lack of effect of galanin in
slices from GalR1KO and GalR2KO slices suggests that the effect of galanin on EPSP
amplitude in WT slices is not due to rundown in these cells. These data suggest that
signaling through both GalR1 and GalR2 is required for galanin-mediated suppression of
glutamateric excitation of MSNs.

Conditioned Place Preference
To examine whether the GalR subtypes required for the physiological effects of galanin are
also important in a behavior dependent upon the activity of the NAc, GalR1 and GalR2 KO
mice and their WT littermate controls were tested for morphine CPP (3 and 5 mg/kg). The
groups were composed as follows: GalR1WT saline n = 7 (4 males, 3 females), GalR1WT
3mg/kg n = 9 (4m, 5f), GalR1WT 5mg/kg n = 8 (4m, 4f), GalR1KO saline n = 11 (3m, 8f),
GalR1KO 3mg/kg n =11 (4m, 7f), GalR1KO 5 mg/kg n = 12 (5m, 7f), GalR2WT saline n =
14 (7m, 7f), GalR2WT 3mg/kg n = 14 (6m, 8f), GalR2WT 5mg/kg n = 15 (8m, 7f),
GalR2KO saline n = 12 (5m, 7f), GalR2KO 3 mg/kg n = 14 (5m, 9f), GalR2KO 5mg/kg n =
12 (4m, 8f). ANOVA revealed a main effect of genotype (F1,51 = 4.952, p = 0.0305; Fig. 9)
in the GalR1 KO experiment and main effects of treatment (F2,70 = 5.728, p = 0.0050; Fig.
9) and genotype (F1,70 = 6.278, p = 0.0146) in the GalR2 KO experiment. Posthoc analyses
indicated that GalR2WT animals develop a significant preference for the morphine-paired
chamber, while the GalR2KO mice did not. The GalR1WT mice showed a significantly
increased preference for the morphine-paired chamber as compared to the GalR1KO mice at
the 3 mg/kg dose (p = 0.016), and an almost significant increase at the 5 mg/kg dose (p =
0.056). Analysis of post-test drug-paired chamber time including sex as a factor revealed a
three-way interaction of treatment by genotype by sex (F2,112 = 3.8, p = 0.0253). This effect
was driven by a somewhat larger difference between genotypes at 3 mg/kg morphine in
female mice and at 5 mg/kg morphine in male mice; since the directionality of the KO effect
was the same in males and females, data were pooled for subsequent analyses. These data
demonstrate that neither GalR1 nor GalR2 KO mice respond to morphine as their WT
littermates do.

Discussion
These NAc and DS recordings provide the first evidence that galanin acts directly on
neurons whose activity is critical for the integration of reward signals (Carlezon and
Thomas, 2009; Stuber et al., 2012). Application of the galanin peptide reduces both field
potentials and individual MSN synaptic responses to electrical stimulation. The inclusion of
GABA receptor antagonists in the recording solution and the abolition of the signal in the
presence of the AMPA receptor blocker CNQX (Supplemental Figure) indicate that the
reduction in fEPSPs could be representative of reduced glutamate signaling, although
changes in cellular input resistance or cellular depolarization cannot be ruled out. The ability
of galanin to reduce EPSPs is absent in MSNs in the NAc of GalR1 and GalR2 KO mice.
This indicates that both of these GalR subtypes are necessary for galanin modulation of
glutamatergic input to the NAc. It is worth noting that GalR3 manipulations were not
included in our study; however, while GalR3 is expressed in brain, it is more abundant in the
periphery (Smith et al., 1998), suggesting that it may contribute less to these brain
mechanisms than the GalR1 and GalR2 subtypes. Interestingly, galanin acting through the
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GalR1 and GalR2 subtypes to reduce striatal EPSPs has the potential to lead to either
enhancement or dampening of drug reward as measured by CPP. The reduction of EPSP
amplitude decreases the likelihood of NAc cell firing, potentially supporting reward
processes (such as CPP), consistent with the theory that reduced NAc activity disinhibits
downstream reward signaling via the ventral pallidum (Carlezon and Thomas, 2009).
However, reduction of EPSPs could also result in reduced afferent connection to the
prefrontal cortex, amygdala, and hippocampus, potentially reducing cue-related processes
(such as CPP) via the uncoupling of affective, cognitive, and spatial information from DA
signaling (O’Donnell, Greene, et al., 1999). It should be noted that a direct comparison
between the behavioral and electrophysiological results presented here is complicated by the
difference in mouse ages at the time of testing, although the ages of animals used in the
current studies are standard for the respective experimental paradigms (Narasimhaiah et al.,
2009; Higley et al., 2011; Neugebauer et al., 2011).

Contrary to what has been seen in mice lacking the galanin peptide, mice lacking either the
GalR1 or the GalR2 subtype showed greatly decreased morphine CPP. While all of these
studies confirm a role for the galanin system in morphine reward processing, the
discrepancies in directionality are likely accounted for by differences in experimental
approach. Evidence for a galanin-induced reduction in morphine conditioning comes from a
study in which the galanin peptide was infused intracerebroventricularly (Zachariou et al.,
1999). Extensive studies have suggested that peptides with limited lipid solubility, such as
galanin, will diffuse from a ventricular injection site in a manner strongly limited to the
ventricular system (Yan et al., 1994; Pardridge, 1997; Francis et al., 2006). This indicates
that an intracerebroventricular galanin infusion would act on galanin targets associated with
the ventricular system, such as the locus coeruleus (Parker et al., 1995; Kolakowski et al.,
1998; O’Donnell, Ahmad, et al., 1999). Indeed, a reduction in morphine reward as a result of
galanin activity in the locus coeruleus would be consistent with the idea that galanin reduces
tonic locus coeruleus activity that encodes the presence of rewarding stimuli (Grenhoff et
al., 1993; Pieribone et al., 1995; Ma et al., 2001; Aston-Jones and Cohen, 2005).

A study of the effects of galanin peptide knockout in mice on a 129 Ola/Hsd background
showed that these animals showed normal morphine CPP at 3 and 5 mg/kg and were
somewhat more sensitive to a very low dose of morphine (0.25 mg/kg) (Hawes et al., 2008).
While strain differences could explain an altered dose-response relationship for morphine,
the fact that galanin peptide knockout has differential effects compared to knockout of
individual receptor subtypes suggests that the balance of signaling between GalR subtypes is
likely to be important for the overall effect of galanin signaling in particular brain areas. One
possibility that could explain the unexpected observation that GalR1 and GalR2 KO mice
show reduced morphine CPP is recent studies showing that GalR1 can heterodimerize with
D1 and D5 receptors (Moreno et al., 2011). This interaction alters the signaling downstream
of GalR1, reversing the effect of galanin from inhibitory to excitatory (Moreno et al., 2011).
Removal of one galanin receptor subtype could therefore cause a reversal in signaling that
would mimic the removal of the galanin peptide. Although the dimerization with D1 and D5
receptors was only shown for GalR1, it is possible that this type of dimerization is critical
for GalR signaling in general, and that GalR2 may also dimerize with particular receptors,
potentially altering its signaling.

Another consideration is that galanin peptide knockout mice lack all products of the galanin
precursor protein including the galanin-like peptide (GALP) (Wynick et al., 1998),
removing any signaling through galanin receptors. Such thorough disruption of the galanin
system has been shown to result in compensatory signaling through neuropeptide Y
(Hohmann et al., 2003, 2004), which limits the interpretation of these results in the context
of galanin alone. The GalR1 and GalR2 KO mouse strains contain deletions of only one
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receptor subtype, leaving the other receptors and the peptide itself intact (Jacoby et al., 2002;
Hobson et al., 2006). This more targeted disruption of galanin signaling clearly demonstrates
that expression of both GalR1 and GalR2 are required for a normal conditioning response to
morphine.

The importance of galanin signaling to morphine reward suggests that galanin acts on
reward circuitry, and previous studies provide additional evidence to support this idea.
Galanin modulates responses to many drugs of abuse, including cocaine (Narasimhaiah et
al., 2009), amphetamine (Kuteeva et al., 2005), alcohol (Karatayev et al., 2009, 2010), and
nicotine (Neugebauer et al., 2011). Mice lacking the gene for galanin show increased
sensitivity to cocaine reward as measured by CPP (Narasimhaiah et al., 2009), though not as
measured by self-administration (Brabant et al., 2010), and decreased sensitivity to nicotine
reward (Neugebauer et al., 2011). Mice with elevated levels of galanin display an attenuated
locomotor response to amphetamine (Kuteeva et al., 2005) and higher levels of alcohol
consumption (Karatayev et al., 2009; McNamara and Robinson, 2010), while the peptide
knockout mice show reduced levels of alcohol consumption (Karatayev et al., 2010). These
studies demonstrate that galanin can both attenuate (morphine, cocaine, amphetamine) and
potentiate (nicotine, ethanol) drug reward. While central galanin infusion has been shown to
increase dopamine synthesis in the forebrain and striatum as a response to decreased
dopaminergic tone (Ericson and Ahlenius, 1999), and galanin reduces dopamine release in
striatal slices (Tsuda et al., 1998), the varied directionality of galanin’s effects on reward
behaviors suggests a more complicated role for the peptide in reward circuitry than the
straightforward reduction of dopamine release.

Our electrophysiological data suggest a nuanced role for galanin in reward circuitry, as has
been suggested previously by the varied directionality of galanin’s effects on behaviors
associated with drug reward. We have provided the first evidence that galanin acts directly
on neurons of the mesocorticolimbic system, and have shown that its effects require the
presence of both GalR1 and GalR2. In addition, we have shown that both of these receptor
subtypes are required for morphine CPP. Increased understanding of the modulatory effects
of peptides such as galanin on the cellular mechanisms of reward is vital for future
development of interventions to protect against the addictive properties of opioids.
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Refer to Web version on PubMed Central for supplementary material.
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KO Knockout

MSN Medium spiny neuron

NAc Nucleus accumbens

WT Wildtype
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Fig. 1.
Field recordings in the DS of C57BL/6J mice show a decrease in fEPSPs after application of
galanin (100 nM), as seen in A) the average of 4 consecutive traces during the baseline
(solid line) and galanin (dashed line) epochs of a representative experiment. The initial slope
was calculated using the points at which the vertical lines intersect with the trace. B) The
combined normalized amplitudes (n = 6 slices, 6 mice (m)) before and after galanin
application and C) the mean of the averaged last five responses of baseline and galanin
epochs. Data are expressed as mean ± SEM. *, p<0.05
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Fig. 2.
Field recordings in the NAc of C57BL/6J mice show a decrease in fEPSPs after application
of galanin (100 nM), as seen in A) the average of 4 consecutive traces during the baseline
(solid line) and galanin (dashed line) epochs of a representative experiment. The initial slope
was calculated using the points at which the vertical lines intersect with the trace. B) The
combined normalized amplitudes (n = 6 slices, 6 mice (m)) before and after galanin
application and C) the mean of the averaged last five responses of baseline and galanin
epochs. Data are expressed as mean ± SEM. *, p<0.05

Einstein et al. Page 13

Eur J Neurosci. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Field recordings in the DS of C57BL/6J mice show a decrease in fEPSPs after application of
galnon (1 μM), as seen in A) the average of 4 consecutive traces during the baseline (solid
line) and galnon (dashed line) epochs of a representative experiment. The initial slope was
calculated using the points at which the vertical lines intersect with the trace. B) The
combined normalized amplitudes (6 slices from 6 male mice) before and after galnon
application and C) the mean of the averaged last five responses of baseline and galnon
epochs. Data are expressed as mean ± SEM. *, p<0.05
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Fig. 4.
Field recordings in the NAc of C57BL/6J mice show a decrease in fEPSPs after application
of galnon (1 μM), as seen in A) the average of 4 consecutive traces during the baseline
(solid line) and galnon (dashed line) epochs of a representative experiment. The initial slope
was calculated using the points at which the vertical lines intersect with the trace. B) The
combined normalized amplitudes (6 slices from 6 male mice) before and after galnon
application and C) the mean of the averaged last five responses of baseline and galnon
epochs. Data are expressed as mean ± SEM. *, p<0.05
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Fig. 5.
MSNs in the DS of C57BL/6J mice show a decrease in EPSP amplitude after application of
galanin (1 μM), as seen in A) the average of 5 consecutive traces during the baseline (solid
line) and galanin (dashed line) epochs of a representative experiment. B) The combined
normalized amplitudes (n = 7 cells, 6 mice (m)) before and after galanin (1 μM) application
at t = 0 and C) the mean of the averaged last five responses of baseline and galanin epochs.
Data are expressed as mean ± SEM. *, p<0.05
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Fig. 6.
MSNs in the NAc of C57BL/6J mice show a decrease in EPSP amplitude after application
of galanin (1 μM), as seen in A) the average of 5 consecutive traces during the baseline
(solid line) and galanin (dashed line) epochs of a representative experiment. B) The
combined normalized amplitudes (n = 9 cells, 7m, 2f) before and after galanin (1μM)
application at t = 0 and C) the mean of the averaged last five responses of baseline and
galanin epochs. Data are expressed as mean ± SEM. *, p<0.05
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Fig. 7.
MSNs in the NAc of GalR1 KO mice show no change in EPSP amplitude after application
of galanin (1 μM), as seen in A) the average of 5 consecutive traces during the baseline
(solid line) and galanin (dashed line) epochs of a representative experiment. B) The
combined normalized amplitudes (n = 5 cells, 2m, 3f) before and after galanin (1 μM)
application at t = 0 and C) the mean of the averaged last five responses of baseline and
galanin epochs. Data are expressed as mean ± SEM.
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Fig. 8.
MSNs in the NAc of GalR2 knockout mice show no change in EPSP amplitude after
application of galanin (1 μM), as seen in A) the average of 5 consecutive traces during the
baseline (solid line) and galanin (dashed line) epochs of a representative experiment. B) The
combined normalized amplitudes (n = 6 cells, 4m,2f) before and after galanin (1μM)
application at t=0 and C) the mean of the averaged last five responses of baseline and
galanin epochs. Data are expressed as mean ± SEM.
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Fig. 9.
Raw GalR1 (A) and GalR2 (B) difference scores and difference scores normalized to saline
(C, D) demonstrate that GalR1 and GalR2 knockout KO mice do not show significant
morphine CPP at 3 or 5 mg/kg. Data are expressed as mean difference score ± SEM. *,
p<0.05

Einstein et al. Page 20

Eur J Neurosci. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


