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Abstract
Changes in the state of CREB phosphorylation and in LTP in the hippocampus have been associated
with learning and memory. Here we show that galanin, the neuropeptide released in the hippocampal
formation from cholinergic and noradrenergic fibers, that has been shown to produce impairments
in memory consolidation in the Morris water maze task inhibits both LTP and CREB phosphorylation
in the rat hippocampus in-vivo. While there are many transmitters regulating CREB phosphorylation
none has been shown to suppress behaviorally-induced hippocampal CREB phosphorylation as
potently as galanin. The in-vivo inhibition of dentate gyrus-LTP and of CREB phosphorylation by
the agonist occupancy of GalR1 and GALR2-type galanin receptors provides strong in-vivo cellular
and molecular correlates to galanin-induced learning deficits and designates galanin as a major
regulator of the memory consolidation process.

Galanin is a 29 amino acid neuropeptide shown to co-exist in the hippocampus with septal
cholinergic and locus coeruleus (LC) noradrenergic inputs (Melander, Staines, and Rokaeus,
1986). Galanin inhibits the release of glutamate, norepinephrine, serotonin, and acetylcholine
(Kinney, Emmerson, & Miller, 1998; Ogren et al., 1998; Robinson, et al., 1996; Wang, et. al.,
1999; Fisone et al., 1991). Galanin modulates signal transduction mechanisms by inhibiting
adenylyl cyclase activity and activating phosphatidylinositol hydrolysis (Iismaa & Shine,
1999; Karelson &Langel, 1998; Palazzi et al., 1991). Three galanin receptor subtypes (GalR1,
GalR2, and GalR3) have been identified, all belonging to the G-protein coupled receptor
(GPCR) family. GalR1 and GalR2 are found more prevalently in the CNS and both GalR1 and
GalR2 are expressed in the hippocampus (Burazin et al., 2000). GalR1 signaling is mediated
via Gi type G-proteins while GalR2 receptor is a Gq11/Gi coupled receptor (McDermott and
Sharp, 1995; Karelson and Langel, 1998). Galanin binding in-vitro initially results in an
inhibitory action on adenylate cyclase (AC) (through GalR1) and in a delayed activation of
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MAP kinase (through GalR2) (Chen et al., 1992; Valkna et al., 1995; Iismaa and Shine,
1999). Endogenous galanin protects neurons from excitotoxicity via inhibition of CREB
phosphorylation (Mazarati et al., 2000), and this inhibitory effect on CREB phosphorylation
may be a rapid means of feedback regulating expression of the GalR1 type galanin receptor
(Zachariou et al., 2001).

Galanin administered into the lateral ventricles or hippocampus produces deficits in acquisition
or working memory on several learning and memory tasks in rodents, including trace fear
conditioning and the Morris water maze (McDonald, et al., 1998; Ogren, Kehr, & Schoott,
1996; Ogren et al., 1998; Ogren, et al., 1999; Kinney et al., 2002). We have recently
demonstrated that a specific learning and memory deficit produced by ICV galanin
administration in performance of the Morris water maze was the impairment in memory
consolidation (Kinney et al., 2003). It was also shown that the galanin induced learning and
memory impairment was due to a galanin-induced inhibition of adenylate cyclase activity, as
pre-treatment of the animals with forskolin, a non-specific adenylate cyclase activator rescued
the galanin-induced cognitive impairment.

Several studies have established that regulation of adenylate cyclase activity plays a crucial
role in learning and memory and long term potentiation (LTP) through regulation of cAMP
levels and subsequent PKA-catalyzed CREB phosphorylation (Abel et al., 1998). In the present
study we investigated the extent to which administration of galanin following behavioral
training, shown to produce cognitive impairment (Kinney et al., 2003), affects the hippocampal
levels of CREB phosphorylation. We have also utilized the GalR1/GalR2 agonist galanin 1–
29 and galanin 2–11, which is a more selective agonist for GalR2 than GalR1, to determine
which of the two hippocampal galanin receptors mediates the effects on phosphorylation of
CREB. Since GalR2 activation has been shown to lead to increases in intracellular calcium
and activation of the extracellular regulated kinases (ERKs), which in turn can phosphorylate
CREB (Thiels & Klann, 2001), we have also followed the phosphorylation of ERKs in response
to behavioral training and to galanin receptor agonists.

A second series of experiments was designed to investigate the effect of galanin 1–29 and
galanin 2–11 on in-vivo hippocampal long term potentiation. Previous studies have
demonstrated that in hippocampal slices galanin impairs CA1/CA3 LTP in rat and mice
(Coumis and Davies, 2002), and dentate gyrus LTP (Badieh et. al., 2003). In addition, galanin
knockout mice exhibited an increase in LTP induction and maintenance, whereas galanin over-
expressing mice displayed a more rapid decay in LTP (Mazarati et al, 2000) which are
congruent with behavioral studies reporting that i.c.v. administration of galanin impaired
performance in spatial memory tasks (McDonald et al 1998; Wrenn and Crawley 2001). Badieh
et. al., 2005 have explored the effects of galanin (2–11) and galanin (1–29) on slices and
demonstrated that both caused a transient attenuation of LTP maintenance when applied at 21
min post-HFTs stimulation for 15 min with a larger effect exhibited by superfusion of galanin
(2–11). Although application of galanin (1–29) or galanin (2–11) did not affect the PPF
response indicating that the effect of the receptor(s) agonist is predominantly postsynaptic.
However, as the entire collection of inputs and outputs of the hippocampus are intact, the nature
of in-vivo LTP differs from that obtained in slice preparations. We have thus investigated the
effects of galanin 1–29 and galanin 2–11 on the induction of hippocampal LTP in-vivo and
compared the results with those obtained for the effects of galanin 1–29 and galanin 2–11 on
cognition and on CREB phosphorylation in the hippocampus. We report a greater GalR1
receptor-mediated inhibition of CREB phosphorylation in-vivo that is likely to be the
mechanism underlying the inhibition of LTP and memory consolidation.
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Materials/Methods
Behavior

Subjects—Forty-five adult male Sprague-Dawley rats (Taconic, Germantown NY),
approximately 200 grams in weight at the start of the experiment were used. Rats were group
housed until the time of surgery and individually housed following the surgery. Rats were
housed in a vivarium maintained at 22° C on a 12-h light-dark cycle (0800 light onset) with
continuous access to rat chow and water in the home cage. All behavioral tests were conducted
during the light phase of the daily cycle. All procedures were performed in accordance with
The NIH guidelines for the care and use of laboratory animals, and approved by The Scripps
Research Institute Animal Care and Use Committee.

Surgery—Rats underwent aseptic stereotaxic surgery under ketamine (100 mg/kg) xylazine
(10 mg/kg) anesthesia. The ketamine/xylazine cocktail was administered at 1.52 mg/Kg animal
body weight. A guide cannula 1.4 cm in length, of 26-gauge stainless steel hypodermic tubing
(Plastics One, St. Louis, MO) was implanted into the right lateral ventricle at coordinates 0.5
mm posterior, 1.0 mm lateral to bregma, and 3.5 mm ventral to the surface of the skull (Paxinos
and Watson, 1986). The cannula was secured to the skull using stainless steel screws and dental
acrylic. A 31-gauge stylet was secured to the guide cannula following the surgery. Rats were
then administered an analgesic (Ketoprofen, 5 mg/kg) to minimize post-operative pain. After
surgery rats were given at least 8 days recovery before the start of behavioral testing.

Morris Water Maze—The Morris water maze was conducted in a circular tank, 1.4 m in
outer diameter and 60 cm in height. Tap water, 48 cm deep, was maintained at a temperature
of 25° C and made opaque by the addition of white non-toxic paint, and changed daily. The
escape platform placed in the center of one of the 4 quadrants (target quadrant) was a 10 cm2

white plastic platform, placed 40 cm from the inside wall of the maze and 1 cm below the
surface of the water.

Behavioral Testing—Subjects were taken individually from the colony room to a dedicated
testing room that contained the water maze and large geometric shapes positioned on the
interior walls that served as distal spatial cues. Four training trials per day were conducted.
The rat was placed into the maze at one of three randomized locations, in the center of a quadrant
that does not contain the escape platform (non-target quadrant). The animal was allowed to
swim in the maze until it reached the hidden platform and placed its forepaws on the platform.
If after sixty seconds the animal had not located the hidden platform, it was guided to the
platform by the experimenter. Each rat was given fifteen seconds on the platform to allow
orientation to distal extra-maze cues in reference to the hidden platform. Following the fifteen
seconds on the platform, the rat was removed and placed under a heat lamp for 15 seconds,
after which the next trial was initiated. Three additional trials were conducted in an identical
fashion, for a total of 4 training trials per day. The training trials for the hidden platform were
conducted for 2 successive days. An additional non-trained control group (n=5) was utilized
that underwent the stereotaxic surgery and were administered saline but were not given training
trials in the Morris water maze.

Drug treatments—Rats were administered one of the following drug treatments thirty
minutes following completion of training trials in the Morris water maze: A) 0.9%
physiological saline, 3µl (n=10). B) Rat galanin 1–29 (Bachem Bioscience Inc., King of
Prussia, PA) dissolved in saline vehicle at a concentrations of; 3 nmol/3 µl (n=10) or C) 5 nmol/
3 µl (n=10). D) Rat galanin 2–11 (n=10) (3 nmol/3 µl; Vulpes Ltd., Tallinn, Estonia).
Microinjections were performed with a 10 µl Hamilton syringe connected via Becton
Dickinson polyethylene tubing (PE20) to a 1.5 cm injector (Plastics One) fabricated from 31
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gauge hypodermic tubing. The rat was gently restrained to remove the 31 gauge stylet, and the
1.5 cm injector was inserted into the guide cannula. The animal was then allowed to freely
explore a small cage during the infusion of 3 µl over 1.5 minutes, with each 1 µl separated by
ten seconds, and an additional sixty seconds before the injector was withdrawn from the guide
cannula. Following the removal of the injector, the 31 gauge stylet was reinserted into the guide
cannula.

Tissue collection—Rats were euthanized via CO2 asphyxiation 15 minutes following drug
administration on the second day of training. Tissue collected for the immunohistochemistry
(n=5 per group) was first fixed utilizing trans-cardiac perfusion methods with 4%
paraformaldehyde, followed by immediate removal of the brains. Tissue was then sectioned
at a thickness of 40µm for the IHC experiments. Hippocampi from separate rats (n=5 per group)
were collected for the SDS-PAGE experiments by immediately dissecting out the hippocampi
and freezing the tissue at −80.

SDS-PAGE and Western Blots: pCREB/CREB and pMAPK/MAPK ratios—
Hippocampi were homogenized in a non-denaturing lysis buffer consisting of 20 mM HEPES
pH 7.5, 10 mM EGTA pH 8.0, 40 mM β-glycerophosphate, 1% NP-40, 2.5 mM MgCl2, 2 mM
orthovanadate, 1 mM DTT, 1mM phenylmethylsulfonyl fluoride (PMSF), 20 µg/ml aprotinin,
and 20 µg/ml leupeptin. Lysates were centrifuged at 15,000 × g for 5 minutes at four degrees
and the supernatant was then sonicated and a protein assay to determine concentration was
performed using the biciconinic acid method (BCA, Pierce). Samples (40 µg) were separated
on 10 % SDS-PAGE gels according to the method of Laemmli (1970). Proteins were then
electro-transferred to nitropure 45 micron nitrocellulose membranes. Membranes were blocked
in 5% milk in Tris-buffered saline 0.05% Tween (TBST) overnight. Membranes were
incubated first with primary antibodies against pCREB (1:500 dilution; Cell Signaling)
followed by redetection with anti-CREB antibody (1:500 dilution; Cell Signaling), or with
anti-pERK antibody (1:1000 dilution)followed by antiERK antibody (1:1000 dilution) in
TBST-5% milk for 2 hours at room temperature. Detection of specific binding was performed
by incubation with HRP-conjugated secondary antibodies (1:5000, Vector) for 1 hour at room
temperature. Specific signal was detected with Super Signal west pico chemiluminescent
substrate (Pierce, Rockford, IL), and exposure to Kodak biomax ML film. Images were scanned
for densitometry, using Quantity One software package and average intensity was used for
each sample. Ratios were determined for intensity of pCREB/CREB and pERK/ERK. All data
were then analyzed via the Sigmastat statistical analysis software package.

Immunohistochemistry
Whole brains were placed in 8% paraformaldehyde for 48 hours followed by being placed in
30% sucrose with 0.05% sodium azide for 2 days. Brains were then sectioned at a thickness
of 40µm in a cryostat. Sections were stored at 4° C in 5% sucrose in PBS until the
immunohistochemistry (IHC) experiments. Sections were placed in ceramic wells and
remained free floating until the completion of the IHC procedure. Sections were initially
washed three times in TBS (0.5M pH 7.4 + 0.05% Tween) for 5 minutes each followed by
being placed in a 5% goat serum PBS (0.3% Tween) solution with primary antibodies directed
against pCREB and microtubule associated protein (MAP-2). Sections were incubated with
the primary antibody overnight at room temperature. Sections were then rinsed 3 times in an
excess of TBS (0.5M pH 7.4 + 0.05% Tween) with gentle rotation. Following the wash, sections
were incubated at room temperature for 45 minutes with biotinylated secondary antibodies
(Elite Vectastain ABC kit, Burlingame, CA). Sections were then rinsed again 3 times for 5
minutes with TBS. Sections were then incubated for 45 minutes at room temperature in ABC
reaction (Elite Vectastain ABC kit, Burlingame, CA) followed by another 3 washes in TBS
for five minutes each. The sections were then given a ten minute incubation in TSA solution
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(TSA fluorescent system 1:100 dilution, Perkin-Elmer, Boston, MA). Sections were then rinsed
3 times for 10 minutes in PBS and mounted on slides for imaging.

Confocal images were collected of the dentate gyrus utilizing an Olympus Fluoview
microscope system with a 20× objective. Images were scanned utilizing the Fluoview
programming application (Olympus of America). The images collected represent scanning
lasers sensitive to 488 nm consistent with the secondary fluorescent antibodies utilized.

A second series of sections were treated in an identical fashion, however, following the ABC
reaction sections were incubate for 4 minutes in a filtered solution of PBS and 3, 3’-
Diaminobenzidine tetrahydro-chloride dihydrate (DAB, Aldrich, St Louis MO). Sections were
immediately rinsed 3 times in PBS and mounted on slides. The DAB treated sections were
imaged and captured with a digital camera (Axiovision software; Axiocam, Zeiss).

Electrophysiology
Animals and surgical preparation—Male Sprague-Dawley rats (250–400 g) were
anesthetized with halothane (3.0–4.0%), tracheotomized, and placed into a stereotaxic
apparatus. Halothane anesthesia was adjusted to 0.9–1.1 % upon completion of surgery and
maintained at that level throughout the duration of the experiment. Body temperature was
maintained at 37.0 ± 0.5 °C by a feedback regulated heating pad. All care and procedures were
in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. The skull was exposed and holes were drilled to accommodate placement of
stimulating and recording electrodes. The dura was opened over recording and stimulation sites
to prevent breakage of micropipettes and to mitigate brain trauma. Halothane anesthesia was
maintained at 1% following surgery.

Extracellular recordings—Evoked field-potentials were recorded with single 3.0 M NaCl
filled micropipettes (6–11 mΩ; 1–2 µm i.d.) stereotaxically placed into the cellular region of
the dentate gyrus (coordinates: 4.0 mm posterior and 2.5 mm lateral relative to bregma, 2.6–
3.6 mm ventral from dura) [Paxinos and Watson, 1986]. Field potentials were preamplified
with an Axon Instruments Multiclamp 700A amplifier and displayed on a Tektronix
(Beaverton, OR) digital oscilloscope, filtered (0.1–10 kHz (−3dB)), digitized (20 kHz and 12-
bit resolution) and processed on- and off-line by customized National Instruments LabVIEW
software on MacIntosh computers. Hippocampal electroencephalographic (EEG) and evoked
field potential at 5,000× and 100× and filtered at 0.1–50 Hz and 0.1 Hz–10 kHz (−3 dB),
respectively. Extracellular potentials were digitized with National Instruments (Austin, TX)
NB-MIO-16 data acquisition boards on MacIntosh computers at 200 Hz for EEG activity and
20 kHz for evoked responses at 12-bit resolution. Extracellularly recorded action potentials
were discriminated with a World Precision Instruments WP-121 Spike Discriminator
(Sarasota, FL) and converted to computer-level pulses. Discriminated spikes and stimulation
events were also captured by National Instruments NB-MIO-16 data acquisition boards in
Macintosh computers.

Stimulation—Square-wave constant current pulses (0.3–1.5 mA; 0.15 ms duration; average
frequency, 0.1 Hz) were generated by a Grass PSIU6 isolation unit controlled by a MASTER
8 Pulse Generator. Field-potentials were elicited in the DG by stimulation of the perforant path
with insulated, bipolar stainless steel (130 µm) electrodes located in the angular bundle
(coordinates: 8.1 mm AP, 4.2 mm L, 3.0 mm V) [Paxinos and Watson, 1986]. Recordings made
from the cellular levels of the dentate yielded a Population spike (PS) superimposed on the
positive-polarity pEPSP/pIPSP complex. PS amplitudes were determined by a median filter
and peak detection algorithm. Stimulus/response curves were generated before and 5 min after
drug treatment at selected afferent stimulus levels: threshold, 50% maximum and maximum
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PS amplitude. Paired-pulse curves were generated by testing various intervals (10–160 ms) of
paired stimuli applied to the perforant path at 50% maximum PS amplitude. To induce long-
term potentiation (LTP) we delivered a high frequency stimulation (HFS) that consisted of ten
trains of stimuli (each consisting of five pulses at 400 Hz). Stimulus pulses intensity was
adjusted to give 40–50% maximal PS amplitude every 30 seconds. A baseline recording for
10 minutes was followed by HFS delivery and 60 minutes post HFS.

Drug administration—A stainless steel guide cannula (14 mm length, 24 ga) was implanted
aseptically into the right lateral ventricle (coordinates: 0.5 mm posterior, 1.0 mm lateral to
bregma, and 3.5 mm ventral from dura) [Paxinos and Watson, 1986]. After a completion of
stimulus-response curve at three response levels: threshold, 50% maximum and maximum PS
amplitude and paired-pulse curves, baseline recording was conducted for 20 minutes, then rats
were administered one of the following drug treatments: A) 0.9% physiological saline, 3µl
n=5. B) Rat galanin 1–29 (3 nmol/3 µl), n=5 or C) Rat galanin 2–11 (3 nmol/3 µl) n=5.
Microinjections were performed with a 10 µl Hamilton syringe connected via Becton
Dickinson polyethylene tubing (PE20) to a 1.5 cm injector. The infusion of 3 µl over 1.5
minutes, with each 1 µl separated by ten seconds, and an additional sixty seconds before the
injector was withdrawn from the guide cannula. After 5 minutes a second completion of
stimulus-response curve at three response levels of PS amplitude and paired-pulse curves were
conducted followed by 10 minutes baseline recording and then HFS was delivered into the
perforant path. Field potentials were recorder for additional 60 minutes after HFS. In addition
a total of twelve (4 saline, 4 galanin 1–29 and 4 galanin 2–11 treated rats) animals were
euthanized 30 minutes following the tetanization in order to remove the hippcampi and perform
westerns for CREB and pCREB.

Statistical Analysis—All data were analyzed utilizing the Sigmastat statistical application
(Chicago, IL). Behavioral data were analyzed via Repeated Measures Analysis of Variance
(RMANOVA) and Tukey post-hoc comparisons were utilized where appropriate. Data from
the Western Blots and the electrophysiology experiments were analyzed by Analysis of
Variance (ANOVA) and Tukey post-hoc comparisons.

Results
Behavior

Rats trained in the Morris water maze for two days and treated with saline vehicle showed a
significant improvement in the latency to locate the hidden platform across training days,
whereas rats treated with 3 nmol/3µl or 5 nmol/3µl galanin1–29 (activating GalR1 and GalR2)
or galanin 2–11 3 nmol/3µl (activating preferentially GalR2) displayed no improvement across
training days (see Figure 1). Tukey post-hoc comparisons revealed there were no significant
differences between day one and day two in groups treated with galanin 1–29 3nmol/3µl
(p=0.34) 5 nmol/3µl (p=0.28), and galanin 2–11 (p=0.13). Rats injected with saline displayed
a significant reduction in escape latency between training days (p=0.02).

Training in the Morris water maze task induced an increase in the levels of CREB
phosphorylation compared to the non-trained controls (data not shown). As can be seen in
Figure 2 ICV (Intracerebroventricular) administration of galanin receptor agonists: galanin 1–
29 or galanin 2–11 significantly attenuated this effect, as determined by the ratio obtained for
pCREB/CREB for each group compared to the ratio attained in the vehicle trained group
(F(3,12)= 3.629 p<0.023) (Figure 2). Post-hoc comparisons revealed a reduction in CREB
phosphorylation following the infusion of galanin 1–29 (3 and 5 nmol/3µl (p=0.015 and
p=0.011, respectively) and galanin 2–11 (p=0.024) compared to saline controls. The data
indicate that galanin administration reduced the extent of CREB phosphorylation by 30%. No
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differences in the phosphorylation state of ERKs (F(3,12)= 3.629 p=0.32) were observed
following the administration of any of the galanin receptor ligands to animals trained in the
Morris water maze (data not shown).

In-vivo Electrophysiology
We recorded extracellular neuronal field potentials in the dentate gyrus (DG) in-vivo.
Stimulation of the perforant path evoked field potentials in the stratum granulosum whose
waveforms were characterized by a relatively fast negative-going population spike (PS)
superimposed on the positive-going field EPSP/IPSP complex (3D). The PS amplitude was
monotonically related to stimulus intensity tested at three response levels: threshold, half-
maximum and maximum (Figures 3A and 3A’). Galanin 2–11 and galanin 1–29 had no effect
on stimulus-response curves at any stimulus strength before and after ICV treatment (Figure
3A and 3A’). Galanin 1–29 caused a moderate reduction in the amplitude of PS recorded in
the dentate gyrus following a single test stimulus at half-maximal or maximal intensities.
Although galanin 1–29 caused a slight reduction in PS amplitudes, the level of attenuation was
not statistically significant (P>0.1, n=6). Neither did infusion of the GalR2 agonist; galanin 2–
11 modified the PS amplitude responses at the various stimulus intensities after ICV treatment.
These inhibitory synaptic changes most likely reflect the hyperpolarizing effect of galanin
(Pieribone et al., 1995) mediated by opening of K+-channels (reviewed in Bartfai, 1995). It is
important to point out that although there were differences in amplitude no statistical
differences were observed. To characterize the effects of galanin on presynaptic function in
the DG region of the hippocampus in-vivo we used the paired-pulse (PP) paradigm to measure
short-term facilitation. We used a PP stimulation protocol with interstimulus intervals (ITIs)
ranging from 10 to 80 ms. Paired equipotent stimulation of the perforant path (50–70%
maximum field response amplitude) resulted in interval-dependent response profiles. PP
responses in the DG were characterized by a period of PP inhibition (PPI) during the initial 20
msec and a period of PP facilitation (PPF), a form of short-term plasticity (Zucker, 1989) from
40 to 60 ms. Compared to saline treated rats, application of neither galanin 1–29 nor galanin
2–11 induced a significant change in the PP response at different time intervals (10–80ms)
(Figure 3B and 3B’; p>0.05) before and after ICV treatment. These data suggest that galanin
has no effect on presynaptic function in the DG.

We then determined whether galanin affects LTP induction in the DG in-vivo (Figure 3C).
High frequency stimulation (10 trains of 5 pulses at 400 Hz) in saline-treated rats elicited a
large potentiation of PS amplitudes that lasted for 60 minutes (Figure 3C and 3D; p>0.05). In
contrast, galanin 2–11 and galanin1–29 significantly attenuated LTP induction (Figure 3C; p
< 0.05; Figure 3D). The level of attenuation was higher in the group treated with galanin 1–29
although the PS amplitude remained statistically significant above the baseline level at certain
time points (1–13 min pos HFS, P<0.01, figure 3C) returning to baseline by 40 minutes.

Administration of the GalR2 agonist, galanin 2–11 attenuated the HFS-mediated LTP in DG
(figure 3C). The post-tetanic potentiation was significantly (P<0.05) above the baseline level
but reduced compared to saline control. This level of potentiation was maintained during 30
minutes and after that the level of potentiation reached the lowest level however still above
baseline (figure 3C and 3D).

In-vivo LTP induces phosphorylation of CREB in the hippocampus similarly to behavioral
training. We examined the phosphorylation of CREB using Western blots, similarly as for the
behaviorally tested rats. Data from the Western Blots indicated that the administration of
galanin 1–29 prior to induction of LTP produced a significant (F(1,6) = 9.58 p=0.021) reduction
in the phosphorylated form of CREB (Figure 4).
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Immunohistochemistry
Hippocampal sections from the behaviorally tested groups in the Morris water maze task were
processed for immunohistochemistry (IHC) and imaged to verify the changes observed in the
Western Blots. A higher training-induced pCREB immunoreactivity was observed in the
dentate gyrus of saline treated rats (Figure 5A) compared to subjects treated with galanin 1–
29 at 5 nmol/3µl concentration (Figure 5C). The IHC failed to detect a large change in pCREB
levels in subjects administered galanin 1–29 at 3 nmol/3µl (Figure 5B) or following galanin
2–11 (3 nmol/3µl) administration (Figure 5D). In addition, DAB stained sections displayed a
similar profile of increased pCREB immunoreactivity in the subjects administered saline versus
any of the remaining treatment groups (Figure 6). Sections processed in an identical fashion
taken from the in-vivo LTP studies indicated higher levels of CREB phosphorylation in the
DG taken from subjects administered saline (Figure 7A) versus those administered galanin 1–
29 (3 nmol/3µl) (Figure 7B).

Discussion
The data in the present study provides the first documentation of a specific molecular
mechanism by which galanin may affect spatial learning processes in-vivo. Galanin has been
shown to mediate a variety of neurological functions relevant to synaptic plasticity and learning
and memory (Wrenn and Crawley, 2001). Previous studies demonstrated that galanin impairs
spatial learning and memory (Kinney et al., 2003) as well as in-vitro LTP (Sakurai et al.,
1996). However, no previous study demonstrated downstream targets of galanin receptor
activation that may produce these cognitive deficits in intact organisms. Further, the data from
the current project provide support for a mechanism by which galanin impairs consolidation
in agreement with previous studies (Kinney et al., 2003) in which forskolin (non-selective
adenylate cyclase activator) was able to rescue the galanin induced deficit. The data in the
current study demonstrate that galanin receptor agonists administered following training trials
in a spatial learning and memory task cause a spatial learning and memory deficit, consistent
with previous data, as well as significantly reduce CREB phosphorylation within the
hippocampus. These findings connect much of the in-vivo data on galanin effects in rodents
with data on the role of CREB phosphorylation in cognition (cf Viola et. al., 2000 for review).

Galanin receptor activation has previously been shown to inhibit adenylyl cyclase activity via
G-protein coupled GalR1 type galanin receptors (cf Kinney et. al., 2003). In-vitro studies
demonstrated that GALR1 activation results in a decrease in adenylate cyclase activation
(Karelson and Langel, 1998), and thus a likely reduction in cAMP-dependent protein kinase
A (PKA) activation and downstream phosphorylation of CREB. Several studies have
demonstrated that inhibition or elimination of second messengers that stimulate CREB
phosphorylation results in dramatic deficits in spatial learning and memory (Abel et al.,
1997; Rotenberg et al., 2000), as well as other associative forms of memory (Goosens et al.,
2000).

We found no galanin effects on the phosphorylation state of another key integrator of
intracellular signaling, ERKs. This could be due to the time course of ERK activation, the
schedule of drug administration, and collection of tissue in the present study. Any rapid
alteration in the phosphorylation state of ERKs produced by galanin may have been missed,
since we scheduled the administration of galanin and the collection of tissue to observe changes
in pCREB, which has been shown to require 30 minutes to reach peak activation (Buxbaum
and Dudai, 1989; Bourtchouladze et al., 1998). It is likely that any changes in the
phosphorylation state of ERKs due to behavioral training and/or due to galanin receptor
activation would have returned to baseline well before the tissue was collected.
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Our data also indicate that galanin impairs in-vivo LTP. These findings are consistent with the
observed memory impairment in-vivo as well as with the previous reports on galanin impairing
in-vitro LTP in hippocampal slices. These studies have established that galanin impairs both
CA1/CA3 LTP (Coumis and Davies, 2002) and DG LTP (Badieh et. al., 2003) in hippocampal
slices. The in-vivo data presented here indicate that the ICV administration of galanin 1–29 or
galanin 2–11 produced an important deficit in the induction of LTP. It is particularly interesting
to note that the in-vivo paired-pulse facilitation experiments do not indicate a galanin induced
deficit suggesting that the impairment observed in LTP is not a result of presynaptic effects of
galanin. The activity of dentate granule cells is modified, in part, by local circuit GABAergic
interneurons within the dentate subfield and extrahippocampal inputs from medial septum and
brainstem structures, including the locus coeruleus and median raphe (Bronzino et al 1997;
Bekenstein and Lothman, 1991). Stimulation of the perforant path releases glutamate, which
simultaneously activates the dentate granule cells and the basket cell interneurons (feed forward
inhibition). Depolarization of granule cells activates the mossy fibers and the axon collaterals,
which in turn activate the basket cell interneurons again (feedback or recurrent inhibition)
(Bronzino et al 1997). The paired-pulse index is used as an effective measure of the modulation
of hippocampal dentate granule cells (DiScenna and Teyler, 1994). The regulation of excitatory
synaptic drive onto GABAergic interneurons is essential for GABAergic inhibition onto
granule cells. Postsynaptic GABAA receptors reportedly produce fast synaptic inhibition
(Stephenson, 1988), while presynaptic GABAB receptors are highly sensitive in controlling
endogenous transmitter release (Bowery, 1993). Glutamatergic postsynaptic responses and
collaterally evokes GABA release from the GABA interneuron, which acts on GABAA
receptors for at least 25–50 ms, but not for more than 100 ms for the feed forward inhibition
(Kawashima et al., 2006; Takita et al., 2007) and either galanin 1–29 or galanin 2–11 does not
affect presynaptic modulation (figure 3B and 3B’). Rather, the reduction in potentiation
observed as well as the impaired maintenance of the potentiation may be attributable to the
reduction in CREB phosphorylation.

Results from the Western Blots of hippocampal tissue from the in-vivo electrophysiology
experiments further support this interpretation, as the amount of phospho-CREB in the
hippocampi of galanin treated rats was reduced compared to saline controls.

Our data establish an important reduction in intracellular signaling involving pCREB, due to
galanin receptor (GalR1 and GalR2) activation in-vivo. It is interesting to speculate on the
biological importance of endogenous galanin altering CREB phosphorylation. Several
neuronal functions rely on CREB-dependent transcription and it is surprising that a single
neuropeptide can have such a dramatic effect. The establishment of a molecular link in a
mammalian system of learning and memory between impairment of performance and
occupancy of neuropeptide receptor provides a pharmacological target in the galaninergic
system for modification of cognitive performance.

The selectivity of galanin 2–11 to bind to GalR2 with substantially higher affinity than to GalR1
has been evaluated by studying [125I]-galanin (1–29) displacement from GalR1 or GalR2
expressing cell lines (Mazarati et al., 2004) or GalR3 in transfected cell lines (Lu et al.,
2005), however the affinity of galanin 2–11 for GalR3 is higher than for GalR1. Similarly to
galanin 2–11, galanin 1–29 has a high affinity to GalR3 to the same degree as its affinity to
GalR2 (Branchek et al 1998 and Branchek et al 2000). Based on Badie-Mahdavi et al (2005)
study and since the level of GalR3 is very low in mice hippocampal formation, we consider
the effect of galanin 2–11 to be through activation of GalR2. Therefore, the GalR1 and GalR2
are present at nearly the same concentrations in the DG (Badie-Mahdavi, 2005) and results
must be interpreted by taking into account the contributions of both GalR types (GalR1 and
GalR2) as galanin 1–29 has similar affinity for them.
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This is the first in vivo study that investigates the effect of the activation of the GalR types,
GalR1 and GalR2, on synaptic transmission and plasticity in DG. Galanin 1–29, a mixed
GalR1/GalR2 agonist, significantly attenuated LTP induction in DG (at 51 min post-HFTs
stimulation) compared with saline-treated rats. The data on GalR2 agonist, galanin 2–11, are
the first to examine the contribution of GalR2 activation to hippocampal synaptic plasticity
without the simultaneous activation of GalR1, as is the case in studies using galanin 1–29.
Application of galanin 2–11 produced an attenuation of LTP induction, however less robust
and durable compared with galanin 1–29 treated rats, which is the opposite in Badie-Mahdavi,
2005 study where 2–11 produced higher attenuation of LTP induction compared to galanin 1–
29 and difference could be explained because Badie-Mahdavi used slices rather than the
complete brain. The present study seems to suggest that the effect of GalR2 activation is less
effective in attenuating LTP induction and maintenance than simultaneous activation of GalR1
and GalR2 by galanin 1–29 although the effects of GalR1 activation alone on DG synaptic
plasticity are difficult to examine pharmacologically due to lack of a GalR1 selective agonist
or antagonist.

Given that galanin was not administered in the behavioral experiments until 30 m post-training,
and for in vivo electrophysiology experiments galanin was chose to be administered prior to
LTP induction was based on; 1) the assumption that galanin is a selective drug for plasticity
and not for normal information processing in the brain, and that galanin would knock out a
critical step on plasticity and 2) Badie-Mahdavi et al (2005) demonstrated that in slices
superfusion of Galanin 2–11 or Galanin 1–29 at 20 min post-LTP induction caused a transient
reduction in the level of LTP however the level pf potentiation was partially restored after
superfusion. The first assumption was accepted based on demonstration of selective effects of
drugs such as AP5 (n- 2-amino- 5-phosphonopentanoate) that block the NMDA receptor,
preventing LTP while sparing normal hippocampal synaptic transmission (e.g., Bliss and
Lynch 1988). To the extent that the role of the NMDA receptor is fully selective for plasticity,
one could predict these drugs could prevent new learning and still not affect non learning
performance or retention of learning normally accomplished before drug treatment. Consistent
with these predictions, some of the earliest and strongest evidence supporting a connection
between LTP and memory came from demonstrations that a drug-induced blockade of NMDA
receptors prevents new learning (Morris et al. 1986). In addition drugs that enhance the
induction of NMDA-dependent LTP also facilitate learning and memory (Staubli et al. 1994;
Mondadori et al. 1989; Weiskrantz and Mondadori 1991).

Induction of LTP in DG is predominantly a post-synaptic phenomenon (Lynch, 2004). Increase
in the intracellular Ca2+ through activation of NMDA receptor is the main mechanism
underlying the DG LTP initiation. The expression and maintenance of LTP, however, has been
linked to several signaling events, such as activation of CaMKII, cAMP-dependent protein
kinases as well as synaptic modification. In this study we investigated the contribution of
hippocampal GalR1 and/or GalR2 to regulation of the level of phosphorylation of CREB during
Galanin 2–11 or galanin 1–29-induced attenuation of LTP. These data indicate that activation
of GalR1 and/or GalR2-mediated attenuation of LTP in DG could be occurring through
reduction of pCREB.
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Figure 1.
Latency to locate the hidden platform over two successive training days. Each training day
consisted of four trials and the mean latency of all trials is displayed. Galanin or saline vehicle
(n=10 per group) was administered ICV to rats, 30 minutes after the start of the training trials,
consistent with previous findings that galanin impairs consolidation (Kinney et al., 2003).
Significant effects were detected for treatment (F(3,20) = 4.46 p=0.015), training day (F(1,20) =
66.81 p<0.01), and the treatment × day interaction (F(3,20) = 3.47 p=0.035). Subjects
administered saline displayed significantly lower latencies to locate the hidden platform (*
p<0.05) between days one and two. No significant differences were observed for rats treated
with galanin 1–29 or galanin 2–11, indicating no significant improvement in performance
across the two training days.
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Figure 2.
A) pCREB/CREB ratios from hippocampi taken from each of the behaviorally tested groups
(n=5 per group) administered saline or galanin receptor ligands as well as the non-trained
control group. Significant reductions in CREB phosphorylation were obtained for groups
administered galanin 1–29 (3nmoles and 5nmoles) and galanin 2–11 compared to saline
controls (*p<.05 versus saline treatment group). All treatment groups exhibited a significant
increase in CREB phosphorylation compared to the non-trained group (#p<.05 versus all
treatment groups). B) Representative Western Blot images for each of the treatment groups.
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Figure 3.
Effects of galanin on dentate physiology in-vivo. (A) No significant differences in the PS
amplitudes across stimulus levels was found; (B) Saline, galanin 2–11 or galanin 1–29 had no
significant effect on PP responses; (C) High-frequency afferent stimulation (HFS) resulted in
prolonged synaptic enhancement of PS amplitudes in the DG in saline-treated (□), but not in
galanin 2–11-treated (▲) or galanin 1–29-treated (●) rats at 30 min (F(2,21)=3.55, p=0.0.046;
n=6–10) and 60 min (F(2,21)=3.94, p=0.404; post HFS (saline vs galanin 2–11 and galanin 1–
29). Pre-HFS values were not different between groups (F(2,21)=0.39, p=0.67; n=6–10) and
at 10 min post HFS (F(2,21)=2.62, p=0.0.096; n=6–10), 60 min (F(2,21)=3.94, p=0.404. Each
group represents the mean ± s.e.m. *, p < 0.05 (ANOVA). (D) Representative samples
waveforms were characterized by a relatively fast negative-going population spike (PS)
superimposed on the positive-going field EPSP/IPSP complex. At baseline, superimposed
recording during pretreatment (black) and post treatment (red) show no differences in the
amplitude of the PS in galanin 2–11 and galanin 1–29 treated rats. Samples of recordings at
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60 minutes after HFS indicate a significant enhancement only in the control group whereas
galanin 2–11 and galanin 1–29 impaired LTP maintenance.
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Figure 4.
pCREB/CREB ratios for hippocampi from subjects administered saline (n=4) or galanin 1–29
(3nmoles/3µl; n=4) prior to the induction of LTP. Hippocampi were dissected out 30 minutes
following the induction of LTP and westerns were performed in the hippocampus that
recordings were taken from. A significant reduction in CREB phosphorylation was obtained
between treatments (* p<.05).
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Figure 5.
Representative images from the IHC experiments for each of the behaviorally tested groups
(tissue examined from 5 subjects per group consistently displayed differences depicted in above
representative images). Images were captured of the dentate gyrus at 20× magnification
utilizing antibodies directed against pCREB (488nm) and MAP-2 (594nm) for rats treated with
A) saline, B) galanin 1–29 3nMoles/3µl, C) galanin 1–29 5nMoles/3µl, and D) galanin 2–11.
Sections from the rats treated with galanin 1–29 5nMoles/3µl displayed a large reduction in
pCREB immunoreactivity.
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Figure 6.
Representative photomicrographs of rat hippocampal sections stained for phospho-CREB
using DAB, taken from animals exposed to Morris water maze and treated 30 min after training
with saline (A), galanin 1–29 3nmols/3µl (B), galanin 1–29 5nmols/3µl galanin (C), and
galanin 2–11 3nmol/3µl (D). Sections from the saline treated grouped evinced more intense
staining throughout the dorsal hippocampus and a greater number of immunoreactive cell
bodies in the dentate gyrus and CA3/CA1 region (tissue examined from 5 subjects per group
consistently displayed differences depicted in above representative images).
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Figure 7.
Representative images of pCREB and MAP-2 immunoreactivity in the dentate gyrus of rats
treated with A) saline or B) galanin 1–29 30 minutes after the induction of in-vivo LTP. Sections
collected from rats administered saline prior to induction of LTP displayed greater intensity of
pCREB compared to galanin administered rats.
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