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Galanin is a neuropeptide with multiple inhibitory actions on
neurotransmission and memory. In Alzheimer’s disease (AD), in-
creased galanin-containing fibers hyperinnervate cholinergic neu-
rons within the basal forebrain in association with a decline in
cognition. We generated transgenic mice (GAL-tg) that overex-
press galanin under the control of the dopamine b-hydroxylase
promoter to study the neurochemical and behavioral sequelae of
a mouse model of galanin overexpression in AD. Overexpression of
galanin was associated with a reduction in the number of identi-
fiable neurons producing acetylcholine in the horizontal limb of
the diagonal band. Behavioral phenotyping indicated that GAL-tgs
displayed normal general health and sensory and motor abilities;
however, GAL-tg mice showed selective performance deficits on
the Morris spatial navigational task and the social transmission of
food preference olfactory memory test. These results suggest that
elevated expression of galanin contributes to the neurochemical
and cognitive impairments characteristic of AD.

Galanin acts as an inhibitory neuromodulator in the neural
circuitry mediating learning and memory (1–3). Galanin

and its receptors are distributed in brain regions that regulate
cognitive processes, including the basal forebrain, hippocampus
and cerebral cortex (4–6). Galanin reduces the evoked release
of neurotransmitters, including glutamate, acetylcholine, nor-
epinephrine, and dopamine (7–11), inhibits adenylate cyclase
activity (12), and lowers the firing rate of serotonergic and
noradrenergic neurons in the dorsal raphe and locus coeruleus,
respectively (13, 14). In hippocampal slices, galanin reduces
long-term potentiation and cholinergically induced excitatory
postsynaptic potentials (15, 16). In rodents, the administration of
galanin into the lateral ventricles, hippocampus, and medial
septumydiagonal band impairs performance during learning and
memory tasks, including delayed nonmatching to position, the
Morris water maze, T-maze delayed alternation, starburst radial
maze, spontaneous alternation, and passive avoidance tests
(17–24).

In Alzheimer’s disease (AD), most neurotransmitters decline
in association with neurodegeneration; however, galanin is a
notable exception. The expression of galanin progressively in-
creases in the basal forebrain in AD (25–27), and galanin-
containing fibers and terminals form a dense plexus surrounding
the remaining cholinergic cell bodies within the nucleus basalis
of Meynert, reaching concentrations twice that of age-matched
controls (28). In addition, high levels of galanin continue to be
expressed in the surviving neurons of the locus coeruleus in AD
(29, 30). The overexpression of galanin in AD may contribute to
the cognitive deficits characteristic of this disease. To test the
hypothesis that galanin plays a role in the cognitive decline
associated with AD, we developed a line of transgenic mice that
overexpress galanin [GAL-transgenic (tg)] in discrete regions of

the nervous system and evaluated the neurochemical and be-
havioral consequences of this genetic manipulation.

Materials and Methods
All experiments were approved by the National Institute of
Mental Health or University of Washington Animal Care and
Use Committees and conformed to National Institutes of Health
and U.S. Department of Agriculture guidelines.

Generation of Galanin Transgenic Mice. To overexpress galanin in a
manner resembling the hyperinnervation of galanin seen in the
AD forebrain, galanin gene expression was targeted to norad-
renergic neurons. The mouse galanin gene was coupled to the
human dopamine b-hydroxylase (hDBH) promoter, as previ-
ously reported (Fig. 1A) (31). For neurochemical and behavioral
phenotyping, GAL-tg mice were backcrossed into C57BLy6J for
seven generations, to avoid complications of mixed genetic
background and strains with unusual alleles relevant to memory
tasks (32, 33). All mice in these studies were genotyped by dot
hybridization of genomic DNA to confirm the presence of the
hDBH transgene, as previously described (Fig. 1B) (34).

Gene Expression. In situ hybridization assays were performed as
previously reported (35). Analysis of galanin mRNA levels in the
locus coeruleus (LC) of GAL-tg and wild-type (WT) mice (male
2–4 months old; n 5 7 each) was performed in Experiment
(Exp.) 1. Qualitative assessment of galanin mRNA expression in
the GAL-tg compared with WT brain (11- to 12-month-old
female; n 5 5 each) was performed in Exp. 2. Coronal sections
(20 mm) were hybridized with 35S-labeled riboprobes comple-
mentary to the coding sequences of the rat galanin gene (680 bp
cDNA, kindly provided by Maria Vrontakis, University of
Manitoba, Winnipeg, Canada) in Exp. 1, and the mouse galanin
gene (493 bp cDNA kindly provided by James Hyde, University
of Kentucky, Lexington, KY) in Exp. 2. After 16-h hybridizations
(0.25 mgymlzkb of probe), slides were dipped in NTB-2 emulsion
(Eastman Kodak) and exposed for 7 (Exp. 1) or 23 days (Exp.
2). Slides were counterstained with cresyl violet and viewed
under light- and dark-field microscopy for the presence of silver
grain clusters. Relative optical density of LC signals was deter-
mined by computerized image analysis (Imaging Research, St.
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Catherine’s, ON, Canada) (35). Specificities of antisense probes
were determined by hybridization with mouse and rat 35S-labeled
sense probes, yielding no detectable signal.

RIA. An RIA for total galanin content in WT (n 5 3) and GAL-tg
(n 5 3) forebrain was conducted as previously described (36),
with minor modifications. Galanin antiserum (diluted 1:80,000)
was directed against rat galanin and showed a 35 and 15%
crossreactivity with porcine and human galanin, respectively,
and no crossreactivity with any other neuropeptides examined.
Limits of detection were 1.2 fmolytube. Intraassay variability
was ,10%.

Stereological and Histological Analysis. For stereological cell count-
ing, age-matched (6-month-old) male WT (n 5 5) and GAL-tg
(n 5 5) mice were perfused transcardially with 4% paraformal-
dehyde in phosphate buffer (PB), cryoprotected in 30% PB,
sucrose and cut at 40 mm on a freezing microtome. Immuno-
histochemistry was performed with human polyclonal choline
acetyltransferase (ChAT) antisera (1:1,000; a gift of L. Hirsch,
University of Kentucky, Lexington, KY) and polyclonal galanin
antisera (1:10,000; Peninsula Laboratories) (37). Total numbers
of ChAT-immunoreactive neurons within cholinergic basal fore-
brain (CBF) subfields were determined with the optical frac-
tionator method (38). Briefly, the CBF was outlined at low
magnification (34 objective), and at least 30% of the outlined
region was measured with dissector frames (4420 mm2) and a
3100 planar oil immersion lens (1.4 numerical aperture). A
systematic random design was used. Although the average
section thickness was 30 mm, neurons were counted only within
a 20-mm tissue height, with top and bottom guard heights of 5
mm. Antibody penetration was uniform throughout the entire
section thickness (38).

Behavioral Phenotyping. Mice (n 5 11 male GAL-tg, 10 female
GAL-tg, 16 male WT, 9 female WT, age-matched littermates)
were evaluated on a multitiered behavioral phenotyping strat-
egy, as previously described (39–41). All mice were evaluated on
standard quantitative measures of general health, neurological
reflexes, and sensory and motor abilities, to avoid false positives
caused by either potential health problems or specific deficits in
sensory or motor functions. Learning and memory were evalu-
ated in the cohort of GAL-tg and WT littermate control mice at
8, 16, and 24 months of age in the Morris water task, with the use
of standard methods and equipment, as previously reported (41)
(published as supplemental data on the PNAS web site, www.
pnas.org). The same mice were tested at age 26 months with the
social transmission of food preference memory task, with meth-
ods as previously described (42, 43) and as detailed in supple-
mental data.

Statistical Analyses. Behavioral data were analyzed by repeated-
measures ANOVA. Newman–Keuls post hoc analysis compared

probe trial scores for trained vs. nontrained quadrants. Student’s
unpaired t test was used to assess galanin mRNA and peptide
concentrations, numbers of ChAT-containing cells, and mea-
sures of general health, reflexes, acoustic startle, and rotarod
performance. Results of statistical tests were considered signif-
icant at P , 0.05.

Results
Overexpression of Galanin mRNA and Galanin Peptide in the GAL-tg.
Quantitative analysis of galanin expression revealed an approx-
imately 5-fold increase in galanin mRNA signal levels in the
locus coeruleus of GAL-tg mice compared with WTs (P ,
0.0001; Fig. 2), and in other brainstem nuclei known to express
DBH (44). Some ectopic expression of galanin mRNA was noted
in the piriform and entorhinal cortices and in the subiculum,
which may reflect the modest promiscuity of this hDBH pro-
moter, as previously discussed (45).

RIA confirmed a corresponding elevation in galanin peptide
content, which was approximately 2-fold higher in the forebrain
of GAL-tgs compared with their WT controls (7.3 6 0.1 vs. 3.8 6
0.3 pmolyg wet tissue weight, respectively; P , 0.01). Immuno-
cytochemistry for galanin-like immunoreactivity revealed in-
creased intensity of staining for cell bodies in the locus coer-
uleus, medial septum, and entorhinal and piriform cortices, and
increased fiber density in the hippocampus and septum (Figs. 3
and 4).

Behavior. General health, body weight, and home cage behaviors
were normal in the GAL-tg (Table 1 of supplemental data).
Neurological reflexes, including eye blink, ear twitch, and right-
ing reflex, were normal. Performance during sensory and motor
tasks, including olfaction, acoustic startle, hot plate, Digiscan
(Accuscan, Columbus, OH) open field and accelerating rotarod,
was not significantly different between GAL-tg and WT (Fig. 5).
These apparently normal baseline functions indicated that the
GAL-tg were physically able to perform the procedures required
for the cognitive tasks.

Fig. 1. Galaninyhuman dopamine b-hydroxylase (hDBH) DNA construct (A)
and representative dot hybridizations demonstrate hDBH DNA present in the
GAL-tg but not in WT (B).

Fig. 2. Photomicrographs illustrating typical galanin mRNA expression in the
locus coeruleus of WT (n 5 7) (A) and GAL-tg (n 5 7) (B). Galanin mRNA levels
were approximately 5-fold higher in GAL-tg. (Bar 5 250 mm.)

Fig. 3. Low-power photomicrographs illustrating examples of galanin-like
immunoreactivity in the hippocampus of a WT (A) and GAL-tg (B), correspond-
ing to atlas plate 56 of the Franklin and Paxinos atlas (66), and showing
increased galaninergic fiber density in the dentate gyrus and lacunosum
moleculare layers in the GAL-tg compared with WT. (Bar 5 1,000 mm.)
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GAL-tg mice failed to display selective search during the
Morris probe trial, in the absence of the escape platform, at 8,
16, and 24 months of age (Fig. 6 E–G). WT controls displayed
normal selective search by preferentially crossing the location
where the platform had been during the training trials (F3,69 5
5.06, P , 0.005 at 8 months; F3,72 5 15.36, P , 0.001 at 16
months; F3,57 5 8.09, P , 0.001 at 24 months). WT displayed a
higher percent preference for the trained quadrant at 8 (F1,43 5
8.63; P , 0.005) and 16 months of age (F1,43 5 4.62; P , 0.05).
Preference was not significantly different between genotypes at
24 months of age (F1,33 5 1.76; P 5 0.19), perhaps reflecting
either the general cognitive decline in both genotypes with aging
or the reduced ‘‘n ’’ and statistical power, with natural attrition.
No differences were detected between genotypes on the visible
and hidden platform training trials. Swim speed, swim pattern,
and thigmotaxis were not significantly different between geno-
types at any age, on the visible platform, hidden platform, or
probe trials. Analysis of swim pattern by 10-sec time bins during
the probe trial revealed a similar temporal pattern of approach-
ing or swimming away from the previous location of the platform
(supplemental data, www.pnas.org), although total crossings
over the previously trained location of the hidden platform
differed between genotypes. This profile indicates that the
GAL-tg were competent on all procedural components of the
Morris water task but were unable to remember the environ-
mental room cues necessary to solve the spatial navigation task.

In the olfactory memory task (Fig. 7), WT observer mice
showed a significant preference for the cued food odor (F1,17 5
11.28, P 5 0.01). Although an independent test confirmed that
GAL-tg could smell a novel odor (Fig. 5F), the GAL-tg showed

no preference for the previously cued food odor 24 h after the
end of the exposure to the demonstrator mouse (F1,21 5 2.12, not
significant).

Number of Cholinergic Neurons in the Basal Forebrain. To investigate
the cellular mechanisms underlying the observed cognitive def-
icit in GAL-tg, we examined the effect of galanin overexpression
on the number of identifiable cholinergic neurons within the
medial septum (MS), vertical (VDB), and horizontal (HDB)
limbs of the diagonal band, and nucleus basalis of Meynert (NB).
These neurons provide the major cholinergic innervation to the
hippocampus and entire cortical mantle. The numbers of ChAT-
containing cells were dramatically reduced in the HDB of
GAL-tg, compared with WT controls (P , 0.0002, Fig. 8 Inset),
whereas no differences were detected in numbers of ChAT-
containing cells between genotypes in MS, VDB, or NB.

Discussion
Targeted overexpression of the mouse galanin gene coupled to
the hDBH promoter produced transgenic mice with anatom-
ically discrete overexpression of galanin mRNA and galanin
peptide. Increased density of galanin-containing fibers ap-
peared in the hippocampus and septum of GAL-tg mice,
consistent with the known projections of the locus coeruleus
to these regions (6, 44). The distribution and magnitude of
galanin overexpression and hyperinnervation simulate the
patterns of increased galanin in the locus coeruleus and basal
forebrain in AD (26, 27, 29, 30).

The genetically targeted overexpression of galanin in the
GAL-tg was associated with a significant reduction in the
number of identifiable ChAT-containing neurons in the HDB of
these animals. Although the present experiments cannot distin-
guish between the death of cholinergic neurons and diminished
expression of ChAT (to below the limits of detection), the
disappearance of detectable cholinergic neurons is reminiscent
of the loss observed in the AD basal forebrain (27, 29). The
anatomically selective effects of galanin overexpression on sub-

Fig. 5. Motor and sensory abilities were normal in GAL-tg mice. No differ-
ences between genotypes were detected in A, either general exploratory
locomotion or habituation to a novel open field over a 2-h session; (B) vertical
rearing in the open field; (C) motor coordination and balance on an acceler-
ating rotarod over a 5- min session; (D) acoustic startle flinch amplitude; (E)
pain sensitivity on the hot plate test; (F) olfactory ability on a 10-min scent
preference test. *, P 5 0.004, familiar vs. unfamiliar scent.

Fig. 4. Photomicrographs of the septal region of a WT (A–C) and GAL-tg
(D–F). (A) High-power image of the medial septal region showing scattered
thin galanin-containing fibers in a WT. Note the lightly labeled galanin-
containing cell bodies (arrowheads). (B) Low-power image of septal region in
a WT. Boxes indicate the regions from which high-power photomicrographs
were taken. (C) High-power image of the lateral septum in a WT. (D) High-
power photomicrograph of thickened galanin-containing fibers in the medial
septal region of a GAL-tg. Note the darkly labeled galanin-containing neuron
(arrowhead). (E) Low-power image of septal region in a GAL-tg. Boxes indicate
the regions from which high-power photomicrographs were taken. (F) High-
power image showing thickened and twisted galanin-containing fibers in the
lateral septum of a GAL-tg. These are similar to those seen in patients with AD.
CC, corpus callosum; CD, caudate nucleus; LS, lateral septum; LV, lateral
ventricle; MS, medial septum. (Bars: A, C, D, F 5 50 mm; B and E 5 200 mm.)
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populations of cholinergic neurons in the basal forebrain in
GAL-tg may reflect the differential distribution of galaninergic
fibers that innervate these neurons. In the rat, the central
portions of the MSyVDB contain numerous cholinergic cells
that are devoid of galanin-containing fibers. The lateral border
of the MSyVDB is heavily innervated with galanin-containing
fibers but contains very few cholinergic neurons (46). The HDB
presents a different profile. High concentrations of galanin-
containing terminals overlap with the cholinergic neurons of the

HDB, and in the mouse, expression of galanin mRNA is higher
in the HDB than in other cholinergic areas (J.G.H., unpublished
observations). Moreover, a differential distribution of galanin
receptor subtypes has been reported among the basal forebrain
nuclei in the rat. One report indicates that only the GalR1
receptor subtype is expressed in the HDB, whereas both the
GalR1 and GalR2 subtypes are expressed in the VDB (5).
GalR1, acting through inhibitory Giyo-coupled mechanisms, is
implicated in both neuronal development and plasticity, whereas
GalR2, acting through an excitatory mechanism, is postulated to
promote survival of cholinergic neurons (4). The anatomically
discrete localization of galanin receptor subtypes coupled with

Fig. 6. The GAL-tg mice failed either to learn or remember the environmental landmarks necessary to solve the Morris water maze memory task. GAL-tg mice
(n 5 11 males, 10 females) and WT controls (n 5 16 males, 9 females) were tested for cognitive abilities on a spatial navigational task at 8, 16, and 24 months
of age. WT mice showed selective search on the probe trial, whereas the GAL-tg did not. GAL-tg were not significantly different from WT controls on acquisition
of the visible platform or hidden platform tasks. (A) Visible platform acquisition; (B) hidden platform acquisition; (C) swim speed; (D) thigmotaxis, swimming
within 8 cm of the circumference of the pool, A–D at 16 months of age; (E) transfer test at 8 months of age; (F) transfer test at 16 months of age; (G) transfer
test at 24 months of age. This highly specific deficit on the probe trials reflects an inability to learn andyor recall the association between the environmental room
cues and the spatial location of the hidden platform. Data are expressed as the mean 6 SEM; *, P , 0.05 compared with the trained quadrant.

Fig. 7. Social transmission of food preference over a 24 h delay was normal
in WT control mice (n 5 9), which consumed more chow mixed with the
previously cued scent than with the novel uncued scent. Social transmission of
food preference was significantly impaired in the GAL-tg (n 5 11), which did
not show a significant preference for chow mixed with the scent previously
cued by the demonstrator mouse. Data are expressed as the mean 6 SEM; *,
P 5 0.010, cued vs. noncued.

Fig. 8. Photomicrographs and histogram (Inset) illustrating the total number
of identifiable neurons containing ChAT within the horizontal limb of the
diagonal band between young adult WT (n 5 5) and GAL-tg (n 5 5). (Bar 5 50
mm.) Data are expressed as the mean 6 SEM; *, P , 0.0002.
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their reportedly different signal transduction mechanisms and
the differential expression of galanin among the basal forebrain
nuclei may contribute to the selective reduction in ChAT-
containing cholinergic neurons within the HDB of GAL-tg mice.

The deficits in learning and memory observed in GAL-tg mice
are consistent with previous reports of memory loss induced by the
central administration of galanin in rats and mice (17–24). Selective
deficits on the probe trial of the Morris water task are consistent
with our earlier findings in Sprague–Dawley rats, in which intra-
ventricularly administered galanin induced probe trial search def-
icits, following a normal acquisition curve for the visible and hidden
platform training trials (24). Similar dissociations between training
and probe trial performance have been reported in other experi-
mental models, including rats with entorhinal cortex lesions and
mice with mutations in the genes for adenylyl cyclase, Lis1, and the
serotonin 5-HT2C receptor (47–50). This behavioral phenotype may
reflect alternative strategies to solve the Morris water task when the
platform is present during training, as evidenced by the impairment
of spatial memory using environmental cues when the platform is
removed. Common alternative strategies include learning to swim
faster and to stay within the annulus of the circular pool that
contains the platform. However, swim speed was not significantly
different between GAL-tg and WT, and swimming in the outer
annulus of the pool (thigmotaxis) was not significantly different
between genotypes. Another possibility is that GAL-tg mice rec-
ognize more quickly than WT controls that the platform location
has changed and begin to search other quadrants for its new
location. However, our time bin analysis showed that search pat-
terns in both GAL-tg and WT did not change over the course of the
probe trial. Normal performance of the GAL-tg on neurological,
sensory, and motor tests argues against an interpretation that either
motor or sensory deficits contribute to the performance deficits of
the GAL-tg on the Morris water task, supporting the inference of
these animals having selective cognitive deficits. Dissociation of
performance on the acquisition vs. the probe trial components of
this task is consistent with current theories of the role of the cortex
vs. the hippocampus in cued-place recognition habit learning versus
flexible-place navigational declarative learning (47, 51–54). The
type of learning and memory impairment exhibited by the GAL-tg
mice appears to be selective for the more difficult portion of the
Morris task, particularly the ability to store, retrieve, or attend to the
more subtle environmental cues necessary to generate a cognitive
map and solve the transfer task. Notably, the GAL-tg mice showed
similar memory deficits at 8, 16, and 24 months of age. The
overexpression of galanin in the GAL-tg and its associated cogni-
tive deficits at these ages is analogous to the moderate-to-severe
levels of galanin overexpression (26–30) and memory loss charac-
teristic of the later stages of AD.

Corroboration of cognitive deficits in GAL-tg mice was seen in
their poor performance on the social transmission of food prefer-
ence test. This memory task demands different sensory and motor
skills than the Morris task and measures olfactory as opposed to
spatial learning and memory (42, 43). Although olfaction was
apparently normal in the GAL-tg mice, their ability to remember
a familiar scent was absent, providing further support for the
conclusion that the overexpression of galanin impairs memory
processes. Intriguingly, the HDB (where in these animals severe
reductions in ChAT-producing cells were seen) provides the major
cholinergic innervation to the olfactory bulb (55).

The molecular and cellular mechanisms underlying the learning
and memory deficits seen in GAL-tg mice remain to be fully
elucidated; however, recent studies of GAL-tg and GAL null
mutant mice suggest that genetically induced modifications of
galanin expression alter the excitability of hippocampal circuitry
(31). Evoked glutamate release from hippocampal slices is signif-
icantly lower in GAL-tg compared with WT controls. Long-term
potentiation generated by stimulation of the perforant path is
enhanced in galanin knockouts and reduced in GAL-tg compared

with WT controls. We infer that efferent projections of noradren-
ergic neurons in the brainstem that overexpress galanin are the
source of the hyperinnervation of galaninergic fibers in the hip-
pocampus and contribute to memory deficits in the GAL-tg.
However, it is conceivable that the ectopic expression of galanin in
the entorhinal cortex of GAL-tg also contributes to the hyperin-
nervation and behavioral phenomena observed in these animals,
because there are strong projections from the entorhinal cortex to
the hippocampus through the perforant pathway (56).

Galanin is not among the genes identified in linkage analyses
with AD, and no correlations have been reported between the
presence of either amyloid neuritic plaques or neurofibrillary
tangles and galanin overexpression in the Alzheimer’s brain.
However, galanin and b-amyloid peptide synergize to inhibit
acetylcholine release from rat cortical synaptosomes (57), and
our observation that the number of acetylcholine-producing
neurons is reduced in the basal forebrain of the GAL-tg suggests
that the induction of galanin and the loss of cholinergic function
may be causally linked in AD. The neuroanatomical source of the
increased galanin in AD is presently under investigation.

The physiological trigger for galanin overexpression in AD is a
fascinating and enigmatic question. Galaninergic systems appear to
be highly activated as AD progresses, producing the aberrant
thickened and twisted galaninergic fibers, unlike the normal
straight fiber profile (25–27). We propose that up-regulation of
galanin occurs as a consequence of the primary underlying pathol-
ogy of the disease. Up-regulation of galanin mRNA is consistently
seen after neuronal damage, including axotomy, inflammation,
tetrodotoxin, reserpine, and colchicine treatments (58–61). Com-
pensatory and possibly neuroprotective actions of galanin are
implied by reports that galanin pretreatment attenuates the phys-
iological consequences of ischemia, concussion, and seizures (7, 62,
63). Also, in a recent description of mice that have a targeted
deletion of the galanin gene, O’Meara and coworkers concluded
that endogenous galanin plays an important role as a neuropro-
tective agent (64). Galanin overexpression in AD may reflect an
attempt to compensate for neurodegeneration in AD, perhaps early
in the development of the disease process. Recently, it has been
hypothesized that chronic demands for compensatory adjustment
may lead to pathological alterations in cellular function (1, 65). The
causative agents in AD may create a milieu wherein galanin-
containing neurons must work harder to meet the reparatory
demands of neuroprotection (59). However, our findings suggest
that the putative redemptory benefits of excess galanin may be
offset by the liability of an accompanying loss of cognitive function,
possibly attributable to the reduced cholinergic activity in discrete
areas of the basal forebrain.

From the perspective of quality of life for the Alzheimer’s
patient, it will be important to understand the consequences of
galanin overexpression, in its context as both a neuroprotectant
and a potential adversary of cognition. The transgenic mouse
model of galanin overexpression provides an opportunity to
explore the neurobiological actions of endogenous galanin and
to investigate the therapeutic potential of galanin receptor
antagonists in the treatment of AD.
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