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Abstract
Galanin (GAL) and GAL receptors (GALRs) are overexpressed in degenerating brain regions
associated with cognitive decline in Alzheimer’s disease (AD). The functional consequences of
GAL plasticity in AD are unclear. GAL inhibits cholinergic transmission in the hippocampus and
impairs spatial memory in rodent models, suggesting GAL overexpression exacerbates cognitive
impairment in AD. By contrast, gene expression profiling of individual cholinergic basal forebrain
(CBF) neurons aspirated from AD tissue revealed that GAL hyperinnervation positively regulates
mRNAs that promote CBF neuronal function and survival. GAL also exerts neuroprotective
effects in rodent models of neurotoxicity. These data support the growing concept that GAL
overexpression preserves CBF neuron function which in turn may slow the onset of AD
symptoms. Further elucidation of GAL activity in selectively vulnerable brain regions will help
gauge the therapeutic potential of GALR ligands for the treatment of AD. (Part of a Multi-author
Review)
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Introduction
The neuropeptide galanin (GAL) and its cognate G-protein-coupled receptors (GALR1–3)
are widely distributed in the mammalian central nervous system (CNS) and modulate
several ascending neurotransmitter systems including cholinergic, noradrenergic,
serotonergic as well as neuroendocrine pathways [1–8]. Notably, GAL activity regulates
cognitive behaviors mediated by the basal forebrain, amygdala, hippocampus, and entorhinal
cortex [2,9–15]. GAL regulates cholinergic basal forebrain (CBF) neurons that provide the
major cholinergic innervation to the cortex and hippocampus [16] and play a key role in
memory and attentional functions [17–19]. CBF neurons undergo selective degeneration
during the later stages of Alzheimer’s disease (AD) that correlates with disease duration and
degree of cognitive impairment [20]. Several groups have made the striking observation that
hypertrophic GAL-containing fibers innervate surviving CBF neurons in the end-stage AD
brain [21–23]. GAL levels are also increased throughout the cortex in AD [24,25], and
GALR binding sites are amplified in the cortex, CBF, hippocampus, entorhinal cortex, and
amygdala during the course of the disease [26–29]. However, the functional impact of GAL
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overexpression within the CBF in AD is unclear. For example, GAL inhibits acetylcholine
(ACh) release in rodent hippocampal preparations, restricts long-term potentiation (LTP)
and disrupts cognitive performance in animals [2,30,31], supporting the notion that CBF
GAL fiber hypertrophy exacerbates the cholinergic deficit seen in AD. This hypothesis has
been challenged by recent findings demonstrating that GAL protects the hippocampus from
excitotoxic damage [32] and CBF septal neurons from amyloid toxicity [33]. These
observations raise the possibility that GAL upregulation promotes cholinergic neuronal
survival during the late stage of AD. In this regard, gene expression profiling of individual
CBF neurons in AD tissue suggests that GAL hyperinnervation positively regulates mRNAs
that promote cholinergic neuron function and survival [34,35]. This article reviews evidence
supporting the concept that GAL overexpression plays a role in the survival of select
neuronal populations associated with cognitive decline in AD.

Galanin in Alzheimer’s disease
Galaninergic systems undergo hypertrophy in brain regions that mediate cognition and are
prone to AD neuropathological damage. For instance, immunohistochemical studies of
postmortem basal forebrain tissue from aged, cognitively intact subjects reveal a fine
network of GAL-immunoreactive (-ir) fibers coursing through the CBF which often appear
in close apposition to CBF perikarya or dendrites (Fig. 1A). In contrast, end-stage AD tissue
displays a dense plexus of enlarged GAL-ir fibers hyperinnervating surviving CBF
neocortical and hippocampal projection neurons located within the nucleus basalis (NB, Fig.
1B) and septal diagonal band complex, respectively [21–23]. GAL radioimmunoassay (RIA)
studies of autopsied CBF tissue revealed a 2-fold increase in GAL peptide levels within the
NB of late-stage AD subjects relative to controls [36], whereas quantitative in vitro
autoradiographic imaging of [125I]hGAL binding sites within the NB of pathologically
defined early (mild) and late (severe) AD cases showed a significant increase in the density
of GALR labeling within the anterior NB subfield of late AD subjects compared to controls
and early AD subjects (Fig. 1C – E) [27]. In addition, a semi-quantitative
immunohistochemical study of GAL-ir profiles in the NB of people clinically diagnosed
with mild cognitive impairment, a putative preclinical AD stage [37] or mild AD revealed
no evidence for GAL hyperinnervation of this CBF region during the prodromal or early
stages of AD [38]. Taken together, these findings indicate that GAL fiber and receptor
overexpression occurs within the anterior portion of the NB during the late stage of AD
when CBF neuron degeneration is advanced.

There is evidence for GAL plasticity in other brain regions associated with cognitive
dysfunction in AD. The noradrenergic locus coeruleus (LC), which similarly to the CBF
contains long neocortical and hippocampal projection neurons that modulate memory and
attention [39] and degenerate in AD [40], also exhibits prominent GAL-ir fiber
hyperinnervation in postmortem AD tissue [41]. Two additional studies used GAL RIA to
demonstrate a significant increase in GAL peptide concentration in frontal, temporal and
parietal neocortical association areas in end-stage AD, but not in controls [24,25] or patients
with schizophrenia [25]. Furthermore, in vitro autoradiographic studies revealed a
significant increase in GALR occupancy in the deep layers of the frontal cortex of AD
subjects [26]. GALR binding sites were also detected in all neocortical areas and in layer II
of the entorhinal cortex, the uncus and the hippocampal-amygdala transition area in human
brain tissue [28,29,42,43]. Autoradiographic localization of GALR binding sites within
entorhinal cortex layer II is intriguing since these neurons provide the major glutamatergic
excitatory input to the hippocampus (i.e., the perforant pathway) and degenerate very early
in AD [44–46]. In vitro autoradiographic studies of [125I]hGAL binding in control and AD
subjects revealed an ~3-fold increase in GALR binding sites in entorhinal cortex layer II in
early AD patients compared to those with late-stage AD or age-matched control subjects
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[28]. [125I]hGAL binding sites were also localized to the central nucleus and cortico-
amygdaloid transition area of the amygdala, which have reciprocal connections with the
basal forebrain, hippocampus and cortex. These regions play a pivotal role in higher-order
cognitive processing and display extensive AD-related pathology early in the disease
process [47–49]. Similar to findings in layer II of the entorhinal cortex, [125I]hGAL binding
was upregulated in the amygdala in early/probable AD but not during late-stage AD [28].
Hence, increased GALR binding occurs in select cognitive regions of the AD brain that are
affected in the early stages of AD [45,46,49]. On the other hand, increased GALR binding
and GAL fiber hyperinnervation are found within the CBF projection system only in the late
stage of the disease when these neurons are succumbing to the disorder [21–23,27].

Potential triggers of galanin plasticity in AD
The pathophysiological factors that induce GAL plasticity in the AD brain have been a
matter of great speculation. As discussed above, the spatiotemporal pattern of increased
GAL binding suggests that GAL hypertrophy occurs in response to neuronal injury. Along
these lines, GAL is dramatically upregulated following several experimental injury
paradigms in the rat central and peripheral nervous systems, including olfactory bulbectomy
[50], hypophysectomy [51], neurochemical dorsal raphe lesions [52], immunotoxic basal
forebrain lesions [53], potassium chloride-mediated cortical spreading depression [54],
global ischemia [55], and sciatic [56] or dorsal root sensory [57] nerve transaction.
Collectively, these observations support the notion that GAL overexpression is triggered by
neuronal damage, suggesting that GAL fiber hyperinnervation of cell groups such as the
CBF and LC in AD represents an intrinsic cellular program aimed at neuron survival.

AD neurodegenerative lesions may also play a role in GAL fiber hypertrophy. For instance,
human neuropathological studies have shown that AD-related neuritic plaques, which are
composed chiefly of fibrillar deposits of β-amyloid (Aβ) [58], are also GAL-positive [59]. A
role for Aβ deposition in triggering GAL upregulation is supported by studies using
transgenic mouse models of AD, which display prominent amyloidosis. Older (26-month-
old) mice that overexpress human amyloid precursor protein (APP) bearing the familial AD
(FAD)-related V717F mutation exhibit amyloid plaque deposition in the hippocampal
stratum lacunosum-moleculare subfield and entorhinal cortex concurrent with the
appearance of dystrophic GAL-ir neurites in many of the plaques [60]. Occasional GAL-ir
cell bodies were also observed in the hippocampus that were not evident in wild-type mice
[60]. In addition, APP23 mice bearing two FAD-related APP mutations (V717I and K670N/
M671L) exhibited an increase of dystrophic GAL fibers and GAL-ir neurites apposing
amyloid plaques in the supragranular layer of the hippocampus and ventral neocortex of 27-
month-old compared to 21-month-old mice [61]. Interestingly, GAL immunoreactivity was
reduced in the dorsolateral neocortex of 27-month-old APP23 mice [61], suggesting a
dynamic age-related reorganization of cortical GAL-containing projections in the face of
mounting amyloid deposition. More recently, we examined Aβ and GAL immunoreactivity
in the brains of transgenic mice carrying the human APP K670N/M671L (APPswe) and
presenilin 1 PS1ΔE9 FAD mutations, which display accelerated plaque deposition compared
to APP transgenic mice [62]. Co-labeling of cortical and hippocampal amyloid plaques with
GAL revealed peptide containing dystrophic neurites as early as 3 months of age (Fig. 2A –
C). Since neuron loss was not evident at this age [63,64], these observations suggest that
GAL is triggered by amyloidosis-related neurotoxicity rather than frank neurodegeneration
in transgenic animal models of AD. Whether amyloid plaque deposition, which is prominent
in vulnerable cognitive brain regions in AD [65,66], also triggers GAL overexpression in
these areas in the human condition remains an open question.
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Neurofibrillary tangles (NFTs), filamentous deposits composed of aggregated tau
microtubule-binding proteins [67,68], are also a cardinal neuropathological feature of AD.
In the CBF, the evolution of NFT pathology within individual neurons follows a sequence of
differentially expressed tau epitopes during the course of AD [69]. Using antibodies raised
against different tau epitopes, we tested whether GAL plasticity is associated with the
evolution of NFTs in CBF neurons in AD [70]. CBF neurons displaying the tau C3 epitope,
a marker for early stage NFT formation, were often hyperinnervated by GAL-ir fibers (Fig.
2D), whereas CBF neurons displaying the tau epitope MN423, an end-stage NFT marker,
were not associated with GAL (Fig. 2E). Single-cell gene expression studies have shown
that the levels of mRNAs encoding select subclasses of protein phosphatase subunits (PP1α
and PP1γ) are stable in GAL hyperinnervated but downregulated in non-hyper-innervated
CBF neurons in AD[35].Reduced activity of PP1 and PP2A subunits is implicated in tau
hyperphosphorylation, which precipitates NFT pathology and subsequent cytoskeletal
destabilization in vulnerable neurons [71]. Taken together, these observations suggest that
GAL remodeling may delay NFT pathology in CBF neurons in AD.

Neuronal origin of galanin hyperinnervation in AD
The source(s) of GAL hyperinnervation in AD remain unclear. For instance, it is unlikely
that the few small GAL-ir neurons within the basal forebrain and preoptic area account for
the rich galaninergic fiber plexus seen within this region of the human brain [72,73]. One
potential source of GAL fiber innervation to the basal forebrain may be the LC[74–76].The
coeruleo-forebrain pathway is well characterized in the mammalian CNS [77], and GAL-ir
cells within the LC also exhibit enhanced GAL immunoreactivity in AD [41]. Although the
human LC does not contain numerous GAL-ir cells [73] as compared to rodents [78,79],
GAL-positive LC neurons are preserved in AD [75], suggesting a neuroprotective action for
GAL as well as a source for GAL forebrain hyperinnervation. Another potential source of
GAL fibers may emanate from the central nucleus of the amygdala and course through the
basal forebrain en route to the substantia innominata, bed nucleus of the stria terminalis and
hypothalamus [23]. While the precise cells of origin of this GAL-ir forebrain bundle remain
to be determined, they may arise from the extended amygdaloid complex, which contains
numerous GAL-ir cell bodies [23,75] and displays hypertrophy of GAL-ir fibers in AD [E. J.
Mufson, unpublished observations].

Galanin plasticity as a detrimental factor in AD
The functional consequences of GAL plasticity in AD remain an area of intense interest. The
majority of evidence concerning the effects of GAL overexpression in AD is derived from
rodent studies showing that GAL inhibits ACh release in the hippocampus [1,2,80,81],
restricts LTP [9,11,30], and disrupts cognitive performance on emotional and spatial
memory tasks [15,31]. GAL inhibits the evoked release of ACh in the ventral hippocampus
of the rat in a concentration-dependent manner and blocks the slow cholinergic excitatory
post-synaptic potential (EPSP) induced by the release of endogenous ACh onto CA1
hippocampal pyramidal neurons [1]. Furthermore, microinjection of GAL into the medial
septum/diagonal band complex or ventral hippocampus impairs cognitive performance on
several spatial learning and working memory tasks in rats [15,31]. GAL interference of
cholinergic transmission during these tasks is particularly evident in the presence of
muscarinic ACh receptor antagonists or cholinergic immunotoxin lesions [31,81,82].

A role for GAL in glutamate-mediated LTP in the hippocampus may also contribute to
GAL’s effects on memory. Electrophysiological studies in rodent hippocampal slices show
that GAL restricts LTP at both perforant path-dentate gyrus and Schaffer collateral-CA1
synapses [9,11,13,30]. GAL may impact glutamatergic transmission in the hippocampus by
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reducing evoked glutamate release [11,83–85]. However, while GAL inhibits LTP at CA1
synapses, it has no effect on ionotropic AMPA or NMDA glutamate receptor-mediated
EPSPs, suggesting that GAL acts through a postsynaptic GALR to inhibit LTP-related
signaling cascades [9].

The development of transgenic mice that overexpress GAL has facilitated the study of GAL
overexpression in the brain and provides a unique model for the investigation of this peptide
in the area of cognition [14,86]. For example, mice expressing GAL ectopically under
control of the dopamine β-hydroxylase promoter (GAL-tg mice) displayed increased GAL
fiber density in the basal forebrain and an ~ 3-fold reduction in the number of ChAT-ir
septohippocampal neurons in the horizontal limb of the diagonal band [14]. In situ
hybridization experiments in these GAL-tg mice demonstrated a downregulation of ChAT
mRNA per cell within the horizontal limb without a difference in the number of ChAT
mRNA-containing neurons in this area [87]. Hence, GAL overexpression in the basal
forebrain of GAL-tg mice may selectively reduce the expression of the cholinergic neuron
phenotype. Spatial navigation testing with the Morris water task in GAL-tg mice showed a
complete lack of selective search on the probe trial at 8, 16 and 24 months of age [14],
indicating the GAL-tg mice could not generate a cognitive map of the spatial environment to
solve the probe test, the most challenging component of the task [14,87]. As the Morris task
requires an intact hippocampus [14], it seems likely that the mechanisms underlying the
observed deficits in the GAL-tg mouse include inhibitory neuromodulation by GAL in the
hippocampus. Along these lines, GAL expression is increased as much as ~ 4-fold in the
hippocampus of GAL-tg compared to wild-type (WT) mice [88], and GAL overexpression
in these mice results in reduced in vivo ACh release in the ventral hippocampus [89],
mimicking results from rats exposed to exogenous GAL administration (see above).
Furthermore, hippocampal slices from GAL-tg mice display reduced glutamate release and
restricted LTP at perforant path-dentate gyrus synapses compared to WT mice [11].

A transgenic mouse that overexpresses GAL on a platelet-derived growth factor B promoter
(GalOE mice) demonstrated an ~4-fold increase in hippocampal GAL and reduced
frequency facilitation of field EPSPs – a form of short-term synaptic plasticity – at mossy
fiber-CA3 synapses in GalOE hippocampal slices [86]. Aged GalOE mice also display
deficits in paired-pulse facilitation of field EPSP at perforant path-dentate gyrus synapses
[90]. Similar to GAL-tg mice, the GalOE mice exhibited age-dependent impairments on the
Morris water maze [91] possibly related to septal cholinergic function, as behavioral
impairment was concomitant with decreased hippocampal ChAT activity [91]. Taken
together, these data suggest that GAL overexpression in mouse models inhibits multiple
neurotransmitter systems involved in cognitive function. Since the organization of the
galaninergic basal forebrain and LC systems differ between rodents and humans [73,79,92],
it is an open question as to whether the physiological actions seen in GAL transgenic mice
or rat studies translate to the human condition.

Galanin plasticity as a neuroprotective factor in AD
An alternative hypothesis to the neuroinhibitory action of GAL is that overexpression of the
peptide is neuroprotective in AD. With respect to the cholinergic NB, it is intriguing to note
that GAL hyperinnervation and GAL binding sites are greatest in the anterior NB subfield in
AD where the least amount of neural degeneration occurs [27]. By contrast, there is no
evidence for GAL fiber [22,23] or GALR [26,27] overexpression within the posterior NB
subfields where cholinergic neuron degeneration is greatest [93,94]. In addition to the
custom cDNA array data presented above showing reduced expression of PP subunits in
single cholinergic NB neurons hyperinnervated by GAL, which potentially slows NFT
formation, we have also used this technique to show that ChAT mRNA levels are selectively
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increased in GAL-hyperinnervated NB neurons in AD compared to non-innervated NB
neurons in control or AD brains [34] (Fig. 3). These observations from postmortem AD
tissue offer evidence that GAL overexpression upon NB neurons may result in the protection
of cholinergic neuron function as the disease progresses.

A role for GAL in cholinergic cell survival was demonstrated in a knockout mouse model
carrying a targeted loss-of-function mutation in the GAL gene (GAL-KO mice) [13,95].
GAL-KO mice showed a significant decrease in the number of ChAT-ir neurons in the CBF
medial septum and vertical limb/diagonal band subfields. Moreover, these areas as well as
the NB displayed a significant decrease in the number of neurons expressing TrkA, the high-
affinity receptor for the cholinergic cell survival substance nerve growth factor (NGF) [13].
GAL-KO mice exhibited an age-related decrease in evoked ACh release in the
hippocampus, inhibition of LTP in the CA1 region of the hippocampus, and age-dependent
behavioral decline on the Morris water maze [13] and object-in-place [96] spatial memory
tasks, indicating an excitatory role for GAL in the hippocampal function of these mutant
mice. Significantly, electrophysiological studies using rat primary CBF diagonal band
neuron cultures showed that exogenous GAL reduced an array of inhibitory potassium
currents in cholinergic neurons [97]. GAL also increased the excitability of these cells under
current-clamp conditions [97]. These results complement in vivo studies showing that
chronic infusion of 1–3 nanomolar GAL into the rat medial septum/diagonal band region
resulted in increased ACh release in the ventral hippocampus and improved spatial memory
performance on the water maze [98]. This finding from awake, freely moving animals stands
in contrast to the inhibitory effects of GAL on ACh release described in rat hippocampal
slices (see above) and suggests that a putative neuroprotective role for GAL may involve the
survival and/or regulation of the tone of CBF neurons. In support of this hypothesis, GAL
has been shown to protect rat CBF septal neuron cultures from Aβ neurotoxicity by
increasing pro-survival signaling (e.g., via phosphorylated Akt) and reducing apoptotic
signaling (e.g., caspase 3 cleavage) [33]. Intriguingly, the GALR2 agonist AR-M1896
mimicked GAL in this paradigm, suggesting the involvement of this receptor in mediating
the neuroprotective effects of GAL [33].

Several lines of evidence indicate that activation of the GALR2 receptor elicits a
neuroprotective signal. The AR-M1896 GALR2 agonist protects both mouse [32] and rat
[99] primary neuronal hippocampal cultures from glutamate or staurosporine-induced [32]
cell death. More recently, GAL failed to prevent glutamate-induced hippocampal cell death
in cultures from GALR2 knockout (GALR2KO) mice [100]. Moreover, GAL stimulation of
the neuroprotective Akt and Erk phosphorylation signaling cascades in hippocampal cultures
from WT mice was significantly attenuated in GALR2KO cultures, suggesting that GAL
neuroprotection involved GALR2-mediated stimulation of these pathways [100]. Supporting
this notion is the observation that GAL and the GALR2-preferring GAL-like peptide induce
neurite outgrowth in PC12 cells in an Erk-dependent manner [101].

The conflicting data regarding the putative functional consequences of GAL overexpression
in AD have yet to be reconciled, especially in light of the similar detrimental phenotypes
observed in the GAL-KO and GAL-tg/GalOE mice. With respect to the CBF, results from
the GAL-KO mouse suggest that GAL is important for the establishment of cholinergic
basocortical and septohippocampal systems [13]. The hypertrophy of GAL systems in AD
may be an attempt by the brain to replicate developmental actions of this peptide in response
to the degeneration of CBF cortical and hippocampal projection neurons. Interestingly, GAL
and its receptors are expressed in embryonic stem cells, suggesting that GAL may be a
crucial factor in cell differentiation/survival during embryogenesis [102]. Data from human
tissue studies and in vivo and in vitro rodent models indicate a potential neuroprotective
effect of GAL plasticity upon CBF neurons. However, GAL plasticity within the
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hippocampus may inhibit cholinergic transmission, as inferred from the phenotype of the
GAL-tg/GalOE mice and rodent hippocampal preparations. Hence, GAL may induce a
neuroprotective signal in the somatodendritic compartment but may play an inhibitory role
in the axonal compartment of CBF neurons vulnerable to AD pathophysiology [103]. Given
the diverse repertoire of context-dependent GALR signaling pathways, e.g., GALR1 inhibits
adenylyl cyclase or activates Erk, GALR2 activates phospholipase C and activates or
inhibits adenylyl cyclase [100,104,105], delineating the GALR(s) activated by GAL in the
human CBF and hippocampus will be critical for clarifying the functional effects of GAL in
AD. Knockout mice deficient for GALR subtypes may ultimately help clarify the role(s) of
GAL signaling in cognitive processes. However, findings from GALR1 knockout
(GALR1KO) and GALR2KO mice have not yielded definitive results. For instance, whereas
studies in GALR1KO mice demonstrated the requirement of this receptor for
neuroprotective, anticonvulsant effects in hippocampus in the face of spontaneous or
experimentally induced seizures [106–108], pharmacological [109] and molecular [110]
manipulations also implicated GALR2 activity in these activities. Likewise, studies of
GALR1KO and GALR2KO mouse strains have implicated both receptors in the mediation
of anxiolytic actions [111,112]. With respect to learning and memory tasks, the GALR1KO
mouse displayed a significant impairment in a fear conditioning emotional memory task
[112], linking this receptor to cognitive processes mediated by the amygdala.On the other
hand, neither GALR knockout model exhibited deficits in spatial memory tasks [112,113].
These surprising findings suggest that GAL effects on learning and memory may involve a
complex interplay between GALR1 and GALR2 receptors, perhaps in pre- and postsynaptic
compartments of CBF and hippocampal neurons, or that the more sparsely distributed
GALR3 receptor is also involved in the expression of these cognitive processes.

Galanin receptors as therapeuric targets for AD
Currently approved drug treatments for AD include cholinesterase inhibitors, which act by
increasing the bioavailability of synaptic ACh [114], and memantine, a noncompetitive
glutamatergic NMDA receptor antagonist that suppresses excitotoxicity [115]. These drugs
produce small but consistent improvements of memory and global function and positively
influence activities of daily living [114,115]. If GAL inhibits ACh release, then GALR
subtype-specific antagonists may enhance cholinergic transmission by reducing the
inhibitory influence of GAL on the firing rate of CBF neurons. Likewise, if GAL promotes
the survival or cholinergic tone of CBF neurons, then a GALR agonist might prove
efficacious. Intriguingly, gene expression profiling studies revealed that human CBF
neurons express mRNAs encoding all three GALRs [38]; hence, the predominant GAL-
mediated signal elicited in innervated and hyperinnervated cholinergic neurons is unclear.
Moreover, unlike human CBF neurons, very few rodent CBF neurons express GALR1 [92],
so this will present a potential confound in extrapolating results from animal models of
cognition to humans. The ambiguous results from GALRKO mice with respect to rodent
memory tasks analogous to human working memory function suggest that in vivo GALR
subtype-specific pharmacological manipulations can potentially clarify the role of each
GALR in the face of basal and augmented GAL signaling. Until recently, the only tools
available for pharmacological differentiation of GALR subtypes have been synthetic GAL
analogs with one or more amino acid substitution or chimeric GAL peptide ligands that
show variable affinity for human and rat GALRs and incongruently behave as antagonists at
native receptors but as partial or weak agonists at cloned receptors [84,116–120]. However,
two peptidergic compounds, AR-M1896 and AR-M961, which are selective agonists for
GALR2 and GALR1/GALR2, respectively [121], have been used in rat models to identify
GALR subtype specific activities in nociception (mediated by GALR2) and analgesia
(GALR1) in the spinal cord [121], hyperpolarization of LC neurons (GALR1; [5]), and
neuritogenesis in cholinergic sensory neuron explants (GALR2; [122]). More recently, the
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non-peptidergic GALR1 agonist galmic was discovered and mimics GAL in suppressing
LTP and seizures in the rodent hippocampus [123]. The effects of these ligands on cognitive
function have not been firmly established. The ongoing search for selective GALR ligands
in drug discovery programs will hopefully provide new research tools needed to understand
GALR subtype-specific pharmacology with respect to cognitive processes mediated by
neuronal populations vulnerable to AD pathogenesis. Since AD appears to arise from
multiple etiologies, a rational treatment strategy might include high-affinity GALR ligands
used in combination with anticholinesterases and perhaps other compounds, such as
memantine and modulators of Aβ aggregation or clearance. In this regard, intraventricular
infusion of NGF increased GAL mRNA expression in the hippocampus of rats [124]
suggesting that the use of NGF for the treatment of AD [125] may indirectly increase GAL
in the brain, providing a dual therapeutic benefit for treatment of CBF dysfunction in AD.
We suggest that the polypharmacological use of such compounds may ameliorate
cholinergic hypofunction in AD and perhaps benefit other aspects of this heterogeneous
disorder.

Conclusions
The presentation of AD is likely precipitated by neuronal degeneration in selectively
vulnerable regions of the limbic system and brainstem involved in higher-order cognitive
processes. Findings presented in this review reveal that GAL has important cell survival
actions (see also the review by Elliott-Hunt and Wynick in this issue) upon several
neurotransmitter systems and raises the intriguing possibility that pharmacological
manipulation of GAL activity might be neuroprotective and slow cognitive decline in AD.
This concept deviates from the traditional hypothesis that GAL inhibits neuronal systems
related to cognition in the rodent brain. Since there is a major species difference in the
expression of GAL within the CBF and LC of the human and rodent brain [73,78,79,92], the
physiological actions of GAL may also have differentiated during the evolution of the
human brain, where GAL may be organized to fine-tune the functional tone of select
neuronal populations such as those involved in learning and memory [126]. Therefore, the
functional consequences of GAL plasticity in AD must be clarified to guide the development
of high-affinity GALR subtype-specific agonists or antagonists. Future elucidation of GALR
distribution through the development of subtype-specific antibodies and of endogenous
GALR activity through the continued development of subtype-specific ligands and
transgenic GALR mice will be critical for gauging the therapeutic efficacy of GAL mimetics
for the amelioration of AD symptoms.
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Figure 1.
GAL plasticity in the basal forebrain nucleus basalis in AD. (A) Photomicrograph shows a
magnocellular cholinergic NB neuron immunostained with the CBF neuronal marker
p75NTR (brown reaction product) and innervated by GAL-ir fibers (dark blue reaction
product) in aged control brain. Note the GAL-ir parvicellular neuron contacting the CBF
neuron. (B) Photomicrograph shows a striking hyperinnervation of GAL fibers impinging
upon a cholinergic NB neuron in AD. (C–E) Pseudocolor density maps showing the regional
distribution of [125I]hGAL binding sites in the aged control NB (C) as compared to early
stage (D) and late stage (E) AD. Note the increase in labeling in the anterior subfield of the
NB in late AD. Gray to red on the color scale indicates increasing GAL binding levels. AD,
Alzheimer’s disease; NB, nucleus basalis; CBF, cholinergic basal forebrain. ac, anterior
comminsure; BSNT, bed nucleus of stria terminalis; Ch4a, NB anterior subfield; GP, globus
pallidus; ic, internal capsule; PT, putamen.
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Figure 2.
Association of GAL with AD-related lesions. (A) Schematic drawing of a horizontal brain
section from a 3-month-old APPswe/PS1ΔE9 transgenic mouse showing the distribution of
Aβ-ir plaques with adjacent GAL-ir dystrophic neurites (blue dots) or without dystrophic
neurites (red dots). Cg, cingulate cortex; CPu, caudate-putamen; DG, dentate gyrus; Ent,
entorhinal cortex; Ha, habenula; Hi, hippocampus; LV, lateral ventricle; Me,
mesencephalon; S, subiculum; Th, thalamus. (B, C) Photomicrographs show co-localization
of GAL fibers (black) and Aβ (orange) in amyloid plaques located in the cortex (B) and
hippocampus (C) of a 3-month-old APPswe/PS1ΔE9 mouse. Scale bar, 10 µm. (D) GAL
hyperinnervation (black) of a cholinergic NB neuron dual-stained for Tau C3 (orange), a tau
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epitope that appears early in the evolution of NFTs. (E) GAL hyperinnervation (black) upon
a cholinergic NB neuron immunonegative for MN423, a late-stage tau event in NFT
formation. There was no evidence for GAL hyperinnervation of MN423-immunopositive
CBF neurons.
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Figure 3.
GAL hyperinnervation upregulates ChAT mRNA levels in single cholinergic NB neurons in
AD. (A) Representative custom-designed microarray expression data showing relative
hybridization signal intensities for ChAT, acetylcholinesterase (AChE), and the vesicular
ACh transporter (VAChT) in non-GAL-innervated cholinergic NB neurons from control
subjects with no cognitive impairment (NCI), non-GAL-innervated cholinergic NB neurons
from AD subjects (AD/GAL−), and GAL-hyperinnervated cholinergic NB neurons from
AD subjects (AD/GAL+). (B) Dendrogram illustrating relative mRNA expression levels
(white to black = increasing levels) of ChAT (Unigene/NCBI notation CHAT), VAChT
(SLC18A3), AChE (ACHE), butylcholinesterase (BCHE), nicotinic ACh receptor subunits
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α4 (CHRNA4), α7 (CHRNA7), β2 (CHRNB2), and muscarinic ACh receptor subtypes M1
(CHRM1) and M2 (CHRM2). a = AD/GAL+>NCI, AD/GAL−, p<0.01; b = AD/GAL+,
AD/GAL− >NCI, p < 0.01; c = AD/GAL+, AD/GAL− >NCI, p < 0.001; d = NCI> AD/
GAL−, AD/GAL+, p < 0.01.
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