
Galanin Fiber Hyperinnervation Preserves Neuroprotective Gene
Expression in Cholinergic Basal Forebrain Neurons in
Alzheimer’s Disease

Scott E. Countsa, Bin Hea, Shaoli Cheb,c, Stephen D. Ginsbergb,c,d, and Elliott J. Mufsona,*
aDepartment of Neurological Sciences, Rush University Medical Center, Chicago, IL, USA
bCenter for Dementia Research, Nathan Kline Institute, New York University Langone Medical
Center, Orangeburg, NY, USA
cDepartment of Psychiatry, New York University School of Medicine, Orangeburg, NY, USA
dDepartment of Physiology and Neuroscience, New York University School of Medicine,
Orangeburg, NY, USA

Abstract
Fibers containing galanin (GAL) hyperinnervate cholinergic basal forebrain (CBF) nucleus basalis
neurons in late stage Alzheimer’s disease (AD), yet the molecular consequences of this phenomenon
are unknown. To determine whether GAL alters the expression of genes critical to CBF cell survival
in AD, single cell microarray analysis was used to determine mRNA levels within nucleus basalis
neurons lacking GAL innervation from subjects who died with a clinical diagnosis of no cognitive
impairment (NCI) compared to nucleus basalis neurons from AD cases either lacking GAL
hyperinnervation (AD/GAL−) or those displaying prominent GAL hyperinnervation (AD/GAL+).
Levels of mRNAs encoding putatively neuroprotective proteins such as the GluR2 Ca2+-
impermeable glutamate receptor subunit, superoxide dismutase 2, and the GLUT2 glucose
transporter were significantly decreased in AD/GAL− nucleus basalis neurons compared to NCI and
AD/GAL+ neurons. By contrast, mRNAs encoding calpain catalytic and regulatory subunits, which
may contribute to cell death in AD, were increased in AD/GAL−compared to NCI and AD/GAL+
neurons. Hence, GAL fiber hyperinnervation appears to preserve the expression of genes subserving
multiple neuroprotective pathways suggesting that GAL overexpression regulates CBF neuron
survival in AD.
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INTRODUCTION
The neuropeptide galanin (GAL) regulates the activity of cholinergic basal forebrain (CBF)
neurons [1–5]. These cells project to the neocortex and hippocampus [6] where they modulate
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attentional processes and memory function [7–9]. Significantly, CBF cortical projection
neurons of the nucleus basalis (NB) undergo selective degeneration during the later stages of
Alzheimer’s disease (AD) [10,11], which correlates with clinical severity and disease duration
[12,13]. Several groups have made the striking observation that CBF neurodegeneration in late
stage AD is accompanied by the enlargement and hyperinnervationof GAL-containing fibers
onto surviving cholinergic NB neurons [14–16]. Furthermore, GAL protein concentration
increases two-fold [17] and [125I]-GAL binding increases three-fold [18] within the NB in late
stage AD compared to age-matched controls. Whether this GAL plasticity response in AD is
deleterious or neuro-protective for surviving cholinergic NB neurons is unknown [19]. To
approach this problem from a molecular profiling standpoint, we combined single cell RNA
amplification and custom-designed microarray analysis to quantify the levels of multiple
functional classes of mRNAs within individual cholinergic NB neurons microaspirated from
postmortem tissue of elderly subjects with no cognitive impairment (NCI) or late stage AD.
Gene expression profiles were compared among individual cholinergic NB neurons lacking
GAL innervation from NCI and AD (AD/GAL−) brains compared to NB neurons
hyperinnervated by GAL (AD/GAL+) from the same AD cases.

MATERIALS AND METHODS
Subjects

Brain tissue from NCI (n = 6) and late stage AD (n = 6) cases matched for age and postmortem
interval (Table 1) were obtained from the Rush AD Center Brain Bank. NCI subjects exhibited
no age-adjusted impairmentin cognition basedonabatteryof neuropsy-chological tests and
neurological examination [20–23]. The clinical diagnosis of AD was made following a
standardized evaluation utilizing NINCDS/ADRDA criteria [24]. The cognitive status of the
NCI and AD groups was estimated using the Mini Mental State Exam (Table 1) [25].

Pathological evaluation and tissue preparation
Brains were removed at autopsy and processed as previously reported [21–23,26]. Brains were
cut into 1-cm thick slabs on a Plexiglas brain cutting apparatus. Slabs from one hemisphere
were immersion-fixed for 48 hr in 4% paraformaldehyde and cryoprotected [23]. Slabs from
the opposite hemisphere were snap-frozen inliquid nitrogen. Aneuropathologist conducted a
gross examination of brain neuropathology and cases were excluded if they exhibited
significant non-AD types of pathologic conditions (e.g., brain tumors, encephalitis, large
strokes, multiple lacunar infarctions). A complete microscopic neuropathological analysis was
performed on 8 µm thick paraffin-embedded sections with special attention to lesions that
might contribute to dementia, including brainstem and cortical Lewy bodies as well as strokes.
A pathological diagnosis was made for each case based on Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD) criteria [27].

Immuohistochemistry
All immunohistochemical procedures were performed using RNase free conditions as
previously reported [28–30]. Paraformaldehyde-fixed tissue was cut on a freezing sliding
microtome into 40 µm thick sections through the anterior NB subfield at the level of the
decussation of the anterior commissure [6]. The anterior NB subfield shows the greatest degree
of GAL hyperinnervation within the CBF in late stage AD [14–16]. Sample sections were
confirmed to have abundant RNA species by acridine orange histofluorescence [28,30,31]. To
visualize the putative cellular appositions between GAL-immunoreactive (-ir) profiles and
cholinergic NB neurons, sections were processed according to a previously described double
label procedure that results in an easily identifiable two-colored immunohistochemical profile
[16,28,32]. Tissue sections were washed several times in Tris-buffered saline (TBS, pH 7.4)
and incubated for 20 minutes in TBS/0.1 M sodium periodate to eliminate endogenous
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peroxidase activity. Sections were blocked for 30 minutes in TBS/0.25% Triton X-100 (TX)
with 10% normal goat serum (NGS) and then incubated overnight at ambient room temperature
(RT) with rabbit polyclonal GAL antiserum (1:15,000; Peninsula Labs, Belmont, CA) in TBS/
TX and 1% NGS. Following primary antibody incubation, sections were rinsed and incubated
for one hour at RT with biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories,
Burlingame, CA) followed by a one-hour incubation with avidin-biotin complex reagent (ABC,
1:500; Vector Laboratories). The sections were then reacted with 0.05% 3,3’-diaminobenzidine
(DAB), 0.005% H2O2, and 2.5% nickel II sulfate in acetate-imidazole buffer to yield a dark
blue-black reaction product labeling GAL positive profiles (Fig. 1). Cholinergic neurons were
subsequently labeled using an antibody to the low affinity nerve growth factor receptor
p75NTR, which is an excellent marker for CBF neurons [33]. For this procedure the sections
were blocked in TBS/TX/3% normal horse serum and incubated overnight at RT with a mouse
monoclonal p75NTR antibody (1:40,000; Neomarkers, Fremont, CA). The sections were then
rinsed, sequentially incubated for one hour at RT with biotinylated horse anti-mouse IgG
(1:200, Vector Labs) and ABC (1:500), and then reacted with a non-metallic chromogen
solution containing 0.05% DAB and 0.005% hydrogen peroxide to yield a brown reaction
product labeling CBF neurons and fibers (Fig. 1). Finally, tissue was mounted onto gelatin-
coated slides, dried overnight, and then storedat 4°C without cover slipping in RNase-free
phosphate buffer (pH 7.4).

Immunohistochemistry controls
The specificity of the mouse monoclonal p75NTR antibody is well-established [21,33,34]. To
gauge the specificity of the GAL antiserum, tissue sections were processed as described above
except that the primary antibody was either omitted or was substituted for an irrelevant IgG
matched for protein concentration. In addition, we preadsorbed the GAL antiserum 24 hours
prior to tissue incubation by adding 1 mM or 10 mM of the synthetic GAL peptide (Peninsula
Labs) [28,32]. These sections showed no positive tissue immunoreactivity. It should be noted
that these controls are not absolute and the potential for antibody cross-reactivity with
structurally related proteins could not be excluded. Thus, GAL immunostaining in this report
refers to GAL-“like” immunoreactivity.

Operational characteristics of GAL hyperinnervated NB neurons
It is extremely difficult toquantify alterations in GAL containing axonal terminals and fibers
in absolute numbers in the human brain [14–16]. Therefore, the degree of hyperinnervationof
GAL-ir profiles onto cholinergic NB neurons was evaluated using a semi-quantitative score
indicating the degree of innervation [1 = none to very little (Fig. 1A), 2 = moderate (Fig. 1B),
and 3 = dense innervation (Fig. 1C, D)] [28,32,35]. Scores were based on an evaluation of both
the density and thickness of GAL fibers impinging upon the NB neuron of interest. For this
study, NCI and AD/GAL− NB neurons met the criteria for a score of 1, whereas AD/GAL+
NB neurons were scored with a 3 [35].

Single cell gene expression analysis
Individual p75NTR-ir cholinergic NB neurons lacking significant GAL innervation from NCI
cases (n = 32) and AD cases (AD/GAL−; n = 30; score = 1) and GAL-hyperinnervated NB
neurons from AD cases (AD/GAL+; n = 33; score = 3) were aspirated from dual-labeled tissue
using a micromanipulator and microcontrolled vacuum source (Eppendorf, Westbury, NY)
attached to a Nikon (Melville, NY) inverted microscope. The amplification of RNA from
individual NB neurons was performed using terminal continuation (TC) RNA amplification
methodology [36–38]. Each neuron was extracted individually in 250 µl of Trizol reagent
(Invitrogen, Carlsbad, CA). RNAs were reverse transcribed in the presence of the poly d(T)
primer (10 ng/µl) and TC primer (10 ng/µl) in 1X first strand buffer (Invitrogen),1 mM dNTPs,
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5 mM DTT, 20 U of RNase inhibitor and 5 U reverse transcriptase (Superscript III; Invitrogen).
The synthesized single stranded cDNAs were convertedinto double stranded cDNAs by adding
into the reverse transcription reaction the following: 10 mM Tris (pH 8.3), 50 mM KCl, 1.5
mM MgCl2, 0.5 U RNase H (Invitrogen), and 5 U Taq polymerase (Applied Biosystems, Foster
City, CA) in a total volume of 100µl. Samples were placedin athermal cycler and second strand
synthesis proceeded as follows: RNase H digestion step 37°C, 10 min.; denaturation step 95°
C, 3 min., annealing step 50°C, 3 min.; elongation step 75°C, 30 min. The reaction was
terminated with 5 M ammonium acetate. The samples were extracted in
phenol:chloroform:isoamyl alcohol (25:24:1) and ethanol precipitated with 5 µg of linear
acrylamide as a carrier. The solution was centrifuged at 18,000 × g and the pellet washed once
with 95% ethanol and air-dried. The cDNAs were resuspendedin 20 µl of RNase free H2O and
drop dialyzed on 0.025 µm filter membranes (Millipore, Billerica, MA) against 50 ml of 18.2
mega Ohm RNase-free H2O for 2 hours. The sample was collected off the dialysis membrane
and hybridization probes were synthesized by in vitro transcription using 33P incorporation in
40 mM Tris (pH 7.5), 7 mM MgCl2, 10 mM NaCl, 2 mM spermidine, 5 mM of DTT, 0.5 mM
of ATP, GTP, and CTP, 10 µM of cold UTP, 20 U of RNase inhibitor, T7 RNA polymerase
(1000 U, Epicentre, Madison, WI), and 20 µCi of 33P-UTP (GE-Healthcare, Piscataway, NJ).
The reaction was performed at 37°C for 6 hours. Radiolabeled TC RNA probes were hybridized
to custom-designed cD-NA arrays without further purification. Two to three hybridization
probes were synthesized from the cDNA of each NB neuron and hybridized to the custom
arrays in independent experiments.

Custom-designed cDNA array platforms
Array platforms consisted of 1 µg of linearized cDNA purified from plasmid preparations
adhered to high-density nitrocellulose (Hybond XL, GE-Amersham) [30,37,39]. Each cDNA
and/or expressed sequence-tagged cDNA (EST) was verified by sequence analysis and
restriction digestion. cDNA clones and ESTs from mouse, rat, and human were employed.
Approximately 576 cDNAs/ESTs (including positive and negative controls) were utilized on
the current array platform. Arrays were prehybridized (6 hours) and hybridized (16 hours) in
a solution consisting of 6X SSPE, 5X Denhardt’s solution, 50% formamide, 0.1% sodium
dodecyl sulfate (SDS), and denatured salmon sperm DNA (200 µg/ml) at 42°C in a rotisserie
oven. Following hybridization, arrays were washed sequentially in2X standard saline citrate
(SSC)/0.1% SDS, 1X SSC/0.1% SDS, and 0.5X SSC/0.1% SDS for 20 minutes each at 42°C.
Arrays were exposed to a phosphor screen for 24 hours and developed on a phospho imager
(GE-Healthcare). Hybridization signal intensity was quantified by subtracting background
using empty vector (pBS Bluescript; Stratagene, La Jolla, CA). Expression of TC amplified
RNA bound to each linearized cDNA was expressed as a ratio of the total hybridization signal
intensity of the array (a global normalization approach). Global normalization effectively
minimizes variation due to differences in the specific activity of the synthesized TC probe as
well as the absolute quantity of probe present [40,41]. Data analysis generated an expression
profile of relative changes in mRNA levels among NCI, AD/GAL−, and AD/GAL+ cholinergic
NB neurons.

Quantitative PCR
Fifty and 100 neuron pools of AD/GAL− and AD/GAL+ cholinergic NB neurons were
collected by microaspiration as above and used as sources of input RNA for quantitative PCR
(qPCR) assays on a real-time PCR cycler (7900HT, Applied Biosystems). Human TaqMan
hydrolysis probes designed against choline acetyltransferase (ChAT, the synthetic enzyme for
acetylcholine; Taqman primer set identification #hs00758150) and glyceraldehyde-3
phosphate dehy-drogenase (GAPDH; #hs02758991) were utilized (Applied Biosystems) as
described previously [38,42]. Standard curves and Ct values were measured using serial
dilution standards obtained from total human brain RNA. The ddCT method was employed to

Counts et al. Page 4

J Alzheimers Dis. Author manuscript; available in PMC 2010 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



determine relative gene level differences with GAPDH qPCR products used as a control [42,
43].

Statistical analysis
Demographic variables (Table 1) were compared between the NCI and AD groups by the
Mann-Whitney test. Expression levels of mRNAs were clustered and displayed using a
bioinformatics and graphics software package (GeneLinker Gold, Predictive Patterns,
Kingston, ON) [28–30]. Relative changes in hybridization signal intensity of individual
transcripts in NCI, AD/GAL−, and AD/GAL+ cells were analyzed by oneway analysis of
variance (ANOVA) with post hoc Newman-Keuls analysis. Level of significance was set at
p < 0.01.

RESULTS AND DISCUSSION
Identification and accession of NCI, AD/GAL−, and AD/GAL+ cholinergic NB neurons

Dual immunohistochemistry revealed GAL-positive fibers (dark blue-black) in close
association with p75NTR -ir cholinergic neurons (brown) within the anterior NB in both NCI
and AD cases (Fig. 1). A semiquantitative scoring method (score = 1–3) was used to define
NCI, AD/GAL−, and AD/GAL+ NB neurons for analysis (see Methods) [28,32,35]. In NCI
cases, a fine network of GAL-ir fibers was seen coursing through the NB. Typically, there was
either no visible evidence of GAL innervation of NB neurons or very sparse fiber apposition
onto these cells (Fig. 1A). Both of these types of neurons were scored with a 1 (little or no
innervation). In AD cases, the GAL fiber plexus was considerably denser (Fig. 1B–D).
However, the majority of cells observed were either lightly (as in Fig. 1A, score = 1) or
moderately (Fig. 1B, score = 2) innervated by fine GAL fibers. By contrast, GAL-
hyperinnervated NB neurons were identified based on their dense innervation by thickened
GAL fibers (Fig. 1C, D, score = 3). To maximize the likelihood of observing significant
differences in gene expression between GAL-hyperinnervated and non-hyperinnervated
cholinergic neurons, we accessed only NCI cells with a score = 1, AD/GAL− cells with a score
= 1, and AD/GAL+ cells with a score = 3 from the anterior NB [28,32]. Accession of select
NB neurons was achieved by aspiration with a micropipette under control of a vacuum source
(Fig. 1, E–G).

Effects of GAL hyperinnervation on glutamate receptor mRNAs in NB neurons in AD
Custom cDNA array analysis of NCI, AD/GAL−, and AD/GAL+ NB neurons revealed a
dynamic range of hybridization signal intensities for mRNAs encoding neurotransmitter
receptors (Fig. 2A, B). Notably, whereas mRNA levels of the α-amino-3-hydroxy-5-
methylisoxazole-4- propionic acid (AMPA) glutamate receptor (GluR) subunit GluR1
(Unigene/NCBI notation GRIA1) were reduced ~40% in both AD cell types compared to NCI
cells, GluR2 (GRIA2) transcripts were significantly down-regulated ~65% only in AD/GAL
− cells (Fig. 2B). The preservation of GluR2 levels in AD/GAL+ cells is intriguing given that
AM-PA GluRs containing this subunit are considered calcium (Ca2+)-impermeable and that
the loss of GluR2 expression is causally related with ischemic cell death associated with high
intracellular Ca2+ levels [44,45]. Hence, the preservation of GluR2 levels in AD/GAL+ cells
may render them less vulnerable than AD/GAL−neurons to Ca2+-mediated excitotoxicity.

Effects of GAL hyperinnervation on calcium-related mRNAs in NB neurons in AD
The putative effects of GAL on NB neuronal membrane Ca2+ permeability through the
maintenance of GluR2 transcript levels led us to explore the effects of GAL on other Ca2+-
mediated pathways (Fig. 3). In particular, mRNA levels of various members of the calpain
family of Ca2+-regulated cysteine proteases were differentially affected by GAL hyperinnerva-
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tion of cholinergic NB neurons in AD. For instance, both calpain 1 (CAPN1 or µ-calpain) and
calpain 2 (CAPN2 or µ-calpain) catalytic subunit mRNAs were increased ~80% in AD/GAL
− cells compared to NCI cells. However, calpain 1 but not calpain 2 mRNA levels were reduced
~65% in AD/GAL+ cells compared to AD/GAL− cells (Fig. 3). Likewise, mRNA levels of the
small regulatory calpain subunit (CAPNS1) were significantly increased ~70% only in AD/
GAL− cells compared to NCI cells. In contrast, mRNA levels of the endogenous calpain
inhibitor, calpistatin (CAST, Fig. 3) were unchanged in CBF neurons between NCI and AD
(Fig. 3). These results indicate a relative lack of calpain system activation in AD/GAL+ relative
to AD/GAL− cells. Significantly, calpain activation is widespread in the AD brain and has
been implicated as a key mediator of Ca2+-induced cellular degeneration by catalyzing the
cleavage of structural and regulatory proteins [46,47].

We also analyzed genes encoding calbindin (CALB1), calretinin (CALB2), and parvalbumin
(PVALB), three cytosolic proteins that bind Ca2+ with high affinity and play an important
neuroprotective role in buffering intracellular Ca2+ levels [48,49]. mRNA levels of CALB1
and CALB2 were reduced ~40–50% in both types of AD NB neurons relative to NCI (Fig. 3),
reminiscent of a previous report showing a loss of CALB1 protein immunoreactivity in these
cells in AD cases [50]. These molecular alterations may signal an increased vulnerability of
cholinergic NB neurons to Ca2+-mediated neurotoxicity in AD [48,50]. PVALB transcripts
were not detected in the cholinergic NB neurons examined (Fig. 3), consistent with their
localization to non-cholinergic interneurons within the NB [51]. Finally, an analysis of genes
encoding sub-units which give rise to P/Q-type (CACNA1A), N-type (CACNA1B), and L-
type (CACNA1C) voltage-gated Ca2+ channels revealed that CACNA1B transcripts were
increased 40% in AD/GAL− cells only compared to NCI (Fig. 3). As the predominant Ca2+

currentinthe neuronal somatodendritic compartment appears to be N-type [52], the
upregulationof CACNA1B transcripts in AD/GAL− cells may result in increased intracellular
Ca2+ flux in these cells in response to excitatory input, posing a potential source for
supraphysiological cytosolic Ca2+ levels that may be absent in AD/GAL+ cells. Intriguingly,
studies have shown that amyloid-β-induced toxicity in cultured primary neurons involve
increased Ca2+ influx via the selective upregulation [53] and activation [54] of N-type channels.
Hence, mi-croarray analysis of different Ca2+-mediated pathways indicate that GAL
hyperinnervation may exert neuroprotective effects on cholinergic NB neurons in AD by
maintaining intracellular Ca2+ homeostasis.

Effects of GAL hyperinnervation on other functional classes of mRNAs
Relative hybridization signal intensities for several functional classes of genes on the custom-
designed cD-NA arrays were also queried for differences among the three cell types examined
(Fig. 4). GAL had no effect on the down-regulation of mRNAs encoding select synaptic
membrane proteins, including presynaptic synaptophysin (SYP) [30] and postsynaptic drebrin
(DBN1), or the cholinotrophic receptor tyrosine kinases TrkA (NTRK1) and TrkB (NTRK2)
[55] in AD. Likewise, GAL had no effect on the AD-specific upregulation of estrogen receptor
β mRNA (ESR2, Fig. 4). Notably, previous immunohistochemical studies have demonstrated
both a decrease in the number of NB neurons immunopositive for TrkA [56] and an increase
in the number of NB neurons immunopositive for estrogen receptor β protein [57] in AD
relative to aged controls. With respect to mRNAs encoding apoptotic regulators, including
bcl2, bax, and bad (Fig. 4) as well as members of the caspase family of pro-apoptotic proteases
(not shown), there were no measurable differences in expression among NCI, AD/GAL−, and
AD/GAL+ NB neurons.

In contrast, an analysis of mRNAs encoding antioxi-dant enzymes revealed that manganese
superoxide dismutase 2 (SOD2) levels were similar in AD/GAL+ and NCI cells compared to
the relative down-regulation of this transcript in AD/GAL− cells (Fig. 4). SOD2 protein
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products are targeted to mitochondria where their activity is critical for detoxifying superoxide
free radicals [58,59]. Given the data linking increased mitochondrial oxidative stress and
reduced mitochondrial function in AD [60,61], the preservation of SOD2 gene expression in
AD/GAL+ cells suggests that GAL may exert neuroprotective effects upon CBF neurons
through the modulation of select antioxidant genes.

Among the mRNAs encoding enzymes involved in the ubiquitin-proteasome system, there was
a selective reduction in levels of the deubiquitinating enzyme ubiquitin-specific protease 8
(USP8) in AD/GAL− cells that was not evident in AD/GAL+ cells (Fig. 4). Post-translational
modification of proteins by ubiquitination regulates a wide range of cellular functions including
protein stability and intracellular transport and evidence for defective ubiquitin-proteasome
function is documented in the AD brain [62–64]. While the specific roles of the USP family
of gene products in cell function are poorly understood, USP8 null mice exhibit embryonic
lethality [65]. Moreover, cultured fibroblasts and liver tissue from USP8 null mice display an
accu-mulationofubiquitinated proteins that colocalized with enlarged endosomes [65]. While
it is unclear whether USP8 functions in a similar manner in cholinergic NB neurons, the data
from peripheral tissue studies suggest that endosomal trafficking may be more efficient in AD/
GAL+ than in AD/GAL− cells.

Finally, based on our observation that transcripts encoding two of the three
phosphofructokinase glycolytic isozymes [PFKL (isozyme B, liver type) and PFKP (isozyme
C, platelet type)] are upregulated in AD cells compared to NCI (Fig. 4), we further explored
transcripts involved in glucose metabolism. In particular, mRNA levels of the glucose
transporter GLUT2 (SLC2A2) were decreased in AD/GAL− cells but not in AD/GAL+ cells.
GLUT2 protein is localized predominantly to neuronal dendrites in the mammalian brain
[66] and in vivo cerebral blockade of GLUT2 induces aberrant insulin pathway signaling and
spatial memory deficits in aged rats [67]. As such, reduced GLUT2 activity may contribute to
the impairment in brain insulin signaling and glucose uptake observed in sporadic AD [68].
The preservation of GLUT2 mR-NA in GAL-hyperinnervated NB neurons in AD may indicate
relatively normal glucose metabolism in these cells relative to non-hyperinnervated NB
neurons.

Lack of GAL receptor mRNA regulation in cholinergic NB neurons in late stage AD
We previously reported that cholinergic NB neurons express all three GAL receptor (GALR1,
GALR2, and GALR3) transcripts [28]. There was no difference in the expression level of any
of these GALR transcripts in NCI, AD/GAL−, or AD/GAL+ cells (Fig. 2). It is interesting to
note that we detected a trend toward a significant increase in levels of the GALR2 mRNA in
NB neurons from AD relative to NCI cases (p < 0.046). This receptor subtype has been shown
to elicit neuroprotective responses in rodent preparations challenged with amyloid-β [69],
glutamate [70], or status epilepticus [71]. All the same, the lack of regulation of GALR
expression in GAL-hyperinnervated neurons is reminiscent of our previous report that GALR2
and GALR3 subtype mRNA levels are unchanged in multiple brain regions of transgenic mice
overexpressing GAL [72]. Moreover, these results indicate that the increased GAL binding
seen within the CBF in late stage AD [18] is not likely linked to gene expression. Rather, this
GALR plasticity response may be due to increased GALR protein stability or membrane
recruitment or an increase in presynaptic GALRs on innervating fibers. Alternatively, it is
possible that GALRs are also expressed by glial cells which may modulate the effects of GAL
on CBF neuron gene expression.

Corroborative qPCR studies
We have previously demonstrated the sensitivity of the custom-designed cDNA array platform
for detecting significant changes in cholinergic NB neuronal gene expression by corroborating
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our array findings with qPCR using frozen CBF tissue from the same cases [55,73]. In the
present study, we were unable to use frozen CBF tissue for qPCR since the AD/GAL− and
AD/GAL+ cells are both present in the samples, thus precluding differentiation of specific
gene expression profiles between the two cellular phenotypes. To surmount this problem, we
microaspirated AD/GAL− and AD/GAL+ cells from tissue sections of the same cases and
attempted to perform qPCR on the pooled cell samples (n = 50 or 100 neurons). Since we have
previously shown that ChAT mRNA expression is upregu-lated in single AD/GAL+ compared
to AD/GAL− neurons [35], we selected this cholinergic marker for feasibility qPCR validation
experiments. Unfortunately, we were unable to detect reliable expression of ChAT levels in
the pooled samples. Moreover, the expression levels of the housekeeping gene GAPDH were
at the limit of detection, suggesting the sensitivity of current qPCR technology is too low for
this type of analysis in human postmortem brain tissue subjected to double label
immunohistochemistry for the identification of a select population of neurons. However, our
previous qPCR studies support the validity of custom-designed microarray assessment of
changes in gene expression in single cholinergic AD/GAL− and AD/GAL+ neurons [43,55,
73].

Functionality of GAL hyperinnervation of CBF neurons in AD
The functional consequence of GAL fiber plasticity within the NB of AD subjects has been
controversial. For instance, GAL inhibits acetylcholine release from cholinergic terminals in
rodent hippocampal preparations and disrupts cognitive performance in animals [3,5,74],
suggesting that GAL overexpression may exacerbate the cholinergic deficit seen in late stage
AD. On the other hand, GAL was found to elicit excitatory actions in cultured rodent
cholinergic neurons [4] and to protect these cells from amyloid-β toxicity [69], raising the
possibility that GAL upregulation promotes cholinergic tone and/or neuronal survival in the
AD brain. The present molecular profiling study provides substantive evidence that GAL
sustains the expression of genes subserving multiple neuroprotective mechanisms (e.g.,
calcium homeostasis, antioxidant expression, glucose transport) in hyperinnervated
cholinergic NB neurons compared to non-hyperinnervatedneurons. These data are
complementedby our previous expression profiling studies showing that AD/GAL+ NB
neurons display increased levels of ChAT compared to NCI and AD/GAL− neurons [35] and
that GAL hyperinnervation prevents the decreased production of protein phosphatase1subtype
mRNAs (PP1a and PP1g) in AD/GAL− cells [75], potentially attenuating phosphorylation
events involved in neurofibrillary tangle formation [76]. It is important to note that GAL has
not yet been shown to regulate the expression of these gene classes in neuronal cell culture
models under naïve or neurotoxic conditions. Nonetheless, when the effects of GAL are
indexed by single cell gene expression in postmortem tissue, it appears that this neuropeptide
exerts a neuroprotective effect upon CBF neurons in AD. In support of this hypothesis, GAL
hyperinnervation and GAL binding sites in AD are greatest in the anterior subfields of the NB
where the least amount of cholinergic neuronal degeneration occurs, whereas GAL over-
expression is sparse in the posterior subfields of the NB where degeneration is greatest [15,
18,77,78].

These data suggest a beneficial role for GAL in AD contrary to the well-established observation
that GAL can inhibit rodent cholinergic transmission [3,5]. Hok-felt has recently suggested
that GAL may have opposing effects on cholinergic projection neurons depending on the site
of innervation, inhibiting acetylcholine transmission in the axonal compartment, and
stimulating cholinergic function in the somatodendritic compartment [79]. Alternatively, GAL
may have species-specific effects on CBF neurons [19]. Given the diverse repertoire of context-
dependent GALR signaling pathways (e.g., GALR1 inhibits adenylyl cyclase or activates
extracellular-regulated kinase, GALR2 activates phospholipase C or inhibits adenylyl cyclase
[80,81]), delineating the GALR(s) activated by GAL in the human NB will be critical for
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clarifying the functional effects of GAL in AD. Our observations that cholinergic NB perikarya
express all three GALR transcripts but exhibitno alterations in these transcripts upon GAL
hyperinnervation do not offer any additional clues to the predominant GALR pathways
activated in AD/GAL+ cells. Resolution of this issue is complicated by the lack of GALR
subtype-specific antibodies and the slow development of GALR subtype-specific ligands
[75]. Nevertheless, the present findings provide a rationale for the continued explorationof
GAL as a potential tool for the pharmacotherapeutic augmentation of basocortical cholinergic
neuron function during the progression of AD.
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Fig. 1.
Identification of GAL hyperinnervated and non-hyperinnervated cholinergic NB neurons. (A)
Photomicrograph shows a cholinergic NB neuron (brown) from a NCI case associated with
very sparse, fine caliber GAL-immunoreactive fibers (blue/black). This neuron was scored
with a 1 based on a semi-quantitative GAL innervation rating scale (see Methods). (B)
Photomicrograph shows a cholinergic NB neuron from a late stage AD case lightly innervated
with fine caliber GAL fibers which were relatively more abundant than the neurons shown in
(A). This cell was scored with a 2. (C, D) Photomicrographs show cholinergic NB neurons
from AD cases hyperinnervated with abundant thickened GAL-immunoreactive fibers. These
neurons were scored with a 3. (E-G) Sequential series of photomicrographs showing isolation
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(E) and accession (F) of a GAL-hyperinnervated NB neuron within the CBF of an AD subject.
Photomicrograph in (G) is a magnification of (F). * denotes site of NB neuron microaspiration.
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Fig. 2.
GAL hyperinnervated NB neurons display preserved GluR2 transcripts levels in AD. (A)
Representative custom-designed microarray expression data showing relative hybridization
signal intensities for GluR1, GluR2, GluR3, and GluR4 AMPAreceptor mRNAs in NCI, AD/
GAL−, and AD/GAL+ cholinergic NB neurons. (B) Heatmap illustrating relative mRNA
expression levels (red to green = increasing levels) of AMPA GluR subunits GluR1 (Unigene/
NCBI notation GRIA1), GluR2 (GRIA2), GluR3 (GRIA3), and GluR4 (GRIA4), kainate GluR
subunits GluR5 (GRIK1) and GluR6 (GRIK2), N-methyl D-aspartate (NMDA) GluR subunit
NR1 (GRIN1), metabotropic GluRs mGluR1 (GRM1), mGluR2 (GRM2), and mGluR7
(GRM7), γ-aminobutyric acid (GABA) receptor subunits GABAA α-1 (GABRA1)and
GABAA α-2(GABRA2), dopamine receptors D1-D5 (DRD1-5), α2A-adrenergic receptor
(ADRA2A), serotonin receptor 7 (HTR7), neuropeptide Y receptor (NPYR), CB1 cannabinoid
receptor (CNR1), corticotrophin releasing factor receptor (CRFR), and GAL receptors 1–3
(GALR1-GALR3). a = NCI > AD/GAL−, AD/GAL+, p < 0.01; b = NCI, AD/GAL+ > AD/
GAL−, p < 0.01; c = AD/GAL+ > NCI, AD/GAL−, p < 0.01.
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Fig. 3.
GAL hyperinnervated NB neurons display preserved calpain transcripts levels in AD. Heatmap
illustrating relative mRNA expression levels (red to green = increasing levels) of the µ-calpain
(Unigene/NCBI notation CAPN1) and µ-calpain (CAPN2) catalytic subunits, the small capain
regulatory subunit (CAPNS1), calpistatin (CAST), calbindin (CALB1), calretinin (CALB2),
parvalbumin (PVALB), and the P/Q-type (CACNA1A), N-type (CACNA1B), and L-type
(CACNA1A) voltage-gated Ca2+ channel subunits. a = AD/GAL− > NCI, AD/GAL+, p <
0.01; b = AD/GAL−, AD, GAL+ > NCI, p < 0.01; c = NCI > AD/GAL−, AD/GAL+, p < 0.01.
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Fig. 4.
GAL hyperinnervated NB neurons display preserved antioxidant, deubiquitinating, and
glucose transport transcripts in AD. Heatmap illustrating relative mRNA expression levels (red
to green = increasing levels) of synaptophysin (Unigene/NCBI notation SYP), synaptogyrin
(SYNGR), drebrin 1 (DRB1), postsynaptic density PSD95 (DLG4), glutathione-S-transferase
1 (GST1), superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), bcl2 (BCL2), bax
(BAX), bad (BAD), ubiquitin-specific protease 1 (USP1), ubiquitin-specific protease 8
(USP8), ubiquitin carboxyl-terminal esterase L1 (UCHL1), ubiquitin-conjugating enzyme E2E
1 (UBE2E), abl1 tyrosine kinase (ABL1), Ca2+/calmodulin-dependent protein kinase II
(CAMK2), cyclin-dependent kinase 2 (CDK2), cyclin-dependent kinase 5 (CDK5), p35 cdk5
regulatory subunit (CDK5R1), p75NTR neurotrophin receptor (NGFR), trkA (NTRK1), trkB
(NTRK2), estrogen receptor α (ESR1), estrogen receptor β (ESR2), androgen receptor (AR),
glucose transporters GLUT2 (SLC2A2) and GLUT3 (SLC2A3), and phosphofructokinase
liver type (PFKL), muscle type (PFKM) and platelet type (PFKP) isozymes. a = NCI > AD/
GAL−, AD/GAL+, p < 0.001; b = NCI > AD/GAL−, AD/GAL+, p < 0.01; c = NCI, AD/GAL
+ > AD/GAL−, p < 0.01; d = AD/GAL−, AD/GAL+ > NCI, p < 0.01; e = NCI, AD/GAL− >
AD/GAL+, p < 0.01.
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Table 1

Case demographics

NCI AD p value*

n 6 6

Age (mean ± SD) (range) 83.0 ± 5.2 (78–91) 79.1 ± 7.1 (73–92) 0.33

PMI (hours) (range) 5.7 ± 2.3 (3.5–9) 7.5 ± 5.4 (3–18) 0.79

MMSE (range) 27.8 ± 1.3 (26–29) 4.7 ± 3.5 (1–8) 0.01

*
Mann-Whitney.
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