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Abstract

Background: Fibers containing galanin (GAL) enlarge and
hyperinnervate cholinergic basal forebrain (CBF) nucleus ba-
salis (NB) neurons in late-stage Alzheimer’s disease (AD), yet
the physiological consequences of this phenomenon are un-
clear. Objective: To determine whether GAL hyperinnerva-
tion of cholinergic NB neurons modulates the expression of
genes critical to cholinergic transmission [e.g. acetylcholine
(ACh) metabolism and ACh receptors] in AD. Methods: Sin-
gle-cell gene expression profiling was used to compare cho-
linergic mRNA levels in non-GAL-hyperinnervated NB neu-
rons in tissue autopsied from cases classified as having no
cognitive impairment (NCI) or late-stage AD (AD/GAL-) and
in GAL-hyperinnervated (AD/GAL+) NB neurons from the
same AD subjects. Results: AD/GAL+ cells displayed a sig-
nificant upregulation in choline acetyltransferase (ChAT)
MRNA expression compared to NCl and AD/GAL- cells. Con-
clusion: GAL fiber hyperinnervation of cholinergic NB neu-
rons upregulates the expression of ChAT, the synthetic en-
zyme for ACh, suggesting that GAL regulates the cholinergic
tone of CBF neurons in AD. Copyright © 2008 S. Karger AG, Basel

Introduction

The neuropeptide galanin (GAL) regulates the activity
of cholinergic basal forebrain (CBF) neurons [1, 2] which
modulate attention and memory [3]. CBF cortical projec-
tion neurons of the nucleus basalis (NB) undergo selective
degeneration during the later stages of Alzheimer’s dis-
ease (AD) [4]. Several groups have made the striking ob-
servation that hypertrophic GAL-containing fibers hy-
perinnervate surviving cholinergic NB neurons in late-
stage AD [5-8]. However, the functional consequences of
this GAL neuroplasticity response remain unknown. To
approach this problem from a molecular profiling stand-
point, we combined single-cell RNA amplification and
custom-designed cDNA array analysis to compare cho-
linergic gene expression profiles of individual non-GAL-
hyperinnervated NB neurons aspirated from subjects
with no cognitive impairment (NCI) or with AD (AD/
GAL-), and of GAL-hyperinnervated (AD/GAL+) NB
neurons from the same AD cases.

Methods

Tissue Selection

Brain tissue from persons clinically classified before death as
having NCI [n = 6; Mini Mental State Exam score = 27.8 £ 1.3
(mean * SD)] or AD (n = 6; Mini Mental State Exam score = 4.7
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Fig. 1. a Representative custom-designed microarray expression
data showing relative hybridization signal intensities for ChAT,
AChE, and VAChT in NCI, AD/GAL-, and AD/GAL+ cholinergic
NB neurons. b Dendrogram illustrating relative mRNA expres-
sion levels (white to black = increasing levels) of ChAT (Unigene/
NCBI notation CHAT), VAChT (SLC18A3), AChE (ACHE), bu-
tylcholinesterase (BCHE), nAChR subunits a4 (CHRNA4), a7
(CHRNA?7), b2 (CHRNB2), and mAChR subtypes M1 (CHRM1)
and M2 (CHRM2). a = AD/GAL+ > NCI, AD/GAL- (p < 0.01);
b = AD/GAL+, AD/GAL- > NCI (p < 0.01); ¢ = AD/GAL+,
AD/GAL- > NCI (p < 0.001); d = NCI > AD/GAL-, AD/GAL+
(p <0.01).

+ 2.5) matched for age, postmortem interval, and education were
evaluated. At autopsy, brains were cut into 0.5-cm-thick slabs and
hemisected. One hemisphere was immersion-fixed in 4% parafor-
maldehyde, cryoprotected, and cut frozen into 40-pum-thick sec-
tions [9]. Slabs from the opposite hemisphere were frozen at
-80°C. Neuropathological evaluations were performed by a neu-
ropathologist blinded to clinical diagnosis [9].

Identification of GAL-Hyperinnervated NB Neurons

To identify GAL-immunoreactive profiles in apposition to
cholinergic NB neurons, sections were dual labeled with rabbit
polyclonal GAL antiserum (1:15,000; Peninsula Labs, Belmont,
Calif., USA), which was visualized by nickel intensification (dark-
blue reaction product), and a monoclonal antibody to the p75NTR
low-affinity nerve growth factor receptor, which is an excellent
marker for CBF neurons [10] and was visualized by diaminoben-
zidine (brown reaction product) [7, 8, 11]. RNase-free precautions
were used throughout the experimental procedures.

The degree of GAL hyperinnervation upon cholinergic NB
neurons was evaluated using semiquantitative methods [5-8, 11].
Each NB neuron analyzed received a score indicating both the
density and thickness of GAL fibers impinging upon the neuron
(1 = none to very little, 2 = moderate, and 3 = dense innervation)
[8,11]. NCIand AD/GAL- NB neurons met the criteria for a score
of 1, whereas AD/GAL+ NB cells received a score of 3.

Single-Cell Microaspiration, RNA Amplification, and Array

Hybridization

NB neurons selected for analysis were aspirated using a micro-
manipulator and vacuum source (Eppendorf, Westbury, N.Y.,
USA) attached to an inverted microscope [8, 9, 12]. RNA amplifi-
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cation from individual NB neurons was performed using termi-
nal continuation (TC) RNA amplification methodology [13] (see
http://cdr.rfmh.org/pages/ginsberglabpage.html). Hybridization
probes were synthesized by in vitro transcription using T7 RNA
polymerase and [**P]-UTP [12, 13]. Radiolabeled TC RNA probes
were then hybridized to custom-designed cDNA arrays. Arrays
were hybridized overnight at 42°C in a rotisserie oven, washed,
placed in a phosphor screen for 24 h, and developed on a phosphor
imager (GE Healthcare, Piscataway, N.J., USA).

Custom-Designed cDNA Array Platforms and Data Collection

The array platforms consisted of 1 g of linearized cDNA pu-
rified from plasmid preparations adhered to high-density nitro-
cellulose (Hybond XL, GE Healthcare) as described previously
[12, 13]. Hybridization signal intensity was quantified by sub-
tracting background using empty vector (pBluescript). TC-am-
plified RNA bound to each linearized cDNA was expressed as a
ratio of the total hybridization signal intensity of the array (i.e.,
global normalization) [12]. Data analysis generated an expression
profile of relative changes in mRNA levels among the individual
NB neurons.

Statistical Analysis

Expression levels of cholinergic mRNAs were clustered and
displayed using a bioinformatics and graphics software package
(GeneLinker Gold, Predictive Patterns, Kingston, Ont., Canada)
[8,9, 12]. Relative changes in hybridization signal intensity of in-
dividual mRNAs were analyzed by one-way ANOVA with post
hoc Newman-Keuls analysis. Level of significance was set at p <
0.01.
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Results

Custom-designed cDNA array analysis of NCI, AD/
GAL-, and AD/GAL+ NB neurons revealed a range of
hybridization signal intensities for mRNAs encoding
proteins involved in the metabolism of acetylcholine
(ACh) as well as muscarinic (mAChR) and nicotinic
(nAChR) ACh receptors (fig. 1). Notably, the level of tran-
scripts encoding choline acetyltransferase (ChAT) was
increased by approximately 60% in AD/GAL+ cells com-
pared to NCI and AD/GAL- cells (fig. 1a, b). In contrast,
levels of the vesicular ACh transporter (VAChT, or Uni-
gene/NCBI notation SLC18A3) were increased by ap-
proximately 70% in both AD/GAL- and AD/GAL+ cells
compared to NCI NB neurons (fig. 1a, b). Acetylcholin-
esterase (AChE; fig. 1a,b) and butylcholinesterase (fig. 1b)
levels were unchanged among the NCI and AD cells ex-
amined.

There were no differences in transcript levels of
mAChRs or nAChRs between AD/GAL- and AD/GAL+
NB neurons. However, transcript levels of the M2
mAChR were reduced by approximately 50% in both
AD/GAL- and AD/GAL+ cells relative to NCI cells
(tig. 1b). In addition, a7 nAChR expression was increased
by approximately 50% in both AD/GAL- and AD/GAL+
cells relative to NCI cells (fig. 1b), similar to previous ob-
servations in mild/moderate AD [14].

Discussion
The physiological consequences of GAL fiber plastic-
ity upon cholinergic NB neurons in late-stage AD are

controversial. For instance, GAL inhibits ACh release in
rodent hippocampal preparations and disrupts cognitive
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