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Abstract

Amyloid-f (AB) plagues occur in close apposition to thickened or swollen cholinergic and
galaninergic neurites within the neocortex and hippocampus in Alzheimer’s disease (AD). Despite
this observation, the effect of AB deposition upon cholinergic and galaninergic dystrophic neurite
formation remains unclear. Therefore, the purpose of this study was to evaluate the interaction
between A deposition within the neocortex and hippocampus upon cholinergic and galaninergic
dystrophic neurite formation. Neocortical and hippocampal tissue harvested from 3- and 12-
month-old amyloid-p protein precursor (ABPP)swe/PS1AES transgenic (tg) mice were dual-
immunolabeled with antibodies against either choline acetyltransferace (ChAT) and A (10D5) or
galanin (Gal) and Ap. Stereology was used to quantify amyloid plaques and cholinergic or
galaninergic dystrophic neurites. Plague number was assessed using the optical fractionator;
plaque area was calculated with the Cavalieri estimator, and dystrophic neurite numbers and
thickness were manually measured. Neither amyloid nor dystrophic neuritic profiles were seen in
the brains of 3-month-old tg mice. In contrast, quantitative analysis revealed significantly more
plaques in neocortex than hippocampus, with no difference in regional plaque size in 12-month-
old tg mice. Significantly more cholinergic than galaninergic dystrophic neurites-per-plaque
occurred in the neocortex and hippocampus. Additionally, cholinergic dystrophic neurites were
thicker than galaninergic dystrophic neurites in both regions. These data suggest that amyloid
plaque deposition has a greater impact upon cholinergic than galaninergic dystrophic neurite
formation in the neocortex and hippocampus in ABPPg,e/PS1AE9 tg mice. These data are also
compatible with the hypothesis that galanin is neuroprotective and reduces dystrophic neurite
formation in the face of amyloid toxicity.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative condition that, in over 95% of
cases, afflicts individuals over the age of 65. Pathologically, the disease is marked by
extracellular protein aggregations in the form of insoluble amyloid plaques, and
neurofibrillary tangles (NFTs) consisting of hyperphosphorylated tau [1,2]. Accompanying
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these classic pathologic lesions are neuritic dystrophy and axonal hypertrophy of various
neurotransmitter and neuromodulatory fiber systems within the cerebral neocortex and
hippocampus in AD [3,4,5,6,7,8] as well as in animal models of this disease [9,10]. Human
clinical pathologic investigations have shown that neuritic pathology correlates with the
progression of dementia in the elderly [11].

A prominent neurotransmitter system that displays both cellular and neuritic degeneration in
AD is the cholinergic basal forebrain (CBF) projection system, which provides the primary
cholinergic innervation to the entire neocortex and hippocampus [12,13,14,15,16,17].
Degeneration of this system correlates with cognitive decline and disease severity in AD
[15,16,18,19,20]. While cholinergic deficits have been most extensively investigated in
parallel with amyloid deposition [9], limited information is available regarding the effect of
amyloid plaque formation upon neuromodulatory systems in AD. In this regard, fibers
containing the neuromodulator galanin (Gal), a 29 amino acid peptide (30 in humans)
become hypertrophic and display dystrophic neurite pathology within the CBF and
neocortex in late-stage AD [3,4,7,21,22,23]. Similarly, Gal dystrophic neurites were
described in the neocortex and hippocampus of an amyloid-p protein precursor (ABPP)
transgenic (tg) mouse model of AD [24], suggesting that galaninergic dystrophic neurite
formation is also a response to amyloid plaque deposition. Gal is widely distributed in the
mammalian central nervous system [25]) and may play a critical role in cognitive processes
such as memory and attention through an inhibitory modulation of basal forebrain activity
[26]. However, whether galaninergic and cholinergic fibers react to fibrillar amyloid
deposition in a similar fashion remain unknown.

Despite reports of alterations in neocortical cholinergic activity in old ABPPswe/PS1AE9
amyloid plaque over-expressing tg mice [10], there are no detailed comparative
investigations of the effect of amyloid plaques upon cholinergic and galaninergic dystrophic
formation in this tg mouse model of AD. We therefore performed quantitative stereologic
and morphologic analyses of neocortical and hippocampal cholinergic and galaninergic
dystrophic neurites associated with amyloid plaques in ApPPswe/PS1AE9 tg mice.
Stereologic analysis provides an unbiased method to quantify the total number of plaques
within the neocortex or hippocampus. By counting a fraction of the region with “windows”
systematically placed throughout the entire rostrocaudal, dorsoventral, and mediolateral
extent of the neocortex or hippocampus, estimates of total regional plague number are
derived which are inter-regionally comparable.

The result of this investigation is timely in light of the recent observations that removal of
amyloid deposition alone may not prevent cognitive decline in AD [27], suggesting the need
for a greater understanding of the interaction between amyloid plaque formation and other
brain pathologies including the formation of neurotransmitter/neuromodulator neurite
pathology. Although amyloid plaque pathology fails to correlate with cognitive decline in
AD, dystrophic neurites are associated with cognitive impairment early in the course of AD
[28]. Since AD likely begins years before the onset of clinical symptoms, it is possible that
some form of amyloid triggers the formation of cholinergic and galaninergic neurites early
in the disease process. Once this process is initiated, removal of amyloid is not functionally
efficacious. Therefore, understanding which neurotransmitter systems are most prone to
neuritic degeneration would be beneficial for the development of novel drugs for the
treatment of AD.
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Materials and Methods

Transgenic mice

The animals used in this study (four female and two male 12-month-old, and three female
and three male 3-month-old) were heterozygous ApPPswe/PS1AE9 tg mice, which co-
express mutant presenilin 1 (PS1) with deletion of exon 9, and chimeric mouse-human
APBPP695 with mutations linked to Swedish familial AD pedigrees (K595N, M596L;
APBPPgye), maintained on a C3/B6HeJ background. A mouse prion protein promoter drove
both transgenes [29,30]. Generation of these mice was accomplished by co-injection of both
transgenes with one integration site [31,32].

All mice were maintained on a 12:12 light:dark cycle, had ad libidum access to food and
water and were minimally handled. Animal care and all procedures were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Tissue processing

All mice were anesthetized by intraperitoneal injection of a ketamine:xylazine (90mg/kg:
9.5mg/kg) solution, then transcardially perfused with ice-cold 0.9 % sodium chloride
followed by a fixative solution containing 4 % paraformaldehyde and 0.1 % glutaraldehyde.
Each brain was removed from the calvarium, placed in the same fixative for 24 h and
cryoprotected in 30% sucrose. Brains were sectioned at 40 um in the coronal plane on a
freezing sliding microtome into six parallel series and stored in a cryoprotectant solution (30
% glycerol, 30 % ethylene glycol, 40 % phosphate buffer) at 4° C until processing for
immunohistochemistry.

Immunohistochemistry

A full series of sections from each animal was first incubated either with a goat polyclonal
choline acetyltransferase (ChAT; 1:1000; Millipore, CA) or a rabbit polyclonal Gal antibody
(1:5000 of 200 pl lyophilized undiluted antiserum reconstituted in 400 ul dH,O; a gift from
Dr. E. Theodorsson, Sweden). The specificity of these antibodies has been reported
previously [24,33]. Briefly, tissue was washed in phosphate buffer (PB, 11.29 g dibasic
sodium phosphate, 2.76 g monobasic sodium phosphate in 1 | dH,0) to remove excess
cryoprotectant, rinsed in a Tris-buffered saline (TBS) buffer, and incubated in sodium
(meta)periodate to inhibit endogenous peroxidase activity. To improve penetrance of the
primary antibody throughout the full depth of the section, tissue was washed in TBS with
0.25 % Triton X-100, followed by rinses in a solution consisting of 3 % serum (host animal
of secondary antibody) diluted in TBS/Triton X-100 to prevent nonspecific binding. Tissue
was then incubated overnight in either the ChAT or Gal antibody in TBS/Triton X-100 + 1
% serum. All washes and incubations were performed at room temperature on a shaker
table, including overnight incubations with primary antibodies. Sections were then incubated
for 1 h with biotinylated IgG (H+L) against the host animal of each primary antibody
(Vector Laboratories Burlingame, CA) and placed in an avidin-biotin-complex solution for 1
h (Vector Laboratories). Tissue was washed in a sodium imidazole acetate buffer (0.68 g
imidazole, 6.8 g sodium acetate trihydrate in 1 | distilled water, pH to 7.4 with glacial acetic
acid). Subsequently, antibody staining for ChAT and Gal were visualized with 0.05 % 3,3'-
diaminobenzidine tetrahydrochochloride (DAB, Sigma, MO) with 1 % nickel (I1)
ammonium sulfate hexahydrate and 0.0015 % H,O, resulting in a black reaction product
(see Fig. 1). The reaction was terminated using the imidazole-acetate buffer solution. After
immunoprocessing for either ChAT or Gal, sections were rinsed and incubated with an
antiserum raised against N-terminal residues 1-16 of Ap (10D5; 1:10,000; gift from Elan
Pharmaceuticals) [34,35]. Tissue was processed similar to that described above with the
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exception of the use of NovaRED (Vector Laboratories, Burlingame, CA) as the chromogen
according to the manufacturer’s protocol, resulting in a red/orange reaction product (see Fig.
2). Sections were mounted on chrome-alum-subbed slides, dried overnight at room
temperature, dehydrated in a graded series of ethanol (70, 90, 100 %), cleared in xylenes and
cover-slipped with DPX mounting medium. For each neurochemical, staining of all sections
was performed at the same time to reduce batch-to-batch variation.

Immunofluorescence

Stereology

Immunofluorescence was conducted on additional sections using modification of a
previously reported procedure [36]. Briefly, sections were double labeled for ChAT (1:50)
and Gal (1:200) using Cy3-conjugated donkey anti-goat and Cy2-conjugated donkey anti-
rabbit 1gG (1:200; (Jackson ImmunoResearch, West Grove, PA) as secondary antibodies,
respectively Immunofluorescence was visualized with the aid of a Zeiss Axioplan 2
microscope.

Total number of neocortical and hippocampal AB-immunoreactive (ir) plagues in 12-month-
old APPswe/PS1AE9 mice was determined as previously described [37]. Stereological
estimations were conducted using the Optical Fractionator with Stereo Investigator software
(version 8.11; MicroBrightField, Williston, VT) installed on a standard computer. The
thickness of each section was assessed empirically. The counting frame area was 6400 pm?;
upper and lower guard zones of between 2 and 3 um were established. A minimum plaque
size was set at 15-um diameter. Determination of the necessary sampling rate needed to
capture all of the intra-individual variability [38] resulted in an average of 7385 neocortical
and 5687 hippocampal sampling sites per animal (CE m = 1, averages per animal: 0.10
ChAT neocortex and hippocampus, 0.08 Gal neocortex, 0.09 Gal hippocampus). Sampling
occurred throughout the entire rostrocaudal, dorsoventral, and mediolateral extent of the
regions. The same investigator (CMK) performed all analyses.

Demarcation of regions of interest

Regions of interest were manually outlined using a 1x lens (humerical aperture (NA) 0.04)
with aid of a Nikon Optiphot-2 microscope connected to a camera (CX9000) and a
motorized stage (MicroBrightField, Williston, VT). The rostrocaudal extent of the
neocortical regions examined extended from Bregma 3.2 mm to —5.02 mm, which included
frontal-parietal, cingulate, orbital and primary visual cortex defined by Paxinos and Franklin
[39]. The entire hippocampal formation including the subiculum was evaluated.

Plaque cross-sectional area analysis

Plaque cross-sectional areas of the previously counted lesions were measured using the
Optical Fractionator. This provided a systematic random sampling paradigm and resulted in
measuring of over 150 plaques per animal per brain region (neocortex, average of 199
plaques per animal; hippocampus, average of 171 plaques per animal). The Cavalieri point-
estimator was used with a grid distance of 5 um. Prior to calculations, Cavalieri estimates of
area were compared with planimetry estimates (area of a contour drawn around plaque)
revealing a correlation of 0.999 (30 plaques sampled, size ranged from 280 — 2500 pum?).
Because of the irregular shape of some plaques, the Cavalieri estimator was used.

Plaque burden

Percentage of region occupied by plaques, plaque burden (Bp,) was calculated using the
formula: B, = ApQ/A,. Mean plaque cross-sectional area (A, (um?), derived from the
Cavalieri estimator) was multiplied by the total number of plaques (derived from the optical
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fractionator) divided by six (Q). Dividing the total number of plaques by six provided the
plaque count in one series (estimates reported elsewhere are for the entire region). This
product was then divided by regional area (A, (um?)). Regional area was derived by
planimetry of contours drawn around the region throughout one series of sections.

Dystrophic neurite-per-plaque analysis

Dystrophic neurite-per-plaque number was derived by manually counting ChAT- and Gal-ir
dystrophic neurites. Dystrophic neurites have been described elsewhere [10] and were
operationally defined as swollen fibers with a thickness greater than 1 um (see Fig. 2). The
sampling for these objects was the same as used for the cross-sectional area estimate.
Plaques with overlapping dystrophic neurites were revisited with a 60x oil-immersion lens
and dystrophic neurites manually counted. To ensure that neurites were not counted twice,
fiduciary landmarks were used throughout the z-axis. The dystrophic neurite-per-plaque
number was correlated with plaque size, as derived by the Cavalieri estimator.

Dystrophic neurite thickness

To determine average thickness of dystrophic neurites associated with plaques, 100
dystrophic neurites throughout the region of interest were examined. Plaques associated with
dystrophic neurites were identified with a 10x objective lens (NA 0.45). Sampling was
conducted throughout the rostrocaudal and dorsoventral extent of the neocortex and
hippocampus (demarcations as outlined above). Plaques were then revisited with a 60x oil-
immersion lens. Using the Stereo Investigator software, one-dimensional measurement (um)
of dystrophic neurite thickness was determined. Measurements from 100 dystrophic neurite
sites per region were averaged across each animal; animals were averaged for a group
estimate. A minimum neurite thickness of 1 pm was set to ensure that only pathological
neurites were sampled. This value was based on the observation of normal fibers in the
neocortex and hippocampus and on ultrastructural measurements of murine healthy fibers
[40].

Statistical analysis

Results

For all analyses, with the exception of correlations, data were averaged within each mouse,
then across all mice. This was to prevent any mouse with a high plaque-load from
contributing unduly to the final analysis. The nonparametric Wilcoxon signed-rank test was
conducted using SPSS (version 15.0 IBM, IL) for all analyses. Regional analyses were
conducted for number of plaques, plaque cross-sectional area, and plaque burden (area
occupied by plaques). Regional and neurochemical comparisons were made for percentage
of plagues with dystrophic neurites, dystrophic neurites per plaque for those plaques with
dystrophic neurites, and dystrophic fiber size. Additionally, plaque cross-sectional area was
analyzed as a function of presence or absence of dystrophic neurites for each region and
neurochemical marker. Level of significance was set at p < 0.05. Correlations were analyzed
using the nonparametric Spearman p and linear slope. Data was plotted with dystrophic
neurites-per-plaque on the ordinate and plaque cross-sectional area on the abscissa.

Plaque and dystrophic neurite pathology in APPswe/PS1AE9 mice

Dual immunohistochemical staining did not reveal amyloid plaques in the neocortex or
hippocampus, or ChAT- and Gal-ir dystrophic neurites in 3-month-old APPPg,,e/PS1AE9 tg
mice (Fig. 1). In contrast, at 12 months, light microscopic analysis of tissue stained with
10D5 antiserum revealed amyloid-positive plaques scattered throughout all regions of the
neocortex and hippocampus in ApPPswe/PS1AE9 tg mice (Fig. 2). Previous studies have
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shown that 10D5-immunostained plaques were thioflavine-S-positive indicating the
compact/neuritic nature of the deposits in these mutant mice [10,41,42]. Virtually all 10D5-
positive plaques exhibited a round or oval shape and a few displayed finger-like extensions
[10].

Tissue dual immunostained for amyloid (10D5) and ChAT or amyloid and Gal displayed
similar amyloid plaque pathology but also revealed additional neuritic dystrophy in the
neocortex and hippocampus in the 12-month-old tg mice (Fig. 2), with no dystrophic
neurites seen in 3-month-old tg mice. In general, ChAT- and Gal-ir dystrophic neurites
appeared around the periphery and within the plaque proper as enlarged bulbous formations
or with swollen varicosities only in the older tg mice (Fig. 2B, D, F, H, I). Dystrophic
neurites for both systems displayed an altered geometry and trajectory Furthermore,
dystrophic neurites were distinguishable from the thin straight ChAT- or Gal-ir fibers found
in plaque-free zones of the neocortex and hippocampus. Interestingly, we observed ChAT-
and Gal-ir fibers coursing in close apposition to plaques, which lacked neuritic pathology
(data not shown).

Regional differences in amyloid plaque number

To analyze amyloid plaque pathology in the neocortex and hippocampus of 12-month-old
APPswe/PS1AE9 mice, tissue was immunostained with the amyloid antibody 10D5.
Stereological analysis revealed a significantly greater estimated number of total plaques in
the neocortex (median 78,375) than in the hippocampus (median 14,010, p < 0.05; Fig.
3A,B). There was no apparent difference in plague morphology in the two regions (see Fig.
2). Quantification revealed no difference in mean plaque cross-sectional area (neocortex 858
+ 45 um?; hippocampus 928 + 78 um?, p = 0.249; Fig. 3C) or total plaque burden
(neocortex, 2.11 + 0.45 %; hippocampus 1.61 + 0.20 %, p = 0.116) between the neocortex
and hippocampus in 12-month-old ApPPswe/PS1AE9 tg mice. There was no difference
across the rostral-caudal extent or dorsal-ventral axis in plague number or plaque size for
either region examined (data not shown).

Plaque size versus dystrophic neurite pathology in APPswe/PS1AE9 mice

The Cavalieri estimator was used to determine the association of ChAT- and Gal-ir
dystrophic neurites with amyloid plaque cross-sectional area in the neocortex and
hippocampus. Quantification revealed no difference in mean plaque cross-sectional area for
neocortical plaques with (675 + 36 um?) and without (513 + 94 um?, p = 0.225) ChAT-ir
dystrophic neurites as well as no difference between hippocampal plaques with (729 + 47
um?) and without (735 + 117 um?, p = 0.600; Fig. 4A) ChAT-ir dystrophic neurites.
Contrary to the observations for plaques with and without cholinergic pathology, an
association between amyloid deposition and galaninergic neuritic pathology was observed
for both the neocortex and the hippocampus. A significantly larger plaque size was
associated with the presence of Gal-ir dystrophic neurites in both the neocortex (with, 1035
+ 76 um?; without, 808 + 42 um?, p < 0.05) and the hippocampus (with, 1070 + 118 um?;
without, 865 + 62 um?, p < 0.05; Fig. 4B).

Additional correlation analyses revealed an incremental increase in neocortical ChAT-ir
dystrophic neurites-per-plaque for every additional 112 um? of plaque cross-sectional area
(linear slope, m = 0.0089, p = 0.55); whereas, hippocampal ChAT-ir dystrophic neurites
showed an incremental increase in dystrophic neurites-per-plaque for every additional 189
um? of plaque cross-sectional area (linear slope, m = 0.0053, p = 0.20). Conversely, an
incremental increase in Gal-ir dystrophic neurites-per-plaque was associated with an average
increase in neocortical plaque size of 1429 um? (linear slope, m = 0.0007, p = 0.23) and
hippocampal plaque size of 833 um? (linear slope, m = 0.0012, p = 0.34;data not shown).

J Alzheimers Dis. Author manuscript; available in PMC 2012 March 19.
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Regional and neurochemical differences in amyloid-associated neuritic pathology

To further examine the extent of the neurochemical-specific pathology associated with
amyloid deposition, the number of plaques with neuritic pathology was assessed as a
percentage of total plaque count (Fig. 5A). The number of plaques associated with Gal-ir
dystrophic neurites pathology was significantly lower in both the neocortex, 20.5 £ 3.2 %,
and hippocampus, 30.4 + 1.7 %, than for plaques with ChAT-ir pathology (neocortex, 94.3 +
1.9 %; hippocampus, 95.0 + 1.3 %, p < 0.05). Additionally, for plaques associated with
ChAT-ir dystrophic neurites, there was no regional difference (neocortex versus
hippocampus, p = 0.917); while, there was a significant regional difference for plaques
associated with Gal-ir dystrophic neuritic pathology (p < 0.05).

To determine whether there was a difference in the quantity of dystrophic neurites per
plaque, independent of plaque size, we quantified the number of ChAT- and Gal-ir
dystrophic neurites associated with each plague sampled with the optical fractionator probe.
Quantitative analysis revealed significantly more ChAT-ir dystrophic neurites-per-plaque in
the neocortex (9.9 + 1.0) than in the hippocampus (6.3 + 1.1, p < 0.05; 5B). Additionally,
there were significantly more ChAT-ir dystrophic neurites-per-plague than Gal-ir dystrophic
neurites in both the neocortex and the hippocampus (p < 0.05). A non-significant difference
was seen between the two regions for the quantity of Gal-ir dystrophic neurites associated
with amyloid plaques (neocortex, 2.5 * 0.2; hippocampus, 3.1 + 0.1, p = 0.075; Fig. 5B).
One hundred dystrophic neurites per animal from the neocortex and hippocampus were
sampled, and their thickness measured. A minimum thickness of 1 um was set to ensure that
only pathological neurites were examined. Quantitation revealed that cholinergic dystrophic
neurites were significantly thicker than galaninergic dystrophic neurites in the neocortex
(ChAT 2.19 £ 0.12 um, Gal 1.63 = 0.05 pm, p < 0.05) and hippocampus (ChAT 2.10 + 0.04
um, Gal 1.59 + 0.04 um, p < 0.05), but no regional difference was observed (Fig. 5C).

Differentiation of galaninergic and cholinergic profiles

To determine whether galaninergic and cholinergic profiles overlap in the cortex and
hippocampus double immunofluorescence was preformed for Gal and ChAT. Fluorescent
microscopic analysis of hippocampal tissue double labeled for ChAT and Gal revealed
separate populations of fibers and dystrophic neurites within the hippocampus (Fig. 6),
supporting the concept that Gal innervation arises in part from non-cholinergic neurons,
most likely the noradrenergic neurons of the locus coeruleus (LC) [43]. In addition to
differences in the quantity of amyloid-associated dystrophic neurite pathology for the two-
neurochemical fiber systems examined, there was a difference in fiber size. One hundred
dystrophic neurites per animal from the neocortex and hippocampus were sampled, and their
thickness measured. A minimum thickness of 1 um was set to ensure that only pathological
neurites were examined. Quantitation revealed that cholinergic dystrophic neurites were
significantly thicker than galaninergic dystrophic neurites in the neocortex (ChAT 2.19 +
0.12 pm, Gal 1.63 = 0.05 um, p < 0.05) and hippocampus (ChAT 2.10 + 0.04 um, Gal 1.59
+ 0.04 um, p < 0.05), but no regional difference was observed (Fig. 5C).

Discussion

Several neurotransmitter and neuromodulatory systems display pronounced alterations
within the human AD neocortex and hippocampus as well as in animal models of the disease
including cholinergic [20,25,44,45,46] and galaninergic [23,47] fibers. It is believed that
chronic exposure to Ap species for several decades [2,48] drives the disruption of these
chemical systems in AD. Similarly, in mouse models of AD, chronic exposure to elevated
levels of ABPP and derivative AP species begins months, if not years, before neurite
pathology [27,49]. Previously, we demonstrated amyloid plaque and cholinergic neurite
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swellings in the neocortex and hippocampus at as early as 2—-3 months in an ABPPge/
PS1AE9 tg mouse line generated by crossing two single transgenic strains [10]. In contrast,
we did not observe AD-type lesions in 3-month-old APPswePS1AE9 animals generated by
transgene co-injection into pronuclei. We have also noted differences in cerebellar plaque
pathology between these strains of ABPPge/PS1AE9 mice (data not shown). These
variations may be due to differences in the sites of integration of the different transgenes.

In the present study, using an unbiased stereological probe, we found a difference in the
number of AP plaques between the neocortex and hippocampus in 12-month-old ABPPg e/
PS1AE9 mice, although the overall plaque burden was similar between the two regions. The
larger neocortical plaque count may be related to the volumetric difference between the two
regions; however, because comparable plague burdens were observed, an increase in
hippocampal plaque size would be expected. Interestingly, there was no significant
difference in average plaque size between the two regions. This may be a consequence of a
high inter-individual variability. Photon microscopy performed in living amyloid-over-
expressing mutant mice suggests that plaque size remains relatively constant throughout the
life of the plaque [509,51]. Using in vivo microscopy in young (5—-6-month) ABPPgye/
PS1AE9 mice, plaque formation was shown to be a rapid but rare event, with no change in
plaque size occurring after the first 24 hours of appearance [52]. This group also observed
the formation of dystrophic neurites within days to weeks of plaque deposition. We found
that the neocortex and hippocampus had similar plaque burdens and plaque size. However,
examination of plaques with and without dystrophic neurites revealed a difference in plaque
size depending on the extent of galaninergic versus cholinergic innervation. Larger
neocortical and hippocampal plaques were associated with one or more Gal-ir dystrophic
neurites, whereas, ChAT-ir dystrophic neurite number was independent of plaque size.
These observations suggest that these two neurochemical systems respond differently to
amyloid pathology.

We observed a greater number of cholinergic dystrophic neurites-per-plaque as well as a
greater degree of cholinergic neuritic pathology, determined by fiber thickness, within the
neocortex and hippocampus than for galaninergic pathology. We also found a greater than 3-
fold increase in the percentage of plaques displaying ChAT than Gal-ir neuritic pathology in
both regions examined. Interestingly, it has been suggested that the neuroanatomical origin
of a fiber system plays a role in whether a peri-plaque dystrophic neurite profile forms. For
example, glutamatergic corticocortical fibers will course through amyloid plaques; while,
thalamocortical projections appear to avoid plaques through increased curvature and
subsequent adoption of a more tortuous path around the lesion [53,54]. It is interesting that
not all cholinergic or galaninergic fibers display neuritic pathology despite being in close
proximity to an amyloid plaque, suggesting that other factors contribute to neuritic
pathology. In this regard, defects in anterograde or retrograde axonal transport mechanisms
[55,56] and decreased or altered microtubule assembly [57,58,59] may contribute to the
bulbous/swollen appearance of neuritic pathology. Recent studies suggest a selective
vulnerability of various neurotransmitter systems to amyloid pathology [9,60]. These studies
suggest a timeline wherein cholinergic terminals appear to be the most vulnerable, followed
by glutamatergic, whereas gamma-aminobutyric acid (GABA) terminals are more resistant
to amyloid deposition [9,60]. Therefore, it is possible that the decreased galaninergic
dystrophic neurite pathology found in the present study is a consequence of an inherent
resistance to AP toxicity. Moreover, the galaninergic alterations may be due to a general
injury response to amyloid [61,62,63,64]. In this regard, in the AD brain, increased
transcription of Gal is associated with increased transcription of survival and anti-apoptotic
genes, and CBF areas with the highest increases in Gal show the least amount of cell loss
[3,26,65]. Additionally, the neurotrophic substance nerve growth factor induces Gal
transcription [66,67]. It is also possible that the onset of Gal hypertrophic or dystrophic
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neurite expression seen in older ABPPg,e/PS1AE9 mice represents a response to neuronal
damage induced by increased A levels, and variability between mice reflects differing
degrees of damage and plaque load. Whether Gal or ChAT fiber dystrophy is a response to
intra- or extracellular amyloid or to a form of oligomeric Ap remains unknown. Cuello and
coworkers [68] demonstrated an increase in cholinergic terminal density prior to plaque
formation in Tg2576 (ABPPywe/PS1pm1461) amyloid over-expressing mice suggesting that
exposure to soluble monomeric or oligomeric forms of AP peptide prior to frank plaque
pathology can trigger the formation of axonal dystrophy. Since the removal of amyloid by
immunotherapy has not prevented or slowed cognitive decline in mild to moderate human
AD patients [27], it is imperative that we gain a better understanding of the putative toxic
effect(s) of amyloid upon the disruption of neural networks in the diseased brain. It is now
accepted that AD pathology begins years before clinical symptoms, suggesting that some
form of amyloid/oligomeric factor triggers dystrophic neurite formation (e.g. cholinergic
and galaninergic dystrophic neurites) in the early phases of the disease. It is possible that
once this process has started, amylogenic based therapies may not be functionally
efficacious. However, detailing which neurotransmitter systems most prone to neuritic
degeneration would be beneficial for the development of novel drugs for the treatment of
axonal degeneration in AD. Interestingly, several reports have shown that Gal reduces
amyloid-induced toxicity in cell culture models of AD-like pathology [69,70,71,72]
suggesting that this neuropeptide is neuroprotective against amyloid toxicity. Therefore,
understanding interaction of Gal with amyloid in AD pathogenesis is an intriguing question
in the quest for the development of novel drug therapies for AD.

Whether the pathological differences we observed between the cholinergic and galaninergic
systems are present in human AD has yet to be systematically investigated. For the most
part, neocortical and hippocampal cholinergic innervation patterns overlap between rodents
[73,74,75] and primates, including humans [76,77]. Although a reduction in ChAT activity
is not observed until the later stages of AD [20, 46,78], dystrophic ChAT-ir fibers similar in
appearance to those described in our mutant mice occur in people who died with a
preclinical Braak stage | and Il neuropathological diagnosis [79,80], suggesting that cellular
neurodegeneration has been initiated. On the other hand, Gal neocortical and hippocampal
fiber innervation most likely arises from galaninergic neurons of the LC, which are also the
source of noradrenergic fibers to these regions [7,25]. Gal binds to Gal receptor 1 (GalR1),
GalR2 and GalR3 for its functional activity [26,81]. Since there is an almost complete
overlap between the expression of Gal and noradrenergic LC neurons in the rodent, it is
likely that many of the Gal neurites also would be positive for the noradrenergic marker,
tyrosine hydroxylase [43]. Recent studies have shown that noradrenergic depletion induced
by chemical lesion of the LC potentiates amyloid pathology in AD transgenic mouse models
of amyloidosis suggesting that this brainstem noradrenergic projection system plays a role in
plaque formation [82,83]. It is possible that LC neuronal loss in AD is permissive for
neuronal death due to alterations in amyloid deposition. However, the interaction of Gal and
noradrenergic systems upon the formation of amyloid plaques in AD remains an intriguing
question.

Interestingly, the extensive Gal neocortical and hippocampal innervation visualized by
immunohistochemistry in the rodent [25] has not been reported in the aged human or AD
brain [84]. This discrepancy may be related to use of the microtubule destabilizer,
colchicine, to enhance the visualization of peptides in the animal brain [25]. In contrast to
the extensive neocortical and hippocampal cholinergic dystrophic neuritic formation, Gal
fiber hypertrophy is found in close apposition to surviving CBF and LC neurons in AD [3,
7]. This observation has lead to the suggestion that Gal is neuroprotective for, at least, CBF
neurons [7, 85]. However, in both animal models of AD and in the human disease
galaninergic and cholinergic fibers display axonal dystrophy, which in both cases may be
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related to some form of amyloid-based triggering mechanisms or other as yet unknown

ca

usal factor(s). On the other hand, Gal may be neuroprotective resulting in a reduction in

dystrophic neurite formation in the face of amyloid toxicity.
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Figure 1.

Photomicrographs of dual immunostained tissue showing a lack of amyloid plaques (red/
orange) and ChAT-positive dystrophic neurites (black) in the neocortex (A) and
hippocampus (B) in a 3-month-old APPswe/PS1AE9 mouse. Arrow in panel A indicates
ChAT-positive interneurons. Abbreviations: CA2, CA3; cornu ammonis fields of the
hippocampus. Scale bar = 100 pum.
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Figure 2.

Photomicrographs showing neocortical (A, B, E, F) and hippocampal (C, D, G, H, I)
sections dual immunostained for either Ap (red/orange) and ChAT (black; A — D) or Ap and
Gal (E - 1) in a 12-month-old APPswe/PS1AE9 mouse. Black arrows indicate the location of
plaques displaying either ChAT-ir (A and C) or Gal-ir (E and G) dystrophic neurites. Insets
show detail of these profiles at a higher magnification (ChAT and amyloid, B, D; Gal and
amyloid, F, H, I). Note that cholinergic neocortical (B) and hippocampal (D) dystrophic
neurites associated with plaques are more conspicuous than galaninergic dystrophic neurites
(neocortex, F; hippocampus, H, I). Open arrows in panel A indicate neocortical cholinergic
interneurons. Abbreviations: CAZ1, cornu ammonis field 1 of the hippocampus proper; DG,
dentate gyrus. Scale bars = 50 um (A, C, E, G), 20 um (B, D, F), 10 um (H) and 15 pm (1).
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Figure 3.

Box-plots show a significant greater number of amyloid-positive plaques in the neocortex
(A) compared to the hippocampus (B) in 12-month APPswe/PS1AE9 mice (C) Scatterplot
showing no regional difference in mean cross-sectional area of amyloid plaques in 12-month

APPswe/PS1AE9 mice (Wilcoxon signed-rank; p < 0.05).
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Figure 4.
(A) Bar graph illustrating no difference in mean plaque cross-sectional area for plaques with

or without ChAT-ir dystrophic neurite pathology in the neocortex and hippocampus of 12-
month APPswe/PS1AE9 mice. (B) By contrast, significantly greater plaque cross-sectional
area is associated with Gal-ir dystrophic neurite presence in the neocortex and hippocampus
in these older mutant mice. An average of 199 neocortical plaques and 171 hippocampal
plaques per each subject were measured. Error bars represent standard error of the mean
(SEM). Wilcoxon signed-rank test;* p < 0.05
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Figure 5.

(A) Bar graph illustrating a significantly greater percentage of amyloid-positive plaques
displaying ChAT compared to Gal-ir dystrophic neurites in the neocortex and hippocampus
of 12-month APPswe/PS1AE9 mice. (B) In 12-month APPswe/PS1AE9 mice, the number of
ChAT-ir dystrophic neurites-per-plaque was significantly greater than the number of Gal-ir
dystrophic neurites-per-plaquefor both the neocortex and the hippocampus. In addition, the
number of neocortical ChAT-ir dystrophic neurites-per-plaque was significantly greater than
the number of hippocampal ChAT-ir dystrophic neurites-per-plaque.. (C) For both
neocortex and hippocampus, ChAT-ir dystrophic neurites were significantly thicker than
Gal-ir dystrophic neurites in 12-month APPswe/PS1AE9 mice. One hundred dystrophic
neurites per subject were sampled for each region to derive these data. Error bars represent
SEM, * p < 0.05. Wilcoxon signed-rank test.
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Figure 6.

Fluorescence images of hippocampal tissue dual stained for (A) ChAT (red) and (B) Gal
(green) showing fibers and dystrophic neurites (white arrows in A and B) in a 9-month-old
APPswe/PS1AE9 mouse. (C) Merged image showing Gal-ir, but ChAT immunonegative
dystrophic neurites. Scale bar=15um.
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