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Abstract
The cholinotrophic system, which is dependent upon nerve growth factor and its receptors for
survival, is selectively vulnerable in Alzheimer's disease (AD). But, virtually nothing is known
about how this deficit develops in relation to the hallmark lesions of this disease, amyloid plaques
and tau containing neurofibrillary tangles. The vast majority of transgenic models of AD used to
evaluate the effect of beta amyloid (Aβ) deposition upon the cholinotrophic system over-express
the amyloid precursor protein (APP). However, nothing is known about how this system is
affected in triple transgenic (3xTg)-AD mice, an AD animal model displaying Aβ plaque- and
tangle-like pathology in the cortex and hippocampus, which receive extensive cholinergic
innervation. We performed a detailed morphological and biochemical characterization of the
cholinotrophic system in young (2-4 months), middle-aged (13-15 months), and old (18-20
months) 3xTg-AD mice. Cholinergic neuritic swellings increased in number and size with age,
and were more conspicuous in the hippocampal-subicular complex in aged female than in 3xTg-
AD male mice. Stereological analysis revealed a reduction in choline acetyltransferase (ChAT)
positive cells in the medial septum/vertical limb of the diagonal band of Broca in aged 3xTg-AD
mice. ChAT enzyme activity levels decreased significantly in the hippocampus of middle-aged
3xTg-AD mice compared to age-matched ntg mice. ProNGF protein levels increased in the cortex
of aged 3xTg-AD mice, whereas TrkA protein levels were reduced in a gender-dependent manner
in aged mutant mice. In contrast, p75NTR protein cortical levels were stable but increased in the
hippocampus of aged 3xTg-AD mice. These data demonstrate that cholinotrophic alterations in
3xTg-AD mice are age and gender dependent and more pronounced in the hippocampus, a
structure more severely affected with Aβ plaque pathology.
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INTRODUCTION
Alzheimer's disease (AD) is the most common type of dementia among the elderly and is
neuropathologically characterized by beta amyloid (Aβ) plaques and neurofibrillary tangles
(NFTs) (Arnold et al., 1991). In addition, several neurotransmitter systems are affected
including the cholinergic basal forebrain (CBF) projection neurons located within the septal
diagonal band and the nucleus basalis of Meynert (Coyle et al., 1983; Mesulam et al., 1983;
Whitehouse et al., 1981, 1985), which provide the primary cholinergic innervation to the
hippocampus the entire cortical mantle (Mesulam et al., 1983), respectively. During the
progression of AD there is atrophy of cholinergic neurons accompanied by a reduction in
choline acetyltransferase (ChAT), the synthetic enzyme for the neurotransmitter
acetylcholine (ACh), in the cortex and hippocampus (Davies, 1979; Davies and Maloney,
1976; DeKosky et al., 2002; Mufson et al., 1989; Richter et al., 1980), which correlate with
cognitive decline and disease severity (DeKosky et al., 1992; Perry et al., 1978; Wilcock et
al., 1982).

The differentiation, survival and function of CBF neurons are dependent upon the actions of
nerve growth factor (NGF), its high-affinity receptor tyrosine kinase, TrkA (Huang and
Reichardt, 2001) and the low affinity pan-neurotrophin receptor p75NTR (Barrett and
Bartlett, 1994; Frade and Barde, 1998; Lad et al., 2003). These receptors are produced in
CBF neurons and transported to their projection sites (Lad et al., 2003; Sobreviela et al.,
1997). Clinical pathological studies suggest that the NGF system shifts from cell survival to
cell death during the progression AD (see Mufson et al., 2008). Furthermore, in vitro and in
vivo studies indicate that Aβ can interact with TrkA to promote neuronal survival and
depending on the physiological state of the organism induce apoptosis via p75NTR

(Bulbarelli et al., 2009; Fombonne et al., 2009; Yaar et al., 1997), as well as interact with the
α7nAChR nicotinic receptor to disrupt normal cholinergic neurotransmission (Chen et al.,
2006; Nagele et al., 2001; Wang et al. 2002), suggesting that Aβ plays a key role in
cholinergic dysfunction in AD. Although soluble Aβ oligomers are considered to be
neurotoxic, profoundly affecting neural network function (Hartley et al., 1999; Walsh and
Selkoe, 2007) and neurotrophic factor expression (Garzon and Fahnestock, 2007), the
impact of insoluble Aβ plaque deposition upon the cholinotrophic system remains to be
clarified.

Transgenic animals carrying the amyloid precursor protein (APP) and/or presenilin-1 (PS1)
familial AD (FAD) gene mutations display forebrain Aβ plaques and cortical and
hippocampal cholinotrophic dystrophic neurites (Aucoin et al., 2005; Boncristiano et al.,
2002; Buttini et al., 2002; Hernandez et al., 2001; Jaffar et al., 2001; German et al., 2003;
Perez et al., 2007; Wong et al., 1999). A mouse model of Down syndrome, which has an
increased dosage of the APP gene, displays medial septum cholinergic cell loss/atrophy and
a disruption in NGF transport (Cooper et al., 2001; Holtzman et al., 1996; Salehi et al.,
2006; Seo and Isacson, 2005). Recently, a triple transgenic mouse (3xTg-AD) harboring the
human APPSwe, PS1M146V and TauP301L gene mutations was developed, which displays
both intracellular and extracellular Aβ and tau in an age-dependent manner within the
cortex, hippocampus, and amygdala (Mastrangelo and Bowers, 2008; Oddo et al., 2003a,b;
Oh et al., 2010) and to a lesser degree, in the brainstem (Overk et al., 2009). However,
whether the cholinotrophic system in these mice is altered is not known. Therefore, we
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performed a detailed morphologic and biochemical evaluation of the cholinotrophic system
in young (2-4 months), middle-aged (13-15 months), and old (18-20 months) homozygous
3xTg-AD relative to age-matched non-transgenic (ntg) mice.

MATERIALS AND METHODS
Transgenic mice and tissue preparation

A total of 147 mice (both genders) consisting of homozygous 3xTg-AD mice harboring
three human mutant genes: amyloid precursor protein (APPSwe), presenilin-1 (PS1M146V)
and tau (tauP301L) or age-matched non-transgenic (ntg) mice were used for biochemical
(n=75) and histological (n=72) analysis. Both the APPSwe and tauP301L transgenes are co-
integrated at the same locus and expressed under control of the mouse Thy1.2 promoter in
homozygous PS1M146V (knock-in) mice (Oddo et al., 2003b). All animals were derived
from breeding pairs provided by Dr. F. LaFerla (UC Irvine, Irvine, CA) and were housed in
our breeding colony (Oh et al., 2010; Overk et al., 2009). Mice were divided into three
groups: young (2-4 months), middle-aged (13-15 months) and old (18-20 months). Animal
care and procedures were conducted according to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Mice were anesthetized with ketamine/xylazine (85mg/kg/9.5mg/kg, i.p.) and transcardially
perfused with ice-cold 0.9% sodium chloride solution. For biochemical analysis (ChAT
radioenzymatic assay and quantitative immunoblotting), 11 (5 female, 6 male) 2 to 3 month-
old, 13 (7 female, 6 male) 13 to 15 month-old and 13 (6 female, 7 male) 18 to 20 month-old
3xTg-AD mice and age-matched ntg mice (n=37) were examined. Brains were rapidly
removed from the calvarium and sectioned into 1 mm coronal slabs on wet ice in a stainless
steel brain blocker. We cut each brain into 1 mm slabs in order to collect both superficial
and deep forebrain structures. Hippocampal-subicular complex tissue was dissected from
slabs extending from Bregma −1.06 mm to −4.36 mm, whereas cortical samples were
harvested from Bregma 3.20 to −4,60 according to the mouse atlas of Paxinos and Franklin
(2001). These individual samples were frozen at −80°C until prior to use for bioassay
analysis. All tissue from one hemisphere was used for the determination of ChAT enzyme
activity, whereas tissue from the other side was processed for quantitative immunoblotting.
Hippocampal-subicular complex tissue from each slab/per hemisphere/per case was
combined for bioassay determinations. For immunohistochemistry, 6 male and 6 female
3xTg-AD mice at ages 2-4, 13-15 and 18-20 months and age-matched ntg mice were
transcardially perfused with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M
phosphate buffer and post-fixed in the same fixative for 12 hours at 4°C. Brains were
cryoprotected in 30% sucrose at 4°C until the brain sank and cut on a freezing sliding knife
microtome in the coronal plane at a thickness of 40 μm.

Immunohistochemistry
Free-floating sections were single and/or double stained with antibodies against ChAT
(1:1000, Millipore, Bedford, MA) and Aβ/APP (6E10; 1:2000, Covance, Princeton, NJ) and
the tau conformational antibody Alz50 (~66kDa; 1:10,000), a gift from Dr. Peter Davies,
(Albert Einstein School of Medicine, NY) and the phosphoepitope tau antibody AT8 (~66
kDa; 1:1000, Thermofisher, Waltham, MA) for immunohistological and stereological
neuron counts as previously described (Perez et al., 2007; Oh et al., 2010; Overk et al.,
2009). For single ChAT immunostaining and stereology, sections were incubated in goat
anti-human ChAT for 48 hours in a solution containing 1% Triton X-100 and 1% normal
horse serum in Tris-buffered saline (TBS) to facilitate penetration of the antibody
throughout the full depth of the tissue. Sections were then incubated with biotinylated horse
anti-goat secondary antibodies (1:200, Vector Laboratories, Burlingame, CA) for 1 hour.
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Subsequently, the reaction was developed in an acetate-imidazole buffer containing 0.05%
3,3′-diaminobenzidine tetrahydrochochloride (DAB, Sigma, St. Louis, MO) and 0.0015%
H2O2. The reaction was terminated using the acetate-imidazole buffer solution. Sections
were mounted on glass slides, dehydrated in graded alcohols, cleared in xylenes and
coverslipped with DPX (Biochemica Fluka, Buchs, Switzerland). Sections from all
experimental groups were processed at the same time using the same chemical reagents to
avoid batch-to-batch variation during immunostaining. Additional sections were dual-
labeled for ChAT and Aβ/APP. For double immunostaining, ChAT was developed using
nickel intensification as a chromagen (Perez et al., 2005) followed by incubation with the
monoclonal 6E10 antibody and visualized using DAB only, as described above. This dual
staining method results in a two-colored profile: blue/black ChAT-positive profiles and
brown Aβ/APP-containing neurons and plaques. Alz50 or AT8 single and dual
immunostaining with ChAT was similar to that described here and in a previous paper (Oh
et al., 2010). In addition, several sections from 13-15 and 18-20 month-old 3xTg-AD mice
groups were double stained with the 6E10 antibody and for thioflavine-S and cover slipped
in an aqueous mounting medium (Biomeda Corp, Foster City, CA) as previously described
(Perez et al., 2007). The dual immunofluorescence staining was visualized with the aid of a
Zeiss Fluorescent Microscope. Specificity of the ChAT, 6E10, Alz50 and AT8 antibodies
was previously described (Mesulam et al., 1983; Oh et al., 2010; Overk et al., 2009). In
addition, omission of the primary antibodies resulted in a lack of immunoreactivity.

Stereological analysis
The optical dissector method was used to determine the total number of ChAT-
immunoreactive (ChAT-ir) neurons in the medial septum (MS)/vertical limb of the diagonal
band of Broca (VDB) in 2 to 4, 13 to 15, and 18 to 20 month-old 3xTg-AD as well as age-
matched ntg mice as described previously (Jaffar et al., 2001; Perez et al., 2005, 2007). The
region was manually outlined under low magnification and systematically analyzed using a
random sampling design. The number of ChAT-ir neurons was estimated using
MicroBrightField stereological software (Williston, VT) and a Nikon Optiphot-2
microscope coupled with LEP MAC5000 (BioVision Technologies, Exton, PA, USA). The
coefficients of error were calculated according to Gundersen et al. (1988), and values <0.10
were accepted (West, 1993). The thickness of each section was assessed empirically and
upper and lower “guard zones” of between 3 and 4 μm were established for each section
before measurement. ChAT-ir neurons within MS/VDB were counted from the level of the
first appearance of the genu of the corpus callosum to the beginning of the decussation of
the anterior commissure (see Fig. 4A-C). An observer blinded to age, gender and genotype
performed counts of ChAT positive neurons.

Quantitation of the number and area of cholinergic neurites
To examine the effect of age upon cortical and hippocampal ChAT-ir dystrophic neurite
number and size we examined 5 female and 5 male 3xTg-AD mice aged 2 to 4, 13 to 15, and
18 to 20 month-old. ChAT-ir neurite number was determined by counting all
immunopositive neurites within the cortex and hippocampus throughout an entire series of
sections using a Nikon microscope at 60x magnification. Fiduciary landmarks were used to
avoid counting the same object more than once. Quantification of age-related alterations in
relative area (μm2) of cortical and hippocampal ChAT dystrophic neurites was determined
using female and male middle (13 months) and old (18-19 months) 3xTg-AD mouse using
the Image 1.60 (Scion 1.6) program as previously described (Perez et al., 2007). One
hundred ChAT-ir neurites from the cortex and hippocampus were randomly outlined and
area measurements were automatically analyzed in gray-scale images. An observer blind to
age, gender and genotype performed the quantitative analysis of ChAT-ir dystrophic neurite
number and size.
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ChAT radioenzymatic assay
Cortical and hippocampal tissue (n=75) harvested from the same young (2-3 months),
middle age (13-15 months) and old (18-20 months) 3xTg-AD and age-matched ntg mice
were processed for ChAT enzyme activity using a modification of the Fonnum method
(DeKosky et al., 1992; Fonnum, 1975). Frozen tissue was homogenized using high
frequency sonication in a solution containing 0.5% Triton X-100 and 10 mM EDTA.
Briefly, 5 μl of tissue homogenate was combined with 14C-labeled acetyl Co-A (New
England Nuclear, Boston, MA), incubation buffer (100 mM sodium phosphate, 600 mM
NaCl, 20 mM choline chloride, 10 mM disodium EDTA, pH7.4), and physostigmine (20
mM, Sigma, St. Louis, MO). After 30 minutes of incubation at 37°C in a water bath, the
reaction was stopped by the addition of 4 ml of 10 mM phosphate buffer (pH 7.4).
Subsequently, 1.6 ml of acetonitrile/tetraphenylboron mixture and 8 ml of scintillation fluid
were added to cause phase separation, and the samples were allowed to stabilize for 24
hours before scintillation counting. Protein content of the samples was determined using a
BCA protein assay kit (Pierce, Rockford, IL). ChAT enzyme activity was expressed as
μmol/hr/g protein. Samples were coded, and all assays were performed in triplicate by a
technician blinded to experimental groups.

Western immunoblotting
Antibodies—Rabbit polyclonal antibodies against proNGF (H-20, 1:50, Santa Cruz, CA,
USA), p75NTR (1:300, Abcam, Cambridge, MA) and TrkA (1:50; Fitzgerald Industries
International, Inc, MA) were used for quantitative immunoblotting. A monoclonal antibody
against β-actin (1:30,000, Sigma, St. Louis, MO) was used as an internal control for protein
loading.

In the present study cases were mixed across genotype at each age for all western blot
experiments. Tissue samples from cortex and hippocampus were processed for western
blotting as previously reported (Counts et al., 2004). Tissues were sonicated in ice-cold
homogenization buffer (20 mM Tris, 1mM EGTA, 1mM EDTA, 10% sucrose, pH 7.4)
containing protease inhibitors (2 mg/ml leupeptin, 0.01 U/ml aprotinin, 1 mg/ml pepstatin A,
1 mg/ml antipain, 2.5 mg/ml chymostatin, 10 mM benzamidine, 0.1 mM phenylmethyl
sulfonyl fluoride, 0.4 mg/ml N-p-Tosyl-L-phenylalanine chloromethyl ketone (TPCK), 0.4
mg/ml N-α-p-Tosyl-L-lysine chloromethyl ketone (TLCK), 0.4 mg/ml soybean trypsin
inhibitor, 0.1 mM sodium fluoride, and 0.1 mM sodium orthovanadate). Supernatant S1
fractions were prepared by centrifugation at 1,000 rpm for 10 minutes at 4°C, and protein
concentration was determined by the Bradford method (Bio-Rad, Hercules, CA). Sample
proteins were denatured in sodium dodecyl sulfate (SDS) loading buffer to a final
concentration of 5 mg/ml for TrkA and p75NTR and 7.5 mg/ml for proNGF. Sample proteins
(50 μg/sample for NGF receptors or 75 μg/sample for proNGF) were separated by SDS-
polyacrylamide gel electrophoresis (PAGE; 7.5% acrylamide for TrkA and p75NTR; gradient
8-16% acrylamide for proNGF) and transferred electrophoretically to polyvinylidene
fluoride membranes (Immobilon P; Millipore, Billerica, MA). Membranes were blocked in
TBS/0.1% Tween-20/5% milk for 30 minutes at room temperature. Subsequently, the top
half of the membrane was incubated with rabbit TrkA antiserum (140 kDa), and the bottom
half of the membrane was incubated simultaneously with rabbit anti-p75NTR (75 kDa) and
mouse anti-β-actin (42 kDa) antibodies in blocking buffer for 30-60 minutes at room
temperature and then overnight at 4°C. A different membrane was used to probe the
transferred samples with anti-proNGF and anti-β-actin antibodies in blocking buffer as
described above. The following day, after several room-temperature rinses in TBS, blots
were incubated for 1 hour at room temperature with either horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG secondary antibody (1:5000; Bio-Rad, PA) for detection of
TrkA and p75NTR, or HRP-conjugated goat anti-mouse IgG secondary antibody (1:8,000;
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Pierce, Rockford, IL) for detection of proNGF and β-actin. Immunoreactive proteins were
visualized by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ) on a
Kodak Image Station 440CF (Eastman Kodak, New Haven, Cincinnati, Ohio). Bands were
quantified using Kodak 1D image analysis software (Perkin-Elmer, Wellesley, MA). No
immunoreactive bands were detected on blots probed with the anti-rabbit or anti-mouse
secondary IgG alone (data not shown). ProNGF, TrkA and p75NTR-ir signals were
normalized to β-actin signal for quantitative analysis. Each sample was analyzed three times
in independent experiments, and the means were used for further analysis.

Statistical Analysis
Data from unbiased stereological counts, western blot and ChAT enzymatic assay that
followed a Gaussian curve were statistically evaluated using t-test or three- and two-way
analysis of variance (ANOVA), where interactions of genotype, age and/or gender were
evaluated. Non-parametric data were examined with Mann-Whitney rank sum test or
Kruskal-Wallis ANOVA rank test. Holm-Sidak and Dunn's post hoc test were used for
multiple comparisons as appropriate. Correlation between coefficients was analyzed with a
Spearman test. Data were represented as mean ± standard error of the mean (SEM). The
level of statistical significance was set at 0.05, two-tailed. Data was analyzed using
SigmaPlot 10.0 (Aspire Software International, Leesburg, VA).

RESULTS
Hippocampal and cortical cholinergic fiber dystrophy increases with age in 3xTg-AD mice

To examine the impact of Aβ plaque deposition upon cholinergic fibers in cortex and
hippocampus, brain sections were single or double immunolabeled using the 6E10 and
ChAT antibodies as described above. A description of the progression of cortical and
hippocampal 6E10 immunoreactivity in 3xTg-AD mice derived from our colony has
recently been reported (Oh et al., 2010). In brief, intraneuronal 6E10 staining and tau
conformation isoforms were immunodetected as early as 3 weeks of age in the layer III and
V of the cortex and CA1 hippocampal complex in both male and female 3xTg-AD mice (Oh
et al., 2010). The cholinergic interneurons in the cortex and hippocampus were not
immunoreactive for 6E10 or tau (data not shown). Cortical and hippocampal extraneuronal
6E10 positive plaques increased with age, and their expression is gender-dependent in 3xTg-
AD mice (Fig. 1A-H). Specifically, female mutant mice show earlier and more accelerated
plaque deposition than males, displaying Aβ deposits in the subiculum at 8-9 months (Fig.
1A-B) compared to 11-12 months of age for males (Oh et al., 2010). In addition, sections
dual stained for 6E10 and thioflavine-S revealed that the majority of the plaques displayed
both markers within the core of the plaque, while only 6E10-ir was seen at the periphery of
the plaque (Fig. 1I-K).

Cortex and hippocampus displayed similar patterns of ChAT-ir fibers in both the 3xTg-AD
and age-matched ntg mice (Fig. 2A-L). In the cortex, a fine network of ChAT-ir fibers was
seen throughout all cortical layers (Fig. 2A, B). In the hippocampus, ChAT-ir fibers
displayed the classic laminar distribution with a dense band in the hippocampal molecular
layer as well as in the subiculum (Fig. 2E-L). In addition, there was no apparent difference
in ChAT-ir fiber density in the cortex and hippocampus between young 3xTg-AD and ntg
mice (Fig. 2A-D, E-L). However, we observed a qualitative decrease in the density of ChAT
immunoreactivity in the subiculum of 18 to 20 months old female 3xTg-AD compared to
age-matched ntg mice (see Fig. 3H and I), which was less obvious in the hippocampus
proper. There was no an apparent reduction in cortical ChAT-ir fibers in 3xTg-AD mice in
either gender (data not shown), although this will require a more systematic quantitative
evaluation.
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Examination of ChAT-ir fibers in the vicinity of cortical and hippocampal 6E10 and Alz50-
ir neurons did not reveal alterations in their geometry or trajectory between young (Fig. 2A-
M, O) and old (Fig. 2N and P) 3xTg-AD. ChAT-ir neurite formation was first observed
within the subiculum in 8-10 months old female 3xTg-AD in association with Aβ deposits
(data not shown). A similar pattern was not seen until 11-12 months of age in the subiculum
of male 3xTg-AD mice. Hippocampal dystrophic ChAT-ir neurites were more conspicuous
by 13 months in both male and female mutant mice compared to lack of dystrophic fibers in
ntg mice (Fig. 3A-C). In general, cholinergic dystrophic swellings appeared in a rosette or
grape-like pattern (Fig. 3D-G). A semi-quantitative evaluation revealed a significant age-
related increase in hippocampal and cortical ChAT-ir dystrophic neurite number in female
but not male mutant mice (Fig. 3J and K, Holm-Sidak post hoc and t-test, p*<0.05). In
addition, there was a 42% and 33% increase in hippocampal cholinergic dystrophic neurite
area in 18-19 month- compared to 13 month-old female and male 3xTg-AD mice,
respectively. Furthermore, there was a 34% increase in cortical ChAT-ir dystrophic neurite
area in 18-19 month compared to 13 month-old female mutant mice. Sufficient numbers of
cortical cholinergic neurites were found in male mutants to perform a quantitative analysis.

Loss of ChAT immunoreactive neurons in the medial septum/vertical limb of diagonal
band of Broca in aged 3xTg-AD mice

The CBF complex is composed of the medial septum, vertical and horizontal limbs of the
diagonal band of Broca and nucleus basalis of Meynert, which are the main sources of
cholinergic innervation to the hippocampus and cortex, respectively (Amaral and Kurz,
1985; Mesulam et al., 1983). Since the hippocampal formation displays an earlier Aβ plaque
deposition and cholinergic dystrophy than the cortex in 3xTg-AD tg mice (Oh et al., 2010),
we examined cholinergic neurons number in the MS/VDB using an unbiased stereologic
counting method (Fig. 4A-C). Interestingly, ChAT-ir neurons were not immunreactive for
6E10 (data not shown) or Alz50 and AT8 in the MS/VDB of 3xTg-AD mice (Fig. 4D and
E). However, plaques (Fig. 4F and G) and Alz50 and AT8 positive dystrophic neurites (Fig.
4H-K) were present in the lateral septum in aged 3xTg-AD mice. A three-way ANOVA
showed an age effect on the number of the ChAT-ir neurons in the MS/VDB (p=0.011). Post
hoc analysis revealed a significant (23%) reduction in the number of ChAT-ir neurons in the
MS/VDB between young and old 3xTg-AD mice (Fig. 4L, Holm-Sidak post hoc, p*<0.05).

Cortical and hippocampal ChAT enzyme activity decrease in middle-aged 3xTg-AD mice
To examine changes with age in cholinergic metabolic activity, ChAT enzyme levels were
evaluated in the cortex and hippocampus of young (2-3 months), middle-aged (13-15
months) and old (18-20 month) 3xTg-AD and age-matched ntg mice. Statistical analysis
revealed a significant interaction between genotype and age with cortical ChAT activity
(three-way ANOVA; p=0.014). Specifically, there was a significant increase in cortical
ChAT activity in aged 3xTg-AD compared to middle age and young 3xTg-AD (Fig. 5A,
Holm-Sidak *p<0.05). In aged ntg mice ChAT enzyme activity was significantly increased
compared to young ntg mice (Fig. 5A, *p<0.05). In addition, cortical ChAT activity was
significantly reduced in middle-aged 3xTg-AD mice compared to age-matched ntg mice,
whereas no change was found between groups at the other time points examined (Fig. 5A,
*p<0.05). Holm-Sidak multiple comparison test also revealed a significant reduction in
hippocampal ChAT activity in middle-aged compared to young 3xTg-AD and middle-aged
ntg mice (Fig. 5B, *p<0.05). No age-related changes in hippocampal ChAT activity were
found in ntg mice (Fig. 5B, p>0.05).

Cortical proNGF levels increase in aged 3xTg-AD mice
To examine whether there are changes in the levels of cortical and hippocampal proNGF
with age we examined young (2-3 months), middle-aged (13-15 months) and old (18-20
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months) 3xTg-AD and age-matched ntg mice using quantitative western blot analysis.
Cortical and hippocampal NGF levels were virtually undetectable using routine
immunoblotting procedures in any mice examined at each age (data not shown). By contrast,
cortical levels of proNGF, the precursor for NGF, were significantly increased in older
compared to middle-aged and young 3xTg-AD mice (Fig. 6A and B, Kruskal-Wallis
ANOVA on ranks, *p<0.001), whereas the levels of cortical proNGF in ntg mice were
unchanged with age. In addition, hippocampal proNGF levels in both older 3xTg-AD and
ntg mice were significantly increased compared to their respective middle-aged and young
3xTg-AD and ntg mice (Fig. 6C, Kruskal-Wallis ANOVA on ranks, *p<0.001), without
significant changes between genotypes (Fig. 6C, Kruskal-Wallis ANOVA on ranks, p>0.05).

Gender differences in cortical and hippocampal TrkA levels in 3xTg-AD mice
To evaluate changes in cortical and hippocampal high- (TrkA) and low- (p75NTR) affinity
NGF receptor protein levels, we examined tissue from young (2-3 months), middle-aged
(13-15 months) and old (18-20 months) 3xTg-AD and age matched ntg mice by quantitative
western blotting. We found significant differences in cortical TrkA, but not p75NTR levels,
between gender in young (Mann-Whitney rank sum test, p=0.002) and middle-aged (Mann-
Whitney rank sum test, p=0.002) 3xTg-AD, as well as in young ntg mice (Mann-Whitney
rank sum test, p=0.004). Since cortical TrkA levels in both genotypes displayed gender
differences, data from male and female animals were analyzed separately. Statistical
analysis revealed no changes in cortical TrkA levels with age in female 3xTg-AD mice (Fig.
7A, E, Kruskal-Wallis ANOVA on ranks, p>0.05). However, cortical TrkA levels in middle-
aged female ntg mice were significantly increased compared to young female ntg mice (Fig.
7C, E, Kruskal-Wallis ANOVA on ranks, *p< 0.01). By contrast, we found a significant
reduction in cortical TrkA levels in aged male compared to young 3xTg-AD mice (Fig. 7B,
F, Kruskal-Wallis ANOVA on ranks, *p< 0.01), whereas cortical TrkA levels in male ntg
mice were unchanged with age (Fig. 7D, F). No significant age-related differences were
found in cortical p75NTR levels in 3xTg-AD mice. Cortical p75NTR levels of aged ntg mice,
however, were significantly increased compared to middle-aged and young ntg mice (Fig.
7G, Kruskal-Wallis ANOVA on ranks, #p<0.05).

Hippocampal TrkA, but not p75NTR levels, were significantly different between genders
within the following groups: young (Mann-Whitney rank sum test, p=0.019) and old (Mann-
Whitney rank sum test, p=0.017) 3xTg-AD, as well as in old ntg (Mann-Whitney rank sum
test, p=0.026) mice. There was a significant reduction of hippocampal TrkA in aged female
3xTg-AD compared to middle-aged female mutant mice (Fig. 8A, E, Kruskal-Wallis
ANOVA on ranks, #p<0.05), whereas hippocampal TrkA levels in female ntg mice were
unchanged across ages (Fig. 7C, E). Interestingly, hippocampal TrkA levels in middle-aged
male 3xTg-AD mice were higher than middle-aged male ntg mice (Fig. 8B, D, F, Kruskal-
Wallis ANOVA on ranks, *p<0.01), but neither male 3xTg-AD nor ntg mice showed
changes in hippocampal TrkA levels with age (Fig. 8B, D, F). By contrast, hippocampal
p75NTR levels in older 3xTg-AD were significantly increased compared to middle-aged
mutant mice (Fig. 9A, C, Kruskal-Wallis ANOVA on ranks, *p<0.01), but no changes in
p75NTR levels were detected with age in ntg mice (Fig. 9B and C).

Spearman correlation revealed a significant positive relationship between the NGF
receptors, TrkA and p75NTR, in the hippocampus in old 3xTg-AD mice (r=0.769,
p=0.00123).
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DISCUSSION
Cholinergic alterations in 3xTg-AD mice

The present study demonstrated that hippocampal and cortical cholinergic neuritic dystrophy
increases in an age-dependent manner, which parallels the progression of Aβ plaque
pathology in our cohort of 3xTg-AD mice (Oh et al., 2010), similar to other mouse models
of AD (German et al., 2003; Perez et al., 2007). Swollen cholinergic dystrophic neurites
were first seen at 8-10 months of age in close apposition to Aβ plaques within the subiculum
of female compared to 11-12 month old male 3xTg-AD mice, coincident with a an earlier
onset of plaques in female mutant mice (Hirata-Fukae et al., 2008; Oh et al., 2010).
Cholinergic dystrophic neurites were not seen in the cortex or hippocampus of 2-3 months
old 3xTg-AD mice, only few cortical cholinergic swellings appeared in 18-20 month-old
female 3xTg-AD mice, and virtually none appeared in male 3xTg-AD mice. The number
and size of ChAT-ir neurites in the cortex and hippocampus displayed an age-related
increase, which was more conspicuous in female than in male 3xTg-AD mice. The age
related increase in ChAT-positive neurites seen in 3xTg-AD support previous studies in
other APP over-expressing mice (Boncristiano et al., 2002; Brendza et al., 2003; D'Amore et
al., 2003; German et al., 2003; Hu et al., 2003; Hernandez et al., 2001; Perez et al., 2007).
Cholinergic dystrophic neurites are associated with thioflavine-S-positive compact plaques
(data not shown) in our 3xTg-AD mice (present findings) rather than diffuse plaques
(Boncristiano et al., 2002; Brendza et al., 2003; D'Amore et al., 2003; German et al., 2003;
Hu et al., 2003; Hernandez et al., 2001; Perez et al., 2007). In addition, cholinergic
dystrophic neurites are the first type of the neurotransmitter system to display abnormalities
in APP over-expressing mice (Bell et al., 2003, 2005; Hu et al., 2003), suggesting that
cholinergi fibers are more susceptible to Aβ-induced dystrophy. The fact that cholinergic
basal forebrain (CBF) neurons and hippocampal or cortical neurites do not co-express tau
isoforms suggest that tau pathology does not play a direct role in the degeneration of the
CBF system in these mutant mice. Swollen dystrophic neurites have been interpreted as
aberrant sprouting consequent to Aβ deposition in APP over-expressing mice and in AD
(Brendza et al., 2005; Ikonomovic et al., 2007; Lombardo et al., 2003). Others suggest that
dystrophic neurites are the result of a compromised vesicular transport system, mostly
related to fast axonal transport deficits (Piginio et al., 2003; Suzuki et al., 2006). Like other
APP over-expressing mice (Luth et al., 2003; Masliah et al., 1996; Phinney et al., 1999),
ultrastructural analysis of dystrophic swellings in 3xTg-AD mice revealed vesicular
organelles (Oh et al., 2010), which have been implicated in endocytic (Cataldo et al., 2000;
Mathews et al., 2002) and/or autophagic (Yang et al., 2008) processes. Defective autophagia
mechanism (e.g. lysosome maturation) could delay the degradation of proteins involved in
cell death, such as caspase-3 (Nixon 2007; Yang et al., 2008).

Unlike other studies, which reported stability of CBF neuron number in APP over-
expressing mice (Boncristiano et al., 2002; German et al., 2003; Hernandez et al., 2001;
Jaffar et al., 2001), here we report for the first time a 23% reduction in the number of
cholinergic neurons in the MS/VDB of aged compared to young 3xTg-AD mice, whereas
the number of cholinergic neurons did not change with age in ntg mice. This age-related
reduction in CBF neuron number is due to the greater number of MS/VDB cholinergic
neurons found in younger mutant animals. The reason for the increased number of
cholinergic neurons in the young mutant mice is not clear. It is possible that the co-
expression of the three FAD transgenes in this animal alters the development milieu
resulting in a higher number of cholinergic MS/VDB neurons. However as the animals age,
the developmental effects are paired-back resulting in a return to near normal CBF cell
numbers. We are currently investigating whether there are phenotypic developmental
changes related to the expression of the NGF receptors trkA and p75NTR within MS/VDB
neurons in our 3xTg-AD mice. There is evidence that Aβ over expression can affect other
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brain chemical systems, as well. For example, we reported an increase of striatal 3,4-
dihydroxyphenylacetic acid (DOPAC) levels in APPswe/PS1ΔE9 tg mice at 3-6 months of
age compared to ntg mice also suggesting a developmental and/or compensatory up-
regulation of this dopamine metabolite in this APP over expressing mouse model of AD
(Perez et al., 2005). Taken together these findings suggest the need to carefully examine the
affect of the over expression of AD transgenes upon the developing central nervous system.

Interestingly, intraneuronal APP/Aβ or tau isoforms were not found in MS/VDB cholinergic
neurons (present study) but hippocampal CA1, subicular and cortical neurons do contain
various tau epitopes in 3xTg-AD mice (Oddo et al., 2003a,b; Oh et al., 2010). A recent study
demonstrated that damage of the fornix, the major fiber pathway carrying cholinergic fibers
arising from neurons within the medial septum, reduces Aβ immunoreactivity in the
cingulate cortex, suggesting that septal cholinergic axonal projections transport Aβ/APP in
3xTg-AD mice (Robertson et al., 2009). The reason we did not find evidence for Aβ/APP
within the MS/VDB cholinergic neurons using the 6E10 antibody remain unknown. It is
possible that there is a rapid turned over or transport of Aβ/APP by the MS/VDB neurons,
which, in turn, is undetectable using the current immunocytochemical procedure. By
contrast, fimbria fornix transection did not affect APP levels and Aβ deposition in the
hippocampus of APP/PS1 mice (Liu, et al., 2002) suggesting the importance of comparing
differences between transgenetic strains. A recent immunocytochemistry study reported
intraneuronal oligomergic Aβ in cortical neurons and in the intraneuronal space in the
subiculum where Aβ plaques are first detected in 3xTg-AD mice (Hirata-Fukae et al., 2008).
Since Aβ/oligomer aggregates are thought to be neurotoxic, profoundly affecting neural
network function (Hartley et al., 1999; Walsh and Selkoe, 2007), the impact of oligomers
upon cholinotrophic function remains an important area of investigation. Studies are
currently being performed to test this hypothesis. We also observed a qualitative reduction
in the density of cholinergic fibers in the hippocampal-subicular complex in aged 3xTg-AD
mice, suggesting that a retrograde signal plays a key role in MS/VDB cholinergic cell
degeneration in these triple transgenic mice. Although we did not perform cholinergic fiber
counts, previous studies have shown an age-dependent loss of hippocampal and cortical
cholinergic fibers in APP over-expressing transgenic mice (Aucoin et al., 2005; Boncristiano
et al., 2002; German et al., 2003) reminiscent of the cortical cholinotrophic fiber depletion
seen in human AD (Geula and Mesulam, 1996; Ikonomovic et al., 2007; Mufson et al.,
1989), which results from CBF cell loss (Gilmor et al., 1999; Mufson et al., 2000, 2002 and
2008; Whitehouse et al., 1998).

Although we observed hippocampal cholinergic fiber dystrophy and MS/VDB cholinergic
cell loss in aged 3xTg-AD mice, ChAT enzyme activity was not significantly reduced at this
time point. In contrast, there was a significant reduction in ChAT activity in the
hippocampus but not a loss of MS/VDB cholinergic neurons of middle-aged mutants,
perhaps indicative of a down regulation of ChAT activity, which may precede the onset of
cholinergic neuronal degeneration. On the other hand, cortical ChAT activity was
significantly increased in aged compared to middle-aged and young 3xTg-AD mice. The
factor(s) underlying the mismatch between the hippocampal and cortical cholinergic systems
remains a curiosity. However, this is similar to the mismatch reported between ChAT
activity levels and cholinergic fiber density in the superio frontal cortex decribed in
prodromal and early AD subjects (Ikonomovic et al., 2007). A possible mechanism
underlying this mismatch is an up-regulation of ChAT enzyme activity as reported in other
transgenic mouse models of AD (Hernandez et al., 2001) as well as in people with
prodromal AD (DeKosky et al., 2002; Ikonomovic et al., 2007). In both of these conditions
there is an increase in swollen cholinergic fibers suggesting accumulation of ChAT at the
terminal endings (German et al., 2003), which may result in either an increase or stability in
enzyme activity. It is of particular note that plaque deposition is greater in the hippocampal

Perez et al. Page 10

Neurobiol Dis. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



complex than in the cortex in 3xTg-AD mice (Oh et al., 2010), suggesting that a more
substantial amyloid plaque load is required to trigger alterations in the cholinergic system in
3xTg-AD mice.

ProNGF and NGF receptor protein levels in 3xTg-AD mice
In the present study, proNGF, the precursor of NGF (Fahnestock et al., 2001), was the
principal form of NGF expressed in the brains of both ntg and 3xTg-AD mice. Western blot
analysis revealed that cortical, but not hippocampal, proNGF levels were significantly
increased with age in 3xTg-AD mice. Specifically, a two-fold increase in cortical proNGF
was observed in the oldest compared to youngest 3xTg-AD mice. NGF is produced in
interneurons in the cortex and hippocampus (Conner and Varon, 1992) where it binds to its
cognate receptors and is retrogradely transported to CBF neurons (Sobreviela et al., 1997).
Although in the presence of TrkA, proNGF exhibits neurotrophic features like NGF
(Fahnestock et al., 2004), several studies indicate that proNGF can also activate neuronal
apoptotic pathways (Lee et al., 2001; Masoudi et al., 2009; Nykjaer et al., 2004) leading to
neuronal death. Although the mechanism(s) associated with alterations in proNGF levels in
aged 3xTg-AD is unknown, a possibility is that APP/Aβ production plays a pivotal role in
proNGF regulation. In this regard, Down syndrome mouse models, which contain an
increase in gene dosage and expression of the amyloid precursor protein (APP), show an
increase in hippocampal NGF levels associated with compromised CBF axonal transport and
atrophy of these neurons (Cooper et al., 2001; Salehi et al., 2006). Alternatively
accumulation of proNGF may be initiated by Aβ induced dysfunction of the complex
protease cascade responsible for NGF maturation and degradation in the extracellular space
(Bruno et al., 2009; Bruno and Cuello, 2006; Cuello and Bruno, 2007). However, despite an
increase in APP gene dosage and a greater Aβ plaque load in the hippocampal complex
compared to the cortex in our triple transgenic mice, only cortical proNGF levels were
increased in aged 3xTg-AD mice with respect to younger mutants, suggesting that Aβ
plaque deposition is not a determining factor in regulating proNGF accumulation in 3xTg-
AD mice. Alternatively, there may be a differential response of the hippocampus, compared
to the cortex, to Aβ plaque load. Moreover, the reduction of MS/VDB CBF neurons, which
project to the hippocampus (Mesulam et al., 1983) seen in aged 3xTg-AD mice, may be
related to a defect in the retrograde transport of proNGF.

NGF receptor protein level in 3xTg-AD mice
Cortical and hippocampal NGF receptor levels of TrkA, but not p75NTR, displayed gender
differences in both 3xTg-AD and ntg mice. Specifically, cortical TrkA levels in young and
middle-aged male 3xTg-AD were significantly higher than in age-matched female 3xTg-AD
mice. Likewise, hippocampal TrkA levels in young and old male 3xTg-AD mice were
higher than in their respective age-matched female counter parts. Although the mechanism
underlying the gender differences in TrkA cortical and hippocampal complex protein levels
are unknown, there are several possibilities. For example, there are gender-based temporal
differences in the development of cortical and hippocampal Aβ plaques, but not tau, in
3xTg-AD (Oh et al., 2010; Hirata-Fukae et al., 2008). These differences appear to be related
to differences in the status of select sex hormones such that androgen in males (Rosario et
al., 2006) and estrogen and progesterone in females act either independently or interactively
to regulate AD-like neuropathology in 3xTg-AD (Carroll et al., 2007). These observations
suggest that these mutant mice may be useful as a tool to investigate the influence of
hormonal status on the cholinotrophic system.

Similar to human AD (Counts et al., 2004), we found that cortical and hippocampal TrkA
levels were down-regulated but p75NTR remained stable in aged male and female 3xTg-AD
mice compared to gender matched younger mutant mice. The reduction in TrkA is
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consistent with an accumulation of cortical proNGF in old mutant mice, indicating a
disruption of this positive signaling pathway. Similarly, mouse models of Down's syndrome
that mimic the cholinotrophic neuropathology of AD, accumulate NGF protein due to
defective CBF neuron retrograde transport and show a reduction in the number of medial
septal TrkA positive cells (Salehi et al., 2006). Thus, cortical accumulation of proNGF and a
reduction in TrkA may reflect defective axonal transport in aged 3xTg-AD mice. The
reduction in hippocampal TrkA levels seen in aged female 3xTg-AD mice could result in the
reduction in MS/VDB CBF neurons in aged 3xTg-AD mice. Unlike the reduction of TrkA,
hippocampal p75NTR levels were increased in aged 3xTg-AD mice compared to middle-
aged transgenic mice, but were unchanged in the cortex of 3xTg-AD mice. In this regard,
p75NTR binds proNGF with high affinity eliciting a proapoptotic signal (Lee et al., 2001;
Nykjaer et al., 2004). Therefore, the increase in hippocampal p75NTR may represent a switch
favoring apoptosis over survival pathways in the cholinotrophic septohippocampal system
perhaps in response to a modest accumulation of proNGF. Furthermore, increased p75NTR

coupled with exacerbated hippocampal Aβ pathology in triple transgenic mice (Costantini et
al., 2005) is consistent with the suggestion that p75NTR facilitates Aβ-induced
neurodegeneration (Knowles et al., 2009). These findings indicate that age-related changes
in TrkA and/or p75NTR levels, which are also region- and gender-dependent and possibly
related to Aβ pathology, may either independently or interactively regulate cholinotropic
dysfunction in 3xTg-AD mice. Although tau pathology was not found in the CBF neurons in
these mice, it remains to be determined whether other forms of tau dysregulation are
responsible for retrograde transport defects and aberrant regulation of NGF receptors in
these mutant mice.

Whether hippocampal and cortical cholinotrophic deficits affect cognitive function in 3xTg-
AD remains to be determined. However, clinical pathological investigations indicate a shift
within the cholinotrophic system from cell survival to cell death mechanisms during the
progression of cognitive decline leading to AD (Mufson et al., 2008). Interestingly, a recent
study demonstrated that treatment with an agonist of the muscarinic receptor M1 improved
cognitive function and decreased hippocampal plaque pathology in 3xTg-AD supporting our
observations of cholinotrophic dysfunction in these mice (Caccamo et al., 2006). More
importantly a NGF gene therapy clinical trial reported provocative findings indicating that
delivery of NGF directly into the cholinergic basal forebrain can induce CBF plasticity,
cortical activation and improve/stabilize cognitive function in patients with mild AD
(Tuszynski et al., 2005). Together these finding support the need for further investigation of
the NGF cholinotrophic system in the 3xTg-AD mouse model.

CONCLUSIONS
We found age and gender dependent changes in the cholinotrophic system in 3xTg-AD
mice. While stereology revealed a reduction in ChAT-positive cells in MS/VDB in old
3xTg-AD mice, ChAT enzyme activity only decreased significantly in the hippocampus in
middle-aged 3xTg-AD mice. Western blots demonstrated an increase in cortical levels of
proNGF and a reduction in cortical and hippocampal TrkA levels, which was gender-
dependent in aged mutant mice, whereas p75NTR levels increased in hippocampus but
remained unchanged in the cortex of aged 3xTg-AD mice. Although cholinotrophic changes
in these mice did not fully replicate those seen in AD, they may provide a useful tool to
investigate cholinotrophic dysfunction in the face of amyloid and perhaps tau pathology.
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Figure 1.
A-H. Brightfield photographs showing the age and gender related progression of subicular
and cortical 6E10 immunoreactive (ir) plaque deposition in 3xTg-AD mice. Panel A shows
few 6E10-ir plaques and numerous immunopositive neurons in the subiculum of a 9 month-
old female 3xTg-AD mouse compared to the subiculum (B) of an age-matched male 3xTg-
AD mouse. C-D. Subiculum showing numerous 6E10-ir plaques in an 18 month-old female
(C) compared to a male (D) 3xTg-AD mouse. E-H. Enthorhinal cortex lacks 6E10-ir
deposits in both female (E) and male (F) 9 month-old 3xTg-AD mice compared to that seen
in at 20 months of age in a female (G) and male (H) 3xTg-AD mouse. Note that the aged
female (G) showing many more amyloid deposits than the aged male (H) mutant mouse.
Single thioflavine-S (I) and 6E10 (J) staining in the subiculum of an 18 month-old female
3xTg-AD mouse. K. Merged image showing the co-localization of both markers in the
plaque core (white; arrow) whereas the periphery was only 6E10 positive (red).
Abbreviations: Ent, entorhinal cortex. Scale bars in A,B, I-K= 50 μm and C-H=100 μm.
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Figure 2.
Brightfield photographs showing ChAT-ir fibers and 6E10-ir neurons in the cingulate cortex
and hippocampus in 2-3 month-old 3xTg-AD and age-matched ntg mice. A. Low
magnification image of a section dual stain for ChAT-ir fibers (blue) and 6E10-ir neurons
(brown) in the cingulate cortex of a 2 month-old 3xTg-AD mouse. B. Higher magnification
image of the boxed area in panel A showing the normal appearance of the fine ChAT-ir
fibers (blue) in the cingulate cortex. C. Low power image of tissue stained only for ChAT-ir
profiles (brown) in the cingulate cortex of a 2 month-old ntg mouse. Note the presence of a
ChAT-ir cortical interneuron (arrow). D. High power image of the boxed area in C showing
similar morphology of cholinergic fibers in a 2 month-old age-matched ntg compared to the
mutant mouse (see panels A, B). E and F. Low magnification of the dorsal hippocampal
images showing no differences in the laminar organization of ChAT-ir fibers between young
3xTg-AD and ntg mice, respectively. G. ChAT-ir fibers (black) running in close apposition
to 6E10-ir CA1 hippocampal pyramidal neurons (brown; arrows) showing no alterations in
their trajectory or geometry in a young 3xTg-AD. H. High power image of area outlined in
F showing similar ChAT-ir fiber organization in the CA1 field of the hippocampus in 3
month old 3xTg-AD and ntg mouse (G). I and J. ChAT-ir fibers within the CA1 field of the
hippocampus and subiculum of young 3xTg-AD and ntg mice. Note the similarities of the
cholinergic innervation pattern between genotypes. K. ChAT-ir fibers (black) in association
with 6E10-ir neurons (brown, arrow) in the subiculum of a 3 month-old 3xTg-AD mouse. L.
Higher-power image of boxed area in J showing similar ChAT-ir fiber organization to that
seen in the subiculum of an age-matched 3xTg mouse. M and N. Hippocampal CA1
pyramidal neurons showing ChAT-ir fibers (black) in close apposition to Alz50-ir neurons
(brown) in a young and old 3xTg-AD mouse. Note that alterations in trajectory or geometry
of the cholinergic fibers (arrows) were not seen at either age. O. Subiculum showing no
alterations in trajectory or geometry of the cholinergic fibers (black; arrow) in the proximity
of an Alz50-ir neuron (brown) in a young 3xTg-AD mouse. P. Subicular ChAT-ir bulbous
swellings (black) in the vicinities of a plaque in an 18 month-old 3xTg-AD mouse.
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Abbreviations: CA1, field CA1 of the hippocampus; DG, dentate gyrus; ntg, non-transgenic
mice; tg, 3xTg-AD transgenic mice; mo, months; S, subiculum. Scale bars in A,C= 30 μm,
B, D, K, L, M-O= 15 μm, E, F, I, J = 100 μm, G, H= 20 μm and P=10 μm
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Figure 3.
Photographs showing ChAT-ir fibers and Aβ-ir plaques in the subiculum at 13 and 18-
month old 3xTg-AD and aged ntg mice. A. Note the reduction in ChAT-ir fibers and neuritic
swellings (black arrows) in the dorsal subiculum in a 13 month-old mutant compared to an
age-matched ntg mouse (B). C. Photomicrograph of area adjacent to the open arrow in panel
A, showing swollen dystrophic cholinergic neurites (arrows) adjacent to an imunonegative
region indicative of Aβ plaque damage. D and E. Subicular Aβ-ir plaques innervated by
grape-like clusters of bulbous swollen ChAT-ir dystrophic neurites in an 18 month-old
mutant mouse. F. Dorsal subiculum displayed many more ChAT-ir fiber swellings (black
arrows) at 20 months of age compared to a 13 month-old mutant mouse (see panel A). G.
Detail of a cluster of ChAT-ir dystrophic neurites adjacent to the open arrow shown in F. H
and I. Ventral subiculum displayed a marked reduction in ChAT staining and numerous
ChAT-ir dystrophic neurites (black arrows) in a 20 month-old female mutant compared to a
19 month-old female ntg mouse, respectively. J and K. Linear graphs illustrating the mean
values of the ChAT-ir dystrophic neurite number in the hippocampus and the cerebral cortex
of 2 to 3, 13 to 15 and 18 to 20- month-old male and female 3xTg-AD mice. Statistical
analysis revealed a significant increase in the number of cholinergic swellings in the
hippocampus (J) and cortex (K) in aged female (18-20 months) compared to 13-15 months
old 3xTg-AD mice, but no significant changes were found in the hippocampus (J) or cortex
(K) in male 3xTg-AD mice. (*p values <0.05, hippocampal data was analyzed with a two-
way ANOVA followed by Holm-Sidak post hoc and cortical data was analyzed with a t-
student test). Abbreviations: ntg, non-transgenic mice; tg, 3xTg-AD transgenic mice; mo,
months; S, subiculum. Scale bars in A,B = 30 μm, C,D,E = 20 μm, F,H,I= 100 μm and G
=10 μm.
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Figure 4.
A-C. Representative images showing the rostral to caudal levels of the forebrain containing
the medial septum/vertical limb of the diagonal band of Broca (MS/VDB) ChAT-ir neurons
analyzed using unbiased stereology from a 3 month-old ntg mouse. D and E. Low power
images showing the absence of Alz50-ir (D) and AT8-ir (E) neurons within the MS/VDB in
an 18 month-old female 3xTg-AD mouse. F and G. ChAT-ir fibers and cells (arrows, black)
in the medial septum (MS) and Aβ-ir plaques (brown) in the lateral septum (LS) in 18 and
20-months old female 3Tg-AD mice, respectively. Note the increase in plaques in the 20
month-old mutant mouse. H-K. Images showing the lack of Alz50-ir and AT8-ir neurons in
the lateral septum of a 18 month-old female mutant mouse and the presence of Alz50-ir
dystrophic neurites and fibers (H) as well as AT8-ir dystrophic neurites (J) in intermediate
aspects of the LS. I and K. High power photomicrographs of areas adjacent to the arrows
showing swollen ALz50-ir and AT8-ir dystrophic neuritis, respectively. L. Linear
representation of mean values of total ChAT-ir neuron numbers in the MS/VDB in 2-4,
13-15 and 18-20 month-old 3xTg-AD and age-matched ntg mice. Statistical analysis
revealed a decrease in ChAT-ir neuron numbers in aged 3xTg-AD mice compared to young
mutants, but unchanged in ntg mice across ages. (*p values <0.05, data was analyzed with a
three-way ANOVA followed by Holm-Sidak post hoc test). Error bars=standard error of the
mean. Abbreviations: 3xTg, 3xTg-AD transgenic mice; Ac, nucleus accumbens, ntg, non-
transgenic mice; HDB, horizontal limb of the diagonal band of Broca; LS, lateral septum;
MS, medial septum; mo, months; VDB, vertical limb of diagonal band of Broca. Scale bars
in A-E, H, J=100μm, F and G=50 μm and I, J= 20 μm.
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Figure 5.
Linear graphs illustrating the mean values of the ChAT enzyme activity (μmol/hr/g protein)
in the cerebral cortex (A) and hippocampus (B) of 2 to 3, 13 to 15 and 18 to 20 month-old
3xTg-AD mice and ntg. A. Statistical analysis revealed a significant increase in cortical
ChAT enzyme activity in 18-20 month-old 3xTg-AD compared to 2-3 and 13-15 month-old
mutant mice. Statistical evaluation also revealed significant differences in cortical ChAT
enzyme activity at 13-15 months between 3xTg-AD and ntg mice. Aged ntg mice showed a
significant increased in ChAT activity compared to young ntg mice. B. Significant decrease
in hippocampal ChAT activity was detected between 2-3 and 13-15 month-old 3xTg-AD
mice, but no changes were found between ntg mice across ages. (*p values <0.05, data was
analyzed with a three-way ANOVA followed by Holm-Sidak post hoc test for multiple
comparisons). Abbreviations, ntg, non-transgenic mice; 3xTg, 3xTg-AD transgenic mice;
error bars=standard error of the mean; mo, months.
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Figure 6.
A. Representative immunoblot from the cortex of 2 to 3, 13 to 15 and 18 to 20 month-old
3xTg-AD and ntg probed with antibodies against proNGF and β-actin. B and C. Linear
representation of mean densitometry measurements of cortical (C) and (B) hippocampal
proNGF-ir signals normalized to β-actin-ir in 2 to 3, 13 to 15 and 18 to 20 month-old 3xTg-
AD and age-matched ntg mice. Statistical analysis revealed higher levels of proNGF in the
cortex of aged 3xTg-AD mice compared to middle-aged and young mutant mice, but
unchanged in ntg mice. In addition, hippocampal normalized proNGF-ir levels were
significantly increased in both aged 3xTg-AD and ntg mice compared to their respective
middle-aged and young 3xTg-AD and ntg mice (*p=<0.001, data was analyzed with a
Kruskal-Wallis non-parametric test followed by Dunn's post hoc test for multiple
comparisons). Abbreviations: ntg, non-transgenic mice; 3xTg, 3xTg-AD transgenic mice;
error bars=standard error of the mean; mo, months.

Perez et al. Page 25

Neurobiol Dis. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
A-D. Representative cortical immunoblots probed with antibodies against TrkA and β-actin
in female and male 2 to 3, 13 to 15 and 18 to 20 month-old 3xTg-AD and ntg mice. E and F.
Linear analysis of mean densitometry measurements showing no change in cortical TrkA-ir
in female (E) and (F) male 3xTg-AD and ntg mice with signal normalized to β-actin-ir,
whereas TrkA levels were significantly lower in aged male 3xTg-AD mice compared to the
younger male mutants. Statistical analysis revealed that the levels of TrkA in middle-aged
female ntg mice were increased significantly compared to young female ntg mice. G. Linear
analysis of mean densitometry measurements for cortical p75NTR-ir signals normalized to β-
actin-ir in mutant and ntg mice revealed no changes with age in 3xTg-AD mice. There was a
significant increased in p75NTR levels in aged ntg mice compared to middle-aged and young
ntg mice. (*p<0.01 and #, p<0.05, data was analyzed with a Kruskal-Wallis non-parametric
test follow by Dunn's post hoc test for multiple comparisons). Abbreviations: ntg, non-
transgenic mice; 3xTg, 3xTg-AD transgenic mice; error bars=standard error of the mean;
mo, months.
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Figure 8.
A-D. Representative immunoblots from hippocampus of female and male 2 to 3, 13 to 15
and 18 to 20 month-old 3xTg-AD and ntg mice probed with antibodies against TrkA and β-
actin. Note the decrease in TrkA immunoreactivity in aged female mutant mice (A) and
stable hippocampal TrkA imunoreactivity in males (B) across age. E and F. Linear
representation of mean densitometry measurements from hippocampal female (E) and male
(F) TrkA-ir signals normalized to β-actin-immunoreactivity in 3xTg-AD and ntg mice.
Statistical analysis revealed a significant decrease in TrkA levels compared to middle-aged
female 3xTg-AD (E), whereas no changes in hippocampal TrkA levels were detected with
age in male 3xTg-AD mice, but were significantly higher compared to middle-aged ntg mice
(F). (*, p<0.01 and #, p<0.05, data was analyzed with a non-parametric Kruskal-Wallis test
and Dunn's post hoc test for multiple comparisons). Abbreviations: ntg, non-transgenic
mice; 3xTg, 3xTg-AD transgenic mice; error bars=standard error of the mean; mo, months.
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Figure 9.
A and B. Representative immunoblots from the hippocampus of 2 to 3, 13 to 15 and 18-20
month-old 3xTg-AD and ntg mice probed with antibodies against p75NTR and β-actin,
respectively. C. Linear analysis of mean densitometry measurements from cortical p75NTR-
ir signals normalized to β-actin-ir in 3xTg-AD and ntg mice. Statistical analysis revealed a
significant increased in p75NTR levels in aged 3xTg-AD mice compared to middle-aged
mutant mice. (*, p<0.01, data was analyzed with a non-parametric Kruskal-Wallis test and
Dunn's post hoc test for multiple comparisons). Abbreviations: ntg, non-transgenic mice;
3xTg, 3xTg-AD transgenic mice; error bars=standard error of the mean; mo, months.
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