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Abstract

The triple transgenic mouse (3XTgAD), harboring human APPgye, PS1pm146v and Taupsgq genes,
develops age-dependent forebrain intraneuronal AP and tau and extraneuronal plaques. We
evaluated brainstem AD-like pathology using 6E10, AT8, and Alz50 antibodies and unbiased
stereology in young and old 3xTgAD mice. Intraneuronal AB occurred in the tectum,
periaqueductal gray, substantia nigra, red nucleus, tegmentum and mesencephalic V nucleus at all
ages. AB-positive neuron numbers significantly decreased in the superior colliculus and substantia
nigra while AT8-positive superior colliculus, red nucleus, principal sensory V, vestibular nuclei,
and tegmental neurons significantly increased between 2 and 12 months. Alz50-positive neuron
numbers increased only in the inferior colliculus between these ages. Dual labeling revealed a few
ApB- and tau- positive neurons. Plaques occurred only in the pons of female 3xTgAD mice starting
at 9 months. 3XTgAD mice provide a platform to define in vivo mechanisms of AB and tau
brainstem pathology.
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Introduction

Although the brains of patients with Alzheimer’s disease (AD) are characterized by the
presence of neurofibrillary tangles (NFT) and beta-amyloid (Ap) plaques, the distribution
and disease-related progression of these lesions has mainly been detailed in the neo and
limbic cortex (Bancher et al. 1993; Braak et al. 1991; Schonheit et al. 2004; Thal et al.
2002). On the other hand, the distribution of brainstem AD-like pathology is not well
defined despite the fact that nearly 50 % of AD cases display lesions in non-telencephalic
areas of the brain (Thal et al. 2002). The AD brainstem exhibits neurofibrillary tangles in the
inferior colliculus (Ohm et al. 1989; Sinha et al. 1993a), locus coeruleus (Chan-Palay et al.
1990), pedunculopontine nucleus (Mufson et al. 1988), dorsal raphe (Aletrino et al. 1992;
Curcio et al. 1984), and substantia nigra (Schneider et al. 2002). Cell loss is documented in
Edinger-Westphal neurons (Scinto et al. 2001), and AB plaque pathology is seen in the

© 2009 Elsevier Inc. All rights reserved.

Address correspondence to: Elliott J. Mufson, Ph.D., Professor of Neurological Sciences, Alla V. and Solomon Jesmer Chair in Aging,
Rush University Medical Center, 1735 W. Harrison Street, Suite 300, Chicago, IL 60612, 312-563-3558 tel., 312-563-3571 fax.,
emufson@rush.edu .

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Overk et al.

Page 2

substantia nigra, periaqueductal gray, superior and inferior colliculi, and red nucleus
(Brilliant et al. 1992; Iseki et al. 1989; Parvizi et al. 2001; Thal et al. 2002).

Animal models that mimic the distribution of AD-like pathology are important tools in the
investigation of the pathogenesis of Ap and neurofibrillary lesions. The vast majority of
mouse models of AD have been generated by incorporating familial AD (FAD) mutations of
the amyloid precursor protein (APP) and/or presenilin-1 (PS1) gene into the mouse genome
resulting in extensive age-dependent brain Ap plaque pathology (Games et al. 2006). Most
studies using AB-over-expressing mice have concentrated on understanding the distribution
and progression of AB plaques in the cerebral and limbic cortices (Borchelt et al. 1997;
Gordon et al. 2002; Holcomb et al. 1998; Hsiao et al. 1996; Jaffar et al. 2001; Wengenack et
al. 2000), whereas only a few studies have reported brainstem AP plaque pathology
(Christensen et al. 2008a). By contrast, mice over-expressing the human tau gene, P301L,
alone and in combination with APP FAD genes, display forebrain and brainstem tangle-like
structures (Gotz et al. 2001; Lewis et al. 2001; Lewis et al. 2000; Ramsden et al. 2005;
Santacruz et al. 2005). Recently, LaFerla and coworkers developed a triple transgenic mouse
(3XTgAD) harboring human APPsye, PS1pm146v and Taupsgi gene mutations (Oddo et al.
2003b), which develops intraneuronal AB and tau, as well as AB plaques in an age-
dependent manner within the cortex, hippocampus and amgydala (Caccamo et al. 2006;
Carroll et al. 2007; Oddo et al. 2003a; Oddo et al. 2003b). In the 3XTgAD mouse, three
transgenes were subcloned into the Thy1.2 cassette which restricts transgene expression to
neurons (Caroni 1997). A review of the literature failed to reveal any mention of brainstem
AP or tau-like pathology in 3xTgAD mice. In the present study, we evaluated brainstem
AD-like pathology using antibodies against AP and tau epitopes combined with unbiased
stereological counting procedures in young, middle and old 3xTgAD mice.

Material and Methods

Animals

A colony of 3xTgAD and non-transgenic (ntg) mice was generated from breeding pairs
provided by Dr. Frank LaFerla from the University of California Irvine. Mice were housed
in plastic cages; food and water were available ad libitum and animals were maintained on a
12:12-hour light:dark cycle. All animal care and procedures were conducted with approved
institutional animal care protocols and in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. Three male and three female mice at 2, 6, 9, or 12 months of
age were deeply anaesthetized with ketamine/xylazine (95 and 5 mg/kg body weight,
respectively) and perfused transcardially with cold physiological saline (pH 7.4), followed
by 4 % paraformaldehyde and 0.1 % glutaraldehyde in 0.1 M phosphate-buffered saline
(PBS; pH 7.4). Brains were removed from the skull and placed in the same fixative for 24 h
and then cryoprotected in 30 % sucrose in PBS at 4 °C for at least 24 h. Coronal brain
sections were cut frozen on a sliding knife microtome at 40 pm thickness into six adjacent
series and stored at 0 °C in a cryoprotectant solution (30 % ethylene glycol, 30 % glycerol,
in 0.1 M PBS) prior to processing.

Immunohistochemistry

Free-floating sections were immunohistochemically processed using antibodies directed
against AB/APP (6E10; Covance, NJ; 1:2000), the tau conformational marker, Alz50 (gift
from Peter Davies, Albert Einstein College of Medicine, Bronx, NY; 1:10,000), and the
phospho-specific (Ser202/Thr205) tau antibody AT8 (ThermoFisher; Waltham, MA;
1:1000). Briefly, sections were rinsed in phosphate buffer (PB), washed in Tris-buffered
saline (TBS; pH 7.4), incubated in TBS containing sodium meta-periodate (0.1 M; 20 min),
rinsed for 30 minutes in a solution containing TBS and Triton X-100 (0.25 %; TBST) and
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then blocked in TBST with 3 % goat serum for 1 h. Sections were subsequently incubated
with primary antibody in TBST containing 1 % goat serum over-night at room temperature
with constant agitation. After several washes in TBS containing 1 % goat serum, sections
were incubated with secondary antibody (1:200) in TBS (goat anti-mouse 1gG for 6E10 and
ATS, or goat anti-mouse IgM for Alz50) with 1 % goat serum at room temperature for 1 h.
Sections were washed with TBS and incubated with avidin-biotin complex (1:500; “Elite
Kit,” Vector Labs). Tissue was then washed in sodium acetate trihydrate (0.2 M) and
imidazole (1.0 M) solution (pH 7.4 with acetic acid). Reaction products were visualized
using an acetate-imidazole buffer containing 0.05 % 3/3’-diaminobenzidine
tetrahydrochloride (DAB; Sigma, MO) and 0.0015 % freshly prepared H,O,. Sections were
washed in acetate-imidazole buffer to terminate the histochemical reaction, mounted on to
alum-submersed slides, air dried for 24 h, dehydrated through a series of graded alcohols (70
%, 95 %, and 100 %), cleared in xylene, and cover-slipped with DPX. Sections were
analyzed at the light microscopic level with the aid of a Zeiss Axioplan 2 microscope.

6E10 and AT8 Dual Immunocytochemistry

Selected sections were double-labeled for 6E10 and AT8 using the above protocol with the
following modifications for immunofluorescence. Tissue was incubated with primary
antibody overnight (6E10; 1:800). After rinsing, tissue was incubated with a Fab fragment
(rabbit anti-mouse; 1:50) for 1 h. Sections were washed and then incubated in a secondary
antibody (Cy2 donkey anti-rabbit; 1:400) for 80 min in the dark. Tissue was washed with
TBS containing 3 % donkey serum and then incubated in AT8 (1:150) overnight in the dark.
Tissue was again rinsed and then incubated in Cy3 donkey anti-mouse secondary antibody
(1:400) for 80 min in the dark. Immunofluorescence was visualized using a Zeiss Axioplan 2
microscope using excitation filters at wavelengths 489 and 555 nm and emission filters at
505 and 570 nm for Cy2 and Cy3, respectively. Florescent images were stored on a
computer and contrast was enhanced using Adobe Photoshop (Version 7).

6E10 and Glial Fibrillary Acidic Protein (GFAP) Dual Immunocytochemistry

Selected sections were double-labeled for 6E10 and GFAP using the above protocol with the
following modifications for immunofluorescence. First, sections were incubated with the
GFAP antibody overnight (Dako, CA; 1:2000). After rinsing, tissue was then incubated in a
secondary antibody (Cy3 goat anti-rabbit; 1:300) for 120 min in the dark. Tissue was
washed with TBS containing 3 % goat serum and then incubated using the 6E10 antibody
(1:800) overnight in the dark. Tissue was rinsed and incubated in Cy2 goat anti-mouse
secondary antibody (1:300) for 120 min in the dark. Sections were analyzed using the above
mentioned microscopy.

Immunohistochemical Controls

In the present investigation, two control immunostaining experiments were undertaken.
First, tissue was processed as described above except that the primary antibody was deleted.
In virtually all areas examined reactivity was absent with the exception of light intraneuronal
labeling in the fifth and seventh motor and deep cerebellar nuclei in sections stained for
6E10 and AT8. Second, to further determine whether the brainstem labeling was specific or
due to cross reactivity of the secondary antibody, brainstem sections were reacted using a
biotinylated 6E10 (1:2000) or AT8 (1:200) antibody (Covance, NJ). These sections
displayed a similar distribution of 6E10 immunoreactive neurons but the seventh motor and
the deep cerebellar nuclei were immunonegative suggesting that the cranial and cerebellar
nuclear stainings were non-specific. Furthermore, sections reacted with the biotinylated AT8
antibody revealed fewer labeled neurons compared to the visualization using DAB as the
chromogen in those areas of the brainstem examined with the exception of the fifth and
seventh motor nuclei and cerebellar nuclei at all ages. However, AT8-positive neurites
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similar to those seen in sections reacted with DAB were observed within the motor nucleus
of V. It should be noted that the specificity for the antibodies used, as is the case for all
peptides, is not absolute. It is possible that the antiserum reacted with a structurally related
protein. Therefore, a degree of caution, which is inherent to immunohistochemical
procedures, is warranted. In this regard immunoreactivity refers to “-like” immunoreactivity
in this report.

Unbiased Stereology

Stereological methods were used to estimate the number of neurons immunoreactive for
6E10, AT8, or Alz50 utilizing an optical fractionator unbiased sampling design using 2 and
12 month old 3xTgAD mice as previously described (Jaffar et al. 2001; Perez et al. 2005). A
total of 10 alternating brainstem sections separated by approximately 480 um containing the
superior colliculus, inferior colliculus, red nucleus, substantia nigra pars compacta, pontine
nuclei, motor nucleus of V, principal sensory nucleus of V, vestibular nucleus, spinal
nucleus of V, and the reticular area were outlined bilaterally using a 4x objective attached to
an Olympus BX51 microscope. Although stereological data were collected for 6E10- and
Alz50-immunoreactive (ir) neurons in the motor nucleus of V, these data were not collected
for AT8-ir perikarya in the same region due to limited staining. Anatomical nomenclature
was based on Paxinos and Franklin (Paxinos et al. 2001). A systematic sampling of the
outlined areas was made from a random starting point using Stereolnvestigator 8.21.1
software (Micro-BrightField, Cochester, VT). Counts were taken at predetermined intervals
(x = 221,y = 221), and a counting frame (70 x 70 um = 4900 um?) was superimposed on the
live image of the tissue sections. Sections were analyzed using a 60 x 1.4 PlanApo oil-
immersion objective with a 1.4 numerical aperture. Section thickness was determined by
focusing on the top of the section, zeroing the z-axis and focusing on the bottom of the
section. Average section thickness was 16.3 um with a range of 13.4-18.7 um. The dissector
height was set at 10 um. This allowed for a 2-um top guard zone and at least a 2-um bottom
guard zone. The forbidden zones were never included in the cell counting. Immunoreactive
neurons were only counted if the first recognizable profile came into focus within the
counting frame. This method allowed for a uniform, systematic, and random design.
Focusing through the Z-axis revealed that the 6E10 and AT8 antibodies penetrated the full
depth of each section. By contrast, the Alz50 antibody penetrated at minimum through the
upper 12-um of each section analyzed by stereology.

Data Analysis

Results

Differences in stereologic counts were evaluated using the Mann-Whitney test for median
differences (GraphPad Prism 4.0c for Macintosh, San Diego, CA). The level of statistical
significance was set at p-value < 0.05.

Light microscopic evaluation of tissue immunoreacted for 6E10, Alz50, and AT8 revealed
intraneuronal staining extending rostrally from the midbrain at the level of the superior
colliculus, and caudally to the pontomedullary region, in male and female 3XTgAD mice at
each age examined (Figs. 1 and 2). Sections dual stained for GFAP and 6E10 confirmed the
neuronal nature of the staining at all ages in the brain region (Fig 3). Immunohistochemical
controls failed to reveal staining when the primary antibody was removed (Fig. 4B), nor
were ntg mice immunoreactive for any examined antibody (Fig. 4D). At 2 months of age,
6E10-ir round or multipolar neurons were scattered within the superior colliculus (Fig. 1A,
B and Fig. 4A). 6E10 interneuronal immunoreactivity displayed a granular cytoplasmic
appearance, which gave the appearance of a darkly stained reaction product within the
perikarya (Fig. 5J). Scattered 6E10-ir neurons were also seen within the periaqueductal gray,
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substantia nigra, red nucleus and tegmentum at this level of the midbrain (Fig. 1 A, B). A
cluster of small oval-shaped 6E10-ir neurons was observed within the ventrolateral
transition between the superior and inferior colliculus (Fig. 1B). In addition, 6E10-ir neurons
were scattered throughout the central portion of the inferior colliculus (Fig. 1C). Within the
pontomedullary junction, 6E10-ir neurons were found within the mesencephalic nucleus of
V (Figs. 1C, D and 4C, 5A), principal sensory and motor nuclei of V (Figs. 1C and 4C) as
well as within the midbrain tegmentum and pons (Fig. 1B - D). Although neuronal dendritic
processes of the mesencephalic nucleus of V exhibited 6E10-ir at 2 months, they were
immunonegative at 12 months of age in 3XTgAD mice (Fig. 5A, D).

Tissue immunostained for Alz50, a tau conformational marker, or AT8, a tau
phosphorylational marker, revealed reduced neuronal staining compared to 6E10 within the
brainstem at any age examined. A few AT8 and Alz50-ir neurons were scattered within the
superior and inferior colliculi (Fig. 1E-G, I-K). Many more AT8-ir neurons were seen in the
red nucleus, substantia nigra, sensory nucleus of V, as well as in the tegmentum (Fig. 1E-H)
compared to Alz50 positive neurons in these brainstem regions (Fig. 11-L). Although the
neurons of the mesencephalic nucleus of V were 6E10 and AT8-ir, they were Alz50
immunonegative at all evaluated ages (Fig. 5A-F). Dual immunofluorescence revealed a few
6E10 and AT8 double immunopositive neurons in the superior colliculus (Fig. 5M-O) and
mesencephalic nucleus of V (Fig. 5G-1), independent of age and gender. Although not all
6E10-ir neurons were AT8-positive, all AT8-ir neurons were 6E10-ir (Fig. 5G-I; M-0).
Many labeled neurons showed age-dependent morphological changes ranging from a loss of
dendritic processes to a shrunken appearance with increased intracellular cytoplasmic
labeling (Fig. 5J-L; 6).

Brainstem plaque deposition in 3XTgAD mice

A few 6E10 (AB/APP)-ir plagues were only seen within the ventral pons beginning at 9 mos
of age in female but not male 3xTgAD mice (Fig.7). By 12 months of age, female transgenic
mice exhibited many more 6E10-ir plaques than was seen at 9 months of age (Fig.7B, C).
6E10-ir plaques were also reactive for thioflavin-S and AT8, but not Alz50 at these ages
(data not shown).

Stereologic analysis of brainstem AR and tau-positive neurons in 3xTgAD mice

Unbiased stereologic counts were performed on every 12th section containing the superior
colliculus, red nucleus, substantia nigra, inferior colliculus, mesencephalic nucleus of V,
pontine nuclei, motor nucleus of V, principal sensory nucleus of V, vestibular nuclei, and
the reticular area. Counts revealed that the superior colliculus contained the highest number
of 6E10-ir neurons followed by the inferior colliculus, reticular area, red nucleus, pontine
region, substantia nigra, vestibular nuclei, principal sensory nucleus of V, mesencephalic
nucleus of V, and motor nucleus of V, in descending order. There was an age-related
decrease in 6E10-ir neuron numbers in most regions examined; however, only the superior
colliculus and the substantia nigra had a statistically significant reduction in 6E10-ir neuron
numbers between 2 and 12 months of age (p-value <0.05) (compare Figs. 1 and 2 and 8A).
While the reduction in 6E10-ir neurons in the superior colliculus was observed at 6 mos
(Fig. 6), the diminution in labeled substantia nigra perikarya was evident at 9 months of age

(Fig. 6).

Although there was a trend toward an age-related increase in AT8-ir neuron number in the
brainstem regions examined, only the superior colliculus, red nucleus, principal sensory of
V, vestibular nuclei, and reticular area differed significantly between 2 and 12 months of age
(p-value <0.05; Fig. 8B). By contrast, Alz50 immunolabeling revealed the least number of
neurons in the brainstem areas examined compared to 6E10 and AT8. The superior and
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inferior colliculi exhibited the greatest number of Alz50-ir neurons (Fig. 8C). The inferior
colliculus was the only brainstem region to show a statistically significant increase in Alz50-
ir neurons (p-value <0.05) between 2 and 12 months of age in 3XTgAD mice (Fig. 8C).

Discussion

To our knowledge, the present findings are the first demonstration of 6E10 (AB/APP), AT8
and Alz50 intraneuronal immunoreactivity in the brainstem of young and old 3xTgAD mice.
These findings extend the observation of intraneuronal Ap- and tau-positive neurons seen in
the forebrain of 3xTgAD mice (Caccamo et al. 2006; Carroll et al. 2007; Oddo et al. 2003a;
Oddo et al. 2003b). 6E10- and AT8-ir plaques were only seen in the pontine gray matter of
the brainstem in female 3xTgAD mice.

APP/AB (6E10) and tau brainstem pathology in 3xTgAD mice

The current demonstration of 6E10-immunoreactive brainstem neurons is in contrast to other
mutant mice over-expressing the FAD APPg,e/PS1p1461 genes, which are similarly found
within the 3xTgAD mouse genome. These bigenic mice only display AP plaques in the
brainstem (Jaffar et al. 2001), whereas we found intraneuronal A labeling in the superior
and inferior colliculi, pontine nuclei, vestibular nuclei, spinal trigeminal nucleus and
substantia nigra. Therefore, it is likely that the inclusion of the taup3g1. gene with the
APPe/PS1pm146L genes in the mouse genome drives the intracellular expression of Ap.
However, a recent report describes intracellular A staining in the fifth and seventh motor
nuclei in APP/PS1K1 bigenic mice at 12 months of age (Christensen et al. 2008a). In the
present study, Ap immunoreactivity was not found in neurons of the seventh motor nucleus
suggesting that different transgenes induce different expression patterns. Perhaps the use of
different AP antibodies between studies as well as genotype and promoters used to over-
express the transgenes underlie the differences between studies. It is intriguing that
brainstem areas containing intraneuronal Af pathology in 3XTgAD mice are similar to
regions that exhibit Ap plagues in the human AD brain. For example, plaques are seen in the
superior and inferior colliculi (Ohm et al. 1989; Parvizi et al. 2001; Sinha et al. 1993a),
reticular formation and substantia nigra (Brilliant et al. 1992; Iseki et al. 1989) in sporadic
AD, as well as in the red nucleus and vestibular nuclei in familial AD (Brilliant et al. 1992;
Iseki et al. 1989). The present findings together with those derived from human AD
neuropathology investigations suggest that select brainstem regions are vulnerable to the
pathological processes driving the development of AD lesions in both 3XTgAD mice and the
human AD brain.

Although the present investigation is the first report of intraneuronal AT8 and Alz50,
markers of pretangle formation in the brainstem of 3xTgAD mice, other mouse models of
AD neuronal pathology, produced by over-expressing the taupzgy human gene, display
NFT-like structures in the brainstem reticular formation, motor nucleus of V, and deep
cerebellar nuclei (Lewis et al. 2000), as well as tau gene expression within the superior
colliculus (Santacruz et al. 2005). In the human AD condition, NFTs positive for AT8 and
Alz50 appear in the superior and inferior colliculi (Parvizi et al. 2001), reticular formation
and substantia nigra (Brilliant et al. 1992; Iseki et al. 1989). Ultra-structural analysis of
taup3p1 -positive neurons revealed a filamentous phenotype similar to that seen in NFTs in
the human AD brain (Lewis et al. 2000). In a separate set of ultra-structural experiments
performed in our laboratory neither straight nor paired helical filaments were seen in
hippocampal or neocortical Alz50- or AT8-ir neurons in 2 and 9 month old 3XTgAD mice,
however, straight filaments were observed at 23 months (Oh et al. in preparation);). Factors
other than the accumulation of tau proteins in neurons may underlie the filamentous tangle-
bearing phenotype seen in AD. For example, differences in the abundance or ratio of
specific tau proteins in different cohorts of neurons and/or minor alterations in proteases,
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kinases, and phosphatases that alter the structure of these proteins during the life span of the
neuron may influence the formation of AD filaments (Conrad et al. 2007; Ginsberg et al.
2006; Goedert et al. 1989), and/or the promoter system designed for specific transgene
expression in particular brain regions. Although tau pathology is not required for neuronal
degeneration in the APPge/PS1Agg (Liu et al. 2008), a significant body of literature
supports the concept that tau abnormalities play some role in the neurodegeneration seen in
human AD.

Age-related reduction in brainstem pathology in 3xTgAD mice

Quantitative unbiased counting revealed decreased numbers of 6E10-ir neurons in the
superior colliculus and substantia nigra, pars reticulata between 2 and 12 month old
3XTgAD mice. Whether these decreases in 6E10-ir neurons were due to changes in the total
number of perikarya or changes in phenotype is unclear. There is evidence that during the
course of AD, cholinergic forebrain neuron numbers are stable, but there is a phenotype
down-regulation for the expression of specific neurotrophic receptor proteins in these
perikarya during the early stages of AD (Counts et al. 2005). Recently, Oddo et al. used dot
blots to show decreased AP oligomer levels in the hippocampal/subicular complex at 6 and
12 months of age in 3xTgAD mice (Oddo et al. 2006). While the mechanism(s) underlying
this decrease remains unclear, it was hypothesized that increased Ap fibrillarization led to
decreased amounts of AB oligomers. It is possible that an increase in Ap fibrillarization is
also occurring in the brainstem; however, since the 6E10 antibody does not differentiate
between AP species, stereological counts revealed a total decrease in APP/AP species at 12
months compared to 2 months. Moreover, our finding of a decrease in intraneuronal AR in
the superior collicullus and lend support to studies showing that intraneuronal A increases
until extracellular AB deposits form, at which point intraneuronal A levels decrease in
transgenic animal models of amyloidosis (Christensen et al. 2008b; Langui et al.,2004; Lord
et al. 2006) and Downs syndrome (Mori et al. 2002). On the other hand, AT8-ir neuron
numbers increased in the superior colliculus, red nucleus, principal sensory of V, vestibular
nuclei and reticular formation during the same time period. Compared to the number of
AT8-ir neurons, Alz50 revealed many fewer immunoreactive neurons in the brainstem
regions examined. This differential staining pattern is likely due to the observation that
Alz50 identifies a tau conformational change that occurs later than the phosphorylational
state identified by AT8 (Luna-Munoz et al. 2007).

Functional implications of brainstem AD-like pathology in 3xTgAD mice

The functional consequences of brainstem intraneuronal AD-like pathology in 3XTgAD
mice remain to be determined. AD-like pathology in the motor nucleus of V and vestibular
nucleui suggest deficits in motor behaviors in these mice. Interestingly, mice over-
expressing the taupzg gene alone exhibit deficits in spontaneous hind paw clinching while
standing, delayed righting response, loss of ambulation, and difficulty opening their eyes
(Lewis et al. 2000). Although motor functions using gait, stepping, and hind limb clasping
motor tests were examined in 3xTgAD mice, no data were provided (Billings et al. 2007).
Intraneuronal 6E10 in the superior and inferior colliculi suggest impairments in visual and
auditory orientating behavior in 3xTgAD mice similar to the human condition (Ohm et al.
1989; Sinha et al. 1993b). Since the red nucleus and neurons within the reticular formation
also displayed A and tau labeling it is possible that these mice have locomotor (Lavoie et
al. 2002) and/or arousal deficits (Wu et al. 2007).

Brainstem plaque deposition in 3XTgAD mice

A particularly interesting finding in this study is the deposition of AB-ir plaques in the
ventral portion of the pontine nucleus in female but not male 3XTgAD mice beginning at 9
months of age. The time course for the appearance of plaque deposition in the brainstem is
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similar to that reported in the forebrain of 3xTgAD mice (Caccamo et al. 2006; Carroll et al.
2007; Oddo et al. 2003a; Oddo et al. 2003b). Although the mechanism(s) underlying plaque
formation is controversial, data suggest that plaque formation is related to the anterograde
axonal transport of APP since disconnection of the entorhinal cortex from hippocampus
results in the clearance of AP deposits in another amyloid over-expressing mouse (Lazarov
et al. 2002). This model suggests that afferent inputs to the pontine gray region may provide
a substrate for AP deposition in the brainstem. Several brainstem regions which innervate
the pontine gray displayed 6E10-ir neurons including the lateral portion of the superior
colliculus (Burne et al. 1981). The spinal trigeminal nucleus, vestibular nucleus (Swenson et
al. 1984), lateral and ventral areas of the red nucleus, and mesencephalic nucleus of V
(Border et al. 1986) contained APP/AP positive neurons. The mechanism(s) responsible for
the deposition of Ap-ir plaques in female as opposed to male 9-month-old triple transgenic
mice is unknown. The most likely explanation for the gender difference is hormone-based,
since forebrain AD-like pathology is sex-dependent in 3XTgAD mice (Carroll et al. 2007).
Whether similar hormonal influences affect the onset of brainstem AD pathology in triple
transgenic mice is under investigation.

In summary, 3XTgAD mice display intraneuronal AP and tau within select brainstem nuclei.
Interestingly, many of the regions containing AD-like cellular pathology are areas known to
contain plaques and NFTs in the human AD brain suggesting neuronal vulnerability towards
AD pathology. However, the morphological characteristics of intraneuronal Ap or tau did
not resemble classic plaque and tangle pathology seen with human AD. Collectively, our
findings indicate that the 3XTgAD mouse model provides a robust platform to define in vivo
the mechanisms of ApB and tau brainstem pathology.
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Figure 1.

Schematic drawings showing the distribution of brainstem 6E10, Alz50, or AT8
immunoreactive neurons in 2-month old 3xTg-AD mice. Abr: 3N, third nerve nucleus; 4th
V, fourth ventricle; 7N, seventh nerve nucleus; Ag, aqueduct; PAG, periaqueductal gray;
Cb, cerebellum; CbN, cerebellar nuclei; CP cerebral peduncle; DMe, deep mesencephalic
nucleus; DC, dorsal cochlear nucleus; IC, inferior colliculus; IP, interpeduncular nucleus;
LL, lateral lemniscus; MeV, mesencephalic nucleus of V; MGN, medial geniculate; ml,
medial lemniscus; MoV, motor nucleus of V; OL, olive; Pn, pontine nuclei; PrV, principal
sensory nucleus of V; py, pyramidal tract; RN, red nucleus; SNC, substantia nigra, pars
compacta; SNR, substantia nigra pars reticulata; SC, superior colliculus; scp, superior
cerebellar peduncle; SpV, spinal trigeminal nucleus of V; Ret, reticular area; Ve, vestibular
nuclei.
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Figure 2.

Schematic drawings showing the brainstem distribution of 6E10, AT8, or Alz50
immunoreactive neurons in 12-month old 3xTg-AD mice. See Figure 1 for anatomical
nomenclature.
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Figure 3.

Photomicrographs of 6E10 (green) and GFAP (red) fluorescent immunoreactive cells in the
superior colliculus at 12 months of age (A-C) and mesencephalic nucleus of V (D-F). The
inset (B1) is an example of a GFAP immunoreactive glia cell seen in hippocampus. Scale
bar =30 um.
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Figure 4.
Low-magnification photomicrographs of 6E10-immunopositive neurons in the superior

colliculus (SC) and red nucleus (RN) (A) mesencephalic nucleus of VV (mes V), motor
nucleus of V (MoV), principal sensory nucleus of V (Pr V), and reticular area (Ret) (C).
Section from 3xTgAD brainstem with primary antibody removed (B) and non-transgenic
control (D) show absence of immunostaining at the same brainstem levels at 2 months of
age. Scale bar = 100 um.
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Figure 5.

Photomicrographs of interneuronal 6E10- AT8- and Alz50-immunoreactive neurons in the
mesencephalic nucleus of V (mes V) at 2 and 12 months (A-1) and the superior colliculus at
12 mos in 3xTg-AD mice (J-O). At 2 months of age mes V lacked Alz50-ir neurons (C,F).
Note co-localization of 6E10 with AT8 in both mes V and superior colliculus (SC) neurons
(G-1 and M-O). Black scale bar = 100 um; white scale bar = 50 pum.
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Figure 6.
Photomicrographs showing age-related decrease in 6E10-ir neurons in the superior
colliculus (A-D) and substantia nigra (E-G) in 3XTgAD mice. Scale bar = 100 pum.
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Figure 7.
6E10-positive plaques in the pontine nuclei at 9 and to a greater degree at 12 months in
female (A-C), but not in male (D-F) 3xTgAD mice. Scale bar = 100 um.
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Figure 8.
Histogram showing age-related changes in the number of 6E10-ir (A), AT8-ir (B), and

Alz50-ir (C) neurons between 2 and 12 months of age. * p-value < 0.05; Mann-Whitney test.
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