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Abstract

The degeneration in the locus coeruleus associated with Alzheimer’s disease suggests an
involvement of the noradrenergic system in the disease pathogenesis. The role of depleted
norepinephrine was tested in adult and aged rhesus macaques to develop a potential model for
testing Alzheimer’s disease interventions. Monkeys were injected with the noradrenergic
neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4) or vehicle at 0, 3, and 6
months; brains were harvested at 9 months. Reduced norepinephrine in the locus coeruleus was
accompanied by decreased dopamine B-hydroxylase staining and increased amyloid-f load in the
aged group, and the proportion of potentially toxic amyloid-p4, peptide was increased.
Immunohistochemistry revealed no effects on microglia or astrocytes. DSP4 treatment altered
amyloid processing, but these changes were not associated with the induction of chronic
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neuroinflammation. These findings suggest norepinephrine deregulation is an essential component
of a nonhuman primate model of Alzheimer’s disease, but further refinement is necessary.
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INTRODUCTION

Alzheimer’s disease (AD) currently afflicts 5.7 million Americans and 18 million people
worldwide; without successful intervention, this number is estimated to triple by 2050 [1].
Cognitive neural systems seem preferentially impacted by AD, with severe impairment of
memory and attention occurring with amyloid-g (AB) accumulation, tangle formation,
neuroinflammation, and neuronal loss [2]. Biochemical alterations and onset of pathology
may begin decades before observable dementia. Parenchymal deposits isolated from clinical
AD cases contain aggregates of AB4g and APgo, including soluble monomers and oligomers
[3]. Several factors control AR generation from the amyloid-p protein precursor (ApPP),
which is itself regulated epigenetically and post-transcriptionally [4-6]. Likewise, regulating
ABPP processing enzymes, such as p-site ABPP cleaving enzyme-1 (BACEL), is important
for AP generation [7]. Furthermore, differential activity in production, clearance, and Ap
degradation pathways contribute to AD development [8-10]. Environmental insults and
toxicants may also contribute to AD, exemplified by exposure to metallic lead causing
overexpression of ABPP and AB [11], oxidative stress [12], and AD-like pathology in
rodents and primates [13].

The forebrain receives noradrenergic input from the locus coeruleus (LC) and utilizes
norepinephrine (NE) in a variety of receptor-mediated functions, ranging from modulating
attentive behavior to mediating inflammatory responses [14-16]. As such, the LC has been
an anatomical area of great interest in gaining an understanding of AD pathogenesis and for
development of potential therapies for AD and other neurodegenerative processes [17-21].
Further, a recent report demonstrates a potential key role of tyrosine-hydroxylase expressing
neurons projecting to the hippocampus for post-encoding memory enhancement, in synergy
with dopaminergic systems [22]. NE suppresses inflammatory genes that promote cytokine
production, thereby mitigating inflammatory responses [23, 24]; an action suggesting a
neuroprotective role for the NE neural system. Moreover, LC degeneration and NE loss have
been documented in AD [25, 26], and other dementias [27,28], with neuronal dysfunction
occurring early in disease pathogenesis [29]. Increased cell loss within the LC of AD
patients suggests a potential linkage between LC degeneration and exacerbation of
pathology through these axonal connections [28,29]. Taken together, there appears to be a
clear linkage between the LC and NE neural systems in the pathogenesis of
neurodegenerative disease [25, 30].

Administration of the neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4) to
AD-transgenic mice resulted in increased A pathology and produced LC impairment [29,
31]. Moreover, targeted LC degeneration induced activated glia and inflammatory pathways,
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and reduced neprilysin expression with elevated Ap deposition in AD rodent models [31,
32]. An understanding of the cross-talk between catecholamines and ABPP remains in its
early stages of discovery. Notably, amine oxidase activity of ABPP modulates systemic and
local catecholamine levels, such as dopamine and NE [33]. Mechanisms responsible for
increased AD pathology due to LC impairment and, more specifically, the role of the NE
system remain unclear. Recent work suggests that integrity of LC plays an important role in
the broader context of dementia. For example, the initial stages of AD include deficits in
egocentric (subject-to-object) recognition and allocentric (object-to-object) spatial
representations. Both AD and amnestic mild cognitive impairment displayed allocentric
deficits, which might result from concurrent dysregulations in the locus coeruleus-
noradrenaline system or pre-frontal cortex [34]. Although Ap peptides in nonhuman
primates (NHPs) are structurally identical to those in humans, few studies have investigated
NE depletion in an animal model with natural Ap accumulation [35]. However, even with
this natural age-related Ap accumulation, NHPs do not develop all AD-like symptoms
spontaneously [35]. This reiterates the need for an enhanced NHP model to examine
mechanisms of idiopathic development. For this reason, our goal was to utilize DSP4 to
induce NE depletion and to examine pathways contributing to the exacerbation of age-
related development of amyloid pathology. Taken together, the present work of developing
an AD-like pathology in an NHP model with reduced levels of NE and increased levels of
ABPP would be a significant step toward discovering and testing novel drug targets for the
human neurodegenerative diseases, such as AD, Down’s syndrome, frontotemporal
dementia, and Lewy body dementia.

METHODS

Study subjects

Animals included eleven adult (14-17 years old) and six aged (19-25 years old) female
rhesus macaques (Macaca mulatta) randomized into a treatment (nyqi: = 6 and naged = 3) or
control (Naguit = 5 and Nageq = 3) group. The study focused on females because AD incidence
is significantly higher in women [2]. Monkeys were maintained at the National Institutes of
Health Animal Center (Poolesville, MD) and housed in standard NHP caging on a 12:12 h
light cycle with ad /ibitum access to water and fed a standard NHP diet at approximately ad
libitum levels. Monkeys were observed daily for food consumption and overall well-being.
Animal husbandry and all experimental procedures complied with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were conducted under
approved protocols by the NIA Institutional Animal Care and Use Committee.

Experimental design

At each procedure, monkeys were fasted overnight and anesthetized with ketamine (7-10
mg/kg, IM). Initial restraint was supplemented with partial doses of ketamine, as needed, to
maintain anesthesia. Monkeys in the treatment group received an initial injection of N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4; Sigma-Aldrich, St. Louis, MO) at a 40
mg/kg (IP) dose. To prevent incidental serotonergic depletion, each experimental monkey
was injected with zimelidine (Sigma-Aldrich; 10 mg/kg, IP) 45min prior to DSP4. To
maintain NE depletion, subsequent dosing of DSP4 (10 mg/kg, IP) occurred at 3 and 6
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months again preceded by zimelidine (10 mg/kg, IP). Controls received saline vehicle (IP)
under identical conditions and at the same timepoints as the experimental group. Animals
were euthanized for tissue harvest 9 months following the initial treatment. The timing and
the treatment protocol were confirmed in a preliminary experiment in which this dose
resulted in significant depression of norepinephrine with minimal distress and side effects.

Tissue collection

Animals were restrained with ketamine (7-10 mg/kg, IM) and deeply anesthetized using B-
Euthanasia-D (80 mg/kg, 1V) for transcardial perfusion with cold 0.9% saline. Following
tissue harvest, each brain was divided along the medial longitudinal fissure and blocked in 1
cm increments using a coronal brain matrix for use in biochemical and
immunohistochemical assays. The right hemisphere was immediately frozen in isopentane
and stored at —80°C for biochemical analyses; the left hemisphere was immersion-fixed in
4% paraformaldehyde for 48 h, placed through a series of graded sucrose solutions until the
blocks sank in 30% sucrose, and then frozen at —80°C.

Enzyme linked immunosorbent assay (ELISA)

Tissue punches from specific brain regions were taken from fresh frozen tissue blocks for
analysis of catecholamines and AP levels. Levels in brain homogenate were standardized by
sample protein levels measured using the BCA (bicinchoninic acid) Protein Assay (Pierce-
Thermo Scientific, Rockford, IL). Punches for catecholamine measurements were
homogenized (Fisher Scientific PowerGen125) in 0.1 N HCL, centrifuged (at 15,000 g) for
15min at 4°C, and the supernatant was collected for ELISA. Levels of NE were measured in
duplicate from punches taken from prefrontal cortex, caudate nucleus of the striatum,
hippocampus, cingulate cortex, temporal cortex, and LC using specific ELISAs and run per
the manufacturer’s instructions (Rocky Mountain Diagnostics, Inc. Colorado Springs, CO).
Average optical density values (Bio-Rad 480 microplate reader-450 nm filter) for each
region were interpolated on 4-PL standard curves to determine NE concentrations and
standardized per individual protein content (BCA; Pierce-Thermo Scientific).

Additional punches from prefrontal and temporal cortex were homogenized in five volumes
of non-detergent homogenization buffer (50 mM NaCl with protease inhibitor cocktail), and
then centrifuged at 30,000 g for 4h (equivalent to a centrifugation of 100,0000 g for 1 h) at
4°C to generate a soluble fraction supernatant. Levels of the AR peptide with 40 amino acid
fragment (AB4g) and with 42 amino acid fragment (AP42) were measured independently in
each region by sensitive, specific sandwich ELISA per the manufacturer’s instructions
(Invitrogen, Camarillo CA), with all samples run in duplicate. Average optical density values
(Bio-Rad 480 microplate reader-540 nm filter) for each region were interpolated on 4-PL
standard curves to determine isoform concentrations and standardized for each sample per
protein content (BCA; Pierce-Thermo Scientific).

Immunohistochemistry

Fixed blocks were sectioned (50 um) on a freezing stage sliding microtome and placed into
cryopreservation buffer for storage at —20°C until immunohistochemical (IHC) staining.
Serial sections were collected from blocks throughout the brain to examine prefrontal,
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temporal, parietal, and entorhinal cortex. Regions of interest were delineated based on
landmarks from a rhesus monkey stereotaxic atlas and used to identify standardized regions
across individuals [36]. Sections were stained with the following primary antibodies: Anti-
AP 6E10 (1:1000, Covance, Emeryville, CA), Anti-dopamine p-hydroxylase (DBH) (1:1000
Millipore, Temecula, CA), and Anti-IBA1 (1:3000, Wako Chemicals, Richmond, VA) to
examine AB, NE, and microglia. Stained sections were mounted onto PLUS slides and air-
dried. Sections were counterstained with 2% cresyl violet, dehydrated, and then cover-
slipped using permanent mounting medium. After drying, AB in neocortical regions, NE
containing cell bodies located in the LC, and microglia were examined. Images were
quantified using ImageJ (NIH) to analyze specific staining patterns for each antibody.
Thresholding and exclusion criteria were adjusted to isolate positively stained regions from
background controls to determine percentage of area stained within the region of interest
[37]. All samples were blinded and codes were revealed following the completion of image
analysis.

Due to the rarity of 6E10 immunostaining (6E10 IR) in rhesus macaques under the age of 25
years [38], each observation of AB was counted using a 10x objective on three sections
spaced 750 pm apart from frontal, entorhinal/temporal, and parietal regions. Within each
region, counts of Ap occurrences were summed for each region of interest, and total
neocortical load was determined by adding regional counts for each monkey and then
averaged for aged control and DSP4 treated groups. DBH-IR was used to identify NE
synthesizing neurons in the LC. The LC was imaged using a 4x objective; % area was
calculated and averaged for two sections per animal spaced 100 um apart. For microglia
(IBA1), % area stained on three non-overlapping adjacent 10x images from cortex were
calculated on sections spaced 500 um apart from each animal and averaged to obtain semi-
quantitative measurements.

Western blot analyses

Statistics

Sample lysates (intracellular fractions) from prefrontal and temporal cortex were prepared
using M-PER (Pierce) buffer, supplemented with protease inhibitor for analysis of ABPP and
BACE1. Equal amounts of lysate protein were loaded onto 10% polyacrylamide ‘Criterion’
gels (BioRad, Hercules, CA) and subjected to electrophoresis for 1.5 h at 180 volts at room
temperature (PAGE). Proteins were transferred electrophoretically onto PVDF membranes at
4°C. Membranes were blocked for 1 h in nonfat milk dissolved in TBST and incubated
overnight serially with primary antibodies against ABPP-CT (Calbiochem, Billerica, MA),
BACEL1 (3D5, generously provided by Dr. Robert Vasser) and B-actin (Sigma-Aldrich).
Membranes were incubated with secondary antibody for 1 h followed by an ECL detection
step. Bands were visualized and normalized to p-actin using NIH “Image J” software.

Data were analyzed by one-way ANOVA (JMP9, SAS Institute, Cary, NC), and directional
contrasts were used to examine a priori comparisons of interest and tested at a significance
level of p<0.05. The a priori comparisons tested in this study were the following: 1) DSP4
will exert deleterious effects in adult animals compared to age-matched animals injected
with vehicle; 2) aged animals injected with DSP4 will exhibit increased pathology compared
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to age-matched controls; 3) aged animals would show significantly more pathology than
adults, as tested in the control groups. These comparisons tested levels of NE through
ELISA and IHC to measure regional reductions and identify neurons synthesizing NE, levels
of AB pathology using IHC, ELISA and western Blot to measure increased amyloid
deposition, pathological ABPP processing indicated by AB42:40 ratio and BACE1, and
finally measured microglia using IHC to determine phenotypes indicative of chronic
neuroinflammation. The number of planned comparisons for each dependent measure was
restricted (k-1) to test the three above hypotheses to minimize family wise type | error.

Effects on noradrenergic system

Amyloid-B

Three DSP4 injections over 9 months reduced mean levels of NE in the LC, compared to
age-matched controls, in adult (p = 0.008, Fig. 1A) and aged monkeys (p = 0.037). Age
alone was not significantly related to NE levels as adult and aged controls had similar levels
of NE (p=0.373). DSP4 did not significantly alter NE content in the cortical projection
areas, and only the temporal cortex region was significantly lower in the aged control
compared to adult (o= 0.046, Fig. 1B). The small sample size likely limited the ability to
detect differences. Additionally, in both the hippocampus and the non-projecting striatum,
NE content was not altered by DSP4 treatment or with age (Fig. 1C).

Serial brain sections in the aged DSP4 treated monkeys showed reduced DBH staining
compared to the age-matched controls (p= 0.04, Fig. 2). However, DSP4 treatment in the
adult group had no effect, nor did age alone.

Serial brain sections analyzed for extracellular deposits of Ap in frontal (Fig. 3A) and
temporal cortex, and hippocampus using 6E10-IR and Congo red histological staining
showed A staining in isolated regions in aged monkeys (Fig. 3B). Diffuse and compact
staining was observed in neocortex and preferentially localized to deep layers of aged rhesus
monkeys (Fig. 3A). Total Ap count was significantly elevated with age (p = 0.0001) and
following DSP4 in aged animals (p = 0.0001, Fig. 3C). Subcortical areas were devoid of Ap
stained by 6E10, and all monkeys were Congo red negative, with vascular deposition nearly
non-existent across individuals.

The ratio of soluble AB42:AR4g increased after DSP4 in the aged cohort but not in adults
(Fig. 4), with a significantly elevated ratio in both prefrontal (o= 0.025) and temporal cortex
(p=10.028) in the aged cohort. There was no significant age-related difference overall when
comparing the untreated adult and aged individuals.

ABPP processing

The rate limiting step for AP generation is cleavage of ABPP by BACE1 enzyme. Levels of
intracellular ABPP showed a strong age-related increase of ABPP in temporal cortex (p=
0.0004); and DSP4 treatment dramatically increased ABPP in adult temporal cortex (p =
0.00006; Fig. 5A). Conversely, the aged group showed a reduction in ABPP Increased
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BACE1 was observed following DSP4 treatment in temporal cortex of the adult group (p=
0.0009) and the frontal cortex of the aged (p= 0.007; Fig. 5B).

Resting and activated microglia [39] were visualized using IBA1-IR in serial cortical
sections. Microglia morphology was examined to distinguish an activated phenotype and
resting populations of microglia were found widely distributed throughout the brain.
Activated morphology was rarely observed in control or DSP4 treated brains and no
difference in immunoreactivity was detected in resting populations (p= 0.776, Fig. 6).

DISCUSSION

This study aimed to determine if DSP4, a noradrenergic neurotoxin, could elevate cerebral
AP pathology in a NHP with 95% genetic homology to humans, and thus, establish a
potential model for idiopathic AD and a means toward unraveling mechanisms that
contribute to disease progression in animals that develop AP deposits naturally. A key role
of LC impairment in AD development was established as DSP4 injections accelerated the
onset and incidence of AD-like pathology. NE loss exacerbated the progression of AD
pathology. In this study, the reduction of NE contributed to increased A pathology via
altered APPP processing. These data support other observations linking the noradrenergic
system and delay of the progression of the AD neuropathology. Furthermore, these long-
lasting modifications were likely produced in the absence of chronic neuroinflammation, as
there were no observable differences in distributions or morphology of microglia between
DSP4 and control brains.

DSP4 treatment (50 mg/kg) in rodents caused exacerbation of AD-like neuropathology with
NE depletion [29, 33]. DSP4 in AD transgenic mice often utilized multiple high dose
injections; however, to minimize transient peripheral side effects noted in our pilot study
(unpublished observations), 40 mg/kg for the high dose injection and 10 mg/kg was used for
subsequent dosing in our experimental design. We observed that aging females and long-
term NE depletion in the LC resulted in increased Ap pathology in cortical regions of rhesus
monkeys and thus revealed potential mechanisms and pathways impacted by DSP4 that
influence pathology.

AP load almost doubled in NE-depleted aged macaques. Previous studies with AD-
transgenic animals and post-mortem examination of AD-human brains showed significant
loss of NE neurons in the LC [20, 40]. Markers of neuroinflammation and the ABPP
pathway in AD relevant brain regions elucidated mechanisms influencing Ap accumulation
when challenged with NE depletion using DSP4. Furthermore, altered LC function caused
by DSP4 appeared to exacerbate AP load and the coalescing of plaques in cortical areas
receiving noradrenergic projections. Here we also demonstrated that NE depletion in the LC
associated with cortical increases in BACEL, the secretase responsible for generating
pathogenic AB, and influenced ABPP in the absence of chronic neuroinflammation.

The long-lasting reduction of NE suggests that LC function was impaired by DSP4. Our
findings also support that the primary action of DSP4 was not restricted to LC terminals and
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that DSP4 effects also occurred at LC cell bodies possibly acting via the NE transporter [41,
42]. Equivalent levels of NE in cortical projection regions coupled with reduced NE content
in the LC suggest that increased activity could compensate for a subset of impaired neurons
[43], although our data demonstrate that LC dysfunction still permitted increased Ap
deposition.

There appeared to be noradrenergic system suppression following DSP4 as evidenced by a
reduction in DBH at necropsy, suggesting an age-dependent capacity for recovery, with
diminished response in aged individuals. Documented recovery occurred in young rodents
within weeks to months following single DSP4 injection, and NE content in LC and
projection regions recovered within 3 months [44, 45]. Long-lasting reduction of DBH-IR
and decreased NE after DSP4 observed in the aging female rhesus monkey support the
hypothesis of greater sensitivity and reduced plasticity associated with long-term effects of
DSP4,

Similar to humans, an age-related increase of Ap occurred in rhesus females. Our findings
were comparable to other reports of cerebral A in NHPs, with diffuse and compact
extracellular AR pathology in frontal and temporal cortex; however, we observed more
isolated staining in prefrontal, temporal, and parietal cortices. Ap increased following DSP4
injection, demonstrating that NE depletion exacerbated deposition and accumulation of
neocortical Ap in female aged rhesus macaques. Elevated cortical Ap deposition was not
observed in the adult group after DSP4, possibly due to differences in natural onset and
pattern of AP deposition during aging or due to CSF clearance [46]. LC degeneration has
been reported in cases of mild cognitive impairment and may herald early stages of AD [28].
Loss of NE altered the ratio of soluble A in cortical regions from aged animals; soluble
monomers represent an earlier stage of pathology suggesting NE depletion also influences
the generation and aggregation of Ap isoforms. Elevated levels of these monomers and
oligomers correlate with impaired cognition in AD patients, and soluble oligomers impair
synaptic function in animal models [47]. The pathology associated with oligomer
accumulation was the basis for another NHP model of AD. Here, A oligomers were
injected into the intracerebro-ventricles of NHPs leading to tau pathology, an observation
that does not generally occur spontaneously in macaques [48].

Neuroglial cells are critical transducers of neuroimmune inflammatory responses; activated
microglia phagocytize damaged cells, clear AB, and become chronically activated with
progressive neural disease [49]. DSP4 caused sustained activation in AD-transgenic mouse
studies with increased secretion of proinflammatory cytokines [23,29]. However, we did not
see evidence of chronic neuroinflammation in our monkey study, as assessed by IBA1
staining to assess morphology. It is possible that the dosing schedule allowed sufficient time
between injections to restore a resting state morphology for neuroglia populations, including
microglia and astrocytes. Further, the presence of increased A without coexisting activation
of microglia or astrocytes suggests that the observed AP deposits alone were inadequate to
cause a sustained inflammatory response in NHPs.

Accumulation of AB isoforms and plaque formation occurs through imbalances between Ap
production and clearance. Pro-inflammatory cytokines modulate ABPP processing,
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increasing its generation and p-secretase cleavage [50, 51]; while neuroglia and proteases
actively degrade AB [52, 53]. DSP4 increased AP deposition in neocortex and sustained
elevations in ABPP and BACE1, suggest altered ABPP processing contributed to increased
AP deposition rather than decreases by neuroglia since these populations did not display
phenotypes associated with Ap degradation.

Finally, the effects of DSP4 treatment in decreasing NE levels in both adult and aged rhesus
and increasing ABPP levels in temporal cortex is interesting. This reciprocal activity may not
be coincidental. Duce et al. [33] recently reported that ABPP acts as a ferroxidase in neurons
and other cells, the iron-export activity that ceruloplasmin mediates in glia. ABPP also
oxidizes synthetic amines and catecholamines catalytically via a site encompassing its
ferroxidase motif. Accordingly, ABPP knockout mice have significantly higher levels of
dopamine and NE in brain, plasma, and select tissues. These findings support a role for
ABPP in extracellular catecholaminergic clearance, which is consistent with our data (high
ABPP and low NE). Down’s syndrome has similar attributes with a trisomy of chromosome
21 that carries ABPP, and ABPP amine oxidase activity at clinically increased levels.
Interestingly, these patients have reduced brain catecholamine levels and blunted
sympathetic response [33]. High ABPP and low NE levels are also observed in our NHP
model. Likewise, cognitive defects in a Down’s syndrome mouse model appear to be in part
due to adrenergic deficiency; elevating NE levels can partially restore this deficit.

Altogether, our results of modulating neural catecholamine levels in the NHP model, which
is closer to human than rodent, assumes increased significance. This could be utilized to
further study the important NE effect for several major classes of psychotropic drugs.
Further, our present work coupled with the recent finding that ABPP has modifiable activity
which influences NE levels, has significant consequences for clinical pharmacology.

In conclusion, we report elevated Ap pathology following DSP4 induced LC impairment
using a modified dosing schedule to minimize peripheral adverse effects of long term DSP4
treatment in an NHP model. Although we did not monitor potential transient inflammatory
effects, treatment resulted in long-term reduction of NE in the LC and clearly influenced Ap
deposition in macaques. These data highlight the importance of an NHP model for AD; a
model that shows similar spontaneous initiation and progression of the neural disease.
Notably, our present work has utilized primates which are expensive and challenging
concerning their access, handling, and experimentation, yet provide significant advantages
over the more commonly used and readily available rodents, including wild type/transgenic
strains. The sequence of ABPP and AP peptide is identical between NHPs and humans.
Further, these genes/proteins are all driven by the native regulatory element (e.g.,
endogenous promoter) present in the host (NHP), unlike that in transgenic rodent animals. In
short, the low number used in our study would nevertheless provide results that are very
meaningful and translatable for a human disease, AD.

It is critical to consider the stage of aging; it would have been interesting to include an older
postmenopausal group to assess plasticity. Compensatory actions and recovery mechanisms
are important mediators to overall dysfunction that require study to elucidate their

contribution in NHPs. Clearance of AB isoforms across the blood-brain barrier mediated by
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low density lipoprotein receptors and the receptor for advanced glycation end products
(RAGE) also warrants further investigation. These investigations should shed additional light
on mechanisms involved in the DSP4 mediated enhancement of pathology associated with
AD. Finally, relatively few studies have compared these aging processes across NHPs and
addressed the chronology of amyloid burden and other age-related neurodegenerative
diseases [54]. Studies addressing age-related deposition of amyloid across multiple NHPs
will provide additional insights into parallel degenerative disease and distinguish parallel but
independent components of neurodegenerative disease processes.
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Fig. 1.

ng content in LC. Presented as mean + SEM for treatment (Ngqyit = 6 and Nggeg = 3) or
control (naguit = 5 and Nageq = 3) groups: A) Locus Coeruleus: NE concentrations decreased
following DSP4 injections in both adult and aged monkeys (*p <0.05) compared to age-
matched CON. B) An effect on NE content due to DSP4 was not detected in the three
cortical projection regions (Prefrontal- adult: p=0.141, aged: p= 0.287; Temporal-adult: p
= 0.103, aged: 0.224; Cingulate- adult: 0.085, aged: 0.268); however, aged CON monkeys
had lower NE concentrations in the temporal region than adult CON (#p < 0.05); C) NE
content of the striatum and hippocampus were not affected by DSP4 or age.
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Fig. 2.

NIEE] neurons in the LC. A) Representative photomicrographs (4x) of DBH-immunoreactivity
identifying LC neurons (brown punctate staining) and location verified with anatomical
landmarks for superior cerebellar peduncle (SCP) and mesencephalic trigeminal nucleus
(Me5). B) Semi-quantitative determination of % area stained in serial sections through the
LC. *p<0.05 DSP4 treated compared to age-matched CON (treatment (Nagyit = 6 and Nageq
= 3) or control (Nagyit = 5 and Nageg = 3) groups).
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Adult Aged

Observed amyloid pathology. A) Photomicrographs (4x) of 6E10 immunoreactivity (brown)
and cresy| violet counterstain (purple) in frontal cortex showing extracellular amyloid
deposition in deeper cortical layers in aged animals and following DSP4; B) Higher
magnification (40x) observation of AB morphology in aged control and DSP4 treated
animals; Negative control (no 6E10) showed no non-specific staining and only cell bodies
stained with cresyl violet; C) Quantification of area stained for amyloid for each treatment
group. Amyloid was not detected in CON and DSP4 treated adults; aged monkeys were
significantly different than treatment-matched adults (treatment (Naqyuit = 6 and Nageq = 3) or
control (Nagyit = 5 and Nageg = 3) groups) (#p < 0.05), but there was no difference between

the two aged cohorts.
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Fig. 4.

Ragtio of soluble amyloid isoforms. Prefrontal and temporal cortex of aged monkeys, showed
a shift toward a more pathological ratio of soluble isoforms in DSP4 treated compared to
age-matched CON (treatment (Naqyie = 6 and Nageq = 3) or control (Nagyit = 5 and Nageq = 3)
groups). (*p < 0.05).
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Fig. 5.

A[gPP processing. A) Total ABPP and B) BACEL in prefrontal and temporal cortex samples
normalized to B-actin. *p < 0.05 DSP4 treated compared to age-matched CON; #p < 0.05
aged CON compared to adult CON (treatment (naquit = 6 and naged = 3) or control (Naquit =
5 and Nageq = 3) groups).
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Fig. 6.

M?croglia distribution in cortex. A) Microglia were widely distributed throughout the brain;
staining pattern was similar across adult and aged monkeys regardless of treatment group. B)
Semi-quantitative determination of % area stained in serial sections from frontal cortex (o>
0.05). DSP4: naqyit = 6 and Nageq = 3 Control: Nagyt = 5 and Nageq = 3.
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