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High brain levels of amyloid-f3 (AB) and transforming
growth factor-f31 (TGF-$1) have been implicated in
the cognitive and cerebrovascular alterations of Alz-
heimer’s disease (AD). We sought to investigate the
impact of combined increases in AB and TGF-1 on
cerebrovascular, neuronal, and mnemonic function
using transgenic mice overproducing these peptides
(A/T mice). In particular, we measured cerebrovascu-
lar reactivity, evoked cerebral blood flow and glucose
uptake during brain activation, cholinergic status,
and spatial memory, along with cerebrovascular fi-
brosis, amyloidosis, and astrogliosis, and their evo-
lution with age. An assessment of perfusion and meta-
bolic responses was considered timely, given ongoing
efforts for their validation as AD biomarkers. Relative to
wild-type littermates, A/T mice displayed an early pro-
gressive decline in cerebrovascular dilatory ability, pre-
served contractility, and reduction in constitutive nitric
oxide synthesis that establishes resting vessel tone. Al-
tered levels of vasodilator-synthesizing enzymes and fi-
brotic proteins, resistance to antioxidant treatment,
and unchanged levels of the antioxidant enzyme, super-
oxide dismutase-2, accompanied these impairments.
A/T mice featured deficient neurovascular and neuro-
metabolic coupling to whisker stimulation, cholinergic
denervation, cerebral and cerebrovascular Af3 deposi-
tion, astrocyte activation, and impaired Morris wa-
ter maze performance, which gained severity with
age. The combined AB- and TGF-f1-driven pathol-
ogy recapitulates salient cerebrovascular, neuronal,
and cognitive AD landmarks and yields a versatile
model toward highly anticipated diagnostic and ther-

apeutic tools for patients featuring Af3 and TGF-f31
increments. (Am J Pathol 2010, 177:3071-3080; DOI:
10.2353/ajpath.2010.100339)

Alzheimer’s disease (AD) features neuronal and synaptic
dysfunction, abnormal cerebral protein deposits, activated
glia and progressive cognitive decline.” AD patients also
exhibit structural cerebrovascular alterations,** and early
deficits in resting and evoked cerebral glucose uptake and
cerebral blood flow responses, which can undermine opti-
mal brain function, and aggravate an ongoing pathogenic
process.® 8 These changes have been linked to increased
levels and deposition of amyloid-8 (AB) in brain paren-
chyma (senile plagues) and blood vessel walls (cerebral
amyloid angiopathy; CAA),®'° and to up-regulation of the
profibrotic transforming growth factor-g1 (TGF-B1), perhaps
a key molecular mediator of the AD cerebrovascular
pathology. ' '®

Transgenic mice overproducing AB and TGF-B1 (A/T
mice) were originally developed to study the possible
modulatory role of TGF-81 on amyloid deposition.’"'®
These early studies reported decreased plaque burden
and accelerated vascular AB accumulation in young and
adult A/T animals.’™'® More recently, reduced parenchy-
mal and vascular AB deposition was demonstrated when
TGF-B signaling was genetically blocked in old transgenic
AD mice."” Though contradictory, these studies collectively
suggest that TGF-B1 may regulate amyloid pathology in the
AD brain, an idea supported by the correlation between
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TGF-B1 mRNA levels and CAA scores in patients.” Al-
though the amyloid pathology has been partially character-
ized in A/T animals, data are completely lacking on their
cognitive and cholinergic status, functional cerebrovascular
integrity, and evoked perfusion and metabolic responses to
neuronal activation. Such results would aid in the validation
of A/T mice for the study of AD. It is therefore all the more
surprising that this information is unavailable given the
known detrimental cerebrovascular effects of A and TGF-
B1,1518-20 and the current interest in activity-driven brain
hemodynamics and metabolism as clinical predictors or
markers for AD therapeutic efficacy.

We sought to characterize the progression of cerebro-
vascular and cognitive markers with age in A/T mice. Par-
ticularly, we studied arterial reactivity and responsiveness to
antioxidants in vitro, and investigated vascular proteins re-
lated to vasomotor function, oxidative stress and fibrosis.
Additionally, we examined glial activation, amyloidosis, and
indicators of neuronal/cognitive integrity, ie, the cholinergic
innervation, the neuronally-driven cerebral blood flow and
glucose uptake responses during whisker stimulation, and
performance in the Morris water maze. Our novel findings
highlight A/T mice as a most suitable model in which to
explore therapeutic strategies against cerebrovascular and
neuronal alterations of AD pathophysiology.

Materials and Methods
A/T Transgenic Mice

All experiments were in compliance with the Animal Eth-
ics Committee of the Montreal Neurological Institute and
the guidelines of the Canadian Council on Animal Care.
A/T animals were generated from the crossing of mice
overexpressing mutated human amyloid precursor pro-
tein (APPSwe,Ind) driven by the platelet-derived growth
factor B promoter (APP mice, line J20)2" and mice over-
expressing constitutively active TGF-B1 under the control
of the glial fibrillary acidic protein (GFAP) promoter (TGF
mice, line T64)?? on a C57BL/6J background. Approxi-
mately equal numbers of female and male heterozygous
transgenic A/T mice and age-matched wild-type (WT) litter-
mates were used at 6-8 (young), ~12 (adult), and ~18
(old) months of age. Singly transgenic APP or TGF mice of
the same ages, either littermates of the A/T mice or from
different cohorts, were used for comparisons with A/T mice
in some experiments, and were similarly prepared. Trans-
genes were detected with touchdown PCR on tail-extracted
DNA."® Mice were housed under a 12-hour light-dark cycle,
in a room with controlled temperature (23°C) and humidity
(50%), with food and tap water available ad libitum.

Vascular and Brain Tissue Collection

Mice were killed by cervical dislocation. Middle cerebral
arteries were immediately tested in reactivity studies,
while vessels of the circle of Willis and their branches,
along with cortex and hippocampus were collected,
snap-frozen and stored (—80°C) for subsequent Western
blot and enzyme-linked immunosorbent assay studies.

Separate mouse cohorts were perfused intracardially
(4% paraformaldehyde in 0.1 mol/L phosphate-buffered
saline, pH = 7.4) under deep anesthesia (65 mg/kg
sodium pentobarbital, intraperitoneally), and brains post-
fixed overnight. Some hemibrains were cryoprotected,
frozen in isopentane and stored (—80°C) until cutting into
25-um-thick free-floating coronal sections on a freezing
microtome. Others were embedded in paraffin and cut 5
wm thick for use in immunohistochemistry.

Vascular Reactivity

Isolated, pressurized and submaximally preconstricted
(serotonin, 2 X 1077 mol/L) middle cerebral artery seg-
ments were tested for dilatation to acetylcholine (ACh;
1079 to 107° mol/L) or calcitonin gene-related peptide
(107"° to 107° mol/L) using on-line videomicroscopy.'®
Constriction to endothelin-1 (107 '° to 107° mol/L) or di-
ameter decrease during nitric oxide (NO) synthase (NOS)
inhibition with N“-nitro-L-arginine (10~° mol/L; 35 min-
utes) were tested on vessels at basal tone. In some
vessels, dilatation to ACh was tested before and after
incubation (30—60 minutes) with the free radical scaven-
ger superoxide dismutase (SOD; 120U/ml; Sigma,
Oakville ON, Canada) or an inhibitor of NADPH oxidase
(apocynin; 1 mmol/L; Sigma), the main enzymatic source
of superoxide (O3 in brain vessels of APP mice.?° Per-
cent changes in vessel diameter from basal or precon-
stricted tone were plotted as a function of agonist con-
centration or time course of NOS inhibition. The maximal
response and the concentration eliciting half of the max-
imal response (ECg, value or pD, = —[log ECg,]) gener-
ated by GraphPad Prism software (version 4, San Diego,
CA) were used to evaluate agonist efficacy and potency,
respectively.

Western Blot

Vessels were sonicated in Laemmli buffer for protein
extraction, as described.'® Proteins (12-15 ug) were
separated by SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes, which were
incubated (1 hour) in TBST blocking buffer (50 mmol/L
Tris-HCI, pH = 7.5, 150 mmol/L NaCl, 0.1% Tween 20)
containing 5% skim milk, then incubated overnight with
either rabbit anti-SOD2 (1:2000; Stressgen, Ann Arbor,
MI), -connective tissue growth factor (1:300; Abcam,
Cambridge, MA), -vascular endothelial growth factor
(1:500; Santa Cruz Biotechnology, Santa Cruz, CA), -ma-
trix metalloproteinase 9 (1:1000; Millipore, Temecula, CA)
or mouse anti-endothelial NOS (1:500; BD Transduction
Laboratories, San Jose, CA), -cyclooxygenase-2 (1:200;
Santa Cruz Biotechnology), or -B-actin (1:10000; Sigma).
Membranes were further incubated (2 hours) with horserad-
ish peroxidase-conjugated secondary antibodies (1:2000;
Jackson ImmunoResearch, West Grove, PA), and proteins
visualized with enhanced chemiluminescence (ECL Plus kit;
Amersham, ON, Mississauga, Canada) using a phosphor
Imager (Scanner STORM 860; GE Health Care, Piscataway,



NJ), followed by densitometric quantification with Image-
Quant 5.0 (Molecular Dynamics, Sunnyvale, CA).

Enzyme-Linked Immunosorbent Assay
Measurement of AB

Levels of soluble and insoluble AB_4o and AB;_4, Were
measured in hemicortices using an enzyme-linked immu-
nosorbent assay (BioSource International, Camarillo,
CA), as previously described in full,?® and results ex-
pressed as nanomoles per gram of protein in the super-
natant or formic acid-soluble fraction.

Histochemistry and Immunohistochemistry

Dewaxed thin sections (5 um) were stained with 1%
Sirius red (~30 minutes) to reveal total collagen in the pia
and intracortical microvessels (MVs) or were pretreated
with 1% H,O, (10 minutes) and incubated overnight at
room temperature with goat anti-collagen | (1:300; Milli-
pore), -choline acetyltransferase (ChAT; 1:250; Millipore)
or mouse anti-Ap (6E10 targeting total AB; 1:3000; Co-
vance, Emeryville, CA) followed by species-specific bio-
tinylated 1gG, the avidin-biotin complex, and the reaction
visualized with 0.05% 3,3’-diaminobenzidine-nickel (Vec-
tor Laboratories, Burlingame, CA). ChAT immunostaining
was tested only in adult and old A/T mice when cholin-
ergic innervation is preserved in TGF mice,?* but signif-
icantly reduced in singly transgenic APP mice.?®>5 Free-
floating thick sections were stained with 1% Thioflavin S
(8 minutes) to reveal mature, dense core amyloid plaques
or incubated with rabbit anti-GFAP (1:1000; DAKO, Mis-
sissauga, ON, Canada), followed by donkey anti-rabbit
cyanin 2 (Cy2)-conjugated secondary antibody (1:400;
Jackson ImmunoResearch) for the detection of activated
astrocytes. Sections were observed under light micros-
copy or epifluorescence (Leitz Aristoplan microscope,
Leica, Montréal, QC), and digital pictures acquired (Cool-
pix 4500; Nikon, Tokyo, Japan). Double immunodetection
of activated astrocytes and AB plaques was performed
with simultaneous incubation of rabbit anti-GFAP and
mouse 6E10, followed by donkey anti-rabbit Cy2- and
anti-mouse Cy3-conjugated secondary antibodies.

Staining Quantification

Digital images (two or three sections/mouse, three to five
mice/group) taken under the same conditions were ana-
lyzed with MetaMorph (6.1r3, Universal Imaging, Down-
ingtown, PA). Collagen | and Sirius red staining intensities
of the pia and intracortical MVs (four to 13 vessels/
mouse) were quantified in magnified images and ex-
pressed as an optical density ratio against the intensity of
the adjacent parenchyma. The areas of interest (somato-
sensory/cingulate cortex, hippocampus) containing Thio-
flavin S- and GFAP-positive elements were manually out-
lined in low-power images, while high-power microscope
images of layers Il to IV of the somatosensory cortex were
used for quantification of ChAT-immunoreactive fibers
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(cell bodies were excluded). The number and/or area
occupied by Thioflavin S-positive plaques, GFAP-positive
astrocytes, and ChAT-positive cholinergic fibers was
quantified and expressed as number or surface area
occupied in the delineated areas of interest.

Morris Water Maze

The ability of mice to learn and remember the location of
a hidden platform located in a predefined (target) quad-
rant using visuospatial cues was tested for 5 consecutive
days in a circular pool filled with water (25°C, clouded
with powdered skim milk), as previously described.?® At
least 2 hours after the last hidden platform trial on day 5,
mice were submitted to a 60-second probe trial (platform
removed), followed by a cue trial (30 seconds) testing
visual acuity and motivation, which required escape to a
visible platform in at least one of two trials. Mice that
failed to reach the visible platform were excluded from
the analysis. Daily escape latencies to the hidden plat-
form, as well as percent time spent and distance traveled
in the target quadrant during the probe trial, along with
swim speed, were measured with the 2020 Plus tracking
system and Water 2020 software (Ganz FC62D video
camera; HVS Image, Buckingham, UK). Animals were
dried under a heating lamp after each trial, and all ex-
periments were started at the same time every day.

Laser Doppler Flowmetry

In all age groups, laser Doppler flowmetry measurements
of evoked cerebral blood flow (Transonic Systems Inc.,
Ithaca, NY) in response to sensory stimulation were car-
ried out one week following the Morris water maze in
anesthetized mice (ketamine, 80 mg/kg intraperitoneally;
Wyeth, St-Laurent QC, Canada) fixed in a stereotaxic
frame.2® Cerebral blood flow was recorded before, dur-
ing and after whisker stimulation (20 seconds at 8-10
Hz), with four or five recordings acquired every 30 to 40
seconds and averaged per mouse. Cortical cerebral
blood flow change was expressed as percent increase
relative to baseline. The entire procedure was performed
blind to the identity of the mouse.

['®FIFluoro-2-Deoxy-p-Glucose-PET

Eighteen-month-old A/T mice and WT littermates were
fasted overnight and scanned for cerebral uptake of
["8F]fluoro-2-deoxy-b-glucose induced by whisker stimu-
lation (8—10 Hz, electric toothbrush, 45 minutes) under
isoflurane sedation (1 to 2% in medical air) in a CTI
Concorde R4 microPET scanner (Siemens Preclinical So-
lutions, Knoxville, TN), as previously described.?® Ani-
mals were kept warm with a heating lamp, while cardiac
and respiration rate were maintained stable through on-
line monitoring (Biopac Inc., Goleta, CA). Glycemia levels
were measured before and after scans, and were similar
in both WT and A/T groups (not shown). Functional met-
abolic images were reconstructed using a maximum a
posteriori probability algorithm, and coregistered to re-
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spective high-resolution WT or A/T mouse structural MRI
templates. MR images were acquired in separate groups
of mice (WT, n = 5 and A/T, n = 4) with a 7 T Bruker
Pharmascan system (Bruker Biospin, Ettlingen, Ger-
many) using a 28-mm inner diameter quadrature volume
resonator, and a 3D True FISP sequence with the follow-
ing parameters: matrix size = 128 X 128 X 64, field of
view = 1.8 cm X 1.8 cm X 0.9 cm, spatial resolution =
140 pm X 140 um X 140 um, excitation flip angle = 30°,
repetition time = 5.2 ms, echo time = 2.6 ms, number of
excitations = 4, number of phase cycles = 4, total scan
time = 35 minutes. The images were reconstructed using
a maximum intensity algorithm and the population aver-
ages generated using the approach described else-
where.?® Regions of interest were drawn on the somato-
sensory cortices and the magnitude of activation
expressed as the ratio of ['8F]fluoro-2-deoxy-p-glucose
standard uptake value in the activated contralateral rel-
ative to the ipsilateral cortex.?” Final images represent
the standard uptake value obtained by correcting indi-
vidually for animal body weight and injected radioactivity
dose.

Statistical Analysis

Data are means + SEM, and were compared by Stu-
dent’s t-test or one-way analysis of variance followed by
Newman-Keuls posthoc tests. Morris water maze latency
curves were analyzed by two-way analysis of variance
followed by Bonferroni posthoc test, with day and geno-
type as factors. All statistical analyses were performed
with GraphPad and P < 0.05 was considered significant.
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Results

A/T Mice Develop an Early Progressive Decline
of Cerebral Arterial Function

Isolated middle cerebral arteries from young and adult A/T
mice displayed ~50% loss of their ability to dilate to ACh
and calcitonin gene-related peptide relative to vessels of
age-matched WT littermates (Figure 1; Supplemental Table
1 at hitp.//ajp.amjpathol.org). By 18 months of age, A/T mice
further exhibited significantly impaired maximal diameter
decrease during NOS inhibition with N“-nitro-L-arginine,
indicating a decline in constitutive endothelial NO syn-
thesis that is crucial for establishing resting vessel tone.
There was no contractile deficit to endothelin-1 in A/T
arteries at any age (Figure 1; Supplemental Table 1 at
http.//ajp.amjpathol.org). The progressive deficits in arterial
responsiveness could not be attributed to desensitization of
cerebrovascular receptors, as agonist potencies (pD, val-
ues) were comparable between WT and A/T mice at all
ages (Supplemental Table 1 at http://ajp.amjpathol.org). Ce-
rebrovascular impairments of similar magnitude have been
consistently measured in singly transgenic APP and TGF
mice. Noteworthy was the lack of a synergistic A and
TGF-B1 effect in A/T arteries, as evidenced in the qualitative
comparison with reactivity data from APP and TGF arteries.
(Supplemental Figure 1; Supplemental Table 1 at http.//
ajp.amjpathol.org).®23242829 This was particularly well il-
lustrated in A/T mice by their preserved contractile re-
sponse to endothelin-1, in contrast to the deficit in TGF
arteries; milder calcitonin gene-related peptide deficit rela-
tive to that in aged TGF animals; and later decline in N*-
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nitro-L-arginine response versus its early onset in the singly
transgenic lines.

A/T Mice Display Arterial Dysfunction Not
Related to Oxidative Stress

We sought to elucidate the mechanism of cerebrovascu-
lar impairment in aged A/T mice by treating arteries with
SOD or apocynin, which respectively scavenges O, and
abrogates its production. Antioxidants have been shown
to normalize cerebrovascular responses of APP,'5:18:23.30
but not TGF mice,?* and we wished to determine whether
free radicals accounted for the cerebrovascular dysfunc-
tion in the A/T model. These in vitro antioxidant ap-
proaches were ineffective as they were unable to restore
ACh-mediated dilatations (Figure 2A). Furthermore, no
significant change was detected in A/T vessels at any
age in the levels of the antioxidant enzyme SOD2, which
is induced by O, and can be used as an indicator of
enhanced oxidative stress (Figure 2B). Instead, pial ves-
sels from A/T mice exhibited changes in enzymes syn-
thesizing vasodilators, ie, reduced levels of cyclooxygen-
ase-2 beginning as a trend in young, and becoming
significant in adult and old mice, as well as significant
up-regulation of endothelial NOS in young mice. A/T ar-
teries also featured robust increases in levels of growth
factors (vascular endothelial growth factor, connective
tissue growth factor) involved in vascular fibrosis, starting
in young and persisting in old mice. Arteries also exhib-
ited late up-regulation of matrix metalloproteinase 9, an
enzyme involved in the breakdown of the extracellular
matrix during vascular remodeling (Figure 2B). Further-
more, A/T mice featured significant collagen accumula-
tion in penetrating MVs and in the surface pial mem-
brane, resulting in its greater thickness (Figure 2C). Sirius
red staining intensity was markedly augmented in the pia
(81%) and MVs (39%) compared to the adjacent paren-
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Figure 2. A/T mouse vessels were characterized
by resistance to antioxidants, alterations in vascular
signaling molecules and cerebrovascular fibrosis.
A: The impaired ACh-mediated dilatation of aged
A/T (inverted filled triangles) relative to WT mice
(circles) was not improved in A/T arteries after in
vitro incubation (inverted open triangles) with the
O scavenger SOD or a blocker of its synthesis,
apocynin (n = 3-4 mice/group). B: Disturbed
levels of vasodilator-synthesizing enzymes, endo-
thelial NOS eNOS and cyclooxygenase-2 (COX-2)
and of markers related to vascular remodeling,
vascular endothelial growth factor (VEGF), con-
nective tissue growth factor (CTGF), matrix metal-
loproteinase 9 (MMP-9) but not of the oxidative
stress marker SOD2, as measured by Western blot
in pial vessels of A/T relative to WT mice. Actin
was used to normalize loading variation (72 = 3-6
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chyma of 18 month-old A/T mice, with substantially
smaller increments in WT animals in these respective
vascular beds (pia: 29%, MVs: 21%). Analogous collagen
| increases were seen in the pia (74%) and MVs (42%) of
A/T mice (Figure 2C), which likely accounted for the
increased rigidity of their vessels perceived during dis-
section, handling, and cannulation. In contrast, collagen
| immunostaining was very weak in WT mice, being in-
creased by 14% in the pia but barely detectable in MVs
(1%) relative to the parenchyma (Figure 2C), confirming
our previous report of collagen | up-regulation in the
context of vascular pathology.'® Collectively, these data
argue against oxidative stress as the main pathogenic
mechanism of vascular dysfunction, and point to distur-
bances in enzymes and proteins underlying vascular
structure and signaling. We cannot rule out that chronic in
vivo antioxidant treatment might be effective. However,
based on the recent failure of this approach in TGF mice
featuring similar cerebrovascular fibrosis, vascular pro-
tein alterations, and in vitro resistance to antioxidants,?*
we are inclined to consider alternate mechanisms of vas-
cular dysfunction in A/T mice, ones most likely shared
with the TGF model.

A/T Mice Exhibit AD-Like Neuropathological
Changes

A/T mice exhibited an increase in levels of soluble and
insoluble AB,_,o and AB,_,, between 6-8 and 12 months,
with further increases in levels of AB4_,0, but not of AR, 45
at 18 months of age, as measured in the cortex by en-
zyme-linked immunosorbent assay (Figure 3A). They also
displayed age-dependent AB plaque deposition in the
cortex and hippocampus, shown by a gradual increase in
the number and surface area (plaque load) occupied by
Thioflavin S-positive dense core plaques from young to
adult animals (Figure 3B). Between 12 and 18 months,
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Figure 3. Progressive amyloidosis in A/T mice. A: Levels of soluble and
insoluble AB, 4, and AB, 4, increased as a function of age in A/T mice, as
assayed in hemicortices by enzyme-linked immunosorbent assay. B: Gradual
increase in the number and load (percentage of surface area) of Thioflavin
S-positive amyloid plaques in the cortex and hippocampus of A/T mice. No
such deposits were seen in WT animals (not shown). y, young; a, adult; o,
old. C: Extensive CAA in the vasculature of aged A/T mice, as respectively
seen from left to right, in surface pial vessels, a penetrating cortical artery,
arterioles with associated extraluminal deposits (arrows) and hippocampal
arteries (inset), and in hippocampal arterioles and capillaries, next to which
parenchymal AB plaques can be seen. Scale bars = 20 um. Error bars
represent SEM (7 = 4 mice/group). TP < 0.05, P < 0.01, P < 0.001 for
comparison to young mice or *P < 0.05, **P < 0.01 for comparison to adult
mice using one-way analysis of variance followed by Newman-Keuls posthoc
test.

plague number reached a plateau in the hippocampus,
or slightly decreased in the cortex, while plague load
continued to expand or stayed the same in these respec-
tive areas, indicating an increase in the size of certain
plaques during this period. Together with the significant
increments in soluble and insoluble AB_,o from 12 to 18
months, this finding suggests that existing AB plaques
may have acted as seeds for additional AB,_,, deposi-
tion. In comparative experiments, we found a trend for
diminished plaque load in young A/T relative to APP
mice, which became significant in adult and aged ani-
mals (Supplemental Figure 2 at http://ajp.amjpathol.org).
This would support the argued modulatory effect of
TGF-B1 on amyloid deposition, and suggest a clearance
phenomenon, as previously observed in young and old
A/T mice."™"® Its occurrence later in our model may
reflect the higher AB levels of the J20 APP line®' used to
generate A/T mice, instead of the previously used J9.'":1¢
Finally, inspection of AB immunoreactivity in thin sections
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Figure 4. A: Enhanced astrocyte activation seen as clusters and diffuse
GFAP-positive material in the brains of A/T mice with a smaller age-related
activation also detectable in WT littermates. Astrocyte activation was ex-
pressed as the percent cortical area occupied by GFAP-positive cells. Scale
bar = 20 wm. B: Activated astrocytes (green) were found associated with AB
deposits (red) in the parenchyma (left) and with cerebral vessels (right).
Note, in yellow, the contact points between astrocytic processes and an A3
plaque (thick open arrow) or an amyloid-laden vessel (CAA) (thin
arrows) (1 = 3—7 mice/group). Scale bars: left, 40 wm; right, 20 wm. Error

WT using Student’s t-test.

from 18-month-old A/T mice revealed parenchymal AB
senile plagues and widespread CAA in pial, intracortical,
and hippocampal brain vessels (Figure 3C), confirming
previous reports in young and adult A/T animals.”"'©

In addition, A/T mice displayed an inflammatory re-
sponse characterized by activated GFAP-positive astro-
cytes. The GFAP-positive area in the cortex increased
from young to old A/T mice, with a smaller age-depen-
dent activation in WT animals. Activated astrocytes in A/T
mice distributed in clusters as well as diffusely through-
out the cortex (Figure 4A), and surrounded AB plaques
and amyloid-laden vessels (Figure 4B). Interestingly, this
pattern was reminiscent of both the cluster-like activation
of APP mice®® and diffuse, perivascular astrocytosis of
TGF mice.'1:22:24

Neuronal and Cognitive Impairments in
A/T Mice

Adult and aged A/T mice featured a ~22 to 23% reduc-
tion (P < 0.05 for both ages) in the number of cortical
cholinergic fibers (Figure 5A). Further, [®F]fluoro-2-de-
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Figure 5. Neuronal dysfunction in A/T mice. A: Decline in the number of
cortical cholinergic fibers in paraffin sections from adult (left) and old
(right) A/T mice, relative to WT littermates, as detected with ChAT immu-
nohistochemistry. Scale bar = 20 wm. Values above histograms indicate the
percentage of fiber loss compared to control animals. B: Decrease in the
cerebral glucose uptake response to whisker stimulation in the somatosen-
sory cortex (arrows) of 18-month-old A/T relative to WT mice (7 = 3-5
mice/group). Standard uptake value (SUV) scales were adjusted to match the
local activation spots in the two groups rather than the global brain uptake.
The activation ratio is the corrected SUV in the activated contralateral relative
to the ipsilateral somatosensory cortex. C: Gradual decline in the activity-
driven hemodynamic response to whisker stimulation in A/T mice (blue)
compared to age-matched WT controls (green), as measured by laser Dopp-
ler flowmetry (12 = 4—5 mice/group). Values above histograms indicate the
percent loss of the response compared to control animals. Error bars repre-
sent SEM. Comparisons to WT, *P < 0.05, **P < 0.001 using Student’s #test.

oxy-D-glucose-PET scans following whisker stimulation
revealed a significant impairment of glucose uptake in
the activated somatosensory cortex of aged A/T animals
(activation ratio A/T: 0.99 + 0.01 versus WT: 1.06 + 0.02,
P < 0.05) (Figure 5B) that may have derived from the
observed alterations in vascular, astroglial and neuronal
compartments.®' Moreover, there was a gradual loss of
the neuronally-driven hemodynamic response to sensory
stimulation, which was significant in adult (=31%, P <
0.001) and progressively more severe in aged animals
(—41%, P < 0.001) (Figure 5C). The extent of the deficit
compared well to that seen in APP mice, although it was
more progressive (Supplemental Table 2 at http./ajp.
amjpathol.org). Finally, A/T mice showed increased laten-
cies to locate the hidden platform in the Morris water
maze at 6—8 months of age, whereas performance in the
probe trial was lower but not significantly different from
that of control mice, indicating a learning deficit but no
clear memory impairment at this age. A significant deficit
in probe trial performance emerged in 12-month-old and
continued in 18-month-old A/T animals (Figure 6), which
was not due to differences in swim speed, visual acuity,
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Figure 6. Progressive decline in Morris water maze performance in A/T mice
(inverted triangles) compared to aged-matched WT counterparts (circles).
Young mice featured impaired acquisition during hidden-platform testing,
but only a trend toward decline in memory retention during the probe trial.
Significant probe trial deficits appeared in adult and old A/T mice. Error bars
represent SEM (7 = 8—16 mice/group). Comparisons to WT, *P < 0.05, P <
0.01, **P < 0.001 using two-way analysis of variance followed by Bonferroni
posthoc test (latency curves) or using Student’s -test (probe trial histograms).

locomotor defects or lack of motivation, as demonstrated
by successful escape onto the visible platform. Compar-
atively, APP mice showed deficits in both the learning
and memory components of the test at all ages, as shown
at 6 months, whereas TGF mice performed as well as WT
mice in this task up to 18 months of age (Supplemental
Figure 3 at http://ajp.amjpathol.org).

Discussion

Since the original development of transgenic mice over-
producing both AB and TGF-p1,""° this is the first char-
acterization of their cerebrovascular, neuronal and mne-
monic integrity. More importantly, our study provides
novel functional data on activity-induced changes in ce-
rebral glucose uptake and cerebrovascular status that
are in line with current research initiatives to develop
markers for early diagnosis and treatment efficacy. As a
result, the A/T model may be used to better assess inter-
actions between AB and TGF-B1 in AD, and to develop
therapeutic strategies that can rescue both cerebrovas-
cular and mnemonic hallmarks of AD pathophysiology.

AD-Like Cerebrovascular Pathology in A/T Mice
and Therapeutic Implications

An appealing characteristic of A/T mice is the develop-
ment of a functional and structural cerebrovascular pa-
thology, simultaneously triggered by soluble AB, TGF-81,
CAA, and basement membrane thickening, as seen in
human AD.**3233 The interaction between vascular fi-
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brosis and CAA is of interest, as matrix proteins such as
collagen and perlecan accumulating in AD basement
membranes®® have the ability to bind AB and enhance its
fibrillogenesis.®** CAA may thus result from the enhanced
capacity of thickened vessels to amass AB. This would
agree with the ability of TGF-B1 to prompt vascular AB
deposition when overexpressed in the brains of young
APP mice (2 to 3 months), as CAA was not seen in singly
transgenic APP animals of equivalent age.”” It is also in
line with the reported correlation between TGF-B1 mRNA
levels and CAA scores in AD brains.”' CAA may addi-
tionally result from vascular wall alterations that hinder
vessel pulsations believed to drive AB clearance along
the perivascular drainage route within arterial and arte-
riolar basement membranes.®® Such a scenario is sup-
ported by the perivascular accumulation of AB seen here
in concentric circles around some A/T brain vessels (Fig-
ure 3C). A/T mice thus offer the opportunity to test
whether strategies that can reverse or attenuate exces-
sive matrix protein accumulation and vascular stiffness
will diminish CAA. Used in conjunction with AB immuno-
therapy, these could help counter the transient increase
in CAA and risk of cerebral microhemorrhages reported
with vaccination in AD models®® and human trials.®” In
addition, attenuating CAA could improve the function of
astrocytes, key intermediaries in neurovascular cou-
pling.®® CAA can induce loss of the water channel aqua-
porin 4 and of various potassium channel subtypes in
astrocytic end-feet®® that, combined with the progressive
astrocyte activation measured here, could have contrib-
uted to the age-related impairment of perfusion re-
sponses. Normalizing CAA could thus ameliorate glial
function and perfusion.

Therapies against the deleterious vasoactive proper-
ties of soluble AB would be most useful.*® Indeed, the
peptide potently deregulates vascular function, even in
young APP mice devoid of CAA, by activating vascular
NADPH oxidase and O3 synthesis, which results in the
sequestration of vasodilators and free radical damage to
vascular enzymes and receptors.'® 82930 These dys-
functions are promptly reversed by antioxidants in vitro
and in vivo, even in arteries from aged APP mice.'®2341 A
caveat to pure antioxidant therapy is warranted by its
inefficacy when applied to fibrotic TGF arteries, and
here, to A/T arteries. Both the O, scavenger SOD, and
NADPH oxidase inhibitor, apocynin, were unable to re-
store ACh-mediated dilatations. Though chronic in vivo
antioxidant treatment would be ultimately conclusive, it
was ineffective in TGF mice,?* suggesting that a com-
bined approach with compounds targeting structural al-
terations or vasodilatory signaling pathways should be
favored.

The relevance of the A/T model for the study of altered
brain hemodynamics in AD is strengthened not only by
reports of TGF-B1 up-regulation in the brain and vascu-
lature of AD patients,'''*%2 put also in elderly individu-
als who have suffered a stroke*® and in subjects with
hypertension and diabetes,** conditions that acutely or
chronically limit cerebral blood flow and increase the risk
for developing AD,®4® especially if they co-occur in the
same individual.*® In at-risk patients, TGF-B1 could con-

ceivably regulate AB production directly. This is sug-
gested by the presence of a TGF-B1-responsive element
in the APP promoter and TGF-B1-stimulated release of
endogenous AB4_4040 PEPtides by cultured human astro-
cytes.*” Alternatively, TGF-B1 production may be trig-
gered by AB,*® or both peptides may be up-regulated
concomitantly in neurons, glia, and vascular cells by
acute ischemic events or chronic cerebrovascular insuf-
ficiency.*®%° In A/T mice, AB and TGF-B1 are overpro-
duced from birth and throughout the lifespan, and it
seems that their interaction is responsible for the progres-
sive hemodynamic deficit of A/T animals. This deficit
appears later than in APP or TGF mice, and surpasses
that of TGF animals but reaches that of APP mice (Sup-
plemental Table 2 at http://ajp.amjpathol.org?*2°). In all,
this emphasizes the usefulness of the A/T model as a
platform for pursuing strategies aimed at counteracting
impaired brain hemodynamics that could promote or re-
sult from AB and TGF-B1 elevations.

Contribution of AB versus TGF-B1 to the
Neuronal and Cognitive Status of A/T Mice

The cholinergic, metabolic and cognitive deficits of A/T
mice reflect mainly an AB-driven process, as they are not
exhibited by singly transgenic TGF mice,?* and the def-
icit severity matches that of APP mice.?22%28 Namely, the
loss of cortical ChAT-positive fibers, a landmark of AD®’
reproduced in APP mouse models®®°2%4 put not in TGF
mice,?* has been attributed to the cholinotoxic effects of
soluble AB.5° It seems unrelated to AB deposition, since
no relationship could be established between the pres-
ence and location of AB plaques and denervation sever-
ity.2® However, despite the increase in soluble AB oli-
gomers from adult to old A/T mice, the cholinergic
denervation did not gain in severity with aging. This sta-
bilization could result from a TGF-B1 protective effect on
neurons. In support of such a role is the delayed probe
trial deficit in 12-month-old A/T mice relative to its earlier
onset in 6-month-old APP animals, known for their early
synaptic and cognitive dysfunction.®¢57 TGF-g1-medi-
ated neuroprotection has been suggested during isch-
emic and A injuries*®°%-58 through the regulation of pro-
and antiapoptotic proteins or factors that counter the
effects of AB, such as collagen VI.#8585° However, evi-
dence for a TGF-B1 neurodegenerative action has also
been presented.’”®° Further, neuronal malfunction was
apparent in A/T mice, in the form of impaired stimulus-
evoked cerebral glucose uptake and eventual spatial
memory decline. Moreover, given the detrimental cere-
brovascular effects of TGF-B1,1%:19.242961 gjternative
neuroprotective approaches should be considered. For
example, therapies aimed at the cellular and molecular
underpinnings of the impaired metabolic response may
hold promise. These include key glycolytic enzymes or
neuronal (GLUT3) and vascular/astrocytic (GLUT1) glu-
cose transporters that are reduced in AD.%?



Conclusion

The present study highlighted the progressive circulatory
and neuronal deficits resulting from A and TGF-B1 co-
overproduction. As both elements coexist and interact in
the AD brain, and altered brain hemodynamics are re-
ceiving renewed attention in AD pathogenesis, the cur-
rent study provides new data on a unique mouse model
with which to test strategies aimed at rescuing disrupted
neuronal, glial, and vascular networks.
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