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Abstract Alzheimer’s disease (AD) is a global
healthcare crisis. The TgF344-AD rat is an AD model
exhibiting age-dependent AD pathological hallmarks.
We confirmed that AD rats developed cognitive
deficits at 6 months without alteration of any other
major biophysical parameters. We longitudinally
characterized cerebral hemodynamics in AD rats at
3, 4, 6, and 14 months. The myogenic responses of
the cerebral arteries and arterioles were impaired at
4 months of age in the AD rats. Consistent with the
ex vivo results, the AD rat exhibited poor autoregula-
tion of surface and deep cortical cerebral blood flow
2 months preceding cognitive decline. The dysfunc-
tion of cerebral hemodynamics in AD is exacerbated
with age associated with reduced cerebral perfusion.
Further, abolished cell contractility contributes to
cerebral hemodynamics imbalance in AD. This may
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be attributed to enhanced ROS production, reduced
mitochondrial respiration and ATP production, and
disrupted actin cytoskeleton in cerebral vascular con-
tractile cells.
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Introduction

Alzheimer’s disease (AD) accounts for an estimated
60-80% of all cases of dementia [1]. More than 6 mil-
lion Americans over 65 years of age are living with
AD in 2022. This disease cost the nation an estimated
321 billion dollars in Medicare costs and 271.6 bil-
lion dollars in unpaid care [1]. The AD pathological
hallmarks include abnormal accumulation of extra-
neuronal amyloid beta (Af) and intra-neuronal hyper-
phosphorylated tau resulting in neurodegeneration
and cognitive decline. Emerging studies demonstrated
that brain hypoperfusion is an early and persistent
symptom of AD and AD-related dementias (ADRD)
[2-6]. Reduced perfusion in the neocortex and hip-
pocampus has been reported to promote neuronal
damage and dementia associated with poor cerebral
blood flow (CBF) autoregulation, blood-brain barrier
(BBB) leakage, and dysfunction of the neurovascu-
lar unit (NVU) in AD and aging, hypertension, and
diabetes-related dementia [7-14]. However, despite
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cerebral vascular dysfunction appearing earlier than
AP and tau abnormalities, and much earlier than cog-
nitive deficits, the relationship between Af accumula-
tion and cerebral vascular dysfunction is unclear [15,
16].

The TgF344-AD rat is an AD model that exhib-
its age-dependent increases in AP by overexpress-
ing mutated human amyloid precursor protein (APP)
with the Swedish mutation and human presenilin
1 (PS1) with the A exon 9 mutation onto the F344
genetic background [17]. This AD model recapitu-
lates the full spectrum of AD pathological hallmarks
and starts to develop AP plaques, gliosis, and learn-
ing dysfunction as early as 6 months of age despite
only containing mutant AfB-producing genes [17, 18].
Other studies using this model demonstrated that the
TgF344-AD rat also displayed BBB breakdown, neu-
rofibrillary tangles, neuroinflammation, neurodegen-
eration, and diminished capability to increase CBF
in response to hypercapnia [17, 19-21]. Dickie et al.
[19] reported that BBB water permeability increased
with age from 13 to 21 months of age, but earlier in
the TgF344-AD compared with F344 wild-type (WT)
rats. Joo et al. [20] found that hypercapnia-induced
increases in CBF were significantly reduced in cor-
tical penetrating arterioles and venules in 9 months
old TgF344-AD rats. Bazzigaluppi et al. [22] reported
that 4 months old TgF344-AD rats exhibited a sus-
tained reduction in CBF in association with vascular
remodeling following L-NAME hypertension even
though baseline CBF and vasodilator responses to
hypercapnia were similar in AD and WT rats.

The brain has limited reserves of oxygen and glu-
cose, although it is a highly energy-demanding organ
[23]. A recent study reported that glucose uptake in
the entorhinal cortex and the hippocampus was signif-
icantly reduced in 9 months old TgF344-AD rats [24].
Intact cerebral hemodynamics is critical to ensure
brain perfusion and maintain normal neuronal func-
tion. Recent reports from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI), the Atherosclerosis
Risk in Communities (ARIC), and the Genome-Wide
Association Studies demonstrated that dementia in
AD is associated with inactivating mutations in genes
involved in CBF autoregulation [25-28]. Poor CBF
autoregulation is one of the essential vascular mecha-
nisms resulting in brain hypoperfusion, neurodegen-
eration, and cognitive deficits [4, 29-31]. Autoregula-
tion of CBF is modulated by the myogenic response
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(MR) of cerebral arteries and arterioles, which is an
intrinsic property of vascular smooth muscle cells
(VSMCs) that initiates vasoconstriction in response to
elevations in pressure [32-35]. The present study took
advantage of this TgF344-AD rat model that contains
Ap-overproducing but not Tau-producing genes and
longitudinally characterized cerebral hemodynam-
ics at 3, 4, 6, and 14 months. We evaluated the MR
of the freshly isolated middle cerebral artery (MCA)
and parenchymal arteriole (PA) of AD and WT rats
using a pressure myograph system. We compared
autoregulation of both surface and deep cortical CBF
in AD and WT rats using a laser-Doppler flowmeter
(LDF), as well as cerebral perfusion using a laser
speckle imaging system. Moreover, we also explored
potential underlying mechanisms in primary VSMCs
isolated from the MCAs of AD and WT rats by com-
paring cell contractile capability, production of reac-
tive oxygen species (ROS), mitochondrial respiration
and ATP production, and the actin-myosin contractile
units.

Materials and methods
Animals

The TgF344-AD (F344-Tg (Prp-APP, Prp-PS1)19)
rats were purchased from the Rat Resource &
Research Center at the University of Missouri
(Columbia, MO), and WT F344 rats (F344/NHsd)
from ENVIGO (Indianapolis, IN). The two strains
were inbred and maintained at the University of Mis-
sissippi Medical Center (UMMC). The present study
was performed using male TgF344-AD and age-
matched F344 rats at 3, 4, 6, and 14 months of age.
The rats were provided food and water ad libitum and
maintained in a centralized facility at the UMMC
with a typical 12-h light-dark cycle. All protocols in
this study were approved by the Institutional Animal
Care and Use Committee at the UMMC in accord-
ance with the American Association for the Accredi-
tation of Laboratory Animal Care, following the NIH
guidelines.

Baseline biophysical parameters

Baseline biophysical parameters, including body
weight, plasma glucose, glycosylated hemoglobin
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Alc (HbAlc), and mean arterial pressure (MAP),
were evaluated in 3, 4, 6, and 14 months TgF344-
AD and WT rats following protocols we previously
described [9, 36-39]. Briefly, rats were weighed, and
blood samples were collected from the lateral tail
vein in conscious rats 3 h after the light-on cycle.
Plasma glucose and HbAlc were examined using a
Contour Next glucometer (Ascensia Diabetes Care,
Parsippany, NJ) and an A1CNow" system (PTS Diag-
nostics, Whitestown, IN), respectively. MAP was
detected by implanting a telemetry transmitter (HD-
S10, Data Sciences International, St. Paul, MN) into
the femoral artery.

Eight-arm water maze

All animals were validated by genotyping following
protocols established by Cohen et al. [17]. Longitudi-
nal cognitive functions in separate groups of 3, 4, 6,
and 14 months old male AD and WT rats were exam-
ined using an eight-arm water maze, as previously
described [9, 37, 40—42], to validate hippocampal-
based spatial learning and memory. This is a practical
neurobehavioral test that takes advantage of the moti-
vation of the subjects to escape without food depriva-
tion [43—46]. Briefly, the water maze was filled with
tap water, maintained at 26 °C [47]. The animals were
habituated to the test room for 1 h in their home cages
before the training phase. The training phase was
performed on the first day, and the rats were trained
to recognize and memorize the escape platform in
one of the eight arms of the water maze. Eight trials
were evaluated 2 and 24 h after the training phase.
Data were recorded as the time to reach the platform
(escape time) and errors (both the front and rear paws
entering the wrong arm).

Myogenic response

The MRs of the MCA and PA of 3, 4, 6, and
14 months old male AD and WT rats were longitudi-
nally evaluated. The MCAs and PAs were freshly iso-
lated, as we previously described [40, 48]. Briefly, the
rats were weighed and euthanized with 4% isoflurane
and followed by rapid decapitation. The M2 segments
of the MCA without any branches and lenticulostri-
ate arterioles in the MCA territory that penetrate the
brain parenchyma were carefully dissected and placed
in ice-cold calcium-free physiological salt solution

(PSS, supplemented with 1% bovine serum albu-
min (BSA) [48-51]. Intact MCAs and PAs were then
mounted onto glass cannulas in a pressure myograph
chamber (Living System Instrumentation, Burlington,
VT) that was filled with warmed (37 °C) and oxygen-
ated (21% O,, 5% CO,, 74% N,) PSS solution con-
taining calcium (PSS_,) [9, 48, 52]. The MCAs and
PAs were pressurized to 40 mmHg and 10 mmHg,
respectively, for 30 min to develop a spontaneous
tone. The inner diameters (IDs) of the MCAs and
PAs in response to transmural pressure from 40 to
180 mmHg and 10 to 60 mmHg, respectively, were
recorded by a digital camera (MU 1000, AmScope)
mounted on an IMT-2 inverted microscope (Olym-
pus, Center Valley, PA) to access the pressure-diam-
eter relationships.

Autoregulation of the surface and deep cortical CBF
and brain perfusion

Autoregulation of the surface and deep cortical CBF
was evaluated in 3, 4, 6, and 14 months old male AD
and WT rats following our previously optimized pro-
tocols [40, 53]. Briefly, the rats were anesthetized
with Inactin (50 mg/kg; i.p.) and ketamine (30 mg/
kg; i.m.). This combination has minimal impact on
the CBF autoregulation and maintains baseline MAP
in the physiological range in conscious rats [10, 40,
54]. The rats were placed on a servo-controlled heat-
ing pad. The tracheal was cannulated with polyeth-
ylene (PE-240) tubing and connected to a ventilator
(SAR-830, CWE Inc.). The femoral vein and artery
were cannulated for drug delivery and MAP measure-
ments, respectively. The head was secured in a stere-
otaxic device (Stoelting, Wood Dale, IL). The respira-
tory rate was adjusted to maintain an end-tidal P,
at 35 mmHg with a CO, Analyzer (CAPSTAR-100,
CWE Inc., Ardmore, PA). A closed translucent cra-
nial window was created using a low-speed air drill,
and a fiber-optic probe (91-00,124, Perimed Inc., Las
Vegas, NV) coupled to an LDF device (PF5010, Per-
imed Inc.) was placed above the cranial window for
recording the surface cortical regional CBF. Another
fiber-optic probe was implanted into the brain via a
I-mm hole to a depth of 1.5-2 mm for recording the
deep cortical regional CBF [9, 37, 55]. This hole was
then sealed using bone wax. Baseline surface and
deep cortical CBF were recorded at 100 mmHg. MAP
was then elevated in steps of 20 mmHg to 180 mmHg
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by infusing phenylephrine (Sigma-Aldrich, St.
Louis, MO). Then, the infusion of phenylephrine
was withdrawn to return MAP to baseline. MAP was
reduced in steps of 20 mmHg to 40 mmHg by graded
hemorrhage.

Relative changes in CBF or brain perfusion in
3 and 14 months old male AD and WT rats were
determined by a laser speckle imaging (LSI) system
(RWD Life Science Co., Ltd., Shenzhen, China) as
previously described [56]. The surface CBF perfu-
sion maps were captured at 60, 100, and 160 mmHg.
Five regions of interest (ROI) were selected on each
image, and the average LSI intensity normalized with
the value at 100 mmHg was reported. All images
were obtained under the same settings.

Cell contraction assay

These experiments were performed using primary
cerebral VSMC:s isolated from the MCAs of male AD
and WT rats following a protocol described earlier [9,
40, 48, 57]. Briefly, the MCAs were incubated with
papain (22.5 U/mL) and dithiothreitol (2 mg/mL) at
37 °C for 15 min in the Tyrode’s solution (contain-
ing 145 mM NaCl, 6 mM KCI, 1 mM MgCl,.6H,0,
50 M CaCl,.2H,0, 10 mM HEPES sodium salt,
4.2 mM NaHCO;, 10 mM Glucose; pH 7.4). After
centrifugation at 1000 rpm, the pellets of the digested
vessels were resuspended in Tyrode’s solution and
further digested with elastase (2.4 U/mL), colla-
genase (250 U/mL), and trypsin inhibitor (10,000 U/
mL). The VSMCs were resuspended in the Dulbec-
co’s modified Eagle’s medium (DMEM, Thermo Sci-
entific, Waltham, MA) containing 20% fetal bovine
serum (FBS) and 1% penicillin/streptomycin after
centrifugation at 1500 rpm for 10 min at 37 °C. Cer-
ebral VSMCs were isolated from 3—4 rats per strain.
Cell contractile capabilities were compared using
primary cerebral VSMCs (passages 2—4) with a col-
lagen gel-based cell contraction assay kit (CBA-201,
Cell Biolabs, San Diego, CA) following our opti-
mized protocol [9, 40, 48, 53, 57, 58]. Briefly, cells
(3% 10° cells/mL) were seeded into a 24-well plate
pre-coated with Cell-Tak Cell and Tissue Adhesive
(354,242, 3.5 pg/cm?; Corning Inc. Corning, NY).
One group of cerebral VSMCs isolated from WT
rats was pretreated with amyloid-beta peptides 1-42
(AP (1-42); 0.1 uM and 1 pM in FBS- and antibiot-
ics-free culture medium; ANASPEC, Fremont, CA).
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The cell contraction matrix was prepared by mixing
cell suspension and collagen gel working solution
on the ice at a 1:4 ratio. After collagen polymeriza-
tion, the cell-gel mixture (0.5 mL, containing 3 10°
cells) was supplied with DMEM (1 mL) containing
vehicle, 0.1 uM or 1 M Af (1-42), respectively, and
incubated for 24 h to develop cell contractile force.
The stressed matrix was then gently released using
a sterile spatula (time 0), followed by adding 1 mL
of DMEM containing vehicle, 0.1 uM or 1 uM Af
(1-42), respectively, and stimulated for 2 h (time 120)
to initiate the cell contraction. Changes in the size of
the detached collagen gel (contraction index) were
imaged at time O and time 120 and quantified with
PowerPoint 2016 (Microsoft Corporation, Redmond,
WA). Experiments using primary cerebral VSMCs
were performed in triplicate and repeated three times.

ROS production

These experiments were performed using primary
cerebral VSMCs (passages 2-4) isolated from the
MCAs of male AD and WT rats. ROS production
was detected with dihydroethidium (DHE; D11347,
Thermo Scientific), and mitochondrial ROS produc-
tion was measured using the MitoSOX™ Red Mito-
chondrial Superoxide Indicator kit (M36008; Thermo
Fisher Scientific), as previously described [57, 58].
Briefly, cerebral VSMCs were cultured on a 6-well
plate, washed with phosphate-buffered saline (PBS)
after being firmly attached, and incubated with DHE
(10 uM) or MitoSOX™ (5 uM) at room temperature
for 10 min, respectively. Cells incubated with Mito-
SOX™ were then fixed with 3.7% paraformaldehyde
and applied with an anti-fading mounting medium
with 4',6-diamidino-2-phenylindole (DAPI; H-1200,
Vector Laboratories, Burlingame, CA). Live or fixed
cell images were captured at an excitation/emission
(in nm) of 405/590 and 396/610, respectively [57,
59] using the Lionheart automated live-cell imager
(BioTek Instruments, Inc., Winooski, VT) and a fluo-
rescence microscope (Nikon, Melville, NY), respec-
tively. Quantitation of relative ROS or mitochondrial
ROS production was determined with Image J soft-
ware (https://imagej.nih.gov/ij/download.html) by
comparing the mean intensities of the red fluores-
cence [57, 58]. Experiments using primary cerebral
VSMCs were performed in triplicate and repeated
three times.
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Mitochondrial respiration and ATP production

These experiments were performed using primary
cerebral VSMCs (passages 2—4) isolated from the
MCAs of male AD and WT rats. Mitochondrial res-
piration and ATP production were evaluated using
the Seahorse XF°24 Extracellular Flux Analyzer
(Agilent, Santa Clara, CA) by comparing the oxy-
gen consumption rate (OCR) as we have previously
described [57, 58]. Briefly, cerebral VSMCs (5 x 10%
well) were placed on an XF®24 plate pretreated with
Corning Cell-Tak Cell and Tissue Adhesive. After
incubation with XF base medium, OCR was meas-
ured before and after sequential administration of oli-
gomycin (1 pM; Sigma-Aldrich), carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone (2 uM; FCCP,
Sigma-Aldrich), rotenone (0.5 pM; Sigma-Aldrich)
and antimycin-A (0.5 uM; Sigma-Aldrich). Results
generated by the Agilent Seahorse XFe24 Analyzer
Wave 2.4 software were normalized to protein con-
centrations in each well, as we described previously
[57, 58]. Experiments using primary cerebral VSMCs
were performed in triplicate and repeated three times.

Immunocytochemistry

These experiments were performed using primary
cerebral VSMCs (passages 2-4) isolated from the
MCAs of male AD and WT rats. Cells were seeded
onto a 4-well chamber slide, fixed with 3.7% para-
formaldehyde, and permeabilized with 0.1% Tri-
ton-100 in PBS, as we previously described % 7 3%,
After blocking with 1% BSA, the cells were incu-
bated with Alexa Fluor 488 phalloidin (1:40; A12379,
Thermo Fisher Scientific, Waltham, MA) to observe
the shape and structure of F-actin. The cells were co-
incubated with anti-myosin light chain (phospho S20)
antibody (MLC; 1:300; ab2480, Abcam, Cambridge,
MA) followed by Alexa Fluor 555 goat anti-rabbit
(A-21428, Thermo Fisher Scientific). The slides
were applied with an anti-fade mounting medium
with DAPI (Vector Laboratories), coverslipped,
and imaged using a Nikon C2 laser scanning confo-
cal head mounted on an Eclipse Ti2 inverted micro-
scope (Nikon, Melville, NY). MLC intensity and the
MLC/F-actin ratios (of positively stained cells) were
measured using the NIS-Elements Imaging Soft-
ware 4.6 (Nikon), as we previously reported [36, 39].

Experiments using primary cerebral VSMCs were
performed in triplicate and repeated three times.

Statistical analysis

Data are presented as mean values + standard error
of the mean (SEM). The statistical analysis was per-
formed using GraphPad Prism 9 (GraphPad Soft-
ware, Inc., La Jolla, CA). Significances between WT
and AD rats in corresponding values in body weight,
plasma glucose, HbAlc, MAP, eight-arm water maze,
myogenic response, CBF autoregulation, and brain
perfusion were compared with a two-way ANOVA
for repeated measures followed by a Holm-Sidak post
hoc test as described previously [39, 54, 60]. Signifi-
cance of the difference in corresponding values in cell
contractility between cells isolated from WT (treated
with vehicle and two doses of Ap (1-42) and AD rats
was compared with one-way ANOVA followed by a
post hoc Tukey test. Significances in corresponding
values of changes in ROS production, mitochondrial
superoxide production, mitochondrial dynamic func-
tion, and immunocytochemistry between AD and WT
were compared using an unpaired ¢ test. P <0.05 was
considered significant.

Results
Baseline biophysical parameters

As presented in Table 1, body weights, plasma glu-
cose, HbAlc, and MAP were similar between AD
and age-matched WT rats across all ages, suggesting
the cerebral vascular and cognitive dysfunction in the
TgF344-AD rats were likely due to overexpression of
AP by mutant APP and PS1 transgenes but not rather
than diabetes or hypertension, consistent with previ-
ous observations [17, 22].

Eight-arm water maze

We next examined spatial learning and memory phe-
notypes in 3, 4, 6, and 14 months old male WT and
TgF344-AD rats using an eight-arm water maze.
Consistent with previous reports [17], the AD rats
started to display cognitive deficits at 6 months of age
(Fig. 1). Six and 14 months old AD rats spent a longer
time (Fig. 1C, D) and had more errors (Fig. 1E) than
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Table 1 Baseline biophysical parameters

Parameters Age WT AD
(months)

Body weight (g) 3 255.45+7.28 243.50+11.20

296.75+3.75 301.22+13.13

6 342.67+8.26 351.33+9.08

14 435.92+7.69 458.86+12.89
Plasma glucose 3 113.00+3.11 116.00+4.51
(mg/dL) 4 113.50+2.90 112.75+2.43
6 112.00+3.83 113.25+4.01
14 112.00+£2.80 113.75+4.03
HbAlc (%) 3 4.25+0.18 4.18+0.03
4.20+0.09 4.38+0.13
6 4.15+0.10 4.38+0.14
14 4.35+0.09 4.25+0.09

MAP (mmHg) 3 109.00+7.18 114.04+5.53
125.54+3.74 115.51+5.83
6 121.33+5.17 116.36+9.00

14 132.25+4.09 134.00+6.68

Comparison of body weights, plasma glucose and glycosylated
hemoglobin (HbAlc) concentrations, and mean arterial pres-
sure (MAP) in 3, 4, 6, and 14 months old wild-type (WT;
F344) and TgF344-AD (AD) rats. Mean values + SEM are pre-
sented. N=4-12 rats per group. P <0.05 was considered sig-
nificant

relative controls, indicating learning dysfunction and
impaired short- and long-term memory.

Myogenic response

The MR of the MCA of 3, 4, 6, and 14 months old
male AD and WT rats were longitudinally evaluated.
As depicted in Fig. 2A-D, The MCA of WT and AD
rats exhibited a similar vasoconstrictive response to
increases in perfusion pressure from 40 to 180 mmHg
at 3 months of age (Fig. 2A). Interestingly, while the
MR of the MCA of WT rats remained intact at 4, 6,
and 14 months of age (Fig. 2B-D), AD rats started
to lose the vasoconstrictive responses to pressures at
4 months, as MCA only constricted by 5.58 £2.67%
and 9.64+2.87% when transmural pressures were
elevated from 40 to 100 and 140 mmHg, respectively,
compared to 11.92+1.66% and 18.78 +3.05% in WT
when pressures were increased over the same ranges.
The impaired MR was exacerbated with age in AD
rats. AD vessels exhibited forced dilation over the
pressure range of 120-180 mmHg at 4 and 6 months
and 100-180 mmHg at 14 months of age.
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The MR of the PA of 3, 4, 6, and 14 months old
male AD and WT rats were also compared. Similar
to what was seen in the MCA, PAs isolated from AD
rats began to display an impaired MR at the age of
4 months and exacerbated with age (Fig. 2E-H). We
found that the MR of the PA was similar in WT and
AD rats at 3 months of age. However, impaired MR of
PA was observed in 4 months old AD rats compared
with WT rats. The impaired MR of PA was also exac-
erbated with age in AD rats. AD vessels exhibited
forced dilation over a pressure range of 40—60 mmHg
in 4 and 6 months old rats and 30-60 mmHg in
14 months old AD rats.

CBF autoregulation and brain perfusion

Surface cortical CBF autoregulation in 3, 4, 6, and
14 months male AD and WT rats was compared. As
presented in Fig. 3A-D, WT and AD rats exhibited
a similar intact surface cortical CBF autoregulation
at 3 months of age. Interestingly, while the surface
cortical CBF autoregulation in WT rats remained
intact at 4, 6, and 14 months of age, AD rats failed
to autoregulate beginning at 4 months of age, as CBF
increased by 22.18+1.39% (WT) vs. 40.22+5.63%
(AD) when perfusion pressure increased from 100 to
160 mmHg and decreased by 8.18 £1.95% (WT) vs.
19.82 +1.31% (AD) when perfusion pressure reduced
from 100 to 60 mmHg, respectively. The impaired
surface CBF autoregulation was exacerbated with
age in AD rats. AD vessels exhibited autoregulatory
breakthroughs above 140 and 120 mmHg at 4, and 6
or 14 months of age, respectively.

Deep cortical CBF autoregulation in 3, 4, 6, and
14 months male AD and WT rats was also compared
(Fig. 3E-H). Similar to what we observed in surface
cortical CBF autoregulation, WT and AD rats exhib-
ited an intact deep cortical CBF autoregulation at
3 months of age. AD rats started to fail to autoregu-
late at 4 months, as CBF increased by 15.30+1.78%
(WT) vs. 30.26+5.84% (AD) when perfusion
pressure increased from 100 to 160 mmHg and
decreased by 6.91+1.99% (WT) vs. 18.99+2.67%
(AD) when perfusion pressure reduced from 100 to
60 mmHg, respectively. The impaired deep cortical
CBF autoregulation was exacerbated with age in AD
rats. AD rats exhibited autoregulatory breakthroughs
above 140 mmHg at 4 months and above 120 mmHg
at 6 and 14 months of age, respectively.
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Fig. 1 Validation of cognitive phenotype of the TgF344-AD
(AD) rats. Hippocampal-based spatial learning and memory
phenotype was evaluated in 3, 4, 6, and 14 months old wild-
type (WT; F344) and AD rats. A-D Time to reach the platform
per trial (escape time) in a 2-day eight-arm water maze test.
Numbers in parentheses indicate the number of rats studied

Results of CBF autoregulation obtained by LDF
were confirmed using an LSI system. As presented
in Fig. 4, brain perfusion was similar at pressure 60,
100, and 160 mmHg in 3 months old WT and AD
rats when these rats exhibited intact CBF autoregula-
tion. Hypoperfusion was observed around and below
physiological pressures at 100 and 60 mmHg, and
excessive CBF was detected at 160 mmHg (above

per group. E The total number of errors per trial. N=6-14 rats
per group. Mean values+ SEM are presented. An open circle
represents a single value obtained from an individual animal.
* indicates P<0.05 from the corresponding values in age-
matched WT rats

autoregulatory breakthrough point) in 14 months AD
rats, implying BBB breakdown.

VSMC contraction assay
Changes in cerebral VSMC functional contractil-

ity could affect the MR of cerebral vasculature and
CBF autoregulation associated with AD/ADRD [57,
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Fig. 2 Myogenic response.
Comparison of the
myogenic response of the
middle cerebral artery
(MCA) and parenchymal
arteriole (PA) in 3, 4, 6, and
14 months old wild-type
(WT; F344) and TgF344-
AD (AD) rats. A-D Com-
parison of the myogenic
response of the MCA as of
% constriction to 40 mmHg.
E-H. Comparison of the
myogenic response of the
PA as of % constriction to
10 mmHg. Mean val-

ues +SEM are presented.
Numbers in parentheses
indicate the number of

rats studied per group.

* indicates a significant
difference (P <0.05) from
the corresponding values in
age-matched WT rats
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61, 62]. We compared the contractile capability of
VSMCs isolated from MCAs of AD and WT rats.
AD cerebral VSMCs displayed a weaker contrac-
tion index than WT, and the gel size was reduced by
3.56+0.33% and 8.32+0.42%, respectively (Fig. 5).
We also compared cell contractility of WT cerebral
VSMC treated with vehicle and AP (1-42). We first
determined the time and doses of AP (1-42) treat-
ments (data not shown). We then found that 24-h
administration of AP (1-42) reduced cell contraction
of WT cerebral VSMCs by 5.84+0.64% (0.1 pM)
and 5.98 +£0.47% (1 uM).

Production of ROS and mitochondrial superoxide

As presented in Fig. 6A, B, DHE fluorescence inten-
sity and DHE positive area per cell were 0.28- and

0.24-fold higher in VSMCs isolated from AD than
WT rats, respectively. Similarly, MitoSOX fluores-
cence intensity and MitoSOX positive area per cell
were 0.25- and 0.30-fold higher in VSMCs isolated
from AD than WT rats, respectively (Fig. 6C, D).
These results demonstrated that the production of
ROS and mitochondrial superoxide was enhanced
in AD cerebral VSMCs, which may contribute to
impaired MR and CBF autoregulation [9, 57].

Mitochondrial respiration and ATP production

Changes in mitochondrial respiration and ATP pro-
duction in cerebral VSMCs isolated from AD vs.
WT rats were evaluated using a Seahorse XFe’*
Extracellular Flux Analyzer by comparing OCR
following our optimized protocols [57, 58]. As
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presented in Fig. 7, mitochondrial basal respira-
tion (3556.00+164.37 vs. 4171.67+97.45 pmol/
min/mg) and ATP production (2988.77+161.50 vs.
3433.80+56.52 pmol/min/mg) were significantly
reduced in AD compared to WT cerebral VSMCs.
Additionally, AD cerebral VSMCs presented sig-
nificantly lower maximal respiration and lowered
spare respiratory capacity than WT cells.

Contractile units in AD and WT cerebral VSMCs

Disruption of the stabilization of the actin cytoskel-
eton by altering the F/G-actin ratio diminishes MLC

@ Springer

phosphorylation and has been reported to reduce cell
constriction in VSMCs and other motile cells [36, 39,
63—-66]. We next compared the structure, expression,
and intracellular distribution of F-actin and MLC in
AD and WT cerebral VSMCs. As shown in Fig. 8§,
the actin cytoskeleton displayed irregular polygo-
nal shapes in the cell bodies of AD cerebral VSMCs
compared with regular parallel stress fibers seen in
WT cells. The expression of MLC, determined by
fluorescence intensity, was lower in AD VSMCs.
The MLC/F-actin ratio, indicating the numbers of the
actin-myosin contractile units, was also reduced in
AD cells.
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Discussion

AD/ADRD is the most costly disease and one of
the major causes of disability and morbidity in the
elderly worldwide [1]. Although AP and Tau abnor-
mality, neuro-inflammation, and oxidative stress
have been considered to be the driving forces of
AD/ADRD, more than 50% of AD/ADRD patients
have mixed brain pathologies [3, 16]. Cholinest-
erase inhibitors, approved by the U.S. Food and
Drug Administration (FDA) for AD treatments for
AD, only alleviate AD symptoms by temporarily
improving memory and cognition. Clinical trials
targeting to correct AP and Tau abnormalities have
mixed results [67]. Aducanumab (Aduhelm®) was
approved by the FDA in 2021 and has been reported
to be able to reduce AP aggregation and improve

cognition [68]. More recently, results from a dou-
ble-blind phase 3 clinical trial using another mono-
clonal antibody, Lecanemab, demonstrated that this
drug that targets soluble AP soluble protofibrils
could reduce cognitive decline in the early stages
of AD [69]. This evidence suggested that targeting
to reduce AP accumulation could delay or reverse
neuronal damage and dementia and thus could be a
potential AD treatment. On the other hand, numer-
ous studies also have indicated that neuronal dam-
age and dementia in AD/ADRD are linked to brain
hypoperfusion and cerebral vascular dysfunction
[4, 5, 70]. However, the chicken-or-egg relationship
between AP accumulation and brain hypoperfusion
has yet to be fully understood [15, 16].

In the present study, we utilized the TgF344-
AD rat and longitudinally characterized changes

@ Springer
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Fig. 4 Brain perfusion. Comparison of surface brain perfusion
in 3 and 14 months old wild-type (WT; F344) and TgF344-AD
(AD) rats using laser speckle imaging (LSI) system at pres-
sure 60, 100, and 160 mmHg. A Representatively laser speckle
contrast images of surface cortical cerebral blood flow (CBF).
B Quantitation of LSI intensity as of % to 100 mmHg as an

indicator of surface cortical CBF. Data are presented as mean
values + SEM. Numbers in parentheses indicate the number
of rats studied per group. * indicates a significant difference
(P<0.05) from the corresponding values in age-matched WT
rats
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Fig. S Cell contractile capability. Comparison of contractile
capability in vascular smooth muscle cells (VSMCs) isolated
from the middle cerebral artery of wild-type (WT; F344) and
TgF344-AD (AD) rats, as well as the effect of AP (1-42) on
the contractile capability of WT cerebral VSMCs. A Quanti-
tation of % constriction relative to the initial gel size of cer-
ebral VSMCs in various groups and treatments. B Representa-
tive images. Cerebral VSMCs were isolated from 3 to 4 rats
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per strain. Experiments using primary cerebral VSMCs were
performed in triplicate and repeated three times. Mean val-
ues+SEM are presented. Each dot (open circle) represents a
single value obtained from an individual animal. * indicates
P <0.05 from the corresponding values in WT cells. § indi-
cates P <0.05 from the corresponding values in WT cells with-
out A (1-42) treatments
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Fig. 6 Production of reactive oxygen species (ROS) and mito-
chondrial superoxide. The production of ROS and mitochon-
drial superoxide in vascular smooth muscle cells (VSMCs) iso-
lated from the middle cerebral artery of wild-type (WT; F344)
and TgF344-AD (AD) rats were compared. A Representative
images of dihydroethidium (DHE) staining as an indicator of
ROS production. B Quantitation of DHE fluorescence intensity
and DHE positive area per cell. C Representative images of
MitoSOX™ as an indicator of mitochondrial superoxide pro-

in cerebral hemodynamics in male AD rats at 3, 4,
6, and 14 months. This design is based on previous
reports that TgF344-AD rats started to develop AP
plaque, gliosis, and learning dysfunction at 6 months
of age despite only containing mutant Ap-producing
genes [17, 18, 71]. Of note, since there are sex dif-
ferences in cerebral vascular structure and function
and cognition [40, 72, 73], thus, in this study, we only
focused on males to obtain a longitudinal characteri-
zation of the MR and autoregulation in the cerebral
circulation in AD vs. WT rats. We first confirmed
that AD rats developed cognitive deficits at 6 months
without alteration of any other major biophysical
parameters. We found that body weights, levels of
plasma glucose and HbAlc, and MAP were similar in
AD and age-matched WT rats across all ages. These
results not only validated the reported phenotypes in
this AD model [17, 22], but also demonstrated that
the cerebral vascular and cognitive dysfunction in

duction. D Quantitation of MitoSOX™ fluorescence intensity
and MitoSOX™ positive area per cell. Cerebral VSMCs were
isolated from 3 to 4 rats per strain. Experiments using primary
cerebral VSMCs were performed in triplicate and repeated
three times. Mean values + SEM are presented. Each dot (open
circle) represents a single value obtained from an individual
well. * indicates P<0.05 from the corresponding values in
WT cells

this AD rat model was likely due to overexpression of
AP in the absence of AD cardiovascular risk factors,
such as hypertension, diabetes, and obesity [30, 31,
74, 75].

It has been reported that cerebral vascular dys-
function often precedes the accumulation of Af and
tau and cognitive decline in AD patients and animal
models [15, 16]. Brain hypoperfusion could be attrib-
uted to impaired cerebral hemodynamics, BBB leak-
age, and NVU dysfunction [4, 61]. We found that
the MR of the MCA and PA was intact in AD rats at
3 months of age, similar to what was seen in WT rats.
AD rats started to lose the vasoconstrictive response
to pressures at 4 months in both the MCA and PA.
The impaired MR of MCA and PA was exacerbated
with age in AD rats. AD vessels exhibited forced
dilation over a pressure range of 120-180 mmHg
(MCA) or 40-60 mmHg (PA) at 4 and 6 months of
age and 100-180 mmHg (MCA) or 30-60 mmHg
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Fig. 7 Mitochondrial respiration and ATP production. Mito-
chondrial respiration and ATP production in vascular smooth
muscle cells (VSMCs) isolated from the middle cerebral artery
of wild-type (WT; F344) and TgF344-AD (AD) rats were com-
pared using the Seahorse XFe24 Extracellular Flux Analyzer
by comparing the oxygen consumption rate (OCR). A OCR
Mito Stress test Seahorse profiles. Numbers in parentheses
indicate the number of rats studied per group. B Quantitative
analysis of OCR. Each dot (open circle) represents a single

(PA) at 14 months of age. Results from our in vivo
CBF autoregulation study were similar to the ex vivo
MR study. We found that WT and AD rats exhib-
ited a similar intact surface and deep cortical CBF
autoregulation at 3 months of age. However, AD
rats started to fail to autoregulate CBF at 4 months
of age. The impaired surface and deep cortical CBF
autoregulation were exacerbated with age in AD rats.
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value obtained from an individual well. Cerebral VSMCs were
isolated from 3 to 4 rats per strain. Experiments using primary
cerebral VSMCs were performed in triplicate and repeated
three times. Mean values+SEM are presented. * indicates
P <0.05 from the corresponding values in WT cells. BR, basal
respiration; ATP, adenosine triphosphate; MR, maximal res-
piration; SRC, spare respiratory capacity; NMOC, non-mito-
chondrial oxygen consumption

AD surface cortical vessels exhibited autoregulatory
breakthroughs above 140 and 120 mmHg at 4, and
6, and 14 months of age, respectively. AD deep cor-
tical vessels exhibited autoregulatory breakthroughs
above 140 mmHg at 4 months and above 120 mmHg
at 6 and 14 months of age, respectively. These results
indicated that impaired MR and CBF autoregula-
tion appeared at least 2 months prior to the onset of
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cognitive deficits in the TgF344-AD rat. Our results
also demonstrate that the MR and CBF autoregula-
tion were impaired to a greater extent in old vs. young
AD rats and in the deep vs. surface cortex, similar
to what we found in diabetic rats [9]. These results
were further validated with brain perfusion using
LSI. We found that 3 months old AD rats had similar
brain perfusion to WT rats when perfusion pressure
was at 60, 100, and 160 mmHg. Brain hypoperfusion
was detected when perfusion pressure was at 100 and
60 mmHg, and BBB leakage was suggested when
perfusion pressure was above the autoregulatory
breakthrough point in 14 months AD rats.

We previously reported that old diabetic rats also
exhibited impaired cerebral hemodynamics and cog-
nitive impairments [9]. We have evidence that the
impaired cerebral hemodynamics in diabetic rats
results from VSMC and arteriolar pericyte contrac-
tile dysfunction, possibly due to enhanced oxidative
stress, mitochondrial dysfunction, and ATP depletion
[9, 57, 58]. We found abolished cell contractility in
VSMC:s isolated from AD MCA compared to cells
obtained from WT vessels. Ap (1-42) at two concen-
trations (0.1 and 1 pM) reduced cell contraction of
WT cells. ROS production and mitochondrial ROS
were enhanced, and mitochondrial respiration and
ATP production were reduced in AD VSMCs com-
pared with WT cells. Furthermore, we found that the
stabilization of the actin cytoskeleton was disrupted,
and the expression of MLC and the numbers of the
actin-myosin contractile units were reduced in cer-
ebral VSMCs isolated from AD rats. These results
suggest that impaired cerebral hemodynamics in AD
rats attributed to reduced cerebral VSMC functional
contractility, which was associated with enhanced
ROS production and reduced mitochondrial respira-
tion and ATP production, similar to what we reported
in diabetic-related dementia.

Other studies using AD animal models of AD sug-
gested that AR may decrease the MR, CBF, and vaso-
dilator responses [76—78]. Our results of AP (1-42)
reduced VSMC contractility indicate that it may have
a direct effect on lowering cerebral vasoconstriction,
consistent with previous findings [79]. Surprisingly,
Dietrich et al. [80] reported that Af-treated PAs of
SD rats and in PAs of Tg2576 mice exhibited dimin-
ished dilation to ATP. They also found that both Af
(1-40) and AP (1-42) constricted PAs isolated from
Sprague-Dawley (SD) rats associated with increased

ROS production. The Attwell group reported that A
evoked capillary pericyte-mediated vasoconstriction
[81, 82]. PAs have been reported to exhibit a greater
myogenic tone compared to cerebral arteries due to
the lack of BK channels and enhanced L-type volt-
age-dependent calcium channel activity [50]. The
PA also acts as the “bottleneck” in the deep cortex
that reduces CBF in the capillaries when constricted
[83]. Since the contractile cells on the wall of the
MCA, PA, and capillary are VSMCs, mixed VSMCs
and pericytes, and pericytes, respectively, it is pos-
sible that AP causes diverse effects, such as dilating
VSMCs and constricting pericytes, along the cerebral
vascular beds. Nevertheless, the effects of Ap on the
MCA, PA, and capillary may, directly or indirectly
(via oxygen radicals), contribute to CBF reduction
that plays a crucial role in driving cognitive impair-
ments. On the other hand, brain hypoperfusion caused
by AP may also evoke or amplify the production and/
or reduce the clearance of AP. However, uncovering
the underlying mechanisms need further study.

Recent clinical evidence suggests that hyperten-
sion can significantly contribute to the acceleration of
cognitive decline and brain damage in patients with
AD. Hypertensive patients with AD had a higher
rate of cognitive decline that is associated with white
matter lesions and hippocampal atrophy compared to
non-hypertensive patients with AD [84, 85].

Numerous studies also demonstrated that hyper-
tension promotes amyloid deposition and tau pathol-
ogy [3, 41, 86-88], suggesting that controlling hyper-
tension may not only slow the progression of AD but
also prevent or delay its onset.

In conclusion, the present study underscores
longitudinal changes in cerebral hemodynam-
ics in the TgF344-AD transgenic rats and estab-
lishes that cerebral vascular dysfunction precedes
learning and memory disturbance. The major
findings of this study indicate that the TgF344-
AD rats displayed significantly impaired MR
and CBF autoregulation 2 months prior to learn-
ing and memory deficits; the dysfunction of cer-
ebral hemodynamics in AD is exacerbated with
age associated with reduced cerebral perfusion;
abolished cell contractility contributes to cerebral
hemodynamics imbalance in AD, which may be
attributed to enhanced ROS production, decreased
mitochondrial respiration and ATP depletion, and
disrupted actin cytoskeleton in cerebral VSMCs.
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«Fig. 8 Contractile units. The structure, expression, and intra-
cellular distribution of F-actin and myosin light chain (MLC)
in vascular smooth muscle cells (VSMCs) isolated from the
middle cerebral artery of wild-type (WT; F344) and TgF344-
AD (AD) rats were compared by immunocytochemistry. A
Representative images of immunostaining using Alexa Fluor
488 phalloidin for F-actin and the antibody against MLC. The
cell nucleus was stained with 4',6-diamidino-2-phenylindole
(DAPI). B Quantitative analysis of MLC fluorescence intensity
and the MLC/F-actin ratios (of positively stained cells) as indi-
cators of MLC expression and the numbers of the actin-myosin
contractile units, respectively. Each dot (open circle) repre-
sents a single value obtained from an individual well. Cerebral
VSMCs were isolated from 3 to 4 rats per strain. Experiments
using primary cerebral VSMCs were performed in triplicate
and repeated three times. Mean values+ SEM are presented. *
indicates P <0.05 from the corresponding values in WT cells

While the present study has yielded valuable
insights, it is important to acknowledge its tech-
nical limitations. For instance, we relied on com-
parisons of relative CBF and utilized the Laser
Speckle Contrast Imaging System, which is lim-
ited to surface flow measurements. However, a
recent study has shown that during neurovascular
coupling responses, the flow in the middle cere-
bral artery is bilaterally increased, suggesting that
surface CBF measurements may also reflect NVU
function [89]. Nonetheless, these findings high-
light the complex and multifactorial nature of AD
pathology, supporting the development of thera-
peutic interventions targeted at restoring cerebro-
vascular function in the early stage of AD.
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