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Increases in hypertension-induced cerebral
microhemorrhages exacerbate gait dysfunction in a mouse
model of Alzheimer’s disease

Ádám Nyúl-Tóth & Stefano Tarantini & Tamas Kiss & Peter Toth & Veronica Galvan &

Amber Tarantini & Andriy Yabluchanskiy & Anna Csiszar &

Zoltan Ungvari

Received: 19 May 2020 /Accepted: 17 August 2020
# American Aging Association 2020

Abstract Clinical studies show that cerebral amyloid
angiopathy (CAA) associated with Alzheimer’s disease
(AD) and arterial hypertension are independent risk
factors for cerebral microhemorrhages (CMHs). To test
the hypothesis that amyloid pathology and hypertension
interact to promote the development of CMHs, we

induced hypertension in the Tg2576 mouse model of
AD and respective controls by treatment with angioten-
sin II (Ang II) and the NO synthesis inhibitor L-NAME.
The number, size, localization, and neurological conse-
quences (gait alterations) of CMHs were compared. We
found that compared to control mice, in TG2576 mice,
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the same level of hypertension led to significantly in-
creased CMH burden and exacerbation of CMH-related
gait alterations. In hypertensive TG2576 mice, CMHs
were predominantly located in the cerebral cortex at the
cortical-subcortical boundary, mimicking the clinical
picture seen in patients with CAA. Collectively, amy-
loid pathologies exacerbate the effects of hypertension,
promoting the genesis of CMHs, which likely contribute
to their deleterious effects on cognitive function. Ther-
apeutic strategies for prevention of CMHs that reduce
blood pressure and preserve microvascular integrity are
expected to exert neuroprotective effects in high-risk
elderly AD patients.

Keywords Dementia . Microbleed . Arteriole . Gait
dysfunction . Cerebral amyloid angiopathy

Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia in older adults and the sixth leading cause of
death in the USA. An estimated 5.8 million Americans
aged 65 and older are living with AD, and this number is
projected to reach 14 million by mid-century. There is
growing evidence that microvascular pathologies con-
tribute significantly to progression of cognitive impair-
ment in AD [1–8]. Using sensitive magnetic resonance
imaging techniques (e.g., T2* gradient-recall echo and
susceptibility-weighted imaging MRI sequences) a
number of cerebral microhemorrhages (CMHs) can be
detected in brains of AD patients [9]. CMHs are small
intracerebral hemorrhages (< 5 mm in humans) associ-
ated with rupture of small arterioles and capillaries. The
prevalence of CMHs is 26–48% in AD patients [10–13].
AD patients often exhibit multiple CMHs [11, 14].
CMHs in AD patients are considered of emerging im-
portance as a contributing factor to the progressive
impairment of cognitive function [9, 15, 16]. CMHs
have also been observed in mouse models of AD, in-
cluding the TG2576 mice [9, 17–19]. Clinical and pre-
clinical studies show that CMHs per se impair process-
ing speed and cognitive function [15, 16], and promote
gait disturbances [20–22]. The clinical significance of
CMHs lies in the fact that they represent potentially
preventable pathologies contributing to cognitive de-
cline [9]. It has been proposed that treatments that target
the pathogenesis of CMHs may effectively delay

progression of cognitive decline both in AD and vascu-
lar cognitive impairment (VCI) [9, 22].

Epidemiological studies demonstrate that in addition
to AD pathologies, hypertension is also a major risk
factor for the development of CMHs in older adults [9,
23, 24]. Preclinical studies extends these clinical findings,
demonstrating that in rodent models of aging hyperten-
sion promotes the development of CMHs [9, 22, 25].
Hypertension is prevalent in AD patients, and it has been
proposed that it plays a critical role in the progression of
the disease [3, 13, 26–34]. For example, a recent Swedish
study analyzing clinical records and autopsy findings
demonstrated that 37% of AD patients analyzed had
clinically manifest hypertension [35]. Additionally, large
cross-sectional and longitudinal population-based studies
consistently show that a relationship exists between hy-
pertension and incidence and progression of clinical
symptoms of AD [32, 33, 36–41]. Experimental studies
also confirm that a causal link exist between hypertension
and AD progression [3, 27, 28, 42–53]. Yet, the effects of
amyloid pathologies on the on the pathogenesis of CMHs
are not completely understood.

The present study was designed to test the hypothesis
that the presence of amyloid pathologies exacerbates the
development of hypertension-induced CMHs and aggra-
vates their functional consequences. To test our hypothe-
sis, we induced hypertension in the TG2576 mouse model
of AD and respective controls (by treatment with angio-
tensin II (Ang II) and the NO synthesis inhibitor L-
NAME) and compared the incidence, size, localization
and neurological consequences (gait alterations) of CMHs.

Methods

Experimental animals

Wild-type control C57BL/6 (n = 6; 12 month old) and
TG2576 (strain: B6;SJL-Tg(APPSWE)2576Kha; n = 6;
12 months old) male mice were purchased from Charles
River Laboratories (Wilmington, MA, USA). The
TG2576 mouse model (also known as Hsiao mice,
App-Swe, App-sw, APP(sw)) overexpresses a mutant
form of APP (isoform 695) with the Swedish mutation
(KM670/671NL) under the control of the hamster prion
protein promoter, resulting in elevated levels of Aβ,
parenchymal amyloid plaques, and vascular amyloid
angiopathy associated with cognitive impairment by
12 months of age. Animals were housed under specific
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pathogen-free barrier conditions in the Rodent Barrier
Facility at the University of Oklahoma Health Sciences
Center with unlimited access to water under a controlled
photoperiod (12 h light; 12 h dark). All procedures were
approved by and followed the guidelines of the Institu-
tional Animal Care and Use Committee of the Univer-
sity of Oklahoma HSC.

Induction of spontaneous CMHs

To study the effects of amyloid pathologies on sponta-
neous, hypertension-induced CMHs, we used a previ-
ously well-characterized mouse model [22, 25, 54–56].
Briefly, in 12-month-old male TG2576 and respective
age-matched control mice hypertension was induced by
a combination treatment with ω-nitro-L-arginine-
methyl ether (L-NAME, 100 mg/kg/day, in drinking
water) and administration of Ang-II (s.c. via osmotic
mini-pumps (Alzet Model 2006, 0.15 μl/h; Durect Co,
Cupertino, CA)). Pumps were filled either with saline or
solutions of angiotensin II (Sigma Chemical Co., St.
Louis, MO, USA) that delivered (subcutaneously)
1 μg/min/kg of angiotensin II. Pumps were placed into
the subcutaneous space of ketamine/xylazine anesthe-
tized mice through a small incision in the interscapular
area that was closed with surgical sutures using aseptic
techniques. All incision sites healed rapidly without the
need for additional medication.

Blood pressure of the animals was recorded before
the treatment and every second day during the treatment
period using a tail-cuff blood pressure apparatus (CO-
DA Non-Invasive Blood Pressure System, Kent Scien-
tific Co., Torrington, CT), as described [22, 57]. To
assess the occurrence of clinically manifest hemor-
rhages, daily neurological examination was performed
as reported [22], by assessing each animal’s spontane-
ous activity, symmetry in the movement of the four
limbs, forelimb outstretching, climbing ability, body
proprioception, response to vibrissae touch and gait
coordination. Each examined animal was provided with
a daily score calculated by the summation of all individ-
ual test scores. Animals were euthanized on day 10 post-
induction of hypertension.

Analysis of gait function

To determine the impact of CMHs on gait function and
the spatial and temporal aspects of interlimb coordina-
tion, we tested hypertensive control and TG2576 mice

using a highly sensitive, automated computer-assisted
method (CatWalk; Noldus Information Technology
Inc.) as reported [22, 57]. The CatWalk system is a
sophisticated apparatus that allows for quantitative as-
sessment of footfall andmotor performance.Mouse paw
location and placement patterns are recorded by a high-
speed high-resolution camera while the animals are
allowed to freely walk on an illuminated glass platform,
providing accurate and repeatable measurements of gait
function and spatial and temporal aspects of interlimb
coordination [58]. Briefly, animals from both groups
were acclimatized and trained to voluntarily walk across
the illuminated walkway in a dark and quiet room
dedicated for behavioral experimentation. Mice gait
function was acquired for over 20 consecutive runs,
producing over 200 steps for each animal. The resulting
data was averaged across the ~ 20 runs in which mice
maintained a relatively constant speed across the walk-
way. Subsequently, computer-aided analysis of the gait
data and manual paw identification and labeling of each
footprint was carried out blindly and spatial and tempo-
ral gait parameters were calculated. The variability of
the data has been assessed using quartile dispersion. We
adopted a common outlier definition, labeling points
more than 1.5 interquartile ranges away from the sample
median as extreme values. Mean gait characteristics
calculated included speed, swing speed, cadence, stride
length, stride time, duty cycle, base of support, and
terminal dual stance. Stride length is the distance (in
cm) between successive placements of the same paw.
Stride time is the interval lapsed (s) between each suc-
cessive paw contact. Base of support is the average
width between the paws. Phase dispersion is a measure
of the temporal relationship between placement of two
hind paws within a step cycle. Variability characteristics
and measures of gait coordination were also acquired
using the CatWalk system. We also analyzed step se-
quence patterns. Rodents can potentially alternate be-
tween multiple step sequence patterns during spontane-
ous walk. The CatWalk system records the actual order
of footfalls as they occur and categorizes them based
on common and uncommon sequence patterns. The 4
most commonly used gait patterns in rodents, known
as the “normal step patterns,” are the alternate pat-
terns AA (RF-RH-LF-LH) and AB (LF-RH-RF-LH),
and the cruciate patterns CA (RF-LF-RH-LH) and
CB (LF-RF-LH-RH). To define the pattern utilized
by each mouse the right front paw was arbitrarily
chosen as the initial step.
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The regularity index (%) is a fractional measure of
inter-paw coordination, which expresses the number of
normal step sequence patterns relative to the total num-
ber of paw placements.

Regularity index

¼ #of normal step sequence patterns� 4

total#of paw placements
� 100%ð Þ

In healthy, fully coordinated mice, the regularity
index value is closer to 100%.

Investigating gait variability, the stride-to-stride fluc-
tuations in gait parameters, offers a sensitive, novel
method of quantifying subtle changes in locomotion in
mice [58]. Step time and step length variability were
analyzed by computing the standard deviation for
datasets that contained > 200 steps for each animal,
obtained in consecutive runs at similar speeds.

Analysis of gait symmetry provides an additional
approach in the characterization of gait coordination.
Importantly, as location of CMHs is asymmetric, it can
be expected that assessment of gait symmetry can reveal
sub-clinical alterations in gait coordination. This study
investigated the effects of CMHs on gait symmetry by
quantifying the symmetry index (SI). The SI is a very
sensitive and commonly used assessment of gait sym-
metry on the basis of spatial-temporal gait characteris-
tics [59, 60].

Symmetry Index ¼ XLeft−X Right

�
�

�
�

0:5� X Left þ X Right

� � � 100%ð Þ

The symmetry index is a method of percentage as-
sessment of the relative inter-limb differences between
the kinematic and kinetic parameters during locomotion.
The value of SI = 0 indicates full symmetry, while SI ≥
100% indicates lack of symmetry in the gait character-
istic of interest.

Histological analysis of CMHs

Mice were anesthetized and transcardially perfused with
ice-cold heparinized PBS for 10 min and subsequently
decapitated as reported [22]. Then, the brains were
removed from the skull and fixed in 10% formalin at
room temperature for 1 day. The next day, the brains
were placed in fresh 10% formalin (at 4 °C, for 2 days),
then in 70% ethanol (at 4 °C, for 2 days), followed by
embedding in paraffin. The brains were serially sec-
tioned at 8-μm thickness yielding approximately 1500

sections per brain. The sections were stained with he-
matoxylin to reveal the brain structure and diaminoben-
zidine (DAB) to highlight the presence of hemorrhages.
DAB turns into dark brownwhen it undergoes a reaction
with peroxidases present in red blood cells therefore
allowing precise detection of extravasated blood cells
in the parenchyma of the brain. All stained sections were
screened by a reader blinded to the treatment groups and
images were acquired in the evidence of a positive DAB
reaction. Digital images were analyzed with ImageJ
1.52p (NIH, USA) software to identify the location
and quantify the number and size of hemorrhages. Im-
ages captured with same magnification were color
deconvolved and thresholded uniformly; then, the pixel
intensity integrated density was measured on the select-
ed bleed area. The volumetric reconstruction of individ-
ual hemorrhages was estimated based on the sum of
CMH volumes on consecutive sections (CMH area x
slice thickness) as described [22, 25].

Statistical analysis

Two-tailed t test was used for comparison of two
groups. Two-way analysis of variance followed by Fish-
er LSD method or Kruskal-Wallis one-way analysis of
variance on ranks was used for comparison of multiple
groups. A P value < 0.05 was considered statistically
significant. Data are expressed as mean ± SEM.

Results

Exacerbation of hypertension-induced spontaneous
CMHs in TG2576 mice

Treatment with Ang II plus L-NAME resulted in com-
parable increases in blood pressure (to) both in TG2576
mice (155 ± 3 mmHg) and age-matched control (156 ±
3 mmHg) mice, extending previous findings [61]. Since
aging is associated with increased activity of the vascu-
lar renin-angiotensin system and Ang II-dependent hy-
pertension is common among older individuals, Ang II-
dependent hypertension is a clinically highly relevant
model to study aging-related cerebrovascular alterations
[62]. Earlier studies by the Heistad laboratory [54, 55]
and subsequent studies by our laboratories [22, 25] have
characterized models of spontaneous hypertension-
induced hemorrhages in mice. These studies showed
that co-administration of L-NAME results in a ~
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15 mmHg additional increase in blood pressure, which
associate with a significant increase in CMH incidence
in the presence of underlying microvascular fragility.

Histological analysis showed that hypertensive
TG2576 mice developed multiple CMHs. CMHs varied
in appearance (representative images of pericapillary,
diffuse, confluent, and patchy CMHs are shown in
Fig. 1). When the cerebral vessels associated with the
CMHs were clearly distinguishable, their internal diam-
eter was found to be in the range of ~ 8–20 μm (Fig. 1).
Similar to our previous observations [57], hypertension-
induced CMHs were often confined to and spread along
the perivascular spaces (Fig. 1d). In brains of hyperten-
sive TG2576mice, a higher total count of CMHs (104 ±
14) was observed compared to hypertensive control
mice (21 ± 1; Fig. 1f). CMHs were not detected in brains
of normotensive control mice, whereas only a few small
CMHs were observed in the brains of normotensive
TG2576 mice (not shown).

CMHs were distributed widely in the brain of
TG2576 mice, including the cortex, brain stem, basal
ganglia, white matter, and even hippocampi (Fig. 2). As
shown in Fig. 2b, in hypertensive TG2576 mice, there
were more CMHs predominantly in cerebral cortex than
in hypertensive control mice. The number of CMHs in
the white matter, basal ganglia, brain stem, cerebellum,
and hippocampi also increased in hypertensive TG2576
mice. CMH burden, expressed as total CMH volume in
each brain region, also significantly increased in
TG2576 mice (Fig. 2c). The average volume of individ-
ual CMHs was comparable in control and TG2576
animals (Fig. 2d). Figure 3 illustrates that the cortical-
subcortical boundary is the predilection site of
hypertension-induced CMHs in TG2576 mice. Interest-
ingly, in human AD patients CMHs are also predomi-
nantly localized to the cortical-subcortical boundary in
cortical gyri.

Increased incidence of CMHs is associated with gait
dysfunction in TG2576 mice

Since in humans CMHs are associated with gait dys-
function [20], we analyzed mouse gait. We found that
gait abnormalities (including an increase in gait
variability and a decline in gait symmetry; Figs. 4 and
5, respectively) were more severe in hypertensive
TG2576 mice as compared to hypertensive control
mice, suggesting that analysis of motor function status
(e.g., deficit in interlimb coordination, temporal

asymmetry) can predict the severity of CMH burden
[22]. The regularity index, a comprehensive measure
of inter-paw coordination, tended to be lower in hyper-
tensive TG2576 mice as compared to hypertensive con-
trols, but the difference did not reach statistical signifi-
cance (Fig. 4a). The study of gait variability, the stride-
to-stride fluctuations in walking, offers a sensitive meth-
od of quantifying and characterizing locomotion. Previ-
ous studies in older adults suggest that measures of gait
variability are more closely related to cognitive decline
or falls than other measures based on the mean values of
other gait characteristics [63–72]. In this study, in hy-
pertensive TG2576 mice, a trend for increased stride
length variability was discernible (Fig. 4b). We found
a statistically significant increase in stride time variabil-
ity with advanced aging (Fig. 4c). Hypertension-
induced changes in stride time and stride length (data
not shown), base of support (Fig. 4d), and print area
variability (Fig. 4e) did not correlate with amyloid pa-
thology. Phase dispersion tended to change more in
hypertensive TG2576mice as compared to hypertensive
controls, but the difference did not reach statistical sig-
nificance (Fig. 4f, g). Gait parameters in normotensive
TG2576 mice and control mice did not change signifi-
cantly during the experimental period (data not shown).
We found differences in the gait-pattern frequency dis-
tribution (Fig. 4h). Hypertensive TG2576 mice exhibit-
ed a 60% decrease in frequency of the radial pattern AA,
known as the “giraffe walk.” Alternating contralateral
footfall patterns (CA/CB) were used with similar fre-
quency in hypertensive TG2576 mice and control mice.
Thus, the changes in gait mechanics associated with
increased CMH incidence in TG2576 mice, observed
via gait-pattern frequency distribution, revealed that
CMHs were accompanied by a preferential reliance on
the AB gait pattern.

Gait involves a cyclical and laterally alternating
stride progression to maintain balance. Comparing left
vs right stride lengths and stride time asymmetries in
hypertensive mice reflects potential functional deficits
caused by asymmetric CMHs that may otherwise go
unnoticed. The left-right stride characteristics were com-
pared by calculating the symmetry indices [59] for front
and hind limb stride length, stride time and paw print
areas in hypertensive TG2576 mice and control mice
(Fig. 5). We found that in hypertensive TG2576 mice
have a more asymmetric stride pattern during gait com-
pared to controls and tend to exhibit increased asymme-
try both in stride time and stride length (Fig. 5).
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Discussion

Our study demonstrates that the effects of hypertension
in the TG2576 mouse model of AD phenocopies impor-
tant aspects of CMHs in AD patients. Our findings
provide additional experimental evidence for a direct
interaction between amyloid pathology and arterial hy-
pertension in the pathogenesis of CMHs.

The majority of AD patients have cerebral amyloid
angiopathy (CAA). CAA is a common age-related ce-
rebrovascular pathology caused by the deposition of
amyloid beta (Aβ) peptides in the cerebral arteries,

arterioles, and capillaries. The TG2576 mouse model
is known to develop amyloid pathologies in cerebral
vessels [73], mimicking CAA associated with AD in
humans. Importantly, we found that in brains of
TG2576 mice affected by amyloid pathologies, the
same level of hypertension leads to significantly in-
creased incidence of CMHs. Our findings accord with
the results of the studies by Passos et al.61 reporting
earlier manifestations of clinical signs of intracerebral
hemorrhages upon induction of experimental hyperten-
sion in TG2576 mice as compared to control mice. The
results obtained using angiotensin II-induced

Fig. 1 Exacerbation of hypertension-induced spontaneous CMHs
in TG2576 mice. Representative images of pericapillary (a), dif-
fuse (b), patchy (c), patchy/perivascular (d), and confluent (e)
CMHs stained by diaminobenzidine in brains of hypertensive
TG2576 mice (scale bar is 200 μm in case of upper panels and
for lower panels is 50 μm). Note in d the spread of the hemorrhage
to the daughter branches of an arteriole along the perivascular

spaces. e Workflow showing analysis of CMHs. Brightfield im-
ages of CMHs were captured using a × 4 objective. The images
were batch-processed for color deconvolution, thresholding and
area measurement. f Total number of hypertension (angiotensin II
(Ang II) treatment)-induced CMHs throughout the entire brains of
control and TG2576 mice. Data are means ± SEM (n = 6 for each
group). *p < 0.0001 vs. wild type
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hypertension as a model system have translational rele-
vance, as in clinical studies treatment with the
angiotensin-converting enzyme inhibitor perindopril to
reduce blood pressure was shown to significantly reduce
the risk of CAA-related CMHs [74]. We found that
extravasated blood in the mouse brain often spread
along the perivascular spaces. This is significant, as
extravasated blood and hemosiderin were also reported

to migrate through enlarged perivascular spaces in
humans propagating an inflammatory reaction along
the local microvasculature [75]. We found that similar
to human AD [1, 10, 76], in mice synergy of amyloid
pathologies and hypertension predominantly increases
the incidence of CMHs at the cortical-subcortical
boundary. CAA in AD patients shows a similar distri-
bution [77], and it is believed that majority of CMHs in

Fig. 2 Distribution of hypertension-induced CMHs by location in
TG2576 mice. a Representative images of CMHs stained by
diaminobenzidine in the cortex (left), basal ganglia (middle), and
hippocampus (right) of hypertensive TG2576 mice (scale bar is
200 μm in case of upper panels and for lower panels is 50 μm). b,
cBar graphs showing the distribution of hypertension (angiotensin
II (Ang II) treatment)-induced CMHs by location. Total CMH

counts (b) and total CMH volumes (c) per region per animals were
averaged. Note that amyloid pathologies exacerbate hypertension-
induced CMHs predominantly in the cortex. d Average individual
CMH volumes did not differ substantially between the two groups.
Data are mean ± SEM (n = 6 for each group). *p < 0.05 vs. wild
type control
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AD patients develop in vessels affected by CAA. Ac-
cordingly, in humans, more than 4/5 of CMHs located
strictly in the lobar regions and predominantly in the
posterior cortex of the brain are caused by CAA. In
contrast, CMHs caused by hypertension in the absence
of amyloid pathologies predominantly occur in deep
gray matter or the brainstem.

The interrelationship between the location of cerebral
microhemorrhages and cognitive dysfunction in humans
has been studied by analyzing longitudinal data from the
AGES-Reykjavik Study [78]. This study demonstrated
that presence of deep or mixed (deep and lobar) CMHs in
older adults is significantly associated with a steeper 5-
year decline in performance on each of the following
cognitive domains: memory, information processing
speed, and executive function [78]. Mixed CMHs were
shown to associate with a decline in memory and speed.
In contrast, presence of strictly lobar CMHs or cerebellar
CMHs was not associated with cognitive decline [78].
Other studies contradict the conclusions of the aforemen-
tioned study suggesting that strictly lobar, but not deep or
infratentorial, CMHs are associated with cognitive im-
pairment. Future studies should determine how number
and location of CMHs in mice affect cognitive function,
such as performance of commonly used cognitive tasks.

It is likely that CAA both in humans and mice in-
creases fragility of cerebral microvessels, which become
significantly more vulnerable to pressure-induced rup-
ture. Increased microvascular fragility associated with
CAA is likely also responsible for the increased preva-
lence of spontaneous CMHs in TG2576 mice [18, 79].
The cellular mechanisms responsible for increased sus-
ceptibility of the cerebral circulation affected by amy-
loid pathologies to hypertension-induced injury are like-
ly multifaceted. Amyloid pathologies and CAA result in
vascular smooth muscle cell damage, oxidative stress
and matrix metalloproteinase activation, and conse-
quential degeneration of the extracellular matrix [9, 80,
81]. High levels of Aβ were suggested to promote
upregulation of NAD(P)H oxidase activation [82], in-
duce mitochondrial oxidative stress, [83] and compro-
mise antioxidant defenses [84]. Hypertension and Ang
II were shown to exert synergistic vascular effects [22,
46, 85, 86]. Previous studies suggest a central role for
hypertension-induced cerebrovascular ROS production
and redox-sensitive activation of MMPs in the patho-
genesis of CMHs [22], which degrade components of
the basal lamina and extracellular matrix, weakening the
vascular wall. Amyloid pathologies in TG2576 mice are
associated with increased MMP activation/expression

Fig. 3 The cortical-subcortical boundary is the predilection site of
hypertension-induced CMHs in TG2576 mice. a Representative
images of diaminobenzidine-stained CMHs (arrows) at the bound-
ary between the gray matter (GM and white matter (WM) (scale
bar 500 μm). b Image processing (color deconvolution followed

by thresholding) readily reveals the boundary between GM and
WM on histological sections. Arrows point to the same CMHs
identified in a. Note that both cortical and white matter CMHs are
frequently located close to the cortical-subcortical boundary in
brains of TG2576 mice
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[87], which likely contribute to the increased fragility of
cerebral blood vessels. Treatment with Aβ peptide
in vitro also upregulates MMPs [81]. Additionally, am-
yloid pathologies exacerbate cerebrovascular oxidative
stress [88], presenting redox-sensitive MMP activation

[54] as a potential mechanism responsible for the ob-
served phenotype. This concept is supported by previ-
ous findings that hypertension-induced MMP activation
can be attenuated by antioxidant treatments [22]. Future
studies are warranted to determine the effects of

Fig. 4 Effects of increased incidence of CMHs on gait coordina-
tion in hypertensive TG2576 mice. Regularity index (a), stride
length variability (b), stride time variability (c), base of support
(hind paws; d), and print area variability (e) in spontaneously
walking hypertensive TG2576 mice and control mice after induc-
tion of CMHs. f, g Bar graphs showing average deviation of inter-
limb coupling values (phase dispersion) from the expected value
(50%) after induction of CMHs in hypertensive control mice and
TG2576 mice. Phase dispersion was calculated between the right
front paw (RF) and left hind paw (LH) (f) and the right hind paw

(RH) and left front paw (LF) (g). Data are mean ± SEM (n = 6 for
each group). *p < 0.05 vs. control. h Hildebrand plot of the com-
mon gait patterns: AA (RF-RH-LF-LH), AB (LF-RH-RF-LH),
CA (RF-LF-RH-LH), and CB (LF-RF-LH-RH). Percentages indi-
cate relative use of each step pattern in hypertensive TG2576 mice
and control mice. The most common step pattern in both was the
AB pattern. Hypertensive control mice used more frequently the
radial AA pattern than hypertensive TG2576 mice, and compen-
sated with a decreased use of the alternating AB pattern
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antioxidants and MMP inhibitors on the genesis of
hypertension-induced CMHs in AD as well.

Our findings underscore the likely pathogenic role of
hypertension-induced CMHs in AD patients. Indeed,
there are many similarities between CMHs observed in
TG2576 mice and hypertensive elderly AD patients,
including the relative size of the bleedings, the clinical
symptoms, and the progressive nature of the patholog-
ical process [61, 89]. Clinical studies show that CMHs
contribute to the pathogenesis of cognitive impairment
[90]. Additionally, CMHs have also been shown to be
associated with gait dysfunction both in humans [20]
and experimental animals [22, 25]. Importantly, we also
revealed that increased incidence of CMHs lead to pro-
gressive gait abnormalities in TG2576 mice. Gait is a
complex motor behavior which involves all levels of the
nervous system from cortex to brain stem that coordi-
nate to produce locomotion.We propose that subclinical

gait abnormalities are sensitive indicators of CMH de-
velopment in experimental AD research as lesions af-
fecting brain regions important for gait coordination
(e.g., multiple cortical areas, basal ganglia, cerebellum,
white matter) will elicit quantifiable symptoms. The
causal link between CMHs and gait abnormalities is
clinically potentially significant as gait abnormalities
are early signs of AD and dementia in humans [91–93].

In conclusion, our results add to the growing evi-
dence that hypertension exacerbates the progression of
cognitive decline in AD patients, at least in part, by
promoting the development of CMHs. Additional
mechanisms by which hypertension may impair cogni-
tive function in AD patients include induction of capil-
lary rarefaction [94], neurovascular uncoupling [27, 31,
45, 46, 95, 96], blood-brain barrier disruption [62],
neuroinfammation, and synaptic dysfunction. Further,
hypertension also exacerbates amyloid pathologies. For

Fig. 5 Effects of increased incidence of CMHs on gait symmetry
in hypertensive TG2576 mice. Gait symmetry indices were calcu-
lated to analyze the relationship between left and right stride
lengths (SL), stride times (ST), and paw print areas of front and

hind limbs. Bar graphs depict symmetry indices for front and hind
limb SL (a, d), ST (b, e), and paw print areas (c, f), respectively, in
hypertensive TG2576 mice and control mice. Data are mean ±
SEM (n = 6 for each group). *p < 0.05 vs. control
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example, in mice co-expressing KM670/671NL Swedish
mutated amyloid precursor protein and the Leu to Pro
mutated presenilin-1 (APPPS1) administration of hyper-
tensive dose of angiotensin II was reported to associate
with exacerbated amyloid pathology, capillary damage
and increased cognitive deficit [43]. Other studies
showed that angiotensin II-induced hypertension in-
creases microvascular amyloid deposition in the
TG2576 mice [27, 51]. Hypertension induced by trans-
verse aortic coarctation was also reported to exacerbate
Aβ-deposition in the mouse brain, promoting cognitive
decline [48–50]. Our findings, taken together with the
results of earlier studies [17, 18, 22, 61, 74, 97], point to
potential benefits of interventions normalizing blood
pressure and promoting microvascular health for preven-
tion of CMHs and cognitive decline in older AD patients.
Importantly, microvascular-targeted treatments that are
effective for prevention of CMHs may also improve
microvascular vasodilator and barrier functions [62], con-
tributing to a broad-range neuroprotective strategy.
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