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Abstract

Background: Physical activity is associated with improved brain health and cognition in humans. However, the validity,
range, and quality of evidence for the beneficial outcomes linked to exercise in experimental models of vascular dementia
(VaD) have not been evaluated. We performed a systematic review and meta-analysis of studies that assessed the effect of
exercise intervention on models of VaD to provide an unbiased and comprehensive determination of the cognitive function
and brain morphology benefits of exercise.

Summary: A systematic search in three databases as well as study design characteristics and experimental data extraction
were completed in December 2021. We investigated the effects of exercise on cognitive function and brain-morphology
outcomes in VaD models. Twenty-five studies were included for systematic review, while 21 studies were included in the
meta-analysis. These studies included seven models of VaD in rats (60%, 15 studies), mice (36%, 9 studies), and pigs (4%,
| study). None of the included studies used aged animals, and the majority of studies (80%) used only male animals.

Key Message: Exercise improves cognition but increased neuro-inflammation in VaD models. Exercise improved cognitive
function as well as some markers of brain morphology in models of VaD. However, exercise increased anxiety and neuro-
inflammatory signals in VaD models. Further, we observed increased reporting anomalies such as a lack of blinding to group
treatment or data analysis and randomization of animals to groups. Our report could help in the appropriate design of
experimental studies seeking to investigate the effects of exercise as a non-pharmacological intervention on VaD models
with a high translational impact.
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Hence, physical activity has the potential to become a
desired therapy as it can be self-administered and is not
associated with the side effects that pharmacotherapies may
present. Physical activity is strongly associated with a
decreased risk of cardiovascular diseases such as hypertension,
dyslipidemia, stroke, and myocardial infarction, which are
common comorbidities in VaD patients.2>2> These vascular
risk factors and physical inactivity have been linked directly
to poor brain health and cognitive decline in humans.?-23
Importantly, accumulating body of work shows that exercise,
whether forced or voluntary, improves memory and cognitive
performances in preclinical models.?*?’ Nonetheless, few
studies have reported the modest clinical benefit of exercise
in older people with unknown or mild cognitive
impairments.?®32 While the exercise interventions in those
studies have been characterized as suboptimal, other studies
have shown positive outcomes of physical activities in older
patients with mild cognitive impairments®3-35 and dementia.?¢
Refining the effect of exercise on brain outcome measures
will advance knowledge in this realm by providing consensus
findings on the mechanism(s) of a non-pharmacological
approach to improving VaD. Preclinical models of VaD are
vital tools to investigate the potential of exercise intervention
and may provide relevant answers to translational questions.

In addition, it is now known that exercise attenuates
oxidative stress, upregulates brain expression, and increases
serum circulation of molecules such as brain-derived
neurotrophic factor (BDNF) and secreting insulin-like growth
factor 1 (IGF1), which are known to promote neurogenesis
and synaptic plasticity in the cortex and hippocampus.?*27
However, despite growing clinical research interests in
exercise as it relates to improved cognitive function, little is
known about the relationship between exercise and preclinical
models of VaD. A major pathway to attaining understanding
in this area is to review the reported outcomes linked to
exercise in experimental models of VaD while considering
the validity and quality of the evidence. Here we provide an
impartial and comprehensive determination of the cognitive
and cerebrovascular benefits of exercise in experimental
models of VaD. Our objectives were to conduct a systematic
review and meta-analysis of identified reports of physical
activity in animal models of VaD to investigate the effects of
physical activity on cognitive and histological outcome
measures.

Methods

Search Strategy

This review and meta-analysis followed the preferred
reporting items for systematic review and meta-analysis
(PRISMA) guidelines and was accepted for registration on
the International Prospective Register of Systematic Reviews
(PROSPERO, CRD42020212001).37 A literature search was
conducted on PubMed, EMBASE, and EBSCO host databases

from 1980 to 2020 to screen and identify eligible studies
reported in English (by BIJ and CWH). The search strategy
was built in PubMed and adapted to the other databases
(Supplementary Material 1). The full text of eligible studies
was uploaded and processed for risk of bias assessment and
data extraction using the systematic review software Covidence
(https://app.covidence.org/reviews/117430; extraction 1.0).

Search Term

We conducted an electronic literature search on PubMed,
EMBASE, and EBSCO from 1980 to 2020 for:

[(“physical activity” OR “voluntary physical activity”
OR “voluntary physical exercise” OR “voluntary exercise”
OR “exercise” OR “fitness” OR “environmental
enrichment” OR “locomotion” OR “ambulation” OR “walk”
OR “run” OR “treadmill” OR “wheel” OR “swim” OR
“physical therapy” OR “physical exercise” OR “physical
conditioning” OR “physical activity” OR “physical exertion”
OR “forced exercise”)]

AND

[(““vascular dementia” OR “VaD” OR “vascular cognitive
impairment” OR “VCI” OR ‘“Vascular contributions to
vascular dementia” OR “VCID” OR “chronic cerebral
hypoperfusion” OR “cch” OR “cerebral hypoperfusion” OR
“severe hypoperfusion” OR “bilateral common carotid artery
stenosis” OR “bilateral carotid artery stenosis” OR “BCAS”
OR “white matter lesion” OR “white matter injury” OR “two
vessel stenosis” OR “two vessel occlusion” OR “cerebral
small vessel disease” OR “multi-infarct dementia” OR
“strategic infarct” OR “cerebral amyloid angiopathy” OR
“cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy” OR “cadasil” OR
“asymmetric CCA” OR “Asymmetric carotid artery stenosis”
OR “ACAS” OR “gradual carotid artery stenosis” OR
“GCAS” OR “atherosclerosis” OR “bilateral carotid artery
stiffness” OR “unilateral-carotid artery occlusion” OR
“unilateral carotid artery stenosis” OR “carotid artery
calcification” OR “internal artery calcification” OR “bilateral
carotid artery calcification” OR “cerebrovascular” OR
((“cerebral” OR “cerebellar” OR “brain” OR “vertebrobasilar”
OR “chronic hypertension” OR “renovascular occlusion” OR
“diabetes melitus” OR “hyperhomocysteinemia”)]

AND [(“dementia” OR “cognition” OR “cognitive
function” OR “mild cognitive impairment” OR “cognitive
impairment” OR “memory” OR “executive function”)]

AND

[(“animal” OR “mice” OR “mouse” OR “rat” OR “gerbil”
OR “rodent” OR “murine” OR “feline” OR “cat” OR
“canine” OR “dog” OR “porcine” OR “pig” OR “ferret” OR
“rabbit” OR “monkeys” OR “non-human primates™)].
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Selection Criteria

To be eligible for inclusion, studies must include (1) a model
of vascular dementia (as described in search term 2 of
Supplementary Material), (2) exercise intervention, (3) an
appropriate control paradigm, and (4) specified outcome(s).
Examined outcomes are cognitive, motor, and social function
assessments; neuroinflammatory changes; cerebral blood
flow changes; myogenic tone; blood—brain barrier changes;
or alterations in dendritic branches, dendritic spines, or
synaptic pruning. Studies with VaD modeled in neonates or
new-born animals were not included. Housing conditions that
encourage or model voluntary physical activity or forced
physical activity by use of treadmills prior to, during, or
following VaD, including continuous, intermittent, or no
restriction, were applied for study inclusion. Physical activity
was characterized as either voluntary or forced. Voluntary
physical activity was defined as any exercise treatment that
encourages the animals to engage in physical activity without
stimulus prompts (such as unrestricted access to exercise
apparatus), while forced physical activity was defined as any
exercise paradigm that depends on the administration of
stimulus prompts (such as an electric shock or a puff of air) to
the animals to achieve exercise performance. Only studies
written in English or translated into English were eligible for
consideration.

Two authors (IJB and WHC) independently screened titles
and abstracts for potential eligibility. The full-text review was
completed independently by these two authors to determine if
the studies were eligible for inclusion. A third author (SB)
adjudicated any discrepancies.

Data Extraction

A standardized data extraction format was developed using
Covidence and agreed upon by all authors. Predefined data
were independently extracted by four authors (WHC, SB,
RJS, or VSG). Discrepancies were resolved by a third
reviewer (IJB). Authors of eligible studies requiring
supplemental or missing data were contacted by e-mail.
Where numerical data were unavailable after e-mailing
authors, measured values were obtained from graphs using
Web Plot Digitizer (https://automeris.io/WebPlotDigitizer/).
The number of experimental groups, study duration,
longitudinal timepoints, sample size, sex, species, strain,
average age, weight, comorbidities, distribution of groups,
model of vascular dementia, and duration of vascular
dementia from induction were extracted from all studies.
Also extracted from all included studies were physical activity
interventions (i.e., time of day for exercise, type of exercise,
duration of exercise per timepoint, total duration and/or
distance performed over the study period, duration of
exercise) administered prior to and following vascular
dementia induction to the point of study termination,
individual outcome measures between animals treated to

physical activity and control group animals that were not
administered physical activity treatment, and type of
functional assessment.

Data Analysis

A random-effect meta-analysis was conducted with inverse
variance for continuous variables using Review Manager
(RevMan, Version 5.4, The Cochrane Collaboration, 2020).
Overall, heterogeneity ([2), z-values, and p-values were
computed for each comparison. At least two studies for
cognitive function or morphological outcomes were deemed
sufficient to run the meta-analysis. When appropriate, meta-
analyses were subgrouped by measurement type. For
morphological outcomes, analytical methods (i.e., ELISA,
gPCR, western blot) were pooled. For all analyses, forest
plots were produced to visually assess the pooled outcomes.
An effect size for each study was calculated using Hedge’s g
with a 95% confidence interval as well as Hedges and Olk’s
standard error based on a standardized mean comparison
between treated and control animals. Subgroup analysis by
exercise type (forced, involuntary, and voluntary) was
performed within the program (STATA 16 [version 16.1]) to
generate an overall effect size for each exercise type. In
addition, to detect publication bias, we performed a
regression-based Egger’s test with a random-effects model
and nonparametric trim-and-fill analysis using STATA 16
(version 16.1). Risk of bias graphs were plotted with Microsoft
Excel.

Study Quality

The SYRCLE’s risk of bias tool, CAMARADES, and
ARRIVE guideline checklists for study quality were adapted
from Covidence to assess the risk of bias and quality of the
eligible studies. Four independent reviewers (WHC/SB or
RJIS/VSG) screened and scored studies based on the following
checklists: a clearly stated hypothesis, randomization of
animals into study groups, blinding consideration (i.c., a
statement that experimenter[s] where blinded to group
identification during experimentation or data analysis),
animal model use of appropriate age/comorbid animals, sex
consideration, animal regulation/ethics approval, species-
specific details of animals, source/vendor of animals used,
physiological control for surgery, timeline/frequency of
treatment  interventions, inclusion/exclusion  criteria,
summary statistic report, appropriateness of statistical test
used, sample size/power calculation, strategy to reduce
confounds, conflict of interest, and stated reason(s) for
incomplete outcome data. A third reviewer (IJB) was
consulted to resolve any discrepancies. Studies that met the
inclusion criteria but failed to adequately report data (sample
size, mean, and a measure of variance) for meta-analysis were
included in the assessment of study quality.
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Results

Study Selection and Characteristics

A total of 320,554 articles were identified from databases, and
246,663 articles were screened per the stated eligibility criteria
after accounting for duplicates. The PRISMA flow diagram
(Figure 1) shows that 246,641 articles were excluded due to a
priori exclusion criteria which was due to the use of neonate
animals, unavailable full-text articles, a lack of a VaD model,
or no exercise intervention. Of the 45 selected reports evaluated
for eligibility, 20 articles were specifically excluded for lack of
a VaD model (n = 10), use of neonates (n = 3), missing data
(n = 6), and review paper (n = 1). Twenty-five studies were
included in the systematic review, comprising 21 studies used
for meta-analysis. These studies entailed various models of
VabD: bilateral carotid artery occlusion or two vessel occlusion
(52%, 13 studies),’¥30 diet-induced vasculopathy/cognitive
dysfunction (16%, 4 studies),’'>* bilateral carotid artery
stenosis (8%, 2 studies),”>>¢ diabetes (8%, 2 studies),’’-8

transgenic/hypertension-induced ~ vasculopathy (8%, 2
studies),>%%0 unilateral carotid artery occlusion (4%, 1 study),®!
and aortic band (4%, 1 study).®? Species of animals used in the
selected study include rats3$-5038-61 (64%, 16 studies),
mice3137:00 (32%, 8 studies), and pigs®? (4%, 1 study), which
included studies of only male animals (80%, 20 studies), male
and female animals®-5457:60 (16%, 4 studies), and female
animals only*® (4%, 1 study). All studies used animals below
12 months of age, accounting for 100% of the use of young
animals. Of all included studies, forced exercise (only) was the
most administered intervention38:39.44:47.48.50,56-59,61.62 (48%,
12 studies), followed by voluntary exercise*!-4349-31-55 (36%, 9
studies). Only four studies (16%) reported the use of more than
one exercise form (i.e., environmental enrichment, voluntary,
involuntary, or forced) administered to distinct experimental
groups. 40434660 - Al animals were made to perform at
least 1 week of longitudinal (forced, involuntary, or voluntary)
exercise, which amounted to a minimum distance of 150 m per
day (Table 1).

[ Identification of studies via databases and registers ]
pr—
E Records removed before
5 Records identified from: screening.
= Databases (n = 320554) > Duplicate records removed
£ {(n= 73891)
@O
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h 4
)
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4
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Figure |. PRISMA Flow diagram for Study Selection, Showing the Number of Studies Identified, Screened, and Included for Descriptive

Assessment, Meta-Analysis, and Study Quality Evaluation.
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Meta-Analysis of Exercise on Learning, Memory,
and Anxiety Outcomes

The effect of exercise on learning and memory function
assessed in VaD models was reported in 16 studies. In various
models of VaD, exercise improved object location index
(mean difference, MD: 1.66 [95% CI 0.84 to 2.47]) with
considerable heterogeneity (2 = 61.14, df = 8; p <.00001; 2
= 87%). Similarly, exercise significantly improved the novel
object recognition index (MD: 1.65 [95% CI: 1.14 to 2.16])
with substantial heterogeneity (y2=37.45, df=10; p <.00001;

> =73%). The overall effect of exercise on novel object
indexes is significant (MD: 1.65 [95% CI: —1.20 to 2.16])
with substantial heterogeneity (y 2= 99.55, df=19; p <.00001;
> =81%) (Figure 2A). In addition, exercise significantly
improves learning in other measures of learning, such as
Morris water maze probes (MD: 0.65 [95% CI: 0.30 to
—1.00]) with minimal heterogeneity (y*>=10.34, df=8; p <.24;
I>=23%) (Figure 2B) and platform latency trials (MD: —0.45
[95% CI: —0.81 to —0.08]) with a moderate heterogeneity
(?=22.18,df=11; p <.02; > =50%)] (Figure 2C). Exercise
improves learning memory function, as evaluated by the

Heterogeneity: Chi? = 126.07, df = 19 (P < 0.00001); I> = 85%
Test for overall effect: Z = 25.24 (P < 0.00001)
Test for subaroup differences: Chi* = 0.16, df = 1 (P = 0.69), I* = 0%

Control Exercise Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
1.2.1 Location index
Dong 2018a 0.46 0.08 12 0.64 0.06 12 4.3% -0.18 [-0.24, -0.12] Eaa
Dong 2018b 0.46 0.08 12 0.52 0.02 12 6.3% -0.06[-0.11, -0.01] =
Dong 2018c 0.46 0.08 12 0.7 0.06 12 4.3% -0.24 [-0.30, -0.18] i
Lin 2015d 0.46 0.07 23 0.64 0.03 23 11.1% -0.18 [-0.22, -0.14] -
Lin 2015e 0.46 0.07 23 0.5 0.07 23 8.4% -0.04 [-0.08, ©.00] B
Lin 2015f 0.46 0.07 23 0.7 0.07 23 8.4% -0.24 [-0.28, -0.20] =
Moreira 2013a 0.59 0.15 10 0.7 0.09 10 1.2% -0.11[-0.22, -0.00] —
Moreira 2013b 0.43 0.23 10 0.54 0.07 10 0.6% -0.11 [-0.26, 0.04] S
Morelra 2013c 0.53 0.18 10 0.56 0.08 10 0.9% -0.03 [-0.15, 0.09] —
Subtotal (95% CI) 135 135 45.6% -0.15[-0.17, —0.13] 4
Heterogeneity: Chi2 = 79.78, df = 8 (P < 0.00001); IZ = 90%
Test for overall effect: Z = 16.75 (P < 0.00001)
1.2.2 Recognition Index
deSouza 2019 0.58 0.13 9 0.66 0.06 8 1.6% -0.08 [-0.17, 0.01] —
Dong 2018a 0.45 0.13 12 0.62 0.13 12 1.3% -0.17 [-0.27, -0.07] —_—
Dong 2018b 0.45 0.13 12 0.59 0.11 1z 1.5% -0.14 [-0.24, -0.04] g
Dong 2018c 0.45 0.13 12 0.65 0.14 12 1.2% -0.20[-0.31, -0.09] —
Lin 2015d 0.49 0.06 23 0.62 0.04 23 15.8% -0.13 [-0.16, -0.10] -
Lin 2015e 0.49 0.06 23 0.59 0.04 23 15.8% -0.10[-0.13, -0.07] -
Lin 2015f 0.49 0.06 23 0.72 0.05 23 13.5% -0.23 [-0.26, -0.20] -
Chtomo 2019 0.5 0.19 1z 0.65 0.19 12 0.6% —0.15 [-0.30, 0.00] |
Trigiani 2019a 0.38 0.14 8 0.64 0.13 11 0.9% -0.26 [-0.38, -0.14] I
Trigiani 2019b 0.51 0.2 10 0.78 0.19 10 0.5% -0.27 [-0.44, -0.10]
Trigiani 2020 0.45 0.09 22 065 0.19 22 1.8% -0.20[-0.29, -0.11] s
Subtotal (95% CI) 166 169 54.4% -0.15 [-0.17, —0.14] [
Heterogeneity: Chi? = 46.13, df = 10 (P < 0.00001); I = 78%
Test for overall effect: Z = 18.89 (P < 0.00001)
Total (95% CI) 301 304 100.0% -0.15 [-0.16, —0.14] i

'

'
-1 —-0.5 [) 0.5
Favours [exercise] Favours [control]

A
Exercise Control Stel, Mean Difference Stcl, Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Cechetti 2012b 1828 84 9 1575 ] 9 11.0%  0.33[-0.60, 1.26] —
Cechetti 2012¢ 249 1.27 9 15.75 6 9 9.2% 1.31[0.26, 2.35] —_—
Choi 2016 2464 2304 13 961 1193 13 13.8%  0.79[-0.01, 1.60] ——
Jin2017 1716 644 10 11.37 405 10 10.8% 1.03 [0.08, 1.98] N
Langdon 2013 20 794 11 2048 6.02 12 13.4% -0.07[-0.88, 0.75] —
Trigiani 20192 3703 125 11 3578 834 8 11.4% 0.11[-0.80, 1.02] —_—r
Trigiani 2019b 3824 17.04 10 32.29 1818 10 12.0% 0.32 [-0.56, 1.21] o
Xu 2020 21.84 6.17 8 1161 724 § B8.0% 1.4410.30, 2.57] —_—
Zarrinkalam 2018 3812 9.8 10 2931 4019 10 10.5% 1.13[0.17, 2.09] —
Total (95% ClI) 91 89 100.0% 0.65 [0.30, 1.00] &
Heterogeneity: Tau® = 0.07; Chi® = 10,34, df = 8 (P = 0.24); I = 23% _54 _52 5 é f‘
Test for averall effect: Z = 3.64 (P = 0.0003) Favors [control] Favars [exercise]
B

(Figure 2 continued)
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(Figure 2 continued)

Exercise Control Std. Mean Difference Std. Mean Difference
Studyo.r Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, "_"‘_;SS% Cl
Cotetti2012h 2442 822 9 4lsi 13.08 8 6% -La[25l 047
Cechetti 2012¢ 25.36 7.42 9 4151 13.05 9 6.9% -1.45[-2.52,-0.38] = =& -
Choi 2016 31.1 10.78 13 44.74 8.36 13 8.6% -1.37[-2.24, -0.50] —
Jin 2017 2243 9.04 10 26.6 19.56 10 8.5% -0.26 [-1.14, 0.62] _:__._
HOOREIIA. Sk 1sad T mels 3% & Bak  OZolostnm ——
Tgana0isa 3396 26 11 2866 1444 8 A1X _00[i13071] —
Trigiani 2019b 34.62 28.87 10 35.84 13.94 10 8.5% -0.05 [-0.92, 0.83] S
Trigiani 2020 42.1 16.95 22 43.2 20.83 22 11.7% -0.06 [-0.65, 0.53] -
Xu 2020 21.23 7.95 8 32.47 933 8 6.6% -1.23[-2.32,-0.13] - =
Total (95%_CI) ) 135 130 100.0% -0.45[-0.81, -0.08] . . ‘ . .
e e [ featogr ol Sl e L, T T
c
Exercise Control Std, Mean Difference Std, Mean Difference
Study o Subgroup  Mean SD Total Mean SD Total Weight IV,Random, 95%Cl IV, Random, 95% CI
Sarkaki 2012 131 560 6 921 602 & 481% 0.63[-038 L64 L B
Zarinkalam 2018 167.76 43.06 10 112.75 4306 10 519%  1.22[0.25,2.20] —+
Total (95% C1) 18 18 1000%  0.94[024,1.64] ®
Heterogeneity: Tau? = 0.00; Chi’ = 0.89, off = 1(P = 0.41); I = 0% '4 '2 ! i "1
Test for overall effect: Z = 2.62 (P = 0.009) Favors [control] Favors exercse]
D
Exerclse Control §td Mean Difference Std, Mean Difference
Studyor Subgroup  Mean 5D Total Mean SD Total Weight IV,Random, 95% CI IV, Random, 95% C
(raham 2019 4166 1172 § 5400 645 & B.7% -1LM4[-234,-0.14) = =
(raham 2019 5368 129 B 3565 1231 8 BS%  135[0.3,247) —
Jin2017 5603 2314 10 3823 2155 10 255K  (.76[-0.15, 1.6§) ™
Ohtomo 2019 6887 498 157325 775 15 212% -0.65(-1.39,0.08] =i
Total (95% C1) 4] 41 1000%  0.04[-1.06, 1.14] ?
Heterogenely: Tau’ = 1.02: Chi” = 16,17, df = 3 (P = 0.001); = 81% 54 _|2 ﬁ i I!,
Test for overall effect: 2= 0.07 (P = 0.94) Faors control] Favors et
E

(Figure 2 continued)
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Exercise Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Welght IV, Random, 95% CI 1V, Random, 95% Cl

1.8.1 Crossings

deSouza 2019 113.62 10.83 9 136.35 22.71 9 20.2% -1.22[-2.24,-0.19] —

Leardini-Tristao 2019 3L16 14.99 15 34.41 11.08 15 28.6% -0.24 [-0.96, 0.48] —&—

Subtotal (95% CI) 24 24 488% -0.66 [-1.60,0.29)] <

Heterogeneity: Tau? = 0.27; Chi® = 2.33, df = 1 (P = 0.13); I* = 57%

Test for overall effect: Z = 1.36 (P = 0.17)

1.8.2 Rearing

deSouza 2019 26.23 10.5 9 2492 393 9 22.7% 0.16 [-0.77, 1.08] il

Leardini-Tristao 2019 18.76 13.63 15 15.18 5.27 15 28.5% 0.34 [-0.38, 1.06] T8

Subtotal {95% CI) 24 24 512% 0.27 [-0.30, 0.84] <>

Heterogeneity: Tau? = 0.00; Chi? = 0.09, df = 1 (P = 0.76); I* = 0%

Test for overall effect: Z = 0.93 (P = 0.35)

Total (95% CI) 48 48 100.0% -0.18[-0.79, 0.43] *

Heterogeneity: Tau? = 0.20; Chi? = 6.37, df = 3 (P = 0.10); I = 53% _=4 -:2 P 2 j‘

Test for overall effect: Z = 0.59 (P = 0.56) F troll F .

Test for subgroup differences: Chi? = 2.70, df = 1 (P = 0.10), I = 62.9% avirsilennerall, Eavnrs [axsrele]
F

Figure 2. (A) Meta-Analysis of Novel Object Location and Recognition Test. Dong a, Involuntary Exercise Group; Dong b, Forced
Exercise Group; Dong c, Voluntary Exercise Group; Lin d, Involuntary Exercise Group; Lin e, Forced Exercise Group; Lin f, Voluntary
Exercise Group; Moreira a, Running Wheel; Moreira b, Female Enriched Environment; Moreira ¢, Male Enriched Environment. Trigiani a,
Cohort |; Trigiani b, Cohort 2. (B) Meta-Analysis of Morris Water Maze Probe. Cechetti b, Post-Surgery Exercise; Cechetti, ¢ Pre- and
Post-Surgery Exercise; Trigiani a, Cohort |; Trigiani b, Cohort 2. (C) Meta-analysis of Morris Water Maze latency (seconds). Cechetti

a, Pre-Surgery Exercise; Cechetti b, Post-Surgery Exercise; Cechetti, c Pre- and Post-Surgery Exercise; Trigiani a, Cohort |; Trigiani b,
Cohort 2. (D) Meta-Analysis of Passive avoidance. (E) Meta-Analysis of Y-maze (percent spontaneous alterations). Graham a, Chow;

Graham b, Western Diet. (F) Meta-Analysis of Open Field.

passive avoidance test (MD: 0.94 [95% CI: 0.24 to 1.64])
with minimal heterogeneity (y>=0.69, df = 1; p=.41; I>=0%)
(Figure 2D). Novel object indexes, passive avoidance tests,
and Morris water maze tests measure learning and memory
retention. However, working memory function, as indicated
by the Y-maze test, was not improved by exercise (MD: 0.04
[95% CI —1.06 to 1.14]) with substantial heterogeneity
((*=16.17,df =3; p =.0001; I> = 81%) (Figure 2E).

An open field test is commonly used to measure anxiety in
rodents. Exercise significantly decreased crossings (MD:
—0.66 [95% CI —1.60 to 0.29) with a minimal heterogeneity
((*=2.33,df=1; p=.13; P =57%), while exercise increased
rearing behavior (MD: 0.27 [95% CI: —0.30 to 0.84]) with a
minimal heterogeneity (y> = 0.09, df = 1; P = .76; I> = 0%)
(Figure 2F).

Meta-Analysis of Exercise on Brain Morphology

The effect of exercise on brain morphology was evaluated in
12 studies reporting changes in brain markers for synaptic
transmission, cellular integrity, neurotrophic factors, cell
proliferation, white matter integrity, and neuroinflammation
in VaD models. Exercise significantly increased neuro-
inflammatory markers for astrocyte reactivity/activation
using glial fibrillary acidic protein (GFAP) (MD: —0.57 [95%
CI: —2.06 to 0.92]) with substantial heterogeneity (> = 16.82,
df = 4; P = .002; > =76%) and ionized calcium binding

adaptor molecule 1 (Iba-1) (MD: —0.41 [95% CI: —1.71 to
0.90]) with substantial heterogeneity (y> = 30.58, df =
6; p <.00001; I2=80%) (Figure 3A). Also, exercise improves
white matter integrity markers (MD: 1.45 [95% CI: 0.60 to
2.29]) with minimal heterogeneity (y? = 3.74, df =2; p < .15;
P2 =47%) (Figure 3B). Similarly, exercise improves markers
of neuronal synaptic transmission such as synapsin (SYN)
(MD: 2.27 [95% CI: 1.14 to 3.39]) with substantial
heterogeneity (2 = 52.31, df = 7; p < .0001; 2 =87%),
synaptophysin (SYP) (MD: 0.49 [95% CI: —0.19 to 1.17])
with substantial heterogeneity (2 = 20.73, df = 5; p < .0009;
2 =76%), and postsynaptic density 95 (PSD95) (MD: 4.63
[95% CI. 2.18 to 7.09]) with substantial heterogeneity
(x?=42.25,df = 3; p =.00001; 2 =93%) (Figure 3C).

Furthermore, exercise significantly increased markers of
cellular integrity such as microtubule-associated protein 2
(MAP2) (MD: 2.55 [95% CI: 1.63 to 3.47]) with considerable
heterogeneity (2 = 19.28, df = 5; p < .002; 2 = 74%) and Tau
protein (MD: 2.81 [95% CI: 1.49 to 4.14]) with substantial
heterogeneity (2 = 37.8, df = 5; p <.00001; 2 = 87%) (Figure
3D). Exercise significantly improves brain-derived neurotrophic
factor (BDNF) (MD: 2.19 [95% CI: 1.13 to 3.25]) with
considerable heterogeneity (y2 = 26.00, df = 5; p < .0001; 2 =
81%) (Figure 3E).

Exercise significantly improves makers of cell proliferation
such as Ki-67 protein (MD: 0.72 [95% CI: —0.60 to 2.03])
withmoderate heterogeneity (y2=5.25,df=2; p<.07; 2=62%),
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Exercise Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, dom, 95% CI v, d 95% C1

2.1.1 GFAP

Leardini-Tristac 2019 13.13 10.8 4 256 3.98 4 B.4% 1.13 [-0.46, 2.72] =

Leardini-Tristac 2019 4.57 1.34 4 2.33 1.3 4 8.0% 1.48 [-0.24, 3.19] T

Trigiani 2019a 0.01 0©.01 5 0.03 0.01 5 8.3% -1.81[-3.41, -0.20] e

Trigiani 2019b 0.02 0.01 5 0.11 0.05 5 7.9% -2.25[-4.03, -0.48] — &

Trigiani 2020 0.08 0.035 5 0.12 0©0.01 5 8.7% -1.40 [-2.87, 0.07] =7

Subtotal (95% CI) 23 23 41.2% -0.57 [-2.06, 0.92] i

Heterogeneity: Tau? = 2.20; Chi? = 16.82, df = 4 (P = 0.002); I* = 76%

Test for overall effect: Z = 0.75 (P = 0.45)

2.1.2 Ibal

Graham 201%9a 42.01 3.95 6 25.19 1.64 6 6.8% 3.91 [1.69, 6.13] —

Graham 2019b 30.94 4.6 6 24.83 5.75 6 9.2% 1.08 [-0.17, 2.33] T

Trigiani 2019a 120.95 23.26 5 164.45 19.03 5 8.3% -1.85[-3.47, -0.23] —

Trigiani 2019a 0.2 0.1 5 0.34 0.08 5 B.7% -1.40 [-2.86, 0.07] —=

Trigiani 2019b 0.03 0.01 5 0.05 001 5 8.3% -1.81[-3.41, -0.20] S S

Trigiani 2019b 222.75 48.41 5 240.72 36.98 5 9.2% -0.38 [-1.63, 0.88] —a

Trigiani 2020 0.31 0.09 5 0.49 0.09 5 8.3% -1.81[-3.41, -0.20] _—

Subtotal (95% CI) 37 37 58.8% -0.41[-171,0.90] il

Heterogeneity: Tau? = 2.45; Chi® = 30.58, df = 6 (P < 0.0001); I*> = 80%

Test for overall effect: Z = 0.61 (P = 0.54)

Total (95% CI) 60 60 100.0% -0.48 [-1.42, 0.46] *

Heterogeneity: Tau? = 2.08; Chi? = 47.45, df = 11 (P < 0.00001); I2 = 77% _=4 —=2 1 2- 4

Test for overall effect: Z = 1.00 (P = 0.32) Favors [exercise] Favors [control

Test for subgroup differences: Chiz = 0.03,df = 1 (P = 0.87), I = 0% v lexercise] v I 1
Exercise Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl

Hase 2018a 59.51 1524 10 3228 955 13 33.5% 2.13[1.06, 3.20] —

Hase 2018b 4409 419 12 3228 955 13 39.1% 1.53[0.62, 2.44] —a—

Ohtomo 2019 151 126 5 1036 5 274%  0.50[-0.77,1.77] B

Total (95% CI) 27 31 1000%  145[0.60,2.29] -

T 2 . hi2 .12 I 1 1
Heterogeneity: Tau® = 0.26; Chi* = 3.74,df = 2 (P = 0.15); I = 47% . ) } g
Test for overall effect: Z = 3.35 (P = 0.0008 ;

( ) Favors [control] Favors [exercise]

Exercise Control Std. Mean Difference Std. Mean Difference
Study or Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
22.15YN
Banoujaafar 2014 239109 6 231 1 6 56%  007[-1.06 1.20] -+
Dong 2018a 103 115 6 067 013 6 56%  0.41[-0.74,155] -
Dong 2018b 095 0.14 6 067 013 6 53% 1.91 [0.45, 3.38] —
Dong 2018¢ 099 009 6 067 013 6 5.0% 2.64 [0.93, 4.36] —_—
Leardini-Tristao 2019 1.34 034 7 076 021 7  5.4% 1.92 [0.58, 3.26] —-
Lin 2015d 075 0.05 23 056 0.05 23 5.7% 3.73[2.75,4.72] —
Lin 2015¢ 075 0.09 23 056 0.05 23 5.8% 257 [1.77, 3.36] =
Lin 2015f 0.86 007 23 056 0.05 23 55%  4.85[3.66,6.03] —
Subtotal (95% C) 100 43.9% 2.27 [1.14, 3.39] &
Heterogeneity: Tau? = 2.24; Chi = 52.31, df = 7 (P < 0.00001); I = 87%
Test for overall effect: Z = 3.95 (P < 0.0001)
222 SYP
Dong 2018a 091 009 6 094 008 6 56% -0.33[-147,0.82] -
Dong 2018b 103 007 6 094 008 6 55%  1.11[-0.15236] —
Dong 2018¢ 098 007 6 094 008 6 56% 0.49[-067, 1.65] -
Lin 2015d 135 0.09 23 139 009 23 6.0% -0.44[-1.02,0.15] —
Lin 2015e 152 0.09 23 139 009 23 5.9% 1.42 [0.77, 2.07] =
Lin 2015f 145 0.08 23 139 009 23 6.0%  0.69[0.10, 1.29] "
Subtotal (95% CI) 87 87 345%  049[-0.19,117] >
Heterogeneity: Tau? = 0.52; Chi? = 20.73, df = 5 (P = 0.0009); I = 76%
Test for overall effect: Z = 1.41 (P = 0.16)
2.2.3 PD95
Leardini-Tristao 2019 111 042 7 0.6 037 7 55% 1.21[0.03, 2.38] [
Lin 2015d 105 0.06 23 059 008 23 5.3% 6.39 [4.91,7.88] —_—
Lin 2015¢ 114 009 23 059 008 23 5.3% 6.35 [4.87,7.82] =
Lin 2015f 105 0.11 23 059 008 23 56%  4.70[3.54,5.86] —
Subtotal (95% CI) 76 76 216% 463 [2.18,7.09] i
Heterogeneity: Tau? = 5.82; Chi? = 42.25, df = 3 (P < 0.00001); I* = 93%
Test for overall effect: Z = 3.70 (P = 0.0002)
Total (95% CI) 263 263 100.0%  2.16[1.26,3.06] <
Heterogeneity: Tau? = 3.44; Chi? = 243.96, df = 17 (P < 0.00001); I* = 93% a5 % t 5
Test for overall effect: Z = 4.71 (P < 0.00001) i
Test for subgroup differences: Chi? = 15.14, df = 2 (P = 0.0005), I* = 86.8% Favors [control] Favors [exercise]
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(Figure 3 continued)

F

Test for overall effect: Z = 4.06 (P < 0.0001)

-5 0 5
Favors [control] Favors [exercise]

Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total igh v, 95% ClI v, di a5% Cl
2.6.1 KI67
Ohtomo 2019 0.9 0.24 5 101 0.24 5 13.3% -0.41 [-1.68, 0.85] .
igiani 2019a 12.9 5.15 5 9.5 0.97 5 12.7% 0.83 [-0.50, 2.15] T
rigiani 2019b 11.41 29 5 5.76 2.18 5 9.8% 1.99 [0.32, 3.66] "
Subtotal (95% CI) 15 15 35.8% 0.72 [-0.60, 2.03] <
Heterogeneity: Tau? = 0.84; Chi® = 5.25, df = 2 (P = 0.07); I = 62%
Test for overall effect: Z = 1.06 {P = 0.29)
2.6.2 DCX
Chol 2016 205.6 117.66 8 95.19 33.97 8 15.1% 1.21 [0.11, 2.30] =
18.1 5.49 5 504 292 5 8.9% 2.34 [0.53, 4.15] T
Trigiani 2019b 10.34 3.7 5 12.83 10.64 8 14.7% —-0.26 [-1.39, 0.86] =
Subtotal (95% CI) 18 21 38.7% 0.97 [-0.41, 2.35] B
Heterogeneity: Tau? = 1.03; Chi® = 6.76, df = 2 (P = 0.03); I> = 70%
Test for overall effect: Z = 1.37 {P = 0.17)
2.6.3 brdu
Choi 2016 187.2 65.62 8 106.4 42.99 8 14.7% 1.38 [0.25, 2.50] —=—
rigiani 2019a 0.37 0.11 5 022 0.04 5 10.8% 1.64 [0.09, 3.18] -
Subtotal (95% CI) 13 13  25.5% 1.47 [0.56, 2.38] <@
Heterogeneity: Tau? = 0.00; Chi? = 0.07, df = 1 (P = 0.79); 7 = 0%
Test for overall effect: Z = 3.16 (P = 0.002)
Total (95% CI) 46 49 100.0% 0.98 [0.31, 1.65] L J
Heterogenelty: Tau? = 0.47; Chl? = 14.24, df = 7 (P = 0.05); I = 51%

Test for overall effect: Z = 2.85 (P = 0.004)
Test for subgroup differences: Chi? = 0.95, df = 2 (P = 0.62), I* = 0%
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-5 5
Favors [control] Favors [exercise]

Exercise Control Std. Mean Difference Std. Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

241MAP2

Dang 2018 094 01 6 034012 6 50% 501232771 —_—

Dong 2018b 094015 6 034012 6 5%  408[179,637 =

Dong 2018¢ 102014 603012 6 51§ 481221742 ——

Lin 20154 057 007 23 041007 23 102%  225[150,3.00 -

Lin 2015¢ 05008 23 041007 23 104%  118[055 181 -

Lin 2015f 056 0.08 23 041007 23 102%  196[125 268 -

Subtotal (35% CI) 87 87 468%  255[163,347] ¢

Heterogenefty: Tau? = 0.79; Chi? = 19.28, df = 5 (P = 0.002); = 74%

Test for overall effect: Z = 5.42 (P < 0.00001)

243TAU

Dong 20182 101008 6 076011 6 77%  2400077,403] =

Dong 2018b 082009 6 076011 6 90% 055061171 —

Dong 2018¢ 094 011 6 076011 6 85%  151[0.16,286 —

Lin 2015d 066 007 23 032007 23 90%  477[360,5.9] -+

Lin 2015e 068 0.05 23 032007 23 9% 3021216389 -

Lin 2015f 077 012 23 032007 23 9%  450[3.38,562 -

Subtotal (95% CI) 87 87 532%  281[149,414] <&

Heterogeneity: Tau? = 2.34; Chi? = 37.80, df = 5 {P < 0.00001); = 87%

Test for overall effect: Z = 4.17 (P < 0.0001)

Total (95% CI) 174 174 1000%  279[198,359] .

Heterogenefty: Tau? = 1.51; Chi? = 67.40, df = 11 (P < 0.00001); I = 84% _110 —=5 _é. 110

Test for overall effect: Z = 6.79 (P < 0.00001) Favors [exercise] Favors control]

Test for subgroup differences: Chi? = 0,10, df = 1 (P = 0.75), F = 0%

Exercise Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Banoujaafar 2014 0.49 0.11 6 0.48 0.09 6 17.3% 0.09 [-1.04, 1.22] ——
Choi 2016 2.09 0.26 4 1.44 0.24 4 11.8% 2.26[0.18, 4.34] —h
Lin 2015a 1.39 0.09 20 1.03 0.13 20 18.3% 3.16 [2.20, 4.11] -
Lin 2015b 1.46 0.09 20 1.03 0.13 20 17.7% 3.77[2.70, 4.84] —
Lin 2015c¢ 1.3 0.12 20 1.03 0.13 20 19.2% 2.12 [1.33, 2.90] -
Monnier 2017 0.89 0.15 6 05 0.27 6 15.7% 1.65 [0.26, 3.04] —
Total (35% CI) 76 76 100.0% 2.19[1.13, 3.25] P
Haterogeneity: Tau? = 1.36; Chi? = 26.00, df = 5 (P < 0.0001); I = 81% f f f f
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Figure 3. (A) Meta-Analysis of Neuroinflammation Markers. Graham a, Chow; Graham b, Western Diet; Trigiani a, Cohort |; Trigiani b,
Cohort 2. (B) Meta-Analysis of Markers of White Matter Integrity. Hase a, 3 h Environmental Enrichment; Hase b, Full-Time Environmental
Enrichment. Data Used in the Analysis Were Total Number of Oligodendrocytes in the Corpus Callosum and Western Blot of Myelin Basic
Protein. (C) Meta-Analysis of Markers of Neuronal Synaptic Transmission. Dong a, Involuntary Exercise Group; Dong b, Forced Exercise
Group; Dong ¢, Voluntary Exercise Group; Lin d, Involuntary Exercise Group; Lin e, Forced Exercise Group; Lin f, Voluntary Exercise
Group. (D) Meta-Analysis of Markers of Cellular Integrity. Dong a, Involuntary Exercise Group; Dong b, Forced Exercise Group; Dong c,
Voluntary Exercise Group; Lin d, Involuntary Exercise Group; Lin e, Forced Exercise Group; Lin f, Voluntary Exercise Group. (E) Meta-
analysis of Western Blots of Brain-Derived Neurotrophic Factor. Lin a, Involuntary Exercise Group; Lin b, Forced Exercise Group; Lin c,
Voluntary Exercise Group. (F) Meta-Analysis of Cell Proliferation. Trigiani a, Cohort |; Trigiani b, Cohort 2. brdU.

Abbreviations: Bromodeoxyuridine; DCX, doublecortin.
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doublecortin (DCX) (MD: 0.97 [95% CI: —0.41 to 2.35]) with
considerable heterogeneity (> = 6.76, df = 2; p < .03;
I> = 70%), and bromodeoxyuridine (BrdU) (MD: 1.47 [95%
CI: 0.56 to 2.38]) with minimal heterogeneity (y?> = 0.07,
df=1; p=.79; I> =0%) (Figure 3F).

Meta-Analysis of Exercise Type on Cognition
and Brain Morphology

The effect of exercise types on overall cognition function
tests and brain morphology was evaluated in all included
study cohorts. All exercise types, including forced,
involuntary, and voluntary exercise, improved cognitive
function (Figure 4A). However, involuntary exercise, albeit
with a smaller number of study cohorts (n = 4), had a larger
effect size of 2.29 (95% CI: 1.58 to 3.00) when compared to

the other types of exercise. Similarly, all exercise types had a
favorable effect on brain morphology in the models of VaD
(Figure 4B). Involuntary exercise had the least effect size of
0.40 (95% CI: —1.87 to 2.67) when compared to other types
of exercise, which had similar weights and comparable effect
sizes.

Reporting Quality and Risk of Bias Assessment

All included studies in this systematic review were published
at least 2 years after the first edition of ARRIVE guidelines
was released in 2010. The evaluation of 25 studies based on
our reporting checklist (Figure 5A) indicates that 100% of the
included studies did not use aged animals, while 80% of the
studies used only male animals. Only 44% of studies reported
blinding consideration, and only 32% of studies did not report

Involuntary Exercise =

_._

Voluntary Exercise

Effect Size Number of Studies
Exercise Type with 95% Cl N
Forced Exercise —— 0.83[-0.01, 167] 25

0.40[-1.87, 267] 11
093[ 0.03 183 30

Favours [control] | Favours [exercise]
T T I T T T

-2.00-1.000.00 1.00 2.00 3.00

A
Effect Size Number of Studies
Exercise Type with 85% ClI M
Forced Exercise B 069 [ 040, 098] 17
Involuntary Exercise B 229158, 3.00] 4
\oluntary Exercise B 0.87 [0.42, 1.32] 26
Fawvours [conirol]  Favours [exercise]
-1.00 000 100 200 300
B

Figure 4. Forest Plots of Exercise Type Effects on Cognitive Function (A) and Brain Morphology (B) Following Vascular Dementia
Modeling in Animals. The Size of the Square Represents the Weight.

Abbreviations: Cl, confidence interval; N: total number of corresponding exercise cohorts from included studies.
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Figure 5. Study Quality. Summary of the Quality of the 25 Included Studies Based on (A) Reporting Quality Criteria and (B) the Risk of
Bias Assessment Specified Reporting and/ or Methodological Quality Criteria. The Number of Studies Assessed for Quality are Indicated
Within Colored Zone of the Bars, With the Exception of the “Unclear” Category in Panel (B) for Clarity.

the random assignment of animals to groups. Twenty-five
percent of studies failed to use appropriate statistical tests to
analyze their data, and 72% of studies reported their summary
statistics as mean + standard error of mean (SEM). In addition,

some studies reported the following information: sex
consideration sample size calculation (41.7% of studies),
clearly stated hypothesis (64% of studies), and inclusion/
exclusion criteria (24% of studies). Hence, reporting quality
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for appropriate summary statistics, sex consideration, use of
aged animals, and inclusion/exclusion criteria was very low.
The majority of included articles scored poorly on the risk
of bias assessment criteria (Figure 5B). The source and/or
vendor of the animals used were specifically mentioned in
only 7 (28%) of the 25 articles. Similarly, summary statistics
were appropriately reported in only 28% of the articles. Only
6 (24%) of the 25 articles used appropriate statistical tests as
well as defined exclusion and inclusion criteria. Also, only
16% of the articles used male and female animals, while
sample size and/or power calculation were used in 40% of all
included articles. Nevertheless, more than half of all studies
had a clear study hypothesis (64%), species-specific details of
animals used (96%), randomized animals into study groups

(68%), and considered blinding of treatment groups either
during experimentation or data analysis (56%).

Publication Bias Assessment

The effect size of cognitive function following exercise
intervention is 1.184 [95% CI: 0.826 to 1.542]. Egger’s
regression test was insignificant (p = .1206), suggesting no
funnel plot asymmetry (Figure 6A). However, the effect size
of brain morphology following exercise intervention is 0.810
[95% CI. 0.183 to 1.437]. Egger’s regression test was
significant (p = .0058), indicating funnel plot asymmetry and
therefore publication bias (Figure 6B). However, the
combined effect sizes of cognitive function and brain
morphology are 0.87 [95% CI: 0.497 to 1.244]. Egger’s
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(Figure 6 continued)



Biose et al.

219

(Figure 6 continued)
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Figure 6. Publication Bias. Evaluation of Publication Bias in Outcome Effects of Exercise Intervention Following the Induction of Vascular
Dementia Models. (A) The Funnel Plot for Cognitive Function Data Suggests Plot Symmetry Indicating the Absence of Publication Bias.
(B) The Funnel Plot of Effect of Exercise on Brain Morphology Shows Asymmetrical Plots Which Suggests the Presence of Publication
Bias. (C) The Funnel Plot of Combined Data for Cognitive Function and Brain Morphology Effects Suggests Symmetrical Plots and,
Hence Absence of the Publication Bias. The Vertical Red Line Represents the Overall Effect Size. The Gray Lines Indicate the Statistical
Significance of Effect Sizes of Cohort Comparisons. Reporting of a Statement Regarding Potential Conflict of Interests and Compliance
With Animal Welfare Regulations Were Extracted, But They Were Not Part of the Overall Risk of Bias.

regression test was insignificant (p = .4234), indicating funnel
plot symmetry (Figure 6C). Trim-and-fill analysis imputed 13
data points for theoretically missing experiments for only the
brain morphology plot with an adjusted SMD of —0.082 [95%
CI: —0.784 to 0.62] (Figure 6B). This suggests the presence of
publication bias for only brain morphology and not cognitive
function data.

Discussion

The objective of this study is to determine whether physical
activity improves cognitive function and brain morphology in
models of VaD. Also, we investigated whether a specific type
of exercise is more beneficial than others. To our knowledge,
this is the first meta-analysis conducted on the effect of
exercise in VaD models. Although we sought to include VaD
studies from a variety of species, only one study used pigs,
while 24 other studies used rodents (15 rat studies and 9
mouse studies). Surgically induced models of VaD such as
bilateral carotid artery occlusion, unilateral carotid artery
occlusion, bilateral carotid artery stenosis, and aortic band
account for a total of 17 studies. Only rodent studies included
cognitive outcome measures.

Our analyses suggest that exercise improves cognitive
function in models of VaD. Learning and memory function
tests such as the Morris water maze, novel object location,

and novel object recognition tests were associated with
significant improvements in cognitive function across the
16 studies that evaluated cognition in rodent models of VaD.
These tests are routinely used in assessing memory functions
in laboratory animals and explore the rodents’ ability to
investigate new objects and/or to engage brain-associated
memory-dependent pathways in the recall of previously
explored objects, locations, or spatial cues.* The brain
regions principally associated with memory function are the
hippocampus and prefrontal cortex.*%5 In addition, the
dorsoventral striatum has been associated with learning and
memory functions.® The surgical models of VaD included
in this meta-analysis compromise blood flow to the brain,
with subsequent white matter damage that may involve a
hippocampal lesion following a cascade of disruptive
molecular signaling events.®”%® The striatum is rich in
afferent and efferent white matter bundles, which connect
the prefrontal cortex and hippocampal structures.®® Hence,
white matter damage in the striatum will impact memory
function, which our analyses suggest exercise ameliorates.
However, working and/or spatial memory assessed by
Y-maze spontaneous alternation was not improved by
exercise interventions in VaD models. It is puzzling to
reconcile the differences in overall exercise outcomes
between Morris water maze and Y-maze spontaneous
alternation tests, given that both tests entail the use of spatial
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memory as well as the overlap of study cohorts. The Morris
water maze test is a more sensitive test for the determination
of changes in learning and memory when compared to the
Y-maze spontancous alternation test.’ This is primarily
because the Morris water maze demonstrates the animals’
failure or success to acquire (location) memory over 4 to 5
days when compared to the Y-maze spontancous alternation
test, which is a single trial of maze exploration. The Y-maze
spontaneous alternation test is believed to be non-
hippocampus-dependent and relies on the animals’ emotional
state, which may vary between strains.”! Further, the passive
avoidance test, a fear-conditioned learning memory
paradigm, was improved by exercise. The foregoing
indicates the need for further investigations of the viability
of Y-maze spontaneous alternation for the evaluation of
cognition in rodent models of VaD subjected to exercise
interventions. While anxiety is not a function of cognition
per se, it does influence the outcome of memory function
tests, as mouse models of VaD are reported to be hyperactive
and have increased levels of anxiety.®® Our analysis reveals
that exercise increased anxiety as measured by the number
of crossings and rearing behaviors in rodents subjected to an
open field test. This may be attributed to repeated stress
from exercise interventions. The relationship between
exercise and anxiety is multifaceted. Also, forced, but not
voluntary, exercise has been found to increase anxious
behavior in rats in the open field’? Further research is needed
to elucidate the effect of forced versus voluntary exercise in
VaD animal models.

Exercise is well known to induce inflammation in skeletal
muscles,”>™ nevertheless, our analysis shows that neuro-
inflammation is worsened in VaD models subjected to exercise
interventions, as evidenced by the increased effect size of
GFAP and Iba-1 histological markers. Overall, in tandem with
our finding of improved cognitive function, exercise improves
white matter integrity as well as markers of neuronal synaptic
transmission such as SYN, SYP, and PSD95. This may stem
from increased BDNF in addition to improved MAP2 and Tau
proteins, which are markers of cellular integrity. Indeed, human
and experimental studies have indicated that exercise results in
increased BDNF, which helps improve overall brain function
as well as slow the progression of diagnosed cognitive
impairments by enlarging hippocampal and gray matter
volumes,””7® suggesting that exercise can ameliorate the
impacts of VaD on brain structure and function. Although
voluntary exercise is a more appealing rodent exercise
intervention due to its similarity to human exercise with willful
and self-administering features,” we note that all exercise
types from our included studies improved both cognitive
function as well as brain morphology. We did not find any
evidence of voluntary exercise being more beneficial for either
of the two outcomes.

Although all included studies for the present meta-
analysis were published at least two years after the first

edition of the ARRIVE guidelines in 2010, a majority of the
studies had some reporting anomalies such as blinding
consideration (either at the time of experimentation or data
analysis), randomization, and use of appropriate statistical
tests. This begs for increased reporting quality advocacy
among preclinical scientists. Further, 72% of studies
expressed their summary statistics as mean + SEM, whereas
the correct statistical summary should be confidence interval
or mean + SD. The difference between SEM and standard
deviation, as well as the importance of SD as a measure of
variability in data reporting are well established and
documented elsewhere.89-82 All the included studies lacked
the use of advanced age in the modeling of VaD. VaD is a
disease of the elderly that may be diagnosed in middle age;
hence, the appropriate rodent age for the translational
modeling of VaD should be 13—15 months (for middle age)
and 19-25 months (for advanced age).8384 One reason for
the continuous use of young animals is the high cost of older
animals. Nevertheless, sex as a biological consideration is
conspicuously lacking in the included studies. It is known
that VaD impacts both elderly men and women (although
with some differences in early disease progression),® yet
the use of male-only animals for preclinical investigations
has continued, partly due to the neuroprotective effect of
estrogen. The neuroprotection conferred by estrogen is lost
from middle age in female animals, and the National
Institutes of Health provides funded studies requiring aged
animals at no cost. It is in the best interest of investigators,
for increased potential clinical translation of their
experimental findings, to follow the ARRIVE guidelines
and consider the appropriateness of age and sex during the
experimental design of VaD studies.

Our analysis of the data from the included studies indicates
the existence of publication bias for brain morphology
outcomes, whereas there was no evidence of publication bias
for cognitive function measures. Publication bias, in theory,
describes the likelihood of including studies that support a
given hypothesis rather than studies showing neutral results
for systematic review or meta-analysis. While it is not
uncommon to find reports of publication bias in systematic
reviews of preclinical studies,3¢87 we took steps to ensure that
the process of study selection is in tandem with extant
guidelines for systematic reviews (as outlined in the
“Methods” section of the present study). Our results could be
due to the common practice of preclinical science journals
accepting more manuscripts with “positive results” than those
with equivocal observations. Also, our data characteristics
and statistical analysis may be contributing factors to our
observation; hence, reporting bias is not the single most
important factor for publication bias.® Trim and fill analyses
have been reported to inaccurately estimate asymmetry and
impute missing data plots.

The present study would have benefited from an analysis
of the duration of exercise intervention as well as the
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comparison of VaD models on cognitive function and brain
morphology outcomes. However, due to the small number of
included studies and the variability in the types of VaD
models across the included studies, such analysis would yield
little or no knowledge advancement.

Conclusion

Our results from three databases on the effects of physical
activity in models of VaD yielded 25 studies for systematic
review and 21 for meta-analysis and demonstrate that
exercise, a non-pharmacological intervention, improved
cognition and brain morphology outcomes in VaD models.
Also, we note that future investigations of exercise effects in
VaD models should strongly consider advanced age and
female sex to boost the translational impact of experimental
findings.
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