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Background and Purpose: Vascular dementia (VaD) is a complex neurodegenerative
disease affecting cognition and memory. There is a lack of approved pharmacological
treatments specifically for VaD. In this study, we investigate the therapeutic effects of
AV-001, a Tie2 receptor agonist, in middle-aged rats subjected to a multiple microinfarct
(MMI) model of VaD.

Methods: Male, 10–12 month-old, Wistar rats were employed. The following
experimental groups were used: Sham, MMI, MMI+1 µg/Kg AV-001, MMI+3 µg/Kg
AV-001, MMI+6 µg/Kg AV-001. AV-001 treatment was initiated at 1 day after MMI
and administered once daily via intraperitoneal injection. An investigator blinded to the
experimental groups conducted a battery of neuro-cognitive tests including modified
neurological severity score (mNSS) test, novel object recognition test, novel odor
recognition test, three chamber social interaction test, and Morris water maze test. Rats
were sacrificed at 6 weeks after MMI.

Results: There was no mortality observed after 1, 3, or 6 µg/Kg AV-001 treatment
in middle-aged rats subjected to MMI. AV-001 treatment (1, 3, or 6 µg/Kg) does not
significantly alter blood pressure or heart rate at 6 weeks after MMI compared to baseline
values or the MMI control group. Treatment of MMI with 1 or 3 µg/Kg AV-001 treatment
does not significantly alter body weight compared to Sham or MMI control group. While
6 µg/Kg AV-001 treated group exhibit significantly lower body weight compared to
Sham and MMI control group, the weight loss is evident starting at 1 day after MMI
when treatment was initiated and is not significantly different compared to its baseline
values at day 0 or day 1 after MMI. AV-001 treatment significantly decreases serum
alanine aminotransferase, serum creatinine, and serum troponin I levels compared to
the MMI control group; however, all values are within normal range. MMI induces mild
neurological deficits in middle-aged rats indicated by low mNSS scores (<6 on a scale of
0–18). Compared to control MMI group, 1 µg/Kg AV-001 treatment group did not exhibit
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significantly different mNSS scores, while 3 and 6 µg/Kg AV-001 treatment induced
significantly worse mNSS scores on days 21–42 and 14–42 after MMI, respectively.
MMI in middle-aged rats induces significant cognitive impairment including short-term
memory loss, long-term memory loss, reduced preference for social novelty and impaired
spatial learning and memory compared to sham control rats. Rats treated with 1 µg/Kg
AV-001 exhibit significantly improved short-term and long-term memory, increased
preference for social novelty, and improved spatial learning and memory compared to
MMI rats. Treatment with 3 µg/Kg AV-001 improves short-term memory and preference
for social novelty but does not improve long-term memory or spatial learning and
memory compared to MMI rats. Treatment with 6 µg/Kg AV-001 improves only long-term
memory compared to MMI rats. Thus, 1 µg/Kg AV-001 treatment was selected as an
optimal dose. Treatment of middle-aged rats subjected to MMI with 1 µg/Kg AV-001
significantly increases axon density, myelin density and myelin thickness in the corpus
callosum, as well as increases synaptic protein expression, neuronal branching and
dendritic spine density in the cortex, oligodendrocytes and oligodendrocyte progenitor
cell number in the cortex and striatum and promotes neurogenesis in the subventricular
zone compared to control MMI rats.

Conclusions: In this study, we present AV-001 as a novel therapeutic agent to improve
cognitive function and reduce white matter injury in middle aged-rats subjected to a MMI
model of VaD. Treatment of MMI with 1 µg/Kg AV-001 significantly improves cognitive
function, and increases axon density, remyelination and neuroplasticity in the brain of
middle-aged rats.

Keywords: angiopoietin-1, cognition, microinfarct dementia, vasculotide, vascular dementia (VaD), white matter
remodeling

INTRODUCTION

Dementia is characterized by a progressive deterioration of
cognition and memory. Impaired ability to communicate, think
and make decisions in addition to memory loss often limits
a patient’s capacity to live independently thereby, increasing
caregiver responsibilities and socio-economic costs. While
Alzheimer’s disease (AD) is the leading cause of dementia,
vascular dementia (VaD) due to cerebrovascular disease alone
or in combination with AD as mixed dementia remains the next
common cause of dementia (Zhao et al., 2020). Reduced blood
flow due to a stroke, a series of mini strokes, or microinfarcts
in the brain contributes to progressive cognitive deficits in VaD.
The risk of developing VaD grows exponentially after the age
of 65 particularly in individuals with high risk of cardiovascular
disease due to smoking or chronic conditions such as diabetes
and hypertension (Gorelick et al., 2011; Zhao et al., 2020). As
the global aging population continues to grow, development of
therapeutics for VaD becomes increasingly necessary.

Spontaneous cerebral emboli of both cardiac and vascular
origin are common among VaD and AD patients and are
associated with the occurrence of microinfarcts leading to the
rapid progression of dementia and deterioration of cognitive
function (Goldberg et al., 2012; Purandare et al., 2012). While
microinfarcts comprise a small fragment of total brain volume,
the volume of cortical tissue with functional deficits may be as

much as 12 times the microinfarct core volume due to impaired
hemodynamic responses in peri-infarct tissue, neurovascular
uncoupling and disruption of neuronal circuitry (Summers et al.,
2017). The brain has substantial tolerance to microemboli,
however, upon repeated embolization or depending on size
of emboli, distal penetrating arteries are obstructed inducing
microinfarcts while a significant proportion of emboli remain
in the larger pial vasculature where collateral blood flow
may compensate for blocked microvessels (Zhu et al., 2012).
Multiple microinfarctions (MMI) can be induced in animals
using various methods including the injection of cholesterol
crystals, thromboemboli, and microspheres (Venkat et al.,
2015). In the current study, we employ cholesterol crystal
embolization to induce VaD. This model mimics the rupture
of atherosclerotic plaque in patients thereby creating a shower
of cholesterol crystals which lodge into the carotid artery and
block deep penetrating arterioles causing cerebral microinfarcts.
Various studies have demonstrated that unilateral carotid artery
injection of cholesterol crystals induces diffuse microinfarcts
in the cortex, subcortical tissue, and hippocampus and these
microinfarcts were associated with focal blood brain barrier
(BBB) disruption and reactive gliosis in the infarct core and
surrounding parenchyma (Rapp et al., 2008a,b;Wang et al., 2012,
2017; Venkat et al., 2017, 2019; Yu et al., 2019). White matter
(WM) damage and delayed and progressive neuronal loss were
associated with cognitive deficits observed as early as day 7 and
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at least until 4 weeks after microinfarction (Wang et al., 2012;
Venkat et al., 2017; Yu et al., 2019).

AV-001 is structurally, functionally, and pharmacologically
similar to the predecessor analog referred to as Vasculotide.
Angiopoietins are ligands for the receptor tyrosine kinase
Tie2 and Vasculotide has shown dose-dependent binding and
phosphorylation of Tie 2 (Gutbier et al., 2017; Dekker et al.,
2018). Vasculotide is a Tie2 receptor agonist Angiopoietin-1
(Angpt-1) mimetic that decreases neuroinflammation and
BBB leakage and improves neurological functional outcome
after stroke in diabetic rats (Venkat et al., 2018, 2021).
Angpt-1 is an endothelial growth factor that mediates vascular
remodeling (Suri et al., 1996) and promotes pericyte recruitment,
remodeling, maturation, and stabilization of blood vessels (Suri
et al., 1998; Iurlaro et al., 2003), neurite remodeling (Wang
et al., 2015), and prevents plasma leakage in the ischemic
brain (Zhang et al., 2002; Metheny-Barlow et al., 2004).
Systemic administration of Vasculotide induces long-lasting
Tie2 activation, decreases endothelial barrier dysfunction and
microvascular leakage, and improves microcirculatory perfusion
in rodent models of abdominal sepsis (Kumpers et al., 2011),
acute kidney injury (Rübig et al., 2016) and hemorrhagic shock
(Trieu et al., 2018). In a rodent model of AD, treatment
with Vasculotide accelerates the restoration of the BBB after
focused ultrasound-induced permeability (Lynch et al., 2021).
In the current study, we investigate the safety and therapeutic
effects of AV-001 (clinical candidate version of Vasculotide) in
middle-aged rats subject to MMI and evaluate its efficacy in
ameliorating cognitive deficits by reducing WM injury.

MATERIALS AND METHODS

All procedures were carried out in accordance with the American
Council on Animal Care and with the approval of Institutional
Animal Care and Use Committee (IACUC, protocol # 1012)
of Henry Ford Health System. This manuscript is prepared
following ARRIVE guidelines (Kilkenny et al., 2010).

MMI Model
The method for preparation of cholesterol crystals and the
MMI model have been described in detail previously (Rapp
et al., 2008a; Venkat et al., 2017; Wang et al., 2017; Yu
et al., 2019; Chandran et al., 2020). Briefly, freshly prepared
crystals were filtered using a 100 µm cell strainer and filtrate
was passed through a 70 µm cell strainer to collect residual
crystals of size 70–100 µm. The crystals were counted on a
hemocytometer and diluted to yield a final concentration of
800 ± 100 crystals/300 µl saline. Rats were anesthetized with
4% isoflurane in a chamber and then spontaneously respired
with 2% isoflurane in 2:1 N2O:O2 mixture using a facemask
connected and regulated with a modified FLUOTEC 3 Vaporizer
(Fraser Harlake, NY, USA). Rectal temperature was maintained
at 37◦C throughout the surgical procedure using a water heating
system. A midline neck incision (∼1 cm long) was made and
the right CCA (common carotid artery), ECA (external carotid
artery), and ICA (internal carotid artery) were exposed under an
operating microscope. Carefully avoiding the vagus nerve, the

CCA and ICA were temporarily clamped using microsurgical
clips and a 4–0 silk suture tied loosely at the origin of the ECA
and ligated at the distal end of the ECA. A 1ml syringe connected
to a PE-50 tube, with its tip tapered by heating near a flame was
gently inserted into the ECA and advanced into the lumen of the
ICA. The microsurgical clip repositioned to only block the CCA
and freshly prepared cholesterol crystals were slowly injected
into the ICA. The tube was gently removed, ECA ligated while
CCA and ICA remain patent, microsurgical clips were removed,
and the neck incision sutured. Routine post-surgical monitoring,
analgesics (Buprenorphine SR, 1 mg/Kg, subcutaneously), and
supportive care was provided.

Experimental Groups, Randomization, and
Blinding
Male, 10–12 months old Wistar rats (Charles River Laboratories,
MA, USA) were employed. The experimental groups are as
follows: (1) MMI (n = 20); (2) MMI+ 1 µg/Kg AV-001
(n = 20); (3) MMI+ 3 µg/Kg AV-001 (n = 15); (4) MMI+
6 µg/Kg AV-001 (n = 8); and (5) Naïve sham control rats
(n = 20). At 1 day after MMI, rats were randomly assigned to
one of the treatment groups. Stock solutions and aliquots of
AV-001 were prepared in DPBS and stored in −20◦C. AV-001
treatments were initiated at 1 day after MMI and administered
(at room temperature) once daily via i.p. injection. Rats were
sacrificed at 6 weeks after MMI and the number of animals
used for various analyses is indicated in Table 1. All end-point
measurements including cognitive tests, neurological function
evaluation, and immunostaining quantification analysis were
performed by investigators blinded to the experimental groups.
To overcome practical problems of blinding treatment groups,
the investigator performing behavioral testing was not involved
in performing surgery or treatment administration. Data analysis
was performed by a Biostatistician.

AV-001 is a synthetic PEGylated peptide conjugate derived
from four identical 7-amino-acid peptides (T7) bound to the
PEG tetramer. The core T7 peptide used to construct AV-001
was based on its selection from a phage-display approach that
examined over 1 billion unique peptide sequences for their
ability to bind the extracellular portion of the Tie2 receptor
(Tournaire et al., 2004). AV-001 is a clinical candidate version of
Vasculotide, an Angpt-1 mimetic peptide. Previous studies using
Vasculotide as a therapeutic agent have reported its safety and
identified that a dose of 10 µg/Kg reduces skin damage following
a single large dose of ionizing radiation in mice (Korpela et al.,
2014), 200 ng dose reduces mortality in a murine sepsis model
(Kumpers et al., 2011), 500 ng dose is protective in a murine
model of severe influenza (Sugiyama et al., 2015), and 3 µg/Kg
dose induces neuroprotection in diabetic rats subject to stroke
(Venkat et al., 2018, 2021). Vasculotide administered i.p. to
healthy mice significantly increases endothelial Tie2 activation
up to 72 h after injection and increases plasma levels of
Vasculotide at 24 h after injection which declined to basal levels
by 96 h after injection (Kumpers et al., 2011; Sugiyama et al.,
2015). Based on these studies, we selected and tested three doses
of AV-001 (1 µg/Kg, 3 µg/Kg and 6 µg/Kg) and treatment was
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TABLE 1 | Rats were sacrificed at 6 weeks after MMI and the number of animals used for various analysis is indicated.

Sham MMI MMI+ 1 µg/Kg AV-001 MMI+ 3 µg/Kg AV-001 MMI+ 6 µg/Kg AV-001

Function testing 20 20 20 15 8
Immunohistochemistry 10 10 10
Electron microscopy 6 5 5
Golgi staining 4 5 5

initiated at 24 h after MMI and administered via i.p. injection
once daily for a period of 6 weeks.

Neurological and Cognitive Function
Evaluation
To assess neurological deficits, the modified neurological severity
score (mNSS) test was performed after MMI on day 1 and weekly
once thereafter until sacrifice. The mNSS test is widely used to
evaluate neurological function following brain injury in rodents
and is a composite of motor, sensory, balance and reflex tests
(Chen et al., 2001; Bieber et al., 2019). The absence of a tested
reflex or abnormal response is scored as one point. Neurological
function is scored between 0 and 18 with 0 indicating no deficits
and 18 indicating maximum deficits.

A battery of cognitive tests was performed using ANY-Maze
(Stoelting Co., IL, USA) video tracking and analysis system at
4–5 weeks after MMI such that no two tests were performed
on the same day. All animals were habituated to the testing
environment 1 day prior to testing. To test short-term memory,
a novel object recognition test was used (Venkat et al., 2017;
Cui et al., 2018). Briefly, animals were allowed to freely explore
two identical objects placed equidistant from each other in the
center of a testing arena for 5 min. After a retention delay of 4 h,
one object was replaced with a novel object and animals freely
explored the two objects for 5min. The time spent exploring each
object was recorded. Animals with a total exploration time <10 s
were excluded. Exploration was defined as actively sniffing,
pawing, or probing with whiskers within 1 cm of an object. The
discrimination index was calculated as the ratio of time spent
exploring the novel object to total time spent exploring both
objects.

To test long-term memory, we employed a novel odor
recognition test spanning 3 days during which animals were
single housed. Two sets of novel odor beads (N1 and N2)
were obtained by placing 1′′ round wooden beads (BE10901)
in the home cage of donor rats for 1 week to allow odor
build up. The testing paradigm for the odor test has been
described in detail previously (Spinetta et al., 2008; Zhang et al.,
2015; Venkat et al., 2017). Briefly, on the first day of testing,
four wooden beads were introduced in the home cage of animals
to habituate them to presence of beads and to collect familiar
odor beads (F). On the second day of testing, animals were
familiarized with novel odor N1 by allowing them to freely
explore three F beads and one N1 bead for three 1-min trials.
The spatial arrangement of N1 and F beads were randomly
altered for each trial. Following a retention delay of 24 h
i.e., on the third day of testing, the rats were subjected to a

1www.craftparts.com

1 min test in which animals explored two familiar odor beads
(F), one N1 odor bead and one N2 odor bead introduced
into the center of their cage. The trial was video recorded,
and the time spent exploring each odor (F, N1, N2) was
recorded. The four-choice procedure for assessing relative odor
preference greatly increases sensitivity and reliability compared
to two-choice procedures (Spinetta et al., 2008). To avoid scent
marking, a fresh N1 and N2 bead was used for each trial. The
discrimination index was calculated as the ratio of time spent
exploring the N2 odor to total time spent exploring all beads.
Animals that were inactive and failed to explore any of the beads
were excluded.

Spatial learning and memory were evaluated using a Morris
water maze test (Zhang et al., 2015; Venkat et al., 2017). The
5 day test consisted of four daily 90-s trials in which the
animal searched for a submerged clear platform in a pool
of water. The pool was virtually divided into four quadrants
and the position of the hidden platform was randomly varied
within the target quadrant for each trial. Percentage of time
spent in the target quadrant, time taken to reach the hidden
platform (escape latency) and swim speed were recorded for
each trial and averaged for each day per animal. Greater
percentage of time spent in the target platform quadrant
and lower escape latency time indicates better learning and
memory.

The three-chamber social test (Nadler et al., 2004) was used
to evaluate sociability and preference for social novelty. The test
is based on the premise that rodents are sociable and prefer
to spend more time with another rodent (S1) compared to an
empty chamber and given a choice, prefer to interact with a
novel stranger (S2) compared to a familiar rodent (S1) i.e., prefer
social novelty. S1 and S2 were non-test sham animals of same
sex and similar age and weight. The testing apparatus consisted
of three proportional plexiglass chambers with openings that
allow animals to freely move between the chambers. Prior to
testing, animals were placed alone in a holding cage for 30 min
since pre-test social deprivation has been reported to increase
baseline levels of social behavior and improve sensitivity of the
test. During the sociability test, S1 was placed in a wire cup in
one chamber while an empty wire cup was placed in the other
corner chamber. During the social novelty test, S1 and S2 were
each placed in a wire cup in one of the corner chambers. For each
test, the rat was introduced in the center chamber and the time
spent investigating S1 and empty cup in sociability phase and the
time spent investigating S1 and S2 in social novelty phase were
recorded. After each test, the apparatus was wiped clean with 3%
peroxide hydrochloride and water. Animals that were inactive
and did not transition between the chambers were excluded from
the analysis (Yang et al., 2011).
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Physiological Measurements and Safety
Evaluation
Body weight was recorded weekly. To evaluate the effect
of MMI on blood pressure (BP) and heart rate, diastolic
arterial pressure, mean arterial pressure, and systolic arterial
pressure were measured using the tail-cuff method (CODA
8-Channel High Throughput Non-Invasive Blood Pressure
system, KENT Scientific, CT, USA) at baseline, 1 day after
MMI, and prior to sacrifice. Liver, kidney, and heart function
was assessed by measurement of serum alanine transaminase
(ALT) levels using the ALT Activity Assay kit (Sigma-
Aldrich, MO, USA, MAK052), serum creatinine levels using
the Rat Creatinine Assay kit (Crystal Chem Inc., IL, USA,
80340) and cardiac troponin (cTnI) and Creatine Kinase MB
(CK-MB) levels using the i-STAT handheld blood analyzer
(Abbott, IL, USA) and cTnI cartridge (CLIAwaived Inc., CA,
USA, ABBT-03P90) and CK-MB cartridge (CLIAwaived Inc.,
CA, USA, ABBT-03P92), respectively, following manufacturer’s
instructions.

Histological and Immunohistochemical
Assessment
Rats (n = 10/group) were transcardially perfused with 0.9%
saline, and brains and hearts were immediately removed, and
immersion fixed in 4% paraformaldehyde. Paraffin embedded
brain coronal tissue sections were prepared and Bielschowsky
silver (axon marker) and Luxol fast blue (myelin marker)
staining were used to assess axon and myelin density. Antibodies
against APC (oligodendrocyte marker, GenWay Biotech Inc.,
CA, USA, 1:20), NG2 (oligodendrocyte progenitor cell marker,
Millipore Sigma, MA, USA, 1:400), DCX (marker of immature
neurons and neurogenesis, Abcam, Cambridge, UK, 1:800),
Ki67 (marker of cell proliferation, Lab Vision, CA, USA,
1:200), Synaptophysin (synaptic protein, Abcam, Cambridge,
UK, 1:400) and pNFH (phosphorylated neurofilament heavy
chain protein, Biolegend, CA, USA, 1:1,000) were also used.
Paraffin embedded heart sections (6 µm) were cut and
Picrosirius red (PSR) staining was used to evaluate fibrosis by
measuring interstitial collagen fraction. Negative controls were
processed in a similar fashion, but without adding the primary
antibody.

Quantification Analysis
Although cholesterol crystals are only injected into the right
ICA, WM/axonal damage have been consistently observed in
both cerebral hemispheres in our study as well as in previous
studies using the MMI model (Wang et al., 2012, 2017; Venkat
et al., 2017). For each brain section, six fields of view of
striatum, cortex, corpus callosum, or subventricular zone (SVZ)
were digitized under a 20× objective (Olympus BX40) using
a 3-CCD color video camera with an MCID image analysis
system (Imaging Research, ON, Canada). For each heart section,
6–8 fields of view were randomly digitized under a 20× objective
(Olympus BX40) using a 3-CCD color video camera (Sony
DXC-970MD) interfaced with an MCID image analysis system.
Using MCID image analysis, the numbers of immunoreactive
cells were counted or positive-stained areas were measured

(densitometry function) with a density threshold set uniformly
above unstained for all groups. For each animal, data were
averaged to yield either percentage positive area or number of
positive cells/mm2.

Electron Microscopy (EM)
Transmission electron microscopy was employed to analyze
the ultrastructure of myelination, as previously described
(Venkat et al., 2017; Zhang et al., 2021). The percentage
of demyelinated axons, myelin thickness, and G ratio (ratio
of axon internal to external diameter) were calculated in
the corpus callosum of Sham, MMI, and MMI+1 µg/Kg
AV-001 groups (n = 5–6/group). Samples from each brain
section containing eight fields of view of the corpus callosum
were digitized using a JEOL 1400 Flash with a bottom
mounted BioSprint camera using AMT image capturing
software. Images were analyzed using an MCID image analysis
system.

Golgi Staining
Golgi staining (FD NeuroTechnologies, Inc., MD, USA, Rapid
Golgi stain kit, and manufacturer’s protocol was used) was
used to evaluate the morphology of neurons, as previously
described (Venkat et al., 2017). To evaluate neurite branching,
10 intact neurons were randomly selected from the layer III
of the cortex and primary and secondary branching were
counted under a 40× objective (Olympus BX40) using a 3-CCD
color video camera with an MCID image analysis system.
To calculate dendritic spine density, 10 neurons from each
brain sample in layer III of the cortex and CA3 region of
hippocampus were selected and secondary dendrites measuring
at least 10 µm in length were digitized under an oil immersion
100× objective.

Statistical Analysis
Data are presented as mean ± SEM for illustration. Data were
evaluated for normality; ranked data were used for analysis
when data were not normally distributed. Analysis of variance
(ANOVA) was used for single measurements collected at
day 28 including novel object recognition test, novel odor
recognition test, social test and immunostaining measurements.
Repeated analysis of variance (ANCOVA) was used to test
AV-001 dose effects on function recovery for mNSS and Morris
water maze tests and body weight considering treatment dose
by time interaction. Statistical significance was detected at
p < 0.05.

RESULTS

AV-001 Treatment Is Safe in Middle-Aged
Rats Subjected to MMI
Early mortality at 1 day after MMI was 5%. There was no
mortality or observed adverse effects after 1, 3, or 6 µg/Kg
AV-001 treatment in middle-aged rats subjected to MMI. There
were no significant differences in BP or HR at 1 day or 6 weeks
after MMI compared to baseline values. AV-001 treatment (1,
3, or 6 µg/Kg) does not significantly alter BP or HR at 6 weeks
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after MMI compared to baseline values or the MMI control
group. Treatment of MMI with 1 or 3 µg/Kg AV-001 treatment
does not significantly alter body weight compared to Sham
or MMI control group. While 6 µg/Kg AV-001 treated group
exhibit significantly lower body weight compared to Sham and
MMI control group, the weight difference is evident starting
at 1 day after MMI before treatment was initiated and is not
significantly different on day 42 compared to its baseline values
at day 0 or day 1 after MMI. AV-001 treatment (1, 3, or 6 µg/Kg)
significantly reduces serum ALT levels, and 3 µg/Kg AV-001
treatment significantly reduces serum creatinine levels compared
to the control MMI group, although ALT and creatinine values
remain within the normal range (10–40 IU/L and 0.4–0.8 mg/dl,
respectively). In addition, cTnI values were within normal
range and CK-MB values were 0.0 ng/ml for Sham, MMI and
AV-001 treatment (1, 3, or 6 µg/Kg) groups. MMI significantly
increases fibrosis within the heart as indicated by increased
interstitial collagen compared to sham rats. One microgram per
Kg AV-001 treatment significantly reduces collagen in the heart
compared to untreated MMI animals. Data are summarized in
Figure 1.

AV-001 Treatment Significantly Improves
Cognition and Memory in Middle-Aged
Rats Subjected to MMI
To identify an optimal dose of AV-001 to treat VaD, middle-aged
rats were subjected to MMI and treated once daily with 1, 3,
or 6 µg/Kg AV-001 starting at 1 day after MMI. At 1 day
after MMI, the mNSS scores were low (5.3 ± 0.22) on a
scale of 0–18 (<6 indicating mild to no neurological deficits,
6–12 indicating significant neurological deficits, and >13 severe
neurological deficits predictive of poor survival). Such lowmNSS
scores are unlikely to interfere with cognitive function evaluation.
There were no significant differences in mNSS scores after
1 µg/Kg AV-001 treatment compared to the MMI control group,
however, 3 or 6 µg/Kg AV-001 treatment groups exhibited
significantly worse neurological function compared to the MMI
control group on days 14–42 and 21–42 after MMI, respectively
(Figure 2A).

A battery of cognitive tests was conducted at 4–5 weeks after
MMI (Figures 2, 3). We found that MMI in middle-aged rats
induces significant cognitive impairment including short-term
memory loss, long-term memory deficits, spatial learning and
memory deficits, and reduced preference for social novelty when
compared to sham control rats. Rats treated with 1 µg/Kg
AV-001 exhibit significantly improved short-term memory,
long-term memory, spatial learning and memory as well as
improved preference for social novelty compared to MMI rats.
Treatment with 3 µg/Kg AV-001 improves short-term memory
and preference for social novelty but does not improve long-term
memory or spatial learning and memory compared to control
MMI rats. Treatment with 6 µg/Kg AV-001 improves only
long-term memory compared to MMI rats. In addition, 6 µg/Kg
AV-001 treatedMMI rats exhibit significantly lower swim speeds
compared to control MMI rats. A dose is considered effective if
there is significant cognitive recovery with no safety concerns in

middle-aged rats subjected to MMI, compared to control MMI
rats. Therefore, 1 µg/Kg AV-001 was identified as an optimal
dose and was used for immunostaining analysis.

AV-001 Treatment Significantly Improves
WM Integrity and Promotes Axonal/WM
Remodeling in Middle-Aged Rats
Subjected to MMI
To test the effect of AV-001 treatment on WM injury, axon
and myelin density were evaluated in the corpus callosum and
WM bundles in the striatum. Treatment with 1 µg/Kg AV-001
significantly increases axon density (Figure 4) indicated by
Bielschowsky silver and pNFH staining in the corpus callosum
and striatum as well as increases myelin density (Figures 5A,B)
indicated by Luxol fast blue staining in the corpus callosum
compared to the MMI control group. We then employed
electron microscopy to analyze the ultrastructure of myelination
and the percentage of demyelinated axons, myelin thickness
and G ratio were calculated in the corpus callosum of Sham,
MMI, and MMI+1 µg/Kg AV-001 treated rats. Treatment of
middle-aged rats subjected to MMI with 1 µg/Kg AV-001
significantly increases myelin thickness, reduces the number of
demyelinated axons and reduces G-ratio compared to the MMI
control group (Figures 5C–F). Since oligodendrocyte progenitor
cells and oligodendrocytes are required for remyelination after
brain injury, we measured the number of oligodendrocyte
progenitor cells using NG2 staining and oligodendrocytes using
APC staining in the cortex and striatum. Figure 6 shows that
1 µg/Kg AV-001 treatment significantly increases the number of
oligodendrocytes in the cortex and striatum and oligodendrocyte
progenitor cells in the striatum compared to the MMI control
group.

AV-001 Treatment Significantly Increases
Neurogenesis and Synaptogenesis in
Middle-Aged Rats Subjected to MMI
Neuroplasticity is the ability of the brain to rewire in response
to stimulation or injury and is associated with neurogenesis, the
ability to create new neurons and synaptogenesis, the formation
of connections between neurons. We evaluated neurogenesis in
the SVZ using immunostaining analysis of Ki67, a marker of cell
proliferation andDCX, amarker of immature neurons (Zhao and
van Praag, 2020). Figure 7 shows that MMI significantly reduces
neurogenesis and cell proliferation in the SVZ. Treatment with
1 µg/Kg AV-001 significantly improves cell proliferation and
neurogenesis in the SVZ compared to control MMI animals.
To test the effect of AV-001 treatment on synaptic protein
expression, synaptophysin expression wasmeasured in the cortex
and striatum of MMI rats. Figure 8A shows that treatment
with 1 µg/Kg AV-001 significantly increases Synaptophysin
expression in the cortex compared to control MMI animals.
To test the effects of AV-001 treatment on neuronal branching
and spine density, Golgi silver staining was used. Figures 8B,C
shows that MMI significantly decreases neuronal branching in
the layer III of the cortex as well as decreases dendritic spine
density. Treatment with 1 µg/Kg AV-001 significantly increases
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FIGURE 1 | AV-001 treatment is safe in middle-aged rats subject to MMI. (A,B) There were no significant differences in blood pressure or heart rate at 1 day or
6 weeks after MMI compared to baseline values. AV-001 treatment (1, 3, or 6 µg/Kg) does not significantly alter blood pressure or heart rate at 6 weeks after MMI
compared to baseline values or the MMI control group. (C) Treatment of MMI with 1, 3 or 6 µg/Kg AV-001 does not significantly alter body weight at day
42 compared to baseline values before treatment initiation at 1 day after MMI. While 6 µg/Kg AV-001 treated group exhibit significantly lower body weight compared
to Sham and MMI control group, the weight difference is evident starting at 1 day after MMI before treatment was initiated and is not significantly different on day
42 compared to its baseline values at day 0 or day 1 after MMI. (D) MMI does not alter serum Alanine transaminase (ALT) levels compared to Sham group. AV-001
treatment (1, 3, or 6 µg/Kg) significantly reduces serum ALT levels compared to the control MMI group. (E) MMI does not alter serum creatinine levels compared to
Sham group. Treatment with 3 µg/Kg AV-001 significantly reduces serum creatinine levels compared to the control MMI group. (F) Serum Troponin I (cTnI) levels
were within normal range for Sham, MMI, and AV-001 treatment (1, 3, or 6 µg/Kg) groups at 6 weeks after MMI. (G) MMI significantly increases fibrosis within the
heart as indicated by increased interstitial collagen compared to sham rats. 1 µg/Kg AV-001 treatment significantly reduces collagen in the heart compared to
untreated MMI animals.

neuronal branching and dendritic spine density in the cortex
region compared to control MMI rats.

DISCUSSION

Spontaneous cerebral emboli are common in VaD and AD
and contribute to a rapid decline in cognitive function in
dementia patients (Purandare et al., 2006, 2012). In VaD, emboli
block cerebral microvasculature, reducing blood flow to critical
areas for cognition and contributing to the development of
microinfarcts in the cortex and striatum (Oliveira-Filho et al.,
2018). Prolonged cerebral hypoperfusion is a main contributor
to cognitive dysfunction in patients with dementia and other
neurodegenerative disorders (Leeuwis et al., 2017; Sweeney et al.,
2018). In this study, we demonstrate for the first time that
1 µg/Kg AV-001 treatment of MMI significantly improves
short-term memory, long-term memory, social interaction,
spatial learning and memory as well as promotes white matter
remodeling and neurogenesis in the brain of middle-aged male
rats subject to VaD.

Treatment safety and therapeutic efficacy are primary
outcome measures in pre-clinical studies investigating novel
therapeutics for neurodegenerative diseases. AV-001 is a clinical
candidate version of Vasculotide, an Angpt-1mimetic peptide. In

our previous studies, we found that treatment of stroke in mice
with type 1 diabetes mellitus (T1DM) with 3 µg/Kg Vasculotide
was safe and effective in improving neurological function,
decreasing BBB permeability, and reducing neuroinflammation
with no evident increase in post-strokemortality or other adverse
effects (Venkat et al., 2018, 2021). Vasculotide treatment has
been shown to reduce mortality and improve organ function
in rodent models of abdominal sepsis and kidney transplant
(Kumpers et al., 2011; Thamm et al., 2016). A single dose
of Vasculotide (200 ng/rat, i.v.) treatment did not alter BP,
heart rate, pH, and partial pressure of carbon dioxide in a
rat hemorrhagic shock and fluid resuscitation model compared
with the vehicle treated control group (Trieu et al., 2018). In
the current study, we show that AV-001 treatment does not
significantly alter body weight, BP, or heart rate at 6 weeks after
MMI compared to baseline measurements or the MMI control
group. However, rats treated with 3 or 6µg/Kg AV-001 exhibited
significantly worse neurological function compared to control
MMI rats. We next tested the levels of ALT, creatinine, cTnI,
and CK-MB in the serum as elevated levels are indicative of
liver, kidney and cardiac toxicity and dysfunction, respectively.
MMI did not significantly alter serum ALT or creatinine levels
compared to control rats. AV-001 treatment (1, 3, or 6 µg/Kg)
significantly reduces serum ALT levels compared to control
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FIGURE 2 | AV-001 treatment significantly improves cognition and memory in middle-aged rats subjected to MMI. (A) There were no significant differences in
modified neurological severity score (mNSS) after 1 µg/Kg AV-001 treatment compared to the MMI control group. However, 3 or 6 µg/Kg AV-001 treatment group
exhibited significantly worse neurological function compared to MMI control group. (B) Compared to Sham control rats, middle-aged rats subject to MMI exhibit
significant short term memory impairment indicated by lower discrimination index in the novel object recognition test. Rats treated with 1 or 3 µg/Kg AV-001 exhibit
significantly improved short-term memory compared to MMI rats. (C) Compared to Sham control rats, middle-aged rats subject to MMI exhibit significant long term
memory impairment indicated by lower discrimination index in the novel odor recognition test. Rats treated with 1 or 6 µg/Kg AV-001 exhibit significantly improved
long-term memory compared to MMI rats. (D) Compared to sham control rats, middle-aged rats subject to MMI exhibit significantly reduced preference for social
novelty in the social interaction test. Rats treated with 1 or 3 µg/Kg AV-001 exhibit significantly improved preference for social novelty compared to MMI rats.

FIGURE 3 | AV-001 treatment significantly improves spatial learning and memory in middle-aged rats subjected to MMI. (A,B) In the Morris water maze test, rats
subjected to MMI exhibit significant spatial learning and memory impairment indicated higher escape latency and lower percentage of time exploring the platform
quadrant compared to Sham control rats. Treatment with 1 µg/Kg AV-001 significantly increases the time spent exploring the platform quadrant on day 5 of testing
compared to control MMI rats indicating improved cognition. (C) Rats subject to MMI and treated with 6 µg/Kg AV-001 exhibit significantly lower swim speeds
compared to control MMI rats. (D) Representative track plots of day 5 of testing.
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FIGURE 4 | AV-001 treatment significantly improves axonal/white matter remodeling in middle-aged rats subjected to MMI. (A–C) Representative images and
quantification data of pNFH staining in the Corpus callosum and Striatum. MMI induces significant axon damage in the Corpus callosum and white matter bundles of
the Striatum compared to Sham control rats. Treatment with 1 µg/Kg AV-001 significantly increases axon density in the Corpus callosum and Striatum compared to
MMI rats. (D) Quantification data of Bielschowsky silver staining indicating that MMI decreases axon density compared to Sham control rats, while 1 µg/Kg AV-001
treatment significantly increases axon density in the Corpus callosum and Striatum compared to MMI rats.

MMI rats. In addition, 3 µg/Kg AV-001 treatment significantly
reduces serum creatinine levels compared to MMI control
rats, which is consistent with previous data on Vasculotide
treatment in acute kidney injury (Rübig et al., 2016). In prior
work, we reported that mice subjected to a bilateral common
carotid artery stenosis (BCAS) model of VaD exhibit significant
cardiac dysfunction indicated by reduced left ventricular ejection
fraction, increased cardiac fibrosis, and cardiac hypertrophy
which may be mediated by increased oxidative stress and
inflammation in the heart at 1 month after BCAS (An et al.,
2021). Angpt-1 is associated with cardio protection against
myocardial and vascular injury, promotes the survival of
cardiac myocytes, and reduces interstitial fibrosis in the heart
(Nykänen et al., 2003; Dallabrida et al., 2005; Lee et al., 2011).
In the present study, we found that MMI significantly increases
cardiac fibrosis as indicated by increased interstitial collagen
fraction in the heart tissue. Treatment with 1 µg/Kg AV-001

significantly reduces interstitial fibrosis in the heart. Elevated
cardiac troponin levels are associated with increased severity of
left ventricular diastolic dysfunction, and impairment in ejection
fraction and cardiac contractility (Adams et al., 2007; Tanabe
et al., 2008). We found that cTnI and CK-MB levels were within
normal ranges for Sham, MMI and AV-001 treatment groups.
The current data demonstrate that treatment of middle-aged
MMI rats with 1 or 3 µg/Kg AV-001 for 6 weeks is safe and does
not adversely affect organ function.

Our current data as well as previous work show that MMI in
middle aged rats induces significant cognitive impairment
including short term memory loss, long term memory
loss, reduced preference for social novelty and impaired
spatial learning and memory compared to sham control rats
(Venkat et al., 2017). Rats treated with 1 µg/Kg AV-001
exhibit significantly improved short-term and long-term
memory, increased preference for social novelty, and improved
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FIGURE 5 | AV-001 treatment significantly improves myelin density in the brain of middle-aged rats subjected to MMI. (A,B) Representative images and
quantification data of luxol fast blue (LFB) staining in the Corpus callosum and Striatum. MMI significantly reduces myelin density in the Corpus callosum and white
matter bundles of the striatum compared to Sham control rats. Treatment with 1 µg/Kg AV-001 significantly increases myelin density in the Corpus callosum and
Striatum compared to MMI rats. (C–F) Representative images and quantification data of electron microscopy in the corpus callosum. MMI significantly reduces
myelin thickness, increases the number of demyelinated axons and increases G-ratio compared to Sham control rats. 1 µg/Kg AV-001 treatment significantly
increases myelin thickness, reduces the number of demyelinated axons and reduces G-ratio compared to the MMI control group.

spatial learning and memory compared to MMI rats. While
treatment with 3 µg/Kg AV-001 improves short-term memory
and preference for social novelty, there were no significant
improvements in long-term memory or spatial learning and
memory compared to control MMI rats. Treatment with 6µg/Kg
AV-001 improves only long-term memory compared to MMI
rats. Thus, 1 µg/Kg AV-001 has a greater therapeutic effect
in improving cognitive outcome after MMI compared to 3 or
6 µg/Kg AV-001 treatments. In our previous study, we found
that treatment of T1DM-stroke with 3 µg/kg Vasculotide but
not 2 µg/kg or 5.5 µg/kg Vasculotide significantly improves
neurological function and decreases infarct volume and cell death
compared to control T1DM-stroke rats (Venkat et al., 2021). A
characteristic bell-shaped dose response has been observed for
the Vasculotide which seems to be a common feature associated
with angiopoietins and activating Tie2 (Gruber et al., 1995;
Cho et al., 2004; Brkovic et al., 2007; Maliba et al., 2008; Van

Slyke et al., 2009). It has also been reported that at high doses,
Vasculotide can result in a suboptimal activation of Tie2 receptor
in vitro and decreased biological efficacy in vivo (Van Slyke et al.,
2009). High concentrations of Vasculotide likely result in
inefficient clustering of the Tie2 receptor monomers into
high-order complexes (Van Slyke et al., 2009). Thus, 1 µg/Kg
AV-001 treatment was identified as an optimal therapeutic dose
for VaD in middle-aged rats as it provides significant cognitive
recovery without any safety concerns.

Patients with VaD experience alterations in the
microvasculature supplying subcortical WM which leads to
extensive WM damage including vacuolization, rarefaction,
and demyelination (Erkinjuntti et al., 1996; Tanabe et al.,
1999; Choi et al., 2020). Periventricular WM damage disrupts
neuronal connections to the frontal lobe and is associated
with impairment in attention, memory, social cognition,
and subjective cognitive function (Sultzer et al., 1995;
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FIGURE 6 | AV-001 treatment significantly increases oligodendrocyte progenitor cells and oligodendrocytes in the brain of middle-aged rats subjected to MMI.
(A,B) Representative images and quantification data of NG2 immunostaining in the Cortex and Striatum brain regions. MMI significantly reduces the number of
oligodendrocyte progenitor cells in the striatum compared to Sham control rats. 1 µg/Kg AV-001 treatment significantly increases the number of oligodendrocyte
progenitor cells in the Cortex and Striatum compared to the MMI control group. (C,D) Representative images and quantification data of APC immunostaining in the
Cortex and Striatum brain regions. MMI significantly reduces the number of oligodendrocytes in the cortex compared to Sham control rats. 1 µg/Kg AV-001
treatment significantly increases the number of oligodendrocytes in the Cortex and Striatum and oligodendrocyte progenitor cells in the striatum compared to the
MMI control group.

FIGURE 7 | AV-001 treatment significantly increases neurogenesis in middle-aged rats subjected to MMI. (A) Representative images and quantification data of
Ki67 immunostaining in the sub ventricular zone (SVZ). MMI significantly reduces cell proliferation in the SVZ compared to Sham control rats. Treatment with 1 µg/Kg
AV-001 significantly improves cell proliferation in the SVZ compared to control MMI animals. (B) Representative images and quantification data of DCX
immunostaining in the sub ventricular zone (SVZ) brain region. MMI significantly reduces neurogenesis in the SVZ compared to Sham control rats. Treatment with
1 µg/Kg AV-001 significantly improves neurogenesis in the SVZ compared to control MMI animals.

Kynast et al., 2018). WM injury and its progression
is caused in part by damage to oligodendrocytes and
impairment of oligodendrocyte progenitor cell survival

and function, leading to failure of remyelination (Maki
et al., 2013). This progression in WM damage is associated
with the progression of cognitive function deficits in VaD
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FIGURE 8 | AV-001 treatment significantly increases synaptogenesis in middle-aged rats subjected to MMI. (A) Representative images and quantification data of
synaptic protein expression in the Cortex and Striatum. Treatment with 1 µg/Kg AV-001 significantly increases Synaptophysin expression in the cortex compared to
control MMI animals. (B,C) Representative images and quantification data of Golgi staining in the Cortex region of brain. MMI significantly decreases neuronal
branching in the layer III of Cortex as well as decreases dendritic spine density compared to Sham control rats. Treatment with 1 µg/Kg AV-001 significantly
increases neuronal branching and dendritic spine density in the cortex region compared to control MMI rats.

(Kynast et al., 2018). Our current data as well as previous
data indicate that MMI causes extensive WM damage as
evident by reduced axon and myelin density in the corpus
callosum and striatum, as well as decreased oligodendrocyte
and oligodendrocyte progenitor cell number in the cortex
and striatum (Venkat et al., 2017, 2019, 2020; Yu et al.,
2019). In the current study, we found that treatment of
MMI with 1 µg/Kg AV-001 increases axon and myelin
density in the corpus callosum and striatum, as well as
reduces the number of demyelinated axons, increases
myelin thickness and reduces G-ratio in the corpus
callosum compared to control MMI rats. The number
of oligodendrocytes and oligodendrocyte progenitor cells
were significantly increased following 1 µg/Kg AV-001
treatment in the cortex and striatum compared to control
MMI rats.

Ischemia-induced cell death is a common feature which
contributes to the progression of VaD. The MMI model
induces gradual neuronal loss after microinfarction which
contributes to cognitive dysfunction (Wang et al., 2012).
Previous studies have demonstrated the benefits of stimulating
neurogenesis in ameliorating cognitive deficits in VaD models
(Zhang et al., 2010; Kwon et al., 2014; Choi et al., 2016). In
the current study, we found that MMI significantly reduces
neurogenesis and cell proliferation in the SVZ. Treatment
with 1 µg/Kg AV-001 significantly improves neurogenesis in
the SVZ compared to control MMI rats. Synaptic plasticity
is essential in learning and memory and has been reported
to mediate improvements in cognitive function after chronic

cerebral hypoperfusion (Yao et al., 2019). Synaptophysin is the
most abundant protein in synaptic vesicles and is an important
factor in synaptic plasticity (Clare et al., 2010). Previously,
we found that MMI significantly reduces Synaptophysin
expression, neuronal branching and dendritic spine density
in the cortex (Venkat et al., 2019, 2020). Our current data
shows that treatment with 1 µg/Kg AV-001 significantly
increases Synaptophysin expression, neuronal branching and
dendritic spine density in the cortex compared to control
MMI group. Improved WM remodeling and the increase in
neurogenesis and synaptic plasticity may contribute to cognitive
recovery after AV-001 treatment of middle-aged rats subjected
to MMI.

Limitations
We have employed middle-aged rats without prior vascular
pathologies to test the safety and efficacy of AV-001 to treat
MMI induced VaD. Diabetes mellitus is an established risk
factor for VaD and has been reported to increase the risk of
dementia by up to 60% (Chatterjee et al., 2016). MMI in diabetic
animals induces severe cognitive deficits, WM damage, and
microglial activation (Chandran et al., 2020). In our previous
study, we have evaluated the therapeutic effects of Vasculotide
in an animal model of stroke with diabetic co-morbidity and
found that 3 µg/Kg Vasculotide improves neurological function,
as well as reduces vascular and WM damage, BBB leakage
and neuroinflammation compared to control diabetic stroke
rats (Venkat et al., 2018, 2021). Common risk factors of
VaD differ between males and female (Akhter et al., 2021).
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For instance, males haves a higher risk of developing VaD
with hyperlipidemia or following cardiovascular disease such
as stroke and myocardial infarction, while the risk of VaD
from pre-existing conditions such as diabetes, obesity and
hypertension is higher for females (Akhter et al., 2021). Future
studies are warranted to test the therapeutic effects of AV-001
in male and female middle-aged rats with co-morbidities as
well as to investigate the molecular mechanisms of AV-001
in VaD.

CONCLUSIONS

In the current study, we found that AV-001 treatment of MMI in
male, middle-aged rats is safe, and identified 1 µg/Kg AV-001
as an optimal therapeutic dose to improve cognitive function.
Treatment of MMI with 1 µg/Kg AV-001improves axon density,
remyelination, and neuroplasticity in the brain of middle-aged
rats subject to MMI.
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