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A B S T R A C T

Background: and purpose: In this study, we employed a multiple microinfarction (MMI) based vascular dementia
(VaD) model in aged rats and tested the therapeutic effects of Sildenafil, a phosphodiesterase type 5 inhibitor, on
cognitive decline, white matter damage, autophagy and inflammatory response associated with VaD.
Methods: Male, aged (16–18 months) Wistar rats were subjected to MMI (800 ± 100, 70–100 μm cholesterol
crystals injected into the internal carotid artery) and treated with or without Sildenafil (2 mg/kg, i.p) starting at
24 h after MMI daily for 28 days. Four experimental groups were employed: Sham control, Sham + Sildenafil,
MMI, and MMI + Sildenafil. A battery of cognitive tests were performed and rats were sacrificed at 28 days after
MMI for immunohistochemical evaluation and PCR assay.
Results: Sildenafil treatment in aged MMI rats significantly improves short term memory evaluated by the novel
object recognition test and improves spatial learning and memory in the Morris water maze test compared to
aged control MMI rats. Sildenafil treatment of aged MMI rats significantly increases axon and myelin density in
the corpus callosum and white matter bundles in the striatum, increases oligodendrocyte and oligodendrocyte
progenitor cell number in the corpus callosum, cortex and striatum, and increases synaptic protein expression in
the cortex and striatum compared to aged control MMI rats. In addition, Sildenafil treatment of MMI in aged rats
significantly decreases Beclin1 expression and inflammatory factors Monocyte chemoattractant protein-1 and
Interleukin-1β expression in brain. Sildenafil treatment in aged rats does not improve cognitive outcome com-
pared to aged sham control rats.
Conclusions: Sildenafil treatment of MMI in aged rats significantly improves cognition and memory at 1 month
after MMI. Sildenafil treatment increases axon and myelin density, increases Synaptophysin expression, de-
creases autophagic activity and exerts anti-inflammatory effects which in concert may contribute to cognitive
improvement in aged rats subjected to MMI.

1. Introduction

Vascular dementia (VaD) is a complex neurodegenerative disease
affecting cognition and memory, and may result from several me-
chanisms, one of which involves injury to blood vessels supplying deep
white matter (WM) of the brain evoking silent, multifocal, brain micro-
infarcts, vascular dysfunction, decrease in cerebral blood flow (CBF)
and induction of cerebral parenchymal cell damage (Laloux and
Brucher, 1991; Rapp et al., 2008b; Steiner et al., 1980; Venkat et al.,
2015, 2017; Wang et al., 2012, 2017; Yu et al., 2018). Extensive WM
damage such as vacuolization, rarefaction, and demyelination in the
periventricular region have been reported in VaD patients (Erkinjuntti
et al., 1996; Tanabe et al., 1999). Such periventricular WM damage
disrupts neuronal connections to the frontal lobe and may be central to

VaD induced cognitive impairment (Sultzer et al., 1995). Cortical and
sub cortical microinfarcts and periventricular demyelination have been
routinely associated with VaD in post mortem studies of dementia cases
of VaD or of mixed dementia subtype (Arvanitakis et al., 2011; Kovari
et al., 2007). The multiple microinfarction (MMI) model in rodents
closely mimics atheroembolization and represents global decline in CBF
as a contributor to VaD (Laloux and Brucher, 1991; Rapp et al., 2008b;
Steiner et al., 1980; Venkat et al., 2015, 2017; Wang et al., 2012, 2017;
Yu et al., 2018). MMI in rodents induces cognitive impairment, peri-
ventricular WM damage, hippocampal damage, blood brain barrier
(BBB) disruption, increased inflammatory responses, impaired water
channel function and induces glymphatic dysfunction (Laloux and
Brucher, 1991; Rapp et al., 2008b; Steiner et al., 1980; Venkat et al.,
2015, 2017; Wang et al., 2012, 2017; Yu et al., 2018). VaD accounts for
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nearly 20% of all dementia patients, and in older adults it is the second
leading form of dementia after Alzheimer's disease (Plassman et al.,
2007). Yet, there is a lack of approved pharmacological treatments
specifically for VaD creating a difficult situation for patients, caregivers,
and healthcare providers.

Sildenafil is acyclic guanosine monophosphate (cGMP)-specific
phosphodiesterase type 5 inhibitor and is marketed for the treatment of
erectile dysfunction (Fink et al., 2002). Sildenafil increases cGMP and
enhances nitric oxide-mediated vasodilation and increases blood flow
(Fink et al., 2002). Sildenafil treatment (2 or 5mg/kg per day) initiated
at 2 or 24 h after ischemic stroke and administered orally for 7 con-
secutive days significantly promotes neurogenesis and improves neu-
rological functional outcome in rats (Zhang et al., 2002). In neonatal
rats with hypoxia-ischemia, 10mg/kg Sildenafil citrate treatment sig-
nificantly increases CBF, decreases apoptosis, decreases inflammatory
responses such as reactive astrogliosis and macrophage/microglial ac-
tivation, and improves motor locomotion (Charriaut-Marlangue et al.,
2014). Sildenafil (15mg/kg, i.p) administered daily for 5 weeks im-
proves cognitive outcome in a transgenic mouse model of Alzheimer's
disease without altering amyloid burden (Cuadrado-Tejedor et al.,
2011). In a small group of 10 patients with mild to moderately severe
stroke, Sildenafil (25mg daily for 2 weeks) treatment initiated at 2–9
days after stroke onset was reported to be safe (Silver et al., 2009). The
therapeutic effects of Sildenafil have not been investigated in VaD. In
humans as well as rats and mice, cognitive outcome deteriorates with
increasing age (Goldman et al., 1992; Park et al., 2007). Therefore, in a
clinically relevant approach, we investigate the therapeutic effects of
Sildenafil in improving cognitive outcome after MMI in aged rats. We
also investigate the effects of Sildenafil treatment on WM remodeling
and inflammatory response in aged rats subjected to MMI.

2. Material and methods

All experiments were conducted with institutional IACUC approval
and in accordance with the standards and procedures of the American
Council on Animal Care and Institutional Animal Care and Use
Committee of Henry Ford Health System.

2.1. MMI model

The method for preparation of cholesterol crystals for the MMI
model has been previously described (Rapp et al., 2008a, 2008b;
Venkat et al., 2017; Wang et al., 2012). Briefly, freshly prepared crys-
tals were filtered using a 100 μm cell strainer and filtrate 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.
Male, aged (16–18 months) Wistar rats were anesthetized with 2%
isoflurane in a chamber for pre-anesthetic, and spontaneously respired
with 1.5% isoflurane in 2:1 N2O:O2 mixture using a facemask connected
and regulated with a modified FLUOTEC 3 Vaporizer (Fraser Harlake,
Orchard Park, NY). Rectal temperature was maintained at 37 °C
throughout the surgical procedure using a feedback regulated water
heating system. A 1ml syringe connected to a PE-50 tube, with its tip
tapered by heating near a flame was inserted from the external carotid
artery (ECA) into the lumen of the internal carotid artery (ICA) (Venkat
et al., 2017). The freshly prepared cholesterol crystals were slowly in-
jected into the ICA over 1min. The ECA was ligated after cholesterol
injection while the ICA remained patent. Rats were moved back to their
home cages to regain consciousness.

2.2. Blinding and randomization

Rats were randomly divided into control, and MMI groups. On day 1
after MMI, rats were randomized to treatment and non-treatment
groups. Investigators blinded to the experimental groups performed

behavioral tests and immunostaining measurements.

2.3. Experimental groups

Aged rats were randomized to: 1) sham control, 2) sham
control + Sildenafil, 3) MMI, 4) MMI + Sildenafil. Sham control
groups are included as reference to test the effects of the MMI model.
Based on efficacy and toleration, the dose of Sildenafil citrate (Viagra;
Pfizer, New York, NY, USA) used in patients with erectile dysfunction is
25–100 mg/day. The dosage of Sildenafil used in the present study is
2 mg/kg/day, which is equivalent to 27 mg/day in humans, using the
BSA-based dose calculation (Reagan-Shaw et al., 2008). Administration
of Sildenafil intravenously can induce hemodynamic changes (Al-
Hesayen et al., 2006), while several studies have reported that in-
traperitoneal (i.p) administration of Sildenafil in rodents induces ther-
apeutic effects without affecting blood pressure (Ali et al., 2011; Hassan
and Ketat, 2005; Patil et al., 2006; Taskin et al., 2014). Therefore, i.p.
administration was chosen. Sildenafil treatment (2 mg/kg, i.p.) was
initiated at 24 h after MMI and administered daily for 28 days. Rats
were sacrificed at 28 days after MMI for immunohistochemical analysis.
There were no mortalities in the aged sham control group, 1 out of 6
rats died on day 14 in sham control + Sildenafil group, 2 out of 10 rats
in MMI group died on days 1 and 4 after MMI, respectively, and 1 out of
8 rats died on day 1 after MMI in the Sildenafil treated aged MMI group.
Therefore, the sample size for the groups is as follows: sham control:
N = 10, sham control + Sildenafil: N = 5, MMI: N = 8, MMI + Sil-
denafil: N = 7.

2.4. Cognitive tests

The time frame for cognitive tests is 21–28 days following MMI with
Morris water maze (MWM) measurements conducted for 5 consecutive
days on 21–25 days after MMI; and novel object recognition test (NOR)
and odor test performed on days 26–28 after MMI, with no two tests
being conducted on the same day.

a) The NOR test (Stuart et al., 2013) was used to assess short term
memory based on animal bias to explore new objects. The test
consists of a 5min trial phase, and after a retention delay of 4 h, a
5min test phase. During the trial phase, rats freely explore 2 iden-
tical objects placed equidistant from the walls of a large bin. During
the test phase, one of the trial objects was randomly chosen and
replaced with a novel object (different shape and color) and rats
were freely allowed to explore for 5min. Exploration was defined as
sniffing, pawing, touching with snout or probing with whiskers
within 1 cm of object, however sitting or climbing the object was not
counted as exploration. Between trials, the bin and the objects were
cleaned with water to prevent odor cues. The time spent exploring
the novel and trial object was recorded and discrimination index
calculated as exploration time on novel object/total time spent ex-
ploring either objects.

b) The odor test (Spinetta et al., 2008) with a retention delay of 24 h
was employed to evaluate long term learning and memory based on
an animal's preference for new smells. Twenty 2.5-cm round
wooden beads (http://www.craftworks.com) were introduced into
home cages of donor rats for one week prior to the test to serve as
novel odors N1 and N2. The odor test spanning 3 days was per-
formed in the home cages of animals and consisted of a habituation
phase (day 1), trial phase (day 2) and test phase (day 3). During the
24 h habituation phase, 4 beads were placed in the home cages
(familiar beads) and rats were allowed to freely explore the beads.
One hour before the trial phase on day 2, all 4 beads were removed
from the cage. The trial phase consisted of 3 1min trials during
which one of the 4 familiar beads were replaced with a novel odor
bead (N1) with all beads placed in the middle of the testing cage. To
maximize the sensitivity of the test, one novel (N1) and three
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familiar-odor beads were used and the N1 bead was placed in a
different position for each of the trial. An inter-trial interval of 1min
with no beads in cage was used to minimize olfactory adaptation.
Following a retention delay of 24 h, during the 1min test phase, four
beads were used (N1, N2, and two familiar beads) since the four-
choice procedure for assessing relative odor preference greatly in-
creases sensitivity and reliability compared to two-choice proce-
dures (Spinetta et al., 2008). Time spent exploring the 2 familiar
beads, N1 bead and N2 bead were recorded and discrimination
index calculated as time spent exploring N2/total exploration time.

c) The MWM test (Ohno et al., 2006) was used to evaluate spatial and
visual learning and memory with averse motivation to assess hip-
pocampal memory deficits. MWM was conducted on 5 consecutive
days with 4 trials per animal per day. Data collection was automated
using the HVS Image 2020 Plus Tracking System (US HVS Image,
San Diego, CA.). For descriptive data collection, the pool was vir-
tually subdivided into four equal quadrants (northeast (NE), north
west, southeast and southwest). A platform was submerged in the
NE quadrant and randomly moved within the quadrant for each of
the 4 trials. At the start of each trial, the animal was placed ran-
domly at one of four fixed starting points (north, south, east and
west), facing the wall of the pool and allowed to swim for 90 s or
until they found the platform. The time to reach the platform (la-
tency) was recorded and the percentage of time traveled within the
NE (platform) quadrant was calculated relative to the total amount
of time spent swimming before reaching the platform.

2.5. Histological and immunohistochemical assessment

Rats were sacrificed and transcardially perfused with 0.9% saline.
Brains were immediately removed and fixed in 4% paraformaldehyde.
Brain coronal tissue sections were prepared and antibody against APC
(oligodendrocyte (OL) marker, Genway, San Diego, CA, 1:20), NG2
(oligodendrocyte progenitor cell (OPC) marker, Chemicon (EMD
Millipore), Billerica, MA, 1:400), Synaptophysin (synaptic protein,
Abcam, Cambridge, MA, 1:400), Monocyte chemoattractant protein-1
(MCP-1, Abcam, Cambridge, MA, 1:100) and Beclin1 (Abcam,
Cambridge, MA, 1:3000) were employed. Bielschowsky silver (axon
marker) and Luxol fast blue (myelin marker) were used to stain axons
and myelin. Control experiments consisted of similar procedures
without addition of primary antibody.

2.6. Immunostaining quantification

Although cholesterol crystals were injected unilaterally into the
right ICA, WM/axonal damage was observed in both the hemispheres,
which is consistent with other studies (Wang et al., 2012, 2017).
Therefore, for each slide, 8 fields of view of ipsi- and contralateral
corpus callosum (CC), cortex and/or striatum were digitized under a
20×or 40×objective (Olympus BX40, Tokyo Japan) using a 3-CCD
color video camera (Sony DXC-970MD) interfaced with MCID image
analysis system (Imaging Research, St. Catharines, Ontario, Canada).
For each field of view, positive cell numbers were counted, and to
quantify density of positive immunolabeling, the positive stained area
was measured using built-in densitometry function with a density
threshold above that of the unstained set for all groups. Data were
averaged to obtain a single value for each animal and presented as
percentage positive area or number of positive cells/mm2.

2.7. Real time polymerase chain reaction (PCR) assay

Total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA,
USA), following standard protocol. Total RNA (2 μg) was used to make
cDNA (complementary DNA) using the M-MLV (Invitrogen) standard
protocol. A 2 μl aliquot of this cDNA was then used to run a quantitative
polymerase chain reaction (PCR) using the SYBR Green real-time PCR

method. Quantitative PCR was performed on a ViiA 7 PCR instrument
(Applied Biosystems, Foster City, CA, USA) using 3-stage program
parameters provided by the manufacturer, as follows; 2 min at 50 °C,
10min at 95 °C, and then 40 cycles of 15 s at 95 °C and 1min at 60 °C.
Each sample was tested in triplicate, and analysis of relative gene ex-
pression was collected using the 2–ΔΔCT method.

Interleukin-1beta (IL-1β): Fwd: TGTCTGACCCATGTGAGCTG; Rev:
CCCAAGGCCACAGGGATTTT

MCP-1: Fwd: TGTCACCAAGCTCAAGAGAGAG; Rev: CTGAAGTCCTTA
GGGTTGATGC

Beclin1: Fwd: CAGTTTAACTCGGAGGAGCAGT; Rev: AACATCCCCTAA
GGAGCAAGTC

GAPDH: Fwd: CGTATTCAGCATTCTATGCTCTCA; Rev: TTTGTAAGTA
TCTTGGTGCCTTTT

2.8. Statistical analysis

One-way Analysis of Variance (ANOVA) was used for the evaluation
of functional outcome and histology. “Contrast/estimate” statement
was used to test the group difference. If an overall treatment group
effect was detected at p < 0.05, post-hoc analysis was performed and
p-values were adjusted following Tukey multiple comparison testing,
and are presented. Graphpad prism 7.00 was used to analyze the data.
All data are presented as mean ± standard error (SE).

3. Results

3.1. Sildenafil treatment improves cognitive outcome in aged rats subjected
to MMI

To test the effects of Sildenafil treatment on cognitive outcome, a
battery of cognitive tests including NOR, odor test and MWM were
performed and the results are presented in Fig. 1A–E. MMI in aged rats
induces significant cognitive impairment affecting both poor short term
and long term memory indicated by significantly decreased dis-
crimination index in the NOR and odor test respectively (p < 0.05 vs.
sham control), but MMI in aged rats does not significantly impair
spatial learning and memory indicate by MWM compared to aged
control rats (p > 0.05). Sildenafil treatment of MMI in aged rats sig-
nificantly (p < 0.05 vs. aged MMI) improves short term memory in-
dicated by higher discrimination index in NOR test, improves spatial
learning and memory indicated by decreased latency and increased %
time spent in the platform quadrant in the MWM test, but does not
significantly improve long term memory in the odor test compared to
aged control MMI rats. Sildenafil treatment of sham control rats does
not significantly (p > 0.05) enhance memory indicated by NOR, odor
and MWM tests compared to sham control rats. Fig. 1F shows that MMI
in aged rats did not significantly alter body weight compared to sham
control rats. Sildenafil treatment of aged control rats as well as aged
MMI rats did not significantly alter body weight over 1 month com-
pared to sham control and aged MMI rats, respectively.

3.2. Sildenafil treatment increases axon and myelin density in WM bundles
in aged rats subjected to MMI

The effect of Sildenafil treatment on WM/axonal remodeling was
evaluated. Fig. 2 shows that MMI in aged rats significantly (p < 0.01)
decreases axon and myelin density in WM bundles in the striatum but
not in the CC (p > 0.05), compared to sham control rats. Sildenafil
treatment of MMI in aged rats significantly (p < 0.05) increases axon
density (Bielschowsky silver) in WM bundles of striatum but not in the
CC (p=0.23), and significantly (p < 0.05) increases myelin density
(Luxol fast blue) in CC and WM bundles of striatum compared to aged
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Fig. 1. Sildenafil treatment improves cognitive outcome in aged rats subjected to MMI. A battery of cognitive function tests were conducted including (A) novel
object recognition (NOR) test to evaluate short term memory, (B) odor test to assess long term memory, and (C–E) Morris water maze (MWM) test to evaluate spatial
learning and memory. Compared to sham control rats, aged rats subjected to MMI exhibit significant short term and long term memory deficits. MMI does not
significantly alter latency or % time spent in the platform quadrant in the MWM test compared to control rats. In sham control rats, Sildenafil treatment does not
significantly alter cognitive function. Sildenafil treatment of aged rats subjected to MMI significantly improves short term memory and improves spatial learning and
memory but does not improve long term memory compared to age matched MMI rats, respectively, indicating that Sildenafil attenuates MMI induced cognitive
impairment. (E) Representative trace of a trial on day 5 of MWM for each group. (F) There were no significant differences in body weight during the 1 month study
period between the various experimental groups. Sample size: Control: N = 10, sham control + Sildenafil: N = 5, MMI: N = 8, MMI + Sildenafil: N = 7. In panels
A–B *p < 0.05, **p < 0.01 between groups indicated by solid line, in panels C–D *p < 0.05 vs. MMI, #p < 0.05 vs. Control.
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MMI control rats. OPCs generate OLs which are required for re-
myelination and repair after injury to the brain. Therefore, APC and
NG2 staining were used to evaluate OL and OPC number in brain, re-
spectively. Fig. 3 shows that MMI in aged rats significantly decreases
the number of OLs in the CC (p < 0.0001) and cortex (p < 0.05) but
not in the striatum (p=0.38) compared to sham control rats. MMI also
significantly decreases the number of OPCs in the CC (p < 0.0001) and
striatum (p < 0.05) but not in the cortex (p=0.17) compared to sham
control rats. Sildenafil treatment of MMI in aged rats significantly in-
creases OL number in the CC (p < 0.05), cortex (p < 0.01) and
striatum (p < 0.001) as well as significantly increases OPC number in
cortex (p < 0.01) and striatum (p < 0.01) but not in the CC
(p=0.27) compared to aged MMI control rats (see Fig. 3).

3.3. Sildenafil treatment increases synaptophysin expression in aged rats
subjected to MMI

To assess whether Sildenafil treatment improves synaptic protein
expression in brain of aged rats subjected to MMI, we measured the
expression of Synaptophysin, the major integral membrane glycopro-
tein of neuronal synaptic vesicles that is present in nearly all synapses.
Fig. 4 shows that MMI significantly decreases Synaptophysin protein
expression in the striatum (p < 0.05) but not in the cortex (p=0.1)

compared to sham control rats. Sildenafil treatment of MMI in aged rats
significantly increases Synaptophysin protein expression in the cortex
and striatum compared to aged MMI rats (p < 0.05).

3.4. Sildenafil treatment of MMI significantly decreases inflammatory
responses in aged rats

To evaluate the anti-inflammatory effects of Sildenafil treatment in
aged rats subjected to MMI, immunostaining and PCR were used to test
inflammatory factor expression in brain. Fig. 5A and B shows that MMI
significantly increases MCP-1 expression in the CC (p < 0.01) but not
in the cortex (p=0.45) and striatum (p=0.99) compared to sham
control rats. Sildenafil treatment of MMI in aged rats significantly de-
creases numbers of MCP-1 positive cells in the CC (p < 0.001) and
striatum (p < 0.05) but not in cortex (p=0.91) compared to aged
sham rats, as well as significantly decreases MCP-1 expression in
striatum (p < 0.05) compared to aged control MMI rats.

Fig. 6A shows that MMI in aged rats increases inflammatory factor
gene expression such as IL-1β and MCP-1 in brain tissue compared to
sham control rats (p < 0.05). Sildenafil treatment of MMI in aged rats
significantly (p < 0.05) decreases brain tissue inflammatory factors IL-
1β and MCP-1 gene expression compared to aged MMI rats.

Fig. 2. Sildenafil treatment significantly promotes axon and myelin density in aged rats subjected to MMI. Representative images and quantitative data for
density of positive immunolabeling with (A–B) Bielschowsky silver and (C–D) Luxol fast blue in WM tracts of corpus callosum (CC) and WM bundles in striatum to
measure axon and myelin density, respectively. MMI in aged rats significantly decreases axon density and myelin density in striatal WM bundles but not WM tracts of
CC compared to aged control rats. Sildenafil treatment of MMI in aged rats significantly increases axon density in striatal WM bundles but not WM tracts of CC, and
significantly increases myelin density in CC and striatal WM bundles compared to aged control MMI rats. Sample size: Control: N = 10, MMI: N = 8,
MMI + Sildenafil: N = 7; *p < 0.05 and **p < 0.01 between groups indicated by solid line.
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Fig. 3. Sildenafil treatment significantly promotes oligodendrogenesis in aged rats subjected to MMI. Representative images and quantitative data for number
of positive cells immunolabeled with (A–B) APC to identify oligodendrocytes (OL) and (C–D) NG2 to identify oligodendrocyte progenitor cells (OPC). MMI in aged
rats significantly decreases number of OL in the CC and cortex but not in the striatum as well as significantly decreases OPC number in the CC and striatum but not
cortex, compared to aged control rats. Sildenafil treatment of MMI in aged rats significantly increases numbers of OLs in the CC, cortex and striatum as well as
increases numbers of OPCs in the cortex and striatum but not in the CC, compared to aged MMI control rats. Sample size: Control: N = 10, MMI: N = 8,
MMI + Sildenafil: N = 7; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 between groups indicated by solid line.

Fig. 4. Sildenafil treatment significantly increases Synaptophysin expression in aged rats subjected to MMI. Representative images and quantitative data for
density of positive immunolabeling of Synaptophysin immunostaining in (A) cortex and (B) striatum. MMI in aged rats significantly decreases Synaptophysin
expression in striatum but not cortex compared to aged sham control rats, while Sildenafil treatment of MMI in aged rats significantly increases Synaptophysin
expression in the cortex as well as striatum compared to aged MMI control rats. Sample size: Control: N = 10, MMI: N = 8, MMI + Sildenafil: N = 7; *p < 0.05
between groups indicated by solid line.
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3.5. Sildenafil treatment of MMI significantly decreases Beclin1 expression
in aged rats

To evaluate the effects of Sildenafil treatment on autophagy in aged
rats subjected to MMI, immunostaining and PCR was used to test

Beclin1 expression in brain. Beclin1 is an indicator of autophagic ac-
tivity, and upregulation of Beclin-1 promotes autophagy (Kang et al.,
2011). Fig. 5C shows that there were no significant differences in Be-
clin1 positive immunostaining between aged control and aged MMI
rats. However, Sildenafil treatment of MMI in aged rats significantly
(p < 0.05) decreases Beclin1 expression in CC and cortex compared to
aged control MMI rats. There were no changes in striatal Beclin1 ex-
pression between aged control, MMI and Sildenafil treated groups
(p > 0.05). Fig. 6B shows that MMI significantly (p < 0.05) increases
Beclin1 gene expression compared to sham control rats and treatment
of MMI in aged rats with Sildenafil significantly (p < 0.05) decreases
Beclin1 gene expression compared to aged MMI control rats.

4. Discussion

In this study, we show for the first time that Sildenafil treatment of
MMI in aged rats improves cognitive outcome which may be mediated
at least in part by enhanced axon and myelin density, increased sy-
naptic protein expression and anti-inflammatory effects.

Sildenafil has been shown to readily cross the blood brain barrier
(Gomez-Vallejo et al., 2016) and has been previously investigated as a
cognitive enhancer (Prickaerts et al., 2004; Singh and Parle, 2003).
Sildenafil treatment enhances learning and memory in normal mice
evaluated using elevated plus maze (Singh and Parle, 2003), and im-
proves memory performance in novel object recognition task and pas-
sive avoidance test outcomes in rodents (Prickaerts et al., 2004). Cog-
nitive impairment is a hallmark of VaD and VaD patients exhibit slowed
thinking, forgetfulness, depression and anxiety, disorientation, and loss
of executive functions like problem solving, working memory, thinking,
reasoning, judgment, planning and execution of tasks, with

Fig. 5. Sildenafil treatment significantly decreases inflammatory factor and Becin-1 expression in brain of aged rats subjected to MMI. (A–B)
Immunostaining and quantification data for Monocyte chemoattractant protein 1 (MCP-1) positive cells in the CC, cortex and striatum. MMI in aged rats significantly
increases MCP-1 positive cells in the CC but not in the cortex and striatum compared to sham control rats. Sildenafil treatment of MMI in aged rats significantly
decreases inflammatory factor MCP-1 in the CC and striatum but not in the cortex compared to aged sham rats, as well as significantly decreases MCP-1 expression in
the striatum compared to aged control MMI rats. (C) Immunostaining and quantification data for density of positive immunolabeling of Beclin1 in CC, cortex and
striatum. MMI in aged rats does not significantly alter Beclin1 expression in CC, cortex or striatum, compared to sham control rats. Sildenafil treatment of MMI in
aged rats significantly decreases Beclin1 expression in CC and cortex but not striatum compared to aged control MMI rats. Sample size: Control: N = 10, MMI: N = 8,
MMI + Sildenafil: N = 7; *p < 0.05, ***p < 0.001 between groups indicated by solid line.

Fig. 6. Sildenafil treatment significantly decreases Beclin-1 and in-
flammatory factors gene expression in brain of aged rats subjected to
MMI. Real time PCR data indicating that MMI significantly increases gene ex-
pression of (A) inflammatory markers IL-1β and MCP-1 and (B) autophagy
marker Beclin1 in brain of aged rats compared to aged sham control rats.
Sildenafil treatment of MMI in aged rats significantly decreases brain tissue IL-
1β, MCP-1 and Beclin1 gene expression compared to aged MMI rats. N = 3/
group; *p < 0.05.
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performance declining with increasing task complexity (Venkat et al.,
2015). Thus, improvement of cognition and memory is a primary out-
come measure for VaD treatments. No single measure of disability de-
scribes all dimensions of recovery for rodents subjected to a VaD model.
Therefore, multiple cognitive tests were conducted. Our data indicate
that aged-MMI rats have significant cognitive deficits compared to aged
control rats in NOR and odor test. However, MMI induced cognitive
deficits were not detected using MWM and there were no significant
differences in % time in the platform quadrant and latency between
control and MMI groups. This may, in part, be attributed to aging in-
duced decline in spatial learning and memory deficits, that are evident
when MWM results between young adult (3–4 months) sham control
rats and aged sham control (16–18 months) rats are compared (Sup-
plementary Data). Supplementary Fig. 1 shows that aged control rats
(16–18 months) exhibit significantly increased latency to reach the
submerged platform as well as reduced % time spent in the platform
quadrant, indicating spatial learning and memory deficits. Cognitive
testing also reveals that Sildenafil treatment of MMI in aged rats sig-
nificantly improves short term memory indicted by NOR and spatial
learning and memory indicated by MWM but not long term memory
indicated by odor test compared to aged control rats.

Cerebral WM is highly susceptible to hypoxia, and in VaD, WM
damage arises primarily from demyelination that is attributed to hy-
poxia induced OL damage (Ihara et al., 2010). WM in VaD exhibit
structural damage characterized by WM rarefaction with loss of axonal
and myelin density, vacuolization, edema, and mild gliosis (McAleese
et al., 2016). Myelin enables rapid conduction and coordination of
impulse transmission between distant cortical regions which are vital
for optimal cognition and learning (Fields, 2008). Failure of re-
myelination and WM disease progression occur due to impaired sur-
vival, proliferation, migration, recruitment, and differentiation of OPCs
(Maki et al., 2013). Our data indicate that Sildenafil treatment of MMI
in aged rats significantly increases axon and myelin density as well as
numbers of OPCs and OLs in the periventricular WM in the CC and
striatal WM bundles. While the effects of synaptic dysfunction in VaD
are not completely understood, Synaptophysin is the most abundant
integral synaptic vesicle protein and synaptic plasticity and is crucial
for memory storage (Clare et al., 2010; Okano et al., 2000). Our data
indicate that Sildenafil treatment of MMI in aged rats significantly in-
creases Synaptophysin expression compared to aged MMI rats which
may contribute to improved cognition and memory.

Inflammatory responses mediated by glial activation can aggravate
OL damage and demyelination in the MMI model of VaD, as well as in
other neurodegenerative diseases (Acosta et al., 2017; Solito and Sastre,
2012; Wang et al., 2012, 2017). In post-mortem samples from patients
with Alzheimer's disease or VaD, a significant increase in IL-1β ex-
pression was observed in frontal cortex, parietal cortex, temporal
cortex, hypothalamus, thalamus, and hippocampus regions of brain
tissue compared to aged-matched control samples (Cacabelos et al.,
1994). Excess of microglia-derived IL-1β inhibits OPC maturation and
induces hypomyelination and periventricular WM damage in infectious
disease and sepsis (Xie et al., 2016). In addition, MCP-1 is a key che-
mokine that mediates inflammation in Alzheimer's disease, and ele-
vated MCP-1 expression in brain, plasma and cerebrospinal fluid has
been reported in patients with Alzheimer's disease (Pola et al., 2004).
Elevated plasma MCP-1 levels have been associated with increased
severity and faster cognitive decline in patients with mild cognitive
impairment and Alzheimer's disease (Lee et al., 2018). Compared to
wild type mice, MCP-1−/− mice exhibit less severe demyelination and
OL loss in the cortex when subjected to an experimental model of
multiple sclerosis (Janssen et al., 2016). Therefore, inflammatory fac-
tors such as MCP-1 and IL-1β, may contribute to demyelination in ro-
dents. Here, we tested whether Sildenafil exerts anti-inflammatory ef-
fects such as decreasing inflammatory factor expression in brain of aged
MMI rats. Our data indicate that Sildenafil treatment of MMI in aged
rats significantly decreases brain tissue inflammatory factor IL-1β and

MCP-1 expression compared to aged MMI control rats.
Autophagy is an intracellular degradation process that recycles

nonfunctional proteins and organelles to provide nutrients and promote
cell survival under metabolic distress (Mizushima and Komatsu, 2011).
The activation of autophagy in response to ischemia may extend neu-
ronal survival and provide neuroprotection; however, excessive au-
tophagy may be detrimental and enhance brain injury by excessive
cytoplasmic degradation and/or inducing apoptosis or necrosis (Chen
et al., 2014; Marino et al., 2014). Beclin1 is a central positive regulator
in the early stage of autophagy, and is one of the core elements to
regulate autophagy, apoptosis and inflammatory reaction (Jaeger and
Wyss-Coray, 2010; Kang et al., 2011). In neurodegenerative diseases,
decrease in Beclin1 expression decreases neuronal autophagy (Pickford
et al., 2008). Conversion of LC3-II, autophagosome formation, and ex-
pression levels of Beclin1 were significantly increased in the ipsilateral
thalamus at 7 and 14 days after stroke induced by distal middle cerebral
artery occlusion model while, Beclin1 knockdown inhibited activation
of autophagy and prevented secondary neurodegenerative damage in
the ipsilateral thalamus (Xing et al., 2012). In rats subjected to a
modified Pulsinelli four-vessel occlusion (4-VO) model of VaD, Beclin1
and Cathepsin B protein expression were significantly increased com-
pared to sham control rats (Liu et al., 2014). Similarly, our data indicate
that MMI in aged rats significantly increases Beclin1 gene expression
compared to sham control rats. Administration of the autophagy in-
hibitor Wortmannin to rats 1 h prior to 4-VO, significantly reduced VaD
induced hippocampal injury by suppressing autophagic activity and
exhibited neuroprotective effects (Liu et al., 2014). Inhibition of au-
tophagy also correlated with decreasing inflammatory factors such as
MCP-1 and TNFα in cultured adipocytes of obese WOKW rats as com-
pared to LEW.1W control rats (Kosacka et al., 2018). In our study, we
show that Sildenafil treatment not only significantly decreases in-
flammatory factor MCP-1 and IL-1β, but also decreases brain tissue
Beclin1 gene expression and improves cognitive outcome compared to
aged MMI control rats. Therefore, modulation of autophagy related
protein Beclin-1 expression may play a role in the onset, development
and treatment of VaD.

4.1. Limitations

This is a proof-of-concept study in which we show that Sildenafil
improves cognitive outcome in aged rats, which may, in part (directly
or indirectly), be attributed to improved axon and myelin density, and
reduction of inflammatory factors. The interactions between cognitive
outcome, WM/axonal damage, and inflammatory responses warrant
further investigation. Causal mechanistic studies were not performed
and future studies investigating the molecular mechanisms of Sildenafil
treatment induced cognitive improvement and anti-inflammatory ef-
fects are warranted. Investigations of sex differences in VaD and other
dementias are warranted. Hypertension and diabetes are high risk
factors for VaD and a majority of VaD patients present with co-mor-
bidities. Thus, investigation of therapeutic effects of Sildenafil in
treating VaD with comorbidities such as diabetes and/or hypertension
is warranted.

5. Conclusions

Sildenafil treatment initiated at 1 day after MMI and administered
daily for 28 days significantly improves cognition and memory in aged
rats subjected to MMI. Sildenafil treatment promotes axonal/WM re-
modeling, increases Synaptophysin expression and decreases in-
flammatory factor expression and Beclin-1 expression in brain which in
concert may contribute to cognitive improvement in aged MMI rats.
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