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Role of microRNA-126 in vascular
cognitive impairment in mice
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Abstract

Vascular dementia (VaD) affects cognition and memory. MicroRNA-126 (miR-126) is an angiogenic microRNA that

regulates vascular function. In this study, we employ a multiple microinfarction (MMI) model to induce VaD in mice,

and investigate VaD-induced cognitive dysfunction, white matter (WM) damage, glymphatic dysfunction and the role of

miR-126 in mediating these effects. Male six-to eight-months old C57/BL6 mice (WT) were subject to MMI model, and

cerebral blood flow (CBF), vessel patency, glymphatic function, cognitive function, and serum miR-126 expression were

measured. Mice were sacrificed at 28 days after MMI. To investigate the role of miR-126 in VaD, cognitive function, water

channel integrity and glymphatic function were assessed in male, six-to eight months old conditional-knockout endo-

thelial cell miR-126 (miR-126EC�/�), and control (miR-126fl/fl) mice. MMI in WT mice induces significant cognitive deficits,

decreases CBF and vessel patency; evokes astrocytic and microglial activation, increases inflammation, axonal/WM

damage; decreases synaptic plasticity and dendritic spine density, instigates water channel and glymphatic dysfunction,

and decreases serum miR-126 expression. MiR-126EC�/� mice exhibit significant cognitive impairment, decreased CBF,

myelin density and axon density, increased inflammation, and significant water channel and glymphatic dysfunction

compared to miR-126fl/fl mice. Reduction of endothelial miR-126 expression may mediate cognitive impairment in

MMI-induced VaD.
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Introduction

Vascular dementia (VaD) is a complex neurodegenera-
tive disease affecting cognition and memory. Cognitive
impairment resulting from cerebrovascular disease may
result from several mechanisms, one of which involves
multiple focal ischemic strokes/microinfarcts, vascular
dysfunction, decrease in cerebral blood flow (CBF) and
cerebral parenchymal cell damage.1–5 Neuroimaging
and neuro-pathological studies have found that micro-
infarction is related with cognitive decline.6 The mul-
tiple microinfarction (MMI) model in rodents can be
used to represent global decline in CBF as one con-
tributor to VaD. The MMI model in rodents has
been shown to induce axon damage, demyelination,
hippocampal damage, blood–brain barrier disruption,
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increase inflammatory responses, impair water channel
function and induce glymphatic dysfunction.1–5

MicroRNAs (miRs) are small non-coding RNA mol-
ecules that regulate complex biological networks at the
cellular level. MiR-126 is known to exert key roles in
regulating endothelial cell function, maintaining vascular
integrity, accelerating post ischemic angiogenesis, as well
as endovascular inflammation and platelet activation.7,8

Endothelial injury and platelet activation result in micro-
vascular damage either by promoting adhesion and
vasoconstriction, or via thrombosis and vascular occlu-
sion.9 Such damage to the arteries and arterioles that
supply the deep white matter (WM) of brain can result
in WM infarctions.10 Therefore, we investigate the role
of miR-126 in driving pathophysiological events and
cognitive deficits in MMI-induced VaD.

The glymphatic system is a functional waste clearance
pathway that removes metabolic wastes and neurotoxins
from the brain along paravascular channels via astro-
glial-mediated interstitial fluid bulk flow.11 Aquaporin-
4 (AQP-4) is predominantly present in astrocytic endfeet
near capillaries and in cells lining the ventricles which are
key sites for water movement between the cellular, vas-
cular, and ventricular compartments. AQP-4 mediated
water channels facilitate extensive movement of cerebro-
spinal fluid (CSF) into the brain parenchyma, CSF-
interstitial fluid exchange, interstitial solute clearance,
and post injury edema formation and resolution.11,12

In aging, Alzheimer’s disease, stroke, and diabetes, dis-
ruption of AQP-4 impairs glymphatic functioning and
leads to the accumulation of metabolic waste and neuro-
toxins.11,13–15 Previous studies using MMI model in rats
and mice have indicated that glymphatic impairment
may also play an important role in cognitive impairment
and VaD pathology.4 In this study, we investigate whether
MMI in mice induces cognitive impairment and study the
pathophysiological changes such as axonal/WM damage,
glymphatic dysfunction, inflammatory responses, and the
role of miR-126 mediating these changes.

Material and methods

All experiments were conducted in accordance with the
standards and procedures of the American Council on
Animal Care and with the approval of Institutional
Animal Care and Use Committee of Henry Ford
Health System. Investigators were blinded to the
experimental groups to perform cognitive tests and
immunohistochemical analysis. The manuscript has
been prepared following the ARRIVE guidelines.

MMI model and experimental groups

Male, six-to-eight months old, C57BL/6 wild type (WT)
mice were randomized to control or MMI group

(n¼ 8/group). Mice were subject to MMI as previously
described.1 Briefly, mice were anesthetized with 2% iso-
flurane 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) and rectal temperature maintained at
37�C. The method for preparation of cholesterol crys-
tals has previously been described in detail.1 To deter-
mine the optimal range of cholesterol crystals to be
injected, we initially chose 3500 crystals, following pre-
viously published methods.3,4 However, the mice when
injected with 3500 crystals exhibited severe neurological
deficits, and the mortality rate was >50%. We then
performed dose-finding experiments with 1000, 1500,
2000, 2500, 3000 crystals and found that for 1500 crys-
tals, the mortality rates were <20% and injection of
1500 crystals induced significant cognitive and behav-
ioral deficits. Therefore, freshly prepared, 40–70mm
sized 1500� 300 crystals/100ml saline/per mice were
slowly injected into the right internal carotid artery via
the external carotid artery, as previously described.5 The
external carotid artery was ligated after injection while
the internal carotid artery remained patent. Novel object
recognition (NOR) test, odor test and Morris water
maze test were performed following previously described
methods1 on 21–28 days after MMI. Two sets of mice
were prepared that were sacrificed at 3 days or 28 days
after MMI for immunohistochemical analysis.

Generation of miR-126EC�/� and miR-126fl/fl mice
and experimental groups

The miR-126 transgenic mouse strain (PDGFBiCreER;
miR-126 flox/flox and miR-126 flox/flox) was gener-
ously provided by Dr. Calvin J. Kuo, Stanford
University and has been previously described.16–18

Four doses of tamoxifen (1mg/10 g body weight in
corn oil) were administered every other day i.p.
PDGFBiCreER;miR-126 flox/flox mice develop
endothelial cell miR-126 deletion which is identified as
miR-126EC�/� at about two weeks after Tamoxifen
administration. MiR-126flox/flox (MiR-126fl/fl) litter-
mate mice were employed as control. Male, six-to-eight
months old, miR-126EC�/� and miR-126fl/fl mice (age
matched to WT group) were subject to a battery of cog-
nitive tests and sacrificed for immunohistochemical ana-
lysis (n¼ 8/group). The mortality rate was zero for miR-
126fl/fl and miR-126EC�/� groups at age six-to-eight
months, as these were not subject to surgery.

CBF measurement

Regional CBF was measured in anesthetized mice
using Laser Doppler flowmetry (LDF; PeriFlux PF4;
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Perimed AB, Datavägen, Sweden). The apparatus dis-
plays blood perfusion signal as a color-coded image
ranging from dark blue (low perfusion) to bright
red (high perfusion). Using a midline scalp incision,
the skull was exposed and non-contact, regional
blood flow in the ipsilateral and contralateral brain
hemispheres was continuously recorded for 5min
in anesthetized mice. Relative cortical blood flow
values were obtained as perfusion units while maintain-
ing consistent acquisition parameters and region of
interest for all mice at all-time points of measure-
ment.19 Relative CBF was measured at baseline, and
at 30min and 1 day after MMI/sham surgery, and data
are presented as % CBF relative to baseline values
(n¼ 6/group). Data for miR-126EC�/� and miR-126fl/
fl mice are presented as average CBF in perfusion units
(n¼ 8/group).

Blood pressure and blood gases measurement

Male, six-to-eight months old, C57 mice were subject
to MMI or sham surgery (n¼ 5/group). Sham surgery
was performed by injecting saline instead of choles-
terol crystals into the right internal carotid artery
via the external carotid artery. The femoral artery
was cannulated using PE10 tubing with tip tapered
over a flame, and blood pressure was continuously
monitored using a physiological pressure transducer
coupled to a data-acquisition system (ADInstruments,
Australia). Arterial blood was sampled before and after
sham/MMI surgery and blood gases were measured
using i-STAT handheld blood gas analyzer (Abott,
Chicago, IL).

FITC perfusion

Fluorescein isothiocyanate (FITC)-dextran (FD2000S,
Sigma, St. Louis, MO) at dose of 5mg/mice in
0.2ml PBS was injected intravenously 5min before sac-
rifice at four days after MMI in an additional set of
WT control and MMI mice (n¼ 5/group). Brains
were immersion fixed in 4% paraformaldehyde for
48 h in 4�C and 80 mm thick coronal sections obtained
using a vibratome. Whole brain sections were imaged
under a 10�objective using a laser-scanning con-
focal microscope (Zeiss LSM 510 NLO, Carl Zeiss,
Germany).

Glymphatic function measurement

An additional set of WT-control, WT-MMI (14 days
after MMI), miR-126EC�/� and miR-126fl/fl mice were
prepared (n¼ 9/group) to evaluate glymphatic function
using previously described methods.1,4,11,13,15 Mice were
injected with 10ml of 1:1 1% Texas Red-conjugated

dextran (3 kD, Invitrogen, Carlsbad, CA) and 5ml of
1% FITC-conjugated dextran (500 kD, Invitrogen,
Carlsbad, CA) into the cisterna magna over 5min
using a syringe pump. Mice (three/group/time point)
were sacrificed at 30min, 1 h and 3h after start of
infusion and transcardially perfused with 0.9% saline
followed by 4% paraformaldehyde; 80mm thick vibra-
tome coronal sections were imaged using a 10� object-
ive of a laser-scanning confocal microscope (Zeiss LSM
510 NLO, Carl Zeiss, Germany). MCID image analysis
system (Imaging Research, St. Catharines, Ontario,
Canada) was used to quantify the fluorescence density
and data are presented as % of positive fluorescence area
in the brain cross section.

Immunohistochemistry

Following transcardial perfusion with 0.9% saline,
brains were immersion fixed in 4% paraformaldehyde.
A standard paraffin block was obtained, and every
10th coronal section for a total of 5 sections (6 mm
thick) was used for immunohistochemical staining.
To study early inflammatory changes in the brain
after MMI, antibodies against Glial fibrillary acidic
protein (GFAP, 1:10,000; Dako, Santa Clara, CA),
and Ionized calcium binding adaptor molecule
1 (IBA1, microglia and monocyte marker, 1:1000,
Wako, Mountain View, CA) were used in mice sacri-
ficed at three days after MMI. To study late WM/
axonal damage, Bielschowsky silver (BS) and Luxol
fast blue (LFB) staining was used for quantification
of axons and myelin, respectively, and antibodies
against FITC-labeled AQP-4 (1:1500, EMD
Millipore, Burlington, MA), adenomatous polyposis
coli (APC, Oligodendrocyte marker, 1:100, GenWay,
San Diego, CA), neuron-glial antigen 2 (NG2,
Oligodendrocyte progenitor cell marker, 1:400, EMD
Millipore, Burlington, MA) and synaptophysin (synap-
tic protein, 1:400, Abcam, Cambridge, United
Kingdom) were used in mice sacrificed at 28 days
after MMI. Myelin basic protein (MBP, 1:400; Dako,
Santa Clara, CA) and phosphorylated neurofilament
heavy chain (pNFH, 1:1500; Covance, Princeton, NJ)
double staining were used for representative images of
myelin and axon, respectively. DAPI immunofluores-
cence staining was used to stain nuclei. Prussian blue
staining and hematoxylin and eosin (H&E) staining
were used to evaluate hemorrhage.20,21 For control
experiments, non-immune serum was substituted for
the primary antibody.

Quantification analysis

Although cholesterol crystals were injected unilaterally
into the right ICA, WM/axonal damage was observed
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in both the hemispheres, which is consistent with our
previous study1 as well as other studies.3,4 Therefore,
for each brain, five slides with each containing eight
fields of view of ipsi- and contralateral striatum and
corpus callosum were digitized under a 20�or
40� objective (Olympus BX40, Tokyo Japan) using a
three-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, or
the positive stained area was measured using built-in
densitometry function with a density threshold above
unstained set uniformly for all groups. Data were aver-
aged to obtain a single value for each animal and pre-
sented as percentage positive area or number of positive
cells/mm2.

Golgi silver staining

An additional set of WT-control and WT-MMI mice
(4/group) were sacrificed three days after MMI for
Golgi staining (Rapid Golgi stain kit, FD Neuro-
Technologies, Columbia, MD). Primary branching of
10 intact neurons per slide was counted in the layer III
of cortex under a 40� objective. Neurite spine density
was measured under an oil immersion 100� objective
and 10 intact neurons per slide were chosen in layer III
of cortex and CA3 region of hippocampus.

Laser capture micro-dissection

Brain tissue sections (n¼ 6) from WT mice were
mounted on polyethylene naphthalate (PEN) mem-
brane slides (Leica Microsystems, Wetzlar, Germany),
and stained with vWF (1:50, Dako, Santa Clara, CA)
to identify endothelial cells. Brain tissue sections from
miR-126EC�/� and miR-126fl/fl mice (n¼ 6/group) were
also stained with vWF (1:50, Dako, Santa Clara, CA)
to identify endothelial cells, and with GFAP (1:500,
Dako, Santa Clara, CA) to identify astrocytes and
NeuN (1:50, Millipore, Billerica, MA) to identify neu-
rons. DAPI counterstain was employed to stain nuclei.
For WT mice, endothelial cells and random brain sec-
tions consisting of endogenous brain cell types were cut
from the membranes into a tube containing QIAzol
(Qiagen, Hilden, Germany) using a Leica LMD6000
Microsystem (Leica Microsystems, Wetzlar,
Germany).22 For miR-126fl/fl and miR-126EC�/�

groups, endothelial cells, astrocytes, and neurons were
isolated using LCM similar to above procedure.
Approximately 3000 positive cells for each cell type
per section were isolated (n¼ 6/group). Eppendorf
tubes containing QIAzol and membrane sections were
later isolated for PCR following standard protocol for
the miRNAeasy kit (Qiagen).

MicroRNA measurement

MiR expression level in the blood serum was measured
as previously described.23 Briefly, total RNA was
isolated using TRIzol (Invitrogen, Carlsbad, CA) and
miRNeasy Mini kit (Qiagen, Hilden, Germany). RT-
PCR was then used to detect specific miR expression
levels. MiRNAs were reverse transcribed with the
iRNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA) and PCR amplification was per-
formed with the hsa-miR-126-3 p TaqMan miRNA
assay kit (Applied Biosystems, Foster City, CA),
which is specific for mature miRNA sequences, accord-
ing to the manufacturer’s protocols, with U6 snRNA as
an internal control.

Real-time PCR

Total RNA was isolated with TRIzol (Invitrogen,
Carlsbad, CA) to make cDNA using the M-MLV
(Invitrogen, Carlsbad, CA) standard protocol and to
run a quantitative PCR using the SYBR Green real-
time PCR method on a ViiA-7 PCR instrument
(Applied Biosystems, Foster City, CA) using three-
stage program parameters provided. Each sample was
tested in triplicate, and analysis of relative gene expres-
sion data using the 2���CT method. The following pri-
mers (Invitrogen, Carlsbad, CA) were used:

Matrix metalloproteinase-9 (MMP9): FWD: ATC
TCT TCT AGA GAC TGG GAA GGA G; REV:
AAG CTG ATT GAC TAA AGT AGC TGG A.

Toll like receptor-4 (TLR4): FWD: TCT AAC TTC
CCT CCT GAG ATG G; REV: ACT GGC TAG
AGA GCA AGA GGA A.

Statistical analysis

One-way analysis of variance (ANOVA) was used for
the evaluation of cognitive function tests and histology,
respectively. ‘‘Contrast/estimate’’ statement was used
to test the group difference. If an overall treatment
group effect was detected at p< 0.05, pair-wise com-
parisons were made. All data are presented as
mean� standard deviation (SD).

Results

MMI decreases CBF and reduces vessel patency in
WT mice

Laser Doppler flowmetry was employed to assess
whether MMI decreases CBF. The laser Doppler
images in Figure 1(a) and FITC-Dextran perfused cere-
bral vasculature visualized in Figure 1(b) show that
MMI decreases cortical CBF and decreases perfusion
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and vessel patency in the corpus callosum and in the
striatum compared to WT control mice. Our data in
Table 1 show that there were no significant changes
in blood pressure or blood gases before and after

sham or MMI or between sham and MMI groups.
To exclude the possibility of hemorrhagic events due
to cholesterol crystals injection, we evaluated hemor-
rhage using Prussian blue as well as H&E

Figure 1. In wild type mice, (a) MMI decreases CBF at 30 min and one day after MMI and (b) decreases vessel patency in the corpus

callosum and striatum in the brain at four days after MMI.
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immunostaining.20 We did not find any incidence of
hemorrhage in control or WT-MMI groups.

MMI induces significant cognitive deficits in WT mice

To test the effects of MMI model on cognition and
memory in mice, a battery of cognitive tests were per-
formed 21–28 days after MMI. MMI in WT mice sig-
nificantly decreases discrimination index in NOR and
odor test indicating poor short term and long-term
memory compared to control mice (Figure 2(a)).
MMI in WT mice significantly impairs spatial learning
and memory as indicated by significantly increased
escape latency to hidden platform as well as lesser
time spent in the target platform quadrant in the
Morris water maze test (Figure 2(a)).

MMI significantly increases astrocyte and microglial
activity and inflammation in WT mice

Immunohistochemistry was used to test whether MMI
in WT mice triggers astrocyte and microglial activation
in the brain at three days after MMI. Figure 2(b) and
(c) shows MMI significantly increases the expression of
GFAP (marker for astrocyte activation) and IBA1
(marker for microglia) compared to WT mice. To test
whether MMI regulates inflammatory factor expression
in the brain, MMP9 and TLR4 expression were mea-
sured by real-time PCR. Figure 2(d) shows that MMI
in mice significantly increases MMP9 and TLR4
expression in the brain compared to WT mice.

MMI significantly increases axonal/WM damage
in WT mice

To evaluate the effects of MMI on WM integrity,
axon density, myelin density, and oligodendrocyte
and oligodendrocyte progenitor cell numbers were
quantified in WT-control and WT-MMI mice sacrificed
at 28 days after MMI. Immunostaining and quantifica-
tion analysis shows that MMI significantly decreases
axon (BS and pNFH staining) and myelin (LFB and
MBP staining) density in the WM tracts of corpus cal-
losum and WM bundles in the striatum (Figure 3(a)
and (b)), and decreases oligodendrocyte (APC) and
oligodendrocyte progenitor cell (NG2) number in the
striatum (Figure 3(c) and (d)) compared to normal WT
control mice.

MMI significantly decreases synaptic plasticity
in WT mice

To evaluate whether MMI in WT mice impairs early
and late synaptic plasticity, Golgi staining at 3 days
after MMI and synaptic protein expressionT
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Figure 2. Compared to wild type control, mice subject to MMI model exhibit significant (a) learning and memory deficits at 28 days

after MMI; and (b) astrocyte activation; (c) microglial activation and (d) increased brain inflammatory factor gene expression at three

days after MMI.
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Figure 3. MMI in mice significantly decreases (a–b) axon and myelin density in corpus callosum and striatal white matter, (c) number

of oligodendrocytes (APC) and (d) oligodendrocyte progenitor cells (NG2) in the striatum at 28 days after MMI compared to

control mice.
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(Synaptophysin) at 28 days after MMI were employed.
Compared to WT control mice, WT-MMI mice exhibit
significantly decreased Synaptophysin expression
(Figure 4(a)), and decreased neuronal dendritic branch-
ing and spine density as indicated by Golgi silver stain-
ing and quantification analysis (Figure 4(b)).

MMI induces significant water channel and
glymphatic impairment in WT mice

To investigate the mechanism of MMI-induced WM
damage and cognitive dysfunction, AQP4 expression
and glymphatic system function were evaluated. In
WT mice subject to MMI, AQP-4 expression around
blood vessels was significantly decreased compared to
WT control (Figure 4(c)). Ex-vivo time sequence fluor-
escence imaging of coronal brain sections was used to
quantify movement of tracers injected into the CSF to
evaluate glymphatic function. Compared to WT con-
trol mice, CSF penetration and clearance from the
brain were significantly delayed in WT-MMI mice indi-
cating glymphatic dysfunction, as shown in Figure 4(d).

MMI significantly decreases serum miR-126
expression

To investigate whether MMI in WT mice regulates
miR expression, several miR’s (miR-29 a, miR-29 b,
miR-29 c, miR-126, miR-181 c) associated with cogni-
tive impairment and dementia were measured.24,25

Among these, MMI in WT mice significantly decreases
serum expression of miR-126 compared to WT control
group (Figure 5(a)).

MiR-126 is predominantly expressed in endothelial
cells in mouse brain and is significantly reduced in
miR-126EC�/� mice compared to miR-126fl/fl mice

LCM allows the isolation of a homogeneous cell popu-
lation of a particular cell type from multiple cell types
within tissue for gene expression analysis. Therefore, we
isolated endothelial cells and random sections of brain
tissue consisting of a mixture of endogenous brain cell
types from WT mice and measured miR-126 expres-
sion. Supplementary Figure 1(a) to (d) shows that in
WT mice, miR-126 expression is significantly higher in
brain endothelial cells compared to brain tissue consist-
ing of a mixture of endogenous brain cell types. We also
isolated endothelial cells, astrocytes and neurons
from brain tissue sections of miR-126EC�/� and miR-
126fl/fl mice and measured miR-126 expression.
Supplementary Figure 1(e) shows that miR-126
expression is significantly decreased in endothelial
cells isolated from miR-126EC�/� mice brain compared
to miR-126fl/fl mice brain sections indicating that

miR-126 knockdown is primarily in endothelial cells
in the brain of miR-126EC�/� mice.

MiR-126EC�/� mice exhibit significant CBF reduc-
tion, cognitive impairment, inflammatory responses
and WM damage compared to miR-126fl/fl mice

A battery of cognitive tests was performed on
miR-126EC�/� and miR-126fl/fl mice. Figure 5(b)
shows that miR-126EC�/� mice have significant short
term, long term and spatial learning and memory def-
icits compared to control miR-126fl/fl mice. In addition,
miR-126EC�/� mice also have significant reduction in
CBF as indicated in Figure 5(a).

To investigate the effects of miR-126 decrease on
inflammatory responses, astrocyte, and microglia
expression was measured using immunostaining ana-
lysis and MMP9 and TLR4 expression was measured
using PCR. Figure 5(a), (c) and (d) shows that miR-
126EC�/� mice have significantly increased expression
of GFAP, IBA1, MMP9 and TLR4 in the brain com-
pared to control miR-126fl/fl mice.

To test whether miR-126 decrease is related to WM
damage, axon and myelin density were measured in
the corpus callosum and WM bundles in striatum.
Figure 6(a) and (b) shows that miR-126EC�/� mice
exhibit significantly reduced axon and myelin density
compared to miR-126fl/fl mice.

MiR-126EC�/� mice exhibit significant water channel
and glymphatic impairment compared to miR-126fl/fl

mice

To test whether miR-126 decrease affects glymphatic
function, water channel and glymphatic function were
tested in miR-126EC�/� and miR-126fl/fl mice. Figure
6(c) and (d) shows that miR-126EC�/� mice have sig-
nificantly lower AQP-4 expression around blood vessels
as well as exhibit glymphatic dysfunction with delayed
penetration and clearance of CSF into the brain paren-
chyma via paravascular pathways.

Discussion

VaD results from a decrease in blood flow to deep WM
in the brain and microinfarcts are commonly found in
the elderly and in patients suffering from cognitive def-
icits.6 Prior studies have shown that MMI-induced
microinfarcts are distributed in the cortical or sub-cor-
tical regions, especially in the striatum, thalamus and
hippocampus.2,4,26 However, corresponding data on
CBF alterations are lacking. In this study, we have
shown that MMI in mice decreases CBF and induces
hypoperfusion in the brain, decreases vessel patency,
impairs cognition and memory, triggers inflammatory
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Figure 4. MMI in mice significantly decreases (a) synaptic protein expression at 28 days after MMI, (b) neuronal dendritic branching

and spine density at 3 days after MMI, (c) Aquaporin-4 expression around cerebral blood vessels and (d) impairs cerebrospinal fluid

penetration and clearance from the brain compared to wild type control mice at 14 days after MMI.
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responses, damages WM, and impairs water channel
and glymphatic function compared to WT mice.
These findings are in accordance with our previous
results as well as other studies.1,3,4 In this study, we
report for the first time that MMI significantly

decreases serum miR-126 expression compared to WT
control mice, and miR-126EC�/� mice exhibit cognitive
impairment, inflammatory responses, WM damage as
well as water channel and glymphatic dysfunction com-
pared to miR-126fl/fl mice. Our data suggest that MMI

Figure 5. (a) MMI in mice significantly decreases serum miR-126 expression. Compared to miR-126fl/fl mice, miR-126EC�/�

mice exhibit significant CBF reduction, and increase in brain inflammatory factor MMP9 and TLR4 gene expression. Compared to

miR-126fl/fl mice, miR-126EC�/� mice exhibit significant (b) learning and memory impairment, and (c–d) increased astroglial and

microglia activation.
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Figure 6. Compared to miR-126fl/fl mice, miR-126EC�/� mice have (a–b) significantly decreased axon and myelin density in the

corpus callosum and striatal white matter; (c) significantly lower expression of AQP-4 around cerebral blood vessels; and (d) significant

glymphatic dysfunction as indicated by significantly decreased cerebrospinal fluid penetration and delayed clearance from the brain.
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in mice induces VaD which may be mediated at least in
part by decreasing miR-126 expression.

There is a close relationship between miR-126 expres-
sion and WM integrity/function.23,27 Up-regulation of
miR-126 with intrathecal injections of agomir-126 sig-
nificantly improved vascularity at injury site, decreased
inflammatory responses and protected WM integrity in
rats with spinal cord injury.27 Inhibition of miR-126
expression in human umbilical cord blood cells
(HUCBCs) significantly attenuated HUCBC-induced
vascular and WM remodeling, anti-inflammatory effects
and neurological function in diabetic stroke mice.23 We
found significant alteration in miR-126 expression, and
to test the effects of decreasing miR-126, we compared
cognitive ability and WM integrity of miR-126EC�/�

mice and miR-126fl/fl mice. Our results show that MMI
significantly decreases serum miR-126 expression, and
miR-126 knockdown mice exhibit significant cognitive
impairment, myelin rarefaction and axonal loss in
corpus callosum and striatum. Overall, these data sug-
gest that decreasing miR-126 may lead to WM damage
and increased inflammatory responses in the brain.

VaD in humans is associated with lacunar infarction,
loss of WM integrity, vacuolization and demyelination
in the periventricular region.28 Such damage to the
periventricular WM can disrupt neuronal networks con-
necting to the frontal lobe which can lead to cognitive
impairment.29 Failure of remyelination and WM disease
progression occurs due to impaired survival, prolifer-
ation, migration, recruitment, and differentiation of
oligodendrocyte progenitor cells.30 Synaptogenesis, syn-
aptic plasticity and dendritic spines play an important
role in memory.31 Our data indicate that MMI induces
significant myelin rarefaction, demyelination, axon
degradation, decrease in oligodendrocytes and oligo-
dendrocyte progenitor cells, decreased synaptophysin
expression, neuronal branching and dendritic spine dens-
ity which may contribute to cognitive impairment.

Neuroinflammatory factors secreted by reactive
glial cells damage oligodendrocytes and worsen
demyelination.32,33 Accordingly, prior studies have
demonstrated that MMI induces microglial and astro-
glial activation adjacent to sites of microinfarction
in the striatum and corpus callosum at three days
after MMI.3,4 In Alzheimer’s disease and mild cogni-
tive impairment, microglial and astrocytic activation
and clustering around sites of Ab deposition create an
inflammatory environment that is hostile to brain cells
and induces neuronal cell death.32,33 Cumulatively,
these studies suggest an inhibitory effect of microglial
and astroglial activation upon cognition. Decreasing
miR-126 has been associated with inflammatory
responses and increasing miR-126 has been reported
to significantly attenuate microglial activation in
spinal cord injury.27 The results of our current study

show that microglial activation as well as MMP9 and
TLR4 inflammatory factor expression were signifi-
cantly increased in WT-MMI as well as in miR-126
knockout mice. Therefore, it is likely that MMI-
induced decrease in miR-126 expression may play an
important role in MMI-induced neuroinflammation.

The glymphatic system removes metabolic waste and
neurotoxins from the brain along paravascular chan-
nels via astroglial-mediated interstitial fluid bulk
flow.11 Glymphatic dysfunction is reported in aging,
diabetes, Alzheimer’s disease, VaD, and stroke and is
implicated in neurodegeneration and cognitive
decline.1,4,11,13–15 AQP-4 lined water channels facilitate
waste clearance by providing a low-resistance pathway
for fluid movement across the brain parenchyma.11

AQP-4 knockout mice exhibit delayed CSF influx and
�70% reduction in interstitial solute clearance, indicat-
ing that decrease in AQP-4 in the injured brain aggra-
vates glymphatic dysfunction.11,12 In the present study,
our results show that MMI in WT mice significantly
decreases AQP-4 expression around blood vessels and
impairs glymphatic functioning with delayed CSF
influx as well as delayed clearance along paravascular
channels. These results are consistent with previous
reports indicating water channel dysfunction with
decreased AQP-4 expression around blood vessels and
glymphatic dysfunction with delayed global CSF influx
in a traumatic brain injury as well as in VaD induced
using MMI model.1,4,12 The decrease in CBF and
reduced vessel patency could contribute to the delayed
entrance and clearance of CSF. Recently, Wang et al.4

demonstrated that MMI-induced global glymphatic
dysfunction was transient, and in two-to-three months
old young mice subject to MMI, glymphatic dysfunc-
tion observed at 3 days after MMI resolved by 14 days
after MMI.4 While our results show that MMI-induced
glymphatic dysfunction is significant at 14 days after
MMI, it is likely that the delayed persistence is due to
the difference in age of mice employed in our study (six-
to-eight months). Wang et al.4 have also reported that
MMI-induced glymphatic dysfunction worsens with
advancing age. Our results are the first to indicate
water channel and glymphatic system dysfunction in
miR-126 knockout mice compared to miR-126fl/fl

mice. It is still unclear how miR-126 affects glymphatic
functioning. Direct evidence indicating that AQP-4 is
one of the targets of miR-126 is lacking; however, it has
been demonstrated that both MMP9, a main target of
miR-126,34 and AQP-4, are involved in brain edema
after injury to the brain.35 Moreover, MMP9-induced
b-Dystroglycan cleavage could disturb AQP-4 polariza-
tion which can then affect glymphatic functioning.36

Therefore, it is likely that miR-126 indirectly regulates
AQP-4 expression and affects glymphatic function in
WT mice subject to MMI.
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There are several limitations and unanswered ques-
tions. We have employed late adult (six-to-eight
months old) male mice with no prior vascular pathol-
ogies. This does not accurately reflect true clinical situ-
ation, and future studies with aged (>18 months) male
and female mice are warranted. The coupling and time
sequence of pathological events such as inflammation,
miR-126 decrease, WM damage, water channel and
glymphatic dysfunction contributing to VaD are not
yet well characterized. Further studies to obtain quan-
titative CBF measurements and corresponding WM
changes following MMI induction over a time course
of several weeks using MRI are warranted. While there
is ongoing debate on the physiological function of the
glymphatic system and its mechanisms,37,38 it is well
accepted that paravascular spaces around cerebral ves-
sels offer a low-resistance pathway for convective clear-
ance of solutes from the brain.37 Our data indicate that
alterations to this paravascular space and AQP-4
expression potentially affect water channel function
and impair solute clearance from the brain after MMI
in WT mice, and loss of miR-126 may mediate these
effects. In our current study, we have not investigated
the physiological role of the glymphatic system. In this
study, among the various tested miR’s, we found that
MMI significantly altered miR-126 expression and
therefore we tested the effect of miR-126 in cognition,
WM damage and glymphatic functioning. It is likely
that other miR-s also regulate various pathophysio-
logical aspects of VaD. MiR-126 not only regulates
angiogenesis and WM remodeling, but can also regu-
late innate immune response and inflammation.27,39 We
cannot exclude a possible contribution of the immune/
inflammatory system to VaD. In this study, we have
focused on the most direct physiological contributors
to VaD. We acknowledge that it is likely that miR-126
modulates expression of multiple genes and signal-
ing pathways, and future studies are warranted to
delineate underlying molecular mechanisms of MMI-
induced VaD.

Conclusions

MMI in mice significantly decreases CBF, decreases
miR-126 expression, induces WM damage, triggers neu-
roinflammatory responses, impairs glymphatic function-
ing and results in cognitive deficits. Knockdown of
miR-126 significantly induces cognitive deficits, WM
damage, neuroinflammation, and glymphatic dysfunc-
tion. Therefore, decreasing miR-126 may partially con-
tribute to MMI-induced cognitive deficits.
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