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Abstract The glymphatic system plays a pivotal role in
maintaining cerebral homeostasis. Chronic cerebral hypop-
erfusion, arising from small vessel disease or carotid
stenosis, results in cerebrometabolic disturbances ulti-
mately manifesting in white matter injury and cognitive
dysfunction. However, whether the glymphatic system
serves as a potential therapeutic target for white matter
injury and cognitive decline during hypoperfusion remains
unknown. Here, we established a mouse model of chronic
cerebral hypoperfusion via bilateral common carotid artery
stenosis. We found that the hypoperfusion model was
associated with significant white matter injury and initial
cognitive impairment in conjunction with impaired glym-
phatic system function. The glymphatic dysfunction was
associated with altered cerebral perfusion and loss of
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aquaporin 4 polarization. Treatment of digoxin rescued
changes in glymphatic transport, white matter structure,
and cognitive function. Suppression of glymphatic func-
tions by treatment with the AQP4 inhibitor TGN-020
abolished this protective effect of digoxin from hypoper-
fusion injury. Our research yields new insight into the
relationship between hemodynamics, glymphatic transport,
white matter injury, and cognitive changes after chronic
cerebral hypoperfusion.

Keywords Chronic cerebral hypoperfusion - Cognitive
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Introduction

Vascular cognitive impairment (VCI) is a clinical syn-
drome ranging in severity from mild cognitive impairment
to dementia; it arises secondary to cerebrovascular disease
[1]. Generally considered to be the second most common
subtype of dementia after Alzheimer’s disease, VCI
comprises ~20% of dementia cases. With a higher
prevalence in low- and middle-income countries, VCI
brings a greatly increased risk of death, and imposes a
considerable burden on the families of the afflicted and
society in general [2]. White matter injury (WMI) induced
by chronic cerebral hypoperfusion (CCH) is one of the
main underlying pathologies of VCI [3]. Chronic hypop-
erfusion of white matter brings about a marked reduction in
myelin density in VCI patients compared to age-matched
controls [4]. The main neuropathological manifestations of
WMI are demyelination and inflammation, manifesting in
the activation and proliferation of astrocytes and microglia
due to a cascade of molecular and cellular changes
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provoked by ischemic hypoxia [5, 6]. A large prospective
multicenter observational study showed an association
between periventricular white matter hyperintensity and
elevated cerebral amyloid levels that are independent of
potential confounding factors, suggesting that WMI is
related to impaired clearance of amyloid from the brain
parenchyma, which eventually results in dementia [7]. The
present lack of effective treatments for VCI caused by
CCH motivated our investigation of the pathological
relationships between CCH and VCI [8].

The glymphatic system of the brain provides a pathway
for the clearance of neurotoxic waste such as soluble
amyloid-beta (AP) via bulk flow of cerebrospinal fluid
(CSF) from para-arterial influx to para-venular efflux of the
CSF, together with its various solutes [9, 10]. Aquaporin 4
(AQP4), a water channel with polarized distribution
predominantly on astrocytic end-feet surrounding perivas-
cular spaces, facilitates the exchange and mixing between
CSF and interstitial fluid. Any loss of the normal polar-
ization of AQP4 expression leads to glymphatic dysfunc-
tion [10]. The main driving force for glymphatic flow is
cerebral arterial pulsation, and treatments that enhance the
pulsation of cerebral arteries thus promote the functioning
of the glymphatic system [11]. Previous studies have
confirmed that prolonged failure of the glymphatic path-
way for perivascular drainage contributes importantly to
central nervous system diseases such as Alzheimer’s
disease, traumatic brain injury, and stroke, and systemic
diseases including diabetes and hypertension, and psychi-
atric disorders such as depression [12—-19]. These insights
have inspired efforts to pharmacologically stimulate the
glymphatic system with pressor medications such as the
B;-adrenergic agonist dobutamine, which increases vessel
pulsatility and mean arterial blood pressure [11]. However,
such approaches have hitherto proven ineffective in
translation to clinical practice, perhaps because hyperten-
sion is antagonistic to glymphatic function [17, 20].

Since hemodynamic pulsations are the main drivers of
glymphatic transport, we suppose that CCH arising from
reduced cerebral blood flow (CBF) manifests in glymphatic
impairment, ultimately leading to cognitive dysfunction
[20, 21]. The pulsatile driving force provided by cardiac
output sustains CBF, and the covariance of these processes
may underlie CCH [22, 23]. The cardiac glycoside digoxin
has been used since antiquity to stimulate myocardial
contractility and thus boost cardiac output [24]. Given this
pharmacologic action to raise cardiac output, we hypoth-
esized that digoxin could stimulate glymphatic function
and rescue the cognitive impairment arising in the after-
math of CCH by the effect of raising hemodynamics and
thus eventually enhancing cerebral vessel pulsatility. In
addition, unlike dobutamine, digoxin has parasympathetic
effects on the sinoatrial node to reduce heart rate and raises
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cardiac output without increasing blood pressure, which
may also be beneficial in restoring glymphatic function
[25].

Here, we successfully established a mouse model of
CCH resulting in WMI and cognitive decline, and tested
the efficacy of short-term digoxin treatment in this model.
For the first time, we showed that glymphatic function was
impaired after CCH before notable structural alterations in
white matter occurred, and, more importantly, that digoxin
treatment ameliorated the disruption of glymphatic trans-
port and rescued the cognitive impairment by restoring
hemodynamic function in the brain.

Materials and Methods
Animals

All the experiments were conducted according to the
standards recommended by the United States National
Institute of Health Guide for the Care and Use of
Laboratory Animals, and were approved by the Institu-
tional Animal Care and Use Committee at Tongji Medical
College, Huazhong University of Science and Technology.
The experimental data were collected from male C57/BL6
mice of SPF grade aged 10 weeks—12 weeks and weighing
20 g-27 g, which were obtained from Hubei SJA Labo-
ratory Animal Co. Ltd., Hubei, China. The mice were
housed in a temperature- and humidity-controlled facility
with free access to food and water. Efforts were made to
minimize the number of experimental animals. Before
undergoing any operation, mice were first acclimated in
their cages for 7 days to adapt to the new environment and
experimental staff, thus reducing interference from envi-
ronmental stress.

Model Preparation

We used the bilateral common carotid artery stenosis
(BCAS) surgical procedure, which is known for its
simplicity and robust induction of WMI in the rodent
brain. Mice randomly allocated to the sham and experi-
mental groups were anesthetized with isoflurane (1.5%—
2%) delivered in medical oxygen by a facemask. Mice in
the sham group received bilateral exposure of the carotid
arteries, followed by suturing of the exposures, and return
to their home cage without further treatment, but mice in
the experimental groups underwent the BCAS operation as
previously described [26]. In particular, to establish the
BCAS model, we used microcoils with internal diameter of
0.18 mm (Sawane Spring Co, Shizuoka, Japan). Mice
showing any post-surgical neurological deficiency such as
hemiplegia were excluded. A total of 227 mice were used
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in the experiments, of which six mice were excluded
according to our stated criteria.

CBF Measurement

We measured CBF in the different treatment groups using
laser speckle flowmetry (Omegazone, Omegawave Inc.,
Tokyo, Japan) at the presurgical baseline, and at 3 days, 10
days, and 30 days after BCAS. Mice were anesthetized by
intraperitoneal (i.p,) injection of 1% pentobarbital, and the
scalp was cut along the midline and fully retracted to
expose the skull. Skull optical clearing was performed as
described previously [27] to clearly expose the cerebrovas-
cular structure. The post-operative CBF values in regions
of interest of 6 main vessels were expressed as a percentage
of baseline. According to the method described in the
article, the ROIs were 0.6 mm away from the raphe [28].
The circular ROIs were preset by the software with the
diameter of 50 pixels [15].

Intracisternal Tracer Injection and Drug
Administration

The CSF tracer FITC-dextran 40000 Lysine Fixable (FITC-
d40000, Invitrogen, USA) was dissolved in artificial CSF at
a concentration of 1%. As previously described, a 30-G
needle was inserted into the cisterna magna for injection
into mice under anesthesia with pentobarbital (1%, i.p)
[29, 30]. Then, 10 pL of dissolved CSF tracer was injected
at 1 pL/min for 10 min with a syringe pump (Harvard
Apparatus, USA). Thirty minutes after the beginning of the
injection, the still deeply anesthetized mice were perfused
and their brains fixed as above. Brain-wide fluorescent
tracer images were captured by a laser zoom-stereo
microscope (Nikon, SMZ18, Japan). Then, 100-p1m coronal
slices were cut and sealed with 50% glycerol for ex vivo
measurement of the fluorescence-positive area of the tracer
by laser scanning confocal microscopy (Olympus, FV1000,
Japan). The regional FITC fluorescent area was quantified
by a blinded investigator using ImagelJ software (National
Institute of Health, Bethesda, MD, USA).

Starting 3 days after the BCAS procedure, digoxin
(Sanofi (Hangzhou), China) was administered at a daily
dose of 0.5 mg/kg i.p. for 5 days, based on previous study
and our preliminary findings [31]. The control group
received daily injections of normal saline (NS).

For pharmacological inhibition of AQP4 polarity, TGN-
020 (MCE, HY-WO008574, China) was used before digoxin
treatment, according to a previous report [32]. Mice were
treated intraperitoneally with either TGN-020 (250 mg/kg
in 20 mL/kg body weight) or vehicle (empty 20% SBE-f-
CD, 20 mL/kg).

Endogenous Amyloid-f (Ap) Measurement
by ELISA

To measure glymphatic efflux, mice were sacrificed under
anesthesia at 3 days, 10 days, and 30 days after BCAS.
Brain tissue was collected promptly, carefully separated
into whole brain region, cortex, subcortex and corpus
callosum on ice, and the samples were later eventually
examined by using a mouse AP ELISA kit (CSB-
E10787m, Cusabio, China) for assay of brain endogenous
AB4, concentration (pg/mg brain tissue). The relative AP
level was expressed as concentration compared to sham for
each group.

Immunofluorescence Staining

The mice were sacrificed under anesthesia at 3 days, 10
days, and 30 days after BCAS and transcardially perfused
as above. After removal and post-fixation in 4%
paraformaldehyde (PFA) overnight at 4 °C, the brains
were dehydrated successively in 15%, 20%, and 30% (w/v)
sucrose in 4% PFA overnight. Coronal sections were cut at
100 pm and stored temporarily at 4 °C. After blocking in
10% bovine serum albumin and 0.5% Triton X-100 for 1 h
at room temperature, the sections were incubated with
primary antibodies for 24 h at 4 °C. After rinsing in PBS,
sections were incubated with the corresponding secondary
antibodies for 1 h at room temperature. The primary
antibodies were: rabbit anti-myelin associated glycoprotein
(MAG) (1:200; Proteintech, China), mouse anti-glial
fibrillary acidic protein (GFAP) (1:200; Sigma, USA),
and rabbit anti-AQP4 (1:50; Proteintech, China). The
secondary antibodies were: 647-conjugated donkey anti-
mouse (1:200; Abcam, USA) and cy3-conjugated goat anti-
rabbit (1:300; Jackson Immunoresearch, USA). After
washing and mounting, sections were observed under a
laser scanning confocal microscope (Olympus, FV1000,
Japan).

AQP4 Polarization Analysis

To analyze AQP4 polarization, a confocal microscope
(Olympus, FV1000, Japan) was used to acquire
immunofluorescence staining images in areas of the cortex
(CTX) and corpus callosum (CC). Blinded evaluators
analyzed the images with FIJI software (National Institutes
of Health, Bethesda, MD, USA): GFAP in the green
channel, AQP4 in the red channel, and 4’,6-diamidino-2-
phenylindole (DAPI) in the blue channel.

Based on the results of previous studies, we identified
voids surrounded by zones enriched in DAPI and GFAP as
capillaries [18, 33]. Then, a donut-shaped area was drawn
within 5 pixels from a capillary, wherein red fluorescence
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intensity indicated the perivascular expression of AQP4.
The fluorescent intensity of a corresponding subregion was
recorded as the global AQP4 expression. The ratio of the
mean fluorescent intensity of the perivascular AQP4 to its
global distribution was calculated as an index of AQP4
polarization. For PVS calculation, 6-10 vessels in cortex
and 6-8 vessels in corpus callosum per brain section were
evaluated.

Evaluation of Cardiac Function, Blood Pressure,
and Heart Rate

In isoflurane-anesthetized mice, cardiac function was
recorded with a high-resolution echocardiography machine
equipped with a 30-MHz scanning head (VisualSonics
Vevo770, VisualSonics, Toronto, Canada) as described
previously [34]. Blood pressure and heart rate were
recorded using a non-invasive small-animal sphygmo-
manometer (BP2010A; Softron Biotechnology Ltd.,
Japan). In this procedure, mice were gently placed head-
first in a dark cloth bag, with the tail exposed and warmed
by a heater. After the mice were acclimated, we recorded
blood pressure and heart rate using a tail cuff. The mean of
five repeated measurements was calculated for each mouse.

In-vivo Two-Photon Laser Scanning Microscopy

A 3-mm-diameter craniotomy was drilled in the skull 1.5
mm-2 mm lateral and 1 mm—1.5 mm posterior to bregma,
leaving the dura intact. The operated region was covered
with artificial CSF and sealed with a glass coverslip. To
visualize the vasculature, 100 pL of 1% Texas Red-dextran
70000 Neutral (TR-d70000, Invitrogen, USA) was injected
as a bolus through the femoral vein. A Mai Tai laser
(Spectral Physics, USA) attached to a confocal scanning
system (LSM780, Carl Zeiss, Japan) on an upright
microscope (20x/1.0, water, WD 1.8 mm, W Plan-
Apochromat 75 mm, DIC sliderSenarmont 75 W PA
20%x/1.0 1), was used for imaging. The excitation
wavelength was 870 nm. The cerebral vasculature was
displayed in a 256 x 256-pixel frame extending from the
pial surface to a depth of 150 pm with 2-um Z-step
scanning. To record the velocity and pulsatility of vessels,
4800-ms X-T line scans parallel and orthogonal to the axis
of penetrating arteries, respectively, were applied at a 1.6-
kHz scan rate. Flow velocity and pulsatility were calcu-
lated as previous described [35].

Injection of Human Exogenous A Solution
and ELISA

Mice anesthetized with pentobarbital (1%, i.p.) were placed
in a stereotaxic frame for head fixation. The body
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temperature was kept at 37°C with a heating pad, the
scalp was incised and retracted, and a I-mm-diameter
craniotomy was made 1.5 mm lateral and 1 mm anterior to
bregma, taking care to avoid hemorrhage, with placement
of the needle tip 2.5 mm below the cortical surface. To
measure glymphatic efflux, 0.5 pL of a solution containing
10 nmol/L human AP, (Chinapeptides, China) was
injected at 0.05 pL/min for 10 min with a syringe pump
(Harvard Apparatus, USA) [10, 18, 36]. Mice were
sacrificed while still anesthetized 1 h after completion of
the injection, and brain tissue was collected for assay of the
exogenous human AP, remaining (pg/mg brain tissue),
which was determined using a human A ELISA kit (CSB-
E10684h, Cusabio, China). The relative AP level was
expressed as concentration compared to sham for each

group.
Luxol Fast Blue (LFB) Staining

The mice were sacrificed while anesthetized at 30 days
after BCAS. They were transcardially perfused with ice-
cold NS followed by 4% PFA in 0.01 mol/L. phosphate-
buffered saline (PBS) and the brains harvested. After
washing with PBS, the brains were frozen and cut into
20-um cryostat sections, which were slide-mounted and
stored at — 80 °C until use. Thawed slides were post-fixed
in 4% PFA, dehydrated in a graded ethanol series (75, 90,
and 100%), and then incubated in 0.1% LFB (Servicebio,
Wuhan, China) at 60 °C for 10 h. Then the sections were
differentiated in Li,COj5 solution for 3 min—5 min, bathed
in 70% ethanol to stop differentiation, and sealed with
resin. Upon microscopic examination, the severity of white
matter lesions was graded as normal (grade 0), disarrange-
ment of nerve fibers (grade 1), formation of marked
vacuoles (grade 2), or disappearance of myelinated fibers
(grade 3), as described previously [26].

Electron Microscopy

The mice were sacrificed while anesthetized at 30 days
after BCAS and perfused intracardially with ice-cold NS.
Tissue samples containing the CC were collected and
prepared as previously described [35]. Samples were then
observed in an electron microscope (Hitachi, HT7700) at
120 kV. G-ratios were calculated as inner axon diameter
relative to the total outer diameter.

Morris Water Maze

The Morris water maze test was used to evaluate spatial
learning and memory, following conventional methods for
mice [37]. In brief, a white circular water maze with a
diameter of 150 cm and a depth of 50 cm was filled with
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water made opaque by addition of powdered milk, and
equipped with a 10 cm-diameter white platform hidden 0.5
cm below the water surface. The temperature of the water
was 25.0 °C £ 0.5 °C and the test was performed by
blinded researchers.

During the first five training days, mice were gently
placed into the water with their heads pointed towards the
edge of the pool. If they discovered the hidden platform
within 60 s, they were allowed to remain in place for an
additional 30 s to afford the consolidation of spatial
memory cues. On the sixth day, the platform was removed
and mice were placed in the quadrant opposed to the pre-
existing platform. Their swimming tracks were recorded
with a video camera (Hikvision Digital Technology Co.,
Ltd, China) and analyzed using the Any-Maze Behavioral
Tracking System (Stoelting Co. Ltd., USA).

Novel Object Recognition

A novel object recognition test was administered as
described in the literature [38]. The test was conducted in
a 40 x 40 cm” open field test box in a double-blind
manner. Before each test, the interior of the box was
cleaned with double-distilled water and 75% alcohol. First,
mice were gently placed into the box without any object
and left for a 15-min adaptation period. In a session 24 h
later, the mice were left for 5 min in the box, now
containing two cubes (objects A and B) of the same color
and size. Next, one cube (object B) was replaced with a
sphere (object C) of the same size but of a different color
prior to testing 24 h later. Mouse behavior was recorded for
5 min using the video camera (Hikvision Digital Technol-
ogy Co., Ltd.). The video recordings were analyzed using
the Any-Maze Behavioral Tracking System (Stoelting Co.,
Ltd), and the novel object preference ratio was calculated
as (time of interest in C/time of interest in (A + C)) %.
Mice were excluded for the following reasons: immobility
in a corner for > 1 min, crawling on an object, interest in
an object for < 2 s, or a preference ratio > 80%, or < 20%.

Study Design and Statistical Analysis

Data were analyzed using GraphPad Prism 8.0 (GraphPad
Software Inc., La Jolla, CA, USA). All measurements are
presented as the mean £ SD. Data were first tested for
normality using the Shapiro-Wilk test. Student’s r-test was
applied for comparisons of two groups, and one-way
analysis of variance (ANOVA) with Tukey’s post-hoc test
for multiple comparisons, when the data were normally
distributed. For comparisons of non-normally distributed
data, the Mann-Whitney U-test was applied. Pearson’s
correlation analysis was used to compare the correlations
between CBF, glymphatic function, and AQP4 polarity.

P < 0.05 was considered to indicate a statistically signif-
icant difference.

Results

The Glymphatic System is Damaged in the Acute
Phase but Recovers Gradually After Hypoperfusion

To verify establishment of the BCAS model, laser speckle
flowmetry was used to measure the CBF of mice in the
sham group, and groups at 3 days, 10 days, and 30 days
after the operation. Our results showed that CBF was
dramatically reduced to about 40% at 3 days after BCAS,
and then recovered gradually with time. At 30 days after
BCAS, there was no statistically-significant difference in
CBF from the sham group, in accordance with previous
reports [26] (Fig. 1A).

Previous studies indicated that the percentage fluores-
cent area reflects the capacity for glymphatic influx [39].
The fluorescence was evident throughout the telencephalon
30 min after the injection of tracer into the cisterna magna
(Fig 1B). The percentage fluorescent area sharply declined
to ~25% of baseline at 3 days after BCAS, and gradually
rose to ~50% at 10 days post-BCAS. The fluorescent area
had recovered completely to baseline levels by 30 days
post-injury. Subregional analysis showed similar patterns
of the recovery of glymphatic influx in the CTX and CC,
whereas in the subcortex (SCTX) the percentage of
fluorescent area had already recovered at 10 days after
BCAS (Fig 1C, D). Regression analysis of fluorescent area
with CBF showed a significantly linear correlation (R* =
0.94), indicating a strong association between glymphatic
influx and CBF level (Fig 1E).

AP aggregation in the neocortex has an evident asso-
ciation with the onset of clinical AD. Previous research
indicates that ~65% of endogenous AP is cleared by the
glymphatic system under normal physiological conditions
[10]. Given the key neurotoxicity of AB4, peptide, we used
ELISA to measure the clearance of endogenous A4, from
the entire mouse brain. Relative to the sham group, the
AB4, concentration in the whole brain was 65% higher in
the BCAS group at 3 days after the injury but was
essentially normal at 30 days following BCAS. The
subregional analysis showed similar temporal patterns of
A4 clearance in the CTX, SCTX, and CC. An approx-
imately linear relationship was also noted between the
relative APy, concentration and CBF (R2 = 0.89) at each
time point after BCAS (Fig 1F, G). To further confirm that
the clearance of glymphatic system is implicated in the
reduced concentration of AP, as the CBF recovers, we
injected exogenous human APy, into the corpus callosum,
and measured by ELISA the residual of injected peptide in
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«Fig. 1 Glymphatic influx and efflux are impaired after BCAS and
recover gradually with time. A Left, representative images of CBF
measured by laser speckle flowmetry; right, quantitative analysis of
images as in A (n =5 per group; scale bar, 1 mm). B Representative
images of brain-wide CSF influx. Left, models of tracer flux along
vessels observed in perivascular spaces; right, brain-wide images of
CSF tracer 30 min after intracisternal infusion on the dorsal and
ventral sides of the brain at 3 days, 10 days, and 30 days following
BCAS (scale bar, 2 mm). C Representative images of CSF tracer
influx in sagittal (al-a4) and coronal (b1-b4) slices. (c1-c4) The
perivascular space of penetrating arteries is filled with fluorescent
CSF tracer perpendicular (arrowhead) and parallel (arrow) to the slice
orientation (red, fluorescent areas with intensity exceeding the preset
threshold; scale bars, 2 mm and 500 pm). D Global percentages of
fluorescent area in the whole brain, CTX, SCTX, and CC (n = 6 mice
per group). E Correlation between global percentage of fluorescent
area and CBF. F Relative concentration of endogenous A4, in the
whole brain, CTX, SCTX, and CC at 3 days, 10 days, and 30 days
following BCAS (n = 6 per group). G Correlation between relative
concentration of Af,, and CBF. H Relative concentration of human
exogenous Af,, at 60 min after intra-striatale injection. I Correlation
between global percentage of fluorescent areas and clearance ability
of human exogenous Af4,. In A, D, F, and H *P <0.05, **P <0.01,
##4P <0.001 vs sham, *P <0.05, P <0.01, #*P <0.001 vs 3 days, P
<0.05, P <0.01, ¥%P <0.001 vs 10 days. PVS, perivascular spaces;
ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA,
posterior cerebral artery; BA, basilar artery; C. Willis, circle of
Willis; CTX, cortex; CC, corpus callosum; SCTX, subcortex; CBF,
cerebral blood flow.

the whole brain region at one hour after injection. Our
results showed that the exogenous AP, significantly
aggregated at 3 days after BCAS operation and gradually
decreased along with time. This result indicated that the
clearance of A4, by the glymphatic system played a
crucial role in the reduced residual concentration of A
(Fig 1H, I). Thus, we found that disruption of glymphatic
function relates to the influx and efflux processes following
BCAS, which recover over time in parallel with CBF
recovery.

De-localization of AQP4 in Astrocytic End-Feet
Contributes to Post-BCAS glymphatic Dysfunction

The water channel AQP4 normally has a polarized
distribution on the end-feet of perivascular astrocytes, but
glymphatic flow fails when the polarized AQP4 distribu-
tion is perturbed. Immunofluorescence labeling for AQP4,
GFAP, and DAPI showed a sharp decrease in AQP4
polarization on cortical astrocytes at 3 days post-BCAS,
which slowly recovered at 10 days and finally normalized
at 30 days relative to findings in the sham group. Similarly,
the AQP4 depolarization in the CC initially increased but
returned to baseline at 10 days after BCAS (Fig 2A-C).
Regression analysis showed linear relationships between
AQP4 and CBF in the CTX (R* = 0.79) and CC (R* = 0.98)
(Fig 2D, E). Thus, depolarization of AQP4 in astrocytes

occurred in parallel with reduced CBF and glymphatic
impairment following BCAS.

Digoxin Narrows Hemodynamic Variation After
Hypoperfusion

Digoxin has positive inotropic and negative chronotropic
effects in the treatment of myocardial disease [25]; this
predicts that it might enhance glymphatic function via
effects on hemodynamics. We previously reported a
persistent reduction of blood flow velocity and arteriolar
pulsatility following BCAS [35]. Thus, we predicted that
the hemodynamic changes induced by digoxin would
rescue the functional glymphatic deficits in the mouse brain
after CCH. Although cardiac ultrasound and hemodynamic
monitoring revealed no statistically-significant difference
in cardiac output, injection fraction, stroke volume, or
blood pressure in mice before and after medication (Fig
3A-H), they showed that heart rate was significantly
reduced in the digoxin group post-BCAS (Fig 3I). How-
ever, on further analysis, we noted that, compared with
vehicle treatment, digoxin reversed the downtrend in stroke
volume and restricted the amount of change in cardiac
output by >95% after BCAS (Fig 3J, K).

We then measured the pharmacological effects of
digoxin on cerebral vessels. Blood flow velocity and
arteriole pulsatility after the intervention were measured
using a two-photon microscope. Our results showed that
both the flow velocity and the pulsatility of arterioles were
decreased after BCAS, but improved after digoxin inter-
vention (Fig 4A—C). The change of CBF was also detected
by laser speckle flowmetry, revealing a decline of CBF
after BCAS that was rescued by digoxin (Fig 4D).

Digoxin Promotes Glymphatic Systematic Recovery
After Hypoperfusion

We also explored the effects of digoxin on glymphatic
influx and efflux after BCAS. After fluorescent tracer
delivery into the cisterna magna, global imaging revealed
increased tracer penetration to the dorsal and ventral brain
surfaces in digoxin-treated mice (Fig SA). As expected, the
ex vivo fluorescence studies at 10 days after BCAS showed
enhanced glymphatic influx in the whole brain, CTX, and
SCTX, along with an upward tendency in the CC at 30 min
in the digoxin-treated group (Fig 5B, C). Thus, we found a
remarkable and global facilitation of glymphatic influx by
digoxin. To amplify the effect of medical intervention on
the clearance of interstitial solutes, we next measured
exogenous Ay, after intracerebral injection. Similarly, the
glymphatic efflux in the whole brain was significantly
increased by digoxin treatment (Fig 5D). In brief, digoxin
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«Fig. 2 AQP4 polarity is reduced after BCAS and repolarizes
gradually over time. A Left, flow diagram of AQP4-polarization
analysis. al-a4 Representative confocal images of AQP4 immunos-
taining in coronal sections from sham mice and at 3 days, 10 days and
30 days following BCAS. b1-b4, c1-c4 Representative images of
AQP4 depolarization in the CC. d1-d4, el-e4 Representative images
of AQP4 depolarization in the CTX. f1-f4 Representative images of
co-localization of AQP4 and GFAP (red, AQP4; green, GFAP; blue,
DAPI; scale bars, 200 pm, 50 pm, and 20 um). B, C Quantitative
analysis of AQP4 polarization in the CTX and CC (¥*P <0.01, ***P
<0.001 vs sham; ™ P <0.001 vs 3 days; n = 202 in CTX and 69 in
CC from 6 mice per group). D, E Regression analysis between the
polarity of AQP4 and CBF in the CTX and CC. CTX, cortex; CC,
corpus callosum.

improved glymphatic function and Af,, clearance in the
aftermath of a hypoperfusion injury.

Digoxin Accelerates the Process of Repolarization
in AQP4 and Attenuates WMI Following CCH

Immunofluorescence findings showed a significant increase
in the polarization of AQP4 in astrocyte end-feet in the
CTX and CC at 10 days after digoxin treatment, relative to
the vehicle control group. Also, as expected, regression
analyses between AQP4 polarity and CBF showed linear
relations both in the CTX (R* = 0.74) and CC (R* = 0.97),
suggesting an association with the hemodynamic effects of
digoxin on glymphatic function in the hypoperfused brain
(Fig 6A-C).

Previous research has shown that chronic hypoperfusion
results in the disruption of white matter integrity [35]. The
present findings in the digoxin group did not show any
effect of treatment on MAG expression at 10 days after
BCAS, whereas its expression was elevated at 30 days
relative to that in the vehicle-treated group (Fig 7A, C).
Digoxin treatment also significantly reduced the LFB score
in the CC, and showed a downward tendency in the corpus
striatum at 30 days post-BCAS (Fig 7B, D). In addition,
digoxin treatment ameliorated the decrease in the thickness
of the myelin sheath in the CC due to CCH, thus
confirming protection against WMI (Fig 7E, F).

Digoxin Rescues Learning and Memory Distur-
bances Induced by BCAS

Finally, we used the Morris water maze to test the
hypothesis that digoxin treatment would rescue the cogni-
tive impairment after BCAS. There were no group
differences in escape latency (the time taken to find the
platform) on the first day after surgery, nor did the
swimming speeds differ, suggesting that all groups had
similar motor abilities before any intervention. Vehicle-
treated BCAS mice showed a relatively prolonged escape

latency on the fourth and fifth days of training sessions,
indicating impaired learning (Fig 8A—C). Moreover, on the
sixth day (trial day), vehicle-treated mice had poorer
performance with respect to platform crossing number,
time spent in the platform location, and latency to reach the
previous platform location than unlesioned mice, indicating
the persistence of spatial memory impairment at 30 days
after BCAS. The digoxin-treated mice showed a trend (P =
0.05 at day five) to an improved escape latency on training
days four and five, and markedly out-performed the
vehicle-treated mice in platform crossings, time spent in
the previous platform location, and latency to reach the
platform position on the sixth day, suggesting a rescue of
spatial learning capacity at 30 days after BCAS (Fig 8D—
F).

We finally used the novel object recognition test to
further explore the effects of digoxin on visual learning in
BCAS mice. Mice with digoxin treatment showed greater
exploration of the novel object at 30 days following BCAS
than vehicle-treated mice (Fig 8G), thus confirming that
digoxin improved the learning and memory deficits
induced by chronic hypoperfusion.

TGN-020 Treatment Blocked Effects of Digoxin
on BCAS Mice, Impaired Glymphatic Function,
and Worsened Cognitive Competence

TGN-020 is reported to inhibit the expression of AQP4
M23, thus disrupting the polarization of astrocytic AQP4
[40]. Therefore, we applied TGN-020 to suppress the
glymphatic transport in order to explore the possible
protective mechanism of digoxin after BCAS. Our results
showed that CBF was increased after TGN-020 treatment
at 10 days after BCAS, which was in accordance with a
previous report (Fig 8H) [41]. The effect of digoxin on
glymphatic system was obviously blocked at 10 days after
BCAS. White matter injury scored by LFB staining showed
that there was no statistical difference in CC or anterior
commissure between TGN-020 and vehicle groups at 10
days after BCAS, while corpus striatum was significantly
impaired in TGN-020 treatment group. At 30 days after
BCAS, although there was no statistical significance in
glymphatic function between TGN-020 and vehicle groups,
both the white matter and the cognitive ability were
notably impaired as detected by LFB staining and NOR in
the TGN-020 group, respectively (Fig 8I-O). Taken
together, the present results demonstrated that TGN-020
treatment elevated CBF but impaired glymphatic system
function, which eventually led to white matter injury and
cognitive deficits. This indicated that it was the rescued
glymphatic system rather than CBF recovery per se that
was the dominant factor in ultimately altering BCAS
outcomes, and showed that digoxin treatment ameliorated
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«Fig. 3 Digoxin attenuates downward trends of stroke volume and
cardiac output, and reduces heart rate after BCAS. A Time-line of the
BCAS operation, digoxin or vehicle medication, and hemodynamic
measurements by cardiac ultrasonography and tail-cuff sphygmo-
manometry before BCAS (baseline), before medication (pre), and
after medication (post). B Representative cardiac ultrasonograms
before (left) and after (right) digoxin treatment. C-E SV, EF, and CO
measured by ultrasonography in vehicle and digoxin-treated mice at
baseline, pre-, and post-medication (no statistically-significant differ-
ence between groups; n = 14 per group). F-I MBP, SBP, DBP, and
HR measured by tail-cuff sphygmomanometer at baseline, pre-, and
post-medication (no statistically-significant difference in blood pres-
sure between groups). HR is significantly lower pre-digoxin treatment
than pre-treatment (**P <0.01 vs pre. n = 6 per group). J, K Changes
in SV and CO between pre- and post-medication (¥*P <0.05, **P
<0.01 vs NS. n = 14 per group). SV, stroke volume; EF, ejection
fraction; CO, cardiac output; MBP, mean blood pressure; SBP,
systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate.

white matter injury and cognitive decline via its potenti-
ation of the glymphatic system.

Discussion

CCH gives rise to WMI, which eventually manifests in
cognitive dysfunction, presumably proportional to the
extent of white matter damage. We now showed that
glymphatic efflux and influx were severely impaired in
mice at 3 days after BCAS, followed by a gradual
spontaneous recovery in the following weeks. The transient
deficit in glymphatic function paralleled the reduction in
CBF. Furthermore, treatment with digoxin expedited the
recovery of glymphatic function, while rescuing mice from
the WMI and cognitive deficits due to CCH. The patho-
physiological relationship between reduced CBF and WMI
has been a matter of controversy. While some research
indicates that white matter hyperintensities arise due to low
perfusion [42, 43], other studies have failed to detect such
an association [44, 45]. Intriguingly, we saw the onset of
impaired glymphatic function at only 3 days after BCAS,
far preceding the observable manifestations of WMI. The
present results suggested that decreased CBF plays a vital
causal role in the triad linking hemodynamics, glymphatic
function, and impaired cognition in the murine BCAS
model.

Previous research on cognitive deficits induced by CCH
has focused on neuroinflammation, blood-brain barrier
disruption, or neurovascular unit dysfunction [6]. We now
find that the dysfunction of the brain-wide clearance
pathway for metabolic wastes (including APy,) also
contributes to the pathogenesis of WMI and cognitive
impairment after CCH. The findings of parallel reductions
in glymphatic function and CBF presumably reflect
multiple factors. First of all, CCH results in hypoxia and

consequent hypercapnic vasodilation [46], which is
believed to stunt interstitial solute transport by narrowing
the perivascular tunnels where CSF-interstitial fluid
exchange occurs [47]. Second, the reduced blood volume
causes the collapse of vessels, especially terminal arterioles
lacking musculature, thus further compressing the perivas-
cular space. In vivo studies have indicated that the cerebral
arterial pulsation acts as a major driving force to promote
CSF movement [11, 41]. BCAS-induced hypoperfusion
significantly reduces arteriolar pulsatility, thus attenuating
glymphatic function. Moreover, hypercapnic vasodilation
further constrains the maximum range of vasomotion,
which aggravates the restriction of cerebrovascular pul-
satility [47]. Previous research has shown that the deep
white matter is especially vulnerable to ischemic injury
because of its shortage of collateral circulation and low
capacity for vascular regulation [48]. Consequently, glym-
phatic function in deep perivascular compartments is an
early casualty of declining local perfusion.

AP plaques are one of the canonical neuropathologies of
Alzheimer’s disease [49]. Our previous research showed a
halving of exogenous AP clearance in AQP4-null mice,
suggesting that perivascular flow is a key mediator in the
removal of soluble AP from the brain [10]. Given this
background, we hypothesized that impaired AP clearance
would occur in BCAS-induced CCH. We found that the
clearance of endogenous Af,, followed a V-shaped
function with time, attaining a nadir at 3 days after BCAS,
followed by a slow climb towards normal values. Remark-
ably, recovery of APy, clearance approximately coincided
with the restoration of CBF. Interestingly, Thomas et al.
showed that perivascular circulation is unaffected by
unilateral common carotid artery occlusion, presumably
due to rapid accommodation or shunting from the circle of
Willis [14]. However, in the present bilateral occlusion
model, there was a linear relationship between CBF and
glymphatic flux after BCAS, suggesting that decompen-
sated CBF was critical for the pathogenesis of glymphatic
failure.

Our study further showed that there was a linear
relationship between CBF and AQP4 polarity. It has been
proved that the binding between o-syntrophin and the
cytoplasmic tail of AQP4 is essential to maintain the
polarized expression of AQP4 at the astrocytic membrane,
which is sensitive to ischemia [40]. Thus, we suppose that
cerebral hypoperfusion can influence glymphatic transport
by altering AQP4 polarity.

Digoxin is a cardiotonic glycoside derived from the
leaves of Digitalis purpurea, and has long been used for the
treatment of heart failure. It increases the force of
myocardial contraction and promotes cardiac output by
selectively inhibiting the Na™ and K* pumps in cardiomy-
ocytes [24]. We expected that elevating cardiac output
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Fig. 4 Digoxin increases blood flow velocity and arteriole pulsatility
after BCAS. A Left, schematic of in vivo two-photon microscopy of
mouse cerebral vessels; right, representative images acquired by two-
photon microscopy. B Left, representative images of RBC movement
in vessels in sham, vehicle, and digoxin-treated groups at 10 days
after BCAS; right, quantitative analysis of data from images as at left
(**P <0.01, ***P <0.001 vs sham, P <0.05 vs NS; n = 12 per
group). C Left, representative images of vessel pulsatility, and its

might help to restore the hypoperfusion-induced distur-
bance of glymphatic transport in the mouse brain [50]. We
found that digoxin-treated mice showed less variation of
cardiac output and stroke volume than vehicle-treated
counterparts. Besides, digoxin also excites the vagus nerve
and inhibits the activity of the sinoatrial node, thus slightly
reducing the heart rate [24]. We suppose that this
phenomenon might prolong the interval for the filling of
cerebral arterioles, and this would facilitate substance
exchange with the perivascular space. This scenario is
consistent with previous findings that glymphatic function
is inversely related to heart rate [51].

According to our results, digoxin also has a positive
effect on the flow velocity and pulsatility of cerebral
vessels, especially penetrating arteries, which are essential
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calculation as the absolute value of the integral of vascular diameter
during recording; right, quantitative analysis of data as at left (***P
<0.001 vs sham, *P <0.05 vs NS; n = 12 per group). D Left,
representative images of CBF measured by laser speckle flowmetry in
the sham, vehicle, and digoxin-treated groups at 10 days after BCAS;
right, quantitative results of data as at left (**P <0.01 vs sham, *P
<0.05 vs NS; n = 5 per group; scale bar, 1 mm).

for glymphatic transport [10]. This phenomenon is most
likely an effect of the hemodynamic changes described
above. Our present results that digoxin promoted the
restoration of AQP4 polarity and glymphatic function after
BCAS reveals that increased cardiac output can indeed
override the hypoperfusion in BCAS. By increasing blood
volume and vascular pulsation in the brain, digoxin may
restore glymphatic function.

CCH leads to cerebral WMI, which is an important
factor in the cognitive decline in age-related dementias [52]
and hypobaric hypoxia [53]. We confirmed the occurrence
of disturbances in visual learning and memory in mice
post-BCAS, as seen in previous research [54]. We attribute
the rescue of behavioral performance by digoxin to an
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A BCAS-10 d «Fig. 5 Digoxin ameliorates glymphatic transport after BCAS. A al—
a3, cl-c3 Representative brain-wide images of CSF tracer 30 min
after intracisternal infusion on the dorsal and ventral sides in sham,
vehicle, and digoxin-treated groups. b1-b3, d1-d3 Enlarged regional
views of PVS (scale bars, 2 mm and 500 pm). B al-a3, b1-b3
Representative sagittal and coronal slice images of CSF tracer influx.
cl—c3, d1-d3 Enlarged regional views of PVS (red, fluorescent areas
with intensity exceeding the preset threshold; scale bars, 2 mm and
100 pm). C Quantitative analysis of data as in B in the whole brain,
CTX, SCTX, and CC (*P <0.05, **P <0.01, ***P <0.001 vs sham, *P
<0.05 vs NS; n = 6 per group). D Left, schematic of stereotactic
injection of exogenous human AP, and measurement by ELSIA;
right, relative concentration of human exogenous AB4, 60 min after
injection in sham, vehicle, and digoxin-treated groups (**P <0.01 vs
sham, #P <0.05 vs NS; n = 6 per group). CTX, cortex; SCTX,
subcortex; CC, corpus callosum.

amelioration of white matter demyelination after CCH
upon elevated perfusion.

Interestingly, there are disparate reports in the literature
of the association between digoxin treatment and cognitive
function. Some reports indicate a potential risk of cognitive
decline in patients receiving digoxin treatment [55, 56]. On
the other hand, Laudisio et al. reported an improvement in
cognitive function among older patients treated with
digoxin for heart failure. We speculate that these discrepant
results relate to the relatively narrow therapeutic window
for digoxin, which can cause fatal arrhythmia, cognitive
impairment, or delirium upon excessive dosing [57].
Individual differences may also contribute to negative
effects of digoxin. Therefore, in our experiment, we
cautiously applied digoxin treatment at a relatively low
dose [31] and for only a short term (five days), which
proved to ameliorate the reduced hemodynamic indices and
cognitive deficits of the hypoperfusion injury.

The translational interpretation of our experiment has
limitations due to our exclusive use of young, healthy male
mice. In fact, age, obesity, diabetes, and hypertension are
important high-risk factors for heart diseases, cognitive
impairment, and glymphatic dysfunction. Therefore, fur-
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suggesting that digoxin acted by rescuing the glymphatic
disruption. Our result revealed that digoxin improved CBF
and enhanced vascular pulsation at the same time, and the
latter was closely related to the glymphatic function [11].
However, it remains to be established whether digoxin
acted primarily through CBF or arterial pulsation. Resolv-
ing these questions calls for further investigations of the
separate effects of CBF and vascular pulsation on glym-
phatic function.

A previous report claimed that persistent reduction of
CBF could be a preclinical risk of developing dementia
[59]. Conversely, it is well known that attaining improved
aerobic fitness increases cardiac output and slows resting
heart rate, which resembles the pharmacological effects of
digoxin in our study [60]. Previous research has shown that
moderate exercise improves glymphatic function in young
and aged healthy mice [61, 62]. This suggests that
improving cerebral hemodynamics by means of exercise
and/or medication could relieve CCH injury by restoring

A BCAS-10 d

Fig. 6 Digoxin decreases AQP4 depolarization after BCAS. A
Representative confocal images of AQP4 immunostaining in the CC
and CTX at 10 days after BCAS in vehicle and digoxin-treated
groups. Enlarged views show repolarization of AQP4 after digoxin
treatment (red, AQP4; green, GFAP; blue, DAPI; scale bars, | mm

@ Springer

Fig. 7 Digoxin ameliorates WMI after BCAS. A Representative p
confocal images of the CC labeled with MAG in each group at 10
days and 30 days following BCAS. B LFB staining for myelin
integrity in the CC, AC, and CPu 30 days after BCAS in each group
(scale bar, 100 pm). C Quantitative analysis of the relative expression
of MAG as in A (*P <0.05, **P <0.01 vs sham, ¥*P <0.01 vs NS; n =
10 per group). D Scores from LFB staining as in B (***P <0.001 vs
sham, *P <0.05 vs NS; n = 24 from 6 mice per group). E Represen-
tative electron microscopy images of axons in the CC 30 days after
BCAS in each group (scale bars, 2 um and 1 pm). F Upper,
quantitative analysis of axon diameters and G-ratios; lower, scatter
plot of the G-ratios and axon diameters in each group 30 days after
BCAS (***P <0.001 vs sham, "*P <0.001 vs NS; n =180 from 6
mice per group). WMI, white matter injury, CC, corpus callosum;
CTX, cortex; MAG, myelin-associated glycoprotein; LFB, Luxol fast
blue; AC, anterior commissure; CPu, corpus striatum.

impaired glymphatic function. Besides, a recent popula-
tion-based cohort study revealed that a high risk of
developing dementia is strongly associated with cardio-
vascular risk factors [63]. This implies the importance of
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and 100 pm). B Quantification of AQP4 polarization as in A (**P
<0.01, ***P <0.001 vs sham, *P <0.05, ¥ P <0.001 vs NS; n = 180
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<«Fig. 8 Digoxin rescued cognitive disturbances 30 d after BCAS, and
TGN-020 blocked the effect by inhibiting glymphatic transport. A
Representative tracks of mice during the training sessions in sham,
vehicle, and digoxin-treated groups after BCAS. B Time spent to find
the hidden platform each day during training. C Average swimming
speed during training in each group. D Numbers of crossings of the
zone formerly occupied by the platform on the sixth day in each
group. E Time spent in the platform zone on the sixth day in each
group. F Mean time to reach the platform zone for the first time on the
sixth day in each group. B-F *P <0.05, **P <0.01 vs sham, *P <0.05
vs NS; n = 15 per group. G Percentage of time spent exploring the
novel object in each group (** P <0.01 vs sham, *P <0.05 vs NS; n =
10 per group). H Quantitative analysis of CBF measured by laser
speckle flowmetry in vehicle and TGN-020 groups at 10 days after
BCAS with digoxin treatment. I Quantitative analysis of injected CSF
tracers via cisterna magna in the whole brain region, CTX, SCTX, and
CC at 10 days in the two groups after BCAS with digoxin treatment,
respectively. J White matter injury scored by LFB staining in CC,
CPu, and AC at 10 days in the two groups after BCAS with digoxin
treatment, respectively. K Quantitative analysis of CSF tracers at 30
days in two groups after BCAS with digoxin treatment, respectively.
L White matter injury scored by LFB staining at 30 days in the two
groups after BCAS with digoxin treatment, respectively. M The
percentage of time mice spend to explore the novel object in the two
groups. N, O Representative images of CSF tracer and LFB staining
in vehicle and TGN-020 groups at 10 days and 30 days after BCAS
with digoxin treatment, respectively. Scale bar, 500pm and 100 pm.
H-M (*P <0.05, **P <0.01, ***P <0.001 versus vehicle. n = 6 per
group). CTX, cortex; CC, corpus callosum; SCTX, subcortex; CBF,
cerebral blood flow; LFB, Luxol fast blue; AC, anterior commissure;
CPu, corpus striatum.

maintaining cardiovascular health and the possibility of
protection against VCI by means of cardiovascular inter-
ventions. To paraphrase Juvenal’s mens sana in corpore
sano, a powerful heart keeps a brain healthy. In conclusion,
we show that glymphatic dysfunction contributes to the
pathogenesis of cognitive deficits that result from CCH.
Persistent reduction in CBF in the CCH model causes
glymphatic function impairment that precedes the onset of
overt WMI and cognitive impairment, all of which are
improved by treatment with digoxin.
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