
White matter damage and glymphatic dysfunction in a model of 
vascular dementia in rats with no prior vascular pathologies

Poornima Venkat, PhDa,b, Michael Chopp, PhDa,b, Alex Zacharek, MSa, Chengcheng Cui, 
MDa, Li Zhang, MDa, Qingjiang Li, MSa, Mei Lu, PhDd, Talan Zhang, MSe, Amy Liua, and Jieli 
Chen, MDa,c,#

a Neurology Research, Henry Ford Hospital, Detroit, MI, USA

b Department of Physics, Oakland University, Rochester, MI, USA

c Department of Geriatrics, Tianjin Geriatrics Institute, Tianjin Medical University General 
Hospital, Tianjin, China

d Biostatistics and Research Epidemiology, Henry Ford Hospital, Detroit, MI, USA

e Public Health Sciences, Henry Ford Hospital, Detroit, MI, USA

Abstract

We investigated cognitive function, axonal/white matter (WM) changes and glymphatic function 

of vascular dementia (VaD) using a multiple microinfarction (MMI) model in retired breeder (RB) 

rats. The MMI model induces significant (p<0.05) cognitive decline that worsens with age starting 

at 2 weeks, which persists until at least 6 weeks after MMI. RB rats subjected to MMI exhibit 

significant axonal/WM damage identified by decreased myelin thickness, oligodendrocyte 

progenitor cell numbers, axon density, synaptic protein expression in the cortex and striatum, 

cortical neuronal branching, and dendritic spine density in the cortex and hippocampus compared 

with age matched controls. MMI evokes significant dilation of perivascular spaces as well as water 

channel dysfunction indicated by decreased Aquaporin-4 (AQP-4) expression around blood 

vessels. MMI induced glymphatic dysfunction with delayed cerebrospinal fluid (CSF) penetration 

into the brain parenchyma via paravascular pathways as well as delayed waste clearance from the 
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brain. The MMI model in RB rats decreases AQP-4 and induces glymphatic dysfunction which 

may play an important role in MMI induced axonal/WM damage and cognitive deficits.
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1. Introduction

Vascular Dementia (VaD) is a progressive disease that affects cognition and memory. VaD 

accounts for nearly 20% of all dementia patients and is the second leading form of dementia 

after Alzheimer's disease (Plassman, et al., 2007). VaD, also known as multi infarct 

dementia, is caused by a decrease in blood flow to the brain and is typically associated with 

a cerebrovascular accident such as a stroke or series of minor strokes. In multi infarct 

dementia, emboli composed of cholesterol or of fragments of atheromatous plaques or 

thrombus, typically lodge in and block small arteries and induce multiple micro-infarcts in 

the cortex and striatum (Venkat, et al., 2015). Atheroemboli are the most common type of 

emboli encountered in VaD. The multiple microinfarction (MMI) model using cholesterol 

crystals closely mimics atheroembolization. MMI in rodents induces cognitive dysfunction 

and pathological features similar to human VaD, and induces delayed demyelination, 

hippocampal damage, blood brain barrier (BBB) damage, and inflammation (Laloux and 

Brucher, 1991,Rapp, et al., 2008b,Steiner, et al., 1980,Venkat, et al., 2015).

In this study, we employ a previously described and accepted MMI model using cholesterol 

crystals to induce VaD (Rapp, et al., 2008a,Rapp, et al., 2008b,Wang, et al., 2012) and 

investigate for the first time selective pathophysiological events driving white matter (WM) 

damage and cognitive deficits.

Aquaporins are integral membrane pore proteins that transport and regulate water movement 

in the brain. 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, 

vascular, and ventricular compartments (Papadopoulos, et al., 2002). The glymphatic system 

is an effective waste clearance pathway that removes metabolic wastes and neurotoxins from 

the brain along paravascular channels (Jessen, et al., 2015). The paravascular space is filled 

with cerebrospinal fluid (CSF) and CSF flows parallel to blood flow (Jessen, et al., 2015). 

Around penetrating vessels, paravascular spaces take the form of Virchow-Robin spaces, 

also called perivascular space. While the perivascular spaces terminate within the brain 

parenchyma, paravascular CSF can continue traveling along the basement membranes 

surrounding arterial vascular smooth muscle, to reach the basal lamina surrounding brain 

capillaries. CSF movement along these paravascular pathways is rapid, and arterial pulsation 

been implicated as a major driving force for paravascular fluid movement (Rennels, et al., 

1985). AQP-4 mediated water channels facilitate extensive movement of CSF into the brain, 

CSF-ISF (interstitial fluid) exchange and interstitial solute clearance, and post injury edema 

formation and resolution (Badaut, et al., 2011,J. J. Iliff, et al., 2014). Disruption of the 

AQP-4 mediated water channel and failure of the glymphatic system burdens the brain with 
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accumulating waste, and has been reported in aging as well as several neurological diseases 

such as Alzheimer's disease, stroke and diabetes (Jessen, et al., 2015,Jiang, et al., 2016). 

However, whether glymphatic dysfunction and associated decreased AQP-4 expression 

influences vascular dementia has not been investigated.

In this study, we investigated cognitive deficits induced by an MMI based VaD model in 

young and retired breeder (RB) male rats, and its underlying disease mechanisms such as 

axonal/WM damage, synaptic disruption, as well as water channel and glymphatic system 

dysfunction.

2. Materials and Methods

All experiments were conducted 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. Cholesterol crystals preparation and MMI model

In this study we employ a previously described MMI model. Cholesterol crystals were 

freshly prepared (Rapp, et al., 2008a,Rapp, et al., 2008b,Wang, et al., 2012) (summarized in 

supplementary Figure 1), and were filtered using 100μm cell strainer with filtrate passed 

through a 70μm cell strainer to collect residual crystals of size 70-100μm. The crystals were 

counted on a hemocytometer and diluted to yield a final concentration of 500±100 crystals/

300μl saline/per rat.

Male young adult (young, 3-4 months) and retired breeder (RB, 6-8 months) Wistar rats 

were subjected to the MMI model, as previously described (Rapp, et al., 2008a,Rapp, et al., 

2008b,Wang, et al., 2012). Briefly, rats were anesthetized with 2% isoflurane in a jar 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 midline neck incision was 

made and the right CCA (common carotid artery), ECA (external carotid artery), and ICA 

(internal carotid artery) were exposed under an operating microscope. Carefully avoiding the 

vagus nerve, the CCA and ICA were temporarily clamped using microsurgical clips and a 

5-0 silk suture was tied loosely at the origin of the ECA and ligated at the distal end of the 

ECA. A 1ml syringe connected to a PE-50 tube, with its tip tapered by heating near a flame 

was inserted into the ECA through a small incision made with micro scissors. The tube was 

gently advanced from the ECA into the lumen of the ICA and the microsurgical clip was 

repositioned to only block the CCA. The freshly prepared cholesterol crystals were slowly 

injected into the ICA over a minute. The tube was gently removed, ECA ligated, 

microsurgical clips removed and the neck incision was closed. The animals were moved to 

their home cages to awaken. A battery of cognitive tests was performed, and rats were 

sacrificed at 4 weeks after MMI. Additional sets of RB rats were prepared and sacrificed at 

the 2nd, 4th and 6th week after MMI to assess VaD progression (N=6/group). Naïve age 

matched controls were employed throughout this study (N=6/group).
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2.2. Function tests

An investigator blinded to the experimental groups performed a battery of neurological 

function and cognitive tests.

Neurological function tests: Modified neurological severity score (mNSS) is a composite of 

motor, sensory, balance and reflex tests with scores between 0-18 (normal score 0; maximal 

deficit score 18) (Chen, et al., 2001). mNSS was performed at days 1, 7, 14, 21 and 28 after 

MMI.

Cognitive tests: The novel object recognition test (Stuart, et al., 2013) with a retention delay 

of 4 hours was carried out to assess visual learning and short term memory based on animal 

bias to explore new objects. The odor test (Spinetta, et al., 2008) that evaluates olfactory 

learning and memory based on an animal's preference for new smells was conducted with a 

retention delay of 24 hours and used to test long term memory. An open field evaluation 

(Brown, et al., 1999) was performed for 5 minutes to assess locomotor activity and anxiety-

like behavior. The Morris water maze (MWM) test (Darwish, et al., 2012) was used to 

evaluate spatial and visual learning and memory with averse motivation to assess 

hippocampal memory deficits.

2.3. Histological and Immunohistochemical assessment

The animals were sacrificed and transcardially perfused with 0.9% saline. Brains were 

immediately removed and fixed in 4% paraformaldehyde. Seven coronal sections of tissue 

were processed and stained with H&E for identification of infarctions. Brain coronal tissue 

sections were prepared and antibody against NG2 (oligodendrocyte progenitor cell (OPC) 

marker, Chemicon (EMD Millipore), Billerica, MA, 1:400), synaptophysin (synaptic 

protein, Abcam, Cambridge, MA, 1:400), FITC (Fluorescein isothiocyanate) labeled AQP-4 

(Aquaporin-4, EMD Millipore, Billerica, MA, 1:1500) were used. BS (Bielschowsky silver, 

axon marker), LFB (Luxol fast blue, myelin marker) and Golgi staining (FD 

NeuroTechnologies, Columbia, MD, Rapid Golgi stain kit, and manufacturer's protocol was 

used) were used. Control experiments consisted of staining brain coronal tissue sections as 

outlined above, but non-immune serum was substituted for the primary antibody. In addition, 

internal positive controls were also employed.

2.4. Quantification analysis

Slides from each brain containing 4 fields of view of ipsilateral striatum, cortex or corpus 

callosum were digitized under a 20× objective (Olympus BX40) using a 3-CCD color video 

camera with an MCID image analysis system as indicated in Figure 1A close to regions of 

expected damage. In the WM bundles of the striatum and/or corpus callosum, using MCID 

image analysis the numbers of immunoreactive cells were counted or positive stained areas 

were measured (densitometry function) with a density threshold above unstained set 

uniformly for all groups (Chen, et al., 2016,Yan, et al., 2015,Yan, et al., 2014). All striatal 

vessels with diameter >10μm were selected without bias and perivascular space was 

quantified as previously described (Ampawong, et al., 2011). To evaluate water channel 

dysfunction, AQP-4 positive areas were measured around these blood vessels under 40× 

magnification. Neurite branching was counted under a 40× objective and 10 intact neurons 
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from the layer III of cortex were chosen and primary and secondary branching counted. For 

evaluation of spine density, 10 neurons from each brain sample in layer III of cortex and 

CA3 region of hippocampus were digitized under an oil immersion 100× objective, and ten 

stretches of secondary dendrites of at least 10μm in length were analyzed.

2.5. Electron microscopy (EM)

To further confirm and analyze axonal/WM damage, EM was employed in retired breeder 

MMI rats (n=4/group). For analysis of myelin thickness, number of demyelinated axons and 

G ratio (ratio of axon internal to external diameter) in the corpus callosum, a thin section of 

corpus callosum was prepared for EM analysis. Samples from each brain containing 8 fields 

of view of corpus callosum were digitized under 7100× magnification and analyzed using an 

MCID image analysis system.

2.6. FITC-dextran perfusion

To visualize cerebral microinfarctions after MMI in RB rats; FITC-dextran (FD2000S, 

Sigma; 50mg/rat in 2ml PBS) was injected intravenously at 1 day after MMI; 5 minutes 

before sacrifice (Prakash, et al., 2013,Zhang, et al., 2000). Brain tissues were fixed by 4% 

paraformaldehyde for 48 hours then were processed to acquire adjacent 100μm thick coronal 

sections using a vibratome and imaged using a laser scanning confocal microscopy.

2.7. Glymphatic function

To assess glymphatic function, an additional set of RB control and MMI rats were prepared 

(n=18/group). At 2 weeks after MMI and in control rats, 50μl of 1% (diluted in artificial 

CSF) Texas Red conjugated dextran (MW: 3 kD, Invitrogen) and FITC conjugated dextran 

(MW: 500 kD, Invitrogen) at 1:1 ratio were injected into the cisterna magna over 30 minutes 

using a syringe pump. Rats (6/group/time point) were sacrificed at 30 minutes, 3 hours, and 

6 hours from the start of infusion and were perfusion fixed. Vibratome sections (80μm thick) 

were cut to analyze tracer movement along paravascular pathways. The experiment and 

measurements followed previously described procedures (Yang, et al., 2013). To analyze the 

time sequenced ex-vivo fluorescence imaging of coronal sections, laser scanning confocal 

microscopy was used.

2.8. Statistical Analysis

Data were evaluated for normality; ranked data were used for analysis when data were not 

normally distributed. Generalized Linear Model was performed to test MMI effect, age 

effect, and age by MMI interaction on Water Maze, cognitive test and mNSS at each day. 

Statistical significance was detected at p<0.05. The Global test using Generalize Estimating 

Equations was used to test MMI effect on immunostaining. The analysis began with testing 

the overall MMI effect, followed by pair-wise MMI effect for each test. Any subgroup 

analysis was considered exploratory if the overall MMI effect was not observed. The Global 

test was performed using PROC GENMOD in SAS 9.4. The CONTRAST statement in SAS 

was used to estimate the mean difference between the MMI groups and control based on the 

ranked data. All data are presented as mean ± SE. Pearson correlation coefficient was 

calculated. Statistical significance was detected at p<0.05.
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3. Results

3.1. MMI in RB rats induces WM damage in the corpus callosum and striatal WM bundles

Figure 1A shows that MMI in RB rats induces significant WM rarefaction in the corpus 

callosum at 2 weeks after MMI. MMI model in young adult rats did not significantly induce 

WM damage compared to control rats (supplementary figure 2). MMI in RB rats induces 

microinfarcts in the striatum at 1 day after MMI indicated by FITC-dextran perfusion 

(supplementary figure 3). The data indicate that the MMI model in RB rats induced 

prominent VaD and was therefore subsequently used for immunostaining, EM, Golgi 

staining and glymphatic study.

To test the effect of MMI on axonal/WM damage, BS and LFB staining were performed. 

Figures 1B-D indicate that MMI in RB rats induces significant axonal damage and myelin 

loss in the corpus callosum and striatal WM bundles which persist until at least 6 weeks after 

MMI.

To further confirm and analyze axonal/WM damage, electron microscopy was employed. 

Figure 2 shows that MMI significantly (p<0.05) decreases myelin thickness, increases 

number of demyelinated axons and the G ratio in the corpus callosum of RB rats compared 

to RB control rats. These data indicate that the MMI induces WM damage in RB rats.

There was significant age by MMI interaction on LFB (Corpus Callosum: p=0.0209 and 

Striatum: p=0.0053) and BS (Striatum: p=0.0369). There was no significant age by MMI 

interaction on BS (Corpus Callosum (p=0.4569)) and AQP-4 (p=0.1293); but after removing 

the interaction term, significant MMI effect was detected (p value<0.0001). Overall, there 

were significant difference between Young and RB groups (P<0.05; worse in RB group).

3.2. MMI model induces VaD and cognitive deficits which worsen with increasing age

Figure 3 indicates that, MMI induces significant short term (novel object recognition test) 

and long term (odor test) memory loss, induces anxiety-like behavior and decreases 

exploratory activity (open field test) compared to age matched controls. Cognitive 

dysfunction post MMI is worse in RB rats compared to young adult rats. In the water maze 

test, young adult rats do not show spatial learning and memory deficits after MMI. RB rats 

after MMI suffer significant spatial learning and memory deficits compared to control RB 

rats. While there weren't significant differences between young and RB controls, MMI in 

RB rats induces significantly worse spatial learning and memory compared to MMI in 

young rats (supplementary figure 4). There was significant age by MMI interaction in novel 

object recognition test which was worse in MMI group and MMI had significant effect in 

different age groups. In odor test, open field test and water maze test, there was no 

significant age by MMI interaction; but after removing the interaction term, significant MMI 

effect was detected (p<0.05), and cognition was worse in MMI group. There was no 

significant difference between Young and RB groups in odor test but there were significant 

difference between Young and RB groups (p<0.05; worse in RB group) in open field and 

water maze tests.
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Since motor deficits may influence cognitive testing, neurological deficits were assessed 

weekly after MMI. Compared to young adult rats, MMI in RB rats induced higher 

neurological deficits; however, these deficits were slight and significantly improved by 

21-28 days after MMI. There were no significant differences by day 28 after MMI between 

young and RB rats subject to MMI. In addition, overall scores at 21-28 days after MMI were 

not severe to influence the results of cognitive evaluation (supplementary figure 5).

3.3. MMI in RB rats decreases the number of OPCs in the corpus callosum and striatum

OPCs are needed for myelination. OPCs contribute to myelin maintenance and repair by 

generating new oligodendrocytes as a source of remyelination and repair after brain injury. 

To further test the myelin damage, OPCs were identified using NG2 staining. Figure 4A 

indicates that MMI in RB rats significantly decreases the number of OPCs in the corpus 

callosum as well as striatum. This significant decrease persists until at least 6 weeks after 

MMI compared to RB control rats.

3.4. MMI in RB rats decreases synaptic plasticity

To test the effect of MMI on synaptic protein expression, synaptophysin expression was 

measured in RB rats. Figure 4B shows that MMI significantly decreased synaptophysin 

expression in the cortex and striatum.

To test the effect of MMI on neuronal branching and spine density, Golgi silver staining was 

used. Figure 5 shows that MMI in RB rats significantly decreases primary neuronal 

branching in the layer III of cortex as well as decreases dendritic spine density in the cortex 

and hippocampus CA3 region compared to RB control rats.

3.5. MMI in RB rats induces perivascular space dilation, water channel dysfunction and 
glymphatic system dysfunction

Figure 6 shows that MMI significantly increases perivascular spaces around vessels in the 

striatum compared to normal control RB rats. Since AQP-4 mediated water channel 

regulation plays an important role in the regulation of interstitial fluid and solute clearance, 

AQP-4 expression around blood vessels was measured. Figure 6B shows that MMI in RB 

rats significantly decreases AQP-4 expression around blood vessels in the brain and this 

water channel dysfunction persists until at least 6 weeks after MMI. AQP-4 loss around 

blood vessels after MMI significantly correlates with cognitive loss (odor: R=0.614, p=0.04; 

NOR: R=0.776, p=0.005; MWM: R=-0.677, p=0.02). MMI model in young adult rats did 

not significantly induce water channel dysfunction compared to control rats (supplementary 

figure 2).

MMI also induces functional impairment of the glymphatic system as indicated in Figure 

6C-D. The results of the time sequenced ex-vivo fluorescence imaging of rat brain coronal 

sections indicates that there is impairment in CSF penetration into the brain parenchyma via 

paravascular pathways. Compared to control rats, CSF penetration in MMI rats was delayed 

at early time points (30 minutes) both along paravascular pathways as well as along the pial 

surface. Additionally, while in control rats a trend of clearance of dyes is observed, MMI rat 
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brain sections retain high levels of fluorescence at 6 hours after dye injection. These data 

indicate that MMI model induces glymphatic dysfunction.

4. Discussion

In this study, we have demonstrated that an MMI model using cholesterol crystals age-

dependently induces VaD, with RB rats exhibiting more evident VaD than young rats. The 

MMI model in RB rats induces cognitive deficits such as short and long term memory loss, 

spatial learning and memory deficits as well as anxiety-like behavior which can persist until 

at least 6 weeks after MMI. MMI in RB rats induces significant WM rarefaction (early), 

decreases myelin thickness and OPC and OL numbers, increases axonal loss, decreases 

synaptic protein expression in the cortex and striatum, and decreases cortical neuronal 

branching and dendritic spine density in the cortex and hippocampus. MMI induces 

significant dilation of perivascular spaces around arteries. MMI also induces glymphatic 

pathway dysfunction with delayed CSF penetration and water channel dysfunction indicated 

by a decrease in AQP-4 expression around blood vessels. In addition, this AQP-4 loss 

around vessel significantly correlates with cognitive deficits.

4.1 MMI model age dependently regulates cognitive deficits

Increasing age has been reported as a strong risk factor for dementia. Brain tissue 

microstructure assessed with neurite orientation dispersion and density imaging was 

significantly decreased with age (Merluzzi, et al., 2016). WM damage related cognitive and 

affective functions worsen with age in AD and Parkinson's disease patients (Tokuchi, et al., 

2016). Consistent with these findings, in our study we found that middle aged rats induced 

worse WM damage and cognitive functional deficits compared to young adult MMI rats. 

The severity of WM damage after MMI may be related to poorer cognitive outcome after 

MMI in middle aged rats compared to young adult MMI rats.

4.2. MMI model induces WM damage in RB rats

Several clinical VaD studies in humans have reported extensive WM damage in the 

periventricular region (Erkinjuntti, et al., 1996,Tanabe, et al., 1999). Compared to patients 

with AD, VaD patients suffer severe WM damage, arteriosclerosis-like changes, WM 

vacuolization and demyelination particularly in the periventricular region (Erkinjuntti, et al., 

1996). Also, the periventricular frontal lobe and caudate head suffers from the highest 

density and frequency of lacunar infarction (Ishii, et al., 1986). This periventricular WM 

damage which disrupts the neuronal connections to the frontal lobe may be central to VaD 

induced cognitive deficits (Sultzer, et al., 1995). In RB MMI rats, we have observed WM 

rarefaction early after MMI as well as loss of axon density and demyelination in the corpus 

callosum and WM bundles in the striatum. Using EM, we found a significant reduction in 

myelin thickness, increased number of unmyelinated axons and increased G ratio in the 

corpus callosum of RB MMI rats compared to age-matched control rats. Myelin is 

essentially an insulation wrapped around the axons to accelerate conduction of nerve 

impulses. Along with controlling the speed of impulse conduction through axons, myelin 

also maintains the coordination of impulse transmission between distant cortical regions 

which is vital for cognition and learning (Fields, 2008). Remyelination involves 
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oligodendrocytes which originate from OPCs and produce new myelin sheaths on 

demyelinated axons. During the recovery phase of some neurological diseases such as 

stroke, there is an increase in OPC numbers and some of the OPCs become mature 

myelinating oligodendrocytes in the ischemic penumbra (Zhang, et al., 2013). A transient 

increase of NG2 positive OPCs in demyelinating lesions has been reported in a chronic 

cerebral ischemia model of VaD at 4 weeks after VaD onset that did not persist until 6, 8, or 

12 weeks (Chida, et al., 2011). However, in WM diseases like multiple sclerosis and VaD, 

remyelination failure during disease progression eventually occurs due to impaired survival, 

proliferation, migration, recruitment, and differentiation of OPCs (Maki, et al., 2013). In the 

aging brain, there is white matter shrinkage and decreased myelination, which is exacerbated 

and accelerated in dementia, suggesting a decline in the regenerative capacity of OPCs 

(Rivera, et al., 2016). Our data show that MMI in RB rats significantly decreased the number 

of OPCs in the corpus callosum and striatum. These data indicate that MMI decreases 

myelin density as well as hinders remyelination of axons in the corpus callosum and striatal 

WM bundles.

4.3. MMI model induces axonal and synaptic damage in RB rats

Synaptic dysfunction contributes to AD dementia and is now gaining importance in 

mediating VaD (Clare, et al., 2010). Synaptophysin is the most abundant integral synaptic 

vesicle protein (Clare, et al., 2010), and our data indicate that there is a significant reduction 

in the expression levels of synaptophysin in the cortex and striatum of RB MMI rats. 

Dendritic spines which are actin rich protrusions from dendrites are a major contributor to 

synaptic plasticity. These spines enable synaptic transmission, increase contact points 

between neurons and play a key role in learning and memory (Yang, et al., 2009). Synapses, 

spines and synaptic plasticity are sites of memory storage (Okano, et al., 2000). Our results 

indicate a significant reduction in cortical neuronal branching and cortical and hippocampal 

spine density post MMI in RB rats.

4.4. MMI increases dilated perivascular spaces in RB rats

In dementias, vascular damage has been reported including increased BBB permeability, 

arterioles with a thickened vessel wall and perivascular dilatation with surrounding WM 

damage (Doubal, et al., 2010,Kril, et al., 2002). In the pathogenesis of dementia, failure to 

eliminate interstitial fluid (ISF) indicates a failure to clear soluble metabolic wastes which 

can lead to an imbalance of brain homeostasis (Weller, et al., 2015). Perivascular spaces 

enable lymphatic drainage of ISF from the brain, and the structure of these perivascular 

spaces are different around arteries and veins as well as different when in the cortex and 

basal ganglia (Pollock, et al., 1997). In dementia, while dilated perivascular spaces around 

arteries are not common in the cerebral cortex, in the WM and basal ganglia dilated 

perivascular spaces are present and thought to indicate an impaired solute and ISF clearance 

(Roher, et al., 2003,Weller, et al., 2015). Dilated perivascular spaces have been suggested as 

a valuable biomarker of small vessel disease among the elderly population (Hansen, et al., 

2015) and may be due to glymphatic dysfunction (Wostyn, et al., 2016). In our study, we 

observed dilated perivascular spaces around arteries in the striatum that significantly 

correlate to WM damage. This suggests MMI may impair interstitial solute and waste 

clearance.
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4.5. MMI decreases AQP-4 expression and induces glymphatic dysfunction in RB rats

Several recent studies have reported glymphatic dysfunction in neurological disease states 

such as stroke, and Alzheimer's disease (Jessen, et al., 2015). Reduction of AQP-4 post brain 

injury exacerbates glymphatic pathway dysfunction (J. J. Iliff, et al., 2014) and AQP-4 

knockout mice exhibit slowed CSF influx via the glymphatic system and ~70% reduction in 

ISF solute clearance, giving a clear indication that the AQP-4 water channel mediates the 

glymphatic pathway (Iliff, et al., 2012). AQP-4 lined water channels provide low resistance 

pathways for fluid movement and exchange between the CSF in paravascular spaces and the 

ISF in parenchyma, linking paravascular and interstitial bulk flow, thereby facilitating waste 

clearance (Iliff, et al., 2012). Sudden decrease of AQP-4 occurs in regions of vascular 

damage after ischemia primarily to control the influx of water post injury (Friedman, et al., 

2009). Age associated glymphatic dysfunction has been reported with decreased and delayed 

CSF penetration along paravascular pathways and pial surface (Kress, et al., 2014). Our data 

indicate decreased AQP-4 expression around blood vessels in RB rats subjected to MMI. 

AQP-4 expression around blood vessels significantly correlates to cognitive function. Our 

data also indicate an impairment of glymphatic function with delayed penetration and 

clearance of CSF via paravascular pathways; both ipsi- and contra-lateral CSF influx/efflux 

was affected. This is similar to previous reports of glymphatic dysfunction following AQP-4 

loss in a traumatic brain injury model which also showed that both ipsi- and contra-lateral 

CSF influx was affected (Jeffrey J. Iliff, et al., 2014). Hence, it appears that water channel 

and glymphatic dysfunction, as indicated by dilated perivascular spaces, decreased AQP-4 

expression and delayed penetration and clearance of tracers injected into the CSF, may play 

key roles in MMI induced VaD pathology.

4.6. Limitations

There are several limitations to this study. Firstly, while this model may be potentially 

clinically relevant and several studies have demonstrated that cholesterol crystal 

embolization can induce cognitive deficits, there are some differences in the observed 

infarctions (number, location and size) largely due to variations in the number and size of 

cholesterol crystals used (Rapp, et al., 2008a,Rapp, et al., 2008b,Wang, et al., 2012). 

Secondly, the MMI model appears to be highly sensitive to age as we have demonstrated as 

well as others (Rapp, et al., 2008b). Thirdly, the pathological events are time sensitive and 

this model primarily induces chronic inflammation and delayed axonal/white matter damage 

without inducing large infarctions. We have evaluated glymphatic function at only time point 

(2 weeks after MMI). Although there is a trend of AQP-4 recovery by 6 weeks after MMI, 

there is still significant damage to white matter as well as significant AQP-4 reduction 

(supplementary figure 6). Hence, we expect a similar trend for glymphatic dysfunction. We 

cannot rule out the possibility that glymphatic dysfunction is a result of several pathological 

events, including ischemic lesions and water channel dysfunction. Since we have shown an 

associative glymphatic dysfunction and have only assessed it at one time point in this study, 

it is difficult to discern the exact contributing factors. Underlying molecular mechanisms of 

MMI induced white matter and glymphatic damage are uncertain and further studies are 

warranted. Hypertension and diabetes are high risk factors for vascular dementia (Venkat, et 

al., 2015). Co-morbidity with diabetes or hypertension has been shown to aggravate stroke 

pathology and increase susceptibility to vascular and white matter damage upon ischemia 
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(Chen, et al., 2011,Wong and Read, 2008). This study has not investigated the effects of 

hypertension or diabetes after MMI and we speculate that MMI in RB rats with diabetes or 

hypertension would induce significant vascular and white matter damage and affect 

cognition. In this study, we have demonstrated multiple pathophysiological events induced 

by MMI in RB rats. We have demonstrated key correlations of pathophysiological events 

such as axonal/WM damage, water channel dysfunction and glymphatic dysfunction that 

may drive, independently or together, cognitive dysfunction. The underlying mechanisms of 

MMI induced multiple pathophysiological events and how these events couple and possibly 

act in concert to produce VaD has not been investigated in the present study and future 

studies are warranted.

5. Conclusions

In this study, we show that an MMI model age dependently induces VaD, and RB rats are 

most suitable for establishing an MMI based VaD model. The MMI-RB model induces 

cognitive deficits, and axonal/WM damage which persist at least until 6 weeks after MMI. 

Decreasing AQP-4, increasing perivascular space and glymphatic dysfunction are associated 

with and may drive axonal/WM damage and cognitive deficit. Therefore, the glymphatic 

system pathway and axonal/WM damage may be targets for VaD therapy.
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AQP-4 Aquaporin-4

BBB Blood brain barrier

BS Bielschowsky silver

CCA Common carotid artery

CSF Cerebrospinal fluid

ECA External carotid artery

EM Electron microscopy

ICA Internal carotid artery

ISF Interstitial fluid
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LFB Luxol fast blue

MMI Multiple microinfarction

mNSS Modified nuerological severity score

OL Oligodendrocyte

OPC Oligodendrocyte progenitor cells

RB Retired breeder

VaD Vascular dementia

WM White matter
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Highlights

• Multiple Microinfarction (MMI) in retired breeder (RB) rats impairs 

cognition

• MMI in RB rats, damages white matter and synaptic plasticity

• MMI in RB rats, impairs water channel and glymphatic function
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Figure 1. MMI induces significant axonal/WM damage in RB rats
A) Schematic of immunohistochemical quantification areas; MMI in RB rats induces 

significant WM rarefaction early after MMI. MMI in RB rats induces significant B) axon 

damage-Bielschowsky silver staining and C) myelin damage-Luxol fast blue in corpus 

callosum and striatum WM bundles compared to RB control rats which persists until 6 

weeks after MMI; D) quantification data.
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Figure 2. Electron microscopy-MMI induces significant axonal/WM damage in RB rats
A) MMI in RB rats induces significantly decrease in myelin thickness, increases number of 

demyelinated axons and G ratio in the corpus callosum compared to control RB rats; B) 

quantification data.
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Figure 3. MMI induces cognitive deficits which worsen with increasing age
MMI induces memory loss which worsens with age compared to age-matched controls. A) 

Short term memory-Novel object recognition test; long-term memory-Odor test; anxiety-like 

behavior and exploratory activity-Open field test. B-D) MMI in RB rats and not young rats 

induces significant spatial learning and memory deficits.
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Figure 4. MMI decreases OPCs and synaptophysin expression in RB rats
Compared to RB control rats, MMI in RB rats significantly decreases A) oligodendrocytes 

progenitor cell numbers in the corpus callosum and striatum (NG2 staining); B) synaptic 

protein expression (Synaptophysin) in the cortex and striatum, which persist until 6 weeks 

after MMI.
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Figure 5. Golgi Staining
A) MMI in RB rats significantly decreases cortical neuronal branching and decreases B) 

cortical and C) hippocampal spine density compared to RB control rats which persists until 

6 weeks after MMI.
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Figure 6. MMI in RB rats induces water channel and glymphatic dysfunction
A) MMI in RB rats induces dilated perivascular spaces. B) MMI in RB rats significantly 

decreases AQP-4 expression around blood vessels in the brain and this water channel 

dysfunction persists until 6 weeks after MMI. AQP-4 loss is significantly correlated with 

cognitive dysfunction. C-D) MMI in RB rats significantly induces a delay in CSF 

penetration and clearance via paravascular pathways.
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