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Induction of hyperhomocysteinemia models vascular dementia by
induction of cerebral microhemorrhages and neuroinflammation
Tiffany L Sudduth1, David K Powell2,3, Charles D Smith2,4, Abigail Greenstein1 and Donna M Wilcock1

Vascular dementia (VaD) is the second leading cause of dementia behind Alzheimer’s disease (AD) and is a frequent comorbidity
with AD, estimated to occur in as many as 40% of AD patients. The causes of VaD are varied and include chronic cerebral
hypoperfusion, microhemorrhages, hemorrhagic infarcts, or ischemic infarcts. We have developed a model of VaD by inducing
hyperhomocysteinemia (HHcy) in wild-type mice. By placing wild-type mice on a diet deficient in folate, B6, and B12 and
supplemented with excess methionine, we induced a moderate HHcy (plasma level homocysteine 82.93±3.561 mmol). After 11
weeks on the diet, the hyperhomocysteinemic mice showed a spatial memory deficit as assessed by the 2-day radial-arm water
maze. Also, magnetic resonance imaging and subsequent histology revealed significant microhemorrhage occurrence. We found
neuroinflammation induced in the hyperhomocysteinemic mice as determined by elevated interleukin (IL)-1b, tumor necrosis factor
(TNF)a, and IL-6 in brain tissue. Finally, we found increased expression and increased activity of the matrix metalloproteinase 2
(MMP2) and MMP9 systems that are heavily implicated in the pathogenesis of cerebral hemorrhage. Overall, we have developed a
dietary model of VaD that will be valuable for studying the pathophysiology of VaD and also for studying the comorbidity of VaD
with other dementias and other neurodegenerative disorders.

Journal of Cerebral Blood Flow & Metabolism (2013) 33, 708–715; doi:10.1038/jcbfm.2013.1; published online 30 January 2013

Keywords: animal models; hemosiderin; homocysteinemia; inflammation; vascular dementia

INTRODUCTION
Vascular dementia (VaD) is defined as the loss of cognitive
function to a degree that interferes with activities of daily living,
resulting from ischemic or hemorrhagic cerebrovascular disease or
from cardiovascular or circulatory disturbances that injure brains
regions important for memory, cognition, and behavior.1 It is the
second most common form of dementia after Alzheimer’s disease
(AD), accounting for 20% of all dementia cases worldwide.2 In
addition, however, VaD is thought to occur in 20% to 55% of AD
cases.3 In the Religious Orders Study, 39% of autopsy-proven AD
subjects also had macroscopic brain infarcts.4 The comorbidity of
VaD and AD in a significant number of cases likely prevents a clear
therapeutic effect from being observed in the numerous clinical
trials for late-onset AD that have been pursued to date.

Vascular dementia describes a collective group of dementias
caused by cerebrovascular disease. This can encompass hemor-
rhagic or ischemic events, white-matter or gray-matter lesions,
and systemic cardiovascular events leading to central hypoperfu-
sion or central cerebrovascular issues themselves.5 The diversity in
conditions that can cause a dementia, and that are named
‘vascular dementias’, has complicated the study of VaD. There is
no single pathology to be studied or one single mutation known
to result in VaD. To begin to study VaD, we have elected to study
the form of VaD attributed to the presence of multiple
microhemorrhages in the cerebral cortex. Hyperhomocy-
steinemia (HHcy) is considered to be an independent risk
factor for cardiovascular disease and stroke. In addition, it is

now considered to be a risk factor for several neurodegenerative
diseases including AD and VaD. It can result from deficiencies of
vitamins B6 (pyridoxine), B9 (folic acid), or B12. Homocystinuria
and HHcy caused by inborn defects in cystathionine-b-synthase is
a recognized cause of stroke in children and young adults.6

Previous studies inducing HHcy in rodent models have shown that
it results in cognitive decline,7 systemic vascular inflammation,
atherosclerosis,8 and a loss of central cholinergic neurons.9

Relative to AD, VaD has been relatively understudied with
respect to animal models, pathophysiology, and identification of
distinct therapeutic targets. Our goal in the current study was to
test the hypothesis that dietary induction of HHcy in wild-type
mice models a form of VaD caused by multiple microhemorrhages
and neuroinflammation.

MATERIALS AND METHODS
Animals
Twenty C57BL6 wild-type mice aged 3 months were randomly assigned to
one of two groups. One group was placed on diet with low levels of folate,
vitamins B6, and B12 and enriched with methionine (N¼ 15 for behavioral
outcomes; 10 for all other outcome measures shown) (Harlan Teklad
TD97345; Harlan Teklad, Madison, WI, USA), while the another group was
placed on a control diet that nutritionally matched the experimental diet
with normal levels of methionine, folate, and vitamins B6 and B12 (N¼ 15
for behavioral outcomes; 10 for all other outcome measures shown)
(Harlan Teklad 5001C; Harlan Teklad). Mice received diet for 14 weeks. Mice
were weighed weekly to ensure no significant malnourishment was
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occurred because of the diet. The study was approved by the University
of Kentucky Institutional Animal Care and Use Committee and conformed
to the National Institutes of Health Guide for the Care and Use of Animals
in Research.

Behavior Testing
Radial-arm water maze testing and rotarod testing were performed in a
blinded manner by the University of Kentucky Rodent Behavior Core
(http://www.rodentbehaviorcore.uky.edu/). Behavior testing was per-
formed in the 6 days before tissue harvest.

For the rotarod (San Diego Instruments Inc., San Diego, CA, USA), mice
were initially placed on the stationary drum and the drum was started at
the lowest speed (4 r.p.m.), accelerating over time until the mouse fell off
into the catch area. A photo beam accurately measured the mouse for fall
to assess time to latency. The mice were subjected to three training
sessions lasting 1 minute each with 10 minutes between each session.
There was a wait time of 30 minutes between training and the test
sessions. For the test sessions, the rotating drum was set to accelerate from
0 to 40 r.p.m. over 5 minutes. There were two test sessions with 15 minutes
between each test session. After all the sessions in a single day were
completed, the mouse was returned to its home cage. The training and
test sessions were repeated for 4 consecutive days. We measured the
average distance traveled for the two test trials on each of the 4 days.

The 2-day radial-arm water maze protocol was performed as previously
published.10 Briefly, a six-arm maze was submerged in a pool of water, and
a platform was placed at the end of one arm (equipment and tracking
software from Noldus Information Technology Inc., Leesburg, VA, USA).
Each mouse received 15 trials per day for 2 days. The mouse began each
trial in a different arm while the arm containing the platform remained the
same. The numbers of errors (incorrect arm entries) were counted over a
1-minute period. The errors were averaged over 3 trials, resulting in 10 blocks
for the 2-day period (blocks 1 to 5 are day 1 while blocks 6 to 10 are day 2).

Magnetic Resonance Imaging
A subset of study mice were imaged by T2* magnetic resonance imaging
(MRI). Three mice receiving control diet and four mice receiving
experimental diet were imaged immediately before kill using the T2*
MRI technique to assess the microhemorrhage incidence. The imaging staff
was blinded to the experimental groups. Mice were imaged using a 7-T
Bruker ClinScan MRI system (Bruker, Billerica, MA, USA) with an MRI
CyroProbe, delivering 2.5 times the signal to noise of a standard room
temperature radiofrequency coil, located at the Magnetic Resonance
Imaging and Spectroscopy Center at the University of Kentucky. Fourteen
coronal slices were acquired with a FLASH sequence with a repetition time
of 165 ms, echo time 15.3 ms, 251 flip angle, 448� 448 matrix, 0.4 mm
thick, 20% gap, 0.033 mm� 0.033 mm resolution, 10 averages, and
acquisition time 24 minutes. Mice were anesthetized with 1.3% isoflorane
in oxygen using an MRI compatible vaporizer. They were then positioned
prone and held in place on the scanning bed using tooth and ear bars. The
animals were maintained at 371C with a water heated scanning bed. Body
temperature, heart, and respiration rates were monitored. The T2* MRI
images were analyzed by two blinded investigators who identified
abnormalities that resembled hemorrhagic infarcts. These infarcts were
counted and this number was normalized to the number of images
counted to provide a per section count.

Tissue Processing and Histology
After injection with a lethal dose of pentobarbital, blood was collected for
plasma and the mice were perfused intracardially with 25 mL normal
saline. Brains were rapidly removed and bisected in the mid-sagittal plane.
The left half was immersion fixed in 4% paraformaldehyde for 24 hours,
while the right half was dissected into anterior cerebral cortex, posterior
cerebral cortex, striatum, hippocampus, thalamus, cerebellum, and rest of
brain. The posterior cerebral cortex and rest of brain were combined and
immediately homogenized in phosphate-buffered saline for zymography
(see detailed method below). The remaining pieces were flash frozen in
liquid nitrogen and stored at � 801C. The left hemibrain was passed
through a series of 10%, 20%, and 30% sucrose solutions as cryoprotection
and 25 mm frozen horizontal sections were collected serially using a sliding
microtome and stored floating in phosphate-buffered saline containing
sodium azide at 41C. Plasma was analyzed in a blinded manner by a
veterinary reference diagnostics service for lipid and homocysteine levels
(see Table 1; Antech Diagnostics, Fishers, IN, USA).

Eight sections equally spaced 600 mm apart were selected for free-
floating immunohistochemistry for CD11b (Rat monoclonal, AbD Serotec,
Raleigh, NC, USA; 1:3,000). The method for free-floating immunohisto-
chemistry has been described previously.11 Sixteen sections equally spaced
300 mm apart were mounted on slides and stained for Prussian blue as
described previously.12 Immunohistochemical analysis was performed by
measuring percent area occupied by positive stain using the Nikon
Elements BR image analysis system (Melville, NY, USA) as described
previously.13 The experimenter was blinded to the group assignments.

Quantitative Real-Time RT-PCR
RNA was extracted from the frozen right hippocampus using the Trizol plus
RNA purification system (Life Technologies, Grand Island, NY, USA)
according to manufacturer’s instructions. RNA was quantified using the
nanodrop spectrophotometer (Thermo Scientific, Rockford, IL, USA)
and cDNA produced using the cDNA High Capacity kit (Life Technologies)
according to manufacturer’s instructions. Real-time PCR was performed
using the TaqMan Gene Expression assay kit (Life Technologies) according
to manufacturer’s instructions and as previously described.14 The genes
examined are summarized in Supplementary Table; all were normalized to
18S rRNA. We determined fold change for mice receiving the experimental
diet compared with mice receiving the control diet using the�DDCt)

method.15

ELISA Measurement
Protein was extracted from the right frontal cortex in phosphate-buffered
saline with complete protease and phosphatase inhibitor (Pierce
Biotechnology Inc., Rockford, IL, USA) and quantified using the BCA
protein assay kit (Pierce Biotechnology Inc., performed according to
manufacturer’s instructions). We used commercially available kits to assess
matrix metalloproteinase 2 (MMP2), tissue inhibitor of metalloproteinase 2
(TIMP2), MMP9, and TIMP1, and ran the assays according to manufacturer’s
recommendations (R&D Systems, Minneapolis, MN, USA). All data were
normalized to the total protein to yield ng/mg protein. Plasma was
analyzed for total Factor X and thrombin using commercially available
ELISA kits run according to manufacturer’s instructions (Molecular
Innovations, Novi, MI, USA).

Gelatin Zymography
Enzymatic activities of tissue MMPs were measured using gelatin
zymography in brain samples. Protein was extracted from fresh brain
tissue in phosphate-buffered saline; specifically right posterior cerebral
cortex and rest of brain, and quantified immediately using the BCA protein
assay kit (Pierce Biotechnology Inc.; performed according to manufac-
turer’s instructions). Protein samples were immediately separated on a
precast 10% gelatin zymogram gel (Life Technologies). The gel was
removed, incubated in zymogram renaturing buffer for 30 minutes,
equilibrated for 30 minutes in zymogram developing buffer at room
temperature and then incubated overnight at 371C with gently agitation in
fresh zymogram developing buffer (all buffers obtained from Life
Technologies). The next day, the gel was washed gently with water and
incubated in IRDye blue protein stain, a Coomassie stain (Licor, Lincoln, NE,
USA). The gel was stained for 1 hour and then destained in H2O until clear
band resolution was apparent (B1 hour). The gel was imaged on the
Odyssey imager and semiquantitative densitometry analysis on our bands
of interest was performed using the Odyssey Imaging Software (Licor).

Analysis
Data are presented as mean±standard error of mean (s.e.m.). Statistical
analysis was performed using the JMP statistical analysis program (SAS,
Cary, NC, USA). Radial-arm water maze data and rotarod were analyzed by
repeated-measures ANOVA to assess the overall effect of diet. For the
radial-arm water maze data, we also performed Student’s t-test on
individual block data. For other data, one-way ANOVA and Student’s t-test
were performed. Statistical significance was assigned where the P value
was lower than 0.05. Correlations were assessed using the simple linear
regression and assessing the R2 correlation coefficient.

RESULTS
Plasma analysis showed that our diet with low levels of folate, B6,
and B12 with enriched methionine did induce a moderate HHcy
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(Table 1). In C57BL6 mice, normal homocysteine levels are
considered to be 5 to 12 mmol/L. Hyperhomocysteinemia can
be categorized as mild (12 to 30 mmol/L), moderate (30 to
100mmol/L), and severe (4100mmol/L).16 Based on the levels
observed in our experimental mice, we achieved a moderate
HHcy. None of our mice reached the plasma level of homocysteine
to be classified as severe HHcy. We found no change in lipoprotein
levels as assessed by the measurement of high-density
lipoprotein 1, low-density lipoprotein, and very low-density
lipoprotein (Table 1). In addition, analysis of plasma for total
Factor X and prothrombin showed that HHCy does not
significantly alter the levels of these clotting factors (Table 1).

The 2-day radial-arm water maze task assesses spatial memory
performance by measuring the number of incorrect arm entries
made in a trial.10 Over the 2 days of testing the mice receiving
control diet show learning of the task, beginning with an average
of five errors in block 1 of day 1 and ending with o1 error in block
10 of day 2 (Figure 1A). The HHcy mice were significantly impaired
in the radial-arm water maze compared with the control mice,
starting with the same number of errors in block one of day 1 but
only ending with three errors in block 10 of day 2 (Figure 1A).
The rotarod assesses motor function in mice and both the
control and HHcy mice performed this task well and were not
distinguishable from one another (Figure 1B), suggesting that the
HHcy effect in the radial-arm water maze was not because of a
motor impairment.

To determine the cerebrovascular pathology induced by the
HHcy condition, we performed T2* MRI on three control mice and
four HHcy mice. We found significant microhemorrhage-like
infarcts as indicated by the arrows in Figure 2A and 2B. To
confirm our findings, we performed a Prussian blue histologic
stain to detect hemosiderin on all mice from the study. We found
a significant increase in microhemorrhage incidence in the HHcy
mice compared with the control mice. In addition, we were able to
histologically confirm many of the microhemorrhages that had
been detected by MRI (Figure 2C and D are the microhemorrhages
shown in A and B, respectively, panels E and F show higher
magnification images of C and D). The location of microhemor-
rhages varied greatly; however, we observed a greater frequency
of microhemorrhages in the entorhinal and parietal cortices
than in the frontal cortex or hippocampal regions. Quantification
of microhemorrhage events detected by Prussian blue
histology (all animals) and T2* MRI (a subset of animals) is
shown in Figure 2G. While T2* MRI detects a significantly fewer
number of microhemorrhages than Prussian blue does, the MRI
data did correlate strongly with the Prussian blue data (Figure 2H,
R2¼ 0.95).

Microglial activation is an indicator of neuroinflammation.
CD11b is a marker of all microglia in mouse brain and its
expression increases in intensity as microglia become activated.
We observed increased CD11b staining throughout the brain. This
was most noticeable in the cerebral cortex and hippocampal
regions (Figures 3A–3H). We found that control cerebral cortex
(Figures 3A and 3B) and hippocampus (Figures 3E and 3F) showed

a normal staining pattern for CD11b, with lots of lightly stained
microglia populating the brain regions. In our HHcy mice, we
found significantly increased CD11b staining in both the frontal
cortex (Figures 3C and 3D) and hippocampus (Figures 3G and 3H).
Quantitative analysis of the area occupied by positive immunos-
taining showed significantly increased CD11b staining in all brain
regions measured (frontal cortex, CA1, and dentate gyrus of
hippocampus and entorhinal cortex) of the HHcy mice compared
with our control mice (Figure 3I).

To further examine the neuroinflammatory state of our HHcy
mice, we performed qRT-PCR for genes associated with M1 and
M2 neuroinflammatory phenotypes. Figure 4A shows gene
expression analysis of M1 neuroinflammatory markers interleukin
(IL)-1b, IL-6, IL-12, and tumor necrosis factor (TNF)a. All of these M1
markers show significantly increased expression in the HHcy mice

Table 1. Plasma analysis of study animals

Analyte Control diet Experimental diet P-value

Homocysteine 5.89±0.385 lmol/L 82.93±3.561 lmol/L o0.0001
HDL-1 74.26±3.22% 77.34±1.76% 0.39
LDL 9.68±2.13% 8.03±0.62% 0.43
VLDL 13.84±1.99% 13.85±1.66% 0.99
Total Factor X 11.4±1.2 mg/mL 12.1±2.2 mg/mL 0.79
Prothrombin 235±24 ng/mL 212±18ng/mL 0.87

Abbreviations: HDL-1, high-density lipoprotein 1; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein. The analytes that were statistically
significantly different between our control group and our experimental group are shown in bold.

Figure 1. Hyperhomocysteinemia (HHCy) is associated with
impaired spatial memory as detected using the radial-arm water
maze but does not cause motor deficits. (A) Two-day radial-arm
water maze data shown as mean number of errors made per trial.
Data are given as block numbers; each block represents the average
of three trials. **Indicates Po0.01 by individual block t-test. Also,
repeated-measures ANOVA gave a Po0.01 for overall group
difference in the task. (B)The mean distance traveled on the rotarod
of the two test sessions for each of the 4 days is shown. For both
panels, the closed circles connected by a solid line indicate the
mice receiving control diet (N¼ 15) and the closed squares
connected by the dashed line indicate the mice receiving the
experimental diet (N¼ 15).
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compared with our control mice. In contrast, gene expression
analysis of M2 neuroinflammatory markers arginase 1, IL-10, IL-1
receptor antagonist , and YM1 do not show significant differences
between the HHcy mice and the control mice (Figure 4B).

Components of the MMP2 system are increased in the HHcy
mice compared with control mice (Figures 5A and 5B). Gene
expression analysis of MMP14, MMP2, and TIMP2 showed
significant increases in the HHcy mice compared with control
mice (Figure 5A). When we measured protein levels of MMP2 and
TIMP2 by ELISA we found only the MMP2 was significantly
increased in the HHcy mice compared with control mice and
TIMP2 was unchanged. With respect to the MMP9 system, we
found that MMP3 and MMP9 gene expression levels were

significantly increased in the HHcy mice compared with the
control mice but the TIMP1 levels were unchanged (Figure 5C).
Protein expression of MMP9 and TIMP1, measured by ELISA,
showed the same pattern as the gene expression analysis
(Figure 5D). Gelatin zymography provides measurement of MMP
activity. Figure 5E shows a representative stained gel with the
bands that were identified as pro-MMP9, active-MMP9, pro-MMP2,
and active-MMP2 based on molecular weight as shown pre-
viously,17 and western blot confirmation of molecular weights.
Densitometry analysis of the bands of interest normalized to the
BCA analysis of the protein loaded onto the gel showed that the
active-MMP9 and active-MMP2 bands were significantly more
intense for the HHcy mice than the control mice (Figure 5F).

Figure 2. Hyperhomocysteinemia (HHCy) is associated with increased microhemorrhages. (A, B) Representative coronal T2* MRI images from
HHcy mice are shown. The white arrows indicate microhemorrhages. (C–F) The Prussian blue-stained horizontal tissue sections are shown. (C)
The microhemorrhage detected in (A), and (D) the microhemorrhage detected in (B) are shown. (E, F) High magnification images of (C) and
(D), respectively, are shown. (C, D) Magnification¼ � 40, scale bar in (C) for (C) and (D)¼ 120 mm; (E, F) magnification¼ � 200, scale bar in (E)
for (E) and (F)¼ 25 mm. (G) Quantification of microhemorrhages is shown. Numbers of microhemorrhages were counted and are shown as a
per section count for histologic analysis (Prussian blue) in all study animals and for the T2* MRI analysis, which was performed in a subset of
animals. **Indicates Po0.01 by t-test. (H) The correlation of MRI detection of microhemorrhages (x axis) and the Prussian blue detection of
microhemorrhages (y axis) is shown. Square symbols represent the mice receiving control diet and round symbols represent the mice
receiving hyperhomocysteinemic diet. The line shows the line of best fit. R2 for the correlation¼ 0.95, Po0.001 by linear regression analysis.
MRI, magnetic resonance imaging.
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Figure 3. Hyperhomocysteinemia (HHCy) is associated with microglial activation. (A–H) CD11b immunohistochemistry in the frontal cortex
(A–D) and hippocampus (E–H) of wild-type mice receiving control diet (A–B and E–F) or experimental diet (C–D and G–H) is shown. (A, C, E,
G) Magnification¼ � 4, scale bar in (A) for (A), (C), (E), and (G)¼ 120 mm. (B, D, F, H) Magnification¼ � 200, scale bar in (B) for (B), (D), (F), and
(H)¼ 25mm. (B, D, F, H) High magnification images of (A), (C), (E), and (G), respectively. (I) Quantification of percent area occupied by positive
stain for CD11b in the frontal cortex (FCX), CA3, and dentate gyrus (DG) of the hippocampus and the entorhinal cortex (EnCX). *Indicates
Po0.05 and **indicates Po0.01 by t-test.
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DISCUSSION
Vascular dementia is second only to AD as a cause of dementia. In
addition, it is estimated that as many as 40% of AD patients
actually have a mixed dementia, indicating that their dementia is
caused not only by AD pathology but also by cerebrovascular
pathology.3 Despite the prevalence of VaD, the mouse models
available to study VaD have been relatively lacking compared with
those available for the study of AD pathology. Many models that
have been studied involve acute, severe brain injuries such as
embolism or arterial occlusion and typical cognitive testing that is
reported in AD models has not been extensively performed.18

Here, we report on a mouse model of VaD that develops multiple
microhemorrhages, neuroinflammation, and cognitive impair-
ment. We have achieved this model of VaD by dietary induction
of HHcy in wild-type mice. Hyperhomocysteinemia has been
clinically associated with cardiovascular disease,19 cerebrovascular
disease20 and, recently, AD.21

Homocysteine is a nonprotein forming sulfur amino acid
involved in methylation and transulfuration generated during
1-carbon metabolism. Elevated plasma levels of homocysteine,
HHcy, can be achieved either genetically or through diet
modification. Genetically, deletion of the cystathionine-b-synthase
gene results in HHcy by altering the 1-carbon metabolic
pathway.22 Deletion of the methylenetetrahydrofolate reductase
gene, a key component in the 1-carbon metabolic pathway, also
results in severe HHcy in mice.23 Dietary modification can either
directly supplement homocysteine to the diet, and therefore
increase plasma homocysteine levels,9 or target the 1-carbon
metabolic pathway to induce excessive production of homo-
cysteine leading to HHcy.8 We chose to pursue the targeting of the
metabolic pathway. Our mouse diet is deficient in folate, B6, and
B12 and is enriched with methionine.8 These factors result in the

overproduction of homocysteine in the 1-carbon metabolic
pathway and result in HHcy. We found a moderate HHcy as
assessed by terminal plasma collection based on the mouse
criteria established by Ernest et al.16

While B-vitamin deficiency has been shown to result in
cognitive impairment, in particular B12,24 it is not clear whether
this is a direct consequence of B12 deficiency or whether the
cognitive impairment is a result of the subsequent HHCy. Vitamin
B6 deficiency is associated with inflammation-associated diseases
such as rheumatoid arthritis, irritable bowel disease, and coronary
heart disease.25 Again, it is difficult to discern direct effects of
B-vitamin deficiency and effects of the resulting HHCy. The
genetic models of HHCy help us to conclude that our findings are
primarily related to the HHCy induced. A heterozygous cysta-
thionine-b-synthase knockout mouse model of HHCy shows
increased brain permeability with increased MMP9 and MMP2
activity.26 Behavioral analysis on the genetic mouse models of
HHCy is rare because of the severity of the phenotype, but studies
in both genetic mouse models have shown behavioral deficits.27,28

Because of the body of data related to B-vitamin deficiency, we
cannot exclude the possibility that some of our findings are
because of the dietary exclusion of these nutrients.

We found that HHcy was associated with significant impairment
in the 2-day radial-arm water maze task. This is the same task that
we have previously used to show spatial memory deficits in
amyloid precursor protein transgenic mouse models of AD-like
amyloid pathology,11 as well as amyloid targeted therapeutic
improvements.12 To determine the cause of the cognitive
impairment, we performed T2* MRI on a subset of our mice. We
found a significant number of cerebrovascular abnormalities that
gave the appearance of microhemorrhages similar to those seen
in the studies of Luo et al29 who showed that MRI could be used
to assess the immunotherapeutic exacerbation of cerebral
amyloid angiopathy-induced microhemorrhage. The MRI
sequence we chose, the T2*, is the same sequence used by Luo
and colleagues and also the same used in human studies of
microhemorrhages.30 Once brain tissue was harvested we
performed Prussian blue staining on tissue sections to assess
microhemorrhages histologically. We found that the Prussian blue
staining detects a greater number of microhemorrhages than
does the MRI; however, the MRI was able to provide the same diet
effect and the same statistical significance of HHcy.

The direct consequence of microhemorrhages on cognition has
remained elusive. There are many correlative studies in humans
that have shown microhemorrhages contributing to cognitive
impairment,31 however, the majority of these have been in
patients with other underlying neurologic disorders such as AD,
stroke, transient ischemic attacks, or cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy.
Only the Yakushiji et al32 study examined healthy adults and
showed lower mini-mental state examination scores with the
presence of microbleeds on MRI. Studies in mouse models that
have shown microhemorrhages have been complicated by other
pathologies. In anti-Ab immunotherapy studies, the therapeutic
benefit of the antibodies on cognition has far outweighed any
potential adverse effect of the presence of microhemorrhages.12

In cerebral amyloid angiopathy mouse models, it has not been
possible to separate out the cognitive effects of the amyloid
pathology from any cognitive effects of the microhemorrhages.

To address the mechanism by which HHcy results in
microhemorrhages, we focused on the neuroinflammatory
response and the subsequent activation of MMPs, since we did
not observe significant changes in the clotting factors. We have
previously shown that microhemorrhages because of anti-Ab
immunotherapy are associated with an enhanced M1-type
neuroinflammatory response.14 To characterize the inflammatory
response, we have chosen to use the M1-M2 phenotype
characterization used in the peripheral macrophage literature.33

Figure 4. Phenotyping of neuroinflammation shows that hyperho-
mocysteinemia (HHCy) is associated with an M1, but not an M2,
neuroinflammation in the brain. (A) Quantitative real-time RT-PCR
analysis for M1 markers and (B) analysis of M2 markers are shown.
**Indicates Po0.01 by t-tests. Data are shown as fold change versus
mean of control, where the mean of control indicates the mean of
the mice on control diet for the given gene.
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M1 describes a classic inflammatory response characterized by the
expression of IL-1b, TNFa, IL-6, and IL-12, while M2 responses are
more closely associated with an alternative inflammatory response
that is characterized by the expression of wound repair and anti-
inflammatory genes like arginase 1, YM1, IL-1 receptor antagonist,
and IL-10.34 We found that there was increased microglial
activation in our HHcy mice, as evidenced by increased CD11b
immunostaining. In addition, we found that the neuroin-
flammatory response in the HHcy mice was primarily an M1
response, with significantly increased expression of M1 genes but
no increase in expression of M2 genes. It is possible that this
exacerbated M1-type neuroinflammation contributes significantly
to the cognitive deficits in the HHCy mice. IL-1b, TNFa, and IL-6
have all been shown to independently result in cognitive
impairment.35–37 We hypothesize that the significant induction
of M1 neuroinflammation contributes to the cognitive impairment
in the HHCy mice.

Matrix metalloproteinases, in particular MMP2 and MMP9,
are heavily implicated in the pathogenesis of hemorrhagic
events, both systemically and in the brain.38,39 We have pre-
viously shown that the MMP2 and MMP9 systems are activated
after anti-Ab immunotherapy treatment in amyloid precursor
protein transgenic mice where microhemorrhage was observed as
an adverse event.17 Others have identified MMP9 as a cause of
cerebral amyloid angiopathy-associated hemorrhages.40 We found
that our HHcy had significantly increased expression of MMP2 and
MMP9 at both the RNA and protein level. In addition, both
MMP14, the activator of MMP2, and MMP3, the activator of MMP9,
were increased in their gene expression. Protein expression
of the endogenous inhibitors of MMP2 and MMP9, TIMP2 and
TIMP1, respectively, was not significantly altered by HHcy.
When we performed gelatin zymography on fresh brain tissue
we found that HHcy also increased the activity of active MMP2
and active MMP9, indicating that the increased expression of

Figure 5. The matrix metalloproteinase 2 (MMP2) and MMP9 systems in the brain are activated by hyperhomocysteinemia (HHCy). (A, C)
Quantitative real-time RT-PCR or MMP14, MMP2, and tissue inhibitor of metalloproteinase 2 (TIMP2) of the MMP2 system (A) and MMP3,
MMP9, and TIMP1 of the MMP9 system (C) are shown. (B, D) ELISA data for MMP2 and TIMP2 of the MMP2 system (B) and MMP9 and TIMP1 of
the MMP9 system (D) are shown. *Indicates Po0.05 and **indicates Po0.01 by t-tests. (E) A gelatin zymogram where HH indicates a sample
from a hyperhomocysteinemic mouse and C indicates a sample from a control mouse. On the left of the image, for reference, shows where
the molecular weight markers are. Shown on the right of the image are arrows indicating which bands are for the pro and active forms of
MMP2 and MMP9 based on their molecular weight. Pro-MMP9 is 92 kDa and active MMP9 is 82 kDa. Pro-MMP2 is 70 to 72 kDa and active
MMP2 is 62 to 65 kDa. (F) Densitometry analysis of the digested bands on the zymogram normalized to the absolute amount of protein
loaded onto the gel is shown. **Indicates Po0.01 by t-tests.
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these proteins had resulted in a functional increase in the activity
of the enzymes.

In summary, we have found that HHcy is associated with
induction of an M1 neuroinflammation, activation of MMP2 and
MMP9, cerebrovascular microhemorrhages and learning and
memory deficits. We believe that this represents a unique mouse
model of VaD that can be used to study therapeutic approaches to
treat VaD, molecular mechanisms of VaD, and comorbidities of
VaD with other forms of dementia such as AD.
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