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Abstract

Elevated homocysteine in the blood, or hyperhomocysteinemia, is a recognized risk factor for multiple causes of dementia

including Alzheimer’s disease. While reduction of homocysteine levels can generally be accomplished in a straightforward

manner, the evidence regarding the cognitive benefits of this approach is less clear. To identify adjunct therapeutic targets

that might more effectively restore cognition, the present series of experiments characterizes early and later cerebrovas-

cular changes in a model of hyperhomocysteinemia. Sex-balanced groups of adult C57BL/6J mice were administered a diet

deficient in vitamins B6, B12, and B9 (folate) and supplemented with excess methionine. They were subsequently assessed for

changes in cerebral blood flow, memory, blood–brain barrier permeability, and selected vascular-associated genes. Blood

flow deficits and barrier permeability changes occurred alongside changes in memory and in genes associated with metab-

olism, endothelial nitric oxide signaling, barrier integrity, and extracellular matrix remodeling. Significant sexually dimorphic

responses to the diet were also detected. Taken together, these data deepen our understanding of a major contributor to

dementia burden.
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Introduction

Elevated blood levels of the amino acid homocysteine,
termed hyperhomocysteinemia (HHcy), is a risk factor
for cognitive impairment and dementia (Smith et al.,
2018). Strikingly, the population attributable risk of
Alzheimer’s disease (AD) due to HHcy is estimated to
be as high as 31% (Van Dam & Van Gool, 2009; Smith
et al., 2018), and it follows that successful treatment of
this condition may significantly reduce AD incidence.
This is especially important given the high prevalence
of HHcy in elderly persons (Janson et al., 2002; Salles-
Montaudon et al., 2003) combined with the projected
growth of AD in coming decades (Alzheimer’s
Association, 2018). Improved understanding of how
HHcy affects cognition may therefore be crucial to reduc-
ing future dementia burden.
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Homocysteine is a nonpeptide amino acid produced

from methionine, the levels of which are kept low by

enzymes that depend on vitamins B6, B12, and B9

(folate) for their function (Selhub, 1999). Accordingly,

deficits in one or more of these is commonly associated

with increased homocysteine levels in patients

(Novakovi�c et al., 2018), and data from several meta-

analyses of randomized controlled trials demonstrate

the efficacy of B vitamin supplementation on lowering

homocysteine levels (Durga et al., 2007; Smith et al.,

2010; Ford & Almeida, 2012; Clarke et al., 2014).

While encouraging in that such interventions are safe,

inexpensive, and effective, these same meta-analyses

also provide mixed evidence as to whether this reduction

translates to improved cognitive outcomes (Price et al.,

2018). While reduction of homocysteine levels is an

important goal, it is likely that concomitant amelioration

of homocysteine-associated damage is necessary to pro-

vide maximal benefit. For example, disruption of the

methylation cycle is well characterized in this condition

(Selhub, 1999; Fuso et al., 2008), and supplementation

with substances to reduce this disruption (e.g., betaine,

S-adenosyl methionine) shows benefit in rodent models

without reduction in plasma homocysteine levels (Fuso

et al., 2012; Chai et al., 2013). Aside from disruptions to

the methylation cycle, vascular injury is also a well-

characterized aspect of HHcy and highly relevant to cog-

nitive function (Hainsworth et al., 2016). Much of this

information comes from peripheral vasculature or in vitro

systems, however, and therefore may not be representa-

tive of changes occurring in the specialized

cerebrovasculature.
The present series of experiments therefore aims to

characterize early- and later-stage changes in cerebrovas-

cular function resulting from chronic dietary-induced

HHcy. HHcy was induced for variable times in sex-

balanced groups of male and female C57BL/6J mice

beginning at 12 weeks of age. This was achieved with a

diet deficient in folate, vitamin B6, and vitamin B12 and

supplemented with methionine as previously published

(Sudduth et al., 2013, 2017). Longitudinal changes in

cerebral blood flow (CBF) and corresponding cognitive

deficits were assayed, along with cross-sectional changes

in plasma homocysteine, blood–brain barrier (BBB) per-

meability, and vascular-associated genes. Our results

show early and progressive deficits in CBF and BBB

integrity, corresponding with alterations in genes associ-

ated with extracellular matrix remodeling, barrier func-

tion, energy metabolism, and nitric oxide signaling.

Although not specifically designed to detect them, the

experiments also revealed significant sexually dimor-

phic responses.

Methods

Animals and Experimental Diet

Male and female C57BL/6J mice were purchased from
The Jackson Laboratory (strain #664) and aged to
12 weeks before placement on experimental diets. All
chow was procured from Envigo (Huntingdon, United
Kingdom). Mice were randomized into groups, housed 1
to 5 animals per cage (503.22 usable cm2), and maintained
in a room at 23�C� 2�C with a 14/10 hr light/dark cycle
beginning at 6:00 a.m. They were maintained on standard
rodent chow (Envigo Teklad #2918) prior to administra-
tion of custom diets, also purchased from Envigo. The
HHcy diet (TD.97345) lacks folate, vitamin B6, and vita-
min B12 and is supplemented with excess methionine
(7.7 g/kg). The control diet (TD.01636) is nutritionally
matched but with lower methionine (3.0 g/kg) and
normal levels of vitamins B6, B12, and folate (see
Supplements 1 and 2 for further details). Sulfathiazole
was not administered to inhibit B vitamin synthesis by
the gut microbiota. Diets were refreshed on a weekly
basis, at which time animals and remaining food were
weighed. Food consumption was estimated as an average
per mouse per day within each cage. Mice had ad libitum
access to water and chow. Environmental enrichment
included a 5� 5 cm cotton NestletTM (Ancare, Bellmore,
NY, USA), paper shredding, a Backless Shack mouse
house (Shepherd Specialty Papers, Watertown, TN,
USA), and 1=2� 1=2� 200 aspen chew sticks (Lomir
Biomedical Inc, Quebec, Canada).

The data were collected across two separate studies. In
the first, mice were randomized into 2 sex-balanced
groups to receive 12 weeks of HHcy (n¼ 18, 9 M and
9F) or control diet (n¼ 10, 5 M and 5 F) and undergo
longitudinal neuroimaging followed by spatial memory
testing in the radial arm water maze (RAWM). In the
second, sex-balanced groups of 12 mice (6 M and 6F)
were randomized into 6 groups to receive HHcy or con-
trol diet for 4, 8, or 12 weeks prior to sacrifice and tissue
collection. Sample sizes were determined based upon pre-
viously published studies of cognitive deficits in this
model (Chai et al., 2013). All animal experiments were
performed in compliance with the principles of animal
care and experimentation in the Guide for the Care and
Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee of the
University of Kentucky. Mice that reached greater than
20% weight loss prior to the conclusion of the study were
humanely euthanized and excluded from behavioral anal-
yses. All sections of this report adhere to the ARRIVE
guidelines for reporting animal research (Kilkenny et al.,
2010). In total, 11 out of 30 mice assigned to HHcy diet
for 12 weeks (6 in the first study, 5 in the second) reached
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the 20% weight loss criterion and were euthanized
between 10 and 12 weeks. Where data from these mice
are included in pathological analyses, the figures refer to
a 10- to 12-week rather than 12-week time point.
Notably, only female mice reached humane end
point criteria.

Measurement of CBF by Pseudocontinuous Arterial
Spin Labeling

After 6 and 10 weeks on experimental diet, mice from the
first study underwent magnetic resonance imaging (MRI)
scans to determine CBF by pseudocontinuous arterial
spin labeling (pCASL) as previously reported (Ma et al.,
2018). Experiments were performed using a 7 Tesla
magnet (ClinScan, Bruker BioSpin, Germany) at the
Magnetic Resonance Imaging and Spectroscopy Center
at the University of Kentucky. Mice were anesthetized
with 4.0% isoflurane and maintained during imaging in
a 1.2% isoflurane and air mixture using a nose cone. Heart
rate (90–110 bpm), respiration rate (50–80 breaths/min),
and rectal temperature (37� 1�C) were continuously
monitored and maintained. A whole-body volume coil
and mouse brain surface coil were used for transmission
and receiving, respectively. T2-weighted structural images
were acquired with field of view¼ 18� 18mm2, matrix¼
256� 256; slice thickness¼ 1mm, 10 slices, repetition
time¼ 1,500ms, and echo time¼ 35ms. Paired control
and labeled images were acquired in an interleaved
manner, with a train of Hanning window-shaped radiofre-
quency pulses. Duration/spacing¼ 200ls, 25 degree flip
angle, slice-selective gradient¼ 9mT/m, and labeling
duration¼ 2,100ms. Two-dimensional multislice spin-
echo planar imaging was used with field of view¼
18� 18mm2, matrix¼ 128� 128, slice thickness¼ 1mm,
10 slices, repetition time¼ 4,000ms per segment, echo time-
¼ 35ms, and 120 repetitions. Image analysis was performed
with codes written in-house with MATLAB (MathWorks,
Natick, MA, USA) to obtain quantitative CBF inml/g per
minute in the hippocampus (Alsop et al., 2015).

RAWM Test of Spatial Learning and Memory

Testing in the RAWM occurred at about 12 weeks on
HHcy diet, to allow for recovery from the neuroimaging
end points. RAWM was run according to the protocols
previously described (Alamed et al., 2006; Webster et al.,
2015). Briefly, the maze consisted of six arms in a circular
tank filled with water containing nontoxic white tempera
paint. The tank was enclosed by black curtains arranged
in a square, with geometric extramaze visual cues affixed
to three of four curtain sides. A circular platform was
placed at the end of one of the arms, approximately 1
to 2 cm below the water’s surface to provide an escape.
Animals were split into two groups and tested in a

back-to-back 3-day paradigm. Each day consisted of
15 trials (45 trials total), with the first 12 trials on Day
1 alternating between hidden and visible (flagged) plat-
form. The platform was hidden for all trials after the first
12. Trials were run in two blocks of six trials and one
block of three trials on the first day, and three blocks of
five trials on Days 2 and 3. Mice were run in groups of six
at a time, alternating by block to provide time to rest.
Mice alternated between all possible start arms through-
out the study, with the goal arm held constant for all
animals. Errors were defined as an entry of the entire
body of the mouse (excluding tail) into the nongoal
arms. Erros and swim speed were tracked via overhead
camera and Noldus EthoVision XT (Noldus, Leesburg,
VA, USA).

Nesting Assay

The nesting assay was performed as previously described
(Deacon, 2006; Webster et al., 2015) with mice from the
second study. The day prior to sacrifice, mice were singly
housed in a new cage with fresh bedding and a new
Nestlet. Paper shredding, Shephard Shacks, and chew
sticks were removed. Mice were left in the normal hous-
ing room overnight (14–16 hr). Subsequently, two
observers blinded to the experimental conditions scored
the quality of the nests according to a semiquantitative
5-point scale: (1)—Nestlet not noticeably touched, >90%
intact; (2)—Nestlet partially torn up, 50% to 90%
remaining intact; (3)—shredded >50% but without iden-
tifiable nesting site and bedding spread around cage;
(4)—identifiable but flat nest, >90% of the Nestlet torn
up with the material gathered within one quarter of the
cage floor area; (5)—a near perfect nest where >90% of
the Nestlet is torn up and the nest is crater shaped with
walls higher than mouse body for at least half of the
circumference. Scores were assigned in half-point incre-
ments from 1 to 5 and averaged between the observers.

Brain Tissue Collection and Plasma Homocysteine
Measurement

Subsequent to behavioral assays, all mice were anesthe-
tized with 5% isoflurane, transcardially perfused with 1X
ice-cold phosphate-buffered saline (PBS - Corning,
Manassas, VA, USA, #46-013-CM) for 5min at 10ml/
min and rapidly decapitated for brain extraction. Prior to
perfusion, arterial blood was collected from the left ven-
tricle of mice while anesthetized and placed into EDTA
tubes (Greiner Bio-One North America, Monroe NC,
USA, #454428) for separation of plasma by centrifuga-
tion (2000�g for 20min at room temperature). Plasma
supernatant was removed, flash-frozen in liquid nitrogen,
and stored at –80�C. Samples were diluted 1:5–1:10 in
ARCHITECT Multi-Assay Manual Diluent and
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delivered to the University of Kentucky Clinical
Laboratory for homocysteine measurement on an
ARCHITECT i2000SR analyzer (Abbott Laboratories,
Chicago, IL, USA).

Tissue for biochemistry was taken from the left hemi-
sphere, which was dissected and immediately flash-frozen
in liquid nitrogen and stored at –80�C. The entire right
hemisphere was processed for immunohistochemistry:
postfixed in 4% paraformaldehyde (Millipore Sigma,
Burlington, MA, USA, #441244) at 4�C overnight and
cryoprotected in 30% sucrose (MP Biomedicals, Solon,
OH, USA, #902978) at 4�C for 48 hr. The first �4mm of
the anterior pole of the hemisphere was removed, and a
Leica Biosystems (Wetzlar, Germany) SM 2010R sliding
microtome with freezing stage was used to cut 30-lm
coronal sections posteriorly until the level of the cerebel-
lum. Sections were stored in cryoprotectant (50% 1X
PBS, 25% ethylene glycol, 25% glycerol) at –20�C, and
staining procedures were carried out on free-floating sec-
tions using every 10th section.

BBB Permeability Measurement by Immunoglobulin
G Immunohistochemistry

For immunoglobulin G (IgG) detection, samples under-
went endogenous peroxidase quench for 30min (0.3%
hydrogen peroxide in methanol) followed by incubation
for 1 hr at 4�C with a 1:250 concentration of biotinylated
ant-imouse IgG antibody (Jackson ImmunoResearch,
West Grove, PA, USA, #115-065-205) in PBS with 0.2%
TX-100. Subsequently, tissue was incubated for 1 hr in
ABC solution (Vector Laboratories, Burlingame, CA,
USA, #PK-4000) and developed with 3,30-diaminobenzi-
dine tetrahydrochloride hydrate (Millipore Sigma
#D5637). PBS was used for all washes. Slides were
imaged at 20� using an Aperio ScanScope XT digital
slide scanner (Leica Biosystems), and cortex was outlined
using the Aperio ImageScope software (Leica Biosystems)
as previously reported (Webster et al., 2015). The Aperio
positive pixel count algorithm was used to quantify the
amount of staining in the region, with background thresh-
old adjusted to tissue from control animals. Blinded per-
sonnel performed the quantification.

Quantitative Reverse-Transcriptase Polymerase
Chain Reaction

RNA was isolated from a piece of frontal cortex using
the RNeasy Plus Mini Kit (Qiagen, Germantown, MD,
USA, #74136) according to manufacturer’s instructions.
Briefly, cortical tissue was weighed and homogenized in
an appropriate volume of buffer, and genomic DNA
removed with the gDNA eliminator column. The samples
were mixed with ethanol and RNA bound to the RNeasy
column, washed, and eluted in RNase-free water.

Quantity of RNA and 260/280 absorbance ratios were

assessed using a NanoDrop spectrophotometer

(ThermoFisher Scientific, Waltham, MA, USA).

Reverse transcription was performed with the High-

Capacity cDNA Reverse Transcription kit (Applied

Biosystems, Foster City, CA, USA, #4368814) according

to manufacturer’s protocol. Real-time polymerase chain

reaction was performed on a ViiA 7 Real-Time PCR

System (Applied Biosystems) using custom TaqManVR

Array Cards (ThermoFisher Scientific, #4342253) with

TaqMan Fast Advanced Master Mix (ThermoFisher

Scientific, #4444557). See Table 1 for a complete list of

genes and probes included on the array. The probes for

Col4a3 and Angptl3 had one nondetect each. Probes with

more than one nondetect were excluded from analysis:

Mmp10, Plg, Sele, and Selp. Relative gene expression

was calculated using the 2–DDCT method and log2 nor-

malized. Hypoxanthine-guanine phosphoribosyltransfer-

ase (HPRT) and 18S ribosomal RNA (18S) were

included as housekeeping genes, with values for genes

of interest normalized to the geometric mean of the

two. A total of 42 genes were analyzed.

Images and Statistical Analyses

Analyses were performed in JMP Pro 14 (SAS Institute

Inc, Cary, NC, USA) or GraphPad Prism 7 (GraphPad

Table 1. TaqMan Custom Gene Array.

Gene

symbol Assay ID

Gene

symbol Assay ID

18S Hs99999901_s1 Itgb3 Mm00443980_m1

Abcb1a Mm00440761_m1 Lef1 Mm00550265_m1

Adamts1 Mm00477355_m1 Mmp10 Mm01168399_m1

Aggf1 Mm00546486_m1 Mmp2 Mm00439498_m1

Amot Mm00462731_m1 Mmp9 Mm00442991_m1

Angpt1 Mm00456503_m1 Nos3 Mm00435217_m1

Angpt2 Mm00545822_m1 Nostrin Mm00724960_m1

Angptl1 Mm01291815_m1 Ocln Mm00500912_m1

Angptl3 Mm00803820_m1 Pdgfb Mm00440677_m1

Angptl4 Mm00480431_m1 Plg Mm00447087_m1

Apcdd1 Mm01257559_m1 Sele Mm00441278_m1

Axin2 Mm00443610_m1 Selp Mm01295931_m1

Col18a1 Mm00487131_m1 Slc2a1 Mm00441480_m1

Col4a3 Mm00483656_m1 Smo Mm01162710_m1

Dixdc1 Mm01175093_m1 Tek Mm00443243_m1

Fgf1 Mm00438906_m1 Tgfb1 Mm01178820_m1

Fgf2 Mm00433287_m1 Tie1 Mm00441786_m1

Flt1 Mm00438980_m1 Timp1 Mm00441818_m1

Fzd6 Mm00433387_m1 Timp2 Mm00441825_m1

Hprt Mm00446968_m1 Tjp1 Mm00493699_m1

Icam1 Mm00516023_m1 Tnfrsf11b Mm01205928_m1

Itga5 Mm00439797_m1 Tnfrsf19 Mm00443506_m1

Itgav Mm00434486_m1 Vcam1 Mm01320970_m1

Itgb1 Mm01253230_m1 Vegfa Mm01281449_m1
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Software, La Jolla, CA, USA), with statistical signifi-

cance level set to a¼ .05. For comparison of two

groups, unpaired student’s t test or nonparametric

Mann–Whitney U tests were used. For more than two

groups, a one- or two-way analysis of variance

(ANOVA) was performed where data met appropriate

parametric statistical assumptions, followed by Sidak’s

post hoc testing. In cases with significant violation of

assumptions, the nonparametric Kruskal–Wallis test

was used, or data were rank transformed for logistic

regression followed by Mann–Whitney U post hoc com-

parisons (IgG data). Mixed measures ANOVA was used

for the RAWM data, with Sidak’s post hoc testing where

indicated. Figures were created in GraphPad Prism 7.

Data are expressed as means with error bars representing

standard deviation. Data cited within the text are

reported as M¼mean, SD¼ standard deviation, and

CI¼ lower 95% confidence interval, upper 95% confi-

dence interval, except when data are not sufficiently nor-

mally distributed. In that case, data are Median,

25th percentile, 75th percentile.

Results

General Health and Observations

Samples from mice in the second study on HHcy diet and

a subgroup of mice on control diet (n¼ 4) were analyzed

for homocysteine concentration. As expected, mice on

HHcy diet achieved elevated homocysteine levels by

4 weeks on diet (M¼ 41.04 lM, SD¼ 16.41, CI [30.62,

51.47]; Figure 1(a)). Levels were increased further at 10 to

(a) (b)

(c) (d)

Figure 1. General health and observations. (a) Levels of homocysteine were measured in plasma after 4, 8, and 10 to 12 weeks on HHcy
diet. ***p< .001 versus 4-week time point, Kruskal–Wallis with Dunn’s post hoc testing, n¼ 12 per group. (b) Percent baseline weight
change was significantly reduced in HHcy versus control at all time points. This corresponded with a significant reduction in estimated food
consumption by 8 weeks as shown in (c), as an average value calculated by cage (n¼ 4 per group). No significant changes in intrinsic nest
building were detected after any time on diet (d). n¼ 7 for the 12-week HHcy group and n¼ 12 for all others (see text). *p< .05,
**p< .01, ****p< .001 versus corresponding control group indicated by connector, two-way ANOVA with Sidak’s multiple comparison
testing, n¼ 12 except where indicated.
HHcy¼ hyperhomocysteinemia.
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12 weeks (M¼ 140.50 lM, SD¼ 53.57, CI [106.50,
174.50]). All values from mice on control diet were
below the 5lM limit of detection, with the exception of

one female in the 8-week control group (7.0lM) that had
an untreated overgrooming lesion at time of sacrifice
(data not shown). In addition to plasma homocysteine
increases, mice on HHcy diet for 4 weeks failed to gain
weight from baseline (M¼ 0.7%, SD¼ 4.0, CI [–1.9, 3.2])

in contrast to controls (M¼ 7.8%, SD¼ 5.6, CI [4.0,
11.6]; Figure 1(b)). With more time on HHcy diet, mice
began losing bodyweight by 8 weeks (M¼ –7.7%,
SD¼ 4.1, CI [–10.3, –5.2]), an effect persisting to 10 to
12 weeks (M¼ –13.2, SD¼ 6.9, CI [–17.6, –8.8]). Mice on

control diet, in contrast, gained weight by the end of the
study (M¼ 19.1%, SD¼ 9.7, CI [12.9, 25.3]).

Interestingly, the initial lack of weight gain was not
associated with decreased food consumption as mice on
control diet average intake (M¼ 2.9 g/day, SD¼ 0.2, CI

[2.5, 3.3]) was similar to mice on HHcy diet at 4 weeks
(M¼ 2.7 g/day, SD¼ 0.3, CI [2.2, 3.2]; Figure 1(c)). By
8 weeks, the mice on HHcy diet consumed significantly
less (M¼ 2.0 g/day, SD¼ 0.5, CI [1.2, 2.8]) than controls
(M¼ 2.9 g/day, SD¼ 0.4, CI [2.2, 3.50]). This was simi-
larly true for mice on HHcy diet at 10 to 12 weeks
(M¼ 1.9 g/day, SD¼ 0.4, CI [1.3, 2.5]) versus control
(M¼ 2.8 g/day, SD¼ 0.2, CI [2.5, 3.1]). Despite these
observations, no changes in intrinsic nesting behavior
were detected due to HHcy at any time (Figure 1(d)). It
should be noted, however, that 5 mice in the 12-week
group were excluded from the nesting assay due to reach-
ing humane end point criterion.

HHcy Diet Reduces CBF and Causes Deficits in
Spatial Learning and Memory

Longitudinal CBF measurements were made using
pCASL MRI at both 6 and 10 weeks after diet start.

(a)

(b) (c)

Figure 2. HHcy diet causes early and progressive reductions in cerebral blood flow. Animals underwent pCASL for measurement of CBF
after 6 and 10 weeks on HHcy diet. (a) Representative heat map of blood flow data from a coronal section. (b) Mice on HHcy diet had
significantly reduced blood flow compared with controls at both 6 and 10 weeks. (c) Within-animal comparisons showed that CBF across
time in the HHcy group was significantly reduced with increasing time on diet. Two animals included in the HHcy group in panel (b) were
too sick to scan at 10 weeks and excluded from the analysis in panel (c). *p< .05, **p< .01 versus corresponding control or group
indicated by connecting line, results of two-way ANOVA, n¼ 10–12 per group.
HHcy¼ hyperhomocysteinemia; CBF¼ cerebral blood flow.
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Figure 2(a) shows a representative heat map of coronal

sections. A significant reduction in CBF in the HHcy ani-

mals was detected by 6 weeks on diet (M¼ 0.71ml/g/min,

SD¼ 0.29, CI [0.52, 0.89]) relative to controls

(M¼ 1.03ml/g/min, SD¼ 0.27, CI [0.84, 1.2]), and this

progressively worsened by 10 weeks (M¼ 0.57ml/g/min,

SD¼ 0.20, CI [0.42, 0.71]; Figure 2(b), (c)). In mice on

control diet, CBF after 10 weeks (M¼ 0.98ml/g/min,

SD¼ 0.21, CI [0.83, 1.14]) was not significantly different

from that recorded after 6 weeks, as expected.
The reduction in CBF corresponded with significant

impairments in spatial learning and memory performance

in the RAWM (Figure 3(a), (b)). Number of errors were

averaged across blocks of three consecutive trials, and

mixed measures ANOVA of the overall learning curves

showed a significant time by diet interaction,

F(14, 280)¼ 1.96, p¼ .0212. When errors were averaged

by day, mixed measures ANOVA with Sidak’s post hoc

comparisons found that mice on HHcy diet made signif-

icantly more errors during training (Day 1) as well as both

testing days (2 and 3). Impairment in long-term memory

was also detected as increased errors in the probe trial (the

first trial) of each test day (Figure 3(c)). Finally, the aver-

age overall velocity was significantly reduced for mice on

HHcy diet (M¼ 11.70 cm/s, SD¼ 1.16, CI [10.96, 12.44])

versus control (M¼ 14.28 cm/s, SD¼ 1.95, CI [12.88,

15.68]; Figure 3(d)), indicating a mild swimming impair-

ment. Importantly, the diet effect on total errors remained

significant (p< .0001) when the average swim speed (cen-

tered) was included as a covariate, indicating no evidence

that the difference in errors was attributable to the

changes in swim speed.

(a) (b)

(c) (d)

Figure 3. HHcy-associated impairment in spatial learning and memory. (a and b) Mice on HHcy diet made significantly more errors across
block and by day than those on control diet. *p< .05, ****p< .001 versus control, mixed measures ANOVA. (c) HHcy mice also made
significantly more errors during the probe trial (first trial of each day) on both testing days *p< .05, **p< .01, Mann–Whitney U test. (d)
Average velocity across all trials was significantly reduced in the mice on HHcy diet versus controls. **p< .01, student’s t test. N¼ 10 for
control and 12 for HHcy groups.
HHcy¼ hyperhomocysteinemia.
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HHcy Diet Enhances BBB Permeability and

Transcriptional Changes in Vascular-Associated Genes

We have previously reported microhemorrhages in this

model after 10 but not 6 weeks on HHcy diet (Sudduth
et al., 2017). To quantify earlier and potentially more

subtle changes in BBB permeability, we stained for
endogenous IgG (Figure 4(a)), which is excluded from

the brain parenchyma under nonpathological conditions
but not under certain pathological ones (Bowyer et al.,

2018). When normalized to control values, levels of IgG
staining were significantly increased by 4 (Mdn¼
174.7%, 25th percentile¼ 119.7, 75th percentile¼ 210.1)
and 10 to 12 weeks (Mdn¼ 362.4%, 25th

percentile¼ 177.9, 75th percentile¼ 768.4), with a mar-
ginally significant trend at 8 weeks (Mdn¼ 202.0%,

25th percentile¼ 80.15, 75th percentile¼ 259.3; Figure 4
(b)). To better characterize underlying pathological

changes associated with barrier disruption in this

model, we measured gene expression levels of 42 prese-

lected vascular-associated genes (Table 1), with log2
transformation of the fold change values versus control.
Of those, four were found to be significantly altered rel-

ative to control levels at any time point: Adamts1, Slc2a1
(GLUT-1), Tjp1 (ZO-1), and Nostrin (Figure 5).

Interestingly, Adamts1 was downregulated at 4 weeks
(M¼ –1.142, SD¼ 0.854, CI [–1.694, –0.609]), with

levels normalizing at later time points. In contrast,
Slc2a1 (M¼ 0.640, SD¼ 0.364, CI [0.408, 0.872]), Tjp1
(M¼ 0.452, SD¼ 0.239, CI [0.300, 0.604]), and Nostrin

(M¼ 0.708, SD¼ 0.301, CI [0.516, 0.899]) became signif-
icantly elevated by 10 to 12 weeks but were unchanged at

earlier times.
Given the large effects on BBB permeability, blood

flow, and cognition, we were surprised to find differences
in only 4 of 42 selected vascular-associated genes. This,

combined with the fact that all mice that reached end
point criterion were female, led us to consider whether

sexually dimorphic responses might be obscuring some of
the dietary effects on gene transcription. Further, sex

(a)

(b)

Figure 4. HHcy diet increases blood–brain barrier permeability.
Every �10th section through the cortex for each animal was
stained for IgG and positive pixels quantified. (a) Representative
section from a mouse on diet for 12 weeks is shown, with inset
displaying a higher magnification of the boxed region within cortex.
(b) Data are expressed as a percentage of the corresponding
controls. IgG staining was significantly elevated versus control at
the 4- and 10- to 12-week time points, with a nonsignificant trend
toward an increase at 8 weeks. Scale bar¼ 100 mm. *p< .05,
ordinal logistic regression of rank-transformed data for overall
significance determination, followed by Mann–Whitney U tests
between groups at each time point.
HHcy¼ hyperhomocysteinemia; IgG¼ immunoglobulin G.

(a) (b)

(c) (d)

Figure 5. Four vascular-associated genes are significantly altered
as a function of time on HHcy diet. Custom TaqMan arrays were
run to measure gene expression changes in selected cerebrovas-
cular-associated genes. Data are expressed as log2 normalized fold
changes versus corresponding control group. (a) Adamts1 is signif-
icantly downregulated at 4 weeks on HHcy diet but returns to
baseline by 8 weeks. (b to d) Slc2a1, Tjp1, and Nostrin are signifi-
cantly upregulated by 10 to 12 weeks on HHcy diet. **p< .01,
***p< .005 versus corresponding control group, two-way ANOVA,
n¼ 11–12 per group.
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differences have previously been reported in C57BL/6J
mice in response to folate-deficient diet (Ernest et al.,
2005). We therefore reexamined where possible the end
points with sex as a factor and found that female mice
achieved a more rapid elevation of homocysteine levels in
addition to increased weight loss in response to the diet
(see Supplement 3). We also reanalyzed the gene expres-
sion data with sex as a factor and found that 16 genes
showed a significant main effect of sex or a significant sex
by time interaction when analyzed by two-way ANOVA.
Log2 fold change values for each gene were transformed
to z scores and are displayed for comparative purposes in
Figure 6. Only 1 of these 16 genes, Nostrin, was also
significantly changed in the overall group comparison.
While interesting, these data must be interpreted with
caution due to the fact that the study was not designed
at the outset to capture sex differences.

Discussion

HHcy can be subdivided into stages according to blood
concentrations, and in mice, these stages have been delin-
eated as mild (12 to 30 lM), moderate (30 to 100 lM),
and severe (greater than 100 lM; Ernest et al., 2005).
By this standard, all mice in our studies developed mod-
erate HHcy by 4 weeks, 5 of 12 developed severe HHcy
by 8 weeks, and 8 of 12 developed severe HHcy by 10 to
12 weeks. This was accompanied by weight loss and a
decrease in food consumption, although intrinsic nesting
behavior taken as an indicator of general animal health
(Gaskill et al., 2013) was not significantly altered at any
time point measured. An important caveat here is that 5

of 12 mice in the 12-week group reached humane end
point criteria before nesting behavior could be measured,
potentially causing an underestimate of diet effects on
nesting at that time point. Given that general nutritional
deficiencies may contribute to our observations, future
studies using less severe methods of HHcy induction
(e.g., methionine loading, direct homocysteine supple-
mentation, or genetic models) will be important.

Consistent with previous reports, mice administered
HHcy-inducing diet were severely impaired in a spatial
memory task by the end of the study (Troen et al., 2008;
Sudduth et al., 2013, 2017). We found that this holds true
even when alterations in swim speed are taken into
account. To our knowledge, this study is the first that
has longitudinally assessed CBF changes in response to
this type of vitamin-deficient diet. Interestingly, we
detected CBF deficits after just 6 weeks, a time before
RAWM deficits are manifest in this model (Sudduth
et al., 2017); however, future studies should incorporate
longitudinal assessment of behavioral changes as well as
neuroimaging end points. In addition, future studies
would benefit from a more expansive behavioral battery
to understand changes across cognitive and noncognitive
domains. Nonetheless, these findings are consistent with
the notion that hypoperfusion and related changes are
likely to be a major upstream contributor to cognitive
deficits in this model.

It is unclear whether the impaired CBF is itself due to
elevated homocysteine or the vitamin deficiencies in the
diet; however, findings from other models of homocyste-
ine elevation indicate that homocysteine itself (or methi-
onine supplementation) is sufficient to disrupt CBF. For
example, homocysteine superfusion of rat parietal cortex
(Zhang et al., 1998), heterozygous deletion of the cysta-
thionine b synthase gene (Dayal et al., 2004; Kumar
et al., 2008), dietary supplementation with homocysteine
(Lee et al., 2004), and acutely raised homocysteine result-
ing from methionine loading (Chao & Lee, 2000) all have
negative impacts on various measures of CBF without
concomitant vitamin deficiencies.

The chronic deprivation of B vitamins is a well-known
cause of anemia in humans (Lanier et al., 2018), and this
is true in deficient mice as well (Bills et al., 1992). Indeed,
the observed weight loss, loss of appetite, and fatigue/
lethargy (indicated by reduced swim speed in the
RAWM) are all consistent with an anemic state.
Somewhat paradoxically, anemia has been associated
with enhanced CBF in both human (Ibaraki et al.,
2010) and animal studies (Hudak et al., 1986), and this
is generally considered a compensatory mechanism to
keep the brain supplied with oxygen. Given that both
reduced CBF and putative anemia are simultaneously
present in this model, one would expect a chronic hyp-
oxic condition in the brain. Indeed, the hypoxia-
responsive gene Slc2a1 (Patching, 2017) is significantly

Figure 6. Sixteen genes show sexual dimorphism in response to
HHcy diet. Effect of sex on gene expression changes resulting from
HHcy diet was examined across all genes on the TaqMan array by
two-way ANOVA. Genes with a significant main effect of sex or
significant sex by time interaction are included. Log2 normalized
fold change values were converted to standard z scores
for comparison.
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upregulated by 10 to 12 weeks. A better characterization
of the hypoxic changes under these conditions is worth
exploring, as hypoxic damage is a plausible upstream
mechanism for a multitude of the pathologies reported
in these mice, including those linked to risk for AD such
as barrier disruption and neuroinflammation (Daulatzai,
2017). Interestingly, despite the enhanced BBB perme-
ability present in these mice, there was an increase in
Tjp1 mRNA level at 10 to 12 weeks. The discrepancy
may be related to changes at the protein level that are
not reflected by mRNA, or that trigger compensatory
upregulation of the message.

Interestingly, two genes not widely studied in the brain
were significantly altered in the overall group compari-
sons: Nostrin and Adamts1. Adamts1 is an extracellular
metalloprotease that is known to be expressed in the
brain during development (Thai & Iruela-Arispe, 2002)
and upregulated after various injuries (Gottschall &
Howell, 2015). Adamts1 also has a role in peripheral
inflammatory responses (Rodr�ıguez-Baena et al., 2018)
and vascular homeostasis (Oller et al., 2017).
Interestingly, one study found that it may also modulate
synaptogenesis during development in a sex-specific
manner (Howell et al., 2012). The implications of its
early reduction in this context are unknown, but it is
an intriguing area of future research.

Nostrin is primarily recognized as a mediator of endo-
thelial nitric oxide synthase (eNOS) activity (Michel &
Vanhoutte, 2010), and while we did not detect changes
in eNOS mRNA levels, there was a significant increase in
Nostrin by 10 to 12 weeks of HHcy. This is consistent
with the known dysfunction of eNOS induced by elevat-
ed homocysteine (Yan et al., 2010); in particular,
NOSTRIN is known to traffic and sequester eNOS
(Zimmermann et al., 2002), and this may represent a pre-
viously unknown mechanism through which HHcy dis-
rupts eNOS signaling and contributes to oxidative stress
responses in the vasculature (Esse et al., 2019). In addi-
tion, NOSTRIN has recently been identified as a major
regulator of endothelial cell angiogenic and inflammatory
functioning independent of its effects on eNOS
(Chakraborty & Ain, 2017). Interestingly, Nostrin was
the only gene significantly altered by HHcy that also
displayed a sexually dimorphic response. In consider-
ation of its pleiotropic nature, this may partially explain
some of the other sexually dimorphic responses; however,
this remains highly speculative.

Although not originally designed to detect sex differ-
ences, our studies demonstrated that female C57BL/6J
mice are more sensitive to the HHcy diet than males, at
least in terms of weight loss and homocysteine elevation
(see Supplement 3). Whether this is due to an increased
sensitivity to a specific vitamin deficiency, excess methio-
nine, or a combination of both is unclear. One study
found that female C57BL/6J mice have higher

homocysteine levels than males at baseline and after a

folate-deficient diet (Ernest et al., 2005). Notably, this

is in contrast to humans, where higher estrogen is asso-

ciated with reduced homocysteine (Morris et al., 2000),

and men tend to have higher homocysteine levels at base-

line (Sassi et al., 2002). Nonetheless, while men seem

more susceptible to the development of elevated homo-

cysteine or vitamin deficiencies (Margalit et al., 2018),

they may simultaneously be more resilient to certain del-

eterious effects of HHcy. For example, some studies find

that higher levels of homocysteine correspond with wors-

ened cardiovascular fitness in women but not men (Kuo

et al., 2005; Ruiz et al., 2007), although there is some

controversy around these findings (Dankner et al.,

2009). Whether our observations of sexual dimorphism

are inherent to the particular model system chosen or

reflective of relevant human biology are important

areas for future investigation.
As mentioned in the Introduction section, disrupted

DNA methylation is an important aspect of this model,

both as a direct result of the dietary intervention (Jiang

et al., 2007; Fuso et al., 2008, 2012) and likely contribut-

ed to by hypoperfusion (Wu et al., 2013). Follow-up

studies into the methylation status of those genes found

to be differentially expressed in the brain, as well as

genome-wide alterations in methylation, are therefore

warranted. In addition, controlled manipulation of

homocysteine levels could help parse which mechanisms

are more or less involved at different clinically relevant

levels of homocysteine elevation. For example, milder

chronic elevations might have a detrimental effect pri-

marily mediated through epigenetic mechanisms, while

severe elevations might contribute more to the well-

described oxidative or inflammatory changes. Any treat-

ment aiming to undo the damage may therefore have to

target an array of pathological disruption, which might

vary depending on the severity of HHcy.
Finally, the mice used for these experiments were

young adults and therefore less reflective of the demo-

graphics of the older patient population that tends to

have elevated homocysteine and B vitamin deficiencies

and are at risk for dementia. Subsequent studies in

older mice therefore may provide further crucial insight

into how these factors interact with aging. Similarly, a

study design incorporating a recovery period from the

HHcy diet with assessment of potential persistent pathol-

ogy will help to elucidate therapeutic targets that might,

in combination with interventions designed to lower

homocysteine levels, reduce overall dementia burden.
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