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1 | INTRODUCTION

Eleanor B. Holmgren® | Tiffany A. Wills>* |

Abstract

Introduction: Epigenetic stimuli induce beneficial or detrimental changes in gene
expression, and consequently, phenotype. Some of these phenotypes can manifest
across the lifespan—and even in subsequent generations. Here, we used a mouse model
of vascular cognitive impairment and dementia (VCID) to determine whether epigenet-
ically induced resilience to specific dementia-related phenotypes is heritable by first-
generation progeny.

Methods: Our systemic epigenetic therapy consisted of 2 months of repetitive hypoxic
“conditioning” (RHC) prior to chronic cerebral hypoperfusion in adult C57BL/6J mice.
Resultant changes in object recognition memory and hippocampal long-term potentia-
tion (LTP) were assessed 3 and 4 months later, respectively.

Results: Hypoperfusion-induced memory/plasticity deficits were abrogated by RHC.
Moreover, similarly robust dementia resilience was documented in untreated cerebral
hypoperfused animals derived from RHC-treated parents.

Conclusions: Our results in experimental VCID underscore the efficacy of epigenetics-
based treatments to prevent memory loss, and demonstrate for the first time the heri-

tability of an induced resilience to dementia.

KEYWORDS
chronic cerebral hypoperfusion, epigenetics, hypoxic conditioning, intergenerational, resilience,
vascular cognitive impairment and dementia

that many cases of VCID remain undocumented. To date, there is no
efficacious therapy for VCID.

Vascular contributions to cognitive impairment and dementia (VCID),
secondary to chronic cerebral hypoperfusion (CCH), acute stroke, and
other causes, is the second most common form of dementia after
Alzheimer’s disease (AD).1* Moreover, the prevalence of cerebrovas-

cular disease is in fact higher than the prevalence of AD,® suggesting

An epigenetics-based VCID therapeutic strategy may be able to
meet this clinical challenge. Specifically, preconditioning the brain to
activate changes in gene expression is a well-established approach
to promote endogenous pathways of cell survival and tissue resis-

tance to injury.®” We and others have previously shown the efficacy
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of hypoxic preconditioning in inducing protection against acute
stroke.8-11 Importantly, our lab has also documented, in a mouse
model of focal stroke, that the duration of this inducible neurovascular-
protective phenotype can be extended dramatically—from days to
months—after the last of a series of repetitive hypoxic condition-
ing (RHC) stimuli.? Recently, we showed that 4 months of RHC
in male and female mice, prior to breeding, results in a heritable
resilience to retinal ischemic injury in their untreated, first-generation
progeny.!2

Although a number of studies have provided evidence for intergen-
erational epigenetic inheritance in both animals and humans,314 the
vast majority have focused on the heritability of disease risk and dis-
ease itself. In the present investigation, we hypothesized that RHC will
induce resilience to cognitive deficits in a mouse model of VCID, and
that this dementia-resilient phenotype will be inherited. The data we
collected support our hypothesis, documenting the therapeutic poten-
tial of activating an endogenous resiliency against dementia capable of

providing protection that may span multiple generations.

2 | METHODS

2.1 | Animals

Male and female C57BL/6J mice (Jackson Laboratory), age 8 to
9 weeks, were maintained on a 12 hour/12 hour light/dark cycle with
food and water provided ad libitum, and randomly assigned into exper-
imental groups after ~2 weeks of habituation.

2.2 | Experimental design

Based on our experience leveraging RHC as an epigenetic stimu-
lus that promotes long-lasting disease-resilient phenotypes in treated
mice? 1516 and more recently, in untreated adult offspring from RHC-
treated parents,'? mice were treated with 8 weeks of RHC in the
present study, in parallel with age-matched normoxic controls. CCH
was induced in separate cohorts of FO-generation mice, with and with-
out prior RHC treatment, to examine the direct and inherited effects
of RHC on CCH outcomes. Specifically, males treated with 8 weeks of
RHC were paired with 8-week RHC-treated females to produce the
[F1: RHC]* generation (asterisk denoting that F1-generation mice were
never exposed to RHC themselves), and normoxic males and females
were paired to produce the F1: CTL (control) generation (Figure 1). In
all cases, both FO parents remained in the cage until their F1 offspring
were weaned at PND21, and housed thereafter in standard cages. All
F1 mice breathed ambient air throughout their lives, and were age-
matched with their respective FO generation at the time of carotid
microcoil placement, neurocognitive testing, and the collection of hip-
pocampal slices for long-term potentiation (LTP) measurements. All
experiments were approved by our institutional animal care and use
committee and conformed to Animal Research: Reporting of In Vivo

Experiments guidelines.

RESEARCH IN CONTEXT

1. Systematic Review: Considerable pre-clinical and clini-
cal evidence indicates that repetitive adverse stress can
epigenetically promote phenotypes that enhance dis-
ease risk. In turn, transient protection against injury
can be induced epigenetically by a nonharmful stress.
We explored in mice whether repetitive nonharmful
stress will induce long-lasting resilience to vascular cog-
nitive impairment and dementia (VCID), and whether this
induced, cognition-protective phenotype is heritable.

2. Interpretation: Repetitive systemic hypoxia prevented
loss of recognition memory in vivo, and impairments in
hippocampal long-term potentiation (LTP) ex vivo. Simi-
lar resilience to VCID was documented in untreated mice
derived from parents repetitively conditioned before
mating, indicating that epigenetically induced resilience is
heritable.

3. Future Directions: Myriad studies are needed to eluci-
date the molecular mechanisms of epigenetic protection
against VCID, and how this new phenotype is passed
to the next generation. However, the translational effi-
cacy of an epigenetic approach for establishing within-
generation resilience could be tested in clinical trials
immediately.

23 | RHC

RHC was performed by exposing FO mice to mild-to-moderate systemic
hypoxia (11% O,) using an oxygen tension-controlled chamber (Bio-
Spherix). Cages were placed directly in the chamber, with mice allowed
free access to food and water during treatment. Mice were treated for
1 hour, every other day (M/W/F), for 8 continuous weeks. Age- and sex-
matched mice exposed to normal atmospheric oxygen served as nor-

moxic controls.

24 | CCH

To model the effects of VCID, CCH was achieved by bilateral
carotid artery stenosis (BCAS) at ~20 weeks of age, as previously
described.1”-1? Control and experimental animals were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg) intraperitoneally,
and sustained-release buprenorphine (0.1 mg/kg, i.p.) prior to surgery.
After amidline incision, gold-plated microcoils (0.18-mm internal diam-
eter; 0.50-mm pitch; 2.5-mm total length; Motion Dynamics Corpo-
ration) were wrapped around both common carotids. Incisions were
closed using Vetbond tissue adhesive (3M). Body temperature was
maintained during the operative procedure and post-operative recov-

ery with a warming pad.
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FIGURE 1 Experimental design for repetitive hypoxic conditioning (RHC) studies in mice with chronic cerebral hypoperfusion (CCH). A,

Parental generation male and female adult mice were exposed to repetitive hypoxic conditioning (11% O, for 1 hour every other day), or normoxia,
for 8 weeks. After the last treatment, mice were either subjected to bilateral carotid artery stenosis (BCAS) surgery to induce CCH, or sham
surgery. B, First generation offspring were derived from a separate cohort of FO animals, both males and females, that were only subjected to
either 8 weeks of RHC, or normoxia, prior to mating. Male and female F1 offspring originating from these pairings never received RHC directly. At
~20 weeks of age, all F1-generation animals were subjected to either CCH or sham surgery. In both generations, novel object preference (NOP), a
neurobehavioral measurement of recognition memory, was performed after 3 months of CCH, and hippocampal long-term potentiation (LTP) was

assessed as an electrophysiological proxy of memory-associated synaptic plasticity,1 month later

2.5 | Demyelination

Brains were removed after 4 months of CCH (or sham surgery)
and post-fixed in Z-Fix (ANATECH LTD) for 24 hours at 4°C before
cryoprotection in 30% sucrose. Brains were flash-frozen with isopen-
tane at -20°C, and serial, 20 um-thick coronal sections were obtained
(approximately 0.86 mm posterior to Bregma) by cryostat and stored
at 4°C in phosphate-buffered saline (PBS). Free-floating sections were

rinsed in 0.2% Triton X-100 PBS (PBSt) for at least 20 minutes at
room temperature before applying a fluorescent myelin stain (Fluo-
roMyelinTM Green; 1:300 in PBS; Molecular Probes) for 20 minutes at
room temperature. Seven to eight sections per animal were mounted
onto SuperFrost glass slides (Thermo Fisher Scientific) cover-slipped,
and 4x magnification images were captured on an Olympus BX51
fluorescent microscope (Olympus Life Science) using cellSens soft-
ware (Olympus Life Science). The entire corpus callosum was selected
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FIGURE 2 Repetitive hypoxic conditioning (RHC) reduces white matter injury in the corpus callosum after 3 months of chronic cerebral
hypoperfusion (CCH). A, Representative fluoromyelin images of coronal brain sections from FO mice after 3 months of CCH, or sham surgery (CTL).
Region of corpus callosum used for quantification of fluoromyelin staining intensity is delineated by white lines. B, Fluoromyelin staining intensity,
used to quantify corpus callosum myelination, was normalized for each experimental group to untreated controls (FO:CTL). *P < .05, ** P < .01, by
Mann-Whitney (n = 3-7/group). Mean =+ standard error of the mean. Scale bar = 200 um
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FIGURE 3 Repetitive hypoxic conditioning (RHC) prevents loss of object recognition memory in vivo in FO mice and in their untreated F1
progeny. Schematic diagram of the spontaneous object recognition testing paradigm (A). Familiar and novel object exploration times (B), and
discrimination indices (C), of the four FO experimental groups. Note, impairments in recognition memory after 3 months of CCH were prevented in
FO mice directly treated with RHC. Familiar and novel object exploration times (D), and discrimination indices (E), of the four F1 experimental
groups. Note, in parallel with findings in FO mice (B,C), loss of recognition memory after 3 months of CCH is prevented in untreated F1 mice
derived from FO parents treated with RHC prior to mating (D,E). *P < .05, **P < .01, ***P < .001, by Wilcoxon matched-pairs rank test (B, D) and

Mann-Whitney (C, E; n = 10-16/group). Mean + standard error of the mean

(Figure 2A) using the “freehand selection” option and pixel intensity for
the seven to eight sections was determined bilaterally and averaged

using ImageJ 2 software (National Institutes of Health).

2.6 | Novel object preference

After 3 months of CCH (or sham surgery), mice were individually

habituated to a dimly lit black Plexiglass box with a white floor

(20 x 20 x 20 cm) for 15 minutes on the day before the test (Fig-
ure 3A). The next day, a testing session consisting of two trials was
administered: the familiar object exposure and the novel object expo-
sure. Mice were individually placed in the box containing two iden-
tical objects for 10 minutes and then returned to their home cage.
Three hours later, for the novel object preference (NOP) assessment,
mice were returned to the box, which now contained a novel object
along with one of the familiar objects (Figure 3A) and allowed to freely

explore the objects for 10 minutes. Time spent exploring each object
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FIGURE 4 Repetitive hypoxic conditioning (RHC) rescues ex vivo long-term potentiation (LTP), a metric of synaptic plasticity, in CA1
hippocampus of FO mice and their untreated F1 progeny. A, Schematic of a coronal hippocampal slice showing positions of the stimulating (stim)
and recording (record) electrodes. B, Field excitatory postsynaptic potential recordings (fEPSPs), normalized to their respective baselines, for the
four experimental groups of FO mice; the increase in fEPSP after theta-burst stimulation (TBS; double arrows) indicates a hippocampal LTP
response. The average fEPSP over 40 to 60 minutes post-TBS (shaded in gray) of each FO group is represented in (C). Similarly, fEPSP responses (D),
and their average amplitude over 40 to 60 minutes (E), are shown for the four groups of F1 mice. Note, the loss of LTP as a result of 4 months of
CCH was reversed in FO mice directly treated with RHC, and in their untreated F1 progeny. *P < .05, ** P < .01 by Mann-Whitney

(n = 10-16/group). Mean =+ standard error of the mean

was recorded by video camera; exploration was defined as sniffing or
touching either object at a distance of < 2 cm from the object. Analy-
sis of NOP behavior was conducted by video playback by an observer
blinded to experimental treatment conditions. Recognition memory
was quantified by a discrimination index (DI), as follows: (time explor-
ing novel object - time exploring familiar object)/(time exploring novel
+ familiar). A larger DI is indicative of more time exploring the novel
object, thus reflecting the animal’s recognition memory of the familiar

object.

27 | LTP

Hippocampal slices were prepared from mice after 4 months of CCH
(or sham surgery), and 1 month after the completion of NOP test-
ing for that animal. As previously described,2® mice were anesthetized
with isoflurane and decapitated. Hippocampal slices (300 um) were
prepared using a Tissue Slicer (Leica Biosystems), collected in arti-
ficial cerebrospinal fluid (ACSF), and transferred to a submerged

recording chamber where they were perfused with heated (28°C) and
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oxygenated (95% 02/5% CO2) ACSF for 1 hour before recordings
were initiated. A stainless steel stimulating electrode and a borosili-
cate glass recording electrode filled with ACSF were both positioned
in the stratum radiatum of the hippocampal CA1 region to elicit and
record extracellular field responses (Figure 4A). The field excitatory
postsynaptic potential (fEPSP) slope was monitored using Axon Patch-
Clamp instrumentation (Molecular Devices), and recordings were ana-
lyzed with Clampfit software (Molecular Devices). The test stimula-
tion strength was determined for each input to elicit a field EPSP of
40% maximal slope. Baseline fEPSPs were recorded for 20 minutes. LTP
was then induced with a tetanus of theta-burst stimulation (TBS) pro-
tocol consisting of two stimulus trains (100 biphasic constant-current
pulses per train at 100 Hz, inter-train interval 20 seconds); fEPSPs
were recorded for 60 minutes post-TBS and LTP was displayed as the

average fEPSP recorded over the last 20 minutes post-TBS.

2.8 | Statistical analyses

GraphPad Prism 9 software was used to analyze data. Differences in
exploration times of familiar and novel objects were compared using
the Wilcoxon signed rank test. Differences in white matter myelin den-
sities, discrimination indices for NOP, and average fEPSP amplitudes 40
to 60 minutes post-TBS were analyzed using Mann-Whitney tests. The
association between fEPSP responses and DIs was analyzed by a Spear-
man correlation. All values are presented as mean =+ standard error of

the mean, with P < .05 considered significant.

3 | RESULTS

31 |
injury

RHC prevents CCH-induced white matter

Given previous reports documenting a loss of myelin integrity in mice
after 1 month of CCH,7:1821-24 \we assessed myelin density in the cor-
pus callosum after 3 months of CCH in FO cohorts of mice with and
without RHC treatment as a metric for white matter injury and protec-
tion (Figures 2A, 2B). Compared to control animals, fluoromyelin inten-
sities were significantly reduced after 4 months of CCH (FO:CTL vs.
FO:CCH, P = .002), reflecting CCH-induced demyelination. However,
animals treated with RHC prior to CCH exhibited significantly greater
fluoromyelin intensities compared to CCH animals (FO:RHC+CCH vs.
FO:CCH, P =.024), and in fact were indistinguishable from control ani-
mals (FO:CTL vs. FO:RHC+CCH, P = .358), consistent with the hypoth-
esis that RHC completely prevented CCH-induced demyelination.

3.2 | Intergenerational prevention of CCH-induced
impairment in object recognition memory by RHC

NOP testing is a well-established neurobehavioral tool to assess recog-

nition memory.2>~28 Control mice from both generations spent signif-

icantly more time exploring the novel object compared to the familiar
object (FO:CTL familiar vs. novel, P = .004; F1:CTL familiar vs. novel,
P = .0001; Figures 3B, 3D). After 3 months of CCH, both FO and F1
mice exhibited no significant differences in exploration time between
the novel and familiar object (FO:CCH familiar vs. novel, P = .563;
F1:CCH familiar vs. novel, P = .067; Figures 3B, 3D), indicative of a
CCH-induced impairment in recognition memory. In contrast, FO ani-
mals directly treated with RHC, as well as their untreated F1 off-
spring, spent significantly more time exploring the novel object com-
pared to the familiar object (FO:RHC+CCH familiar vs. novel, P=.0009;
[F1:RHC]*+CCH familiar vs. novel, P = .0005), indicating that RHC
prevented CCH-induced losses in recognition memory both in ani-
mals receiving the treatment, as well as in their untreated offspring
(Figures 3B, 3D).

To account for the differences in total exploration time and stan-
dardize such total time among all groups for comparison, the DI
was used to quantify the animal’s preference between the novel
and familiar object (Figure 3C, 3E). In both generations, CCH ani-
mals demonstrated lower DI compared to that of their genera-
tional controls, indicating an impairment in recognition memory in
the former (FO:CTL vs. FO:CCH, P = .001; F1:CTL vs. F1:CCH,
P =.015; Figures 3C, 3E). However, in FO animals directly treated with
RHC prior to CCH induction, such recognition memory impairment
was prevented, with RHC-treated CCH mice exhibiting a significant
increase in DI compared to untreated CCH animals (FO:RHC+CCH
vs. FO:CCH, P = .004; Figure 3C). Of note, the F1 offspring
of RHC-treated parents also exhibited similar resilience to CCH-
induced memory loss with DI values significantly increased relative
to control offspring derived from untreated parents ([F1:RHC]*+CCH
vs. F1:CCH, P = .0002; Figure 3E). Thus, RHC prevented CCH-
induced losses in recognition memory in animals receiving RHC treat-
ment directly (Figure 3C), as well as in their untreated offspring
(Figure 3E).

3.3 | Intergenerational preservation of
hippocampal LTP via RHC

LTP is a well-established form of synaptic plasticity that subserves
memory function in the mammalian hippocampus, amygdala, and other
cortical brain structures.2%30 Tetanic stimulation led to an initial
increase in the slope of fEPSP in all groups (Figures 4B, 4D), with the
average of the last 20 minutes post-stimulation (40-60 minutes post-
TBS) represented in Figures 4C and 4E. Four months of CCH caused a
significant reduction in LTP (FO:CTL vs. FO:CCH, P = .024; F1:CTL vs.
F1:CCH, P =.005). Furthermore, FO animals directly treated with RHC
prior to CCH, and the F1 offspring of RHC-treated parents, exhibited
significant increases in LTP compared to untreated CCH animals and
the F1 offspring of untreated parents, respectively (FO:RHC+CCH vs.
FO:CCH, P=.037; [F1:RHC]*+CCH vs. F1:CCH, P =.001), indicative of
a significant RHC-mediated preservation of LTP in the face of ongoing
CCH.
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FIGURE 5 Within-animal correlations between ex vivo measurements of synaptic plasticity and in vivo measures of object recognition
memory, in each generation. Statistically significant correlations were found between long-term potentiation (LTP; measured ex vivo by average
field excitatory postsynaptic potential recordings [fEPSP] magnitude) and discrimination indices (measured in vivo by novel object preference) in
both FO (A) and F1 (B) mice. Spearman’s correlation coefficients and P -values are shown for each generation

3.4 | In vivo measures of object recognition
memory correlate with ex vivo measures of synaptic
plasticity

In both FO and F1 animal groups, there was a significant correlation
(FO Spearman r = 0.810, P = .022; F1 Spearman r = 0.801, P = .0009)
between averaged LTP fEPSP responses and NOP-associated Dls,
such that RHC-treated mice with CCH that exhibited higher DI also
demonstrated heightened synaptic plasticity, similar to these same
values in healthy controls, whereas untreated mice with CCH exhib-
ited decreased synaptic plasticity and lower NOP-associated Dls
(Figures 5A, 5B).

4 | DISCUSSION

Herein we provide the first evidence for the heritability of an epigenet-
ically induced resilience to dementia. Specifically, we show in a mouse
model of VCID that the protection afforded by an epigenetics-based
treatment against two functional metrics of memory impairment after
3 to 4 months of disease is manifested not only in treated animals, but
also in their first-generation offspring. These findings support the con-
cept of adaptive epigenetic conditioning as a therapeutic strategy for
reducing the burden of dementia both within and across generations.
While extended periods of hypoxia can be pathologic, appropriately
titrated, intermittent exposures to hypoxia show therapeutic efficacy
in anumber of disease states, without evidence of injury by the hypoxia
itself.31-33 We previously demonstrated that 4 months of RHC did not
affect the viability of hippocampal CA1 pyramidal cells, known to be
highly sensitive to hypoxia.3* Herein, neither mice treated directly with
2 months of RHC, nor their adult offspring, showed changes in white

matter myelin density, neurocognitive function, or synaptic plasticity.

Given impairments in NOP observed in mice after 1 month of
CCH,2435-37 it is not surprising that, in our study, 3 months of CCH
significantly decreased Dls and novelty preferences based on explo-
ration time. Both RHC-treated mice and the adult F1 offspring of
RHC-treated parents were resilient to such CCH-induced deficits, with
both cohorts exhibiting no loss of object recognition memory. Similarly,
although hippocampal LTP was negatively affected after 4 months of
CCH, RHC-treated animals and the adult F1 offspring of RHC-treated
parents demonstrated no CCH-induced deficits in synaptic plasticity.
Finally, we found strong within-animal correlations between ex vivo
measures of LTP and in vivo assessments of recognition memory (NOP-
associated DI) and in untreated and treated mice, in both generations,
consistent with an RHC-induced maintenance of synaptic plasticity in
the face of CCH, which in turn manifested functionally as neurocogni-
tive protection.

Our results support growing evidence that epigenetics-based treat-
ments, if repetitively administered, can provide long-lasting changes in
phenotype that can counterbalance the pathological changes induced
by chronic neurodegenerative diseases like dementia. Indeed, repeti-
tive patterns of hypoxic conditioning lessen disease severity in several
preclinical models of AD,*8-40 and two independent labs have docu-
mented the efficacy of “remote limb ischemic conditioning” (RLIC) in
the same mouse model of VCID as we used herein.**~43 In fact, given
the successful preclinical history of RLIC in protecting against ischemic
injury of brain, heart, and other tissues that are physically “remote”
from the intermittently ischemic skeletal muscle,** small clinical trials
of RLIC have reported success in patients with cerebral small-vessel
disease,*> subcortical ischemic vascular dementia,*® chronic cere-
bral circulation insufficiency,*” and poststroke cognitive impairment.*®
Moreover, one clinical study of patients with amnestic mild cognitive
impairment showed efficacy of a systemic hypoxia therapy very sim-

ilar to the one we used in mice (hypoxic challenges 3x/week over
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8 weeks) in improving short-term memory and attention.*” Despite
their small sample sizes, studies like these reflect a growing awareness
that distinct temporal patterns of systemic stimuli can trigger epige-
netic responses in the brain, and perhaps in the immune system as well,
that promote resilience to progressive dementia. However, no study
prior to ours has documented that such aninduced resiliency to disease
may manifest across generations.

Although previous investigations have demonstrated intergener-
ational inheritance of epigenetically modified phenotypes,®°->2 the
vast majority of research in this field has focused almost exclusively
on the inheritance of unhealthy phenotypes, successfully linking
repetitively presented stressors to the inheritance of increased dis-
ease susceptibility and disease itself>3-5¢ To our knowledge, only
three mammalian studies®’=>? have documented the inheritance of
induced, beneficial phenotypes in offspring, but these related only to
effects on resting, baseline health metrics. Specifically, environmental
enrichment in parental mouse housing improved baseline memory

in their F1 offspring,>”~8

and exposure of newborn male mice to
unpredictable maternal separation and unpredictable maternal stress
favored goal-directed behaviors and behavioral flexibility in their adult
offspring.>? However, our findings are the first to document the inheri-
tance of an epigenetically induced phenotype that is protective against
disease. We did not investigate whether the epigenetically induced,
intergenerational resilience to VCID we documented in F1-generation
mice extends to the F2 generation, or beyond, but there is evidence
in mammals that, at least for detrimental phenotypes, such effects are
possible.t©

Activating a broad, endogenously driven resiliency to memory loss—
rather than attempting to inhibit specific pathological mechanisms
with an exogenous pharmaceutical—is a concept worthy of further
investigation, particularly in light of our finding that such an epige-
netic therapy promotes dementia resilience and perhaps a broader
brain health across generations. Elucidating the many complex mech-
anisms underlying this induced, intergenerational protection against
VCID was beyond the scope of our present proof-of-concept study.
One obvious contributor would be an enhancement in cerebral blood
flow (CBF), secondary to angiogenesis-driven collateralization and/or
autoregulatory adjustments, that counters the reduction in perfusion
through stenosed carotids; indeed, improvements in CBF (by laser
speckle contrast imaging) and increases in capillary density were mea-
sured after 1 month of RLIC in this same VCID model.*! Resilience may
also be afforded by direct pro-survival adaptations that RHC induces
in cells of the neurovascular unit, rendering them more resistant to the
pathological consequences of CCH. The relative contributions of these
yet-to-be-identified mechanisms may show generation-dependence as
well, given that a previous genome-wide methylome analysis of DNA
promoters in the prefrontal cortices of FO mice treated with RHC,
and F1 mice derived from FO parents treated with RHC, revealed
largely distinct methylomes relative to their respective generation-
matched controls.3* It is likely that all three primary epigenetic regula-
tory mechanisms—DNA methylation, histone post-translational modi-
fications, and long-noncoding RNAs—are involved in establishing and

maintaining disease-resilient phenotypes in the somatic cells of the FO

mice, as well as laying down the differentiation blueprint in FO germ
cells such that their F1 progeny recapitulate these disease-resilient
phenotypes throughout adulthood.®>2 Given the robustness of the
induced resilience, we hypothesize that germ cell modifications in both
parents are necessary to establish the broad and deep modifications
in phenotype capable of protecting adult progeny against memory loss
caused by CCH; we have yet to test this hypothesis, but such resilience
may be transferred solely by the father or mother.¢3

Addressing several limitations of our study in future work will help
solidify our novel findings. In addition to a variety of mechanism-
focused investigations, expanding the battery of neurocognitive
assessments used to assess dementia resilience—including the Barnes
maze and Morris water maze tests, the radial arm maze test, the pas-
sive avoidance test, and others, would allow for the differentiation of
short- and long-term memory, provide measures of working memory,
and metrics of spatial learning as well, that our NOP test did not. In
addition, the mice in our study and many others using this VCID model
experienced CCH at roughly the human equivalent of middle-age; the
clinical relevance of our findings would be significantly underscored
by showing RHC-induced resilience in much older animals that more
closely align with the human age demographic that generally experi-
ences advancing dementia.

In conclusion, our study is the first to document that brief, repeti-
tive exposures to systemic hypoxia can epigenetically reprogram gene
expression to establish a dementia-resilient phenotype, resulting in
adult offspring that are also protected against memory loss despite
sustained cerebral hypoperfusion. The preservation of in vivo and ex
vivo functional metrics of memory/synaptic plasticity we demonstrate
herein represents the first mammalian evidence for the inheritance
of aninduced, disease-resilient, cerebroprotective phenotype. Related
studies, based upon our findings, can fundamentally impact how cur-
rent therapeutic approaches for reducing neurocognitive impairment
in VCID are conceptualized, provide mechanistic insights into epige-
netically mediated resilience to dementia, and set the stage for future
investigations to further explore the public health implications of the
inheritance of such beneficial phenotypes.
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