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Abstract

likely benefit high altitude operators.

Objective: This study sought to determine if there is an association between variants in the apolipoprotein E (ApoF)
promoter regions and development of white matter hyperintensities (WMH) in military subjects who have been
exposed to high altitude. In an earlier study, we found that ApoE status did not correlate with WMH development, and
here we hypothesized that regulation of APOE protein expression may be protective.

Results: Our cohort of 92 subjects encountered altitude exposures above 25,000 feet mean sea level through their
occupations as pilots or altitude chamber technicians. Using Tagman-style polymerase chain reaction genotyping and
t-tests and two-way analyses of variance we found no significant association between Apof promoter genotypes and
the presence, volume, or quantity of WMHs after high altitude exposure. Taken together, the observations that neither
ApoE genotype status nor promoter status are associated with WMH properties, we believe that the mechanism of
action for developing WMH does not derive from ApoE, nor would therapies for Apof-mediated neurodegeneration
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Introduction

White matter hyperintensities (WMH) are small lesions
in the brain that appear as bright signals on an MRI
(magnetic resonance imaging) radiograms [1]. These
lesions have been associated with decreased cognitive
performance [2] and decreased cerebral blood flow [3].
For those rare populations that encounter extreme high
altitudes (greater than 25,000 feet above mean sea level),
there is a real risk of repetitive non-hypoxic hypobaria
resulting in neurological defects. A self-report survey of
high altitude aviators found an apparent prevalence of
75% for decompression sickness [4]. As manned space
flight, high-altitude military missions, and high-altitude
recreational activities increase, there is a need to better
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understand how these lesions appear and how to identify
individual susceptibility to WMH development.

Previous studies from our group investigated the down-
stream effects of WMH [5, 6] as well as possible genetic
predispositions to developing WMH after altitude [7]. A
number of studies have shown that genetic variants of the
apolipoprotein E (ApoE) gene have been associated with
neurodegenerative disorders [8—10]. ApoE2 status corre-
lates with increasing brain WMHs [11], and ApoE geno-
type status is also associated with traumatic brain injury
recovery [10] as well as risk of hemorrhagic and ischemic
cerebrovascular disease [11]. ApoE4 is associated with an
increased risk of Alzheimer’s disease [12, 13], and yet is
protective in people who consume high levels of fish [14].
In a previous study, we did not find a significant associa-
tion between ApoE genotype status and altitude-associ-
ated WMH [7].

Considering the evidence for genetic associations of
Alzheimer’s disease and WMH burden, and relation-
ships between ApoE and Alzheimer’s disease, we elected

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0001-6610-5946
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13104-019-4654-9&domain=pdf

Chapleau et al. BMC Res Notes (2019) 12:630

to extend our earlier, null result, candidate gene study
to include promoter regions of the ApoE gene. A recent
multi-ethnic genome wide association study identified
eight single nucleotide polymorphisms (SNPs) in five
unique loci as genome-wide significant with association
to WMH burden, including both novel SNPs and novel
loci [15]. As a pilot study, here, we targeted two of those
variants with strong evidence of association between
neurodegenerative disease and neurological impact.
The —219 T/C variant (rs405509) was associated with
increased risk of late onset Alzheimer’s disease in combi-
nation with ApoE4 status [16]. A second study was able to
confirm the association of this SNP as well as to confirm
the association of the —427 T/G variant (rs769446) [17].
More recently, a meta-analysis of 23 Alzheimer’s disease
genetics studies confirmed the association of rs769446
but called into question the validity of rs405509 [18]. Our
hypothesis was that these promoter variants would be
associated with the development of WMH after exposure
to altitudes above 25,000 feet.

Main text

Methods

The phenotyping and genotyping methods used in this
study replicate our approach in the earlier ApoE status
study [7]. The methods are summarized here for clarity.

Study design and MRI data collection

Subjects were recruited from a research study investigat-
ing WMH burden in high altitude aircrew [5, 6]. From
the initial MRI study, we were able to enroll 44 pilots
and 48 altitude chamber operators. All participants were
healthy, adult males with MRIs collected in the original
study. MRI radiographs were measured from WMH bur-
den and data were combined with genotype data in fully
de-identified manner.

Sample collection and laboratory analysis

Purple-top blood tubes were sent directly to partici-
pants who were instructed to report to a military medical
treatment facility for phlebotomy. The facility then sent
blood to our lab for DNA extraction using the Promega
Maxwell 16 Blood DNA Purification kit and genotyping
by Thermo Fisher polymerase chain reaction genotyp-
ing assays (rs405509 and rs769446). The genotyping was
performed on a Thermo Fisher/ABI 7500 FAST thermo-
cycler using the instrument’s standard PCR genotyping
parameters.

Statistical analysis

Statistics were performed in GraphPad Prism 7.0c.
The factors for two-way ANOVAs were genotype (pri-
mary) and each of the phenotypes independently as
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second factors. Where applicable, multiple t-tests were
performed assuming similar scatter and using a 10%
false discovery rate according to the two-stage step-up
method of Benjamini, Krieger, and Yekutieli [19]. Addi-
tionally, Fisher’s exact test was used to determine if the
observed allele and genotype distributions were differ-
ent from global populations and also to determine odds
ratios, as described in the results section.

Results

Sample size calculations resulted in groups as small as
8 per genotype required using the average WMH lesion
volume for rs769446 groups (0.05+0.06 heterozygotes
vs. 0.1740.47 T-homozygotes). We observed 19 het-
erozygotes and 73 T homozygotes in these groups. Per-
forming sample size calculations for either lesion count
or lesion volume using rs405509 homozygotes (T/T vs.
G/QG) or alleles (T vs. G) resulted in very large cohort
sizes (1202 subjects per homozygous group when using
mean lesion count as the classifier). The average WMH
counts for the T/T, T/G, and G/G genotype groups at
rs405509 were 7.6+10.5 (n=16), 8.3+16.6 (n=52),
and 6.4+12.9 (n=24), respectively. Therefore, this study
was underpowered to identify a statistically significant
difference at this locus. As mentioned in the previous
work, the population in this study includes a representa-
tive sampling of between 50 and 90% of currently quali-
fied high altitude pilots [13], and approximately 1% of the
total population of high altitude pilots ever to have flown.
Therefore, our results from both studies are expected to
reflect the true population.

Compared to other populations, we observed sig-
nificantly more heterozygotes at rs405509 than in either
the global or American populations (P=0.017) [12]. We
found 55.4% heterozygotes in our study compared to
45.2% globally and 46.4% in US populations. This appears
to derive from a decrease in the G homozygotes where
we found 16.3% in our study vs. 30.2% and 26.5% in the
other populations, respectively. Our population con-
tained 28.3% T homozygotes, consistent with the 24.6%
and 27.1% values for the respective populations. Over-
all, the allele frequencies were not significantly different
when assessed using Fisher’s exact test (P=0.41). While
there were no C homozygotes in our population for
1s769446, we did observe 20.7% heterozygotes and 79.3%
T homozygotes, which is consistent with a C homozygote
frequency of 0.4% globally and of 0.0% in the US [12].

In a two-way analysis of variance between genotype
and WMH lesions, neither the interaction nor the geno-
type effects are considered significant, accounting for no
more than 3.1% of the total variance. The phenotypes
were the greatest sources of variance, accounting for
30.8% and 36.4% for rs405509 and rs769446, respectively.
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Multiple t-tests to evaluate possible associations between
genotype and WHM lesion count or volume revealed no
significant associations (Table 1).

When broken out by career field, the lack of an associa-
tion between ApoE promoter genotype status and WMH
variables becomes visually apparent (Fig. 1). As previ-
ously mentioned, we failed to observe statistical signifi-
cance between the differences of the means by multiple
t-tests at either locus for WMH lesion volume or count.
There appears to be a trend, although not significant, at
1s769446 that the C carriers have smaller volume and
lower count. Although this observation comes with the
caveat that there were no C homozygotes in the study
and only 19 heterozygotes.

Similarly to the previously published results regard-
ing ApoE genotype status, we found a positive associa-
tion between promoter genotypes and hours flown above
25,000 feet mean sea level (Fig. 2). Having a G allele at
rs405509 is associated with an odds ratio of 1.6 for accu-
mulating greater than 450 h above 25,000 feet (the mean
value for the heterozygotes). As alluded to above, there
were only two genotypes for rs769446 in the study and
only 19 heterozygotic subjects in the study, an odds ratio
calculation was not possible.

Discussion
As more high performance aircraft are being developed
with service ceilings greater than 50,000 feet, and as
commercial space flight is a reality, there is a clear need
to understand the impacts of flight on physiology and
to identify how an individual may be more resilient or
susceptible to these impacts. While we investigated alti-
tude exposure above 25,000 feet on WMH development,
repetitive exposure to altitudes above 10,000 feet is com-
monly seen in recreational parachuting and commercial
air travel is pressurized to 8000 feet. Therefore, gaining
a better understanding of the genetic risk or resilience
markers associated with high altitude exposure could
have a wide ranging medical impact.

The broad potential for individual exposures to ele-
vated altitudes, defined here as those altitudes at which
a person is not normally acclimated, to negatively impact

Table 1 T-test comparisons
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health is precisely why we feel these studies provide
important information. The earlier study determined
that ApoE genotype status was not associated with
WMH metrics, though it did identify that ApoE2 carri-
ers were found to have accumulated a higher number of
hours above 25,000 feet [7]. This is consistent with our
observation here that G carriers in the promoter region
at rs405509 also accumulated greater high altitude expo-
sures. Whether these observations are indicative of a
protective effect at altitude remains untested, but it could
provide insight to future studies at lower altitudes.

As a promoter variant, the role of rs405509 in human
health is complex. The G allele of this variant has been
associated with increased ApoE protein levels [20]. Fur-
thermore, G carriers also have been shown to have higher
cognitive functions in attention and executive func-
tion [21] and lower risk of incurring multiple concus-
sions [22]. Taken together, these observations suggest
that increased levels of ApoE protein could be protective
against neurological deficit caused by chronic high alti-
tude exposure. While we have now investigated the pos-
sible association of ApoE genotype and two promoter
variants with WMH development, we have not directly
interrogated protein levels. In living subjects the ApoE
protein levels can be checked in either circulating blood
or cerebrospinal fluid [23]. We collected whole blood in
our study but do not have the capabilities to quantify pro-
tein levels, therefore we extend our interpretation using
the discussions and observations of other researchers.

The cognitive decline seen in individuals with
increased WMH burden and the cognitive decline
found in persons with the ApoE promoter genotypes
tested here do not seem to be associated. From our
two studies, it appears that ApoE is not a contributing
risk factor for altitude-induced neurological damage.
The study by Verhaaren and co-workers [15] suggests
several more polymorphisms associated with white
matter hyperintensities which may provide additional
testable hypothesis to identify genetic risk markers for
altitude-induced WMH burden. Here we studied two
promoter variants within the same linkage disequilib-
rium (LD) block, in light of our negative association

Genotype comparison WMH count WMH volume Genotype comparison WMH count WMH
(rs405509) p value p-value (rs769446) p-value volume
p-value
T/Tvs.G/G 0.99 >0.99 C/Cvs. T/T N/AY N/A”
T/Tvs.T/G 0.97 >0.99 C/Cvs.C/T N/A N/AY
T/Gvs. G/G 0.95 >0.99 C/Tvs.T/T 0.19 0.28

" There were no C/C genotypes in the study
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Fig. 1 White matter hyperintensity (WMH) metrics by exposure group and ApoE promoter genotypes. There are no significant differences by any
of the three observed genotypes at rs405509 (top) for individual groups or the cohort as a whole (total cohort). Neither are there any significant
associations observed at rs769446 (bottom). Error bars represent standard deviation from the mean; sample sizes are indicated as italicized numbers

beneath the respective bar
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results and other studies finding associations in nearby
LD blocks, it may be possible that evaluating the — 491
variant (rs449647) [24]. Furthermore, their work
shows the power of genome wide association studies

for identifying risk markers, and could be extended
to identify positive markers of resilience against the
effects of altitude on WMH load. Performing such
studies with individuals exposed to a range of altitudes



Chapleau et al. BMC Res Notes (2019) 12:630

25004 © rs405509 T/T ® 5769446 T/T
= rs405509 T/G ® 5769446 C/T
2250 = A rs405509 G/G
2000 = A °
—
d *
1750 -
LI |
E e I j [ ]
S 1500
S
n
N 1250
g
3
21000 ~
4
3 750-
o
500
250
0
n=

Fig. 2 Average hours accumulated above 25,000 feet MSL by
genotype. The average values from left to right are 205, 451, 563, 607,
and 390 h, respectively. Error bars represent standard deviation from
the mean; sample sizes are indicated as italicized numbers beneath
the respective bar; significance was determined by Fisher's exact test

(*P<0.05,*** P <0.001)

could provide critical information for healthcare pro-
viders in aerospace and mountain medicine.

Limitations

The primary limitations of this study are: (1) the small
sample size (n=92), and (2) the emphasis on a single
gene and its promoter. While increasing the number
of participants is not practical as the career fields are
not growing rapidly, the continuous nature of the phe-
notype variables makes it possible to perform genome-
wide analyses for a hypothesis generating study on this
cohort size if the heritability of the WMH trait is high
enough (approximately 20-30%).

Abbreviations
ApoE: apolipoprotein E; MRI: magnetic resonance imaging; WMH: white matter
hyperintensity.
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