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Abstract 

Rationale: 

Acute intermittent hypoxia (AIH) shows promise for enhancing motor recovery in chronic spinal cord injuries and 

neurode gener ative diseases. However, human trials of AIH have reported significant variability in individual responses. 

Objectives: 

Identify individual factors (eg, genetics, age, and sex) that determine response magnitude of healthy adults to an optimized 

AIH protocol, acute intermittent h ypercapnic-h ypoxia (AIHH). 

Methods: 

In 17 healthy individuals (age = 27 ± 5 yr), associations between individual factors and changes in the magnitude of AIHH 

(15, 1-min O2 = 9.5%, CO2 = 5% episodes) induced changes in diaphragm motor-evoked potential (MEP) amplitude and 

inspiratory mouth occlusion pressures (P0.1) were evaluated. Single nucleotide polymorphisms (SNPs) in genes linked with 

mechanisms of AIH induced phrenic motor plasticity ( BDNF , HTR2A , TPH2 , MA O A , NTRK2 ) and neuronal plasticity 
(apolipoprotein E, APOE ) were tested. Variations in AIHH induced plasticity with age and sex were also analyzed. Additional 
experiments in humanized (h) ApoE knock-in rats were performed to test causality . 

Results: 

AIHH-induced changes in diaphragm MEP amplitudes were lower in individuals heterozygous for APOE4 (i.e., APOE3 / 4 ) 
compared to individuals with other APOE genotypes ( P = 0.048) and the other tested SNPs. Males exhibited a greater 
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diaphragm MEP enhancement versus females, regardless of age ( P = 0.004). Additionally, age was inversely related with 

change in P0.1 ( P = 0.007). In h ApoE4 knock-in rats, AIHH-induced phrenic motor plasticity was significantly lower than 

h A poE3 contr ols ( P < 0.05). 

Conclusions: 

APOE4 genotype, sex, and age are important biological determinants of AIHH-induced r espirator y motor plasticity in 

healthy adults. 

Addition to Knowledge Base: 

AIH is a novel rehabilitation str ate gy to induce functional recovery of respiratory and non-respiratory motor systems in 

people with chronic spinal cord injury and/or neurode gener ative disease . F igur e 5 Since most AIH trials r e port considera b le 
inter-indi vidual v aria bility in AIH outcomes, we inv estigated factors that potentiall y undermine the r esponse to an 

optimized AIH protocol, AIHH, in healthy humans. We demonstrate that genetics (particularly the lipid transporter, APOE ), 
age and sex are important biological determinants of AIHH-induced respiratory motor plasticity 

Gr aphical Abstr act 

Ke y w ords: intermittent h ypercapnic-h ypoxia; r espirator y neur oplasticity; biomarkers; genetics; APOE4 ; a ge; sex 

Introduction 

Impair ed br eathing is a critical health concern for individu- 
als living with lung and/or neuromuscular injury or disease. 
Re petiti v e exposur es to brief e pisodes of low inspir ed O 2 (acute 
intermittent hypoxia, AIH) induces r espirator y motor plastic- 
ity, which can be harnessed to impr ov e r espirator y and non- 
r espirator y motor function. 1 However, human studies published 

to date exhibit considera b le v aria bility in AIH responses; ∼30%– 
40% of all participants are low responders to AIH. 2 The funda- 
mental goal of this study was to identify genetic biomarkers 
and the influence of age and sex on individual AIH responses 
in healthy humans. 

In a published companion article, we r e ported that intermit- 
tent exposure to concurrent hypoxia and hypercapnia (AIHH: 
acute intermittent h ypercapnic-h ypoxia; ∼9.5% inspired O 2 ; 
∼4.5% inspired CO 2 ) elicited robust facilitation of diaphragm 

motor-ev oked potential (MEP) r eflection v olitional pathw ays 
to phrenic motor neurons, and mouth occlusion pressure in 

100 ms (P0.1), reflecting automatic ventilatory control, in healthy 
adults. 3 Combined hypoxia and hypercapnia are more effec- 
ti v e at triggering r espirator y motor plasticity in humans, 4 , 5 pos- 
sib l y because gr eater car otid chemor ece ptor acti v ation aug- 
ments serotonergic raphe neuron activity more than hypoxia 
alone, 6 , 7 and/or direct activation of raphe neurons b y h ypercap- 
nia, 8 thereby enhancing cell signaling cascades that strengthen 

synapses onto phrenic motor neurons. Consistent with pub- 
lished human AIH trials, 2 ∼40% of participants respond min- 
imally to AIHH (defined as < 25% increase in diaphragm MEP 
amplitudes). Since clinical trials investigating rehabilitation 

interventions often fail due to response heterogeneity, 9–11 iden- 
tifying biomarkers associated with individual responses is 
essential for successful large-scale clinical trials. 2 

Genomic analysis has improved healthcare precision in the 
treatment of cancer and other clinical disorders. 12 Similar focus 
on identifying genetic biomarkers to align genetic profiles or 
individual c har acteristics (age or sex) with the most effecti v e 
r eha bilitation str ate gies is lac king. Genetic factors re gulate AIH- 
induced serotonin 

13 and BDNF-dependent 14 phrenic motor plas- 
ticity in rats, 15 , 16 leading to the hypothesis that dysfunctional 
genes affecting peripher al c hemosensiti vity, ser otonergic func- 
tion and/or BDNF/TrkB signaling undermine AIH-induced res- 
piratory plasticity in humans ( Figure 1 ). Dysfunctional genes 
that undermine neuroplasticity in other regions of the central 
nervous system, such as alleles coding for the lipid transporter 
apolipoprotein E ( APOE ), may also contribute to lower individ- 
ual responses. For example, the APOE4 isoform is associated 

with Alzheimer’s disease, limited r ecov er y fr om neural injur y, 
impair ed glutamate r ece ptor function, and limited BDNF av ail- 
ability. 17 

Adv ancing a ge and sex ar e other c har acteristics that differ- 
entially affect AIH-induced phrenic motor plasticity in rats. 18 , 19 

An a ge-de pendent sexual dimorphism could contribute to 
AIH and AIHH response variability in humans. Clear links 
between g enetics, ag e, and sex with AIH/AIHH-induced phrenic 
motor plasticity in rodents informs our hypothesis that human 

r esponse heter ogeneity to AIHH 

3 is linked with dysfunctional 
single nucleotide polymorphisms (SNPs) in molecules known 

to regulate AIH-induced phrenic motor plasticity (eg, the BDNF- 
val/met mutation) as well as age and sex. 
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Figure 1. Conceptual diagram depicting cell signaling mechanisms (and candidate biomarker genes) for AIHH-induced r espirator y motor plasticity. The panel of SNPs 

with a population pr ev alence of > 10% wer e tested for association with reduced AIHH-induced plasticity in humans. These include 6 SNPs in genes inv olv ed in AIH cell 
signaling: (1) raphe chemosensiti v e cells ( PHOX2B ), (2) serotonin precursors in the central nervous system (tryptophan hydroxylase-2, TPH-2 ), (3) serotonin clearance 
enzyme (monoamine oxidase A, MA O A ), (4) ser otonin-2A r ece ptors ( HTR2A ), (5) brain-deri v ed neur otr ophic factor ( BDNF ), and (6) TrkB r ece ptors ( NTRK2 ). A sev enth 
dysfunctional SNP in neuroplasticity related gene, APOE ( APOE4 ), was also tested for association. 

Protocol and Methods 

The present study was approved by the Institutional Review 

Board (IRB202000711) for human studies, and the Institutional 
Animal Care and Use Committee (IACUC202110316) for rat stud- 
ies at the Uni v ersity of Florida. Human pr ocedur es wer e per- 
formed in accordance with the Declaration of Helsinki, except 
for re gistr ation in a database . This stud y is part of a lar ger 
resear c h effort directed at optimizing AIH protocols with the use 
of AIHH in humans (see Welch et al. 3 ). For more information 

concerning methodological approaches and results, see Supple- 
mentary Material and Welch et al. 3 

Participants 

Sev enteen participants (a g e rang e = 20–40 yr, mean 

age = 27 ± 5 yr, 9 females) signed a written informed con- 
sent form to participate in the study. 3 Participants with known 

pulmonary diseases (eg, asthma), car dio vascular diseases (eg, 
hypertension, diabetes mellitus, and morbid obesity), respi- 
rator y, neur ological, or infectious disease/illness, a history of 
seizures, migraine (in prior 6 mo), and/or metallic implants 
around the head, chest or shoulder region were excluded from 

the stud y. P articipant’s physical training status and fitness 
was not considered. Females were screened for pregnancy. 
Participants were asked to refrain from caffeine consumption 

8 h prior to testing. 

Experimental Design 

A detailed description of the experimental protocol and out- 
come measur es ar e described elsewher e 3 and in Supplementar y 
Material. Briefly, in a single-b lind, cr oss-ov er Sham-contr olled 

experiment, participants r ecei v ed on 2 d (separated by ≥3 d): 
AIHH (15, 1-min h ypercapnic-h ypoxia episodes with 1.5 min 

interv als br eathing r oom air) and normocapnic-normoxia (Sham 

control). During AIHH, participants inspired from a Douglas bag 
filled with ∼9.5% O 2 and 4.5% CO 2 (balance N 2 ). Participants 
breathed ambient air during Sham. 

Measures of Respir a tory Neuroplasticity 

Diaphragm MEPs induced by transcranial magnetic stimulation 

were used to assess cortico-diaphragmatic neurotransmis- 
sion. 3 , 20 , 21 Spontaneous r espirator y dri v e w as estimated using 
mouth occlusion pr essur e in 0.1 s (P0.1) during r esting br eath- 
ing. 22 Tidal volume, breathing frequency, and minute ventilation 

wer e also measur ed befor e (Pr e), during, and after (Post) AIHH 

and Sham. The magnitude of AIHH-induced plasticity was 
quantified as percentage change from baseline [(Post − Pr e)/Pr e 
× 100]. 

Candidate Gene and Single-Nucleotide Polymorphism 

Selection 

Based on known roles of molecules in AIH-induced phrenic 
motor plasticity and a minimum population penetrance of 
10%, 3 , 23 , 24 we screened for 9 SNPs in genomic DN A extr acted 

from the subject’s saliva. Seven candidate genes ( Figure 1 ; Table 
1 ) included autosomal SNPs in: apolipoprotein ( APOE4 , SNP 
IDs: rs429358 [T > C] and rs7412 [T > C]), pr ev alence: APOE4 
homozygous ∼11%, 17 , 25 , 26 APOE3/4 heterozygous ∼15–25% 

27 , 28 ; 
brain-deri v ed neur otr ophic factor ( BDNFval/met , SNP ID: rs6265 
[C > T], pr ev alence ∼30%–50% 

14 , 29–31 ); neur otr ophic r ece ptor 
tyrosine kinase 2 ( NTRK2 , SNP ID: rs1212171 [C > T], prevalence 
∼50% 

32–34 ); tryptophan hydroxylase 2 ( TPH2 , SNP ID: rs7305115, 
[A > G], pr ev alence 38%–58% 

35 , 36 ); 5-hydr oxytr yptamine 
r ece ptor 2A ( HTR2A , SNP ID: rs6313 [A > G], pr ev alence ∼42% 

37 ); and, paired-like homeobox 2B ( PHOX2B , SNP ID: rs16853571 
[A > C], pr ev alence ∼6–14% 

38 ). 
SNPs in sex chromosomes include male monoamine oxidase 

A ( MA O A , SNP ID: rs5906957 [A > G], pr ev alence ∼36% in male 39 ) 
and female MA O A gene (SNP ID: rs1137070 [C > T], pr ev alence 
∼31% in female 40 ). 

DN A Extr action and Genotyping 

Saliva Collection and Storage 
Participants dr ool sali v a w as collected in a DN A/RN A Shield 

Sali v a Collection kit (Genesee Inc.). Genomic (g) DNA from the 
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Nair et al. 5 

sali v a w as extracted using a spin column-based DNA isola- 
tion kit (Zymo Quic k-DN A Minipr e p Kit Cat# D4069). Extracted 

gDNA was quantified via spectrophotometry (NanoDrop Model 
2000C, Thermo Fisher Scientific) and sample purity was esti- 
mated by absorbance ratio of A260/A280 (sample range: ≥1.8– 
2.0). Extr acted DN A was diluted to 1 ng/ μL concentr ation and 

used as templates in real time quantitati v e pol ymer ase c hain 

reaction (PCRs; QuantStudio3; Applied Biosystems). A 5 ′ to 3 ′ 

exonuclease assay in TaqMan (Applied Biosystems) was used to 
amplify the gene SNP of interest. SNP genotyping calls were per- 
formed with TaqMan Genotyper Softw ar e (Thermo Fisher Sci- 
entific Inc.). Human DNA samples with known genotype from 

Coriell Institute’s Medical Resear c h Re positor y wer e used as con- 
trol identifier for TaqMan Genotyper Software. 

Genotype Coding Used for Regression Analysis 
Prior to applying linear model r egr ession for SNP loci analysis, 
genotypes wer e r ecoded: (1) for BDNF , the “T” allele number 
was counted; (2) for APOE , the number of allele “C” in 2 loci, ie, 
rs429358, and rs7412 were counted, and if the n umber w as ≥3, 
the new v aria b le w as set to 1 (otherwise 0); (3) for NTRK2 , the 
number of allele “T”; (4) for HTR2A , the number of allele “G”; 
and (5) for TPH2 , the number of allele “G” was counted. Since 
MA O A SNP loci (male, rs5906957 and female, rs1137070) have dif- 
ferent localizations on the X c hromosome , w e str atified results 
based on sex and analyzed them separately. Data from PHOX2B 
SNP (rs16853571) was omitted in the analysis due to lack of gene 
variation in our study sample. For SNP locus analysis, variables 
age and sex were considered as covariates. 

Humanized ApoE Knock-in Rat Experiments 

Based on the observed association between APOE3/4 and 

impair ed AIHH-induced diaphra gm plasticity in humans, we 
performed follow up experiments in adult male Sprague–Da wle y 
rats (345–385 g; Envigo , IN , USA) with homozygous knock-in 

humanized ApoE3 (h ApoE3 ; ID #395, n = 4) or ApoE4 (h ApoE4 ; ID 

#359, n = 3). Neurophysiology experiments were performed in 

ur ethane anesthetized, paral yzed, and v entilated rats at times 
consistent with human AIHH treatments (ie, active phase; 12 am 

in rats 41 ). The primary outcome measure was the amplitude of 
inte gr ated phr enic nerv e bursts (1-min av era ges), taken befor e, 
during, and 30, 60, and 90 min after exposure to an AIHH protocol 
compara b le to that deli v er ed to humans (15, 1 min episodes of 
h ypercapnic-h ypoxia; 1.5 min intervals). Experimental details of 
these neurophysiolo gy e xperiments ar e pr ovided in the supple- 
mental section and elsewhere. 42–44 Ethical approval of all exper- 
iments were granted by the Uni v ersity of Florida Institutional 
Animal Care and Use Committee. 

Statistics 

The quality of SNP genotype data was analyzed for deviations 
from Har d y Weinber g equilibrium using both the Exact Test and 

Chi-Squared Test. A single-locus analysis was used to assess the 
association of each SNP with treatment outcome. 45 After adjust- 
ing for age and sex, the association between percentage change 
from baseline and SNPs was explored using a linear regression 

model in R softw ar e. 46 A detailed description of SNP genotype 
coding used for liner r egr ession anal ysis is pr ovided in the sup- 
plementary section. The association of age and sex with primary 
de pendent v aria b les (diaphra gm MEPs and P0.1) wer e anal yzed 

using a liner r egr ession model. 

Table 2. Association of SNPs with percentage change from baseline 
in diaphragm MEP amplitudes. 

SNP Estimate Std. Error t -value P -value 

BDNFval/met 0.2109 0.1928 1.0938 0.2939 
APOE3/4 −0.3802 0.1739 −2.1868 0.0476 ∗

NTRK2 −0.1515 0.1633 −0.9279 0.3703 
HTR2A 0.1995 0.1889 1.0559 0.3102 
TPH2 −0.2506 0.1234 −2.0312 0.0632 
MA O A (male) 0.0239 0.0934 0.2557 0.8084 
MA O A (female) −0.2862 0.3171 −0.9026 0.4015 

∗P < 0.05. 

Table 3. Association of SNPs with percentage change from baseline 
in mouth occlusion pr essur e in 0.1 s (P0.1). 

SNP Estimate Std. Error t -value P -value 

BDNFval/met 0.0212 0.1435 0.1475 0.885 
APOE3/4 0.1997 0.1339 1.4908 0.1599 
NTRK2 0.0411 0.1196 0.3433 0.7369 
HTR2A 0.1109 0.1369 0.8099 0.4325 
TPH2 0.0002 0.1009 0.0017 0.9987 
MA O A (male) 0.0948 0.146 0.6496 0.5446 
MA O A (female) −0.0133 0.1287 −0.1031 0.9213 

∗P < 0.05. 

Peak phrenic nerve burst amplitude was averaged over 1 min 

immediatel y befor e b lood samples wer e taken at baseline and 

at 30, 60, and 90 min post-AIHH. Phrenic nerve burst amplitude 
w as anal yzed using a bsolute v alues and normalized as a per- 
centag e chang e from baseline. Phrenic responses were analyzed 

using a 2-way repeated measures ANOVA with Tukey’s post-hoc 
analysis (SigmaPlot, v12.0; Systat Software, San Jose, CA, USA). 
Differ ences wer e consider ed significant when P < 0.05. Data are 
expressed as mean ± SD. 

Results 

Demogr aphics, genotype , and pre to post percentage change in 

primar y de pendent v aria b les (MEP and P0.1) following AIHH and 

Sham for each participant are presented in Table 1 . A detailed 

r e port of the cardior espirator y r esponses during AIHH expo- 
sure in the same set of individuals is presented in a companion 

paper. 3 Only genetics, age, and sex effects on diaphragm MEP 
amplitudes and P0.1 are presented here; age and sex effects are 
presented in Supplementary Material. 

Gene SNPs Associated With Dysfunctional 
AIHH-induced Plasticity 

No de partur e fr om Har d y–Weinber g equilibria w as observ ed 

within the screened autosome or sex chromosome loci. For 
brevity, and due to their associations with AIHH-induced plastic- 
ity, we r e port r esults in this man uscript for BDNFval/met , APOE4 , 
and TPH2 SNPs. A complete summary of all SNPs and multiple 
r egr ession anal yses for percenta g e chang e in diaphragm MEP 
amplitudes and P0.1 are provided in Tables 2 and 3 , respectively. 
One participant (participant ID: S06; Ta b le 1 ) with TPH2 homozy- 
gous major “A” allele w as identified statisticall y (Cook’s D > 4) as 
the most influential data point in the r egr ession for percenta ge 
c hange in diaphr agm MEP amplitudes ( F igur e 2 ). Ther efor e, data 
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Figure 2. Relati v e (percenta g e chang e from baseline) chang es in diaphragm MEP amplitudes and mouth occlusion pr essur e (P0.1) in indi viduals with BDNFval/met 

(panels A and B) and APOE3/4 (panels C and D) SNP. No associations were observed between individuals with BDNFval/met and the change in MEP amplitudes (panel A) 

or P0.1 (panel B). Individuals with dysfunctional APOE3/4 allele were associated with a significantly lower AIHH-induced change in MEP amplitude ( t = −2.28, P = 0.048, 
panel C). However, no association between APOE3/4 and AIHH-induced P0.1 responses were observed (panel D). � = c hange . ∗P < 0.05. Results expressed as mean ± SD. 

= participant (S6) was identified as the most influential point (Cook’s D > 4) in the per centage c hange in diaphragm MEP amplitudes, therefore, the data were not 

included in group analyses. 

from S06 was not included in any analysis except for TPH2 group 

analysis. 

BDNFval/met (rs6265) 
Eight participants were heterozygous, and none were homozy- 
gous for the BDNFval/met allele. No significant difference was 
observed between BDNFval/met heterozygotes and individuals 
without BDNFval/met for per centage c hange in diaphr agm MEP 
amplitudes ( Figure 2 A; Table 2 , P = 0.290, t = 1.090) or P0.1 ( Figure 
2 B; Ta b le 3 , P = 0.885, t = 0.150). 

APOE (rs429358 and rs7412) 
Fi v e participants wer e heter ozygous for APOE4 (ie, APOE3/4 ); 
none were homozygous for APOE4 . The APOE3/4 genotype was 
associated with diminished percentage change in diaphragm 

MEP amplitudes following AIHH ( Figure 2 C, Ta b le 2 , P = 0.048, t = 

−2.187). The percentage change in diaphragm MEP amplitudes 
was 38% lower in individuals with APOE3/4 ( APOE3/4 + ) versus 
indi viduals carr ying other allelic APOE isoforms (eg, APOE3/4 −). 
In contrast, no significant association between APOE3/4 + and 

per centage c hange in P0.1 w as observ ed ( Figur e 2 D; Ta b le 3 , 
P = 0.159, t = 1.490). 

TPH2 (rs7305115) 
Tw o participants w ere homozygous for the TPH2 major “A” allele 
(participant ID: S01 and S06), 8 participants were heterozy- 
gous and 7 homozygous for the dysfunctional minor “G” allele. 
Although not statistically significant, there was a marginal asso- 
ciation between the presence of at least 1 “G” allele and percent- 
ag e chang e in diaphragm MEP amplitudes ( P = 0.063, t = −2.030). 
The coefficient of the TPH2 gene was −0.251, meaning responses 
w ere 25.1% low er than aver age with 1 “G” allele. This effect was 
primarily influenced by the outlier participant (S06) who was 
homozygous for “A” allele. No association w as observ ed between 

TPH2 locus variants and P0.1 ( P = 0.990, t = 0.002). 

Age–Sex Dimorphism in Diaphragm MEPs 

No significant relationship was found between age and percent- 
ag e chang e in diaphragm MEP amplitude following AIHH ( Figure 
4 A; r = 0.08, 95% CI = −2.47–3.32, P = 0.758). No significant differ- 
ences in diaphragm MEP amplitude change wer e observ ed with 

age in males ( Figure 4 B; r = 0.24, 95% CI = −1.18 to −0.4.24, 
P = 0.217) or females ( Figure 4 B; r = −0.01, 95% CI = −5.75– 
4.38, P = 0.752). However, males had significantly higher per- 
centag e chang e in diaphragm MEP amplitudes versus females, 
r egardless of a ge (mean differ ence = 37 ± 10.8%, F = 12.17, 
P = 0.004). 

Age–Sex Dimorphism in P0.1 

A negati v e corr elation w as observ ed betw een per centage c hange 
in P0.1 and participant’s age, despite the limited age range 
included in this study ( Figure 4 C; r = −0.64, 95% CI = −0.85 to 
−0.23, P = 0.007). Eac h y ear of increasing age corresponded to 
a 3.9% decrease in P0.1 response. The decline in P0.1 with age 
was explained by male ( Figure 4 D; r = −0.73, 95% CI = −0.95 to 
−0.07, P = 0.036) versus female responses ( Figure 4 C; r = −0.29, 
95% CI = −0.83 to −0.52, P = 0.480) to AIHH. Regression slope 
( F = 1.77, P = 0.210) and intercept ( F = 1.5, P = 0.240) for per- 
centag e chang e in P0.1 wer e not significantl y differ ent between 

males and females. 

Humanized ApoE Knock-in Rats and AIHH-induced 

Phrenic Long-term Facilitation 

Figur e 3 A shows av era ge phr enic nerv e burst amplitudes dur- 
ing and following AIHH. Baseline phrenic nerve amplitudes 
were not different between groups (h ApoE3 : 0.023 ± 0.007 V; 
hApoE4 : 0.022 ± 0.013 V). On the other hand, AIHH elicited sig- 
nificant phrenic long-term facilitation in h ApoE3 ( P = 0.025 ver- 
sus baseline), but not in h ApoE4 rats ( P = 0.995). A signifi- 
cant inter action betw een genotype and time post-AIHH was 
observ ed in phr enic long-term facilitation ma gnitude ( Figur e 3 B; 
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Figure 3. AIHH elicits phrenic long-term facilitation in h ApoE3 but not hApoE4 knoc k-in r ats. P anel A sho ws av era ge traces of phr enic nerv e amplitude for h A poE3 

( n = 4; gray) and h ApoE4 ( n = 3; black) knock-in rats, ∗P < 0.050 versus baseline. Panel B phrenic burst amplitude (percentage change from baseline) in hApoE3 (gray 
circles) and h ApoE4 (black circles) rats, + P < 0.005 versus h ApoE4 . � = c hange . Results expressed as mean ± SD. 

Figure 4. Relationship between age and sex on the magnitude (percentage change from baseline) of change in diaphragm MEP amplitudes (panels A and B), and mouth 

occlusion pr essur e in 0.1 s (P0.1, panels C and D) following AIHH. No association between age and the magnitude of change in diaphragm MEP amplitudes was observed 
(panel A). Regardless of age, males (blac k line , panel B) had significantly greater responses in MEP amplitudes versus females (gray line, panel B). The magnitude of 
change in P0.1 reduced significantly with age (panel C); however, the decline was more pronounced in males ( r = −0.73, P = 0.036, black line, panel D) versus females ( r 
= −0.29, P = 0.480, gr ay line , panel D). � = c hange . ∗P < 0.05. Results expressed as mean ± SD. = participant (S6) was identified as the most influential point (Cook’s 

D > 4) in the percentage change in diaphragm MEP amplitudes, therefore, the data was not included in group analyses. 

F = 5.93, P = 0.007). AIHH-induced phrenic long-term facilita- 
tion in h ApoE3 rats was significantly greater than h ApoE4 at 
30 min ( P = 0.004), 60 min ( P = 0.002), and 90 min ( P < 0.001) 
post-AIHH. While the “ n ” for rat experiments was 3–4 rats per 
genotype , the pow er of the performed experiments was 0.823 
and the effect size between h ApoE3 and h ApoE4 was quite large 
(Cohen’s d = 3.858). Ther efor e, using additional rats would have 
violated commonl y acce pted practices r elating to minimizing 
animal use. Arterial CO 2 partial pr essur es at baseline (h ApoE3 : 

43.9 ± 1.5 mm Hg; h ApoE4 : 45.7 ± 1.2 mm Hg) and 90 min post- 
AIHH (h ApoE3 : 44.4 ± 1.6 mm Hg; h ApoE4 : 46.2 ± 0.4 mm Hg) were 
not different. 

Discussion 

We investigated the role of genetics, age, and sex on AIHH- 
induced r espirator y motor plasticity of both cortical (presum- 
a b l y v olitional) diaphra gm MEPs and brainstem automatic 
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(P0.1) neural pathways in healthy adults. We r e port incr eased 

diaphragm MEP amplitudes following AIHH are diminished in 

people heterozygous for the APOE4 allele and unaffected in 

BDNFval/met heterozygotes. Regardless of age, the percentage 
c hange in diaphr agm MEP amplitudes following AIHH is greater 
in males versus females, whereas sex does not influence the 
magnitude of change in P0.1. Finally, despite the limited age 
range in this study (20–40 yr), ther e w as a negati v e corr elation 

between age and P0.1 facilitation. Neurophysiological experi- 
ments in hApoE3 and hApoE4 knock-in rats confirmed a causal 
r elationship between hA poE4 genotype and impair ed phr enic 
motor plasticity. 

SNPs and AIH/AIHH-induced Plasticity 

To investigate SNPs that influence AIH/AIHH-induced respi- 
ratory motor plasticity, a panel of genes was assessed cho- 
sen based on their known links to phrenic motor plasticity in 

rodents, including SNPs linked to serotonin synthesis ( TPH2 ), 
clearance ( MA O A ), or r ece ptors ( HTR2A ), a key neur otr ophic fac- 
tor ( BDNF ), and its high affinity r ece ptor ( NTRK2 ), as well as 
chemor ece ptor function ( PHOX2B ). A seventh gene, APOE4 was 
added to the panel due to its association with impaired neu- 
roplasticity, 17 including AIH-induced phrenic long-term facilita- 
tion. 47 

No association was found between 6 gene SNPs and AIHH- 
induced r espirator y motor plasticity in the humans studied 

her e. Tr yptophan hydr oxylase-2 ( TPH2 ) is the rate limiting 
enzyme for serotonin synthesis 36 ; presence of a “G” allele in 

exon 7 of the TPH2 gene is associated with reduced serotonin 

bioav aila bility. 35 , 48 An apparent (but not significant; P = 0.063) 
∼25% diminished response in the presence of 1 TPH2 “G” allele 
r equir es further study. 

Since BDNF is both necessary and sufficient for AIH-induced 

phrenic motor plasticity in rats, 14 we hypothesized that the 
dysfunctional BDNFval/met allele undermines plasticity. BDNF- 
val/met is a common missense single nucleotide C > T poly- 
morphic mutation at codon 66 of BDNF gene, resulting in amino 
acid methionine (Met) substituting valine (Val). BDNFval66met or 
BDNFval/met mutation, impairs the pro-domain region of BDNF 
protein, disrupting the normal tr affic king of mature BDNF from 

neuron soma to dendrites. 49–51 This dysfunctional BDNF SNP is 
associated with reduced exercise-induced plasticity and func- 
tional r ecov er y in people with spinal cord injury or traumatic 
brain injury. 31 , 52 , 53 However, contrary to our hypothesis, no asso- 
ciation between BDNFval/met mutation and AIHH-induced res- 
piratory motor plasticity was found ( Figure 2 A). We speculate 
that in healthy adults, one fully functional allele is sufficient to 
meet physiological demands and/or ena b le adequate responses 
to certain physiological stimuli, such as AIHH. Since no partic- 
ipants had homozygous BDNFval/met mutation, we cannot rule 
out an association between homozygous BDNFval/met and res- 
piratory motor plasticity. 

APOE is a triglyceride rich low-density lipoprotein that facil- 
itates lipid transport between cells. APOE is highly expressed 

in the central nervous system, with 3 common human iso- 
forms (E2, E3, and E4). 54 With respect to neuroplasticity, the T 

to C nucleotide substitutions at APOE loci ( APOE4 ) leads to argi- 
nine substitutions in the 112 and 159 positions (SNPs rs429358 
and rs7412), and is the most consequential SNP mutation for 
neuroplasticity. Homozygous APOE4 allele is present in 11%– 
14% of people, wher eas heter ozygous APOE3/4 allele is found in 

about 15%–25% of people 27 , 28 ; In this group of study subjects, 

we observed a slightly higher percentage of APOE3/4 heterozy- 
gotes ( ∼29%), which may be attributed to our small sample size. 
Individuals with the APOE4 allele experience diminished motor 
r ecov er y following spinal cord injury versus other APOE alleles. 25 

APOE4 protein isoform has been hypothesized to impair AIH- 
induced plasticity 47 as it reduces NMDA and AMPA receptor recy- 
cling in the post-synaptic membr ane , and limits BDNF av aila bil- 
ity. A recent study in transgenic mice with knock-in hApoE4 sug- 
gested that APOE4 protein isoform is associated with impaired 

AIH-induced r espirator y motor plasticity, 47 consistent with our 
observation that at least 1 dysfunctional APOE4 allele was asso- 
ciated with 38% reduction in AIHH-induced diaphragm MEP 
facilitation. Thus, stratifying participants based on Mendelian 

randomization of known genetic risk factors may be critical for 
success of large phase II and III clinical trials investigating the 
efficacy of AIH/AIHH. 56 

Causal Link Between APOE4 on AIHH-induced 

Respir a tory Motor Plasticity 

To demonstrate a causal link between APOE4 and AIHH-induced 

r espirator y motor plasticity, we performed neurophysiology 
experiments in h ApoE4 and h ApoE3 knock-in rats using a 
nearly identical AIHH protocol to humans (15, 1-min episodes 
of h ypercapnic-h ypoxia during the night, or the acti v e phase 
for rats). Whereas rats with h ApoE3 manifested robust AIHH- 
induced phrenic long-term facilitation ( ∼60% increase at 90 min 

post AIHH), h ApoE4 rats failed to express significant plastic- 
ity. Thus, APOE4 undermines AIHH-induced r espirator y motor 
plasticity in rats. This further strengthens findings r e ported 

here in humans, and the need for biomarker identification in 

clinical trials. Our data support an earlier r e port by Strattan 

and colleagues 47 where h ApoE4 mice failed to express AIH- 
induced r espirator y plasticity, despite study differ ences such as 
species (mice versus rats), plasticity-inducing protocol (AIH ver- 
sus AIHH) and time of day (rest versus active phase). 

Although the mechanistic link between a dysfunctional 
APOE4 allele and reduced spinal plasticity is not yet known, 
we suggest a few plausible hypotheses. APOE4 protein isoform 

conv erts micr oglia to a pr o-inflammator y phenotype , 26 whic h 

may undermine phrenic motor plasticity. 55 Further, the observa- 
tion that h ApoE4 mice exhibit more extensive perineuronal nets 
after spinal cord injury 47 suggests an alternate mechanism, and 

suggests a distinct therapeutic target to mitigate the dysfunc- 
tional effects of APOE4 genotype. Future studies investigating 
APOE4 induced pathophysiology may r ev eal additional targets 
to unlock AIHH-induced neuroplasticity in APOE4 carriers. 

Unlike the association of APOE3/4 and TPH2 SNPs with 

r educed diaphra gm MEP r esponses following AIHH, no similar 
association was found between these genotypes and P0.1. This 
difference could be due to distinctions in the neuronal pathways 
utilized with tr anscr anial magnetic stimulation (reflecting voli- 
tional control of breathing) versus automatic (bulbospinal) path- 
w ays to phr enic motor neur ons and/or the corr elation between 

participants’ age and P0.1 facilitation (see below), which likely 
obscured the influence of genetic factors. 

Age–Sex Dimorphism in AIHH-induced Plasticity 

Decades of rodent work demonstrate a link between age, sex, 
and AIH-induced phrenic motor plasticity. 18 , 19 , 56 , 57 Although 

our r esults ar e generall y consistent with prior observations in 

rats, there were some interesting differences. 
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Diaphragm MEP Responses 
We observed that in healthy adults, regardless of age, corti- 
cospinal plasticity (ie, diaphragm MEPs) was significantly greater 
in males versus females (mean difference = 37 ± 10.8%). Sex dif- 
ferences in the neural control of breathing have been observed 

during v entilator y challenges 58 , 59 and the capacity for respira- 
tor y neur oplasticity 60 , 61 . These sex differences could be caused 

by ovarian hormones that affect neurotransmission. In rats, 
hippocampal long-term potentiation is induced more readily 
in males versus females due to excitatory effects of testos- 
terone. 62 , 63 In females with normal menstruation, circulating 
pr ogester one r educes cortical excita bility. 64 , 65 During the luteal 
phase of menstrual cycle (high pr ogester one), incr eased inhibi- 
tion and decreased facilitation of TMS r esponses ar e observ ed, 
which is indicati v e of increased GABAergic effects from pro- 
gester one meta bolites. 65 In contrast, there is increased cortical 
facilitator y acti vity during the mid-follicular phase of the men- 
strual c ycle (lo w pr ogester one, high estr ogen). Thus, our results 
are in line with previous liter ature . 

P0.1 Responses 
A significant decrease in AIHH-induced P0.1 plasticity was 
observ ed with incr easing a ge; eac h y ear of age in the range 
studied (20–40 yr) led to a fall in P0.1 plasticity of ∼3.9%. This 
a ge-r elated dr op w as mor e pr onounced in males than females. 
Negati v e pr essur e gener ation in 0.1 s of an occluded inspir ation 

r eflects r espirator y neur omechanical dri v e prior to influences 
fr om br eath-r elated sensor y feedbac k, suc h as from lung or 
chest w all r ece ptors. 22 Explanations for diminished AIH/AIHH- 
induced neuroplasticity with age observed in the present study 
include: (1) decreasing sex hormone (testosterone/estrogen) 
levels 19 , 66 ; (2) diminished serotonergic function 

18 ; and/or (3) 
increased extracellular CNS adenosine levels. 67–69 

Since changes in P0.1 reflect automatic control of breath- 
ing, it may be mor e equi v alent to r odent phr enic long-term 

facilitation versus MEPs. In rats, phrenic long-term facilitation 

decreases as males reach middle-age, 19 but increases in middle- 
aged females (when normalized for stage of the estrus cycle). 70 

Estr ogen suppr esses pr o-inflammator y micr oglial acti vities 71 

and even mild inflammation impairs phrenic long-term facil- 
itation. 55 , 72 , 73 Testosterone is necessary for phrenic long-term 

facilitation in males because it is a substrate for aromatase- 
de pendent CNS estr ogen formation. 66 In male rats, testoster one 
peaks at ∼2–6 mo of a ge, equi v alent to ∼18–40 yr in humans, 74–76 

which is then followed by a gradual decline, similar to human 

males in the ∼40–60 yr age r ange . 77 , 78 Since the age of our partici- 
pants ranged from 20 to 40 yr, reduced serum sex hormone levels 
ar e unlikel y to explain variance in P0.1 responses; furthermore, 
the per centage c hange in P0.1 was not significantly different 
between sexes in this study. Adenosine is another major regula- 
tor of AIH-induced phrenic motor plasticity in rats. 79 , 80 Although 

direct evidence of an increase in extracellular adenosine levels 
in the central nervous system of humans is not av aila b le to the 
best of our knowledge , sever al convincing animal models con- 
firms this observation, 81–83 potentially explaining reduced P0.1 
plasticity with age in our study. 

Limitations 

This is a proof of principle study to investigate the impact of 
individual biological factors, such as genetics, age, and sex, on 

ability of AIH to elicit r espirator y motor plasticity in healthy 

young adults. Our moderate AIHH protocol has not been pre- 
viously studied in humans; thus, w e deliber ately c hose nor- 
mal healthy humans to c har acterize this response , and w ere 
not focused initially on the impact of age and sex. Since this 
work is not a clinical study that reflects the range of age, 
sex, and genetics, it must be interpreted cautiously as we 
translate our findings in clinical populations. Follow-up stud- 
ies targeting a broader age range reflecting a typical popu- 
lation of people with SCI are needed to validate the find- 
ings r e ported her e befor e extrapolating them to clinical trial 
design. 

The menstrual cycle phase in female participants was not 
controlled in this study. The human menstrual cycle is a com- 
plex and dynamic process that involves hormonal fluctuations 
with associated changes in physiological and psychological 
function. The timing and intensity of these changes can v ar y 
widel y between indi viduals, making it difficult to control for 
their effects in a small sample size. In the present study, we 
did not have sufficient statistical power to detect possible men- 
strual cycle effects. Further, menstrual cycle-related effects on 

neuroplasticity may be influenced by a variety of factors, includ- 
ing age , contr aception use , and underlying medical conditions. 
Controlling all of these factors will require careful selection of 
participants in a larger sample size and include additional sta- 
tistical analyses. 

The humans studied here included a number of individuals 
that wer e heter ozygous for APOE4 , wher eas the knoc k-in r ats 
studied were homozygous for the human APOE4 allele. It is cer- 
tainl y possib le that heter o- v ersus homozygosity will impact the 
results, although other reports suggest that people with either 
one and two APOE4 alleles both exhibit worse neurological out- 
comes, longer hospital stays, and less motor r ecov er y during 
r eha bilitation v ersus indi viduals with other APOE alleles. 25 , 84 

Nevertheless, studies of rats homozygous for the APOE4 allele 
may over-estimate impairment of AIH-induced phrenic motor 
plasticity (which w as a bolished) v ersus rats (or humans) with a 
single APOE4 allele. 

Future studies comparing homozygous versus heterozygous 
rats and humans will yield important insights. 

Conclusions 

We provide evidence that the APOE4 allele , age , and sex are 
important biological determinants of AIHH-induced r espirator y 
motor plasticity in humans. The presence of one dysfunctional 
APOE4 allele undermines cortico-spinal r espirator y motor plas- 
ticity. Experiments using humanized APOE4 knoc k-in r ats sup- 
port a causal relationship between APOE4 and impaired AIHH- 
induced r espirator y motor plasticity. Contrar y to our original 
hypothesis, no evidence was found for diminished plasticity in 

individuals with BDNFval/met mutations, although no homozy- 
gous subjects were included in this analysis. Regardless of age, 
males exhibited greater AIHH-induced cortico-spinal plastic- 
ity versus females; conversely, AIHH-induced plasticity in P0.1 
is negati v el y associated with incr easing a ge—an effect that 
is mor e pr onounced in males than females. Thus, age, sex, 
and genetic factors should all be considered when attempt- 
ing to differentiate responders from non-responders in clini- 
cal trials investigating therapeutic use of AIH/AIHH in individ- 
uals with spinal cord injury or other neurological conditions. 
With such information in hand, it may be possible to refine 
r eha bilitation pr otocols and/or pr ovide indi vidualized tr eatment 
str ate gies. 
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