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Abstract

‘‘Low-dose’’ acute intermittent hypoxia (AIH; 3-15 episodes/day) is emerging as a promising therapeutic strategy to

improve motor function after incomplete cervical spinal cord injury (cSCI). Conversely, chronic ‘‘high-dose’’ intermittent

hypoxia (CIH; > 80–100 episodes/day) elicits multi-system pathology and is a hallmark of sleep apnea, a condition highly

prevalent in individuals with cSCI. Whereas daily AIH (dAIH) enhances phrenic motor plasticity in intact rats, it is

abolished by CIH. However, there have been no direct comparisons of prolonged dAIH versus CIH on phrenic motor

outcomes after chronic cSCI. Thus, phrenic nerve activity and AIH-induced phrenic long-term facilitation (pLTF) were

assessed in anesthetized rats. Experimental groups included: 1) intact rats exposed to 28 days of normoxia (Nx28; 21% O2;

8 h/day), and three groups with chronic C2 hemisection (C2Hx) exposed to either: 2) Nx28; 3) dAIH (dAIH28; 10, 5-min

episodes of 10.5% O2/day; 5-min intervals); or 4) CIH (IH28-2/2; 2-min episodes; 2-min intervals; 8 h/day). Baseline

ipsilateral phrenic nerve activity was reduced in injured versus intact rats but unaffected by dAIH28 or IH28-2/2. There

were no group differences in contralateral phrenic activity. pLTF was enhanced bilaterally by dAIH28 versus Nx28 but

unaffected by IH28-2/2. Whereas dAIH28 enhanced pLTF after cSCI, it did not improve baseline phrenic output. In

contrast, unlike shorter protocols in intact rats, CIH28-2/2 did not abolish pLTF in chronic C2Hx. Mechanisms of

differential responses to dAIH versus CIH are not yet known, particularly in the context of cSCI. Further, it remains

unclear whether enhanced phrenic motor plasticity can improve breathing after cSCI.
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Introduction

Insufficient motor drive to respiratory muscles is a major

cause of morbidity and mortality in individuals with cervical

spinal cord injury (cSCI).1–4 Although limited spontaneous recov-

ery of lost breathing function is observed shortly after injury, pre-

vailing damage to bulbospinal pathways and/or respiratory motor

neurons often leads to life-long respiratory compromise. Since the

mainstay of respiratory management following cSCI is mechanical

ventilation, there is pressing need for new strategies to restore in-

dependent breathing.5 One emerging strategy to restore respira-

tory (and non-respiratory) motor function is to invoke respiratory

motor plasticity via low-dose acute intermittent hypoxia (AIH).6,7

AIH is characterized by brief intermittent reductions in in-

spired oxygen (3-15 episodes per day), with normoxic intervals.

AIH triggers spinal respiratory neuroplasticity, leading to sustained

increases in respiratory motor output.8-10 Repetitive/daily AIH

(rAIH/dAIH) partially restores breathing capacity in rats with in-

complete cSCI,9,11-13 and upregulates key pro-plasticity mole-

cules in the spinal cord.9,14,15 Ongoing efforts are exploring rAIH/

dAIH as a therapeutic modality to improve motor function after

SCI.6,16-18 Indeed, a growing body of evidence from studies in

animal models and humans with chronic SCI highlights the

promise of rAIH to improve both respiratory7,9,11-13 and non-

respiratory16,17,19–24 motor function following incomplete cSCI.

On the other end of the spectrum, chronic intermittent hypoxia

(CIH; > 80-100 episodes per day) elicits multi-system pathology

and is a hallmark of sleep apnea, a condition highly prevalent in

individuals with cSCI.5,25-27 Indeed, sleep-disordered breathing

is experienced by nearly 80% of individuals with cSCI28,29 and

evidence from experimental models further reinforces an apparent

association between sleep-disordered breathing and cSCI.30-32

Although most studies exploring CIH highlight its detrimental

effects (e.g., cardiovascular, metabolic, cognitive impairment),
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there are suggestions that mild to moderate CIH has beneficial

effects.33–37 We hypothesize that the balance of beneficial versus

pathogenic effects of intermittent hypoxia relates to the ‘‘dose.’’38,39

Indeed, 7 days of low-dose dAIH pre-conditioning (< 15 episodes

per day) enhances phrenic motor plasticity,15 whereas it is abol-

ished by 1-7 days of moderate CIH (15 episodes per hour, 8 h per

day; 120 episodes/day).40 In contrast, mild CIH (*six episodes per

hour, 12 h per day, 72 episodes/day) enhances phrenic motor

plasticity similar to dAIH.35,36 Thus, mild CIH associated with

sleep apnea could in fact serve as a form of ‘‘self-medication,’’

contributing to spontaneous recovery of motor function. However,

the comparative effects of IH protocols that differ in intensity

(‘‘dose’’) on respiratory outcomes are unclear, particularly in the

context of chronic cSCI.

Here, we compare prolonged (28 days), low-dose dAIH

(10 episodes/day) versus high-dose CIH simulating moderate sleep

apnea (120 episodes/day) on phrenic motor outcomes in rats with

chronic, incomplete cSCI. Specifically, we explored the impact of

IH pre-conditioning on baseline phrenic nerve activity, phrenic

responses to chemoreflex activation, and moderate AIH (mAIH)-

induced phrenic long-term facilitation (pLTF) in an anesthetized

preparation. We hypothesized that dAIH pre-conditioning would

enhance phrenic motor output and AIH-induced plasticity, whereas

moderate CIH would not. These data provide the first direct com-

parison of different IH protocols in a rat model of cSCI. We

demonstrate protocol-specific IH effects on phrenic motor plas-

ticity; however, these effects did not translate to improvement in

spontaneous or chemoreflex-driven phrenic motor output.

Methods

Animals

We used adult, male, Sprague-Dawley rats (n = 42; 11-12 weeks
old and 375 – 24 g at study enrollment; Colony 208A; ENVIGO
Laboratories, Indianapolis, IN), housed in pairs in a controlled
environment (12 h light/dark cycles, 20-30% relative humidity,
*22�C) with food and water ad libitum. All experimental protocols
were approved by the University of Florida Institutional Animal
Care and Use Committee, using standards set forth in the National
Institutes of Health Guide for Care and Use of Laboratory Animals.
Rats were assigned to one of four groups: 1) spinal intact, exposed
to 28 days of normoxia (Intact Nx28; n = 11); 2) chronic cervical
hemisection (C2Hx) exposed to 28 days of normoxia (C2Hx Nx28;
n = 8); 3) chronic C2Hx exposed to 28 days of daily acute inter-
mittent hypoxia (C2Hx dAIH28, n = 8); or 4) C2Hx exposed to
28 days of CIH (C2Hx IH28-2/2, n = 15).

Surgical procedures

Anesthesia and spinal cord injury methods have been described
previously.13,41,42 Briefly, rats were anesthetized with 2.5% iso-
flurane (in 100% O2) and transferred to a heated surgical station.
The adequacy of surgical anesthesia was confirmed by the absence
of toe pinch and palpebral responses. Meloxicam was administered
(2 mg/kg, subcutaneously [s.q.]) to minimize post-surgical pain
and inflammation. The incision site was shaved and disinfected
with alternating chlorhexidine and ethanol (70%) scrubs. A 1-inch
dorsal midline incision was made from the base of the skull to the
fifth cervical segment. After C2 laminectomy and durotomy just
caudal to the C2 dorsal rootlets, complete transection of the left
spinal cord (midline to lateral border) was performed at C2
(Fig. 1A) using a microscalpel, followed by gentle aspiration to
ensure a complete lesion. The dura was closed using interrupted 9-0
sutures, overlying muscle with interrupted 4-0 sutures, and the skin
closed with stainless steel surgical clips.

After surgery, buprenorphine (0.03 mg/kg, s.q.) and sterile lac-
tated Ringer’s solution (5 mL s.q.) were administered. Rats recov-
ered on a heated pad while breathing 100% O2 via nose cone until
anesthesia was reversed. Post-surgical supportive care included
buprenorphine (0.03 mg/kg, s.q.) for the initial 72 h post-injury,
lactated Ringer’s solution (5 mL s.q., 2 times/day), and oral DietGel
recovery supplement (1-3 mL, 1-2 times/day, Clear H2O, West-
brook, ME) until volitional drinking and eating had resumed.
Manual bladder expression was performed at least twice per day
until spontaneous voiding returned (typically <1 week post-injury).
Randomly selected, age-matched rats in intact control groups did
not undergo surgical procedures but were maintained in the same
environmental conditions.

Intermittent hypoxia protocols

The basic Nx, dAIH, and CIH protocols have been described in
prior reports.9,13,40 Briefly, daily exposures were administered
during the light phase for 28 consecutive days, beginning 8 weeks
post-injury (or analogous time-point in intact rats). During the 28-
day exposure, rats were housed in pairs in custom Plexiglas cages,
with access to food and water ad libitum. Gas delivery was con-
trolled by programmable mass flow controllers attached to a spe-
cialized cage top equipped to deliver protocol-specific gas mixtures
(O2, balance N2; Fig. 1B; Therapeutiq, Kansas City, MO; cage
volume = 4.5 L; total gas flow rate = 16 L/min per cage). Normoxic
and hypoxic gases were created by mixing room air with medical
grade nitrogen. Gases were filtered for microparticles and bacteria
using a high purity compressed air-filter (Parker-Hannifin, Cleve-
land, OH) and humidified to *30-50% relative humidity using a
custom-built system comprised of a Nafion Fuel Cell Humidifier
(PermaPure, Lakewood, NJ) connected to a circulating water bath.
For normoxia protocols, cages were flushed with filtered, humidi-
fied air (21% O2) for 8 h/day; for intermittent hypoxia proto-
cols,10.5% and 21% O2 were alternated in 5-min episodes with
5-min intervals for a total of 10 episodes (dAIH28), or at 2-min
episodes with 2-min intervals for 8 h/day (IH28-2/2), for a total of
120 episodes.

Neurophysiology

The basic neurophysiology preparation has been described pre-
viously40,42–45; neurophysiological assessments were performed by
a single experimenter blinded to experimental group. Briefly,1 day
after the final exposure, rats were anesthetized with 3% isoflurane
(in 100% O2), and transferred to a heated surgical station, where
core body temperature was recorded via rectal probe (Kent Sci-
entific) and maintained at *37.5 – 1�C. A tail vein catheter was
placed for intravenous delivery of urethane anesthesia and sup-
plemental fluids. Using a ventral approach, the trachea was can-
nulated, rats were pump-ventilated (Rodent Ventilator, Harvard
Apparatus, Holliston, MA) and mid-cervical vagotomy was per-
formed bilaterally. Tracheal pressure was continuously monitored,
and rats were maintained on 2.5-3.5% isoflurane (50-60% O2) with
inspired CO2 added to maintain end-tidal CO2 between 45-50 mm Hg
(Capnogard; Respironics, Inc., Andover, MA). A femoral arterial
catheter was placed for real-time assessment of arterial blood
pressure and sampling arterial blood for analysis of arterial blood
gases, pH and base excess (ABL90 FLEX, Radiometer, Co-
penhagen, Denmark). Rats were then slowly converted to ure-
thane anesthesia (2.1 g/kg, intravenously [i.v.], 6 mL/h) and
inhaled isoflurane was simultaneously withdrawn. Adequate
anesthetic depth was verified by assessing blood pressure re-
sponses to toe-pinch. Urethane supplements (e.g., 0.2 mL bolus)
were given if blood pressure increased significantly in response to
toe pinch. Following urethane conversion, rats received the para-
lytic drug, pancuronium bromide (2.5 mg/kg, i.v., Hospira, Inc.), to
minimize artifact from respiratory efforts out of phase with the
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ventilator. Continuous infusion (1-3 mL/h) of a 1:4 solution
(8.4% sodium bicarbonate + lactated Ringer’s, i.v.) was main-
tained throughout the experiment; the infusion rate adjusted to
maintain blood pressure and acid-base balance (SBE: –3 mEq/L).

During a 1-h stabilization period following conversion to ure-
thane, the left and right phrenic nerves were isolated with a dorsal
approach, cut distally, and desheathed. The proximal nerve stump
was bathed in 0.9% saline and recorded via custom bipolar silver
wire suction electrodes. Nerve activity was amplified (gain: 10k),
band pass-filtered (100 Hz to 10 kHz; A-M Systems, Carlsberg,
WA), and integrated (50 msec time constant; Power 1401, Cam-
bridge Electronic Design Limited, Cambridge, UK). The signal was
digitized, recorded continuously and analyzed with Spike2.v8
software (CED). Baseline nerve activity was established at an
FIO2 *0.5-0.6 (PaO2 > 180 mm Hg). End-tidal CO2 was monitored
and maintained throughout the experiment using a flow-through
capnograph (Respironics, Andover, MA). The apneic threshold of
each rat was determined by progressively lowering inspired CO2

until phrenic nerve discharge ceased. Inspired CO2 was then slowly
increased until phrenic nerve activity resumed, marking the re-
cruitment threshold. End tidal PCO2 was set 2-3 mm Hg above the
recruitment threshold for the remainder of the experiment. After a
stable period of phrenic nerve activity (> 15 min), an arterial blood
sample (*70 mL per sample) was drawn to establish baseline
blood gases, and an AIH protocol was administered, consisting of
three 5-min hypoxic episodes (10.5% O2; target PaO2: 40-50 mm
Hg) separated by 5-min intervals of normoxia.40,45 Blood sam-
ples were drawn during hypoxic episodes, and at 15, 30, 60, and

90 min post-AIH to document and adjust physiological conditions
throughout the recording period. At 90 min post-hypoxia, a che-
moreflex stimulation challenge was administered by increasing
inspired CO2 to reach an end-tidal PCO2 of 90 mm Hg; typically,
this required an FICO0 of *10-11%. On completion of experi-
mental procedures, the proximal stump of the phrenic nerve was
bathed in lidocaine to establish a ‘‘zero’’ value. Rats were then
humanely overdosed with urethane.

Statistical analysis

Electrophysiological data were collected using Spike2.v8 soft-
ware (Cambridge Electronic Design, CED, Cambridge, UK). Data
were included in analysis only if they met all of the following
previously established criteria40,41: 1) PaO2 during baseline and re-
covery was >180 mm Hg; 2) PaO2 during hypoxic episodes was 40
to 50 mm Hg; and 3) PaCO2 remained within 1.5 mm Hg of base-
line post-AIH. Average phrenic nerve amplitude was evaluated for
1 min prior to each blood sample (baseline; first hypoxic episode;
and 15, 30, 60, and 90 min post-AIH; for simplicity, phrenic burst
amplitude is reported only during baseline, hypoxic episodes, and
90 min post-AIH. Phrenic burst amplitude during each hypoxic
response was determined from Minute 3 of each hypoxic episode
(H1, H2, and H3). In addition to average amplitudes expressed as a
raw value (volts), integrated nerve burst amplitude was normalized
as a percent change from baseline (e.g., pLTF). Group data were
averaged and expressed as means –1 standard error of the mean.
Groups were compared using one-way analysis of variance

FIG. 1. C2 Hemi-section model and intermittent hypoxia protocols. (A) Schema depicting C2 spinal cord hemi-section injury model.
Briefly, the left side of the spinal cord was cut at C2, severing descending projections to ipsilateral phrenic motoneurons, paralyzing the
ipsilateral hemidiaphragm. (B) Schema depicting 28 days of normoxia (Nx28), daily acute intermittent hypoxia (dAIH28), and inter-
mittent hypoxia simulating moderate sleep apnea (IH28-2/2) pre-conditioning protocols. Pre-conditioning was conducted daily for
4 weeks, beginning 8 weeks post-injury (or the equivalent timepoint in intact rats). Nx28 consisted of 8 h of continuous normoxia (21%
O2) per day. dAIH consisted of ten 5-min episodes of 10.5% O2, with 5-min normoxic intervals. IH28-2/2 consisted of 8 h of 2-min
hypoxic episodes (10.5% O2), with 2-min normoxic intervals.
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(ANOVA) with Tukey honest significant difference post hoc tests.
For comparisons of phrenic output, cardiovascular variables and
blood gas values across experimental protocols, groups were com-
pared using a two-way ANOVA with a repeated measures design
and Tukey honest significant difference post hoc tests. Statistical
analyses were performed in GraphPad Prism 8 (GraphPad Software
Inc., San Diego, CA) and SigmaPlot version 14 (Systat software,
San Jose, CA). Differences were considered statistically significant
if p < 0.05.

Results

Phrenic nerve burst amplitude

Consistent with prior reports,46,47 C2Hx resulted in persistent

reductions in phrenic nerve burst amplitude ipsilateral to injury,

under both baseline and chemoreflex stimulated conditions (Fig. 2;

Table 1). Indeed, baseline ipsilateral phrenic output was reduced by

67% (C2Hx Nx28), 72% (C2Hx dAIH28) and 73% (C2Hx IH28-2/2)

post-injury versus intact normoxia-treated rats ( p < 0.001 for all;

Fig. 2A, 2B). No protocol-specific differences in ipsilateral base-

line burst amplitude were observed among injured groups ( p > 0.9

for all). Similarly, ipsilateral phrenic burst amplitude was reduced

during hypercapnic chemoreflex challenge in rats with chronic

C2Hx by 55%, 53% and 64%, respectively ( p < 0.003 for all vs.

intact; Fig. 2C, 2D), with no protocol-specific differences obser-

ved ( p > 0.84 across injured groups). Contralateral phrenic burst

amplitude was not different between groups under baseline or

chemoreflex stimulated conditions, regardless of injury or inter-

mittent hypoxia exposure (Fig. 3; Table 1; p = 0.494 and p = 0.177,

respectively).

Phrenic nerve burst frequency

Consistent with literature,48,49 baseline phrenic nerve burst

frequency was increased with chronic C2Hx ( p = 0.002; Fig. 4;

Table 2). Indeed, baseline frequency was higher in chronically

injured rats versus intact rats ( p < 0.044 for all), with no protocol-

specific differences observed ( p > 0.821 for all). No evidence of

frequency LTF was observed in any group ( p = 0.584). Further,

FIG. 2. Left phrenic nerve activity (ipsilateral to C2 hemisection) during baseline and chemoreflex stimulated conditions.
(A) Representative compressed traces depict raw (bottom) and integrated (top) left phrenic (i.e., ipsilateral to injury) neurograms under
baseline conditions from intact rats, and rats with chronic C2 hemisection (C2Hx), exposed to 28 days of normoxia (Nx28), daily acute
intermittent hypoxia (dAIH28), or chronic intermittent hypoxia simulating moderate sleep apnea (IH28-2/2). (B) Under baseline
conditions, average ipsilateral/left integrated phrenic burst amplitude (volts) was reduced in all C2Hx rats vs. intact rats exposed to
Nx28. In injured rat groups, no protocol-induced differences could be detected. (C) Representative traces depict raw and integrated left
phrenic neurograms under chemoreflex stimulated conditions. (D) During chemoreflex stimulation, average ipsilateral/left integrated
phrenic burst amplitude was reduced in C2Hx vs. intact rats. No IH protocol-specific differences were observed in injured rats.
*Significantly different from intact Nx28; p < 0.05.
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phrenic nerve burst frequency during chemoreflex activation was

not different between groups ( p = 0.326).

Hypoxic phrenic response

Phrenic burst amplitude was increased bilaterally during hyp-

oxic episodes (relative to baseline) in all groups (Fig. 5; Table 1;

ipsilateral, p < 0.001; contralateral, p < 0.001). As expected, raw

ipsilateral phrenic burst amplitude during hypoxic episodes was

reduced in all injured groups versus intact rats ( p < 0.0003 for all);

no protocol-specific differences in ipsilateral hypoxic responses

were observed within injured groups (all p > 0.47). Contralateral

phrenic nerve burst amplitude during hypoxic episodes was not dif-

ferent among groups when expressed as raw amplitude ( p = 0.194)

or percent change from baseline ( p = 0.225), and no protocol-

specific differences observed (all p > 0.05). We found no evidence

of progressive augmentation (e.g., increasing hypoxic phrenic re-

sponse with successive hypoxic episodes)50 in ipsilateral or con-

tralateral phrenic nerves. Phrenic nerve burst frequency increased

during hypoxic episodes in all groups (all p < 0.001), but no dif-

ferences were observed between treatment groups (all p > 0.07).

Expression of mAIH-induced phrenic motor plasticity

Representative traces of raw and integrated phrenic nerve ac-

tivity at baseline (black) and 90 min post-AIH (red) are overlain in

Figure 6 to illustrate progressive increases in phrenic burst ampli-

tude (i.e., pLTF). Although ipsilateral phrenic nerve amplitude

was reduced versus intact rats at baseline and 90 min post-AIH

( p < 0.0036), pLTF was evident in all groups. Nx28-treated rats

(intact and C2Hx) exhibited moderate pLTF in both ipsilateral and

contralateral phrenic nerves (Fig. 6B and 6D). pLTF was enhanced

bilaterally in injured rats following dAIH28 (ipsilateral, p = 0.01;

contralateral, p = 0.041) versus intact rats. Contralateral pLTF was

also greater in injured rats following dAIH28 versus injured rats

treated with normoxia ( p = 0.015). Injured rats exposed to IH28-2/2

did express pLTF bilaterally; however, the magnitude of pLTF

expressed in these rats was comparable to that expressed in intact

(ipsilateral, p = 0.426; contralateral, p = 0.927) and injured rats

treated with Nx28 (ipsilateral, p = 0.997; contralateral, p = 0.606).

A trend for lower pLTF in injured rats exposed to IH28-2/2 versus

dAIH28 was not significant (ipsilateral, p = 0.168; contralateral,

p = 0.100).

Arterial pressure and heart rate

Arterial blood pressure and heart rate measurements are pre-

sented in Figure 7 and Table 3. Blood pressure exhibited no

significant protocol-specific differences among treatment groups

in systolic (Intact Nx28 = 162 – 4 mm Hg; C2Hx Nx28 = 147 –
7 mm Hg; C2Hx dAIH28 = 153 – 6 mm Hg; C2Hx IH28-2/2 =
151 – 4 mm Hg; p = 0.2628), diastolic (Intact Nx7 = 100 – 4 mm Hg;

C2Hx Nx7 = 94 – 6 mm Hg; C2Hx dAIH7 = 99 – 4 mm Hg; C2Hx

IH7-2/2 = 99 – 3 mm Hg; p = 0.7485) or mean arterial pressures

(Intact Nx28 = 121 – 4; C2Hx Nx28: 112 – 6; C2Hx dAIH28 =

Table 1. Phrenic Nerve Burst Amplitude

Intact Nx28 C2Hx Nx28 C2Hx dAIH28 C2Hx IH28-2/2

Ipsilateral phrenic (raw amplitude - volts)
Baseline 0.063 – 0.007 0.021 – 0.002* 0.017 – 0.005* 0.017 – 0.002*
H1 0.117 – 0.012 0.057 – 0.004* 0.055 – 0.010* 0.047 – 0.005*
H2 0.103 – 0.013 0.041 – 0.003* 0.045 – 0.011* 0.043 – 0.006*
H3 0.103 – 0.013 0.044 – 0.005* 0.046 – 0.011* 0.043 – 0.005*
90 min 0.078 – 0.010 0.035 – 0.005* 0.037 – 0.009* 0.028 – 0.004*
Chemoreflex stimulation 0.139 – 0.016 0.084 – 0.008 0.084 – 0.017 0.078 – 0.009*

Contralateral phrenic (raw amplitude - volts)
Baseline 0.088 – 0.015 0.094 – 0.017 0.084 – 0.012 0.112 – 0.013
H1 0.147 – 0.021 0.161 – 0.030 0.149 – 0.020 0.216 – 0.030
H2 0.137 – 0.019 0.142 – 0.027 0.152 – 0.022 0.208 – 0.029
H3 0.139 – 0.017 0.148 – 0.030 0.163 – 0.024 0.208 – 0.026
90 min 0.116 – 0.016 0.130 – 0.032 0.153 – 0.023 0.167 – 0.019
Chemoreflex stimulation 0.209 – 0.033 0.219 – 0.048 0.278 – 0.041 0.326 – 0.042

Ipsilateral phrenic (% change relative to baseline)
H1 90.9 – 10.0 180.4 – 23.4 274.4 – 34.4* 194.8 – 20.6*
H2 63.4 – 7.6 102.7 – 21.1 183.4 – 17.7* 163.0 – 25.2*
H3 63.1 – 7.1 118.1 – 29.7 185.8 – 19.5* 162.2 – 19.8*
90 min 24.6 – 8.6 79.2 – 29.1 142.2 – 35.5* 72.4 – 18.2
Chemoreflex stimulation 123.5 – 13.3 330.5 – 50.1* 456.1 – 54.6* 383.0 – 39.4*

Contralateral phrenic (% change relative to baseline)
H1 75.2 – 6.7 74.2 – 2.7 86.4 – 17.0 88.4 – 9.2
H2 63.3 – 6.8 52.7 – 5.0 83.2 – 11.7 80.4 – 9.1
H3 68.6 – 8.2 59.7 – 7.5 96.9 – 15.3 83.7 – 8.2
90 min 39.9 – 8.3 27.8 – 10.8 85.4 – 16.0 49.7 – 10.6
Chemoreflex stimulation 150.1 – 15.7 124.1 – 12.7 239.6 – 31.0# 190.5 – 22.1

Ipsilateral (left) and contralateral (right) phrenic nerve burst amplitude (raw and % change relative to baseline) at baseline, first, second, and third
hypoxic episodes (H1, H2, & H3), 90 min after the final hypoxia, and during hypercapnic chemoreflex stimulated conditions.

*Different from Intact Nx28.
#Different from C2Hx Nx28.
Nx28, 28 days of normoxia; C2Hx, chronic C2 hemisection; dAIH, daily acute intermittent hypoxia; IH28-2/2, intermittent hypoxia simulating

moderate sleep apnea; H, hypoxic episode.
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117 – 5; and C2Hx IH28-2/2 = 116 – 3 mm Hg; p = 0.518). Mean

arterial pressure was reduced during hypoxic episodes (H1:

p = 0.116; H2: p < 0.001; H3: p < 0.001), as is characteristic of this

experimental preparation,51 but returned to baseline levels on re-

turn to control conditions; mean arterial pressure was not different

from baseline 90 min post-AIH (all p = 0.538), nor were there dif-

ferences in 90-min systolic, diastolic, or mean arterial pressures

from baseline or between groups (all p > 0.123).

Baseline heart rate was unaffected by treatment group (Intact

Nx28: 402 – 6; C2Hx Nx28: 422 – 8; C2Hx dAIH28: 419 – 8; and

C2Hx IH28-2/2: 412 – 6 mm Hg; p = 0.952); 90 min post-AIH,

heart rate was reduced versus baseline ( p < 0.001), but this decrease

was less than 5%, and average heart rate remained within published

norms.52

Body mass, apneic and recruitment thresholds,
and arterial blood gases

Body mass was reduced by *11% in rats with chronic C2Hx

exposed to IH28-2/2 versus intact rats exposed to Nx28 ( p = 0.014;

Table 4). No other group differences in body mass were observed.

FIG. 3. Right phrenic nerve activity (contralateral to C2 hemisection) during baseline and chemoreflex stimulated conditions.
(A) Representative compressed traces depict raw (bottom) and integrated (top) right phrenic (i.e., contralateral to injury) neurograms under
baseline conditions from intact rats, and rats with chronic C2 hemisection (C2Hx) exposed to 28 days of normoxia (Nx28), daily acute
intermittent hypoxia (dAIH28), or chronic intermittent hypoxia simulating moderate sleep apnea (IH28-2/2). (B) Under baseline condi-
tions, average contralateral/right integrated phrenic burst amplitude (volts) in C2Hx rats was not different from intact rats exposed to Nx28.
No protocol-specific differences were observed across groups. (C) Representative traces depict raw and integrated right phrenic neuro-
grams under hypercapnic chemoreflex stimulated conditions. (D) During chemoreflex stimulation, average contralateral/right integrated
phrenic burst amplitude was not different between intact vs. injured rats. No protocol-specific differences were observed across groups.

FIG. 4. Baseline phrenic nerve burst frequency. Average phrenic
nerve burst frequency during baseline conditions. Baseline frequency
was increased following C2 hemisection (C2Hx); no intermittent
hypoxia (IH) protocol-specific differences were observed. *Sig-
nificantly different from intact 28 days of normoxia (Nx28), p < 0.05.
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No differences in apneic or recruitment thresholds were obser-

ved between groups ( p = 0.081 and 0.196, respectively; Table 5).

Baseline arterial blood samples confirmed that all rats were well

oxygenated and within the acceptable PaCO2 range, with no dif-

ferences between groups (Table 6; p = 0.33 and 0.22, respectively).

As expected, PaO2 decreased during all hypoxic episodes versus

baseline (all p < 0.001) and 90 min post-AIH (all p < 0.001). At

90 min post-AIH, PaO2 was also reduced versus baseline ( p < 0.001),

although average PaO2 remained above 300 mm Hg in all groups.

No differences in PaO2 were observed across experimental groups

at any time-point ( p = 0.223). PaCO2 tended to increase slightly in

all groups at 90 min post-AIH versus baseline; however, this ap-

parent increase was <1 mm Hg, and was not significant ( p = 0.062).

No PaCO2 differences were observed during hypoxic episodes, and

no group differences were observed at any time ( p = 0.265). pH was

similar across groups at baseline ( p = 0.097), although some time-

dependent differences were apparent; nevertheless, pH was main-

tained within 0.05 units of baseline at all times. No significant

differences in arterial pH were observed across groups ( p = 0.150).

Discussion

To our knowledge, this is the first report directly comparing the

effects of different intermittent hypoxia protocols (therapeutic vs.

pathogenic) on phrenic motor output and plasticity in rats with

chronic, incomplete cSCI. Contrary to expectations, one essential

finding of this study is that dAIH28 did not improve and IH28-2/2

did not impair baseline or maximal phrenic motor output after

chronic C2 hemisection. In contrast, we had originally predicted

that prolonged repetitive (low dose) AIH would improve phrenic

motor output ipsilateral to chronic, as it does with acute (1-2

weeks), cervical spinal hemisection in rats.9,13 On the other hand,

our findings are consistent with results from chronically injured rats

exposed to 1 week of dAIH (beginning 8-9 weeks post-injury).12

We originally predicted that longer repetitive AIH exposure may

be more effective with chronic injury, but this does not appear to

be the case. Based on this and other studies, we now propose

that unknown factor(s) undermine the therapeutic efficacy of re-

petitive AIH in rats with chronic (vs. acute) spinal hemisection,

such as adenosine 2A receptor activation,12 age,53 or chronic

inflammation.40,43,54,55

Although dAIH28 did not improve phrenic motor output in rats

with chronic spinal injury, it did enhance the capacity for mAIH-

induced phrenic motor plasticity (i.e., pLTF) post-injury, just

as with intact rats.15 The ability for intermittent hypoxia pre-

conditioning to enhance the capacity for subsequent pLTF repre-

sents a form of metaplasticity.8,56,57 Although the mechanisms of

repetitive AIH-enhanced pLTF and metaplasticity are not known, it

may result from increased expression of pro-plasticity molecules,

and/or the addition of new mechanisms.36,57 Our finding that this

form of meta plasticity persists following chronic cSCI is important,

since it suggests the potential to accumulate functional benefits of

therapeutic AIH once the relevant constraints are removed.

To our surprise, we did not detect any adverse consequences of

IH28-2/2 on either: 1) spontaneous or chemoreflex-driven phrenic

motor output; 2) expression of mAIH-induced pLTF; or 3) mean

arterial pressure. Although a CIH protocol simulating that expe-

rienced during mild sleep apnea (5-min episodes, 5-min intervals,

8-12 h per day, 7 consecutive days) enhances pLTF36 and strengthens

Table 2. Phrenic Nerve Burst Frequency

Intact
Nx28

C2Hx
Nx28

C2Hx
dAIH28

C2Hx
IH28-2/2

Baseline 46 – 1 *53 – 2 *55 – 2 *55 – 2
H1 61 – 2 66 – 2 62 – 2 63 – 2
H2 63 – 2 71 – 2 68 – 2 65 – 2
H3 64 – 2 71 – 3 68 – 2 66 – 2
90 min 47 – 1 57 – 2 56 – 1 55 – 2
Chemoreflex

stimulation
53 – 2 56 – 2 57 – 2 57 – 1

Phrenic nerve burst frequency at baseline, H1, H2, H3, 90 min after
moderate acute intermittent hypoxia, and during hypercapnic chemoreflex
stimulation.

*Different from intact Nx28.
Nx28, 28 days of normoxia; C2Hx, chronic C2 hemisection; dAIH, daily

acute intermittent hypoxia; IH28-2/2, intermittent hypoxia simulating
moderate sleep apnea; H, hypoxic episode.

FIG. 5. Short-term hypoxic phrenic responses. (A) Average ipsilateral integrated phrenic nerve burst amplitude (volts) during the first (H1),
second (H2), and third (H3) hypoxic episodes in each rat. Average phrenic nerve amplitude was reduced ipsilateral to injury during hypoxic
episodes vs. intact rats, despite similar levels of arterial PaO2. No intermittent hypoxia (IH) protocol-specific differences were observed, nor
was there evidence for progressive augmentation in any group. (B) Average contralateral integrated phrenic nerve burst amplitude during the
first, second, and third hypoxic episodes. Average phrenic nerve amplitude was not different between groups, nor was there evidence for
progressive augmentation in successive hypoxic episodes. *Significantly different from intact 28 days of normoxia (Nx28); p < 0.05.
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spinal synaptic inputs to phrenic motor neurons,35 more intense

protocols are prone to generate neuroinflammation,38,40 a condition

that undermines mAIH-induced pLTF.40,43,55 Thus, we were surpri-

sed to see expression of mAIH-induced pLTF in chronic C2Hx rats

exposed to IH28-2/2. The mechanistic basis for spared mAIH-

induced pLTF in these rats warrants further investigation, as it may

reveal a previously unrecognized form of neuroplasticity that occurs

with chronic spinal cord injury. From a different perspective, IH28-2/2

did blunt pLTF metaplasticity since pLTF in rats exposed to IH28-2/2

was similar to Nx28-treated rats; in this case, CIH-induced inflam-

mation may still have exerted detrimental effects on phrenic motor

plasticity, though to a lesser degree than in prior reports.40

‘‘Low-dose’’ dAIH with chronic cSCI

One of the most extensively described models of neuroplasticity

in respiratory motor control is mAIH-induced pLTF.56 In intact

rats, mAIH (PaO2 > 35 mm Hg) elicits pLTF by a serotonin-

dependent mechanism.10,39,58 Advances in our understanding of

mAIH-induced pLTF have guided development of new, experi-

mental therapeutic approaches to improve breathing ability after

cervical spinal cord injury.6,59 The present study represents a single

step in that translational process, although our unexpected findings

were negative.

One recent realization is that mAIH-induced pLTF is complex,

consisting of a dominant spinal serotonin receptor-induced cellular

cascade to phrenic motor facilitation,45,60,61 that is undermined by a

competing spinal adenosine-dependent mechanism.8,10,57 The po-

tential for spinal adenosine accumulation to undermine serotonin-

induced phrenic motor plasticity may be an especially important

consideration following chronic SCI.

In the intact spinal cord, mAIH elicits modest adenosine accu-

mulation, partially constraining phrenic62 and diaphragm LTF.63

With spinal injury, there is accumulating evidence that adenosine

plays a greater relative role. For example, with acute cervical

injury, serotonergic innervation of the phrenic motor nucleus is

FIG. 6. Phrenic long-term facilitation (pLTF) following moderate acute intermittent hypoxia (mAIH). (A) Representative traces
depict integrated ipsilateral (left) phrenic neurograms at baseline (black) overlaid on neurogram traces 90 min post-hypoxia (red).
(B) Average ipsilateral pLTF (% increase from baseline) was enhanced in rats with chronic C2 hemisection (C2Hx) exposed to daily
acute intermittent hypoxia (dAIH28) vs. intact rats. In C2Hx rats exposed to intermittent hypoxia simulating moderate sleep apnea
(IH28-2/2), pLTF was not different from intact 28 days of normoxia (Nx28) rats; an apparent difference from dAIH28 rats did not reach
statistical significance ( p = 0.168). (C) Representative traces depict integrated contralateral (right) phrenic neurograms at baseline (gray)
vs. 90 min post-mAIH (black). (D) Average contralateral pLTF was enhanced in dAIH-treated rats with chronic C2Hx. Although C2Hx
rats exposed to IH28-2/2 tended to have blunted pLTF (vs. dAIH-treated), this difference did not reach statistical significance ( p = 0.1).
*Significantly different from intact Nx28; p < 0.05. #Significantly different from C2Hx Nx28; p < 0.05.
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reduced,64 transiently diminishing the potential for serotonin-

dependent mechanisms of functional recovery. Indeed, dAIH-

induced functional recovery early post-injury (1-2 weeks) is

serotonin-independent,11 and adenosine-dependent.13 With time

post-injury, serotonergic innervation of the phrenic motor nucleus

partially recovers,64 restoring marginal, serotonin-dominant,11 and

adenosine-constrained functional recovery by 8-9 weeks post-

injury.12 The power of this constraint is illustrated by the observation

that greater functional recovery results when each AIH exposure is

preceded by an adenosine 2A receptor inhibitor.12 The net impact of

the adenosine 2A receptor constraint may increase post-injury since:

1) serotonergic innervation of the phrenic motor nucleus is still not

fully restored 8 weeks post-C2Hx; and/or 2) another factor increases

adenosine accumulation during moderate hypoxic episodes.

The failure of prolonged dAIH to improve phrenic motor output

in chronically injured rats may be due to changes in spinal oxygen

delivery and greater tissue hypoxia at the same level of arterial

PO2. A recent study described injury-induced vascular pericyte

constriction, limiting capillary blood flow below spinal injury.

Restricted blood flow would decrease spinal tissue PO2,65 in-

creasing extracellular adenosine at the same arterial PO2 during

moderate hypoxic episodes, thereby increasing the constraint to

serotonin-dominant pLTF. The findings of Navarette-Opazo and

colleagues,12 that adenosine receptor inhibition increases func-

tional benefits of dAIH, are consistent with this hypothesis.

An alternative mechanism that has been proposed to constrain

serotonin-dependent dAIH28-induced functional recovery in chroni-

cally injured rats is neuroinflammation. Chronic SCI elicits persis-

tent, low-grade systemic inflammation,66-68 and individuals with

chronic SCI are highly susceptible to lung, bladder, and skin infec-

tions,69 increasing circulating levels of pro-inflammatory molecules

that cross the blood–brain barrier and trigger neuro-inflammation.70

Even mild inflammation undermines serotonin-dependent phrenic

motor facilitation.40,43,55 In contrast, inflammation has minimal

impact on adenosine-dependent phrenic motor facilitation.71 Thus,

although serotonin reinnervation of the ipsilateral phrenic motor

nucleus is extensive 12 weeks post-injury,72 persistent inflammation

may undermine its ability to elicit functional recovery. Anti-

inflammatory drugs (targeting NF-jB vs. COX-2 enzymatic activi-

ty)73 may improve the efficacy of dAIH as a therapeutic modality.

FIG. 7. Mean arterial pressure and heart rate. (A) Representative traces depict instantaneous heart rate (top) and arterial blood pressure
(bottom) under baseline conditions. (B) Average baseline mean arterial pressure (mm Hg) was not different between groups.
(C) Average baseline heart rate (beats/min) was not different between groups.
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Finally, it is likely that, as in non-respiratory motor systems,16,21

dAIH may be most effective when paired with task specific train-

ing, in this case, repeated activation of the phrenic motor circuit.74

‘‘High-dose’’ pathogenic IH and cSCI

The reason pre-conditioning with prolonged IH28-2/2 blunts,

but does not abolish, pLTF in rats with chronic cSCI is also unclear.

In intact rats, 1 day40 or 1 week of IH-2/275 abolishes pLTF sec-

ondary to inflammation. Thus, either the extended duration of the

IH28-2/2 exposures or some feature unique to chronic spinal cord

injury prevents IH28-2/2 from blocking mAIH-induced pLTF. One

possibility is that serotonin-dependent recovery is completely

suppressed by inflammation,40,43,55,76 leaving residual, adenosine-

dependent mechanisms of phrenic motor facilitation intact post-

injury.77 Exploring the mechanism by which pLTF is spared in

CIH-treated rats with chronic spinal injury may provide important

clinical insights regarding the application of therapeutic intermit-

tent hypoxia in cSCI, since sleep-disordered breathing is so prev-

alent in this population.

Similarly, unlike prior studies in spinal intact preparations,78–81

CIH did not induce hypertension in rats with chronic C2Hx, al-

though this finding is not entirely unexpected. Indeed, Fuller and

colleagues demonstrated a similar finding using a milder CIH

protocol in rats with C2Hx.35 The proposed mechanism by which

CIH elicits hypertension in intact rats involves sustained sym-

pathoexcitation with reduced parasympathetic influences.82–86

Injury to the cervical spinal cord often leads to hemodynamic

dysfunction due to complex interactions between factors including

dysregulation of sympathetic outflow, altered baroreflex function,

and the loss of skeletal muscle pumping action.87,88 Indeed,

Table 3. SBP, DBP, MAP, and HR at Baseline, H1, H2,

H3 and 90 Min after Moderate Acute

Intermittent Hypoxia

Intact
Nx28

C2Hx
Nx28

C2Hx
dAIH28

C2Hx
IH28-2/2

Systolic blood pressure
Baseline 162 – 4 147 – 7 153 – 6 151 – 4
H1 163 – 6 149 – 9 154 – 7 143 – 7
H2*#% 154 – 7 129 – 10 145 – 8 128 – 6
H3*#% 155 – 8 131 – 11 148 – 8 127 – 5
90 min 167 – 6 145 – 11 146 – 7 146 – 6

Diastolic blood pressure
Baseline 100 – 4 94 – 5 99 – 4 99 – 3
H1 94 – 5 89 – 7 92 – 7 88 – 7
H2*#% 81 – 5 72 – 7 79 – 6 71 – 6
H3*#% 84 – 5 75 – 7 80 – 6 67 – 6
90 min 108 – 4 96 – 9 90 – 6 100 – 5

Mean arterial pressure
Baseline 121 – 4 112 – 6 117 – 4 116 – 3
H1 117 – 5 109 – 7 112 – 7 103 – 7
H2*# 106 – 6 91 – 8 101 – 7 90 – 6
H3*# 108 – 6 94 – 8 102 – 6 87 – 5
90 min 128 – 5 112 – 10 108 – 6 111 – 5

Heart rate
Baseline 403 – 6 422 – 8 419 – 8 412 – 5
H1*# 421 – 7 449 – 6 442 – 9 412 – 14
H2# 413 – 7 437 – 7 429 – 8 417 – 6
H3# 401 – 9 434 – 7 426 – 8 407 – 7
90 min* 395 – 7 409 – 11 401 – 9 397 – 4

*Different from baseline.
#Different from 90 min.
%Different from H1.
SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP,

mean arterial pressure; HR, heart rate; Nx28, 28 days of normoxia; C2Hx,
chronic C2 hemisection; dAIH, daily acute intermittent hypoxia; IH28-2/2,
intermittent hypoxia simulating moderate sleep apnea; H, hypoxic episode.

Table 4. Body Mass (g)

Intact Nx28 C2Hx Nx28
C2Hx

dAIH28
C2Hx

IH28-2/2

Body
mass

469.1 – 10.7 452.9.1 – 13.3 443.8 – 11.2 *422.0 – 10.1

*Different from Intact Nx28; p = 0.0142.
Nx28, 28 days of normoxia; C2Hx, chronic C2 hemisection; dAIH, daily

acute intermittent hypoxia; IH28-2/2, intermittent hypoxia simulating
moderate sleep apnea; H, hypoxic episode.

Table 5. Apneic and Recruitment Thresholds

in Anesthetized, Paralyzed, Mechanically

Ventilated Rats

Intact
Nx28

C2Hx
Nx28

C2Hx
dAIH28

C2Hx
IH28-2/2

Apneic threshold 39.3 – 0.6 38.0 – 0.7 38.8 – 0.7 37.7 – 0.6
Recruitment

threshold
45.5 – 0.8 43.5 – 0.4 44.6 – 0.6 43.3 – 0.5

Nx28, 28 days of normoxia; C2Hx, chronic C2 hemisection; dAIH, daily
acute intermittent hypoxia; IH28-2/2, intermittent hypoxia simulating
moderate sleep apnea.

Table 6. PAO
2
, PACO

2
, and pH at Baseline, H1, H2, H3

and 90 Min after Moderate Acute

Intermittent Hypoxia

Intact

Nx28
C2Hx

Nx28
C2Hx

dAIH28
C2Hx

IH28-2/2

PAO2

Baseline 345.2 – 5.1 344.6 – 4.9 343.2 – 4.4 334.1 – 5.4
H1*# 43.8 – 2.1 46.2 – 2.1 44.3 – 1.7 47.9 – 1.3
H2*# 43.1 – 0.8 44.3 – 0.9 43.1 – 1.1 43.9 – 1.2
H3*# 43.3 – 0.6 43.7 – 0.5 42.4 – 0.7 43.1 – 0.7
90 min* 335.9 – 3.2 335.6 – 7.1 322.8 – 7.6 315.1 – 8.8

PACO2

Baseline 44.5 – 1.1 41.9 – 0.6 44.5 – 1.0 43.9 – 0.7
H1 45.7 – 1.3 42.4 – 0.7 45.0 – 1.1 44.1 – 0.9
H2 44.8 – 1.4 42.6 – 0.9 44.6 – 0.9 44.2 – 0.8
H3 45.5 – 1.1 41.5 – 0.9 45.2 – 1.3 44.3 – 0.8
90 min 45.6 – 1.1 42.8 – 0.8 44.9 – 1.0 44.1 – 0.7

pH
Baseline 7.38 – 0.01 7.40 – 0.01 7.39 – 0.00 7.39 – 0.00
H1# 7.37 – 0.01 7.40 – 0.01 7.38 – 0.00 7.38 – 0.00
H2*# 7.37 – 0.01 7.40 – 0.01 7.37 – 0.01 7.38 – 0.00
H3# 7.36 – 0.01 7.40 – 0.01 7.37 – 0.01 7.38 – 0.00
90 min* 7.35 – 0.01 7.36 – 0.01 7.36 – 0.01 7.37 – 0.01

*Different from baseline.
#Different from 90 min.
Nx28, 28 days of normoxia; C2Hx, chronic C2 hemisection; dAIH, daily

acute intermittent hypoxia; IH28-2/2, intermittent hypoxia simulating
moderate sleep apnea; H, hypoxic episode.
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hypotension is common with cervical injury, owing to an overall

reduction in sympathetic tone caudal to injury and uncontrolled

parasympathetic outflow via the vagus nerves.89–92 Thus, the im-

pact of CIH on cardiovascular parameters may differ after cSCI

since many of the descending inputs to sympathetic neurons that

may mediate CIH-induced hypertension have been severed by

injury. Alternatively, the apparent lack of hypertension in IH28-2/

2-treated rats may relate to factors associated with the experimen-

tal preparation itself, including vagotomy,93,94 anesthesia,95 and

maintenance of blood volumes with supplemental fluids.

Finally, an important consideration is that the model of CIH

employed in the present study does not faithfully mimic the lived

experience of a person with sleep-disordered breathing. Specifi-

cally, individuals with sleep apnea rarely experience episodes of

pure hypoxia. Indeed, episodic hypercapnia and sleep fragmenta-

tion also occur with sleep-disordered breathing,79,85,86,96–99 al-

though the individual and combined effects of these factors have

not been extensively explored. Nevertheless, CIH has been used

extensively in the literature and models a key component of sleep-

disordered breathing that is known to elicit systemic pathology

similar to that observed in individuals with sleep apnea.79 Future

work should consider the impact of concurrent hypercapnia and/or

sleep fragmentation with CIH to more accurately reflect the

mechanisms whereby sleep-disordered breathing affects baseline

physiology and the potential to express plasticity.

Responses to intermittent hypoxia
after spinal cord injury

Mechanisms underlying cumulative IH exposure effects are not

well understood, particularly in the context of chronic spinal cord

injury. The injured spinal cord has been referred to as a ‘‘new’’

spinal cord,100 meaning that biological responses after spinal injury

may be quite distinct from intact animals. Thus, physiological

mechanisms in the intact spinal cord are not necessarily expected

to pertain to the injured cord. Responses to dAIH and CIH in

chronically injured rats may exemplify this caveat since some of

the expected functional changes were not observed in this study.

These differences between prediction and outcome warrant further

exploration, since an improved understanding of differences be-

tween intact and injured spinal cords may speed the development

and optimization of therapeutic strategies to improve functional

recovery in persons with SCI.

Implications

The results of these experiments have profound implications for

the clinical management of individuals with chronic spinal cord

injury, since dAIH is actively being explored in clinical trials as a

therapeutic strategy for improving breathing and somatic motor

function following chronic spinal cord injury (www.clinicaltrials

.gov; keywords: spinal cord injury, intermittent hypoxia). Although

we confirm the ability to induce phrenic motor plasticity and me-

taplasticity with prolonged dAIH pre-conditioning after chronic

cSCI, these studies highlight the need for additional protocol op-

timization before dAIH can be harnessed for therapeutic benefit.

Indeed, dAIH pre-conditioning alone may not elicit sufficient

plasticity to trigger meaningful functional improvements in phrenic

motor output after chronic cSCI. Although sleep-disordered

breathing is highly prevalent in a number of neurological condi-

tions, including SCI,25,28,29 we found little evidence that moderate

CIH had a significant impact on phrenic motor plasticity post-

injury, though we do not account for other important aspects of

sleep-disordered breathing, including concomitant chronic inter-

mittent hypercapnia and/or sleep fragmentation.

Ironically, studies of intermittent hypoxia-induced respiratory

motor plasticity guided translation to non-respiratory motor sys-

tems after chronic spinal injury.9,16,19,21,24 Indeed, the same AIH

protocols appear to elicit greater benefits in limb versus respiratory

function.12,18 However, it is important to note that AIH alone is of

only modest benefit to limb function, and that the greatest func-

tional benefits occur when AIH is combined with task specific

training.74 The same may be true for breathing, although this idea

has yet to be formally tested.

The data presented here represent an important step in our

deepening understanding that respiratory plasticity and functional

recovery after prolonged IH are dose-dependent. In addition to the

intensity (frequency and number of IH episodes), outcomes may be

affected by exposure duration, diurnal variations, inflammation,

and/or background expression of pro-plasticity molecules (e.g.,

growth/trophic factors).37,38 We are working towards identifying

optimal AIH protocols for specific circumstances, such as chronic

spinal cord injury.
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