@ FUNCTION, 2023, 4(6): zqad041
l ] r I \ ~ american https://doi.org/10.1093/function/zqad041
F N C I O N phvsiological Advance Access Publication Date: 8 August 2023

society Original Research

RESEARCH ARTICLE

Magnitude and Mechanism of Phrenic Long-term
Facilitation Shift Between Daily Rest Versus Active
Phase

Alexandria B. Marciante ®, Yasin B. Seven', Mia N. Kelly, Raphael R. Perim?,
Gordon S. Mitchell*

Breathing Research and Therapeutics Center, Department of Physical Therapy and McKnight Brain Institute,
University of Florida, Gainesville, FL 32610, USA

*Address correspondence to G.S.M. (e-mail: gsmitche@phhp.ufl.edu)

Present Address: Department of Physiological Sciences, College of Veterinary Medicine, University of Florida, Gainesville, FL 32610, USA
‘Present Address: Department of Cellular and Integrative Physiology, University of Texas Health-San Antonio, San Antonio, TX 78229, USA

Abstract

Plasticity is a fundamental property of the neural system controlling breathing. One key example of respiratory motor
plasticity is phrenic long-term facilitation (pLTF), a persistent increase in phrenic nerve activity elicited by acute
intermittent hypoxia (AIH). pLTF can arise from distinct cell signaling cascades initiated by serotonin versus adenosine
receptor activation, respectively, and interact via powerful cross-talk inhibition. Here, we demonstrate that the daily
rest/active phase and the duration of hypoxic episodes within an AIH protocol have profound impact on the magnitude and
mechanism of pLTF due to shifts in serotonin/adenosine balance. Using the historical “standard” AIH protocol (3, 5-min
moderate hypoxic episodes), we demonstrate that pLTF magnitude is unaffected by exposure in the midactive versus
midrest phase, yet the mechanism driving pLTF shifts from serotonin-dominant (midrest) to adenosine-dominant
(midactive). This mechanistic “flip” results from combined influences of hypoxia-evoked adenosine release and daily
fluctuations in basal spinal adenosine. Since AIH evokes less adenosine with shorter (15, 1-min) hypoxic episodes, midrest
PLTF is amplified due to diminished adenosine constraint on serotonin-driven plasticity; in contrast, elevated background
adenosine during the midactive phase suppresses serotonin-dominant pLTFE. These findings demonstrate the importance of
the serotonin/adenosine balance in regulating the amplitude and mechanism of AIH-induced pLTF. Since AIH is emerging
as a promising therapeutic modality to restore respiratory and nonrespiratory movements in people with spinal cord injury
or ALS, knowledge of how time-of-day and hypoxic episode duration impact the serotonin/adenosine balance and the
magnitude and mechanism of pLTF has profound biological, experimental, and translational implications.
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Introduction

Plasticity is a fundamental property of neural systems, includ-
ing the neural system controlling breathing.! Since inspiratory
phrenic nerve activity is an “electrical surrogate” of diaphragm
muscle activation and respiratory motor output, integrated
phrenic nerve activity is often used in studies of respiratory
motor plasticity. One important form of phrenic motor plastic-
ity is phrenic long-term facilitation (pLTF) following repeated
exposure to brief episodes of low oxygen, or acute intermittent
hypoxia (AIH).23 AIH also elicits plasticity in other respiratory
(eg, inspiratory intercostal, hypoglossal, and laryngeal) and non-
respiratory motor systems (eg, hand/arm and leg/walking).?*
Beyond its physiological relevance, repetitive AIH is emerging as
a promising therapeutic modality to improve breathing, walk-
ing, and arm/hand function in people with chronic spinal cord
injury®>® or ALS. Greater understanding concerning mecha-
nisms of AIH-induced motor plasticity is essential to optimize
its therapeutic benefits.*

Phrenic LTF is a persistent increase in phrenic nerve activ-
ity lasting hours after episodic electrical stimulation of carotid
chemo-afferent neurons®'° or 3, 5 min moderate hypoxic
episodes.®?:3 With chemo-afferent neuron stimulation!? or
moderate AIH (mAIH; arterial PO, = 40-55 mmHg),'® pLTF is
driven by a mechanism that requires cervical spinal Gq protein-
coupled serotonin 2 (5-HT, ) receptor activation (the “Q path-
way”). 1> Conversely, with AIH consisting of severe hypoxic
episodes (arterial PO, = 25-30 mmHg), pLTF arises from a
distinct mechanism that requires cervical spinal Gs protein-
coupled adenosine 2A (A ,a ) receptor activation (the “S path-
way”). 1617 Serotonin versus adenosine-induced pLTF arise from
completely distinct intracellular signaling cascades that interact
via powerful crosstalk inhibition?!® (Figure 1). The power of this
crosstalk inhibition is demonstrated by the fact that plasticity
is abolished when serotonin and adenosine-dependent mecha-
nisms are activated equally by: (1) hypoxic episodes of interme-
diate severity (arterial PO, = 30-35 mmHg)*?; (2) sustained mod-
erate hypoxia?; or (3) concurrent pharmacological activation of
both receptor systems.? Thus, the balance of serotonin versus
adenosine receptor activation is a powerful regulator of phrenic
motor plasticity, and must be considered in experimental design
or AIH translation as a therapeutic modality.?

AIH protocols routinely used in rodents (3, 5 min episodes)
differ from those most often used in humans (15, 1 min
episodes), a difference that may impact pLTF expression.
Moderate AlIH-induced pLTF requires brainstem raphe neuron
activation and increased serotonin release near phrenic motor
neurons.’ On the other hand, spinal tissue hypoxia triggers
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Figure 1. Competing serotonin and adenosine-dependent pathways to phrenic
motor facilitation (pMF) interact via powerful crosstalk inhibition. With mAIH,
carotid chemoreceptors are stimulated, increasing breathing and (indirectly)
brainstem raphe serotonergic neuron activity. Serotonin release in the phrenic
motor nucleus initiates the Q pathway to pMF (blue). However, mAIH also elicits
spinal tissue hypoxia, triggering glial ATP release and extracellular adenosine
accumulation, which undermines serotonin-dominant plasticity due to adeno-
sine 2A (A,a) receptor activation on phrenic motor neurons (ie, S pathway; red).
Time of day and hypoxic episode duration effects on pLTF and its underlying
mechanism(s) are unknown.

glial ATP release, which is converted to adenosine by extracel-
lular ectonucleotidases.??":22 Thus, hypoxia-evoked adenosine
release and the serotonin/adenosine balance may depend on
the severity and duration of hypoxic episodes within AIH proto-
cols.’®:20 With 3, 5 min mAIH episodes delivered during the rest
phase, sufficient spinal adenosine accumulates to attenuate,
but not dominate serotonin-driven pLTFE.'823:24 The same AIH
protocol with severe hypoxic episodes evokes greater spinal
adenosine release, shifting the balance to adenosine-dominant
PLTF (which is attenuated by serotonin).’6:2°:26 Because the
relative activation of these competing cellular mechanisms
powerfully regulates AIH-induced pLTF, hypoxic episode dura-
tion within AIH protocols likey affects the magnitude or even
the dominant mechanism to plasticity.

Another factor that impacts central nervous system (CNS)
adenosine levels is the sleep/wake cycle and, presumably, the
daily rest versus active phase. CNS adenosine levels increase
during wakefulness (particularly in the active phase), thereby
increasing “sleep pressure.”?-?° Conversely, adenosine levels
decrease during sleep (primarily rest phase),?’-28:3° potentially
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minimizing adenosine effects on serotonin-driven phrenic
motor plasticity. It has not yet been verified that adenosine
concentration exhibits daily fluctuations in the spinal cord.
Since studies of AIH-induced respiratory motor plasticity are
typically performed during the day—the rest phase in rodents?:>
but the active phase in humans?3!:32—it is crucial to understand
time-of-day effects on spinal adenosine levels and AIH-induced
respiratory motor plasticity.

The primary goals of this study were to test the hypotheses
that: (1) short (1 min) versus longer (5 min) hypoxic episodes
evoke less adenosine release despite similar tissue PO, levels;
(2) AIH consisting of short (1 min) versus longer (5 min) episodes
amplifies serotonin-dependent pLTF during the rest phase; (3)
background spinal adenosine increases in the midactive phase
(versus midrest); and (4) increased adenosine levels during the
active phase affect the magnitude and even dominant mecha-
nism of pLTF due to shifts in the serotonin/adenosine balance.
We determined the impact of 2 AIH protocols delivered dur-
ing the midrest versus midactive phase of the day on pLTF: 3,
5 min versus 15, 1 min hypoxic episodes. Although observed
changes could arise from the “circadian clock,”*! our focus on
the rest versus active phase was based on its importance in
compairing the outcomes of studies from rodent models ver-
sus humans (ie, phase-reversed). Here, we used a urethane-
anesthetized rat preparation because of its major advantages in
controlling experimental variables (eg, arterial blood gases), its
minimal impact on daily rhythms (see the “Discussion” section),
and extensive background information available.

We report profound effects of the daily rest/active phase
and AIH protocol on the magnitude and even mechanism driv-
ing pLTF, and that these effects arise from shifts in the spinal
serotonin/adenosine balance. We show that shifts in the sero-
tonin/adenosine balance occur due to the combined effects of:
(1) fluctuations in ventral cervical spinal cord adenosine lev-
els across the rest/active cycle; and (2) the duration of hypoxic
episodes. During the rest phase, the same cumulative duration
of hypoxia presented in shorter hypoxic episodes (15, 1 min
versus 3, 5 min hypoxic episodes) nearly doubles pLTF during
the rest phase. To our surprise, measurements made during the
active phase revealed: (1) attenuated pLTF (versus rest) with the
15 x 1 AIH protocol, but no change in pLTF magnitude following
the 3 x 5 AIH protocol; (2) attenuated 15 x 1 AIH-induced pLTF
was serotonin-dominant in both phases, but was significantly
attenuated in the active phase due to elevated basal adenosine;
and (3) pLTF elicited by the conventional 3 x 5 AIH protocol
was of similar magnitude in the rest versus active phase, but
shifted from a serotonin-dominant (adenosine-constrained) to
an adenosine-dominant (serotonin-constrained) mechanism in
the active phase.

These findings have profound implications with respect to
the design of future experiments, our understanding of mecha-
nisms and functional significance of AIH-induced phrenic motor
plasticity, and efforts to harness AIH-induced motor plasticity to
treat humans with chronic spinal cord injury or other disorders
that compromise breathing or other movements.

Materials and Methods
Animals

All experiments were approved by the University of Florida Insti-
tutional Animal Care and Use Committee. Experiments were
performed on young (3-4 mo old) male Sprague-Dawley rats
(208A Colony, Envigo, IN, USA). Rats were housed in pairs at
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24°C with a 12/12 light/dark cycle (lights on at 07:00/lights off
at 19:00) and access to food and water ad libitum. All rats under-
went a 14-d acclimation period prior to use in experiments. Sam-
ple size estimation was based on power analysis of previous
studies?®20:23:33-36 and our extensive experience with this neu-
rophysiological preparation.

Spinal Tissue Sample Collection

Rats were euthanized during midrest (12 pm) and midactive (12
AM) time points. During the midactive phase (12 AM) tissues were
collected under a dim red light to minimize light cues. Rats were
euthanized under isoflurane anesthesia (4%) via intracardiac
perfusion with 1X phosphate-buffered saline (PBS) with a peri-
staltic pump (Masterflex, Cole-Palmer). Cervical spinal tissue
containing the phrenic motor nucleus (C3-C5) was collected and
transferred to a microtome (—26°C) to separate ventral from dor-
sal cervical spinal cord. Tissue was flash frozen in liquid nitro-
gen and stored at —80°C until use (<3 wk). The mean sample wet
weight for ventral C3-C5 spinal cord was: mean (M) =47.7 mg,
SEM = 1.4 mg.

Spinal Adenosine and Serotonin Measurements

Tissue was homogenized in 1X PBS and 200 nm adenosine kinase
inhibitor ABT 702 dihydrochloride (Tocris Bioscience) at a con-
centration of 100 mg tissue/1 mL 1X PBS. Homogenized samples
were centrifuged at 10 000 x g for 10 min at 4°C. The super-
natant was assayed directly.

ADENOSINE ASSAY. The adenosine assay was performed
using a coupled enzyme reaction according to methods
described by the manufacturer (Cell BioLabs, Inc., REF # MET-
5090) but adapted as per Jagernaath et al.>* Adenosine in ventral
C3-C5 or standards is converted to xanthine and hydrogen per-
oxide through a series of enzymatic reactions. Horseradish per-
oxidase catalyzes the reaction between hydrogen peroxide and
the Oxired probe, binding in a 1:1 ratio. Fluorescence was mea-
sured using a FlexStation 3 Multimode Plate Reader (Molecular
Devices, San Jose, CA) with excitation at 560 nm and emission at
590 nm. All samples were assayed with and without adenosine
deaminase to account for background. The data were analyzed
by subtracting fluorescence values from background, and nor-
malizing to protein content. Intra-assay variability was 5.60%.

SEROTONIN ELISA. Spinal C3-C5 serotonin was measured
using a rat serotonin ELISA (MyBioSource, REF # MBS166089)
according to methods described by the manufacturer. Serotonin
in samples binds to a rat serotonin antibody that was precoated
on plate wells. Biotinylated rat serotonin antibody binds to sam-
ple serotonin, and then bound by Streptavidin-HRP. After incu-
bation, substrate solution is added, and color develops propor-
tionately to the amount of rat serotonin. The reaction is termi-
nated by addition of acidic stop solution and absorbance is mea-
sured at 450 nm. Intra-assay variability was 4.66%.

Surgical Preparation

Terminal experiments were performed as previously
described.6:23:37.38 Rats were induced with 2.5%-3.0% isoflurane
in oxygen in a plexiglass chamber, and transferred to a heated
surgical table where anesthesia was continued (2.5%-3.0%
isoflurane; 60% oxygen, balance nitrogen). Body temperature
was monitored with a rectal thermometer (Fisher Scientific,
Pittsburgh, PA) and maintained between 37.5°C + 1.0°C through-
out the experiment. A polyethylene catheter (i.d. 1.67 mm; PE
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240; Intramedic, MD) was inserted into the trachea through a
midline neck incision, and rats were mechanically ventilated
(0.07 mL/10 g bw/breath; 72 breaths/min; VentElite small animal
ventilator; Harvard Apparatus, Holliston, MA, USA). End-tidal
PCO, (PETCO,) was monitored throughout the preparation and
experimental protocol using a breath through capnograph with
sufficient response time to monitor true end-tidal CO, levels in
rats (Capnogard, Novametrix, Wallingford CT). The inspired CO,
fraction was adjusted as needed to keep end-tidal CO, within
physiological limits.

Anesthesia was then slowly converted to urethane via slow
infusion into a venous into tail vein catheter (1.8 g/kg at 6 mL/h;
24 gauge, Surflo, Elkton, MD), while progressively decreasing
inspired isoflurane concentration 0.5% every 6 min. Anesthetic
depth was assessed during conversion by lack of response to
a toe-pinch; supplemental anesthetic was infused if required.
Rats were bilaterally vagotomized at the midcervical level to pre-
vent phrenic nerve entrainment with the ventilator. The right
femoral artery was isolated and cannulated with polyethylene
tubing (I.D. 0.58 mm; PE 50; Intradermic, MD) to monitor blood
pressure (TA-100 Transducer Amplifier, CWE, Inc.) and sam-
ple blood gases (PaO,, PaCO, and acid-base balance (pH, base
excess, and hemoglobin) with a blood gas analyzer (ABL 90 Flex,
Radiometer, Copenhagen, Denmark). Once urethane conversion
was complete, intravenous fluids were administered to main-
tain fluid and acid-base balance (1.5 mL/h; 1:4 of 8.4% Na,COs in
lactated Ringer’s solution). Rats were then paralyzed with pan-
cronium bromide (2 mg/kg; Sigma-Aldrich, St. Louis, MO).

SERIES I: Micro-Optode Measurements for Spinal PtO,

A dorsal midline incision was made from the base of the skull
to the fifth cervical segment. Muscle layers were retracted to
expose C3-C5 vertebrae. A laminectomy was performed at the
C,4 vertebrae. A longitudinal cut was made in the dura to enable
insertion of a 50 um oxygen micro-optode mounted on a micro-
manipulator (Unisense; Aarhus, Denmark). The optical sensor
tip was coated with a fluorophore that, when excited with
610 nm red light pulses, emits 780 nm infrared light that varies
with an intensity inversely proportional to oxygen partial pres-
sure. The micro-optode was placed on the left side, 1 mm lat-
eral to midline and ~1.5 mm deep to measure PtO, near/in the
phrenic motor nucleus, as previously described.?® Coordinates
were obtained from previous studies.*

Raw signals were acquired at 1 Hz and converted to mmHg
via two-point calibration. Saline was warmed to 37°C and aer-
ated with 21% oxygen over 40 min for the first calibration point
(ie, normoxia). Sodium hydroxide (0.1 M) and sodium ascorbate
(0.1 M) were then added in warmed saline to create an anoxic
solution for the second calibration point (ie, zero oxygen). Mea-
surements began ~45 min after probe placement. Rats were then
exposed to 5 min of 13% O, or 1 min of 9% O, (n = 4 each group;
PaO, = 40-50 mmHg). Calibration was verified in vivo by observ-
ing PtO, values of 0-1 mmHg several minutes after a urethane
overdose (not shown).

SERIES II: Adenosine and Inosine Probe Measurements for
Changes in Spinal Extracellular Adenosine

In separate rats (n = 3) changes in extracellular adenosine con-
centration (AADO) were measured during 5 min of 13% inspired
0, and 1 min of 9% inspired O, (PaO, = 40-50 mmHg). Using
the same surgical procedures and probe placement described
in “SERIES I” experiments, extracellular AADO concentra-
tions were measured by differential enzymatic detection using

adenosine and inosine microbiosensors (Zimmer-Peacock, UK)
positioned ~1 mm lateral to the spinal midline between C3 and
C4 (~1.5 mm depth). Microbiosensors were approximately 3-
4 mm apart from each other on the same side of the spinal cord.
The signals were acquired at 1 Hz and converted to concentra-
tions using a three-point calibration. Measurements began ~30-
45 min after probe insertion. Probe functionality was verified at
the end of each experiment.

SERIES III: Neurophysiological Experiments

A laminectomy was performed at the C2 vertebrae for intrathe-
cal drug delivery. A small hole was cut in the dura near the junc-
tion of the C2 and C3 segments, and a flexible silicone catheter
(0.D. 0.6 mm; Access Technologies) was fed through to the cau-
dal end of C3. A 50 uL Hamilton syringe containing drug (see
the “Drugs and Vehicles” section) was attached to the catheter
for drug delivery. To prevent off target effects of pharmacolog-
ical manipulation, we used intrathecal drug injections directly
at C4 versus systemic administration to limit unintended drug
distribution. For example, in an anatomically separated struc-
ture, LTF in hypoglossal (XII) motor output (brainstem structure
rostral the phrenic nerve) has been measured simultaneously
in previous reports from our lab, and found to be unaffected by
intrathecal drug delivery at C4,'*23 at least with injection vol-
umes less than 20 L.

Drugs and Vehicles

Drugs used throughout studies include MSX-3 (Aa receptor
antagonist; #M3568; Millipore Sigma), ketanserin tartrate
(5-HT,4/c receptor antagonist; #090850; FisherSci), and istrade-
fylline (A;a receptor antagonist; #51470R; FisherSci). Upon
arrival, all drugs were dissolved in 100% DMSO or 0.9% saline
based on solubility and manufacturer information. Aliquots of
these stock solutions were kept frozen at —20°C. On the day
of experiments, drugs were diluted in sterile 0.9% saline to
achieve the desired final concentration. The final DMSO-saline
ratios were determined by drug solubility; a final concentration
of 10% DMSO was sufficient to dissolve all drugs in the vehicle
solution. Most drugs were dissolved to final effective concen-
trations previously determined in our laboratory via published
dose-response studies.” Based on these (and other) reports,
intrathecal drug doses were as follows: 10 um MSX-3 (12 plL),®
1 mw istradefylline (12-15 uL), and 500 um ketanserin tartrate
(18 uL).1s

Electrophysiological Recordings

Using a dorsal approach, the left phrenic nerve was isolated,
cut distally and de-sheathed. Custom suction recording elec-
trodes filled with 0.9% saline were then placed in the saline-filled
phrenic pocket and the nerve was suctioned up with a 60 mL
syringe to record respiratory neural activity. Nerve activity was
amplified (10 K, A-M systems, Everett, WA), filtered (bandpass
300-5000 Hz), integrated (time constant, 50 ms), digitized (CED
1401, Cambridge Electronic Design, UK), and analyzed using
Spike2 software (CED, version 8.20). Inspiratory phrenic activity
served as an index of respiratory motor output.

Experimental Protocols

At least 45 min after conversion to urethane anesthesia, CO,
apneic and recruitment thresholds of phrenic nerve activ-
ity were determined by: (1) lowering inspired CO, levels,
or (2) increasing ventilation rate until rhythmic respiratory



nerve activity ceased. After ~1 min, inspired CO, levels were
slowly increased until respiratory rhythmic respiratory activ-
ity resumed. Baseline conditions were established by raising
PETCO; ~2 mmHg above the recruitment threshold. Blood sam-
ples were taken during baseline to document blood gas levels
during stable nerve activity. Arterial PCO, was maintained iso-
capnic (+ 1.5 mmHg) with respect to baseline blood gas val-
ues by actively manipulating inspired CO, concentration and/or
ventilation rate. Baseline oxygen levels (60% oxygen, balance
nitrogen, and carbon dioxide; PaO; > 150 mmHg) were main-
tained throughout experiments, except for hypoxic challenges
(PaO, = 40-55 mmHg). At the end of protocols, a maximum
chemoreceptor challenge (7% CO, , 10% O, , balance N, ) was
administered for ~3 min to ensure preparation stability and ade-
quate dynamic range in phrenic nerve amplitude (data in Sup-
plement). Rats were euthanized by urethane overdose.

Statistical Analyses

Measurements of peak integrated phrenic burst amplitude and
burst frequency (bursts/min) were assessed in 1 min bins imme-
diately before each arterial blood sample at: baseline, during last
minute of first hypoxic episode (short-term hypoxic response;
STHR), 30, 60, and 90 min post-AIH, and during the final minute
of the maximum chemoreflex challenge (Table S3). Measure-
ments were made at equivalent time points in time-matched
control experiments. Integrated nerve burst amplitude was nor-
malized by subtracting the baseline value, dividing the differ-
ence by the baseline value, and reporting percentage changes
from baseline. Burst frequencies were also normalized to base-
line, expressed as an absolute difference in bursts per minute.
All statistical comparisons between treatment groups for nerve
burst amplitude (baseline and 90 min) were made using a 2- or 3-
way ANOVAs with a repeated measures design. Individual com-
parisons were made using the Tukey post-hoc test.

Comparisons of mean arterial pressures, arterial PCO, and
PO, (Tables S1 and S2), and burst frequency (Table S4) were
made at baseline, during hypoxia episode 1, 30, 60, and 90 min
post-AIH using a 2-way ANOVA to determine if there was an
effect of time-of-day on baseline values; 2-way mixed effects
ANOVA was used to test if there was an effect of protocol with
drug pretreatment. Comparisons in spinal adenosine and sero-
tonin levels during midrest versus midactive phases were made
with unpaired t-tests. The spinal PtO, signal was smoothed and
analyzed in 1-min averages before AIH, during the nadir of the
first hypoxic episode, and reoxygenation peak following the first
hypoxic episode. Unpaired t-tests were used to compare mea-
surements of PtO, and AADO during 5 versus 1 min hypoxic
episodes (PaO, = 40-50 mmHg).

Three-way repeated measure ANOVA and mixed effect
ANOVA designs were calculated using JMP Pro (version 16.1.0;
SAS Institute, Inc. Cary, NC, USA). All other statistics were ana-
lyzed in SigmaPlot (version 14.0.0.124; Systat Software Inc., San
Jose, CA, USA). Differences between groups were considered sig-
nificant if P < .050. Data are presented as mean + SEM.

Results

Basal Ventral Spinal Adenosine Fluctuates with the
Daily Rest/Active Cycle

While adenosine levels fluctuate throughout the daily
rest/active cycle in multiple brain regions,? % it is unknown
if the spinal cord exhibits a similar pattern. There is limited
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evidence that circadian clock genes oscillate within the phrenic
motor system,*! and time awake increases brain adenosine
(regardless of time of day)?’-30:4?; thus, spinal adenosine may
fluctuate across the daily rest/active cycle. To test this hypoth-
esis, ventral cervical segments 3-5, which contain the phrenic
motor nucleus, were harvested in the rat midrest (12 M) and
midactive (12 aMm) phases to assess adenosine and serotonin
levels (n = 6 per group). Throughout harvesting, care was taken
to minimize light cues®*; for example, tissues collected in
the midactive phase were harvested under transient dim red
light. Spinal adenosine was measured with a fluorometric assay
(Cell BioLabs; as adapted by Jagannath et al. 2021).3® Ventral
C3-C5 adenosine was significantly higher during the midactive
(14.5 + 1.8 pMm) versus midrest phase (7.1 £ 1.4 pMm; tio = 3.099,
P = .011; unpaired t-test; Cohen’s d = 2.031; Figure 2A).

Given the importance of serotonin in AIH-induced pLTF, basal
serotonin levels were also measured in the same homogenates
using a rat serotonin ELISA (MyBioSource). There was no differ-
ence in serotonin between the midrest (46.6 + 3.3 ng/mL) and
midactive phase (46.3 + 2.3 ng/mL) (t;; = 0.084, P = .935; unpaired
t-test; Cohen’s d = 0.459; Figure 2B), consistent with a report in
the rat lumbar spinal cord.3*

We also measured adenosine 2A (A,a) receptor protein levels
(Figure S1) in the cervical spinal cord, and found no differences
between midrest versus midactive samples. Prior work indicates
no difference in ventral spinal 5-HT,5 receptor expression at
either phase.! Thus, whereas ventral cervical spinal adenosine
levels fluctuate across daily rest/active phases in spinal regions
associated with the phrenic motor nucleus, similar effects do
not occur in spinal serotonin concentration or A,s receptor
expression.

PLTF Magnitude is the Same at Midrest and Midactive
with the “Standard” mAIH Protocol

Moderate AIH (3, 5 min hypoxic episodes, 5 min duration; arte-
rial PO, > 40 mmHg) has been used in most published studies of
PLTE.* Thus, we recorded phrenic nerve activity in anesthetized,
paralyzed, vagotomized, and artificially ventilated rats prepared
for phrenic nerve recordings (for details concerning experimen-
tal preparation, see refs.’>#%). In the midactive phase, care was
taken to prevent light cues—rats were prepared for surgery and
anesthetized under a dim red light before being transferred to
the experimental rig. After transferring rats to the rig, their eyes
were immediately covered. Once adequate anesthesia was con-
firmed by lack of a toe-pinch reflex, room lights were turned on,
but their eyes remained covered for the duration of experiments.

Ventilator tidal volume (mL) was set based on body mass
(0.007 mL * body mass, g). Ventilator rate was maintained
between 72 and 74 breaths per minute. During baseline condi-
tions, rats were ventilated with 60% O, (balance N,). Inspired
CO, was adjusted to maintain end-tidal PCO, between 38 and
41 mmHg since CO, influences phrenic nerve activity.®-10.13:45,46
To standardize baseline conditions at the beginning of exper-
iments, CO, apneic and recruitment thresholds were deter-
mined. After establishing the CO, recruitment threshold, the
arterial carbon dioxide partial pressure (PaCO,) was raised
~2 mmHg above that threshold; once set, PaCO, was actively
maintained within + 1.5 mmHg throughout the experiment
(Table S1). Rectal temperature was measured and maintained
at 37.5°C &+ 1.0°C.

The “standard” mAIH protocol consists of 3, 5 min episodes
of moderate hypoxia (arterial partial pressure of oxygen, PaO,:
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Figure 2. Basal spinal adenosine levels are greater in active versus rest phase. (A) Ventral spinal C3-C5 adenosine concentration is significantly elevated during midactive
(midnight; black) versus midrest (noon; yellow) phase (P = .011). (B) Basal serotonin levels measured at these same time points are not different (P = .935). All groups,
n = 6; comparisons were made using unpaired t-test. Bars show means + 1 SEM; P < .050.

40-55 mmHg), with 5 min intervals of baseline conditions® %3
(Figure 3A). Following mAIH, baseline conditions were restored
(PaO, > 150 mmHg; Figure 3A and B) and actively maintained
while phrenic nerve activity was measured for 90 min. Moder-
ate AIH was delivered during midrest (12 pm) or midactive (12
AM) phases of the day. Blood gas measurements were taken 2-3
times to establish the initial baseline, and then at the nadir of
hypoxic episodes, and 30, 60, and 90 min post-mAIH (Tables S1
and S2). One-minute averages of integrated phrenic nerve burst
amplitude were measured 90 min post-mAIH, and expressed as
% change from pre-AlIH baseline values. Raw integrated phrenic
nerve amplitude at baseline and during maximal chemorecep-
tor stimulation (10% O,, 7% CO,, balance N») delivered at the end
of each experiment are included in Table S3 to assess recording
quality. Phrenic burst frequency is shown in Table S4.

We originally hypothesized that serotonin-dependent mAIH-
induced pLTF would be lower in the midactive versus midrest
phase due to elevated background adenosine levels. However,
pPLTF magnitude was similar in the midrest (56.1% + 5.2%
pPLTF; n 7) versus midactive phase (50.5% + 4.4% pLTF;
n = 7; Fip7= 0.667, P = 430, two-way RM ANOVA; Cohen’s
d = 0.436; Figure 3C-E). Integrated phrenic nerve burst ampli-
tude 90 min post-3 x 5 mAIH was significantly elevated ver-
sus baseline activity, indicating significant pLTF (Fq12 = 245.994,
P < .001, two-way RM ANOVA), during midrest and midac-
tive phases (both P < .001; Tukey post-hoc). Since pLTF magni-
tude was unchanged by rest/active phase despite elevated basal
adenosine levels in the active phase, we wondered if the com-
bined time-of-day and 5 min hypoxic episodes effects were suf-
ficient to flip pLTF from serotonin- to adenosine-dominance.

PLTF Elicited by 3, 5 Min Moderate Hypoxic Episodes
Shifts Between Serotonin and Adenosine Dominance

To address the possibility that there is a shift in mechanism
from Q (serotonin) to S (adenosine) pathway dominance in
the midrest versus midactive phase, we tested the hypothesis
that cervical spinal Aja receptor inhibition impairs pLTF in the
midactive phase, even though it is known to augment mAIH-
induced pLTF in the rest phase.?> Thus, the Ays receptor antag-
onist, MSX-3 (10 uM, 12 pL), was delivered intrathecally at C4 to
localize inhibition near the phrenic motor nucleus*?* 12 min

prior to 3 x 5 min mAIH to determine if increased adenosine
during the midactive phase is sufficient to flip mAIH-induced
PLTF from a serotonin- to an adenosine-driven mechanism
(Figure 4A).

Although baseline phrenic nerve activity was unaffected by
drug administration (Figure S2), 3 x 5 mAIH elicited significant
PLTF; further, rest/active phase and MSX-3 significantly affected
PLTF magnitude in the overall ANOVA (F124 = 52.27, P < .001,
three-way RM ANOVA; Figure 4B and C). However, MSX-3 sig-
nicantly enhanced 3 x 5 mAIH-induced pLTF during midrest
(141.4% =+ 14.8% pLTF; n = 7) versus vehicle (P < .001, Tukey post-
hoc; Cohen’s d = 3.115) and baseline (P < .001, Tukey post-hoc),
confirming prior reports.’®?3 In striking contrast, when 3 x 5
mAIH plus MSX-3 were delivered in the midactive phase, pLTF
was significantly reduced (19.1% + 7.6% pLTF; n =7) versus 3 x 5
mAIH alone (P = .007, Tukey post-hoc; Cohen’s d = 1.901; Figure
4B and C). The reverse effects of cervical spinal A;a receptor
inhibition on 3 x 5 mAIH-induced pLTF in the midrest ver-
sus midactive phase is consistent with a shift from serotonin-
dominant, adenosine constrained (midrest) to an adenosine-
dominant, serotonin constrained mechanism (midactive). This
mechanistic flip likely arises from the combined effects of
elevated basal adenosine levels with hypoxia-induced adeno-
sine release during 5 min episodes delivered in the midactive
phase.

To verify this hypothesis, the serotonin 2A/C (5-HTja/c) recep-
tor antagonist, ketanserin tartrate (500 pM, 18 pL), was delivered
intrathecally at C4 to block serotonin-dependent Q pathway acti-
vation (Figure 4D). Again, we found significant effects of 3 x 5
mAIH, rest/active phase, and ketanserin on pLTF magnitude
(F1,16 = 29.187, P < .001, three-way RM ANOVA). During midrest,
ketanserin (n = 3) reduced pLTF to 20.2% + 8.6% (P = .022, Tukey
post-hoc; Cohen’s d = 2.515; Figure 4E and F), and was not sig-
nificantly different from baseline (P = .680, Tukey post-hoc), con-
firming prior reports.’ Ketanserin had profound effects during
the midactive phase, however, and enhanced pLTF (123% + 27%;
n = 3) versus 3 x 5 mAIH alone (P < .001, Tukey post-hoc; Cohen’s
d = 2.126; Figure 4E and F). Thus, although 3 x 5 mAIH induces
similar pLTF magnitude in the midrest and midactive phase, it
does so by entirely different mechanisms, shifting from serotonin-
dominant, adenosine constrained at midrest, to adenosine dom-
inant, serotonin constrained in the midactive phase.
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Figure 3. Phrenic LTF elicited by 3 x 5 mAIH is similar during midrest and midactive phases. 3 x 5 mAIH was delivered at noon or midnight to rats on a normal
light cycle (A). Phrenic nerve activity was recorded in urethane anesthetized rats before, during and after 3 x 5 mAIH (B). Representative compressed neurogram of

integrated phrenic nerve activity during baseline, mAIH (Hx1-3; PaO,

= 40-55 mmHg), and for 90 min after restoring baseline conditions during midrest (12 PM; C) and

midactive phases (12 AM; D) are shown. Phrenic amplitude as a % change from baseline (% pLTF; E) at 90 min post 3 x 5 mAIH was not different between the midrest
and midactive phases (n = 7 each group; P = .430; two-way RM ANOVA). Bars show mean + SEM. + P < .001, significant differences versus baseline. Hx, hypoxia; Fi02,
fraction of inspired oxygen; mAIH, moderate acute intermittent hypoxia; pLTF, phrenic long-term facilitation.

Shorter Hypoxic Episodes Minimize Evoked Adenosine
Release in the Phrenic Motor Nucleus

Hypoxic episodes elicit rapid carotid chemoreceptor and sub-
sequent brainstem serotonergic neuron activation.**% In con-
trast to the rapid carotid chemoreceptor-driven effects, hypoxia
spreads more slowly to spinal cord tissues, where it triggers glial
ATP release with subsequent conversion to adenosine. Thus,
hypoxia-evoked spinal ATP release and adenosine accumulation
is slower than the neural network activation that triggers sero-
tonin release and Q pathway activation. Based on these differ-
ences in time course, shorter hypoxic episodes were hypothe-
sized to emphasize serotonergic versus adenosinergic mecha-
nisms of pLTF. Although 5 min hypoxic episodes give adequate
time to reach a nadir in spinal tissue hypoxia,* parsing hypoxia
of the same cumulative duration (15 min) into shorter episodes
(15 x 1 min) may minimize tissue hypoxia and hypoxia-evoked
adenosine accumulation. Thus, we hypothesized that 5 versus
1 min episodes of the same moderate hypoxia (defined by tissue
PO,) evoke greater adenosine accumulation.

To test this hypothesis, spinal tissue PO, was measured using
a 50 pm optical sensor (Unisense; Aarhus, Denmark) positioned
1 mm lateral to midline between C3 and C4, approximately
1.5 mm below the surface of the spinal cord (Figure 5A; see ref.
39). We presented 1 versus 5 min moderate hypoxic episodes,
with the inspired O, adjusted to achieve the same tissue PO,
nadir within episodes. Hypoxia was delivered as: (1) 5 min of
13% inspired O, (PaO, = 46.6 & 3.9 mmHg; Figure 5B); or (2) 1 min
at 9% inspired O, (PaO, = 46.2 + 1.3 mmHg; Figure 5C; n = 4
per group); the difference in inspired O; is not fully reflected in
tissue PO, since there is insufficient time to reach steady state

during 1 min episodes. In the rats studied, no differences in
baseline tissue PO, were observed (ts = 0.12, P = .912; unpaired
t-test; Figure 5D). Despite differences in inspired oxygen concen-
tration delivered during 5 (13% O,) versus 1 (9% O,) min episodes,
spinal PtO, achieved similar levels: PtO, = 13.8 &+ 2.8 mmHg and
12.5 + 1.2 mmHg for 5 and 1 min hypoxic episodes, respectively
(ts = 0.42, P = .689; unpaired t-test; Cohen’s d = 0.600; Figure 5E).
Tissue reoxygenation was similar after 5 and 1 min episodes (ts
=-0.44, P = .678; unpaired t-test; Figure 5F).

Hypoxia-evoked adenosine release was measured in the ven-
tral cervical spinal cord near the phrenic motor nucleus via
adenosine and inosine microbiosensors (Zimmer-Peacock, UK)
during 5 and 1 min hypoxic episodes (n = 3 per group; Figure
5G). With 5 min hypoxic episodes, significantly higher peak
adenosine levels were observed versus 1 min episodes (5 min:
3.5+ 0.1 pM; 1 min: 2.1 + 0.2 umM; ty = 6.04, P = .004; unpaired
t-test; Cohen’s d = 4.933; Figure 5H). When expressed as the
area under the curve to reflect total adenosine accumulation
during hypoxic episodes, significantly more adenosine accumu-
lated during 5 versus 1 min episodes (5 min: 17.4 &+ 0.4 pm; 1
min: 2.1 £+ 0.21 uMm; tg = 33.10, P < .001; unpaired t-test; Cohen’s
d = 27.026; Figures 5I). Thus, shorter hypoxic episodes evoke
less spinal adenosine accumulation near phrenic motor neu-
rons, despite attainment of similar arterial and spinal tissue PO,
levels.

Overall, these data support the idea that adenosine accu-
mulation during 5 min hypoxic episodes, when superimposed
on elevated basal adenosine levels in the active phase, provide
sufficient adenosine to shift 3 x 5 mAIH-induced pLTF from a
serotonin-dominant (adenosine constrained) to an adenosine-
dominant (serotonin-constrained) mechanism. From another
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Figure 4. 3 x 5 mAIH induced pLTF flips from serotonin-dominant in the midrest to adenosine-dominant in the midactive phase. The adenosine 2A receptor (A 74 )
inhibitor MSX-3 was administered intrathecally at C4 15 min prior to 3 x 5 mAIH to minimize the adenosine constraint of serotonin-dominant plasticity during midrest
(A). Representative compressed neurogram of integrated phrenic nerve activity after intrathecal MSX-3 during baseline, 3 x 5 mAIH (Hx1-3; PaO, = 40-55 mmHg),
and 90 min post-mAIH (B) at midrest (12 pm; top) and midactive (12 am; bottom) phase. During midrest, A 24 inhibition prior to 3 x 5 mAIH increases pLTF (three-way
RM ANOVA, Tukey post-hoc; versus 3 x 5 mAIH alone, P < .001); in contrast, pLTF is significantly reduced by the same treatment in the midactive phase (versus 3 x 5
mAIH alone, P = .007; versus 3 x 5 mAIH + MSX-3 at midrest, P < .001; C). To verify pLTF mechanisms shift between rest and active phases, the 5-HT,, receptor
inhibitor, ketanserin, was given intrathecally 15 min before 3 x 5 mAIH (D). Compressed neurograms of integrated phrenic nerve activity after intrathecal ketanserin
delivery during baseline, 3 x 5 mAIH protocol and 90 min post-mAIH (E) are shown in the midrest (12 pM; top) and midactive phases (12 aM; bottom). During midrest,
5-HT;a receptor inhibition before 3 x 5 mAIH suppresses pLTF (3-way RM ANOVA, Tukey post-hoc; versus 3 x 5 mAIH alone, P < .022); the same treatment significantly
enhances pLTF in the midactive phase (versus 3 x 5 mAIH alone, P < .001; versus 3 x 5 mAIH + ketanserin, P < .001; F). Bars indicate mean + 1 SEM; significant
differences: *P < .030 versus 3 x 5 mAIH at same time of day; **P < .030 versus 3 x 5 mAIH at same time of day and versus midactive 3 x 5 mAIH + MSX-3 (C) or midrest

3 x 5 mAIH + ketanserin (F); + P < .001 versus baseline.

perspective, these findings strongly suggest that one way to
minimize undermining influences from hypoxia-evoked adeno-
sine release is to shorten hypoxic episodes. Thus, we tested
the hypothesis that 15, 1 min moderate hypoxic episodes elicit
greater pLTF during the rest phase versus the standard 3, 5 min
mAIH protocol.

Shorter Hypoxic Episodes Amplify pLTF During
Midrest, but Attenuate pLTF in the Midactive Phase

To minimize adenosine accumulation during mAIH (and
increase serotonin-dominant pLTF), hypoxic episode duration
was shortened and presented as 15, 1 min hypoxic episodes
with 1 min intervals in the midrest and midactive phase
(Figure 6A). Strikingly, the impact of 15 x 1 (versus 3 x 5) mAIH
on pLTF is time-of-day dependent (F1,; = 54.814, P < .001, two-
way RM ANOVA,; Figure 6B and C). Although phrenic amplitude
90 min post-mAIH was significantly elevated versus baseline in
midrest and midactive phases in the overall ANOVA (P < .001
and P = .013, respectively; Tukey post-hoc), 15 x 1 mAIH-induced
PLTF was greatly enhanced during midrest (138.6% + 14.0%
PLTF; n = 7), reaching levels comparable to 3 x 5 mAIH after
spinal A2A receptor inhibition (Figure 4A). When this same
protocol was applied during the midactive phase, mAIH elic-
its diminished pLTF (30.4% + 4.1% pLTF; n = 7); during the

midactive phase, 15 x 1 mAIH-induced pLTF was significantly
less than midrest (P < .001; Tukey post-hoc; Cohen’s d = 3.957),
and even pLTF elicited by 3 x 5 mAIH during the midactive
phase (P = .021; Cohen’s d = 2.089). Thus, although 15 x 1
mAIH amplifies pLTF during midrest, when background adeno-
sine levels are low, pLTF is constrained during the midactive
phase. Although phrenic amplitude 90 min post-mAIH was sig-
nificantly elevated versus baseline in both midrest and midac-
tive phases (P < .001 and P = .013, respectively; Tukey post-hoc),
15 x 1 mAIH exhibits a striking time-of-day effect in contrast
to similar 3 x 5 mAIH-induced pLTF during the midactive ver-
sus midrest phase. We hypothesize this rest/active effect arises
from differential adenosine constraints on serotonin-dominant
PLTF in midrest versus midactive phases.

To test this hypothesis, MSX-3 was delivered intrathecally
at C4 to block cervical spinal Aja receptors prior to delivering
15 x 1 mAIH (n =7 per group; Figure 7A). There was a significant
interaction between rest/active phase and MSX-3 on pLTF
(Fs0s = 12.05, P < .001; three-way mixed effects ANOVA; Figure
7B); MSX-3 had no significant effect on 15 x 1 mAIH-induced
PLTF during midrest (121.5 + 10.7% pLTF; P = .931; Tukey
post-hoc; Cohen’s d = 0.519), confirming enhanced midrest
15 x 1 AlH-induced pLTF results from diminished hypoxia-
evoked adenosine accumulation during the midrest phase,
which is characterized by low background adenosine levels.
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Figure 5. One minute episodes of 9% O, reach the same level of tissue hypoxia as 5 min, 13% O, episodes, yet these shorter episodes evoke less adenosine accumulation.
In separate experiments, either an oxygen optode or adenosine/inosine probes were placed between ventral C3/C4 to measure changes in tissue oxygen and adenosine
accumulation, respectively (A). During 5 (13% O2; B) versus 1 min episodes (9% O,; C), average traces illustrate similar nadirs in spinal tissue oxygen pressure (PtO),
as well as peaks in mean arterial pressure (MAP) and phrenic nerve amplitude (PNA). There was no difference in mean spinal PtO, between 5 versus 1 min hypoxic
episodes during baseline (D), hypoxia (E) or reoxygenation (F) (n = 4 per group; unpaired t-test). Despite similar reductions in arterial PO, and PtO, during 5 versus
1 min episodes, greater adenosine accumulation (uM) was observed in 5 min episodes (G; n = 3 per group; unpaired t-test), either when expressed as peak adenosine
level ([ADO]peak; H) or total area under the curve ([ADOJAUC; I). Bars are means =+ 1 SEM; *P < .030.

During the midactive phase, Aya receptor inhibition prior to
15 x 1 mAIH markedly enhanced pLTF (P < .001 versus without
MSX-3; Tukey post-hoc), reaching levels consistent with those
observed during midrest (163.7 & 26.7% pLTF; P = .591; Cohen’s
d = 2.720; Figure 7B and C). To assure proper receptor targeting
by MSX3, a second selective A receptor inhibitor with a
distinct mechanism of action, istradefylline, was used to verify
effects (n = 3); istradefylline pretreatment during the midactive
phase increased 15 x 1 mAIH-induced pLTF versus 15 x 1 mAIH
alone (P < .001; Tukey post-hoc; Cohen’s d = 0.519), consistent

with MSX-3 (193.1 + 56.6% pLTF; P = .882, Tukey post-hoc;
Cohen’s d = 2.335; Figure 7D and G).

Finally, intrathecal ketanserin was administered to block
cervical spinal 5-HTa/c receptors prior to 15 x 1 mAIH during
midrest (n = 3; Figure 7E) to confirm that pLTF was serotonin-
driven. As expected, ketanserin blocked pLTF (-7.9% + 10.8%
PLTF; P = .692 versus baseline; Tukey post-hoc; Figure 7F), and
was significantly lower than 15 x 1 mAIH alone (P < .001; Tukey
post-hoc; Cohen’s d = 4.987; Figure 7G). Thus, mAIH consisting of
shorter hypoxic episodes drives serotonin-dominant plasticity
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Figure 6. With 15 x 1 mAIH, pLTF is enhanced during midrest (noon) but suppressed during midactive phase (midnight). With the 15 x 1 mAIH protocol (A), compressed
integrated phrenic responses are shown during baseline, 15 x 1 mAIH, and 90 min post-mAIH at midrest (12 pM; B) and midactive (12 am; C) phase. Phrenic burst
amplitude, represented as % change from baseline at 90 min post 15 x 1 mAIH, is substantially different during midrest versus midactive phases (n = 7 per group;
three-way RM ANOVA, P < .001). Bars show means + 1 SEM. Significant differences for: *P < .001, versus midactive 15 x 1 mAIH; +P < .020, versus baseline. FiO,,
fraction of inspired oxygen; mAIH, moderate acute intermittent hypoxia.
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Figure 7. Following 15 x 1 mAIH, pLTF is serotonin-driven during both midrest and midactive phases. Adenosine 2A receptor (A ,4 ) inhibition with MSX-3 (intrathecal at
C4 15 min prior to 15 x 1 mAIH) was used to minimize any adenosinergic constraint on serotonin-driven plasticity (A). Compressed integrated phrenic neurograms after
intrathecal MSX-3 are shown during baseline and 90 min post-mAIH for midrest (12 pM; B) and midactive phase (12 am; C). Compressed integrated phrenic neurograms
are shown after intrathecally delivered istradefylline, another selective A ;4 receptor inhibitor, during baseline and 90 min post-mAIH during the midactive phase
(D). Representative neurograms of integrated phrenic nerve activity after intrathecal ketanserin (E) during baseline and 90 min post-15 x 1 mAIH at midrest confirm
serotonin-dependent pLTF during midrest and midactive phases (F). During midrest, A ;5 receptor inhibition prior to 15 x 1 mAIH (n = 7) had no effect on pLTF (three-
way mixed effects ANOVA, Tukey post-hoc; versus 15 x 1 mAIH alone, P = .931; G), although pLTF was restored in the midactive phase (n = 7) to levels observed during
midrest (versus 15 x 1 mAIH alone, P < .001; versus 15 x 1 mAIH + MSX-3 at midrest, P = .123); A ,a receptor specificity was confirmed with istradefylline (n = 3;
midactive 15 x 1 mAIH + MSX-3 versus istradefylline, P = .882). Further, pLTF during midrest 15 x 1 mAIH was significantly reduced by ketanserin versus midrest
15 x 1 mAIH alone (n = 3; P < .001). Bars show means + 1 SEM; Significant differences: *P < .001 versus respective midrest or midactive 15 x 1 mAIH; +P < .001 versus
baseline.
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during both midrest and midactive phases, although elevated
basal adenosine levels during the active phase undermine
serotonin-dominant plasticity.

Discussion

We demonstrate that adenosine is a powerful regulator of mAIH-
induced phrenic motor plasticity across the daily rest/active
cycle, and that its specific impact depends on the AIH pro-
tocol used. Shifts in basal levels and hypoxia-evoked adeno-
sine release combine to regulate the serotonin/adenosine bal-
ance and, thus, the magnitude and mechanism driving plastic-
ity. Since AIH-induced pLTF is an important model of respira-
tory motor plasticity in a critical neural system necessary for
life (breathing), knowledge of factors regulating pLTF has consid-
erable importance with respect to future experimental design,
and our understanding of mechanisms and the biological sig-
nificance of AIH-induced phrenic motor plasticity. Beyond that,
increased understanding of pLTF advances our knowledge of
neuroplasticity in general.

From a very different perspective, studies of AIH-induced
PLTF have inspired translational efforts in two respects: (1) as
a model for AIH-induced plasticity in other respiratory and non-
respiratory motor systems*°®; and (2) as inspiration for clinical
trials attempting to harness AIH as a therapeutic modality to
elicit plasticity and functional recovery of respiratory and non-
respiratory motor impairment in people with chronic spinal cord
injury*> and ALS.” Indeed, therapeutic ATH is emerging as a sim-
ple, safe, and effective treatment to restore breathing*® and non-
respiratory movements such as walking?® and hand/arm func-
tion%°! in people living with chronic spinal cord injury. We
now demonstrate that it is essential to consider AIH protocol
details and delivery in the rest versus active cycle in clinical trial
design since humans (diurnal) and rats (nocturnal) have reverse
rest/active phases. This is particularly important since rodent
studies inspiring translation are most often performed in the
midrest phase, whereas human trials are typically performed
in the midactive phase. Although the importance of rest/active
phase has yet to be considered in those trials, our findings may
represent a “game changer” since daily rest/active cycle can
shift both the magnitude and mechanism of pLTF in an AIH
protocol-specific manner. Although it is easy to understand the
significance of outcome magnitude, the impact of shifts in driv-
ing mechanism are not yet clear. However, details of the intra-
cellular signaling cascades driving serotonin versus adenosine-
dependent phrenic motor plasticity suggest the potential for dif-
ferential impact on other important outcomes, such as synapto-
genesis, axon growth, or other properties of the neural circuit.

Impact of Adenosine on pLTF

During the past two decades, major advances have been made
in our mechanistic understanding of mAIH-induced plasticity in
the phrenic motor system, a motor system once thought of as
fixed and immutable. Despite such progress, virtually no atten-
tion has been given to potential rest/active (or circadian) effects
on plasticity. Since rodents are nocturnal, studies in rodent mod-
els pose a dilemma as a model for diurnal humans. Most rodent
and human studies of AIH-induced plasticity occur during the
day, in an opposite activity state than humans. Correcting this
oversight has major implications for our understanding and
application of AIH-induced respiratory motor plasticity.

During the rest phase, basal spinal adenosine levels are low
(Figure 2), and peak adenosine levels are a function of both

Marciante etal. | 11

the severity and duration of hypoxic episodes (ie, 3 x 5 versus
15 x 1 min episodes). Since shorter hypoxic episodes reduce
evoked adenosine release (Figure 5), adenosine constraints on
serotonin-dominant plasticity are minimized with the 15 x 1
versus 3 x 5 mAIH protocol. Thus, spinal a4 receptor inhibition
during the rest phase has negligible impact on 15 x 1 mAIH-
induced pLTF (Figure 7), but nearly doubles pLTF after 3 x 5
mAIH, reaching levels comparable to the 15 x 1 protocol (Figure
4) by releasing the adenosine “brake” imposed by longer-hypoxic
episodes (Figures 5 and 8). In striking contrast, elevated back-
ground adenosine levels during the active phase suppress 15 x 1
mAIH-induced pLTF (Figure 6).

Since the “standard” 3 x 5 mAIH protocol triggers greater
hypoxia-evoked adenosine release (versus 15 x 1), we suggest
the 3 x 5 mAIH protocol delivered during the midactive phase
combines with elevated background adenosine levels, establish-
ing adenosine levels sufficient to flip from serotonin-dominant
(midrest) to adenosine-dominant plasticity (midactive; Figure 3).
Thus, adenosine constrains or dominates phrenic motor plas-
ticity depending on: (1) the duration of hypoxic episodes in
the mAIH protocol; and (2) delivery of AIH in the rest versus
active phase. To our knowledge, a similar “mechanistic flip” that
depends on rest/active phase and inducing protocol has never
been demonstrated in any other form of neuroplasticity.

Adenosine links brain activity state with the sleep-wake
cycle and neuroplasticity.>> Regarding spinal respiratory neuro-
plasticity, the impact of adenosine across the daily rest/active
cycle was previously unknown. We now demonstrate a funda-
mental link between daily spinal adenosine fluctuations and
phrenic motor plasticity, an impact modified by hypoxia evoked-
adenosine release/accumulation. Adenosine influences pLTF via
Ayp receptor activation, initiating intracellular signaling cas-
cades that inhibit the serotonin-dependent, Q pathway or, at the
extreme, drive a distinct mechanism of plasticity.'6->3-°

Hypoxia-evoked adenosine release from spinal glia has been
proposed to depend on the severity and duration of hypoxic
episodes based on indirect evidence'®?%; in the present study, we
directly demonstrate increased adenosine accumulation during
longer (5 min) versus shorter (1 min) hypoxic episodes, despite
similar levels of arterial and tissue hypoxia (Figure 5). Evoked
adenosine release occurs on shifting baseline adenosine lev-
els across the rest/active cycle. Although it is well known that
brain extracellular adenosine levels increase during prolonged
wakefulness, and decrease during sleep/rest,?®:33:°¢ we demon-
strate similar time-dependent shifts in ventral cervical spinal
cord encompasing the phrenic motor nucleus (Figure 2). These
findings suggest that baseline and evoked adenosine levels must
both be considered when evaluating adenosinergic regulation of
AIH-induced phrenic motor plasticity (Figure 8).

Additional triggers to adenosine accumulation in the ventral
cervical spinal cord may contribute to the overall “adenosine
burden,” including neuroinflammation,” aging,>®° or spinal
cord injury.®® Each of these factors is known to undermine mAIH
induced pLTFE®%:62 although the potential role of adenosine and
their actions has only recently been discovered.®3%*

The Potential to Harness Serotonin- Versus
Adenosine-Dependent Plasticity

Although serotonin and adenosine are capable of eliciting
phenotypically similar pLTF, it is not yet known if these cel-
lular cascades differentially impact other outcomes, such as
axonal growth, synaptogenesis or neuroprotection. Indeed,
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Figure 8. mAIH-induced pLTF is regulated by time-of-day dependent shifts in basal

adenosine levels and hypoxic episode duration (ie, evoked adenosine release).

Spinal adenosine (red dots) fluctuates across the daily rest/active cycle, with low levels during the rest phase (yellow) and elevated levels in the active phase (gray
background). In the top row, 3, 5 min episodes of moderate hypoxia (3 x 5 mAIH) evoke greater adenosine release from glia (signified by larger dotted arrows). In the
rest phase (top row, left panel), 3 x 5 mAIH induces pLTF through a serotonin-dominant (Q pathway), adenosine constrained mechanism. In the active phase (top

row, right panel), greater basal adenosine levels near phrenic motor neurons coupled
mAIH now induces pLTF through an andenosine-dominant (S pathway), serotonin con

(15 x 1 mAIH) evoke minimal adenosine release (signified by smaller arrow from glia).

full-blown serotonin-dependent Q pathway, with minimal adenosine constraint. How
through the Q pathway, but is now undermined considerably by elevated basal aden

with still high hypoxia-evoked adenosine release cause a mechanistic flip; 3 x 5
strained mechanism. In the bottom row, 15, 1 min episodes of moderate hypoxia

In the rest phase (bottom row, left panel), 15 x 1 mAIH elicits pLTF through the
ever, in the active phase (bottom row, right panel), 15 x 1 mAIH still elicits pLTF
osine levels; in this case, 15 x 1 mAIH does not reach the threshold adenosine

level necessary to flip pLTF from the Q to the S pathway, yet the Q pathway is sufficiently undermined to be lower than S-pathway driven 3 x 5 mAIH-induced pLTF at

this time.

each plasticity mechanism is driven by molecules associated
with distinct neural behaviors such as synaptogenesis® ver-
sus axonal growth,® respectively. For example, the S pathway
requires Akt and mTORC1 signaling,?%°*%” a pathway commonly
associated with axonal growth/elongation.®® Conversely, the Q
pathway requires ERK MAPK and BDNF/TrkB signaling,3”68-70
a pathway commonly associated with axon sprouting and
synaptogenesis.®® The ability to elicit different mechanisms
of plasticity based on rest/activity phase and AIH protocol
creates the potential to target these distinct outcomes for more
impactful therapeutics.

Limitations

This body of work represents a unique combination of
approaches that include in vivo neurophysiology, oxygen
optodes, adenosine microbiosensors and assays, targeted
pharmacologic manipulations of cervical spinal receptors,
and complex time-of-day-based physiology. Collectively, these
approaches justified a new conceptual framework concern-
ing the dynamical interplay between chemoreceptor activated
neural networks (serotonin) versus local tissue oxygen effects
(ATP/adenosine release) in AIH-induced phrenic motor plastic-
ity. Since this framework includes previously unrecognized (and

powerful) time-of-day and mAIH protocol effects, our results
constitute a major advance in understanding spinal motor
plasticity.

On the other hand, neuromodulators other than adenosine
fluctuate during the sleep/wake cycle and could provide distinct
influences on pLTF, including corticosterone,’? melatonin’?73
and orexin,”* among others. Nevertheless, adenosine is likely
the primary effector since Aja receptor inhibition had direct
effects on pLTF during both midrest and midactive experiments.
Going forward, it is essential to consider protocol specific time-
of-day or rest/active phase effects in the design of experiments
and clinical trial design as we attempt to harness AIH as a ther-
apeutic modality to restore breathing and other movements in
people living with chronic spinal cord injury, ALS, and other
neuromuscular disorders that compromise breathing and other
motor behaviors.

Though we present clear evidence for the role of basal spinal
adenosine in mediating time-of-day shifts in pLTF magnitude
and mechanism, hypoxia-evoked adenosine release in ventral
C4 spinal cord was measured late in the rest or early active
phase. In rodent basal forebrain (in vitro), AMPA-evoked adeno-
sine release is greater in the active phase versus the rest phase®?;
although this report supports our findings, it is important to ver-
ify if similar time-of-day effects occur in hypoxia-evoked spinal
adenosine release.


art/zqad041_f8.eps

Since all rats used in this study were male, we cannot com-
ment on the generalizability of our findings to females. How-
ever, female rats exhibit a profound age- and estrus cycle depen-
dent sexual dimorphism in mAIH-induced pLTE.%2.7>:7¢ Although
it is not known how sex steroid hormones influence pLTF across
the rest/active cycle, sleep duration and adenosine levels across
the daily rest/active cycle are differentially affected through the
estrus cycle.”” Sex and age effects were beyond the scope of this
study and warrant future investigation.

In vivo neurophysiology preparations require anesthesia,
which can disrupt circadian rhythms.”®7° From induction to ure-
thane conversion, rats in this study were exposed to progres-
sively decreasingisoflurane concentrations over ~1 h. Isoflurane
shifts circadian phase when delivered during the active phase
in rats, but has minimal impact during the rest phase.®’ Such
isoflurane-induced phase shifts occur days after initial expo-
sure and shift the “clock” by < 1.5 h.8%-81 Since the total time of
our experiments is ~4-5 h, and hippocampal neurotransmitter
release returns to normal by 4 h after discontinuing isoflurane,
there is little evidence that isoflurane, used as an inducing agent,
had any major impact on the results of this study.

Urethane anesthesia is most often used in our neuroplastic-
ity studies since it creates a stable, long-lasting anesthesic state
yet maintains brain functional connectivity versus unanes-
thetized rats.®? Urethane is unique among anesthetics since,
at lower doses, it permits spontaneous shifts between REM-
like and nonREM-like EEG states, with corresponding changes
in physiological variables typically associated with natural
sleep.®% Indeed, the ability for urethane to mimic natural
sleep is consistent with reports that: (1) anesthesia exerts lesser
time-of day-effects when delivered in the rest versus active
phase,’8:8%81 which would minimize differences between rest
versus active phase in the present study; and (2) urethane anes-
thetized rats exhibit similar EEG-state dependence of ventila-
tory LTF® versus natural sleep,®”-8 suggesting that EEG state
changes under urethane anesthesia and natural sleep impart
similar physiological effects on phrenic motor plasticity. Fur-
ther, since light cues are the most powerful influencer of circa-
dian rhythm and the rest/active cycle,®°? and urethane anes-
thesia preserves photoresponsiveness,” our results are unlikely
anesthesia-related.

Translational Significance

Phrenic LTF is a model of respiratory motor plasticity that
has guided translation to people living with chronic spinal
cord injury and ALS (see below), as well as to nonrespiratory
motor systems (walking, arm/hand function). We are currently
engaged in a “translational flywheel,” where rodent experiments
drive human studies of therapeutic AIH, which then inform the
need for further rodent studies.* Indeed, several clinical trials
are currently underway, exploring the ability of mAIH to restore
breathing, walking, and hand/arm function in people living with
chronic spinal cord injury and ALS. However, these trials suffer
from lack of full mechanistic understanding as we strive to opti-
mize mAIH as a therapeutic modality. Based on the present find-
ings, AIH protocol and time-of-day (rest/active phase) are highly
relevant variables. Therefore, we must reconsider the current
practice of applying therapeutic AIH during the human active
phase since these findings suggest the 15 x 1 mAIH protocol dur-
ing the rest phase would produces maximum pLTF/respiratory
motor output, but minimum pLTF in the active phase. Alter-
nately, we need to mitigate influence of elevated adenosine via
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pretreatment with A, receptor inhibitors. Regardless, consider-
ation of adenosine and time-of-day in future clinical trials is of
major importance.

Conclusion

In summary, using the “conventional” 3 x 5 mAIH protocol,
we demonstrate a complete shift in the mechanism driving
mAIH-induced pLTF from serotonin-dominance in the midrest
phase to adenosine-dominance in the midactive phase. This
shift is driven by fluctuations in spinal adenosine levels across
the rest/active cycle, combined with hypoxia-evoked adenosine
release. However, with a refined protocol consisting of 15, 1 min
hypoxic episodes, pLTF is greatly enhanced during the rest phase
(versus 3 x 5 AIH), but attenuated during the active phase due to
greater adenosine constraint to serotonin-dominant pLTF. The
present studies are the first to demonstrate: (1) basal adeno-
sine changes between the rest versus active phase in spinal
tissues containing the phrenic motor nucleus; (2) the powerful
role of adenosine in regulating pLTF across the daily rest/active
cycle; and (3) the importance of mAIH episode duration and
its dependence on the rest/active cycle. These findings greatly
advance our understanding of mechanisms regulating AIH-
induced motor plasticity, and provide new guidance for future
experimental and clinical trial design.
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