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Repetitive acute intermittent hypoxia increases expression of
proteins associated with plasticity in the phrenic motor nucleus
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Department of Comparative Biosciences, University of Wisconsin, Madison, WI 53706, USA

Abstract

Acute intermittent hypoxia (AIH) initiates plasticity in respiratory motor control, including
phrenic long term facilitation (pLTF). Since pLTF is enhanced by preconditioning with repetitive
exposure to AIH (rAlH), we hypothesized that a rAIH protocol consisting of 3 AIH exposures per
week for 10 weeks (3xwAlIH; AIH: 10, 5-min episodes of 10.5% O»; 5-min normoxic intervals)
would enhance expression of molecules that play key roles in pLTF within the phrenic motor
nucleus. Immunohistochemical analyses revealed that 3xwAIH for 10 weeks increased serotonin
terminal density in the C4 phrenic motor nucleus and serotonin 2A (5-HT5a) receptor expression
in presumptive phrenic motor neurons. Immunoreactive brain derived neurotrophic factor (BDNF)
and its high affinity receptor (TrkB) also increased following 3xwAIH. 3xwAIH also increased
expression of another hypoxia-sensitive growth factor known to elicit phrenic motor facilitation,
vascular endothelial growth factor (VEGF), and its receptor (VEGFR-2). Kinases “downstream”
from TrkB and VEGFR-2 were up-regulated in or near presumptive phrenic motor neurons,
including phosphorylated extracellular-signal regulated kinase (p-ERK) and protein kinase B (p-
AKT). Thus, 3xwAIH up-regulates neurochemicals known to be associated with phrenic motor
plasticity. Since 3xwAIH upregulates pro-plasticity molecules without evidence for CNS
pathology, it may be a useful therapeutic tool in treating disorders that cause respiratory
insufficiency, such as spinal injury or motor neuron disease.
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Introduction

The neuro-motor system controlling breathing exhibits considerable plasticity in response to
physiological challenges (Feldman et al., 2003; Mitchell and Johnson, 2003). For example,
acute intermittent hypoxia (AlH; 3 hypoxic episodes) elicits a form of respiratory plasticity
known as phrenic long-term facilitation (pLTF; Bach and Mitchell, 1996; Matieka and
Sandhu, 2011; Mitchell and Terada, 2011; Mitchell et al., 2001). Our understanding of
cellular mechanisms underlying AlH-induced pLTF has advanced considerably in recent
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years (Dale-Nagle et al., 2010; Feldman et al., 2003; MacFarlane et al., 2009; Mahamed and
Mitchell, 2007; Mitchell et al., 2001). For example, pLTF requires spinal serotonin type 2
receptor activation (Baker-Herman and Mitchell, 2002; MacFarlane and Mitchell, 2009;
MacFarlane et al., 2011), new synthesis of brain derived neurotrophic factor (BDNF; Baker-
Herman et al., 2004), activation of the high affinity BDNF receptor, TrkB (Baker-Herman et
al., 2004), with subsequent downstream signaling via extracellular regulated MAP kinases
(ERK; Hoffman and Mitchell, unpublished; Wilkerson and Mitchell, 2009).

However, we now know that multiple, distinct cellular mechanisms give rise to long-lasting
phrenicmotor facilitation (pMF; a general term that includes pLTF; Dale-Nagle et al., 2010).
One alternate pathway to pMF involves activation of adenosine type 2A receptors (A2A),
new TrkB synthesis and downstream signaling via protein kinase B/Akt in the region of the
phrenic motor nucleus (Golder et al., 2008; Nichols et al., 2012). This novel, adenosine-
dependent mechanism assumes predominance when the severity of hypoxic episodes
increases, replacing the normal, serotonin-dependent mechanism(Nichols et al., 2012).
Another novel pathway involves signaling via the hypoxia-induced growth factor, vascular
endothelial growth factor (VEGF; Dale-Nagle et al., 2011). Full expression of VEGF-
induced pMF requires activation of both ERKMAP kinases and Akt (Dale-Nagle et al.,
2011). The predominance of one pathway versus another in respiratory motor plasticity
following intermittent hypoxia may depend on factors such as the intensity and/or duration
of hypoxia, or altered conditions during injury or disease (Mitchell and Terada, 2011).

AlH-induced pLTF is enhanced by prior experience with intermittent hypoxia (Ling et al.,
2001; Mitchell et al., 2001; Wilkerson et al., 2008). For example, pretreatment with chronic
intermittent hypoxia (CIH) enhances pLTF during anesthesia (Ling et al., 2001) and
ventilatory LTF in unanesthetized rats (McGuire et al., 2003). It has been suggested that
repetitive intermittent hypoxia may be harnessed as a therapeutic approach to increase
phrenic motor output in cases of respiratory insufficiency such as following cervical spinal
injury or during motor neuron disease (Dale-Nagle et al., 2011; Fuller et al., 2003; Lovett-
Barr et al., 2012; Mitchell, 2007; Trumbower et al., 2012).

Although CIH elicits considerable pLTF meta-plasticity (Ling et al., 2001; McGuire et al.,
2003), it also elicits morbidity, such as systemic hypertension (Tamisier et al., 2011; Zoccal
et al., 2007), sleep fractionation (Perry et al., 2007), hippocampal neuron death and
cognitive decline (Gozal et al., 2001; Li et al., 2003; Xu et al., 2004). Thus, less severe
protocols of intermittent hypoxia have been suggested as an alternative for therapeutic
application (Mitchell, 2007), including daily exposure to acute intermittent hypoxia (dAIH;
10, 5 minute episodes with 5 minute intervals for 7 days; Lovett-Barr et al., 2012; Wilkerson
and Mitchell, 2009). Although we know that dAIH increases BDNF and ERK
phosphorylation within ventral cervical spinal segments that contain the phrenic motor
nucleus (Lovett-Barr et al., 2012; Wilkerson and Mitchell, 2009), other molecules that play
key roles in pMF have not been investigated.

Here, we investigate a novel protocol of repetitive acute intermittent hypoxia consisting of
AIH (10 episodes per day; 5 min of hypoxia with 5 minute intervals) three times per week
for 10 weeks (3xwAlIH). Since similar rAlIH for four weeks elicits meta-plasticity in pLTF
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(MacFarlane et al., 2008), we predicted that 3xwAIH for 10 weeks would elicit
neurochemical plasticity, but without detectable CNS pathology.

Immunohistochemical techniques were used to localize protein expression in the region of
the phrenicmotor nucleus (C4 and C5 ventral segments). In specific, we tested the
hypotheses that 3xwAIH (10 weeks): 1) increases the expression of key molecules involved
in AlH-induced pLTF, including serotonin, serotonin receptors, BDNF, TrkB and ERK
MAP kinases; 2) increases the expression of key molecules that elicit alternate mechanisms
of pMF, including TrkB, Akt, VEGF and VEGF receptor 2; and 3) elicits neurochemical
plasticity without evidence of non-specific brain pathology, such as hippocampal apoptosis
or reactive gliosis. An understanding of 3xwAIH-induced neurochemical plasticity may
have important implications as we develop therapeutic strategies to treat clinical disorders
involving respiratory insufficiency.

Twenty adult male Sprague—Dawley rats were randomly assigned to receive either sham
normoxia (n=10) or 3xwAIH for 10 weeks (n=10). The day prior to treatment onset, rats
were acclimated to the custom-made Plexiglass chambers (1 rat per chamber, dimensions 12
in.x4.5 in. x4.5 in.) under normoxic conditions (FIO,=0.21). 3xwAlIH consisted of 10, 5-
min episodes of hypoxia (F10,=0.105), followed by 5 min normoxic intervals by switching
the input gas between O,/N5 mixtures (FIO,=0.105) and medical grade air (F10,=0.21) 10
times, 3 days per week for 10 weeks. Sham rats were in the chambers for an equivalent
period of time, but did not receive hypoxia at any time. Chamber oxygen levels were
continuously monitored (AX300-1, Teledyne Analytical Instruments, City of Industry, CA).
Both 3xwAIH and normoxia-treated rats rested quietly or slept during exposure periods. All
procedures in the present study were carried out in accordance with the National Institute of
Health (NIH) guidelines for care and use of laboratory animals and were approved by the
Institutional Animal Care and Use Committee at University of Wisconsin, Madison.

Immunohistochemistry and immunofluorescence

Immunohistochemistry—All rats were euthanized after treatment and perfused
transcardially with ice-cold 0.01 M buffered saline (PBS, pH 7.4) followed by 4% buffered
paraformaldehyde. Transverse sections of C4—C5 ventral horn (i.e. the region containing
most phrenic motor neurons; Boulenguez et al., 2007; Goshgarian and Rafols, 1981;
Mantilla et al., 2009) were processed for immunohistochemistry. The cervical spinal cords
were excised, post-fixed overnight, and cryoprotected in 30% sucrose at 4 °C until they
sank. Transverse sections (40 um) were cut using a freezing microtome (Leica SM 200R,
Germany). Free-floating sections were washed with 0.1 M Tris-buffered saline with 0.1%
Triton-X100 (TBS- Tx; 3x5 min) and incubated in TBS containing 1% H,0, for 30min.
After washing (3x5 min) in TBS-TX, tissues were blocked with 5% normal goat serum or
5% normal donkey serum at room temperature (RT) for 60 min. Staining was performed by
incubating tissue sections with anti 5-HT,a (1/1000, rabbit serum, courtesy of Dr. M.
Brownfield, UW-Madison), anti-BDNF (N-20; 1/1,000 Santa Cruz Biotechnology, Santa
Cruz, CA), anti-VEGF (A-20; 1/1000 Santa Cruz Biotechnology, Santa Cruz, CA), anti-
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VEGFR-2 or KDR (Kinase insert Domain Receptor) (V3003; 1/200, Sigma Aldrich), anti-
TrkB (1/500, rabbit polyclonal, Santa Cruz Biotechnology, Santa Cruz, CA), or anti-
phospho ERK (1/500 rabbit polyclonal; Cell Signaling Technology, Danvers, MA) for 4 °C
overnight. The sections were washed and incubated in biotinylated secondary goat anti-
rabbit antibody (1:1000, Vector Laboratories, Burlingame, CA). Conjugation with avidin-
biotin complex (Vecstatin Elite ABC kit, Vector Laboratories, Burlingame, CA) was
followed by visualization with 3,3’-diaminobenzidine-hydrogen peroxidase (Vector
Laboratories) according to the manufacturer’s instructions. Sections were then washed in
TBS, placed on gelatin-coated slides, dried at RT, dehydrated in a graded alcohol series, and
then cleared with xylenes and mounted with Eukitt mounting medium (Electron Microscope
Sciences, Hatfield, PA).

All images were captured and analyzed with a digital camera (SPOT II; Diagnostic
Instruments, Sterling Heights, MI). Final photomicrographs were created with Adobe
Photoshop software (Adobe Systems, San Jose, CA) and all images received equivalent
adjustments to tone, scale, gamma and sharpness. Putative phrenic motor neurons were
identified based on size (>30 pm) and location within the region of the phrenic motor
nucleus in the C4 and C5 ventral horns (Boulenguez et al., 2007; Goshgarian and Rafols,
1981; Mantilla et al., 2009). Sections incubated without primary or secondary antibodies
served as negative controls. In addition we preabsorbed the primary BDNF and VEGF
antibodies with five fold (by concentration) excess of specific blocking peptides (sc-546 P
and sc- 152 P; both from Santa Cruz Biotechnology).

Immunofluorescence—To localize 5-HT, BDNF, VEGF, VEGF-R2, phospho-ERK, Akt
and phospho-Akt expression in different cell types or in the cellular compartment of
presumptive phrenic motor neurons, tissue sections were incubated at 4 °C overnight with
anti-5-HT (1/500, rabbit polyclonal; courtesy of Dr. M. Brownfield, UW-Madison); anti-
BDNF (N-20; 1/500, rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA); anti-
VEGF (A-20; 1/200, rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA); anti-
VEGF (A-20; 1/200, rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA); anti-
VEGFR-2 (V3003; 1/200; Sigma Aldrich); anti-phospho ERK (1/200, rabbit polyclonal;
Cell Signaling Technology, Danvers, MA); anti-Akt or anti-phospho Akt (1/200, rabbit
polyclonal; Cell Signaling Technology, Danvers MA), as well as secondary antibodies
targeting markers for neurons (NeuN; 1:500; Chemicon, Temecula, CA), astrocytes (GFAP;
1:1000; Chemicon, Temecula, CA), microglia (OX-42; 1:500, Serotec, Oxford, UK) or
synaptic membranes (synaptophysin; 1/200; Neuromic, Edina, MN). After washing with
TBS-Tx (3%5 min), tissues were incubated in a mixture of conjugated goat anti-rabbit or
donkey anti-goat red fluorescent Alexa 495 and conjugated goat anti-mouse green
fluorescent Alexa 488 (1:200, Molecular Probes, Eugene, Oregon) at room temperature for
60min. Stained tissues were mounted in coated glass using anti-fade solution (Prolong Gold
anti-fade reagent, Invitrogen, Oregon) and examined using an epifluorescent microscope
(Nikon, Japan).
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TUNEL assay

In situ detection of apoptotic cells was performed via terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) using the In Situ Cell Death Detection Kit
(Roche Molecular Biochemical, Indianapolis, IN) per the manufacturer’s instructions.
Briefly, hippocampal sections were permeabilized with 1% Proteinase K (in 50 mM Tris/5
mM EDTA buffer) for 15 min, rinsed with PBS and incubated in the TUNEL reaction
mixture for 1 h at 37 °C. Samples were rinsed, mounted in anti-fade solution (Molecular
Probes) and analyzed with the fluorescence microscope. Apoptotic cells appeared as red
stained cells. TUNEL (Texas Red) stained tissues were subjected to NeuN (green) staining
procedures to identify apoptotic hippocampal neurons. Cresyl-violet staining was performed
to identify cell death in tissues from the CA1 hippocampal sub-field.

Quantification and statistical analysis

Results

Sections were numbered sequentially, and every 8th section was selected for
immunohistochemistry. Thus, ~six sections from each animal at each segmental level were
used in this study. The phrenic motor nucleus was identified as a cluster of large, NeuN
positive cells in the medio-lateral C4 ventral horn (Boulenguez et al., 2007; Goshgarian and
Rafols, 1981; Mantilla et al., 2009). Digital photomicrographs of immunoreactive labeling in
the region of phrenic motor neurons were taken (SPOT Il; Diagnostic Instruments, Sterling
Heights, MI) using a fluorescence microscope (Nikon Eclipse, Japan). Densitometry was
performed in a defined, square “area of interest” circumscribing the nucleus (200 umx200
um). The number of serotonergic (5-HT) boutons was counted automatically and the
intensity of 5-HToa, BDNF, TrkB, phospho-Akt and phospho-ERK immunostaining was
quantified using NIH J Image software (National Institute of Health, Bethesda, MD; http://
rsb.info.nih.gov/ij). Data were compared between the 3xwAIH and normoxia treated groups
using t-tests. Differences were considered significant if p<0.05. All values are expressed as
means+1 SEM.

3xwWAIH increases 5-HT terminal density and 5-HT, receptor expression

NeuN immunofluorescence reveals large neurons in the C4 ventral horn, including
presumptive phrenic motor neurons; the region of the phrenic motor nucleus is indicated in
Fig. 1A by a white, dashed circle. There was no evidence of cell injury or death following
3xwAIH in the phrenic motor nucleus (Fig. 1D).

5-HT immunoreactivity in normoxic control rats is shown in Fig. 1B; 5-HT immunostaining
revealed nerve fibers with varicosities (i.e. terminals; Fig. 1C, small boxes). 3xwAIH
increased the density of serotonergic terminals near phrenic motor neurons (Fig. 1E),
expressed as a significant increase in the number of varicosities in the area of interest
(3xwAIH: 10,000£1564 boutons; vs. control: 6392+1265; p<0.01, n=5; Figs. 1F-K).

Basal 5-HT,x receptor staining is shown in presumptive phrenic motor neurons in Figs. 1G-
H. 3xwAIH increased 5-HT,a receptor immunoreactivity versus normoxic control rats
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(Figs. 11-J). Densitometry confirmed that 3xwAIH increased 5-HT,a receptor expression
2.2+0.3 fold vs. controls (p <0.001; n=5; Fig. 1L).

3xwAIH increases BDNF and TrkB immunoreactivity

BDNF expression in the ventral cervical spinal cord is low in control rats (Fig. 2A).
3xwAIH increased BDNF expression in presumptive phrenic motor neurons (Fig. 2B).
Densitometry confirmed that 3xwAIH increased BDNF expression in phrenic motor neurons
by 1.93+0.28 fold (Fig. 2C; p<0.01; n=5). Immunofluorescence revealed BDNF co-
localization with NeuN, and that 3xwAIH enhances BDNF immunoreactivity (Figs. 2G-I)
vs. normoxia (Figs. 2D-F).

In normoxic rats, TrkB was expressed in presumptive phrenic motor neurons (Fig. 2J),
consistent with previous reports of TrkB on the surface of motor neuron cell bodies, axons
and dendrites (Yan et al., 1997), including phrenic motor neurons (Golder et al., 2008).
3xwAIH increased TrkB receptor immunoreactivity in presumptive phrenic motor neurons,
both in the somata and perikarya (Fig. 2K). Densitometry confirmed significantly increased
TrkB receptor expression in motor neurons following 3xwAIH (2.4+0.3 fold; p<0.001; n=4,
Fig. 2L).

3xwAlIH increases VEGF and VEGFR-2 expression

VEGF protein is expressed in large cells in the region of the phrenic motor nucleus (Fig.
3A), confirming earlier reports in back-labeled phrenic motor neurons (Dale-Nagle et al.,
2011). VEGF immunostaining was also apparent in smaller cells, possibly inter-neurons
(Figs. 3A-B). After 3xwAIH, VEGF immunostaining was more robust in putative phrenic
motor neurons (Fig. 3B). Densitometry confirmed increased VEGF expression in
presumptive phrenic motor neurons after 3xwAIH vs. controls (2.9+0.2 vs. 1.0+0.3,
respectively; p<0.05; n=5; Fig. 3C). VEGF immunofluorescence was co-localized with
NeuN (Fig. 3D-E), but not with GFAP (Fig. 3F) or OX-42 (Fig. 3G), demonstrating that the
VEGF isoform (VEGFA) is expressed in presumptive phrenic motor neurons and nearby
interneurons.

VEGFR-2 was also expressed in large C4 ventral horn cells (Fig. 4A), and immunostaining
was upregulated by 3xwAIH (Fig. 4B). Densitometry revealed increased VEGFR-2
expression versus controls in presumptive phrenic motor neurons (3.8+0.7 vs. 1.0+0.5,
respectively; p<0.05; n=5; Fig. 4C). VEGFR-2 immunofluorescence was localized in
neurons, including presumptive phrenic motor neurons (Fig. 4D), and 3xwAIH increased its
expression (Fig. 4E). VEGFR-2 was not detectable in astrocytes (GFAP positive cells; Fig.
4F) or microglia (OX42 positive cells, Fig. 4G), even after 3xwAlH.

3xwAIH upregulates phosphorylated-ERK

ERK MAP kinases were activated by 3xwAlIH in the region of the phrenic motor nucleus. In
normoxic rats, p-ERK was only faintly expressed in presumptive phrenic motor neurons
(Figs. 5A-B), but was significantly increased following 3xwAIH (Figs. 5C-D). p-ERK co-
localized with synaptic or axon-like structures. Densitometry confirmed that 3xwAIH
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increased p-ERK expression in the phrenic motor nucleus (2.5+0.6 vs. 1.00+0.3, p<0.05;
n=5; Fig. 5E).

In control rats, p-ERK was minimally expressed in the soma of large NeuN positive cells of
the phrenic motor nucleus, but was absent from their nuclei (Figs. 5F-H). Most p-ERK
immunostaining was found in the outer layer of the neuronal membrane (small panel, Fig.
5H). p-ERK increased substantially in the phrenic motor nucleus following 3xwAIH (Figs.
51-K). This p-ERK immunostaining is characterized by varicosities or synapse-like
immunostaining on the surface of motor neurons. However, there was no co-localization of
p-ERK with NeuN (small panel, Fig. 5K), suggesting that p-ERK is not located in the
nucleus or cytoplasm. On the other hand, p-ERK was co-localized with synaptophysin
surrounding presumptive phrenic motor neurons (Figs. 5L-N). p-ERK (colocalized with
synaptophysin) increased following 3xwAIH (Figs. 50-Q).

3xwAIH upregulates Akt and phospho-Akt expression

Akt is predominantly expressed in the cytosol of large ventral horn cells (Figs. 6A-C).
Following 3xwAlIH, Akt expression is upregulated vs. controls, predominantly in the cell
nucleus (small panel, Figs. 6D-F). 3xwAIH also increased cytoplasmic p-AKT expression
in presumptive phrenic motor neurons (NeuN positive; Figs. 6J-L) vs. normoxic controls
(Figs. 6G-1). Phosphorylated-AKT was not co-localized with synaptophysin in controls
(Figs. 6M-0) or following 3xwAIH (Figs. 6P-R).

3xwAIH does not induce hippocampal gliosis, cell death or apoptosis

We found no evidence that 3xwAIH elicits glial activation and/or hippocampal cell death.
Hallmarks of glial activation are cellular hypertrophy and increased expression of GFAP
(astrocytes) or OX-42 (microglia/macrophages). There were no obvious changes in the
morphology of astrocytes or microglia in the hippocampal CA1 subfield following 3xwAIH
(Fig. 7). Neither the number of GFAP-positive cells (398+47 vs. 40538, p=0.84, n=4; Fig.
7C) nor OX42-positive cells (129+32 vs. 132+49, p=0.76, n=4; Fig. 7F) were affected by
3xwAIH. Further, there was no evidence for hippocampal cell death (Figs. 7G-H) or the
onset of apoptosis (Figs. 71-J) after 3xwAIH. Thus, we found no evidence that 3xwAIH
causes non-specific brain pathology, similar to our recent report following daily AIH for 7
consecutive days (Lovett-Barr et al., 2012).

Discussion

The concept of plasticity of neuronal properties such as size and shape of somata, density of
dendritic spines, formation of new synapses and neurochemical expression has been
extensively discussed (Goldin and Segal, 2003; Modney and Hatton, 2006), including
altered properties in respiratory neurons (Mitchell and Johnson, 2003). Here, we
investigated neurochemical plasticity of respiratory (phrenic) motor neurons caused by
repetitive exposure to acute intermittent hypoxia (3xwAlIH). We hypothesized that 3xwAIH
for 10 weeks would amplify expression of molecules associated with functional plasticity of
phrenic motor neurons including AlH-induced pLTF (Feldman et al., 2003; Mitchell and
Terada, 2011; Mitchell et al., 2001), as well as adenosine 2A receptor-induced (Golder et al.,
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2008; Nichols et al., 2012) and VEGF-induced phrenic motor facilitation (Dale-Nagle et al.,
2011).

Our emerging understanding of cellular mechanisms giving rise to pLTF (Fig. 8) implicates
serotonin (Bach and Mitchell, 1996; Baker-Herman and Mitchell, 2002), 5-HT, receptors
(Fuller et al., 2001; MacFarlane et al., 2011), new synthesis of BDNF and activation of TrkB
(Baker-Herman et al., 2004), and downstream signaling via ERK MAP kinases (Hoffman
and Mitchell, unpublished; Wilkerson and Mitchell, 2009). Other forms of spinal respiratory
motor plasticity linked to hypoxia (Dale-Nagle et al., 2010) include: 1) adenosine receptor
induced TrkB transactivation with downstream signaling via Akt (i.e. the S pathway; Dale-
Nagle et al., 2010; Golder et al., 2008; Hoffman and Mitchell, 2011; Nichols et al., 2012),
and 2) VEGF induced phrenic motor facilitation via ERK and Akt activation (Dale-Nagle et
al., 2011). Here we demonstrate that molecules critical for all of these pathways are
enhanced by a very modest protocol of repetitive acute intermittent hypoxia, namely
3xwAIH.

Since 3xwAIH enhances the expression of growth/trophic factors within the phrenic motor
nucleus (e.g. BDNF and VEGF), as well as their downstream signaling cascades, it may
represent a viable therapeutic strategy to initiate preconditioning with a protocol of modest
severity, or to restore breathing capacity in patients with respiratory insufficiency (Lovett-
Barr et al., 2012; Mitchell, 2007). A key to this therapeutic strategy is the observation that
3xwAIH augments pro-plasticity molecules without evidence for non-specific brain
pathology.

Serotonin and serotonin receptors

Millhorn et al. (1980) were the first to demonstrate that pLTF elicited by episodic activation
of carotid chemo-afferent neurons is serotonin dependent. Similarly, episodic spinal 5-HT,
receptor activation is both necessary and sufficient for AIH-induced pLTF in rats (Bach and
Mitchell, 1996; Baker-Herman and Mitchell, 2002; Fuller et al., 2001; Kinkead and
Mitchell, 1999; Lovett-Barr et al., 2006; MacFarlane and Mitchell, 2009; MacFarlane et al.,
2011). Meta-plasticity of pLTF is associated with increased serotonin terminal density in the
phrenic motor nucleus (Kinkead et al., 1998) and serotonin terminal density below a cervical
spinal injury correlates with the pLTF magnitude (Golder and Mitchell, 2005). Here, we
demonstrate that 3xwAIH increased the serotonergic terminal density near phrenic motor
neurons, and 5-HT,a receptor expression in presumptive phrenic motor neurons. These
alterations may confer greater capacity for serotonin-dependent plasticity in phrenic motor
neurons.

Altered serotonin receptor expression has been documented in piglet brainstems following
intermittent hypercapnia/hypoxia (Say et al., 2007). However, these authors reported
reduced 5- HT 1 receptor expression without detectable effect on 5-HToa receptors.
Another study of chronic intermittent hypoxia found no change in 5-HT,a_»c binding
density in the hypoglossal motor nucleus, or 5-HT,a and 5-HT,¢ receptor mMRNA
expression in individual hypoglossal motor neurons (Veasey et al., 2004). This apparent
discrepancy with our results may be explained by differences in the respiratory motor
nucleus studied (hypoglossal vs. phrenic), age (infant vs. adult), species (piglet vs. rats), or
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variations in the intermittent hypoxia protocol (e.g. prolonged daily exposures for 12 days
vs. brief exposures 3 times per week for 10 weeks; or intermittent hypercapnic hypoxia vs.
intermittent poikilocapnic hypoxia).

Alterations in serotonin-dependent respiratory plasticity occur after spinal cord injury. For
example, C2 spinal hemisection increases 5-HTya receptor expression in phrenic motor
neurons, perhaps contributing to a strengthened crossed-spinal synaptic pathway to phrenic
motor neurons (Fuller et al., 2005). After low-thoracic transection, 5-HTq1a/7 and 5- HTop
receptor expressions are both increased in lumbar spinal segments (Giroux et al., 1999; Ung
et al., 2005). Another example of plasticity in the serotonergic system that correlates with
functional phrenic motor plasticity is the dramatic increase in serotonin terminal density
near phrenic motor neurons, accompanied by increased serotonin-dependent pLTF after
chronic cervical dorsal rhizotomy (Kinkead et al., 1998). Thus, serotonergic neuron
plasticity may contribute to functional plasticity in respiratory (phrenic) motor output
following 3xwAIH.

Although our observations are limited to serotonin terminal density and 5-HTx receptors,
we cannot rule out changes in other 5-HT receptor subtypes following 3xwAIH. For
example, McGuire et al. (2004) demonstrated that enhanced ventilatory LTF following
chronic intermittent hypoxia requires an additional serotonin receptor subtype, most likely
5-HT7 receptors. Possible alterations in other serotonin receptor subtypes following
3xwAIH requires further investigation.

BDNF and TrkB

We recently demonstrated that daily AIH for one week upregulates BDNF and TrkB
expressions in the phrenic motor nucleus (Lovett-Barr et al., 2012; Wilkerson and Mitchell,
2009). Similarly, 3xwAlIH increases BDNF expression in the phrenic motor nucleus,
including the somata of presumptive phrenic motor neurons. BDNF induction following
3xwAIH is associated with TrkB up regulation, suggesting that repetitive AIH may
represent a novel and effective means of endogenous BDNF delivery that avoids the
difficulties attendant to protein delivery to the CNS (e.g. access across the blood brain
barrier, receptor down-regulation, immune responses triggered by protein delivery; Banks
and Erickson, 2010; Téth et al., 2011). As such, repetitive AIH may be an effective
treatment for certain forms of injury and/or disease (Mitchell, 2007), including spinal injury
(Lovett-Barr et al., 2012).

The association between increased BDNF and TrkB expression is not surprising since TrkB
is regulated by the hypoxia-sensitive transcription factor, HIF-1a (Martens et al., 2007).
Previous reports demonstrate a requirement for TrkB signaling for 5-HT-induced ERK
activation, and for the induction of sensory motor long-term facilitation in Aplysia (Sharma
et al., 2006). Collectively, available evidence is consistent with a major role for BDNF and
TrkB in respiratory plasticity and meta-plasticity following repetitive AIH.
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VEGF and VEGF receptor 2

Hypoxia activates other cellular mechanisms, including increased expression of genes
regulated by the transcription factor hypoxia-inducible factor (HIF-1a; Semenza, 2006;
Yuan et al., 2011). One example, known to elicit phrenic motor facilitation, is VEGF (Dale-
Nagle et al., 2011). Although VEGF was originally thought of as an angiogenic growth
factor, it also promotes neurogenesis, neuroprotection and motor plasticity (Chen et al.,
2005; Dale-Nagle et al., 2011; Wang et al., 2005). Here we report that 3xwAIH upregulates
VEGF and its high affinity receptor, VEGFR-2, in presumptive phrenic motor neurons. The
functions of these molecules following 3xwAIH are not yet clear, but they converge on the
same, downstream signaling molecules as BDNF/TrkB, including ERK and Akt (Dale-
Nagle et al., 2011). Thus, interesting and complex interactions between the BDNF/TrkB and
VEGF/VEGFR-2 systems may be expected.

ERK and phosphorylated ERK

ERK MAP kinases play critical roles in the regulation of cell growth and differentiation
(Kelly-Spratt et al., 1999; Whittard et al., 2006), as well as neuronal survival and plasticity
(Colucci-D’Amato et al., 2003). For example, phosphorylation (and activation) of ERKSs is
required for hippocampal long-term potentiation (Jones, et al., 1999; Schafe et al., 2008; Xin
et al., 2006).

Available evidence suggests a prominent role for ERKSs in respiratory plasticity. For
example, spinal ERK/MAP kinase activation is necessary for full expression of phrenic
motor facilitation elicited by spinal VEGF (Dale-Nagle et al., 2011). ERK activation is also
critical for AlH-induced pLTF since: 1) AlH increases phospho-ERK levels near the phrenic
motor nucleus (Wilkerson and Mitchell, 2009); and 2) spinal MEK/ERK inhibition blocks
AlH-induced pTLF (Hoffman and Mitchell, unpublished).

Hypoxia increases ERK/MAP kinase activity (Conrad et al., 1999; Muller et al., 1997;
Wilkerson and Mitchell, 2009). Here, we confirm that 3xwAIH increases phospho-ERK
expression in the phrenic mator nucleus; increased expression was observed exclusively in
regions immediately surrounding motor neurons (Fig. 5).

Phosphorylated ERK was preferentially increased in the synaptic membrane of presumptive
phrenic motor neurons, as revealed by its co-localization with synaptophysin (Fig. 5L-Q).
Although pre- versus post-synaptic localization cannot be determined with these methods,
this observation with synaptophysin is consistent with the hypothesis that ERK strengthens
synaptic inputs following 3xwAIH. As yet, there is no direct evidence to support this
hypothesis and additional functional studies are needed.

Akt and phosphorylated Akt

Both Akt and phosphorylated Akt expressions were increased in presumptive phrenic motor
neurons following 3xwAIH. However, the distribution of phosphorylated Akt differs
strikingly from phosphorylated ERK (Figs. 5 and 6). In contrast to the largely synaptic
localization of phospho-ERK following 3xwAIH, phospho-Akt was largely cytosolic/
nuclear. The significance of this difference in distribution following 3xwAIH is unknown,
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but may have important implications concerning the respective roles played by each kinase
in respiratory plasticity. The cytosolic/nuclear localization of Akt suggests greater
involvement in mechanisms that require nuclear transcriptional activation, whereas the
synaptic localization of ERK is consistent with a greater role in synapse-specific
mechanisms of plasticity. Thus, these kinases may differ in important respects, such as the
time-domain of their respective actions.

Akt regulates cell survival (Hutchinson et al., 2001) and plasticity (Horwood et al., 2006). In
its inactive state, Akt is located in the cytosol; however, Akt phosphorylation and activation
occur after translocation to the lipid bilayer (Alessi et al., 1996). Activated Akt can be found
in the cell nucleus, although its function there is poorly understood. However, once hypoxia
up-regulates HIF-1a protein levels, its transcriptional activity is regulated by various growth
factors via PI3K/AKkt activity (Mazure et al., 1997; Stiehl et al., 2002; Zhong et al., 2000).
Thus, Akt-dependent regulation of HIF-1a activity may play a role in the expression of
growth factors such as VEGF that are involved in respiratory plasticity.

Significance

Here, we provide evidence that molecules known to play key roles in respiratory plasticity
are up-regulated within the phrenic motor nucleus and in presumptive phrenic motor
neurons following 3xwAlIH, a very modest protocol of repetitive AIH. Specific changes
associated with AlH-induced pLTF (i.e. the “Q pathway;” Dale-Nagle et al., 2010) include
greater serotonin terminal density, and 5-HTyx receptor, BDNF, TrkB and phospho-ERK
expression. We anticipate interesting changes in the expression of other proteins known to
play key roles in AIH-induced respiratory plasticity, such as protein kinase C (Devinney and
Mitchell, unpublished), serine/threonine protein phosphatases (Wilkerson et al., 2008) and
NADPH oxidase (MacFarlane et al., 2009).

Equivalent changes in other signaling cascades leading to phrenic motor facilitation (Dale-
Nagle et al., 2010, 2011) include VEGF/VEGFR-2 (ERK and Akt) and the “S pathway”
(TrkB/Akt) to phrenic motor facilitation. Although the neurochemical plasticity reported
here does not constitute conclusive evidence that any specific change contributes to
functional plasticity, they lay a foundation for future studies.

An interesting implication of our findings is that repetitive exposure to “low doses” of
intermittent hypoxia may represent an effective means of endogenous growth factor delivery
(e.g. BDNF and VEGF). Such growth factor “delivery” may be beneficial in promoting
neurogenesis (Gozal et al., 2003), cell survival and/or plasticity as a therapeutic approach to
neural injury or disease. Previous attempts to harness growth/trophic factors via exogenous
delivery have had poor success (Beck et al., 2005; Borasio et al., 1998; Cedarbaum et al.,
1999; Miller et al., 1996; Nefussy et al., 2010), most likely due to complications with
protein delivery across the blood brain barrier, immune responses to exogenous proteins
and/or down-regulation of relevant receptors. Repetitive acute intermittent hypoxia produces
these proteins on site, and is associated with receptor up-regulation, suggesting that this
approach has considerable advantages. For example, repetitive acute intermittent hypoxia
has been “harnessed” therapeutically in a rodent model of cervical spinal injury; specifically,
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daily AlIH (7 days) restores ventilatory capacity after a cervical spinal hemisection (Lovett-
Barr et al., 2012).

One hazard of intermittent hypoxia is the risk of increased blood pressure, CNS
inflammation, hippocampal cell death and cognitive impairment (Gozal et al., 2001; Li et
al., 2003; Tamisier et al., 2011; Xu et al., 2004; Zoccal et al., 2007) following severe
protocols of chronic intermittent hypoxia. However, repetitive AIH is very modest in
comparison, and may enable us to capture the benefits without undesirable side effects.
Indeed, daily AlIH elicits spinal plasticity without evidence for hypertension (Wilkerson and
Mitchell, 2009) or hippocampal pathology (Lovett-Barr et al., 2012). We now extend these
findings to an even less severe (but prolonged) presentation of intermittent hypoxia,
3xwAIH, which elicits more robust neurochemical changes without evidence of
hippocampal pathology. Thus, 3xwAIH may be a useful protocol to treat respiratory
insufficiency during lung (e.g. obstructive lung disease), upper airway (e.g. sleep apnea) or
neural disorders (e.g. spinal injury or motor neuron disease; Mitchell, 2007).
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Fig. 1.

3><gwAIH increases serotonergic (5-HT) terminal density (A-F; red) and 5-HTox receptor
(G-J) immunostaining (brown) in presumptive phrenic motor nucleus in C4 ventral horn
(indicated by dotted circle in A—F; solid square in G, I). Presumptive phrenic motor neurons
are large, NeuN positive cells (large green cells) in the region of phrenic motor nucleus. The
number of serotonergic boutons (K) and 5-HT2a receptor (L) density is significantly
increased versus normoxic control rats. Boxes indicate the region surrounding phrenic motor
neurons where count/densitometry was performed. Scale bar is 200 um for lower
magnification and 100 um for higher magnification images (small, white boxes in right hand
panels). Data are means+1 SEM. *p<0.001 versus normoxia.
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Fig. 2.
3xwAIH upregulates BDNF and TrkB immunostaining in C4 ventral horn. BDNF

immunostaining increases in the phrenic motor nucleus after 3xwAIH (B) versus normoxic
controls (A). Boxes indicate the region surrounding phrenic motor neurons in which
densitometry was performed. Measurement of optical density (OD) confirmed a significant
increase in BDNF immunoreactivity following repetitive AIH (C). Immunofluorescence
staining confirmed that BDNF is localized in motor neurons (large NeuN-positive cells in
dashed circle), and its immunoreactivity is enhanced following 3xwAIH (D-I). Higher-
magnification images from this region are in the bottom right corner. TrkB
immunoreactivity (brown color) was Nissl counterstained (blue) to determine expression in
presumptive phrenic motor neurons (J-K). Note that 3xwAIH (K) significantly increased
TrkB immunostaining versus normoxic controls (J), as confirmed by densitometry (L). Scale
bar for A-l is 200 um; J-K and small boxes are 100 pm. Data are meanst1 SEM, *p<0.01;
**p<0.001 versus normoxia.
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Fig. 3.
Representative images of VEGF immunostaining in C4 ventral horn. VEGF was expressed

in large, NeuN positive cells, including large, presumptive phrenic motor neurons (in black
boxes) and interneurons. 3xwAlIH significantly increased VEGF protein expression in
presumptive phrenic motor neurons versus control, normoxic rats (A—B). Boxes indicate the
region in which densitometry was performed; higher-magnification images from this region
are in the bottom right corner. Optical density (OD) analysis confirmed significant increase
in VEGF immunoreactivity following 3xwAlIH (C). Data are means+1 SEM. *p<0.05 versus
normoxic controls. Immunofluorescence of large, NeuN positive cells (green) confirmed
that VEGF (red) is localized in presumptive phrenic motor neurons (in white circle). VEGF
immunoreactivity is enhanced following 3xwAIH (D-E). VEGF was not detectable in
GFAP positive astrocytes (F) or in OX-42 positive microglia (G), even after 3xwAIH. Scale
bars: 200 um for lower magnification (A-B, D—E) and 100 um for higher magnification
(small boxes in D-E); F-G is 50 pum.
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Fig. 4.
Representative images of VEGF receptor-2 (VEGFR-2) immunostaining in C4 ventral horn.

VEGFR-2 is expressed in NeuN positive cells, including large, presumptive phrenic motor
neurons (small black boxes). 3xwAIH significantly increased VEGFR-2 protein expression
in presumptive phrenic motor neurons versus control, normoxic rats (A-B). Optical density
(OD) analysis showed significant increase in VEGF-R2 immunoreactivity following
3xwAIH (C). Data are means+1 SEM. *p<0.05 versus normoxic controls.
Immunofluorescence for large, NeuN positive cells confirmed that VEGFR-2 is localized in
presumptive phrenic motor neurons (white circle). Further, VEGFR-2 immunoreactivity is
enhanced following 3xwAIH (D-E). VEGF was not detectable in GFAP positive (green)
astrocytes (F) or in OX-42 positive (green) microglia (G), even after 3xwAlIH. Scale bars:
200 pm for lower magnification (A-B, D-E) and 100 um for higher magnification (small
boxes in D-E); F-G is 50 pm.
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Fig. 5.
Representative images of p-ERK staining in C4 ventral horn. p-ERK immunoreactivity

(brown color) was Nissl counterstained (blue) to assess localization in putative phrenic
motor neurons (A-D). 3xwAIH (C-D) significantly increased p-ERK immunoreactivity
versus normoxic controls (A-B) as confirmed by optical density (OD) analysis (E). Data are
means+1 SEM. *p<0.05 versus normoxia. Higher-magnification images of those cells are in
the bottom corner. Immunofluorescence staining showed that p-ERK was found on the
membranes of presumptive phrenic motor neurons (arrow head) (F-K) and is colocalized
with synaptophysin surrounding the vacant motor neuron somata (stars) (L—Q). Scale bar for
A, Cis 200 pm; B, D, F-Q is 100 um.
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Fig. 6.
3xwAIH induced Akt (A—F) and p-AKT (G-L) protein expression in presumptive phrenic

motor neurons (D-F). Phosphorylated Akt (p-Akt) was dominantly expressed in cytoplasm
(small panel, L), but not in neuronal membranes (synaptophysin) of presumptive phrenic
motor neurons (M—R). Scale bar is 100 pum.
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Fig. 7.
3xwAIH does not induce gliosis or neuronal death in the CAL hippocampal sub-field. There

was no evidence of reactive astrocytes (A-B) or activated microglia (D-E). Cell counts
reveal that the densities of GFAP-positive astrocytes (C) and OX-42 positive microglia (F)
were unaffected by 3xwAIH (each n=5). There was no obvious increase of the intensity of
either cell marker (A vs. B; D vs. E). Furthermore, there was no evidence that indicates
3xwAIH causes hippocampal cell death (G—H) or apoptosis (1-J) based on cresyl-violet and
TUNEL staining, respectively. J’ is a positive control for TUNEL staining taken from the
cortex after middle cerebral artery occlusion in a rat. Scale bar for A, B, D, E, 50 um; G-H,
500 pm; 1-J, 100 pm.
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Fig. 8.
Working model of signaling pathways to hypoxia-induced phrenic motor plasticity. Unique

pathways are elicited by 5-HToa receptors (i.e. the Q pathway; Dale-Nagle et al., 2010),
VEGF receptors, and A2A receptors (i.e. the S pathway). These downstream signaling
molecules have the potential to play critical roles in enhanced pMF following repetitive
AlH. Results from this study indicate that all of these respective molecules are upregulated
by 3xwAlIH, consistent with the greater capacity for functional plasticity.
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