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Development/Plasticity/Repair

Spinal Vascular Endothelial Growth Factor Induces Phrenic
Motor Facilitation via Extracellular Signal-Regulated Kinase
and Akt Signaling

Erica A. Dale-Nagle,* Irawan Satriotomo,* and Gordon S. Mitchell
Department of Comparative Biosciences, University of Wisconsin, Madison, Wisconsin 53706

Although vascular endothelial growth factor (VEGFA-165) is primarily known for its role in angiogenesis, it also plays important neu-
rotrophic and neuroprotective roles for spinal motor neurons. VEGFA-165 signals by activating its receptor tyrosine kinase VEGF
receptor-2 (VEGFR-2). Because another growth/trophic factor that signals via a receptor tyrosine kinase (brain derived neurotrophic
factor) elicits a long-lasting facilitation of respiratory motor activity in the phrenic nerve, we tested the hypothesis that VEGFA-165 elicits
similar phrenic motor facilitation (pMF). Using immunohistochemistry and retrograde labeling techniques, we demonstrate that
VEGFA-165 and VEGFR-2 are expressed in identified phrenic motor neurons. Furthermore, intrathecal VEGFA-165 administration at C4
elicits long-lasting pMF; intraspinal VEGFA-165 increased integrated phrenic nerve burst amplitude for at least 90 min after injection
(53.1 = 5.0% at 90 min; p < 0.001). Intrathecal VEGFA-165 increased phosphorylation (and presumed activation) of signaling molecules
downstream from VEGFR-2 within the phrenic motor nucleus, including ERK (1.53 = 0.13 vs 1.0 = 0.05 arbitrary units in control rats;
P <<0.05)and Akt (2.16 = 0.41vs 1.0 = 0.41 arbitrary units in control rats; p << 0.05). VEGF-induced pMF was attenuated by the MEK/ERK
inhibitor U0126 [1,4-diamino-2,3-dicyano-1,4-bis(0-aminophenylmercapto)butadiene] and was abolished by the phosphotidinositol 3
kinase/Akt inhibitor LY294002 [2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one hydrochloride], demonstrating that ERK
mitogen-activated protein kinases and Akt are both required for full expression of VEGF-induced pMF. This is the first report that
VEGFA-165 elicits plasticity in any motor system. Furthermore, because VEGFA-165 expression is hypoxia sensitive, it may play arole in

respiratory plasticity after prolonged exposures to low oxygen.

Introduction

Plasticity is a hallmark of the respiratory control system, includ-
ing plasticity in spinal respiratory motor nuclei (Mitchell and
Johnson, 2003). Growth and trophic factors play a critical role in
many forms of neural plasticity, including respiratory plasticity
(Mitchell and Johnson, 2003; Golder, 2008). For example, brain-
derived neurotrophic factor (BDNF) and activation of its high-
affinity receptor tyrosine kinase tropomyosin-related kinase B
(TrkB) in the cervical spinal cord are necessary and sufficient for a
well-known form of respiratory plasticity, phrenic long-term facili-
tation (pLTF), after acute intermittent hypoxia (AIH) (Baker-
Herman et al., 2004). TrkB trans-activation via G-protein-coupled
metabotropic receptor activation also elicits long-lasting phrenic
motor facilitation (Golder et al., 2008), demonstrating that multi-
ple distinct signaling pathways (in this case involving TrkB iso-
forms) give rise to long-lasting facilitation of phrenic motor
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output (Dale-Nagle et al., 2010). Here, we use phrenic motor
facilitation (pMF) as a general term, including pLTF after acute
intermittent hypoxia and other forms induced, for example, by
spinal administration of receptor agonists.

TrkB is a receptor tyrosine kinase that signals primarily by
activation of extracellular signal-regulated protein kinase (ERK)
mitogen-activated protein kinases and/or protein kinase B (Akt)
(Reichardt, 2006; Golder, 2008). Intermittent hypoxia-induced
pLTF is associated with greater ERK phosphorylation (activa-
tion) in the region of the phrenic motor nucleus (Wilkerson and
Mitchell, 2009), and pLTF requires ERK (not Akt) activation in
its underlying mechanism (M. S. Hoffman and G. S. Mitchell,
unpublished observation). In contrast, pMF after G,-protein-
coupled metabotropic receptor activation is primarily associated
with Akt activation (Golder et al., 2008), although full expression
of this pMF may also require MEK/ERK activation (M. S. Hoff-
man and G. S. Mitchell, unpublished observation). Thus, recep-
tor tyrosine kinases, in general, have the capacity to elicit pMF
through downstream signaling via ERK, Akt, or both.

Vascular endothelial growth factor (VEGEF) is typically thought
of for its roles in angiogenesis (Connolly et al., 1989) and cell
permeability regulation (Senger et al., 1986). However, a promi-
nent role for VEGF in the CNS has been appreciated in recent
years, including neurotrophic and neuroprotective effects on spi-
nal motor neurons (Storkebaum et al., 2004; Gora-Kupilas and
Josko, 2005; Zachary, 2005).
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There are several splice variants or VEGF isoforms and three
major receptor subtypes (Robinson and Stringer, 2001). The pre-
dominant receptor of the VEGFA-165 isoform is VEGF receptor-2
(VEGFR-2). VEGFA-165 is expressed in spinal motor neurons
(Hayashi et al., 1999). Here, we report that VEGFA-165 and, more
importantly, VEGFR-2 are expressed in identified phrenic motor
neurons. Because VEGFR-2 is a member of the RTK family and
signals via ERK and Akt activation (Zachary, 2003), we hypothe-
sized that acute spinal VEGFA-165 (via VEGFR-2) (1) is suffi-
cient to induce pMF similar to acute BDNF administration, (2)
will increase phosphorylation of signaling molecules down-
stream from VEGFR-2 (including ERK and/or Akt) within
phrenic motor neurons, and (3) that VEGFA-165-induced pMF
requires spinal ERK and Akt activation. For brevity, VEGFA-165
will be referred to only as VEGF throughout.

Materials and Methods

Experimental animals. Electrophysiology experiments were performed
using 3- to 5-month-old adult male Sprague Dawley rats (colony 218A;
Harlan). Animals were doubly housed in a controlled environment (12 h
light/dark cycle, daily humidity and temperature monitoring), with food
and water ad libitum. All protocols were approved by The Institutional
Animal Care and Use Committee at the University of Wisconsin.

VEGF and VEGFR-2 immunostaining and back-labeling of phrenic mo-
tor neurons. Naive rats (n = 5) were killed with an overdose of Beutha-
nasia (0.3 ml, i.p.) and perfused transcardially with ice-cold 0.01 M PBS,
pH 7.4, followed by 4% buffered paraformaldehyde. Cervical spinal
cords were excised, postfixed overnight, and cryoprotected in 30% su-
crose at 4°C until they sank. Transverse sections (40 um) of C4-C5
ventral horn (including the phrenic motor nucleus) were cut using a
freezing microtome (Leica SM 200R). In brief, free-floating sections were
washed in 0.1 m Tris-buffered saline with 0.1% Triton X-100 (TBS-Tx)
(three times for 5 min) and incubated in TBS containing 1% H,O, for 30
min. After washing (three times for 5 min) in TBS-Tx, tissues were
blocked with 5% normal rabbit serum at room temperature (RT) for 60
min. Staining was performed by incubating sections with goat polyclonal
anti-VEGF (1:1000; Sigma-Aldrich) or VEGFR-2 or KDR (kinase insert
domain receptor) (1:500; Sigma-Aldrich) at 4°C overnight. Both VEGF
and VEGFR-2 antibodies are widely used, and their specificity has been
tested for their blocking capacities (Castilla et al., 2004; Sakao et al., 2007;
Smadja et al., 2007; Yamashita, 2007). The sections were washed in
TBS-Tx and incubated in biotinylated secondary rabbit anti-goat anti-
body (1:1000; Vector Laboratories). Conjugation with avidin—biotin
complex (Vecstatin Elite ABC kit; Vector Laboratories) was followed by
visualization with 3,3’-diaminobenzidine-hydrogen peroxidase (DAB)
(Vector Laboratories) according to the instructions of the manufacturer.
Sections were then washed in TBS, placed on gelatin-coated slides, dried,
dehydrated in a graded alcohol series, then cleared with xylenes, and
mounted with Eukitt medium.

To localize VEGF and VEGFR-2 in phrenic motor neurons, free-
floating sections from cholera toxin B fragment (CtB)-injected rats (see
retrograde labeling protocol below) were washed in TBS-Tx (three times
for 5 min) and then blocked with 5% normal donkey serum (NDS) at RT
for 60 min. Staining was performed by incubating sections with either
rabbit polyclonal anti-VEGF (A-20; 1:200; Santa Cruz Biotechnology) or
mouse VEGFR-2 (V3003; 1:200; Sigma-Aldrich) with anti-CtB antibody
(non-denatured cholera toxin B; goat polyclonal; 1:10,000; Calbiochem)
at 4°C overnight. The sections were washed in TBS-Tx (three times for 5
min) and incubated in conjugated donkey anti-rabbit green fluorescent
Alexa Fluor-488 (1:500; Invitrogen) or donkey anti-mouse green fluores-
cent Alexa Fluor-488 (1:500; Invitrogen) and donkey anti-goat red fluo-
rescent Alexa Fluor-594 (1:500; Invitrogen). Stained tissues were
mounted under glass using anti-fade solution (Prolong Gold anti-fade
reagent; Invitrogen). All images were captured and analyzed with a dig-
ital camera (Qcapture Pro 6.0; QImaging). The final photomicrographs
were created with Adobe Photoshop software (Adobe Systems). All im-
ages presented in the figures received equivalent adjustments to tone,
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scale, gamma, and sharpness. All semiquantitative analysis (see below)
was performed before making any adjustments for tone, gamma, or
sharpness and was not blinded. Sections incubated without primary or
secondary antibodies served as negative controls.

Retrograde labeling of phrenic motor neurons. To localize phrenic motor
neurons, 10 rats were used for retrograde labeling with cholera toxin B
subunit by intrapleural injection (Mantilla et al., 2009). Anesthesia was
induced in a closed chamber with isoflurane and maintained via nose
cone (1.5% isoflurane in 100% oxygen). Using a 25 ul Hamilton syringe
and a custom-made needle (6 mm, 23 gauge, semi-blunt so as not to
puncture the lung), 25 ul 0£0.5% cholera toxin B subunit (List Biological
Laboratories) in 0.9% sterile saline was injected transcutaneously into
the thoracic cavity on each side (6 mm deep, fifth intercostal space).
Animals were monitored closely for any signs of respiratory compromise,
but none were evident in this study. Three days after surgery, the rats
were anesthetized and were prepared for intrathecal injections of VEGF
or vehicle (see below).

Intrathecal VEGF injections. Anesthesia was induced in a closed cham-
ber with isoflurane and maintained using a nose cone. Rats were then
tracheotomized and pump ventilated (2.5 ml; Rodent Ventilator, model
683; Harvard Apparatus). Isoflurane anesthesia continued via the venti-
lator for the duration of surgical preparations (3.5% isoflurane in 50%
0,). After surgery was complete, rats were slowly converted to urethane
anesthesia (1.8 g/kg) via a tail vein catheter. To mimic the surgical prep-
aration of the electrophysiology experiments (see below), bilateral vagot-
omy was performed, the femoral artery was tied off, and phrenic and
hypoglossal nerves were dissected and transected. A C2 laminectomy and
durotomy were performed to allow placement of an intrathecal silicone
catheter (2 French; Access Technologies), with the tip located on the
dorsal aspect of the C4 spinal segment. Rats were paralyzed with pancu-
ronium bromide (2.5 mg/kg, i.v.). Body temperature was measured with
arectal probe (Traceable; Thermo Fisher Scientific) and maintained within
1-2°C of initial measurement using a custom, temperature-controlled sur-
gical table. End-tidal CO, was measured with a flow-through capnograph
with sufficient response time to measure end-tidal CO, in rats (Capnogard;
Novemetrix). Partial pressure end-tidal CO, was maintained between 41
and 44 mmHg. Rats were intrathecally injected with 10 ul of either VEGF
(recombinant human; 100 ng; R & D Systems) dissolved in 0.1% bovine
serum albumen (BSA) and artificial CSF (aCSF) (in mm: 120 NaCl, 3 KCl, 2
CaCl, 2 MgCl, 23 NaHCO;, and 10 glucose bubbled with CO,) or vehicle
(0.1% BSA in aCSF). After 15 min, rats were perfused and fixed for phospho-
ERK and phospho-Akt immunohistochemistry.

Phospho-ERK, phospho-Akt, and cholera toxin subunit B immunostain-
ing. To identify phosphorylation of ERK and Akt proteins in the phrenic
motor nucleus after intrathecal VEGF, C4—C5 spinal tissues from CtB-
injected rats were blocked in NDS for 60 min and then incubated in
phospho-ERK (1:500; Cell Signaling Technology) or phospho-Akt anti-
bodies (1:500; Cell Signaling Technology) at 4°C overnight. The sections
were washed in TBS-Tx and incubated in biotinylated secondary donkey
anti-rabbit antibody (1:1000; Jackson ImmunoResearch). Conjugation
with avidin—biotin complex (Vecstatin Elite ABC kit; Vector Laborato-
ries) was followed by visualization with DAB (Vector Laboratories) with
nickel according to the instructions of the manufacturer. After washing
with TBS-Tx (three times for 5 min), tissues were labeled with anti-CtB
antibody (non-denatured CtB; goat polyclonal; 1:10,000; Calbiochem)
overnight. The tissues were then incubated in conjugated donkey anti-
goat red fluorescent Alexa Fluor-495 (1:500; Invitrogen) at room tem-
perature for 60 min to visualize CtB staining. Stained tissues were
mounted under glass using anti-fade solution (Prolong Gold anti-fade
reagent; Invitrogen). Phospho-ERK and phospho-Akt protein expres-
sion (brown) were examined in CtB-back-labeled phrenic motor neu-
rons (red) with an epifluorescence microscope (Nikon).

Quantification and analysis of photomicrographs. Four sections from
each animal at the C4—C5 segmental level were used for immunohisto-
chemical analyses. Phrenic motor neurons were identified as a cluster of
large, fluorescing neurons in the mediolateral C4 ventral horn (Boulen-
guez et al., 2007; Mantilla et al., 2009). Digital photomicrographs of
immunoreactive labeling in the region of the phrenic motor nucleus were
taken with the 20X objective lens (Qcapture Pro 6.0; QImaging). Densi-
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tometry was performed by circumscribing the
phrenic motor nucleus based on CtB labeling
and determining the intensity of phospho-ERK
and phospho-Akt immunostaining using NIH
Image] software (http://rsb.info.nih.gov/ij).
Images were converted to eight-bit resolution,
and the threshold was set between 120 and 160
during all analyses. The optical density (OD)
was measured within circumscribed phrenic
motor neurons and expressed as an average
OD per unit area for each individual cell. For
each cell, the OD of phospho-ERK and
phospho-Akt immunoreactivity was expressed
as a fraction of the average OD of all cells in
vehicle-treated rats. Thus, the mean OD in
control rats is expected to be 1.0, with a vari-
ance that reflects variations among cells in this
group. In VEGF-treated rats, the OD was ex-
pressed as a ratio to the average of vehicle-
treated cells. This normalized OD served as a
measure of relative protein concentration of
phospho-ERK and phospho-Akt within CtB-
labeled cells. Data were compared between
treatment groups using a t test. Differences
were considered significant if p < 0.05. All val-
ues are expressed as means * 1 SEM.

Neurophysiology experiments. Anesthesia was induced using a nose
cone with isoflurane, and the rats were tracheotomized and pump ven-
tilated (2.5 ml; Rodent Ventilator, model 683; Harvard Apparatus). Iso-
flurane anesthesia was continued via the ventilator for the duration of
surgical preparation (3.5% isoflurane in 50% O,). After surgery was
complete, rats were slowly converted to urethane anesthesia (1.8 g/kg) via
a tail vein catheter. Bilateral vagotomy was performed to eliminate pul-
monary stretch-receptor feedback, which entrains respiratory activity
with the ventilator. Femoral artery catheterization enabled blood sam-
ples to be taken for arterial blood gas analysis. A C2 laminectomy and
durotomy were performed to allow placement of one or two intrathecal
silicone catheters (2 French; Access Technologies), with their tips located
on the dorsal aspect of the C4 spinal segment. The left phrenic nerve was
isolated via dorsal approach, cut distally, desheathed, submerged in min-
eral oil, and placed on bipolar silver electrodes. After confirming ade-
quate anesthesia (no purposeful movements or cardiorespiratory
responses to toe pinch), rats were paralyzed with pancuronium bromide
(2.5 mg/kg, i.v.). Body temperature was measured with a rectal probe
(Traceable; Thermo Fisher Scientific) and maintained within *=0.2°C of
baseline temperature using a custom, temperature-controlled surgical table.
End-tidal CO, was measured with a flow-through capnograph with suffi-
cient response time to measure end-tidal CO, in rats (Capnogard; Novem-
etrix), and blood samples were drawn at specified times from the femoral
artery into a heparinized, glass syringe (0.5 ml; Hamilton) or heparinized
plastic capillary tube (250 X 125 ul cut in half; Radiometer Medical ApS) to
monitor arterial blood gases [partial pressure of arterial oxygen (PaO,) and
carbon dioxide (PaCO,)], pH, and base excess (ABL 500 or ABL 800Flex;
Radiometer Medical ApS). Excess blood was returned to the animal.
Blood pressure and acid/base balance were maintained via intrave-
nous infusion of fluids (1:3.75:3 by volume of 1 M NaHCO,/lactated
Ringer’s solution: 103 mm NaCl, 2 mum lactate, 4 mm KCl, and 2 mm
CaCl/6% Hetastarch; 1.5-2.2 ml/h).

Phrenic nerve activity was amplified (10,000X; A-M Systems), bandpass fil-
tered (100 Hz to 10 kHz), rectified, and processed with a moving averager (time
constant of 50 ms; CWE 821 filter; Paynter). The digitized integrated signal
was analyzed with WINDAQ data-acquisition system (DATAQ Instru-
ments). Peak integrated phrenic burst amplitude, burst frequency, and
mean arterial blood pressure (MAP) were analyzed in 60 s bins directly
before blood samples were taken. Data were included only if PaO, > 240
mmHg, PaCO, was maintained within £1.5 mmHg of baseline, base
excess was within =5 mEq/L of baseline, and the change in MAP from the
beginning to the end of a protocol was <30 mmHg. Frequency data and

»
VEGF

Figure 1.

C, 400 um; B, D—F, 50 pum.

Dale-Nagle et al. ® VEGF-Induced Phrenic Motor Facilitation

& »

merged

CtB

Representative photomicrographs of VEGF immunostaining in (4 phrenic motor neurons. 4, DAB staining revealed
VEGF expression in large, presumptive phrenic motor neurons (small black box) and interneurons. B, Higher magnification of small
black box from A. C, (tB was injected intrapleurally to localize phrenic motor neurons (red cells in ventral horn). D-F, VEGF is
expressed in phrenic motor neurons (note merged image of red (tB back-labeling and VEGF protein coexpression) butis also found
inthe surrounding neuropil. Sections incubated without primary or secondary antibodies served as negative controls. Scale bars: 4,

nerve burst amplitudes are expressed as a percentage change from
baseline.

At least 1 h after conversion from isoflurane to urethane anesthesia,
the apneic threshold was determined by turning down the inspired CO,
and/or increasing ventilator frequency. Baseline nerve recordings were
established by keeping the partial end-tidal CO, 1-2 mmHg above the
recruitment threshold, the PaCO, at which respiratory activity resumes
after determining the apneic threshold (Bach and Mitchell, 1996). After
25 min of stable nerve recordings, a baseline blood was drawn to establish
baseline values to compare subsequent blood gas measurements. The rats
then received one of six treatments outlined below. Arterial blood sam-
ples were taken 15, 30, 60, and 90 min after intrathecal injections. Elec-
trophysiological data were analyzed with repeated-measures, two-way
ANOVA (SigmaStat 2.03).

Drug administration. Six treatment protocols were used in the electrophysio-
logical studies: (1) 10 ul of VEGFA (recombinant human; 100 ng; R & D Sys-
tems) dissolved in 0.1% BSA and aCSF (in mm: 120 NaCl, 3 KCI, 2 CaCl, 2
MgCl, 23 NaHCOs, and 10 glucose bubbled with CO,); (2) 12 ul of U0126
[1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene], a
membrane-permeable MEK inhibitor (dissolved in 100% DMSO and di-
luted with aCSF to a final concentration of 100 mm in 20% DMSO; Pro-
mega) before VEGF; (3) U0126 without VEGF; (4) 12 ul of LY294002, a
membrane-permeable phosphotidinositol 3 kinase (PI3K) inhibitor
(dissolved in 100% DMSO and diluted with aCSF to a final concentration
of 100 mM in 20% DMSO; Tocris Bioscience) before VEGF, (5)
LY294002 without VEGF; or (6) just 10 wl of vehicle (0.1% BSA in aCSF).
All drugs were administered intrathecally over the course of 2 min. In
cases in which two drugs were used in the same protocol (e.g., U0126 +
VEGEF), the inhibitor was given 20 min before the injection of VEGF.
When working with VEGF, all syringes, vials, and catheters were incu-
bated beforehand with vehicle to prevent protein binding. The VEGF
dose used was chosen based on a preliminary dose-response curve.

Results

Immunohistochemical experiments

VEGF and VEGF receptor-2 are expressed in identified phrenic
motor neurons

DAB staining in C4 ventral horn revealed VEGF protein in puta-
tive phrenic motor neurons (Fig. 1A,B). Using the CtB-back-
labeling technique (Mantilla et al., 2009) to localize phrenic
motor neurons in naive rats (n = 4), we demonstrate that VEGF
protein is colocalized within phrenic motor neurons. Photomi-
crographs of coronal sections of C4 show CtB-positive cells (Fig.
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VEGFR-2

Figure2. Representative images of VEGF receptor-2 immunostaining in C4 phrenic motor neurons. A, DAB staining revealed VEGFR-2
expression in large, presumptive phrenic motor neurons (small black box) and interneurons. B, Higher magpnification of small black box
from A. €, Phrenic motor neurons (red cells in ventral horn) were back-labeled with (tB. D—F, VEGFR-2 is expressed in phrenic motor
neurons (note merged image of red (tB back-labeling and VEGFR-2 protein coexpression) and in nearby unlabeled neurons. Sections
incubated without primary or secondary antibodies served as negative controls. Scale bars: 4, €, 400 pum; B, D—F, 50 pum.

Vehicle

VEGF
B
Vehicle | =
VEGF
phospho-AKT Ct-B merged
Figure 3.  Phospho-ERK and phospho-Akt expression in C4 phrenic motor neurons and upregulation after intrathecal VEGF

injection. A, Phospho-ERK (far left panels, dark brown staining) is expressed in C4 phrenic motor neurons; staining tends to be
punctate and bouton like. B, Phospho-Akt protein is colocalized with (tB-back-labeled phrenic motor neurons but appears to have
amore dispersed, cytoplasmic distribution (red fluorescence). Both phospho-ERK and phospho-Akt staining increased after intra-
thecal VEGF injections (see Results). Sections incubated without primary or secondary antibodies served as negative controls. Data
are means == 1 SEM. *p < 0.05 versus vehicle. Scale bar, 100 pm.

1C-F) in the mediolateral spinal ventral horn in which the phrenic
motor neurons are located (Goshgarian and Rafols, 1981; Boulen-
guez etal., 2007; Mantilla et al., 2009). VEGF immunostaining was
also apparent in smaller cells, possibly interneurons (Lane et al.,
2008), as well as other non-identified somatic motor neurons (Salhia
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etal., 2000; Acker et al., 2001). Furthermore,
VEGFR-2/KDR, the major VEGFA recep-
tor, is located in putative phrenic motor
neurons (Fig. 2A,B) but also colocalizes
with CtB, demonstrating that VEGFR-2 is
located within phrenic motor neurons (Fig.
2C-F). Thus, we show for the first time that
both VEGF and VEGFR-2 proteins are ex-
pressed in phrenic motor neurons.

VEGF increases phospho-ERK and
phospho-Akt in phrenic motor neurons
Because VEGFR-2 is located in phrenic
motor neurons and previous studies dem-
onstrate ERK/mitogen-activated protein
kinase and Akt phosphorylation down-
stream from VEGFR-2 activation, we hy-
pothesized that acute C4 VEGF injections
would upregulate phospho-ERK and
phospho-Akt in identified phrenic motor
neurons. In CtB-labeled phrenic motor
neurons, phospho-ERK exhibited punc-
tate, bouton-like immunostaining (Fig.
3A, top). This expression was enhanced
after VEGF treatment (Fig. 3A, bottom).
Densitometric analysis showed a signifi-
cant VEGF-induced increase in pERK ex-
pression [1.53 * 0.13 vs 1.0 * 0.05
arbitrary units (AU) in controls; p <
0.05]. Phospho-Akt protein was also colo-
calized with CtB, indicating its presence
within phrenic motor neurons (Fig. 3B).
pAkt expression is low within phrenic
motor neurons in vehicle-treated rats
(Fig. 3B, top). VEGF increased pAkt ex-
pression (Fig. 3B, bottom); densitometry
revealed that phospho-Akt protein was
significantly increased after VEGF treat-
ment (2.16 £ 0.41 vs 1.0 £ 0.25 AU in
controls; p < 0.05). Thus, cervical VEGF
receptor activation upregulates both
phospho-ERK and phospho-Akt expres-
sion within identified phrenic motor neu-
rons, although the Akt effect is more
robust (116 vs 53%).

Neurophysiological experiments
Regulation of physiological variables

under anesthesia

Variables measured during electrophysio-
logical recordings are shown in Table 1.
There were no significant differences
among experimental groups in body tem-
perature, blood pH, or base excess values
(p > 0.05). PaO, was maintained above
240 mmHg. Mean PaCO, values did not
differ, except for a small, significant 1.0
mmHg increase between the 15 and 30
min time points in VEGF-treated rats

(p < 0.05). We do not interpret this small difference as a biolog-
ically meaningful change; because PaCO, was successfully main-
tained within 1.5 mmHg of baseline values and there were no
systematic changes during protocols, changes in phrenic nerve
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Table 1. Body temperature, blood gas values, and MAP for treatment groups

Dale-Nagle et al. ® VEGF-Induced Phrenic Motor Facilitation

Group Body temperature Pa0, PaCo, pH MAP
Baseline
aCSF + 0.1% BSA 37.6 = 0.1 266.8 = 10.0 450 = 0.6 7.340 = 0.009 1212 = 5.0
VEGF 376 0.2 2722 + 8.0 454 £ 06 7.344 *+ 0.006 1250 =53
U0126 + VEGF 375+02 270.2 = 85 463 £0.7 7.338 = 0.008 1247 = 3.4
LY294002 + VEGF 371 %+0.2 2727 £11.2 449 +09 7.355 % 0.006 107.7 = 7.0
15 min
aCSF + 0.1% BSA 376 £ 0.1 260.8 £ 10.9 446 0.8 7.342 £0.012 1229 =39
VEGF 376 +0.2 2704 = 8.7 450 £ 05 7.343 = 0.007 1221 £5.0
U0126 + VEGF 375+02 2659 +79 46.6 = 0.4 7.337 = 0.008 1264 = 4.2
LY294002 + VEGF 372+ 0.1 259.6 = 11.9 443+ 08 7.346 = 0.010 96.5 = 3.7
30 min
aCSF + 0.1% BSA 376 £ 0.1 259.2 £109 444 08 7.345 £ 0.012 1228 =47
VEGF 375*+0.1 2652 +9.0 46.0 = 0.6* 7.335 % 0.007 118.3 = 5.5%*
U0126 + VEGF 374 *+0.1 2675+ 175 46.7 = 0.7 7.337 = 0.009 1242 = 47
1Y294002 + VEGF 37.2+0.1 2587 £ 119 46.9 £ 0.7 7.353 £0.010 1059 = 8.5
60 min
aCSF + 0.1% BSA 375*+02 264.1 = 10.1 448 + 0.8 7.348 = 0.012 119.7 = 3.9
VEGF 376 0.2 2641+ 8.6 46.0 = 0.6 7.332 =0.01 113.1 = 5.8
U0126 + VEGF 375x01 2658 £73 458 £ 0.5 7.341 = 0.011 1249 = 6.1
1Y294002 + VEGF 371+02 2731 £ 5.1 45206 7.356 % 0.009 1052 +73
90 min
aCSF + 0.1% BSA 375*+0.2 268.6 = 9.7 449 = 0.7 7.350 = 0.013 17.0 =47
VEGF 37502 266.7 = 9.6 46.0 = 0.7 7.332 £ 0.012 102.6 = 9.5%*
U0126 + VEGF 37402 2652+ 78 459 £ 0.6 7.340 = 0.012 1216 = 9.5
LY294002 + VEGF 37101 267.8 9.8 452+ 04 7.353 = 0.011 1004 = 8.3

All values expressed as mean = SEM. * indicates significantly different from 15 min time point in VEGF-treated group; ** indicates significantly different from baseline values of VEGF-treated group.

activity cannot be attributed to differences in chemoreceptor
feedback.

As noted in previous studies using this same experimental
preparation (Baker-Herman and Mitchell, 2008), MAP tends to
decrease throughout a protocol. However, rats were excluded
from analysis if MAP decreased by >30 mmHg from baseline
values. Although MAP decreased to the same extent in most ex-
perimental groups, there was a significantly greater decrease in
average MAP over time in the VEGF (see Table 1) (p < 0.05)
versus LY294002 treatment groups (n = 3; p < 0.05) This differ-
ence was sufficiently small that we do not believe it significantly
impacted our results (Neverova et al., 2007).

Cervical spinal VEGF elicits pMF

Representative traces of phrenic nerve activity before, during, and
after VEGF (10 ul, 100 ng) or vehicle injections into the C4 intrathe-
cal space are shown in Figure 4 A, and mean responses are shown in
Figure 4 B. Phrenic burst amplitude was significantly increased from
baseline at 15 min and at all time points thereafter (all p < 0.001;n =
10), indicating the presence of pMF. In contrast, vehicle control rats
did not exhibit significant changes in phrenic burst amplitude at any
time (all p > 0.05; 7 = 9). Changes in phrenic burst amplitude after
VEGF injections were significantly greater than in vehicle, control
rats after the 15 min time point (all p < 0.003).

Full expression of VEGF-induced pMF requires spinal

ERK activation

To test the hypothesis that VEGF-induced pMF requires spinal
ERK activation, rats were pretreated with the potent MEK inhib-
itor U0126 before VEGF administration. U0126 pretreatment
attenuated, but did not abolish, VEGF-induced pMF (Fig. 5A).
VEGEF still elicits a modest but attenuated increase in phrenic
burst amplitude (i.e., pMF) by 60 min after injection (25 * 8%
baseline; p < 0.006; n = 7). pMF in rats treated with VEGF alone
is significantly greater at time points >60 min after injection (all
p < 0.001). Rats treated with U0126 alone exhibited no signifi-
cant pMF at any time point (p > 0.05) and were not different
from vehicle controls (p > 0.05; n = 3).
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Figure4. Intrathecal VEGF elicits long-lasting phrenic motor facilitation. 4, Representative, com-

pressed phrenic neurograms showing either pMF after VEGF injection (arrow) or a lack of facilitation
aftervehicleinjections (aCSF plus bovine serum albumen; arrowhead). B, The amplitude of integrated
phrenic burstsincreases above baseline after injection of 10 ! (100 ng) of VEGF (n = 10; filled circles)
and is also significantly greater than vehicle controls at the same time point (10 wul; n = 9; open
circles). All values are expressed as percentage changes in phrenic burst amplitude from baseline.
Mean values = 1 SEM. *p < 0001, significantly different from baseline; p << 0.003, significantly
different from vehicle at the same time point.

VEGF-induced pMF requires spinal Akt activation

To test the hypothesis that VEGF-induced pMF requires spinal
Akt activation, we pretreated rats with the PI3K inhibitor
(LY294002) 20 min before VEGF administration. LY294002 pre-
treatment abolished VEGF-induced pMF at the 60 min time
point, an effect that lasted at least 90 min after VEGF injection
(n = 6) (Fig. 5B). LY294002 alone had no effect on phrenic burst
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Figure5.  VEGF-induced phrenic motor facilitation requires spinal ERK and Akt activation. 4,
Spinal VEGF elicits pMF (gray dashed line; *p << 0.001 indicates significant difference from both
U0126 plus VEGF and U0126 alone, n = 10). Pretreatment with the MEK inhibitor U0126
partially blocks VEGF-induced pMF; phrenic amplitude increases versus baseline by 60 min after
injection (n = 7; *p << 0.006); however, pMF is attenuated starting 30 min after VEGF (filled
triangles; n = 7). U0126 alone had no effect on phrenic motor output versus baseline or vehicle
controls at the same time points (open triangles; n = 3); phrenic motor output was significantly
lowerthan U0126 plus VEGF-treated rats ( Tp <C0.007) at the 90 min time point. B, Gray, dashed
line shows VEGF-induced pMF. After pretreatment with the PI3K inhibitor LY294002, pMF is
abolished by 60 min after VEGF injection (filled squares; n = 6).LY294002 alone has no effecton
phrenic nerve activity (open squares; n = 3). *p << 0.005 indicates significant difference in
VEGF-injected rats versus those pretreated with inhibitor and versus inhibitor alone (all).

amplitude compared with baseline values or vehicle control ex-
periments (n = 3;all p > 0.05).

Spinal VEGF elicits transient facilitation of phrenic burst frequency
VEGF-treated rats showed a slight but significant increase in
phrenic burst frequency from 30 to 90 min after injection (n =
10; all p < 0.01). Compared with vehicle controls, there was a
significant increase in nerve burst frequency midway through the
protocol (Fig. 6 A) (p < 0.05), but that effect was absent by 90 min
after injection. Figure 6, B and C, illustrates that there were no
significant differences (vs baseline or vehicle controls) in fre-
quency for rats treated with U0126 plus VEGF (n = 7; p > 0.05),
U0126 alone (n = 3; p > 0.05), LY294002 plus VEGF (n = 6; p >
0.05), or LY294002 alone (n = 3; p > 0.05). Thus, VEGF-induced
frequency facilitation is small (~10% above baseline) and vari-
able (only observed at a few time points). This limited frequency
LTF may be attributable to a low baseline frequency in VEGEF-
treated rats because there is a negative correlation between low
baseline frequency and probability of frequency LTF (Baker-
Herman and Mitchell, 2008).

Discussion

VEGF, originally described as an angiogenic factor (Connolly et
al., 1989), is now known to be neurotrophic and neuroprotective
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isasmall and variable phenomenon, and, thus, these results are difficult tointerpret. B, G, There are no
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for motor neurons (Storkebaum et al., 2004; G6ra-Kupilas and
Josko, 2005; Zachary, 2005). Here, we demonstrate that VEGF
also elicits spinal respiratory plasticity. Specifically, (1) VEGFA-
165 and VEGFR-2 are expressed in identified phrenic motor neu-
rons, (2) cervical spinal VEGF increases phosphorylated ERK and
Akt (downstream from VEGFR-2) within phrenic motor neu-
rons, and (3) spinal VEGFR-2 activation with VEGF initiates
long-lasting pMF via a mechanism that requires PI3K/Akt and
partially requires MEK/ERK activation, which is consistent with
predicted actions of VEGFR-2 (Franke et al., 1997; Golder, 2008).
Our working cellular/synaptic model of VEGF-induced pMF is
shown in Figure 7. Because VEGF expression is induced during
prolonged hypoxia via hypoxia inducible factor-1 o (HIF-1a)
regulation, VEGF within respiratory motor neurons may play a
role in hypoxia-induced respiratory plasticity, particularly induced
by chronic (days) or repetitive exposure to intermittent hypoxia
(Powell et al., 1998; Mitchell and Johnson, 2003; Mahamed and
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Figure 7. Working model of VEGF-induced pMF. VEGF binds its most common receptor,
VEGFR-2, a receptor tyrosine kinase. Downstream signaling includes both MEK/ERK and PI3K/
Akt pathways. These cascades are required for full expression of VEGF-induced pMF because
PI3K (LY294002) inhibitors abolish pMF, whereas the MEK inhibitor (U0126) attenuates VEGF-
induced pMF. Mechanisms downstream from Akt and ERK are unknown. However, pMF may
result from increased glutamate receptor insertion on the postsynaptic membrane between
premotor and phrenic motor neurons. pMF may also arise from the ability of phosphorylated
ERK to alter membrane excitability, such as changes in sodium channel gating properties that
increase the likelihood of phrenic motor neuron firing (Stamboulian et al., 2010).

Mitchell, 2007). VEGF-induced pMF is expected to occur in time
domains longer (many hours to days) than those required for
BDNF-dependent pLTF after acute intermittent hypoxia (15-30
min cumulative exposure) because hypoxia-induced VEGF expression
requires transcriptional regulation via HIF-1ex (Forsythe et al., 1996).
VEGF-dependent plasticity could be important in compensating for
neurological disorders that lead to respiratory insufficiency, such as cer-
vical spinal injury or motor neuron disease (Mitchell, 2007).

ERK and VEGF-induced pMF

ERK-1 and ERK-2 (Yu and Sato, 1999) play important roles in
synaptic plasticity. ERK is involved in invertebrate memory for-
mation in Aplysia (Martin et al., 1997) and, in mammals, is re-
quired for long-term spatial memory formation (Kornhauser and
Greenberg, 1997; Blum et al., 1999; Selcher et al., 1999) and fear
conditioning (Atkins et al., 1998). ERK phosphorylation also alters
gating properties of certain sodium channel subtypes (Stamboulian
et al., 2010), making cells more likely to fire, even with weak stimu-
lation. ERK may play a similar role in spinal pMF.

There are several types of pMF, and many occur via mecha-
nisms that converge on ERK and/or Akt phosphorylation (Dale-
Nagle et al, 2010). One form of pMF induced by acute
intermittent hypoxia, pLTF (Mitchell et al., 2001), requires
BDNF-induced ERK activation (Hoffman and Mitchell, unpub-
lished observation) (Wilkerson and Mitchell, 2009). New BDNF
synthesis is necessary and sufficient to elicit pLTF (Baker-Herman
et al., 2004). BDNF normally activates ERK and Akt in motor neurons
(Gooney and Lynch, 2001; Kishino and Nakayama, 2003); thus, it is
somewhat surprising that inhibition of spinal MEK (the kinase that
activates ERK) abolishes pLTF (Hoffman and Mitchell, unpublished
observation), whereas inhibition of spinal PI3K (which leads to Akt
activation) does not (Hoffman and Mitchell, unpublished observa-
tion). Repetitive intermittent hypoxia increases ERK phosphoryla-
tion in the cervical ventral horn (Wilkerson and Mitchell, 2009).
Thus, ERK is a key molecule in respiratory plasticity and appears to
play at least some role in VEGF-induced pMF.
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Akt and VEGF-induced pMF
PI3K activity and Akt phosphorylation are also implicated in syn-
aptic plasticity (Franke et al., 1997). PI3K activation is necessary for
chemotaxis learning in C. elegans (Tomioka et al., 2006), induction
of hippocampal long-term potentiation (Opazo et al., 2003), and
fear conditioning in rat prefrontal cortex (Sui et al., 2008). Here we
show that the PI3K/Akt pathway is critical for VEGF-induced pMF.
Spinal activation of G,-protein-coupled metabotropic adeno-
sine 2A receptors elicits pMF via TrkB trans-activation without
new BDNF synthesis (Golder et al., 2008), a pathway associated
with increased Akt phosphorylation (Golder et al., 2008). Al-
though the requirement for PI3K/Akt signaling has not been
tested for adenosine 2A receptor activation-induced pMF, it is
necessary for pMF induced by 5-HT, receptor activation, another
G,-protein-coupled metabotropic receptor (Hoffman and
Mitchell, 2011). Thus, there is precedent for both Akt and ERK
signaling in different forms of pMF. Here, we demonstrate that
Akt activation is necessary for VEGF-induced pMF.

Possible mechanisms of VEGF-induced pMF

Downstream mechanisms leading to pMF after Akt and ERK
activation have not been tested. We postulate that glutamate re-
ceptor phosphorylation and/or membrane insertion contribute
to enhanced glutamatergic transmission in phrenic motor neu-
rons. NMDA receptor activation is necessary for pLTF in vivo
(McGuire et al., 2005, 2008). Furthermore, episodic serotonin
administration to hypoglossal motor neurons elicits in vitro LTF and
increased AMPA-induced currents (Bocchiaro and Feldman, 2004).
VEGEF upregulates the GluR2 subunit of AMPA receptors in vivo and
in vitro (Bogaert et al., 2010), supporting a mechanism of VEGF-
induced synaptic plasticity based on increased postsynaptic AMPA cur-
rents. GluR2 upregulation may protect spinal motor neurons from
excitotoxicity (Bogaert et al., 2010), suggesting a cellular basis for VEGF-
induced neuroprotection in rodent models of ALS (see below).

VEGF-induced frequency facilitation

After ATH, changes in respiratory activity are primarily expressed in
burst amplitude, with small and inconsistent changes in respiratory
burst frequency (Baker-Herman and Mitchell, 2008). VEGEF elicited
a small increase in burst frequency at 30 min after injection that was
gone by 90 min. This transient frequency facilitation may be attrib-
utable to VEGF spread to brainstem regions associated with respira-
tory rhythm generation or to VEGF effects on neurotransmission in
spinal sensory afferent pathways that project to the respiratory
rhythm generator. However, in a recent meta-analysis of phrenic
long-term facilitation after AIH (Baker-Herman and Mitchell,
2008), frequency facilitation was negatively correlated with baseline
values. Indeed, baseline frequency before VEGF treatment was arbi-
trarily lower than vehicle rats (data not shown). Given the small and
transient nature of frequency facilitation, we did not explore it fur-
ther in the present study.

VEGF and hypoxia

VEGF is regulated by the HIF-1 transcription factor (Semenza,
2009). HIF-1, sometimes regarded as the “master regulator” of cel-
lular oxygen homeostasis, is composed of a constitutively active 3
subunit (HIF-1B8) and an oxygen-regulated « subunit (HIF-1c)
(Wang et al., 1995). In normoxia, HIF-1e is ubiquitinated (Kamura
et al., 2000; Kaelin and Ratcliffe, 2008) and degraded (Salceda and
Caro, 1997) after proline residue hydroxylation. Factor inhibiting
HIF-1 (FIH-1) also binds to HIF-1«, hydroxylates asparagine resi-
dues, and prevents interaction with cofactors and HIF-13 (Mahon et
al., 2001), thus preventing translocation to the nucleus and tran-
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scription. During continuous hypoxia, loss of substrate (O,) and/or
increased mitochondrial reactive oxygen species (ROS) production
inactivates prolyl hydroxylases (PHDs), stabilizing HIF-1c and en-
abling dimerization (Kaelin and Ratcliffe, 2008). HIF-1 then binds to
the hypoxia response element (HRE) in the promoter of hypoxia-
sensitive genes and initiates transcription (Forsythe et al., 1996).
VEGF upregulation via continuous hypoxia (many hours to days)
may contribute to forms of respiratory plasticity such as ventilatory
acclimatization to chronic hypoxia (cf. Powell et al., 1998).

During chronic intermittent hypoxia (CIH) (5 min episodes last-
ing several days), HIF-1a stabilization is more robust. CIH stimu-
lates NADPH oxidase-dependent ROS formation and PKC
activation in PC12 cell cultures (Yuan et al., 2005, 2008). PKC inhib-
its PHD activity (stabilizing the HIF-1 complex) and induces mam-
malian target of rapamycin-dependent synthesis of new HIF-1q,
enabling longer-lasting stabilization of HIF-1 and greater VEGF ex-
pression (Yuan et al., 2005, 2008). Thus, VEGF is likely to play an
important role in forms of spinal respiratory plasticity induced by
CIH (Mitchell and Johnson, 2003; Mahamed and Mitchell, 2007).

In contrast to CIH, acute intermittent hypoxia elicits pLTF, a
unique form of respiratory plasticity that requires new BDNF
synthesis (via translation of existing mRNA) and TrkB activation
(Baker-Herman et al., 2004). We do not envision a role for VEGF
in pLTF because the timeframe is too short to involve transcrip-
tional regulation of gene expression (<1 h). However, when rats
are subjected to repetitive intermittent hypoxia over several days,
pLTF is enhanced, revealing respiratory metaplasticity (Ling et
al., 2001; Wilkerson and Mitchell, 2009). Because VEGF protein
is upregulated within phrenic motor neurons after repetitive in-
termittent hypoxia (our unpublished observations), it may play a
role in respiratory plasticity and/or metaplasticity after repetitive
or prolonged exposure to intermittent hypoxia. Additional study
of this possibility is warranted.

VEGF and ALS

Mice lacking the ability to upregulate VEGF during hypoxia develop
motor neuron degeneration (Oosthuyse et al., 2001). In ALS pa-
tients, CSF VEGF is decreased (Moreau et al., 2009, 2010). Thus,
VEGF administration to the CNS in rodent models of ALS decreases
the rate of motor neuron degeneration, improves motor perfor-
mance, and delays disease progression (Storkebaum et al., 2004; Van
Den Bosch et al., 2004; Zheng et al., 2004; Vande Velde and Cleve-
land, 2005; Tovar-Y-Romo et al., 2007; Wang et al., 2007; Hwang et
al., 2009; Lunn et al., 2009). VEGF may be of benefit during motor
neuron disease as a result of diminished excitotoxic cell death (Bo-
gaert et al,, 2010) via a PI3K-dependent mechanism (Tolosa et al.,
2008), reduced astroglial activation, or preservation of neuromuscu-
lar junctions (Zheng et al., 2007). Based on the present study, we
suggest that an unrecognized benefit of VEGF treatments may be
improved respiratory (and somatic) motor function as a result of
mechanisms of induced compensatory plasticity. This effect may be
of considerable importance because ventilatory failure is the most
frequent cause of death in ALS.
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