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Spinal 5-HT7 receptor activation induces long-lasting
phrenic motor facilitation

M. S. Hoffman and G. S. Mitchell

Department of Comparative Biosciences, University of Wisconsin, 2015 Linden Drive, Madison, WI, 53706, USA

Non-technical summary Acute intermittent hypoxia elicits a serotonin-dependent form of
respiratory plasticity known as phreniclong-term facilitation via synthesis of brain-derived neuro-
trophic factor (BDNF) and activation of its receptor TrkB. Recently we demonstrated that spinal
activation of Gs protein-coupled adenosine A2A receptors ‘trans-activates’ the BDNF receptor,
TrkB, and induces phrenic motor facilitation (PMF). Therefore we hypothesized that perhaps
other Gs protein-coupled serotonin receptors elicit PME, specifically serotonin receptor type-7
(5-HT?7) which are expressed in phrenic motor neurons and underlie multiple forms of spinal
respiratory plasticity. We demonstrate that spinal 5-HT7 receptor activation in anaesthetized rats
elicits long-lasting PMF. 5-HT7 agonist-induced PMF appears to require TrkB receptor activity
and/or new synthesis of TrkB protein, in addition to activity of the signalling molecule PI3K. A
more complete understanding of signalling mechanisms involved in PMF may guide development
of novel therapeutic strategies to treat ventilatory control disorders.

Abstract Acute intermittent hypoxia elicits a form of serotonin-dependent respiratory plasticity
known as phrenic long term facilitation (pLTF). Episodic spinal serotonin-2 (5-HT2) receptor
activation on or near phrenic motor neurons is necessary for pLTE. A hallmark of pLTF is the
requirement for serotonin-dependent synthesis of brain-derived neurotrophic factor (BDNF), and
activation of its high affinity receptor, TrkB. Activation of spinal Gs protein-coupled adenosine 2A
receptors (GsPCRs) elicits a unique form of long-lasting phrenic motor facilitation (PMF), but
via unique mechanisms (BDNF independent TrkB trans-activation). We hypothesized that other
GsPCRs elicit PMF, specifically serotonin-7 (5-HT7) receptors, which are expressed in phrenic
motor neurons. Cervical spinal (C4) injections of a selective 5-HT7 receptor agonist, AS-19
(10 uM, 5 pl; 3 x 5min), in anaesthetized, vagotomized and ventilated male Sprague—Dawley
rats elicited long-lasting PMF (>120 min), an effect prevented by pretreatment with a 5-HT7
receptor antagonist (SB 269970; 5 mm, 7 ul). GsPCR activation ‘trans-activates’ TrkB by increasing
synthesis of an immature TrkB isoform. Spinal injection of a TrkB inhibitor (k252a) and siRNAs
that prevent TrkB (but not BDNF) mRNA translation both blocked 5-HT7 agonist-induced
PME confirming a requirement for TrkB synthesis and activity. k252a affected late PMF
(=90 min) only. Spinal inhibition of the PI3K/AKT pathway blocked 5-HT7 agonist-induced
PMEF, whereas MEK/ERK inhibition delayed, but did not block, PME. An understanding of
signalling mechanisms giving rise to PMF may guide development of novel therapeutic strategies
to treat ventilatory control disorders associated with respiratory insufficiency, such as spinal injury
and motor neuron disease.
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Introduction

Exposure to repetitive low oxygen elicits respiratory
plasticity (Mitchell & Johnson, 2003). Following
acute intermittent hypoxia (3-10 hypoxic episodes), a
long-lasting increase in respiratory activity is observed
known as long term facilitation (LTF; Mitchell et al. 2001;
Feldman et al. 2003; Mahamed & Mitchell 2007). LTF is
most frequently studied in phrenic nerve activity (pLTF).
pLTF is a central neural mechanism that requires spinal
serotonin receptor activation (Baker-Herman & Mitchell,
2002). In our working cellular model, pLTF requires
activation of spinal Gq protein-coupled serotonin-2
(5-HT2; Fuller et al. 2001) receptors and new protein
synthesis (Baker-Herman & Mitchell, 2002), specifically
new synthesis of brain-derived neurotrophic factor
(BDNF; Baker-Herman et al. 2004). Newly synthesized
BDNF activates its endogenous high affinity receptor
tyrosine kinase (TrkB), which is required for pLTF
expression (Baker-Herman et al. 2004).

Recently we reported a unique mechanism of
long-lasting  phrenic motor facilitation (PMF)
without intermittent hypoxia (Golder et al. 2008).
Specifically, spinal injections of a selective agonist
for the Gs protein-coupled adenosine 2A (A2A)
receptor (CGS21680) elicit long-lasting PMF by a
BDNF-independent mechanism (Golder et al. 2008).
Spinal A2A receptor agonist injections induce new
synthesis of an immature TrkB isoform that becomes
phosphorylated and signals from inside phrenic motor
neurons (Golder et al. 2008); the new TrkB signals via
increased phosphorylation and activation of protein
kinase B (pAkt; Chao, 2003; Golder et al. 2008). A2A
agonists also improve motor neuron survival after facial
nerve transection (Wiese et al. 2007). Improved survival
required TrkB receptor activity and Akt activation, similar
to A2A agonist-induced PMF (Wiese et al. 2007; Golder,
2008).

The ability to elicit PMF with molecules that bypass
the requirement for intermittent hypoxia has considerable
potential for therapeutic applications, particularly in cases
of inadequate respiratory motor output (e.g. spinal injury,
motor neuron disease; Mitchell, 2007). Although A2A
agonist-induced PMF is of considerable interest, A2A
receptor activation elicits untoward side effects including
neural and cardiovascular morbidity (Pedata et al. 2001;
Mojsilovic-Petrovic et al. 2006; Minghetti et al. 2007).
Thus, alternative pharmacological strategies to elicit PMF
may be of benefit.

Other Gs protein coupled receptors (GsPCRs)
trans-activate TrkB receptors (Golder, 2008). For
example, pituitary adenylate cyclase activating poly-
peptides (PACAP) exerts trophic effects on hippocampal
neurons by increasing TrkB levels and Akt activity (i.e.
trans-activation; Lee et al, 2002a). In the developing
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cortex, endocannabinoids trans-activate TrkB receptors,
guiding interneuron migration (Berghuis et al 2005).
Hence, multiple GPCRs have the capacity to trans-activate
TrkB receptors and exert trophic effects on neurons.

One GsPCR implicated in phrenic motor plasticity
(McGuire et al. 2004; Zhang et al. 2004) and expressed
in spinal motor neurons (Doly et al. 2005; Liu et al.
2009) is the serotonin-7 (5-HT7) receptor. Thus, our
primary objective was to test the hypothesis that episodic
spinal 5-HT7 receptor activation elicits PMF via TrkB
trans-activation. Our initial experiment was designed to
investigate PMF after spinal 5-HT7 receptor activation
in anaesthetized rats. We then explored the role of
TrkB receptor activity in 5-HT7 receptor-induced PME.
We further tested the hypothesis that new TrkB (not
BDNF) protein synthesis is necessary for 5-HT7-induced
PMF utilizing translation inhibition via RNA interference
(RNAI) targeting TrkB and BDNF mRNA. Finally, spinal
injections of PI3K (phosphatidylinositol 3-kinase; PI-828)
and MEK (extracellular regulated kinase, ERK; UO126)
inhibitors were used to characterize signalling cascades
downstream from TrkB.

Here we demonstrate that spinal 5-HT7 receptor
activation elicits prolonged PMF, and this effect is
blocked by inhibition of TrkB synthesis and TrkB and/or
PI3K activity. Although exogenous BDNF is sufficient
to elicit PMF (Baker-Herman et al. 2004), it has a
short plasma half-life (<1 min) and poor blood-brain
barrier penetration, which limit its therapeutic potential
(Poduslo & Curran, 1996). Molecules that permeate
the blood-brain barrier, activate 5-HT7 receptors
(Perez-Garcia & Meneses, 2005) and mimic BDNF effects
on respiratory motor output are of interest as an approach
to ‘harness’ respiratory plasticity in the treatment of severe
ventilatory control disorders (Mitchell, 2007; Golder,
2008).

Methods

The primary objective of this study was to test
whether selective (episodic) activation of spinal 5-HT7
receptors elicits a long-lasting PMFE. To test this
hypothesis, anaesthetized adult male Sprague—Dawley rats
(3—6 months; 280—450 g; Harlan colony 218a; Harlan Inc.,
Indianapolis, IN, USA) received episodic (3, 5 min inter-
vals) intrathecal injections (C4) of a selective 5-HT7
agonist (AS-19; Perez-Garcia & Meneses, 2005), while
recording phrenic neural activity. Experimental group
size was deemed sufficient once assumptions of the
ANOVA were satisfied and statistical significance was
established with sufficient statistical power. All procedures
were approved by the Institutional Animal Care and
Use Committee of the School of Veterinary Medicine,
University of Wisconsin, Madison and are in compliance
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with the policies and regulations outlined by The Journal
of Physiology (Drummond, 2009).

Experimental series

The initial experiment was designed to investigate PMF
after spinal 5-HT7 receptor activation in anaesthetized
rats. The second experiment explored the role of TrkB
receptor activity (tyrosine kinase inhibitor, k252a) in
5-HT7-induced PME. The third experimental series tested
the hypothesis that new TrkB (not BDNF) protein
synthesis is necessary for 5-HT7-induced PME In the final
experimental series, spinal injections of PI3K (PI-828)
and MEK (UQ126) inhibitors were used to characterize
signalling cascades downstream from TrkB receptor
activation.

Surgical preparation

Anaesthesia was induced with isoflurane (2.5-3.5%
in 50% O,, balance N,), and isoflurane was
continued throughout surgical preparations. Once
surgical procedures were completed, rats were converted
to urethane anaesthesia over 15min (1.75ugkg™,
L.v.). Adequate anaesthetic depth was tested by lack
of a pressor or respiratory neural response to toe
pinch with a haemostat. After conversion to urethane
anaesthesia, a continuous infusion (4-6.5mlkg™'h™')
of a 1:4 mixture of 6% Hetastarch and lactated Ringer
solution was implemented to maintain fluid balance
and acid-base status. A tracheal cannula was placed
in the neck to enable artificial ventilation (Rodent
Respirator, model 683, Harvard Apparatus, Holliston,
MA, USA; tidal volume = 2.5ml). A rapidly responding
flow-through carbon dioxide analyser (Capnogard,
Novametrix, Wallingford, CT, USA) was placed on the
expired limb of a Y-tube connected to the tracheal
cannula to enable measurements of end-tidal carbon
dioxide partial pressures. The vagus nerves were cut in the
mid-cervical region to prevent entrainment of respiratory
neural activity with the ventilator. During ventilation,
rats were subject to neuromuscular bloackade with
pancuronium bromide (2.5 mgkg™', 1.v.). A polyethylene
catheter (PE-50, Intramedic PE tubing; Becton Dickinson,
Sparks, MD) was placed in the right femoral artery and
blood pressure was monitored with a pressure transducer
(Gould, P23ID). A three-way stop-cock, attached to the
arterial catheter, was used to withdraw blood samples
(0.2-0.4ml) for blood gas analysis (ABL-500, Radio-
meter; Copenhagen, Denmark). During each experiment,
blood gases were assessed during baseline, and at 30, 60,
90 and 120 min post-5-HT7 receptor agonist injections.
Body temperature was monitored with rectal thermister
(Fisher Scientific, Pittsburgh, PA, USA) and maintained
(37.5 £ 1°C) with a heated surgical table.
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The left phrenic nerves (and hypoglossal nerves for
dose-response studies) were isolated using a dorsal
approach, cut distally, desheathed and placed on bipolar
silver electrodes to record respiratory neural activity. Nerve
signals were amplified (100,000x), band-pass filtered
(300-10,000 Hz Model 1800, A-M Systems, Carlsborg,
WA, USA), rectified and integrated (Paynter filter;
time constant, 50 ms, CWE Inc., MA-821; Ardmore,
PA, USA). The resulting integrated nerve bursts were
digitized (8000 Hz) and analysed using a WINDAQ
data acquisition system (DATAQ Instruments, Akron,
OH, USA). Following preparation and conversion to
urethane anaesthesia, rats were allowed a minimum of
one hour to stabilize before beginning an experimental
protocol.

To test whether spinal mechanisms underlie
5-HT7-induced PMF, we utilized intrathecal cervical
drug delivery. The spinal column was exposed dorsally,
followed by laminectomy at cervical level 2 (C2), where
a small incision was made in the dura. A soft silicone
catheter (2 French; Access Technologies, Skokie, IL, USA)
was inserted caudally through the incision until the tip was
located at approximately C4. The catheter was attached
to a 50 ul Hamilton syringe filled with drug solutions
to allow localized drug injections into the cervical
spinal region. In experiments using a 5-HT7 receptor
antagonist and kinase inhibitors or siRNAs, an identical
second catheter was placed to allow administration of
two drugs at different times without disturbing the
preparation.

Experimental protocol

At least 1h after conversion to urethane anaesthesia,
apnoeic and recruitment CO, thresholds for phrenic
nerve activity were determined by increasing ventilation
and lowering end-tidal Pco, until rhythmic nerve bursts
could no longer be detected (i.e. apnoeic threshold).
After approximately 1min, the ventilator rate was
slowly decreased, or inspired carbon dioxide increased,
until rhythmic nerve bursts resumed (i.e. recruitment
threshold). Baseline conditions were then established by
holding end-tidal Pco, ~2 mmHg above the recruitment
threshold and allowing sufficient time to establish stable
neural activity (>15min). At this point an arterial
blood sample was taken to document baseline blood
gas levels. Arterial Pco, was maintained isocapnic
(£ 1.5 mmHg) with respect to baseline by manipulation
of inspired carbon dioxide and/or ventilation rate
and baseline oxygen levels (~51% inspired oxygen,
P,o0, > 150 mmHg) were maintained for duration of an
experiment.

To test the hypothesis that spinal 5-HT7 receptor
activation induces PME a selective agonist (AS-19;
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Perez-Garcia & Meneses, 2005) was injected via an intra-
thecal catheter over the cervical spinal cord (C3-5).
In these experiments, AS-19 was dissolved in saline
to an effective concentration determined from pre-
liminary dose-response studies (10 uM, three 5 pul
injections) delivered slowly (>1min) with 5min inter-
vals. In some rats, SB269970 (5mmM, 7 ul), a selective
5-HT7 receptor antagonist, was administered intra-
thecally 25 min before AS-19 to confirm that the effects
of AS-19 were caused by C4 spinal 5-HT7 receptor
activation. k252a, a tyrosine kinase inhibitor, prevents
Trk receptor phosphorylation in response to neuro-
trophin binding (Lee & Chao, 2001). k252a (10 ul,
100 uM dissolved in 20% DMSO; Sigma-Aldrich) was
administered intrathecally to some rats 25 min before
intrathecal AS-19 to determine whether 5-HT7-induced
changes in phrenic motor output require C4 spinal
tyrosine kinase activity, consistent with a requirement
for TrkB receptor phosphorylation and activation. The
dose of k252a required to block TrkB phosphorylation
was determined from preliminary studies as the
minimal k252a concentration needed to block pLTF
following acute intermittent hypoxia (Baker-Herman et al.
2004).

In vivo RNAI

Some rats received pools of four small interfering RNAs
(siRNAs) to inhibit BDNF or TrkB mRNA translation,
as shown previously (Baker-Herman et al. 2004; Golder
et al. 2008). TrkB siRNAs were obtained as a pool of
four, 21-nucleotide duplexes (OnTarget plus, Dharmacon,
Lafayette, CO, USA, gene NTRK2; GenBank accession
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Figure 1. Representative phrenic neurograms from rats
treated with intra-spinal solutions

A, 5-HT7 receptor agonist (AS-19; 10 um, 3 x 5 ul). B, 5-HT7
receptor antagonist (SB269970; 5 mm, 7 wl) prior to AS-19
injections. C, vehicle control treatment for equivalent experimental
duration (i.e. vehicle time control). 5-HT7 antagonist control
treatment for equivalent experimental duration (i.e. antagonist time
control). Only the 5-HT7 agonist treatment elicits phrenic motor
facilitation (PMF) alone.
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number, NM 012731). siRNAs targeting BDNF were also
used to verify that 5-HT7-induced PMF did not require
new BDNF synthesis and to provide a negative control for
siTrkB. siRNAs were reconstituted with siRNA Universal
Buffer (Dharmacon; final concentration, 5 M) and stored
at —20°C. The concentration of TrkB siRNA used for
these experiments was the same as that used to inhibit
A2A-induced PMF (Golder et al. 2008); the concentration
of BDNF siRNA used for these experiments was the same
as that used to inhibit pLTF following acute intermittent
hypoxia (Baker-Herman ef al. 2004). siRNAs (100 nM, 4 pul
of 5 uM solution) were combined with Oligofectamine
(16 pl; Invitrogen, Carlsbad, CA, USA), a lipophyllic
transfection reagent, and RNase-free water (180 ul); they
were incubated at room temperature for 20 min. siRNAs
were injected at C4 via an intrathecal catheter (two 10 ul
injections, separated by 5 min). Two hours were allowed
before initiating the protocol with intrathecal AS-19. At
the end of each experiment, rats were humanely killed by
urethane overdose in accordance with our animal protocol
approval.

Data analysis

Nerve recordings were analysed using custom designed
software (LabView 6.1, National Instruments, Austin,
TX, USA; courtesy of Dr S. Mahamed). Briefly,
integrated phrenic ([Phr) nerve burst amplitudes and
burst frequencies were averaged over 1min bins at
each experimental time point (baseline, 30, 60, 90
and 120min). Changes in nerve burst amplitudes
were normalized and reported as percentage change
from baseline. Burst frequencies were also normalized
to baseline, but expressed in absolute terms as a
difference in bursts per minute. All other statistical
comparisons between treatment groups for nerve
amplitude, mean arterial pressures, P,co, and P,o, were
made using a two-factor ANOVA with a repeated measures
design. Individual comparisons were made using the
Student-Neuman—Keuls (SNK) post hoc test (SigmaStat
version 2.03; Jandel Scientific, St Louis, MO, USA).
Differences between groups were considered significant
if P < 0.05. All values are expressed as means & S.E.M.

Results
Cervical 5-HT7 receptor activation elicits PMF

Since the peak amplitude of integrated inspiratory phrenic
nerve bursts strongly correlates with tidal volume and
respiratory muscle activity in spontaneously breathing
cats (Eldridge, 1976), we used these measures as an
index of changes in respiratory motor output. Typical
phrenic neurograms during experimental protocols are

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.6

shown in Fig. 1. To test whether spinal 5-HT7 receptor
activation elicits PMF, we intrathecally injected a selective
agonist (AS-19, 10 uM) into the cervical spinal cord
(C4), in the vicinity of the phrenic motor nucleus
(Goshgarian & Rafols, 1981). Three AS-19 (5pul)
injections, separated by 5 min, were administered slowly.
During drug injections, no acute (<1min) effects
were observed on baseline phrenic burst activity. After
drug injections, phrenic burst amplitude slowly and
progressively increased above baseline values, an effect
lasting more than 120 min after the final AS-19 injection
(30 min post-injection: 24+ 7%, P =0.001; 60 min:
57 +£12%, P <0.001; 90min: 75+ 11%, P <0.001;
120 min: 80 £ 11%, P < 0.001; n=7; Fig. 2). In the time
frame observed, there was no evidence that the effect
was reversing. Thus, the duration of AS-19-induced
PMF is unknown other than that it lasts at least
120 min. Phrenic burst frequency (fictive respiratory rate)
also increased to a small extent in AS-19 treated rats
(4 £ 1 burst min~!, Abaseline at 120 min, P = 0.024), but
this effect was independent of drug treatment since vehicle
control rats exhibited the same ‘drift’ in burst frequency
(4 £ 1 burst min~!, Abaseline, P = 0.675; n=38).

To confirm that AS-19 was acting via spinal 5-HT7
receptors, some rats were prepared with a second intra-
thecal catheter and were pretreated with SB269970,
a selective 5-HT7 receptor antagonist. SB269970 pre-
treatment (5mm, 7 ul) abolished AS-19-induced PMF
at all time points (30 min: —5 &+ 4%, P = 0.007; 60 min:
3+ 9%, P <0.001; 90 min: 15 4= 7%, P < 0.001; 120 min:
15+ 7%, P < 0.001; n=6), thus confirming that AS-19
elicited PMF via 5-HT7 receptor activation; Fig.2.
SB269970 without AS-19 (n=4) did not alter phrenic
motor output, and was not different versus vehicle time
controls (§B269970: 8 & 4%; vehicle: 11 &= 5%, Abaseline
at 120 min, P = 0.819; Fig. 2).

5-HT7 receptor activation requires tyrosine
kinase activity

In cell lines (PC12 cells), Gs protein-coupled receptor
(GsPCR) activation (e.g. A2A, PACAP receptors; Lee &
Chao, 2001; Lee et al. 2002a) trans-activates receptor
tyrosine kinases, which subsequently signal via protein
kinase B (i.e. Akt; Lee & Chao, 2001; Lee et al. 2002b;
Rajagopal ef al. 2004). A2A receptor activation in vivo also
trans-activates TrkB via new synthesis and, presumably,
dimerization and auto-phosphorylation of an immature
TrkB isoform (Wiese et al. 2007; Golder et al. 2008).
Signalling via Trk trans-activation is blocked by k252a, a
non-specific tyrosine kinase inhibitor (Tapley et al. 1992).
To determine whether 5-HT7-induced PMF required
tyrosine kinase activity, k252a was delivered intrathecally
before AS-19. The dose of k252a was selected based on
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its ability to inhibit A2A agonist-induced PMF (Golder
et al. 2008) and acute intermittent hypoxia-induced pLTF
(Baker-Herman et al. 2004). Spinal k252a injections (100
uM) prior to AS-19 (~25 min) blocked PMF expression
at 90 min post-injection, and beyond (90 min: 42 £ 11%,
P =0.009; 120 min: 29 + 12%, P < 0.001; n=8; Fig. 3).
Thus it appears that a late phase of AS-19-induced PMF
requires receptor tyrosine kinase activity, while early
facilitation appears unaffected. This response is similar
to A2A agonist-induced PMF (Golder et al. 2008).

New TrkB synthesis required for 5-HT7
agonist-induced PMF

New protein synthesis contributes to multiple forms
of synaptic plasticity (Martin et al. 2000; Sajikumar
et al. 2005), including pLTF following acute inter-
mittent hypoxia (Baker-Herman et al. 2004). Spinal
administration of small, synthetic double-stranded RNA
(small interfering RNA; siRNA) segments directed
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Figure 2. Cervical spinal 5-HT7 receptor activation facilitates
phrenic burst amplitudes in anaesthetized rats

Comparisons of integrated phrenic burst amplitudes from spinally
treated rats; values are expressed as a percentage change from
baseline. Spinal 5-HT7 receptor agonist (M, AS-19; 10 uMm, 3 x 5 ul)
significantly increased phrenic burst amplitude (80% =+ 11%, n =7,
P < 0.05) compared to vehicle treated rats (¢, 11% + 5%, n = 7).
An injection of a 5-HT7 receptor antagonist (CJ, SB269970, 5 mwm,

7 ul) blocked 5-HT7 agonist-induced PMF at all time points (30 min:
—5+4%, P=0.007; 60 min: 3 & 9%, P < 0.001; 90 min:

15+ 7%, P <0.001; 120 min: 154+ 7%, P < 0.001; n = 6). To
control for drug effects, SB269970 (o, 5-HT7 antagonist control,

n = 4) was given alone; it had no effect on phrenic burst amplitude
at any time. #Different from vehicle; fdifferent from 5-HT7

agonist + antagonist; *different from 5-HT7 antagonist control;
RMANOVA, P < 0.05.
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against BDNF mRNA reduced translation of new
BDNF following acute intermittent hypoxia, subsequently
blocking pLTF (Baker-Herman et al. 2004). Using
a similar approach, siRNAs targeting TrkB mRNA
prevent new TrkB synthesis and A2A agonist-induced
PMF (Golder et al. 2008). Therefore we tested whether
new TrkB (and not BDNF) synthesis is necessary for
5-HT7 agonist-induced PMF using siRNAs targeting TrkB
and BDNF mRNA. Intrathecal administration of TrkB
receptor siRNAs (siTrkB; pool of 4 duplexes) prior to
AS-19 injection blocked PMF at 60 min and beyond
(60 min: 9 4= 11%, P < 0.001; 90 min: 8 + 17%, P < 0.001;
120 min: 11 £ 19%, P < 0.001; n = 7; Fig. 4). In contrast,
siBDNF application had no effect on 5-HT7-induced
PMF (30 min: 304 9%, P =0.585; 60 min, 42 &+ 14%,
P=0.166; 90 min: 49+ 14%, P=0.0.089; 120 min:
65+ 13%, P=0.184; n=6) (Fig.4). Thus, siRNAs
targeting TrkB mRNA are selective in their effects on
5-HT7-induced PMF, and were not dependent on new
BDNF synthesis. Further, thelack of effect following BDNF
siRNAs demonstrates that our results did not result from
non-specific (off-target) effects of siRNA administration.

-&-5-HT7 agonist

+=5-HT7 agonist +
TrkB inhibitor
-+=vehicle control

y [Phr amplitude
(% baseline)

30 60 90 120

Time (minutes)

Figure 3. Cervical spinal 5-HT7 agonist-induced PMF requires
tyrosine kinase activity

Comparisons were made of integrated phrenic burst amplitudes
from spinally treated rats and expressed as a percentage change
from baseline. Spinal 5-HT7 receptor agonist (M, 10 um, AS-19;
3x5 ul) significantly increased [Phr (80% = 11%, n = 7) compared
to vehicle treated rats (¢, 11% =% 5%, n = 7). An injection of a TrkB
receptor tyrosine kinase inhibitor (CJ, k252a, 100 um, 12 wl)
significantly reduced phrenic burst amplitude (30% =+ 13%, n =7)
120 min post-AS-19. #Different from vehicle; fdifferent from 5-HT7
agonist+TrkB antagonist; RMANOVA, P < 0.05.
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Spinal 5-HT7-induced PMF requires PI3K/Akt
and MEK/ERK activity

Once activated, TrkB receptors recruit adapter proteins
(e.g. Shc, Grb) that are phosphorylated by the
tyrosine kinase activity, and subsequently stimulate
multiple ‘downstream’ signal transduction cascades
(Chao, 2003). To characterize ‘downstream’ signalling
events involved in 5-HT7-induced PME we tested
whether two predominant TrkB signalling pathways
were required for 5-HT7-induced PMF: the PI3K/Akt
and MEK/ERK pathways. To determine whether PI3K
activity was required for PMF, a selective PI3K inhibitor
(P1-828, 100 M, 12 ul) was delivered intrathecally prior
(~20 min) to AS-19 injection. PI-828 completely blocked
AS-19-induced PMF since phrenic burst amplitudes
were not different from vehicle treatment 30 min
post-AS-19 administration and beyond (30 min: 5 =+ 4%,
P =0.225; 60 min: 14 &= 5%, P = 0.702; 90 min: 13 =+ 8%,
P=0.869; 120 min: 13 + 8%, P=0.880, n=7; Fig.5).
In complementary experiments, a selective MEK/ERK
inhibitor (UO126, 100 uM, 12 ul) was delivered prior to
AS-19. UO126 significantly decreased the early (60 min:
26 + 14%, P =0.008; 90 min; 48 & 8%, P =0.019), but

-B-5-HT7 agonist
—5-HT7 agonist + siBDNF  -e-vehicle control

+5-HT7 agonist + siTrkB

100 #
#1 T

\ JPhr amplitude
(% baseline)

'20 T T T
30 60 90 120

Time (minutes)

Figure 4. Cervical spinal 5-HT7 agonist-induced PMF requires
new TrkB synthesis

Comparisons were made of integrated phrenic burst amplitudes
from spinally treated rats and expressed as a percentage change
from baseline. Spinal 5-HT7 agonist (M, 10 uMm, AS-19; 3 x 5 ul)
significantly increased phrenic burst amplitude (80 & 11%, n = 7)
compared to vehicle treated rats (#, 11 & 5%, n = 7). An injection
of siTrkBs (CJ, 100 nm, 10 ul x 2, separated by 5 min) blocked
phrenic burst amplitudes 120 min post-AS-19 (11 £ 19%, n = 6).
siBDNF injections did not block AS-19-induced PMF (&, 120 min:
65 £ 13%, n = 6). #Different from vehicle; tdifferent from 5-HT7
agonist+siTrkB; RMANOVA, P < 0.05.
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not late effects of AS-19 (120 min: 60 & 3%, P =0.074,
n=6; Fig.5). Compared to vehicle treatment, phrenic
burst amplitude was increased in UO126 treated rats
120 min post-AS-19 injection (P < 0.001; Fig. 5) whereas
PI-828 had no such effect (P=0.880; Fig.5). Thus,
although 5-HT7 agonist-induced PMF requires TrkB
receptor, PI3K/AKT and MEK/ERK activity for its full
expression, MEK/ERK may be necessary only during early
phases of the response.

Mean arterial pressures and blood gases

For studies of respiratory plasticity in vivo, it is critical to
maintain precise control of arterial blood gases so that the
plasticity is not obscured by changes in chemoreceptor
feedback (Mitchell & Johnson, 2003). Measurements of
P.co, (£1.5 mmHg of baseline) and P,o, (>200 mmHg)
were similar across treatment groups and did not change
significantly over time during a protocol (Table 1). Mean
arterial blood pressure decreased with time, but the change
was similar across all experimental groups (Table1).
Previous studies have used hypoglossal nerve activity
as an internal control for drug spread in the central
nervous system (Baker-Herman ef al. 2004; Macfarlane
& Mitchell, 2007; Golder et al. 2008). To assure that
5-HT7 agonist-induced PMF was not due to unintended
brainstem effects, in a subset of experiments (n=10),
respiratory activity was recorded in the hypoglossal
nerve after cervical AS-19 injections. At the highest
doses studied (1-10 mM in the same volume, data not
shown), hypoglossal facilitation was observed. However,
the standard dose of AS-19 (10 uM) was chosen based
on its ability to elicit phrenic (Fig.2) without hypo-
glossal facilitation (6 42%, Abaseline; n=3). Since
AS-19 elicits hypoglossal facilitation at higher doses
(10 mm; 141 £ 6%, n = 2) that are likely to have spread to
the brainstem, hypoglossal motor neurons are capable of
expressing 5-HT7-induced motor facilitation, and are an
appropriate internal control for unintended, supraspinal
drug distribution.

Discussion

Here we demonstrate that episodic spinal administration
of aselective 5-HT7 receptor agonist induces along-lasting
phrenic motor facilitation, consistent with our hypothesis
that multiple spinal Gs protein-coupled receptors located
on or near phrenic motor neurons elicit PMFE. Although
episodic 5-HT7 agonist administration elicited PMF, it
is not yet clear if this form of respiratory plasticity
is pattern sensitive similar to AIH-induced respiratory
plasticity. Cumulative evidence supports a role for
Gq protein-coupled 5-HT2 receptors in phrenic LTF
following acute intermittent hypoxia (Lindsay & Feldman,
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1993; Fuller et al. 2001). The present experiments
suggest that spinal Gs protein-coupled serotonin receptors
have the potential to make a unique contribution
to serotonin-dependent pLTF following acute inter-
mittent hypoxia. If true, 5-HT7 receptors contribute
via a unique signalling pathway since Gq-coupled
metabotropic receptors signal through phospholipase
C and protein kinase C, whereas Gs-protein coupled
receptors signal through cyclic AMP and protein kinase
A. The hypothesis that 5-HT7 receptors contribute
to AIH-induced pLTF remains to be tested. However,
another Gs protein-coupled receptor, the adenosine
2A receptor, appears to inhibit (versus contribute to)
AlH-induced pLTF (Hoffman et al. 2010). Regardless,
5-HT7 receptor-induced PMF is a unique finding
that may inspire novel pharmacological strategies to
trans-activate Trk receptors in vivo, possibly harnessing
respiratory plasticity to treat impaired respiratory
(and somatic) motor function (Mitchell, 2007; Golder,
2008).

==vehicle control
=#=5-HT7 agonist + PI3Ki

-&-5-HT7 agonist
+5-HT7 agonist + MEKi
100

#1
#1 1

a0

60

a0

(%baseline)

20
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20 ] 7 i i
30 60 90 120

Time (minutes)

Figure 5. Cervical spinal 5-HT7 agonist-induced PMF requires
PI3K/Akt activity

Comparisons were made of integrated phrenic burst amplitudes
from spinally treated rats and expressed as a percentage change
from baseline. Phrenic burst amplitude from rats spinally pretreated
with an inhibitor of PI3K/Akt (PI3Ki; 4, PI-828, 100 um, 12 ul)
blocked AS-19-induced PMF 60, 90 and 120 min post-injection
(15 £ 5%, 13 £ 8%, 13 £ 8%, respectively, n = 7). Phrenic burst
amplitude in rats receiving spinal injections of a MEK/ERK inhibitor
(MEKi; [J, UO126, 100 um) was attenuated at 120 min post-AS-19
injection (60 + 3%, n = 6); however, UO126 pretreated rats were
significantly greater than vehicle (¢, 11 & 5%, n = 7) and PI-828
treated rats at 120 min. #Different from vehicle; fdifferent from
5-HT7 agonist+PI3Ki, *different from 5-HT7 agonist+MEKi;
RMANOVA, P < 0.05.
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Table 1. Measurements of P,co,, Pao, and mean arterial pressure (MAP) during baseline, 30, 60, 90 and 120 min time points

5-HT7 5-HT7 5-HT7 5-HT7 5-HT7 5-HT7 5-HT7
Time 5-HT7 agonist + vehicle antagonist agonist + agonist + agonist + agonist + agonist +
(min) agonist SB 269970 control control k252a siTrkB siBDNF UO126 PI-828
Paco, 0 458+ 10 446 +£1.2 470+ 10 450+ 03 465 +07 477 +08 473 £0.7 483 £13 466+ 1.2
(mmHg) 30 459+ 12 448 +£09 470+ 08 451 +06 456 +08 483+ 10 468 +£14 477 +£12 464 + 13
60 469 £ 09 449+ 14 465 +07 436 +£09 456 £06 483 + 1.2 477 +£12 481 1.1 459 £+ 1.1
90 467 £09 454+ 15 487 +£1.6 446 +02 463 +06 477 +£1.1 484 +08 488 + 15 457 +09
120 459 + 1.1 444 +£11 479+ 09 458 £ 06 467 £ 07 480+ 08 474 +£ 10 486 1.2 457 £ 1.1
Pao, 0 258 + 23 283 +£38 266 + 12 296 + 4 259 + 7 283 £ 16 291 +7 275 £ 9 254 + 10
(mmHg) 30 255 + 14 268 + 8 261 + 13 297 + 3 258 £ 5 269 + 13 268 + 9t 268 + 12 250 + 7
60 262 + 13 271 £ 6 260 £ 13 291 + 4 260 + 6 270 £ 13 269 =+ 67 263 + 7 248 + 8
920 264 + 10 270 £ 6 264 +£ 13 297 + 3 258 + 7 276 £ 11 274 + 87 258 + 101 244 £ 5
120 259 + 11 269 + 7 261 + 12 291 + 4 257 £ 6 277 £ 10 268 + 7t 257 + 67 252 £ 5
MAP 0 114 £ 4 116 £ 4 115 £ 6 113+ 4 119 £+ 3 114 £+ 3 103 £+ 2 119 £ 9 115 £ 6
(mmHg) 30 120 + 6 117 £ 6 109 + 6 103 + 3 111 +£ 3 107 + 4 100 + 3 119 £ 9 104 £+ 6f
60 123 + 57 120 £ 4 113 £ 7 110 £ 4 115 £ 3 109 + 3 97 + 44# 114 £ 101 105 + 6}
920 121 £ 5 122 £ 5 116 £ 8 113 £ 6 18 £ 47 112 + 37 94 + 5#f 109 + 107 107 + 6}
120 118 £ 5 113 £ 3 107 £ 6 105 + 3 109 + 3¢ 105 + 37 90 + 4#f 106 + 9t 102 + 57

Location of relevant 5-HT7 receptors

Spinal mechanisms elicit 5-HT7-induced PMF because
agonist injections were localized to the cervical spinal
cord. It is doubtful that supraspinal mechanisms
played any meaningful role in the response observed
since (lower dose) intrathecal AS-19 injections had no
effects on phrenic burst frequency or on activity of
cranial hypoglossal motor neurons (data not shown).
At higher doses of AS-19, hypoglossal facilitation
is observed, demonstrating the capacity for motor
facilitation when sufficient drug concentrations reach the
brainstem. While we propose that spinal 5HT7 receptor
activation increases synaptic strength between descending,
bulbo-spinal respiratory pre-motor neurons and phrenic
motor neurons, effects of 5-HT7 receptor activation on
other cell types (e.g. spinal interneurons and/or glia)
cannot be ruled out (Landry et al. 2006; Liu et al.
2009).

New TrkB synthesis differentiates GsPCR-induced
PMF from AlH-induced pLTF

New protein synthesis is a hallmark of many forms
of synaptic plasticity (Davis & Squire, 1984; Martin
et al. 2000). Plasticity in respiratory motor control is no
exception, as new protein synthesis is necessary for spinal
A2A agonist-induced PMF and acute intermittent hypoxia
(AIH)-induced pLTF; both forms of plasticity are blocked
by translational inhibitors (Baker-Herman & Mitchell,
2002; Golder et al. 2008). However, the specific proteins
required in these forms of spinal, respiratory plasticity
are different. siRNAs that target and inhibit BDNF trans-
lation block AIH-induced pLTF (Baker-Herman et al.

2004) whereas siRNAs targeting TrkB (not BDNF) block
A2A agonist-induced PMF (Golder et al. 2008). Consistent
with a mechanism similar to A2A-induced PME, siTrkB
blocked 5-HT7 agonist-induced PMF whereas siBDNF
was without effect (Fig.4). One difference from A2A
agonist-induced PMF is that siTrkB blocked both early and
late phase spinal 5-HT7-induced PMF versus the late (but
not early) phase of A2A agonist-induced PMF. Although
differences were observed in sensitivity of 5-HT7-induced
PMF to siTrkB when compared to A2A receptor activation,
these data suggest that similar mechanisms give rise to
GsPCR-induced PME and that this mechanism is distinct
from that arising from Gq coupled metabotropic receptors
(e.g. 5-HT2 dependent pLTF). Among other factors, these
pathways can be distinguished by differences in their
dependence on new TrkB versus BDNF synthesis.

Spinal A2A receptor activation stimulated new synthesis
and auto-phosphorylation of an immature intracellular
TrkB isoform (Golder et al. 2008). In this study we did
not address subcellular localization of new TrkB receptors.
Thus, 5-HT7 activation may stimulate production of
immature and/or mature TrkB isoforms, although this
aspect of the mechanism remains to be experimentally
verified.

Kinases required for 5-HT7 agonist-induced PMF

The cellular effects of A2A receptor activation require
tyrosine kinase activity, both in vitro and in vivo (Lee
& Chao, 2001; Wiese et al. 2007; Golder et al. 2008).
Spinal k252a pretreatment blocked late phase A2A
agonist-induced facilitation, but not early phase (Golder
et al. 2008). k252a also inhibits 5-HT7-induced PMF at
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90 min post-AS-19 injection, and beyond (i.e. late phase).
One possible interpretation is that PMF induced by GsPCR
activation may arise from new synthesis of an immature
TrkB isoform that auto-dimerizes and initiates tyrosine
kinase catalytic activity, signalling from within motor
neurons (Golder et al. 2008). An important caveat limiting
interpretation of this experimental series is that k252a
inhibits multiple kinases (Lin et al. 2003); consequently,
some k252a effects may reflect inhibition of kinases other
than TrkB.

Exogenous BDNF activates MAP-kinases (MEK/ERK)
and PI3K/Akt in spinal motor neurons, a response also
observed in the hippocampus (Gottschalk et al. 1999;
Kishino & Nakayama, 2003). ERK MAP kinases in
ventral cervical spinal tissue also increase phosphorylation
following acute and repetitive acute intermittent hypoxia,
suggesting an important role in pLTF and enhanced pLTF
(Wilkerson & Mitchell, 2009). On the other hand, spinal
A2A receptor activation preferentially phosphorylated
Akt, suggesting that this form of PMF required activation
of the PI3K pathway (Golder et al. 2008). Thus, we
evaluated whether 5-HT7 agonist-induced PMF required
PI3K/Akt and/or MEK/ERK. Spinal application of a
PI3K inhibitor (PI-828) abolished PMF whereas spinal
MEK/ERK (UO126) inhibition blocked only the early
facilitation (<90 min) (Fig.5). Thus, full expression of
spinal 5-HT7 agonist-induced PMF appears to involve
(1) an early phase that is TrkB independent, but
ERK and Akt dependent, and (2) a late phase that
is TrkB and PI3K dependent, but ERK independent.
These findings suggest that early signalling cascades
associated with 5-HT7 receptor activation preferentially
involve MEK/ERK activity similar to some reports (Errico
et al. 2001; Lee et al. 2002b), whereas the late phase
is more reliant on signalling from newly synthesized
TrkB (Rajagopal er al. 2004; Golder, 2008). In PC12
cells, A2A receptor activation (CGS21680) elicits a rapid
increase (~10min) in ERK1/2 phosphorylation that
quickly returns to baseline levels (Lee & Chao, 2001),
suggesting MAP-kinase activation is not required for TrkB
trans-activation.

Cervical spinal injections of vascular endothelial growth
factor (VEGFA), which also signals via receptor tyrosine
kinases (Robinson et al. 2000), elicits robust PMF
that is also sensitive to PI3K/Akt inhibition (LY249002;
Dale-Nagle & Mitchell, 2008). Collectively, common
points of AIH-induced pLTF (Baker-Herman et al
2004), A2A (Golder et al. 2008) and 5-HT7 (this
study) agonist-induced PMF, and VEGF-induced PMF
(Dale-Nagle & Mitchell, 2008) suggest that PMF arises
from a convergence of signalling cascades downstream
from TrkB. Specifically, it appears that many forms of PMF
require some combination of Akt and/or ERK signalling.
The ubiquity of this ‘pathway to PMF must be tested
more comprehensively. Furthermore, studies concerning
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interactions between these pathways are necessary before
we will gain an adequate picture of what role (if any)
these pathways play in different circumstances that lead
to PME

Potential cellular/synaptic signalling mechanisms

A2A receptor activation stimulates new synthesis and
phosphorylation of an intracellular low molecular mass
(80 kDa, hypoglycosylated) TrkB receptor isoform, which
is essential for Akt phosphorylation (Rajagopal et al.
2004; Golder et al. 2008). Increasing intracellular TrkB
protein can induce constitutive Trk signalling (Watson
et al. 1999) without ligand, possibly because increased
Trk monomer concentrations enable auto-dimerization
and phosphorylation. In our working cellular/synaptic
model of PMF, we postulate that activation of relevant
spinal GsPCRs (i.e. 5-HT7 and/or A2A, among others)
stimulates new synthesis of an immature TrkB isoform
which auto-dimerizes and auto-phosphorylates, thereby
activating the PI3K/Akt pathway. Activated Akt and/or
ERK1/2 may elicit synaptic plasticity by controlling
protein synthesis via translational regulation (Kelleher
et al. 2004; Horwood et al. 2006), modulating membrane
excitability (e.g. potassium channels; Yuan ef al. 2002)
and/or increasing membrane expression of glutamate
receptors (Sheng & Hyoung Lee, 2003).

Although yet untested, we believe that activation of
spinal GqPCRs (e.g. 5-HT2 during intermittent hypo-
xia) and GsPCRs (e.g. 5-HT7, A2A) induces PMF via
distinctive mechanisms that converge downstream of TrkB
receptor activation, differentiated by new synthesis of
BDNF and/or TrkB protein as well as details in their
reliance on the downstream serine/threonine kinases (i.e.
Akt versus ERK).

Significance

Acute intermittent hypoxia strengthens synaptic pathways
to phrenic motor neurons and improves spontaneous
phrenic activity by increasing endogenous BDNF synthesis
and release (Baker-Herman et al. 2004; Golder & Mitchell,
2005). Thus, intermittent hypoxia may have beneficial
effects in restoring respiratory motor function after
cervical spinal injury (Golder & Mitchell, 2005; Mitchell,
2007). However, intermittent hypoxia is a non-specific
stimulus and may affect multiple physiological systems
and, in excess, may induce severe morbidity such
as systemic hypertension, hippocampal apoptosis, and
learning deficits (Gozal et al. 2001; Bass et al. 2004). While
exogenous BDNF delivery to the cervical spinal cord is
sufficient to elicit phrenic LTF (Baker-Herman et al. 2004),
protein delivery to the CNS is often complicated by the
need for invasive delivery (due to the blood—brain barrier),
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poor penetration, immune reactions and complications
attendant to receptor downregulation (Poduslo & Curran,
1996; Mitchell, 2007; Golder, 2008). Small molecules that
cross the blood-brain barrier have advantages because
they can mimic the activities of BDNF while minimizing
negative reactions.

Since systemic adenosine receptor activation has both
beneficial and deleterious effects on the cardiovascular and
nervous systems, other molecules should be considered for
therapeutic development (Abbracchio & Cattabeni, 1999;
Pedata et al. 2001). Thus small, highly permeant molecules
that activate 5-HT7 receptors and mimic BDNF effects on
respiratory motor output could be a useful alternative
and provide multiple potential targets for ‘harnessing’
respiratory plasticity for treatment of ventilatory control
disorders (Mitchell, 2007).
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