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Abstract
Phrenic long-term facilitation (pLTF) is a form of serotonin-dependent respiratory plasticity
induced by acute intermittent hypoxia (AIH). pLTF requires spinal Gq protein-coupled
serotonin-2 receptor (5-HT2) activation, new synthesis of brain-derived neurotrophic factor
(BDNF) and activation of its high-affinity receptor, TrkB. Intrathecal injections of selective
agonists for Gs protein-coupled receptors (adenosine 2A and serotonin-7; 5-HT7) also induce
long-lasting phrenic motor facilitation via TrkB “trans-activation.” Since serotonin release near
phrenic motor neurons may activate multiple serotonin receptor subtypes, we tested the hypothesis
that 5-HT7 receptor activation contributes to AIH-induced pLTF. A selective 5-HT7 receptor
antagonist (SB-269970, 5mM, 12μl) was administered intrathecally at C4 to anesthetized,
vagotomized and ventilated rats prior to AIH (3, 5-min episodes, 11% O2). Contrary to
predictions, pLTF was greater in SB-269970 treated versus control rats (80±11% vs 45±6% 60
min post-AIH; p<0.05). Hypoglossal LTF was unaffected by spinal 5-HT7 receptor inhibition,
suggesting that drug effects were localized to the spinal cord. Since 5-HT7 receptors are coupled
to protein kinase A (PKA), we tested the hypothesis that PKA inhibits AIH-induced pLTF. Similar
to 5-HT7 receptor inhibition, spinal PKA inhibition (KT-5720, 100μM, 15μl) enhanced pLTF
(99±15% 60 min post-AIH; p<0.05). Conversely, PKA activation (8-br-cAMP, 100μM, 15μl)
blunted pLTF versus control rats (16±5% vs 45±6% 60 min post-AIH; p<0.05). These findings
suggest a novel mechanism whereby spinal Gs protein-coupled 5-HT7 receptors constrain AIH-
induced pLTF via PKA activity.
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INTRDUCTION
Plasticity is a hallmark feature of the neural system controlling breathing, and is essential for
its response to repeated or prolonged physiological or environmental challenges (Mitchell
and Johnson 2003). One well-studied model of respiratory plasticity is phrenic long-term
facilitation (pLTF) following acute intermittent hypoxia (AIH; Mitchell et al. 2001; Feldman
et al. 2003; Mahamed and Mitchell 2007). AIH-induced pLTF is a progressive, serotonin-
dependent increase in respiratory motor output lasting at least 60 min following episodic
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stimulation of the carotid sinus nerve (Millhorn et al. 1980; Millhorn et al. 1980) or AIH
(Hayashi et al. 1993; Bach and Mitchell 1996; Baker and Mitchell 2000). In our working
model, AIH activates medullary raphe neurons (Erickson and Millhorn 1994; Teppema et al.
1997) with spinal projections (Lalley 1986) resulting in serotonin (5-HT) release in or near
the phrenic motor nucleus (Pilowsky et al. 1990; Kinkead et al. 2001; Morris et al. 2001).
Subsequent 5-HT2 receptor activation on phrenic motor neurons (Fuller et al. 2001; Baker-
Herman and Mitchell 2002; MacFarlane et al. 2011) elicits signaling cascades that underlie
pLTF (Dale-Nagle et al. 2010).

Activation of Gq protein-coupled serotonin type-2 (5HT2) receptors (Kinkead and Mitchell
1999; MacFarlane et al. 2011) on or near phrenic motor neurons (Basura et al. 2001) is
necessary and sufficient to elicit pLTF (Fuller et al. 2001; MacFarlane and Mitchell 2009).
Moreover, episodic 5-HT receptor activation elicits LTF in synaptically isolated hypoglossal
motor neurons of neonatal rat rhythmogenic brainstem slice preparations (Bocchiaro and
Feldman 2004), and in spinal respiratory motor output from brainstem-spinal cord
preparations (cervical and thoracic LTF; Lovett-Barr et al. 2006). Cervical spinal injections
of serotonin and selective 5-HT2 receptor agonists induce long-lasting phrenic motor
facilitation (pMF) by a mechanism that requires NADPH oxidase activity (MacFarlane and
Mitchell 2008; MacFarlane et al. 2009).

Recently, spinal serotonin type-7 (5-HT7) receptors were also shown to elicit phrenic motor
facilitation (PMF) in the absence of AIH (Hoffman and Mitchell 2011). 5-HT7 receptors are
necessary for full expression of AIH-induced ventilatory LTF in rats pretreated with chronic
intermittent hypoxia (McGuire et al. 2004). To further understand serotonergic mechanisms
giving rise to pLTF, we tested the hypothesis that serotonin released during AIH activates
multiple serotonin receptor subtypes (e.g. 5-HT2 and 5-HT7), and that both contribute to
AIH-induced pLTF. However, contrary to our hypothesis, spinal 5-HT7 receptor inhibition
enhanced pLTF, suggesting that 5-HT7 receptor activation constrains (versus contributes to)
normal mechanisms of pLTF. This enhancement is similar to that observed following
intrathecal adenosine 2A receptor inhibition (Hoffman et al. 2010).

Because 5-HT7 (and adenosine 2A) receptors are coupled to Gs proteins, initiating an
adenylate cyclase/cAMP/protein kinase A (PKA) signal transduction cascade (Lovenberg et
al. 1993; Krobert et al. 2001), we hypothesized that PKA inhibition would enhance, whereas
PKA activation would suppress pLTF. Indeed, our findings support a mechanism whereby
PKA constrains pLTF via “cross-talk” inhibition of the signaling cascade initiated by Gq
protein-coupled 5-HT2 receptors. A more comprehensive understanding of 5-HT receptor
“cross-talk” may provide insights concerning fundamental mechanisms and the significance
of respiratory plasticity.

METHODS
Experimental Studies

All experiments were performed on male Sprague–Dawley rats (Harlan colony 218a, n=56;
Harlan Inc., Indianapolis, IN, USA) aged 101 ± 14 days and weighing 384 ± 33 grams.
Animals were doubly housed in a controlled environment (12h light/dark cycle, daily
humidity and temperature monitoring). All protocols were approved by the Institutional
Animal Care and Use Committee of the School of Veterinary Medicine at the University of
Wisconsin, Madison.

In a first experimental series, we tested the hypothesis that spinal 5-HT7 receptors contribute
to AIH-induced pLTF by intrathecal application of a selective 5-HT7 receptor inhibitor.
Since spinal 5-HT7 receptor antagonist injections enhanced pLTF, a second experimental
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series was designed to test whether inhibition of “downstream” spinal protein kinase A
contributed to the enhancement of pLTF; in this series we delivered a selective PKA
inhibitor to the cervical spinal cord. In the final experimental series, we tested the hypothesis
that increased PKA activity inhibits AIH-induced pLTF by intrathecally injecting a cAMP/
PKA activator. Investigators were not blinded concerning the identity of intrathecal
solutions applied during experiments.

Surgical Preparation
Surgical procedures have been described in detail elsewhere (Baker-Herman et al. 2002;
Baker-Herman et al. 2004) and are summarized below. Anesthesia was induced with
isoflurane; isoflurane was continued during surgical preparations initially with a nose cone,
and then through a tracheal cannula (2.5–3.5% in 50% 02, balance N2). Once surgical
procedures were complete, rats were slowly converted to urethane anesthesia over 15 min
(1.75μg/kg). Adequate anesthetic depth was tested by lack of any pressor or respiratory
neural response to toe pinch with a hemostat. After conversion to urethane anesthesia, a
continuous intravenous infusion was initiated (4–6.5 ml*kg−1*hr−1) of a 1:4 mixture of 6%
Hetastarch (artificial colloid composed dissolved in 0.9% normal saline) and lactated
Ringer’s to maintain blood volume, 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; tidal volume = 2.5ml). A rapidly responding flow-
through carbon dioxide analyzer (Capnogard, Novametrix, Wallingford, CT) 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 (PETCO2). The vagus nerves were cut in the mid-
cervical region to prevent entrainment of respiratory neural activity with the ventilator.
During ventilation, rats were paralyzed with pancuronium bromide (2.5mg/kg). A
polyethylene catheter (PE-50, Intramedic) was placed in the right femoral artery and blood
pressure was monitored with a pressure transducer (Gould, P23ID). A 3-way stop-cock,
attached to the arterial catheter, was used to withdraw blood samples (0.2–0.4ml) for blood
gas analysis (ABL-500, Radiometer; Copenhagen, Denmark); during an experiment, blood
gas determinations were made during baseline conditions, the first hypoxic episode of an
LTF protocol, and at 15, 30 and 60 min post-AIH. Body temperature was monitored with
rectal thermometer (Fischer Scientific) and maintained (37.5±1°C) with a heated surgical
table.

The left phrenic and hypoglossal nerves were isolated using a dorsal approach, cut distally,
desheathed and placed on bipolar silver electrodes to record respiratory neural activity.
Phrenic and XII nerve signals were amplified (100,000x), band-pass filtered (300–10,000
Hz Model 1800, A-M Systems, Carlsborg, WA), rectified and integrated (Paynter filter; time
constant, 50ms, CWE Inc., MA-821; Ardmore, PA). The resulting integrated nerve bursts
were digitized (8000 Hz) and analyzed using a WINDAQ data acquisition system (DATAQ
Instruments, Akron, OH).

To test whether spinal 5-HT7 receptor activation contributed to pLTF, the spinal column was
exposed dorsally, followed by laminectomy and partial durotomy at cervical level 2 (C2). A
soft silicone catheter (2 French; Access Technologies, IL, USA) was inserted caudally
below the dura until tip was located at approximately C4. The catheter was attached to a 50
μl Hamilton syringe containing either vehicle (saline and 20 % Dimethyl sulfoxide, DMSO)
or drug (dissolved in vehicle).

In our studies, hypoglossal nerve activity served as an internal control to determine whether
intrathecal injections near the phrenic motor nucleus resulted in unintended drug distribution
to the brainstem, as described previously (Baker-Herman et al. 2002; MacFarlane et al.
2009). Since we did not observe any changes in hypoglossal nerve activity, at doses that
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augmented pLTF, we conclude that each drug exerted localized effects in the cervical spinal
cord versus the brainstem.

Experimental protocol
At least one hour after conversion to urethane anesthesia, apneic and recruitment thresholds
were determined by increasing ventilation and lowering PETCO2 until rhythmic nerve
bursts ceased (apneic threshold). After approximately one minute, the ventilator rate was
slowly decreased or inspired carbon dioxide was slowly increased until rhythmic nerve
bursts resumed (i.e., recruitment threshold). Baseline conditions were then established by
holding PETCO2 ~2 mmHg above the recruitment threshold and allowing ≥15 min for
neural activity to stabilize. At this point, an arterial blood sample was taken to document
baseline blood gas levels. Throughout a protocol, arterial PCO2 was maintained isocapnic
(±1.5mmHg) with respect to its baseline level by manipulation of inspired CO2 and/or
ventilator rate.

All rats received slow (over 1 min) intrathecal injections of either vehicle or drug (dissolved
in vehicle) five min prior to first hypoxic episode (or equivalent time for controls). Acute
intermittent hypoxia (AIH) consisted of three, five min episodes of isocapnic (±1.5mmHg)
hypoxia (~11% inspired O2, PaO2 = 35–45mmHg), separated by five min intervals of
baseline oxygen levels (~51% inspired O2, PaO2 ≥ 150mmHg). After the third hypoxic
episode, rats were returned to baseline oxygen levels and maintained for the duration of an
experiment.

To test the hypothesis that spinal 5-HT7 receptors contribute to AIH-induced pLTF, a
selective 5-HT7 receptor antagonist (SB269970, Tocris Biosciences, Minneapolis, MN;
Perez-Garcia and Meneses 2005) was injected via an intrathecal catheter over the cervical
spinal cord. In this series of experiments, SB-269970 was dissolved in vehicle to an
effective concentration determined in prior experiments (Hoffman et al. 2011), and delivered
five min prior to AIH. Since SB-269970 enhanced pLTF, we sought to further characterize
the signaling pathway involved. Therefore we used a cell permeable PKA inhibitor
(KT-5720, an ATP-site inhibitor of phosphorylation, (100 μM), dosage determined from
literature; Tocris Biosciences; Kase et al. 1987; Domenici et al. 2004) to determine if pLTF
is similarly enhanced. To further characterize the role of PKA, we tested the hypothesis that
PKA activation inhibits pLTF by intrathecally injecting a cell-permeable cAMP analogue
(8-bromoadenosine-3′, 5′-cyclic monophosphate, sodium salt {8-br-cAMP}, 12μl, 100μM;
Tocris Biosciences) known to activate PKA (Meyer and Miller 1974; Kajana and
Goshgarian 2008). Control rats received either vehicle or drug (SB-269970, KT-5720, 8-br-
cAMP) five min prior to initiating an experimental protocol, but these rats did not receive
AIH.

Data Analysis
Integrated phrenic and hypoglossal nerve burst amplitudes were averaged over one min bins
at each experimental time-point, (baseline, 15, 30 and 60 min) using custom software
(Courtesy of Dr. Safraaz Mahamed; LabView 6.1, National Instruments, Austin, TX, USA).
Changes in nerve burst amplitude were reported as % change from baseline. Burst
frequencies were expressed as an absolute change from baseline (bursts per minute). All
statistical comparisons between treatment groups for nerve amplitude, mean arterial
pressures, PaCO2 and PaO2 (15, 30 and 60 min post-AIH) were made using a two-way
ANOVA with a repeated measures design. Since no differences were detected between
hypoxic exposures (episode 1 vs 2 vs 3) within treatment groups (data not shown),
comparisons were made using two-way ANOVA of phrenic burst amplitude during the fifth
minute of hypoxic episodes averaged from all three episodes (Hoffman et al. 2010; Hoffman
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et al. 2012). All individual comparisons were made using the Student-Neuman-Keuls post-
hoc test (SigmaStat 2.03, Systat Software Inc., San Jose, CA, USA). Differences between
groups were considered significant if p<0.05. All values are expressed as means ± 1 S.E.M.

RESULTS
Spinal 5-HT7 receptor inhibition enhances phrenic LTF

Since spinal 5-HT7 receptors have been implicated in respiratory plasticity (McGuire et al.
2004; Hoffman et al. 2011) we originally hypothesized that 5-HT7 receptors contribute to
AIH-induced pLTF. Our results, however, indicate that 5-HT7 receptors actually inhibit
pLTF. Since the peak amplitude of integrated inspiratory phrenic nerve bursts strongly
correlates with tidal volume and respiratory muscle activity in spontaneously breathing
animals (Eldridge 1976), we used these measures as an index of changes in respiratory
motor output. Typical phrenic neurograms during experimental protocols are shown in Fig.
1.

In vehicle treated rats (◆, n=8) exposed to AIH, phrenic amplitude was increased above
baseline at 30 (◆, 23±10%, p=0.012) and 60 min post-AIH (◆, 45±6%, p<0.001; Fig 2a),
indicating pLTF. Following intrathecal injections of the 5-HT7 receptor antagonist (5mM,
SB-269970, 12μl) in rats exposed to AIH, phrenic amplitude was significantly elevated from
baseline at 15, 30 and 60 min post-AIH (■, 15 min: 27±6%; 30 min: 52±10%; 60 min:
80±11%; all p<0.001, n=8; Fig 2a). This increase in phrenic nerve burst amplitude was
significantly greater in rats that received SB-269970 versus vehicle treated rats by 30 min
(p<0.05) post-AIH and beyond (60 min: p<0.001); thus, pLTF was enhanced (Fig 3a).

To address concerns that spinal 5-HT7 receptor inhibition may induce phrenic motor
facilitation in the absence of AIH, a group of rats received intrathecal SB-269970 without
AIH (□, n=5); in these rats, no significant time-dependent changes in phrenic amplitude
were observed throughout the duration of the experiment (15min 8±6%, 30min 8±6%,
60min 8±10%, all p>0.05 Fig 2a). Similarly, there were no time-dependent changes in
phrenic burst amplitude in rats maintained in normoxia throughout the protocol (⋄, vehicle
control; Fig. 2a; all p>0.05), confirming the stability of the preparation. Hence, spinal 5-HT7
receptor inhibition enhances AIH-induced pLTF, but this effect cannot be accounted for by
non-specific drug effects independent from AIH.

Spinal 5-HT7 receptor inhibition enhances phrenic but not hypoglossal LTF
In our working model of pLTF, we hypothesize that plasticity arises in cervical spinal
segments containing the phrenic motor nucleus (Baker-Herman et al. 2002). Thus, as an
internal control, comparisons were made with hypoglossal (XII) burst amplitude to assess
potential rostral drug distribution following intrathecal injections, as done previously
(Baker-Herman et al. 2004; Kuraishi et al. 2008). In vehicle treated rats, XII burst amplitude
was elevated from baseline at 60 min post-AIH (◆, 36±7%, n=8; p<0.001, Fig 2b),
indicating XII LTF (Baker-Herman and Strey 2011). Similar XII LTF was observed
following spinal 5-HT7 receptor inhibition (■, 30±9%, above baseline at 60 min post-AIH;
n=8; p=0.005, Fig 2b). In rats not exposed to AIH, no treatment effects were observed
between vehicle and SB-269970 at 60 min post-AIH (p=0.49). Furthermore, no time-
dependent effects were observed in XII burst amplitude versus baseline in SB-269970
treated (□; 15 min: 15±3%, 30 min: 13±3%, 60 min: 8±4%; all p>0.05) or vehicle treated
rats (⋄; 15 min: 3±4%, 30 min: 1±3, 60 min: 9±3%; all p>0.05) without AIH. Collectively,
these data suggest that effective drug concentrations were restricted to the spinal cord.

Hoffman and Mitchell Page 5

Neuroscience. Author manuscript; available in PMC 2014 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Spinal protein kinase A inhibition enhances phrenic but not hypoglossal LTF
To test the hypothesis that PKA activity contributes to pLTF rats received an intrathecal
injection of a cell permeable PKA inhibitor (KT-5720, 12μl 100μM). Representative phrenic
neurograms are illustrated in Fig 3. Following AIH, phrenic burst amplitude in rats receiving
KT-5720 (■; n=8) was elevated above baseline by 15 min and beyond (■; 15 min: 46±10;
30 min: 74±15%; 60 min: 99±15%; all p<0.001; Fig 4a), indicating pLTF. AIH-induced
pLTF was significantly greater after KT-5720 versus vehicle injections at all time points (◆;
15 min: 10±8%, p=0.003; 30 min: 23±10%, p<0.001; 60 min: 45±6%, p<0.001; Fig 4a),
suggesting that pLTF was enhanced by spinal PKA inhibition. In contrast, no time-
dependent effects were observed in phrenic burst amplitude from rats treated with
intrathecal KT-5720 (15 min: 10±3%, 30 min: 18±3%, 60 min: 16±5%, versus baseline; all
p>0.05) without AIH.

XII burst amplitude was elevated over baseline at 60 min post-AIH in vehicle treated rats
(◆; 36±7%, n=8, p< 0.001, Fig 4b), indicating XII LTF. Since XII burst amplitude in
KT-5720 treated rats was elevated above baseline by a similar amount (■; 32±14% at 60
min; n=7; p=0.043), XII LTF was unaffected by spinal drug administration (p=0.658), again
suggesting that effective drug concentrations were restricted to the spinal cord. Time control
rats receiving intrathecal KT-5720 without AIH (□; n=6) exhibited no time-dependent
changes in XII burst amplitude (□; 15 min: 12±4%; 30 min: 24±5%; 60 min: 15±3%; all
p>0.05 Fig 4b).

Spinal PKA activation inhibits phrenic but not hypoglossal LTF
To further test the role of PKA involvement in pLTF, a subset of rats received intrathecal
injections of the cell-permeable cAMP analogue (8-br-cAMP, 15μl, 100μM) prior to AIH.
Representative phrenic neurograms are illustrated in Fig 3c/d. In rats receiving intrathecal 8-
br-cAMP pLTF was observed 60 min post-AIH (▲; 20±3%, n=7; p=0.014; Fig 5a),
demonstrating pLTF. However, the magnitude of pLTF was significantly lower in 8-br-
cAMP versus vehicle treated rats 60 min post-AIH (◆; 45±6%, p<0.001, Fig 5a). In control
rats receiving intrathecal 8-br-cAMP injections without AIH, phrenic burst amplitude did
not exhibit any time-dependent effects (△; 15min: 10±7%; 30 min: 12±3%; 60min: 4±10%:
all p>0.05, n=6; Fig 5a).

In rats receiving intrathecal 8-br-cAMP, XII burst amplitude (n=5) was not different versus
vehicle treated rats at 60 min post-AIH (24±3% and 33±8%, respectively, p=0.34; Fig 5b).
Further, no time dependent effects were observed in XII burst amplitude in rats receiving 8-
br-cAMP without AIH (△; 15 min: 10±7%, 30 min: 12±3%, 60 min: 4±10%; all p>0.05,
n=6; Fig 5b).Together these results support a mechanism whereby activation of spinal 5-
HT7 receptors and/or PKA constrains normal mechanisms of AIH-induced pLTF.

Short-term hypoxic phrenic and hypoglossal responses
In vehicle treated rats (n=8), hypoxia elicited a brisk increase in phrenic (i.e. the short term
hypoxic response; ■; 107±9%, p<0.001) and hypoglossal nerve burst amplitudes (□;
197±14%, p<0.001; Figs 6&1). The short term hypoxic phrenic response observed in rats
pretreated with a 5-HT7 receptor antagonist (SB-269970, n=8; 131±13%, p< 0.001), PKA
inhibitor (KT-5720, n=8; 140±15%, p<0.001) and PKA activator (8-br-cAMP, n=7;
98±13%, p<0.001) were similar to vehicle treated rats (p=0.054).

Hypoglossal burst amplitude from rats treated with SB-269970 (n=8), KT-5720 (n=7) and 8-
br-cAMP (n=5), were not different than vehicle treated rats (180±40%, 214±35% and
191±15%, respectively; p=0.662, Fig 6). Thus spinal 5-HT7 and PKA inhibition did not
affect the phrenic or hypoglossal short-term hypoxic responses.
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Mean arterial pressures and Blood Gases
During studies of hypoxia-induced respiratory plasticity, it is critical to maintain precise
control of blood gases (Mitchell et al. 2003). PaCO2 measurements remained within (±)2
mmHg of baseline levels throughout an experiment; similar regulation was observed in all
treatment groups (table 1). PaO2 remained above 200 mmHg throughout all experiments,
except during hypoxic episodes (table 1). Thus, changes in chemoreceptor stimulation from
baseline cannot account for pLTF or differences in pLTF expression caused by drug
treatments.

Mean arterial pressures (MAP) were similar between groups during baseline conditions and
60 minutes post-AIH (table 1). All groups exhibited a similar, transient decrease in MAP
(~45±15 mmHg) during hypoxia as is characteristic of anesthetized rats table 1).

DISCUSSION
Multiple lines of evidence support a critical role for spinal serotonin receptor activation in
the initiation of pLTF (Millhorn et al. 1980; Fregosi and Mitchell 1994; Bach et al. 1996;
Baker-Herman et al. 2002), predominantly via Gq protein-coupled 5-HT2 receptors (Fuller et
al. 2001). However, little is known regarding interactions between Gq and Gs-coupled
metabotropic serotonin receptors that are co-activated during AIH. Here we demonstrate that
AIH-induced pLTF is constrained by coincident spinal 5-HT7 receptor activation. This
inhibition arises via activation of a “downstream” kinase in the canonical 5-HT7 receptor
PKA signaling cascade. Indeed, manipulation of PKA activity is sufficient to account for 5-
HT7 receptor-dependent modulation of pLTF following AIH. Our results suggest a novel
mechanism whereby Gs protein-coupled 5-HT7 receptors inhibit Gq-dependent plasticity via
PKA activation.

Gs protein-coupled receptor involvement in respiratory plasticity
This is the first evidence that 5-HT7 receptor signaling modulates respiratory plasticity
following AIH in normal rats. However, our finding that 5-HT7 receptors impose an
inhibitory constraint on pLTF may at first appear to contradict our previous report that Gs
protein-coupled 5-HT7 receptor activation without hypoxia elicits phrenic motor facilitation
(PMF; Hoffman et al. 2011); we previously demonstrated that intrathecal delivery of a 5-
HT7 agonist elicits long-lasting pMF (Hoffman et al. 2011). We postulate that AIH-induced
pLTF (Baker-Herman et al. 2004) and 5-HT7 receptor agonist-induced pMF (Golder et al.
2008; Hoffman and Mitchell 2008) arise from distinct mechanisms that interact via “cross-
talk inhibition” (Dale-Nagle et al. 2010).

We propose that serotonin receptors coupled to Gq and Gs proteins are both activated during
AIH, but that Gq protein coupled receptor signaling normally predominates. This is
supported by observations that AIH-induced pLTF is blocked by spinal PKC inhibition
(Devinney and Mitchell, unpublished), inhibition of new BDNF synthesis or TrkB activation
(Baker-Herman et al. 2004) and ERK-MAP kinase inhibition (Hoffman et al. 2012). In
contrast, Gs protein coupled receptor induced pMF requires new synthesis of an immature
TrkB isoform (not BDNF) (Golder et al. 2008; Hoffman et al. 2011) and PI3 kinase/Akt
activation (Hoffman et al. 2011). However, partial activation of the Gs-pathway does not
contribute to AIH-induced pLTF, but actually attenuates Gq-dependent AIH-induced pLTF.
By preventing activation of a Gs protein-coupled serotonin receptor, in the present study, we
release this cross-talk inhibition and enable full expression of pLTF.

For simplicity we have designated the AIH-induced pathway to pLTF as the “Q-pathway”
(Dale-Nagle et al. 2010) because 5-HT2 receptors are coupled to Gq-proteins (Millan et al.
2008). Multiple Gq protein coupled receptors elicit similar pMF (Neverova et al. 2007).
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Since episodic 5-HT2 receptor activation on or near phrenic motor neurons is necessary and
sufficient to elicit the Q-pathway (Baker-Herman et al. 2002; MacFarlane et al. 2009;
MacFarlane et al. 2011) it was originally proposed to explain AIH-induced pLTF (Fuller et
al. 2001; Bocchiaro et al. 2004; MacFarlane et al. 2008). 5-HT2 receptor activation triggers
new BDNF synthesis and TrkB activation (Baker-Herman et al. 2004), followed by ERK-
MAP kinase activation (Hoffman et al. 2012).

In contrast, the “S-pathway” is triggered by activation of Gs-PCRs (i.e. A2A and 5-HT7)
which elicits pMF via new synthesis of an immature TrkB isoform that auto-phosphorylates
and signals via protein kinase B (ie. Akt; Golder et al. 2008; Hoffman et al. 2011). Although
the Q and S-pathways to pMF both require new protein synthesis, they differ in their
requirement for new synthesis of BDNF versus TrkB (Baker-Herman et al. 2004; Golder et
al. 2008; Hoffman et al. 2011), and by their requirement for ERK versus Akt signaling
(Golder et al. 2008; Hoffman et al. 2012).

Regulation of phrenic long-term facilitation
The Q-pathway to pMF (i.e. pLTF) is tightly regulated. AIH-induced pLTF requires reactive
oxygen species (ROS) formation via NADPH oxidase activity (MacFarlane et al. 2009),
which, we hypothesize, inhibits spinal serine-theronine protein phosphatases (e.g., PP2A/5)
and relieves an important constraint to pLTF (Macfarlane et al. 2008; Wilkerson et al. 2008).
We postulate that ROS inhibition of protein phosphatase activity is a key factor
differentiating intermittent versus sustained hypoxia in their capacity to elicit pLTF
(Wilkerson et al. 2007; Macfarlane et al. 2008). Moreover, recent data suggest that a distinct
serotonin receptor subtype (5-HT2B) activates the NADPH required for pMF (MacFarlane et
al. 2011).

A major finding in the present study is that that Gs protein-coupled 5-HT7 receptors (and
presumably A2A receptors; (Hoffman et al. 2010) constrain AIH-induced pLTF via PKA
activation. Although mechanisms whereby PKA inhibits the Q-pathway are unclear at this
time, one possibility is that PKA inhibits NADPH oxidase activity, a prerequisite for AIH-
induce pLTF expression (MacFarlane et al. 2009). Indeed, PKA phosphorylates NADPH
oxidase subunits and inhibits NADPH oxidase activity (Bengis-Garber and Gruener 1996;
Kim et al. 2007). Diminished ROS generation would then suppress the capacity for Q-
pathway-dependent pLTF. Considerably less is known about factors regulating the S-
pathway, or how it is affected by the Q-pathway.

S-pathway regulation of pLTF through NADPH oxidase
We propose that 5-HT7 receptors activate PKA and modulate the “regulatory cassette” of the
Q pathway by reducing the NADPH oxidase derived ROS formation necessary for pLTF
(Macfarlane et al. 2008). A major consequence of diminished ROS formation is less
inhibition of protein phosphatases known to constrain pLTF (Macfarlane et al. 2008;
Wilkerson et al. 2008).

Neuronal NADPH oxidase consists of multiple subunits that form a functional protein
complex (Infanger et al. 2006); NADPH oxidase complex formation is regulated by the
phosphorylation state of key elements (Bedard and Krause 2007). Thus, when PKA
phosphorylates the p47 subunit, complex formation is impaired, thereby limiting ROS
formation (Nogueira-Machado et al. 2003; Kim et al. 2007). In pheochromocytoma cells
(PC-12), serum deprivation increases ROS formation, an effect blunted by pretreatment with
an A2A receptor (S-pathway) agonist (Huang 2003). Similarly, A2A receptor agonists inhibit
ROS formation in activated neutrophils by suppressing NADPH oxidase activity (Revan et
al. 1996). Conversely, PKC activation (i.e., Q-pathway) with phorbol esters increases ROS
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formation via NADPH oxidase, an effect negated by PKA activation (Bengis-Garber et al.
1996). Since AIH-induced pLTF requires NADPH oxidase activity and subsequent ROS
formation (via NADPH oxidase; MacFarlane et al. 2009; 2011), we propose that spinal 5-
HT7 receptor activation suppresses NADPH oxidase-dependent ROS formation via PKA
activation, thereby constraining pLTF.

Complexity of neuromodulator induced phrenic motor facilitation
Hypoxia elicits the release of multiple neuromodulators (e.g., serotonin, norepinephrine,
adenosine) that interact with multiple receptor subtypes and initiate diverse signaling
cascades (Mitchell et al. 2003; Doi and Ramirez 2008). For example, extracellular serotonin
and adenosine levels increase during hypoxia in several CNS respiratory centers (Richter et
al. 1999; Gourine et al. 2002; Mitchell et al. 2003). These neuromodulators often induce
and/or regulate plasticity (Mitchell et al. 2003). Thus, a detailed understanding of
interactions between neuromodulator receptor systems is crucial to fully understand
respiratory plasticity.

Similar to spinal 5-HT7 receptor inhibition, spinal A2A receptor inhibition enhances AIH-
induced pLTF (Hoffman et al. 2010). Thus, although A2A receptors are not necessary for
pLTF following moderate AIH, they attenuate the magnitude of serotonin-dependent pLTF.
Conversely, severe AIH elicits phenotypically similar (although somewhat larger) pLTF, yet
this pLTF is independent of serotonin receptor activation (Nichols et al. 2012). Instead,
following severe AIH, pLTF is A2A receptor dependent, signifying a shift from predominant
Q to predominant S pathways to pMF (Nichols et al. 2012). This shift may arise from
greater extracellular adenosine accumulation during severe hypoxic episodes, and may
account for XII LTF in in vitro rhythmogenic brainstem slice preparations (Blitz and
Ramirez 2002). One potential benefit of having multiple mechanisms of pMF is flexibility
as an animal responds to perturbations that may vary in severity, pattern and duration.

Significance
AIH elicits spinal plasticity, functionally strengthening neural pathways to phrenic motor
neurons. Such plasticity has considerable potential to be harnessed for therapeutic benefit in
multiple disorders that compromise breathing capacity, including spinal injury, motor
neuron disease and even obstructive sleep apnea (Mitchell 2007). For example, we recently
demonstrated the potential of repetitive exposure to AIH as a therapeutic approach in the
treatment of chronic cervical spinal injury in animal models (Lovett-Barr et al. 2012) and
humans with spinal injury (Trumbower et al. 2012). Thus, drugs, such as A2A or 5-HT7
receptor antagonists may enhance the functional benefits of repetitive AIH in the treatment
of spinal injury and other disorders that compromise breathing may be of benefit.
Conversely, A2A or 5-HT7 receptor agonists may be useful to restore respiratory and non-
respiratory (somatic) motor function following spinal injury (Golder et al. 2008) or motor
neuron disease by eliciting spinal plasticity. Factors that activate cAMP-PKA may trigger
functional recovery (Kajana et al. 2008; 2009).

We have only begun to understand basic cellular/molecular mechanisms underlying pLTF
(or other forms of respiratory plasticity); further discoveries may enable us to realize the
potential of induced respiratory plasticity to treat important clinical disorders that
compromise ventilatory capacity.
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Highlights

• Spinal 5-HT7 receptor inhibition enhances pLTF after AIH

• Spinal PKA inhibition enhances pLTF

• Spinal PKA activation blunts pLTF

• 5-HT7 receptors constrain AIH-induced pLTF, acting via PKA
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Figure 1. Representative phrenic neurograms depicting experimental protocols in rats
intrathecally treated with 5HT7 receptor antagonist and vehicle
A, In vehicle treated rats acute intermittent hypoxia (AIH; 3, 5 minute episodes) elicited
phrenic long term facilitation (pLTF) 60 minutes post-AIH. B, Intrathecal injection of 5-HT7
receptor antagonist (SB269970) prior to AIH greatly enhances pLTF. C, Intrathecal 5-HT7
antagonist alone and D, vehicle alone treated for equivalent experimental duration,
respectively, did not elicit pLTF.
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Figure 2. A,B. Spinal 5-HT7 receptor inhibition enhances phrenic, not hypoglossal pLTF
Changes in phrenic (A) and XII (B) burst amplitudes (percent change from baseline) in rats
receiving 5-HT7 antagonist + AIH (SB269970, ■, n = 8), vehicle + AIH (saline, ◆, n = 8)
and control rats not receiving AIH (i.e., time controls) SB269970 (□, n=5) and vehicle (◇,
n=7). Compared to vehicle, intrathecal SB269970 enhanced phrenic burst amplitude
responses following AIH. However, similar enhancement of XII LTF (B) was not observed,
suggesting that drug distribution was restricted to the spinal cord. Values are means±S.E.M.
*different than vehicle + AIH, #different than vehicle control, †different than 5-HT7
antagonist control, RMANOVA, p<0.05.
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Figure 3. Representative phrenic neurograms depicting experimental protocols in rats
intrathecally treated with PKA inhibitor and PKA activator
A, intrathecal PKA inhibitor (KT5720) injected prior to AIH; B, KT5720 alone C, PKA
activator (8-br-cAMP) prior to AIH and D, 8-br-cAMP alone treated for equivalent
experimental duration respectively. Intrathecal PKA inhibition greatly enhances pLTF (A).
PKA activation blunts expression of pLTF (C). Neither PKA activation nor inhibition
augments phrenic motor activity (B&D).
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Figure 4. A,B. Spinal Protein Kinase A (PKA) inhibition enhances phrenic, not hypoglossal
pLTF
Changes in phrenic (A) and XII (B) burst amplitudes (% change from baseline) in rats
receiving PKA inhibitor +AIH (KT5720, ■, n = 8), vehicle +AIH (saline, ◆, n = 8) and
control rats not receiving AIH (i.e., time controls) KT5720 −AIH (□, n = 7) and vehicle
−AIH (◇, n = 7). Intrathecal KT5720 augmented phrenic burst amplitude responses
following AIH, indicative of enhanced pLTF. However, similar enhancement of XII LTF
was not observed, suggesting that drug distribution was restricted to the spinal cord. Values
are means±S.E.M. *different than vehicle + AIH, #different than vehicle control, †different
than PKA inhibitor control, RMANOVA, p<0.05.
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Figure 5. A,B. Spinal PKA activation attenuates phrenic, not hypoglossal pLTF
Changes in phrenic (A) and XII (B) burst amplitudes (% change from baseline) in rats
receiving PKA activator +AIH (8-br-cAMP, ■, n = 7), vehicle +AIH (saline, ◆, n = 8) and
control rats not receiving AIH (i.e., time controls) 8-br-cAMP −AIH (□ n = 6) and vehicle
−AIH (◇, n = 7). Intrathecal KT5720 augmented phrenic burst amplitude responses
following AIH, indicative of enhanced pLTF. However, similar enhancement of XII LTF
was not observed, suggesting that drug distribution was restricted to the spinal cord. Values
are means±S.E.M. *different than vehicle + AIH, #different than vehicle control, †different
than PKA activator control, RMANOVA, p<0.05.
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Figure 6. Phrenic and hypoglossal (XII) responses during hypoxic episodes (i.e. short-term
hypoxic response)
Changes in integrated phrenic and XII burst amplitudes during final minute of hypoxic
exposures (average of 3) from intrathecal vehicle, 5-HT7 antagonist, PKA inhibitor and
PKA activator. Phrenic and hypoglossal bursts amplitudes significantly increased above
baseline in all rats exposed to AIH (data not shown). No significant differences were
observed between treatment groups in phrenic (solid) or hypoglossal (open) burst amplitudes
from rats receiving intrathecal SB269970, KT5720, vehicle or 8-Br-cAMP prior to AIH.
Values are means±S.E.M.
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