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Abstract 

Spinal metabotropic serotonin receptors encode transient experiences into long-lasting changes 

in motor behavior (i.e. motor plasticity). While interactions between serotonin receptor subtypes 

are known to regulate plasticity, the significance of molecular divergence in downstream G 

protein coupled receptor signaling is not well understood. Here we tested the hypothesis that 

distinct cAMP dependent signaling pathways differentially regulate serotonin-induced phrenic 

motor facilitation (pMF); a well-studied model of spinal motor plasticity. Specifically, we studied 

the capacity of cAMP-dependent protein kinase A (PKA) and exchange protein activated by 

cAMP (EPAC) to regulate 5-HT2A receptor-induced pMF within adult male rats. Although spinal 

PKA, EPAC and 5-HT2A each elicit pMF when activated alone, concurrent PKA and 5-HT2A 

activation interact via mutual inhibition thereby blocking pMF expression. Conversely, 

concurrent EPAC and 5-HT2A activation enhance pMF expression reflecting additive 

contributions from both mechanisms. Thus, we demonstrate that distinct downstream cAMP 

signaling pathways enable differential regulation of 5-HT2A-induced pMF. Conditional activation 

of independent signaling mechanisms may explain experience amendable changes in plasticity 

expression (i.e. metaplasticity), an emerging concept thought to enable flexible motor control 

within the adult central nervous system. 

 

Key words: motor neuron, phrenic, spinal cord, respiratory plasticity, 5-HT7 receptor, 5-HT2 

receptor, exchange protein activated by cAMP, protein kinase A, EPAC, PKA. 
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Introduction 1 

Serotonin elicits long-lasting motor plasticity via G protein-coupled receptors (GPCRs; Brunelli et al., 2 

1976; Randić et al., 1993; Clark and Kandel, 1993), with different receptor subtypes giving rise to 3 

plasticity via independent signaling pathways (reviewed in Barbas et al., 2003). Concurrent activation of 4 

multiple serotonin receptor subtypes reveals inhibitory inter-receptor cross-talk interactions thereby 5 

regulating serotonin-induced plasticity (Seol et al., 2007; Treviño et al., 2012; Hoffman et al., 2013; 6 

MacFarlane et al., 2014). Although signaling pathways downstream from individual GPCRs are known 7 

to diverge, it is not known how signaling divergence differentially impacts serotonin-induced plasticity. 8 

Serotonin-induced motor plasticity is a major feature of the neural system controlling breathing 9 

(Mitchell and Johnson, 2003; Feldman et al., 2003). For example, serotonin elicits plasticity in 10 

respiratory defense reflexes of gastropod mollusks (Glanzman et al., 1989; Macket et al., 1989; Levy 11 

and Susswein, 1993), and enhances spinal respiratory motor control in mammals (Bach and Mitchell, 12 

1996; Baker-Herman and Mitchell, 2002). In rats, selective activation of spinal Gq-coupled serotonin 2A 13 

receptors (5-HT2A; MacFarlane et al., 2011) or Gs-coupled serotonin 7 receptors (5-HT7; Hoffman and 14 

Mitchell, 2011) elicits long-lasting phrenic motor facilitation (pMF). When multiple spinal serotonin 15 

receptors are stimulated with non-specific serotonin, pMF expression exhibits a bell-shaped dose 16 

response curve; low serotonin doses elicit pMF through Gq associated 5-HT2 receptors, but high 17 

serotonin doses elicit pMF only when spinal Gs associated 5-HT7 receptors are blocked (Macfarlane 18 

and Mitchell, 2009). Thus, there is a poorly understood interplay between Gq and Gs-coupled serotonin 19 

receptors within the spinal motor network regulating the expression of serotonin-induced pMF 20 

(MacFarlane and Mitchell, 2009; Hoffman et al., 2013).  21 

 Due to differences in cAMP binding affinity (Dostmann and Taylor, 1991; Ponsioen et al., 2004; 22 

Zhou et al., 2016), cell type and sub-cellular distribution (Seino and Shibasaki, 2005), cAMP can 23 

independently activate cAMP-dependent protein kinase A (PKA) versus exchange protein activated by 24 

cAMP (EPAC), thus enabling distinct functional outcomes from Gs-coupled receptor signaling. For 25 

example, netrin-1 receptors differentially activate PKA and EPAC to dynamically regulate spinal axonal 26 
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growth (Murray et al., 2009). While netrin-1 induced, cAMP-dependent, EPAC signaling promotes 27 

growth cone extension early in development, PKA signaling predominates later in development 28 

switching netrin-1/cAMP effects to growth cone repulsion. Thus, EPAC and PKA underlie contrasting 29 

time-specific and context-specific functions within the developing nervous system.  30 

 Here, we tested the hypothesis that EPAC and PKA differentially regulate serotonin-induced pMF. 31 

Using recently available, highly selective, drugs to manipulate spinal cAMP signaling (Table 1 ), we 32 

investigated the functional significance of distinct downstream cAMP signaling mechanisms on 5-HT2A 33 

induced pMF. We demonstrate that whereas PKA constrains 5-HT2A induced pMF, EPAC and 5-HT2A 34 

co-activation exert additive effects, enhancing pMF expression. Thus, cAMP signaling differentially 35 

regulates serotonin-induced pMF. This is the first demonstration that downstream signaling from a 36 

single intracellular molecule enables differential regulation of plasticity within the adult nervous system. 37 

While the present studies do not conclusively confirm that downstream cAMP signaling divergence 38 

occurs within a single cell, or cell type (i.e. neuron vs astrocyte vs glia), these observations provide 39 

evidence that flexible signaling through distinct PKA vs EPAC mechanisms may explain a number of 40 

emergent properties of serotonin-induced neuroplasticity of spinal motor networks, including 41 

metaplasticity (Huang et al., 1992; Kirkwood et al., 1995; Abraham and Bear, 1996; Fischer et al., 1997; 42 

Mitchell and Johnson, 2003). 43 

 44 

Materials/Methods 45 

Animals 46 

Adult male Sprague-Dawley rats (2-5 months old; colony 218A, Harlan; Indianapolis, IN) were doubly 47 

housed, with food and water ad libitum, a 12h light/dark cycle, and controlled humidity/temperature. The 48 

University of Wisconsin Institutional Animal Care and Use Committee approved all animal procedures.   49 

 50 

Neurophysiology experiments 51 
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Anesthesia was induced with isoflurane in a closed chamber and then maintained via nose cone (3.5% 52 

isoflurane in 50% O2, balance N2). Rats were tracheotomized and pump ventilated (2.5ml per breath; 53 

frequency adjusted to regulate end-tidal PCO2 between 40-50mmHg; Rodent Ventilator, model 683; 54 

Harvard Apparatus; South Natick, MA, USA) with an inspiratory mixture of 50% O2; 2% CO2; balanced 55 

N2 Followed by bilateral vagotomy in the mid-cervical region to eliminate ventilator entrainment of 56 

breathing efforts. An arterial catheter was placed into the right femoral artery to enable blood sampling 57 

for blood-gas analysis during protocols. To enable intrathecal drug delivery, a dorsal laminectomy and 58 

durotomy (C1/C2) was performed, a silicone catheter (OD 0.6mm; Access Technologies, IL, USA; 59 

primed with drug/vehicle) was inserted through a small hole in the dura and advanced caudally (~3mm) 60 

until resting at the C3-C4 spinal region. To minimize unintended drug diffusion from the catheter it was 61 

not placed until the stabilization period at the end of surgical preparations. The left phrenic and left 62 

hypoglossal (XII) nerves were isolated via a dorsal approach, cut distally, de-sheathed, submerged in 63 

mineral oil and then placed on bipolar silver wire electrode. After nerve dissection, rats were slowly 64 

converted to urethane anesthesia (1.8 g/kg, i.v. via tail vein catheter). Rectal body temperature 65 

(Traceable, Fisher Scientific; Pittsburgh, PA, USA) was maintained within ± 1.0 of 37.5 oC using a 66 

custom temperature-controlled surgical table. A flow-through capnoguard with sufficient response time 67 

to measure exhaled CO2 in rats (Capnoguard, Novametrix; Wallingford, CT; USA) was used to monitor 68 

and control end-tidal CO2 (via adjustments to ventilator frequency). A heparinized plastic capillary tube 69 

(250x125 µl cut in half) was used to sample arterial blood to measure gas tensions (PaO2, PaCO2), pH 70 

and base excess (ABL 800Flex, Radiometer; Copenhagen, Denmark). Intravenous fluid infusions at a 71 

rate of 1mL/Hr (1:10:5 by volume of NaHCO3/Lactated Ringer’s/Hetastarch) were used to maintain 72 

blood pressure, acid/base and fluid balance from induction with isoflurane to euthanasia (overdose with 73 

urethane) following neurophysiological recordings.   74 

Phrenic nerve activity was amplified (x10,000: A-M Systems, Everett, WA), band-pass filtered 75 

(100Hz to 10kHz), full-wave rectified, processed with a moving averager (CWE 821 filter; Paynter, 76 

Ardmore, PA: time constant, 50ms) and analyzed using a WINDAQ data-acquisition system (DATAQ 77 
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Instruments, Akron, OH). Peak integrated phrenic burst frequency, amplitude, and mean arterial blood 78 

pressure (MAP) were analyzed in 60sec bins prior to obtaining blood samples. Data were included only 79 

if PaCO2 was maintained within ± 1.5mmHg of baseline (set by recruitment threshold; approx. 80 

45mmHg), base excess was within ± 3mEq/L of 0mEq/L, MAP had decreased less than 30mmHg of 81 

baseline values (approx. 120mmHg), and PaO2 decreased less than 50mmHg from baseline (approx. 82 

300mmHg) while remaining above 150mmHg for the entire protocol. There was no significant drift 83 

tendency in any of the physiological variables as assessed via 2-way ANOVA (Table 2 ).  84 

One hour after conversion to urethane adequate levels of anesthesia were confirmed by an 85 

absence of response (movement, arterial blood pressure, phrenic nerve activity) to toe pinch. Rats 86 

were then paralyzed with pancuronium bromide (2.5mg/kg, i.v.) and baseline end-tidal CO2 levels were 87 

set 2-3mmHg above the recruitment threshold for each individual rat (described in Bach and Mitchell, 88 

1996). After 20min of stable nerve recordings a blood sample was drawn to establish baseline blood 89 

gas values. Rats then received the first of two series of intrathecal injections. Fifteen minutes after 90 

completion of the first injection series, rats received the second series as outlined below.  91 

 92 

Drugs 93 

The following drugs were obtained from Santa Cruz (Dallas, TX, USA): 6-Bnz-cAMP (PKA selective 94 

activator; PKAa), 8-pCPT-2’-Me-O-cAMP (EPAC selective activator; EPACa) and Rp-8-Br-cAMP (PKA 95 

selective inhibitor; PKAi). 2,5-Dimethoxy-4-iodoamphetamine (DOI; 5-HT2A receptor agonist; 5HT2a) 96 

was ordered from Sigma-Aldrich (St. Louis, MO) while ESI-05 (EPAC selective inhibitor; EPACi) was 97 

obtained from BioLog Life Science Institute (Germany). All drugs were initially dissolved in 98 

dimethylsulfoxide (DMSO) and then diluted with saline (maximum DMSO concentration of 20%) before 99 

use. Aliquots of stock solutions remained viable for up to one week if stored frozen (-20O C) in 100% 100 

DMSO; after this time unused drug solutions were discarded. Prior studies using a similar protocol 101 

confirmed that EPACa is a selective EPAC activator (Fields et al. 2015) and DOI is a selective 5-HT2A 102 

receptor agonist (MacFarlane et al. 2011). Separate studies using cell culture assays have shown that 103 
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ESI-05 and Rp-8-Br-cAMP are selective inhibitors of EPAC (Tsalkova et al. 2012; Rehmann 2013) and 104 

PKA (Poppe et al. 2008; Harmati et al. 2011) respectively (Table 1 ). In addition, crossover control 105 

studies in which an EPAC selective inhibitor were shown to have no effect on PKA induced pMF (and 106 

vice versa; PKA selective inhibitor was shown to have no effect on EPAC induced pMF) were done to 107 

confirm selectivity of the cAMP analogue drugs within our in-vivo model.  108 

 109 

Experimental groups 110 

All drugs were delivered as a single injection bolus over a 2min period with the exception of the 5-HT2A 111 

agonist, which was delivered as 3 smaller injections of 5µL over a 1min period, each separated by 5min 112 

intervals to establish intermittent receptor activation. Previous studies have shown that intermittent 5-113 

HT2A agonist injections are required to elicit this form of pMF (MacFarlane et al 2011), whereas single 114 

injections (not intermittent) are necessary for PKA and EPAC induced pMF (Fields et al. 2015). To 115 

confirm individual molecules are sufficient to elicit pMF, intrathecal 5-HT2A receptor agonist (3x6µL, 116 

100µM), PKAa (10µL, 100µM) or EPACa (10µL, 100µM) injections were given intrathecally. To 117 

maintain volume consistency vehicle injections were given in each of these groups via a second 118 

intrathecal catheter. Dosing for 5-HT2A (MacFarlane et al., 2011) and EPACa (Fields et al., 2015) were 119 

determined from previous studies; a limited dose response curve was completed for PKAa (data not 120 

shown). Intrathecal injections of the 5-HT2A agonist, PKAa, or EPACa, gave rise to pMF without 121 

affecting hypoglossal (XII) nerve activity. XII nerve activity serves as an internal control to confirm pMF 122 

is due to spinal mechanisms and not drug diffusion to brainstem respiratory centers which would elicit 123 

motor facilitation in both phrenic and XII nerves (Baker-Herman and Mitchell, 2001). For cAMP cross-124 

talk groups either PKAa or EPACa were given via a second catheter 15min prior to 5-HT2A receptor 125 

agonist injections at the same dose sufficient to elicit pMF when given alone.  126 

To better understand signaling pathways necessary for pMF, additional rat groups were pretreated 127 

with PKAi (10µL, 1mM) or EPACi (10µL, 2mM) 15min prior to 5-HT2A agonist (3x6µL, 100µM), PKAa 128 
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(10µL, 100µM), or EPACa (10µL, 100µM) injections. All inhibitors were given intrathecally via a second 129 

catheter over 2min. “Time post injection” was started after the final injection of the second series.  130 

 131 

Statistical analyses 132 

Peak amplitude and frequency of integrated phrenic bursts were averaged in 60sec bins at baseline 133 

(pre-injection), and at 30, 60 and 90min after the final intrathecal injection. Amplitude is expressed as a 134 

percent change from baseline in each rat; frequency is expressed as change from baseline in 135 

bursts/min. Phrenic nerve burst frequency did not change significantly in any group (Table 2 ). Statistical 136 

comparisons were made for experimental, vehicle and drug control groups using two-way repeated 137 

measures ANOVA with Tukey post hoc test to identify statistically significant pair-wise differences. All 138 

values are expressed as means ± SEM. Significance was accepted as p ≤ 0.05. p values are relative to 139 

baseline phrenic nerve amplitude for the respective group unless otherwise noted. Since none of the 140 

control groups exhibited significant pMF, and since there were no significant differences between any of 141 

the control groups (vehicle + vehicle, n = 5; EPACi + vehicle, n = 4; PKAi + vehicle, n = 4), they were 142 

combined into a single, master control group (n = 13). Individual group data from 5-HT2A agonist and 143 

control groups are repeated in figures 1 and 2. Group numbers are defined in the figure legends and in 144 

Table 2 .  145 

 146 

Results 147 

PKA activation elicits pMF, but constrains 5-HT2A induced pMF 148 

Intermittent, intrathecal 5-HT2A agonist injections (2,5-Dimethoxy-4-iodoamphetamine; 3 x 6µL, 100µM) 149 

elicited a 50% increase in phrenic nerve inspiratory amplitude; pMF (Fig. 1, A ; 50.6 ± 3.1% 90 min 150 

post-injection; n = 6; p < 0.001). 5-HT2A induced pMF was not affected by pretreatment with the 151 

selective PKA inhibitor, Rp-8-Br-cAMP (PKAi; 10µL, 1mM; 67.2 ± 4.9% 90 min post-injection; n = 5; p = 152 

0.1 versus 5-HT2A agonist alone), confirming that PKA activity is not necessary for 5-HT2A induced 153 

pMF. 154 
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6-Bnz-cAMP is a cell permeable cAMP analogue that preferentially activates PKA (PKAa) versus 155 

EPAC (Table 1 ). Intrathecal 6-Bnz-cAMP injections (10µL, 100µM) elicited progressive increases in 156 

phrenic nerve burst amplitude (Fig. 1, B ; 58.9 ± 8.6% at 90 min post-injection; n = 7; p < 0.001), 157 

demonstrating PKA activity is sufficient to elicit pMF. Although PKAa-induced pMF was attenuated by 158 

PKAi (Fig. 1, B ; 7.3 ± 6.7%; n = 6; p < 0.001 vs. PKAa alone), it was unaffected by EPAC inhibition 159 

(EPACi) with the selective inhibitor, ESI-05 (10µL, 2mM; Fig. 1, B ; 69.1 ± 7.3%; n = 4; p = 0.819 vs 160 

PKAa alone). Thus, we confirm PKAa-induced pMF requires PKA, but not EPAC activation.  161 

Although 5-HT2A and PKA activation each elicit pMF alone, concurrent PKAa and 5-HT2A receptor 162 

activation prevented pMF expression (Fig. 1, C ; 30min post-injection: 12.9 ± 5.4%; 60min: 9.9 ± 3.4%; 163 

90min: 18.6 ± 6.5%; n = 7; p < 0.001 vs. 5-HT2A or PKAa-induced pMF). Thus, concurrent PKA and 5-164 

HT2A activation are mutually inhibitory, disenabling pMF.  165 

 166 

EPAC activation elicits pMF, and enhances 5-HT2A induced pMF 167 

Pre-treatment with an EPAC inhibitor (ESI-05; 10µL, 2mM) had no effect on 5-HT2A induced pMF (Fig. 168 

2, A; 52.4 ± 6.1% 90 min post-injection; n = 5; p < 0.001 vs. 5-HT2A agonist induced pMF), 169 

demonstrating EPAC activity plays no role in 5-HT2A-induced pMF.  170 

8-pCPT-2’-Me-O-cAMP is a cAMP analogue with high relative selectivity for EPAC (EPACa) versus 171 

PKA activation (Table 1). Intrathecal EPACa (10µL, 100µM) elicited pMF (Fig. 2, B ; 58.9 ± 8.2% 90 172 

min post-injection; n = 6; p < 0.001) similar to our previous report (Fields et al., 2015). EPACa induced 173 

pMF was attenuated by EPACi (Fig. 2, B ; 6.2 ± 16.7%; n = 4; p < 0.001 vs. EPACa alone), but not 174 

PKAi (Fig. 2, B ; 55.2 ± 2.5%; n = 4; p = 0.979 vs. EPACa alone). Thus, EPACa induced pMF requires 175 

EPAC, not PKA activity.  176 

Concurrent spinal EPAC and 5-HT2A activation gave rise to pMF greater than that elicited by either 177 

drug alone (Fig. 2, C ; 110.9 ± 10.0% 90 min post-injection; n = 6; p < 0.001 vs. EPACa or 5-HT2A 178 

agonist alone). Combined EPACa + 5-HT2A agonist-induced pMF was additive (i.e. equal to the sum of 179 

pMF induced by each drug alone (Fig. 2, E ; p = 0.999 vs. EPACa plus 5-HT2A agonist induced pMF). 180 
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Thus, EPAC and 5-HT2A make independent pMF contributions, much in contrast to the mutual 181 

inhibition observed with concurrent PKA and 5-HT2A activation.   182 

 183 

Discussion 184 

Serotonin elicits multiple forms of sensory-motor plasticity through its actions onto diverse GPCR 185 

subtypes (Brunelli et al., 1976; Randić et al., 1993; Clark and Kandel, 1993). However, the functional 186 

implications of serotonin receptor co-activation have seldom been explored. In spinal pMF, Gq-coupled 187 

5-HT2A and Gs-coupled (cAMP-linked) 5-HT7 receptors give rise to pMF through mechanistically 188 

distinct signaling cascades (MacFarlane et al., 2011; Hoffman and Mitchell, 2011; Fields et al., 2015). 189 

Although each receptor is sufficient to elicit pMF when stimulated alone, inter-receptor, cross-talk 190 

inhibition within the spinal respiratory control network limits pMF when they are co-activated 191 

(MacFarlane et al., 2009). Here we provide the first evidence that divergent cAMP signaling enables 192 

differential regulation of serotonin Gq receptor-induced spinal motor plasticity. Whereas PKA activity 193 

attenuates 5-HT2A receptor-induced pMF, EPAC enhances pMF by combining (additively) with 5-HT2A 194 

receptor-induced pMF. We propose that a shift in cAMP signaling from PKA to EPAC predominance 195 

may relieve cross-talk constraints, potentially enabling independent contributions of 5-HT2A and 5-HT7 196 

receptors for enhanced spinal motor plasticity. 197 

Whereas PKA is activated at with transient nanomolar cAMP levels (Dostmann and Taylor, 1991), 198 

EPAC activation requires relatively prolonged cAMP levels in the micromolar range (Ponsioen et al., 199 

2002; Zhou et al., 2016). Different cAMP affinities and activation paradigms suggest that stimulation of 200 

Gs protein coupled receptors will initially activate PKA with EPAC signaling following only with 201 

greater/stronger receptor activation. However, certain growth/trophic factors can change the relative 202 

cAMP sensitivity of PKA and EPAC, shifting activation thresholds in favor of EPAC signaling (Vasko et 203 

al., 2014). For example, although nerve growth factor-1 (NGF-1) does not affect plasticity expression in 204 

a well-studied model of sensory hypersensitivity, it does convert the plasticity from PKA- to EPAC-205 

dependence (Vasko et al., 2014). Similar effects could shift the PKA/EPAC balance downstream from 206 
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5-HT7 receptors, enable 5-HT7 receptors to contribute rather than constrain serotonin-induced 207 

plasticity, potentially explaining enhanced serotonin-dependent plasticity observed with preconditioning 208 

experiences known to increase growth/trophic factor expression (Kinkead et al., 1998; Johnson et al., 209 

2000; Ling et al., 2001; Wilkerson and Mitchell, 2009).  210 

Direct manipulation of cAMP signaling with selective drugs may enable modulation of cross-talk 211 

interactions to enhance serotonin-induced pMF for experimental or therapeutic advantage. For 212 

example, serotonin-induced, 5-HT2A-dependent, spinal motor plasticity may be enhanced via PKA 213 

inhibition to relieve inhibitory cross-talk constraints; conversely, selective EPAC activation will 214 

contribute to serotonin induced, 5-HT2A-dependent, pMF via additive contributions from the 215 

mechanistically distinct Gs associated pathway (Fields et al., 2015). By enhancing respiratory control 216 

through spinal motor plasticity we may restore lost breathing capacity in severe clinical disorders such 217 

as cervical spinal injury (Lovett-Barr et al., 2012) or motor neuron disease (Nichols et al., 2013).  218 

Here we utilized recently available, highly selective, drugs to independently manipulate PKA and 219 

EPAC activity. While rodent knockout models are often used to assure target selectivity (vs drugs), a 220 

recent study demonstrated that plasticity investigations are sometimes hampered in EPAC knockout 221 

mice due to compensatory signaling responses to gene deletions. For example, although PKA does not 222 

contribute to forskolin-induced, cAMP dependent, mossy fiber plasticity in wild-type mice, PKA inhibition 223 

suppresses mossy fiber plasticity in EPAC knockout mice, suggesting a compensatory/supportive role 224 

for PKA revealed only when EPAC signaling is impaired during development (Fernandes et al., 2015). 225 

Furthermore, despite the potential for off-target effects when using pharmacological approaches, 226 

literature supports the selectivity of the drugs used here (Table 1 ), and we have confirmed selectivity 227 

within our conditions with carefully designed control experiments cross-comparing EPAC and PKA 228 

activators/inhibitors.  229 

Although contrasting roles for EPAC and PKA have been emphasized in embryonic model systems 230 

(Murray et al., 2009), the present data are the first to confirm differential actions in the fully mature adult 231 

nervous system. This is an important advancement as it supports the idea that spinal motor networks 232 
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retain their capacity to adapt important motor behaviors long after maturation. Due to the limited 233 

capacity of spinal motor neurons to replicate, functional flexibility through plasticity represents an 234 

important target for therapeutic intervention in neural disorders that compromise essential motor 235 

behaviors; such as breathing. These possibilities await further exploration.   236 

  237 
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Figures: 238 

 239 

Table 1: Published selectivity of PKA/EPAC activato rs and inhibitors from cell culture assays. The 240 

volume:conc (concentration) values listed in column 1 were concentration and volume used for 241 

intrathecal injections in the present in-vivo study.  242 

  243 

Drug 
(volume:conc) EPAC Ka PKA Ka PKA Ki EPAC Ki 

 

6-Bnz-cAMP a 
(10µL:100µM) 

NSa 2.7µM - - 

8-pCPT-2’-O-Me-cAMP a 
(10µL:100µM) 1.8µM 190µM - - 

Rp-8-Br-cAMP a 
(10µL:1mM)  - - 8.5µM NSi 

ESI-05b 

(10µL:2M) - - NSi 0.43µM 

Ka concentration for half of maximum cAMP induced response 
Ki concentration for inhibition of half maximum cAMP induced response 
NSa non-significant activating effect;  ≥100 fold Ka difference 
NSi non-significant inhibitory effect; ≥100 fold Ki difference 
a Poppe et al. 2008; b Tsalkova et al. 2012 
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 244 

 245 
 246 

Figure 1: PKA constrains 5-HT 2A receptor-induced phrenic motor facilitation. A)  intermittent 247 

intrathecal injections of 5-HT2A receptor agonist (3x6µL, 100µM) elicited pMF (90min: 50.6 ± 3.1%; n = 248 

6; p < 0.001) were not affected by PKAi (10µL, 1mM; 90min: 67.2 ± 4.9%; n = 5; p = 0.098 relative to 5-249 

HT2A agonist induced pMF). B) Intrathecal injections of PKAa (10µL, 100µM) elicited pMF (90min: 58.9 250 

± 8.6%; n = 7; p < 0.001), an effect that was undermined by PKAi (90min: 7.3 ± 6.7%; n = 6; p < 0.001), 251 

but not EPACi pretreatment (90min: 69.1 ± 7.3%; n = 4; p = 0.819). C) Concurrent application of PKAa 252 

and 5-HT2A receptor agonist limited the capacity for either to elicit pMF (90min: 18.6 ± 6.5%; n = 7; p < 253 

0.001 relative to PKAa or 5-HT2A receptor agonist-induced pMF). D) Representative phrenic 254 

neurograms; i) vehicle control, ii)  vehicle + 5-HT2A receptor agonist, iii) vehicle + PKAa and iv) PKAa + 255 

5-HT2A receptor agonist. First arrow represents pretreatment injection; second arrow represents either 256 

start of intermittent 5-HT2A agonist injections or start of single PKAa injection. E) Summary of data from 257 

A-C at 90min post-final injection. Data represent mean values ± 1 SEM. Significant differences from 258 

baseline (#), control (*), PKAa (%), or PKAa + 5-HT2A receptor agonist (&). 259 
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 261 
Figure 2: EPAC additively enhances 5-HT 2A receptor-induced phrenic motor facilitation.  A) 262 

Intermittent intrathecal injections of 5-HT2A receptor agonist (3x6µL, 100µM) elicited pMF (90min: 50.6 263 

± 3.1%; n = 6; p < 0.001); this pMF was not affected by EPACi pretreatment (10µL, 2mM; 90min: 52.4 ± 264 

6.1%; n = 5; p < 0.001 versus 5-HT2A-induced pMF). B) Intrathecal EPACa injections (10µL, 100µM) 265 

elicited pMF (90min: 58.9 ± 8.2%; n = 6; p < 0.001), an effect constrained by EPACi (90min: 6.2 ± 266 

16.7%; n = 4; p < 0.001 versus EPACa induced pMF), but not PKAi (10µL, 1mM; 90min: 55.2 ± 2.5%; n 267 

= 4; p = 0.979 versus EPACa induced pMF). C) Concurrent EPACa and 5-HT2A agonist injections 268 

elicited an enhanced pMF significantly greater than EPACa or 5-HT2A-induced pMF alone (90min: 269 

110.9 ± 10.0%; n = 6; p < 0.001 versus EPACa or 5-HT2A agonist-induced pMF). D) Representative 270 

phrenic neurograms; i) vehicle control, ii)  vehicle + 5HT2A receptor agonist, iii) vehicle + EPACa and 271 

iv) EPACa + 5-HT2A receptor agonist. First arrow represents pretreatment injection; second arrow 272 

represents either start of intermittent 5-HT2A agonist injections or start of single EPACa injection. E) 273 

Summary of data from A-C; the actual pMF from combined EPACa and 5-HT2A activation was not 274 

different from predicted pMF resulting from additive contributions from the pMF elicited when each 275 

molecule is activated alone. Data represent mean values ± 1 SEM. Significant differences from 276 

baseline (#), control (*), EPACa (%), or EPACa + 5-HT2A agonist (&). 277 
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 279 
 280 

Table 2: Physiology variables.  There were no consistent differences of PaCO2, PaO2, mean arterial 281 

pressure (MAP) or phrenic burst frequency within any individual group or amongst different groups. 282 

Differences between groups at a given time point (*) and differences from baseline within individual 283 

groups (**) are denoted within the table; p < 0.05. Values expressed as means ± SEM. 284 

  285 

  
Time (min) 

Vehicle Control  
(N = 13) 

Veh + 5-HT2A  
 (N = 6) 

EPACi + 5-HT2A  
(N = 5) 

EPACa + 5-HT2A   
(N = 6) 

PKAi + 5-HT 2A  
(N = 5) 

PKAa + 5-HT2A 
(N = 7)   

PaCO2 
(mmHg) 

Baseline 48.6 ± 0.9 48.5 ± 1.1 48.3 ± 0.8 48.0 ± 1.6 48.0 ± 0.6 48.4 ± 0.6 
30 48.7 ± 0.9 49.3 ± 0.9 47.5 ± 0.8 48.0 ± 1.9 48.1 ± 0.6 48.0 ± 0.9 
60 48.3 ± 0.9 49.3 ± 1.0 48.7 ± 0.7 48.2 ± 1.8 48.8 ± 0.6 48.5 ± 0.6 
90 48.4 ± 1.0 48.2 ± 1.5 48.6 ± 0.8 48.3 ± 1.6 47.8 ± 0.6 48.7 ± 0.6 

PaO2 
(mmHg) 

Baseline 316.2 ± 10.4 296.3 ± 16.4 340.6 ± 12.1 349.7 ± 8.5 333.0 ± 13.1 324.1 ± 16.8 
30 321 ± 7.6 302.7 ± 15.0 339.6 ± 8.0 343.3 ± 5.4 343.4 ± 6.2 344.0 ± 14.2 
60 323.9 ± 8.0 314.7 ± 7.3 329.2 ± 8.4 342.7 ± 7.0 332 .8 ± 6.8 348.7 ± 14.5 
90 325.5 ± 7.3 312.8 ± 10.9 328.0 ± 5.3 339.7 ± 7.2 321.6 ± 5.4 347.6 ± 13.6 

MAP 
(mmHg) 

Baseline 120.6 ± 6.0 106.1 ± 10.1 124.2 ± 5.1 106.7 ± 11.8 1 07.1 ± 6.3 111.9 ± 11.9 
30 110.3 ± 6.5 104.9 ± 10.8 114.1 ± 10.5 97.8 ± 11.6 1 02.4 ± 6.7 94.1 ± 9.6 
60 102.9 ± 6.2 94.9 ± 8.8 108.3 ± 4.0 96.5 ± 10.6 97.9  ± 6.5 89.6 ± 8.3 
90 103.2 ± 6.2 95.6 ± 9.8 100.1 ± 10.1 84.8 ± 7.6 83.0  ± 7.2 77.4 ± 9.2 

Phrenic 
Burst 

Frequency 
(Burst/min ) 

Baseline 49.0 ± 1.2 49.1 ± 2.9 49.3 ± 2.2 49.3 ± 2.1 47.8 ± 2.2 45.7 ± 2.0 
30 47.9 ± 1.7 48.9 ± 2.5 48.4 ± 2.3 50.3 ± 1.2 48.9 ± 1.9 46.5 ± 2.3 
60 46.6 ± 2.0 48.8 ± 1.7 49.6 ± 2.8 50.2 ± 0.6 48.7 ± 1.9 45.5 ± 2.5 
90 47.7 ± 1.8 48.3 ± 2.2 49.8 ± 1.8 51.0 ± 0.9 49.6 ± 2.2 45.8 ± 2.3 

  Time (min) Veh + EPACa  
(N = 6) 

EPACi + EPACa  
(N = 4) 

PKAi + EPACa       
(N = 4) 

Veh + PKAa  
(N = 7) 

PKAi + PKAa      
(N = 6) 

EPACi + PKAa        
(N = 4)   

PaCO2 
(mmHg) 

Baseline 50.4 ± 1.7 48.7 ± 1.4 48.0 ± 1.8 49.4 ± 1.2 48.4 ± 0.8 50.8 ± 1.0 
30 50.1 ± 1.7 49.5 ± 1.3 48.0 ± 1.9 50.2 ± 1.0 48.2 ± 1.0 51.3 ± 1.2 
60 50.9 ± 1.6 48.2 ± 1.1 48.5 ± 1.0 49.8 ± 1.4 48.9 ± 0.8 51.1 ± 1.6 
90 50.2 ± 1.7 48.3 ± 1.4 48.6 ± 1.3 49.5 ± 1.2 48.8 ± 0.9 50.3 ± 1.2 

PaO2 
(mmHg) 

Baseline 311.5 ± 10.9 329.0 ± 15.1 274.0 ± 39.6 316.7 ± 17.5  315.7 ± 14.0 291.2 ± 25.1 
30 320.0 ± 6.9 322.3 ± 16.2 330.3 ± 12.9 311.9 ± 12.7 307.2 ± 16.3 306.7 ± 10.8 
60 315.8 ± 8.5 310.0 ± 14.6 333.7 ± 14.3 267.5 ± 44.2 309.8 ± 14.6 305.2 ± 13.3 
90 315.8 ± 9.3 310.5 ± 13.6 336.7 ± 10.9 273.0 ± 40.0* * 306.4 ± 10.9 311.2 ± 3.8 

MAP 
(mmHg) 

Baseline 121.4 ± 5.8 118.9 ± 10.1 130.9 ± 10.6 113.3 ± 5.3 1 03.6 ± 6.9 116.3 ± 7.4 
30 109.9 ± 2.9 99.5 ± 11.1 110.5 ± 13.3 102.5 ± 5.5 91 .7 ± 1.7 92.8 ± 7.9 
60 108.2 ± 2.8 100.5 ± 7.7 106.4 ± 8.6 100.4 ± 7.4 91.2 ± 5.9 89.9 ± 10.0 
90 98.8 ± 2.7 86.7 ± 12.7 104.3 ± 9.7 89.7 ± 6.5 84.6 ± 3.0 89.8 ± 10.1 

Phrenic 
Burst 

Frequency 
(Burst/min) 

Baseline 50.2 ± 2.8 54.5 ± 2.5 51.7 ± 1.1 45.8 ± 1.5 41.7 ± 3.3 56.0 ± 1.3* 
30 50.8 ± 2.2 52.4 ± 1.5 50.6 ± 0.5 47.7 ± 1.7 48.4 ± 4.9 58.7 ± 1.1* 
60 51.8 ± 2.1 53.6 ± 2.2 51.1 ± 0.5 47.2 ± 1.9 48.2 ± 3.3 57.2 ± 1.1* 
90 51.3 ± 2.0 54.4 ± 1.3 50.3 ± 1.2 46.8 ± 1.9 44.3 ± 3.7 58.3 ± 1.3* 
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• cAMP initiates distinct PKA and EPAC signaling cascades in phrenic motor neurons  

• PKA and EPAC differentially regulate serotonin-induced spinal, phrenic motor plasticity 

 


