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Abstract

Acute intermittent hypoxia (AIH) elicits distinct mechanisms of phrenic motor plasticity initiated 

by brainstem neural network activation versus local (spinal) tissue hypoxia. With moderate AIH 

(mAIH), hypoxemia activates the carotid body chemoreceptors and (subsequently) brainstem 

neural networks associated with the peripheral chemoreflex, including medullary raphe 

serotonergic neurons. Serotonin release and receptor activation in the phrenic motor nucleus then 

elicits phrenic long-term facilitation (pLTF). This mechanism is independent of tissue hypoxia, 

since electrical carotid sinus nerve stimulation elicits similar serotonin-dependent pLTF. In striking 

contrast, severe AIH (sAIH) evokes a spinal adenosine-dependent, serotonin-independent 

mechanism of pLTF. Spinal tissue hypoxia per se is the likely cause of sAIH-induced pLTF, since 

local tissue hypoxia elicits extracellular adenosine accumulation. Thus, any physiological 

condition exacerbating spinal tissue hypoxia is expected to shift the balance towards adenosinergic 

pLTF. However, since these mechanisms compete for dominance due to mutual cross-talk 

inhibition, the transition from serotonin to adenosine dominant pLTF is rather abrupt. Any factor 

that compromises spinal cord circulation will limit oxygen availability in spinal cord tissue, 

favoring a shift in the balance towards adenosinergic mechanisms. Such shifts may arise 

experimentally from treatments such as carotid denervation, or spontaneous hypotension or 

anemia. Many neurological disorders, such as spinal cord injury or stroke compromise local 

circulatory control, potentially modulating tissue oxygen, adenosine levels and, thus, phrenic 

motor plasticity. In this brief review, we discuss the concept that local (spinal) circulatory control 

and/or oxygen delivery regulates the relative contributions of distinct pathways to phrenic motor 

plasticity.
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1. Introduction

The cardiovascular and respiratory systems are highly inter-connected, and act in concert to 

ensure efficient tissue oxygen delivery. Both respiratory motor and sympathetic motor 
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systems exhibit neuroplasticity, including phrenic (pLTF) and sympathetic long-term 

facilitation following brief exposure to intermittent hypoxia (Mitchell et al., 2001; Dick et 

al., 2007; Xing and Pilowsky, 2010; Devinney et al., 2013). Although considerable advances 

have been made towards an understanding of neural network and cellular mechanisms giving 

rise to phrenic motor plasticity (Devinney et al., 2015; Fields and Mitchell, 2015), far less is 

known concerning mechanisms of sympathetic LTF. Another area of research that has 

received inadequate attention is the potential for circulatory control to indirectly impact 

phrenic motor plasticity. In this brief review, we propose the idea that cardiorespiratory 

function has considerable potential to regulate the expression of phrenic motor plasticity, 

acting indirectly via local (spinal) circulatory control and oxygen delivery.

Acute intermittent hypoxia (AIH) elicits distinct forms of phrenic motor plasticity, acting 

through brainstem neural networks versus spinal tissue hypoxia, respectively. With moderate 

AIH (mAIH), hypoxemia activates the carotid body chemoreceptors, stimulating carotid 

chemo-afferent neurons and synaptically activating brainstem respiratory neural networks, 

including raphe serotonergic neurons (Morris et al., 1996; Mitchell et al., 2001; Morris et al., 

2001). Subsequent release of serotonin in or near the phrenic motor nucleus is both 

necessary and sufficient to elicit long-lasting phrenic motor facilitation (i.e. pLTF; Baker-

Herman and Mitchell, 2002; MacFarlane and Mitchell, 2009; MacFarlane et al., 2011). This 

mechanism of serotonin-dependent pLTF is independent of tissue hypoxia, since electrical 

carotid sinus nerve stimulation elicits a similar serotonin-dependent response. In striking 

contrast, severe AIH (sAIH) evokes spinal adenosine-dependent, serotonin-independent 

pLTF. Spinal tissue hypoxia per se is the likely cause of sAIH-induced pLTF since local 

tissue hypoxia elicits extracellular ATP release and adenosine accumulation (Takahashi et 

al., 2010; Yamashiro and Morita, 2017). Thus, any physiological condition exacerbating 

spinal tissue hypoxia is expected to shift the balance from serotonergic towards 

adenosinergic mechanisms to pLTF.

Cardiovascular changes that compromise spinal cord circulation may limit oxygen delivery 

to spinal cord tissue, shifting the balance from serotonergic towards adenosinergic 

mechanisms of AIH-induced pLTF. Such shifts may arise experimentally from treatments 

such as carotid body denervation, or from spontaneous conditions such as anemia or 

hypotension. Many neurological disorders, including spinal cord injury or stroke 

compromise circulatory control, potentially modulating local tissue oxygen, adenosine levels 

and, thus, phrenic motor plasticity.

The functional and clinical significance of AIH-induced respiratory (and non-respiratory) 

motor plasticity has been reviewed in the past few years (Dale et al., 2014; Gonzalez-Rothi 

et al., 2015). Biologically, AIH elicits similar motor plasticity in non-respiratory motor 

function; thus, studies of AIH-induced pLTF have revealed novel mechanisms of motor 

plasticity. Such plasticity can be harnessed for therapeutic advantage. For example, five 

consecutive days of AIH combined with walking practice elicit the largest increase in 

walking ability yet reported in people with chronic, incomplete SCI (Hayes et al., 2014). In 

this brief review, we introduce the concept that local (spinal) circulatory control regulates the 

relative contributions of distinct pathways to phrenic motor plasticity, highlighting an 
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understudied element of phrenic motor plasticity: interactions of chemoreflex/neural 

activation and neuromodulator release versus local oxygen delivery and tissue oxygenation.

2. Mechanisms of acute intermittent hypoxia (AIH)-induced pLTF

2.1 Q pathway to phrenic motor facilitation

mAIH elicits persistent increases in phrenic nerve activity (i.e. pLTF); rapid carotid body 

chemoreceptor activation and enhanced carotid sinus nerve activity are both necessary and 

sufficient for this response (Millhorn et al., 1980a,b). Glutamatergic chemoafferent neuron 

inputs stimulate neurons in caudal nucleus of the solitary tract that project to the ventral 

respiratory column (Housley et al., 1987; Mizusawa et al., 1994). Carotid chemoreflex 

activation also stimulates activity in caudal raphe neurons (Morris et al., 1996). These 

putative serotonergic neurons project to the spinal ventral horn, including the phrenic motor 

neurons (Morrison and Gebber, 1984; Holtman et al., 1986), where they release serotonin 

(Kinkead et al., 2001). Electrical stimulation of caudal raphe neurons mimics respiratory 

motor plasticity following carotid chemoafferent neuron stimulation (Millhorn, 1986), a 

response abolished by serotonin receptor inhibition (Millhorn, 1986; Erickson and Millhorn, 

1991, 1994; Mitchell et al., 2001).

In our working model, mAIH-induced spinal serotonin release activates serotonin type 2 (5-

HT2) receptors on phrenic motor neurons, initiating the intracellular signaling cascades 

giving rise to pLTF (Bach and Mitchell, 1996; Baker-Herman and Mitchell, 2002; Baker-

Herman et al., 2004). This intracellular signaling cascade requires spinal ERK-MAP kinase 

activity (Hoffman et al., 2012), new BDNF protein synthesis (Baker-Herman and Mitchell, 

2002; Baker-Herman et al., 2004), activation of the high affinity BDNF receptor (TrkB; Dale 

et al., 2017), and downstream signaling via protein kinase C-θ within phrenic motor neurons 

(Devinney et al., 2015; Agosto-Marlin and Mitchell, 2017). This pathway is known as the Q 

pathway to phrenic motor facilitation since it is initiated by Gq protein-coupled 

metabotropic receptors (Dale-Nagle et al., 2010).

Consistent with this working model: 1) extracellular serotonin concentration increases 

during AIH (Kinkead et al., 2001); 2) spinal serotonin (MacFarlane and Mitchell, 2009) or 

selective serotonin 2A or 2B (5-HT2A and 5-HT2B) receptor agonist injections (MacFarlane 

et al., 2011; Fields and Mitchell, 2017; Perim et al., 2018a) elicit phrenic motor facilitation 

without hypoxia; and 3) spinal serotonin receptor inhibition abolishes mAIH-induced pLTF 

(Bach and Mitchell, 1996; Fuller et al., 2001). Both 5- HT2A and 5-HT2B receptors are Gq 

protein-coupled (Q pathway), and are expressed within phrenic motor neurons (MacFarlane 

et al., 2011). The signaling cascades to phrenic motor facilitation utilized by 5- HT2A and 5-

HT2B receptors are not identical since only 5-HT2B receptor-induced phrenic motor 

facilitation requires NADPH oxidase activity (MacFarlane et al., 2011), similar to mAIH-

induced pLTF (MacFarlane et al., 2009). In a recent study, we found that both spinal 5- 

HT2A and 5-HT2B receptor activation are necessary for mAIH-induced pLTF (Tadjalli and 

Mitchell, 2018).
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2.2 S pathway to phrenic motor facilitation

sAIH initiates similar pLTF, but through a completely distinct cellular mechanism that 

requires local adenosine accumulation and phrenic motor neuron adenosine 2A (A2A) 

receptor activation (Nichols et al., 2012; Seven et al., 2018). Mechanisms of A2A receptor-

dependent pLTF are less well known (versus the Q pathway), although 5-HT7 receptor 

induced phrenic motor facilitation, another Gs protein-coupled metabotropic receptor, is 

thought to elicit phrenic plasticity via the same cellular cascade. Spinal A2A receptor 

inhibition blocks sAIH-induced pLTF (Nichols et al., 2012; Agosto-Marlin et al., 2017), and 

cervical spinal activation of A2A receptors elicits phrenic motor facilitation by a mechanism 

that requires new synthesis of TrkB (not BDNF) protein (Golder et al., 2008; Seven et al., 

2018). Spinal A2A receptor activation is not necessary for, and actually constrains mAIH-

induced pLTF (Hoffman et al., 2010). The ability of spinal adenosine to initiate the S 

pathway and constrain the Q pathway gave rise to our hypothesis that spinal circulation 

indirectly regulates the expression of phrenic motor plasticity.

Both A2A and 5-HT7 receptors are Gs protein-coupled receptors that canonically exert their 

effects through adenylyl cyclase-dependent cyclic adenosine monophosphate (cAMP) 

signaling. Cervical spinal 5-HT7 receptor activation elicits phrenic motor facilitation by a 

mechanism that requires activation of exchange protein activated by cyclic AMP (EPAC), 

Akt and mammalian target of rapamycin (mTOR), and new TrkB protein synthesis 

(Hoffman and Mitchell, 2011; Fields et al., 2015; Perim et al., 2018a). The relevant A2A 

receptors for phrenic motor facilitation are expressed within phrenic motor neurons per se 

(Seven et al., 2018). The common cellular cascade elicited by A2A and 5-HT7 receptors is 

referred to as the S pathway to phrenic motor facilitation since both receptors are Gs protein-

coupled metabotropic receptors (Dale-Nagle et al., 2010).

3. Q and S pathway interactions

Interestingly, Q and S pathway co-activation does not summate their individual effects. To 

the contrary, they interact via powerful cross-talk inhibition, constraining or even abolishing 

the expression of phrenic motor plasticity (Hoffman et al., 2010; Hoffman and Mitchell, 

2013; Fields and Mitchell, 2017; Perim et al., 2018a). The balance between the Q and S 

pathways is a bit like a seesaw. Whereas the Q pathway dominates with modest hypoxia; the 

S pathway opposes its effects as it slowly builds with intensity/severity/duration of hypoxia. 

With increasing hypoxia severity/duration, the two pathways reach balance, functionally 

cancelling phrenic motor facilitation (this is the point where the mass on either side of a 

seesaw is equal, leaving the board balanced in air—neither wins). When hypoxemia is 

severe enough (or long enough) to trigger yet more adenosine accumulation in the phrenic 

motor nucleus, the S pathway eventually overcomes the Q pathway, once again triggering 

pMF. This dose-response to progressively greater hypoxic burden (and adenosine 

accumulation) is a consequence of mutual cross-talk inhibition of the respective pathways 

within phrenic motor neurons. Evidence for within phrenic motor neuron effects is provided 

by studies using intrapleural siRNA injections that target key molecules of the Q pathway 

(PKC theta; Devinney et al., 2015), S pathway (A2A receptors; Seven et al., 2018) or both 

(TrkB; Dale et al., 2017) within phrenic motor neurons.
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Subthreshold S pathway activation with mAIH does constrain Q pathway-dominant pLTF. 

However, with sAIH, adenosine accumulation is sufficient to flip the system to S pathway 

dominance–with Q pathway constraint (Perim et al., 2018b). Because of the reliance of this 

balance on tissue oxygen tension, factors regulating tissue oxygen delivery have the potential 

to shift the balance between Q versus S pathway contributions to pLTF through their impact 

on tissue adenosine accumulation. In addition, we predict a very narrow range of hypoxia 

where serotonin and adenosine receptor activation is equal and off-setting, thereby 

cancelling plasticity expression. We demonstrate that phenomenon in this review (see Fig. 

2).

Molecules necessary for cross-talk inhibition have been identified. For example, co-

activation of 5- HT2A /B and 5-HT7 serotonin receptors abolishes respiratory motor 

plasticity, but phrenic plasticity can be restored by inhibiting spinal PKA activity (Fields and 

Mitchell, 2017; Perim et al., 2018a). Thus cAMP signaling drives the S pathway via EPAC 

signaling, but PKA constrains the Q pathway to respiratory motor plasticity (Hoffman and 

Mitchell;, 2013; Fields and Mitchell, 2017). Conversely, NADPH oxidase/reactive oxygen 

species (Perim et al., 2018a,b) and PKCδ activity (Perim et al., 2018b) are necessary for 

cross-talk inhibition of the S (5-HT7) pathway from 5-HT2B and 5-HT2A receptors, 

respectively. Cross-talk interactions are critical regulators of phrenic motor plasticity, and 

likely play a key role in the ability of local circulatory control to modulate (or even 

dominate) the expression of phrenic motor plasticity.

4. Spinal circulatory control and phrenic motor plasticity

Low spinal oxygen levels are a potent stimulus for glia (and neurons) to release ATP, leading 

to extracellular adenosine accumulation (Van Wylen et al., 1986; Takahashi et al., 2010; 

Yamashiro and Morita, 2017). Impaired spinal oxygen delivery, whether due to central 

cardiovascular pathology, local ischemia and/or blood oxygen concentration (low PaO2 or 

low hemoglobin levels) will compromise spinal tissue oxygen levels, increasing adenosine 

accumulation within the phrenic motor nucleus at any given level of PaO2. If local blood 

flow or oxygen delivery is compromised sufficiently, adenosine accumulation may be 

sufficient to initiate A2A receptor-dependent phrenic motor facilitation.

Despite its potential impact on different forms of respiratory motor plasticity, there is little 

information available concerning the influence of cardiovascular function and changes in 

oxygen delivery on AIH-induced pLTF. Greater understanding of these relationships has 

important implications of experimental, physiological and even translational significance. 

Since AIH is emerging as a simple and effective means to improve function in clinical 

disorders that compromise movement (e.g. spinal injury, ALS), its therapeutic benefits may 

be undermined or exaggerated by abnormal spinal circulation. Circulation is often 

compromised in conditions such as spinal cord injury since they disrupt sympathetic 

regulation of blood flow and, therefore, oxygen delivery to the spinal cord. Greater 

understanding of oxygen delivery and its impact on respiratory motor plasticity is needed 

since it may be necessary to optimize intermittent hypoxia protocols on a case by case basis 

to maximize therapeutic benefits.
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Tissue hypoxia is not necessary for mAIH-induced pLTF since electrical stimulation of the 

carotid sinus nerve evokes serotonin-dependent respiratory motor plasticity in the absence of 

hypoxia (Millhorn et al., 1980a, b). On the other hand, ATP release and extracellular 

adenosine accumulation are expected to be most prominent during severe hypoxia (Van 

Wylen et al., 1986; Takahashi et al., 2010; Yamashiro and Morita, 2017). Thus, adenosine-

dependent pLTF will likely replace serotonin-dependent, mAIH-induced pLTF when AIH 

protocols consist of severe or prolonged hypoxic episodes (Nichols et al., 2012; Devinney et 

al., 2015). Limited spinal A2A receptor activation occurs during mAIH, but in this instance, 

spinal A2A receptor inhibition enhances mAIH-dependent pLTF (Hoffman et al., 2010), 

suggesting inhibitory S to Q pathway constraints to pLTF.

Similarly complex interactions between the Q and S pathways to phrenic motor facilitation 

are expressed as a bell-shaped dose-response curve in phrenic motor facilitation following 

episodic spinal serotonin injections (MacFarlane and Mitchell, 2009). Low serotonin doses 

elicit robust phrenic motor plasticity whereas high doses obscure phrenic motor facilitation 

due to increased 5-HT7 receptor activation (MacFarlane and Mitchell, 2009). Inhibitory 

cross-talk interactions have physiological implications even with mAIH-induced pLTF since 

spinal 5-HT7 receptor blockade enhances mAIH-induced pLTF (Hoffman and Mitchell, 

2013). Inhibitory cross-talk interactions between competing pathways to phrenic motor 

plasticity are illustrated in Fig. 1.

Equal activation of spinal 5-HT2 and 5-HT7 receptors (via intrathecal agonist injections) 

cancels respiratory motor plasticity due to cross-talk inhibition (Fields and Mitchell, 2017; 

Perim et al., 2018a, b). Since S to Q pathway constraints are orchestrated by cAMP-

dependent PKA activity, spinal PKA inhibition: 1) restores phrenic motor plasticity with 5-

HT 2A/B and 7 receptor co-activation (Perim et al., 2018a, b); and 2) enhances 5- HT2A -

dependent phrenic motor plasticity (Hoffman and Mitchell, 2013; Fields and Mitchell, 

2017). Conversely, while spinal NADPH oxidase inhibition restores phrenic motor plasticity 

with 5-HT 2B and 7 receptor co-activation (Perim et al., 2018a), spinal PKCδ inhibition 

restores plasticity with 5-HT 2A and 7 receptor co-activation (Perim et al., 2018b).

Available data do not conclusively demonstrate that hypoxia directly activates raphe 

serotonergic neurons (i.e. independent from synaptic inputs). In contrast, hypoxia directly 

affects many glia, inducing ATP release (Phillis et al., 1993; Wallman-Johansson and 

Fredholm, 1994; Gourine et al., 2005). Extracellular ATP is converted to adenosine by ecto-

nucleotidases, increasing adenosine concentrations (Parkinson et al., 2005; Martin et al., 

2007). When we consider the impact of impaired oxygen delivery to the cervical spinal cord, 

increasing adenosine levels first constrain the serotonin-dependent Q pathway to phrenic 

motor facilitation, and eventually dominate with the adenosine-dependent S pathway. With 

intermediate severities of hypoxemia during an AIH protocol, we predict intermediate 

adenosine levels, possibly balancing the Q and S pathways and canceling plasticity. 

Interestingly, only a 5 mmHg PaO2 difference seems to separate Q pathway-dependent, 

mAIH-induced (PaO2: 35–45 mmHg) vs. S pathway-dependent, sAIH-induced pLTF (PaO2: 

25–30 mmHg).
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Whereas Q pathway-dependent pLTF predominates following mAIH, and S pathway-

dependent pLTF takes place following severe AIH, the small difference in arterial PO2 

between these outcomes indicates that awkward moment when equivalent activation of 

competing pathways to pLTF is expected to cancel plasticity. This prediction is supported by 

preliminary experiments showing that pLTF is abolished following intermediate AIH (PaO2: 

30–35 mmHg; Fig. 2). Similarly, marginal changes in local oxygen delivery due to local 

blood flow changes (i.e. hypotension or local vascular resistance), or blood oxygen 

concentration (i.e. anemia, polycythemia) may tip the balance between the Q versus S 

pathways to pMF.

Surprisingly, residual pLTF is still observed in carotid-denervated rats exposed to mAIH 

(Bavis and Mitchell, 2003; Sibigtroth and Mitchell, 2011). In this condition, unique 

mechanisms likely account for residual pLTF. The most likely contributor under these 

conditions is the profound hypotension experienced during even moderate hypoxia in carotid 

denervated rats. The severity of hypotension during mAIH may lower tissue PO2 into a zone 

where adenosine accumulates sufficiently to activate the S pathway. Thus, with carotid 

denervation, we predict: 1) pLTF would be blocked by preventing arterial hypotension 

during hypoxic episodes; and 2) residual pLTF is adenosine versus serotonin-dependent. If 

verified, this would be a clear experimental example of cardiovascular or circulatory 

modulation of phrenic motor plasticity.

Cardiovascular regulation and circulatory control have the potential to influence other forms 

of respiratory motor plasticity. Similar to pLTF, a prolonged increase in hypoglossal nerve 

activity is observed following mAIH (Neverova et al., 2007). Alpha-1 adrenergic receptor 

blockade with prazosin partially, but does not completely block hypoglossal LTF. Because of 

its actions on the peripheral vasculature, prazosin induces profound hypotension, which 

could account for residual hypoglossal LTF following mAIH; however, this is unlikely since 

equivalent hypotension from experimental blood withdrawal actually enhanced hypoglossal 

LTF (Neverova et al., 2007). The hypotension (i.e. from prazosin or blood withdrawal) could 

compromise blood flow and tissue oxygen delivery sufficiently to increase spinal adenosine 

accumulation, thereby activating the S pathway. This hypothesis remains to be verified.

Changes in capillary diameter also have significant implications for tissue oxygen delivery 

and, therefore, may shift the Q to S pathway balance. For example, spinal transection causes 

spinal pericyte and capillary constriction, limiting spinal tissue blood flow and decreasing 

spinal tissue PO2 (Li et al., 2017). Reductions in tissue PO2 will shift the balance towards S 

pathway activation during the same AIH protocol. Thus, with chronic cervical spinal 

injuries, we predict that pericyte constriction will lower tissue PO2 and increase adenosine 

accumulation during standard AIH protocols.

Conditions such as anemia can also affect blood oxygen concentration and, consequently, 

tissue oxygen delivery. Under these conditions, we predict enhanced S versus Q pathway 

activation during any given AIH protocol; this shift in S/Q balance may undermine phrenic 

motor plasticity or shift it completely towards dominant S pathway activation (Fields and 

Mitchell, 2017; Perim et al., 2018a). On the other hand, polycythemia should have opposite 

effects since spinal PO2 during AIH will be increased, minimizing adenosine-dependent 
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inhibitory constraints arising from S pathway activation. Although preliminary data suggest 

cardiovascular regulation and circulatory control modulate phrenic motor plasticity, 

additional studies are needed to evaluate this issue.

5. Conclusion

Changes in cardiovascular function, local circulation and blood oxygen carrying capacity 

may modulate AIH induced pLTF expression. By reducing oxygen delivery to the phrenic 

motor nucleus, tissue hypoxia may be severe enough to increase adenosine concentration to 

levels that activate dominant S pathway phrenic motor facilitation. Given the powerful cross-

talk interactions between pathways, even minor shifts could tip the balance, shifting the 

dominant mechanism or even cancelling all phrenic motor plasticity. Additional studies to 

address the importance of circulatory oxygen delivery to respiratory motor plasticity are 

needed. Relevant blood and cardiovascular variables (blood pressure, hematocrit, etc.) 

should be considered to optimize AIH as a therapeutic modality for important clinical 

disorders that compromise movement (Gonzalez-Rothi et al., 2015).
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Fig. 1. 
Serotonin-dependent (Q) and adenosine-dependent (S) pathways to phrenic motor 

facilitation (pMF) interact via powerful cross-talk inhibition. In our working model, the Q 

pathway is induced by 5-HT2 receptor activation on phrenic motor neurons due to AIH-

induced increases in raphe neuron activity and serotonin release within the phrenic motor 

nucleus. However, AIH also activates 5-HT7 receptors, which constrain the dominant Q 

pathway (not shown). On the other hand, as local spinal tissue PO2 decreases, extracellular 

adenosine accumulation (ADO) contributes to the now dominant S pathway, over-riding the 

Q pathway via PKA-dependent cross-talk inhibition. Spinal tissue PO2 will depend on the 

prevailing arterial PO2 blood hemoglobin concentration (and oxygen concentration), tissue 

metabolic rate and perfusion of the phrenic motor nucleus. Thus, factors other than the 

arterial PO2 within hypoxic episodes, such as blood hemoglobin concentration and local 

perfusion, may shift the relative Q versus S pathway balance. “Standard” mAIH protocols 

could equally activate these pathways, canceling phrenic motor plasticity.
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Fig. 2. 
Similar to a seesaw (see inset), moderate AIH (mAIH: 3, 5 min episodes; PaO2 = 35–45 

mmHg) and severe AIH (sAIH: 3, 5 min episodes; PaO2 = 25–30 mmHg) elicit robust 

phrenic long-term facilitation (pLTF; Fuller et al., 2001; Baker-Herman et al., 2004; Nichols 

et al., 2012; Agosto-Marlin et al., 2017; Dale et al., 2017; Perim et al., 2018b), whereas 

intermediate AIH (i.e. 3, 5 min episodes; PaO2 = 30–35 mmHg) fails to elicit pLTF (open 

circles). These data demonstrate that pLTF is cancelled with intermediate AIH (i.e. balanced 

cross-talk inhibition; n = 6) versus robust pLTF with less (mAIH) or more (sAIH) severe 

hypoxic episodes. In this “cross-talk zone,” the Q and S pathways are activated equally, 

canceling phrenic motor plasticity due to balanced cross-talk inhibition.
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