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SUMMARY 

This study was undertaken to determine pattern sensitivity of phrenic nerve plasticity in 

respect to different respiratory challenges. We compared long-term effects of intermittent and 

continuous hypercapnic and hypoxic stimuli, and combined intermittent hypercapnia and 

hypoxia on phrenic nerve plasticity. Adult, male, urethane-anesthetized, vagotomized, 

paralyzed, mechanically ventilated Sprague-Dawley rats were exposed to: acute intermittent 

hypercapnia (AIHc or AIHcO2), acute intermittent hypoxia (AIH), combined intermittent 

hypercapnia and hypoxia (AIHcH), continuous hypercapnia (CHc), or continuous hypoxia 

(CH). Peak phrenic nerve activity (pPNA) and burst frequency were analyzed during baseline 

(T0), hypercapnia or hypoxia exposures, at 15, 30, and 60 minutes (T60) after the end of the 

stimulus. Exposure to acute intermittent hypercapnia elicited decrease of phrenic nerve 

frequency from 44.25±4.06 at T0 to 35.29±5.21 at T60, (P=0.038, AIHc) and from 45.5±2.62 

to 37.17±3.68 breaths/min (P=0.049, AIHcO2), i.e., frequency phrenic long term depression 

was induced. Exposure to AIH elicited increase of pPNA at T60 by 141.0±28.2 % compared 

to baseline (P=0.015), i.e., phrenic long-term facilitation was induced. Exposure to AIHcH, 

CHc, or CH protocols failed to induce long-term plasticity of the phrenic nerve. Thus, we 

conclude that intermittency of the hypercapnic or hypoxic stimuli is needed to evoke phrenic 

nerve plasticity. 
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INTRODUCTION 

Neuroplasticity is an important property of the respiratory system whose functionality 

and biological significance has been recognized in recent years. Its clinical significance is 

related to the pathology of several medical conditions (Dale et al. 2014), including sleep-

related breathing disorders characterized by intermittent hypoxic episodes through the night. 

The most frequently studied model of respiratory plasticity is respiratory long-term 

facilitation (LTF) following acute intermittent hypoxia (Mitchell et al. 2001, Feldman et al. 

2003). Its conceptual development and possible mechanisms have been in the research focus 

for years, leading to conclusions regarding the modulation of the phrenic LTF (pLTF) (Bach 

and Mitchell 1996, Valic et al. 2010). However, a variety of factors such as periodicity versus 

continuity, intensity, duration and frequency of hypoxic episodes, and background oxygen 

level are shown to play an important role in the development of pLTF (Mateika and Sandhu 

2011, Devinney et al. 2013, Dick et al. 2007, Bach and Mitchell 1998, Dick et al. 2004). 

Studies have revealed that brief episodes of simulated apnea (Mahamed and Mitchell 2008), 

and intermittent negative pressure applied to the upper airway (Ryan and Nolan 2009) can 

produce respiratory LTF. Furthermore, it has been shown that only periodic but not 

continuous hypoxic stimulus can produce respiratory LTF (Baker and Mitchell 2000), 

showing that intermittency might be the most important factor for inducing LTF.  

Whilst the consequences and benefits of intermittent hypoxic exposures have been 

extensively studied, the effects of repetitive hypercapnia have not been well documented 

despite the fact that it can also alter respiratory neural output. Contrasting results from 

previous studies reveal that episodic intracarotid hypercapnia induced pLTF (Morris et al. 

1996), while systemic hypercapnia, which stimulated both central and peripheral 

chemoreceptors, caused respiratory long-term depression (LTD) (Bach and Mitchell 1998). 

Furthermore, it has been shown that severe intermittent hypercapnia (10 % CO2) evoked LTD 
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of the phrenic nerve activity (pLTD) in some experimental designs (Bach and Mitchell 1998), 

but failed to do so in similar studies (Baker et al. 2001) pointing to continuous stimulus as an 

adequate one to evoke pLTD (Kinkead et al. 2001). The reasons underlying this discrepancy 

are unknown but one possibility might be rat substrain differences. Furthermore, pattern 

dependence of LTD seen in previous studies might be partially explained by the activation of 

distinctive neurotransmitter systems. There is sufficient evidence to suggest that the 

respiratory control system is a complex neural circuit that integrates serotonergic and 

noradrenergic systems that interact in a “push-pull” manner in modulation of respiratory 

plasticity (Kinkead et al. 2001, Baker et al. 2001).  

Respiratory plasticity following acute intermittent hypoxia is primarily expressed as a  

long lasting increase of phrenic nerve amplitude, whereas changes of the phrenic nerve burst 

frequency appear to be varying. While amplitude LTF might be the result of modulation of 

respiratory motor neurons (Fuller et al. 2000, Baker-Herman and Mitchell 2002, Baker-

Herman and Mitchell 2008), frequency LTF is most likely the result of brainstem respiratory 

rhythm generating neurons modulation (Baker-Herman and Mitchell 2008). On the other 

hand, opposing effects of episodic and continuous hypercapnia result in transient depression 

of the phrenic burst frequency (Bach and Mitchell 1998, Baker et al. 2001). 

Previous studies of intermittent hypercapnia or hypoxia pointed to a puzzling feature 

of the respiratory control system (Harris et al. 2006, Mateika and Sandhu 2011, Devinney et 

al. 2013), indicating that altering the pattern of the stimulus might have an impact on the 

expression and magnitude of respiratory plasticity (Mateika and Sandhu 2011). The majority 

of previous LTF studies have utilized acute intermittent isocapnic hypoxia as an inducing 

stimulus (Mitchell et al. 2001), but there is no published study demonstrating the effect of 

concomitant hypoxia and hypercapnia. Therefore, this study was undertaken to determine 

pattern sensitivity of phrenic nerve plasticity in respect to different respiratory challenges 
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bringing them together into a single study on the same substrain of Sprague-Dawley rats, 

making the direct comparison more meaningful. We compared the long-term effects of 

intermittent and continuous hypercapnic and hypoxic stimuli on phrenic nerve plasticity. In 

addition, the novelty of this study was to investigate the impact of combined intermittent 

hypoxia and hypercapnia on phrenic nerve plasticity. 
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MATERIAL AND METHODS 

The protocol for this study was approved by the Ethical Committee for Biomedical 

Research of the University of Split School of Medicine, Split, Croatia. All experiments were 

done in accordance with National Research Council's guide for the care and use of laboratory 

animals. 

 

Experimental preparation 

Experiments were conducted on 46 adult male Sprague-Dawley (Harlan, Italy) rats 

weighing 280-330 g (Animal facility of the Split University School of Medicine). Anesthesia 

of a 20 % solution of urethane in 0.9 % saline (1.2 g/kg; supplemental dose 0.2 g/kg) was 

injected intraperitoneally. The adequacy of anesthesia was assessed by the absence of 

withdrawal reflex after noxious paw pinch.  

The femoral artery and vein were cannulated bilaterally for blood pressure monitoring, 

blood sampling and drug injection. Blood samples for the determination of blood gases and 

pH (RapidLab 348, Bayer Diagnostics, Sudbury, UK) were taken at the regular intervals and 

arterial blood gases and pH were maintained within physiological limits by the adjustment of 

ventilation or infusion of bicarbonates, if needed. All animals were vagotomized bilaterally to 

eliminate pulmonary stretch receptors input. Rectal temperature was monitored by digital 

thermometer and maintained between 37 and 38.5°C.  

The trachea was cannulated through a midline ventral neck incision. The animals were 

artificially ventilated through a tracheostomy using a respirator for small animals (SAR 830-

P, CWE, Ardmore, USA). The initial parameters of artificial ventilation were a respiratory 

rate of 50 breaths per minute, an inspiratory pressure of 12 cm H20, an inspiratory flow range 

250-350 ml/min, and a positive end-expiratory pressure of 2-3 cm H2O, and later they were 

adapted according to blood gases and capnography. The concentration of CO2 was 
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continuously monitored with a Gemini respiratory gas analyzer (CWE inc., Ardmore, USA) 

and adjusted by changing the respiratory rate and/or inspiratory time. The animals were 

paralyzed with the neuromuscular blocking agent rocuronium bromide (Organon, 50 mg in 5 

ml, 1.33 mg/kg). 

The rats were placed in a prone position in a stereotaxic instrument (Lab Standard, 

Stoelting, USA). The right phrenic nerve was dissected using the dorsal approach at the level 

of the C5 nerve rootlet, mounted on bipolar silver wire electrodes and covered with silicone 

gel to prevent from drying. 

 

Experimental groups 

Following surgical preparation, there were six experimental groups. Three groups 

were exposed to hypercapnia (15 % CO2 in air), two to hypoxia (9 % O2 in N2), and one to 

combined hypercapnia and hypoxia (15 % CO2 and 9 % O2 in N2).  

Hypercapnic groups 

Two groups of animals were exposed to five 3-minute long episodes of intermittent 

hypercapnia, separated by 3-minute recovery periods when the animals were ventilated either 

with room air (group AIHc, n=8), or with 50 % oxygen in N2 (group AIHcO2, n=6) to compare 

the impact of background oxygen level on hypercapnic responses. One group of animals was 

exposed to continuous hypercapnia for a duration of 30 minutes (group CHc, n=6). Prior to 

and following hypercapnic stimulation, CHc group was ventilated with room air.  

Hypoxic groups 

One group was exposed to five 3-minute long episodes of acute intermittent hypoxia, 

separated by 3-minute recovery periods when the animals were ventilated with a 50/50 

oxygen/nitrogen mixture (AIH, n=7). One group was exposed to 30 minutes of continuous 
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hypoxia (group CH, n=7). Prior to and following hypoxic stimulation, both groups, AIH and 

CH were ventilated with a 50/50 oxygen/nitrogen mixture. 

Combined hypercapnia and hypoxia group 

One group of animals (n=8) was exposed to combined intermittent hypercapnia and 

hypoxia in the same manner (5 exposures each lasting 3 minutes, separated by a 3-min 

recovery period). Prior to and following stimulation, this group was ventilated with a 50/50 

oxygen/nitrogen mixture.  

To examine the effects of the anesthetic urethane and/or other time dependent factors 

on the viability and stability of preparation, experiments were conducted on an additional 5 

rats (time-control) with the exception that these animals were not exposed to hypercapnia or 

hypoxia. Throughout the duration of the experiment there were no significant changes in the 

phrenic nerve activity, indicating the stability of the preparation (Carev et al. 2010, Pavlinac 

Dodig et al. 2012, Ivancev et al. 2013, Marinov et al. 2013). 

 

Protocols 

Following the completion of surgical procedures, a minimum of 30 minutes was 

allowed for the stabilization of phrenic nerve activity in baseline conditions. Baseline phrenic 

nerve activity was achieved by manipulating ventilator parameters while monitoring ETCO2 

levels. The apneic threshold was determined and the initial PETCO2 was set about 3-4 mmHg 

above this level. The control blood sample was taken prior to hypercapnic or hypoxic 

stimulus. During hypercapnia or hypoxia protocol blood sampling was avoided in order to 

minimize the overall blood volume loss from the animals. Arterial blood samples were taken 

at three post-hypercapnic or post-hypoxic periods (15, 30 and 60 minutes following the 

hypercapnic or hypoxic stimulus).  
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At the end of all the experiments, rats were euthanized with an overdose of urethane 

followed by an intravenous injection of potassium chloride. 

 

Data acquisition and analysis 

Phrenic nerve activity was amplified, filtered (band-pass 300 Hz - 10 kHz) and 

rectified. The moving-time average of phrenic nerve activity was obtained using the MA-1000 

Moving Averager, System 1000 Modulator instrumentation (CWE Inc., Ardmore, USA) with 

a 50 ms time constant. The processed signal- phrenic neurogram (PNG) was recorded using 

the PowerLab system (ADInstruments, Castle Hill, Australia) and analyzed by PowerLab 

software, Chart for Windows version 5.4.2 and Scope for Windows version 3.8 (ADI 

Instruments, Castle Hill, Australia). There were nine time points for data analysis: before the 

first hypercapnia/hypoxia (T0), during hypercapnic/hypoxic episodes 1-5 (TH1-TH5), and 15 

(T15), 30 (T30) and 60 (T60) min after the last hypercapnic/hypoxic stimulation. From the 

digital record of the phrenic nerve activity, we analyzed peak phrenic nerve activity (pPNA), 

phrenic burst frequency (f), inspiratory duration (Ti), expiratory duration (Te) and respiratory 

cycle total duration (Ttot). The phrenic nerve activity was averaged once it had reached the 

steady-state, and a minimum of a 20 s signal was required for successful analysis. Average 

amplitude data were normalized as the percentage change from baseline activity (immediately 

before the first hypercapnia or hypoxia).  

Data were analyzed using MedCalc (Ostend, Belgium). A one- and two-way repeated 

measures ANOVA (within and between groups) was performed followed by Bonferroni post 

hoc correction to provide information for all pair wise comparisons of interest within groups 

at the same time point during the protocol. Data were presented as mean±SEM. A P-value of 

0.05 was considered statistically significant. 
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RESULTS 

Effects of hypercapnic stimuli 

Acute intermittent hypercapnia evoked depression of the respiratory frequency 60 

minutes after the end of the last hypercapnic stimulus, i.e., respiratory frequency decreased 

from 44.25±4.06 breaths/min at T0 to 35.29±5.21 breaths/min at T60 in the AIHc group 

(P=0.038; Fig. 1 and 2), and from 45.5±2.62 breaths/min at T0 to 37.17±3.68 breaths/min at 

T60 in the AIHcO2 group (P=0.049), showing that frequency pLTD was developed. However, 

exposure to acute intermittent hypercapnia protocol did not evoke persistent long-lasting 

changes of the pPNA 60 min after the end of the stimuli (-4.8±21.6 % in the AIHc group, 

P=1; Fig. 1 and 3, and -22.3±11.6 % in the AIHcO2 group, P=0.67). 

Continuous hypercapnia failed to evoke frequency pLTD 60 minutes after the end of 

the stimulus, i.e., respiratory frequency was 40.29±2.69 breaths/min at T0, and 38.14±2.04 

breaths/min at T60 in the CHc group (P=1). Continuous hypercapnia did not evoke significant 

long-lasting changes of the pPNA 60 min after the end of the stimulus compared to baseline 

(+39.3±30.2 % in the CHc group, P=1). 

 

Effects of hypoxic stimuli 

Acute intermittent hypoxia did not evoke significant long-lasting changes of the 

respiratory frequency 60 minutes after the end of the stimuli, i.e., frequency was 37.71±3.87 

breaths/min at T0 and 39.71±2.55 breaths/min at T60 (P=1; Fig. 1 and 2). Still, acute 

intermittent hypoxia elicited a significant increase of pPNA at T60, i.e., pPNA increased by 

141.0±28.2 % compared to baseline (P=0.015; Fig. 1 and 3), showing that pLTF developed. 

Continuous hypoxia failed to evoke significant long-lasting changes of both, 

respiratory frequency (43.71±2.36 breaths/min at T0 and 38.86±2.73 breaths/min at T60, 

P=1), and pPNA (+22.8±47.4 %, P=1) 60 minutes after the end of the stimulus.  
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Effects of combined hypoxic and hypercapnic stimuli 

Combined acute hypercapnia and hypoxia failed to evoke significant long-lasting 

changes of respiratory frequency 60 minutes after the end of the last stimuli. Respiratory 

frequency in AIHcH group was 40.5±2.2 breaths/min at T0 and 38.14±1.82 breaths/min at 

T60 (P=1; Fig. 1 and 2). Combined hypoxic and hypercapnic stimulation failed to evoke 

significant change of the pPNA 60 min after the last stimulus compared to baseline values 

(+72.6±38.4 %, P=1; Fig. 1 and 3). 

 

Regarding respiratory cycle parameters, there were no significant changes in Ti, Te, 

and Ttot at 15, 30, and 60 minutes after hypercapnic or hypoxic stimuli compared to baseline 

values in any group of the animals, as shown in Table 1. A significant change in respiratory 

rate should have also resulted in a significant change in Ttot and a lack thereof suggests that, 

because of the variability of the data, the study was underpowered to detect changes in 

respiratory timing. 

Exposure to either intermittent (TH1-5) or continuous hypercapnic or hypoxic stimuli 

elicited an increase of pPNA in all groups of animals (Fig. 1 and 3), but failed to significantly 

change respiratory frequency during the exposures (Fig. 1 and 2). 

There were no significant changes in PaO2, PaCO2, and pH values at T0, T15, T30, 

and T60 in any experimental group, as shown in Table 2.  

Mean arterial pressure (MAP) tended to increase during the hypercapnic and combined 

hypercapnic/hypoxic exposures and decreased during hypoxic exposures and then returned to 

baseline levels. Following exposures, MAP was successfully maintained relative to baseline 

in all experimental groups of animals until the end of the experiments. 
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DISCUSSION 

The results of this study showed that acute intermittent hypercapnia evoked the 

development of frequency pLTD in anesthetized rats. In animals exposed to the acute 

intermittent hypoxia protocol, amplitude pLTF was elicited 60 minutes after the end of the 

last hypoxic stimulus, i.e., pLTF was induced. Combined intermittent hypercapnia and 

hypoxia as well as continuous hypercapnia or hypoxia failed to induce phrenic nerve plasticity 

60 minutes after the end of the last hypercapnic/hypoxic stimulus. Thus, it appears that 

intermittency of the hypercapnic or hypoxic stimulus is needed to evoke distinct forms of 

respiratory plasticity. 

The majority of previous studies investigating mechanisms of hypercapnia induced 

respiratory plasticity used the model of urethane anesthetized rats exposed to three 5-minute 

long hypercapnic stimulations separated by normocapnic recovery periods (Bach and Mitchell 

1998, Baker et al. 2001). Although repeated intracarotid injections of CO2 saturated saline 

evoked pLTF, systemic exposure to intermittent hypercapnia resulted in pLTD (Morris et al. 

1996, Bach and Mitchell 1998). Similarly, in our study, systemic exposure to the protocol of 

acute intermittent hypercapnia resulted in long lasting depression of the phrenic nerve 

frequency and had no long lasting effects on phrenic nerve amplitude. Systemic application of 

high levels of CO2 stimulates both central and peripheral chemoreceptors resulting in the 

facilitation of the phrenic nerve during exposure. Morris and colleagues injected CO2 

saturated saline directly into the carotid artery and stimulated mainly carotid chemoreceptors, 

with minimal effects on the central nervous system (Morris et al. 1996). Thus, one might 

presume that the central effects of high levels of CO2 are crucial in the development of 

ventilatory depression. Moreover, it was suggested that hypercapnia induces an increase of 

extracellular HCO3
-
, and as increased concentrations of HCO3

-
 in the brain persist long after 

cessation of hypercapnia, it could be associated with long lasting depression of the phrenic 
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nerve (Bach and Mitchell 1998). Still, in our study, blood pH levels were maintained 

throughout the protocol and frequency pLTD developed late (60 minutes) after cessation of 

hypercapnic stimulation, so we do not assume that the elevated levels of brain HCO3
-
 could be 

responsible for the observed frequency pLTD. In addition, in our study continuous 

hypercapnia failed to evoke frequency pLTD. 

On the other hand, in our study both intermittent and continuous hypercapnia 

protocols failed to evoke amplitude pLTD. Cumulative effects of severe, continuous 

hypercapnia on the noradrenergic system were suggested to be the reason for the development 

of pLTD in some studies (Baker et al. 2001). However, continuous hypercapnia in our study 

failed to evoke pLTD. A possible explanation might be that the pattern sensitive signaling 

processes indicating that intermittent, but not continuous stimulus enhances gene expression 

important in long-lasting neuronal plasticity and long-term memory formation (Freudenthal 

and Romano 2000).  In our study, the lack of apparent amplitude pLTD following intermittent 

hypercapnia might be the consequence of the simultaneous development of serotonin 

dependant pLTF, which counterbalanced the noradrenalin dependant pLTD.  

In the last two decades, pLTF evoked by acute intermittent hypoxia was in the 

research focus of many studies (Fuller et al. 2000, Dale-Nagle et al. 2010, Mitchell et al. 

2001). It is known that pLTF depends on the serotonergic neuromodulation, as well as the 

specific pattern and timing of stimulus performance (Pavlinac et al. 2011, Pecotic et al. 2009, 

Valic et al. 2010, Mateika and Sandhu 2011). Results from our study confirm previous 

research regarding the importance of periodicity of hypoxic stimulation in the development of 

respiratory plasticity, since only acute intermittent, but not continuous hypoxia evoked pLTF. 

Our results are in accordance with previous studies investigating LTF in anesthetized 

rats (Bach and Mitchell 1996, Pavlinac et al. 2011) which reported a decrease in blood 

pressure during hypoxic exposures. Although hypoxia results in strong sympathetic 
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stimulation mediated by chemosensitive cells in carotid bodies (Zoccal et al. 2014), it seems 

that the hemodynamic response may depend on the level of hypoxia (Sabino et al. 2013). 

Indeed, hypoxia with 8, 10, or 15% O2 produced slight hypotension independent of carotid 

chemoreceptors that might be explained by the release of adenosine acting on endothelial A1 

receptors to stimulate the synthesis and release of NO which induces vasodilatation and 

consequent hypotension (Ray and Marshall 2005).    

We are aware that the mixture of 15% CO2 in air would refer to decreased PaO2 in our 

protocol possibly leading to mild-hypoxic-hypercapnic exposure. However, gas mixture of 

15% CO2 in air would lead to the reduction of O2 in that mixture to about 17-18% which 

would represent only mild hypoxic stimulus that could not evoke long term changes of the 

phrenic nerve activity (Mateika and Sandhu 2011) and thus should not interfere with the final 

result. In addition, in order to investigate severe hypoxic (9% O2) and severe hypercapnic 

stimulus (15% CO2) we performed a separate set of experiments using combination of 9% O2 

and 15% CO2 in nitrogen. Although hyperoxic hypercapnia used in the literature (Bach and 

Mitchell 1998) represents better choice to avoid confounding effect of hypoxic stimulus, we 

believe that hypoxic stimulus using 15% CO2 in air was not sufficient to affect phrenic LTF 

or LTD. 

The biological and clinical significance of intermittent hypoxia has been well 

recognized in recent years. It has been suggested that intermittent hypoxia might have a 

beneficial role in sleep related breathing disorders and could be a viable means of restoring 

respiratory functions in ventilatory control disorders (Mateika and Narwani 2009, Gaultier 

2008). However, although intermittent hypercapnia results in altered respiratory control, its 

short and long-term effects on respiratory control remain poorly studied (Steggerda et al. 

2010).  
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 In this study, we did not determine neurotransmitters involved in respiratory 

plasticity, exact mechanisms, and the precise site of action in the development of pLTD and 

pLTF. However, different protocols gave us insights into the importance of stimulus 

periodicity in the induction of distinct forms of respiratory plasticity. Some of the previous 

studies were conducted in background hyperoxia (50 % O2) to avoid additional hypoxic 

stimulus between challenging episodes (Bach and Mitchell 1998). However, high background 

levels of O2 might affect expression of pLTF and pLTD. In our study, some protocols were 

conducted in background normoxia (air, 21 % O2) because high levels of inspired O2 inhibit 

the action of CO2 and the peripheral chemoreceptors (Fitzgerald and Parks 1971).  

Bearing in mind that intermittent hypoxia might have an important beneficial role in 

many pathological conditions (Dale et al. 2014), one might speculate about the physiological 

significance of hypercapnia induced respiratory plasticity. In our study hypercapnic exposures 

were severe (15 %) which is not likely to be seen in clinical practice, even in severe lung 

diseases or sleep disordered breathing. We are aware of the fact that at this level CO2 might 

have actions that are not related only to chemoreception. However, we believe that 

mechanistic insights into hypercapnia and combined hypercapnia and hypoxia induced 

respiratory plasticity might be useful in understanding respiratory plasticity and its role in 

different pathological conditions.  

Previous studies showed that pLTD could be evoked following intermittent 

hypercapnic stimulus. The possible mechanisms of pLTD were proposed, indicating that 

hypercapnia-induced release of norepinephrine could act on α2-adrenergic receptors located 

on raphe serotonergic neurons to inhibit raphe excitability and release of serotonin. In our 

study, pLTD could be evoked if acute intermittent hypercapnic stimulus was performed, but 

not if concomitant hypercapnic and hypoxic stimuli were applied. Our results, in accordance 

with numerous previous studies confirmed that acute intermittent hypoxia induces the 
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development of pLTF. However, in our study if acute intermittent hypoxia was combined 

with acute intermittent hypercapnia, pLTF was attenuated. It is well known that carbon 

dioxide levels might alter LTF expression in animals (Bach and Mitchell 1996, Fregosi and 

Mitchell 1994, Harris et al. 2006). It is possible that hypercapnia-induced activation of 

noradrenergic neurons in our study inhibited raphe serotonergic neurons and consequently led 

to attenuation of pLTF.  

The impact of intermittent versus sustained hypercapnia and/or hypoxia on phrenic 

nerve plasticity was investigated and reported in numerous studies often using different 

species, substrains and protocols. In this study we present evidence about the pattern 

sensitivity of phrenic nerve plasticity in respect to different respiratory challenges compared 

in a single study on the same substrain of Sprague-Dawley rats. The results of this study 

indicate that acute intermittent hypercapnia elicits frequency pLTD, whereas acute 

intermittent hypoxia elicits amplitude pLTF in anesthetized rats. Combined hypercapnia and 

hypoxia, as well as continuous hypercapnic or hypoxic stimulus failed to evoke phrenic nerve 

plasticity. Thus, we conclude that intermittency of the hypercapnic or hypoxic stimulus is 

needed to evoke distinct forms of phrenic nerve plasticity. 
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FIGURE LEGENDS 

Figure 1. Responses of integrated phrenic nerve activity (IPNA; arbitrary units, a.u.) and raw 

phrenic nerve activity (RPNA; arbitrary units, a.u.) following hypercapnic (AIHc), hypoxic 

(AIH), and combined hypercapnic and hypoxic stimuli (AIHcH) in three rats. AIHc rat was 

exposed to acute intermittent hypercapnia, showing depression of the respiratory frequency at 

T60 (frequency pLTD). AIH rat was exposed to acute intermittent hypoxia, indicating pLTF 

at T60. Combined hypercapnia and hypoxia elicited non-significant increase in pPNA at T60.  

The phrenic nerve activity is shown during baseline conditions (T0), at the hypercapnic or 

hypoxic episode (TH), and 15 (T15), 30 (T30), and 60 (T60) min after the end of the last 

hypercapnic or hypoxic stimulus. 

 

Figure 2. Time course of changes in the phrenic burst frequency (Δ bursts/min) in groups 

exposed to hypercapnic (AIHc), hypoxic stimulation (AIH), and combined hypercapnic and 

hypoxic stimulation (AIHcH). Acute intermittent hypercapnia evoked frequency phrenic long-

term depression (pLTD) 60 minutes after the end of the last hypercapnic stimulus. 

(* Significantly different from baseline values, P<0.05). T0 refers to baseline value before 

hypercapnia or hypoxia; TH1 represents first hypercapnic or hypoxic episode, whereas T60 is 

time point 60 min after the end of the last hypercapnic or hypoxic stimulus.  

 

Figure 3. Time course of changes in the peak phrenic nerve activity (pPNA) in groups 

exposed to hypercapnic stimulation (AIHc), hypoxic stimulation (AIH), and combined 

hypercapnic and hypoxic stimulation (AIHcH). Exposure to AIH protocol evoked phrenic 

long-term facilitation (pLTF) at T60.  

(* Significantly different from baseline values, P<0.05). T0 refers to baseline value before 

hypercapnia or hypoxia; TH1-5 represent five hypercapnic or hypoxic episodes, whereas T15, 
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T30, and T60 are time points at 15, 30, and 60 min after the end of the hypercapnic or 

hypoxic stimulus. 
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Table 1. Relative changes in Ti, Te, and Ttot during the protocol in experimental groups. 

 

 

 

  

  T0   T15   T30   T60 

AIHc (n=8)                

Ti 0.487 ± 0.033  0.490 ± 0.037  0.507 ± 0.047  0.487 ± 0.038 

Te 0.994 ± 0.198  0.867 ± 0,078  1.171 ± 0.160  1.630 ± 0.477 

Ttot 1.481 ± 0.208  1.357 ± 0.067  1.678 ± 0.151  2.117 ± 0.500 

                

AIHcO2 (n=6)                

Ti 0.547 ± 0.039  0.588 ± 0.030  0.607 ± 0.052  0.562 ± 0.024 

Te 0.800 ± 0.063  1.049 ± 0.099  0.906 ± 0.162  1.135 ± 0.171 

Ttot 1.347 ± 0.065  1.637 ± 0.110  1.513 ± 0.130  1.697 ± 0.166 

                

AIH (n=7)                

Ti 0.478 ± 0.032  0.527 ± 0.029  0.506 ± 0.035  0.466 ± 0.034 

Te 1.292 ± 0.277  1.364 ± 0.294  1.343 ± 0.345  1.121 ± 0.130 

Ttot 1.759 ± 0.288  1.883 ± 0.299  1.855 ± 0.355  1.589 ± 0.147 

                

AIHcH (n=8)                

Ti 0.598 ± 0.042  0.593 ± 0.034  0.657 ± 0.035  0.513 ± 0.030 

Te 0.860 ± 0.071  1.073 ± 0.106  1.050 ± 0.120  1.034 ± 0.075 

Ttot 1.458 ± 0.073  1.657 ± 0.103  1.704 ± 0.133  1.548 ± 0.062 
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  TH1   TH2   TH3   TH4   TH5 

AIHc (n=8)                    

Ti 0.347 ± 0.010  0.333 ± 0.008  0.328 ± 0.008  0.332 ± 0.009  0.332 ± 0.010 

Te 0.947 ± 0.058  1.022 ± 0.053  1.044 ± 0.047  1.050 ± 0.046  1.073 ± 0.052 

Ttot 1.294 ± 0.054  1.355 ± 0.051  1.372 ± 0.045  1.382 ± 0.046  1.405 ± 0.054 

                    

AIHc02 (n=6)                    

Ti 0.350 ± 0.006  0.341 ± 0.011  0.347 ± 0.009  0.345 ± 0.007  0.354 ± 0.010 

Te 0.878 ± 0.037  0.956 ± 0.045  0.958 ± 0.047  0.969 ± 0.044  0.972 ± 0.047 

Ttot 1.228 ± 0.031  1.297 ± 0.038  1.305 ± 0.039  1.314 ± 0.038  1.326 ± 0.043 

                    

AIH (n=7)                    

Ti 0.347 ± 0.020*  0.378 ± 0.023*  0.378 ± 0.018*  0.384 ± 0.017*  0.386 ± 0.017 

Te 0.948 ± 0.093  0.925 ± 0.105  0.917 ± 0.085  0.881 ± 0.082  0.864 ± 0.085 

Ttot 1.296 ± 0.087  1.302 ± 0.089  1.296 ± 0.072  1.267 ± 0.070  1.250 ± 0.074 

                    

AIHcH (n=8)                    

Ti 0.371 ± 0.012*  0.354 ± 0.011  0.366 ± 0.015  0.381 ± 0.016  0.368 ± 0.009 

Te 0.958 ± 0.049  1.042 ± 0.074  0.979 ± 0.054  1.047 ± 0.058  1.023 ± 0.058 

Ttot 1.328 ± 0.042  1.395 ± 0.067  1.347 ± 0.045  1.428 ± 0.061  1.391 ± 0.058 
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Data are expressed in seconds (mean±SEM). Ti: inspiratory time; Te: expiratory time; Ttot: total respiratory time; T0: baseline value before the 

first hypercapnia or hypoxia; TH: continuous hypercapnia or hypoxia; T15: 15 min after the last hypercapnic or hypoxic episode; T30: 30 min 

after the last hypercapnic or hypoxic episode; T60: 60 min after the last hypercapnic or hypoxic episode; TH1-5: first - fifth hypercapnia or 

hypoxia. 

*significantly different from baseline (P<0.04) 

  T0   TH   T15   T30   T60 

CHc (n=7)                    

Ti 0.578 ± 0.054  0.401 ± 0.024*  0.569 ± 0.051  0.731 ± 0.167  0.593 ± 0.060 

Te 0.958 ± 0.115  0.886 ± 0.058  1.035 ± 0.066  1.151 ± 0.176  1.007 ± 0.132 

Ttot 1.536 ± 0.122  1.287 ± 0.046  1.604 ± 0.101  1.882 ± 0.333  1.600 ± 0.136 

                    

CH (n=7)                    

Ti 0.470 ± 0.057  0.400 ± 0.021  0.567 ± 0.041  0.567 ± 0.039  0.565 ± 0.039 

Te 0.888 ± 0.063  0.799 ± 0.068  0.960 ± 0.073  0.895 ± 0.042  0.927 ± 0.054 

Ttot 1.358 ± 0.063  1.199 ± 0.054  1.527 ± 0.084  1.462 ± 0.032  1.492 ± 0.084 
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Table 2. Partial pressures of carbon dioxide (PaCO2, mmHg), oxygen (PaO2, mmHg), and pH in the arterial blood in all experimental groups of 

animals at different time points of experiment. There were no significant changes in PaCO2, PaO2, and pH values in comparison to baseline 

values. 

 

 

 

Data are presented as mean±SEM. T0: baseline value before hypercapnia or hypoxia; T15, T30, and T60: 15, 30, and 60 min after the stimulus. 

 

 

 
T0 

 
T15 

 
T30  T60 

 
PaCO2 PaO2 pH 

 
PaCO2 PaO2 pH 

 
PaCO2 PaO2 pH  PaCO2 PaO2 pH 

AIHc (n=8) 42.9 ± 0.8 73.2 ± 6.0 7.3 ± 0.02 
 

47.1 ± 2.3 83.7 ± 8.2 7.3 ± 0.03 
 

40.6 ± 2.0 89.2 ± 8.7 7.2 ± 0.1  42.6 ± 1.6 81.9 ± 10.1 7.3 ± 0.02 

AIHcO2(n=6) 41.7 ± 1.3 258.9 ± 11.7 7.3 ± 0.02 
 

44.5 ± 2.0 258.1 ± 20.0 7.3 ± 0.03 
 

42.1 ± 1.6 278.0 ± 8.7 7.3 ± 0.02  40.4 ± 1.1 263.4 ± 12.9 7.3 ± 0.04 

CHc (n=7) 44.1 ± 0.9 80.7 ± 5.9 7.3 ± 0.03 
 

44.1 ± 1.6 92.7 ± 8.7 7.3 ± 0.03 
 

43.5 ± 1.2 92.0 ± 8.5 7.3 ± 0.03  41.8 ± 1.2 92.8 ± 8.9 7.3 ± 0.03 

AIH (n=7) 42.0 ± 0.5 226.2 ± 17.0 7.3 ± 0.03 
 

41.7 ± 1.3 251.2 ± 10.0 7.3 ± 0.03 
 

40.3 ± 1.3 253.2 ± 9.0 7.2 ± 0.03  41.7 ± 1.4 238.5 ± 13.5 7.2 ± 0.04 

CH (n=7) 43.6 ± 1.8 254.7 ± 5.1 7.3 ± 0.01 
 

41.8 ± 1.6 275.9 ± 3.6 7.2 ± 0.02 
 

39.9 ± 1.0 270.0 ± 3.6 7.3 ± 0.03  40.3 ± 1.3 274.1 ± 4.9 7.2 ± 0.04 

AIHcH (n=8) 44.7 ± 0.7 262.6 ± 7.5 7.3 ± 0.01 
 

45.3 ± 0.9 270.9 ± 7.1 7.2 ± 0.01 
 

43.1 ± 0.8 276.4 ± 6.6 7.2 ± 0.02  43.9 ± 0.9 252.2 ± 18.8 7.2 ± 0.02 


