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Abstract

Injury to nerves innervating respiratory muscles such as the diaphragm muscle results in 

significant respiratory compromise. Electromyography (EMG) and transdiaphragmatic pressure 

(Pdi) measurements reflect diaphragm activation and force generation. Immediately after unilateral 

diaphragm denervation (DNV), ventilatory behaviors can be accomplished without impairment, 

but Pdi generated during higher force non-ventilatory behaviors is significantly decreased. We 

hypothesized that 1) the initial reduction in Pdi during higher force behaviors after DNV is 

ameliorated after 14 days, and 2) changes in Pdi over time after DNV are associated with 

concordant changes in contralateral diaphragm EMG activity and ventilatory parameters. In adult 

male rats, the reduced Pdi during occlusion (~40% immediately after DNV) was ameliorated to 

~20% reduction after 14 days. Contralateral diaphragm EMG activity did not significantly change 

immediately or 14 days after DNV compared to the pre-injury baseline for any motor behavior. 

Taken together, these results suggest that over time after DNV compensatory changes in 

inspiratory related muscle activation may partially restore the ability to generate Pdi during higher 

force behaviors.

1. Introduction

The final common pathway of neuromotor control is the motor unit, which consists of an α-

motoneuron and the group of muscle fibers it innervates (Liddell et al., 1925). Recruitment 

of additional motor units (Fournier et al., 1988; Sieck, 1988; Sieck et al., 1989) and/or an 

increase in the discharge frequency of recruited motor units (Fournier et al., 1988; Iscoe et 

al., 1976; Seven et al., 2014; Sieck et al., 1984) increase the force generated by skeletal 

muscles including respiratory muscles such as the diaphragm. Indeed, orderly recruitment of 

diaphragm motor units allows for a broad range of motor behaviors from lower force 

ventilatory behaviors (requiring only 10 – 30% of the total force generating capacity of the 

diaphragm across species) and less frequent higher force behaviors that are necessary for 

maintaining airway patency (e.g. coughing, sneezing, sighing) (Mantilla et al., 2014; 

Mantilla et al., 2010; Sieck et al., 1989). While recruitment of only fatigue resistant motor 
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units is sufficient to accomplish lower force ventilatory behaviors, recruitment of more 

fatigable motor unit types is necessary to accomplish higher force behaviors (Mantilla et al., 

2010; Mantilla et al., 2011b; Sieck, 1991; Sieck, 1994; Sieck et al., 1989). This large reserve 

capacity for force generation by the diaphragm muscle results in the ability to sustain 

ventilatory behaviors despite substantial loss of motor units (Alvarez-Argote et al., 2016; 

Gill et al., 2015; Mantilla et al., 2011b; Rana et al., 2016).

Unilateral phrenic nerve denervation (DNV) induces unilateral diaphragm paralysis, 

effectively inactivating 50% of the motor unit output of the diaphragm (Miyata et al., 1995; 

Zhan et al., 1995). We previously showed that immediately after unilateral DNV, 

transdiaphragmatic pressure (Pdi; an indirect measure of diaphragm force) decreases for 

behaviors requiring greater than 50% of the maximal Pdi in rats (Gill et al., 2015). In the 

same study, we showed that Pdi amplitude during ventilatory behaviors is unimpaired after 

DNV and ventilation is unimpaired as assessed by blood gas levels. Similarly, in humans, 

while maximal Pdi amplitude is reduced after unilateral diaphragm paralysis, Pdi amplitude 

necessary to accomplish quiet breathing (eupnea) is generally unimpaired although relative 

contributions from the gastric and esophageal components of Pdi may change (Hart et al., 

2002; Hillman et al., 1988; Lisboa et al., 1986). In dogs, Pdi measurements across 

respiratory motor behaviors after unilateral diaphragm paralysis is not available, but there is 

some evidence that tidal volume does not change following unilateral diaphragm paralysis 

(Katagiri et al., 1994) and thus impairment in Pdi during eupnea is unlikely. Accordingly, the 

purpose of the present study was to determine whether compensation for reduced Pdi during 

higher force behaviors occurs over a period of 14 days in rats, and the role of the 

contralateral diaphragm muscle in this compensation. We hypothesized that 1) the initial 

reduction in Pdi during higher force behaviors after DNV is ameliorated after 14 days, and 

2) changes in Pdi over time post-DNV are associated with concordant changes in 

contralateral diaphragm electromyographic (EMG) activity and ventilatory parameters.

2. Materials and methods

1.1. Animals

All experiments were approved by the Institutional Animal Care and Use Committee of the 

Mayo Clinic. A total of 29 adult, male Sprague-Dawley rats (280–380 g) from Envigo 

(Indianapolis, IN) were used for this study. Anesthesia was achieved via intramuscular 

injections of ketamine (100 mg/kg) and xylazine (10 mg/kg) for all surgical procedures, Pdi 

and EMG recordings. Unilateral diaphragm paralysis was verified by the absence of EMG 

activity in the ipsilateral (right) diaphragm at all time points in the DNV group (n = 14). 

Control rats did not receive either DNV or exposure of the phrenic nerve (n = 15).

2.2. Unilateral diaphragm denervation

The right phrenic nerve was isolated in the lower neck and a 10–20 mm length of the nerve 

was sectioned as previously described (Geiger et al., 2003; Gill et al., 2015; Gosselin et al., 

1994; Miyata et al., 1995; Zhan et al., 1995; Zhan et al., 1997; Zhan et al., 1992). Briefly, 

rats were laid in a supine position and a 2 cm incision was made starting from the middle of 

the clavicle in a rostromedial direction. Blunt dissection was performed to isolate the phrenic 
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nerve, using the jugular vein, carotid artery, and brachial plexus as anatomical landmarks. 

Complete DNV was verified by absence of EMG activity in the ipsilateral hemidiaphragm.

2.3. Transdiaphragmatic pressure measurements

Pdi was calculated as the difference in pressures measured between esophageal (Peso) and 

gastric (Pab) catheters as previously described (Gill et al., 2015; Greising et al., 2013a; 

Greising et al., 2013b; Mantilla et al., 2010; Sieck et al., 1989). Briefly, two 3.5 French 

Millar solid-state pressure catheters (SPR-524; Millar Instruments, Houston, TX) were 

inserted through the mouth into the esophagus and stomach. Correct catheter position was 

determined based on the direction of signal deflection during real-time measurements. Intra-

thoracic and abdominal pressures were recorded and digitized (400 Hz) with PowerLab 4/35 

and visualized in real-time with LabChart 8 (ADInstruments, Colorado Springs, CO). The 

Pdi signal was band-pass filtered between 0.3 and 30 Hz using a digital filter to remove 

offset and high-frequency noise. Data were exported for post hoc analysis using a custom-

designed semi-automated script in MATLAB (MathWorks, Natick, MA). Peak amplitude, 

both instantaneous and average respiratory rate, inspiratory duration, and duty cycle were 

determined using previously described techniques (Medina-Martinez et al., 2015). Pdi 

measurements across all motor behaviors were obtained before, immediately after, and 14 

days after unilateral DNV in the DNV group; in the time control group, measurements were 

made at two time points separated by 14 days. The abdomen was bound during Pdi 

measurements to approximate isometric conditions during diaphragm muscle contraction.

2.4. Diaphragm EMG measurements

Diaphragm EMG was recorded using chronically placed wire electrodes as previously 

described (Dow et al., 2006; Dow et al., 2009; Mantilla et al., 2011a; Trelease et al., 1982). 

Briefly, pairs of multistranded fine wire stainless steel electrodes (AS631; Cooner Wire Inc., 

Chatsworth, CA) were stripped to expose an ~2 mm segment. A laparotomy was performed 

and a pair of electrodes with the exposed portion of the wire implanted into the mid-costal 

regions of both sides of the diaphragm with an inter-electrode distance of ~3 mm. The 

electrodes were tunneled and externalized in the dorsum of the animals for up to 19 days. 

Electrode implantation was performed 4 days prior to DNV. The ends of the fine-wire 

electrodes were connected via gold pin connectors to differential amplifiers (Model 

EMG100C, Biopac Systems Inc., Goleta, CA.). The EMG signal was amplified (2000x), 

band-pass filtered (100–5000 Hz) and digitally sampled at 10 kHz using Powerlab 4/35. 

During each recording session, the ECG signal present in the diaphragm EMG signal was 

isolated using a low-pass digital filter (fc = 200 Hz) in LabChart 8 and used to determine the 

instantaneous heart rate.

Data were exported to MATLAB, downsampled to 2000 Hz, and analyzed using custom-

made software based on previous work (Dow et al., 2006). For diaphragm EMG recordings, 

ECG contamination was removed by linearly correlating the average ECG tracing of each 

signal against each set of points within the signal. A threshold was set manually such that a 

cross correlation at a set of points greater than this threshold resulted in subtraction of the 

average ECG. The root mean square (RMS) of the EMG signal was calculated with a 50 ms 

window. The peak of the RMS EMG (RMSpeak) and central respiratory drive, estimated by 
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measuring the RMS EMG value at 75 ms after the onset of activity (RMS75), were 

determined for each behavior and time (Gill et al., 2015; Seven et al., 2014). All RMS EMG 

measurements were normalized to the pre-injury sigh RMSpeak for each animal. We have 

previously demonstrated that normalizing RMS values to near maximal behaviors such as 

sigh and sneeze reduces inter-animal variability over time (Mantilla et al., 2011a). In 

addition, the tension-time index of the diaphragm was used as estimate of the efficiency of 

diaphragm activation before, immediately after, and 14 days after DNV was derived from 

the Pdi and EMG (Bellemare et al., 1982). The tension-time index was calculated as Pdi 

amplitude (normalized to Pdimax) * Duty Cycle (Bellemare et al., 1982). For this estimate, 

Pdimax at each time point was assumed to be 37 cm H2O before and 23 cm H2O after DNV, 

as previously reported (Gill et al., 2015; Mantilla et al., 2010).

2.5 Motor behaviors

Data were collected during 1) breathing of room air (eupnea), 2) exposure to hypoxia (10% 

O2)-hypercapnia (5% CO2), 3) deep breaths (“sighs”, defined as spontaneously occurring 

inspiratory events that were greater than 2 times eupneic Pdi amplitude at the baseline) and 

4) sustained airway occlusion for ~45 s, as in previous studies (Mantilla et al., 2011a; 

Mantilla et al., 2010; Seven et al., 2014). Rats were given sufficient time between behaviors 

to allow for acclimatization to normal breathing as determined by real-time calculation of 

Pdi amplitude and respiratory rate. For both eupnea and hypoxia-hypercapnia, 20 

representative breaths that were uncontaminated by ECG, were selected to determine the 

RMSpeak and RMS75. For airway occlusion, the 5 largest breaths within the last 10 s of the 

occlusion period were analyzed, as in previous studies (Gill et al., 2015; Mantilla et al., 

2010; Seven et al., 2014).

2.6. Statistics

All statistical evaluations were performed using standard statistical software (JMP Pro 11, 

SAS Institute Inc., Cary, NC). Differences in Pdi, sigh normalized diaphragm EMG activity, 

and ventilatory parameters across experimental groups and motor behaviors were evaluated 

using a mixed linear model with behavior (eupnea, hypoxia-hypercapnia, sigh, occlusion), 

time (baseline, immediately after denervation, and 14 days afterwards), and the 

behavior*time interaction as fixed effects and with animal number as a random effect. When 

appropriate, post hoc analyses were conducted using the Tukey-Kramer Honestly Significant 

Difference (HSD) test, unless otherwise noted. Statistical significance was established at p < 

0.05. A subset of rats were not included in the final analysis due to inability to chronically 

monitor EMG activity (n = 6; e.g., resulting from electrode dislodgement) or based on a 
priori criteria on the proportional Pdi amplitude at baseline during eupnea compared to sighs 

(n = 6; sighs must be greater than 2 times the eupneic amplitude). All experimental data are 

presented as mean ± standard error (SE) across animals, unless otherwise specified.

3. Results

A total of 29 animals were successfully bilaterally implanted with EMG electrodes in the 

midcostal diaphragm for chronic EMG recordings. All animals tolerated implantation of 

electrodes without changes in ventilation suggestive of pneumothorax or requirement for 
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mechanical ventilation. At the baseline, there were no significant differences in Pdi 

amplitude during eupnea (~9 cm H2O) or any other respiratory parameter between animals 

included in the chronic EMG analyses (n = 17) and those that were not (n = 12). A total of 9 

(out of 17) animals received a phrenic nerve transection (DNV group) and 8 received no 

further surgery (control group). Representative tracings of EMG, RMS EMG, and Pdi 

generated during ventilatory and non-ventilatory motor behaviors are shown in Fig. 1. All of 

the data shown are from a single representative animal from the DNV group. During each 

recording session, anesthetic depth was kept consistent across animals by continuous 

monitoring of heart rate and respiratory frequency as well as frequent visual inspection of 

the toe pinch response and palpebral reflex.

3.1. Transdiaphragmatic pressure (Pdi) measurements

Pdi amplitude was successfully recorded at baseline, immediately after unilateral DNV, and 

14 days afterwards in all 11 animals. Average Pdi amplitudes across all behaviors and at 

each time are shown in Fig. 2. In the control group, the mixed linear model revealed 

significant differences in Pdi amplitude across behaviors (F3,48 = 98, p < 0.001), but not time 

(F1,48 = 1, p = 0.715) or the interaction of behavior and time (F3,48 = 1, p = 0.528). During 

both eupnea and hypoxia-hypercapnia, Pdi was consistent over time. Averaged across all 

time points, the coefficient of variation in Pdi during both eupnea and hypoxia-hypercapnia 

was 6% in the control group and 7% and 6%, respectively, in the DNV group. Pdi amplitude 

was ~2- and 4-fold greater than eupneic Pdi during sighs and occlusion, respectively. No 

significant differences in Pdi were found between eupnea and hypoxia-hypercapnia. In the 

DNV group, significant effects on Pdi amplitude across behaviors (F3,87 = 156, p < 0.001), 

time (F2,87 = 20, p < 0.001), and the interaction of behavior and time (F6,87 = 6, p < 0.001) 

were evident. Pdi was significantly greater at the pre-injury baseline compared to Pdi 

immediately after and 14 days after DNV. In addition, 14 days after DNV, Pdi was 

significantly greater than immediately after DNV indicating partial recovery. During eupnea 

and hypoxia-hypercapnia, Pdi was unaffected after DNV compared to the pre-injury baseline 

and remained unchanged 14 days after DNV. In contrast, Pdi generated during both sighs 

and airway occlusion was reduced significantly after DNV. Compared to the pre-injury 

baseline of ~21 cm H2O for sighs, Pdi generated during sighs was significantly reduced to 

~14 cm H2O immediately after DNV. By 14 days after DNV, this 35% reduction in Pdi 

during sigh was ameliorated to a 20% reduction (~17 cm H2O), and the differences in Pdi 

were no longer statistically significant compared to either the pre-injury baseline or 

immediately after DNV. Pdi generation during airway occlusion followed a similar trend, but 

was significantly reduced from a pre-injury value of ~31 cm H2O down to ~20 cm H2O 

immediately after DNV. This 40% reduction in Pdi was ameliorated to a 20% reduction (~27 

cm H2O) by 14 days after DNV. At this terminal time point, Pdi during occlusion was 

significantly different from both the pre-injury baseline as well as the Pdi immediately after 

DNV. Additionally, in order to assess whether recovery of Pdi over time was primarily due 

to a change in esophageal or gastric pressures we plotted Pes vs Pga across behaviors before, 

immediately after, and 14 days after DNV. The slope of this relationship generally reflects 

the relative contributions of the chest wall inspiratory muscles and diaphragm to Pdi. 

Accordingly, a linear regression was performed for each animal across motor behaviors at 

each time point and the average slope and y-intercept across animals were determined for 
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each time point. The average slopes across animals were 4.6 ± 5.7, 5.4 ± 1.1, and 5.6 ± 3.0 

before, immediately after, and 14 days after DNV, respectively. No significant differences in 

slope were evident between time points (p ≥ 0.881 for all pairwise comparisons), consistent 

with the relative contributions of the diaphragm and chest wall inspiratory muscles to Pdi 

being preserved over time post-DNV.

3.2. Diaphragm peak RMS EMG amplitude (RMSpeak)

All EMG recordings were obtained simultaneously with Pdi measurements. Diaphragm 

RMSpeak values across all behaviors and at each time are shown in Fig. 3. In the control 

group, the mixed linear model revealed significant differences in RMSpeak across behaviors 

(F3,48 = 26, p < 0.001) and time (F1,48 = 8, p = 0.005), but not of the interaction of behavior 

and time (F3,48 = 1, p = 0.574). RMSpeak during both airway occlusion and sighs was ~2–3 

times greater than RMSpeak during eupnea (43 ± 3%) and hypoxia-hypercapnia (47 ± 2%). 

No significant differences in RMSpeak were found during eupnea and hypoxia-hypercapnia. 

In uninjured control animals, RMSpeak 14 days after baseline was significantly greater than 

RMSpeak at the baseline and this trend was consistent within each behavior. These results 

reflect increased RMS EMG activity without any intervention over a period of 14 days, 

consistent with previous results (Mantilla et al., 2011b). In the DNV group, significant 

effects on RMSpeak across behaviors (F3,87 = 91, p < 0.001) and time (F2,87 = 5, p = 0.011), 

but not of the interaction between behavior and time (F6,55 = 1, p = 0.304), were evident. 

RMSpeak increased significantly by 14 days after DNV compared to the baseline, but not 

compared to immediately after DNV. There were no statistically significant differences in 

RMSpeak immediately after DNV compared to the baseline. In order to further discriminate 

whether increases in RMSpeak over time varied between groups, an additional mixed linear 

model with behavior, time (restricted to baseline and 14 days later), group (control and 

DNV), and the behavior*time, group*time, group*behavior, and group*time*behavior 

interactions was performed. This mixed linear model revealed a significant effect on 

RMSpeak of both behavior (F3,103 = 74, p < 0.001) and time (F1,103 = 16, p < 0.001). 

Importantly, there were no significant effects on RMSpeak of group (F1,15 = 1, p = 0.947) or 

the interaction between group and time (F1,103 = 1, p = 0.339). Additionally, the model 

revealed no significant effects of behavior*time (F3,103 = 2, p = 0.110), group*behavior 

(F3,103 =1, p = 0.913), and group*time*behavior (F3,103 = 1, p = 0.866). These findings are 

consistent with a lack of evidence for an effect of DNV on diaphragm RMSpeak.

3.3. Estimated central respiratory drive (RMS75)

Neural drive to phrenic motoneurons (central respiratory drive) was estimated by RMS75 

(normalized RMS value at 75 ms after onset of activity) as previously described (Gill et al., 

2015; Seven et al., 2014). RMS75 across all behaviors and at each time are plotted in Fig. 4. 

In the control group, the mixed linear model revealed a significant difference in RMS75 

across behaviors (F3,48 = 12, p < 0.001), but not time (F1,48 = 2, p = 0.218) or the interaction 

of behavior and time (F3,48 = 1, p = 0.977). RMS75 during airway occlusion was ~2 times 

the RMS75 during eupnea, hypoxia-hypercapnia, and sigh, all of which were not 

significantly different from one another. In the DNV group, there was a significant effect on 

RMS75 across behaviors (F3,87 = 41, p < 0.001), but not time (F2,87 = 3, p = 0.055) or the 
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interaction of behavior and time (F2,87 = 2, p = 0.181), consistent with no evidence for an 

effect of DNV on RMS75.

3.4 Ventilatory Parameters

Table 1 shows ventilatory parameters determined from Pdi signals and includes respiratory 

rate, inspiratory duration, duty cycle, and the tension-time index for both control and DNV 

groups. Respiratory rate, inspiratory duration, and duty cycle were obtained by semi-

automated analysis of the Pdi signal for each animal (Medina-Martinez et al., 2015), while 

the tension-time index was calculated as described in the Materials & Methods.

In the control group, the mixed linear model revealed significant differences in respiratory 

rate (F1,21 = 39, p < 0.001) and duty cycle (F1,21 = 23, p < 0.001), but not inspiratory 

duration (F1,21 = 1, p = 0.290) across ventilatory behaviors. There were no effects of time or 

behavior*time interaction on any of these respiratory parameters (p ≥ 0.230 and p ≥ 0.483, 

respectively). In the DNV group, significant effects of behavior and time on respiratory rate 

(F1,40 = 58, p < 0.001 and F2,40 = 11, p < 0.001, respectively) and duty cycle (F2,40 = 52, p < 

0.001 and F2,40 = 17, p = 0.030, respectively) were observed. There was a significant 

difference in inspiratory duration of time (F2,40 = 73, p < 0.001), but not behavior (F1,40 = 1, 

p = 0.525). There was no behavior*time interaction on any of these respiratory parameters (p 

≥ 0.665).

Respiratory rate was significantly greater during hypoxia-hypercapnia compared to eupnea 

in both the control and DNV groups (~30% increase), as expected. There was no difference 

in respiratory rate between baseline measurements and immediately after DNV across 

behaviors, but there was a significant increase by 14 days after DNV (~15%). In both the 

control and DNV groups, inspiratory duration during sighs and occlusion was significantly 

greater than during eupnea and hypoxia-hypercapnia, both of which were not different from 

each other. Inspiratory duration during ventilatory behaviors increased significantly (~30%) 

after DNV compared to baseline and returned to baseline by 14 days. Accordingly, duty 

cycle during hypoxia-hypercapnia was significantly greater than during eupnea in both 

groups (~20%). Additionally, duty cycle was significantly greater (~20%) immediately after 

DNV compared to both the pre-injury baseline and 14 days afterwards.

In the control group, the mixed linear model revealed a significant effect on the tension-time 

index of behavior (F1,21 = 12, p = 0.002), but not time (F1,21 = 1, p = 0.138), or the 

behavior*time interaction (F1,21 = 1, p = 0.930). The tension-time index was higher during 

hypoxia-hypercapnia compared to during eupnea, as expected with increased chemical drive. 

In the DNV group, the mixed linear model revealed a significant effect on the tension-time 

index of behavior (F1,40 = 32, p < 0.001) and time (F2,40 = 15, p < 0.001), but not the 

behavior*time interaction (F2,40 = 2, p = 0.126). Similar to the control group, in the DNV 

group tension-time index during hypoxia-hypercapnia was higher (~50%) than during 

eupnea. The tension-time index increased significantly after DNV (~60%) and remained 

elevated above baseline after 14 days (~50%).
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4. Discussion

In the present study, Pdi during ventilatory behaviors is unaffected by unilateral DNV even 

when stimulated by hypoxia-hypercapnia. In contrast, Pdi during higher force non-

ventilatory behaviors is reduced by DNV. These results are consistent with our previous 

observation in rats immediately following DNV (Gill et al., 2015) and generally consistent 

with studies in dogs and humans (Hart et al., 2002; Hillman et al., 1988; Katagiri et al., 

1994; Lisboa et al., 1986). However, the present study examined longer term effects of DNV, 

extending these previous results by showing that there is partial recovery of ventilatory 

patterns and the ability to generate Pdi during higher force non-ventilatory behaviors by 14 

days after DNV. Inspiratory duration and duty cycle were prolonged immediately after DNV, 

but returned to baseline by 14 days. Diaphragm RMSpeak and RMS75 (an estimate of central 

respiratory drive) were unchanged by DNV during different motor behaviors both 

immediately and after 14 days. These findings indicate that by 14 days after DNV, 

compensatory changes in the force generation by inspiratory muscles including the 

diaphragm partially restore the ability to generate Pdi during higher force behaviors.

4.1. Effect of unilateral DNV on Pdi

There was no evidence of an effect of DNV on Pdi during ventilatory behaviors. The pre-

injury baseline Pdi was 8–9 cm H2O during both eupnea and hypoxia-hypercapnia and 

remained at this level after DNV. These ventilatory Pdi values are consistent with previously 

reported values across various species including rats (Gill et al., 2015; Greising et al., 2013b; 

Mantilla et al., 2010; Sieck, 1991; Sieck, 1994; Sieck et al., 1989; Watchko et al., 1986). In 

the present study, it was not possible to repeatedly measure maximum Pdi (Pdimax) using 

bilateral phrenic nerve stimulation, but Pdimax in the rat is 37 cm H2O (Gill et al., 2015; 

Mantilla et al., 2010). Accordingly, the Pdi generated during ventilatory behaviors was 

~25% of Pdimax. Previously, we reported that immediately after DNV, Pdimax decreased 

from 37 to 23 cm H2O (Gill et al., 2015). Thus, the Pdi during ventilatory behaviors 

immediately after and 14 days after DNV represent a greater fraction of Pdi that can be 

maximally elicited by the intact hemidiaphragm (~40%). This level of force generation is 

expected to require the recruitment of additional motor units and/or an increase in the 

discharge rate of recruited motor units (Mantilla et al., 2011b; Sieck, 1991; Sieck et al., 

1989). On the other hand, Pdi amplitude during higher force behaviors (sigh and occlusion) 

was not maintained after DNV. At baseline, the Pdi generated during sighs was 21 cm H2O 

(~55% of Pdimax), in agreement with our previous reports in rats (20–23 cm H2O) (Gill et 

al., 2015; Mantilla et al., 2010). Immediately after DNV, Pdi during sighs decreased to 14 

cm H2O, which would still be ~55% of post-DNV Pdimax.

The pre-injury baseline Pdi generated during airway occlusion in the present study was 31 

cm H2O, which is higher than previously reported values of 23 cm H2O (Gill et al., 2015; 

Mantilla et al., 2010). In fact, the Pdi value for occlusion observed in the present study 

approximated the Pdimax previously reported in rats (37 cm H2O) (Gill et al., 2015; Mantilla 

et al., 2010). This occlusion Pdi would amount to ~85% of Pdimax compared to ~60% in 

previous studies. It is possible that this difference is due to the technique used for airway 

occlusion. In the present study, because of the need to perform repeated measurements, we 
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employed nasopharyngeal occlusion rather than tracheal occlusion, which may have 

stimulated trigeminal afferents. Regardless, occlusion Pdi decreased to 20 cmH2O 

immediately after DNV and by 14 days after DNV, occlusion Pdi increased to 27 cmH2O, 

which would approximate the Pdi that can be maximally elicited by the intact 

hemidiaphragm (Gill et al., 2015). It is possible that immediately after DNV, the excitability 

of the phrenic motoneuron pool is suppressed such that there is insufficient recruitment of 

diaphragm motor units and thus a lower occlusion Pdi. With time, excitability of the phrenic 

motoneuron pool may be restored allowing near maximal recruitment during airway 

occlusion. Indeed, in limb muscles subjected to chronic compensatory loading induced by 

synergist ablation, motoneuron excitability (as measured by the threshold properties of 

motoneurons) reportedly increased over time (Krutki et al., 2015). In the case of the 

diaphragm muscle, both hemidiaphragms are activated synchronously and are synergistic 

during ventilatory behaviors (De Troyer et al., 2003). However, motor unit properties show 

inconsistent responses to injury that may reflect at least in part the time post-injury and the 

injury model itself (Baltina et al., 2006; Harvey et al., 2006; Thomas et al., 2016; 

Tissenbaum et al., 1991). Future studies are needed to elucidate the contribution of motor 

units in the intact hemidiaphragm and the impact of motoneuron axotomy on the properties 

of motor units in synergist muscles. Another possibility is that other respiratory muscles 

(e.g., chest wall muscles) may be increasing their contribution to generating Pdi when the 

diaphragm force generating capacity is chronically compromised. A number of studies 

document a limited contribution of isolated chest wall muscles to breathing during cases of 

temporary or permanent diaphragm inactivation in both dogs and humans (Campbell, 1955; 

De Troyer et al., 2005; Legrand et al., 2003; Raper et al., 1966; Wilson et al., 2001). The 

specific contribution of chest wall muscles to Pdi is not well characterized in rats, and there 

are almost certainly species differences. For instance, in humans the bilateral maximal 

activation of all inspiratory related chest wall and neck (i.e., the sternocleidomastoid and 

scalene) muscles would cause a pressure change of only ~−25 cm H2O (Legrand et al., 

2003), which represents ~15% of Pdimax in humans (Laporta et al., 1985). In agreement, 

humans with bilateral diaphragm muscle paralysis can generate pleural pressures of 

approximately −30 cm H2O (~20% Pdimax) against an occluded airway (Celli et al., 1987; 

Laroche et al., 1988). Conversely, in dogs, the bilateral maximal stimulation of inspiratory 

related chest wall and neck muscles would cause a pressure change of ~−15 cm H2O (De 

Troyer et al., 2005; De Troyer et al., 1998a; De Troyer et al., 1998b), which represents ~25% 

of Pdimax in dogs (De Troyer et al., 2003). If we extrapolate these data to rats, maximally 

activated inspiratory related chest wall muscles in rats would generate between ~6 and ~9 

cm H2O (~15% and ~25% of Pdimax, respectively) (Gill et al., 2015; Mantilla et al., 2010). 

In the present study, Pdi during occlusion increased from 20 cm H2O immediately after 

unilateral DNV to 27 cm H2O 14 days later. Thus, it is possible that the bilateral maximal 

contraction of inspiratory related chest wall muscles including external and parasternal 

intercostal, scalene, sternocleidomastoid, and triangularis sterni muscles could be 

responsible for this additional pressure generation. As an initial approximation to investigate 

this possibility, the relative contributions of changes in Pes and Pga were analyzed as 

proposed by Macklem et al. (1978). The slope of the relationship between esophageal and 

gastric pressures for various behaviors generally reflects the relative contributions of chest 

wall inspiratory muscles and the diaphragm to Pdi. The average slope of this relationship 
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showed no significant difference over time after DNV. Importantly, analysis of the relative 

contributions of Pes and Pga is best suited for controlled conditions with human subjects, 

where particular pressures can be generated as requested by the investigators (Macklem et 

al., 1978). Under experimental conditions with anesthetized rats, the behaviors examined to 

evaluate varying levels of force generation using Pdi do not reflect controlled conditions for 

a single behavior with different levels of force. This may complicate interpretation of this 

technique in the present study. It is also worth noting that an overall increase in respiratory 

drive resulting in near-maximal contraction across multiple inspiratory related muscles was 

not reflected in the contralateral (intact) hemidiaphragm RMS75. However, based on the 

findings of the current study, diaphragm EMG activity may not appropriately reflect changes 

in force production over time after DNV, possibly indicative of changes in the 

electromechanical coupling of the intact hemidiaphragm.

4.2. Effect of unilateral DNV on diaphragm EMG

The EMG time series is a spatially weighted sum of motor unit action potential trains 

(Basmajian et al., 1985). Previously, we showed a strong, linear correlation between 

diaphragm RMSpeak and Pdi across a range of motor behaviors (r2 = 0.78) in intact rats 

(Mantilla et al., 2010). However, in the present study, changes in Pdi over time after DNV 

were not associated with concordant changes in diaphragm RMSpeak activity. The tension-

time index was used as an estimate of the efficiency of diaphragm activation before, 

immediately after, and 14 days after DNV. Importantly, in the DNV group, the tension-time 

index increased after DNV and remained elevated above baseline after 14 days, consistent 

with an increased contribution of more fatigable motor unit types to force generation 

following inactivation of half of the motor unit pool after DNV. These findings suggest 

compensatory changes in the electromechanical coupling of the intact hemidiaphragm after 

DNV.

Increasing force in skeletal muscles can be accomplished by recruiting motor units and/or 

increasing the discharge frequency of recruited motor units (Mantilla et al., 2011b; Sieck, 

1991; Sieck et al., 1989), neither of which is directly displayed in EMG. It is important to 

note that the level of synchrony in motor unit activation is directly related to the amplitude 

of the EMG signal (Yao et al., 2000). Discharge frequencies of motor units are modulated 

during motor behaviors as the level of activation increases (Seven et al., 2014), and this 

could occur in the intact hemidiaphragm after DNV. Importantly, increased recruitment of 

motor units or firing frequency only contribute to increased EMG amplitude when there is 

synchrony in motor unit activation and result in inconsistent effects if there is destructive 

interference between the multiple motor unit action potential trains. As a result, RMS EMG 

could remain relatively unchanged after DNV. In this regard, compound EMG recordings do 

not directly provide the necessary information to elucidate these possibilities, which may be 

elucidated by analysis of individual motor unit activity across many motor units. 

Unfortunately, these analyses are limited by the sampling of few motor units per 

hemidiaphragm and the inability to discriminate motor units as the level of force generation 

increases (Seven et al., 2014). The present results provide important, novel information 

about the restoration of Pdi during higher force motor behaviors over time after DNV.
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5. Conclusion

Unilateral DNV removes all input from the ipsilateral hemidiaphragm. Since re-innervation 

does not occur within 14 days, all recovery can be attributed to compensatory mechanisms 

related neuroplasticity in respiratory motor control. As the primary inspiratory muscle, the 

diaphragm is the most likely candidate for changes in activity to occur after unilateral DNV. 

Future studies may use recently developed decomposition techniques for motor unit action 

potential recordings from multisite EMG electrodes in order to discriminate large numbers 

of motor units across a range of motor behaviors (De Luca et al., 2015; Nawab et al., 2010; 

Parsaei et al., 2010). Compensatory activation of inspiratory related chest wall and neck 

muscles may contribute to ameliorating the decreased Pdi during higher force behaviors 

after DNV. Examining the effect of unilateral diaphragm paralysis on an array of respiratory 

muscles – particularly the external and parasternal intercostal muscles bilaterally in 

conjunction with the diaphragm may be necessary to elucidate their relative contribution 

over time after DNV. Such studies could consider the differences in activation of intercostal 

muscles across thoracic segments that depend on position and that have been documented 

across species (De Troyer et al., 2005). The results of the present study suggest that 

compensatory changes in inspiratory muscles including the intact hemidiaphragm may 

emerge over time in conditions of unilateral paralysis.
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Highlights

• Simultaneous Pdi and diaphragm EMG measurements provide information 

about neuroplasticity in motor control after chronic unilateral diaphragm 

denervation (DNV).

• Pdi amplitude during ventilatory behaviors was unimpaired, but inspiratory 

duration and duty cycle increased immediately after DNV before returning to 

baseline 14 days later.

• A ~45% decrease in Pdi amplitude during airway occlusion immediately after 

DNV was ameliorated to ~25% by 14 days later.

• Compensatory activation of inspiratory related muscles other than the 

diaphragm may account for increased Pdi during higher force behaviors over 

time.
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Figure 1. 
Representative bilateral (L, left; R, right) tracings from a single animal in the denervation 

group displaying compound diaphragm EMG, root mean square (RMS) EMG, and 

transdiaphragmatic pressure (Pdi) at baseline (PRE), immediately after unilateral 

denervation (DNV), and 14 days afterwards (D14) across eupnea, hypoxia-hypercapnia 

(10% O2–5% CO2), spontaneous deep breaths (sighs), and airway occlusion. Pdi during 

higher force behaviors showed a significant decrease immediately after denervation and 

partial recovery by 14 days. Note diaphragm activity in bursts across behaviors and complete 

absence of ipsilateral activity after denervation (DNV and D14). ECG artifact is visible in 

the EMG tracings. The scale bars represent voltage (in mV for the EMG and RMS EMG 

signals), pressure (in cmH2O for Pdi) and time (in s for all signals).
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Figure 2. 
Pdi amplitude (mean ± SE) during ventilatory and higher force, non-ventilatory behaviors at 

baseline (PRE, white bars), after unilateral denervation (DNV, black bars), and 14 days after 

baseline (D14, gray bars) in control (A, n = 8; n=6 for sigh) and denervation groups (B, n = 

9; n = 8 for sigh). Main effects from the mixed linear model are presented in the text box and 

pairwise comparisons denoted by the significance symbols. As expected, Pdi amplitude 

during sigh and occlusion is higher than for hypoxia-hypercapnia and eupnea in both groups 

at all time-points. There were no differences over time in the control group (see 3.1). In the 

denervation group, Pdi amplitude during sigh and airway occlusion was significantly 

reduced immediately after unilateral denervation, but only during airway occlusion by 14 

days afterwards. *, different from eupnea for the same time-point (p < 0.05); †, different 

from hypoxia-hypercapnia for the same time-point (p < 0. 05); ‡, different from sigh for the 

same time-point; a, different from PRE for the same motor behavior (p < 0.05); b, different 

from DNV for the same motor behavior (p < 0.05).
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Figure 3. 
Peak RMS EMG (normalized to the peak RMS EMG during sigh at baseline; RMSpeak) 

during ventilatory and higher force, non-ventilatory behaviors at baseline (PRE, white bars), 

after unilateral denervation (DNV, black bars), and 14 days after baseline (D14, gray bars) in 

control (A, n = 8; n=6 for sigh) and denervation groups (B, n = 9; n = 8 for sigh). Main 

effects from the mixed linear model are presented in the text box and pairwise comparisons 

denoted by the significance symbols. As expected, RMSpeak during sigh and occlusion is 

higher than for hypoxia-hypercapnia and eupnea in both groups at all time-points. There was 

a significant effect of time on RMSpeak in both groups, but no effect of denervation (see 3.2). 

*, different from eupnea for the same time-point (p < 0.05); †, different from hypoxia-

hypercapnia for the same time-point (p < 0. 05).
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Figure 4. 
Neural drive to phrenic motoneurons (central respiratory drive) estimated by the RMS EMG 

value at 75 ms after onset (normalized to peak RMS EMG during sigh at baseline; RMS75). 

RMS75 is shown across motor behaviors at baseline (PRE, white bars), after unilateral 

denervation (DNV, black bars), and 14 days after baseline (D14, gray bars) in control (A, n = 

8; n=6 for sigh) and denervation groups (B, n = 9; n = 8 for sigh). Main effects from the 

mixed linear model are presented in the text box and pairwise comparisons denoted by the 

significance symbols. As expected, RMS75 during occlusion was significantly greater than 

RMS75 during eupnea, hypoxia-hypercapnia, and sigh. There was no statistically significant 

effect on RMS75 as a result of chronic denervation (see 3.3). *, different from eupnea for the 

same time-point (p < 0.05); †, different from hypoxia-hypercapnia for the same time-point 

(p < 0.05); ‡, different from sigh for the same time-point (p < 0.05).
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