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Abstract 

Repetitive transcranial magnetic stimulation (rTMS) is a promising, innovative, and 

non-invasive therapy used clinically. Efficacy of rTMS has been demonstrated to 

ameliorate psychiatric disorders and neuropathic pain through neuromodulation of 

affected neural circuits. However, little is known about the mechanisms and the 

specific neural circuits via which rTMS facilitates these functional effects. The aim of 

this study was to begin revealing the mechanisms by which rTMS may tap into 

existing neural circuits, by using a well characterized spinal motor circuit – the 

phrenic circuit. Here we hypothesized that rTMS can be used to enhance phrenic 

motoneuron excitability in anesthetized Sprague Dawley rats. Multiple acute rTMS 

protocols were used revealing 10Hz rTMS protocol induced a robust, long-lasting 

increase in phrenic motoneuron excitability, functionally evaluated by diaphragm 

motor evoked potentials (59.1 ± 21.1% of increase compared to baseline 60 min after 

10Hz protocol against 6.0 ± 5.8% (p=0.007) for Time Control, -5.8 ± 7.4% (p<0.001) 

for 3Hz, and 5.2 ± 12.5% (p=0.008) for 30Hz protocols). A deeper analyze allowed to 

discriminate “responder” and “non-responder” subgroups among 10Hz rTMS treated 

animals. Intravenous injections of GABAA and GABAB receptor agonists prior to 10Hz 

rTMS treatment, abolished the enhanced phrenic motoneuron excitability, suggesting 

GABAergic input plays a mechanistic role in rTMS-induced phrenic excitability. These 

data demonstrate that a single high frequency rTMS protocol at 10Hz increases 

phrenic motoneuron excitability, mediated by a local GABAergic “disinhibition”. By 

understanding how rTMS can be used to affect neural circuits non-invasively we can 

begin to harness the therapeutic potential of this neuromodulatory strategy to 

promote recovery after disease or injury to the central nervous system.  
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1. Introduction 

One of the major challenges in the medical community is to develop reliable, 

non-invasive, and painless therapeutics for treating neurological disorders. Repetitive 

transcranial magnetic stimulation (rTMS) is a promising therapeutic already 

implemented in the clinic to treat many disorders including depression (Jassova et al., 

2019; Martin et al., 2017; McClintock et al., 2018), stroke (Sebastianelli et al., 2017) 

or post-traumatic stress disorder (Kozel, 2018; Yan et al., 2017). High frequency 

rTMS, delivered below the motor threshold has also been shown to induce long 

lasting neuromodulatory behavioral effects (Ziemann et al., 2008). Apart from using 

high frequency rTMS as a therapeutic, a single pulse of TMS delivered above the 

motor threshold on the primary cortical areas has been used to evaluate muscle 

function by recording specific motor evoked potentials (MEP) in humans (Petrosyan 

et al., 2017), including diaphragmatic MEP (MEPdia) during stimulation of diaphragm 

motor cortex (Davey et al., 1996; Khedr and Trakhan, 2001; Lissens, 1994; Maskill et 

al., 1991; Mehiri et al., 2006; Sharshar et al., 2003). Despite these beneficial effects, 

little is known about how rTMS or single pulse TMS results in these neurological 

outcomes.  

We have previously used a preclinical model of respiratory neurobiology to 

explore the effects of TMS on the phrenic motor circuit (Vinit et al., 2016). The 

phrenic motoneuron pool located within the spinal cord (cervical segments C3-C6) is 

innervated by supraspinal connections from cortical and brainstem neurons in human 

(Gandevia and Rothwell, 1987; Maskill et al., 1991), cat (Lipski et al., 1986) and rat 

(Alexandrov et al., 2007). The spinal phrenic network (moto- and interneurons) 

receives excitatory and inhibitory input from supraspinal and spinal interneurons, 

which can directly modulate phrenic motor output and diaphragm activity (Lane et al., 



2008; Tian et al., 1998; Zholudeva et al., 2018). The neurorespiratory circuit is well 

known for being sensitive to neuromodulation, which can be elicited by a variety of 

factors including injury, hypoxia, hypercapnia or even stress (Mitchell and Johnson, 

2003; Richard et al., 2013). Using a human-adapted figure-of-eight coil in naive and 

cervical spinal cord-injured Sprague Dawley rats, we demonstrated that a single 

pulse of TMS through the skull results in neuronal depolarization within cortical and 

subcortical areas (Vinit et al., 2016; Vinit et al., 2014). The elicited action potential 

volleys propagate through corticospinal pathways to several muscles, including the 

diaphragm.  

The neuromodulating effects of rTMS depends on stimulation frequency, 

number of pulses and intensity. Traditionally, low-frequency rTMS protocols (≤5Hz) 

induce a reduction in excitability (long-term depression-like effect) (Trippe et al., 

2009) whereas high-frequency protocols (≥10Hz) lead to an increase in neuronal 

excitability (long-term potentiation-like effect) (Hoogendam et al., 2010; Tang et al., 

2017), the latter being of high interest for enhancing neuroplasticity. However, only a 

few studies have tried to decipher the molecular effect of high frequency rTMS 

protocols. In fact, 10Hz rTMS has proven to attenuate inhibitory neuron activity and 

decrease inhibitory synaptic strength. This effect was accompanied by a 

destabilization of gephyrin clusters (scaffolding protein that bind to ionotropic γ-

aminobutyric acid (GABA) receptor) in vitro and this observation was validated in vivo 

in anesthetized mice (Lenz et al., 2016). Taken together, molecular studies on rTMS 

show that a 10Hz rTMS modifies the excitation/inhibition balance which leads to a 

“local disinhibition”, and increased excitability (Lenz and Vlachos, 2016). Interestingly, 

theta burst stimulation (TBS) protocols also induce a decrease of activity markers in 

excitatory and inhibitory neurons whereas synaptic activity markers increased 



following repeated stimulation (Volz et al., 2013), and this magnetic stimulating 

protocol can modulate the activity of some classes of inhibitory cells in rats (Benali et 

al., 2011). 

The present work tests several rTMS protocols in vivo in naïve Sprague 

Dawley rats in their potential for increasing phrenic motoneuron excitability and 

investigates the role of GABAergic networks within this neuromodulatory pathway. 

Increasing the neurorespiratory excitability with an adequate rTMS protocol could be 

used as a therapeutic to improve ventilation in breathing disorders such as 

respiratory deficits caused by cervical spinal cord injury. 

 

2. Material and Methods 

2.1. Ethics statement 

Experiments reported in this manuscript were performed at two institutions, 

adhering to their respective policies. Adult female, Sprague-Dawley rats (Envigo; n=6, 

250-280g) were used for neuroanatomical tracing, adhering to policies laid out by the 

National Research Council Guidelines for the Care and Use of Laboratory Animals 

and approved by the Institutional Animal Care and Use Committee at Drexel 

University (USA). Animals were housed in groups of three, with access to food and 

water ad libitum on a 12-hour light/dark cycle. Adult Sprague–Dawley male rats 

(Janvier, France; n=55, 350-450g) were used for transcranial magnetic stimulation 

experiments, approved by the Ethics Committee of the University of Versailles Saint-

Quentin-en-Yvelines and complied with the French and European laws (EU Directive 

2010/63/EU) regarding animal experimentation (Apafis #2017111516297308_v3). 

The animals were dual housed in individually ventilated cages in a state-of-the-art 



animal care facility (2CARE animal facility, accreditation A78-322-3, France), with 

access to food and water ad libitum on a 12-hour light/dark cycle.  

 

2.2. Transcranial magnetic stimulation (TMS)  

TMS was performed using the magnetic stimulator MAGPRO R30 

(Magventure, Farum, Denmark) connected to a figure-of-eight coil (Cool-B65) 

delivering a unique biphasic pulse with an intensity of the stimulus expressed as a 

percentage of maximum output of the stimulator (% MO). The MO was set at 90%, 

and the center of the coil was placed at 6 mm caudal to Bregma, above the animal’s 

skull. This position and the MO have been shown to always elicit a specific 

diaphragmatic Motor Evoked Potential (MEPdia) from supraspinal stimulation, as we 

previously published (Vinit et al., 2014). In total, each animal received no more than 

100 single pulses of TMS with an interpulse duration above 15s to avoid low 

frequency repetitive TMS-like effects. This protocol was used to elicit specific MEPdia 

in order to evaluate the excitability of the phrenic motor circuit.  

 

2.3. Acute repetitive TMS (rTMS) protocols 

rTMS protocols were also applied in anesthetized animals, at -6mm caudal to 

Bregma. They consisted of 9 trains of 100 biphasic pulses (900 stimulations per 

protocol) at 3 different frequencies [low frequency (3Hz), high frequency (10Hz) and 

very high frequency (30Hz)]. Each train was separated by 30 second intervals 

delivered at 50% of MO [below the motor threshold, as we previously published (Vinit 

et al., 2014)]. Control animals received a sham rTMS protocol (e.g. no stimulation), 

with total duration the same as rTMS treated animals.  

 



2.4. GABA agonist administration  

To investigate the role of the GABAergic system in plasticity elicited by rTMS, 

two GABA receptor agonists were used in this study: 0.05 mg of Clonazepam 

(Rivotril), a GABAA receptor agonist delivered at 1 mg/ml as a single intravenous 

injection, and 0.3 mg of Baclofen (BACLOFENE AGUETTANT), a GABAB receptor 

agonist delivered at 2 mg/ml as a single intravenous injection. Blood samples (1 ml) 

were drawn 5 min after agonist injection, but prior to rTMS, and at the end of each 

experiment (60 min after rTMS) to evaluate plasma concentration of agonists 

throughout the experiment. Blood samples in heparin tubes were centrifuged for 5 

min at 0.8 x g (room temperature). The plasma was collected (around 400 µl per 

sample) and stored at -80°C for further analysis of drug dose. 

Baclofen and Clonazepam were quantified in rat plasma using liquid 

chromatography coupled to tandem mass spectrometry detection (LC-MS/MS TSQ 

Endura, ThermoFischer Scientific, Les Ulis, France) derived from a method 

previously published (Imbert et al., 2015) using baclofen-D4 and alprazolam-D5 as 

internal standard (IS), respectively. Briefly, 10 µL of IS and 100 µL of a mixture of 

methanol/H2O (70/30, v/v) was added to 50 µL of plasma. After agitation and 

centrifugation, supernatant was directly injected in the chromatogram. Data were 

collected in selected reaction monitoring mode using the transition m/z 214.1 � m/z 

151.1 and m/z 218.1 � m/z 154.1 for baclofen and its IS, and m/z 316.1 � m/z 

270.1 and m/z 314.5 � m/z 286.2 for clonazepam and its IS. Intra and inter-day 

precisions of the method were below 12.7% and accuracy between 95% and 107%. 

Limits of quantification were 20 ng/mL and 5 ng/mL for baclofen and clonazepam, 

respectively. 

 



2.5. Electrophysiological recordings 

55 animals were used for electrophysiological recordings. They were randomly 

divided into 8 groups: Sham rTMS (n = 6), 3Hz rTMS (n = 5), 10Hz rTMS (n = 22), 

30Hz rTMS (n = 6), Sham rTMS + Clonazepam (n = 3), Sham rTMS + Baclofen (n = 

3), 10Hz rTMS + Clonazepam (n = 4) and 10Hz rTMS + Baclofen (n = 6). 

Electrophysiological recordings of diaphragm activity were used to functionally 

evaluate the effects of rTMS on the phrenic motor circuit. Briefly, anesthesia was 

induced using isoflurane (5% in 21% O2 balanced) in an anesthesia chamber and 

maintained through a nose cone (2.5% in 100% air balanced). A 25G catheter was 

placed into the tail vein and the animals were tracheotomized and pump ventilated 

(Rodent Ventilator, model 683; Harvard Apparatus, South Natick, MA, USA). The 

ventilation rate (frequency > 72 breaths per minute, tidal volume: 2.5 ml) was 

adjusted to reduce the end-tidal CO2 value below the animals’ central apneic 

threshold throughout the experiment to avoid recording spontaneous diaphragm 

contractions. During the recordings, animals were placed on a heating pad to 

maintain a constant body temperature (37.5 ± 0.5 °C) and their rectal temperature 

was continuously monitored throughout the experiment. Arterial pressure was 

measured through a catheter inserted into the right femoral artery. Arterial and 

tracheal pressures were monitored continuously with transducers connected to a 

bridge amplifier (AD Instruments, Dunedin, New Zealand). Isoflurane anesthesia was 

then slowly converted to urethane anesthesia (1.8 g/kg, i.v.; Sigma-Aldrich). The 

depth of anesthesia was confirmed by the absence of response to toe pinch. A 

laparotomy was performed, and the liver was gently moved caudally to access the 

diaphragm. Gauze soaked with warm phosphate-buffered saline was placed on the 

liver to prevent dehydration. The head of the animal was placed on a non-magnetic 



custom-made stereotaxic apparatus which allowed its positioning from the center of 

the figure-of-eight coil to -6 mm from Bregma, at an angle of 0°, as previously 

described (Vinit et al., 2014). Two custom-made hooked bipolar electrodes were 

placed on each mid-costal part of the diaphragm and left in place for the entire 

duration of the experiment. MEPdia induced by a single pulse of TMS was recorded 

(summation of 5 to 10 TMS pulses between 2 heart beats, max 10 trials at 90% of 

MO). Then rTMS (3, 10 or 30Hz at 50% MO) protocol or Sham rTMS (i.e. same 

duration without stimulation) was applied and MEPdia was recorded at 1, 10, 20, 40 

and 60 min post-rTMS (with a summation of 10 pulses of TMS at 90% MO). 

Recipients of GABA agonists received MEPdia recording before and 5 min after the 

injection (just prior to rTMS protocol). These electromyographic signals were 

amplified (gain, 1k; A-M Systems, Everett, WA, USA) and band pass-filtered (100Hz 

to 10kHz). The signals were then digitized with an 8-channel Powerlab data 

acquisition device (Acquisition rate: 100 k/s; AD Instruments, Dunedin, New Zealand) 

connected to a computer and analyzed using LabChart 8 Pro software (AD 

Instruments, Dunedin, New Zealand). 

 

2.6. Neuroanatomical Tracing  

A retrograde, transynaptic viral tracing technique (pseudorabies virus, PRV) 

was used to label the phrenic motor circuit in naïve, Sprague Dawley rats as 

previously described (Lane et al., 2008). Briefly, animals were anesthetized with 

isoflurane (4% induction, 2% maintenance in 100% O2), ventral side shaved and 

sterilized with alternating wipes of ethanol and betadine prior to a laparotomy to 

expose the diaphragm. PRV was then topically applied to the left hemi-diaphragm 

(50µl). Overlying muscle was sutured, skin was closed with wound clips and 



analgesic (Buprenorphine, 0.025mg/kg s.q.) and Lactated Ringers (5mL, s.q.) were 

given post operatively. Animals were sacrificed 72 hours after PRV tracing by an 

overdose of Beuthanasia-D Solution, and transcardially perfused with ice-cold 

physiological saline (0.9% NaCl in water) followed by ice-cold paraformaldehyde 

(PFA, 4% w/v in 0.1M PBS, pH 7.4). The brain and spinal cord were dissected and 

post-fixed in 4% PFA until further processing. The PRV recombinant used in this 

study (PRV614, 1x108 pfu) was provided by Dr. David Bloom (University of Florida). 

Primary antibodies (polyclonal rabbit) to PRV were generously donated by Dr. Lyn 

Enquist (Princeton University). 

 

2.7. Immunohistochemistry  

Spinal cord tissue spanning caudal brainstem to beginning of thoracic spinal 

cord (T1) was blocked and cryoprotected (15% then 30% sucrose w/v in PBS, 

overnight), and sectioned (horizontal, on-slide 30µm). Sections were rehydrated in 

0.1M PBS for 15 min and blocked against endogenous peroxidase activity (30% 

methanol, 0.6% hydrogen peroxide in 0.1M PBS) for 1 hour at room temperature. 

Sections were then washed for 15 min in 0.1M PBS and blocked against non-specific 

protein labeling (10% normal donkey serum in 0.1M PBS with 0.02% Triton-X) for 1 

hour at room temperature. Primary antibodies (Table 1) were applied to tissue in 

blocking solution overnight at room temperature. The following day, tissues were 

washed for 15 min (3 x 5 min of 0.1M PBS) prior to application of secondary 

antibodies (Table 1) in blocking solution for 2 hours at room temperature. Stained 

sections were then washed for 15 min (3 x 5 min of 0.1M PBS), allowed to dry, and 

cover-slipped with fluorescence mounting medium (Fluoromount-G, 



SouthernBiotech). Sections were imaged using a Zeiss AxioImager microscope with 

Apotome 2 and digital camera (Zeiss Axiocam MRm) attached to a Dell PC. 

 

2.8. Data processing and statistical analyses 

Diaphragm electromyography traces for each side (at least 5 MEPdia) were 

averaged and superimposed using LabChart Pro software (AD Instruments) prior to, 

1, 10, 20, 40 and 60 min post-rTMS treatment. The baseline-to-peak amplitude of the 

first wave of each superimposed MEPdia was calculated. The mean arterial pressure 

(MAP) for each time point was also evaluated. Two-way ANOVA (Fisher LSD Method 

for multiple comparisons) was used to compare MEPdia throughout the experiment 

and between different rTMS protocols. To compare GABA agonist recipients, a 

Student’s paired t-test or a Wilcoxon t-test was used to compare MEPdia amplitude 

and MAP before and after delivery of agonists to determine statistical differences 

between animals, over duration of the experiment.  

An exponential regression was used on the MEPdia data collected from 

animals stimulated with 10Hz rTMS to evaluate the percent of animals that 

responded to the rTMS treatment compared to Sham rTMS. Regression coefficient 

R2 was calculated. These groups have been designed by comparing the 10Hz 

treated animals’ individual percentage of variation MEPdia values with the Mean 

percentage of variation MEPdia of the Sham rTMS group ± a given Standard 

Deviation (SD) at 60 min post-rTMS. Calculation of the given SD that can be 

considered as the threshold from “non-responder” to “responder” used Chebyshev’s 

Theorem applied to the Sham rTMS population. According to this theorem, at least 

75% of the Sham rTMS group values are between the mean ± 2SD. In the present 

study, all the Sham rTMS values lay between Mean ± 2SD, giving the guarantee that 



10Hz group values, which are above this threshold of Sham rTMS Mean ± 2SD, do 

not overlap with Sham rTMS group values. Thus, 10Hz treated rats presenting values 

above this threshold are considered as “responder” to this treatment, whereas others 

below the threshold are considered as “non-responders”. For evaluating the 

significant effect of rTMS treatment on MEPdia percentage variation at 60 min 

compared to baseline, a Kruskal-Wallis One-way ANOVA (Dunn’s Method) was 

performed. 

All the data were presented as mean ± SEM and statistics were considered 

significant when p<0.05. SigmaPlot 12.5 software was used for all analyses. 

 

3. Results 

3.1. rTMS results in increased excitability of diaphragm muscle  

A single pulse of TMS delivered above the motor threshold (90% of MO) 

~6mm above the Bregma always induces a MEPdia that can be recorded by 

electrodes implanted into the diaphragm for each animal (Figures 1A, 1B). All values 

taken before rTMS treatment were normalized to the baseline. Then the percentage 

of variation for each group at each time post-rTMS was evaluated. No significant 

differences in MEPdia amplitude were detected between Sham rTMS, 3Hz, 10Hz and 

30Hz groups at 1 min, 10 min, 20 min and 40 min post-rTMS. However, the 10Hz 

treated group presented a significant increase in MEPdia amplitude compared to 

Sham rTMS, 3Hz and 30Hz groups at 60 min post-stimulation (Figure 1C). There 

were no differences in MEPdia amplitude during the 60 min post-rTMS in any of the 

other groups (Sham rTMS, 3Hz and 30Hz). Interestingly, the 10Hz group presented a 

significant increase in MEPdia amplitude at 40 min compared to 1 min post-rTMS 



(p=0.014), and at 60 min compared to 1 (p<0.001), 10 (p=0.003) and 20 (p=0.025) 

min post-rTMS (Figure 1C). 

 

3.2. Responders and non-responders to 10Hz rTMS  

To evaluate the heterogeneity in phrenic excitability elicited by 10Hz rTMS, 

raw MEPdia amplitudes 60 min post-sham and 10Hz rTMS were plotted and 

compared to baseline (Figure 2A). These data revealed a significant increase in 

MEPdia 60 min post-10Hz rTMS, compared to baseline, but the increase was not 

observed in all 10Hz rTMS animals. A regression analysis was then conducted on 

individual 10Hz rTMS data points, revealing a statistical separation of animals with 

rTMS-mediated increase in MEPdia at least by 2 standard deviations (e.g. at least 

40.68% higher than Sham rTMS). This analysis resulted in separation of 

“Responders,” which comprised 37.5% of the 10Hz rTMS group, and “Non-

responders,” representing 62.5% of the group (Figure 2B).   

 The raw MEPdia amplitudes for Sham rTMS, “Responder” and “Non-

responder” of 10 Hz rTMS were then plotted with time. There was no significant 

difference between Sham rTMS, Non-responder and Responder groups at 1 min 

post-rTMS. Starting at 10 min rTMS, however, MEPdia of the “Responders” group 

significantly increased and maintained elevated up to 60 min post-rTMS compared to 

Sham rTMS and “Non-responders” (Figure 2C, D). No difference was observed 

between the Sham rTMS group and Non-responder group at all time points.  

 

3.3. GABAergic networks play a role in diaphragmatic excitability induced by rTMS 

Two GABAergic agonists were used to test the hypothesis that GABAergic 

networks play a role in enhanced diaphragm excitability induced by 10Hz rTMS. 



Clonazepam (GABAA agonist) or Baclofen (GABAB agonist), were intravenously 

injected prior to sham or 10Hz rTMS protocol (Figure 3A). Drug concentration in 

blood plasma were measured over time to ensure physiological relevance (according 

to the manufacturer). There was no statistical difference in drug concentration 

between sham or 10Hz rTMS groups, so the data were pooled together and 

compared over time. Concentrations of clonazepam (Figure 3B) and Baclofen (Figure 

3C) significantly decreased 60 min following rTMS or sham rTMS compared to 

plasma levels immediately post injection. While we observed an overall decrease 

with time, these molecules remained in blood plasma at effective concentrations at 

the end of the experiment. 

In order to evaluate the neuromodulatory effect of each GABAergic agonist on 

rTMS treatment and exclude a direct physiological effect on the motoneuron 

excitability, MEPdia were recorded before and 5 min after i.v. injection. There was no 

difference in raw MEPdia amplitude within each group before and after GABA agonist 

injection (Figure 4A and B). There was, however, a significant increase in mean 

arterial pressure (MAP) 5 min post-injection in both groups compared to the pre-

injection values (Figure 4C and D). We observed no significant difference in MAP in 

either group 60 min post-drug injection compared to values measured 5 min post-

injection (Figure 4C and D).  

We then tested the hypothesis that GABAergic networks play a role in rTMS-

mediated phrenic motoneuron excitability. GABA agonists were administered before 

the rTMS or sham rTMS protocol (Figure 3A) and MEPdia was recorded immediately 

post-drug administration and compared to 1, 10, 20, 40 and 60 min post-sham or 

10Hz rTMS (Figure 5A). Administration of GABA agonists did not significantly affect 

MEPdia amplitude in any of the groups up to 20 min post sham or rTMS. At 40 and 



60 min post-drug injection, however, MEPdia of all conditions were significantly 

diminished compared to 10Hz rTMS (Figure 5B). This suggests that GABA agonist 

dampens phrenic motoneuron excitability elicited by 10Hz rTMS. 

Moreover, time post-treatment (or sham rTMS) was also evaluated. No 

difference in MEPdia amplitude was observed over time with treatment (rTMS or 

sham rTMS) for Sham rTMS + Clonazepam, Sham rTMS + Baclofen, 10Hz + 

Clonazepam and 10Hz + Baclofen groups. However, 10Hz group showed a 

significant increase in MEPdia amplitude at 40 min compared to 1 min post-rTMS 

(p=0.014) and at 60 min compared to 1 (p<0.001), 10 (p=0.003) and 20 (p=0.027) 

min post-rTMS (Figure 5B).  

To qualitatively validate GABAergic influence on the phrenic network, we used 

the neuroanatomical tracer, pseudorabies virus (PRV), to identify phrenic 

motoneurons (Figure 6A) and interneurons (Figure 6B and E) located throughout the 

cervical spinal cord (C3-6). Immunohistochemistry of GABAA and GABAB receptors 

(Figure 6C and F, respectively) on PRV traced spinal sections demonstrated the 

expression of these receptors on the phrenic motor network (Figure 6D and G). An 

example of these receptors closely adjacent to phrenic interneurons is demonstrated 

in orthogonal projections (insets in Figure 6D and G).  

 

4. Discussion 

Repetitive TMS has been used to treat a wide range of neurological disorders, 

demonstrating effectiveness in enhancing neural plasticity, but the underlying 

mechanisms via which rTMS enhances this plasticity are largely unknown. The 

present study is the first to demonstrate that 1) a robust long-lasting increase in 

phrenic motoneuron excitability induced by a single acute high frequency treatment 



of rTMS can be elicited and sustained in a rat model of respiratory neurobiology, and 

2) GABAergic neurons within the phrenic network can modulate this therapeutic 

effect.  

Neural stimulation, and especially high frequency electrical stimulation, has 

been shown to induce long-term potentiation (LTP) in vivo, corresponding to a robust 

increase in neuronal excitability which can last for hours (Bliss and Gardner-Medwin, 

1973; Bliss and Lømo, 1973). Recently, 10Hz rTMS protocol was investigated in an 

animal model in vivo and in vitro with the induction of a LTP-like effect in the 

hippocampus (Lenz et al., 2015; Lenz and Vlachos, 2016; Vlachos et al., 2012). 

Similarly, in the present study, 10Hz rTMS treatment induces a robust long-lasting 

increase in phrenic motoneuron excitability, compared to 3 and 30Hz protocols which 

failed to elicit similar effects. Low frequency protocols (<10Hz) with rTMS are known 

to reduce cortical excitability and decrease induced MEP (Ziemann et al., 2008). 

Another explanation could reside in the protocol duration or repetition of this protocol. 

In fact, the 10Hz protocol takes longer in time compared to the 30Hz protocol and 

shorter than the 3Hz protocol. The current protocol has been applied once acutely, 

and more protocol applications (i.e. chronically) at different frequencies could lead to 

similar effect on the phrenic excitability. 

The center of the coil was deliberately positioned at -6 mm from Bregma on 

the animal’s skull as described previously, since this stimulating position has proven 

its efficacy to elicit specific diaphragmatic motor evoked potentials in rats (Vinit et al., 

2016; Vinit et al., 2014). Within this study, rTMS protocols were delivered in the same 

coil position center at the rat’s Bregma. One improvement in future studies could be a 

direct application of the rTMS protocol above the phrenic motoneuron pool, i.e. in 

spinal cord at cervical levels C3-C6 in order to enhance treatment efficacy. The 



intensity of the protocol (50% of maximal output of the TMS machine) was 

deliberately chosen since this intensity does not elicit a diaphragm contraction in our 

specific experimental design (Vinit et al., 2014). Protocols of subthreshold rTMS are 

often used in the clinic to neuromodulate cortical structures without inducing action 

potential volleys, and these have been proven to be effective in humans to improve 

neurological disorders (Martin et al., 2017). Interestingly, a protocol of repetitive 

intermittent hypoxia in healthy humans induce a robust increase in corticospinal 

excitability assessed by MEP in a finger muscle following a single pulse of TMS 

(Christiansen et al., 2018). In addition, a recent study demonstrated that an acute 

protocol of high frequency rTMS induce an increase in synaptic plasticity associated 

proteins (Phosphorylation of S6), known to be involved in neuronal excitability 

increase, including MAPK/ERK, PI3 kinase and mTOR (Fujiki et al., 2020; Gobert et 

al., 2008). These subsequent proteins are known to participate in the increase of 

phrenic motor neuron excitability following intermittent hypoxia (Dougherty et al., 

2015; Hoffman et al., 2012). 

Another interesting observation was found among the animals treated with 

10Hz rTMS. Individual analyses of the MEPdia changes of the neural excitability 

bring to light the existence of rats with high response, moderate response or no 

response to the 10Hz rTMS treatment. This heterogeneity in terms of efficiency rTMS 

treatment in the MEP muscular responses in the human population is well 

documented (Benadhira et al., 2017; Fitzgerald et al., 2016; van de Ruit and Grey, 

2019). In human population however, the efficacy of rTMS protocol is generally 

determined in a qualitative way to determine a patient’s remission (Yip et al., 2017). 

In the present study, the animals are deeply anesthetized during the procedure and 

the data obtained are quantitative. The protocol by itself makes qualitative evaluation 



impossible and separation of the animals by the effectiveness of rTMS treatment on 

phrenic motoneuronal excitability is impossible. In order to further analyze the 

efficiency of the 10Hz rTMS treatment, the Chebyshev’s theorem was applied to our 

sham rTMS population to categorize the “responder” and “non-responder” 

subpopulations in our treated animals. Therefore, 37.5% of 10Hz treated rats were 

considered as responders and 62.5% as non-responders with a high restriction factor. 

Consequently, the non-responder subgroup presents a similar profile to that of Sham 

rTMS group, and the responder group shows a robust increase in phrenic 

motoneuronal excitability with rTMS. This meta-analysis of the data obtained in this 

study allows us to consider that our 10Hz rTMS can have a different outcome as a 

homogenous population. One explanation could be a difference in the biological 

processes involved in the increase of phrenic motoneuron excitability. High frequency 

rTMS is also known to induce an increase in brain-derived neurotrophic factor 

(BDNF) expression in patients who respond to rTMS (Dall'Agnol et al., 2014; 

Yukimasa et al., 2006) and was also observed in rat central nervous system (Shang 

et al., 2016). BDNF is known to be involved in respiratory plasticity of phrenic 

motoneurons, such as the phrenic long-term facilitation following intermittent hypoxia 

in the rat (Baker-Herman et al., 2004). Conversely, several studies in humans have 

demonstrated that response to high frequency rTMS depends on a BDNF genotype: 

patients displaying the Val66Met polymorphism seem to be less sensitive to 

neuromodulation induced by rTMS (Cheeran et al., 2008). This however cannot be 

ruled out of our animal population and further studies will be needed to confirm this 

hypothesis.  Other parameters can also be considered in this population 

heterogeneity. One possibility could be the anesthesia. Under urethane, the animals 

present different sleep-like brain states similar to rapid eye movement (REM) and 



non-REM sleep (Zhurakovskaya et al., 2016). Long-term facilitation, which is an 

increase in phrenic motoneuronal excitability following intermittent hypoxia, is greater 

during non-REM sleep and abolished during REM sleep (Terada and Mitchell, 2011). 

The sleep-like state of our animals during the 10Hz rTMS protocol was not monitored, 

and even a slight change in sleep-state could affect the subsequent respiratory 

plasticity.  

Another hypothesis supporting the increase in neuronal excitability in the 

responders group with 10Hz rTMS treatment is the induction of a “local disinhibition” 

of the neuronal pathways (Lenz and Vlachos, 2016). One candidate involved in the 

inhibitory processes is GABA. In this study, GABAA (Clonazepam) and GABAB 

(Baclofen) agonists were chosen for their clinical relevance. These two compounds 

are already used in patients to reduce the neuronal excitability in several pathologies 

such as panic disorders or epilepsy for Clonazepam (Nardi et al., 2013; Pinder et al., 

1976), or muscle spasticity for Baclofen (Chang et al., 2013). In addition, a 

suppression of LTP-like plasticity in motor cortex (paired associative stimulation and 

Baclofen oral administration) has been observed in clinical study (McDonnell et al., 

2007). 

The results in this study indicate a significant decrease in GABA agonists 

concentrations in the plasma samples of our animals at 60 min after sham or 10Hz 

rTMS compared to 5 min post-injection (before sham or 10Hz rTMS). At the dose 

injected into the animals, no change in phrenic motoneuronal excitability was 

observed in the min following injection and up to 60 min. The observed increase in 

MAP right after the injection is a volume compensation of the cardiovascular system. 

The agonists by themselves at the dose injected has a marginal effect on the 

cardiovascular system. Interestingly, there is a robust increase in phrenic 



motoneuronal excitability with the 10Hz rTMS treatment that is abolished with either 

the pre-injection of Clonazepam or Baclofen. The neuromodulatory effect of 10Hz 

rTMS treatment could play a role in the neuronal control of respiration through 

GABAergic connections. Indeed, GABAA and GABAB receptors are located on pre-

phrenic interneurons. These interneurons are known to be involved in the neural 

control of phrenic motoneurons (Lane et al., 2008; Zaki Ghali et al., 2019), although 

we cannot rule out that others spinal pathways could be involved in this excitability 

(DiMarco and Kowalski, 2013). Nevertheless, the activation of GABAergic receptors 

with agonists blocks rTMS-mediated phrenic excitability, supporting “local 

disinhibition” theory induced by high frequency rTMS, as previously described (Benali 

et al., 2011; Lenz et al., 2016; Lenz and Vlachos, 2016; Levkovitz et al., 1999). In 

addition, 10Hz rTMS treatment induced a reduction in the α1 subunit of the GABAA 

receptors in mouse central nervous system (Zhang et al., 2019), supporting the role 

of this inhibitory system in neuronal modulation. Conversely, GABAA (Gabazine) and 

GABAB (Saclofen) antagonists were used in vitro (Kerr et al., 1989; Uchida et al., 

1996) and in vivo (Blandizzi et al., 1992; Gleason et al., 2009; Voisin et al., 1996; 

Wang et al., 2016) to induce a GABAergic disinhibition of the neural system.  

 

5. Conclusion 

In conclusion, this 10Hz rTMS protocol has proven its efficiency to induce a 

significant increase in phrenic motoneuronal excitability. These results could lead to a 

potential application in order to try to enhance respiratory function in a preclinical rat 

model impacting the respiratory function, such as after a partial cervical injury or 

cervical contusion.. 
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FIGURES 

 

Figure 1. Effect of different rTMS protocols on phrenic motoneuron excitability  

(A) Schematic of magnetic coil used for Transcranial Magnetic Stimulation (TMS) 

positioned over the rat’s head. The proposed descending pathways that are 

stimulated are represented with action potential volleys. Pseudorabies virus is 

applied to the diaphragm for retrograde labeling of phrenic motor network. (B) 

Representative diaphragmatic motor evoked potentials (MEPdia) recordings before 

and 60 min after 3Hz, 10Hz and 30Hz rTMS or Sham rTMS. The white arrow shows 

the MEPdia at baseline, the black arrow indicates the increase in MEPdia response, 

corresponding to an increase in phrenic motoneuron excitability. (C) Time course 

showing the evolution of the percentage of MEPdia compared to baseline values 

following Sham, 3Hz, 10Hz or 30Hz rTMS treatment. * p<0.01 compared to Sham 

rTMS, 3Hz and 30Hz groups; a p<0.05 compared to 1, 10 and 20 min post-rTMS; b 

p<0.05 compared to 1 min post-rTMS (Two-way ANOVA, Fisher LSD post-hoc test). 

 

Figure 2. Meta-analysis of 10Hz rTMS treated animals resulted in statistical 

separation of “responder” and “non-responder” subpopulations.  

(A) Diaphragm motor evoked potential (MEPdia) amplitude before and 60 min 

following Sham and 10Hz rTMS treatment groups. (B) Exponential regression of 

10Hz rTMS treated group statistically separated into 2 subpopulations (“Responder” 

and “Non-responder”) based on the Mean + Standard Deviation (SD) values of the 

Sham rTMS group. Each dot represents the percent of animals considered as 

“Responder” for Mean + given SD. The threshold for discriminating the two 

populations was set at Sham rTMS Mean + 2SD. (C) Time-course of percent change 



in MEPdia amplitude following indicated protocols compared to baseline, with 10Hz 

rTMS separated into Responder and Non-responder groups. (D) Percent change 

from baseline in MEPdia amplitude at 60 min post-rTMS for Sham, Non-responder 

and Responder 10Hz rTMS groups. # p<0.001 compared to baseline (Wilcoxon t-

test); * p<0.05 compared to Sham rTMS and Non-responder groups; a p<0.01 

compared to 1, 10, 20 and 40 min post-rTMS; b p<0.005 compared to 1 min post-

rTMS (Two-way ANOVA, Fisher LSD post-hoc test); ** p<0.05 compared to Sham 

rTMS and Non-responder groups (Kruskal-Wallis One-way ANOVA (Dunn’s Method)). 

 

Figure 3. Experimental timeline and GABA agonists dosage. 

(A) GABAergic agonists were delivered prior to Sham or rTMS treatment. The 

phrenic motoneuronal excitability was assessed 7 times (MEPdia). (B) Plasma 

concentration of GABAA agonist (Clonazepam) and (C) GABAB agonist (Baclofen) 

immediately after drug injection (Baseline) and 60 min post-rTMS. Paired t-test, * 

p<0.001 compared to baseline. 

 

Figure 4. Phrenic motoneuron excitability and mean arterial pressure following 

delivery of GABA agonist. 

(A) Phrenic motoneuron excitability evaluated by MEPdia amplitude before and 5 min 

following GABAA agonist injection (Clonazepam). (B) Phrenic motoneuron excitability 

evaluated by MEPdia amplitude before and 5 min following GABAB agonist injection 

(Baclofen). (C) Mean arterial pressure before, 5 min and 60 min after 10Hz or sham 

rTMS protocol with Clonazepam injection. (D) Mean arterial pressure before, 5 min 

and 60 min after 10Hz or sham rTMS protocol with Baclofen injection. Paired t-test, # 

p<0.01 compared to before GABA agonist injection. 



 

 

Figure 5. 10Hz rTMS protocol and phrenic motoneuronal excitability with GABA 

agonists. 

(A) Representative MEPdia traces prior to and 60 min post-10Hz rTMS, Sham rTMS 

+ GABAA agonist (Clonazepam), Sham rTMS + GABAB agonist (Baclofen), 10Hz 

rTMS + Clonazepam and 10Hz rTMS + Baclofen protocols. The white arrow shows 

the MEPdia at baseline, the black arrows show the MEPdia increase following 10Hz 

rTMS protocol. (B) Time-course of percent change in MEPdia amplitude following 

indicated protocols compared to baseline.  # p<0.05 compared to Sham rTMS + 

GABAA agonist and 10Hz rTMS + GABAA agonist groups; * p<0.009 compared to 

Sham rTMS + GABAA agonist, Sham rTMS + GABAB agonist, 10Hz rTMS + GABAA 

agonist and 10Hz + GABAB agonist; a p<0.05 compared to 1, 10 and 20 min post-

rTMS; b p<0.05 compared to 1 min post-rTMS (Two-way ANOVA, Fisher LSD post-

hoc test). 

 

Figure 6. Anatomical localization of GABAA and GABAB on phrenic motor 

network identified using transsynaptic pseudorabies virus (PRV).  

When applied onto the diaphragm, PRV infects phrenic motoneurons (A) (located in 

the cervical spinal cord level 3-5 in the rat). PRV is then retrogradely transported and 

trans-synaptically labels phrenic interneurons (B, E). Immunohistochemistry for 

GABAA (C) and GABAB (F) receptors used to demonstrate examples of phrenic 

GABAergic receptor expression (D, G). Orthogonal projections of overlays are 

demonstrated in D and G. White asterisk (*) in D and G denote high-magnification 

(40x) insets. CC: central canal. Scale bars: 50µm in A, D, G; 2µm in insets. 
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Antigen Host Concentration  Manufacturer Cat Number 

 
GABA A 
Receptor 
alpha 1 

 
 

Rabbit 1:750 Abcam ab33299 

 
GABA B 

Receptor 2 
 

Rabbit 1:750 Abcam ab75838 
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Goat 
 
 

1:10000 
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Secondary Antibodies     
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1:400 
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