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Abstract

Hypoglossal nerve activity (HNA) controls the position and movements of the tongue. In persons 

with compromised upper airway anatomy, sleep-related hypotonia of the tongue and other 

pharyngeal muscles causes increased upper airway resistance, or total upper airway obstructions, 

thus disrupting both sleep and breathing. Hypoglossal nerve activity reaches its nadir, and 

obstructive episodes are longest and most severe, during rapid eye movement stage of sleep 

(REMS). Microinjections of a cholinergic agonist, carbachol, into the pons have been used in vivo 

to investigate the mechanisms of respiratory control during REMS. Here, we recorded inspiratory-

modulated phrenic nerve activity and HNA and microinjected carbachol (25–50 nl, 10 mM) into the 

pons in an in situ perfused working heart–brainstem rat preparation (WHBP), an ex vivo model 

previously validated for studies of the chemical and reflex control of breathing. Carbachol 

microinjections were made into 40 sites in 33 juvenile rat preparations and, at 24 sites, they 

triggered depression of HNA with increased respiratory rate and little change of phrenic nerve 

activity, a pattern akin to that during natural REMS in vivo. The REMS-like episodes started 

151±73 s (SD) following microinjections, lasted 20.3±4.5 min, were elicited most effectively from 

the dorsal part of the rostral nucleus pontis oralis, and were prevented by perfusion of the 

preparation with atropine. The WHBP offers a novel model with which to investigate cellular and 

neurochemical mechanisms of REMS-related upper airway hypotonia in situ without anaesthesia 

and with full control over the cellular environment.

Hypoglossal motor output regulates the position and movements of the tongue during 

various oropharyngeal behaviours, such as swallowing, grooming or vocalization (Travers & 
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Jackson, 1992; for review see Gestreau et al. 2005). Prominent inspiratory-related discharge 

can be recorded in conditions of enhanced chemical drive for breathing from hypoglossal 

motoneurones and the XII cranial nerve (Haxhiu et al. 1987; Withington-Wray et al. 1988), 

following vagotomy (Bartlett & St John, 1988; Fregosi & Fuller, 1997), or in response to 

stimulants applied to hypoglossal motoneurones (Morrison et al. 2003). Patients suffering 

from the obstructive sleep apnoea syndrome exhibit enhanced tonic and inspiratory-

modulated lingual muscle activity when compared with healthy persons (Suratt et al. 1988; 

Mezzanotte et al. 1992). This adaptation allows them to maintain the upper airway open 

during wakefulness, but becomes insufficient during sleep, when hypoglossal motor activity 

is reduced, and particularly so during rapid eye movement sleep (REMS; Sauerland & 

Harper, 1976). Thus, in obstructive sleep apnoea subjects, sleep-related decrease of the tone 

in the lingual and other pharyngeal muscles causes upper airway muscle hypotonia, 

increases upper airway resistance and leads to upper airway narrowing or a complete 

obstruction. Obstructive episodes are often longest and most severe during REMS 

(Remmers et al. 1978). For this reason, state-dependent changes of the hypoglossal motor 

output have been studied particularly extensively during REMS (Orem & Kubin, 2005; 

Horner, 2007).

Some fundamental findings relevant for respiratory rhythm generation have been made 

using in vitro models (Richter & Spyer, 2001). However, sleep–wake modulation of motor 

and respiratory outputs has not been investigated in in vitro preparations. Consequently, all 

studies of the interaction between sleep and breathing conducted to date employed freely 

behaving, acutely anaesthetized or decerebrate in vivo models. In decerebrate or 

anaesthetized rats or cats, microinjections of cholinergic agonists, especially carbachol, into 

the dorsomedial pontine reticular formation trigger an REMS-like state (for reviews see 

Kubin, 2001; Kubin & Fenik, 2004; Datta & MacLean, 2007). This approach is based on the 

findings in freely behaving animals that pontine carbachol injections effectively trigger 

and/or enhance a REMS-like state that shares many electrophysiological features with its 

natural counterpart (e.g. Baghdoyan et al. 1987; Vanni-Mercier et al. 1989; Bourgin et al. 

1995; reviewed by Baghdoyan, 1997).

Here, we demonstrate that carbachol microinjection into the previously identified in vivo 

pontine REMS-triggering region reliably and repetitively elicits REMS-like suppression of 

hypoglossal nerve activity (HNA) in an in situ perfused working heart–brainstem 

preparation (WHBP) of juvenile rats. We demonstrate that, at the most effective injection 

sites, carbachol microinjections accelerate the central respiratory rate and increase its 

variability. A combination of depressed pharyngeal muscle activity with small changes in 

diaphragmatic activity, increased breathing frequency and increased interbreath variability 

are typical features of natural REMS (Remmers et al. 1976; Orem, 1986; Orem & Anderson, 

1996). This novel in situ model should facilitate investigation of the mechanisms underlying 

the central respiratory rhythm changes and motoneuronal depression during REMS, 

including depression of activity in orofacial motoneurones that importantly protect the upper 

airway from collapse in patients with obstructive sleep apnoea.

Preliminary results have been published (Brandes et al. 2009).
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Methods

Experiments were performed on juvenile rats (Wistar strain, n=33; 19–23 days old; body 

weight 70–100 g) of either sex obtained from the animal breeding facility of the University 

of Göttingen. All experimental procedures followed the European Community and National 

Institutes of Health guidelines for the care and use of laboratory animals, and were approved 

by the Ethical Committee of the Georg August University, Göttingen.

Working heart–brainstem preparation

We used the intra-arterially perfused brainstem preparation, as described previously (Paton, 

1996; also see Dutschmann & Herbert, 2006). In brief, rats were deeply anaesthetized with 

isoflurane (1-chloro-2,2,2-trifluoroethyl-difluoromethylether; Abbott, Wiesbaden, 

Germany). Once breathing was profoundly depressed and the animal failed to respond to 

strong noxious pinch of the tail or toe, it was transected below the diaphragm, decerebrated 

at the precollicular level and cerebellectomized while it was simultaneously superfused with 

cold Ringer's solution gassed with 95% O2 and 5% CO2 (carbogen). The preparation was 

then transferred to a custom-made recording chamber, and the descending aorta was 

cannulated and perfused at a flow rate of 28–32 ml min−1 using a peristaltic pump (Watson 

& Marlow, Rommerskirchen, Germany) via a double-lumen catheter with carbogen-gassed 

Ringer solution containing Ficoll (1.25%; Sigma, Taufkirchen, Germany) and heated to 

31°C. The perfusate was filtered and passed through a bubble trap that removed undissolved 

gas and dampened both the pump- and the heart-generated pulsations. The perfusate exiting 

from the preparation was collected, reoxygenated and recirculated. Rhythmic contractions of 

the diaphragm usually resumed within 2–5 min after the start of perfusion. Perfusion 

pressure within the aorta was monitored via one port of the double-lumen catheter using a 

pressure transducer, and the pressure was set at 70–90 mmHg by adjusting the flow rate. In 

these conditions, the preparations generated rhythmic respiratory discharge for at least 5 h.

The perfusate contained (mM): 125 NaCl, 24 NaHCO3, 2.5 CaCl2, 1.25 MgSO4, 4 KCl, 1.25 

KH2PO4, 10 D-glucose and Ficoll to maintain osmotic pressure. The osmolarity of the 

medium was 298±5 mosmol l−1 and, on gassing with carbogen, the pH was 7.35±0.05. In 

some preparations, respiratory-related muscle activity was abolished by including 

vecuronium bromide in the perfusate (0.3 μg ml−1).

Recording neural output to respiratory muscles

In all experiments, the left phrenic and hypoglossal nerves were dissected and recorded 

using glass suction electrodes. The signals were amplified (Neurolog; Digitimer Ltd, 

Hydeway, UK), filtered (8 Hz to 3 kHz; Neurolog modules 104 and 125) and integrated 

(time constant 100 ms), digitally acquired at a sampling rate of 5 kHz (MacLab 8s; AD 

Instruments, Sydney, NSW, Australia) and displayed on a computer using Chart software 

(AD Instruments).

Experimental protocol

Pressure-microinjections of carbachol (10 mM in 0.9% NaCl; Sigma-Aldrich, Taufkirchen, 

Germany) or Pontamine Sky Blue dye (2%; Sigma-Aldrich) were made using a two-
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barrelled micropipette (tip diameter 30–40 μm) positioned in the dorsomedial pons. The 

injected volumes were measured by observing the movement of the meniscus through a 

monocular microscope fitted with a calibrated reticule. In some experiments, after recovery 

from the initial carbachol effects, an additional one or two carbachol injections were made at 

the same site with or without the muscarinic cholinergic antagonist, atropine (50 nM; Sigma-

Aldrich) added to the perfusate.

At the end of the experiment, the brainstem was removed and fixed for 1–2 days in 4% 

paraformaldehyde and 20% sucrose. For anatomical localization of the injection sites, 50-

μm-thick coronal sections were cut serially through the pons using a freezing microtome. 

The sections were mounted and stained with Neutral Red. Those containing the injection 

sites marked with Pontamine Sky Blue were redrawn, and the centres of the marked 

locations were transferred onto the corresponding standard cross-sections adapted from a rat 

brain atlas (Paxinos & Watson, 2004).

Data analysis

All data analyses were performed off-line. The following respiratory parameters were 

derived from phrenic nerve activity (PNA): the respiratory cycle length (TTOT), duration of 

inspiration (TI), duration of expiration (TE; the period of PNA quiescence) and respiratory 

cycle variability (TVAR). The TVAR was calculated from the instantaneous TTOT as variance. 

The average value of each parameter was measured for 60 s before, during and after the 

effect of carbachol injection. The time of onset of depression of HNA following carbachol 

injection and the duration of the depression were measured from the integrated HNA. The 

maximal magnitude of the depression was measured as a percentage decrease relative to the 

peak inspiratory HNA prior to carbachol injection, and the same was done with the peak 

inspiratory PNA. The significance of the differences between the baseline, maximal 

carbachol effect and recovery was tested using repeated-measures ANOVA followed by 

Fisher's LSD post hoc tests. The effects of atropine on the carbachol-evoked depression of 

HNA were tested with a two-tailed Student's paired t test. All data are expressed as means

±SD. Differences were regarded significant when P was less than 0.05.

Results

Pontine carbachol injections (20–50 nl; mean 46±28 nl) were made into 40 sites in 33 in situ 

perfused brainstem preparations. At 24 sites, carbachol elicited a significant depression of 

HNA, whereas the amplitude of PNA changed little. The remaining injections were either 

ineffective (n =14) or caused an increase of central respiratory rate without HNA depression 

(n =2). Histological analysis of the injection sites revealed that the injections made within 

the dorsomedial, rostral nucleus pontis oralis (PnO) produced the strongest HNA depression, 

whereas injections into other areas had weaker or no effect (Fig. 1).

For the 24 effective injection sites, depression of HNA started 151±73 s after carbachol 

injection. The maximal depression, to 39.8±22.9% of the baseline (precarbachol) level of 

HNA, was significant [ANOVA, F(2, 23)=16.352; Fisher's LSD test, P <0.001]. The 

carbachol-induced HNA depression was accompanied by a significant increase of central 

respiratory rate, from 12±8 to 18±10 bursts min−1 [ANOVA, F(2, 23)=11.965; Fisher's LSD 
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test, P <0.001]. The increase of respiratory rate was due to a reduced duration of the 

respiratory cycle (TTOT) from 7.0±4.0 to 4.7±3.0 s [ANOVA, F(2, 23)=8.952; Fisher's LSD 

test, P <0.001], which was mainly due to a significant decrease of the expiratory phase 

duration (TE) from 5.7±3.4 to 3.4±2.3 s [ANOVA, F(2, 23)=15.202; Fisher's LSD test, P 

<0.001], whereas the duration of inspiration (TI) was not significantly changed [1.2±0.8 

versus 1.1±0.4 s; ANOVA, F(2, 23)=1.790, P =0.17]. PNA amplitude measured at the time 

The of maximal depression of HNA was not significantly changed [94.9±10.7% of the 

precarbachol level; ANOVA, F(2, 23)=1.423, P =0.27]. The HNA returned to its 

precarbachol level 20.3±4.5 min after the onset of the carbachol effects. However, the 

central respiratory rate determined at the time of full HNA recovery usually remained 

elevated [16±8 bursts min−1; ANOVA, F(2, 23)=8.952; Fisher's LSD test, P =0.067] 

compared with control values. In most cases, it appeared that the respiratory rate increase 

following carbachol comprised a component that was closely associated with the period of 

depression of HNA and another component that lasted considerably longer and accounted 

for the higher central respiratory rate after HNA recovery than before carbachol injection 

(Fig. 2A). An example of a typical effect of carbachol injection into a highly effective site 

within the dorsal part of the PnO is illustrated in Fig. 2.

The increase of respiratory rate variability was clear in the experiments with strong 

depression of HNA (Fig. 2). When analysed for the entire data set comprising all 24 

effective sites, carbachol effects on the variability of respiratory rate were not significant. 

However, when the experiments were grouped according to the magnitude of HNA 

depression into three categories [(Fig. 1): (i) HNA reduction by more than 80% (n =8); (ii) 

reduction by 40–79% (n =9); and (iii) reduction by less than 40% (n =7)], carbachol 

injections that caused a larger than 80% depression were accompanied by a significant 

increase of TVAR [85±74 ms2 prior to carbachol, 250±175 ms2 during maximal depression 

of HNA, and 145±96 ms2 after recovery of HNA; ANOVA, F(2, 7)=3.3; Fisher's LSD test, 

P <0.05]. In the two remaining groups, TVAR was not significantly increased during the 

carbachol-induced depression of HNA (for group 79–40%, 97±62, 154±109 and 101±52 

ms2, respectively, Fisher's LSD tests, P >0.3; and for group <40%, 98±51, 138±115 and 

101±41 ms2, respectively, Fisher's LSD tests, P >0.6). While TVAR was increased, we did 

not observe `fractionations' of inspiratory activity similar to those occurring in cats during 

natural REMS (e.g. Orem & Anderson, 1996).

In three preparations, carbachol injections were made three times at the same site, twice in 

the normal conditions and for the third time with the cholinergic antagonist, atropine, added 

to the perfusate prior to carbachol injection. The effects of the first two injections were 

highly reproducible, thus showing that carbachol could repeatedly trigger HNA depression 

from the same site (Fig. 3). Both the timing and the magnitude of the carbachol-evoked 

HNA depression varied little between the first and the second injection (Fig. 3). When 

carbachol was then injected with simultaneous perfusion of the preparation with atropine, 

HNA depression was significantly attenuated (by 77±10% without atropine and by 

31.7±0.05% with atropine; Student's paired t test, P <0.05; Fig. 3).
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Discussion

The present study shows that carbachol microinjections into a distinct region located in the 

dorsomedial part of the rostral oral pontine reticular nucleus trigger REMS-like changes in 

the respiratory motor output in the WHBP of juvenile rats. The changes include profound 

suppression of HNA, which provides motor innervation to the genioglossus and other 

muscles of the tongue, acceleration of the central respiratory rate and small changes of PNA. 

Both the similarity of the location of the most effective sites to the sites from which 

carbachol elicits an REMS-like state in vivo and the similarity of the pattern of respiratory 

motor output and respiratory rhythm changes to the changes in the respiratory system during 

natural REMS suggest that the episodes triggered by pontine carbachol in the WHBP 

represent an in situ activation of at least a subset of the neural network that is also being 

activated during natural REMS.

The WHBP is a validated experimental model for systemic and cellular studies of 

cardiorespiratory control (Paton, 1996; Richter & Spyer, 2001). In contrast to in vitro 

models, the entire pontomedullary brainstem of the WHBP is oxygenated via the circulatory 

system and generates a eupnoeic respiratory pattern characterized by co-ordinated 

discharges in the cranial and spinal respiratory motor outputs (Paton, 1996; Dutschmann & 

Paton, 2002). The WHBP also displays physiological responses to various afferent inputs 

important for cardiorespiratory control (reviewed by Dutschmann et al. 2004; Paton et al. 

2006). The preparation has been successfully used for preclinical screening of drug effects 

(Dutschmann et al. 2009; Manzke et al. 2009). Thus, the WHBP shows cardiorespiratory 

activity similar to that of an unanaesthetized, decerebrate preparation in vivo. However, to 

date, cardiorespiratory changes akin to those related to the sleep–wake cycle have not been 

investigated in this preparation.

In vivo carbachol models of an REMS-like state have been successfully used with many 

modifications to study various aspects of the central neural regulation during REMS. 

Carbachol injections into the rostral, dorsomedial pons trigger such hallmarks of REMS as 

the atonia of postural muscles, cortical and hippocampal activation and depression of 

respiratory motor output (reviewed by Baghdoyan, 1997; Kubin, 2001; Kubin & Fenik, 

2004; Datta & MacLean, 2007). In decerebrate or anaesthetized rats and cats, carbachol 

reliably triggers depression of hypoglossal motor output when injected at sites analogous to 

those explored in the present study (Kimura et al. 1990; Taguchi et al. 1992; Lu et al. 2007).

The present study demonstrates that carbachol injections into the dorsomedial pons cause 

REMS-like changes in respiratory motor outputs in the WHBP, thus in the in situ conditions. 

We found the most effective injection sites in the dorsomedial part of the rostral nucleus 

reticular pontis oralis, a location consistent with previous in vivo studies in anaesthetized 

rats (Fenik & Kubin, 2009). Importantly, in the WHBP, the carbachol-induced depression of 

HNA occurred with a simultaneous increase of the central respiratory rate and, at least at 

some sites, with increased variability of the duration of the respiratory cycle. The last two 

features distinguish the effects of pontine carbachol in the WHBP from the previously 

described models (anaesthetized or decerebrate), in which respiratory rate was typically 

decreased and no respiratory rate variability was observed. The absence of respiratory rate 

Brandes et al. Page 6

Exp Physiol. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acceleration or respiratory variability has been previously interpreted as related to the 

inability of pontine carbachol injections to fully mimic the rapid changes in acetylcholine 

release that occur naturally during REMS (Kimura et al. 1990), or as an observation 

supportive of the concept that respiratory variability during REMS reflects the contents of 

dreams that require the presence of the forebrain (Orem & Kubin, 2005). The respiratory 

rate acceleration and increased respiratory rate variability found following pontine carbachol 

injections in the WHBP bears similarity to the changes in breathing during natural REMS in 

mammals (Remmers et al. 1976; Orem & Anderson, 1996) and suggests that some not yet 

fully understood aspects of the baseline state of different animal models determine the 

pattern of respiratory changes following pontine carbachol.

Similar to the previous carbachol studies in decerebrate rats and cats in vivo (Kimura et al. 

1990; Taguchi et al. 1992), the duration of carbachol-triggered REMS-like episodes in the 

WHBP was considerably longer than the typical duration of naturally occurring episodes of 

REMS in rats (about 2 min on average) or the duration of REMS-like episodes elicited in 

forebrain-intact, urethane-anaesthetized rats (3–4 min; Kubin, 2001; Kubin & Fenik, 2004; 

Lu et al. 2007). This difference provides further support to the earlier suggestion that REMS 

episodes are initiated or triggered in the pons, but their proper termination requires an intact 

forebrain (Kubin, 2001; Lu et al. 2007). The experimental conditions with temperature of 

the brainstem around 31°C causing slower metabolism may also contribute to the difference 

in the temporal patterns of REMS-like episodes observed in vivo and in situ.

The respiratory rate increase elicited by carbachol in the WHBP comprised two components. 

One was temporarily associated with the depression of HNA, whereas the other one was 

longer, resulting in an incomplete return of the respiratory rate to baseline after the 

injections. It is likely that this second, longer-lasting component was due to the effects of 

carbachol not directly related to its ability to trigger REMS-like episodes. It could be due to 

activation of dorsal pontine noradrenergic neurones (Koyama & Kayama, 1993), as this is 

known to accelerate respiratory rate (Errchidi et al. 1990). It could also be due to the spread 

of carbachol to the parabrachial region (Bonis et al. 2010) or the ventral pontine reticular 

formation (Fenik et al. 2005). If the spread of carbachol beyond the most effective region for 

triggering of REMS-like episodes is the explanation, the use of smaller injection volumes 

may help to better separate what appears to be two different components of the respiratory 

rate increase identified in this study.

Outlook and conclusion

Carbachol microinjections into a restricted region of the dorsomedial pontine reticular 

formation trigger REMS-like alterations of respiratory motor output to the upper airway and 

of the respiratory rate in situ. Remarkably, the observed changes in breathing are similar to 

those observed during natural REMS. Thus, the WHBP offers a novel experimental model 

with which to study the cellular and network mechanisms of REMS-related upper airway 

hypotonia in experimental conditions that offer the ability to stringently control the 

extracellular environment of the brainstem network. The model of REMS-like state elicited 

by carbachol in the WHBP can significantly contribute to the understanding of physiological 

mechanisms underlying REMS, including those that affect breathing. With obstructive sleep 
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apnoea being one of the most common sleep disorders, the ability to study REMS-related 

control of upper airway motor output in situ may help to develop new treatment strategies 

for this disorder.
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Figure 1. Location of the effective and ineffective carbachol injection sites superimposed on 
standard coronal sections derived from a rat brain atlas (Paxinos & Watson, 2004)
D shows a highly effective injection site in a Neutral Red-stained section (arrow; the site is 

also marked as `1' in B). Pontamine Sky Blue staining became faint after tissue processing.

Abbreviations: Aq, aqueduct; Cereb., cerebellum; DTgP, dorsal tegmental nucleus; IC, 

inferior colliculus; lfp, longitudinal fasciculus of the pons; LPB, lateral parabrachial nuclei; 

MnR, median raphe nucleus; PAG, periaqueductal grey; PnC, pontine reticular nucleus, 

caudal part; PnO, pontine reticular nucleus, oral part; scp, superior cerebellar peduncle; and 

4V, fourth ventricle.
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Figure 2. Effect of pontine carbachol injection on hypoglossal nerve activity (HNA), phrenic 
nerve activity (PNA), respiratory rate and its variability
In A, note the respiratory rate increase in association with the depression of HNA and that 

the respiratory rate remains partly elevated when HNA returns to the precarbachol level. B, 

expanded traces illustrating both raw and integrated PNA and HNA during the selected 

stages of the experiment (marked by grey shading in A).
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Figure 3. Integrated HNA and PNA in an experiment with three successive carbachol 
microinjections at a single site located in the dorsal pontine reticular nucleus
Note the reproducibility of the effects of the first two carbachol injections and that the 

effects of the third injection are nearly abolished by perfusion of the preparation with the 

muscarinic cholinergic antagonist, atropine (filled bar above the time scale).
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