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Summary 
Expression of the immediate-early gene c-fos, a marker of neuronal activation was employed in adult anesthetized non-
decerebrate cats, in order to localize the brainstem neuronal populations functionally related to sniff-like (gasp-like) 
aspiration reflex (AR). Tissues were immunoprocessed using an antibody raised against amino acids of Fos and the 
avidin-biotin peroxidase complex method. The level of Fos-like immunoreactivity (FLI) was identified and counted in 
particular brainstem sections under light microscopy using PC software evaluations in control, unstimulated cats and in 
cats where the AR was elicited by repeated mechanical stimulation of the nasopharyngeal region. Fourteen brainstem 
regions with FLI labeling, including thirty-seven nuclei were compared for the number of labeled cells. Compared to 
the control, a significantly enhanced FLI was determined bilaterally in animals with the AR, at various medullary 
levels. The areas included the nuclei of the solitary tract (especially the dorsal, interstitial and ventrolateral subnuclei), 
the ventromedial part of the parvocellular tegmental field (FTL - lateral nuclei of reticular formation), the lateral 
reticular nucleus, the ambigual and para-ambigual regions, and the retrofacial nucleus. FLI was also observed in the 
gigantocellular tegmental field (FTG - medial nuclei of reticular formation), the spinal trigeminal nucleus, in the 
medullar raphe nuclei (ncl. raphealis magnus and parvus), and in the medial and lateral vestibular nuclei. Within the 
pons, a significant FLI was observed bilaterally in the parabrachial nucleus (especially in its lateral subnucleus), the 
Kölliker-Fuse nucleus, the nucleus coeruleus, within the medial region of brachium conjunctivum, in the ventrolateral 
part of the pontine FTG and the FTL. Within the mesencephalon a significantly enhanced FLI was found at the central 
tegmental field (area ventralis tegmenti Tsai), bilaterally. Positive FLI found in columns extending from the caudal 
medulla oblongata, through the pons up to the mid-mesencephalon suggests that the aspiration reflex is thus co-
ordinated by a long loop of medullary-pontine-mesencephalic control circuit rather than by a unique “center“.  
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Introduction 
 

The aspiration reflex (AR), a powerful defensive 
reflex of the airways, is evoked by a variety of 

mechanical and electrical stimuli to sensory receptors of 
the naso- and oropharyngeal mucosa. Originally, the 
reflex was termed as “aspiration” for its functional role in 
the removal of mucus and irritants from the upper 
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airways to the hypopharynx by aspiration (Tomori 1965, 
1979, Tomori and Widdicombe 1969). However, in the 
literature the terms as sniff-like AR (Batsel and Lines 
1973) or gasp-like AR (Fung et al. 1994) are also used 
for this reflex. The reflex is characterized by solitary or 
several repeated brief but very strong inspiratory efforts 
followed by passive expiration, and it includes transient 
but widespread effects.  

The AR consists of an inspiratory phase 
characterized by short but vigorous contractions of the 
diaphragm, external intercostal and abductor muscles of 
the upper airway, resulting in a sudden and strong 
decrease of intrapleural pressure and a rapid inspiratory 
airflow through the airways including the glottis (Tomori 
1970, Poliaček 2000, Poliaček et al. 2003). The 
expiratory phase results from a relaxation of all 
inspiratory muscles, and a slight glottal narrowing which 
reflects a prolonged burst of electrical activity in the 
laryngeal adductor (Poliaček 2000), without 
a concomitant increase in lumbar expiratory motoneuron 
activity (Stránsky et al. 1976, Tomori 1979). AR persists 
under deep anesthesia, hyper- or hypothermia, during 
hypercapnia or in severe hypoxic coma and can even 
interrupt any ongoing respiratory activities such as apnoe, 
episodes of apneusis, hicouping, attacks of laryngo- or 
bronchospasms, and coughing or sneezing (Tomori et al. 
1998, 2000). Thus the functional significance and 
possible implications of this powerful reflex, e.g. for 
cardio-pulmonary-cerebral resuscitation, far exceed its 
supposed mechanical action.  

However, the central pathways and control 
mechanisms of the reflex are almost unknown. The 
primary site of intramedullary integration of the reflex 
was proposed within inspiratory neurons of the solitary 
tract nucleus (NTS) (Batsel and Lines 1973), where the 
afferent fibers of the glossopharyngeal nerve terminate. 
From this area, the neural activity may spread to another 
parts of the brainstem. Former experiments with 
recording of single neuronal activity in the rostral part of 
the ventral respiratory group (VRG) of the medulla in 
cats (Jakuš et al. 1985), and the present study indicate 
that inspiratory neurons generating quiet breathing also 
participate in the AR. During the reflex, the activity of 
inspiratory neurons also increased due to a regular 
recruitment of further (originally silent) inspiratory units. 
Similar behavior in activity of single phrenic 
motoneurons was also documented (Nail et al. 1979, 
Jodkowski et al. 1989, Beňačka and Tomori 1995). Fung 
et al. (1994) reported that injections of kainic acid into 
the lateral tegmental field of medulla completely 

abolished the signs of both fictive gasping and fictive 
„gasp-like aspiration reflex“ in midcollicularly 
decerebrate, vagotomized, paralyzed and artificially 
ventilated cats. In contrast, similar kainic acid lesions 
within the same medullary area did not abolish the AR in 
cats without decerebration. Only an additional midbrain 
transection at the level between the superior and inferior 
colliculi finally removed the signs of AR (Jakuš et al. 
2000). This finding suggested the hypothesis that in 
addition to basic neurons within the medullary lateral 
tegmental field also another medullary and 
supramedullary neurons might be involved in the 
generation of the AR in cats. To test this hypothesis we 
used the method of c-Fos-like immunohistochemistry. 

Expression of the nucleoprotein Fos, a product 
of c-fos immediate-early gene, was considered as a high 
resolution marker of neuronal activity (Dragunow and 
Faull 1989), providing evidence for a sensory pathway 
connection. The immunocytochemical detection of 
transcripts of the c-fos genes (Fos antigens) was used 
later to map functional neural pathways in a variety of 
motor and vegetative reflexes, e.g. in vomiting (Miller 
and Ruggiero 1994), sneezing (Wallois et al. 1995), 
coughing (Gestreau et al. 1997), swallowing (Amirali et 
al. 2001), as well as in the carotid baroreflex (Dampney 
et al. 1995), respiratory chemoreflexes (Berquin et al. 
2000), cardiac sympathoexcitatory reflexes (Guo et al. 
2002a,b), and others. 

The present study tests the above mentioned 
hypothesis by examining the presence and character of 
Fos-like immunoreactivity evoked by repeated 
mechanical nasopharyngeal stimulation in non-paralyzed 
cats, thus mapping all brainstem regions involved in the 
generation of the AR. As documented below many 
brainstem structures specifically activated during the AR 
exhibited an increased level of Fos-like immuno-
reactivity, compared with control breathing. 
 
Methods 
 
 General procedure 

Animal care was in agreement with the Animal 
Welfare Guidelines of the Comenius University. 
Experiments were performed on 11 adult cats of either 
sex weighing 2.9-3.2 kg (mean body weight 3.02±0.32 
kg). The animals were divided into two groups: a control 
group of non-stimulated cats with quiet breathing (n=5), 
and a group of stimulated cats with repeated provocation 
of the AR (n=6). The surgical procedure was the same for 
all animals. Cats were anesthetized with pentobarbitone 
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(Vetbutal, Biowet, Poland) by an initial intraperitoneal 
dose of 35-40 mg/kg. After cannulation of the trachea and 
the right femoral vein and artery, the surgical level of 
anesthesia was maintained by a repetitive dose of 
Vetbutal 1-2 mg/kg/h given intravenously. Local skin and 
muscular infiltrations by mesocain were performed in 
both groups at the sites of surgical interventions to 
minimize any induction of Fos reactivity related to 
stimulation of pain receptors. Histological processing was 
restricted to animals that had maintained systolic/diastolic 
values of blood pressure within the range 17-24/12-17 
(kPa). Rectal temperature was maintained between  
37-38 °C using a servo-controlled heating lamp.  
 
Recording and mechanical stimulation 

 In both groups of animals the following 
parameters were monitored: arterial blood pressure (BP) 
by an electromanometer (Tesla LDP 186), the airflow (V) 
and tidal volume (VT) of air by a pneumotachograph 
(Commet LBL 50), and the end-tidal CO2 (ETCO2) by a 
capnograph (Novametrix). From the records the mean 
values of breathing rate, blood pressure and ETCO2 were 
calculated. Series of aspiration reflexes were evoked by 
gentle repetitive mechanical stimulation of the 
nasopharyngeal mucosa with an elastic, nylon fiber 
(diameter 0.2-0.35 mm). The nylon fiber was once 
introduced through the right or left nostril into the 
nasopharynx, where it remained during the whole period 
of stimulation. A sequence of ARs was evoked during 
each second inspiratory phase of rhythmic breathing. The 
ARs were elicited at least 10 min after the administration 
of any additional dose of the anesthetic.  
 
Perfusion and fixation 

After completion of surgery either with or 
without reflex stimulation, all cats had the same survival 
times (2 hours). Animals were then deeply anesthetized 
with Vetbutal (additional dose 10 mg/kg i.v.). In turn a 
medial thoracothomy was performed. Cats were perfused 
transcardially with a 2500 ml bolus of 0.9 % saline 
containing heparin (1000 U/100 ml), followed by 
a fixative solution of 1500 ml of 4 % paraformaldehyde 
in 0.1 M phosphate buffer (PBS) at pH 7.4. Both groups 
of animals (control and stimulated) were perfused within 
210±30 min, after the induction of anesthesia, in order to 
maximize the Fos accumulation within the stimulated 
neurons (Herdegen et al. 1991, Orendáčová et al. 2000).  
Immunohistochemical tissue procedure  

Immediately after perfusion, the brainstem was 
removed from the skull and postfixed in the same fixative 

solution for 6 h. Tissues were then cryoprotected in 
solutions containing 10, 20, and 30 % sucrose at 4 °C 
during a period of 48-72 h. Transversal frozen tissue 
sections (40 µm) were prepared using a cryostat and 
collected in PBS (0.9 % NaCl in 0.1 M phosphate buffer, 
pH 7.4). Immunohistochemistry was performed using 
standard procedures. In order to block peroxidase 
activity, free-floating sections were first incubated 
(30 min at room temperature) in PBS containing 0.3 % 
H2O2. The sections were then rinsed twice in PBS. To 
prevent non-specific binding sites, the sections were 
incubated for 3 h in 0.1 PBS containing 1 % bovine 
albumin, 3 % normal goat serum and 0.2 % Triton X-100. 
The sections were then incubated in polyclonal Fos rabbit 
antibody (C-fos Ab-5 PC 38, Calbiochem, diluted 
1:7000) for 24 h at 4 °C. This primary antibody 
recognizes both Fos and Fos-related antigens. The 
sections were then rinsed twice in PBS and incubated for 
2 h in biotinylated goat-anti rabbit antiserum (BA 100, 
Vector Laboratories, CA, diluted 1: 600 in PBS) and 
washed twice after incubation. Finally, the sections were 
incubated in an avidin-biotin-peroxidase complex (1:100 
for one hour, Peroxidase Vectastain Elite ABC kit  
VC-PK 6100, Vector Laboratories, CA). After two 
washes in PBS and one in Tris-HCl saline, the sections 
were processed for using 0.05 % diaminobenzidine as a 
chromogene. Finally, after two washes in distilled water, 
the sections were mounted on gelatine-coated slides, then 
air-dried, dehydrated, cleared, and coverslipped in 
Canadian balsam. Adjacent sections were counterstained 
with Nissl staining to delineate the location of nervous 
structures. 
 
Data analysis 

Sections processed immunocytochemically for 
Fos-like proteins were drawn by camera lucida. For some 
brainstem structures, anatomical landmarks were 
established using adjacent counterstained sections. 
Criteria used to select specific sections for quantification 
included: 1) identification of the areas with nuclei or 
subnuclei of interest in the section; 2) the absence of 
artifacts in the area; 3) the same rostrocaudal level for 
sections from different animals. The graphic 
reconstructions of representative sections were performed 
according to the cytoarchitectonic atlas (Berman 1968). 
The subdivision of the nucleus of the solitary tract is 
referred according to Kalia and Mesulam (1980), and that 
of Berman (1968) and Petrovický (1980) for other 
brainstem structures. Every fifth brainstem section was 
used to identify and count Fos-like immunoreactive 
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neurons. Distribution and the number of immunoreactive 
cytoplasmatic granules were determined with an optical 
Leitz microscope and video-scanning system (CCD 
Philips) coupled to a Pentium III computer using software 
(Ellipse, ViDiTo), to evaluate the grain density. 
Automatic counts were based on the average density of 
Fos-positive cell nuclei relative to a given threshold. The 
appropriate threshold providing the best discrimination of 
the target cells from the background was set up from the 
first digitized image of the series. Hence, the same 
threshold was used for counting immunoreactive cells in 
the remaining digitized images, obtained from sections 
processed in parallel during immunocytochemistry 
(Gestreau et al. 1997). The changes in intensity of Fos 
immunostaining induced by ARs, representing the level 
of neuronal activation were not evaluated quantitatively 
for this paper. An increase in the number of 
immunoreactive neurons in stimulated cats compared to 
control animals indicates the level of “recruitment“ of 
neurons provoked by ARs. 
 
Statistical evaluation  

The number of immunoreactive neurons in 
selected structures were averaged to obtain the mean 
count for each area (±S.E.M.) from either side of the 
brainstem. Individual data were collected for comparison 
between the right and left sides as well as between the 
stimulated and control cats. Computer software 
(Graphpad Prism) was used for statistical evaluation of 
the results. Analysis of variance (ANOVA) and Mann-
Whitney test were used to determine the statistical 
significance of the difference. Differences were 
considered significant at p<0.05. 
 
Results 
 
Effects of nasopharyngeal stimulation on quiet breathing 
and blood pressure 
  The basal rate of breathing was similar in both 
groups of animals either stimulated (with AR) or the 
controls (sham operated, non-stimulated). After surgery, 
mean rate of quiet breathing was 17±1.3 (cycles. min-1) 
with ETCO2=5.3±0.2 % in stimulated cats compared to 
that of control animals 15.4±3.3 (p>0.05), with 
ETCO2=5.2±0.5 % (p>0.05), respectively. A significant 
decrease in ETCO2 was found only in a group of 
stimulated animals at the end of stimulation 
(ETCO2=4.5±0.2 %, p<0.05) and before perfusion 
(ETCO2=4.6±0.3 %, p<0.05), compared to the same 
animals after surgery. Repetitive mechanical stimulation 

of the nasopharyngeal mucosa regularly elicited a series 
of typical aspiration reflexes (Fig. 1). The average 
number of provoked aspiration reflexes was 450±30 
during a 30 min period of stimulation), i.e. 15±1 per min. 
The respiratory rate returned to basal levels within a short 
delay (<10 s) following a series of ARs. 
 

 

 
Fig. 1. Repetitive nasopharyngeal stimulation evokes a series of 
aspiration reflexes. BP - arterial blood pressure, V - airflow, VT - 
tidal volume, stim - mechanical stimulation 

 
 
The systolic/diastolic values of arterial BP 

oscillated within the range 17.3-24.0/12.2-17.0 kPa 
during the whole experiments. In stimulated cats after 
surgery, the mean values reached 19.4±1.1/14.9±1.3 kPa, 
compared to a group of control cats without stimulation 
(19.1±1.8/13.9±1.2 kPa, p>0.05).  
 
Brainstem distribution of Fos-like immunoreactivity 

Within the nuclei of immunoreactive neurons a 
Fos-like expression was detected as dark-brown staining 
of variable intensity. FLI was observed in both the 
stimulated and control animals, but to a different degree. 
All stimulated animals with series of provoked ARs 
exhibited marked increases in the number of 
immunolabeled nuclei as compared to the controls. 
Diagrammatic representation of FLI distribution within 
the medulla oblongata, pons Varoli, and mesencephalon, 
in both the control and stimulated cats is illustrated in 
Figure 2. Examples of immunostained neurons in 
particular structures at three above mentioned levels are 
shown on Figures 3 and 4 for both groups of animals. 
Table 1 summarizes the results of quantitative analysis of 
Fos-like immunoreactivity, indicating the average 
number of immunostained neurons in 8 critical brainstem 
areas with significant differences between the groups of 
control and stimulated cats. 
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Fig. 2. Diagrammatic reconstruction of individual sections 
through the rostral medulla, the pons and the mesencephalon in 
separate transverse hemisections at four rostrocaudal brainstem 
levels (+13, 10.5, 3.5, and 1 mm rostral to the obex) in 
unstimulated cats (control) and in cats after repeated 
nasopharyngeal stimulation (AR). Black dots represent 
immunostained neurons as they appeared under low power of 
microscope. AQ - aqueduct, PAG - paraaqueductal gray, ICC - 
central nucleus of the inferior colliculus, FTC - central tegmental 
field of the mesencephalon, FTP - paralemniscal tegmental field, 
CS - superior central nucleus, P - pyramidal tract, COE - nucleus 
coeruleus, BC - brachium conjunctivum, NPBL - lateral 
parabrachial nucleus, KF - Kölliker-Fuse nucleus, 5M - motor 
trigeminal nucleus, FTL - pontine and medullary lateral tegmental 
fields, FTG - pontine and medullary gigantocellular tegmental 
fields, PON - preolivary nucleus, SOM - medial nucleus of the 
superior olivae, TB - trapezoid body, VN - vestibular nuclei, 5SP - 
spinal trigeminal nucleus, RFN - retrofacial nucleus, RN - raphe 
nuclei, NTS - solitarii tract nucleus, NA - ambigual nucleus, LRN - 
lateral reticular nucleus. 

Immunostaining in control animals 
In control (sham-operated, non-stimulated, n=5) 

cats FLI was scattered throughout the brainstem in 
sensory and motor areas related mostly to the respiratory, 
cardiac, vasomotor, vestibular and pain control. Basal 
FLI was quite similar on both sides of the transversal 
sections (as detected randomly by the software Ellipse). 
However, no Fos-like immunoreactive neurons were 
observed in the following regions: medullary hypoglossal 
nuclei, the area postrema, the dorsal vagal nucleus 
(DMV), the spinal trigeminal tract (5ST) and nucleus, in 
the subretrofacial nuclei, in the accesory olivae nuclei – 
medial (IOM), dorsal (IOD), inferior (IOP), in the 
cochlear anteroventral (CVA) and posteroventral (CVP) 
nuclei, within the brachium pontis (BP), in the trapezoid 
body (TB), in the tegmental reticular nuclei (TRC – 
reticular nuclei of brainstem tegmentum), in the external 
cuneate nucleus (CX), the ventral nucleus of the lateral 
lemniscus (LLV), and in the paralemniscal nuclei 
(tegmental field – FTP) of the mesencephalon.  

In the medulla oblongata, basal FLI was detected 
in quietly breathing cats bilaterally throughout the 
rostrocaudal axis concentrated mostly at two levels: 1-1.5 
mm and 3-4 mm rostrally to the obex. Slightly below and 
above these levels, FLI was not consistent. FLI mostly 
affected the respiratory neurons of the dorsal (DRG) and 
ventral respiratory groups (VRG) and the adjacent 
reticular formation. At the level 1-1.5 mm rostrally to the 
obex, a few Fos-labeled neurons were distributed within 
the nucleus tractus solitarii (NTS), mainly within the 
dorsal (dNTS), interstitial (iNTS) and ventrolateral 
(vlNTS) subnuclei, where an average number of 
immunoreactive neurons in particular areas after 
hemisection (AGN/H) was 14±2. Similar density of FLI 
was detected at the same level in an area including the 
nucleus ambiguus (NA), nucl. paraambiguus (NPA) and 
partly the lateral reticular nucleus (LRN) and the 
alaminar part of the spinal trigeminal nucleus (5SP) with 
AGN/H 13±6 (Figs 2 and 3a, Table 1). FLI was also seen 
in the parvocellular reticular formation (Berman’s lateral 
tegmental field – FTL) and in the medial part of 5SP with 
AGN/H 8±2 (Fig. 2, Table 1). At the medullary level 3-4 
mm rostral to obex, discrete FLI labeling was detected in 
an area including the parvocellular reticular formation, 
ncl ambiguus and paraambiguus (FTL, NA, NPA) and the 
retrofacial nucleus (RF), with AGN/H 5±2. Weak Fos-
like immunoreactivity was also detected in the medulla 
below the obex (at the level approximately 1-3 mm) 
mostly confined to the commissural nuclei and the 
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adjacent lateral tegmental field (AGN/H 2±1). At the 
level of the rostral medulla (approx. 5-5.5 mm) and the 
ponto-medullary junction (approx. 6 mm) scattered 
immunoreactivity was also observed in neurons of the 
raphe nuclei (ncl. raphealis magnus and parvus), with 
AGN/H 4±2 (Table1).  

At the pontine level, the highest basal density of 
immunoreactive neurons was found in its rostral, 
dorsolateral part (approx. 9.5-11.0 mm), bilaterally. This 
region corresponds functionally to the “pontine 
respiratory group” neurons, also contributing to the 
cardiorespiratory integration. In particular, an intense 
bilateral distribution of FLI was detected in the lateral 
regions of parabrachial nucleus (NPBL), the Kölliker-
Fuse (KF) nucleus (AGN/H 83±9) (Figs 2 and 4a, 
Table 1). A smaller number of immunostained neurons 
was detected in an area including the medial part of the 
brachium conjunctivum (BC) and the nucleus coeruleus 
(COE) with AGN/H 25±5 (Figs 2 and 4a, Table 1). 
Above and below this pontine level, the number of 
labeled neurons rapidly decreased. However, at the level 
of the middle and the lower pons (approx. 8 and 6.5 mm, 
respectively) a higher number of immunoreactive neurons 
was found in the medial and superior vestibular nuclei 
(VN) (AGN/H 10±3), in the medullary raphe nuclei 
(AGN/H 7±1), and within a larger area (including the 
lateral parts of the gigantocellular nucleus, the 
paragigantocellular nucleus (vlFTG), the preolivary 
nucleus and the medial nucleus of the superior olivae 
(AGN/H 10±3). (Table 1) Within the mesencephalon, at 
the level of inferior colliculi (approx. 12-13.0 mm rostral 
to the obex), more intense FLI was detected bilaterally in 
the subcuneiform nucleus (ncl. subcuneiformis) of the 
central tegmental field (FTC) where AGN/H was 62±8 
and partly also around the periaqueductal gray (PAG), 
with AGN/H 87±15 (Figs 2 and 4a, Table 1). Slightly 
below and above this level, the FLI was not consistent. 
 
Immunostaining in stimulated animals 

 In stimulated cats (with the aspiration reflex, 
n=6), dense Fos-immunoreactivity was detected 
bilaterally throughout the brainstem. At the medulla 
oblongata stimulation-related FLI (sFLI) neurons 
extended from –3 mm to +4.0 mm rostral to the obex, 
including both the dorsal and ventral respiratory groups. 
In the pons sFLI neurons were restricted mostly to NPBL, 
KF, BC and COE. In the mesencephalon they were found 
mainly in the FTC. In general, no sFLI neurons (or non-
significant increase in the number of Fos-labeled neurons, 

compared to control brainstem nuclei), were observed: in 
the medullary hypoglossal nuclei, the area postrema, the 
DMV, 5ST, in the subretrofacial nuclei, the accesory 
inferior olivae nuclei (IOM, IOD, IOP), in the CVA, 
CVP, the brachium pontis, in the TB, TRC, CX and LLV, 
as well as in the paralemniscal tegmental field (FTP) of 
the mesencephalon. Figures 3b and 4b illustrate an 
increased density and distribution of sFLI within 
particular structures of the brainstem.  

In the dorsal and intermedio-lateral medulla 
oblongata (a level approx. 1 mm rostral to the obex), 
a significantly increased number of sFLI neurons was 
detected in the ncl. tractus solitarii (dorsal, interstitial and 
ventrolateral subnuclei) with AGN/H 123±15, p<0.01, 
also in a dorsolateral part of the lateral reticular nuclei-
FTL, and in the medial part of 5SP (AGN/H 42±8, 
p<0.01), compared to the number of labeled neurons at 
those structures in control animals (Figs 2 and 3b, 
Table 1). 

In the ventral medulla oblongata, numerous sFLI 
neurons were distributed bilaterally along a column 
extending from the caudal parts of lateral reticular 
formation, e.g. ncl. reticularis ventralis or FTL, through 
the NA to LRN (from –3 mm caudal to +4 mm rostral to 
the obex). Compared to control animals, at the level 
approx. –3 to –1 mm below the obex, the sFLI neurons 
were detected mostly in the lateral reticular formation 
(FTL), and in the commissural subnuclei of NTS, 
whereas at the level approx. +1 mm rostral to the obex, 
the sFLI neurons were most prominent in a larger area 
including the medial part of FTL, the NA, NPA and LRN 
(AGN/H 66±15, p<0.02). At the level approx. +3.5 mm 
rostral to the obex the sFLI was seen mainly in the ncl. 
paragigantocellularis (vl.FTG), in the lateral reticular 
formation (FTL), 5SP and RFN (AGN/H 61±11, p<0.02). 
Similarly, a significantly higher number of labeled sFLI 
neurons compared to control, was observed at the rostral 
medulla oblongata (level +5 to +5.5 mm) within the raphe 
nuclei (ncl. raphealis magnus et parvus) with AGN/H 
23±7 (p<0.02) (Figs 2 and 3b, Table 1).  

Within the dorsolateral pons (compared to the 
control FLI), compact clusters of sFLI neurons were seen 
bilaterally, in extension about 8-10.5 mm rostral to the 
obex. In particular, at the level of approx. 10.5 mm, a 
significant number of sFLI neurons was found mostly in 
the NPBL (subnucleus lateralis of parabrachial ncl.) and 
KF nuclei (AGN/H 266±50, p<0.05), as well as in the 
medial border of BC and the COE (AGN/H 74±9, 
p<0.01). A significant number of sFLI neurons was found  
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at the level approx. +10 mm above the obex, particularly 
within the BC and COE (AGN/H 102±23, p<0.01), at the 
area including the lateral and ventrolateral reticular 
formation (ncl. parvocellularis, ventral parts of ncl. 
gigantocellularis and ncl. paragigantocellularis – FTL, vl. 
FTG) and the accessory inferior oliva (SOM) with 
AGN/H 31±4, p<0.02, as well as within the raphe nuclei 
(AGN/H 15±2, p<0.02). Around and above the ponto-
medullary border, a scattered but significantly higher 
number of sFLI neurons was detected in the medial and 
lateral vestibular nuclei, and in the 5SP (AGN/H 23±3, 

p<0.05) compared to control (Fig. 2, Table 1). 
The highest density of sFLI within the 

mesencephalon was seen at the level between superior 
and inferior colliculi (the level of 12-16 mm rostral to the 
obex). However, a higher number of sFLI neurons was 
found predominantly in the central tegmental field of the 
mesencephalon (area ventralis tegmenti Tsai) (AGN/H 
98±9, p<0.05) compared to control (Fig. 2, Table 1). 
Only moderate and non-significant increase in the 
number of sFLI neurons was detected in the ventrolateral 
PAG (AGN/H 136±15, p>0.05). 

 

 
Table 1. Unilateral FLI counts in brainstem structures in a group of the control and stimulated cats, respectively. The eight labeled 
brainstem areas, with the average group number of immunoreactive neurons in particular area/hemisection (AGN/H), and significant 
differences between the control and stimulated cats, are shown. For abbreviations of brainstem nuclei see Fig. 2 and the text.  
 

Number of neurons 

AGN/H 

Significance Brainstem level 
(mm) 

Labeled areas 

control AR p  

 Medulla Oblongata 

-3 till -1 
 
+1-1.5 
 
 
 
+3.5-4 
 
 
+5.5-6 

Commissural nuclei of NTS and the FTL 
 
dNTS, iNTS and vlNTS subnuclei 
FTL and the medial part of 5SP 
LRN, NA, NPA 
 
vlFTG, FTL, 5SP 
NA, NPA, RFN 
 
Raphe nuclei 

 2 ± 1 
 
 14 ± 2 
 8 ± 2 
 13 ± 7 
 
 
 5 ± 2 
 
 4 ± 2 

 22 ± 3 
 
 123 ± 15 
 42 ± 8 
 66 ± 15 
 
 
 61 ± 11 
 
 23 ± 7 

<0.01 
 

<0.01 
<0.02 
<0.02 

 
 

<0.02 
 

<0.02 

 Ponto-medullary junction and Pons Varoli 

+6.5-8 
 
 
+9-10 
 
 
 
+10.5 

medial and lateral vestibular nucl. 
and dorsal part of 5SP 
 
COE and BC 
vlFTG, FTL, PON, SOM 
Raphe nuclei 
 
NPBL, KF 
BC, BCM, NPBM, COE 

 
 10 ± 3 
 
 10 ± 3 
 10 ± 2 
 7 ± 1 
 
 83 ± 9 
 25 ± 5 

 
 23 ± 3 
 
 102 ± 9 
 31 ± 4 
 15 ± 2 
 
 266 ± 50 
 74 ± 9 

 
<0.05 

 
<0.01 
<0.02 
<0.02 

 
<0.05 
<0.01 

 Mesencephalon 

+13-14 
 

FTC (area ventralis tegmenti Tsai) 
PAG 

 62 ± 8 
 87 ± 15 

 98 ± 9 
 136 ± 15 

<0.05 
>0.05 
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Discussion 
 

This is the first study identifying brainstem 
neurons exhibiting Fos-like immunoreactivity after the 
aspiration reflex in spontaneously breathing cats. 
Repetitive mechanical stimulation of the rapidly adapting 
receptors in the nasopharyngeal mucous membrane of 
cats elicited a series of frequent and repeated aspiration 
reflexes. Our study is based upon a comparison of Fos-
like immunoreactive neurons between control and 
stimulated cats, while keeping the same experimental 
conditions (type and level of anesthesia, surgical 
preparation, body temperature, delay between stimulation 
and sacrifice, parallel histochemical processing, etc.) in 
both groups of animals. Thus, we believe that a stable 
level of pentobarbitone anesthesia, the mean systemic 
blood pressure and a constant body temperature during 
the experiments, with minimal interventions, and a 
frequent use of local anesthetic had prevented undesirable 
Fos-like immunoreactivity in the brainstem neurons both 
in control and stimulated cats. Although Fos expression is 
generally acknowledged to be a reliable marker of 
neuronal activation, it may not necessarily express 
nuclear FLI under all circumstances. This experience is 
typical mainly for the pools of motoneurons engaged in 
a particular motor act, even when they are strongly 
activated (Hunt et al. 1987, Dragunow and Faull 1989, 
Gestreau et al. 1997, Berquin et al. 2000). This was also 
demonstrated in our study, because the facial, vagal or 
hypoglossal motoneurons did not exhibit marked FLI in 
spite of their participation in the AR. Furthermore, it is 
still not clear whether inhibitory or subthreshold 
excitatory synaptic events can be reflected in the 
distribution of Fos neurons. Thus, we can not exclude the 
possibility that our results may slightly underestimate the 
number of real neurons actually engaged in the aspiration 
reflex.  

The brainstem contains both spontaneously 
active respiratory and recruited respiration-related 
neurons extending from the level of medulla (the dorsal 
and ventral respiratory groups, the rapheal, medial and 
lateral systems of the reticular formation) to the pons (the 
pontine respiratory group) spreading further to a variety 
of suprapontine structures (including the mesencephalon, 
thalamus, hypothalamus, and the somatosensory cortex). 
In contrast to the cough, sneeze and the expiration 
reflexes, pools of exclusively inspiratory or inspiration-
related neurons were proposed to be important for 
production of the aspiration reflex (Batsel and Lines 

1973, Jakuš et al. 1985, du Pont 1987, Fung et al. 1994). 
However, Fung et al. (1995) also reported a recruitment 
of non-respiratory neurons in the medullary lateral 
tegmental field following nasopharyngeal stimulation in 
the cat. Hence, the lateral tegmental field of the medulla, 
between the NTS and the nucleus ambiguus was 
established as a critical region for fictive gasping 
(St. John 1990, 1996) and the fictive gasp-like AR in 
decerebrate, paralyzed and artificially ventilated cats 
(Fung et al. 1994). However, the second- and higher 
order neurons composing the central arc of the AR are 
completely unknown. Another difficulty results from a 
limited data about the projections and functions of the 
brainstem reticular nuclei, which seem to be critically 
involved in a variety of reflex behaviors. Since the 
nomenclature of the reticular nuclei is not uniform 
(especially between anatomists and physiologists) in this 
study we described the FLI in labeled reticular neurons 
according to the stereotaxic atlas of Berman (1968), using 
his terminology, Kalia and Mesulam (1980), Petrovický 
(1980) and Pavlásek and Petrovický (1994) for particular 
structures. 

In the control group of non-stimulated, quietly 
breathing cats (without the AR), very low density of FLI 
was found in a variety of brainstem areas. A dense and 
more intense Fos labeling was detected in the rostral 
dorsolateral pons (in the NPBL and KF nuclei), and in the 
PAG and FTC of the mesencephalon. These 
supramedullary regions in the cat are known to be 
involved mostly in integration of cardiorespiratory and 
vasomotor control (Guo et al. 2002a), as well as in 
processing of pain inputs (Hoskin et al. 2001). Also, at 
the level of medulla oblongata, scattered clusters of FLI 
neurons were found in the nuclei associated with 
respiratory and cardiovasomotor control. However, in 
contrast to reports of a massive control FLI detected in 
both the vestibular nuclei and the spinal trigeminal 
nucleus in decerebrate and paralyzed cats prior to fictive 
vomiting (Miller and Ruggiero 1994) or fictive laryngeal 
coughing (Gestreau et al. 1997), only a few FLI neurons 
were seen in those structures in our control group of cats. 
This possibly indicates a substantial reduction of 
nociceptive stimuli under our experimental conditions.  
 
Involvement of medullary structures 

In the group of cats with AR, an intense nuclear 
c-fos gene expression was observed in longitudinal 
columns extending from the caudal medulla oblongata, 
through the dorsolateral pons up to the intermediolateral 
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part of the mid-mesencephalon. In the dorsal medulla of 
our cats dense clusters of sFLI neurons were detected 
within the NTS complex. Compared to control 
conditions, a significant number of sFLI neurons was 
found predominantly in the commissural, dorsal, 
interstitial and ventrolateral subnuclei of NTS. As 
revealed by antidromic mapping in cats, the sensory input 
from the pharyngeal rapidly-adapting receptors (RAR) 
may terminate at these nuclei (Jordan and Spyer 1986, 
Jordan 1997, Taylor et al. 1999). This sensory input 
(believed to trigger the AR), is conveyed predominantly 
by the pharyngeal branch of the glossopharyngeal (IX) 
nerve (Tomori 1979). As shown later (Jordan 2001), 
despite some convergence of inputs from a variety of 
peripheral receptors, it seems to be some functional 
organization within the NTS. While the glossopharyngeal 
afferents of RAR terminate mainly in the rostral two 
thirds of the NTS, the vagal afferents from other airway 
regions, pulmonary or laryngeal receptors target mainly 
on the caudal two thirds of the NTS, overlapping the level 
of the obex. Hence, it was revealed that bilateral 
terminals of RAR afferents are densely concentrated in 
the commissural and interstitial nuclei and to a lesser 
extent within the dorsal and ventrolateral subnuclei of the 
NTS (Jordan 2001). This finding corroborates our present 
results, indicating that the Fos-positive neurons within the 
above mentioned NTS subnuclei can be held as second-
order neurons of the aspiration reflex in cats. However, 
the naso- and oropharyngeal regions possess multiple 
sensory innervation (i.e. in addition to the pharyngeal 
branch of the IX nerve, the sensory information from the 
nasopharyngeal RAR may also be carried out via the 
trigeminal, olfactory and intermediofacial nerves) 
(Tomori 1979). Therefore, it is possible that a minority of 
other neurons (e.g. those in the spinal trigeminal nucleus 
or the facial nucleus) with increased Fos labeling, may 
also co-participate in the AR. The neural activity from 
these second order neurons is believed to spread 
bilaterally to various nuclei in the medulla oblongata 
(Batsel and Lines 1973), to the pons Varoli and the 
mesencephalon (Jakuš et al. 2000) also reaching the 
thalamic and the somatosensory cortical areas (Tomori et 
al. 2000). Our Fos-like experiments validate this idea, 
that the second order NTS neurons may transmit the 
information bilaterally, to the medial and ventral parts of 
the medulla through the commissural nuclei, spreading 
farther both in ascending and descending manner through 
the FTG, FTL, ambigual and para-ambigual regions, the 
paragigantocellular and the retrofacial nuclei, localized in 

the ventral and ventrolateral medulla. This view is 
supported by the present finding of an intense bilateral 
sFLI labeling in all the above mentioned areas in cats 
with the AR. Since the glossopharyngeal afferents do not 
project directly to the ventrolateral medulla or to the 
pontine and mesencephalic reticular formations, it is 
reasonable to suppose that Fos-positive neurons 
overlapping these regions are synapticaly activated and 
may correspond to the higher-order neurons of the 
aspiration reflex. 

In the ventral medulla of stimulated cats, the 
sFLI significantly overlapped the VRG neurons affecting 
predominantly its rostral part above the obex, which is 
associated with the NPA, NA and RFN. All these nuclei 
contain pools of respiratory neurons, distributing the 
central respiratory motor drive to both the 
thoracoabdominal “pump“ and the upper airway “valve“ 
muscles with respiratory-related functions. As reported 
before (Batsel and Lines 1973, Jakuš et al. 1985), the 
rostral VRG inspiratory neurons (including both 
interneurons and premotoneurons), fired during the AR 
with an extremely high frequency reaching sometimes 
even 400 imp/s, i.e. a value much higher than in severe 
hypoxia or in coughing (Nail et al. 1979, Jodkowski et al. 
1989, Beňačka and Tomori 1995). Such vigorous 
activation of the rostral VRG neurons may explain the 
appearance of intense sFLI within the ventral medullary 
regions of our cats with the repeatedly provoked AR. 
From the present study it cannot be established whether 
pharyngeal, laryngeal or other motoneurons form a part 
of the rostral VRG neurons with sFLI. A significant 
increase of sFLI labeling was also found in cats with the 
AR within the caudal and rostral ventrolateral medulla 
including the medial and lateral vestibular nuclei around 
the pontomedullary junction. It may result from the 
transient episodes of hypertension during nasopharyngeal 
stimulation, since the activation of both the cardiac and 
vasomotor sympathetic efferents in the cat (resulting in 
tachycardia, vasoconstriction, and hypertension) are 
typical accompanying signs of the AR (Tomori and 
Widdicombe 1969, Tomori 1979). A similar increase of 
Fos-expression within the vestibular nuclei was also 
referred to cardiac sympathoexcitatory reflexes in the cat 
(Guo et al. 2002b).  
 
Involvement of pontine and mesencephalic structures 

In the pons many sFLI neurons were detected 
mainly in the NPBL and the KF nuclei of stimulated cats. 
These nuclei are referred to as a part of the pontine 
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respiratory group (PRG), which promotes inspiratory 
terminations (Bianchi et al. 1995). The PRG may 
modulate breathing via multiple topographically 
organized connections with the spinal cord, brainstem 
and forebrain structures (Maršala et al. 2002). The high 
density of labeling within the dorsolateral pons in our 
cats with provoked AR could be explained by direct 
projections from the commissural nuclei to the PRG 
(Otake et al. 1992), the ponto-mesencephalic rapheal 
neurons to the pontine reticular nuclei (Petrovický 1980), 
and/or by dense projections from VRG neurons to the 
dorsolateral pontine nuclei (Smith et al. 1989). The 
massive Fos labeling found in cats with the AR, at the 
NPBL, KF and to a lesser extent in the COE, BC, LTF 
and vlFTG, fits the most recent experimental finding that 
kainic acid lesions of the pontine parabrachial area and 
the adjacent reticular formation in cats regularly reduced 
the strength and partly also the elicitability of the AR 
(Poliaček et al. 2004). Nevertheless, the high density of 
Fos labeling found in the parabrachial neurons during the 
aspiration reflex was unexpected and has not yet been 
documented. Thus, it is highly probable that the PRG 
neurons might be involved in modulation of the AR in 
cats, similarly as was proposed in coughing (Jakuš et al. 
1987, Gestreau et al. 1997, Poliaček et al. 2004) and in 
the expiration reflex (Korpáš and Jakuš 2000). It is 
interesting, that the pontine sFLI distribution during the 
AR resembles the pattern of Fos immunoreactivity 
occurring in the pons during fictive laryngeal coughing 
(Gestreau et al. 1997), but it differs from the patterns 
induced in sneezing (Wallois et al. 1995), swallowing 
(Amirali et al. 2001) or in the cardiac sympatoexcitatory 
reflexes (Guo et al. 2002a), suggesting a specific 
involvement of the pontine regions in modulation of both 
the laryngeal cough and aspiration reflex.  

In the mesencephalon the most enhanced Fos 
labeling was seen bilaterally at the level of the mid-
mesencephalon, within the intermediolateral part of the 
central tegmental field and partly around the ventrolateral 
periaqueductal gray. The organization of these midbrain 
areas is very complex, and among many different 
functions they seem to be involved in the modulation of 
the central respiratory and cardiac sympathetic drives 
during both defense reactions, changes in the arousal 
state, in vocalization, etc. These effects are mediated 
mainly by projections from the aforementioned Fos 
labeled areas to the ventrolateral medulla and the NTS 
(Chen and Aston-Jones 1996, Hudson and Lumb 1996, 
Holstege and Kuypers 1997), as well as from the 

periaqueductal gray to the lateral reticular nuclei in the 
cat (Roste et al. 1985). However, the finding of large Fos 
labeling in the central tegment field of the mid-
mesencephalon was expected, since it had been reported 
in former experiments on cats with midcollicular 
decerebration that the AR disappeared after kainic acid 
lesion to the medullary FTL (Fung et al. 1994), 
nevertheless in our experiment in cats without 
decerebration, the AR surprisingly persisted even after 
the lesion of the FTL and disappeared only after 
successive midcollicular decerebration (Jakuš et al. 
2000). Hence, we believe that the sFLI positive neurons 
in the mid-mesencephalon (together with those in the 
dorsolateral pons and the dorsal and ventral medulla 
oblongata, including the magno- and parvicellular 
reticular nuclei) may form a substantial part of a long 
loop in the basic brainstem coordination of the aspiration 
reflex in cats. 

It is of interest that in stimulated cats with the 
AR, massive sFLI was detected in the ventrolateral part 
of the FTG, the ventromedial part of the FTL, and in the 
LRN. These parts of the medial and lateral medullary 
reticular formations are usually not associated with the 
respiratory central pattern generator (CPG). The somata 
of these reticular neurons create a high density of 
reticulo-nuclear and reticulo-reticular connections with a 
variety of nuclei in the medulla, pons and mesencephalon 
(Scheibel 1984), which may mediate various effects of 
the AR on many functions of the body. However, their 
morphological and functional connections with the 
proposed second and higher order neurons of the 
aspiration reflex remains unknown. Nevertheless, as 
reported previously (Brodal 1957, Pavlásek and 
Petrovický 1994), the medioventral part of the rostral 
medullary reticular formation, being mostly Fos labeled 
in our cats, may transmit the received information mainly 
in the descendent direction (i.e. from the suprapontine, 
pontine and the rostral medullary areas to the medullary 
VRG and the spinal phrenic motoneurons – Maršala et al. 
2002). On the other hand, the ventrolateral part of the 
FTG and the laterodorsal part of the reticular formation, 
being also involved in Fos labeling, mediate signals 
mainly in the ascending direction (i.e. from the airway 
receptors and the medullary NTS input neurons to the 
raphe, pontine, and midbrain neurons). Recent studies 
have suggested an involvement of the medullary FTG and 
FTL in generation of swallowing (Amirali et al. 2001). 
Regular involvement of the FTL neurons was also 
reported in the sympathetic and baroreceptor control 
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(Gebber and Barman 1985), in the vestibulo-sympathetic 
reflexes (Yates et al. 1995), and in many reflex motor 
behaviors, e.g. gasping (St. John 1990), the “gasp-like“ 
aspiration reflex (Fung et al. 1994, 1995), in vomiting 
(Miller and Ruggiero 1994), sneezing (Wallois et al. 
1995), as well as in fictive laryngeal coughing (Gestreau 
et al. 1997). All these reflex motor behaviors involve the 
contraction of respiratory-related muscles. Hence, in 
addition to these reflexes, the activation of FTG and FTL 
reticular neurons during the AR (as detected by our Fos 
immunohistochemistry) also seems to be necessary for 
the basic production/modulation of the motor programs 
associated with the aspiration reflex. However, the 
involvement of the respiratory CPG itself in the 
generation of the AR it is not excluded, since we also 
detected intense sFLI along the column of respiratory 
nuclei within the rostral ventrolateral medulla, known as 
a morphological basis of the respiratory CPG (Feldman 
1986). Similar involvement of the respiratory CPG in the 
generation of the tracheobronchial cough (Shannon et al. 
1998, 2000) and the expiration reflex (Baekey et al. 
2001) was recently suggested in cats. 

Although the neural substrate underlying the 

coordination of the AR remains unclear, this Fos study 
demonstrates that nasopharyngeal stimulation evokes 
a selective FLI in several brainstem areas, suggesting 
a crucial role of these structures in coordination of 
various functional components of the AR. This FLI 
overlapped the dorsal and ventral medullary areas and the 
dorsolateral pontine regions (containing the pools of 
respiratory or respiratory-related neurons), but also 
involved a variety of non-respiratory reticular neurons. 
They are localized in the lateral part of the FTG, the 
medial part of the FTL, the medullary LRN and in the 
pontine vlFTG, FTL, as well as in the central tegmental 
region of the mesencephalon. Present data corroborate 
our former idea that the aspiration reflex is coordinated 
by a long loop of the control circuit rather than by 
a unique well-defined “center“. 
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