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SWEAZEY, R. D. AND R, M. BRADLEY. Response chff~uc~Er~3~~~~ of Iamb ~rjge~~~ff~ M‘WOES fo ~r~~~~~fj~~ of the ad cavity am-f 
epigkztis wirh &&rent sensmy modatities. BRAIN RBS BULL 22(S) 883-891, 1989.-A region of the trigemmal complex located 
at the border of the subnucleus interpolari’s and subnucleus caudalis receives not only trigeminal nerve inputs from the face, tongue 
and palate, but also afferent terminations from other nerves which innervate the oral cavity and upper airway. To increase our 
understanding of the types of sensory information relayed to this region of the trigeminal nucleus, we investigated the response 
characteristics of single neurons to stimula~on of the tongue, palate and epigkrttis. Receptive field size and location of 83 trigeminal 
neurons were mapped, and responses to mechanical, thermal and chemical stimuli were recorded. About 90% of the neurons had one 
receptive field and no convergence between the oral cavity and epiglottis was observed. Furthermore, only about 15% of the trigeminal 
neurons responded to more than one stimulus modality. A moving mechanical stimulus elicited responses in over 90% of the cells, 
and 84% responded to moving and punctate mechanical stimuli. These mechanosensitive neurons generally exhibited rapidly adapting 
responses. Thermal and chemical stimuli were relatively ineffective. Cooling a receptor surface most often produced excitation, and 
warming inhibition. Responses to chemical stimuli were only observed for salts at high conc~ntra~ons. These results suggest that* like 
oraf cavity info~ation relayed by the trigeminaf nerve, affereni te~nat~ons in the trigeminai nucleus from other nerves snbserving 
the oral cavity and upper airway function to relay mechanical sensory information. This information may be important in the ehcitation 
of mechanically evoked oral and upper airway reflexes, or may provide a pathway to the thalamus for qualitative and quantitative 
sensory information about these areas. 
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AWERENT information from the oral cavity is represented in all 
divisions of the brainstem tigeminaf complex (1, D9, 45,46f and 
is conveyed by the various branches of the trigeminal nerve (29, 
45, 46). Other cranial nerves which innervate the oral cavity and 
epiglottis terminate primarily in the nucleus of the solitary tract 
(NTS). However, there is a region in the caudal medulla encom- 
passing the caudal subnucleus interpolaris and the rostra1 subnu- 
cleus caudahs which receives not only trigeminal inputs, but also 
a small number of afferent te~~nat~ons from other cranial nerves 
which innervate the oral cavity and upper airway, These include 
terminations of the chorda tympani branch of the facial nerve 
(36,54), the lingual-tonsillar branch of the glossopharyngeal nerve 
innervating the caudal tongue (37,51), and the superior laryngeal 
nerve i~e~a~g the epigfottis (14, 38, 51) 

Numerous investigations have studied the response character- 
istics of neurons in the trigeminal complex to stimulation of the 
face, anterior oral cavity and tooth pulp (15,41). In contrast, the 
responses of trigeminal neurons to stimulation of the caudal tongue 

and palate, and particularly the epiglottis, have rarely been 
investigated. Yet the information from these other receptor areas, 
in combination with that of more rostra1 oral regions, contribute 
important afferent input to the NTS for oral and upper airway 
reflex behaviors such as mastication, swallowing and coughing 
(11, 12, 24, 39). Therefore, afferent information from these 
receptive fields aIso might be important in any regulation of oral 
cavity and upper airway sensory reflexes by the trigeminal 
compfex . 

The present study was designed to examine the response 
characteristics of neurons in the restricted region of the trigeminal 
nucleus where afferent fibers from the oral cavity and upper 
airway both terminate. Single neuron responses were investigated 
during stimuI~ion of the oraI cavity and epiglottis with different 
stimulus modaiities to determine whether neurons received con- 
verging inputs, and to compare trigeminal neural response char- 
acteristics with previously recorded responses of NTS neurons 
which also receive info~ation from these receptor areas. Lambs 
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were used because the structure, number and distribution of taste 
buds in the oral cavity and epiglottis have been described (5. 
31--33); there is anatomical information on the regions of the 
trigeminal nucleus which receive information from nontrigeminal 
oral and upper airway afferent nerves (51); and there are behav- 
ioral data on the reflex responses elicited by stimulation of rhese 
structures (23,X9. F~~errnore~ there is in~~~~~j~R on the 
response characteristics of NTS neurons to stimulation of the lamb 
epiglottis. tongue and palate (T&53). Finally, the large size of the 
lamb orai cavity and epiglottis permits mechanical and thermal 
stimulation of restricted areas that would be very difficult in a 
smaller mammal. 

lllETHOD 

The methods used in the present study were similar to those 
reported in detail previously (53). Briefly, 43 Suffolk lambs (aged 
30-80 days) were anesthetized with sodium ~ntob~ital and the 
epiglottis and oral cavity exposed. The animal’s head was placed 
in a stereotaxic frame and the surface of the brainstem exposed. 
The stereotaxic frame was then rotated laterally 45” from horizon- 
tal to permit stimulation of the epiglottis, tongue and palate while 
recording from single trigeminal neurons. 

Using the obex as a ZCXQ reference point. tungsten microelec- 
trodcs (2-3 ML! impedance) were positioned over the tsigeminal 
complex and advanced into the brain with a micromanipulator. 
The search for responsive trigeminal neurons was restricted to the 
calrdaf subnudeus interp&tis and rostra1 subnucleus caudafls 
from 2.0 mm rostrd to 2.0 mm caudat to obex. This region of the 
trigeminai complex was chosen because the majority of trigeminal 
terminations of the lingual-tonsillar branch of the gIossopharyn- 
geal nerve which innervates the caudal oral cavity, and the 
superior laryngeal nerve which innervates the epiglottis, terminate 
in this area (51). 

Single trigeminal r~eurons were located either by stroking the 
receptor areas with a soft brush, or by applications of warm and 
cool rinse solutions, or a mixture of 1 .Q M NI-IJI and KCI. These 
stimuli have previously been shown to be eff’ective for lamb and 
sheep chorda tympani, superior laryngeal snd glossopharyngeal 
nerve fibers (7, 31. 32) and NTS neurons (6, 52, 531. 

When a neuron was isolated, its receptive field was located 
using a glass probe or, if the neuron was not responsive to 
mechanical stimuli, the receptive field was defined using a thermal 
stimularor. Receptive fields were mapped onto representative 
drawings of the oral cavity or epiglottis. After determining a 
neltron’s re-ceptive field, responses to mechanical, thermal and 
chemical stimuli were recorded onto one channel of a tape 
recorder, and voice cues of experimental procedure were placed on 
a second channel. 

Mechanical stimulation consisted of a moving glass probe 
(glass rod, 5 mm tip diameter), a moving soft brush, and punctate 
srimulation appIied using a hand-held, modified Grass strain gauge 
(circular stimulating surface, 5 mm in diameter). The strain gauge 
was connected to an amplifier, chart recorder and third channel of 
a tape recorder to provide a permanenr record of srjmulatinn 
pressure. Functate stimulation ranged from 1 to greater than 15 
grams ltO.2 grams and was applied for 3 to 5 sec. AtI neurons 
received repeated applications of glass probe and brush stimulation 
and punctate stimulation was applied at least twice for 65% of the 
neurons. In addition, the responses to a moving stimulus were 
quantified for a subset of neurons (3 1%) by moving the stimulator 
Over the receptive field, 

Thermal stimulation was accomplished by placing a water- 
circulating thermal probe (range 22-42”Cj on the receptar surface. 
A thermistor on the end of the probe, connected to an amplifier. 
chart recorder and a fourth channel of the tape recorder. provided 
a permanent record of the t~rn~~tu~ at the probe-mucosa 

boundary. The thermal stimulation sequence was repeated for all 
neurons which responded to thermal stimulation. 

Chemical stimuli applied to the tongue and palate were I .O M, 
KCl. NJ&Cl and NaCl and O,Ol N HCI dissoked in distilled 
water. Distilled water also served as the rinse. Solutions applied to 
the epiglottis were 1.5 M KC1 and NH,CI, #.5l N HCi and 
distilled water. Water clicirs a neural response in rhe superior 
laryngeal nerve and NTS when applied to the cpigtorris, There- 
fore, the chemicals which were applied to the cpigtotris were 
dissolved in 0.154 M NaCl which elicits minimal activity in 
superior huyngeal nerve fibers and NTS neurons during epiglottal 
stimulation (7. 48. 52). This concentration of NaCl was also used 
a+ a rinse solution to remove chemical stimuli from the epiglottis. 
If a neuron responded to the 1 .O M concentrations of salts it was 
subsequently tested for its response to 0.5 and 2.0 M salts, 

Syringes (15 mli were. tised to deliver 15 ml of a stimulus 
sofutinn to the receptor areas. Each chemical sofution remained on 
fhe mucosa for a minimum of 10 set and was then removed by 4 
successive applications of 15 ml of the appropriate rinse solution. 
Stimuli were delivered by hand at a flow rate of I5 mill 2 see ? f 
set and all chemical and rinse solutions were delivered at oral 
caviry-epiglortis temperature (33°C). Chemical stimuli for the oral 
cavity were applied in the following sequence: NH,CI, KCl, HCI, 
NaCl, NH&l. Stimuli for the epiglottis were applied as follows: 
KCI. NH,Cl. distilled water. KCI. At Ieast 2 min elapsed between 
stimulations to prevent cumulative adaptation {47’!. and for 90% of 
the ~EXWCHIS responsive tn chemical stimuli, the total sequence of 
stimuli was repeated. As in previous investigations, the stability of 
rhe neural preparation was monitored by applying a chemical 
standard twice in the stimulation sequence (53). The chemical 
standard for neurons with oral cavity receptive fields was NH,Cl, 
while KC1 served as the standard for neurons with receptive fields 
on the epiglottis (7, 48, 52. 53). 

After determining a neuron’s response characteristics, the 
location of the recording site was marked by passing 35 PA DC for 
3-5 set through the electrode. Following completion of the 
experiment the animal was given an overdose of ~ntobarb~ta~ and 
the brainstem removed and postfixed in 10% formalin. Coronal 
sections (50 em) were cut on a sliding microtome and mounted nn 
slides coated with chromalum. Sections were stained using the 
Auktta method (55) and recording sites were marked on standard 
drawings of the Lamb brainstem. 

Recorded neural impulses were converted inro standard elcc- 
trical impulses using a window discriminaror. Intervals between 
pulses in millifiecnnds were measured with a microcomputer (4). 
and this information was then converted tu frequencies fimpulsesi 
seci, in rrrder to analyze only that portion of responses due to a 
stimulus, mean spontaneous frequency was subtracted from evoked 
responses, The spontaneous frequency was calculated by averag- 
ing the 5 xc immediately preceding a stimulation and subtracting 
this mean frum the response evoked by that stimulation. Fflr all 
neurons which received repeated presentations of the stimuli, the 
response WGS averaged across these repeated presentations. 

A responsr to thermal stimulation was defined as an increase or 
decrease in rhe adjusted response frequency dusing any 5 ~e$uctn- 
Gal seconds of the stimulation period greater than the mean 
spontaneous activity 2 2 S.D,, and a neuron was considered 
responsive to a punctate or moving mechanical stimulus if the first 
1 set adjusted response was greater than the mean spontaneous 
activity 22 S.D. 

&cause many neurons responded to mechanical stimulation. 
the mean response frequency due to the mechanical effects of 
flowing a chemical solution over the receptive field also was 
determined and subtracted from the responses elicited by chemical 
stimuli (32,52]_ Previous investigations of lamb NTS neurons 
have shown that the responses to same chemical stimuli do nol 
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TABLE 1 

MEAN RECORDING SITES (IN mm AND S.E.M.) FOR NEURONS 
ISOLATED IN LAMB TRIGEMINAL NUCLEUS 

Medial-Lateml Dorsal-Ventral 

All Neurons 
Oral Cavity 

Palate 
Tongue 
T&P 

Epiglottis 

0.22 + 0.07 5.52 2 0.08 2.81 * 0.05 
0.20 2 0.08 5.45 If: 0.09 2.74 2 0.05 
0.18 2 0.11 5.48 2 0.61 3.0 + 0.10 
0.15 2 0.14 5.35 2 0.15 2.65 ? 0.06 
0.52 r 0.29 5.78 2 0.31 2.69 -e 0.14 
0.35 ? 0.16 5.95 c 0.21 2.74 ?z 0.13 

attain peak frequency until some time following the onset Of 
stimulation (52). Therefore, the presence of a response to chemical 
stimulation in trigminal neurons was defined as a difference in 
average adjusted response frequency (spontaneous frequency and 
response due to flow subtracted) during any 5 sequential seconds 
of the stimulation period greater than the mean 12 S.D. of the 
spontaneous activity. This criterion permitted the analysis of 
responses which showed an increase or decrease in response 
frequency with time. 

RESULTS 

Ana?omical Organization 

Responses were recorded from 83 single trigeminal neurons; 3 1 
neurons had a single receptive field on the ipsilateral tongue, 35 on 
the ipsilateral palate, 11 on the ipsilateral laryngeal surface of the 
epiglottis, and 6 neurons had two receptive fields, one on the 
tongue and one on the palate (TP neurons). Neurons were located 
in the dorsal one-third of the caudal subnucleus interpolaris or the 
rostra1 subnucleus caudalis. The oral cavity and epiglottis were 
somatotopically organized in an inverted medial-facing manner, 
with the oral cavity medial, the epiglottis lateral, and the palate 
ventral to the tongue. The recording sites of lamb trigeminal 
neurons, based on receptive field location, are shown in Fig. 1. 

0.5 J -1.0 _, 

The mean recording sites of the different groups of neurons are 
given in Table 1. Comparison of recording sites among the 
different groups of trigeminal neurons revealed no significant 
differences in the ante~or-poste~or coordinates. However, as a 
group, neurons with oral cavity receptive fields were significantly 
more medial than neurons with receptive fields located on the 
epiglottis (t = 2.1, p<O.O5), and neurons with receptive fields on 
the palate were significantly more ventral than neurons with 
receptive fields on the tongue (t=2.9, p<O.OQl). 

FIG. 1. Anatomical reconstructions of recording sites in the lamb trigem- 
inal nucleus. The recording site of each isolated neuron is marked with a 
symbol (inset key) which represents the location of the neuron’s receptive 
field. Note that neurons were generally located dorsal and dorsomedial in 
the trigeminal nucleus. Distances rostral or caudal to obex (in mm) of each 
representative brainstem section are given at the lower left of each section. 
Abbreviations: SPVn, spinal trigeminal nucleus; ST, solitary nucleus; X, 
dorsal motor nucleus of the vagus; XII, hypoglossal nucleus. 

Receptive Fields 

The majority (5/6) of TP neurons had receptive fields located in 
the caudal oral cavity (Fig. 2, lower left). For all TP neurons, the 
receptive field on the palate was located directly above the 
receptive field on the tongue. Fu~e~ore, the two receptive 
fields were usually about the same size, although 1 TP neuron had 
a receptive field on the palate which was four times larger than the 
receptive field on the tongue. 

The receptive fields of the 83 trigeminal neurons are mapped 
onto the schematic drawings of Fig. 2. Over 66% of the neurons 
had well defined receptive fields of less than 100 mm*; however, 
a few neurons had more diffuse receptive fields which covered 
over half of the ipsilateral tongue or palate. These very large 
receptive fields were usually composed of a region of high 
sensitivity surrounded by a large area in which stronger intensities 
of stimulation were required to elicit a response. Reflecting the 
difference in size between the oral cavity and epiglottis, receptive 
fields located on the epiglottis were generally much smaller than 
those observed in the oral cavity. Receptive field size ranged from 
a low of 8 mm* on the epiglottis to a high of 700 mm* on the 
tongue. The mean receptive field size for the different groups of 
neurons is presented in Table 2. 

TABLE 2 
MEAN RECEFIWE FIELD SIZE (IN nnn’ AND S.E.M.) FOR NEURONS 

ISOLATED IN LAMB TRIGEMINAL NUCLEUS 

All Neurons 130.7 + 17.2 
Palate 132.3 ” 28.0 
Tongue 143.9 5 28.7 
T&P-Palate 214.7 2 100.9 
T&P-Tongue 168.8 -t 63.3 
Epiglottis 22.1 + 2.6 
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FIG. 2. Receptive fields of the 83 lamb trigeminal neurons. The receptive 
fields for the tongue (upper right), palate (upper left) and epiglottis (lower 
right) are from neurons which had only a single receptive field. For 
neurons responsive to stimulation of both the palate and tongue (lower 
left), the two receptive fields of an individual neuron are similarly shaded. 
All trigeminal neurons had receptive fields restricted to the ipsilateral 
tongue, palate or epiglottis. However, for clarity, receptive fields have 
been mapped onto both sides of the schematic drawings. The calibration 
bar in the upper left applies to the tongue and palate schematics, the one in 
the lower right to the drawings of the epiglottis. 

Response Characteristics 

The spontaneous rates of trigeminal neurons were usually low, 
ranging from 0 to 38 impulseskec. Eighteen neurons had no 
spontaneous activity and a majority of the remaining neurons had 
spontaneous rates of less than 5 impulses/set. The mean sponta- 
neous rate for all neurons was 2.5 to.62 (S.E.M.) impulseskec. 

Eighty-eight percent of the neurons responded exclusively to 
one of the stimulus modalities, either mechanical (66 neurons) or 
thermal (7 neurons). The remaining neurons responded to 2 
stimulus modalities (3 responded to both mechanical and thermal 
stimuli, and 7 exhibited a strong response to mechanical stimuli 
and a very weak response to chemical stimuli). 

Responses to Mechanical Stimuli 

Mechanical stimuli were the most effective of the three 
stimulus modalities regardless of receptive field location and most 
of the mechanosensitive neurons responded to both moving and 
punctate stimuli (see Figs. 3 and 4A). Over 80% of mechanosen- 
sitive neurons were rapidly adapting and many responded with a 
brief burst of activity to the onset and offset of a punctate stimulus. 
Furthermore, these rapidly adapting neurons usually had well 
defined receptive fields, but rapidly adapting neurons with large, 
diffuse receptive fields were occasionally observed. An example 
of a rapidly adapting neuron with an on-off response to punctate 
stimulation is shown in Fig. 3. 

The remaining neurons responded to a punctate stimulus with 
either a sustained response or a response that was rapidly adapting 
to low stimulus intensities and slowly adapting to stronger pres- 
sures. The receptive fields of these neurons also were generally of 
moderate size and well defined. An example of a sustained 
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FIG. 3. Oscilloscope tracings of responses from a trlgeminal neuron which 
had a receptive field on the caudal tongue. This neuron responded 
primarily to mechanical stimuli, but also exhibited a weak response to 
chemical stimuli (not shown). Responses to the different types of mechan- 
ical stimuli used in the study are presented in the different panels. Note that 
a moving stimulus (panel 2) produces a greater magnitude of response than 
a punctate stimulus and this neuron responded to the onset and offset of 
punctate stimuli. Periods of stimulation in the top panel are indicated by 
solid lines, periods of stimulation in the remaining panels are indicated by 
the stimulus record under the neural traces. Intensity of each stimulation is 
shown beneath the stimulus records. The time bar at the bottom right of the 
figure applies to all oscilloscope tracings except the one panel which 
contains its own time bar. 

response to punctate stimuli is shown in Fig. 4A. Sustained 
responses to punctate stimuli were observed more frequently in 
neurons with epiglottal receptive fields (27%) than in neurons 
having receptive fields in the oral cavity (8%). 

Although most neurons responded to both punctate and moving 
stimuli, 16% of mechanosensitive neurons with one receptive field 
did not respond to punctate stimuli. In addition. 3 of the 6 TP 
neurons showed a mixed response in that they responded to 
punctate and moving stimuli on one of the receptive fields, but 
only to movement on the other. 

Regardless of receptive field location, almost all neurons 
responded with increased frequency to increases in punctate 
stimulation intensity. Eighty-nine percent of the neurons respon- 
sive to punctate stimuli responded to all intensity levels from 
l-10+ grams. Stimulus intensities less than 1 gram were slightly 
less effective, eliciting responses in 70% of the punctate respon- 
sive cells. The mean response frequencies to punctate stimuli are 
shown in Fig. 5, which illustrates that an increase from I to 10 
grams resulted in a six-fold increase in mean response frequency. 
The mean responses of neurons to punctate stimulation based on 
receptive field location are shown in Fig. 6. No significant 
differences existed between the slopes of the four response 
functions illustrated in Fig. 6. However, significant differences 
between the response magnitudes of the functions were observed, 
F(3,63)=3.84, p<O.O5. Neurons with receptive fields on the 



LAMB TRIGEMINAL NEURONS 887 

A. MECHANICAL 
*Or 

I I I 

2~3 4<5 

ST ‘IMULUS 

I I 1 

6C7 

INTENStTY 

I 

8c9 

(4 

I 1 

.I0 

8. CHEMICAL 

KCI 

O.SM 

NH&, 

1.0 M 

FIG. 5. Mean response frequencies and standard errors of 63 trigeminal 
neurons to different intensities of punctate mechanical stimulation. Re- 
sponses to different stimulus intensities were grouped into the magnitude 
categories noted on the x-axis. Note that the response magnitudes increase 
with increasing stimufus intensities. 

FIG. 4. Gscifloscope tracings of responses from a t~geminal neuron whose 
receptive field was located on the laryngeal surface of the epiglottis. This 
neuron responded to both mechanical and chemical stimuli.(A) Responses 
to different types of mechanical stimulation. (B) Responses to different 
concentrations of KC1 and NH&l. Note that this neuron did not respond to 
0.5 M concen~tions of these salts and that the response to NH&l showed 
a slow increase. Onset of the chemical stimuli is denoted by the arrows at 
the bottom left of each set of tracings, onset of poststimulus rinses by the 
arrowheads in each panel. The location of this neuron’s receptive field is 
shown in the schematic drawing at the upper right. The time bar applies to 
all tracings. 

epiglottis, tongue or both the tongue and palate were significantly 
more responsive to punctate mechanical stimuli than neurons with 
palate receptive fields (pairwise comparisons, pCO.05). The 
relatively low responsiveness of neurons with palate receptive 
fields reflects the fact that a small number of neurons (10%) did 
not increase their response frequency with increasing stimulus 
intensities. These neurons usually had receptive fields restricted to 
the palate, were rapidly adapting, and responded with only 1 or 2 
impulses to a stimulus regardless of strength. Furthermore, these 
neurons always responded to stimulus strengths of less than 1.0 
gram, and usually responded to the offset of the stimulus as well. 

The glass probe and soft brush were the most effective stimuli. 
Examples of responses produced by these stimuli are shown in 
Figs. 3 and 4A. All mechanosensitive neurons responded to 
moving a glass probe over the receptive field and only one neuron 
failed to respond to brushing. Stimulation with a glass probe or 
brush also produced the largest mean response frequencies, 
17kl.2 and l4+ 1.2 impulseskec respectively. 

Twenty-six of the neurons responsive to mechanical stimuli 
were investigated for their response to different intensities of a 
moving stimulus. Examples of the responses produced by moving 

the stimulator across the receptive field are shown in Figs. 3 and 
4A. It can be seen in these figures that a moving stimulus not only 
produced a greater response frequency, but in most cases, smaller 
stimulus intensities were required to elicit a response. The mean 
response frequencies to increasing intensities of a moving stimulus 
are presented in Fig. 7. For comparison, the mean response 
frequencies of this subset of neurons to punctate stimuli also are 
displayed in this figure. It is obvious that moving the stimulator 
across the receptive field was much more effective than a punctate 
stimulus at all but the lowest level of stimulus intensity. 

Responses to Thermal Stimuli 

Thermal stimulation was less effective than mechanical for our 
sample of trigeminal neurons, with only 10 neurons responding to 
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FIG. 6. Mean response frequencies of different groups of trigeminal 
neurons to different intensities of pun&ate mechanical stimulation. The 
neurons are grouped according to the location of their receptive field(s). 
The number of response functions per group were: tongue, 19; palate, 30; 
epiglottis, 10; tongue and palate, 9. Because of a large amount of overlap 
in the standard errors, only standard errors for the most (epiglottis) and 
least (palate) responsive groups of neurons are presented. 
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We recorded the responses of 83 neurons located in the 
dorsomedial areas of the caudal interpolaris and rostra1 caudalis, 
an area of the trigeminal complex which receives projections from 
the superior laryngeal nerve and glossopharyngeal nerve. Trigem- 
inal neurons within this region usually responded to mechanical 
stimulation of receptor areas innervated by these two nerves and to 
stimulation of areas of the oral cavity innervated by different 
branches of the trigeminal nerve such as the lingual. The typical 
somatotopic organization was observed, with the mouth inverted 
and the anterior tongue medial and epiglottis lateral ( 15, 25. 29. 
46). Over 90% of the neurons responded to at least one type of 
mechanical stimulation and a moving mechanical stimulus usually 
proved to be much more effective than a stationary stimulus. 

The majority of neurons with oral cavity receptive fields were 
rapidly adapting, and many of these neurons responded to both the 
onset and offset of a punctate stimulus. Neurons with similar 
response characteristics have been reported in the peripheral 
nerves which innervate the oral cavity. in the trigeminal ganglion, 
and throughout the trigeminal complex of a large number of 
different species including cat, sheep and monkey (1, 3, 10. 15. 
19, 21, 25, 41). Furthermore, investigations of peripheral nerves 
innervating the cat tongue (3). or cells in the subnucleus interpo- 
laris ( 15) have reported that over 75% of neurons sampled showed 
rapidly adapting responses to mechanical stimuli. a percentage 
similar to that found in the present study. 

We have demonstrated that neurons in caudal interpolaris and 
rostra1 caudalis respond to stimulation of the epiglottis. This result 
extends the findings of previous investigations which have shown 
that neurons in the principal and spinal trigeminal nucleus are 
influenced by electrical stimulation of the superior laryngeal nerve 
(17.44). Like neurons with oral cavity receptive fields, neurons 
with epiglottal receptive fields generally exhibited rapidly adapt- 
ing responses to mechanical stimuli. However, neurons were more 
likely to exhibit slowly adapting responses if they had a receptive 
field on the epiglottis than if they had a receptive field in the oral 
cavity. Studies of the superior laryngeal nerve in cat and rabbit 
note that a number of fibers are of the slowly adapting type. 
although there is some disagreement as to the proportion of slowly 
to rapidly adapting responses in this nerve (10.42). Our results 
suggest that the majority of mechanical information relayed to the 
trigeminal nucleus from the epiglottis concerns the onset and offset 
of a stimulus. Nevertheless, like fibers in the superior laryngeal 
nerve. a relatively large percentage of neurons in the trigeminal 
nucleus do continue to respond for as long as the stimulus is 
present on the epiglottis. 

The most frequently observed response characteristics and 
receptive field properties of rapidly adapting trigeminal neurons 
were similar to fast-adapting type I fibers described by Knibestol 
(26.27). These rapidly-adapting trigeminal neurons exhibited re- 
sponses restricted to the transient phases of the stimulus and had 
relatively well defined, albeit larger receptive fields than periph- 
eral fast-adapting type I fibers. Trigeminal neurons with slowly- 
adapting responses had response characteristics that were very 
similar to Knibestiil’s slowly-adapting type I units in that they 
responded during the static phase of stimulation, often showed a 
greater sensitivity to the transient phase of stimulation. and had 
quite well defined receptive fields (Fig. 4). 

The small number of neurons which required a strong punctate 
stimulus probably reflect an input from submucosal mechanore- 
ceptors. For example, there are reports of peripheral nerve 
responses to stimulation of the sheep’s tongue which required 
strong pressure or distortion of the surface of the tongue (19), 
suggesting that submucosal receptors in the tongue musculature 
were being stimulated. It also is possible that these high threshold 
neurons are involved in nociception. Amano et al. I I ) reported that 
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FIG. 7. Mean response frequencies and standard errors of 26 neurons in 
which responses to different intensities of both punctate and movement 
were determined. Responses to different stimulus intensities were grouped 
into the magnitude categories noted on the x-axis. Note that moving the 
stimulator across the receptive field produced a larger response at all but 
the lowest level of stimulus intensity. 

this stimulus modality. Seven of these neurons responded exclu- 
sively to thermal stimuli and behaved in a manner similar to that 
reported for peripheral cold fibers. These neurons exhibited a 
static discharge (mean = 6.5 * 1.4 impulses/set), increased their 
activity when the receptive field was cooled, and responded to 
warming of the receptive field with a decrease in activity. The 
response to warming in these neurons usually reflected a decrease 
from ongoing rates of discharge to zero. Based on the first second 
of the response, cooling the receptive field in this group of thermal 
neurons produced an increase in activity which ranged from I 1 to 

35 impulses/set, while warming the receptive field resulted in a 
decrease ranging from 3 to 12 impulses/set. Receptive fields of 
thermosensitive neurons were located on the tongue, principally 
on the anterior one-third. Three of the 10 neurons which responded 
to thermal stimuli also responded to a mechanical stimulus. These 
neurons responded best to mechanical stimuli, exhibiting a slowly 
adapting response. 

Responses to Chemical Stimuli 

Chemical stimuli were the least effective of the stimulus 
modalities tested. Seven neurons exhibited a weak response to 
chemical stimuli and these responses were only observed to 1 .O M 
or higher concentrations of NH&I or KCl, or in the case of one 
neuron, 2.0 M NaCl. None of the neurons responded to HCl, and 
neurons with receptive fields on the epiglottis did not respond to 
water, normally an effective stimulus for this receptor area. 
Applications of 0.5 M salts failed to elicit a response in any 
trigeminal neuron in which they were tested. 

The receptive fields of the seven neurons responsive to chem- 
ical stimuli were restricted to either the tongue (5) or epiglottis (2). 
Only neurons with receptive fields on the tongue responded to 1 .O 
M NH&l, while a 2.0 M concentration of this salt produced a 
weak response in one of the neurons with an epiglottal receptive 
field. The adjusted mean responses to 1 .O and 2.0 M NH&l were 
5.8+- 1.6 (n=5) and 8.8k2.7 impulses/set (n=6) respectively. 
KC1 was even less effective than NH&l in its ability to elicit 
responses in trigeminal neurons. Only four of the neurons re- 
sponded to KC1 (2 tongue, 2 epiglottis). The adjusted mean 
response frequencies to 1.0 and 2.0 M KC1 were 3.4-t0.8 and 
5.3 r0.9 impulses/set respectively. 
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some nociceptive neurons in the cat trigeminal nucleus had 
thresholds between 5-14 grams which is similar to the intensity 
required to activate the small numbers of high threshold trigeminal 
neurons in our investigation. 

The majority of trigeminal neurons we sampled responded 
better to a moving mechanical stimulus, or solely to moving 
stimuli. Similar responses to mechanical stimuli have been ob- 
served in peripheral nerves innervating the mucosa of the cat oral 
cavity and upper airway, or the human glabrous skin (3, 22, 49). 
For example, in an investigation of the mechanosensitivity of the 
cat anterior tongue, Biedenbach and Chan (3) reported that rapidly 
adapting fibers in the chorda tympani and lingual nerve could be 
classified into two groups. The first group responded to light 
mechanical stimulation and had a higher discharge to moving 
stimuli. This is similar to what was observed for the majority of 
neurons in the present study (see Fig. 7). A second group of 
rapidly adapting neurons exhibited responses only to movement 
across the receptive field, a situation similar to that observed for 
16% of the mechanosensitive trigeminal neurons which were 
sampled. Furthermore, Biedenbach and Chan found that this 
second group (movement-only) of neurons comprised the principal 
mechanosensory response in the chorda tympani nerve, which 
sends a small projection to the region of the trigeminal nucleus 
investigated in the present study (54). These data suggest that 
many trigeminal neurons which respond to movement may receive 
inputs from a specific group of afferent fibers and that the response 
properties observed in the periphery are maintained across the 
synapse. Moreover, for neurons with rostra1 tongue receptive 
fields this input may originate not only from the lingual branch of 
the trigeminal nerve, but also possibly from the small number of 
chorda tympani nerve fibers which terminate in the trigeminal 
nucleus. 

Although inputs from certain groups of afferent fibers may 
account for the better response to movement in some neurons, it is 
also likely that moving the stimulator over the receptive field 
produced a greater response because more receptors were stimu- 
lated. This is because the head of the stimulator was usually 
smaller than the receptive field. Therefore, only by moving the 
stimulator across the receptive field would all receptors be 
stimulated. 

Using very similar stimuli, we have previously determined the 
functional characteristics of neurons in a region of the NTS 
involved in reflex responses to stimulation of the oral cavity and 
epiglottis (53). A comparison of the responses to mechanical 
stimuli between trigeminal neurons with receptive fields in the oral 
cavity or epiglottis, and those NTS neurons with comparable 
receptive fields indicates similarities in these two nuclei. Both 
populations of neurons responded with increased response fre- 
quency to increases in magnitude of a mechanical stimulus, and 
both populations responded better to a moving than a punctate 
stimulus. Furthermore, the response magnitudes produced by 
different intensities of mechanical stimulation were quite similar. 

Responses to thermal stimuli were observed only in a few of 
the trigeminal neurons that we sampled. Neurons which responded 
exclusively to temperature exhibited response characteristics sim- 
ilar to those described for “cold units” in peripheral nerves, 
including those which innervate the oral cavity, face and upper 
airway (2, 19, 42). Neurons with response characteristics similar 
to those in the present study also have been observed in trigeminal 
nuclei of other species (40,41). The fact that most thermosensitive 
neurons had receptive fields on the anterior tongue suggests that 
these neurons receive temperature information from the lingual 
nerve which contains a number of cold fibers (16, 19, 57). 

Chemical stimuli usually did not elicit responses in our sample 
of trigeminal neurons. Very strong concentrations (1 .O M or 
larger) of salts were required to elicit weak responses and 

concentrations of salts (0.5 M) or acids (0.01 N) capable of 
eliciting strong, sustained responses in peripheral gustatory nerves 
and central gustatory nuclei never elicited responses in trigeminal 
neurons. This suggests that these chemical stimuli were not acting 
on the gustatory receptors, but instead might be acting nonspecif- 
ically on mechanoreceptors, or perhaps activating nociceptive 
fibers in the tongue and epiglottis. 

The rare occurrence of chemical responses in trigeminal 
neurons is an important difference between the trigeminal nucleus 
and the NTS. The NTS is the principal site in the brainstem for 
termination of all gustatory afferents, whereas the trigeminal 
nucleus is generally acknowledged to be involved in processing 
mechanical, thermal and nociceptive information. Thus it is not 
surprising that chemical concentrations which produce robust 
responses in the NTS (0.5 M salts and 0.01 N HCI) (6, 52, 53) did 
not elicit responses in trigeminal neurons. In our previous inves- 
tigations of the reflexogenic regions of the NTS (52,53), we found 
that NTS neurons responded to chemical stimuli, especially when 
applied to the lingual surface of the epiglottis, suggesting that the 
NTS was involved in upper airway reflexes which are elicited by 
chemical stimuli (23, 24, 28). The results of the present investi- 
gation indicate that neurons in regions of the trigeminal nucleus we 
investigated do not participate in the reflex behaviors which are 
elicited by applications of chemical stimuli to the epiglottis or oral 
cavity. 

Only a small number of trigeminal neurons received input from 
more than one receptive field. This finding is similar to that 
reported for the cat subnucleus interpolaris and caudalis (1, 15, 
17). However, similar to previous investigations of the trigeminal 
nucleus in other species, convergence of primary afferent fibers 
was reflected in the size of the lamb trigeminal neuron receptive 
fields. The receptive fields of trigeminal neurons which received 
oral cavity inputs were generally much larger than those reported 
for primary afferent fibers (19,41), and were similar to receptive 
field sizes reported for cat oralis and caudalis neurons (1,18). The 
receptive field sizes of trigeminal neurons with epiglottal receptive 
fields also were larger than has been reported for superior 
laryngeal nerve fibers (10). 

The lack of convergence of tongue, palate and epiglottal 
afferent fibers onto neurons in the trigeminal nucleus is a result 
similar to that previously observed for NTS neurons (53). In both 
studies, neurons usually responded to stimulation of just one of the 
three areas stimulated, although neurons which received informa- 
tion from both the tongue and palate were found in larger numbers 
in the NTS. 

In our previous investigations of the NTS, most neurons 
responded to more than one stimulus modality (52,53). In contrast 
to the multimodal nature of NTS neurons, trigeminal neurons 
which receive oral cavity or epiglottal inputs rarely responded to 
more than one stimulus modality. Eighty-eight percent of trigem- 
inal neurons responded to just one stimulus modality, whereas 
over 68% of NTS neurons were multimodal. This difference 
would be even more pronounced if trigeminal neurons’ responses 
to chemical stimuli had been classified by their responses to 0.5 M 
salts as was done for NTS neurons. Since trigeminal neurons did 
not respond to 0.5 M salts, less than 4% of the trigeminal neurons 
would have been classified as multimodal. These data indicate that 
unlike neurons in the NTS, cells in regions of the trigeminal 
nucleus we sampled do not have a role in integrating sensory 
information from different modalities. 

Trigeminal neurons responded to stimulation of the oral cavity 
and upper airway in a manner that would preserve the nature of the 
peripheral stimulus. Therefore, they appear to function as a relay 
station whose primary function is to convey information, particu- 
larly mechanosensory information, to other neuronal populations. 
Much of this information probably is relayed to brainstem sensory 
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and motor nuclei involved in oral and upper airway reflexes which 
can be elicited by mechanical stimuli. Such reflexes include 
tongue position, mastication and swallowing (8, 13. 35, 50, 56). 
However, these trigeminal neurons also may provide an important 
pathway by which quantitative and qualitative mechanosensory 
information reaches the thalamus. Anatomical and physiological 
studies in a number of different species have found that interpo- 
laris and caudalis both send projections to the thalamus (9, 15. 17. 
30). On the other hand, although much more afferent information 
from the caudal tongue. epiglottis and other upper airway struc- 

tures terminates in areas of the NTS involved in reflex function. 
evidence suggests that these NTS areas do not project to more 
rostra1 brain structures (20, 34. 43). Thus, information relayed to 
the thalamus and eventually to the cerebral cortex via the trigem- 
inal complex may be responsible for much of the “touch” 
sensation associated with the upper airway and oral cavity. 
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