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Abstract Excitatory amino acids have been implicated 
in several nucleus of the solitary tract (NST)-mediated 
functions. The distribution of the excitatory amino acids 
aspartate and glutamate has been described in both cat 
and rat. However, the distribution of these amino acids 
has not been described for the lamb, a species frequently 
used in the investigation of NST-mediated behaviors. 
Thus, this study was designed to investigate the distribu- 
tion of aspartate-like (ASP) and glutamate-like (GLU) 
immunoreactivity in the lamb NST using pre- and post- 
embedding immunohistochemistry. Both ASP- and 
GLU-immunoreactive cells and puncta were observed 
throughout the rostral to caudal extent of the lamb NST. 
The most intense ASP- and GLU-immunoreactive cell 
and puncta staining was found ventromedial, ventral and 
ventrolateral to the solitary tract at intermediate and cau- 
dal levels of the lamb NST. The relative numbers of both 
cells and puncta stained were lower at rostral levels of 
the NST corresponding to the gustatory NST. The in- 
tense ASP and GLU immunoreactivity observed in areas 
of the lamb intermediate and caudal NST that are in- 
volved in respiration, deglutition and cardiovascular 
functions suggests excitatory amino acids play an impor- 
tant role in NST neural processing that underlies these 
behaviors in lamb. 

Key words Amino acid neurotransmitters �9 
Immunocytochemistry �9 Nucleus tractus solitarii - 
Sheep 

Introduction 

Excitatory amino acids are distributed throughout the 
vertebrate central nervous system and serve as important 
transmitters in neural pathways that underlie numerous 
diverse behaviors. Anatomical and neurochemical stud- 
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ies conducted in cat and rat have demonstrated that exci- 
tatory amino acids and their receptors are widespread 
throughout the nucleus of the solitary tract (NST) (Die- 
trich et al. 1982; Drewe et al. 1990; Meeley et al. 1989; 
Philippu 1988; Simon et al. 1985). The NST is the pri- 
mary central nervous system relay for sensory informa- 
tion transmitted via the facial, glossopharyngeal and va- 
gus nerves (Hamilton and Norgren 1984; Kalia and 
Mesulam 1980; Kalia and Sullivan 1982). The NST has 
also been implicated as an important component in the 
neural pathways that underlie gustatory, cardiovascular, 
respiratory and alimentary tract functions such as swal- 
lowing. 

Anatomical and neurochemical studies conducted by 
several laboratories have provided various lines of evi- 
dence for a role of amino acids in NST synaptic trans- 
mission. For example, evidence exists for a glutamate 
high-affinity uptake system in the NST, while removal of 
vagal afferent cell bodies in the nodose ganglion reduces 
glutamate levels in the NST and stimulation of vagal af- 
ferent fibers results in a release of excitatory amino acids 
(Allchin et al. 1994; Granata and Reis 1983; Perrone 
1981; Simon et al. 1985; Talman et al. 1980). 

Physiological studies conducted in vivo and in vitro 
have indicated that excitatory amino acids are important 
neurotransmitters in the rostral gustatory portion of the 
NST (King and Bradley 1993, 1994; Wang et al. 1993), 
as well as in more caudally located regions of the NST 
involved in swallowing, respiration, cardiovascular con- 
trol and gastrointestinal functions (Dampney 1994; Ka- 
rius et al. 1994; Kessler et al. 1990; Priddy et al. 1992; 
Tell and Jean 1990, 1993; Van Giersbergen et al. 1992). 
Previous studies have described the distribution of exci- 
tatory amino acids in the NST of the rat and cat, but 
equivalent information for lambs is currently lacking. 
Lambs have been used extensively for investigation of 
the physiology and development of taste, deglutition, up- 
per airway reflexes, cardiovascular function and respira- 
tion, functions in which the NST plays an important role 
(Amri et al. 1990, 1991; Burrows et al. 1986; Car and 
Jean 1971; Grogaard et al. 1982; Harding et al. 1978; 
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Jean 1972a,b; Kovar  et al. 1979; Mis t re t t a  and Brad ley  
1983a,b; Praud  et al. 1992; Ross  et al. 1990; S w e a z e y  
and Brad ley  1988, 1989; Webb  et al. 1994). A descr ip-  
t ion of  the d is t r ibut ion  o f  the exc i ta tory  amino  acids  as- 
par ta te  and g lu tamate  in the l amb  N S T  would  contr ibute  
in fo rmat ion  impor tan t  for  unders tand ing  the s igni f icance  
o f  these  neuro t ransmi t te rs  in the l amb  NST. Therefore ,  
the goal  o f  this s tudy was to descr ibe  the d is t r ibut ion  o f  
aspar ta te  and g lu tamate  in the l amb  N S T  us ing  i m m u n o -  
h i s tochemis t ry  on th ick  and semi- th in  t issue sect ions.  

Material and methods 

The following procedures were approved by the university's Com- 
mittee on Use and Care of Animals and are in compliance with 
NIH guidelines for the care and use of laboratory animals. 

Experiments were performed using ten Suffolk lambs aged 
30-60 days, weighing 9-16 kg. An overdose of sodium pentobar- 
bital was given by jugular puncture and the animals perfused 
through the carotid arteries. Blood was flushed from the vascular 
system using 1.5 1 of phosphate-buffered saline (PBS, pH 7.4), fol- 
lowed by 1 1 of a solution of 3% paraformaldehyde and 0.2-0.5% 
glutaraldehyde in 0.1 M phosphate buffer (pH 7.3-7.4). After per- 
fusion, the brainstem was removed from the skull and stored over- 
night in 0.1 M phosphate buffer at 4~ 

Using tissue from eight animals, five serial 60-btm transverse 
sections of the lamb brainstem were collected every 1 mm 
throughout the rostral-caudal extent of the NST. Following collec- 
tion of the fifth 60-gm section, a 150-btm section was taken for 
subsequent post-embedding immunocytochemistry as noted below. 
All tissue sections were cut using a Vibratome (Pelco). The free- 
floating 60-btm sections were processed for the visualization of as- 
partate or glutamate according to the protocol of Helfert et al. 
(1989). Briefly, sections were first pre-incubated in a blocking so- 
lution containing 5% normal goat serum in PBS containing Triton- 
X 100 (Sigma). Sections were then transferred into a solution con- 
taining one of the following affinity-purified, polyclonal rabbit an- 
tisera diluted in blocking serum: glutamate 1:1500-1:2000; aspar- 
tate 1:2000 (Montero and Wenthold 1989). The tissue sections 
were then incubated overnight at 4~ with gentle agitation. 

Following incubation in the primary antisera, the tissue was 
processed according to the avidin-biotin method of Hsu et al. 
(1981) using the Vectastain ABC kit (Vector Labs), and the perox- 
idase activity was visualized by exposing the sections to 0.05% di- 
aminobenzidine and 0.001% hydrogen peroxide in PBS for 
5-10 min (Helfert et al. 1989). Tissue was then rinsed in distilled 
water, mounted on chrom-alum-subbed slides and coverslipped 
with Krystallon mounting medium (Harleco) or Permount. In ad- 
dition to the transverse sections, two animals had five 60-gm serial 
horizontal sections taken every 1 mm throughout the dorsal-ven- 
tral extent of the NST and processed in a manner similar to that 
used for transverse sections. No difference in the pattern of immu- 
noreactive cells and puncta was observed between the transverse 
and horizontal orientations. 

Although immunoreactive cell bodies are easily demonstrated 
using immunohistochemistry on 60-gm sections, identification of 
immunoreactive puncta, indicative of axon terminals, is less than 
ideal. Therefore, post-embedding immunohistochemistry in semi- 
thin sections (1-2 gm) was used to investigate the distribution of 
immunoreactive puncta in the lamb NST. This technique has been 
shown to be superior to thick section immunohistochemistry for 
the identification of immunoreactive puncta (Helfert et al. 1989). 

With only slight modification, the 150-btm-thick sections were 
processed for post-embedding immunocytochemistry according 
the technique of Helfert et al. (1989). Briefly, the sections were 
post-fixed in 0.1% OsO 4 in 0.1 M phosphate buffer for 2 h, dehy- 
drated through a graded series of ethanol followed by acetone, and 
flat-embedded in Epon resin. The embedded sections were then 

trimmed to include only the region around the NST and thin 1- to 
2-btm sections through the NST were cut on an ultramicrotome 
and mounted on glass slides. To increase penetration of the antise- 
rum, sections were etched in a solution of sodium ethoxide/etha- 
nol and osmium was bleached from the sections using 1% sodium 
m-periodate followed by distilled water rinses. Sections were then 
placed in 5% normal goat serum in PBS, followed by incubation 
m aspartate or glutamate antiserum diluted in blocking serum 
(1:200-1:500) in a humidified chamber at 4~ for 48 h. The tissue 
sections were then processed as noted above for thick sections, ex- 
cept that the Vectastain reagents were prepared at twice the con- 
centration recommended by the manufacturer (Helfert et al. 1989). 

Controls for both thick and semi-thin sections included incu- 
bating some sections in the blocking serum minus the primary an- 
tisera (n--10) or incubating in the different primary antisera pread- 
sorbed with the appropriate amino acid (n=l). These procedures 
resulted in the absence of immunoreactive labeling. Incubation of 
the tissue with the primary antisera preadsorbed with the inappro- 
priate amino acid produced little decrease in the observed level of 
immunoreactivity (n=l). 

The tissue was examined and photographed using a Leitz Dia- 
plan Microscope equipped with both bright-field and differential 
interference contrast optics. The relative densities of cell bodies, 
fibers and puncta showing aspartate-like (ASP) and glutamate-like 
(GLU) immunoreactivity were mapped onto standard drawings of 
the lamb NST using a camera lucida. Although strict quantitative 
measures of immunoreactivity are not possible using the ABC 
technique, the densities of immunoreactivity were subjectively 
evaluated separately for each animal and rated on a scale of light 
(Fig. 3c) to intense (Figs. 6b,c). The subjective evaluations were 
then combined across subjects to produce the distribution maps 
shown in Figs. 2 and 5. For clarity, the NST was divided into cau- 
dal, intermediate and rostral levels. A representative section from 
each level of the lamb NST is shown in Fig. 1. The caudal NST in- 
cluded all sections caudal to 0.5 mm anterior to the obex (Fig. la). 
Intermediate levels of the NST were from 0.5 mm to 3.5 mm ros- 
tral to the obex (Fig. lb), and the rostral NST included all of the 
NST rostral to 3.5 mm (Fig. lc). 

Results 

Both  ASP-  and G L U - i m m u n o r e a c t i v e  cel l  bodies ,  f ibers 
and punc ta  were  loca ted  throughout  the ros t ra l -cauda l  
extent  o f  the N S T  (Figs.  2, 5). However ,  the h ighes t  con- 
cent ra t ions  o f  A S P  and G L U  immunoreac t iv i ty  were  ob- 
served  in the cauda l  two- th i rds  o f  the N S T  that  encom-  
passes  the caudal  and in te rmedia te  levels.  A t  these levels  
A S P  and G L U  immunoreac t iv i t y  was par t i cu la r ly  pro-  
nounced  in regions  ventrola tera l ,  ventral  and ven t rome-  
dial  to the sol i tary  tract  (ST). 

A S P - i m m u n o r e a c t i v e  cel ls  in the N S T  

The  dens i ty  o f  A S P  i m m u n o r e a c t i v i t y  was the l ightes t  at 
ros t ra l  levels  o f  the NST. At  the mos t  ros t ra l  N S T  loca-  
t ions examined ,  fewer  A S P - i m m u n o r e a c t i v e  cel ls  were  
p resen t  than at more  cauda l  levels  o f  the nucleus  
(Fig.  2). This  was pa r t i cu la r ly  true for  areas  o f  the N S T  
vent ro la te ra l  to the ST. A t  ros t ra l  levels  o f  the NST, in- 
tense  A S P  i m m u n o r e a c t i v i t y  was res t r ic ted  to a re la t ive-  
ly  smal l  r eg ion  o f  the nuc leus  loca ted  jus t  la tera l  to the 
ST. The  r ema in ing  A S P - i m m u n o r e a c t i v e  cel ls  were  lo- 
ca ted  e i ther  ventra l  or  med ia l  to the ST, and  the numbers  
o f  i m m u n o r e a c t i v e  cel ls  p resen t  were  lower  than was 
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Fig. l a - c  Photomicrographs 
of representative sections from 
the three different levels of the 
lamb NST as defined in Materi- 
al and methods: a rostral NST, 
b intermediate NST; c caudal 
NST. The aproximate bound- 
aries of the NST are indicated 
by the dashed lines. AP area 
postrema, ST solitary tract, X 
dorsal motor nucleus of vagus, 
XII hypoglossal nucleus 
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Fig. 2 Distribution of ASP im- 
munoreactivity in the lamb 
NST. The left column of sche- 
matic drawings shows the dis- 
tribution of immunoreactive 
cells and the right column 
shows the distribution of im- 
munoreactive puncta. The num- 
bers adjacent to the right col- 
umn indicate the distance (in 
mm) of each section from the 
obex. The intensity of ASP-im- 
munoreactive staining is coded 
according to the key at upper 
right. Areas with no shading 
contained only an occasional 
immunoreactive cell or punc- 
turn or no immunoreactivity at 
all. AP Area postrema, ST soli- 
tary tract, Vn trigeminal nucle- 
us, XII hypoglossal nucleus 

A S P A R T A T E  

Cells 
Immunoreactivity Puncta iiiii~i~iiii Light 

t Moderate ~ ! Intense 
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observed at levels of the NST  caudal  to the obex 
(Fig. 2). 

At in termediate  levels of the NST  the largest concen-  
trations of ASP- immunoreac t ive  cells were located ven- 
trolateral, ventral  and vent romedia l  to the ST (Fig. 2). 
ASP- immunoreac t ive  cells in the vent romedia l  and me- 
dial NST were small  to m e d i u m  in size and were gener- 
ally round  or fus i form in shape (Fig. 3a). Cells located 
ventrolateral  and ventral  to the ST were m e d i u m  to large 
in size and mul t ipolar  or fus i form in shape, and the den- 
drites of some ASP cells extended into the ST and/or 
subjacent  reticular format ion (Fig. 3b). The densi ty of 
ASP immunoreac t iv i ty  was moderate  to in tense  in N S T  

Fig. 3a-d Photomicrographs of ASP immunoreactivity in differ- 
ent regions of the lamb NST. a ASP-immunoreactive cells (arrow- 
heads) located ventromedial to the solitary tract (ST) in the inter- 
mediate NST. Most immunoreactive neurons in this region of the 
NST were small to medium in size and had ovoid to elongated 
somata, b Immunoreactive neurons located ventrolateral to the ST 
in the intermediate NST. This photomicrograph shows an example 
of the large multipolar immunoreactive neurons (arrowhead) that 
were frequently observed in this region of the NST after incuba- 
tion in antiserum to aspartate, c Immunoreactive neurons (arrow- 
heads) interspersed among the fiber bundles that make up the 
lamb ST at intermediate levels of the NST. d Immunoreactive neu- 
rons and puncta ventral to the ST in the caudal NST. An immuno- 
reactive punctum (arrowhead) can be seen adjacent to an immuno- 
reactive cell body (arrow). Scale bars: a 100 btm; b,e 175 btm; d 
43 btm 
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Fig. 4a-e  Immunohistochem- 
istry in semi-thin sections of 
the lamb NST. a ASP-immuno- 
reactive cell bodies (arrow- 
heads), fibers and puncta (ar- 
rows) in a region of the inter- 
mediate NST ventrolateral to 
the solitary tract, b ASP-immu- 
noreactive puncta (artvwheads) 
adjacent to non-immunoreac- 
tive cell processes in the inter- 
mediate NST. These puncta 
were located in the cellular re- 
gion between the bundles of fi- 
bers that make up the lamb ST 
(interstitial subnucleus), c 
GLU-immunoreactive puncta 
(arrowheads) adjacent to non- 
immunoreactive soma. These 
puncta were located dorsolater- 
al to the solitary tract in the 
rostral NST. Scale bars: a 
35 gm; b,c 15 gm 



Fig. 5 Distribution of GLU 
immunoreactivity in the lamb 
NST. The left column of sche- 
matic drawings shows the dis- 
tribution of immunoreactive 
cells and the right column 
shows the distribution of im- 
munoreactive puncta. The num- 
bers adjacent to the right col- 
umn indicate the distance (in 
mm) of each section from the 
obex. The intensity of GLU- 
immunoreactive staining is 
coded according to the key at 
upper right. AP  Area postrema, 
ST solitary tract, Vn trigeminal 
nucleus, XII  hypoglossal nucle- 
us 
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regions lateral and dorsal to the ST, while only a few 
ASP-immunoreact ive cells were observed adjacent to the 
area postrema (Fig. 2). In contrast to more rostral and 
caudal levels of the NST, there were relatively few ASP- 
immunoreactive cells in NST regions medial to the ST 
except, as noted previously, ventromedial to the ST. In 
addition to the distribution of ASP cells noted above and 
in Fig. 2, small to moderate numbers of  ASP-immunore-  
active cells were observed in the spaces between the 
bundles of  fibers that make up the lamb ST (Fig. 3c), an 
area corresponding to the interstitial subnucleus de- 
scribed in cat and rat (Kalia and Mesulam 1980; Kalia 
and Sullivan 1982). 

At caudal levels of the NST moderate numbers of im- 
munoreactive cells were observed medial and dorsome- 
dial to the ST and in the commissural nucleus at levels of 
the NST caudal to and near the obex (Fig. 2). In contrast, 
the density of  ASP immunoreactivity was greater ventral 
and ventrolateral to the ST at this level of  the NST with 
larger numbers of  ASP-immunoreactive cells present 
(Fig. 2). These ASP-immunoreactive cells were general- 
ly large to medium in size and were either fusiform or 
multipolar in shape. Relatively few ASP-immunoreactive 
cells were observed in the regions of the NST dorsolater- 
al to the ST at levels of  the NST caudal to the obex 
(Fig. 2). 
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ASP-immunoreactive puncta in the NST 

ASP-immunoreactive puncta were seen adjacent to both 
immunoreactive and non-immunoreactive somata 
throughout the NST (Figs. 4a,b). ASP-immunoreact ive 
puncta tended to be more widely distributed than ASP- 
immunoreactive cells. However, like the distribution of 
ASP-immunoreactive cells, there tended to be more in- 
tense immunoreactive staining at intermediate and cau- 
dal levels of  the NST (Fig. 2). 

The density of ASP-immunoreactive puncta was gener- 
ally moderate to light at the most rostral levels of the NST 
(Fig. 2). An exception was an area immediately adjacent 
and medial to the ST, where the intense level of immuno- 
reactive puncta staining was equivalent to that observed 
more caudally in the NST (Fig. 2). In contrast to more 
caudal levels of the NST, the intensity of  puncta staining 
in ventrolateral and lateral regions of the rostral NST was 
relatively light. Like all other levels of the NST, the most 
medial regions of the rostral NST exhibited only light 
ASP-immunoreactive puncta staining. 

At intermediate levels of the NST, moderate to in- 
tense ASP-immunoreact ive puncta labeling was observed 
lateral, ventrolateral and ventral to the ST. In particular, 
between 1.0 and 2.0 m m  rostral to the obex, large num- 
bers of immunoreactive puncta were observed ventrolat- 
eral to the ST in a region corresponding to a major termi- 
nation site of the lamb superior laryngeal nerve (SLN) 
(Sweazey and Bradley 1986). The intensity of  ASP-im- 
munoreactive puncta staining was relatively light dorso- 
lateral and medial to the ST, although the region ventro- 
medial to the ST exhibited moderate to intense ASP im- 
munoreactivity throughout the extent of the intermediate 
NST (Fig. 2). 

At the most caudal levels of the NST, the distribution 
of immunoreactive puncta was similar to that of  ASP-im- 
munoreactive cells. The greatest concentrations of  im- 
munoreactive puncta were observed ventrolateral, ventral 
and ventromedial to the ST (Fig. 2). Moderate quantities 
of immunoreactive puncta were observed in the commis-  
sural subnucleus caudal to the obex. In contrast, only 
moderate to light ASP immunoreactivity was observed 
dorsolateral and medial to the ST at the level of the obex. 

Fig. 6a-d Photomicrographs of GLU immunoreactivity in differ- 
ent regions of the lamb NST. a GLU-immunoreactive neurons in 
the intermediate NST. Large numbers of immunoreactive cell bod- 
ies (artvwheads) and a few immunoreactive processes can be seen 
distributed throughout the NST medial to the ST. b Photomicro- 
graph of the intermediate NST showing intense GLU immunore- 
activity. Large numbers of GLU-immunoreactive somata (arrow- 
head) and numerous processes are present ventral to the ST. GLU- 
immunoreactive staining is also quite intense among the bundles 
of the ST, where numerous small immunoreactive cell bodies can 
be observed (arrows). c Photomicrograph showing GLU-immuno- 
reactive cells and processes in NST areas adjacent to the ST in the 
caudal NST. d Photomicrograph showing the moderate numbers of 
GLU-immunoreactive cells (arrows) and puncta (arrowheads) 
present ventromedial to the ST in the rostral NST. Like ASP-im- 
munoreactive cells in this region of the NST, most GLU-immuno- 
reactive somata were round to elongate in shape. Bars: a-c 
175 ~tm, d 42 gm 

GLU-immunoreact ive cells in the NST 

The relative numbers of GLU-immunoreact ive cells were 
generally similar to ASP throughout the NST, although 
some differences were observed in their distribution 
(Figs. 2, 5). GLU-immunoreact ive cells were most nu- 
merous at intermediate levels of the lamb NST. Moderate 
to large numbers of  immunoreactive cells were located 
ventromedial, ventrolateral and ventral to the ST (Figs. 
5, 6a,b). GLU-immunoreact ive cell bodies in ventrome- 
dial areas of  the intermediate NST were generally ovoid 
in shape and small to medium in size, a finding similar to 
that observed for ASP (Fig. 6a). GLU-immunoreact ive 
cells in the ventral and ventrolateral areas of the NST 
were medium to large, elongated or multipolar (Fig. 6b). 
Smaller numbers of GLU-immunoreact ive cells were lo- 
cated dorsolateral and in regions of  the NST adjacent to 
the area postrema (Fig. 5). In addition, in a manner simi- 
lar to that seen following incubation of sections in aspar- 
rate antiserum, numerous GLU-immunoreact ive cells 
were located between the bundles of  fibers that consti- 
tute the ST (Fig. 6b). 

At NST levels equal or caudal to the obex, the largest 
numbers of GLU-immunoreact ive  cells were found ven- 
trolateral and ventral to the ST (Figs. 5, 6c). Although 
direct comparisons are not possible, the overall numbers 
and distribution of immunoreact ive cells and fibers in 
the caudal NST ventrolateral and ventral to the ST ap- 
peared similar to those previously described for aspar- 
rate. Furthermore, most  GLU-immunoreact ive  cells in 
this area of the caudal NST were medium to large fusi- 
form or multipolar neurons, a finding similar to that ob- 
served at intermediate NST levels. These shapes of 
GLU-immunoreact ive  cells in the ventrolateral, ventral 
and ventromedial  areas of  the NST were also similar to 
those of neurons observed following incubation of the 
caudal NST tissue with antiserum to aspartate. In con- 
trast, fewer GLU-immunoreact ive  cells were found in 
the commissural  subnucleus and regions medial to the 
ST at the level of  the obex, and their distribution was 
less widespread than that of  ASP immunoreactivi ty 
(Figs. 2, 5). 

GLU-immunoreact ive cells at the most rostral levels 
of the NST were small to medium in size and had an 
ovoid or elongated soma (Fig. 6d). These immunoreac- 
rive cells were generally located in the area of the NST 
immediately adjacent to the ST, with the greatest num- 
bers located ventromedial and ventral to the ST (Fig. 5). 
In a manner similar to that described for ASP-immunore-  
active cells, the quantities of  GLU-immunoreact ive soma 
in the most medial portions of the rostral NST were rela- 
tively small compared to more caudal regions of the 
NST. 

GLU-immunoreact ive puncta in the NST 

GLU-immunoreact ive puncta were observed at all levels 
of the NST and were located on the soma and dendrites 
of immunoreactive and non-immunoreactive cells 
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(Fig. 4c). A comparison of Figs. 2 and 5 shows that al- 
though GLU-immunoreactive cells in the NST were 
slightly less frequent and a little less widely distributed 
than ASP-immunoreactive cells, the density of GLU 
puncta labeling was greater than that observed for aspar- 
tate. Large numbers of GLU-immunoreactive puncta 
were observed at both intermediate and caudal levels of 
the NST. At NST levels caudal to or near the level of the 
obex, moderate to intense levels of GLU-immunoreac- 
tive puncta were observed in all areas of the NST. GLU- 
immunoreactive puncta were especially numerous in ar- 
eas of the NST ventral and ventrolateral to the ST (Figs. 
5, 6c). 

GLU-immunoreactive staining of puncta was intense 
over a wide area of the intermediate NST (Fig. 5). Large 
numbers of GLU-immunoreactive puncta were observed 
lateral, ventrolateral, ventral, ventromedial and medial 
to the ST (Figs. 5, 6b). The intensity of immunoreactive 
puncta was only light to moderate in regions of the 
NST dorsal and dorsomedial to the ST and very scat- 
tered in the most medial areas of the intermediate NST 
(Fig. 5). 

The relative density of GLU-immunoreactive puncta 
staining was much less at the most rostral levels of the 
NST examined. Generally, light GLU puncta labeling 
was located in the medial or dorsolateral regions of the 
nucleus at this level. An exception was in the ventrome- 
dial region of the rostral NST, where there were moder- 
ate levels of GLU-immunoreactive puncta labeling 
(Fig. 5). 

Discussion 

Both ASP and GLU immunoreactivity were widely dis- 
tributed throughout the lamb NST. The most concen- 
trated ASP and GLU immunoreactivity was located at 
intermediate levels of the NST between 1 and 3 mm ros- 
tral to the obex. At this level there were numerous immu- 
noreactive cells and puncta, particularly in NST areas 
ventromedial, ventral and ventrolateral of the ST. These 
areas of the lamb intermediate NST are involved in the 
control of respiratory- and swallowing-related functions 
(Car and Jean 1971; Jean 1984; Sweazey and Bradley 
1988, 1989), and several studies conducted in cats and 
rats have shown a role for excitatory amino acids in both 
respiration and swallowing (Champagnet et al. 1980; Ha- 
shim and Bieger 1989; Henry and Sessle 1985; Karius et 
al. 1994; Kessler et al. 1990). Although this study pro- 
vides no direct information as to the functional role of 
ASP- and GLU-immunoreactive cells in the ventral and 
ventrolateral NST, the morphology of the immunoreac- 
rive cells in the present study exhibited some similarity 
to physiologically identified, intracellularly labeled neu- 
rons in the cat ventral and ventrolateral NST that receive 
SLN inputs and are involved in respiration (Bellingham 
and Lipski 1992; Berger et al. 1984). Like the cat NST 
neurons, the immunoreactive cells in ventrolateral re- 
gions of the lamb NST were frequently multipolar or 

fusiform in shape, had medium-sized to large somata and 
extended dendritic processes into the adjacent ST (see 
Figs. 3b,d, 6b,c). 

The intense levels of puncta staining observed in the 
lamb intermediate NST in the present study suggest 
that, as in the cat and rat, excitatory amino acids may be 
involved in the afferent control of respiratory- and swal- 
lowing-related reflexes in sheep. The ventrolateral, ven- 
tral and ventromedial areas of the intermediate NST re- 
ceive the largest projection of the lamb SLN, a branch 
of the vagus important for the elicitation of respiratory- 
and swallowing-related reflexes, and many terminations 
of the cervical vagus (Sweazey and Bradley 1986). Sev- 
eral lines of evidence suggest a role for excitatory amino 
acids in the transmission of afferent information be- 
tween the vagus and NST. Stimulation of the vagus 
nerve results in the release of both glutamate and aspar- 
tate in the intermediate NST, and removal of the cell 
bodies of vagal sensory neurons by nodose ganglionec- 
tomy produces a decrease in the levels of excitatory 
amino acids (Allchin et al. 1994; Granata and Reis 
1983; Granata et al. 1984). Furthermore, injections of 
tritiated D-aspartate into this area of the rat NST result 
in labeling of primary vagal sensory neurons in the no- 
dose ganglion, suggesting the presence of an uptake 
mechanism in these neurons (Schaffar et al. 1990). Al- 
though the current study does not provide direct evi- 
dence for vagal origin of puncta labeling, the intense 
immunoreactive puncta staining in regions of the NST 
that receive dense terminations of the SLN (Sweazey 
and Bradley 1986) suggests that aspartate and glutamate 
may play an important role in the transmission of affer- 
ent information between the lamb SLN fibers and NST 
neurons. Physiological investigations in other species 
support this hypothesis (Henry and Sessle 1985; Karius 
et al. 1993, 1994). 

ASP and GLU immunoreactivity, particularly puncta 
labeling, was also moderate to intense in the lamb caudal 
NST. This region of the NST has been shown to be an 
important relay in cardiovascular and gastrointestinal 
neural pathways (Dampney 1994; Davison 1987; Van 
Giersbergen et al. 1992). Numerous investigations have 
provided evidence for the role of excitatory amino acids 
in the control of various NST-mediated cardiovascular 
functions, including the baroreceptor reflex (Kubo and 
Kihara 1991; Le Galloudec et al. 1989; Talman et al. 
1980). Extracellular, intracellular, or whole-cell patch re- 
cordings in brain slice preparations containing the caudal 
NST or from dissociated caudal NST neurons have sug- 
gested a role for excitatory amino acids in afferent syn- 
aptic transmission onto caudal NST neurons. Evidence 
provided by these studies suggests that both ionotrophic 
and metabotrophic glutamate receptor mechanisms are 
involved in synaptic transmission in the caudal NST 
(Andresen and Yang 1994; Drewe et al. 1988, 1990; 
Glaum and Miller 1992, 1993). Neurons located in the 
caudal NST also serve as a medullary substrate involved 
in antinociception in the rat, and glutamate appears to be 
one of the chemical messengers involved in NST media- 
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tion of this effect (Lewis et al. 1987; Randich et al. 
1988). The intense ASP- and GLU-immunoreact ive 
puncta staining observed in caudal NST in the present 
study suggests that excitatory amino acids probably play 
a significant role in synaptic functioning in the lamb 
NST in a manner similar to that described in other spe- 
cies. 

Both ASP- and GLU-immunoreact ive staining were 
less dense in the lamb rostral NST than at more caudal 
locations. This contrasts with previous findings in rats. 
Analysis of  glutamate uptake in rats revealed an increase 
in activity in this parameter  from caudal to rostral NST 
(Simon et al. 1985). The high level of  glutamate uptake 
in the rat rostral NST is suggestive of  higher concentra- 
tions of  excitatory amino acids at this level of  the rat 
NST than in the lamb. The differences observed between 
the present study and findings in the rat may reflect spe- 
cies differences. While investigating the distribution of 
adrenergic neurons in the sheep brain, Tillet (1988) 
found that sheep lacked both the C1 and C3 cell groups 
that have been described in the rat. 

The rostral NST is the primary relay for gustatory af- 
ferent fibers carried in the facial and glossopharyngeal 
nerves, and this region of the NST is often referred to as 
the gustatory zone of the NST (Hamilton and Norgren 
1984; Whitehead 1994). Currently, little is known about 
the role of excitatory amino acids in rostral NST func- 
tion. What  information is available comes from whole- 
cell patch recordings in rat brainstem slices. Applica- 
tions of  ionotropic N-methyl-D-aspartate (NMDA) and 
non-NMDA receptor antagonists to the bathing medium 
reduced or abolished the amplitude of the EPSP evoked 
by ST stimulation (Wang et al. 1993). These data indi- 
cate that, like caudal and intermediate NST neurons, the 
excitatory post-synaptic potentials evoked by ST stimu- 
lation in the rostral NST neurons are mediated by both 
ionotropic NMDA and non-NMDA glutamate receptors 
(Bradley 1994; King and Bradley 1993, 1994; Wang et 
al. 1993). Furthermore, rostral NST neurons also respond 
to metabotrophic glutamate receptor agonists and antag- 
onists (R. Bradley, personal communication),  implying 
that these rostral neurons contain the same extensive ex- 
citatory amino acid receptor sites and many of the re- 
sponse properties as caudal NST neurons. Although 
these in vitro studies provide evidence for the action of 
excitatory amino acids on rostral NST neurons, there is 
currently no information available as to what effect these 
compounds have on gustatory processing in the intact 
animal. 

In summary, both ASP- and GLU-immunoreact ive 
cells and puncta are observed throughout the lamb NST. 
The most intense immunoreactivity for both aspartate 
and glutamate was observed in the ventrolateral, ventral 
and ventromedial regions of  the intermediate and caudal 
lamb NST. At the most  rostral levels of  the NST exam- 
ined, the density of  ASP and GLU immunoreactivity was 
less than that observed at more caudal locations. The in- 
tense ASP and GLU immunoreactivity seen in regions of  
the NST that are involved in respiration, deglutition and 

cardiovascular functions suggests that, as in other spe- 
cies, excitatory amino acids play an important role in the 
neural processing that underlies these behaviors in the 
lamb. 
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