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ABSTRACT Horseradish peroxidase (HRP) histochemistry was used to visual- 
ize cells afferent to  the bullfrog torus semicircularis. These afferent cells are 
located in several sensory and nonsensory nuclei. The sensory structures which 
project to the torus are mainly auditory nuclei, with the major input coming from 
the ipsilateral superior olive. A very small contralateral projection is also present. 
In addition, afferents arise from the contralateral, and to  a lesser extent ipsilateral, 
dorsal acoustic nucleus and nucleus caudalis, both primary eighth nerve nuclei. A 
vestibular input is also apparent in that HRP-positive cells were seen in the 
magnocellular vestibular nucleus and among elongated bipolar cells a t  the ventral 
border of the eighth nerve nuclei. In addition, the torus receives somatosensory 
input from the contralateral perisolitary band. Afferents from spinal cord cells 
proved difficult to visualize. Nonsensory areas throughout the brain innervate the 
torus as well. In the medulla, HRP-positive cells were present bilaterally in both 
medial and lateral reticular areas. The tegmentum contributes a major input from 
the superficial isthmal reticular nucleus and a minor input from the tegmental 
fields. Commissural toral projections are also present. Descending forebrain input 
arises from the pretectal gray bilaterally, the ventral half of the ipsilateral lateral 
pretectal nucleus, and, possibly, from the ipsilateral posterior thalamic nucleus. 
HRP-positive cells were also occasionally seen in the posterior tuberculum, ventral 
hypothalamus, and caudal suprachiasmatic preoptic area. Finally, a telencephalic 
projection from the ipsilateral anterior entopeduncular nucleus is present. 

Acoustic signaling plays a significant, even 
dominant, role in the social behavior of anuran 
amphibians. It is important to individuals for 
mate selection and the maintainance of breed- 
ing aggregations, and is crucial to the species as 
a whole in insuring reproductive isolation 
(Blair, '58). To date, physiological studies have 
shown several areas of the anuran central ner- 
vous system to be involved in auditory process- 
ing (for review, see Capranica, '76). The largest 
of these areas lies in the mesencephalon, and, 
as in other nonmammals, is termed the torus 
semicircularis. 

The anuran torus semicircularis is a large, 
well-developed portion of the midbrain roof 
homologous to the mammalian inferior collicu- 
lus and similar midbrain roof areas in other 
vertebrates (Ariens-Kappers et al., '60). Toral 
association with the auditory system is well-es- 
tablished physiologically (Potter, '65; Loftus- 
Hills, '71; Capranica, '76) and experimental 
anatomical studies have shown a heavy input 
from the medullary auditory areas (Fuller and 

Ebbesson, '73; Rubinson and Skiles, '75). How- 
ever, the torus also receives somatosensory 
(Ebbesson, '76) and hypothalamic (Neary and 
Wilczynski, '77b) inputs. These additional af- 
ferents suggest that, like the mesencephalic 
portion of the visual system, the optic tectum, 
the torus is not a simple relay nucleus but 
rather an important sensory integration cen- 
ter. As such, the torus might have a range of 
afferents similar to the optic tectum, which re- 
ceives several sensory and nonsensory inputs 
presumed to modulate its sensorimotor func- 
tions (Trachtenberg and Ingle, '74; Wilczynski 
and Northcutt, '77). Information about toral 
connections is too sparse to  determine if this 
hypothesis is correct. There is as yet no full 
appreciation of the total pattern of toral con- 
nections. Auditory and some nonauditory in- 
puts have been described, but in no case have 
the cells of origin been precisely identified. 

Walter Wilczynski's present address is Cornell University, Section of 
Neurobiology and Behavior, Ithaca, New York 14853. 
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A thorough description of toral afferents 
would determine whether a wide range of affer- 
ents converge on this midbrain auditory center, 
and it would generate hypotheses about how 
the torus functions in auditory processing. 
Moreover, an anatomical study of the torus 
would yield an appreciation of the overall pat- 
tern of anuran auditory circuits. In mammals, 
the inferior colliculus receives both ascending 
inputs from brainstem auditory nuclei and des- 
cending inputs from forebrain auditory centers 
(Barnes et al., '43; Diamond et al., '69; Fitzpat- 
rick and Imig, '78; Adams, '79) and possesses 
both ascending and descending efferents 
(Moore and Goldberg, '66; Carey and Webster, 
'71). In amphibians, the torus might occupy a 
similar nodal point in the central auditory 
pathways, and, if so, comparison with the 
mammalian condition could lead to an  appreci- 
ation of the overall organization of the auditory 
system in this vertebrate class. With these 
goals in mind, a study of toral afferents using 
horseradish peroxidase histochemistry was 
undertaken. 

A brief preliminary report of the results de- 
scribed in this paper was published previously 
(Wilczynski, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'78). 

MATERIALS AND METHODS 

Twenty-five percent Sigma zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI horseradish 
peroxidase (HRP) in distilled water was pres- 
sure-injected into the torus semicircularis in a 
total of 15 adult zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARana catesbeiana anesthetized 
with MS 222. A dorsal approach was employed 
in 13 animals. A skin flap was opened over the 
skull and the underlying bone removed with a 
dental drill. The meninges were removed to 
expose the optic tectum. A glass injection 
pipette was either driven through the tectum 
into the underlying torus or placed directly into 
the torus after a small portion ofthe tectum was 
removed by aspiration. In two animals a ven- 
tral approach was used. The soft tissues in the 
roof of the mouth were incised and retracted 
and a hole drilled in the underlying ventral 
aspect of the skull. The meninges were removed 
and the pituitary carefully retracted. The injec- 
tion pipette was driven through the exposed 
tegmentum into the torus. Injection volumes 
ranged from 50 to 200 nl. Following the injec- 
tion the wounds were packed with Gelfoam and 
sutured. 

Survival times ranged from 3 to 9 days a t  
23°C. The optimal survival time was 5 to 6 days. 
The animals were then reanesthetized and per- 
fused transcardially with 0.7% saline followed 
by a cold fixitive composed of 2% gluteralde- 

hyde-30%0 sucrose in phosphate buffer (pH 7.4). 
The brains were removed and placed in cold 
fixitive for 3 to 6 hours, after which they were 
washed in cold phosphate-buffered (pH 7.4) 
30% sucrose overnight. 

The brains were blotted dry, stripped of all 
adhering meninges and connective tissue, and 
embedded in 10% gelatin-30% sucrose in dis- 
tilled water. The block was trimmed and hard- 
ened in gluteraldehyde fixitive for 22 to 24 
hours, then sectioned at 40 Fm. The sections 
were collected in cold phosphate buffer. 

The presence of HRP was demonstrated by 
two different methods. In the first, or brown, 
reaction, modified from Graham and Karnov- 
sky ('661, sections were pretreated by placing 
them in 10% cobalt chloride for 30 minutes. 
After rinsing in distilled water, the sections 
were preincubated a t  room temperature in 30 
mg per 100 ml o-dianisodine in pH 7.4 phos- 
phate buffer for 5 minutes. Three to 7 ml of 1.2% 
hydrogen peroxide was added and the incuba- 
tion continued for an additional 7 to 25 min- 
utes. Three 5-minute washes in distilled water 
followed. The sections were then mounted onto 
chrome-alum slides, counterstained with cresyl 
violet, dehydrated, cleared, and coverslipped. 

The second, or green, reaction is based on the 
method of Colman et  al. ('76). The reaction 
dishes were placed in an ice bath and the sec- 
tions preincubated in a cold solution of 30 mg 
o-dianisodine per 100 ml ofdistilled water com- 
bined with 1 ml of 10% nitroprusside. One to 5 
ml of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.Wo hydrogen peroxide was added and 
the incubation continued for 5 to 15 minutes. 
The sections were rinsed in two 5-minute 
washes of 3% nitroprusside followed by an  addi- 
tional rinse in distilled water, then mounted, 
counterstained, dehydrated, cleared, and cov- 
erslipped. 

Control injections 

Three bullfrogs received unilateral tectal 
HRP injections. In two other animals, a ventral 
approach was used to inject HRP into the teg- 
mentum. These control cases were processed as 
above. 

RESULTS 

Injection sites 

Dorsal approach injections. Three of the 13 
frogs injected using a dorsal approach died 
shortly after surgery. In one additional animal 
only a faint reaction occurred in the tectum and 
ependymal cells lining the tectal ventricle. 
This animal was used to control for inadvertent 
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leakage of HRP into the ventricular system and 
tectum. Examination of this case revealed only 
a few HRP-positive cells in the dorsal pretec- 
tum and nucleus isthmi, and a few HRP-posi- 
tive fibers in the ipsilateral optic tract, all of 
which can be accounted for by the HRP intro- 
duced into the tectum. 

All of the remaining nine injections were 
centered in the torus. In every case some HRP 
was present in the overlying tectum, usually 
surrounding the pipette tract or ringing the 
edges of the aspirated tectal area. Most injec- 
tions reached the dorsal edge of the tegmen- 
tum. However, two injections were very small 
and did not extend below the dorsal half of the 
torus. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Ventral approach injections. Both ventral 
approach injections involved extensive areas of 
the tegmentum as  well as the torus. One in- 
volved equal areas of the torus and tegmentum 
while the other covered a number of nuclei at 
the diencephalic-midbrain junction. Neither 
injection site spread to the optic tectum. 

Interpretation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof results 

Afferents to the torus were distinguished 
from those to adjoining areas by comparing the 
various cases of dorsal approach injections 
against one another and eliminating afferents 
which appeared solely dependent on tectal or 
tegmental involvement. The pattern deduced 
was compared to results from the ventral ap- 
proach injections, and to control injections con- 
fined to the tegmentum or tectum (including 
previously published material by Wilczynski 
and Northcutt, '77). A consistent pattern of 
HRP-positive cells distributed throughout the 
neuraxis thus emerged, which varied only 
quantitatively and seemed related only to the 
volume of HRP injected and the extent of toral 
involvement in the injection site. This pattern 
of toral afferents is charted in Figures 2 and 3, 
with Figure 1 marking the positions of the 
levels charted. 

Toral afferents 

Medullary auditory centers provide the 
major input to the torus. A large number of 
HRP-positive cells were distributed through- 
out the ipsilateral superior olive (Fig. 2B). Both 
small pyriform-shaped cells and larger cells 
with thick, branching dendrites were filled 
with the reaction product (Fig. 4B). Very few 
contralateral olivary cells were filled. Addi- 
tional auditory input arises from the contralat- 
eral, and to a lesser extent ipsilateral, dorsal 

medullary complex of VIII (Fig. 2B). All three 
eighth nerve nuclei (dorsal acoustic, ventral 
vestibular, and nucleus caudalis) project to the 
torus. Both the dorsal acoustic nucleus (Fig. 
4A) and the nucleus caudalis contained large 
numbers of HRP-positive cells, while the num- 
ber in the ventral division was small. Most of 
the ventral HRP-positive cells were elongated 
bipolar cells occupying the most ventral border 
of the vestibular division (Fig. 4C). Filled 
magnocellular cells were seen infrequently. 

Fibers from the HRP-positive cells in the dor- 
sal medullary complex of b t h  sides converged 
into a thicket of HRP-positive fibers in the ipsi- 
lateral superior olive. Fibers from the contra- 
lateral cells crossed after passing through the 
reticular formation above the olive. A large 
bundle of HRP-positive fibers connected the 
ipsilateral olive with the torus. This bundle 
appears congruent with the tractus bulbolater- 
alis, or lateral lemniscus, of Larsell ('34). It 
occupied a ventral position in line with the 
olive until just rostral to the trigeminal motor 
nucleus, where it swung more dorsolaterally at 
successively rostral  levels. After passing 
through the caudal superficial isthmal reticu- 
lar nucleus the bundle entered the torus in a 
wide band extending from the level of the nu- 
cleus isthmi to the rostral torus. 

HRP-positive cells were also seen bilaterally 
in the medial and lateral reticular formations 
at olivary levels. The medial reticular cells 
were concentrated immediately above the 
olive, and many possessed filled dendrites 
which extended ventrally, suggesting that 
these cells receive auditory input. 

The HRP-positive cells in the nuclei at oli- 
vary levels were counted in the three largest 
toral injections (cases TSX-6, -9, and -15). The 
sums, shown in Table 1, indicate that the oli- 
votoral projection is almost exclusively ipsilat- 
eral while afferents from the dorsal medullary 
complex are predominantly contralateral, but 
not as sharply skewed as the olivary afferents. 
Differences were also apparent among the re- 
ticular afferents. While most filled medial re- 
ticular cells were ipsilateral to the injection, 
filled lateral reticular cells were almost evenly 
distributed. 

More caudally, at obex levels, HRP-positive 
cells were present in all three divisions of the 
contralateral perisolitary band (Fig. 2A), a cell 
plate dorsal and lateral to the tractus solitarius 
thought to have a somatosensory function 
(Neary and Wilczynski, '77a). Occasionally, 
filled fibers from the band could be seen sweep- 
ing ventromedially through the reticular nu- 
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LR 
MP 
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Anterior thalamic nucleus 
Anterodorsal tegmentum 
Lateral amygdala 
Medial amygdala 
Anteroventral tegmentum 
Central thalamic nucleus 
Dorsal medullary complex of VIII, nucleus 
caudalis 
Dorsal medullary complex of VIII, dorsal 
acoustic nucleus 
Dorsal medullary complex of VIII, ventral 
vestibular division 
Anterior entopeduncular nucleus 
Posterior entopeduncular nucleus 
Dorsal hypothalamus 
Ventral hypothalamus 
Interpeduncular nucleus 
Lateral thalamic nucleus 
Laminar toral nucleus 
Lateral pallium 
Lateral reticular formation 
Medial pallium zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I 

MR 
NPM 
nVIII 
ON 
OT 
P 
PD 
PG 
PO 
Pr 
PSB 
sc 
SIR 
so 
Tel 
TP 
V 
I11 
IV 
VII 
XI1 

4, 6,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 

Medial reticular formation 
Nucleus profundus mesencephali 
Eighth cranial nerve 
Optic nerve 
Optic tectum 
Posterior thalamic nucleus 
Posterodorsal tegmentum 
F'retectal gray 
Preoptic area 
Principal toral nucleus 
Perisolitary band 
Spinal cord 
Superficial isthmal reticular nucleus 
Superior olive 
Telencephalon 
Posterior tuberculum 
Ventral thalamus 
Oculomotor nucleus 
Trochlear nucleus 
Facial motor nucleus 
Hypoglossal nucleus 
Tectal cell laminae 

CDAB C 

Ill I I 

Fig. 1. Dorsal view of theRana catesbeiana brain. Levels (left to right) A through D and A through C correspond to levels 
charted in Figure 2 and Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 respectively. 

clei to decussate and enter a small ventral fiber 
bundle which ascended to become continuous 
with the bundle forming in the olive. An occa- 
sional HRP-positive cell was seen in the lateral 
reticular formation beneath the perisolitary 
band, and infrequently a t  other levels through- 
out the medulla bilaterally. Medullary reticu- 
lar cells were most numerous at olivary levels. 

A greater number of HRP-positive reticular 
cells were present a t  tegmental levels. The 
majority of these cells were located in a superfi- 

cial column extending from the isthmus to the 
diencephalic-mesencephalic junction. Opdam 
et al. ('76) termed the caudal three-quarters of 
this column the superficial isthmal reticular 
nucleus; the rostra1 portion, which contains 
larger, more scattered cells, is the nucleus pro- 
fundus mesencephali. Filled cells were more 
common in the superficial isthmal nucleus 
(Fig. 2C) and were present bilaterally, with 
more cells on the ipsilateral side. Occasional 
cells were seen in  nucleus profundus mesen- 



PSB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 -. ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

425 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 2. Results of toral HRP injections. High-contrast photograph of a transverse section from a standard cresyl violet- 
stained series is flanked by line drawings showing the distribution of HRP-positive cells (filled triangles) and fibers (dashed 
lines) ipsilateral (right) and contralateral (left) to the injection site. Open triangles mark areas where HRP-positive cells were 
occasionally Seen but could not be unequivocally identified as bra1 derents. Area of the ipsilateral tectum in level C marked 
by open arrows was removed by aspiration prior to the toral injection. Cross-hatched area shows dense injection core 
surrounded hy zone of lighter staining. Calibration bar equals 1 mm. 
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B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 3. Continuation of chartings shown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin Figure 2. 
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Fig. 4. Photomicrographs of HRP-positive cells following toral HRP injection. A. Densely packed HRP-positive cells in the 
dorsal acoustic nucleus contralateral to a toral HRP injection. Note the HRP-positive fibers streaming ventrally to cross and 
join the lateral lemniscus. B. High-power photomicrograph of an HRF-positive cell and fibers in the superior olive ipsilateral 
to a toral HFLP injection. C. HRP-positive cells at  the ventral border of the vestibular division of the eighth nerve nuclei 
contralateral to a toral HRP injection. Fascicles of the eighth nerve are apparent a t  the left of the photograph. 
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TABLE 1 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADistribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof HRP-positive cells zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin medullary nuclei at olivary levels in 

three large tom1 HRP injections' 
-~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Nucleus 

Superior olive 
Dorsal medullary complex 

of VIII 
Dorsal acoustic nucleus 
Nucleus caudalis 
Ventral division 

Magnocellular cells 
Ventral bipolar cells 

Total 
Medial reticular formation 
Lateral reticular formation 

Ipsilateral Contralateral Total zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
565 

18 
23 

1 
4 
46 
44 
17 

5 570 

96 114 
95 118 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
21 31 

222 268 
7 51 

20 37 

'The total number of cells as well as the numbers ipsilateral and contralateral to the injection are shown 

cephali, but the number varied directly with 
the extent of tectal involvement in the injection 
site. 

HRP-positive cells were present in the con- 
tralateral principal, laminar, magnocellular, 
and commissural toral nuclei (Fig. 2 0 .  Filled 
fibers interconnected the two sides by crossing 
the toral midline and spreading over all toral 
areas except the laminar nucleus. Cells were of 
course present in the ipsilateral tectum after 
both dorsal and ventral toral injections. How- 
ever, since dorsal injections introduced HRP 
directly into the tectum, and since ventral in- 
jections invariably spread to the tegmentum, to 
which the tectum projects (Rubinson, '681, it is 
impossible to ascribe tectal cell filling to tecto- 
toral interconnections. 

HRP-positive cells and fibers were distrib- 
uted throughout all ipsilateral toral areas not 
specifically included in the injection site. Filled 
fibers fanned out rostrally from the torus 
through the ipsilateral ventral pretectal gray 
and cell-free area beneath it, but were most 
prominent immediately ventral to the rostral 
laminar nucleus. HRP-positive cells were scat- 
tered throughout the pretectal gray, concen- 
trated in the ipsilateral ventral region, but also 
present dorsally and, occasionally, on the con- 
tralateral side (Fig. 2D). 

Filled fibers continued into the ventral pre- 
tectum, where HRP-positive cells were consis- 
tently seen in the ventral part of the lateral 
nucleus (Fig. 3A). The filled ventral lateral nu- 
cleus cells were only present after HRP injec- 
tions which involved the torus. Similarly, 
HRP-positive cells were present in the dorsal 
lateral nucleus only after injections involving 
the optic tectum. A few HRP-positive cells were 
also apparent in the posterior nucleus after 
either tectal or toral injections, but they were 

most numerous in the control cases in which 
HRP was placed in the tegmentum. 

No other HRP-positive cells were seen con- 
sistently in the dorsal thalamus. However, cells 
were occasionally filled in the posterior tuber- 
culum, ventral hypothalamus, and the caudal 
suprachiasmatic preoptic area, all ipsilateral to 
the injection site. These cells were most prom- 
inent after large injections which invariably 
involved the tegmentum. 

Finally, a few HRP-positive cells were con- 
sistently seen in the ipsilateral anterior ento- 
peduncular nucleus and in this area's dorsome- 
dial extension, which lies interposed between 
the lateral and medial parts of the amygdala 
(Fig. 3C). No other telencephalic area con- 
tained HRP-positive cells. 

Toral efferents 

The ascending toral pathways (Neary, '74) 
were filled with HRP-positive fibers after all 
toral injections. These fibers ascended ven- 
trally adjacent to the rostral torus and pretectal 
gray (Fig. 2D). At pretectal levels this ascend- 
ing bundle moved medially, crossed the ventral 
lateral nucleus, and entered the caudal pole of 
the central nucleus to distribute throughout it 
(Fig. 3A,B). A small bundle remained in a ven- 
trolateral position. Fibers left this tract and 
entered the central nucleus throughout its 
length. This ascending bundle eventually 
crossed in the postoptic decussation to assume 
an equivalent position contralaterally. The 
contralateral component was difficult to trace, 
although a few fibers appeared to enter the 
contralateral central nucleus as described by 
Neary ('74). 

Some of the filled fibers in the tract between 
the superior olive and torus may have been 
descending toral efferents as Rothig ('27) 
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claimed. In fact this is likely since some HRP- 
positive fibers could be followed in a caudal 
continuation of this bundle at least to upper 
cervical spinal cord levels. In any event, all of 
the HRP-positive fibers remained ipsilateral to 
the injection with the exception of the back- 
filled contralateral dorsal medullary complex 
and perisolitary band fibers, which crossed at 
olivary and obex levels respectively to join the 
ipsilateral tract. 

DISCUSSION 

Three sensory systems, auditory, vestibular, 
and somatosensory, innervate the ranid torus 
semicircularis. Ascending auditory inputs con- 
tribute the major share. This auditory informa- 
tion arises bilaterally from both recognized 
brainstem auditory areas: the dorsal medullary 
complex of VIII and the superior olive. This 
corroborates ear l ier  findings (Fuller and 
Ebbesson, '73; Rubinson and Skiles, '75). 

The dorsal acoustic nucleus and nucleus cau- 
dalis of Opdam et al. ('76) supply the prepon- 
derance of input from the eighth nerve nuclei. 
No physiological data are available to deter- 
mine whether these nuclei are functionally dif- 
ferent, or in fact whether the nucleus caudalis 
is an auditory or vestibular nucleus. The small 
input from the ventral division of the eighth 
nerve nuclei is most likely vestibular, since 
Skarf ('77) found vestibular responses in the 
"subtectum" of frogs. However, it should be 
noted that Moffat and Capranica ('76) found the 
toads saccule to respond to high-intensity 
sound, and axons of this organ innervate the 
ventral division (Gregory, '72). 

Additional auditory input arises from the su- 
perior olive. The olivotoral pathway is almost 
completely uncrossed. This, coupled with the 
olive's bilateral input from the eighth nerve 
nuclei (Fuller and Ebbesson, '73) suggests that 
the unitary anuran superior olive is most simi- 
lar to the mammalian medial superior olive 
(MSO) (Stotler, '53; Warr, '66; Strominger and 
Strominger, '71; Strominger et  al., '77; Elver- 
land, '78; Adams, '79). Rubinson ('68) reached 
the same conclusion for different reasons. The 
presence of an MSO homolog and the absence of 
a n  obvious lateral superior olive (LSO) in an- 
urans is consistent with the type of auditory 
information anurans process. The mammalian 
MSO appears to mediate auditory localization 
based on interaural comparisons while the LSO 
is involved in processing complex frequency in- 
formation, including perhaps localization 
based on complex binaural frequency integra- 
tion (Masterton and Diamond, '67; Moore and 

Moore, '71). In anurans, complex frequency 
processing may be limited by the auditory sys- 
tem's strict peripheral filtering and relatively 
low-frequency tuning (Frishkopf et  al., '68; Ca- 
pranica, '76). However, other interaural com- 
parisons for sound localization remain impor- 
tant (Feng and Capranica, '76, '78). 

The eighth nerve nuclei project mainly to the 
contralateral torus while the olivary inputs as- 
cend ipsilaterally. Since the dorsal medullary 
complex also projects to the contralateral su- 
perior olive (Grofova and Corvaja, '72; Fuller 
and Ebbesson, '73), this arrangement organizes 
the toral auditory input into two parallel chan- 
nels, with the majority of information derived 
from the contralateral ear. Similar parallel 
channels a r e  present in  other tetrapods 
(Barnes, et  al., '43; Foster andHall, '78; Adams, 
'79). Thompson and Masterton suggest that  in 
cats the collicular afferents from the cochlear 
nuclei determine the initial direction of head 
turning, while the olivary input controls the 
final accuracy of the orientation. The anuran's 
parallel auditory channels might act in a simi- 
lar cascade of increasing precision. 

Additional input reaches the torus from the 
presumed somatosensory obex region which 
Neary and Wilczynski ('77a) termed the peri- 
solitary band. Both the lateral trigeminal por- 
tion and the medial area thought homologous 
with mammalian dorsal colomn nuclei project 
to the torus, and in  fact Comer and Grobstein 
('79) demonstrated a gross topographic map in 
the torus with separate head and body repre- 
sentations. Ebbesson ('76) and Neary and Wil- 
czynski (unpublished observations) have also 
found a spinal cord projection to the torus which 
passes through the magnocellular nucleus to 
the laminar and principal nuclei above it. Toral 
HRP injections have failed to consistently vi- 
sualize the responsible spinal cord cells. A few 
rostra1 cord cells were filled after large injec- 
tions which spread to substantial portions of 
the tegmentum, but since the spinal cord also 
projects to the tegmentum (Hayle, '73; Ebbes- 
son, '76) interpretations are complicated. 

The toral somatosensory input may serve two 
very different functions. First, it may function 
as a body map underlying the auditory input to 
coordinate body position during auditory local- 
ization, as suggested to be the case in mammals 
(Aitkin et  al., '78). Such congruent maps in the 
mammalian superior colliculus (Drager and 
Hubel, '76; Stein et  al., '76; Finlay et  al., '78) 
and iguanid optic tectum (Gaither and Stein, 
'79) are thought to mediate a similar process 
during visual orientation. Second, Comer and 
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Grobstein ('79) report that while the middle 
torus has both auditory and somatosensory ac- 
tivity, the lateral torus is strictly sensitive to 
tactile stimulation. This paratoral area might 
represent a "somatosensory tectum" mediating 
tactile orientation, which Comer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA('80) has 
shown is controlled by the torus. 

Other ascending toral input arises from the 
ill-defined reticular areas of the medulla. Most 
HRP-positive reticular cells lay around the 
medullary auditory centers, but whether they 
receive any auditory input on distal dendrites 
or via the arcuate and commissural fibers run- 
ning through them is a matter for speculation. 
The tegmental reticular areas also project to 
the torus. The superficial isthmal reticular 
nucleus (SIR) contains the most HRP-positive 
cells. These are present bilaterally, with more 
ipsilaterally, throughout its length. 

Both rostral and caudal halves of the SIR 
project to the torus, but their inputs are very 
different. Descending striatal and anterior 
entopeduncular fibers terminate massively in 
the rostral half of the nucleus (Wilczynski and 
Northcutt, '79b). By contrast, the ascending 
auditory inputs pass through the caudal half, 
but rostrally move above it. The SIR of Opdam 
et al. ('76) may not be a homogeneous structure, 
but rather a rostral nucleus tied into a descend- 
ing basal ganglia system and a caudal nucleus 
closely related to ascending and descending 
auditory pathways. Riithig ('27) and later Lar- 
sell ('34) described scattered cells interstitial to 
the ascending auditory fibers which Rothig at 
least considered homologous to the mammalian 
nuclei of the lateral lemniscus. These cells ap- 
pear to coincide with the caudal SIR. Neverthe- 
less, without physiological evidence caution 
must be exercised in assigning this structure to 
the auditory system since it is not certain that 
any of the auditory fibers passing through it 
actually terminate there. 

The torus receives descending input from 
forebrain centers not generally considered sen- 
sory structures. One of these is the pretectum. 
Pretectal inputs to the torus closely mirror 
those to  the tectum (Trachtenberg and Ingle, 
'74; Wilczynski and Northcutt, '77). The lateral 
nucleus projects to both, with dorsal areas ter- 
minating in the tectum and ventral areas in the 
torus. The more medial posterior nucleus 
clearly projects to the tectum and may also 
project to the torus, although its main output 
travels to the tegmentum. 

The pretectum is a powerful modulator of 
tectal visuomotor functions (Ewert, '70; Ingle, 

'70, '73a). Dorsal portions of the lateral nucleus 
most likely exert this control (Trachtenberg 
and Ingle, '74; Wilczynski and Northcutt, '77). 
An obvious, and testable, hypothesis is that the 
ventral lateral nucleus similarly modulates the 
torus. Ingle ('73b, '77) believes the pretectum to 
control stationary barrier detection and avoid- 
ance directly. The posterior nucleus, with its 
heavy tegmental projections, might provide the 
nontectal route through which barrier avoid- 
ance is mediated. Moreover, if the posterior nu- 
cleus does serve this function, it would not be 
surprising to find ancillary projections reach- 
ing midbrain roof areas mediating orientation 
and approach behavior. 

Autoradiographic studies have shown that 
both the hypothalamus (Neary and Wilczynski, 
'77b) and preoptic area (unpublished observa- 
tions) project to the midbrain roof. Input from 
these areas overlap in the toral laminar nu- 
cleus. HRP injections in the torus have failed to 
provide an adequate visualization of the exact 
cells of origin. Large toral injections which 
spread to the tegmentum have occasionally 
shown filled cells in the ventral hypothalamus, 
posterior tuberal region, and caudal supra- 
chiasmatic preoptic area. However, HRP-posi- 
tive cells are present in these same areas after 
tegmental HRP injections, and therefore it is 
unclear whether all these areas project to both 
torus and tegmentum, or whether there is any 
segregation. 

The periventricular layers of the midbrain 
roof are topographically identical to the mam- 
malian central gray, which receives afferents 
from several hypothalamic and preoptic cell 
groups (Saper et al., '76; Swanson, '76; Grofova 
et al., '78). Similar projections are apparent in 
birds (Berk and Butler, '77). Therefore, basal 
forebrain input to the periventricular midbrain 
roof is not surprising. What is significant, how- 
ever, is the close association of these inputs 
with midbrain sensory, and especially audi- 
tory, centers since steroid hormone concentrat- 
ing cells are present in the basal forebrain as 
well as the toral laminar nucleus (Kelly et al., 
'75; Morrell et al., '75; Kelley et al., '78). More- 
over, a t  least the preoptic area has been impli- 
cated in mating behaviors (Schmidt, '68, '69; 
Wada and Gorbman, '77). Perhaps these areas 
interact to control the seasonal gating of mat- 
ing behavior, for which audition is so impor- 
tant. 

The anterior entopeduncular nucleus is the 
final source of descending toral inputs. This 
nucleus lies in part around the lateral forebrain 
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bundle and in D a r t  extends dorsomediallv be- ACKNOWLEDGMENTS 

tween the two parts of the amygdala. NortLcutt 
('74) considered the anterior entopeduncular 
nucleus a caudal continuation of the ventral 
striatum and therefore a subpallial structure. 
This input is particularly significant in that it 
is the only direct telencephalic projection to the 
midbrain roof. Moreover, the anterior entope- 
duncular nucleus receives a heavy, bilateral 
striatal input and thereby acts in the multiple 
feedback pathways by which the striatum, the 
major telencephalic auditory area (Wilczynski 
and Northcutt, '79a; Mudry and Capranica, 
'SO), can influence the torus. These indirect tel- 
encephalic inputs also reach the torus via teg- 
mental relays involving the superficial isthmal 
reticular nucleus and tegmental fields, and via 
pretectal relays involving the lateral  and 
possibly posterior nuclei (Wilczynski and 
Northcutt, '79b). 

No pallial areas considered homologous with 
mammalian or reptilian cortex contribute to 
these indirect relays, nor, in fact, do they pro- 
ject directly to the torus. Identical results based 
on anterograde degeneration techniques were 
obtained by Halpern ('72) inRana and Kokoros 
('73) inBufo. Similarly, these authors, and Wil- 
czynski and Northcutt ('771, reported an ab- 
sence of pallial input to the tectum. Kokoros 
and Northcutt ('77) found no pallial input to the 
midbrain roof in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAmbystoma, but did see a 
sparse projection from the caudolateral telen- 
cephalic wall, a position similar to that occu- 
pied by the anuran anterior entopeduncular 
nucleus. The amphibian condition is strikingly 
different from the mammalian, where exten- 
sive cortical inputs reach the inferior colliculus 
(Diamond et  al., '69; Fitzpatrick and Imig, '78). 
The functional implications of this major con- 
nectional difference have never been ade- 
quately investigated. 

The results described demonstrate the rich 
and complex innervation of the anuran torus. 
In this general regard, and in many specific 
ways, the toral inputs are similar to the optic 
tectum's afferents. The hodological parallels 
between the two structures suggest that, rather 
that  acting as a simple relay nucleus, the torus 
functions in audition much the same as the 
optic tectum functions in vision-that is, as a 
sensory processing center which is modulated 
by a number of nonsensory inputs and whose 
function is to localize and program appropriate, 
reflexive motor responses. Physiological and 
behavioral studies will be necessary to deter- 
mine if this interpretation is correct. 
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the University of Michigan in partial fulfill- 
ment of the requirements for the degree of Doc- 
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thank Dr. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR. G. Northcutt for his guidance and 
support throughout the course of this study; he, 
with H. Zakon, provided valuable comments on 
the manuscript. This work was supported by 
predoctoral fellowship zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 T32 MH14279 and a 
Rackham Dissertation Grant, and by PHS 
grant 1 R01 EYO 2485 to R. G. Northcutt, Div. 
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