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SUMMARY

1. In the thalamus and hypothalamus of rats, anaesthetized with Urethane, single
unit recordings have been made from cells which respond to small innocuous changes
in scrotal skin temperature applied with a water-perfused brass thermode.

2. Once a scrotal temperature-sensitive neurone had been isolated the brain stem
was electrolytically lesioned through implanted tungsten electrodes to determine
whether the input from the scrotal skin temperature sensors ascends through the
brain stem lemniscal pathways or the mid-line raphe nuclei. All recording sites and
lesions were identified histologically.

3. Thirty-six neurones have been studied of which half were located in the
ventrobasal thalamus, six were located in the anterior thalamic nuclei and the
remainder were in the medial hypothalamus.

4. The nucleus raphe magnus was lesioned on eighteen separate occasions; in each
case the temperature-responsive activity of the thalamic or hypothalamic neurone
was abolished.

5. Extensive brain-stem lesions which spared only the mid-line nucleus raphe
magnus had no discernible effect on the responses of the thalamic or hypothalamic
neurones to scrotal skin temperature.

6. The ascending pathway from the thermal sensors of the rat scrotal skin must
pass through, or relay in, the nucleus raphe magnus.

INTRODUCTION

This paper is concerned with the anatomy of the pathway ascending from the
thermal sensors in the rat scrotum. It will be shown, using a combination of acute
lesion and electrophysiological recording techniques, that the ascending fibres from
the ventrolateral quadrant of the spinal cord do not pass directly to the thalamus
through the lateral lemniscus but pass through, and possibly relay in, the nucleus
raphe magnus.
Acute spinal cord lesion experiments in rats have shown that the input from the

periphery to thalamic neurones which respond to scrotal skin temperature exclusively
passes up the ventrolateral quadrants of the spinal cord, and that each of the
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quadrants serves the thalamus on the same side (Taylor, 1979). In this respect the
pathway follows a similar course to the thermoafferent pathways described in other
species, since unilateral lesions of the dorsal part of the ventrobasal funiculus have
been shown to abolish contralateral temperature sensitivity in humans (Foerster &
Gagel, 1932) and seriously impair the sensitivity in cats (Norrsell, 1979).

Histological studies, in which the ascending fibre tracts were severed and the
resulting degeneration was traced, have shown that the ventrobasal quadrants of the
spinal cord do not only comprise ascending fibres which terminate in the ventrobasal
thalamus. Some terminal and preterminal degeneration has been observed in the
nuclei of the brainstem, notably the nucleus raphe magnus, in both rats (Zemlan,
Leonard, Kow & Pfaff, 1978) and cats (Brodal, Walberg & Taber, 1960). The
degeneration could have been due to either terminating ascending fibres or collaterals
of lemniscal fibres. Since some neurones in the raphe nuclei respond to scrotal skin
temperature (Jahns, 1976) they might receive an input from collaterals of ascending
spinothalamic fibres. An alternative is that the scrotal thermoafferent pathway
actually relays in the raphe nuclei before ascending to the thalamus and hypothalamus.
To decide between these two possibilities the nucleus raphe magnus, medial or lateral
lemnisci were lesioned through implanted electrodes whilst activity was recorded
from thalamic or hypothalamic neurones which responded to scrotal skin temperature.
A preliminary report of this work has already been published (Taylor, 1980).

METHODS

Preparation. Male Sprague-Dawley rats (250-300g) were used, anaesthetized with Urethane
(ethyl carbamate; 1-25-1-5g/kg i.p.) supplemented as necessary to maintain areflexia. The scrotum
was clipped and a depilatory cream (Buto; Biometica Ltd.) was applied for one minute, after which
the skin was rinsed with cool water to minimize any inflammation which might occur. The rat
was then placed in a head holder on a stereotaxic carriage (Lister & Woodget, 1972) and the body
temperature controlled at 380 by a rectal probe connected to a servo-controlled heating pad. A
dental drill was used to perform craniotomies which allowed access to the thalamic and hypothalamic
nuclei and the nucleus raphe magnus. The exposed cortical surface was covered by an oil pool as

described elsewhere (Hellon & Taylor, 1982).
Brain lesioning procedure. The lesioning electrode was a 250 sum diameter tungsten wire sharpened

by hand and varnished, with a 250 jum exposed tip. At the beginning of the experiment a lesioning
electrode was lowered into the brain stem stereotaxically and cemented in place. The co-ordinates
corresponding to the nucleus raphe magnus, with the head orientated according to Albe-Fessard,
Stutinsky & Libouban (1966) were: 3 mm posterior, mid line, -0-5 mm deep. Sometimes an array
of up to six lesioning electrodes was implanted, depending on the extent of the lesion required. A
current of 250 jA for 20 s was found sufficient to produce discrete lesions in the brain stem.
Skin temperature stimulus. The scrotal skin was in contact with a water-perfused brass thermode

(30 x 30 x 5 mm) with a thermistor bead cemented to the thermode at the interface between the
skin and the thermode. The thermistor was connected to a Wheatstone Bridge calibrated over the
range of 20-45 0C.To increase thermal conductivity an oil film was introduced between the scrotum
and the thermode. The temperature of the thermode was controlled by mixing the inflow from two
thermostatically controlled water-baths at 45 and 10 IC. When searching for thermoresponsive cells
cyclic temperature changes were applied to the skin. These were provided by interrupting the
outflow from the cold bath by a rotary pump, modified to occlude the tube for I of each cycle. The
temperature was cycled between 30 and 420C every 10 s. Once a thermoresponsive neurone had
been identified, a series of static temperature plateaux were applied to the scrotum by turning off
the rotary pump and adjusting the water flow manually.

Experimental procedure. Glass micropipettes filled with 2% Pontamine Sky Blue solution in
sodium acetate 0 5 mol/l were used (4-10 MC impedance). The electrode was lowered into either
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the thalamus or hypothalamus whilst the scrotal temperature was oscillating. When a thermores-
ponsive neurone was encountered the firing rate of the unit was determined at several steady scrotal
skin temperatures. Once the response properties of a neurone were known, the lesion was made and
the neurone re-tested. Finally a dye mark was made at the recording site and the rat perfused with
10% formyl saline. All lesion and recording sites were examined histologically.
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Fig. 1. The location of the thirty-six recording sites for the raphe lesion experiments
superimposed on diagrams of standard sections 6-6 mm (A) and 5-4 mm (B) rostral to the
ear bar; taken from Albe-Fessard et al. (1966). The scale bar represents 1 mm. Abbreviat-
ions are: a, n. anterior thalami; amygd, amygdala; ar, arcuate nucleus; cc, corpus
callosum; ci, Internal capsule; ci, n. centralis lateralis thalami; di, n. dorsomedialis
hypothalami; fx, fornix; gp, globus pallidus; 1, n. lateralis thalami; put, putamen; pv,
n. paraventricularis hypothalami; re, n. reuniens; ret, n. reticularis thalami; va, n.
ventralis anterior thalami; vl, n. ventralis lateralis thalami; vm, n. ventromedialis
hypothalami; vp, n. ventralis posterior thalami.

RESULTS

Thirty-six neurones responsive to scrotal skin temperatures have been studied of
which half were in the ventrobasal thalamus and the rest in other thalamic nuclei
or the hypothalamus. The positions of all the recording sites are shown in Fig. 1. The
ventrobasal neurones were located at the lateral edge of the rostral ventrobasal
thalamus (vp in Fig. 1) where it merges with the nucleus ventralis lateralis (Fig. 1 B).
A further six thalamic neurones were observed more rostrally within the anterior and
ventral anterior nuclei of the thalamus (Fig. 1 A). The hypothalamic neurones were
located in and around the paraventricular, dorsomedial and ventromedial nuclei of
the hypothalamus (Fig. 1 A). All of these recording sites correspond to those reported
by other workers in the thalamus (Hellon & Misra, 1973; Schingnitz & Werner, 1980)
and hypothalamus (Nakayama, Ishikawa & Tsurutani, 1979).

All lesion sites were examined histologically and Fig. 2 shows the extent of one of
the smallest lesions which destroyed the nucleus raphe magnus. The lesion is discrete
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Fig. 2. Photograph ofa 60jsm section ofbrain stem stained with cresyl fast violet, showing
the extent of a lesion (L) which incorporates the nucleus raphe magnus. The dotted lines
and areas enclosed by them coincide with the pattern of the ascending fibres observed by
Zemlan et al. (1978), the ventral cluster of fibres corresponds with those that will join the
lateral lemniscus. The dotted lines irradiating from the ventral cluster indicate the less
concentrated terminal and pre-terminal degeneration observed in the medial lemniscus
and reticular nuclei. The dorsal cluster of fibres coincides with the lateral vestibular
nucleus. For further details see text. The scale bar represents 05 mm.
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Fig. 3. The response of a thalamic neurone at two different scrotal skin temperatures,
before (A, B) and after (C, D) a lesion of the nucleus raphe magnus. The scrotal
temperature in A and C is 37 0C, and in B and D, 41 'C. The lesion abolished the
temperature response of the neurone.
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and does not interfere with the ascending lemniscal pathways from the ventrolateral
quadrant of the spinal cord identified by Zemlan et al. (1978), shown by the dotted
lines on the photograph.

Thalamic recordings
Fig. 3 shows the effect of lesioning the nucleus raphe magnus on the response of

a scrotal temperature sensitive neurone in the ventrobasal thalamus. Before the
lesion, the firing rate of the neurone increased abruptly from a very low rate (0 5 Hz)
at 37 IC (Fig. 3A) to 20 Hz when the scrotum was warmed to temperatures greater
than 400C (Fig. 3B). This warm reactive response was typical of the majority of
neurones observed in this study. The lesion shown in Fig. 2 completely abolished the
scrotal temperature response of the neurone as shown in Fig. 3C and D. After the
lesion, the firing rate of the neurone at a scrotal skin temperature of 41 0C (Fig. 3D)
was similar to that observed at a scrotal skin temperature of 37 0C both before
(Fig. 3A) and after (Fig. 3C) the lesion.
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Fig. 4. The effect of a brain stem lesion on the response of a thalamic cell to steady scrotal
skin temperatures. Filled circles show the response before the lesion, open circles show the
response after the lesion. The insert shows the extent of the lesion (stippled area), scale
bar represents 1 mm. Error bars show + S.D. The lesion abolishes the response of the
neurone.

The effect of destroying the nucleus raphe magnus on the response of another
neurone in the ventrobasal thalamus is shown in Fig. 4. The extent of the lesion is
shown by the stippled area on the insert. The abrupt increase in firing rate evident
when the scrotal skin is warmed from 38 to 38-5 °C (filled circles) was completely
abolished when the nucleus raphe magnus was lesioned. In contrast, lesions which
spared the nucleus raphe magnus had no discernible effect on the responses of
thalamic neurones to different scrotal skin temperatures.

313



D. C. M. TA YLOR

Fig. 5 shows the effect of a lesion just lateral to the mid line which interrupted the
medial lemniscus ipsilateral to the thalamic recording site. The nucleus raphe magnus
remained intact and there was no apparent change in the response of the neurone
to scrotal skin temperature changes. Similar lesions contralateral to the thalamic
recording site had no effect on the scrotal temperature-responsive neurones. The
activity of thalamic scrotal temperature-responsive neurones was only affected by
those lesions which could be shown histologically to have damaged or destroyed the
nucleus raphe magnus.
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Fig. 5. The response of a neurone in the thalamus to scrotal skin temperature, before and
after a lesion which spared the nucleus raphe magnus. The lesion (stippled area on insert)
interrupts the medial lemniscus ipsilateral to the recording electrode. Other details as in
the previous figure.

The nucleus raphe magnus was lesioned in twelve rats and in each the temperature
response of the thalamic neurones was completely abolished. The smallest lesion
which abolished the activity ofthe neurone is shown in Fig. 6A (right). Twelve lesions
were made which spared the nucleus raphe magnus, four were extensive and spared
only the mid line, the remainder were more discrete. The total area encompassed by
these lesions, which had no effect on the response of the neurone being studied, is
also shown in Fig. 6A (left). Only those lesions which damaged the nucleus raphe
magnus had any effect on the response of the neurone being tested.

Hypothalamic recordings
Twelve of the neurones studied were situated in and around the hypothalamic

nuclei (Fig. 1 A). The nucleus raphe magnus was lesioned on six occasions. The results
obtained were identical to those observed for thalamic neurones. The smallest lesion
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which abolished the skin temperature response ofthe hypothalamic neurones is shown
in Fig. 6B and coincides with the nucleus raphe magnus. In six experiments the
lesions spared the nucleus raphe magnus. Three of the lesions were large and bilateral
whereas the others lesioned only the medial or lateral lemnisci. Only those lesions
which destroyed the nucleus raphe magnus affected the firing rate of the temperature
responsive neurones.

4 D~ 1 mm

; ~~~~~AK0~~~~~
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Fig. 6. The cumulative extent of the lesions in the raphe lesion experiments. The shaded
areas show the lesions employed in A, the eighteen ventrobasal recordings; B, the eighteen
recordings from the other thalamic and hypothalamic nuclei. The diagrams on the right
show the smallest lesion in each series which abolished the response of the diencephalic
neurone. The diagrams on the left show the cumulative extent of twelve (A) and six (B)
lesions which had no effect on the response of the cell under investigation. Abbreviations
used in the top diagram: v, nucleus of the spinal trigeminal nerve; vii, nucleus of the facial
nerve; r, nucleus raphe magnus; pyr, pyramidal tract; ml, medial lemniscus; 11, lateral
lemniscus.

DISCUSSION

It has been believed for many years that the nerve fibres subserving cutaneous pain
and temperature sensation in man pass from the dorsal horn of the spinal cord into
the contralateral anterolateral quadrant and then ascend, presumably to the
thalamus, via the lateral lemniscus (Foerster & Gagel, 1932; Ranson & Clarke, 1947).
Electrical stimulation of the anterolateral quadrant of the monkey spinal cord
antidromically activates temperature responsive neurones in the lumbar dorsal horn
(Handwerker, Iggo, Ogawa & Ramsey, 1974). Although the equivalent experiments
have not been performed in rats, the results of the spinal cord lesion experiments
(Taylor, 1979) indicate that the thermoafferent fibres from the rat scrotum pass up
the anterolateral quadrants. However, neither the spinal cord lesion nor the

315



D. C. M. TA YLOR

stimulation experiments can be taken as evidence for a direct spinothalamic
projection.

Histological evidence for the sites of termination of anterolateral quadrant
ascending fibres has been provided by Zemlan et al. (1978), who traced the
degeneration following lesions of the anterolateral quadrants using a silver impreg-
nation technique. The distribution of fibres at the level of the facial nerve is shown
by the dotted lines in Fig. 2. Preterminal degeneration and degenerating fibres were

seen in the nucleus raphe magnus, reticular nucleus gigantocellularis and the lateral
vestibular nucleus. The majority of the fibres passed up the lateral lemniscus to
terminate in the superior colliculi, central grey matter, nucleus parafascicularis and
the lateral and rostral edges of the ventrobasal thalamus.
As stated in the Introduction it is clear that the fibres which convey the information

from the scrotal thermoresponsive neurones in the rat dorsal horn pass up the
anterolateral quadrant (Taylor, 1979). The fibres might pass directly to the ventrobasal
thalamus or terminate in the brain stem. Skin temperature-responsive neurones have
been identified in the medianus and dorsalis raphe nuclei which respond to scrotal
temperature stimulation (Jahns, 1976) and in the nucleus raphe magnus which
respond to changes in trunk skin temperature (Dickenson, 1977). Since the nucleus
raphe magnus is known to receive a major input from the spinal cord (Brodal et al.
1960; Zemlan et al. 1978) and to project to the other raphe nuclei (Conrad, Leonard
& Pfaff, 1974; Bobillier, Sequin, Petitjeau, Salvert, Touret & Jouvet, 1976), it appears
possible that the nucleus raphe magnus might receive an input from the spinal cord
and project, either directly or indirectly, to those higher centres known to receive
an input from the scrotal skin thermosensors. If this hypothesis were true then the
nucleus raphe magnus would contain neurones responsive to scrotal skin temperature,
which in fact the following paper proves to be the case (Hellon & Taylor, 1982).
The results of the present study clearly demonstrate that the input to the thalamic

and hypothalamic nuclei from the scrotal skin temperature sensors depends upon the
integrity of the nucleus raphe magnus. It is possible that the raphe magnus lesions
could have damaged collaterals from spinothalamic tract fibres, thereby producing
a conduction block at the junction of the collateral and the ascending fibre (Barron
& Matthews, 1935). However, the abolition or inhibition of the temperature response

was observed for up to an hour following the lesion, with no recurrence of activity.
Furthermore, lesions of the brain stem which spared only the raphe magnus had no

effect on the response of either thalamic or hypothalamic neurones, so the ascending
fibres must lie in the nucleus raphe magnus. This indicates that the nucleus raphe
magnus does not receive a collateral input from the lemniscal pathways.
The possibility that the nucleus raphe magnus lesions may have had a general effect

on the state of the preparation may be discounted since many thalamic neurones

responsive to innocuous mechanical stimulation of the hind-quarters and scrotum

retained their activity unchanged after the lesion.
The nucleus raphe magnus might also exert a modulatory role at either spinal or

supra-spinal levels, as it is known to do in the ascending nociceptive pathways
(Besson, Dickenson, LeBars & Oliveras, 1978). Stimulation of the nucleus raphe
magnus has no effect on the spinal trigeminal neurones which respond to facial skin
temperature (Dawson, Dickenson, Hellon & Woolf, 1981). There is evidence, however,
that the scrotal skin temperature responsive neurones in the dorsal horn of the rat
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spinal cord are subject to tonic descending control (Pierau, Neya, Yamasato & Ulrich,
1980). Cooling the thoracic spinal cord, which reversibly blocks descending pathways,
decreases the intrinsic firing rate of 60% of the scrotal temperature-responsive
neurones in the spinal cord but the activity of the remaining temperature-responsive
neurones is usually increased. This modulation of activity might originate from the
raphe nuclei. Such a possibility is not excluded by the results of this study.

Since the input to the hypothalamus from trunk (Dickenson, 1977, 1978) and
scrotal skin thermal sensors appears to pass through the nucleus raphe magnus, one
might expect lesions of this area to affect thermoregulation. Lesions of the nucleus
raphe magnus in pigeons abolish their day/night temperature rhythm, causing the
animals to regulate their temperature at a new intermediate value (Necker & Wegner,
1980). In contrast, stimulating the nucleus raphe magnus in guinea pigs appears not
to have any effect on heat production in the cold, although the stimulation excited
hypothalamic neurones which responded to warming the skin, but inhibited hypo-
thalamic neurones which responded to skin cooling (Bruck & Hinckel, 1980). The
projection from the raphe nuclei to the hypothalamus is probably mainly serotonergic
(Dahlstr6m & Fuxe, 1964; Conrad et al. 1974; Bobillier et al. 1976). Biochemical
lesioning of the raphe nuclei by depleting rabbits (Lin, Pang, Chern & Chia, 1978)
and rats (Lin, Chern & Chern, 1978) of serotonin with p-chlorophenylalanine causes
a decrease in rectal temperature but also increases the metabolic response of the
animals to cold. The authors explain the paradoxical effects of serotonin as being due
to the action of p-chlorophenylalanine inhibiting serotonin synthesis both centrally
and peripherally.
One may conclude that the nucleus raphe magnus plays a role in thermoregulation,

the nature and importance of which is not understood. The results presented here
and in the following paper (Hellon & Taylor, 1982) indicate that the nucleus forms
an essential link in the ascending thermal pathway from the rat scrotum, which could
be an important input to the thermoregulatory centres (Waites, 1976). This suggestion
conforms with Dickenson's results in rats which showed that the nucleus raphe
magnus receives an input from the cutaneous thermal sensors of the trunk and
projects to the hypothalamus (Dickenson, 1978). It is consistent with the observation
that extensive brain stem lesions which spare ony the nucleus raphe magnus have
no discernible effect upon the temperature responsive cells in either the thalamus or
hypothalamus.
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