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PROUDFIT, H. K. Effects of raphe magnus and raphe pallidus lesions on morphine-induced analgesia and spinal cord 
monoamines. PHARMAC. BIOCHEM. BEHAV. 13(5) 705--714, 1980.--These studies examined the role of bulbospinal 
serotonin-contalning neurons found in the nucleus raphe magnus and nucleus raphe pallidus in the mediation of morphine- 
induced antinociception. Lesions were made using both electrolytic coagulation and the axon-sparing technique of 
monosodium-L-glutamate injection to ascertain whether the effects following lesions in the area of the medullary raphe 
nuclei are due to destruction of neuronal perikarya or fibers passing near these nuclei. These studies revealed that lesions of 
both the raphe magnus and raphe pallidus resulted in decreased noeiceptive thresholds and attenuation of morphine- 
induced analgesia. Such effects were observed regardless of the lesioning method used, which suggests that destruction of 
neurons in these nuclei was responsible for lesion-induced effects. In addition, lesion-induced changes in spinal cord 
serotonin content and morphine analgesia were significantly correlated which lends support to the conclusion that the 
bulbospinal serotonin systems are necessary for the mediation of morphine effects. Furthermore, no correlation was 
observed between changes in spinal cord norepinephrine content and morphine analgesia. This observation suggests that 
lesion-induced damage to bulbospinal noradrenergic fibers which pass near the midline does not contribute to the attenua- 
tion of morphine analgesia resulting from raphe lesions. 
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THE mesencephalic periaqueductal gray region (PAG) has 
been shown to be a major site necessary for the induction of 
antinociception by opiate-like substances. Both electrical 
stimulation [33, 38, 39] and microinjection of opiates [28, 71, 
73] in the PAG induce analgesia. These effects appear to be 
mediated by a spinal action since both electrical stimulation 
[25, 34, 43] and local injection of opiates into the PAG [9] 
block the activity of spinal cord lamina V cells evoked by 
noxious peripheral stimulation. However, the PAG lacks 
significant connections with the spinal cord [5, 29, 30], but 
does project to the nucleus raphe magnus (RM) of the caudal 
brain stem [24]. Several lines of  evidence suggest that the 
RM is an important component in the neuronal circuitry 
mediating opiate-induced analgesia. For example, the pro- 
jection from PAG to RM has been demonstrated to have 
functional significance since electrical stimulation of the 
PAG [35] or the local application of  morphine to this area [7] 
result in the activation of a certain population of  RM 
neurons. It should be noted, however, that the effects of 
morphine were not particularly potent [7]. The systemic 
administration of morphine also produces an increase in the 
firing frequency of  raphe magnus neurons [2, 20, 42]. Thus, 
morphine may act by increasing the firing rate of PAG 
neurons which in turn activate RM neurons. This suggestion 
is supported by reports demonstrating that electrical stimu- 
lation of the RM is capable of  inducing potent analgesia [44, 
45, 52]. Furthermore, electrical stimulation of the RM 

produces a powerful inhibition of  spinal cord dorsal horn 
neurons activated by noxious cutaneous stimulation [3, 22, 
23, 26] and identified spinothalamic tract neurons [6, 40, 68]. 
These data lead to the suggestion that RM stimulation in- 
duces analgesia by inhibiting neuronal circuits in the spinal 
cord activated by noxious peripheral stimulation. 

Analgesia has also been reported following the microin- 
jection of morphine in the RM [31, 32, 49], although others 
have not observed such actions [ 1, 60, 61]. These conflicting 
results may be due to differences in analgesiometric testing 
procedures and the doses used. Thus, in addition to being an 
important relay in the pathway from the PAG to the spinal 
cord, the RM may also be a site of  action for the induction of 
analgesia by opiates. 

The RM includes some serotonin-containing (5-HT) 
perikarya which project to the spinal cord dorsal horn 
[ 12,18]. It has been suggested that the antinociceptive effects 
of RM activation are due to the release of 5-HT from these 
bulbospinal projections (see Messing and Lytle [41] for re- 
view). One line of evidence which supports this proposal is 
the demonstration that lesions in the raphe area attenuate 
opiate-induced analgesia. However, studies relating the ef- 
fects of RM lesions to opiate-induced analgesia have not 
included determinations of spinal cord 5-HT following such 
lesions [13, 52, 70]. Thus, the role of  5-HT in the reported 
lesion effects is not clear. The major objective of the present 
study was thus to examine the correlation between raphe 
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magnus lesion-induced alterations in spinal cord 5-HT and 
alterations in opiate-induced analgesia. Consideration was 
also given to the specificity of raphe magnus lesions in 
producing changes in the analgesic actions of  morphine. 
More specifically, lesions were made using both electrolytic 
coagulation and the axon-sparing lesioning technique of 
glutamic acid injection [46, 58, 64] in an attempt to ascertain 
whether the effects following lesions in the area of the RM 
are due to destruction of cell perikarya or fibers passing near 
the RM. In addition, lesions of both types were also made in 
the nucleus raphe pallidus. This additional site was studied 
since it too is a 5-HT-containing nucleus with spinal projec- 
tions similar to those of the RM [10, 17, 67]. 

METHOD 

Lesioning Procedures 

Female Sprague-Dawley derived rats weighing between 
250 and 280 g were pretreated with atropine sulfate (1 mg/kg) 
to prevent bronchial secretions and anesthetized with ether. 
Following loss of  the righting reflex the animals were placed 
in a stereotaxic frame and lesions were made in either the 
nucleus raphe magnus or the nucleus raphe pallidus. The 
stereotaxic coordinates for these sites are as follows: Raphe 
magnus: 3.0 mm posterior to the interaural line; 1.0 mm 
below the interaural line; 0.00 mm lateral to the midline. 
Raphe pallidus: 4.0 mm posterior to the interaural line; 1.0 
mm below the interaural line; 0.00 mm lateral to the midline. 
The incisor bar was placed 2.5 mm below the interaural line. 
Electrolytic lesions were made in these nuclei by passing 
anodal D.C. current between the uninsulated tip of a 25 ga 
wire and a copper rectal indifferent electrode. Electrical cur- 
rent was generated using a Grass $4 stimulator and constant 
current unit (CCU-I).  Lesions approximately 2 mm in diame- 
ter were made by passing 2 mA for 10 sec while lesions of 0.5 
mm in diameter resulted from current of 1 mA for 5 sec. 
Other animals received lesions made by microinjection of  
monosodium-L-glutamic acid as described by Simson and 
coworkers [58]. Glutamate injections were made in ether- 
anesthetized animals using a stereotaxically-placed injection 
tube (28 ga) connected to a gear-driven 10/~l syringe by a 20 
cm length of polyethylene tubing (PE 20). Each site was 
injected with 5 /zl of  1% glutamate infused at a rate of 0.5 
/xl/min. The flow of solution was verified by monitoring the 
movement of  a bubble in the polyethylene tubing. The can- 
nula was left in place for 5 minutes following the injection to 
prevent the escape of  material up the cannula track. All 
lesioned animals were allowed two weeks for recovery from 
surgery before their response to morphine was tested. Con- 
trol rats were the same age and sex as the lesioned rats. 
During the entire course of the experiment all animals were 
housed in groups of 5 and allowed free access to food and 
water. 

Analgesiometric Testing 

Antinociception induced by morphine in lesioned and 
non-lesioned control animals was assessed using the tail flick 
assay [19]. The tail flick response was elicited by the appli- 
cation of a focused beam of high intensity light on various 
parts of the rat 's  tail which had been previously blackened to 
allow uniform absorption of heat. The time interval between 
the onset of the light stimulus and the tail flick response was 
measured electronically and terminated at 14 sec in the ab- 

sence of a response. The tail flick latency (TFL) was defined 
as the average of three determinations taken in immediate 
succession. Animals were tested prior to lesioning and both 
preceding and following each dose of morphine which was 
given two, three, and four weeks following surgery. 

Testing Schedule 

These studies consisted of one main experiment (1) plus 
two other experiments (2 and 3) which were designed to 
provide additional data points which were missing in the 
main experiment due to misplaced lesions and deaths. These 
experiments were conducted as follows: 

Experiment 1. Ninety rats were divided into four experi- 
mental groups (20 rats per  group) and a control group (10 
rats), and pre-lesion tail flick latencies determined. Lesions 
were placed in the raphe magnus and raphe pallidus using 
either electrolytic coagulation or glutamic acid injections. 
Ten of the animals in each of  the two electrolytic lesion 
groups received small lesions and 10 received large lesions. 
Fourteen days after surgery tail flick latencies were again 
determined and morphine was given immediately thereafter. 
Tail flick latencies were determined 30 min following mor- 
phine injection. Morphine sulfate was dissolved in 0.9% 
saline and administered subcutaneously to non-lesioned con- 
trol animals in doses of  1.0, 2.5, and 5.0 mg/kg and to 
lesioned animals in doses of 5.0, 7.5, and 10.0 mg/kg in a 
constant volume of 0.1 ml/100 g body weight. The doses 
were given in ascending order beginning with the lowest dose 
at 14 days following surgery. Subsequent doses were given at 
seven day intervals. 

Experiment 2. This experiment was designed to provide 
more data for the relationship between destruction of  the 
raphe magnus and the capacity of  morphine (5 mg/kg, SC) to 
induce analgesia. For  this experiment,  20 rats were lesioned 
using electrolytic coagulation of the raphe magnus. Fourteen 
days after surgery tail flick latencies were obtained, mor- 
phine (5 mg/kg) was given, and tail flick latencies measured 
30 min later. 

Experiment 3. This experiment provided data for sham- 
lesioned controls and for additional animals with either 
glutamic acid or electrolytic lesions in the raphe pallidus to 
test lesion-induced effects on tail flick latency. Twenty-five 
rats were tested using the tail flick test and then five of these 
were lesioned with glutamic acid and 10 with electrolytic 
coagulation. The surgical procedures for the sham-lesioned 
animals were identical to those used with the lesioned 
animals except no current was passed. Fourteen days after 
surgery tail flick latencies were again determined and the 
animals were killed and the lesion placements verified his- 
tologically. 

Histological Procedures 

Following completion of each experiment the animals 
were killed by decapitation and each brain removed and 
fixed in a solution of 10% Formalin and 30% sucrose in 0.9% 
saline. The spinal cord from each animal was rapidly re- 
moved and processed for the determination of monoamine 
levels. The brains were cut in the coronal plane and 20/z  
sections were taken at 100/x intervals and stained with cresyi 
violet. Drawings were made from the projected image for 
each section in which lesion damage appeared. These sec- 
tions were compared with an atlas constructed from normal 
brain sections taken at 100/x intervals. Neuronal structures 
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in these sections were identified using descriptions of the 
caudal brain stem provided by Valverde [62,63], Palkovits 
and Jacobowitz [47], Dahlstrom and Fuxe [17,18], and Pel- 
legrino and Cushman [48]. Estimates of the extent to which 
various structures sustained damage were made by measur- 
ing the area of destruction by planimetry and expressing this 
value as a percent of the total area of the structure in each 
section. The degree of destruction was estimated for each 
section in which damage appeared and the average of the 
percent destruction in all sections was used as an index of 
the total damage in each brain. 

Monoamine Assay Procedures 

Monoamine concentrations in the spinal cord caudal to 
and including the lumbar enlargement were determined at 
the conclusion of the experiment. Ten rats were randomly 
selected from each of the four experimental groups; five rats 
from each group of ten were used for 5-HT and five for 
norepinephrine (NE) assays. NE was determined spectro- 
fluorometrically using a modification of the methods described 
by Welch and Welch [66] for NE extraction and the 
fluorophore development was done according to Chang 
[14]. Serotonin determinations were made using the method 
of Welch and Welch [66] for extraction of 5-HT from the 
spinal cords and the method of Maickel and Miller [36] for 
the fluorophore development using o-phthalaldehyde. 
Monoamine concentrations in spinal cords taken from the 10 
unoperated control animals plus 14 naive rats were deter- 
mined simultaneously with those of lesioned animals. 
Serotonin (12 samples) and norepinephrine (12 samples) con- 
tent in 24 control animals was 774.2_ 77.1 ng/g and 
300.7 -+ 19.4 ng/g, respectively. 

Statistical Procedures 

Prior to statistical analysis all tail flick latency (TFL) 
measurements were converted to a ratio of the increase in 
TFL after morphine to the maximum possible increase. Such 
a ratio eliminates the variability due to differences in control 
(Pre-drug) TFLs and allows more valid comparisons among 
animals. This ratio, called the Analgesia Index (AI), was 
calculated as follows: 

TFL after morphine - control TFL 
AI = Cut-off time - control TFL 

(14 sec) 

An AI of 1.00 indicates maximum antinociception, 0.00 no 
effect, and negative values indicate hyperalgesia. 

Alterations in pain sensitivity and dose-related effects of 
morphine following lesions were assessed using a one-way 
analysis of variance and comparisons of the various group 
means with the control group mean was done using the 
Newman-Keuls test for multiple comparisons [69]. Correla- 
tions between alterations in morphine-induced analgesia and 
spinal cord monoamine levels and between morphine- 
induced analgesia and the percent destruction of the raphe 
nuclei were determined using the Spearman Rank Correla- 
tion method [56]. 

RESULTS 

Lesion Sites 

Lesions made in the nucleus raphe magnus and nucleus 
raphe pallidus using both electrolytic coagulation and the 

local injection of monosodium-L-glutamic acid are illustrated 
in Fig. 1. Electrolytic lesions of two different sizes were 
made to assess the effect of large and small lesions on the 
capacity of morphine to induce analgesia. Lesions produced 
by passing currents of 1 mA for five seconds or 2 mA for 10 
sec were approximately 0.5 mm and 2.0 mm in diameter, 
respectively. The small lesions resulted in approximately 
30% destruction of the raphe with very slight damage to lat- 
eral structures while the large lesions destroyed the entire 
raphe area including a significant area lateral to the midline. 
With large raphe magnus lesions, the medial third of the 
nucleus gigantocellularis was damaged while large raphe 
pallidus lesions included much of the nucleus reticularis 
paramedianus. 

By contrast, lesions resulting from local injections of 
glutamate were much smaller and in most cases did not ex- 
tend into the medial reticular formation to any significant 
degree. These lesions appeared as cylindrical or teardrop- 
shaped regions of intense gliosis with a complete lack of 
neuronal perikarya. The size of the lesion at the injection site 
was usually between 0.5 and 0.7 mm in diameter and one to 
two mm long. The elongated shape of the gliosis apparently 
resulted from the flow of the glutamate solution up the chan- 
nel made by the injection cannula. Blood vessels in the vi- 
cinity of the lesion appeared normal and in some cases were 
seen to course through the middle of the lesion. Cavitation of 
brain tissue due to the volume of solution injected was never 
seen; the only evidence of destruction produced by physical 
forces was the track produced by the insertion of the injec- 
tion cannula. 

A given animal was included in one of the four lesion 
groups in Experiment 1 if 20% or more of the target nucleus 
had been destroyed. Thus, of the 65 rats surviving surgery, 
14 had electrolytic and 11 had glutamate lesions of the raphe 
magnus while 5 had electrolytic and 8 had glutamate lesions 
of the raphe pallidus. The remaining 27 rats had lesions 
which included less than 20% of either the raphe magnus (6 
electrolytic and 5 glutamate) or the raphe pallidus (7 elec- 
trolytic and 4 glutamate), and five rats had lesions which 
included parts of the n. reticularis paramedianus (3 elec- 
trolytic and 2 glutamate). In Experiment 2, 15/20 rats sur- 
vived the lesioning procedure and 9 of these sustained 
damage greater than or equal to 20% of the raphe mag- 
nus. In Experiment 3, 6/10 electrolytically-lesioned and 2/5 
glutamate-lesioned rats sustained damage to the raphe pal- 
lidus equal to or greater than 20%. 

Behavioral Effects of  Raphe Lesions 

Most animals receiving small raphe lesions did not exhibit 
any behavioral alterations or motor deficits. However, some 
of the animals with large lesions were somewhat ataxic, but 
none showed impairment of the tail flick response. Since 
none of the animals receiving raphe lesions was judged to be 
severely impaired, either behaviorally or motorically, all of 
the lesioned animals were used in these studies. 

Effect of  Lesions on Nociceptive Threshold 

The capacity of lesioned animals to respond to noxious 
thermal stimulation was assessed by comparing the tail flick 
latency determined before surgery with that two weeks fol- 
lowing surgery. Table 1 shows pre- and post-lesion TFLs for 
unoperated control and sham-lesioned animals, as well as 
animals receiving raphe magnus and raphe pallidus lesions 
made using either electrolytic coagulation or the injection of 
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FIG. 1. Representative lesion sites that were effective in reducing the antinociception induced by morphine. Lesions on the left were produced 
by electrolytic coagulation or the microinjection of monosodium-L-glutamic acid in the raphe magnus, while those on the fight were made in 
the raphe pallidus. The coronal sections shown are reproductions of drawings made from projected brain sections. The interval between 
sections is 100 micra. Abbreviations: DCN, dorsal cochlear nucleus; IO, inferior olive; MLF, medial longitudinal fasciculus; hA, nucleus 
ambiguus; nVII, nucleus of the facial nerve; NST, nucleus of the spinal trigeminal tract; P, pyramid; STT, spinal tract of the trigeminal nerve. 

glutamate. The mean pre- and post-lesion tail flick latencies 
for the 10 unoperated control animals were not significantly 
different (p>0.05, t test) from those for the 10 sham-lesioned 
controls. These two control groups were pooled and the 
mean tail flick latencies are shown in Table 1. The data illus- 
trated in Table 1 were derived primarily from animals in 
Experiment 1 which exhibited lesions equal to or greater 
than 20% of the target nucleus. Also included in Table 1 are 
data from the six rats with electrolytic lesions and the two 
with glutamate lesions of the raphe pallidus from Experi- 
ment 3 which exhibited destruction equal to or greater than 
20%. Table 1 also shows the analgesia indices (AI) calculated 
by dividing the difference between pre- and post-lesion TFLs 
by the maximum possible TFL (14 sec--pre-lesion TFL). 
Comparisons were made between each lesion-group mean 
AI and the control mean AI using the Newman-Keuls test for 
multiple comparisons. The mean square error term in the 
Newman-Keuls analysis was derived from a one-way 

analysis of variance which indicated a statistically significant 
effect (p>0.01) of lesions on tail flick latency. Individual 
comparisons indicate that all four experimental group means 
were statistically different (p<0.01) from the mean AI for the 
control group. Furthermore, the positive AI value for the 
control group indicates a slight decrease in sensitivity to nox- 
ious stimulation, while the negative values for the four lesion 
groups indicate increased sensitivity resulted from lesions of 
the raphe magnus and raphe pallidus. 

Morphine Dose-Response Relationship 

The capacity of various doses of morphine to prolong the 
tail flick latency in 10 unoperated control and 38 raphe- 
lesioned animals is illustrated in Figs. 2 and 3. The data 
shown in these figures were obtained from the 38 rats used in 
Experiment 1 which had electrolytic lesions including 20% or 
more of the raphe magnus (14 rats) and raphe pallidus (5 rats) 
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TABLE 1 

EFFECT OF RAPHE LESIONS ON TAIL FLICK LATENCY (TFL) 

Lesion group Pre-lesion* Post-lesion* Difference* Analgesia n§ 
TFL (see) TFL (sec) (see) index~: 

Non-lesioned and 
sham-lesioned 3.1 -- 0.3 4.9 __ 0.4 1.9 -+ 0.3 0.18 -- 0.04 20 
controls 

Electrolytic 
RM 3.2 -- 0.2 2.0 -- 0.2 -1.2 -- 0.2 -0.12 -- 0.02¶ 14 
RP 3.1 -+ 0.2 2.3 -- 0.2 -0.8 -+ 0.2 -0.08 -- 0.02¶ 11 

Glutamate 
RM 3.9 -+ 0.3 2.5 +- 0.2 -1.5 -+ 0.4 -0.16 -+ 0.04¶ 11 
RP 2.9 -+ 0.5 1.8 +- 0.1 -1.1 -+ 0.5 -0.12 +- 0.06¶ 10 

*Mean TFL -+ SEM. 
*Difference between pre- and post-lesion tail flick latency (TFL) for each animal averaged 

over the entire group. 
~:Analgesia indices represent the average for each group of animals. 
§Number of animals in each group. 
¶Indicates statistically significant difference (p<0.01) between group mean and control 

mean assessed using Newman-Keuls test for multiple comparisons. 
Abbreviations: RM, raphe magnus; RP, raphe pallidus. 
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FIG. 2. Effect of electrolytic- and glutamate-induced lesions in the 
raphe magnus on the dose-response relationship for morphine. Open 
circles: unoperated control group; filled circles: electrolytic lesions; 
filled squares: glutamic acid lesions. The analgesia index is plotted 
on the ordinate and the log dose is plotted on the abscissa. Each 
point represents the mean analgesia index -+ SEM. 

or glutamate-induced lesions including 20% or more of the 
raphe magnus (11 rats) and raphe pallidus (8 rats). In Fig. 2 
the dose-response relationship for morphine given to un- 
operated control animals is compared with that for morphine 
given to animals with raphe magnus lesions produced either 
electrolytically or by the injection of glutamate. The marked 
shift to the right in the dose-response curves for morphine 
given to lesioned animals indicates that the lesions at- 
tenuated the antinociceptive actions of morphine. Mean 
analgesia index values for 5.0 mg/kg of morphine given to 
unoperated control animals were compared with those for 
the same dose of morphine given to lesioned animals. These 
comparisons, made using the Newman-Keuls test, revealed 
that raphe magnus lesions resulted in a statistically signifi- 
cant (p<0.01) attenuation of morphine-induced anti- 
nociception. Figure 3 illustrates similar comparisons for 
raphe pallidus lesions. These data indicate that raphe pal- 
lidus lesions also significantly (p<0.01) reduced the capacity 
of morphine to prolong the tail flick latency. 

Effect of Lesion Size on Morphine-Induced Antinociception 

Figure 4 illustrates the relationship between the capacity 
of morphine (5 mg/kg) to induce antinociception and the 
amount of destruction produced by electrolytic and gluta- 
mate lesions of the raphe magnus and raphe pallidus. The 
data illustrated in Fig. 4 were derived from the 60 surviving 
raphe-lesioned rats from Experiment 1 and the 15 rats which 
survived in Experiment 2. The animals in Experiment 3 were 
not included since they did not receive morphine. These data 
were analyzed using the Spearman Rank Correlation test 
which revealed a statistically significant correlation (p <0.01) 
between the amount of damage to the raphe nuclei and the 
degree to which morphine-induced antinociception was at- 
tenuated. Such a correlation was found when lesions of both 
the raphe magnus and raphe pallidus were produced by 
either the electrolytic method or the injection of glutamate. 
Furthermore, it is apparent from Fig. 4 that lesions of either 
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FIG. 3. Effect of electrolytic and glutamate-induced lesions in the 
raphe pallidus on the dose-response relationship for morphine. The 
symbols used are the same as those in Fig. 2. 

type in either raphe nucleus produce a nearly complete 
blockade of 5 mg/kg of morphine if the lesion destroyed at 
least 30% of these nuclei. 

Effect o f  Lesions on Spinal Cord Monoamine Content 

Additional evidence for the role of 5-HT in the mediation 
of raphe lesion effects was obtained by examining the rela- 
tionship between lesion-induced changes in spinal cord 5-HT 
levels and the capacity of  morphine (5 mg/kg) to increase tail 
flick response latencies. Sixty-five rats survived the lesion- 
ing procedures in Experiment 1 and 40 of  these were ran- 
domly selected for serotonin and norepinephrine assays. 
Three of  the 20 samples used for the serotonin assay and 4 of 
the 20 samples used for the norepinephrine assay were lost 
during the assay procedures.  Figure 5 shows that lesions of 
both the raphe magnus and raphe pallidus resulted in 
changes in spinal cord 5-HT levels. In addition, there is an 
inverse relationship between percent reduction of spinal 
cord 5-HT content and the capacity of morphine to induce 
analgesia. That is, lesions that produce small decreases in 
spinal cord 5-HT attenuate morphine effects slightly while 
larger  decreases  resul t  in grea ter  a t tenuat ion.  Analys is  
of  these da ta  using Spea rman ' s  Rank Corre la t ion  method 
revealed a statistically significant inverse correlation 
(rs = -0.61;  p<0.01)  between lesion-induced changes in spi- 
nal cord 5-HT and the corresponding analgesia index. 

Norepinephrine (NE) terminals and fibers have been 
demonstrated near the raphe nuclei using fluorescence his- 
tochemical visualization [15, 18, 59]. Since bulbospinal NE 
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FIG. 4. Correlation of lesion size and degree of analgesia following 
morphine sulfate (5 mg/kg, SC). The ordinate represents the 
analgesia index and percent destruction of raphe nuclei is plotted on 
the abscissa. (A) Electrolytic lesions in the raphe magnus (n=35); (B) 
Glutamic acid lesions in the raphe magnus (n= 16); (C) Electrolytic 
lesions in the raphe pallidus (n= 12), (D) Glutamic acid lesions in the 
raphe pallidus (n= 12). Spearman Rank Correlation Coefficients for 
these data were =0.91 (p<0.01), -0.90 (p<0.01), -0.69 (p<0.01), and 
-0.77 (p<0.01), respectively. The dots labelled l and 2 represent 
10 and 5 rats, respectively. 

systems have been implicated in the mediation of morphine 
analgesia [55], it is possible that destruction of  those NE 
fibers which pass near the raphe nuclei may be responsible 
for some or all of the effects observed following raphe le- 
sions. Such a possibility was examined by correlating 
lesion-induced changes in spinal cord NE with alterations in 
the capacity of morphine to induce analgesia. Most of the 
lesions were placed in the caudal raphe nuclei (magnus and 
pallidus), but some were found to have been inadvertently 
placed in the nucleus reticularis paramedianus,  approx- 
imately 1 mm lateral to the raphe pallidus. These lesions all 
produced alterations in both spinal cord NE content and 
morphine-induced analgesia. If NE fibers passing near the 
midline raphe nuclei are involved in the mediation of the 
antinociception following morphine administration, there 
should be an inverse correlation between these two depend- 
ent variables. However ,  no correlation could be demon- 
strated (Fig. 6) between spinal cord NE content and mor- 
phine analgesia (rs=0.05; p>0.05).  

DISCUSSION 

Lesions of the nucleus raphe magnus have been previ- 
ously reported to enhance responsiveness to noxious stimu- 
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FIG. 5. Effect of raphe lesion-induced changes in spinal cords levels 
of serotonin on the capacity of morphine (5 mg/kg) to induce 
analgesia. Ordinate: analgesia index. Abscissa: percent reduction of 
serotonin in the caudal half of the spinal cord. Spearman Rank Corre- 
lation Coefficient=-0.60 (p<0.01). O, electrolytic lesions of the 
raphe magnus (n=8); ©, glutamate lesions of the raphe magnus 
(n=4); I1, electrolytic lesions of the raphe pallidus (n=2); [3, gluta- 
mate lesions of the raphe pallidus (n=3). 
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FIG. 6. Effect of midline and paramidline lesions of the caudal 
brainstem on spinal cord norepinephrine content and morphine- 
induced antinociception. Ordinate: analgesia index, Abscissa: per- 
cent reduction of norepinephrine content in the caudal half of the 
spinal cord. Spearman Rank Correlation Coefficient=0.05; 
(.o>0.03). O, electrolytic lesions of the raphe nuclei (n=7); ©, 
glutamate lesions of the raphe nuclei (n= 4); g, electrolytic lesions of 
the paramedian nucleus (n= 3); D, glutamate lesions of the parame- 
dian nucleus (n=2). 

lation [52]. In addition, Yaksh and coworkers [70] reported 
shorter hot plate and tail flick latencies following raphe mag- 
nus lesions, although the differences were not statistically 
significant. The results of the present experiments confirm 
our previous report and extent these observations to include 
hyperalgesia following raphe pallidus lesions. These findings 
lead to the suggestion that the caudal raphe nuclei (n. raphe 
magnus and n. raphe pallidus) exert a tonic inhibition of 
spinal cord neuronal systems involved in the transmission of 
nociceptive information. Such a suggestion is consistent with 
the growing body of evidence that activation of bulbospinal 
5-HT systems results in inhibiton of pain-transmission 
neurons in the spinal cord dorsal horn [3, 6, 22, 23, 26, 40, 
68]. Iontophoretically applied 5-HT has also been reported to 
inhibit pain-responsive dorsal horn interneurons [8,53]. In 
addition, there is evidence which supports a presynaptic in- 
hibitory action on primary afferent transmission exerted by 
descending 5-HT systems [37, 50, 51]. Furthermore, direct 
evidence for the regulation of nociceptive threshold by 
serotonergic systems has been provided by the demonstra- 
tion that direct application of 5-HT into the spinal cord sub- 
arachnoid space produces a dose-dependent decrease in re- 
sponsiveness to noxious peripheral stimulation [72]. 

We have previously reported that lesions of the nucleus 
raphe magnus result in attenuation of the capacity of mor- 
phine to induce antinociception [52]. More recently, others 
have confirmed these results [13,70]. These findings lead to 
the suggestion that the bulbospinal 5-HT system orginating 
in the nucleus raphe magnus is an important constituent of 
the neuronal assemblage which mediates morphine-induced 
analgesia. However, the results of these studies do not un- 
equivocally implicate 5-HT-containing cells, since the 
possibility exists that the lesion-induced effects resulted 
from damage to structures or fiber systems adjacent to the 
raphe magnus. Thus, a major problem with these studies is 
the absence of adequate delimitation of the anatomical site 
responsible for the lesion effects. In the present study, the 
following information was obtained to more precisely define 
the role of 5-HT-containing cells in the raphe nuclei in 
mediating morphine-induced analgesia and pain perception: 

(1) Evidence that damage to a particular site results in a 
given effect can be obtained by correlating the degree of 
damage to the suspected anatomical site with the degree to 
which the effect is altered by the damage. Thus, if the raphe 
nuclei are necessary for the expression of morphine-induced 
analgesia, then a positive correlation should exist between 
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the extent of raphe destruction and the degree of attenuation 
in the capacity of morphine to induce analgesia. The results 
of these studies indicated such a correlation does indeed 
exist for both electrolytic and glutamate lesions of the raphe 
magnus and the raphe pallidus. Furthermore, destruction of 
approximately 30% or more of either nucleus resulted in 
nearly complete blockade of the antinociception resulting 
from 5 mg/kg of morphine. 

(2) Lesions of the raphe nuclei were produced by the 
injection of microliter quantities of glutamic acid in an at- 
tempt to selectively destroy neuronal perikarya while 
minimizing damage to surrounding structures such as blood 
vessels, glia, and fibers passing near the raphe area. The 
selectivity of glutamate-induced lesions has been investi- 
gated in light- [58] and electron-microscopic preparations 
[46,64]. Light-microscopic examination of glutamate- 
induced lesions in the rostral hypothalamus stained for de- 
generating fibers using the Fink-Heimer technique revealed 
no more damage to axons of passage than that which occurs 
following insertion of the injection cannula alone [57]. 
Electron-microscopic examination of cortical sites following 
iontophoretic application of glutamate revealed acute swel- 
ling of neural elements (somata, dendrites and axons) in the 
area of  the injection [64]. However, these changes were re- 
versible within several days following the injection with the 
exception of neuronal perikarya which became electron 
opaque and shrunken. Similar studies of sites in the rat 
striatum 21 days following glutamate injection indicated that 
all intrinsic striatal neurons had degenerated, but bundles of 
axons passing through the area of  injection were intact and 
appeared normal [46]. 

In addition, the functional integrity of axons passing 
through the area of damage induced by glutamate injection is 
suggested by the persistence of flash-evoked potentials fol- 
lowing the injection of  glutamate into the optic tract [57]. 
Similarly, the neurochemical integrity of small diameter 
noradrenergic axons passing through glutamate injection 
sites has also been reported [27]. These studies showed that 
injections of glutamate into the ventral parabrachial nucleus, 
an area that includes dense projections to and from the nu- 
cleus locus coeruleus, failed to alter NE content in the cor- 
tex, spinal cord, or medial brain stem. 

Additional support for the selectivity of glutamate is pro- 
vided by numerous studies of the neurotoxic properties of 
kainic acid, a rigid analog of glutamate, which exhibits qual- 
itatively similar, but more potent neurotoxicity. For exam- 
ple, electron-microscopic examination of the damage result- 
ing from local injections of kainic acid into the rat striatum has 
revealed destruction of  local neurons and their axons, but no 
damage to extrinsic axons [16, 46, 54]. 

Although it is not possible at the present time to make a 
definitive statement concerning the axon-sparing properties 
of glutamate and its neurotoxic analogs in every area of the 
central nervous system, it may be suggested that the damage 
to axons of passage is certainly less than that produced by 
electrolytic lesioning methods. Thus, it may be concluded 
from the present studies that since both glutamate and elec- 
trolytic lesions were equally effective in attenuating the ca- 
pacity of morphine to produce analgesia, it is unlikely that 
damage to fibers passing near the raphe area was responsible 
for the lesion-induced effects. Therefore, the lesion-induced 
attenuation of morphine analgesia most likely resulted from 
destruction of neuronal perikarya residing in the raphe area. 

(3) The hypothesis that destruction of 5-HT-containing 

neurons in the caudal brain stem raphe nuclei is responsible 
for lesion-induced alterations in morphine analgesia was 
tested by correlating changes in analgesia with changes in 
spinal cord 5-HT content resulting from raphe lesions. The 
degree of damage to the caudal raphe nuclei (magnus and 
pallidus) produced either electrolytically or by the local in- 
jection of glutamic acid was found to vary (Figs. 1 and 4). 
Thus, such lesions should reduce spinal cord 5-HT content 
to varying degrees. Furthermore, if morphine analgesia is 
dependent on the integrity of bulbospinal 5-HT pathways, 
then lesion-induced alterations in spinal cord 5-HT content 
should be correlated with changes in the capacity of mor- 
phine to induce analgesia. Such a correlation was demon- 
strated (Fig. 5) which indicates that the expression of mor- 
phine analgesia is mediated, at least in part, by the descend- 
ing 5-HT pathways originating in the 5-HT-containing raphe 
nuclei of the caudal medulla. These conclusions are consis- 
tent with reports demonstrating attenuation of morphine 
analgesia following neurotoxin-induced reduction of spinal 
cord 5-HT resulting from intraspinal administration of 5,7- 
dihydroxytryptamine [21] or intraventricular 5,6-dihydroxy- 
tryptamine [65]. 

(4) The possibility exists that damage to bulbospinal NE 
fibers which pass near the raphe area was responsible for the 
observed lesion-induced effects. This possibility was exam- 
ined by correlating alterations in morphine analgesia with 
changes in spinal cord NE content. Lesions were placed in 
various midline sites such as the raphe magnus, raphe pal- 
lidus, and medial brain stem sites; the paramedian reticular 
nucleus. If  these medial NE fibers are involved in the media- 
tion of morphine analgesia, then a high degree of association 
should exist between lesion-induced changes in spinal cord 
NE content and morphine analgesia. However, no statisti- 
cally significant association between these two variables 
could be demonstrated. This analysis leads to the conclusion 
that damage to bulbospinal NE axons passing near the mid- 
line raphe nuclei does not contribute to the attenuation of 
morphine analgesia following raphe lesions. 

An unexpected result of these studies was the observation 
that animals with lesions of the nucleus reticularis 
paramedianus exhibited an attenuated response to morphine. 
Since the major projections of the paramedian reticular nu- 
cleus are to the fastigial nuclei of the cerebellum [11], these 
data suggest the possible involvement of the deep cerebellar 
nuclei in the mediation of morphine analgesia. In addition, 
the fastigial nuclei project to the raphe magnus and may be 
important in controlling raphe activity. The role of these 
nuclei in modulating reactivity to noxious stimuli is sup- 
ported by preliminary data from this laboratory indicating 
that lesions of the fastigial nuclei attenuate morphine 
analgesia while electrical stimulation of this region produces 
antinociception (Proudfit, unpublished observations). 

In summary, these studies have demonstrated that lesions 
of the bulbospinal 5-HT nuclei, raphe magnus and raphe pal- 
lidus, produce decreased nociceptive threshold and attenua- 
tion of morphine-induced analgesia. Furthermore, the signif- 
icant correlation between lesion-induced changes in spinal 
cord 5-HT content and morphine analgesia lends support to 
the conclusion that the descending 5-HT systems are neces- 
sary for the mediation of morphine effects. Finally, the ef- 
fects of midline lesions in the caudal brain stem do not ap- 
pear to require destruction of bulbospinal NE systems de- 
scending near the raphe nuclei. 



R A P H E  L E S I O N S  A N D  M O R P H I N E  713 

ACKNOWLEDGEMENTS 

Supported by Grant NS 12649 from the U.S. Public Health Serv- 

ice. We thank Ms. Donna L. Hammond for the performance of the 
chemical assays and Ms. Linda J. Frederick for the preparation of 
histological materials. 

R E F E R E N C E S  

1. Akaike, A., T. Shibata, M. Satoh and H. Takagi. Analgesia 
induced by microinjection of morphine into, and electrical 
stimulation of, the nucleus paragigantocellularis of rat medulla 
oblongata. Neuropharmacology 17: 775-778, 1978. 

2. Anderson, S. D., A. I. Basbaum and H. L. Fields. Response of 
medullary raphe neurons to peripheral stimulation and to sys- 
temic opiates. Brain Res. 123: 363-368, 1977. 

3. Basbaum, A. I., C. H. Clanton and H. L. Fields. Opiate and 
stimulus-produced analgesia: functional anatomy of a medullo- 
spinal pathway. Proc. natn. Acad. Sci. U.S.A. 73: 4685-4688, 
1976. 

4. Basbaum, A. I., C. H. Clanton and H. L. Fields. Three bulbo- 
spinal pathways from the rostral medulla of the cat; an au- 
toradiographic study of pain modulating systems. J. comp. 
Neurol. 178: 209-224, 1978. 

5. Basbaum, A. I. and H. L. Fields. Bulbospinal systems of the 
cat: cell locations and spinal pathways. Soc. Neurosci. Abstr. 3: 
499, 1977. 

6. Beall, J. E., R. F. Martin, A. E. Applebaum and W. D. Willis. 
Inhibition of primate spinothalamic tract neurons by stimulation 
in the region of the nucleus raphe magnus. Brain Res. 114: 328- 
333, 1976. 

7. Behbehani, M. M. and S. L. Pomeroy. Effect of morphine in- 
jected in periaqueductal gray on the activity of single units in 
nucleus raphe magnus of the rat. Brain Res. 149: 266-269, 1978. 

8. Belcher, G., R. W. Ryall and R. Schaffner. The differential 
effects of 5-hydroxytryptamine, noradrenaline and raphe stimu- 
lation on nociceptive and non-nociceptive dorsal horn inter- 
neurons in the cat. Brain Res. 151: 307-321, 1978. 

9. Bennett, G. J. and D. J. Mayer. Effects of microinjected nar- 
cotic analgesics into the periaqueductal gray (PAG) on the re- 
sponse of rat spinal cord dorsal horn interneurons. Proc. Soc. 
Neurosci. 2" 928, 1976. 

10. Brodal, A., E. Taber and F. Walberg. The raphe nuclei of the 
brain stem in the cat. II. Efferent connections. J. comp. Neurol. 
114: 23%260, 1960. 

11. Brodal, A. and A. Torvik. The cerebellar projection of the 
paramedian reticular nucleus of the medulla oblongata in the 
cat. J. Neurophysiol. 17: 484-495, 1954. 

12. Carlsson, A., B. Falck, K. Fuxe and N.-A. HiUarp. Cellular 
localization of monoamines in the spinal cord. Acta physiol. 
scand. 60: 112-119, 1964. 

13. Chance, W. T., G. M. Krynock and J. A. Rosecrans. Effects of 
medial raphe and raphe magnus lesions on the analgesic activity 
of morphine and methadone. Psychopharmacology 56: 133-137, 
1978. 

14. Chang, C. C. A sensitive method for spectrophotofluorometric 
assay of catecholamines. J. Neuropharmac. 3: 643-649, 1964. 

15. Chu, N-S. and F. E. Bloom. The catecholamine-containing 
neurons in the cat dorsolateral pontine tegmentum: distribution 
of the cell bodies and some axonal projection. Brain Res. 66: 
1-21, 1974. 

16. Coyle, J. T., M. E. Molliver and M. J. Kuhar. In situ injection of 
kainic acid: a new method for selectively lesioning neuronal cell 
bodies while sparing axons of passage. J. comp. Neurol. 180: 
301-324, 1978. 

17. Dahlstrom, A. and K. Fuxe. Evidence for the existence of 
monoamine-containing neurons in the central nervous system. 
I. Demonstration of monoamines in the cell bodies of brain stem 
neurons. Acta physiol, scand. 52: Suppl. 232, 1-55, 1965. 

18. Dahlstrom, A. and K. Fuxe. Evidence for the existence of 
monoamine neurons in the central nervous system. II. Experi- 
mentally induced changes in the intraneuronal amine levels of 
bulbo-spinai neuron systems. Acta physiol, scand. 52: Suppl. 
247, 1-36, 1965. 

19. D'Amour, F. E. and D. L. Smith. A method for determining loss 
of pain sensation. J. Pharmac. exp. Ther. 72: 74-79,  1941. 

20. Deakin, J. F. W., A. H. Dickson and J. O. Dostrovsky. Mor- 
phine effects on rat raphe magnus neurons. J. Physiol. 267: 46P, 
1977. 

21. Deakin, J. F. W. and J. O. Dostrovsky. Involvement of the 
periaqueductal grey matter and spinal 5-hydroxytryptaminergic 
pathways in morphine analgesia: effects of lesions and 
5-hydroxytryptamine depletion. Br. J. Pharmac. 63: 15%165, 
1978. 

22. Duggan, A. W. and B. T. Griersmith. Inhibition of the spinal 
transmission of nociceptive information by supraspinal stimula- 
tion in the cat. Pain 6: 14%161, 1979. 

23. Fields, H. L., A. I. Basbaum, C. H. Clanton and S. D. 
Anderson. Nucleus raphe magnus inhibition of spinal cord dor- 
sal horn neurons. Brain Res. 126: 441--453, 1977. 

24. Gallager, D. W. and A. Pert. Afferents to brain stem nuclei 
(brain stem raphe, nucleus reticularis pontis caudalis and nu- 
cleus gigantocellularis) in the rat as demonstrated by microion- 
tophoretically applied horseradish peroxidase. Brain Res. 144: 
257-275, 1978. 

25. Guilbaud, G., J. M. Besson, J. L. Oliveras and J. C. Liebeskind. 
Suppression by LSD of the inhibitory effect exerted by dorsal 
raphe stimulation on certain spinal cord interneurons in the cat. 
Brain Res. 61: 417-422, 1973. 

26. Guilbaud, G., J. L. Oliveras, G. Geisler, Jr. and J. M. Besson. 
Effects induced by stimulation of the centralis inferior nucleus 
of the raphe on dorsal horn interneurons in cat 's spinal cord. 
Brain Res. 126: 355-360, 1977. 

27. Hammond, D. L. and H. K. Proudfit. Effects of locus coeruleus 
lesions on morphine-induced antinociception. Brain Res. 188: 
7%92, 1979. 

28. Jacquet, Y. F. and A. Lajtha. Morphine action at central nerv- 
ous system sites in rat: analgesia or hyperalgesia depending on 
site and dose. Science 182: 490-492, 1973. 

29. Kuypers, H. G. J. M. and V. A. Maisky. Retrograde axonal 
transport of horseradish peroxidase from spinal cord to brain 
stem cell groups in the cat. Neurosci. Lett. 1: %14, 1975. 

30. Leichnetz, G. R., L. Watkins, G. Griffin, R. Murfin and D. J. 
Mayer. The projection from nucleus raphe magnus and other 
brainstem nuclei to the spinal cord in the rat: a study using the 
HRP blue-reaction. Neurosci. Lett. 8: 11%124, 1978. 

31. Levy, R. A. and H. K. Proudfit. Analgesia induced by microin- 
jection of baclofen and morphine at sites in the rat brain stem. 
Soc. Neurosci. Abstr. 4: 461, 1978. 

32. Levy, R. A. and H. K. Proudfit. A comparison of the analgesic 
activity of baclofen with that of morphine following microinjec- 
tion at sites in the rat brain stem. Eur. J. Pharmac. 57: 43-55, 
1979. 

33. Lewis, V. A. and G. F. Gebhart. Evaluation of the periaqueduct- 
al central gray (PAG) as a morphine-specific locus of action and 
examination of morphine-induced and stimulation-produced 
analgesia at coincident PAG loci. Brain Res. 124: 283-303, 1977. 

34. Liebeskind, J. C., G. Guilband, J. M. Besson and J. L. Oliveras. 
Analgesia from electrical stimulation of the periaqueductal gray 
matter in the cat: behavioral observations and inhibitory effects 
on spinal cord interneurons. Brain Res. 50: 441-446, 1973. 

35. Lovick, T. A., D. C. West and J. H. Wolstencroft. Responses of 
raphe spinal and other bulbar raphe neurons to stimulation of 
the periaqueductal gray in the cat. Neurosci. Lett. 8: 45-49, 
1978. 

36. Maickel, R. P. and F. P. Miller. Fluorescent products formed by 
reaction of indole derivatives and o-phthalaldehyde. Analyt. 
Chem. 38: 1937-1938, 1966. 



714 P R O U D F I T  

37. Martin, R. F., L. H. Haber and W. D. Willis. Primary afferent 
depolarization of identified cutaneous fibers following stimula- 
tion in medial brain stem. J. Neurophysiol. 42: 77%790, 1979. 

38. Mayer, D. J., T. L. Wolfle, H. Akil, B. Carder and J. C. 
Liebeskind. Analgesia from electrical stimulation in the 
brainstem of the rat. Science 174: 1351-1354, 1971. 

39. Mayer, D. J. and J. C. Liebeskind. Pain reduction by focal 
electrical stimulation of the brain: an anatomical and behavioral 
analysis. Brain Res. 68: 73-93, 1974. 

40. McCreery, D. B., J. R. Bloedel and E. G. Hames. Effects of 
stimulating in raphe nuclei and reticular formation on response 
of spinothalamic neurons to mechanical stimuli. J. Neurophys- 
iol. 42: 166--182, 1979. 

41. Messing, R. B. and L. D. Lytle. Serotonin- containing neurons: 
Their possible role in pain and analgesia. Pain 4: 1-21, 1977. 

42. Oleson, T. D. and J. C. Liebeskind. Relationship of neuronal 
activity in the raphe nuclei of the rat to brain stimulation- 
produced analgesia. Physiologist 18: 338, 1975. 

43. Oliveras, J. L., J. M. Besson, G. Guilbaud and J. C. Liebeskind. 
Behavioral and electrophysiological evidence of pain inhibition 
from midbrain stimulation in the cat. Expl Brain Res. 20: 32-44, 
1974. 

44. Oliveras, J. L., F. Redjemi, G. Guilbaud and J. M. Besson. 
Analgesia induced by electrical stimulation of the inferior cen- 
tralis nucleus of the raphe in the cat. Pain 1: 139-145, 1975. 

45. Oliveras, J. L., Y. Hosobuchi, F. Redjemi, G. Guilbaud and J. 
M. Besson. Opiate antagonist, naloxone, strongly reduces 
analgesia induced by stimulation of a raphe nucleus (centralis 
inferior). Brain Res. 120: 221-229, 1977. 

46. Olney, J. W. and T. DeGubareff. Glutamate neurotoxicity and 
Huntington's Chorea. Nature 271: 557-559, 1978. 

47. Palkovits, M. and D. M. Jacobowitz. Topographic atlas of cate- 
cholamine and acetylcholinesterase-containing neurons in the 
rat brain. J. comp. Neurol. 157: 29-42, 1974. 

48. Pellegrino, L. J. and A. J. Cushman. A Stereotaxic Atlas of  the 
Rat Brain. New York: Appleton Century Crofts, 1967. 

49. Proudfit, H. K. Analgesia following microinjection of morphine 
into the nucleus raphe magnus of acutely decerebrate rats. Soc. 
Neurosci. Abstr. 3: 300, 1977. 

50. Proudfit, H. K. and E. G. Anderson. Influence of serotonin 
antagonists on bulbospinal systems. Brain Res. 61: 331-341, 
1973. 

51. Proudfit, H. K. and E. G. Anderson. New long latency bulbo- 
spinal evoked potentials blocked by serotonin antagonists. Brain 
Res. 65: 542-546, 1974. 

52. Proudfit, H. K. and E. G. Anderson. Morphine analgesia: 
blockade by raphe magnus lesions. Brain Res. 98: 612-618, 
1975. 

53. Randic, M. and H. H. Yu. Effects of 5-hydroxytryptamine and 
bradykinin in cat dorsal horn neurons activated by noxious 
stimuli. Brain Res. 111: 197-203, 1976. 

54. Schwarcz, R. and J. T. Coyle. Striatal lesions with kainic acid: 
neurochemical characteristics. Brain Res. 127: 235-249, 1977. 

55. Shiomi, H. and H. Takagi. Morphine analgesia and the bulbo- 
spinal noradrenergic system: increase in the concentration of 
normetanephrine in the spinal cord of the rat cause by analge- 
sics. Br. J. Pharmac. 52: 519-526, 1974. 

56. Siegel, S. Nonparametric Statistics for the Behavioral Sciences. 
New York: McGraw-Hill, 1956. 

57. Simson, E. L. and R. M. Gold. Axon-sparing brain lesioning 
technique. Science 200: 1417, 1978. 

58. Simson, E. L., R. M. Gold, L. S. Standish and P. L. Pellett. 
Axon-sparing brain lesioning technique: The use of 
monosodium-L-glutamate and other amino acids. Science 198: 
515--517, 1977. 

59. Swanson, L. W. and B. K. Hartman. The central adrenergic 
system. An immuno-fluorescence study of the location of cell 
bodies and their efferent connections in the rat utilizing 
dopamine-fl-hydroxylase as a marker. J. comp. Neurol. 163: 
467-506, 1975. 

60. Takagi, H., T. Doi and A. Akaike. Microinjection of morphine 
into the medial part of the bulbar reticular formation in rabbit 
and rat: Inhibitory effects on lamina V cells of spinal dorsal horn 
and behavioral analgesia. In: Opiates and Endogenous Opioid 
Peptides, edited by H. W. Kosterlitz. Amsterdam: North- 
Holland, 1976, p. 191. 

61. Takagi, H., M. Satoh, A. Akaike, T. Shibata and Y. Kuraishi. 
The nucleus reticularis gigantocellularis of the medulla oblon- 
gata is a highly sensitive site in the production of morphine 
analgesia in the rat. Eur. J. Pharmac. 45: 91-92, 1977. 

62. Valverde, F. Reticular formation of the pons and medulla ob- 
longata. A golgi study. J. comp. Neurol. 116: 71-99, 1961. 

63. Valverde, F. Reticular formation of the albino rat 's brain stem 
cytoarchitecture and corticofugal connections. J. comp. 
Neurol. 119: 25-53, 1962. 

64. Van Harreveld, A. and E. Fifkova. Light- and electron- 
microscopic changes in central nervous tissue after elec- 
trophoretic injection of glutamate. Exp. Molec. Pathol. 15: 
61-81, 1971. 

65. Vogt, M. The effect of lowering the 5-hydroxytryptamine con- 
tent of the rat spinal cord on analgesia produced by morphine. J. 
Physiol. 236: 483--498, 1974. 

66. Welch, A. S. and B. L. Welch. Solvent extraction method for 
simultaneous determination of norepinephrine, dopamine, 
serotonin, and 5-hydroxy-indoleacetic acid in a single mouse 
brain. Analyt. Biochem. 30: 161-179, 1969. 

67. West, D. C. and J. H. Wolstencroft. Location and conduction 
velocity of raphe spinal neurons in nucleus raphe magnus and 
raphe pallidus in the cat. Neurosci. Lett. 5: 147-151, 1977. 

68. Willis, W. D., L. H. Haber and R. F. Martin. Inhibition of 
spinothalamic tract cells and interneurons by brainstem stimu- 
lation in monkey. J. Neurophysiol. 40: 968-981, 1977. 

69. Winer, B. J. Statistical Principles in Experimental Designs, ed. 
2. New York: McGraw-Hill, 1971. 

70. Yaksh, T. L., R. L. Plant and T. A. Rudy. Studies on the antag- 
onism by raphe lesions of the antinociceptive action of systemic 
morphine. Eur. J. Pharmac. 41: 399-408, 1977. 

71. Yaksh, T. L. and T. A. Rudy. Narcotic analgetics: CNS sites 
and mechanisms of action as revealed by intracerebral injection 
techniques. Pain 4: 299-359, 1978. 

72. Yaksh, T. L. and P. R. Wilson. Spinal serotonin terminal sys- 
tem mediates antinociception. J. Pharmac. exp. Ther. 208: 
446--453, 1979. 

73. Yaksh, T. L., J. C. Yeung and T. A. Rudy. Systematic exam- 
ination in the rat of brain sites sensitive to the direct application 
of morphine: Observation of differential effects within the 
periaqueductal gray. Brain Res. 114: 83-103, 1976. 


