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Abstract--Changes in Ieveis of substance P-like immunoreactivity (SPLI) were observed in the rat 
dorsal raphe nucleus after cocaine treatment and were compared with concurrent cocaine-induced 
changes in S-hydroxy~ryptamine (5-HT) content in the pons-medulla (PM). Acute administration of 
cocaine (15-30 mgikg) consistently resulted in increases of SPLI, specifically in the area of the dorsal 
raphe nucleus, which were accompanied by significant decreases of PM 5-HT levels. Treatment of rats 
with 5-hydroxytr~tophan (5HTP), the 5-HT precursor, along with R04-460’2, the decarboxylase 
inhibitor, caused increments in PM 5-HT content with concurrent decreases in dorsal raphe nucleus 
SPLI. When cocaine and S-HTP were administered simultaneously the changes in serotonin and SPLI 
were attenuated, suggesting that each substance antagonized the effect of the other. These data suggest 
a specific interaction between substance P and 5-m in the dorsal raphe nucfeus area. 

Substance P (SP), a neuropeptide, is receiving 
increasing attention as investigators attempt to clar- 
ify its physiolo~cal roles in the CNS. Results have 
been published that suggest important interactions 
between SP and other putative neurotransmitters 
such as the catecholamines [l-4] and enkephalin 
15-81. 

A particularly interesting and unusual relationship 
has been shown to exist with the serotonergic (5 
HT) system. ft has been reported that SP and 5H’F 
can coexist in the same neurons. Chan-Palay [9] used 
a combination of immunocytochemistry and auta- 
radiography to demonstrate that soma and processes 
in raphe pallidus nucleus can contain both serotonin 
and substance P-like immunoreactivity (SPLI). In 
a complimentary study, HEjkfelt et al. [lo] presented 
immu~ohistoch~micai evidence showing the coexist- 
ence of SF and 5HT in a population of neuronal 
cell somata in the rat medulla~ raphe nucleus, the 
nucleus interfascicularis hypoglossi, and an area 
immediately dorsal to the pyramidal tract. After 
injecting the serotonin-specific neurotoxins, 5’,6’- or 
~‘,7’-dihy~oxytryptamine, Htikfelt and coworkers 
observed a substantial decrease in SP- and 5HT- 
positive nerve terminals in the ventral horns of the 
spinal cord. These data were substantiated by Singer 
et al. fll] using quantitative biochemical methods. 
They observed approximately 50 per cent depletion 
of SP in the ventral horn of rat spinal cord following 
treatment with 5’,7’-dihydroxytryptamine. Under 
similar conditions, Bj~rklund et al. 1121 reported a 
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37 per cent reduction in SP content in the medullary 
raphe nuclei. The results of the above studies imply 
a close relationship between SP and 5-HT in some 
CNS regions. 

In the present study, an attempt was made to 
determine if drugs that have been shown to alter 
serotonergic systems have an effect on SPLI levels 
in discrete CNS nuclei. It has been reported pre- 
viously by Pradhan et al. [13,14] that cocaine caused 
a significant reduction in the serotonin content of 
the pons-medulla (PM), which correlated with the 
onset of behavior effects such as stereotypy and 
increased motor activity. In contrast, the adminis- 
tration of 5-hydrox~toph~ (5HTP), to animals 
that had been pretreated with R04-4602, the decar- 
boxylase inhibitor, substantially elevated levels of 
PM serotonin. Simultaneous, but separate, injec- 
tions of cocaine and 5HTP significantly attenuated 
the effect of each compound on the 5-HT level and 
reduced the cocaine-induced behavior phenomenon 
1151. Experiments presented in this paper demon- 
strate that these two drugs not only affected the PM 
serotonergic system but, in a selective manner, 
induced concurrent but inverse changes in SPLI lev- 
els in the dorsal raphe nucleus (DRN). 

Treatment and dissection. Male Sprague-Dawley 
rats (220-250 g) were treated either acutely (a single 
injection 20 min prior to killing) or chronically 
(injections b.i.d. x 30days) with doses of cocaine 
that have been shown to have both biochemicai 
effects (15-3Om~kg; Ref. 16). Other rats were 
treated with injections of 5hydroxytryptophan 
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(115 mgikg) SO min after giving a dose of the decar- 
boxylase inhibitor R04-4602 (SOmgikg; Ref. 16) 
which has been shown to inhibit peripheral decar- 
boxylase. In two experiments (Fig. 3), a single group 
of animals received acute, simult~tneous doses of 
cocaine and 5-HTP SOmin after the administration 
of R04-4602. The cocaine hydrochloride and the 
R04-4602 were dissolved in saline, and the S-HTP 
was dissolved in 0.1 M HCI and then neturalized with 
alkali. The animals were kept in standard laboratory 
conditions and given food and water ad lib. 

All animals were decapitated and the brains were 
rapidly removed. In experiments where SPLI was 
to be assayed, the brains were immediately frozen 
on dry ice. The brain nuclei were localized according 
to Ljungdahl et RI. [3, 171 and dissected from 500 ,uM 
thick frozen sections, using either an extra fine dis- 
secting scalpel for the substantia nigra zona reticulata 
or a 19 gauge needle punch for raphe nuclei. and 
placed in liquid nitrogen until assayed. The raphe 
nuclei consisted of dorsal and medullary (magnus 
and obscurus) raphe areas. When 5-HT was meas- 
ured, the brain was sectioned at 4” immediately after 
decapitation and the pons-medulla was homogenized 
(lOOmg/ml) in ice-cold 0.4M perchloric acid as 
described by Pradhan er a!. [lrt] and assayed. 

Biochemiccrl assays. The serotonin levels were 
measured according to the method of Snyder t’t al. 
[18]. The method used for protein determinations 
is described by Bradford [ 191. 

SPLI was assayed in tissue samples pooled from 
two animals. These samples were homogenized in 
a volume of 250,ul of 0.01 M HCI. The homogenate 
was heated by placing it in boiling water for 10 min, 
after which the samples were centrifuged at 5OOOg 
for 20 min and the resulting supernatant fraction was 
lyophilized. Samples were reconstituted by adding 
0.5 ml of phosphate buffered saline with gelatin 
(0.1 M. monobasic sodium phosphate, 0.9 sodium 
chloride, and 0.1% gelatin; pH7.4) and were cen- 
trifuged for 2Omin at 5OOOg to remove insoluble 
material. The supernatant fraction was assayed for 
substance P-like immunoreactivity. 

The antiserum was prepared by DT. William 
Campbell (University of Texas, Dallas) according 
to the procedure of Nilsson et al. [20] and could 
reliably detect 1Opg of synthetic bovine hypothala- 
mic SP at a 1:2 x 10” dilution. The antiserum showed 
less than 2 per cent cross-reactivity with eledoisin 
and physalemin. However. SP-fragments greater 
than the C-terminal pentapeptide did significantly 
cross-react with the antiserum. Thus, it is possible 
that the radiojmmunoassay detected not onI>) intact 
SP but also certain SP metabolites as reported by 
Ben-Ari et al. 1211. Consequently, all results are 
expressed in terms of substance P-like 
immunoreactivity. 

The radiolabeled SP was prepared by iodinating 
tyrosine-8 substance P with high specific activity 
iodine-125 according to the procedure of ,McConahey 
and Dixon 1221, after which the reaction mixture was 
passed over an anion exchange resin (Bio-Rad AC 
1 x 8, 20-50 chloride form) and eluted with 0.2 M 
acetic acid (pFf 5.0). The eluate was collected in 
0.5 ml increments. The high activity fraction was 
purified using a K9160 column of S6MM Sephadex 

G-25, fine grade, and eluted by acetate buffer 
(pH 3.5). The fraction containing the initial peak of 
radioactivity was retained and diluted to an activity 
of approximately 1.2 x 10h dpmi0.5 ml with 2.0 mM 
Tris-0.2% lysozyme-0.1 M glycine buffer (pH 5.0) 
and stored at -80”. 

Supernatant fractions from all tissue sites were 
assayed at multiple dilutions: the slopes of their 
dose-response curves were not significantly different 
from that of synthetic SP. In all experiments, the 
SPLI was routinely assayed, in two dilutions of each 
supernatant sample, by preincubating the antiserum 
with the duplicates of each supernatant dilution for 
2 hr at room temperature. The radiolabeled SP 
(600@8000 dpm) was added to each incubation mix- 
ture and allowed to incubate for an additional 18 hr. 
Antibody-bound and free iodine-125 SP were then 
separated by mixing the reactant with dextran-coated 
charcoal sIurry according to the procedure of Herbert 
er ai. [23]. SPLI was determined by comparing the 
ratio of bound to total radiolabeled peptide for each 
sample to a standard curve and was expressed in 
units of ng of SPLIimg of protein. 

The recovery of SPLI from tissue samples was 
determined according to the techniques described 
by Jesse11 et al. [24]. In control experiments, recovery 
of iodine-125 SP, added to tissue homogenates and 
carried through the assay procedure, usually approx- 
imated 80 per cent. 

Chemicals. Substance P was purchased from Beck- 
man (Silver Spring, MD) and the iodine-125 
(16.5 mCi/pg of iodine) used for protein iodination 
was purchased from AmershamiSearle (Arlington 
Heights, IL). R04-4602 and 5-HTP were obtained 
from Hoffmann-La Roche, Inc. (Nutley, NJ) and 
the Sigma Chemical Co. (St. Louis, MO) 
respectively. 

Statistics, Ail values reported in this paper are 
means z S.E.M. Differences between means were 
analyzed by Student’s f-test and were considered 
significant when the probability that they were zero 
was equal to, or less than 0.05. 

RESULTS 

Effects of acute and ch~oizic cocaine. The level of 
SPLI in dorsal raphe nuclei was elevated in rats 
treated acutely with cocaine. This group of animals 
was killed 20 min after a single injection of cocaine 
(15mg/kg) and was found to have a significant, 21 
per cent increase in the level of SPLI in the dorsal 
raphe nuclei (Fig. 1). The SPLI in the dorsal raphe 
nuclei of animals treated chronically with cocaine 
(15 mgikg, b.i.d. x 30 days), although still somewhat 
higher than controls (9 per cent) was significantly 
lower than the acutely treated group. Other raphe 
nuclei (pallidus, magnus and obscurus) and the sub- 
stantia nigra zona reticulata were also assayed for 
SPLI and were unaffected by either the acute or 
chronic cocaine treatment (data not shown). Thus, 
acute treatment with cocaine caused a specific elev- 
ation of SPLI in the dorsal raphe nucleus, whereas 
long-term exposure to cocaine appeared to result in 
a significant reduction of this effect. 

Dose-dependency of the cocaine effect. To deter- 
mine if the cocaine-induced chauges in DRN were 
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Fig. 1. Cocaine effects on SPLI in dorsal raphe nuclei after 
acute and chronic administration. Rats were treated with 
cocaine (1.5 mgikg, i.p.) administered acutely (single injec- 
tion) or chronically (b.i.d. X 30 days). The animals were 
killed 20 min after the final injection. Control animals were 
injected with saline in a manner identical to the cocaine- 
treated groups. In preliminary experiments, animals receiv- 
ing chronic and acute injections of saline were found to 
have identical levels of SPLI in the DRN, so control animals 
in this study were treated with single saline injections. An 
asterisk (*) indicates that the acute group differed signifi- 
cantly from the control (P < 0.001) and the chronic (P < 

0.05) groups. Bars represent means z!z S.E.M. (N = 4). 
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Fig. 2. Elevation of SPLI in dorsal raphe nuclei following 
acute administration i.p. of 15 or 30mgikg of cocaine. 
Twenty minutes after drug treatment the rats were killed, 
and the DRN were removed and assayed for SPLI as 
described in Materials and Methods. Controls were injected 
in the same way with saline. An asterisk (*) indicates that 
the labeled value is significantly different from the corre- 
sponding control group (P < 0.05). Bars represent mean 

t S.E.M. (N = 4). 

Fig. 3. Inverse effects of cocaine and 5-HTP on SPLI and 5-HT levels in dorsal raphe nuclei and 
pons-medulla regions respectively. The cocaine (20 mg/kg)-treated animals were killed 20 min after drug 
injection. The S-HTP-treated animals were first given a decarboxylase inhibitor (R04-4602, 
50 mg/kg)and after 50 min were treated with 5-HTP (11.5 mgikg). The combination groups received both 
cocaine and 5-HTP simultaneously, but separately, preceded by R04-4602 treatment. Panels A and B 
represent two identical but different experiments. In panel A the dorsal raphe nuclei were dissected, 
removed, and assayed for SPLI as described in Materials and Methods. In panel B the pons-medulla 
was used to measure serotonin levels as described in Materials and Methods. Control animals received 
a single saline injection 20 min prior to killing. An asterisk (*) indicates that the value differs significantly 
(P < 0.025) from all other values. A dagger (t) indicates that the value differs significantly (P < 0.01) 
from the corresponding control Double asterisks (**) indicate that these values differ significantly 
(P<O.OOl) from their respective control groups and from each other. Values are means 2 S.E.M. 

Sample numbers are in parentheses. 
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dose-dependent, rats were treated acutely with one 
of two doses of the drug. The elevation of SPLI in 
DRN was 27 and 36 per cent following 15 and 
30 mg/kg injections of cocaine respectively (Fig. 2). 
The changes of the SPLI were significant in both 
drug-treated groups compared to controls. Although 
there was a suggestion of dose-dependency in the 
changes of SPLI in DRN, the difference between 
the treated groups was not statistically significant. 

Antagonisin of cocaine effect by 5-HTP. The 
cocaine-induced elevation of SPLI in DRN was cor- 
related with concurrent changes of 5-HT in the 
pons-medulla. The results in Fig. 3 show that the 
level of 5-HT following acute administration of 
cocaine (20mg/kg) was decreased by 26 per cent 
compared to a 17 per cent elevation of SPLI (com- 
pare panel A to panel B). When 5-hydroxytrypto- 
phan (115mg/kg), the serotonin precursor, was 
administered with a decarboxylase inhibitor, how- 
ever, the results were reversed; there was a 14 per 
cent reduction in SPLI and a concurrent 71 per cent 
elevation of 5-HT. All changes in the levels of SPLI 
and 5-HT following both drug treatments were sig- 
nificantly different from control groups. 

To determine if the actions of 5-HTP could antag- 
onize the cocaine-induced effects, these two drugs 
were administered simultaneously. The results pre- 
sented in panels A and B of Fig. 3 demonstrate that 
.5-HTP completely blocked the cocaine-mediated 
elevation and decrease of SPLI and 5-HT respec- 
tively. These observations suggest that cocaine and 
5-HTP exert their opposite effects through a common 
system. 

Specificity of SPLI changes in DRN. The effects 
of cocaine and 5-HTP on SPLI in CNS nuclei were 
tested to determine the extent to which these drugs 
could alter SPLI in the brain. The substantia nigra 
zona reticulata and medullary raphe nuclei were 
studied because of their demonstrated involvement 
with both the 5-HT and the SP systems. Following 
treatment (with either cocaine or 5-HTP) identical 
to that used for Fig. 3, there were no changes in 
SPLI in either the substantia nigra zone reticulata 
or medullary raphe nuclei (Table 1). These results 
suggest a uniqueness in the SP system in DRN which 
makes it responsive to the action of these 
serotonin-active drugs. 

DISCUSSION 
This paper presents evidence which suggests that 

a unique relationship exists between the SP and 5- 
HT systems in the dorsal raphe area. This conclusion 
is supported by several lines of evidence. First, the 
acute cocaine-induced elevation of SPLI in the DRN 
(Figs. 1-3) is accompanied by a depression of 5-HT 
levels in the same general area (Fig. 3). Although 
5-HT level has not been estimated specifically from 
DRN, it is expected that 5-HT content in the DRN 
will follow the same trend of change as in the PM 
as a whole following cocaine treatment. Second, 
administration of S-HTP with a decarboxylase inhib- 
itor caused a decrease in dorsal raphe SPLI with a 
concomitant rise in PM 5-HT (Fig. 3). Third, sim- 
ultaneous injections of cocaine and 5-HTP atten- 
uated the effects of these substances on both the 
SPLI and 5-HT levels in DRN and PM respectively 
(Fig. 3). Fourth, chronic administration of cocaine 
resulted in an attenuation of the effect on both the 
SP (Fig. 1) and 5-HT [16] systems in the DRN and 
PM respectively. Fifth, changes in SPLI were 
observed only in the dorsal raphe nucleus which is 
a primary center for the CNS serotonergic system 
[25]. While these results demonstrate that concurrent 
variations are occurring in the regulation of the 
steady-state level of SP and 5-HT, they do not explain 
the relationship of these changes or their underlying 
mechanisms. 

One possible explanation for the observations 
described above has been suggested by Chan-Palay 
et al. [26]. If SP and 5-HT coexist in a fraction of 
DRN neurons, as has been described in other CNS 
regions [9,10,26], it may be that within these neu- 
rons the amounts of the two transmitters are 
inversely proportional to each other and that their 
levels fluctuate depending on the physiological 
demands of the system. Thus, pharmacologically 
induced variations in the 5-HT system caused by 
agents such as cocaine and 5-HTP could be expected 
to result in inverse changes in the SP system. It is 
important to note, however, that no one has reported 
any histochemical evidence supporting SP and 5-HT 
coexistence in the ascending pathways, that originate 
in the dorsal raphe nucleus, and the levels of SPLI 
in the medullary raphe nuclei, an area where coexist- 
ence of SP and 5-HT has been demonstrated [9,26], 

Table 1. Lack of effect of cocaine and 5-HTP on SPLI in substantia nigra zona 
reticulata or medullary raphe nuclei* 

SPLI (ngimg protein) 

Substantia nigra 
(zona reticulata) 

Medullary raphe 
nuclei 

Control 13.0 * 1.0 1.65 +- 0.12 
Cocaine 14.0 2 0.5 1.76 f 0.09 
5-HTP 13.6 ? 1.4 1.69 -c 0.13 
Cocaine + 5-HTP 13.4 ? 1.0 1.53 -c 0.04 

* Tissues were dissected as described in Materials and Methods from four 
groups of rats acutely treated in a manner identical to the groups described in 
Fig. 3. The samples were assayed for SPLI. Values are means + S.E.M. 
(N = 4). 



were unchanged following acute treatment with pletely eliminating the SPLI increases in DRN. Per- 
either 5-HTP or cocaine (Table 1). haps the SP system in the dorsal raphe nucleus plays 

A second possibility is that the changes observed some role in mediating the behavioral alterations 
in transmitter levels are a consequence of interac- that typically accompany cocaine administration. 
tions between separate S-HT and SP pathways. Dis- In summary, the data presented in this paper dem- 
tinct pathways may act on a common physiological onstrate that the SP system in the DRN is susceptible 
function and modulate its activity by exerting either to pharmacologically induced changes by cocaine 
an excitatory (SP; Refs. 4,27-29) or inhibitory (5 and 5-HTP. These changes could be the result of 
HT; Ref. 30) influence. As part of this regulation dynamic interactions between SP and 5-HT or other 
there could exist feedback mechanisms which neurotransmitters. Until additional work is com- 
mediate opposite changes in the SP and 5-HT path- pleted, however, the significance of these results can 
ways according to the needs of the system. For be only speculative. 
example, under conditions that supress the function 
of the system, the excitatory input (SP pathway) 
would be activated and the inhibitory input (5HT 
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