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Serotonergic innervation of the rat caudate following a neonatal 6-hydroxydopamine lesion." An anatomical, biochemical amt 
pharmacological study. PHARMACOL BIOCHEM BEHAV 34(2) 367-374, 1989.--6-Hydroxydopamine (6-OHDA) treatment of 
neonatal rats resulted in a dose-related loss of striatal dopamine (DA). These reductions corresponded closely with the loss of tyrosine 
hydroxylase-containing terminals at this brain site. Striatal serotonin (5-HT) concentration increased only after DA was maximally 
depleted by the highest dose of 6-OHDA. Quantitative immunohistochemistry revealed that the increased 5-HT content after neonatal 
6-OHDA lesioning was due to a proliferation of 5-HT nerve terminals. The density of immunoreactive 5-HT-containing terminals 
appeared to increase more than did the 5-HT content. The present study examined whether 5-HT hyperinnervation was playing a role 
in behavioral responses induced by Dt-DA agonists and antagonists in neonatally lesioned rats. because reports have suggested that 
these drugs may interact with 5-HT receptors. However, SCH-233911, the D~-DA antagonist (0.3 mg/kg), did not alter behavioral 
responses to 5-HTP and SKF-38393 (3 mg/kg), a Da-DA agonist did not produce any signs of activating 5-HT receptors in 
5,7-DHT-lesioned rats. These data indicate that these compounds affecting D~-DA receptors do not have a significant effect on 5-HT 
function at doses which have maximal effects on D~-DA receptor function. Pretreatment with the 5-HT antagonist methysergide did 
not produce a change in apomorphine-induced locomotion and did not antagonize the self-mutilation or the other behaviors produced 
by L-DOPA or SKF-38393 in neonatally lesioned rats, suggesting that 5-HT hyperinnervation is not responsible for these drug-induced 
changes in neonatal 6-OHDA-lesioned rats. 

6-Hydroxydopamine Dopamine Serotonin Caudate nucleus Serotonin hypcrinnervation 
Development SKF-38393 SCH-23390  D~-agonis t  D,-antagonist Serotonin syndrome 

STACHOWIAK et al. (25) showed that treatment of neonatal rats 
with 6-hydroxydopamine (6-OHDA) leads to an increase in the 
serotonin content of the caudate nucleus. This observation has 
been confirmed (4,181. Similar treatment of adult rats with 
6-OHDA does not result in any apparent change in serotonin 
content, although dopamine is completely depleted in the caudate 
by either neonatal or adult 6-OHDA administration (4). Breese et 

al. (4, 5, 7) have recently demonstrated that the age of 6-OHDA 
administration profoundly alters the behavioral responses to sub- 
sequent L-DOPA administration or to drugs having D~- or D,- 
dopamine receptor agonist and antagonist properties. Rats treated 
neonatally and tested as adults respond to L-DOPA with the 
appearance of a variety of behaviors including self-biting of the 
forepaws, that do not occur in rats treated with 6-OHDA as adults 
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2Requests for reprints should be addressed to Dr. George R. Breese, 226 Biological Sciences Research Center. CB #7250, University of North Carolina 
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and tested under identical conditions (4). Evidence indicates that 
this effect is due to an action on Dj-dopamine receptors (5). In 
contrast, the behavioral response to D2-dopamine agonists is less 
in neonatally lesioned rats than in adult 6-OHDA-lesioned rats 
(5.131. Furthermore, the immobility to dopamine antagonists 
observed in control rats and adult-lesioned rats is not seen in 
neonatally lesioned rats (11,14). Thus, the neuronal adaptations 
that ocur following neonatal 6-OHDA treatment are different from 
those seen after adult treatment and result in different behavioral 
responses to dopamine agonists. 

There have been only limited investigations of the serotonin 
hyperinnervation of rats treated neonatally with 6-OHDA (1, 4, 
18. 251. To examine the possible mechanism underlying the 
regulation of serotonin terminal growth after lesioning dopamin- 
ergic neurons, a graded reduction of brain dopamine was produced 
to see what effect this treatment would have on the changes seen 
when dopamine content is altered neonatally with 6-OHDA. 
Because binding studies have suggested that SCH-23390 influ- 
ences S~- and S,¢- serotonin receptors (2, 3, 15.22).  studies also 
were performed to determine if this action could contribute to the 
effects of SCH-23390 at doses which maximally antagonize 
D,-dopamine receptor function. Further, there have been few 
reports to assess whether the increase in serotonin innelwation 
could be contributing to the behavioral responses produced by 
dopamine agonist administration in the neonatal 6-OHDA-le- 
sioned rats. This possibility was also investigated. 

METHOD 

Animals 

Spraque-Dawley rats (Charles River Laboratories, Wilming- 
ton, MA) were treated with 25, 50 or 100 I, zg of 6-OHDA 
(intracisternal injection; Regis Chemical Co., Chicago. IL) on 
postnatal day 5 (9). Adult rats (150-200 g) were treated with 
6-OHDA hydrobromide (200 I.tg free base, IC) 30 min after 
pargyline (50 mg/kg, IP) followed one week later by a second 
identical 6-OHDA treatment (4). Neonatal rats 5 days of age were 
treated with pargyline (50 mg/kg) plus 5,7-dihydroxytryptamine 
(5,7-DHT; 50 gg) as previously described to reduce brain seroto- 
nin (8.27). 

Biochemistry 

Animals were decapitated and the brain was rapidly removed. 
The striatum was dissected and frozen at - 7 0 ° C  until assayed. 
Dopamine and serotonin were determined in the same sample by 
reverse phase HPLC and electrochemical detection as described by 
Kilts et al. (161. 

lmmunocvtochemistrv 

The immunocytochemistry procedures for localizing tyrosine 
hydroxylase (26) and serotonin (27) have been described previ- 
ously. Briefly, the animals were perfused with a saline prewash, 
150 ml of 4% paraformaldehyde, 70 mM sodium phosphate pH 
7.0 and finally 250 ml of 4% paraformaldehyde in 100 mM 
sodium borate, pH 10.5. The tissue was prepared for sectioning by 
routine paraffin embedding in Paraplast Plus. 

Ten micron sections were deparaffinized and rehydrated into 
phosphate buffered saline (PBS) and then treated with trypsin [(1.2 
mg/ml PBS), Boehringer Mannheim] for 10 minutes. After rinsing 
the sections with PBS, the primary antiserum (antityrosine hydrox- 
ylase, 1:1000; antiserotonin, 1:2000) was applied for 48 hr at 4°C. 
The avidin-biotin (ABC) method was used to localize the immu- 
noreactivity by utilizing a bridge of biotinylated goat anti-rabbit 

TABLE 1 

DOPAMINE CONTENT AND NEURAL DENSITY OF TYROSINE 
HYDROXYLASE (TH) IMMUNOREACTIVITY IN CAUDATE FOLLOWING 

NEONATAL 6-OHDA TREATMENT' 

Treatment 

Dopamine Percent TH Percent 
Content of Terminal Density of 

(ng/mg Tissue) Control (Intersections/mml Control 

Saline 138.0 -'- 19 100 237.6 = 7 100 

6-OHDA 
1001a.g 2.5 z 2.5* 1.8 5.7 = 1.4" 2.4 
5(1 la, g 27.7 _+ 6.2* 20.(I 55.2 = 3.9* 23.2 
25 /,tg 36.8 +_ 18.9" 26.5 73.2 _+ 4.8* 30.8 

dAnimals were treated with 6-OHDA at 5 days of age as described in the 
Method section. Data are presented as the mean _+ SEM. N=6  for 
dopamine content; N = 4 for TH terminal density. 

*p<0.05 when compared to saline. 

IgG (l :500bavidin-biotinylated peroxydase (Vector Lab, Burlin- 
game, CA) (26). Diaminobenzidine and H202 were used as the 
peroxidase substrate. Sections were counterstained with toluidine 
blue and mounted with permount. To quantitate the immunocy- 
tochemical results, the number of immunoreactive terminals which 
intersected the border of a 0.25 mm 2 box were counted. This 
method provides a relative quantitative assessment of terminal 
density which is useful for comparisons between samples. Ten 
micron coronal sections through the caudate nucleus were used for 
quantification. At least 4 sections from 3 animals were used for 
each treatment group. 

Behavioral Assessments 

For behavioral observations, rats were placed in clear plastic 
cages (23 x 44 cm) for 60 min before administration of L-DOPA 
(100 mg/kg) or 5-hydroxytryptophan (5-HTP: 45 mg/kg) (1 hr 
after 50 mg/kg of RO4-4602, a decarboxylase inhibitor) (4). Other 
animals were habituated to the behavioral chambers for 60 min and 
were given SKF-38393 (3 mg/kg) (5). Once L-DOPA, 5-HTP. or 
SKF-38393 were administered, observations were made for I min 
of every 10 min for 2 hr. Each 1-min period was divided into four 
15-see periods and behaviors observed in each of these periods 
were scored for occurrence (4). Behavior is reported as a percent- 
age of the total possible (i.e., 4 for presence in each of the four 
15-sec periods times 12 observations; 4 8 =  100%). Behaviors 
recorded following L-DOPA and SKF-38393 administration to 
control and 6-OHDA-lesioned rats included sniffing, rearing, 
grooming, head nodding, locomotion, repeated movements of the 
paws away from the snout (taffy pulling), paw treading, licking. 
jumping, digging, eating woodchips, and self-biting. If the skin 
was broken by the self-biting (SMB). the rats were given SCH- 
23390 (0.5 mg/kg) to prevent this behavior (5). Behaviors re- 
corded following 5-HTP and SKF-38393 administration to 5,7- 
DHT-lesioned rats included straub tail, hind-limb abduction. 
rigidity, tremors, salivation, lateral head weaving and forepaw 
treading ( 101. 

Activity was measured in circular activity cages as previously 
described. Rats were habituated to the chamber for 60 min before 
receiving apomorphine (71. 

Drugs 

The 6-hydroxydopamine hydrobromide (6-OHDA), and 5,7- 
dihydroxytryptamine (5,7-DHT) (Sigma Chemical Co., St. Louis, 
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TABLE 2 

SEROTONIN CONTENT AND IMMUNOREACTIVITY IN CAUDATE 
FOLLOWING NEONATAL 6-OHDA TREATMENT " 

Treatment 

Serotonin Percent Serotonin Percent 
Content of Fiber Density of 

(ng/mg Tissue) Control (Intersections/mm 2) Control 

Saline 6.2 --+ 0.6 100 18.3 +__ 2.3 100 

6-OHDA 
100 p.g 9.1 _.+ 0.2* 147 45.3 _+ 1.4t 248 
50 p.g 7.5 _ 0.5 120 26.4 _+_ 1.3" 144 
25 p.g 8.2 --+ 0.9 132 24.6 = 1.4" 134 

aAnimals were treated with 6-OHDA at 5 days of age as described in the 
Method .section. Data are expressed as the mean __. SEM. N = 6 for 
serotonin content; N = 4 for serotonin neural density. 

*p<0.05 when compared to saline; tp<0.0t when compared to saline. 

MO) were dissolved in saline containing 0.5% ascorbic acid and 
were administered intracisternally. SKF-38393 (Research Bio- 
chemicals Inc., Wayland, MA) and SCH-23390 (Schering Phar- 
maceutical Company, Bloomfield, N J) were dissolved in water 
and administered. IP L-DOPA (Sigma) was suspended in car- 
boxymethylcellulose (0.5%). The RO4-4602 (Hoffmann-La Roche. 
Nutley, NJ) was dissolved in saline. 

Statistics 

For behavioral studies, data for each behavior were analyzed 
by a one factor, unweighted means ANOVA. For each ANOVA 
that yielded a significant F ratio, a Newman-Keul's test was used 
to make comparisons. For biochemical and anatomical investiga- 
tions, differences among group means were tested for statistical 
significance with a one-way ANOVA for the main effect and the 
least Significant Differences Test was used for multiple compari- 
sons of means. 

RESULTS 

Dopamine Content and Tyrosine Hydroxylase 
lmmunohistochemistry in the Caudate of Neonatal and Adult 
6-OHDA-Lesioned Rats 

Dopamine content has been demonstrated to be dramatically 
reduced lollowing intracistemal administration of 100 Ixg of 
6-OHDA to neonatal rats (4,9). In this study, the consequence of 
giving different doses of 6-OHDA to neonatal rats was examined. 
As expected, neonatal treatment with 100 Ixg 6-OHDA resulted in 
a nearly complete loss (98% reduction) of dopamine in the 
striatum (Table 1). Rats treated with lower doses of 6-OHDA (50 
and 25 I.tg) had significantly less dopamine depletion (Table 1). 

Immunohistochemical analysis of tyrosine hydroxylase (TH- 
IR) in caudate was also performed in these animals. The qualita- 
tive results of this work are illustrated in Fig. 1. The TH-IR 
innervation of the caudate was dramatically reduced by neonatal 
treatment with 100 p,g of 6-OHDA. Treatment of neonatal rats 
with lesser amounts of 6-OHDA (25 or 50 p.g) resulted in 
correspondingly smaller decreases in the extent of TH-IR terminal 
density throughout the caudate (Fig. IC). The only brain region 
containing TH neurons that was not affected markedly by admin- 
istration of 100 ttg of 6-OHDA to neonatal rats was the hypothal- 
amus (data not shown). 

In order to quantify the degree of catecholamine-containing 

TABLE 3 

EFFECT OF METHYSERGIDE ON ACTIVITY RESPONSE TO 
APOMORPHINE ADMINISTRATION TO NEONATAL 

6-OHDA-LESIONED RATS" 

Control Neonatal 6-OHDA 
Dose 

Treatment (mg/kg) (Counts/120 min I 

Saline -- 648 +_ 79 558 _+ 130 
Methysergide 5.0 772 _.+ 172 1600 -'- 172" 

(Methy~ 
Apomorphine 1.0 3307 +_ 303* 5107 -- 673 *t' 

(APO) 
Methy + APO 5.0 .4- 1.0 4279 _+ 379* 6684 _+ 1302" 

"Rats were treated with 6-OHDA when 3 days of age as described in the 
Method .section. Responses to D~-dopamine agonists were primed as 
described by Breese et al. before being tested with apomorphine. Methy- 
~rgide (5 mg/kg, IP) or saline was given 30 rain prior to apomorphine ( 1 
mg/kg) administration. There are at least 6 rats in each group. Control 
refers to unlesioned rats; neonatal 6-OHDA refers to rats that received 100 
p.g 6-OHDA when 5 days of age. 

bResponses in control and adult 6-OHDA-lesioned rats were 3980 -+ 933 
and 13,514 - 840 counts/120 min, respectively (p<0.01 ), demonstrating 
the greater response observed after adult treatment compared to that 
observed in the neonate 6-OHDA-lesioned rats (see above APO response 
in neonatal 6-OHDA-lesioned rats). 

*p<0.05 when compared to saline. 

fiber loss in the striatum, the terminal density of tyrosine hydrox- 
ylase-containing neurons in the caudate was measured in control 
and 6-OHDA-lesioned rats (Table 1). Neonatal 6-OHDA ( 100 Izg) 
treatment reduced the TH-IR terminal density in the caudate by 
more than 97%. This is a conservative estimate because the TH-IR 
terminal density was so high in normal rats that it was difficult to 
accurately count all intersecting terminals. Rats treated with 25 or 
50 p.g 6-HODA retained significantly more TH terminals than rats 
treated with 100 p.g 6-OHDA, yet the terminal densities were still 
greatly reduced when compared to saline-treated rats (Table 1). 
Thus, the results of this morphological quantification of catechola- 
mine terminal density correlate well with the loss of dopamine 
content observed after the 6-OHDA treatment (Table I). These 
results indicate that a dose-dependent reduction of TH terminal 
density follows neonatal 6-OHDA treatment. 

Effect of Various Doses of 6-OHDA on Content and 
lmmunohistochemical Staining of Serotonin in the Striatum 

Previous data have demonstrated that the striatum has increased 
serotonin content in the caudate whereas other brain regions with 
a rich dopaminergic innervation (e.g., olfactory tubercle and 
nucleus accumbens) do not have such an increase in serotonin 
content (4,25). For this reason, the present study focused on 
serotonin content in the striatum after 6-OHDA treatment. Our 
first study examined the relationship between the extent of 
dopamine depletion by the 6-OHDA and the corresponding rise in 
striatal serotonin content (Table 2). While the highest dose of 
6-OHDA was associated with a 50% increase in striatal serotonin 
content, no significant change in serotonin level was observed 
after the lower doses of 6-OHDA. 

The increase in serotonin content of the striatum following the 
100 Ixg 6-OHDA treatment could be due to an increase in 
serotonergic terminal density, an increase in the serotonin content 
per terminal or to an interaction between these factors. To examine 
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FIG. 2. Serotonin immunoreactive nerve terminals in rat caudate nucleus• (A) Saline treatment (control). (B) Treatment with 100 gg 
6-OHDA on day 5 of age. (C) Treatment with 50 gg 6-OHDA on day 5 of age. (D) Treatment with 100 Ixg 6-OHDA on day 45 of 
age. All animals '.,,'ere killed 2 months after the various treatments and sacrificed when 60 days of age. Bar = 100 p.M. 
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TABLE 4 

BEHAVIORAL SCORES FOR L-DOPA AND SKF-38393 IN NEONATAL 
6-OHDA-LESIONED RATS AFTER METHYSERGIDE PRETREATMENT a 

SKF-38393 L-DOPA 
Saline 

Behaviors Neonates Saline Methysergide Saline Methysergide 

Self-biting 1 -*- 1 2 _.+ I 0 z 0 28 --- 4 18 --_ 8 
Taffy 0 -+ 0 19 _+ 9 9 _+ 5 11 = 4 20 --- 11 

Pulling 
Paw 0 +-- 0 28 _+_ 7 14 : 7 9 +- 2 9 - 3 

Licking 
Sniffing 65 -- I1 83 _+ 6 97 -- 1 23 --+ 6 76 _ 7* 
Rearing 37 = 10 56 _+ 14 91 = 3* 38 --+ 6 30 -+ 7 
Pay,. 3 +-- 1 46 _.+ 13 80 -- 6 19 +- 10 22 --+ 6 

Treading 
Locomo- 19 _+ 6 40 _+ 17 47 = 10 49 -'- 9 30 _+ 9 

tion 
Digging 1 -~ 1 6 -+. 3 30 - 8* 12 -+ 2 6 - 3 

"SKF-38393 (3.0 mg/kg, IP) and L-DOPA (100 mg/kg, IP) were 
administered to neonate 6-OHDA-lesioned rats as described in the Method 
section. Methysergide (5.0 mg/kg) was administered 30 min prior to drug 
treatment. Values presented for drug treatment are all significantly 
different from saline treatment in neonatal 6-OHDA-lesioned rats. There 
are 7-10 rats in each of the groups. 

*,o<0.05 when compared to saline administration. 

these possibilities, we performed qualitative and quantitative 
immunocytochemis t ry  to define serotonin terminal density (Fig. 
2). Quantitative analyses of  these data documented that the density 
of  serotonin-containing terminals in the caudate was increased in 
rats neonatally treated with 100 Ixg 6 -OHDA (Table 2). The 
increase measured by this approach demonstrated that the number  
of  fibers increased by 1.5 t imes in the lesioned rats compared to 
controls.  It should be noted that this measure of  serotonin- 
containing neurons resulted in a greater increase than that reflected 
by the measure of  serotonin content in this brain region (Table 1). 
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FIG. 3. Effects of SCH-23390 or methy~rgide on behavioral scores 
produced by 5-HTP administration to 5,7-DHT-treated rats. Behavioral 
scores are the mean -+- SEM of the percent time an animal displays behavior 
over a 60 min period. Dose of 5-HTP as 45 mg/kg. There are 7 rats in each 
group. ST= straub tail; HA = hind-limb abduction; RG = rigidity; TR = 
tremor; SA =salivation; l r r=paw tread. *Indicates that the behavioral 
score is significantly different from 5-HTP alone. 

TABLE 5 

EFFECT OF METHYSERGIDE AND SCH-23390 ON THE INCIDENCE OF 
SMB INDUCED BY L-DOPA IN NEONATE 6-OHDA-LESIONED RATS" 

L-DOPA-Induced 
Incidence of SMB 

Dose  

Treatment mg/kg No./Total % 

Saline 0 7/7 100% 
Methysergide 5.0 7/8 88°h 
SCH-23390 0.3 0/7* 0 

~AII rats were treated with RO4-4602 (50 mg/kg) 60 min before injection 
of L-DOPA (1013 mg/kg). All rats used in this investigation had previously 
shown SMB when given this treatment. Methysergide was administered 30 
min before L-DOPA. SMB = self-mutilatory behavior. 

*p<0.05 when compared to saline + L-DOPA. 

The serotonin terminal density was found to be increased signifi- 
cantly after either 25 or 50 Ixg 6-OHDA,  but this change was 
considerably less than observed at the highest dose of  6-OHDA 
(Table 1 ; Fig. 2 and Table 2). The density of  serotonin-containing 
terminals after neonatal 6 -OHDA lesions was fairly uniform 
throughout the caudate, which is in marked contrast to the 
rostral-caudal density gradient in control rats (25,27). It was also 
noted that 100 ixg of  6-OHDA administration to a rat 45 days of  
age caused no elevation in serotonin content (Fig. 2). 

Effect of Methysergide on Behavioral Responses to 
Apomorphine, SKF-38393, and L-DOPA 

In order to explore whether  the serotonin hyperinnervation in 
the neonatally treated rats could be contributing to the unique 
behavioral responses o f  these animals to dopamine agonists,  rats 
were treated with a serotonin antagonist,  methysergide,  prior to 
administering apomorphine,  SKF-38393, or L-DOPA.  In Table 3, 
apomorphine is shown to produce an attenuated response in 
neonatally 6-OHDA-les ioned rats when compared to adult 6- 
OHDA-les ioned rats (value in table legend),  confirming our earlier 
results (4). The reduced response to apomorphine in the neonatal 
6-OHDA-les ioned rats was not altered by methysergide,  but 
methysergide itself seemed to enhance activity level in the 
neonatal 6-OHDA-les ioned rats. 

The effect o f  methysergide against the behavioral responses 
observed following administration of  SKF-38393 and L-DOPA is 
shown in Table 4. SKF and L-DOPA produced the behavioral 
responses usually observed in neonatal 6-OHDA-les ioned rats (5). 
Concomitant  administration of  methysergide with SKF-38393 
altered only two behaviors: the increase in rearing and the paw 
treading induced by SKF-38393. Pretreatment with methysergide 
had no significant effect on most behaviors induced by L-DOPA in 
neonatal 6-OHDA-les ioned rats except sniffing (Table 4). Further- 
more,  methysergide did not alter significantly the frequency of  
self-mutilation displayed by the neonatal 6-OHDA-les ioned rats to 
L-DOPA (Table 5). 

Effect of SKF-38393 and SCH-23390 on 5-HT Receptors 

Several publications have implied that SCH-23390 could inter- 
act with 5-HT receptors in vitro (2, 3, 12, 15, 22). Because of  
these observations,  we explored whether  this action of  SCH-23390 
on serotonergic receptors was apparent at doses of  SCH-23390 
used to antagonize the action of  Dt-dopamine  agonists. This was 
accomplished by testing the action of  SCH-23390 against 5-HTP 
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in 5,7-DHT-lesioned rats. As shown in Fig. 3, SCH-23390 (0.3 
mg/kg), a dose having maximal effectiveness against D~-dopamine 
agonist responses, reduced only the paw treading response to 
5-HTP. However, hindlimb abduction, straub tail and rigidity 
following 5-HTP were enhanced by SCH-23390. The increased 
rigidity could be attributed to the neuroleptic effect produced by 
SCH-23390 alone (data not shown). Some interaction of this 
property with the behavior produced by 5-HTP could account for 
the increased incidence of the other behaviors. Methysergide, 
primarily a S,-serotonin antagonist (3), was included as a positive 
control and this drug antagonized the prominent behaviors ob- 
served after 5-HTP administration. Thus, these data suggest that 
SCH-23390 is not having a prominent action on serotonergic 
receptor function. 

In addition to SCH-23390, the effects of SKF-38393 in 
5,7-DHT-lesioned rats were examined to assess whether any 
serotonin agonist action could be demonstrated. Administration of 
3 mg/kg of SKF-38393 to the 5,7-DHT-treated rats produced no 
significant alteration in behavioral responses compared to saline 
(data not shown), which contrasts to the change observed follow- 
ing administration of 5-HTP (Fig. 3). Thus, this D~-dopamine 
agonist also does not appear to interact with serotonin receptors in 
any significant way. 

DISCUSSION 

Data presented in this investigation confirm the original obser- 
vation by Stachowiak et  al .  (25) that a neonatal 6-OHDA 
treatment which reduces dopamine content more than 90 percent 
increases serotonin content in striatum. This change is not appar- 
ent in rats given 6-OHDA as adults (4,25), indicating that the 
phenomenon of serotonin hyperinnervation in the striatum follow- 
ing 6-OHDA treatment is age dependent. Quantitative immuno- 
histochemical evaluation of serotonin-containing neurons in the 
caudate provided a clear indication that the increased serotonin 
content in the caudate following neonatal 6-OHDA lesioning of 
dopaminergic neurons can be attributed to an increase in terminal 
density, rather than to other factors. This finding is consistent with 
the report by Berger et al .  (l)  who reported a 300% increase in 
serotonin fiber density. However, it is not clear why there is such 
a large increase in serotonin-containing fibers (150%) with only a 
50% increase in serotonin-content in the caudate. 

One possible explanation for the approximately 50% increase 
in serotonin concentration and the increase in fiber density could 
be the shrinkage of the caudate that results from the neonatal- 
6-OHDA-lesion. However, an argument against this view is that 
the size of the caudate is reduced by only 20-25% in the lesioned 
rats whereas fiber density of serotonin-containing neurons is 
increased by 150%. In addition, caudate shrinkage of a similar 
magnitude was seen in some rats treated with lower doses of 
6-OHDA (25 and 50 I~g), yet serotonin concentration was not 
altered in these animals. However, at these lower doses of 
6-OHDA there was an increase in fiber density of serotonin- 
containing neurons in the neonatally lesioned rats suggesting that 
such shrinkage within the caudate might account for the small, but 
significant increase in fiber density in these animals. Another 
explanation for the serotonin hyperinnervation in the caudate 
unrelated to any physical change in the caudate could be that 
dopamine and serotonin-containing nerve terminals compete dur- 
ing development for termination sites in this brain region. This 
explanation proposes that the presence of dopaminergic terminals 
may limit the extent of the innervation by serotonergic neurons. 
Another possible reason for the hyperinnervation could be that the 
destruction of dopaminergic neurons during development results in 
the release of growth-promoting factors in response to the removal 
of dopaminergic terminals in the striatum. If this should be the 

case, the growth factor(s) released in response to the removal of 
dopaminergic terminals in the striatum likely would be relevant to 
the growth of both dopaminergic and serotonergic neurons. 

Whatever the explanation may be for the increased concentra- 
tion of serotonin in the caudate, the serotonin hyperinnervation 
appears to be all or none, since rats with partial destruction of 
dopaminergic neurons showed at best only a small alteration in 
serotonergic innervation of the caudate. It should also be pointed 
out that the change described in the caudate after neonatal 
6-OHDA treatment appears to be unique to the striatum, since 
other brain regions with both dopaminergic and serotonin inner- 
vation (e.g., nucleus accumbens and olfactory tubercle) do not 
exhibit an increase in serotonin content after neonatal lesioning of 
dopaminergic neurons (4). Thus, for as yet unexplained reasons, 
serotonergic hyperinnervation occurs only after a dramatic loss of 
dopaminergic innervation in the neonatal caudate. 

As indicated by the introductory remarks, SCH-23390 has been 
demonstrated to interact with serotonin receptors (3, 12, 15, 19, 
22). Except for the work by Bishoff et  al .  (2), there has not been 
an evaluation of the in vivo effects of SCH-23390 on serotonin- 
mediated behaviors. In the present study, this evaluation was 
performed by determining whether 0.3 mg/kg of SCH-23390 
would modify responses to 5-HTP in rats made supersensitive by 
treating them with 5,7-DHT. At this dose of SCH-23390, which 
has a maximal effect on Dt-dopamine receptor mediated func- 
tions, no significant inhibition of the pharmacological actions of 
5-HTP was observed. Because of the structural similarity of 
SKF-38393 to SCH-23390, we also explored whether the D t- 
dopamine agonist (SKF-38393) might produce an agonist action in 
the 5,7-DHT-lesioned rats, reasoning that any action on serotonin 
receptors would be observed in rats supersensitive to serotonin 
agonists. No change in behavior was observed after SKF-38393 
administration to the 5,7-DHT-treated rats. Thus, it can be 
assumed that the action of these compounds in 6-OHDA-lesioned 
rats at the doses used by our laboratory is due to effects on 
Dt-dopamine receptors and not to effects on serotonergic re- 
ceptors. 

Another purpose of this study was to evaluate whether the 
elevated serotonin content in the caudate of neonatal 6-OHDA- 
lesioned rats might be contributing to their unique behavioral 
responses to dopamine agonists. The strategy taken to evaluate the 
potential influences of the serotonergic hyperinnervation was to 
pretreat rats with methysergide to antagonize primarily 5-HT 2 
receptors prior to administering agonists influencing dopamine 
receptors. Methysergide did not alter the response to apomorphine 
(i.e., primarily a D2-dopamine agonist response) or the SMB and 
behavioral responses observed after L-DOPA in rats treated 
neonatally with 6-OHDA. Since the dose of methysergide used 
reduced the majority of behaviors observed after 5-HTP adminis- 
tration, it seems unlikely that the serotonergic hyperinnervation is 
contributing in a major way to the behavioral responses observed 
after dopamine agonist administration. If the recent observation 
that 5-HT 2 antagonists interact with the 5-HT~c receptor in the 
choriod plexus (23) applies to other brain sites, then the action of 
SCH-23390 on the 5HTIc receptor subtype (22) could not account 
for its effects against dopamine agonists, because methysergide 
administration did not alter behaviors after L-DOPA but SCH- 
23390 did. Nevertheless, drugs antagonistic for other subtypes of 
serotonin receptors will need to be tested further before one can be 
absolutely certain of this conclusion. 

While no support for an involvement of serotonergic hyperin- 
nervation in neonatally lesioned rats for the reduced response to 
apomorphine or behavioral responses to L-DOPA were apparent, 
methysergide altered selectively some behaviors produced by 
SKF-38393. Previous work has demonstrated that reduction of 
serotonin function can elevate activity produced by d-amphet- 
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amine (6, 17, 2 1 , 2 4 ) .  Segal (24J has  attributed such an alteration 
after reducing serotonin (6, 17, 21) to a change  in behavioral  
pattern not ing a decrease  in s tereotyped behavior  and enhanced  
motor  activity and rearing after such t reatment .  In the present  
s tudy,  me thyse rg ide  enhanced  rearing and d igging  in wood chips 
induced by SKF-38393 without  altering locomot ion and other  
behaviors .  W h y  s imilar  changes  in these behaviors  were not 
observed after me thyse rg ide  adminis t ra t ion to rats that received 
L - D O P A  is unknown.  One  could speculate that the degree to 
which  D~- or D_~-dopamine receptors are activated might  explain 
this difference be tween L - D O P A  and SKF-38393.  Regardless .  
such results with SKF-38393  would seem consis tent  with the view 
that altered serotonergic  funct ion (6) can inf luence dopamine  
function.  The  fact that such changes  were specific for selected 
behaviors  should be emphas ized ,  in agreement  with the conc lus ion  
by Segal (24). 

In summaD ' ,  the present  work conf i rms  that neonatal  6 - O H D A  

treatment  results in an increase in the number  of  serotonin-  
containing fibers in the caudate.  In spite o f  this documenta t ion ,  
we were unable to associate  this change  in serotonin content  with 
behavioral  responses  characterist ic of  neonatal  6 -OHDA- les ioned  
rats after dopamine  agonists .  Fur thermore ,  we could obtain no 
evidence that SCH-23390  or SKF-38393 at doses  producing 
maximal  effects  on D r d o p a m i n e  receptors was inf luencing sero- 
tonin receptor funct ion in any major  way.  Thus ,  additional work is 
required to define whether  there is a physiological  consequence  of  
this increase in striatal serotonin when  neonatal  dopaminerg ic  
neurons  are destroyed.  
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