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Abstract 

A local infusion of d-amphetamine (d-AMPH) into the dorsal raphe nucleus (DRN) inhibited 
neuronal activity in this site and produced a mirror-image excitation in the ventrolateral, but not 
dorsomedial, neostriatum. This effect, which was mimicked by &methoxy-N,N-dimethyltryptamine, 
a serotonin autoreceptor agonist, was not altered by pretreatment with cu-methyl-p-tyrosine. Similar 
regional differences in neostriatal activity were obtained following an electrolytic lesion of the DRN 
or an intraperitoneal injection of d-AMPH. In fact, whereas 1.0 mg/kg of d-AMPH accelerated 
ventrolateral activity and inhibited dorsomedial neurons, 7.5 mg/kg produced the opposite effect. 
At both doses, however, DRN activity was inversely related to firing rate in the ventrolateral, but 
not dorsomedial, neostriatum. These results indicate that only certain regions of the neostriatum 
are responsive to changes in DRN activity and that these regions respond differently to systemic 
injections of d-AMPH than other neostriatal sites. 

The functional organization of the neostriatum has 
been the subject of intense anatomical, behavioral, and 
neurophysiological investigations (for reviews see Divac 
and ijberg, 1979; Kitai et al., 1979; Dray, 1980). Recently, 
these lines of research have produced evidence that this 
structure, long regarded as a homogeneous entity, is 
actually quite heterogeneous in terms of its afferent 
connections (Veening et al., 1980; Walaas, 1981; Carter, 
1982; Kelley et al., 1982) its role in behavior (Neil1 et al., 
1978; Divac and Diemer, 1980; Dunnett and Iversen, 
1982), and its complex intrinsic neural connections 
(Mensah, 1977; Wilson and Groves, 1980; Chang et al., 
1982). In fact, the distribution of neurotransmitters 
within the neostriatum suggests that this structure is 
divisible into compartments or zones that are neuro- 
chemically and pharmacologically distinct (Graybiel and 
Ragsdale, 1978; Pickel et al., 1980; Graybiel et al., 1981; 
Rea and Simon, 1981). Taken together, these data em- 
phasize the need for a regional analysis of neostriatal 
function. 
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In this report, we focused on the role of the dorsal 
raphe nucleus (DRN) in controlling neostriatal activity. 
We have previously shown that a local infusion of d- 
amphetamine (d-AMPH) directly into the DRN inhibits 
impulse flow in this site presumably by releasing endog- 
enous serotonin (5-HT) from dendritic terminals or re- 
current axon collaterals onto inhibitory autoreceptors 
(Rebec et al., 1982). These results are consistent with 
the view that 5-HT-containing neurons can regulate 
their own firing rate by a process of self-inhibition 
(Mosko and Jacobs, 1977; Wang and Aghajanian, 1977, 
1982). Inhibition of activity in the DRN, however, may 
not exert uniform effects in the neostriatum since DRN 
afferents have been identified mainly in the ventral and 
lateral portions of this structure (Conrad et al., 1974; 
Ternaux et al., 1977; Azmitia and Segal, 1978; Van Der 
Kooy,1979; Steinbusch, 1981). It is conceivable, there- 
fore, that those sites receiving DRN input comprise 
separate and functionally independent areas of the neos- 
triatum. To test this hypothesis and to shed additional 
light on the functional organization of the neostriatum, 
we recorded neuronal activity simultaneously in the 
DRN and in specific neostriatal regions following local 
manipulations of DRN activity. We also extended our 
work with systemic d-AMPH to record the dose-depend- 
ent effects of this drug both in the dorsomedial neostria- 
turn, which had been the site of our previous recordings 
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(Rebec and Segal, 1978; Rebec and Zimmerman, 1980; 
Rebec et al., 1981; Alloway and Rebec, 1983), and in 
those regions that receive DRN input. Our results not 
only support the notion of neostriatal heterogeneity, they 
also suggest that changes in impulse flow in the DRN 
may mediate, in part, regional differences in the response 
to d-AMPH and related psychoactive drugs. 

Materials and Methods 

Data were obtained from approximately 150 male 
Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., In- 
dianapolis, IN) weighing between 350 and 450 gm at the 
time of experimentation. Each animal, secured in a ster- 
eotaxic instrument under ether anesthesia, was prepared 
for single unit recordings. 

Surgery. Holes were drilled in the skull overlying the 
neostriatum (approximately 6.5 to 8.5 mm anterior and 
2.0 to 3.5 mm lateral to stereotaxic zero) and DRN 
(approximately 0.1 to 0.5 mm anterior and 0.0 mm lateral 
to stereotaxic zero) according to the coordinates of Konig 
and Klippel (1963). Local anesthetics (procaine and Xy- 
locaine) were,applied to all points of surgical and ster- 
eotaxic contact. The ether was withdrawn and the ani- 
mals were immobilized with an intraperitoneal injection 
of 2.5 mg/kg of d-tubocurarine chloride (Eli Lilly and 
Co., Indianapolis, IN). Positive pressure artificial respi- 
ration (Harvard Instruments rodent respirator), which 
was maintained by a rubber cone fitted snugly over the 
snout, was adjusted to maintain a level of carbon dioxide 
at 4.0 (? 0.5)% of expired air (Beckman medical gas 
analyzer). Heart rate and body temperature (37 f 05°C) 
were also monitored throughout each experiment. Local 
anesthetic was administered at periodic intervals and 
commercial eyedrops were applied to prevent cornea1 
drying. Previous recordings of electrocorticographic ac- 
tivity have been dominated by large, slow waves indicat- 
ing effective local anesthesia (Rebec et al., 1979). General 
anesthetics were avoided during the recording session 
because of their inhibitory effects on neostriatal activity 
(e.g., Bloom et al., 1965; Rocha-Miranda, 1965; Feltz and 
Albe-Fessard, 1972; Zarecki et al., 1976). Some “silent” 
neostriatal cells in animals under general anesthesia can 
be activated by electrical stimulation or by iontophoretic 
application of excitatory amino acids. Such cells, how- 
ever, are not representative of the majority of neostriatal 
neurons (see Connor, 1975). Moreover, excessive appli- 
cation of excitatory substances can lead to depolarization 
block or, at the very least, can produce an artificial 
background level of firing. It is especially difficult to 
construct meaningful dose-response relationships under 
such circumstances. General anesthetics have also been 
reported to interfere with the action of psychoactive 
drugs in the DRN (Trulson and Trulson, 1983). 

Single unit recording. Tungsten microelectrodes, hav- 
ing impedances of 2.0 to 6.0 megohms, were used to 
record single unit discharges which were amplified and 
displayed by conventional means. Neuronal firing rate 
was counted on a minute-by-minute basis using a high 
speed printer-counter (Digitec) in conjunction with a 
neuronal spike analyzer (Mentor). Window discrimina- 
tors were set to record the activity of a single neuron 
isolated to a signal-to-noise ratio of 3:l or more. Spon- 

taneous discharges were recorded for at least 30 min 
before an experimental drug injection in order to ensure 
a stable base line firing rate. The mean spontaneous 
firing rate per minute was calculated for the lo-min 
period immediately preceding the drug injection and was 
defined, in each case, as 100%. Drug-induced changes in 
firing rate were expressed as a percentage of the 100% 
base line rate. This procedure allowed for comparisons 
of group data despite individual differences in base line 
firing rates. For descriptive purposes, a decrease or in- 
crease in firing rate following drug administration was 
defined as a change of 40% from the pre-injection base 
line rate for a period of 10 min or longer (spontaneous 
predrug fluctuations in activity never reached this crite- 
rion). Unit activity that failed to maintain a constant 
signal-to-noise ratio and did not return to within & 40% 
of the pre-injection rate for at least 10 min was not 
included in the data. 

Recordings in the DRN were characteristic of those 
previously described for 5-HT-containing neurons (Gal- 
lager and Aghajanian, 1976; Wang and Aghajanian, 
1982). Thus, slow (30 to 150 spikes/min), regular, spon- 
taneously active discharges having an initial positive 
deflection of long duration were routinely recorded in the 
DRN. Firing patterns typically assigned to non-5-HT 
neurons, including “silent” neurons or neurons with a 
high spontaneous rate (greater than 400 spikes/min), 
were rare and were not included in the data. Neurons 
throughout the neostriatum were characterized by a slow 
and somewhat variable firing pattern that has been de- 
scribed in previous reports (Rebec and Segal, 1978; Rebec 
et al., 1981). Impulses recorded from neostriatal neurons, 
for example, had a magnitude of 150 to 300 PV and a 
spontaneous rate of between 20 and 250 spikes/min. 
Photographic records of DRN and neostriatal unit activ- 
ity, representative of recordings in the present study, 
have appeared elsewhere (Rebec and Groves, 1975; Rebec 
et al., 1982). 

Infusion studies. A stainless steel infusion cannula (30 
gauge) was lowered at a 10” angle into the DRN to within 
500 Frn of the tungsten recording electrode. Unit activity 
was recorded simultaneously in the DRN and neostria- 
turn as described above. In some cases, simultaneous 
recordings were obtained in different regions of the 
neostriatum while d-AMPH was infused into the DRN. 
The infusion cannula was connected to a programmable 
infusion pump which operated at an infusion rate of 1.2 
pl/hr. Saline or d-AMPH sulfate (free base), ranging in 
concentration from 1 X 10m6 to 2 X lo-“M, was infused 
into the DRN for periods of from 6 to 9 min. The effective 
concentration of d-AMPH was determined in prelimi- 
nary experiments that produced a response in the DRN 
comparable to that observed following an intraperitoneal 
injection of 1.0 mg/kg of d-AMPH (see below). Further- 
more, the concentration was the same as that which 
produced similar changes in the activity of dopaminergic 
neurons in the substantia nigra following a direct infu- 
sion into this site (Groves et al., 1975). Approximately 3 
hr before the d-AMPH infusion, some animals received 
an intraperitoneal injection of 250 mg/kg of a-methyl-p- 
tyrosine ((U-MT) methyl ester (Sigma Chemical Co., St. 
Louis, MO). In the DRN of a separate group of animals, 
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normal saline was infused at the same rate and for the 
same period of time as d-AMPH to control for any 
mechanical artifacts that may accompany the infusion 
procedure. 

Lesion studies. Recording electrodes were lowered into 
the neostriatum and DRN as described above. Following 
the isolation of single unit discharges in both sites, 
current (5 mA) was passed through the DRN electrode 
for 15 min to produce an electrolytic lesion of the entire 
structure. Changes in neuronal activity were then re- 
corded in the neostriatum for a minimum of 60 min. 

Systemic d-AMPH. Following the isolation of single 
unit discharges in the neostriatum and DRN, 1.0 or 7.5 
mg/kg of d-AMPH sulfate (free base) was injected in 
some animals via an indwelling intraperitoneal catheter. 
The accuracy of the intraperitoneal injection was verified 
at the end of the experiment when methylene blue dye 
was injected through the catheter and the peritoneal 
cavity was subsequently inspected. Data obtained from 
animals in which dye was found outside the peritoneal 
cavity were discarded. Each rat received only one injec- 
tion of d-AMPH to avoid residual drug effects. 

Histological analysis. Upon completion of the experi- 
ment, the animal received a lethal dose of sodium pen- 
tobarbital (Nembutal), and current was passed through 
the recording electrodes to make a small lesion. Following 
a transcardial perfusion with normal saline and 10% 
formalin, the brain was removed, frozen, sectioned, and 
stained with cresyl violet for histological analysis. 

Results 

Neostriatal activity following a d-AMPH-induced in- 
hibition of the DRN. A local infusion of d-AMPH into 

d-Amphetamine 
Infusion 

the DRN of 25 animals suppressed the firing rate in this 
site and produced a mirror-image excitation in the neo- 
striatum, but only in the ventral, lateral, or extreme 
anterior region. Figure 1 illustrates the time course of 
this inverse relationship as it occurred in one animal 
following an infusion of 1 X lop5 M d-AMPH into the 
DRN. These results have been replicated in 12 additional 
animals and, in each case, a d-AMPH-induced depression 
in the DRN was accompanied by an equally prolonged 
excitation in the same circumscribed region of the neo- 
striatum. Table I depicts this relationship for all neurons 
in the DRN and those in the neostriatum that responded 
with an excitation. 

A substantial number of neostriatal neurons (n = 12) 
failed to change their firing rate following an inhibition 
in the DRN. In fact, these cells did not deviate from their 
base line rate for as long as 60 min after the d-AMPH 
infusion. Histological analysis revealed that these non- 
responding neurons were generally confined to the dorsal 
or medial half of the anterior neostriatum. Figure 2 
illustrates the distribution of electrode tip placements 
within the neostriatum as a function of the neuronal 
response. Note that with the exception of the most 
anterior placements shown in section A 9410, a clear 
separation exists between the medial and lateral halves 
of the neostriatum. Moreover, in our most posterior 
recordings, the nonresponding cells occupied the medial 
region along the border of the globus pallidus; more 
distant placements routinely recorded an increase in 
firing rate. In all subsequent experiments, recordings 
from the ventrolateral neostriatum were obtained from 
a region at least 2.0 mm ventral to the neostriatal surface 
or within 1.5 mm of the lateral edge of the neostriatum. 

c--4 

30 45 60 75 90 105 

TIME (Minutes) 

Figure 1. Representative examples of the mirror-image response in the DRN and neostriatum following an infusion of 1 x 

lo-” M d-AMPH into the DRN. The drug was infused for 6 min, as indicated by the tall parallel lines, at a rate of 1.2 J/hr 
resulting in a total infusion volume of 0.12 ~1. Neuronal activity in both sites is plotted as a percentage change from the pre- 
infusion base line rate which was defined as 100%. The positions of the recording electrodes and the infusion cannula with its 
approximate angle of entry are illustrated to the right of the graph. Histological drawings in this and subsequent figures are after 
Kiinig and Klippel (1963). 
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Placements less than 1.5 mm from the ventricular border 
or within 0.5 mm of the globus pallidus were defined as 
dorsomedial recordings. 

An infusion of d-AMPH into the periaqueductal gray 
or brainstem reticular formation, at distances of 800 pm 
or more from the DRN, produced no change in DRN 
activity (n = 10) for as long as 50 min after the onset of 
the infusion. In the neostriatum of these same animals, 
five neurons failed to respond, three were excited, and 
two were depressed with no apparent regional differences 
characterizing these responses. In three additional ani- 
mals, an infusion of normal saline into the DRN failed 
to change activity in either this site or the neostriatum. 

A separate group of animals (n = 10) was pretreated 
with 250 mg/kg of a-MT (i.p.) approximately 3 hr before 
the recording session to deplete brain catecholamines 
(Cox and Maickel, 1975; Widerlov, 1979). Following the 
isolation of single unit discharges in the DRN and in the 
ventrolateral neostriatum, a local infusion of d-AMPH 
into the DRN continued to elicit the same inverse rela- 
tionship obtained in non-pretreated rats (Table I). Note 
that (r-MT had no significant effect on either the peak 

TABLE I 
Neuronal responses to a local infusion of d-AMPH into the DRN 

Pretreatment Response 
Peak Response 

(% base line) 
Duration (mid 

None Excitation in neos- 399 (k 57.2) 61 (+ 5.5) 
triatum (n = 13) 

Inhibition in DRN (n 12 (+ 3.2) 65 (k 4.8) 
= 17) 

a-MT” Excitation in neos- 295 (k 75.4) 66 (k 14.5) 
triatum (n = 5) 

Inhibition in DRN (n 9 (k 2.1) 61 (& 11.2) 

= 10) 

a A separate group of animals received 250 mg/kg of cu-MT 3 hr 

before the recording session. 

or the duration of the response in the ventrolatera! 
neostriatum or DRN. 

Reciprocal changes in firing rate produced by 5-Me- 
ODMT. If the acceleration of firing rate in the ventro- 
lateral neostriatum following inhibition of the DRN is 
mediated by a decrease in neostriatal 5-HT release, then 
a systemic injection of Smethoxy-N,N-dimethyltryp- 
tamine (5-MeODMT), which suppresses DRN impulse 
flow by acting on 5-HT autoreceptors (de Montigny and 
Aghajanian, 1977; Mosko and Jacobs, 1977), should pro- 
duce comparable results. To test this hypothesis, a sep- 
arate group of rats, previously fitted with a jugular cath- 
eter, received an intravenous injection of 20 pg/kg of 5- 
MeODMT. In each case (n = 5), the firing rate was 
suppressed in the DRN for 8 to 12 min and simultane- 
ously elevated in the ventrolateral neostriatum. The 
results of one of these experiments are shown in Figure 
3. Note that, in this case, both units continued to fire in 
a reciprocal pattern even after the return to their respec- 
tive base line rates. No 5-MeODMT-induced change in 
dorsomedial activity was recorded in five additional an- 
imals. 

DRN lesions. Further evidence for a regional dichot- 
omy between the ventrolateral and dorsomedial neostria- 
turn was obtained following an acute electrolytic lesion 
of the DRN. Thus, seven neurons in the ventrolateral 
neostriatum of seven different animals responded to a 
lesion of the DRN with a dramatic increase in firing rate 
that began within 10 min and reached a mean maximum 
magnitude of 301 (+ 33.99)s of the prelesion base line 
rate. In contrast, three neurons in the dorsomedial 
neostriatum failed to respond within the first 30 min 
after a DRN lesion and two dorsomedial neurons showed 
an increasse to only 150% of base line that lasted for less 
than 20 min. Histological analysis revealed that in all 
cases the DRN lesion was extensive, encroaching on the 
border of the periaqueductal gray. Representative record- 

Response of Neostriotol Neurons 
to o Depression in Dorsal Rophe 

0 Increase 
o No Change 

6670 

Figure 2. Locations in the neostriatum of electrode placements that recorded an increase (solid circles) or no change (open 
circles) in firing rate following a d-AMPH-induced depression in the DRN. 
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20 pg/kg 5-MeODMT (i.3 

A 6570 

5 IO 15 

TIME (Minutes) 

20 25 

P 290 
Figure 3. Reciprocal changes in firing rate in the DRN and ventrolateral neostriatum produced in one animal by 20 fig/kg of 

5-MeODMT (i.v. at arrow). Neuronal activity is plotted as in Figure 1. 

ings from the ventrolateral and dorsomedial neostriatum 
following a DRN lesion are shown in Figure 4. 

Dose-dependent effects of d-AMPH. When injected 
systemically, d-AMPH also produced a regional dichot- 
omy in the responsiveness of neostriatal neurons. As 
shown in Figure 5, a dose-dependent shift in neostriatal 
activity from inhibition to excitation was confined to a 
population of cells along the medial half of the dorsal 
neostriatum within 1.5 mm of the lateral ventricle, 
whereas more ventral and lateral placements recorded 
the opposite response. 

In the dorsomedial neostriatum, an intraperitoneal 
injection of 1.0 mg/kg suppressed the activity of eight 
neurons recorded from eight different animals. In no case 
did we observe an increase in firing rate to this dose. An 
injection of 7.5 mg/kg, on the other hand, routinely 
accelerated dorsomedial activity (n = 5). The excitation 

an within 10 min after injection and, in all cases, 
eeded 200% of the base line rate. This dose-dependent 
ft in activity was reversed in the ventrolateral 

neostriatum. An intraperitoneal injection of 1.0 mg/kg 
of d-AMPH, for example, increased the firing rate of all 
16 neurons that histological analysis revealed to be in 
this region. Following an injection of 7.5 mg/kg, however, 
unit activity in the ventrolateral neostriatum (n = 7) was 
depressed. Moreover, there was no sign of an increase in 
activity prior to the depression which began in all cases 
within 15 min after the injection. 

This regional dichotomy was confirmed by statistical 
analysis. The mean percentage of firing rate during the 
first 30 min after an injection of 1.0 mg/kg of d-AMPH 
in the dorsomedial neostriatum (60.9 + 3.43%) was sig- 
nificantly different (t = 3.44; p < 0.01) from that in the 
ventrolateral neostriatum (279.9 rtr 15.51%). A similar 
difference, although in the opposite direction, was re- 
corded following an injection of 7.5 mg/kg of d-AMPH. 
Thus, neurons in the dorsomedial region responded to 
this dose with a mean firing rate of 400.6 (+ 94.74)% of 
the base line rate during the first 30 min after the 
injection, whereas ventrolateral neurons responded dur- 
ing the same period with a mean firing rate of 59.0 (k 
4.87)% of the base line rate (t = 2.42; p < 0.05). 

Neurons in the DRN also responded to d-AMPH with 
a dose-dependent shift in activity, but in this case the 
response was inversely related to that in the ventrolateral 
neostriatum. Thus, whereas 1.0 mg/kg suppressed im- 
pulse flow in the DRN, 7.5 mg/kg produced a prolonged 
excitation. Moreover, as shown in Table II, the time 
course of the DRN response paralleled the time course 
of the response in the ventrolateral, but not dorsomedial, 
neostriatum. Figure 6 illustrates this inverse relationship 
between the DRN and ventrolateral neostriatum as it 
occurred in one animal following an injection of 1.0 mg/ 
kg. Note also that the overall duration of the response 
in both sites is comparable. Even at the high dose, 
neurons in both the DRN and the ventrolateral neostria- 
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turn return to base line at approximately the same time. 
A dramatic example of this effect is shown in Figure 7. 

Recordings in the brainstem reticular formation of 10 
different animals revealed a monotonic increase in firing 
rate regardless of dose. Thus, consistent with previous 
reports (Boakes et al., 1972; Rebec and Groves, 1975), 
1.0 mg/kg of d-AMPH accelerated activity in all seven 
reticular formation neurons for approximately 60 min 
and a similar, although more prolonged, response was 
observed in three reticular formation neurons following 
administration of the high dose. No d-AMPH-induced 
depressions were observed in the brainstem reticular 
formation. 

Discussion 

Our results clearly indicate that a change in DRN 
activity does not produce uniform effects throughout the 
neostriatum. In the ventrolateral region, neurons re- 
spond to a suppression of DRN activity with an equally 
prolonged excitation, Dorsomedial neurons, on the other 

T .- 
a, 
;: 
m 

DRN 

L 

[ 
300 

200 - 

100 - 

TIME (Minutes) 

hand, fail to respond. In fact, these neurons remain 
unresponsive after an electrolytic lesion of the DRN, 
arguing against a widespread influence of this nucleus 
on neostriatal neurons. This regional differentiation 
within the neostriatum parallels neuroanatomical evi- 
dence on the distribution of DRN terminals. They have 
been identified, for example, along the ventral and lateral 
edges of the neostriatum with a small projection to the 
extreme anterior extent of this structure (Conrad et al., 
1974; Ternaux et al., 1977; Azmitia and Segal, 1978; 
Steinbusch, 1981)-the same areas that in our study 
respond to changes in DRN activity. DRN terminals are 
virtually absent in the dorsomedial neostriatum and, 
accordingly, we found that neurons in this region are 
uninfluenced by a change in DRN impulse flow. It ap- 
pears, therefore, that the neostriatum can be divided into 
two separate and functionally independent regions based 
on the degree of control exerted by the DRN. 

The increase in ventrolateral activity that occurs fol- 
lowing a reduction of impulse flow in the DRN can be 

A 620 

A 7020 

Figure 4. Effects of an electrolytic lesion of the DRN on neuronal activity in the ventrolateral (top) and dorsomedial (bottom) 
neostriatum. The lesion site and the placement of the recording electrode are illustrated to the right of the graph. Neuronal 
activity is plotted as in Figure 1. 
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A EXCITATION TO 1.0 
d-AMPHETAMINE 

A 7190 

OR EXCITATION TO 7,5 mg/kg 

OR DEPRESSION TO 7.5 mg/kg 

A 7020 
Figure 5. Regional differences within the neostriatum of the 

dose-dependent response to d-AMPH. Note that neurons ex- 
cited by a low dose and inhibited by a high dose are confined 
to the ventrolateral neostriatum, whereas neurons responding 
in the opposite fashion are located in the dorsomedial neostria- 
turn. 

explained by a release of postsynaptic neurons from 5 
HT inhibition. That 5-HT normally inhibits neostriatal 
activity is supported by evidence that electrical stimula- 
tion of the DRN suppresses neostriatal firing rate (Miller 
et al., 1975; Olpe and Koella, 1977; Godukhin, 1979; 
Yamamoto and Murayama, 1980) and that this effect is 
reversed by 5HT antagonists (Olpe and Koella, 1977). 
Iontophoretic application of 5-HT has also been reported 
to inhibit neostriatal neurons (Herz and Zieglgansberger, 
1968; Olpe and Koella, 1977). In fact, several lines of 
evidence make it unlikely that our results in the ventro- 
lateral neostriatum are independent of a change in 5-HT 
impulse flow. For one, we have previously shown that 
the inhibition of DRN activity produced by a local infu- 
sion of d-AMPH into this site reflects the local release 
of 5-HT onto inhibitory autoreceptors (Rebec et al., 
1982). This view is consistent with reports that d-AMPH 
increases the extracellular concentration of 5-HT in the 
DRN (Geyer et al., 1975) and that iontophoretic appli- 
cation of 5-HT inhibits the firing rate of DRN neurons 
(Aghajanian and Haigler, 1975; Bramwell and Gonye, 
1976; Rogawski and Aghajanian, 1981). In addition, a 
systemic injection of 5-MeODMT, at a dose that selec- 
tively acts on 5-HT autoreceptors (de Montigny and 
Aghajanian, 1977; Mosko and Jacobs, 1977), mimicked 

the effect of a local d-AMPH infusion: a suppression of 
impulse flow in the DRN and a mirror-image excitation 
in the ventrolateral neostriatum. Moreover, quipazine, a 
postsynaptic 5-HT agonist, has been reported to inhibit 
cholinergic neurons in the ventral, but not dorsal, neo- 
striatum (Guyenet et al., 1977). It is also unlikely that 
d-AMPH is acting at some remote site since an infusion 
of this drug more than 800 pm away from the DRN had 
no effect on DRN activity and no consistent effect on 
neostriatal neurons. 

Recently, Park et al. (1982) suggested that the appar- 
ently inhibitory influence of the DRN on neostriatal 
firing rate is mediated by a multisynaptic pathway. Al- 
though we cannot rule out this possibility, our results 
suggest that such a pathway does not include catecholam- 
inergic neurons. Thus, a depletion of catecholamines by 
a-MT, administered at a dose and pretreatment time 
that have been shown to block catecholaminergic trans- 
mission (Boakes et al., 1972; Groves et al., 1976; Stone, 
1976), failed to alter the inverse relationship between 
DRN and ventrolateral neostriatal activity. Further- 
more, dopamine (DA)-containing neurons in the sub- 
stantia nigra, which receive input from the DRN, project 
mainly to the dorsomedial neostriatum (Fallon and 
Moore, 1978; Di Paolo et al., 1982), and yet the firing 
rate of dorsomedial neurons has no apparent relationship 
to neuronal activity in the DRN. It is unlikely, therefore, 
that our results can be explained by a DRN modulation 
of catecholaminergic neurons. 

A dichotomy between the dorsomedial and ventrola- 
teral neostriatum also emerged following systemic injec- 
tions of d-AMPH and, again, the DRN appeared to 
control ventrolateral, but not dorsomedial, activity. Thus, 
whereas the time course of the response in the dorso- 
medial neostriatum was significantly different from that 
in the DRN at both doses of d-AMPH, the ventrolateral 
response peaked and returned to base line at the same 
time as that in the DRN. Moreover, the inverse relation- 
ship between ventrolateral and DRN activity lends fur- 
ther support to the notion of a tonic inhibition by 5-HT 
on neurons in this region of the neostriatum. In fact, 
relatively high doses of d-AMPH (5.0 mg/kg or more) 
are required to increase 5-HT release in the neostriatum 
(Fuxe and Ungerstedt, 1970; Rutledge et al., 1972; Tseng 
et al., 1976) and it is the high dose that suppresses 

TABLE II 

Time course of d-AMPH-induced changes in neuronal actiuity in the 
neostriatum and DRN 

d-AMPH Brain Region Latency to 
Peak Effect 

Duration 
__-_____-- 

vlk min 

1.0 Neostriatum 
dorsomedial (n = 8) 46 (+ 9.5)” 68 (k 11.5)” 
ventrolateral (n = 16) 29 (& 5.8) 57 (-i- 9.1) 

DRN (n = 9) 26 (+ 5.6) 46 (+ 6.4) 

1.5 Neostriatum 
dorsomedial (n = 5) 48 (+ 7.2)” 68 (k 18.7)” 
ventrolateral (n = 7) 103 (+ 28.6) 202 (k 43.0) 

DRN (n = 6) 94 (+ 22.5) 137 (* 20.4j 

“p < 0.05 compared to corresponding DRN response. 
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Figure 6. Representative example of the opposite effects of 1.0 mg/kg of d-AMPH (i.p.; at arrow) on neuronal activity in the 
DRN and ventrolateral neostriatum. Firing rate is plotted as a percentage change from the 100% base line rate in Figure 1. 
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Figure 7. Response to 7.5 mg/kg of d-AMPH (i.p.; at arrow) of neurons recorded simultaneously in the DRN and ventrolateral 
neostriatum. Note again the reciprocal change in firing rate and note that this response is the opposite of that produced by a low 
dose of the drug. Neuronal activity is plotted as in Figure 1. 
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ventrolateral activity. In the dorsomedial neostriatum, 
5HT appears to influence the d-AMPH response only 
indirectly. A depletion of 5-HT, for example, alters but 
does not abolish the response of dorsomedial neurons to 
either 1.0 or 7.5 mg/kg (Rebec et al., 1981). DA antago- 
nists, on the other hand, block both the d-AMPH-in- 
duced inhibition and excitation, suggesting a strong do- 
paminergic influence in this region of the neostriatum 
(Bashore et al., 1978; Rebec and Segal, 1978; Rebec et 
al., 1979; Rebec and Zimmerman, 1980). It appears, 
therefore, that regional differences in dopaminergic and 
serotonergic innervation of the neostriatum provide a 
neuroanatomical basis for functional heterogeneity 
within this structure. 

This view is consistent with an accumulating body of 
evidence that the neostriatum is composed of several 
distinct neurochemical compartments. Substance P fi- 
bers, for example, arise from the anterior neostriatum, 
whereas neostriatal efferents containing y-aminobutyric 
acid are localized in the caudal neostriatum (Gale et al., 
1977; Hong et al., 1977; Kanazawa et al., 1977). More- 
over, high affinity choline uptake, a marker for cholin- 
ergic nerve terminals, is highest in the dorsal and lateral 
neostriatum but lowest in the center (Takano et al., 1980; 
Rea and Simon, 1981). In fact, Graybiel and Ragsdale 
(1978) have divided the neostriatum into histological 
compartments or “striosomes” based on the degree of 
acetylcholinesterase activity in each. Recently, uneven 
distributions of enkephalin and other neuropeptides have 
also been identified in the neostriatum (Pickel et al., 
1980; Graybiel et al., 1981). 

The dose-dependent shift in DRN activity was some- 
what surprising in view of previous reports that d-AMPH 
accelerates DRN activity, at least in part, by facilitating 
the release of norepinephrine from DRN afferents (Gal- 
lager and Aghajanian, 1976; Baraban et al., 1978). Al- 
though this action may explain our results following a 
high systemic dose of d-AMPH, low doses suppress firing 
rate in the DRN. In fact, 5-MeODMT also suppresses 
DRN activity, and this response is blocked by methioth- 
epin, a putative blocker of 5-HT autoreceptors (Rebec et 
al., 1982). Thus, as in our infusion experiments, d-AMPH 
may inhibit DRN activity by facilitating the local release 
of 5-HT. High systemic doses may simply mask this 
effect by releasing sufficient norepinephrine to accelerate 
DRN impulse flow. 

When combined with our results in the neostriatum, 
this dose-dependent shift in DRN activity permits some 
speculation about the mechanism by which 5-HT may 
modulate the dose-dependent behavioral response to d- 
AMPH. It is well known, for example, that a depletion 
of 5-HT potentiates the locomotor response to a low dose 
of d-AMPH but reduces the focused stereotyped behavior 
produced by high doses of the drug (Segal, 1976; Sloviter 
et al., 1978; Lucki and Harvey, 1979). Thus, whereas d- 
AMPH-induced locomotion may not require 5-HT and 
may actually correspond to a decrease in 5-HT release, 
focused stereotypy appears to reflect, in part, an increase 
in 5-HT release. Interestingly, damage to the ventral but 
not the dorsal neostriatum has been reported to abolish 
d-AMPH-induced stereotypy (Neil1 et al., 1974). Thus, 
to the extent that the ventrolateral neostriatum is con- 

trolled by 5-HT, it is tempting to speculate that 5-HT 
control of the behavioral transition from locomotion to 
focused stereotypy is mediated, in large measure, by the 
ventrolateral neostriatum. Neostriatal 5-HT has also 
been implicated in the psychotic behavior associated with 
d-AMPH abuse in humans (Trulson and Jacobs, 1979) 
and in the tardive dyskinesia produced by the antipsy- 
chotic drugs (Nagao et al., 1979; Berger and Rexroth, 
1980). In fact, a growing body of evidence implicates a 5- 
HT dysfunction in Parkinson’s disease, manic-depres- 
sive psychosis, and many other neurological and psychi- 
atric disorders (e.g., Chase and Murphy, 1973; Dray, 
1981). Careful monitoring of 5-HT transmission within 
specific regions of the neostriatum, therefore, may shed 
new light on the neuronal systems underlying a variety 
of human diseases. 
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