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Noradrenergic neurons with cell bod- 
ies in the pons give rise to a widespread 
innervation of the cerebral cortex (1). 
Dopaminergic neurons with cell bodies 
in the midbrain contribute an additional 
innervation to restricted areas of the neo- 
cortex (2). Despite the extensive pro- 
jection of these catecholaminergic ax- 
ons, it is estimated that they form less 
than 1 percent of the total synaptic con- 
tacts in the adult cerebral cortex (3). 

In the neocortex of perinatal rats, the 
density of aminergic terminals, as re- 
vealed by histofluorescence methods, 
appears to be extremely low (4), and the 
levels of catecholamine synthesizing en- 
zymes and endogenous amines in neo- 
cortex remain relatively low throughout 
the newborn period (5, 6). Yet the major 
catecholaminergic neurons are formed 
and undergo differentiation at early 
stages of fetal development (7), and their 
axons reach the neocortex by 1 week be- 
fore birth (8). Either there is a long delay 
between the arrival of aminergic axons 
in the cortex and the subsequent forma- 
tion of synapses, or immature cate- 
cholaminergic axons innervate the cor- 
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tex at birth but are deficient at that age in 
their ability to synthesize or transport 
endogenous catecholamines. To address 
this problem, we have attempted to char- 
acterize the monoaminergic innervation 
of immature cortex by an approach not 
dependent upon the presence of endoge- 
nous neurotransmitters. The in vivo up- 
take of exogenous catecholamine pre- 
cursors and congeners by the cortex was 
studied by electron microscopic and bio- 
chemical techniques. 

Monoaminergic terminals can be iden- 
tified at the ultrastructural level by the 
presence of small (40- to 50-nm) granular 
vesicles (SGV's), which are the storage 
sites for the amines (9). The demonstra- 
tion of SGV's in the central nervous sys- 
tem is enhanced by exposure of tissue to 
the catecholamine congener 5-hydroxy- 
dopamine (5-OHDA) (10). This "false" 
neurotransmitter is selectively taken up 
and concentrated in the synaptic vesicles 
of monoaminergic nerve terminals, 
where, after aldehyde fixation, it forms 
an electron-opaque precipitate. This in- 
direct method permits the ultrastructural 
analysis of those synaptic terminals that 
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have an uptake-storage mechanism spe- 
cific for monoamines (10, 11). Since the 
immature blood-brain barrier is per- 
meable (12), systemic administration of 
5-OHDA was used to study the distribu- 
tion of monoaminergic terminals in the 
neocortex of infant rats (13). 

The morphology and distribution of 
synapses in the lateral neocortex of in- 
fant rats (from birth to 7 days old) were 
analyzed with the electron microscope 
[for details see (13-15)]. Interneuronal 
appositions with characteristic vesicles 
(30 to 50 nm in diameter) adjacent to an 
area of membrane specialization were 
designated as synapses. The density of 
synapses in newborn cortex is extremely 
low compared with that in the adult. In 
rats from birth to 7 days old, treated with 
5-OHDA, 30 percent of all synaptic ter- 
minals in the lateral neocortex contain 
SGV's; these vesicles are round, 40 to 50 
nm in diameter, and contain a dense, ec- 
centric, electron-opaque granule (Fig. 1). 
In control animals (untreated), all synap- 
tic terminals contain clear (that is, emp- 
ty) vesicles. In rats that have been 
treated with reserpine (10 mg per kilo- 
gram of body weight) 12 hours before 5- 
OHDA, no SGV's can be demonstrated. 
Hence the vesicular accumulation of 5- 
OHDA is reserpine-sensitive and prob- 
ably is restricted to monoaminergic ter- 
minals. 

By 1 week of age, the six cy- 
toarchitectonic layers characteristic of 
mature cortex can be recognized. The 
synapses-still relatively sparse-are 
concentrated in strata that are parallel to 
the surface (15). In 5-OHDA-treated 
rats, the radial distribution of SGV syn- 
apses is characteristic and highly repro- 
ducible: in layer IV (the deep third of the 
cortical plate) more than 70 percent of 
the synaptic terminals contain SGV's 
(13). In other cortical layers, SGV syn- 
apses are sparse, except in the marginal 
zone where 10 to 30 percent of the bou- 
tons contain SGV's. Many of the SGV 
boutons form synapses de passage as 
is characteristic of central catechol- 
aminergic neurons, and in layer IV many 
are on proximal dendrites. The use of 5- 
OHDA reveals, in immature cortex, a 
previously unrecognized set of axon ter- 
minals deficient in endogenous trans- 
mitter but with the capacity to take up 
and store this catecholamine congener. 
We attempted to confirm and character- 
ize this uptake-storage capacity by appli- 
cation of biochemical methods. 
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Rats of various ages were treated with 
the catecholamine precursor L-dopa. 
Subsequently, dopamine and norepi- 
nephrine levels in neocortex were mea- 
sured by a sensitive radiometric enzymat- 
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geners. One-third of all cortical synapses have an uptake-storage mechanism for 
catecholamines. In newborn cortex, the storage capacity for catecholamines is ten- 
fold greater than the endogenous levels, and the uptake-storage mechanism matures 
earlier than the ability to synthesize neurotransmitter. 
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ic assay (6). Since L-dopa can be decar- 
boxylated in nonaminergic cells with a 
resulting diffuse or unspecific increase in 
dopamine levels (16), that portion of cat- 
echolamines which was localized in a re- 
serpine-sensitive storage site was deter- 
mined. Rats first treated, with reserpine 
were compared to rats not treated with 
reserpine with respect to the amount of 
catecholamines that accumulated in the 
lateral neocortex after the administration 
of L-dopa; the difference between the 
amine levels in the two treatment groups 
(Table 1) indicates the specific storage 
capacity for monoamines. 

Two hours after systemic administra- 
tion of L-dopa to newborn rats, the neo- 
cortical concentrations of norepineph- 
rine and dopamine increase 4- and 45- 
fold, respectively (17). In newborns 
treated with reserpine before L-dopa, the 
concentrations of norepinephrine and 
dopamine increase only 1.5- and 20-fold, 
respectively. Thus, a major proportion 
(60 percent) of the increase in cate- 
cholamines induced by L-dopa is local- 
ized in a reserpine-sensitive site. These 
data reveal a storage compartment spe- 
cific for catecholamines with a capacity 
of 1362 pg per milligram of tissue, which 
is ten times greater than the endogenous 
stores (Table 1). Similarly, in the 6-day- 
old rat, L-dopa treatment uncovers a re- 
serpine-sensitive storage capacity of 796 
pg per milligram of tissue, which is near- 
ly eight times greater than the basal 
stores. 

Fig. 1. Electron micrographs of aminergic synapses in lateral neocortex of 6-day-old rat. Small 
granular vesicles are seen after administration of 5-OHDA. These are true synapses with asym- 
metric membrane specializations. Axon in (c) forms two synapses de passage. Aldehyde-os- 
mium fixation; bar = 500 nm. 

Table 1. Effects of pharmacologic treatments on the levels of catecholamines in parietal cortex of the rat. Sprague-Dawley rats were adminis- 
tered reserpine (2.5 mg/kg) or an equivalent volume of vehicle by subcutaneous injection 6 to 8 hours before being killed. Two hours before being 
killed, they received L-dopa (100 mg/kg) by subcutaneous injection. In one experiment, adult rats were treated with the peripheral decarboxylase 
inhibitor RO-4063 (50 mg/kg) 30 minutes before administration of L-dopa (250 mg/kg). In another experiment, 3-day-old rats were administered 5- 
OHDA (5 mg per animal). The rats were killed by decapitation, and the lateral cortex was dissected at 2?C with care to exclude the tail of the 
caudate. Cortices were homogenized in 50 to 100 volumes of 0.1N perchloric acid, and the catecholamines in the extract were determined by the 
radiometric-enzymatic assay of Coyle and Henry (6). The levels of apparent 5-OHDA in the extracts from animals treated with this agent were 
determined by the radiometric-enzymatic assay with internal and external standards of authentic 5-OHDA to correct for recovery. Values are 
expressed as picograms of catecholamine per milligram (wet tissue) lateral cortex with standard errors of the mean indicated; each value is a mean 
derived from at least five animals. 

Catecholamine (pg/mg) 

Age Treatment Norepine- Total Reserpine-sensitive 
Dopamine catechol- catecholamines phrine 

amine (A - B) 

1 day None 37 + 10 106 + 38 142 + 42 
A. L-Dopa (100 mg/kg) 1854 + 206* 413 + 1031 2267 + 280* 
B. L-Dopa (100 mg/kg) + reserpine (2.5 mg/kg) 754 + 56 151 ? 30 905 + 81 1362 

6days None 41 + 13 74 + 10 115 + 20 
A. L-Dopa(100 mg/kg) 1010 ? 129* 195 ? 17* 1205 + 145* 
B. L-Dopa (100 mg/kg) + reserpine (2.5 mg/kg) 362 ? 47 47 + 7 409 + 42 796 

Adult None 104 + 21 209 + 37 313 + 35 
A. L-Dopa(100mg/kg) 126 ? 261 188 ? 521 314 + 39* 
B. L-Dopa (100 mg/kg) + reserpine (2.5 mg/kg) 40 + 9 21 ? 9 61 + 8 253 

Adult A. RO-4063 (50 mg/kg) + L-dopa (250 mg/kg) 887 + 95 254 + 32* 1141 ? 124 
B. RO-4063 (50 mg/kg) + L-dopa (250 mg/kg) + 

reserpine (2.5 mg/kg) 746 ? 73 94 + 4 840 + 79 301 
3 days None 122 ? 56 

A. 5-OHDA (5 mg per rat) 1330 + 74* 
B. 5-OHDA (5 mg per rat) + reserpine (2.5 mg/kg) 684 + 106 646 

*A versus B: P < .01 (Student's t-test). tA versus B: P < .05. 
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Identical treatment in the adult rat 
does not significantly increase the corti- 
cal levels of catecholamines. In newborn 
rats, the activities of dopa decarboxylase 
and catecholamine catabolizing enzymes 
outside the brain are much lower and the 
blood-brain barrier is much less effective 
than in the adult; these differences may 
explain the lack of effect of L-dopa (100 
mg/kg) on the catecholamine levels in 
adult neocortex. To better control for 
such ontogenetic differences, adult rats 
were first treated with a peripheral de- 
carboxylase inhibitor and higher doses of 
L-dopa (250 mg/kg). This latter treatment 
regimen considerably increases the cate- 
cholamine levels in the adult cortex but 
the increase is in a reserpine-resistant 
(that is, nonspecific) compartment. 
Thus, in the adult neocortex, the reser- 
pine-sensitive binding sites for cate- 
cholamines are normally fully occupied 
by endogenous amines; treatment with 
high doses of L-dopa does not reveal any 
latent additional capacity for specific cat- 
echolamine storage. These precursor 
loading studies indicate that immature 
neocortex can take up and store cate- 
cholamines in a reserpine-sensitive com- 
partment with a capacity (1362 pg/mg) 
that exceeds the endogenous stores (142 
pg/mg) by eight- to tenfold and even ex- 
ceeds the adult storage capacity (253 pg/ 
mg) by fivefold. 

Since 5-OHDA, the marker used in the 
electron microscopy studies, is a cate- 
chol, it is a substrate for catechol-O- 
methyltransferase and can be measured 
by the enzymatic radiometric assay for 
catecholamines (18). Two hours after a 
single subcutaneous injection of 5 mg of 
5-OHDA in 3-day-old rats, cate- 
cholamine levels in neocortex increase 
tenfold. Prior treatment with reserpine 
reduces the apparent accumulation of 5- 
OHDA by 50 percent, revealing a specif- 
ic storage capacity for 5-OHDA in lateral 
cortex of nearly 700 pg/mg (more than 
fivefold greater than the basal cate- 
cholamine levels). Thus, the biochemical 
results corroborate the electron micro- 
scopic observations that in the immature 
neocortex significant quantities of 5-OH- 
DA can be stored in a reserpine-sensitive 
compartment that, in untreated rats, is 
only partially occupied. 

The density of all types of synapses in 
the newborn cortex is extremely low as 
compared with that in adults (15). De- 
spite the paucity of synapses, our mor- 
phologic and biochemical results demon- 
strate that monoaminergic terminals 
make a major contribution to the in- 
nervation of immature rat neocortex 
(19). The monoaminergic innervation 
may be one of the earliest cortical inputs 
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established. Its density is subsequently 
diminished by the formation of more nu- 
merous synapses of other types; in addi- 
tion, immature aminergic axons may 
form synapses that are temporary. The 
relatively dense monoaminergic in- 
nervation to layer IV of the immature 
cortex is probably a unique but transient 
feature of young cortex since mono- 
aminergic synapses in mature cortex are 
reported to be sparse (3), especially be- 
low layer I. The early differentiation of 
the monoaminergic neurons, which have 
axonal projections reaching the cortex 
before birth, points to the cate- 
cholaminergic nuclei in the brainstem as 
a likely source of this innervation; a pos- 
sible contribution from the indoleamine 
nuclei must also be considered. The pos- 
sibility that immature neurons, which 
are not monoaminergic, may take up 5- 
OHDA and synthesize and store cate- 
cholamines in a reserpine-sensitive site 
has not been excluded (19a). 

In this study we have demonstrated a 
correspondence between the high pro- 
portion of SGV synapses in newborn 
cortex and the substantial uptake-stor- 
age capacity for monoamines. The rela- 
tively low levels of catecholamines in 
young neurons has hampered heretofore 
the demonstration of their terminals in 
immature neocortex by standard his- 
tofluorescence techniques. This low con- 
centration of catecholamines in imma- 
ture cortex reflects the low activity of the 
biosynthetic enzymes for the neurotrans- 
mitters (5), but does not reflect the stor- 
age capacity or the full extent of the cate- 
cholamine innervation. We propose that 
the maturation of the uptake-storage 
mechanism of monoamine terminals pre- 
cedes and is independent of the mecha- 
nism for neurotransmitter synthesis (20) 
and that the presence of neurotransmit- 
ter in axon terminals is not a necessary 
condition for synaptogenesis. 

The functional significance of this 
early monoaminergic input to the imma- 
ture neocortex is yet to be defined. Am- 
phetamine and L-dopa, the actions of 
which are dependent on the presence of 
presynaptic catecholaminergic termi- 
nals, produce characteristic behavioral 
responses in the newborn rat, which sug- 
gests that functional catecholaminergic 
synapses and receptors are present at 
this stage of development (21). Because 
of the high proportion of SGV synapses 
in layer IV of the cortex, monoaminergic 
neurons may exert a potent regulatory 
influence on the neurons that receive the 
thalamic input (22) to the immature cor- 
tex. Thus, cortical activity in the infant 
may be more responsive to aminergic in- 
put from the brainstem than to specific 

thalamocortical inputs. This transient in- 
nervation may also influence neuronal 
differentiation. Transsynaptic activation 
of dopamine or norepinephrine receptors 
(or both), which are specific adenylate 
cyclases (23), may regulate the intra- 
cellular concentration of adenosine 3',5'- 
monophosphate, which modulates sever- 
al aspects of neuronal differentiation 
(24). Alternatively, in light of the low 
levels of neurotransmitters in these ter- 
minals, the monoaminergic processes 
may play a role not primarily related to 
neurotransmission but rather may exert 
a trophic influence on dendrite growth 
(25) or act as "pioneer" synapses that 
may induce postsynaptic membrane spe- 
cialization (26). 
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Intracranial self-stimulation (ICSS) at 
sites in the pontine region of the brain- 
stem has been attributed to excitation of 
noradrenergic neurons located in the 
locus coeruleus (LC) (1-3). This hypoth- 
esis has been challenged recently by a 
number of experiments in which both 
whole brain depletion of noradrenaline 
(4) and localized neurotoxic (5) and elec- 
trolytic (6) lesions of the noradrenergic 
dorsal tegmental bundle ascending from 
the LC failed to disrupt ICSS in the LC. 
In the original mapping study that impli- 
cated the LC in ICSS, the investigators 
emphasized that repetitive jaw move- 
ments were an excellent indicator of pos- 
itive placements and cautioned that one 
could not rule out the involvement of the 
trigeminal system in pontine ICSS (1). 
These observations are supported by the 
preponderance of oral rather than lo- 
comotor behavior elicited by electrical 
stimulation in the dorsal pontine area (7). 
We have now confirmed a trigeminal 
substrate of brain stimulation reward by 
showing that both ICSS and repetitive 
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oral behavior are elicited from electrode 
placements in and immediately dorsal to 
the motor nucleus of the trigeminal nerve 
(Mot V). 

The mesencephalic nucleus of the tri- 
geminal nerve (Mes V) is situated lateral 
to and intermingled with the LC in the 
dorsal pontine tegmentum (8). This nu- 
cleus is comprised of neurons that in- 
nervate the masticatory muscles and 
whose central axons establish bilateral 
(9), monosynaptic (10), excitatory (11) 
connections with masticatory motoneu- 
rons in Mot V. An analysis of histologic- 
al data from several studies of ICSS in 
the dorsal pons reveals many positive 
placements in Mes V (1, 3, 5, 12). Fur- 
thermore, placements in the LC are in 
such close proximity to this nucleus that 
its neurons could easily be influenced by 
current spread. If Mes V mediates ICSS 
and stimulation-bound oral behavior, 
then electrical stimulation of its terminal 
projections in Mot V should also provide 
positive reinforcement. Accordingly, we 
mapped the region of the brainstem in 

oral behavior are elicited from electrode 
placements in and immediately dorsal to 
the motor nucleus of the trigeminal nerve 
(Mot V). 

The mesencephalic nucleus of the tri- 
geminal nerve (Mes V) is situated lateral 
to and intermingled with the LC in the 
dorsal pontine tegmentum (8). This nu- 
cleus is comprised of neurons that in- 
nervate the masticatory muscles and 
whose central axons establish bilateral 
(9), monosynaptic (10), excitatory (11) 
connections with masticatory motoneu- 
rons in Mot V. An analysis of histologic- 
al data from several studies of ICSS in 
the dorsal pons reveals many positive 
placements in Mes V (1, 3, 5, 12). Fur- 
thermore, placements in the LC are in 
such close proximity to this nucleus that 
its neurons could easily be influenced by 
current spread. If Mes V mediates ICSS 
and stimulation-bound oral behavior, 
then electrical stimulation of its terminal 
projections in Mot V should also provide 
positive reinforcement. Accordingly, we 
mapped the region of the brainstem in 

which Mot V is located for ICSS and 
stimulation-bound behavior (SBB). 

Male Wistar rats, in which small-diam- 
eter (125 ,um) bipolar electrodes had 
been stereotaxically implanted were test- 
ed for ICSS in five Plexiglas Skinner 
boxes (13). Animals were trained in daily 
30-minute sessions to bar-press for brain 
stimulation. During the first 15 minutes 
of six daily test sessions, the experiment- 
er "shaped" the bar-pressing response 
by initially reinforcing orientation to the 
manipulandum and later by rewarding 
contacts with the bar. In the second 15- 
minute period, spontaneous bar-presses 
were recorded. Those rats attaining a cri- 
terion of at least 50 spontaneous re- 
sponses in 15 minutes on test day 7 were 
classified as having a positive ICSS 
placement. On completion of behavioral 
testing, each brain was prepared for his- 
tological analysis (14). Of the 66 place- 
ments, 29 supported ICSS; positive 
placements were located throughout and 
dorsal to Mot V (Fig. 1). Negative place- 
ments were found ventral to Mot V, lat- 
erally in the main sensory trigeminal nu- 
cleus, and medially in a region that 
would coincide with the ascending tra- 
jectory of both the noradrenergic central 
tegmental tract (15) and the adrenergic 
axon bundle (16). The mean of the re- 
sponses at positive sites (per 15-minute 
period) was 148, and the current in- 
tensities employed ranged from 15 to 50 
/ta (X = 35 ,ta). In contrast, the mean 
rate obtained on test day 7 by animals 
with ineffective placements was 6, and 
by an unstimulated control group, 8. 

If the trigeminal system plays an im- 
portant role in brainstem ICSS, it is im- 
portant to consider its relationship with 
other ICSS sites in the pons and medulla. 
The connection between Mes V and Mot 
V has already been emphasized. Prelimi- 
nary unpublished observations appear to 
rule out involvement of the LC, as bilat- 
eral destruction of this nucleus by elec- 
trolytic lesions had no effect on ICSS in 
Mot V. Another important site for ICSS 
is located caudal to Mot V, in a region 
ventral to the solitary nucleus (17); this 
region is also innervated by the tract of 
Mes V (10). Stimulation of this area 
would produce antidromic excitation of 
trigeminal motoneurons; not surprising- 
ly, jaw movements are an excellent pre- 
dictor of ICSS at this site. Positive ICSS 
placements dorsal to Mot V (Fig. 1) may 
reflect activation of the intertrigeminal 
commissural pathway (18), which pro- 
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As a control for the possibility that 
bar-pressing was an artifact of biting elic- 
ited by stimulation of Mot V, the pattern 
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Trigeminal Substrates of Intracranial Self-Stimulation 
in the Brainstem 

Abstract. Intracranial self-stimulation was elicited by electrodes located in the 
trigeminal motor nucleus of the rat. Rebound jaw movements were also elicited at 
positive self-stimulation placements, but control experiments revealed that the lever 
pressing was not a motor artifact. It is suggested that modulation of trigeminal mo- 
toneurons may serve as an important reinforcement mechanism in the brainstem. 
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