
During a 2-week period, 90 cesar- 
eans were performed and 1056 fetuses 
examined. Eleven litters contained 
exencephalic fetuses, one per litter. 
Thus, the incidence of litters affected 
(11 of 90) is 12.2 percent, and the inci- 
dence of fetuses affected (11 of 1056) 
is 1.04 percent. No other anomalies 
were seen. 
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Caudate Unit Responses to Nigral 
Stimuli: Evidence for a Possible 

Nigro-Neostriatal Pathway 

Abstract. Electrical stimulation of the 
substantia nigra evokes depressant and 
facilitatory responses from individually 
recorded caudate nucleus neurons. 
These effects resemble those elicited 
from caudate cells by microionto- 
phoretic ejections of dopamine. Since 
histochemical evidence suggests that 
dopamine-containing fibers link the sub- 
stantia nigra with the caudate, this 
pathway may mediate the changes in 
caudate spike rates produced by nigral 
stimuli. 

Anden et al. (1), using fluorescence 
histochemical methods, have described 
a dopaminergic pathway consisting of 
fine fibers which arise from the sub- 
stantia nigra and terminate in the neo- 
striatum, especially the caudate nucleus. 
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production of "extrapyramidal" motor 
deficits such as parkinsonism (for a 
review, see 2). When dopamine is ap- 
plied iontophoretically from multibarrel 
micropipette assemblies (microiontopho- 
resis) near caudate cells, the rate of 
discharge of 50 to 60 percent of these 
neurons is depressed, while the spike 
rate of approximately 10 percent of the 
cells is facilitated (3, 4). Presumably, 
then, electrical activation of a dopa- 
minergic neural input into the caudate 
should also elicit both depression and 
facilitation of caudate unit firing. Sev- 
eral investigators, however, have re- 
ported only facilitatory responses from 
caudate cells following nigral stimuli 
(4, 5). The present experiments demon- 
strate that the effects of nigral stimuli 
are entirely consonant with local cau- 
date pharmacologic responses. In addi- 
tion to facilitation, electrical stimulation 
of the substantia nigra markedly de- 
presses the discharge rates of a rela- 
tively large percentage of caudate 
neurons. 

Twenty cats were anesthetized with 
ether, then electrolytically decerebrated 
at the midpontine level. After the ether 
was discontinued, the right cerebral 
hemisphere was exposed and protected 
with a pool of warm mineral oil. Bipolar 
stimulating electrodes were advanced 
downward through the cortex into the 
posterior portion (pars compacta) of the 
right substantia nigra (Fig. 1A). The 
nigra was stimulated with 10-msec 
trains at intervals of 1.3 seconds; each 
stimulus consisted of 4- to 5-volt rec- 
tangular pulses of 1 msec duration at 
a frequency of 400 per second. Multi- 
barrel micropipette electrodes, prepared 
according to previously published meth- 
ods (6), were placed in the head of the 
right caudate under stereotaxic control. 
The boundaries of the area sampled 
within the caudate were defined by the 
coordinates (7): A 14.5-16.5, L 3.5-6, 
D (+) 4-7.5 (Fig. 1B). Poststimulus 
time histograms (8) of caudate extra- 
cellular spike discharges were obtained 
with a computer of average transients 
(CAT 1000). 

Most recordings were made from 
"silent" caudate units made to fire by 
the continuous ejection with 5 na of 
current of an excitant amino acid, dl- 
homocysteic acid, at a concentration in 
the micropipette of 0.5 to 1.OM and at 
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cells were studied. In addition, continu- 
ous contact with a neuron for a mini- 
mum of 10 minutes was required in 
order to obtain two successive summa- 
tions of the effects elicited by nigral 
stimuli on unit discharges. The dis- 
charge patterns of 42 of the 100 cau- 
date neurons meeting these criteria were 
not altered by electrical stimulation of 
the substantia nigra (Table 1) (Fig. 2D). 
Nigral stimuli, however, reproducibly 
depressed the discharge frequencies of 
44 caudate cells. The depression periods 
had a mean poststimulus latency of 
18.3 msec and a duration of 58.8 msec; 
the rates of discharge during the periods 
of depression were reduced by 75 to 80 
percent (Fig. 2A). About half of the 
units initially depressed by nigral stimuli 
had periods of later facilitation (Fig. 
2B). These delayed facilitations had a 
mean poststimulus latency of 124 msec 
and a mean duration of 187 msec. 
In contrast to the delayed facilitation 
just described, 14 caudate neurons re- 
sponded to nigral stimuli with patterns 
of apparently "pure" facilitation having 
a much earlier latency of 14.2 msec 
(Table 1). The number of spikes during 
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Fig. 1. Transverse sections through the 
stimulating and recording sites (11); Weil 
stain, 30 , thickness. (A) Mesencephalon 
at plane A 3.5-4.0 (7). Lesion (arrow) in 
the substantia nigra was produced post- 
experimentally by passing electrolytic cur- 
rent through the stimulating electrode. 
(B) Telencephalon at plane A 15.5-16.0 
(7). Arrows indicate recording electrode 
paths of two separate stabs at this level. 
Units were recorded in the caudate nu- 
cleus (lower cluster of arrows). 
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Table 1. Effects elicited by nigral stimulation on caudate neuronal discharge rates. 

Total caudate Response Response 
Discharge rate Total cauate Distribution latency duration neurons re- 

responses sponding among cats (mean 4- S.E.; (mean? S.E.; 
msec) msec) 

Depressed 44 19 18.3 -- 1.2 58.8 ? 5.7 
Facilitated 14 9 14.2 - 3.7 57.5 - 11.0 
No change 42 20 

these facilitatory periods commonly ex- 
ceeded the average rate of discharge by 
a factor of 5 or more (Fig. 2C). 

Depressed or facilitated units were 

rarely encountered near the border of 
the lateral ventricle. Most of these re- 

sponses were obtained from neurons in 
a zone 1.5 to 3.0 mm below the superior 
margin of the caudate. Cells facilitated 
or depressed by nigral stimuli were inter- 

mingled; both responses were frequently 
encountered in the same stab. There 
was no evidence for discrete regional 
distribution of units yielding similar 

responses. 
The specificity of the site of stimula- 

tion was explored in six experiments by 
using an array of bipolar electrodes. 
Caudate neurons responsive to nigral 
stimuli were not affected by subsequent 
stimulation of several overlying brain 
structures (9). Similarly, in three ani- 
mals paralyzed with gallamine triethio- 
dide, stimulation of motor tracts in the 

subjacent cerebral peduncles failed to 
alter caudate neuronal discharge pat- 
terns. 

The fluorescent fibers of the pro- 
posed nigro-neostriatal pathway resem- 
ble peripheral C-fibers in that both are 
unmyelinated and have diameters of 0.5 
to 1.0 / (10); C-fibers have conduction 
speeds of 0.6 to 2.3 mm/msec. Assum- 

ing that the fluorescent fibers also con- 
duct at this rate, and estimating the 
distance from the point of stimulation 
to the point of recording as 16 mm, the 
conduction time should be approxi- 
mately 10 to 36 msec. The experimental 
poststimulus latencies of 14.2 and 18.3 
msec for facilitated and depressed cau- 
date unit responses fall within this pre- 
dicted theoretical range. 

The results supplement, rather than 
contradict, the recent observations of 
other investigators (4, 5). Detection of 
the depressant effects of nigral stimu- 
lation on caudate unit spike patterns 

was dependent upon several experi- 
mental factors. First, ejection of an 
excitant amino acid near caudate neu- 
rons ensured steady neuronal firing 
rates against which depressant responses 
could be measured. Furthermore, sum- 
mation of the effects of a number of 
nigral stimuli on unit firing patterns 
introduced a statistical advantage over 
the technique of examining individual 
responses elicited by a single stimiulus. 
Finally, preliminary experimentation 
suggested that depressant responses may 
be better evoked by short trains of im- 
pulses rather than by single shocks of 
equal or higher voltage. 

The changes in caudate unit firing 
patterns elicited by nigral stimulation 
are well correlated with the effects of 
dopamine ejected by microiontophoresis 
in the vicinity of these neurons. Despite 
such response similarities, the design of 
these experiments precludes any precise 
conclusions about operant receptor 
mechanisms in the caudate. The data, 
however, when considered in conjunc- 
tion with current histochemical and 

pharmacological observations, suggest 
that the changes in caudate unit dis- 

charges elicited by nigral stimuli may be 
attributable to activation of a nigro- 
neostriatal pathway. 

JOHN D. CONNOR 
St. Elizabeths Hospital, 
National Institute of Mental Health, 
Washington, D.C. 20032 
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Fig. 2. Effects of substantia nigra stimulation on the oc 
unit action potentials recorded extracellularly. Histogram 
different caudate neurons which were excited by continu 
dl-homocysteic acid. Abscissa: time after the stimulus art 
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(D), 150 stimuli. (A) Poststimulus firing rate depression. 
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