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CHEW, B. H., D. F. WEAVER AND P. M. GROSS. Dose-relatedpotent brain stimulation by the neuropeptide endo- 
thelin-I after intraventricular administration in conscious rats. PHARMACOL BIOCHEM BEHAV 51(l) 37-47, 1995. - 
Injection of the neuropeptide, endothelin-1 (ET. range of 3-9 pmol), into a lateral ventricle (ICV) of rats produced barrel 
rolling and other convulsions including ataxia, forelimb and facial clonus, nystagmus, and tonic extension of the tail and 
hindlimbs. Using the quantitative autoradiographic [“C]deoxyglucose method. we resolved the focal hypermetabolic corre- 
lates of the convulsive activity in numerous brain regions. The present study tested whether the effects of ET were dose 
dependent by assessing 13 behavioral, 9 physiological, and brain metabolic responses in six individual structures of rats treated 
separately with ICV ET in doses between 1.5 and 18 pmol. Barrel-rolling convulsions, having a threshold for onset at 3 pmol. 
displayed increased incidence and severity, and a shorter latency to onset, with the higher ET doses. Within 10-20 min, ET 
evoked dose-dependent increases in mean arterial pressure and plasma glucose levels, and a significant reduction in arterial 
PCOr. Among brain structures, the periventricular caudate nucleus near the injection site had an elevated rate of glucose 
metabolism (+ 60%) at a 3 pmol threshold. The substantia nigra pars reticulata, medial terminal nucleus of the accessory 
optic tract, rostral lamella of the inferior olivary nucleus, cerebellar paramedian lobule, and cerebellar copula pyramis, all of 
which have moderate to dense populations of ET-l receptors and are related by anatomical connections, displayed significant 
metabolic stimulation by 9 pmol ET (+ 47 to + 122%). The behavioral, physiological, and focal hypermetabolic effects of the 
central ET appear to be time coordinated, interrelated, and dose dependent. Identification of the threshold dose for central 
actions of ET at 3 pmol ICV reveals this peptide as the most potent neuroactive substance yet described in vivo. 

Barrel rotation Proprioception Eye control Cerebellum Metabolic mapping Epilepsy model 

ENDOTHELIN-1 (ET), a 21-amino acid peptide first thought 
to be mainly a vascular autacoid (47), has numerous roles 
in normal and pathologic functions of several organ systems 
(27,30,37,48). When injected into a lateral cerebral ventricle 
of conscious rats, ET provokes convulsions characterized by 
nystagmus, facial and forelimb clonus, ataxia, and a rota- 
tional phenomenon termed barrel rolling (12,26,32). These 
convulsions are accompanied by an increase in mean arterial 
pressure, decrease in arterial PCO*, and elevation of plasma 
glucose concentrations, responses that are likely the result of 
systemic sympathetic activation (15,28,36,46). 

Throughout the brain, ET displays distinct binding densi- 
ties, immunoreactivity, and messenger RNA (2440). Its recep- 
tor populations are particularly dense among nuclei of the 
oculomotor and vestibular systems, and in the Purkinje and 
granule cell layers of the cerebellar cortex (20,21,24,35). Be- 
cause the binding pattern for ET is nonvascular, the activity 
of this peptide is probably neuronal as well as vascular. There- 
fore, ET may be a neuromodulator substance or neuronal 
signaling molecule (9,10,16,24,40). Consistent with this hy- 
pothesis, the quantitative autoradiographic [“Cldeoxyglucose 
method applied to rats given an intracerebroventricular (ICV) 
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injection of ET revealed specific hypermetabolic responses in 
periventricular structures, eye and motor control nuclei, and 
the cerebellar cortex (6,12,13,15,18). The stimulation of ana- 
tomically connected brain structures and specific subregions 
indicates that complex neural circuits were engaged during 
the convulsive activity evoked by this peptide. Because ICV 
injection of other neuropeptides, including arginine-vasopres- 
sin (22,25,43-45) and somatostatin (1,4,5,8), causes similar 
convulsions, a reasonable working hypothesis is that neuro- 
peptides such as ET are important for modulating central visu- 
ovestibular circuits controlling proprioception. 

In early studies on the central effects of ET, Ouchi and 
co-workers (36) found that the arterial blood pressure and 
plasma catecholamine levels were increased in a dose- 
dependent manner by escalating doses of ICV ET (8.25-66 
pmol). Their highest doses (2 33 pmol), however, caused 
death from pulmonary edema within 5 to 20 min after injec- 
tion (36). To date, the cerebral hypermetabolic effects of sub- 
pathological doses of ICV ET have not been well correlated in 
an integrated study with the behavioral and physiological ef- 
fects resulting from ventricular injection of this peptide. Based 
on the doses employed by Moser and Pelton (32) and Ouchi et 
al. (36) and our previous studies with 9 pmol ICV injections 
of ET (6,12-19), we determined in the present work if the 
effects of centrally administered ET were associated with dose 
by evaluating three parameters presumed to be interrelated: a) 
incidence and severity of the behavioral symptoms, b) the 
changes in cardiovascular and blood chemical status of the 
animal, and c) alterations in local cerebral glucose utilization 
of selected nuclei by application of the quantitative autoradio- 
graphic [‘4C]deoxyglucose technique. 

METHOD 

Rat Preparation and Experimental Conditions 

Fifty-nine adult male Sprague-Dawley rats (246-457 g) 
were anesthetized with 65 mg/kg IP sodium pentobarbital, 
positioned in a stereotaxic frame with the skull leveled, and 
implanted with lateral ventricular cannulae. Using bregma as 
a reference, we trephined a hole in the left parietal bone to 
expose the dural surface at coordinates + 1.8 mm L and - 1 .O 
P. A 22 gauge, stainless steel guide cannula was lowered 3.7 
mm ventral from the dural surface into the left lateral cerebral 
ventricle at the level of the hippocampal fimbria and caudate 
nucleus. We placed three jeweler’s screws in the skull to an- 
chor a cranioplastic cap holding the cannula through which 
we inserted a 28 gauge obturator with a nylon screw fitting to 
maintain patency (Plastic Products Co., Roanoke, VA). The 
rats were placed in individual cages with food and water ad lib 
and allowed at least 48 h for recovery. 

The rats were fasted 18 h prior to the experiment. While 
the rats were anesthetized with a mixture of 1.5% halothane, 
and 1 : 1 nitrous oxide and oxygen, femoral venous and arte- 
rial catheters were inserted. We gave the rats 500 U of heparin 
IV for anticoagulation and placed loose-fitting plaster casts 
around the hindquarters for gentle restraint of the animals on 
lead blocks; this is a common procedure developed in the 
procedures of the [‘4C]deoxyglucose method for assessment of 
brain glucose metabolism in conscious rats (38). Use of the 
hindquarters cast on the rats was necessary to permit the sam- 
pling of arterial blood and measurement of arterial pressure. 
Although this procedure limited the full expression of ET- 
induced barrel rolling, our experience with unrestrained ani- 
mals indicated that barrel rolling could be reliably assessed by 
the rat’s cephalad motor response, which included twisting of 

the upper torso under the long axis of the body. Furthermore, 
lower body restraint permitted more precise observation of 
other types of convulsive activity, such as nystagmus and fa- 
cial clonus. Body temperature was regulated by a biofeedback 
heat lamp connected to a rectal thermometer. 

Two hours were allowed for recovery from the anesthetic, 
at which time the appropriate ICV injection was given: saline 
(1.5-3 ~1, n = 12) or ET (Peptides International, Louisville, 
KY) in the following doses - 1.5 pmol (n = 5), 3 pmol (n = 
lo), 6 pmol (n = 14), 9 pmol (n = 13), or 18 pmol (n = 5) 
dissolved in 1.5 ~1 saline delivered over 75 s (0.25 ~1/15 s) 
using a Hamilton syringe. Each rat was used in only one exper- 
iment and received only one dose of ET. A small amount of 
Evans blue dye was added to all solutions to confirm the 
accuracy of the injection inside the ventricle at postmortem. 
All ET doses (saline, 1.5, 3, 6, 9, and 18 pmol) were tested 
in the behavioral and physiological series, whereas only the 
following doses were used in the deoxyglucose experiments: 
saline, 3, 6, and 9 pmol ET. The 18 pmol injection could 
not be used for complete deoxyglucose experiments because it 
proved to be lethal between 10 and 20 min after injection. 

Behavior and Physiology 

Behavioral and physiological measurements were recorded 
before injection (control), 5, 10,20, 30,45, and 60 min follow- 
ing injection. Behavioral assessments were based on a check- 
list of 13 parameters, including barrel-rolling latency and inci- 
dence, and the degrees of such observer-graded responses as 
nystagmus, exophthalmos, forepaw dystonia, facial and fore- 
limb clonus, tail extension, sniffing, and piloerection on a 
scale of 0 (absent), 1 (mild), 2 (moderate), and 3 (severe). 
Physiological determinations included continuous monitoring 
of arterial pressure (Gould Recorder 22OOS), and arterial 
blood was sampled before and during the experiment for 
blood gas (Nova Stat Profile 2 Analyzer) and glucose analysis 
(Beckman Glucose Analyzer 2). A table of nine physiological 
determinations was completed for each rat. 

Cerebral Glucose Metabolism 

Whereas 36 rats were included in experiments recording 
only behavioral and physiological measurements, 23 others 
were used primarily to assess cerebral rates of glucose utiliza- 
tion using the quantitative autoradiographic technique em- 
ploying [‘4C]deoxyglucose as the tracer (38) (2-deoxy-D-[l- 
“C]glucose, specific activity 50-60 mCi, mmol; American 
Radiolabeled Chemicals, St. Louis, MO). Briefly, [‘4C]deox- 
yglucose was injected as a bolus dose IV (125 &i/kg in 0.5 ml 
saline), after which 16 timed arterial blood samples were 
drawn at predetermined intervals to derive plasma concentra- 
tions of 14C and glucose. After a 45-min circulation time, the 
rats were sacrificed by IV overdose with sodium pentobarbital 
and the brains rapidly extracted and frozen in isopentane at 
- 40°C. The brains were sectioned at - 20°C in a cryostat 
and cut in 20 pm-thick coronal sections collected on glass 
coverslips. Sections were taken in triplicate, and the coverslips 
were glued to Bainbridge mat boards and placed with 
[‘4C]methyhnethacrylate standards in cassettes for 14 days 
with OM-1 Kodak film (Rochester, NY). A fourth section 
from each group was taken for histological staining with thio- 
nin at 60°C to aid in identification of nuclei using light mi- 
croscopy and the neuroanatomical atlas of Swanson (39). 

We used a microcomputer-based imaging system (MCID, 
Imaging Research Inc., St. Catharines, Canada) to digitize 
and enhance the histological sections and corresponding auto- 
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radiographic images, sample optical densities within individ- 
ual regions, and compute rates of tissue glucose metabolism 
according to the operational equation of the [‘4C]deoxyglu- 
case method (38). 

rior olive rostra1 lamella and cerebellar paramedian lobule and 
copula pyramis. 

Metabolic Morphometry 
Although an extensive metabolic analysis in the rat brain is 

possible by application of the autoradiographic [‘4C]deoxyglu- 
case technique, as used previously in studies of central ET 
responses (6,12-19). a selective analysis restricted to a total of 
six related regions was performed in the present work. Other 
than the caudate nucleus located near the injection site, addi- 
tional brain structures in the autoradiographic analysis were 
chosen specifically because of a) their previous demonstration 
of metabolic sensitivity to ICV ET (12,15); b) their neural 
connectivity via mono- or polysynaptic projections from the 
caudate nucleus or other likely origin sites of metabolic stimu- 
lation in the borders of the injected lateral ventricle, such as 
the lateral septal nucleus and hippocampal formation; and c) 
their relatively high binding affinities for [‘UI]ET-l (9,24). 
Three structures, the medial terminal nucleus of the accessory 
optic tract and the two cerebellar cortical subregions-par- 
amedian lobular cortex and copula pyramis - are particularly 
enriched with ET receptors (24) and so may be extraordinarily 
sensitive to circuit stimulation by ICV ET. Although other 
structures included in our previous analyses fit the above crite- 
ria (12-15,18,19), we limited the present investigation to the 
six regions indicated to facilitate interpretations regarding the 
dose-response relationships and behavioral and physiological 
changes anticipated. 

A morphometric analysis was also conducted on the area 
of metabolic stimulation specifically within the periventricular 
ipsilateral caudate nucleus. Under the control of the analyst, 
pixel densities inside and outside the region of stimulation 
were differentiated by a computer-defined line, and the region 
of elevated metabolic activity was assessed by morphometric 
discrimination. Pixel densities were determined by derivation 
of the rates of glucose metabolism using the operational equa- 
tion of the [‘4C]deoxyglucose technique. This analysis was 
conducted to test the hypothesis that ET would have dose- 
graded effects on the area of tissue stimulation radiating into 
the caudate nucleus from the ventricular border. 

Statistics 

Statistical analyses of the metabolic and physiological data 
were conducted using a one-way analysis of variance at the 
0.05 level of significance. If significant F-ratios were found, a 
modified t-statistic was employed to discern intergroup differ- 
ences (3). Behavioral data were compared using the Mann- 
Whitney U-test at p < 0.05. 

RESULTS 

The following figure numbers refer to those in the neuroan- 
atomical atlas of Swanson (39). The periventricular margin of 
the caudate nucleus was analyzed at the level of the tract made 
by the injection cannula, Figs. 20-22. The pars reticulata of 
the substantia nigra and medial terminal nucleus of the acces- 
sory optic tract were analyzed in the region of Figs. 36-38. 
Figures 61-65 provided reference for the locations of the infe- 

Behavior and Physiology 

To establish consistency for the group-to-group analysis, 
we obtained peak readings between 15 and 40 min after the 
ICV injections, at which time the maximal response to central 
ET occurred. For the most part, the behavioral markers did 
not reveal an ET effect at the 1.5 pmol dose, although sniffing 
and masticatory responses may indicate early signs of central 

TABLE 1 

BEHAVIORAL OBSERVATIONS ON RATS GIVEN VARIOUS INTRAVENTRICULAR DOSES OF ENDOTHELIN 

Endothelin Doses 

Saline 
(12) 

1.5 pm01 
(5) 

3 pm01 
(10) 

6 pm01 
(14) 

9 pm01 
(13) 

18 pm01 
(5) 

Barrel rolling (BR) o/12 O/5 4/10 12/14 13/13 s/5 
BR latency (min) - 7.0 f 0.7*t 5.0 f 0.3*tt 4.6 f 0.3*tS 3.6 f 0.2*t$$ 
Body twisting 0 0 2.0 f 0.5 2.9 f O.l*tS 3.0 f o.O*t$ 3.0 f o.o*tt 
Nystagmus 0 0 0.8 f 0.6*t 2.8 f O.lt$ 2.9 f O.l*t$ 3.0 f o.o*tt 
Facial clonus 0 0 0.4 f 0.4 1.9 f 0.3*tt. 2.3 f 0.3*t$ 2.8 f 0.2*tS$ 
Forelimb clonus 0 0 1.2 f 0.5*t 2.3 f 0.3*t 2.3 f 0.4*t 2.6 f 0.2*t$ 
Forepaw dystonia 0 0 1.2 f 0.7 2.5 f 0.3*t 2.6 f 0.2*t 2.8 f 0.2’7 
Tail extension 0 0.4 f 0.2 1.4 * o.s*t 1.8 f O.S*t 3.0 f o.o*t$g 3.0 f o.o*t$& 
Sniffing 1.4 i 0.2 2.4 f 0.2; 2.4 rt 0.6 2.1 * 0.4 2.9 i O.l+t 3.0 f o.o*ts 
Piloerection 1.2 f 0.4 1.8 f 0.4 2.4 zt 0.6 2.5 f 0.3 2.4 f 0.4 2.4 f 0.4 
Exophthalmos 0.8 f 0.3 1.6 f 0.5 2.4 f 0.2* 2.8 f 0.2.t 2.8 f O.l*t 2.8 rt 0.2’ 
Vocalization 0 0 0.4 f 0.4 0.9 f 0.3 0.9 f 0.2 1.6 f 0.2*t 
Mastication 1.0 f 0.4 2.4 f 0.2* 2.2 f 0.3 2.1 f 0.3 2.3 f 0.3* 0.8 f 0.5 

Behavioral assessments were made on a response scale of O-3: 0 = absent, 1 = mild, 2 = moderate, 3 = severe. All 
values are means f SE for number of rats in parentheses. Values were taken during peak response that occurred between 20- 
40 min after ICV administration of solution (except rats given 18 pmol ET, which was lethal within 10-20 mitt; see the Results 
section). 

Statistical analyses: *differs from saline; tdiffers from 1.5 pmol ET; tdiffers from 3 pmol ET; gdiffers from 6 pmol ET; 
Idiffers from 9 pmol ET; #differs from 18 pmol. All volumes I 3 pl. 
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TABLE 2 
PHYSIOLOGICAL DATA FOR RATS GIVEN VARIOUS INTRAVENTRICULAR DOSES OF ENDOTHELIN 

Endothelin Doses 
- 

Saline 1.5 pm01 

(12) (5) 

3 pm01 
(10) 

6 pmol 
(14) 

9 pm01 
(13) 

18 pmol 
(5) 

Physiological indices sensitive to endothelin 
Arterial blood pressure 

Systolic (mmHg) 162 f 3 158 * 4 161 f 10 177 + 6 184 * 5*t$ 232 f lO*t$§ 
Diastolic (mmHg) 110 f 8 100 + 3 103 f 9 117 f 3.t 121 * 5tt 134 f 6*W 
Mean (mmHg) 127 f 5 118 + 3 122 * 9 138 f 4*t$ 141 + 4*t$ 167 f 7*tt$1 

Arterial blood analysis 
PC02 (mmHg) 36 t 1 32 t 2 29 f 1* 27 f 2*t 26 rt 2*t 29 f 2* 
PH 7.45 * 0.01 7.47 * 0.02 7.50 f 0.01’ 7.52 f 0.02’t 7.52 f O.Ol*t 7.50 f 0.02’ 
Plasma glucose (mg/dl) 151 f 6 171 + 13 174 * 7 189 f 9 244 f 22+tt$# 169 f 8 

Physiological indices not sensitive to endothelin 
Heart rate (beats/min) 445 + 22 469 lr: 22 421 zt 65 489 f 9 481 jz 11 431 f 53 
Hematocrit 45 f 1 42 + 1 46 * 2 45 f 1 46*1 46+1 
Pulse (mmHg) pressure 59 i 2 63 + 3 62 * 4 61 + 2 68 f 4 98 f 8*tSfl 

All values are means i SE for number of rats in parentheses. Volumes 5 3 al. Values were taken during peak response that occurred 
between 20-40 min after ICV administration of solution (except rats given 18 pmol ET, which was lethal within 10-20 min; see the Results 
section). 

Statistical analyses @ < 0.05): *differs from saline; tdiffers from 1.5 pmol ET; Sdiffers from 3 pmol ET; gdiffers from 6 pmol ET; ldiffers 
from 9 pmol ET; # differs from 18 pmol. 

ET activity at this ET concentration (Table 1). At the 3 pmol 
ET dose, which appears to be at the threshold concentration 
for eliciting barrel rolling (4 out of 10 animals responding 
within 7 min of injection), the first conventional signs of con- 
vulsive activity appeared, including significant grades for nys- 
tagmus, exophthalmos, forelimb clonus, and tail rigidity (Ta- 

ble 1). A characteristic of ET-induced convulsions in these rats 
immobilized at the hindquarters was a static twisted position 
of the forebody under the long axis produced by ICV doses of 
ET > 3 pmol. 

At 6 and 9 pmol ET injections, the latency to barrel rolling 
was reduced from 7.0 min at the 3 pmol dose to 5.0 min 

TABLE 3 

EFFECTS OF VARIOUS INTRAVENTRICULAR DOSES OF ENDOTHELIN ON RATES OF GLUCOSE METABOLISM 

Saline 
(7) 

3 pm01 
(5) 

Percent 
Increase 

From 
Saline 

6 pmol 
(5) 

Percent 
Increase 

From 
Saline 

9 pm01 
(6) 

Percent 
Increase Critical 

From Difference 
Saline (p < 0.05) 

Injection site 
Caudate nucleus 

Midbrain and medulla 
oblongata 

Substantia nigra pars 
reticulata 

Medial terminal nucleus” 

Inferior olive, rostra1 
lamella 

Cerebellar cortex 
Paramedian lobule 
Copula pyramis 

0.69 + 0.05 1.17 * 0.17* 70 1.14 f 0.12* 65 1.49 f O.ll*t$ 116 0.25 

0.49 * 0.03 0.53 + 0.07 NS 0.66 f 0.15 NS 1.09 f o.lo*Q 122 0.23 
0.47 + 0.03 0.45 * 0.03 NS 0.50 f 0.09 NS 0.79 rt O.lO*tS 68 0.20 

0.73 f 0.03 0.65 + 0.04 NS 0.84 * 0.15 NS 1.07 f 0.15*t* 47 0.22 

0.52 f 0.04 0.53 + 0.06 NS 0.62 f 0.10 NS 0.99 f 0.04*t$ 90 0.17 
0.58 + 0.04 0.74 + 0.10’ 28 0.79 f 0.09; 36 1.09 f o.O9*t.$ 88 0.17 

Values are means + SE for number of rats in parentheses. Units for rates of glucose metabolism are pm01 g-’ r&n -’ for structures ipsilateral 
to the intraventricular injection. All volumes I 3 ~1. 

“Accessory optic tract. % Increase from Saline was calculated by (Endothelin ipsilateral response - saline ipsilateral response + saline 
ipsilateral response) x 100. The statistical analysis provides significant or nonsignificant numerical changes based on multiple comparison tests 
deriving “critical differences” for significant F-ratios. 

*Higher than corresponding value in saline group, p < 0.05. 
p < 0.10. ttHigher than corresponding values in 3 and 6 pmol ET groups, respectively, p < 0.05. 

NS, not significant (p > 0.05). 
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FIG. 1. [‘%]Deoxyglucose autoradiographs illustrating metabolic responses to lateral ventricular injection (thick vertical arrow in A indicates 
the cannula tract) of saline (A) or ET (3, 6, 9 pmol in B-D, respectively). cn, caudate nucleus; sp, lateral septal nucleus. Rates of glucose 
metabolism are proportional to the darkness in the image. Bar under A = 1 mm. 

(Table 1). Compared to the 3 pmol injection, the barrel-rolling 
incidence was high or absolute in 6-9 pmol-injected rats, the 
animals became tonic in the upper trunk twisted position, and 
several other kinds of behavioral stimulation occurred (Table 
1). The most reliable behavioral markers for an ET-induced 
central effect were barrel rolling itself, sniffing, nystagmus, 
exophthahuos, facial and forelimb clonic activity, dystonia of 
the forepaws, tail extension, and the static twisted position of 
the torso. Other behavioral signs, such as piloerection and 
vocalization, indicated a dose-response trend, but were not as 
reliable as those markers discussed above. The severe gradings 
for the 18 pmol ET injection reflect the strong response within 
15 min of injection of the peptide, which was lethal at this 
dose. 

Six of the nine physiological variables proved to be dose 
sensitive to ICV ET (see Table 2). At the 1.5 and 3 pmol ET 
doses, there was an increasing trend in systolic, diastolic, and 
mean arterial pressures compared to the saline control condi- 
tion, although this trend was not statistically significant (p > 
0.05). At 6 pmol ET, however, mean arterial pressure was 
significantly elevated (p < 0.05) compared to the saline 

group, 1.5 pmol ET, or 3 pmol ET (Table 2). Arterial PCOz 
and pH did not change significantly from the responses to 
saline until the 3 pmol ET dose, while both the 6 and 9 pmol 
ET doses produced greater hyperventilatory responses affect- 
ing the PCO, and pH measurements than those to saline or 
1.5 pmol ET (Table 2). The threshold for significant changes 
in arterial PC02 and pH, therefore, appeared to occur be- 
tween 1.5 and 3 pmol ET. The arterial plasma glucose concen- 
tration displayed an increasing trend toward a hyperglycemic 
condition that became statistically significant compared to sa- 
line only for the 9 pmol ET dose (Table 2). It should be noted 
that, at the 18 pmol ET dose, rats died between 10 and 20 
min following injection from symptoms probably related to 
arterial hypertension and pulmonary edema, and so prevented 
us from describing the effects of this dose more completely. 
These rats displayed extraordinary pulse pressures 5-15 min 
after ICV injection (Table 2). The data showed in Table 2 for 
18 pmol ET represent the largest effect observed before the 
animal’s condition deteriorated. 

Attempting to refine the physiological survey of responses 
to central ET, we partitioned the physiological parameters 
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into those proving to be effective indices of the ET response 
(Table 2) and those that were less or not effective (lower part 
of Table 2). To summarize, systolic, diastolic, and mean arte- 
rial pressures, arterial PCOZ and pH, and the arterial plasma 
glucose concentration were sensitive discriminating indices of 
ET effects in the range of ICV ET doses tested. Heart rate 
(range between groups of 421-489 beats/min), pulse pressure, 
and arterial hematocrit (42-46%) did not vary significantly 
between the groups (bottom part of Table 2). Arterial PO* 
was normal (between 88 and 98 mmHg) for all groups of 
rats. As we reported previously (15), core temperature was 
significantly depressed by 9 pmol ICV ET over the course of 
an hour observation (35.4 f 0.3”C at 20 min postinjection in 
this study). The other ET doses (1.5-6 pmol) produced body 
temperatures in the range of 35.3-35.8OC. Saline-injected rats 
had a mean temperature of 36.0 + 0.2OC. 

Cerebral Glucose Metabolism 

Table 3 outlines the changes in the rates of glucose utiliza- 
tion for the six specific brain structures examined at four ICV 
test dosages: saline, and the 3, 6, and 9 pmol doses of ET. 
The 1.5 pmol dose was not used in this series because the 
physiological/behavioral series indicated its relatively low 
level or absence of stimulation. The 18 pmol dose was not 

employed because of its extreme pathophysiological stimula- 
tion and lethality within 20 min, conditions precluding quanti- 
tative application of the [‘4C]deoxyglucose method (requiring 
45 min). 

In the analysis of variance for rates of glucose metabolism 
in individual structures across the treatment groups, each 
structure of the present report produced a significant F-ratio 
that was followed by application of multiple comparison sta- 
tistics (derivation of critical differences) to discern intergroup 
differences. The periventricular caudate nucleus had a 70% 
increase @ < 0.05) and the copula pyramis a 28% increase (p 
< 0.10) in glucose metabolism with the lowest dose of ET 
tested, 3 pmol (Figs. 1, 3, and 4). No other structures demon- 
strated significant stimulation at the 3 pmol ET concentration 
(Table 3) (Figs. l-3). At the 6 pmol dose of ET, which evoked 
convulsive activity (Table 1) and a high degree of physiological 
stimulation (Table 2), the caudate nucleus (Figs. 1 and 4) and 
cerebellar copula pyramis (Figs. 3 and 4) had significant- 
ly elevated metabolic activity (range of 36-65%, p < 0.05) 
(Fig. 4). 

The trend for the other structures analyzed, although not 
statistically significant, was for higher rates of glucose metab- 
olism at the 6 pmol dose (Table 3). At 9 pmol ET, which 
produced strong, consistent convulsive responses (Table l), all 
structures analyzed had substantially increased rates of glu- 

FIG. 2. [‘4C]Deoxyglucose autoradiographs illustrating metabolic responses in the substantia nigra pars reticulata (snr) to lateral ventricular 
injection of (A) saline, (B) 3 pmol ET, (C) 6 pm01 ET, and (D) 9 pmol ET. Rates of glucose metabolism are proportional to the darkness in the 
image. Bar under A = 1 mm. 
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PIG. 3. [“CjDeoxyglucose autoradiographs iilustrating metaboiic responses in the cerebellar cupula pyramis (cp) and inferior oiivary complex 
(io) following lateral ventricular injection of (A) saline, (B) 3 pmol ET, (C) 6 pmol ET, and (D) 9 pmol ET. Rates of glucose metabolism are 
proportional to the darkness in the image. Bar under A = 1 mm. 

case utilization (Table 3; Figs. l-3). The largest increases oc- 
curred in the caudate nucleus and substantia nigra pars reticu- 
lata (about 120%) (Figs. 1, 2, and 4), with slightly weaker 
stimulation in the two subregions of cerebellar cortex (88- 
9O’Ji’o) (Fig. 3), and smaller increases in the optic medial termi- 
nal nucleus (68olo) and inferior olive (47%) (Table 3) (Figs. 2 
and 3). AlI these high metabolic rates produced by 9 pmol ET 
exceeded those of the lower doses, indicating a vigorous dose- 
response effect. 

Metabolic Morphometry 

The periventricular caudate nucleus exhibited stimulated 
rates of glucose metabolism in a homogeneous pattern which, 
by computerized morphometric analysis, proved to be an area 
of consistent dimension with each ET dose (e.g., Fig. 5). 
Whereas saline had no periventricular effect, the three ET 
doses (3, 6, and 9 pmol) displayed similar pixel areas of in- 

creased optical density (i.e., elevated glucose metabolism) 
ranging from 7.2 to 7.7 x Id pm* (range of SE = 1.7-1.9 x 
ld pm3 @ > 0.05). Thus, the numbers of pixels (morpho- 
metrically determined areas) with increased optical density 
were the same between groups, but the optical densities (rates 
of glucose metabolism) were dose related. 

DISCUSSION 

The main finding of this investigation was the identifica- 
tion of a threshold and range of ET doses producing behav- 
ioral, physiological, and cerebral metabolic effects. At the 3 
pmol dose of ET, the arterial PC4 was reduced and the pH 
increased significantly by hyperventilation, barrel rolling, 
torso twisting, and forelimb clonic activity were evident, and a 
hypermetabolic response was manifested in the periventricular 
caudate nucleus. More intense stimulatory effects and a wider 
range of hypermetabolic activity in the brain occurred at the 6 
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FIG. 4. Histograms summarizing the increases in metabolic activity 
at three levels of the neuraxis following lateral ventricular injection of 
ET in the doses shown on the abscissa. Values expressed are the mean 
percent increases from the control (saline) injection (+ SE) in the 
respective structures. The values were calculated by the equation: ‘70 
increase in rate of glucose utilization = [(endothelin ipsilateral re- 
sponse - saline ipsilateral response) i saline ipsilateral response] x 
100. *Significant difference from saline condition @ < 0.05). **Sig- 
nificant difference from 3 and 6 pmol ET conditions (p < 0.05). 

and 9 pmol levels of ICV ET. The 18 pmol dose caused the 
most severe physiological and behavioral responses acutely, 
but was lethal due to arterial hypertension and pulmonary 
edema within 20 min of ICV injection. The results, therefore, 
confirm the preliminary findings of Moser and Pelton (32) 
and Ouchi and colleagues (36). establishing these ICV doses 
of ET as a graded model of peptide-induced brain stimulation, 
physiological activation, and motor convulsions. 

We shall interpret the behavioral and physiological find- 
ings together and with respect to the diversity of metabolic 
stimulation in the brain. We shall also speculate about the 
neural circuit activation that results from ICV injection of ET 
doses between 3 and 9 pmol. 

Behavioral and Physiological Effects of Central ET 

We previously proposed that the barrel-rolling disturbance 
caused by ICV ET involves specifically the visuovestibular 
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and oculomotor systems (12) which a) contain relatively high 
densities of ET receptors (9,24), b) are neurally connected 
with periventricular nuclei of the injected lateral ventricle, and 
c) have selectively stimulated rates of glucose metabolism re- 
vealed by [14C]deoxyglucose autoradiography (12). Confirm- 
ing previous behavioral analyses (32), we found in the present 
work that the threshold for the cerebral response to ET is at 3 
pmol. Compared to the limited cerebral effects of 1.5 pmol 
ET, this dose is associated with barrel rolling, the tonically 
twisted position of the upper trunk, limb clonus, nystagmus, 
exophthalmos, sniffing, and tail rigidity. All of these signs 
were more severe as the ET dose increased above 3 pmol. The 
general behavioral response was consistent with the physiolog- 
ical results, revealing a sympathetically activated animal. 

FIG. 5. Magnified (x 50) image of the periventricular region meta- 
bolically stimulated by lateral ventricular injection of 9 pmol ET. The 
dotted line describes the morphometrically analyzed area of increased 
optical density (increased rates of glucose metabolism) among pixels 
in the stimulated subregion of the caudate nucleus (cn). Other struc- 
tures are the corpus callosum (cc) and lateral septal nucleus (sp). The 
lateral ventricle is the space beneath cc. The position of the image was 
confirmed by overlay with a digitized matching histological section. 
The area of caudate stimulation, approximately 7.5 x 16 pm*, did 
not differ according to dose of ET injected (see the Results section 
and the Metabolic Morphometry section). 
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The present dose-response behavioral findings with ET are 
interesting in comparison to those obtained with other pep- 
tides and amines. The substances listed in Table 4 have a wider 
dose effective range and much higher threshold doses causing 
behavioral stimulation than does ET. By comparison of the 
lowest doses to evoke barrel rotation by ICV injection, ET 
(3 pmol) is more potent than vasopressin by 300 times (22), 
neuropeptide Y by 1000 times (23), somatostatin by 3000 times 
(1,5,8), and cholecystokinin by 8600 times (31). Compared to 
neuroactive amines or their analogs, ET is 2 100 times more 
potent than the glutamatergic agonists, domoic acid, N-meth- 
yl+aspartate (NMDA), cr-amino-3-hydroxy-S-methyl-4-isox- 
azole propionic acid (AMPA), or kainic acid (7). Using barrel 
rotation as the index of central effect, these comparisons 
prove ET as the most powerful neurostimulant yet described 
in vivo . 

Among nine physiological variables assessed, the arterial 
PCOz and pH proved to be the only measurements signifi- 
cantly changed at the 3 pmol dose of ET, the lowest dose 
producing statistically significant physiological effects com- 
pared to the 1.5 pmol dose or saline condition. Previous in- 
vestigators (28,33,34,46) identified that central ET evokes 
systemic sympathetic activation and vasopressin release, prob- 
ably by stimulation of third ventricular hypothalamic struc- 
tures affecting pituitary function and regulating sympathetic 
outflow to the periphery. In a foregoing study, we showed 
that several nuclei of the hypothalamus were metabolically 
stimulated by 9 pmol ET injected into a lateral ventricle (13). 
We speculated that these structures were the neural substrates 
initiating the pituitary and sympathetic responses to ICV ET 
injection (13.14). A key finding was that the distribution of 
Evans blue dye combined in the lateral ventricular ET injec- 
tion penetrated to tissues bordering the third cerebral ventri- 
cle. Therefore, it is likely that ET injected into a lateral ventri- 
cle contacts hypothalamic nuclei bordering the third ventricle 
and initiates an increase in the functional activity of these 

TABLE 4 

COMPARISON OF THRESHOLD INTRAVENTRICULAR DOSES 
OF NEUROACTIVE PEFTIDES AND AMINO ACIDS VS. 
ENDOTHELIN FOR PRODUCING BARREL ROTATION 

Threshold 
Dose Approximate 

Molecular for Barrel Comparison to 
Neuroactive Agents Weight Rotation EndotheIin 

Endothelin 2492 3 pm01 
Peptides 

Vasopressin (25) 1084 920 pm01 3oo:l 
Neuropeptide Y (23) 4212 5 nmol 1ooo:l 
Somatostatin (8) 1638 9 nmol 3@4KJ:l 
Chole-cystokinin (31) 1143 26nmol 9OOO:l 

Amino acids and analogs 
Domoic Acid (7) 311 300 pm01 loo:1 
N-Methyl-D-Aspartate (7) 147 10 nmol 3300: 1 
AMPA (7) 186 10 nmol 3300: 1 
Kainic Acid (7) 213 10 run01 3300: 1 
L-Aspartate* (41) 133 530 nmol 177ooo : 1 
L-Glutamate* (41) 146 580 nmol 193ooo : 1 

References in parentheses. 
*Intracaudate injection. 
AMPA, cY-amino-3-hydroxy-S-methyl4isoxazole propionic acid. 

cell groups that project to the pituitary gland and medulla 
oblongata to influence hormone secretion and sympathetic 
outflow. It is also possible that ET elicits a hyperventilatory 
response by activation of neural efferent projections from 
third ventricular hypothalamic structures to other forebrain 
and brain stem regions involved in systemic physiological reg- 
ulation that were not evaluated in our analyses. 

Cerebral Metabolic Stimulation and Neural Circuit 
Activation by Central ET 

The metabolic investigation revealed the neuroactive ef- 
fects of ventricular ET at three levels of the neuraxis -a) near 
the injection site in the lateral periventricular forebrain (cau- 
date nucleus), b) at the midbrain level likely within a few 
synapses of the source of neural stimulation (substantia nigra 
pars reticulata, medial terminal nucleus of the accessory optic 
tract), and c) in the caudal brain stem and cerebellum, which 
are at polysynaptic distances from the origin of stimulation 
(rostral lamella of inferior olive, paramedian lobule, copula 
pyramis). We have discussed previously that the structures of 
this analysis contain appreciable numbers of ET receptors and 
are anatomically connected (6,13,15), facts that indicate a pos- 
sible intact neural circuit under stimulation from the putative 
origin of ET effect in the periventricular caudate nucleus. 
Inspection of the distribution of dye in the lateral ventricular 
ET injectate proved that it likely penetrated the ipsilateral 
ventricle and the third ventricle, and was carried in the cere- 
bral aqueduct to the level of the pons (15). Having specifically 
measured the rates of blood flow in periventricular structures 
and found no evidence for severe ischemic effects of ET (19), 
we believe that the responses recorded are primarily neural 
rather than vascular-derived effects. We speculate, therefore, 
that ET produces neural stimulation of periventricular struc- 
tures that then transmit the increased activity efferently to 
their respective projection zones. 

We had further hypothesized that the tissue area of meta- 
bolic stimulation within a given periventricular nucleus, such 
as the caudate nucleus, would be enlarged by increasing doses 
of ICV ET. This hypothesis proved to be untrue, however, 
since the region of stimulated tissue was equal for the three 
doses analyzed. However, the metabolic activity of neurons in 
this region was sensitive to ET dose. Thus, an ICV injection 
of ET at any dose appears to affect a consistent periventricular 
sphere of the caudate nucleus, probably by a similar degree of 
tissue diffusion. It appears unlikely that intemeuronal circuits 
within the medial part of the caudate nucleus are metabolically 
activated by ICV ET to a degree detectable by deoxyglucose 
autoradiography. 

A new finding in the present study was the demonstration 
of a dose-response relationship for the rates of glucose metab- 
olism in the six structures analyzed. The metabolic responses 
at each of the submaximal doses, 3 and 6 pmol, were not 
uniform from structure to structure. The caudate nucleus, for 
example, showed significant metabolic stimulation at the 3 
pmol dose, which produced barrel rolling and other convul- 
sions. These observations may indicate importance for the 
caudate nucleus in the neural regulation of the proprioceptive 
and ocuiomotor disturbances related to barrel rolling [previ- 
ous discussion, see (12)]. Balaban and colleagues suggested 
that neuropeptides (e.g., somatostatin, vasopressin) could 
stimulate brain circuits asymmetrically, causing the rat to per- 
ceive an imbalanced equilibrium leading to barrel rolling (2). 
The animal’s effort to correct this imbalance results in symp- 
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toms characteristic of acute vestibulocerebellar dysfunction 
(ataxia, nystagmus, body sway), eventually progressing to bar- 
rel rolling (2). 

Although our foregoing work had identified potent meta- 
bolic responses to ET in all the structures of the present analy- 
sis, the dose-response relationships revealed that the thresh- 
olds for metabolic stimulation in the medial terminal nucleus 
of the accessory optic tract, inferior olivary nucleus (rostra1 
lamella), and paramedian cortex of the cerebellum were above 
6 pmol ET. However, another ET-rich subregion of the cere- 
bellar cortex, the copula pyramis, was sensitive to 3 pmol ET, 
as was the caudate nucleus, which is an ET receptor-poor 
structure (9,21,24). At the 6 to 9 pmol doses of ET, the cau- 
date nucleus and cerebellar copula pyramis were strongly stim- 
ulated, correlating with more vigorous barrel-rolling and other 
convulsive signs. The substantia nigra pars reticulata, moder- 
ate in ET binding (24) and having increased metabolic activity 
across the range of ET doses, is implicated by previous work 
as a relay in several forms of seizure activity (11,29). It ap- 
pears from these various findings that ET receptor density is 
not a prerequisite for sensitivity of metabolic responsiveness 
to centrally injected ET. Neural afferent inputs due to circuit 
activation likely have an important role in establishing local 
rates of tissue glucose metabolism. Previous studies identified 
that the ET-induced stimulatory responses in the brain depend 
on dihydropyridine-sensitive calcium channels (15,33), inhibi- 
tion of ATP-dependent K+ channels opened by nicorandil 
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(33), the A subtype of ET receptor (17), and glutamatergic 
NMDA receptors (6). In a hypothetical mechanism that might 
not be directly related to binding with its own receptors, ET 
may insert its lipophilic tail into the lipid bilayer of neuronal 
membranes (42), possibly affecting cation fluxes that could 
heighten excitability, release excitatory transmitters, and in- 
crease neuronal energy metabolism. 

In conclusion, the present work establishes a basis for in- 
terpreting the cerebral metabolic correlates of behavioral dys- 
function and systemic physiological stimulation produced by 
the centrally injected peptide, ET, at low picomolar doses. 
The results are consistent with speculation that the caudate 
nucleus, substantia nigra pars reticulata, inferior olivary nu- 
clei, and cerebellar cortex are integrated functionally as a stim- 
ulated circuit in the barrel-rolling disorder produced by lateral 
ventricular injection of ET. By comparison with the threshold 
doses of other neuroactive peptides and amino acids evoking 
behavioral and physiological responses upon lateral ventricu- 
lar injection, the findings of the present study reveal ET as the 
most powerful stimulant of the brain yet described. 
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