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livery, as at least some of this behavior is neces- 
sary for the discovery and ingestion of the rein- 
forcer. Finally, on a logical basis, superstition is 
not implied merely because some observed re- 
sponse is not part of an experimental contin- 
gency. Such a definition rests on the premise 
that all behavior is either operant or supersti- 
tious; its use is certain to spuriously reveal su- 
perstitions in all animals in all reinforcement sit- 
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ior, polydipsia, is modulated by the hippo- 
campus [L. D. Devenport, J. Comp. Physiol. 
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8. Female Sprague-Dawley rats weighed about 250 
g at time of surgery. Hippocampal lesions were 
made by placing a No. 1 stainless steel insect pin 
insulated with epoxylite, except for 0.5 mm at 
the tip, at eight sites. With the skull horizontal 
the stereotaxic coordinates were as follows (in 
centimeters); 0.25 posterior to bregma, 9.15 and 
0.25 lateral to the left and right of the midsagit- 
tal suture, 0.34 and 0.30 below the surface of the 
skull. The remaining four lesions were at 0.45 
posterior, 0.45 lateral, 0.7 and 0.36 deep. Anodal 
current (1.5 mA) was passed for 30 seconds at 
each of the four anterior placements and for 40 
seconds at each of the posterior sites. Three ani- 
mals with sham lesions were treated identically, 
but no current was passed. Histological analysis 
(7) revealed lesions that destroyed from 55 to 88 
percent of total hippocampal volume. Extra- 
hippocampal damage was minimal and involved 
the corpus collosum and neocortex overlying 
the dorsal hippocampus. Some thalamic damage 
(lateral nucleus and lateral geniculate) was pres- 
ent in two animals but was unrelated to their be- 
havior, 

9. J. D. Green and A. Arduini, J. Neurophysiol. 
17, 533.(1954). 

10. With the skull horizontal, stereotaxic coordi- 
nates for the 250-g females were 0.85, 0.90, 0.95, 
and 1.0 cm anterior to interaural line. Place- 
ments were made on the midline by gently dis- 
placing the midsagittal sinus. The electrode tip 
was lowered in each case to 0.5 cm below the 
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surface of the skull. Anodal current (1.5 mA) 
was passed for 10 seconds at each site. Two ani- 
mals had sham operations. Histological analysis 
revealed discrete lesions within the medial sep- 
tal nuclei. Laterally, they extended to the border 
of, and in three cases damaged, the medial as- 
pect of the lateral septal nuclei. In two animals 
the lesions extended about 0.5 anterior to the tip 
of the medial nucleus. 
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11. Other research has corroborated this finding (5). 
As it is frequently reported that rats with hippo- 
campal lesions extinguish more slowly than 
shams, this tendency might have a parallel with 
superstitiously maintained responses. Recent 
findings from yoked-control experiments, in 
which the effects of previous response-rein- 
forcer dependencies can be properly compared 
across hippocampal and sham groups, have 
shown that superstitious responses also per- 
severe during extinction. This study also dem- 
onstrated, however, that the perseverative ten- 
dency is attributable to lesion-induced deficits in 
response variability rather than an overall inabil- 
ity to withhold behavior (L. D. Devenport and 
F. A. Holloway, in preparation). 

12. P. E. Gay, Behav. Biol. 20, 534 (1977). 
13. J. E. R. Staddon, in Handbook of Operant Be- 

havior, W. K. Honig and J. E. R. Staddon, Eds. 
(Prentice-Hall, Englewood Cliffs, N.J., 1977). 

14. The findings presented here have now been ob- 
tained with male subjects and variable-interval 
schedules (L. D. Devenport, paper presented at 
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Tex., 3 to 8 January 1979). The rate of supersti- 
tious responses under these conditions was 
more than twice that observed for the fixed-in- 
terval schedule used here. Also, animals with le- 
sions and sham lesions that were trained to bar 
press for pellets on a variable-interval 100-sec- 
ond schedule have been shifted to the same rate 
of response-independent reinforcement. Ani- 
mals with sham lesions stopped responding, but 
those with lesions maintained steady rates (L. 
D. Devenport and F. A. Holloway, in prepara- 
tion). 
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Metabolic Mapping of Ftnctional Activity in the 

Hypothalamo-Neurohypophysial System of the Rat 

Abstract. Physiological stimulation of the hypothalamo-neurohypophysial system 
by salt loading of rats resulted in a dramatically increased glucose utilization in the 
posterior pituitary but not in the paraventricular or supraoptic nuclei. The good cor- 
relation between glucose utilization and neural activity in the posterior pituitary (that 
is, nerve terminals) contrasted with the lack of correlation in the paraventricular and 
supraoptic nuclei (that is, the sites of the cell bodies of the same neurons). This 
difference in the metabolic response to functional activity between the two regions of 
these neurons can be explained by the differences in surface-to-volume ratios of 
these regions. 
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Under most normal circumstances the 
brain is almost entirely dependent on the 
utilization of glucose for its biochemical 
energy (1). Studies with the recently de- 
veloped [4C]deoxyglucose method (2) 
for ~measuring rates of glucose utilization 
in discrete structural and functional com- 
ponents of the central nervous system 
have demonstrated a close correlation 
between levels of local functional activi- 
ty and local glucose utilization (3, 4). Ex- 
perimentally induced increases or de- 
creases in functional activity in specific 
motor and sensory systems resulted in 
corresponding increases or decreases in 
glucose utilization in specific structural 
components of the appropriate pathways 
(3, 4). The mechanisms underlying the 
relationship between functional activity 
and energy metabolism remain, how- 
ever, essentially unknown. In which of 
the cellular compartments are the altera- 
tions of glucose utilization localized- 
glia, perikarya, axons, axonal terminals, 
dendrites? With which of the numerous 
energy-consuming processes is the func- 
tionally related component of energy me- 
tabolism associated-electrical activity; 
ion transport; storage, release, and reup- 
take of neurotransmitters; membrane 
and macromolecular synthesis? 

The mammalian hypothalamo-neu- 
rohypophysial system appears particu- 
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larly appropriate for investigation of 
these questions. It is a neural pathway 
that is anatomically well defined (5-7) 
and can easily be stimulated physiologi- 
cally (8), and its output can be measured 
at a site separate and distinct from that of 
its input. Its perikarya are located in the 
supraoptic and paraventricular nuclei of 
the hypothalamus, whereas its axon ter- 
minals are situated in the posterior pitui- 
tary. We applied the [r4C]deoxyglucose 
method to study the metabolic responses 
of this system to osmotic and pharmaco- 
logical stimulation. The results demon- 
strate that metabolic activity varies with 
functional activity in this system and 
that this relationship is most prominent 
in the axonal terminals of the neural 
pathway. 

The studies were carried out in adult 
male Sprague-Dawley rats weighing 300 
to 400 g. Each animal was prepared for 
the experiment by surgical catheteriza- 
tion of one femoral artery and vein under 
light halothane anesthesia. While still un- 
der anesthesia, the animals were immo- 
bilized by application of a loose-fitting 
plaster cast over the abdominal and pel- 
vic regions, and then at least 2 hours 
were allowed for complete' recovery 
from the effects of anesthesia. The peri- 
od of measurement of glucose utilization 
was initiated by the administration of a 
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pulse of 125 taCi of 2-deoxy-D-[1-14C]- 
glucose per kilogram of body weight 
through the venous catheter and was ter- 
minated by killing the animal with an in- 
travenous injection of sodium pentobar- 
bital 45 minutes later. The brains and 
pituitaries were then removed as rapidly 
as possible, frozen in isopentane chilled 
to -40?C with Dry Ice, and coated with 
chilled embedding medium (Lipshaw 
Manufacturing Co., Detroit). Serial sec- 
tions 20 Atm thick were prepared from 
the frozen tissues in a cryostat main- 
tained at -20?C. The brain was sec- 
tioned coronally through the full extent 
of the supraoptic and paraventricular nu- 
clei. The sections were dried and auto- 
radiographed as previously described 
(2). After autoradiography the sections 
were stained with either cresyl violet or 

Fig. 1. [14C]Deoxyglu- 
cose autoradiographs A 
and stained histolog- 
ical sections of cor- 
onal brain sections 
(left) and pituitary 
sections (right). The 
autoradiographs in 
(A) are characteristic 
of control rats, which 
were allowed to drink 
water freely. The 
photographs in (B) 
illustrate the posi- 
tions of the supra- 
optic (SON) and para- 
ventricular (PVN) nu- 
clei in the brain / 

section shown in (A) 
after cresyl violet 
(Nissl) staining. The 
positions of the pos- 
terior pituitary (PP) 
and anterior pitui- 
tary (AP) are illustrat- 
ed on the right side 
in (B) after toluidine .... 
blue staining. (C) Au- 
toradiographs of brain 
and pituitary typical 
of dehydrated rats, 
which were given 2 
percent NaCl to drink 
for 5 days. Note the 
intense labeling in the 
posterior pituitary, 
without comparable 
change in the SON 
or PVN. (D) Auto- 
radiographs charac- 
teristic of normal rats 
given an intravenous 
injection of an a- 
blocker, phenoxyben- 
zamine (20 mg/kg), 
approximately 45 to 
60 minutes before in- 
jection of ['4C]deoxy- 
glucose. Note the dra- 
matic increase in la- 
beling of the SON, 
PVN, and PP. 
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toluidine blue for histological identifica- 
tion of structures visualized in the auto- 
radiographs. 

Experiments were carried out on three 
groups of six rats each: control rats, 
which had free access to water; dehy- 
drated rats, which were given 2 percent 
NaCl in the drinking water for 5 days be- 
fore the experiment; and pharmacologi- 
cally treated rats, which were injected 
with 20 mg of phenoxybenzamine per 
kilogram of body weight 45 to 60 minutes 
before administration of the ['4C]deoxy- 
glucose. 

Representative autoradiographs ob- 
tained from the three groups are illus- 
trated in Fig. 1. In the brain sections 
from the normal control rats the loci of 
the supraoptic and paraventricular nuclei 
could be clearly identified histologically 

(Fig. lB), but neither could be visualized 
in the autoradiographs (Fig. 1A), in- 
dicating that their rates of glucose utili- 
zation were not detectably different from 
those of the surrounding tissues. The op- 
tical density of the autoradiograph of the 
posterior pituitary was, however, signifi- 
cantly higher than that of the anterior pi- 
tuitary surrounding it (Fig. 1A, right). 

Osmotic stimulation (2 percent NaCl 
administration) caused a marked in- 
crease in the optical density of the poste- 
rior pituitary relative to the anterior pi- 
tuitary (Fig. 1C, right), suggesting in- 
tensely increased glucose utilization in 
association with the high level of func- 
tional activity of the hypothalamo-neu- 
rohypophysial system previously dem- 
onstrated under similar experimental 
conditions by electrophysiological and 
biochemical methods (7, 9). Despite the 
striking response of the posterior pitui- 
tary, however, there was no obvious au- 
toradiographic evidence of any increased 
glucose utilization in the paraventricular 
and supraoptic nuclei during dehydration 
(Fig. 1C). Inasmuch as the increased 
functional activity of the hypothalamo- 
neurohypophysial system elicited by de- 
hydration must have been initiated in the 
hypothalamic nuclei and projected to the 
posterior pituitary, it is surprising that 
evidence of increased glucose utilization 
was found only in the nerve terminals in 
the projection area and not in the peri- 
karya of the pathway in the hypothala- 
mus. It is even more surprising in view of 
the reported fivefold or greater increase 
in protein synthesis in the perikarya of 
the supraoptic nuclei during similar con- 
ditions of dehydration (10). Results simi- 
lar to those illustrated in Fig. 1C were 
obtained when the hypothalamo-neu- 
rophypophysial system was activated by 
hypotension induced by hemorrhage or 
small intravenous doses (1 to 2 mg/kg) of 
phenoxybenzamine. 

There are several possible explana- 
tions for the failure to detect autoradio- 
graphic evidence of increased glucose 
utilization in the supraoptic and para- 
ventricular nuclei under conditions in 
which evidence of metabolic activation 
is clearly and strikingly apparent in their 
projection areas in the posterior pitui- 
tary. One explanation might be that the 
activated perikarya in the nuclei are too 
diffusely distributed for the present spa- 
tial resolution of the [14C]deoxyglucose 
method. This seems unlikely, however, 
in view of the fact that high doses (20 mg/ 
kg) of the a-adrenergic blocking agent 
phenoxybenzamine produce marked in- 
creases in glucose utilization that are 
clearly visible not only in the autoradio- 
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graphs of the posterior pituitary but in 
those of the supraoptic and para- 
ventricular nuclei as well (Fig. ID). In- 
travenous administration of other a-ad- 
renergic blocking agents, such as phen- 
tolamine and yohimbine, produced sim- 
ilar results, whereas /3-adrenergic block- 
ing agents had no such effects (11). 

A more likely explanation for the ap- 
parent discrepancy in the metabolic re- 
sponses of the hypothalamic nuclei and 
their projection areas in the posterior pi- 
tuitary to stimulation by dehydration 
may be in their anatomical properties. 
The surface-to-volume ratios of the 
nerve terminals in the posterior pituitary 
are considerably greater than those of 
the cell bodies in the supraoptic and 
paraventricular nuclei, and equivalent 
impulse activity would therefore be ex- 
pected to lead to greater increases in en- 
ergy metabolism in the nerve terminals 
than in the cell bodies (12, 13). Indeed, 
the energy metabolism of any region may 
represent primarily the metabolic activi- 
ties of the nerve terminals and synaptic 
elements within it. For example, the glu- 
cose utilization in the hypothalamic nu- 
clei may reflect mainly the synaptic input 
and interneuronal activity of these nuclei 
and not its output (that is, the magno- 
cellular neurons' firing rates). Indeed, 
the metabolic activation produced by 
high doses of phenoxybenzamine in the 
supraoptic and paraventricular nuclei 
may be a reflection of increased synaptic 
activity rather than a direct activation of 
the perikarya. There is already evidence 
from studies of the visual system of the 
monkey that it is the neuropil of layer 4 
that has the highest rate of glucose utili- 
zation in the striate cortex and is the por- 
tion most metabolically responsive to al- 
terations in visual input (4). The ex- 
cellent correlation between functional 
activity and glucose utilization in the 
posterior pituitary, which is also com- 
posed primarily of small unmyelinated 
axons and nerve terminals (13), in con- 
trast to the poor correlation in the cell 
bodies of the pathway in the hypothala- 
mic nuclei may represent another ex- 
ample of the same phenomenon. 

On the basis of this reasoning, the 
[14C]deoxyglucose method may provide 
a unique approach for the study of af- 
ferent pathways in the mammalian brain. 
In any neural pathway where the site of 
input (nucleus containing the cell bodies 
and dendrites) and the site of output (re- 
gion containing the nerve terminals) are 
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may be in their anatomical properties. 
The surface-to-volume ratios of the 
nerve terminals in the posterior pituitary 
are considerably greater than those of 
the cell bodies in the supraoptic and 
paraventricular nuclei, and equivalent 
impulse activity would therefore be ex- 
pected to lead to greater increases in en- 
ergy metabolism in the nerve terminals 
than in the cell bodies (12, 13). Indeed, 
the energy metabolism of any region may 
represent primarily the metabolic activi- 
ties of the nerve terminals and synaptic 
elements within it. For example, the glu- 
cose utilization in the hypothalamic nu- 
clei may reflect mainly the synaptic input 
and interneuronal activity of these nuclei 
and not its output (that is, the magno- 
cellular neurons' firing rates). Indeed, 
the metabolic activation produced by 
high doses of phenoxybenzamine in the 
supraoptic and paraventricular nuclei 
may be a reflection of increased synaptic 
activity rather than a direct activation of 
the perikarya. There is already evidence 
from studies of the visual system of the 
monkey that it is the neuropil of layer 4 
that has the highest rate of glucose utili- 
zation in the striate cortex and is the por- 
tion most metabolically responsive to al- 
terations in visual input (4). The ex- 
cellent correlation between functional 
activity and glucose utilization in the 
posterior pituitary, which is also com- 
posed primarily of small unmyelinated 
axons and nerve terminals (13), in con- 
trast to the poor correlation in the cell 
bodies of the pathway in the hypothala- 
mic nuclei may represent another ex- 
ample of the same phenomenon. 

On the basis of this reasoning, the 
[14C]deoxyglucose method may provide 
a unique approach for the study of af- 
ferent pathways in the mammalian brain. 
In any neural pathway where the site of 
input (nucleus containing the cell bodies 
and dendrites) and the site of output (re- 
gion containing the nerve terminals) are 
known, it should be possible to electri- 
cally stimulate specific, putative afferent 
pathways and evaluate whether [14C]- 
deoxyglucose uptake increases at the in- 
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put site. Increased [14C]deoxyglucose 
uptake at the input site would then pro- 
vide evidence for the presence of the af- 
ferent pathway, and evaluation of 
[14C]deoxyglucose uptake changes at the 
output site would provide information on 
whether the specific afferent pathway is 
inhibitory or excitatory. 
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Mailman et al. (1) concluded in the ab- 
stract of their report that their data were 
"evidence that there may be permanent 
neural changes induced by postnatal ex- 
posure to lead that are manifested by 
pharmacological challenge with lithium." 
The report documents that massive oral 
doses of lead administered postnatally 
lead to subsequent enhancement of lith- 
ium-induced polydipsia. Urine osmolal- 
ity was not given so that we have no idea 
of the role of antidiuretic hormone in this 
syndrome. Sodium excretion and free 
water clearance are similarly unre- 
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corded. Moreover, no information is giv- 
en about renal histology or lead content. 
The report documents only that the poly- 
dipsia was not due to changes in the re- 
nin-angiotensin system. 

Acute lead intoxication in the young is 
well known to produce a proximal tubu- 
lar transport defect (2). This could lead 
to proximal renal sodium wasting which 
might show up in the final urine as an in- 
creased sodium supply to the diluting 
segment of the distal nephron or as na- 
triuresis. In either case the polydipsia 
would be the result of lead nephropathy 

corded. Moreover, no information is giv- 
en about renal histology or lead content. 
The report documents only that the poly- 
dipsia was not due to changes in the re- 
nin-angiotensin system. 

Acute lead intoxication in the young is 
well known to produce a proximal tubu- 
lar transport defect (2). This could lead 
to proximal renal sodium wasting which 
might show up in the final urine as an in- 
creased sodium supply to the diluting 
segment of the distal nephron or as na- 
triuresis. In either case the polydipsia 
would be the result of lead nephropathy 

0036-8075/79/0817-0725$00.50/0 Copyright ? 1979 AAAS 0036-8075/79/0817-0725$00.50/0 Copyright ? 1979 AAAS 725 725 


