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Over the years work from a number of 
laboratories has suggested a role for 
cholecystokinin (CCK) as a satiety fac- 
tor, perhaps through some type of nega- 
tive signal from the gastrointestinal tract 
(/). A more direct role for CCK as a neu- 
roregulator has been suggested by the 
observation that CCK peptides are not 
restricted to the gut but are found in the 
brain and appear to be localized in cor- 
tical neurons (2). Mice that are genetical- 
ly obese (oh/ob) are known to have vora- 
cious appetites and seem likely can- 
didates to manifest abnormalities in 
brain CCK. We now report a comparison 
of the concentrations of immunoreactive 
CCK in extracts of the cerebral cortex of 
ob/oh mice, their nonobese littermates, 
and normal mice of another genetic 
strain. 

A heterozygote breeding pair of the 
C57BL/6J strain was obtained from Jack- 
son Laboratory, Bar Harbor, Maine. 
The mice were bred for two successive 
generations in our laboratory, and the 
ob/oh mice and their nonobese litter- 
mates were killed when they were be- 
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Fig. 1. Scattergram of the concentrations of 
immunoreactive CCK in extracts of the cere- 
bral cortex of obloh mice, their nonobese lit- 
termates, and normal mice. 
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31. A supermaximal concentration of octopamine 
was used in the additivity experiments in order 
to avoid a partial antagonism of octopamine by 
norepinephrine, which can occur when [norepi- 
nephrine] >> [octopamine] (9). 

32. I thank Edward Hunnicutt for technical assist- 
ance. This research was supported in part by a 
grant from the National Reye's Syndrome 
Foundation. 
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tween 6 and 9 months of age. Normal 
LAFi mice had been bred in our labora- 
tory for several years. The mice were 
killed with lethal doses of sodium pento- 
barbital. The entire brains were re- 
moved, hemisected in the sagittal plane, 
and immediately frozen on Dry Ice and 
stored at -70?C until extracted. While 
still frozen the right half of each brain 
was added to 0.1N HC1 to produce a 
concentration of 0.1 g of tissue (wet 
weight) per milliliter. The extraction so- 
lution was boiled for 3 minutes. The tis- 
sue was then homogenized in the extrac- 
tion solution with a Teflon tissue grinder. 
The immunoreactive CCK content of the 
extracts was determined by a radioim- 
munoassay system described previously 
(2) in which the cross-reactivities of 
CCK and its COOH-terminal octapep- 
tide (CCK-8) are virtually identical on a 
molar basis. 

The mean body weights (+ standard 
error) of the ob/ob mice, their lean litter- 
mates, and the LAFi mice were 69 ? 2, 
30 ? 1, and 28 + 4 g, respectively. The 
distribution of the concentrations of im- 
munoreactive CCK in brain extracts of 
these three groups of animals is shown 
in Fig. 1. The mean concentrations (+ 
standard error) were 0.05 ? 0.02, 0.15 
? 0.01, and 0.20 ? 0.01 ptg of CCK-8, 
respectively, per gram of tissue (wet 
weight). There was no difference in brain 
weight among the three groups. There- 
fore, the immunoreactive CCK content 
of the brains of the oh/oh mice averaged 
only about one-third that of their non- 
obese littermates and one-fourth that of 
other normal mice. 

More than a decade ago Schally and 
associates (/) demonstrated that intra- 
venous and subcutaneous injection of 
"enterogastrone," a preparation now 
known to be rich in CCK, caused re- 
duced food intake in mice, whereas glu- 
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Cholecystokinin in the Brains of Obese and Nonobese Mice 

Abstract. Extracts of the cerebral cortex of genetically obese (ob/ob) mice with 
hyperphagia containi 0.05 ? 0.02 microgram (mean ? standard error) of cholecys- 
tokinin octapeptide equivalent per gram of wet weight compared to 0.15 + 0.01 mi- 
crogram per gram for their nonobese littermates and 0.20 ? 0.01 microgram per 
gram for normal LAF1 mice. These findings are suggestive of a causal relation be- 
tween the diminished brain immnoireactive cholecystokinin content and the unre- 
strainecd appetite of the obese mice. 
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cagon, secretin, glucose, and bovine 
serum albumin, similarly administered, 
did not. Subsequently several groups 
have shown that intravenous or intra- 
peritoneal administration of purified 
CCK or CCK-8, or both, can elicit sa- 
tiety-like behavior in several animal spe- 
cies (1). However, the doses adminis- 
tered were so large that they resulted in 
circulating levels likely to be in excess of 
those occurring postprandially. 

It has long been appreciated that dam- 
age to the ventromedial hypothalamus 
results in hyperphagia and obesity. Thus 
if CCK were to be involved in control of 
appetite by the ventromedial hypothala- 
mus one would expect that it would be 
more effective from intracranial than 
from peripheral sources. The observa- 
tions in rats of Stern et al. (3), that intra- 
ventricular caerulein (a sulfated deca- 
peptide with seven amino acids in com- 
mon with CCK-8) was more effective in 

limiting eating than was systemic caeru- 
lein, and of Maddison (4), that the oper- 
ant response to food was modulated with 
intracranial doses tenfold smaller than 
intraperitoneal doses, are consistent 
with this expectation. 

The current study unequivocally dem- 
onstrates that oblob mice who manifest 
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Using echolocation, insectivorous 
bats are able to hunt flying insects in to- 
tal darkness by producing a series of 
stereotyped biosonar signals and listen- 
ing to echoes (1). In the cochlea of the 
bat's inner ear, echoes are converted in- 
to the activity of spiral ganglion cells 
(cochlear nerve fibers), whose discharge 
rates depend on signal amplitude and fre- 
quency and whose short recovery cycles 
enable them to follow acoustic events 
occurring at a rate of up to 3000 to 4000 
per second in stimulus-locked (or phase- 
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hyperphagia have a strikingly lower 
cerebral cortical content of CCK than 
their lean littermates and other normal 
mice. It suggests, further, that the lower 
amount of CCK in the brain may be 
causally related to the unrestrained ap- 
petite of these mice. Whether the defi- 
ciency of CCK is restricted to the brain 
or occurs also in the gut of the oblob 
mice has yet to be determined. 
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locked) fashion (2). All the information 
available for echolocation is contained, 
therefore, in the activity of these periph- 
eral neurons. Higher auditory nuclei in 
the brain then process the echo informa- 
tion, sorting out for analysis such param- 
eters as relative target velocity (3), size 
(4), and location (5). 

For target ranging, bats analyze the 
delay between the emitted pulse and re- 
turning echo (6), so the responses of neu- 
rons to paired stimuli of differing delays 
(that is, recovery cycles) have been stud- 
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ied to explore neural mechanisms for 
processing information about target 
range. Spiral ganglion cells respond to 
both the emitted pulse and the echo even 
from a target at a very short range (2). In 
the lateral lemniscus and inferior collicu- 
lus, this stimulus-locked response is pre- 
served not only by a group of tonic neu- 
rons, but also by a group of phasic neu- 
rons, which act essentially as reliable 
event markers for target ranging (2, 7- 
10). In contrast, many other inferior col- 
licular neurons have significantly dif- 
ferent recovery cycles (2, 7, 8) and have 
been categorized into six types: unde- 
layed short and medium suppression, un- 
delayed long inhibition, delayed inhibi- 
tion, temporary recovery, and facilita- 
tion. Any of the first five types were also 
included in the sixth category when they 
showed facilitation (II). There is thus a 
broad spectrum of recovery cycles in the 
population as a whole. On the basis of 
these neurophysiological data, Suga and 
Schlegel (7) proposed a model for target 
ranging that consisted of three levels 
containing (i) tonic on-responding neu- 
rons with short recovery cycles, (ii) 
phasic on-responding neurons with a 
broad spectrum of recovery cycles, and 
(iii) neurons tuned to echoes with specif- 
ic delays. Neurons somewhat com- 
parable to those in the third group, but 
much more fascinating, have recently 
been found in the intercollicular nucleus 
(12) and the auditory cortex (13). In this 
report we present some of the extensive 
data from the mustache bat, Pteronotus 
parnellii rubiginosus (14), demonstrating 
neural mechanisms for encoding or pro- 
cessing range information. 

The mustache bat produces biosonar 
signals (called pulses), each consisting of 
a long constant-frequency (CF) com- 
ponent followed by a short frequency- 
modulated (FM) component (Fig. 1A). 
Each component often contains four har- 
monics (H1_4). Therefore, in total there 
are eight definable components in each 
pulse (CFi_4; FM,_4). When the bat is 
not compensating for a Doppler shift, the 
CFi of the first harmonic (H,) is 30 to 31 
kHz, and its FMi sweeps down from the 
CF frequency by 5 to 6 kHz. The second 
harmonic (H2) is always predominant in 
the orientation sound (3, 15-18) and is 
used for an acoustic behavior called 
Doppler shift compensation (18). The du- 
ration and repetition rate of sound emis- 
sion systematically vary in a target-ori- 
ented flight. When the mustache bat is 
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ented flight. When the mustache bat is 
hunting but has not detected a target 
(search phase), pulses are about 20 to 30 
msec in duration and are repeated rough- 
ly five to ten times per second. When the 
bat detects a target and approaches it, 
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Target Range-Sensitive Neurons in the Auditory 
Cortex of the Mustache Bat 

Abstract. Echolocating bats determine distance to targets by the tine delay be- 
twveen their emitted biosonar pulses and the returning echoes. By varying the delay 
between synthetic pulses and echoes in stimulus pairs at various repetition rates and 
durations, neurons have been found in the atuditory cortex of the mustache bat 
(Pteronotus parnellii rubiginosus) which are sensitive to target range during the 
search, approach, and terminal phases of prey capture or landing. Twvo classes of 
range-sensitive neurons were foiund: (i) tracking neurons, whose best delay for re- 
sponse to an echo following the emitted pulse becomes shorter and narrower as the 
bat closes in on the target, and (ii) range-tuned neurons, whose best delay is con- 
stant, and wvhich respond to the target only when it is within a certain narrow fixed 
range. Range-tuned neurons are specialized for processing echoes only during a 
particular period of the search, approach, or terminal phases of echolocation, and 
they provide support for a theory of ranging in bats that incorporates groups of 
neurons with a spectrlum of preferred echo delays to detect target distance. 
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