
presented in this report shows that the 
role of echolocation in the oilbird is the 
detection of relatively large objects. The 
oilbird's sonar system is crude in com- 
parison with those of many insectivorous 
bats. Other animals known to use low fre- 
quency sonar systems include cave 
swiftlets Collocalia and the fruit bat 
Rousettus. Like the oilbird these animals 
echolocate only when the light is too dim 
to permit navigation by vision, and their 
signals are band-limited noises lacking 
systematic frequency modulation. The 
only aspect of echolocation in which 
these species differ radically from the oil- 
bird is their reported ability to detect 
very small objects. Collacalia van- 
ikonensis granti, using frequencies be- 
tween 4.5 and 7.5 kHz, was said to have 
detected wires as thin as 6 mm in diame- 
ter. Similarly, one Rousettus aegyptius 
using perhaps 10 to 12 kHz, avoided 
wires as fine as 0.46 mm in diameter (16). 
It is difficult to reconcile these results 
with our observations of the oilbird (17). 
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were obtained with continuous tones; forebrain 
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times set at 1 msec. Longer durations were used 
for lower frequencies to include more cycles per 
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tentials were amplified with an amplifier (Grass 
P15) and displayed on an oscilloscope (Tektron- 
ix) for voltage measurement. Sound pressure 
level was controlled with a decade attenuator 
and was monitored with a calibrated 12 mm con- 
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(Nagra 111) and a microphone (Sennheiser 
MKH 105) at a tape speed of 39 cm/sec. The 
frequency response of both instruments was 
essentially "flat" from 50 Hz to 20 kHz. Since 
the aviary was on top of a hill and was made of 
fine wire netting, it was largely free of echoes in 
the frequency range involved. 

11. The spectral analysis of sonar clicks was made 
by W. Heiligenberg using a Fast Fourier Trans- 
form program on a computer (PDP 11/40). The 
recordings were played back on the same tape 
recorder at one-half the recording speed. The an- 
alog data were sampled at 50 kHz. 

12. This part of the cave was totally dark at night. 
13. The disks smaller than 20 cm were made of plas- 

tic sheet 6 mm thick. The larger disks, made 
of 6-mm Masonite sheet, were covered with 
plastic tape to reduce sound absorption and 
water damage. 

14. J. A. Simmons, J. Acoust. Soc. Am. 46, 1054 
(1969). 

15. A rough test of aural directionality was made by 
comparing the amplitude of cochlear potentials 
as a function of speaker location. We also 
brought back a dead specimen to our laborato- 
ries in Pasadena for this purpose. The original 
shape of the ear canal and drum was carefully 
restored before these measurements. A curved 
probe tube 1 mm in diameter and 3 cm long was 
inserted through the external meatus so as to 
place its open end in front of the eardrum. The 
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Nerve growth factor (NGF) is a pro- 
tein that is essential for the maturation 
and maintenance of adrenergic neurons 
in sympathetic ganglia (1). The recent 
observations that brain tissue contains 
both NGF (2) and NGF membrane re- 
ceptors (3) suggest that NGF may play 
an important role in central nervous sys- 
tem (CNS) function [reviewed in (4)]. 
We have found that administration of 
thyroid hormone to adult male mice sig- 
nificantly increases NGF content and 
concentration in submaxillary gland and 
liver (5). Because thyroid hormones af- 

Table 1. Body and thyroid gland weights in 
control, PTU-treated, and T4-treated adult 
male mice. Each value is the mean ? S.E. 
(N = 10). 

Thyroid 
Body weight 

Group weight (mg per 
(g) 100 g body 

weight) 

Control 38.2 + 1.4 7.6 + 0.8 
PTU-treated 36.8 ? 1.2 41.8 + 2.7* 
T4-treated 42.5 + 1.9 7.2 + 0.6 

*Significantly different from controls at P < .001. 
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tube was connected through an adapter to a cali- 
brated 12-mm condenser microphone (B & K). 
Sound level was measured with a wave analyzer 
as a function of speaker location. A special de- 
vice was used to move a 5-cm speaker around 
the bird's head as described by E. I. Knudsen, 
M. Konishi, and J. D. Pettigrew [Science 198, 
1278 (1977)]. The results show little direction- 
ality for frequencies lower than 4 kHz and some 
location-dependent irregularities in sound level 
at 6 kHz. 

16. D. R. Griffin and R. A. Suthers, Biol. Bull. 139, 
495 (1970). 

17. The sonar signal of Rousettus contains frequen- 
cies from about 10 kHz to about 50 to 60 kHz [G. 
Sales and D. Pye, Ultrasonic Communication by 
Animals (Wiley, New York, 1974)]. There is 
some disagreement as to its hearing range; in R. 
aegyptius, A. M. Brown [J. Comp. Physiol. 83, 
407 (1973)] found that auditory sensitivity is 
maximum at 11 to 12 kHz, and declines sharply 
on both sides of that range, while A. D. Grinnell 
and S. Hagiwara [Z. Vergl. Physiol. 76, 82 
(1972)] found a broad response range from 10 to 
100 kHz in R. amplexicaudatus. 
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fect brain growth and maturation in 
postnatal rodents (6, 7), we conducted a 
study in adult male mice to examine the 
possibility that thyroid hormones affect 
NGF in the mature CNS, using a recent- 
ly developed specific and highly sensi- 
tive radioimmunoassay (RIA) for the bi- 
ologically active ,8-subunit of NGF. 
J The /3-NGF was purified by the meth- 
od of Mobley et al. (8) and was used as 
both iodination and reference prepara- 
tions. The antiserum to 2.5S NGF used 
in this study was provided by H. Hersch- 
man. The sensitivity of the RIA is 13 pg 
per assay tube with an intraassay coeffi- 
cient of variation of 7 percent. Of the 
substances tested for immunological 
cross-reactivity (9), only mouse epider- 
mal growth factor produced significant 
displacement (11 percent at a dose of 100 
,/g/ml). Parallel labeled ligand dis- 
placement was observed for all tissues 
studied, including brain. 

Three groups of ten adult male Swiss- 
Webster mice were used. One group 
served as controls; the second was 
treated with 12 daily intraperitoneal in- 
jections of 25 ,ug of L-thyroxine (T4); the 
third group received 0.05 percent propyl- 
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Thyroxine Increases Nerve Growth Factor Concentration 

in Adult Mouse Brain 

Abstract. The effects of thyroxine and propylthiouracil on nerve growth factor con- 
centrations in cerebral cortex, cerebellum, and brainstem of adult male mice were 
assessed by using a sensitive radioimmunoassay for the f3-subunit of mouse nerve 
growth factor. Thyroxine administration significantly increased the concentration of 
nerve growth factor in all three brain areas compared to control values, whereas 
propylthiouracil was without effect. These results suggest that thyroid hormones 
stimulate nerve growth factor synthesis in the mature central nervous system, and 
raise the possibility that the influence of thyroid hormones on central nervous system 
development might be mediated or influenced by nerve growth factor. 
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Table 2. Nerve growth factor content in cerebral cortex, cerebellum, and brainstem of adult 
male mice. Each value is the mean + S.E. (N = 10). The F ratios were highly significant for all 
three brain areas. Significance levels for the multiple comparisons by t-tests after logarithmic 
transformation of the data were corrected for the number of tests performed (27). 

NGF content (ng) 
Group 

Cortex Cerebellum Brainstem 

Control 0.94 + 0.08 0.40 + 0.03 0.46 ? 0.13 
PTU-treated 1.21 ? 0.14 0.44 + 0.03 0.55 + 0.07 
T4-treated 3.78 + 0.77* 0.78 + 0.13t 2.20 ? 0.58* 

*Significantly different from controls at P < .001. tSignificantly different from controls at P < .01. 

thiouracil (PTU) in the drinking water for 
21 days. All animals had free access to 
mouse laboratory chow. 

When each animal was killed, the 
brain was removed immediately and the 
cerebral cortex, cerebellum, and brain- 
stem were dissected on ice. Tissues were 
homogenized in ten volumes of 0.05M 
phosphate-buffered saline, pH 7.2, and 
were centrifuged at 25,000g for 40 min- 
utes at 4?C. Supernatants from all tissue 
preparations were assayed for NGF con- 
centration at two dilutions in the same 
RIA run. Supernatant protein concentra- 
tions were determined by the Folin phe- 
nol method of Lowry et al. (10), using 
bovine serum albumin as the standard. 
Statistical analyses were performed by 
one-way analysis of variance (11) and 
Student's two-tailed t-test. 

No significant differences were noted 
in body weights among the three groups 
of animals (Table 1). Thyroid gland 
weights, however, were significantly in- 
creased in the PTU-treated animals com- 
pared to control mice (a mean increase of 
550 percent). The lack of a significant dif- 
ference in thyroid gland weights between 
the control and T4-treated mice was pre- 
sumably related to the relatively short 
period of exposure to T4. 

Baseline NGF concentrations were 
similar in all three brain areas of the con- 
trol animals (Fig. 1). The T4 treatment re- 
sulted in a consistent and significant in- 
crease in both NGF content (Table 2) 
and concentration (Fig. 1) in cerebral 
cortex, cerebellum, and brainstem tis- 
sues of adult male mice. Whether this in- 
creased NGF is due to increased produc- 
tion or decreased catabolism is not en- 
tirely clear. The observation that sys- 
temically administered 125I-labeled NGF 
does not accumulate in brain tissue 
(12) supports the view that the increased 
brain NGF after thyroxine treatment is 
the result of local factors, and suggests 
increased NGF synthesis. The possi- 
bility of decreased catabolism, however, 
cannot be excluded. 

The failure of PTU to produce signifi- 
cant alterations in either NGF content or 
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concentration may be due to the failure 
to produce complete biochemical hypo- 
thyroidism or the limited duration of the 
hypothyroidism. At the dosage and route 
of administration employed in this study, 
PTU has been shown to produce bio- 
chemical hypothyroidism in rats (13). Al- 
though our mice were definitely goitrous 
and clinically hypothyroid, it is possible 
that sufficient thyroid hormones were 
available for normal NGF metabolism. 
Ishii and Shooter (14) showed that in 
castrated adult male mice the sub- 
maxillary gland NGF concentration de- 
creased with a half-life of 6 to 8 days and 
was readily restored by administration of 
testosterone. Thus, it is possible that the 
time required to induce severe hypothy- 
roidism, in addition to the duration of the 
disappearance half-life of tissue NGF, 
was insufficient, in our study, to alter the 
NGF content of the tissues examined. 
Consonant with this possibility is the 
failure of the PTU-treated animals to 
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Fig. 1. Nerve growth factor concentration in 
cerebral cortex, cerebellum, and brainstem of 
adult male mice. Bars indicate mean + stan- 
dard error (S.E.). The F ratios were highly 
significant for all three brain areas. Signifi- 
cance levels for the multiple comparisons by 
t-tests, after logarithmic transformation of 
the data, were corrected for the number of 
tests performed (27). The P levels for the tis- 
sues when corrected in this manner were: cor- 
tex, P < .002; cerebellum, P < .003; and 
brainstem, P < .001. (All levels of signifi- 
cance are for T4-treated compared to control 
mice.) No statistically significant differences 
were noted for PTU-treated compared to con- 
trol mice. 

lose a significant amount of weight 
(Table 1). 

The role of NGF in the CNS is of con- 
siderable interest. If adult rats bearing a 
transplanted iris (tissue that is normally 
supplied with sympathetic nerve fibers) 
in a lesion of the dorsal noradrenergic 
bundle are given intraventricular or in- 
tracerebral injections of NGF, axonal re- 
generation in the lesion is accelerated 
(15). Moreover, this accelerated regener- 
ation can be inhibited by intracerebral in- 
jection of NGF antiserum at the time of 
iris implantation (15). A similar effect of 
NGF was observed when the severed 
optic nerve of the newt was used as a 
model for CNS neuronal regeneration 
(16). In addition, NGF accelerates re- 
covery in rats following lesions in the lat- 
eral hypothalamus (17). Administration 
of triiodothyronine (T:,), the active metab- 
olite of T4 (18), has also been shown to 
accelerate axonal regeneration in the 
cerebrum of lesioned adult rats. Further- 
more, T3 appears to be selectively con- 
centrated in adrenergic nerve terminals 
(19). The present demonstration of an in- 
teraction between thyroid hormones and 
NGF in the mature mouse brain suggests 
that the thyroid hormone acceleration of 
axonal regeneration in the brain of le- 
sioned animals may be mediated through 
NGF. 

The mechanism of the interaction be- 
tween thyroid hormones and NGF is not 
known. Thyroid hormones act at the cel- 
lular level by binding to specific high-af- 
finity, low-capacity nuclear binding 
sites, followed by induction of specific 
RNA polymerase activity and protein 
synthesis (20). By contrast, NGF inter- 
acts initially with membrane receptors 
(3), and this is followed by its inter- 
nalization and retrograde axonal trans- 
port to the neuronal cell body (21). The 
fact that 125'-labeled NGF covalently 
bound to horseradish peroxidase is also 
internalized (22) suggests an interaction 
between NGF and membrane-associated 
microtubules (23). Microtubule forma- 
tion may be important in axonal genera- 
tion and neuronal spatial orientation (7), 
two major histological deficiencies in 
brain tissue of thyroid-deficient infant 
rats. 

These observations and our data sug- 
gest that thyroid hormones may exert 
their control effect on CNS development 
by way of NGF. In support of this possi- 
bility, a role for thyroid hormones in the 
induction of an initiating factor for mi- 
crotubule assembly in brain has been 
suggested (24), and we have shown (un- 
published data) that NGF interacts with 
tubulin to promote microtubule polymer- 
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ization (23). The observations reported 
here, taken with earlier results, support 
the hypothesis that in immature animals, 
thyroid hormones and NGF interact at 
the cellular level to promote microtubule 
formation, axonogenesis, and possibly 
synaptogenesis (7, 23, 25). In the adult ani- 
mal, such an interaction may be of im- 
portance for synaptic transmission and 
translocation of molecules across the cell 
membrane, possibly by the induction of 
a phosphatidylinositol effect (26) at the 
cell membrane. 
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males and the pattern preferred by fe- 
males are genetically coupled; inter- 
specific hybrid males have songs that dif- 
fer from either of the parental types, and 
hybrid females prefer these hybrid songs 
(5). (ii) Song production and song recog- 
nition vary in similar ways with temper- 
ature; females prefer the songs of males 
that are singing at the same temperature 
at which they are listening (8). An ex- 
treme version of the hypothesis of over- 
lap between the neural substrates for 
song production and recognition is that 
the template in the female (who does not 
sing) consists of an internal copy of call- 
ing song, produced by the same neural 
machinery responsible for song pattern 
production in the male. We now present 
evidence that argues against this extreme 
view. 

The calling song of Teleogryllus oce- 
anicus consists of a series of sound puls- 
es separated by three distinct classes of 
interpulse intervals, arranged in a repeat- 
ing stereotyped sequence (Fig. 1, A, B, 
and E). The repeating unit (phrase) of the 
song (Fig. 1A) can be described as a 
string of four intrachirp intervals fol- 
lowed by nine pairs of alternating inter- 
and intratrill intervals, followed by an 
additional intertrill interval, all of the in- 
tervals being separated by sound pulses 
(11). We reasoned that if female T. oce- 
anicus recognize their species calling 
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