
pression of this defect may share some Collewjin, B. J .  Winterson, M. F.  W. Dubois, the maze was lowered and the mice were tested 
Science 199, 1351 (1977)l. With the assistance of at each of many lower luminances. 

features with the expression of the reti- J ,  W, Vanable, Jr., we have repeated our optoki- 18. Difference spectra were measured for isolated 
rial sensitivity defect, our results cannot netic nystagmus (OKN) measurements in pearl retinas bathed in NaHC03-buffered Ringer con- 

using partial visual field masking as described in taining 5 mM NH,OH HCI. Wild-type ( N  = 3): 
establish the site of gene action for the the above report. We have observed OKN re- mean change in absorption (+ standard error), 

sensitivity defect. ~h~ fact that the ERG sponses to stimulation in the posterior visual 0.12 + 0.3, A ,,,, 509; pearl ( N  = 4): mean 
field (very infrequent and of the correct sign) change in absorption, 0.16 i 0.3, A ,,,, 503. 

responses are relatively normal while and inverted OKN responses to stimulation in 19. L. B. Russell and M. H. Major, Genetics 4, 658 

ganglion cell sensitivity is reduced im- the anterior visual field. These results are con- (1956). 
sistent with the idea that the optokinetic anoma- 20. R. E.  Cam, H. Ripps, I .  M. Siegel, R. A. Weale, 

plies that the retinal location where sen- ly may be a consequence of abnormal retinofu- Invest. Ophthalmol. 5, 497 (1966); M. U. AI- 
gal projections [see (16)l. pern, M. Holland, N.  Ohiba, J .  Physiol. (Lon- 

sitivit~ is affected lies between the pho- 13, NO differences were found in the overall layer- don) 225, 457 (1972). 
toreceptors and the ganglion cells, H ~ ~ -  ing of the retina or in the density of the cells 21. In performing craniotomies on pearl mice, we 

within the layers, and there was no indication of noticed that the mice have a hemostatic defect 
ever, this affected location may not be photoreceptor loss or damage [see (II)]. (unpublished observation). Prolonged bleeding 
the site of gene action because restora- 14. U. C. Drager, G. W. Balkema, Jr., N. J .  Man- after experimental injury has also been noted for 

gini, L.  H .  Pinto, J. W. Vanable, Jr. ,  Invest. other mouse pigment mutants, and one (pale 
tion of sensitivity is possible in the isolat- Ophthalmol. Vision Sci. Suppl. 19, 252 ears) has been correlated with defective dense 

(1980). granules of platelets [E. K. Novak, S.-W. Hui, ed retina. Our findings in pear' 15. G.  W. Balkema, Jr. ,  and U. C. Driger, ibid., p. R. T. Swank, Blood 57, 38 (1981)l. 
(reduced sensitivity in the dark-adapted 2. 22. H. B. Barlow and W. R. Levick, .I. Physiol. 

16. The association of abnormal retinofugal projec- (London) 200, 1 (1969). 
condition, normal a-wave response, nor- tions with melanin deficit in the retinal pigment 23. W. R. Levick, Med. Biol. Eng. 10, 510 (1972). 
mal concentration of visual pigment, and epithelium has been described for a variety of 24. These values were computed from equations 

mammalian species. For a discussion of this and measurements of photoreceptors in the fol- 
absence of photoreceptor degeneration) phenomenon and additional references see U. lowing sources: A. C. Hardy and F. H. Perrine, 
suggest that this single gene mutation C. Dr&ger and M. Stryker, in Function and Principles of Optics (McGraw-Hill, New York, 

Formation of Neural Systems (Stent, Berlin, 1932); P. A. Liebman and B. Entine, Vision Res. 
(19) may provide a mutant model for 1977), pp. 114 and 118; also A.  C.  Strongin and 8, 761 (1969); L. Carter-Dawson and M. M. 

some forms of human stationary night R. W. Guillery, J .  Neurosci. 1, 1193 (1981); 1. LaVail, J .  Comp. Neurol. 188, 245 (1979). 
Silver and J. Shapiro, J. Comp. Neurol. 202, 521 25. We thank E.  Eicher of the Jackson Laboratory 

blindness (20). (1981). for help with the original screening, A. I. Cohen 
17. Mice were tested in a six-choice swimming (Washington University School of Medicine) for GRANT W. BALKEMA* maze. The maze was white. A piece of black showing us his method of isolating a mouse 

NANCY J .  MANGINI sheet metal was placed against the back wall of retina, and C. Blazynski for measuring the dif- 
one of the six arms of the maze. Only this ference spectra. Supported by NIH grant 

LAWRENCE H. PINTO "dark" compartment contained an escape R01EY02536. 

Department of Biological Sciences, ramp. The position of the black sheet and escape * Present address: Department of Neurobiology, 
ramp was randomly selected for each trial. Mice Harvard Medical School, Boston, Mass. 021 15. 

Purdue University, were conditioned to swim to the dark compart- Requests for reprints should also be sent to this 

West Lafayette, Indiana 47907 ment containing the escape ramp. After condi- address. 
tioning (90 to 100 percent correct responses for 
each of ten consecutive trials) the luminance of 26 April 1982; revised 3 August 1982 
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Fig. 1. Response versus rate of 

was held constant at 10 dB 
above each unit's threshold. 
(A) In a nonselective unit, re- 4 
sponse is independent of the 20 

20 Hz. (D) Response versus 
20 rate of AM for two tuned $ 

units; one unit is tuned to 20 2 
Hz and the other to 50 Hz. In 3 
all of these measurements, the 1 0  20 35 50 80 130 200 10 20 35 50 80 130 200 

depth of modulation was held Rate of amplitude modulation (HZ) 

constant at 100 percent. 

tectum were exposed while the frogs 
were under urethane anesthesia (immer- 
sion in 2.5 percent urethane). The ex- 
posed areas were covered with mineral 
oil and the animals were allowed to re- 
cover. Two days later, they were reanes- 
thetized and d-tubocurarine chloride (6 
kg  per gram of body weight) was injected 
intramuscularly to  minimize any extra- 
neous movements during the subsequent 
recording session. 

Sinusoidally amplitude-modulated 
white noise was generated by multiply- 
ing white noise (Grason-Stadler 455A) 
with the sum of a sinusoidal voltage and 
d-c component (Hewlett-Packard audio 
oscillator 3300A) through a multiplier 
circuit (Analog Devices AD534LD). The 
AM signal was gated (using Grason- 
Stadler 1216A timers and 1287B elec- 
tronic switches) into a 300-msec burst 
with 50-msec rise and fall times and was 
repeated once every second. The stimu- 
lus intensity could be varied by a set of 
audio attenuators (Hewlett-Packard 
350D). The depth of modulation was 
controlled by varying the amplitude of 
the sinusoidal voltage to the multiplier 
circuit. Pure tones were generated by 
passing the output of an audio oscillator 
through the gating and timing system. 
Stimuli were delivered monaurally 
through a closed acoustic system (8j. 
Single auditory fibers in the eighth nerve 
were recorded with micropipettes (20 to 
40 megohms) filled with 3M KC1. In 
recording from single auditory units in 

fied, displayed on an oscilloscope (Tek- 
tronix 564B), broadcast over a loud- 
speaker, counted on-line with a gated 
electronic counter (Hewlett-Packard 
5326B), and stored on a tape recorder 
(TEAC A2340) for off-line analysis on a 
computer (Digital Equipment MINC-11). 

When a single unit was isolated, its 
best excitatory frequency to pure tones 
was first determined. Next, while the 
depth of modulation was held at  100 
percent, the rate of AM was varied from 
10 to 200 Hz,  and thresholds in that 
range were measured (10). With the low- 
est threshold used as  a reference, the 
root mean square (r.m.s.) sound pres- 

I I I 1 I I 
10 20 30 50 80 150 

Rate of amplitude modulation (Hz) 

Fig. 2. Temporal tuning curves of two audi- 
tory units in the torus semicircularis. One unit 
is tuned to 20-Hz AM. and the other to 70-Hz 

the torus semicircularis contralateral to  AM. In all of these m'easurements the stimu- 
the ear being stimulated, we used micro- lus intensity was held constant while the 

pipettes of lower impedance (3 to 20 depth of modulation was varied to maintain a 
threshold criterion. The dashed line below 14 

meghOms) with either 3M KC1 Or Hz indicates that a threshold criterion number 
Percent alcian blue (9). The recording of spikes was not reached. At loo percent 
sites in the torus semicircularis were AM, the signal envelope sinusoidally varies 
verified by iontophoresis of alcian blue from full amplitude to zero amplitude. At 

lower percentages of amplitude modulation, the pipette (with a posi- the amplitude of the modulation envelope 
tive current applied for approximately 5 decreases. Zero percent AM corresponds to 
minutes). Action potentials were ampli- unmodulated white noise. 

sure level was increased by 10 to 20 dB 
and held constant. The number of action 
potentials in response to ten stimulus 
presentations was computed at  various 
rates of AM in the range of 10 to 200 Hz.  
On the basis of this iso-intensity curve, a 
unit was considered temporally selective 
only if the number of spikes at  the least- 
preferred rates was at most 50 percent of 
that recorded at the most-preferred rate. 

According to this criterion for tempo- 
ral selectivity, all of the 114 auditory 
nerve fibers recorded from were nonse- 
lective in their response to  amplitude- 
modulated noise. While the temporal 
periodicity of their clusters of spikes 
changed with modulation rate, the aver- 
age number of spikes did not exhibit a 
significant peak indicative of a preferred 
rate. For  approximately 33 percent of the 
193 midbrain auditory neurons sampled, 
the response magnitude was independent 
of the rate of AM (Fig. 1A). Thus, like 
fibers of the eighth nerve, these units 
were not temporally selective. A smaller 
proportion of the auditory units in the 
torus (10 percent) could be classified as  
temporal high-pass units (Fig. 1B). Their 
distinguishing feature is that their activi- 
ty increased monotonically as  the rate of 
AM was increased. These neurons also 
responded poorly to  bursts of unmodu- 
lated white noise; a phasic response usu- 
ally occurred only at the beginning of a 
noise burst. Conversely, temporal low- 
pass units (16 percent) responded well to 
slow rates of AM but poorly at interme- 
diate or high values (Fig. 1C). In addi- 
tion, temporal low-pass neurons re- 
sponded poorly to  unmodulated white 
noise. Temporal band-suppression units 
(8 percent), like low-pass units, respond- 
ed strongly to slow rates of AM and 
weakly to  intermediate rates. Band-sup- 
pression neurons could be distinguished 
from low-pass units in that their activity 
increased at the higher rates of AM 
(> 100 Hz), and they always responded 
well to unmodulated white noise. 

The most interesting of the temporally 
selective units are those tuned to particu- 
lar rates of AM (11). These neurons 
(approximately 32 percent) responded 
maximally over a narrow range of modu- 
lation rates, whereas lower or higher 
rates were less effective (Fig. ID). The 
temporal selectivities within this last 
class of units could be characterized by 
iso-response temporal tuning curves 
(Fig. 2). These temporal tuning curves 
were constructed in the following man- 
ner. The r.m.s, sound pressure level was 
held at the value used in producing the 
100 percent modulation depth response 
function, and at  each rate of AM, the 
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depth of modulation was increased until 
a threshold criterion was reached (12). 
At the best rate of AM, threshold was 
reached at the smallest depth of modula- 
tion; at lower or higher rates, the depth 
of modulation had to be increased in 
order to maintain a threshold level of 
response (13). In some cases, units 
sharply tuned to a particlllar rate of AM 
were entirely unresponsive to pure 
tones. (Rise and fall times were varied 
from 10 to 50 msec.) 

Since the r.m.s. sound pressure level 
and spectral content of amplitude-modu- 
lated white noise remained constant as 
the rate of modulation was varied, the 
differential selectivity of auditory units 
in the torus is a function only of the 
temporal information in the stimulus (the 
rate at which the amplitude is modulated 
over time). This selectivity was not relat- 
ed in any direct way to a unit's best 
excitatory frequency to tones. Our find- 
ing that some AM tuned units failed to 
respond to pure tones supports the no- 
tion that the response of higher order 
auditory neurons to complex stimuli of- 
ten cannot be predicted on the basis of 
their responses to pure tones alone (14). 

Our results indicate that a transforma- 
tion occurs in the manner in which the 
rate of AM is coded in the anuran's 
peripheral and central nervous systems. 
Unlike auditory nerve fibers, many cen- 
tral auditory neurons respond selectively 
to particular rates of AM. Further stud- 
ies should reveal at what level of the 
auditory system this selectivity first de- 
velops. Similar transformations may un- 
derlie the encoding of other forms of 
temporal information in acoustic signals 
and in other sensory systems. 

GARY ROSE 
ROBERT R. CAPRANICA 

Section of Neurobiology and Behavior, 
Division of Biological Sciences, 
Cornell University, 
Ithaca. New York 14853 
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Free-Running Activity Rhythms in the Rat: 
Entrainment by Melatonin 

Abstract. The pineal gland hormone melatonin may play a role in synchronization 
of rat circadian rhythms. Free-running activity rhythms of the rat were entrained by 
a daily melatonin injection, with entrainment occurring when the onset of activity 
coincided with the time of daily injections. When injections were stopped, activity 
rhythms became free-running again. Thus in pharmacological experiments, the time 
of day of melatonin administration is crucial. 

For more than a decade, it has been 
suggested that the rodent's pineal gland 
is involved in entrainment of daily activi- 
ty rhythms to abrupt shifts in the light- 
dark cycle. Pinealectomized young rats, 
hamsters, and feral mice entrain faster to 
reversals in the lighting schedule than 
rats subjected to a sham operation, 
whereas pinealectomized old rats are 
slower to entrain than controls (I). A 
complete inversion of lighting (180" shift) 
is not necessarily the optimum strategy 
for testing the rate of entrainment. When 
an 8-hour advance of the dark period is 
applied, the entrainment rate of adult 
rats, pinealectomized when young, is 
greatly enhanced (2). Because of meth- 
odological problems in many studies, 
alternative interpretations of findings 
have been suggested (3). We found that 
entrainment is much faster for pinealec- 
tomized adult rats than for controls after 
a 5-hour advance of the dark period (4). 
The mechanism by which the pineal fa- 
cilitates entrainment is not known. 

In our laboratory the effect on free- 

running activity rhythms of substances 
that are produced by or act upon the 
pineal have been investigated. Daily in- 
jections of arginine vasotocin, melano- 
cyte-stimulating hormone, and the p-ad- 
renergic blocker, pihdolol, did not en- 
train free-running activity rhythms. 
Some interference with the expression of 
the free-running rhythm was evident in 
the rats treated with arginine vasotocin. 
However, of particular interest was the 
finding that in three out of four rats the 
free-running activity rhythm was en- 
trained by daily melatonin injectiods (5). 
We now report that daily administration 
of melatonin can entrain free-running 
circadian activity rhythms in the rat. 
This demonstration of entrainment of 
mammalian circadian rhythms by chemi- 
cal means may provide a methodology 
for examining the process by which neu- 
ral signals triggered by light are trans- 
duced into chemical messages that syn- 
chronize internal biological rhythms. 

Twenty Long-Evans male rats (280 to 
340 g) were housed individually in a five- 
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