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Abstract 

The suprachiasmatic nuclei (SCN) of the hypothalamus are necessary for the persistence of free 
running circadian activity rhythms in house sparrows. Suprachiasmatic lesions abolish circadian 
locomotor rhythms in constant darkness. The locomotor activity of lesioned sparrows was analyzed 
with two different power spectral analysis methods and was found to be arrhythmic. There was a 
weak correlation between the extent of damage to the SCN and the relative amplitude of the power 
spectral density in the circadian frequency range. In light-dark cycles (LD 12:12), the locomotor 
behavior of lesioned sparrows was rhythmic and similar to that of intact birds. However, entrainment 
was disrupted in SCN-lesioned sparrows exposed to a short photoperiod light cycle (LD 1:24). 

These results demonstrate that the SCN are crucial for the generation of overt circadian 
rhythmicity in birds. The fact that SCN lesions abolish circadian rhythms in sparrows and several 
mammalian species suggests that vertebrate circadian organization may be based on differentially 
weighted interactions among the pineal, the SCN, and perhaps other brain regions. 

The pineal gland plays a major role in the circadian 
organization of passerine birds (Takahashi and Menaker, 
1979a). Removal of the pineal eliminates the persistence 
of free running locomotor rhythms (Gaston and Menaker, 
1968; Gaston, 1971; McMillan, 1972), transplantation of 
pineal tissue restores rhythmicity in arrhythmic pine- 
alectomized hosts (Zimmerman and Menaker, 1975; Men- 
aker and Zimmerman, 1976), and the restored rhythm 
bears the phase of the donor (Zimmerman and Menaker, 
1979). The reconstitution of free running rhythms and 
the transfer of phase information in transplant recipients 
provide the strongest evidence available that the pineal 
acts as a dominant pacemaker within the circadian sys- 
tem of the house sparrow. 
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Although the pineal is necessary for the persistence of 
rhythmicity in constant conditions, two observations 
clearly show that oscillatory components remain in 
pinealectomized sparrows. First, the locomotor activity 
of pinealectomized birds can be entrained to light-dark 
cycles. Second, there is a transient oscillation of the 
locomotor activity which decays and gradually ap- 
proaches aperiodicity after transfer from a light cycle to 
constant darkness (Gaston and Menaker, 1968; Gaston, 
1971). The synchronization of the rhythm to light cycles 
and the transient persistence of rhythmicity in constant 
conditions demonstrate that an entrainable component 
that behaves as a damped oscillator remains after pineal 
removal (however, see Takahashi and Menaker, 1982). 
These observations make it clear that structures other 
than the pineal are involved in the circadian system of 
sparrows. The identity of these components is unknown. 

In mammals, the suprachiasmatic nuclei (SCN) of the 
hypothalamus are necessary for the maintenance of cir- 
cadian rhythmicity (Moore, 1978; Rusak and Zucker, 
1979). Lesions that destroy these nuclei abolish a variety 
of physiological and behavioral rhythms in several ro- 
dents (Moore and Eichler, 1972; Stephan and Zucker, 
1972; Moore and Klein, 1974; Stetson and Watson-Whit- 
myre, 1976; Rusak, 1977; Ibuka et al., 1977; Brown-Grant 
and Raisman, 1977). Such lesions, which interrupt retinal 
input to the hypothalamus (Moore and Lenn, 1972; 
Hendrickson et al., 1972; Eichler and Moore, 1974), also 
severely disrupt entrainment to light-dark cycles in ro- 
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dents. These results and especially those of Inouye and 
Kawamura (1979) and Schwartz et al. (1980) demonstrate 
that the SCN are crucial elements and suggest that the 
SCN may act as a pacemaker in the mammalian circadian 
system. 

A homologue of the mammalian SCN has been de- 
scribed in the house sparrow, Passer domesticus (Crosby 
and Woodburne, 1940; Crosby and Showers, 1969). There 
is also evidence for a direct retinal projection to the SCN 
in P. domesticus (Hartwig, 1974) and other avian species 
(Meier, 1973; Bons, 1976). In view of the anatomical 
similarities of the SCN in birds and mammals, we spec- 
ulated that functional similarities also might exist. In- 
deed, this appears to be correct. Our results demonstrate 
that the SCN of the house sparrow are necessary for the 
expression of endogenous circadian rhythmicity in con- 
stant darkness. Since the pineal organ is known to play 
a dominant role in the circadian system of this species, 
our new results have important implications concerning 
the organization of avian circadian systems. 

Materials and Methods 

Animals 

House sparrows (Passer domesticus) of both sexes 
were trapped in the vicinity of Austin, TX and held in 
outdoor aviaries until use. The birds were given fresh 
water and a mixture of millet, Purina Layena, and grit. 

Locomotor recording 

Experimental birds were housed singly in light-tight 
wooden boxes. Remotely controlled fluorescent lamps (4- 
W cool white, Ken-Rad P4T5) in the top of each box 
provided a light intensity of approximately 50 lux on the 
cage floor. Because sparrows are susceptible to social 
entrainment by sound (Menaker and Eskin, 1966), the 
recording boxes were acoustically isolated from each 
other by providing the room with a constant background 
of random noise of 92 dB. Food (millet, Purina Layena, 
and grit) and water were available continuously. 

Each box contained a double breeder bird cage 
equipped with two perches attached to microswitches 
wired in parallel. The switches from each recording cage 
were connected to an interface that was activated by a 
switch transition. The quantity of lo-set intervals during 
which more than one switch transition occurred was 
counted and summed every 10 min by a Control Data 
160-A computer. For each lo-min bin, there was a maxi- 
mum of 60 lo-set intervals during which activity could 
have occurred, yielding a high frequency cutoff for the 
collection system of 0.1 event set-‘. The counts for each 
lo-min bin were collected for 216 locomotor recording 
channels and punched on paper tape. Data recorded on 
paper tape were subsequently transferred to magnetic 
tape from which they could be retrieved and analyzed by 
computer. For visual display, time series of locomotor 
data were computer-plotted to simulate Esterline Angus 
event recorder actographs. 

Stereotaxic procedures 

Sparrows were anesthetized with a solution of sodium 
pentobarbital (1:5 dilution of Nembutal with sterile wa- 
ter) injected into the pectoral muscle at a dose of 40 mg/ 

kg. Birds were placed into a David Kopf 900 stereotaxic 
instrument equipped with rat ear bars and a mouse 
incisor bar. The ear bars were inserted into the external 
auditory canals and the beak was held at an angle 30” 
below horizontal (beak bar position: anterior, 16.8 mm; 
ventral, 9.8 mm from ear bar zero). The feathers from 
the top of the head were plucked and a midsagittal 
incision was made to expose the skull. The electrode 
position was marked and a small hole was drilled through 
the skull exposing the midsagittal sinus. The middle of 
the sinus was used as the zero point for the lateral 
stereotaxic dimension. The dura was pierced on either 
side of the sinus and the electrode was lowered slowly to 
the desired depth. Coordinates for the SCN determined 
relative to the ear bars were: anterior, 2.1 mm; lateral, 
+0.5 mm; and dorsal, 3.3 mm. Because the SCN of the 
sparrow are approximately 1.0 mm apart, it was necessary 
to make bilateral lesions in order to destroy both nuclei. 
Lesions were made with a Grass LM-3 lesion maker using 
a No. 1 stainless steel insect pin coated with Insl-X with 
about 0.5 mm of the tip exposed. Radiofrequency current 
(25 to 35 mA) was passed for 30 to 60 sec. For sham 
operations, the electrode was lowered, but no current was 
applied. The electrode then was withdrawn and a similar 
lesion was placed on the contralateral side. A piece of 
Gelfoam was placed into the hole and the scalp was 
sutured together. After recovery from anesthesia, birds 
were returned to their experimental cages immediately. 

In later experiments (see “DD lesion group”), a David 
Kopf 1730 stereotaxic instrument with rat ear bars and 
a pigeon beak bar was used. The beak was held at an 
angle 45” below horizontal (anterior, 8.5 mm; ventral, 8.5 
mm from ear bar zero). Coordinates for the SCN deter- 
mined relative to the ear bars were: anterior, 3.4 mm; 
lateral, +0.5 mm; and dorsal, 2.6 mm. Radiofrequency 
lesions were made with a Grass LM-3 lesion maker using 
a Rhodes Medical Instruments electrode (RNEX-300). 
Current (25 to 35 mA) was applied for at least 60 sec. 
Other surgical procedures were the same as those de- 
scribed above. 

Histology 

At the end of each experiment, the birds were anesthe- 
tized with Nembutal (80 mg/kg) and perfused transcar- 
dially with 0.75% saline and 10% neutral buffered for- 
malin. The brain was removed and fixed in 10% formalin 
for at least 3 days. After fixation, the brains were trans- 
ferred to 25% sucrose in 10% formalin solution. Tissue 
then was frozen and embedded in Lipshaw M-l embed- 
ding matrix and sectioned in a cryostat or was embedded 
in egg yolk and gelatin for sectioning. Frozen sections (25 
or 40 pm thick) were cut serially in the frontal plane 
through the anterior hypothalamus and the entire lesion 
site. Brain sections were stained with cresyl violet and 
Luxol fast blue G (Kluver and Barrera, 1953) and exam- 
ined to determine the location and extent of the lesions. 
Drawings were made of each lesion site and the extent of 
damage to the SCN and adjacent regions was estimated. 

Power spectral analysis 

Continuous time series of quantitative locomotor data 
were analyzed for rhythmicity by discrete Fourier trans- 
formation. Two different methods were used to calculate 
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the power spectrum: (1) computation of the power spec- 
tral density function from the autocovariance function 
(Blackman and Tukey, 1958) and (2) direct computation 
of the power spectral density function using the fast 
Fourier transform (Cooley and Tukey, 1965). 

Blackman and Tukey method. FORTRAN programs 
were written and used to analyze digital locomotor data 
on a Control Data Cyber 170 computer. Record lengths 
of 20 to 30 days composed of lo-min sample intervals 
(2880 to 4320 points) were selected for each bird. Each 
time series was normalized to a mean value of 0.0 and a 
variance of 1.0. The record was divided into 12 equal 
intervals and the mean square value was calculated for 
each interval. Stationarity of the record was tested by a 
nonparametric “run” test upon the sequence of the 12 
mean square values using a 0.05 level of significance 
(Bendat and Piersol, 1971). The data were “pre-whi- 
tened” using Tukey’s method (Blackman and Tukey, 
1958, p. 52). The autocovariance function was computed 
for 433 lag values. Raw estimates of the power spectral 
density function were calculated for 433 equally spaced, 
overlapping values using trapezoidal integration. A Han- 
ning window was applied as a convolution in the fre- 
quency domain to obtain smoothed estimates of the 
power spectral density. The smoothed estimates then 
were “formed” or “postdarkened” to yield the final esti- 
mates of the power spectral density function. This 
yielded a spectral bandwidth of 0.0139 hr-’ and 20 degrees 
of freedom. Using the Blackman and Tukey method, the 
integral of the power spectral density function should 
equal two times the sample variance (there is a factor of 
2 because the spectral estimates overlap and therefore 
are redundant). Because the total variance of the original 
time series was normalized to a value of 1.0, this had the 
effect of normalizing the total power of the spectral 
density function. The variance calculated by integrating 
the power spectral density function was uniform across 
all records tested. 

Fast Fourier transform method. The records used 
above also were analyzed by direct computation of the 
fast Fourier transform using the Cooley-Tukey method 
(Cooley and Tukey, 1965). Programs written in FOR- 
TRAN were used to perform the analyses on a Control 
Data 6600 computer. Record lengths were adjusted to a 
value of 4096 points. Long records were truncated and 
short records were padded with zeros. A probability 
density function of the raw data was determined. The 
sample mean was adjusted to a value of 0.0 and the 
variance was adjusted to 1.0. Stationarity of the record 
was tested by applying the “run” test to the mean square 
values calculated for 16 equal subdivisions of the record. 
A “four-sample Blackman-Harris” window was applied 
as a product in the time domain as recommended by 
Harris (1978). Using a subroutine written by Otnes, Na- 
thans, and Enochson (Otnes and Enochson, 1978), the 
fast Fourier transform was calculated. Raw power spec- 
tral density estimates were computed for 2049 points. 
These estimates were adjusted for the power loss due to 
tapering the data with the window. The scale factor 
(l/0.28967) was determined by integrating the square of 
the window function. Smoothed estimates of the power 
spectral density then were obtained by frequency-aver- 
aging 10 contiguous raw estimates. This method yielded 

a spectral bandwidth of 0.01465 hr-’ and 20 degrees of 
freedom. 

Validation of the spectral analysis methods 

The amplitude of the power spectrum is correlated 
with the level of the sample data. Because surgical pro- 
cedures commonly reduce the level of locomotor activity 
expressed by birds, a reduction in power of a peak in the 
circadian frequency range can result. In order to mini- 
mize the confounding effects of the activity level upon 
the amplitude of a circadian frequency component, we 
chose to normalize the total power of the power spec- 
trum. For a given set of parameters, the power spectral 
density at a particular frequency represents the propor- 
tion of the total power (or variance) expressed at that 
frequency. Because the integral of the power spectral 
density function is equal to the sample variance, the 
power spectra obtained from both methods described 
above should have been normalized as a result of adjust- 
ing the sample variance to a value of 1.0. This assumption 
was tested by computing spectra for artificial data com- 
posed of sine waves, pseudorandom number series, or a 
combination of a sine wave mixed with various ampli- 
tudes of pseudorandom noise. 

The power spectral density of a sine wave with a 24-hr 
period containing pseudorandom noise of known variance 
was correlated directly with the proportion of the total 
variance that was contributed by the sine wave (Fig. 1). 
The value of the power spectral density did not vary as 
a function of the level of the data except at very low 
average sample values (less than 1.0 event/lo-min inter- 
val). This distortion was probably due to the digital 
nature of the data. The Blackman and Tukey method 
was less sensitive to low sample mean values than the 
fast Fourier transform method. This improved perform- 
ance probably resulted from the sample autocovariance 
function being less sensitive to the effects of digitizing 
than the fast Fourier transformation. The Blackman and 
Tukey method resulted in more appropriate frequency 
values for circadian data than the fast Fourier transform 
method. However, if Singleton’s (1969) mixed radix fast 
Fourier transform algorithm was used, then appropriate 
frequency values could be obtained. Computational 
speed was, of course, faster with the fast Fourier trans- 
form. 

Experimental treatments 

Five groups of sparrows were examined. 
&operated group. These birds were held on LD 12:12 

for at least 1 week and then transferred to constant 
darkness for 3 months (N = 10; 10 with spectral analysis). 

Sham group. These birds were held on LD 12:12 for 9 
weeks, sham operated, transferred to constant darkness 
2 weeks later, and maintained in constant darkness for 8 
weeks (N = 5; 4 with histology and spectral analysis). 

LD 12:12 lesion group. These birds were held on LD 
12:12 for 2 to 12 weeks, lesioned, transferred to constant 
darkness 2 to 8 weeks later, and maintained in constant 
darkness for at least 4 weeks (N = 47; 30 with histology 
and spectral analysis). 

LD 6:18 lesion group. These birds were held on LD 
6: 18 for at least 3 weeks, lesioned, transferred to constant 
darkness 2 weeks later, and maintained on constant 
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Figure 1. Power spectral analysis. A, Power spectral density 
(PSD) from a series of computer-generated random numbers 
using the fast Fourier transform method; B, power spectral 
density from a series of random numbers with a 24-hr sine wave 
added; C, the relationship between the power spectral density 
and the percentage of the total variance contributed by a 24-hr 
sine wave. 

darkness for at least 4 weeks (N = 6; 3 with histology 
and spectral analysis). 

Do; lesion group. Female birds were held on LD 6:18, 
transferred to constant darkness for 20 to 29 days, le- 
sioned, and maintained in constant darkness for at least 
4 weeks (N = 17; 6 with histology and spectral analysis). 

Although the procedural details in the three lesioned 
groups were different, their major results were compa- 
rable and will be reported together. 

Results 

Hypothalamic lesions were made in 70 sparrows whose 
locomotor behavior was recorded in constant darkness. 
Of these, 59 birds were examined histologically, and 44 
birds generated activity records in constant darkness that 
were suitable for spectral analysis. A total of 39 lesioned 
sparrows were examined in both ways. 

Figure 2 shows the appearance of the SCN of the house 
sparrow. These nuclei are located bilaterally on either 
side of the ventral portion of the third ventricle imme- 
diately above the rostral portion of the optic chiasm. 

Each nucleus is oval in cross-section and appears lami- 
nated. In the sparrow, the borders of the nuclei are 
diffuse and are more difficult to distinguish than are 
those of mammalian nuclei. 

The general location of the lesions is diagramed in 
Figure 3. Lesions were restricted to the medial ventral 
portions of the anterior hypothalamus. All lesions were 
caudal to the rostral border of the optic chiasm, medial 
to the lateral division of the supraoptic nucleus, and 
rostra1 to the ventral supraoptic decussation. Most le- 
sions lay in the region of the suprachiasmatic nuclei and 
the dorsal supraoptic decussation. Variable damage was 
found in the preoptic periventricular nucleus, medial 
preoptic area, anterior hypothalamic area, and optic 
chiasm. 

Effects of sham operations. Sham operations had no 
effects on the locomotor behavior of sparrows. Sham- 
operated birds expressed clear free running rhythms in 
constant darkness. Spectral analysis of their records 
showed strong peaks at circadian frequencies and minor 
peaks at harmonic frequencies (Fig. 4). Both the ampli- 
tude of the power spectral density corresponding to cir- 
cadian frequencies and the activity level of sham-oper- 
ated sparrows were indistinguishable from estimates for 
intact controls (Table I). 

Behavior of SCN-lesioned sparrows in constant dark- 
ness. Lesions that destroyed at least 90% of both SCN 
severely disrupted free running locomotor rhythms of 
sparrows held in constant darkness. Examples are shown 
in Figures 5A and 6A. No circadian and few ultradian 
components were detected in the power spectra from 
SCN-lesioned sparrows. Partial or unilateral SCN lesions 
did not abolish circadian rhythmicity. In some cases, the 
precision of the rhythm was reduced (Figs. 5B and 6B) 
or the free running period was changed (Fig. 6, C, D, and 
E). In birds with large but incomplete SCN lesions, 
circadian rhythmicity alternated with transient intervals 
of apparent arrhythmicity (Fig. 7, A and B). In some of 
these records, there was weak evidence for components 
of the locomotor activity which appeared to dissociate 
and free-run. 

Table I summarizes the results of the power spectral 
analysis of the activity records of sparrows maintained 
in constant darkness. Results using the Blackman and 
Tukey method and the fast Fourier transform method 
are shown. Large SCN lesions severely reduced the power 
spectral density at circadian frequencies. Medium and 
small SCN lesions reduced the amplitude of the circadian 
peak but did not abolish it. Some of the reduction in 
power appears to be nonspecific because birds with le- 
sions causing no SCN damage also had reduced power in 
the circadian peak. There was a weak, but significant, 
correlation between the extent of damage to the SCN 
and the amplitude of the power spectral density in the 
circadian range (Table I). 

Hypothalamic lesions reduced the level of locomotor 
activity. This reduction was not due to general surgical 
manipulations because sham-operated birds had normal 
activity levels. All lesion groups expressed lower activity 
than the controls. The group with large SCN lesions had 
the lowest levels of activity. Because the spectral analysis 
methods normalized the variance of the time series of 
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Figure 2. Histological sections showing the location of the suprachiasmatic nuclei 
in the house sparrow. Frontal sections (25 pm thick) stained with Luxol fast blue and 
cresyl violet are shown. Top, Frontal section through the forebrain, bottom, magni- 
fication of chiasmatic area. The arrows indicate the suprachiasmatic nuclei. 

locomotor activity, the effects of reductions in activity 
level upon the total power of the spectra were compen- 
sated. However, the digital nature of the data caused 
some power loss at very low activity levels. Because the 
average level of activity expressed by sparrows in con- 
stant darkness was low, this undoubtedly affected the 
reliability of the analysis. The Blackman and Tukey 
method was least sensitive to the effects of digitizing and 
was therefore the preferred method to analyze these 
data. 

Although there was general agreement between the 
two different methods of calculating the power spectral 
density function, there were striking differences in the 
detailed form of the spectra. These included differences 
in the amplitude of coherent peaks and in the contribu- 

Figure 3. L)iagram showing the general location of hypothala- 

tion of harmonic frequencies. Differences in the window 
mic lesions (hatched area) in the house sparrow (mid- 
sagittal section). 
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function, the Fourier transform algorithm, and the 
smoothing procedure were probably responsible for these 
changes in the power spectra. These analyses clearly 
show that the details of the power spectra obtained from 
Fourier analyses depend to a large extent upon the spe- 
cific methods used. This variability should be kept in 
mind when interpreting the results of such analysis meth- 
ods. 

Effects of SCN lesions on entrainment. When sparrows 
that were arrhythmic as a result of SCN lesions were 
exposed to light-dark cycles, they expressed rhythmic 
activity patterns which were similar to the entrainment 
patterns of unoperated birds (Fig. 5A). All lesioned spar- 
rows entrained normally on LD 12:12. Since activity 
coincided with the light portion in LD 12:12, it was not 
clear whether the rhythmic pattern was a result of activ- 
ity directly forced by the light (masking) or entrainment 
of an oscillator. To examine this further, sparrows were 
exposed to an LD 1:24 light cycle chosen because intact 
sparrows reliably entrain to it with a stable phase lead of 
the activity rhythm. Since the light portion is short, this 
light cycle is probably a weaker entraining stimulus than 
LD 12:12. 

Vol. 2, No. 6, June 1982 

DD 

Figure 4. Top, Locomotor record from a sham- 
lesioned sparrow; bottom, power spectra from bird 
80 on days 49 to 69. BT, Power spectrum obtained 
using the Blackman and Tukey method, DD, total 
darkness; FF.T, power spectrum obtained using the 
fast Fourier transform method; PSD, power spec- 
tral density. The arrows indicate the 24-hr com- 
ponent. 

Sparrows that were completely arrhythmic in constant 
darkness did not entrain normally to the LD 1:24 cycle 
(Fig. 6A). Sparrows that showed weak circadian compo- 
nents in constant darkness or that were only transiently 
arrhythmic entrained normally (Fig. 7, A and B). The 
disruption of entrainment in lesioned sparrows on LD 
1:24 is consistent with what is known concerning the 
involvement of both retinal and extraretinal photorecep- 
tors in mediating entrainment information in this species 
(Menaker and Underwood, 1976). Because retinal and 
extraretinal photoreceptors are additive in their contri- 
bution to entrainment, SCN lesions would be expected 
to reduce the total photic input for entrainment by 
reducing retinal input mediated by the retinohypotha- 
lamic tract. 

Discussion 

While it is well established that the mammalian SCN 
are important in the regulation of circadian phenomena 
(Moore, 1978; Rusak and Zucker, 1979), there are few 
studies of the role of this region in birds. Lesions or cuts 
in the anterior hypothalamus have been shown to abolish 
several physiological rhythms in avian species. Ralph 
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Figure 5. A : Top, locomotor record from a spar- 
row that received a lesion completely destroying 
the suprachiasmatic nuclei and the dorsal supraop- 
tic decussation; bottom, power spectra from bird 42 
on days 66 to 94. B, Locomotor record from a 
sparrow bearing a lesion that destroyed only 10% 
of the SCN but caused extensive damage to the 
region posterior to the SCN including the dorsal 
supraoptic decussation. Conventions are as in Fig- 
ure 4. 
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Figure 6. A: Top, locomotor record of a sparrow 
that received a lesion destroying 90 to 100% of the 
SCN and portions of the dorsal supraoptic decus- 
sation; bottom, power spectra from bird 119 on days 
37 to 67. B, Locomotor record from a sparrow 
receiving a lesion that destroyed about 35% of the 
SCN (most damage was unilateral and anterior). 
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Figure 6. Continued. C, Locomotor record from 
a sparrow receiving a lesion that destroyed only 
about 20% of the ventral portion of the SCN and 
100% of the dorsal supraoptic decussation. D, Rec- 
ord from a sparrow receiving a lesion destroying 
about 30% of the SCN (unilateral) with minimal 
damage to other areas. E, Record from a sparrow 
with a unilateral SCN lesion with minimal damage 
to other hypothalamic areas. Conventions are as in 
Figure 4. 

(1959) has shown that such lesions in the hen prevent supraoptic nuclei. Bouille et al. (1973, 1975) have shown 
ovulation, which occurs at approximately 25-hr intervals. that hypothalamic deafferentation abolishes the diurnal 
Davies (1980) has clearly demonstrated that lesions of plasma corticosterone rhythm in pigeons. Recently, 
the supraoptic region of the Japanese quail interfere with Simpson and Follett (1980) have shown that anterior 
ovulation if the lesions destroy the SCN as well as the hypothalamic lesions abolish circadian locomotor activ- 
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Figure 7. A : Top, locomotor record from a spar- 
row bearing a lesion that destroyed almost 90% of 
the SCN and 100% of the supraoptic decussation; 
bottom, power spectra from bird 27 on days 51 to 
81. 
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ity rhythms in Japanese quail. Using a passerine species, striking differences. Photoreceptive inputs to the circa- 
the Java sparrow (Paddu oryziuora), Ebihara and Ka- dian system of birds are numerous and varied (Menaker 
wamura (1981) now have confirmed our initial report and Underwood, 1976). Both retinal and extraretinal 
(Takahashi and Menaker, 1979b) that SCN lesions abol- photoreceptors influence the avian circadian system, 
ish circadian rhythmicity. In all three species that have whereas in mammals, only retinal photoreceptors are 
been examined (house sparrow, Java sparrow, and Jap- involved (Menaker et al., 1978; Rusak and Zucker, 1979). 
anese quail), the suprachiasmatic region appears critical The pineal plays a central role in the control of circadian 
for the maintenance of normal circadian rhythmicity. rhythms in passerine birds (Takahashi and Menaker, 
Clearly there are similarities in the neural control of 1979a); while the pineal of mammals plays only a minor 
circadian rhythms in birds and mammals. There are also role, if any (Rusak and Zucker, 1979). The similarities 
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Figure 7. Continued. B: Top, locomotor record 
from a sparrow bearing a lesion that destroyed 60% 
of the posterior portion of the SCN and 100% of the 
supraoptic decussation; bottom, power spectra from 
bird 53 on days 44 to 74. Conventions are as in 
Figure 4. 
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and differences between birds and mammals suggest that, 
although homologies exist, there is, yet to be discovered, 
a rich variety in the pattern of organization of circadian 
systems among the vertebrates. 

The SCN of house sparrows play a crucial role in the 
regulation of circadian rhythmicity at the organismal 
level. They are necessary for the persistence of locomotor 
rhythms in constant darkness and are involved in the 
entrainment of activity rhythms to light cycles. Spectral 
analysis of the locomotor records revealed that circadian 
periodicities were absent and that few &radian period- 
icities were present in lesioned sparrows. Although spar- 

rows bearing SCN lesions synchronized normally to LD 
1212 light cycles, they did not entrain to a relatively 
weak entraining agent (LD 1:24). 

To a first approximation, the effects of SCN lesions are 
similar to those of pinealectomy in the sparrow. Both 
surgical procedures abolish free running rhythmicity in 
constant darkness but do not abolish synchronization to 
light-dark cycles. In the case of SCN lesions, however, 
we did not observe unequivocal cases of entrainment in 
sparrows that were completely arrhythmic. In LD 12:12 
light cycles, it was difficult to observe a phase lead of the 
activity rhythm to the light cycle; and in LD 1:24, the 
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TABLE I 
Effect of hypothalamic lesions on circadian activity of house sparrows in constant darkness 

PSD” 
N Activity Level A Body Weight 

BT FFT 

events/IO min Jw 

10 64.50 + 8.75 15.40 + 3.66 2.90 f 0.617 

(lO/lO)h (lo/lo) 
4 55.92 f 5.56 20.73 f. 7.06 2.81 f 0.878 -0.575 -c 0.813 

(4/4) (4/4) 

Lesions 
Suprachiasmatic nuclei 

Large (90%) 4 2.23 k 0.57 0.286 f 0.116 0.313 f 0.114 -0.73 + 2.935 

(O/4) (O/4) 
Medium (2590%) 15 34.21 + 6.94 4.59 + 1.44 1.00 f 0.243 0.00 + 0.634 

(14/15) (11/15) 
Small (25%) 13 47.47 -t 7.10 8.67 + 2.23 1.30 f 0.481 1.27 + 0.311 

(13/13) (13/13) 
No suprachiasmatic damage 7 29.07 f 9.22 3.74 f 2.13 1.04 f 0.676 1.20 f 0.7512 

(7/7) (7/7) 

” Amplitude of the power spectral density (PSD) at circadian frequencies. Blackman and Tukey (BT): frequency = 0.04167 hr-‘; fast Fourier 
transform (FFT): frequency = 0.04175 hr~‘. Using a spectral bandwidth of 0.0139 hr~‘, the peak corresponds to frequencies ranging from 0.0347 
to 0.0486 hr-’ or period lengths from 28.8 to 20.6 hr, respectively. Pearson’s correlation coefficient: BT: r = -0.45; df = 51; p < 0.001; FFT: r = 

0.41; df = 51; p (-0.01. - 
’ The fraction of birds with a significant circadian peak. 

entraining cycle may have been too weak to synchronize 
the system after lesioning. In sparrows, there are multiple 
photoreceptive inputs to the circadian system (McMillan 
et al., 1975). Whether the disruption of entrainment to 
weak entraining agents is due to a reduction in photic 
input, to disruption of components in the circadian 
rhythm generator, or both remains to be determined. 

The relationship between the avian pineal and the 
SCN is not yet clear. Given the currently available infor- 
mation, there are several testable hypotheses that ac- 
count for the behavior of sparrows bearing SCN lesions. 

constant conditions. Although neural connections of the 
pineal do not appear to be necessary for sustaining cir- 
cadian locomotor rhythmicity in sparrows (Zimmerman 
and Menaker, 1975), hormonal pathways to the pineal 
involving the SCN cannot be excluded. This hypothesis 
predicts that the pineal would not be capable of oscilla- 
tion in SCN-lesioned sparrows. This hypothesis appears 
unlikely, however, because chicken pineals can oscillate 
when isolated in vitro (Kasal et al., 1979; Takahashi et 
al., 1980). 

(1) The suprachiasmatic nuclei could be components 
of the output pathway between a circadian pacemaker 
located elsewhere and the overt locomotor rhythm that 
we measure. On this hypothesis, arrhythmicity in SCN- 
lesioned birds is the result of uncoupling the pacemaker 
from its output by interrupting this pathway. If, as our 
data suggest, SCN-lesioned sparrows are capable of syn- 
chronization to light cycles, a damped oscillator with 
photic input must remain in the output pathway distal 
to the SCN. Specifically, the SCN could be target organs 
for a circadian pacemaker located in the pineal. The 
pineal is hormonally coupled on its output side to the 
rest of the circadian system (Menaker and Zimmerman, 
1976) and the coupling hormone may be melatonin 
(Turek et al., 1976; Gwinner and Benzinger, 1978), an 
indoleamine of pineal origin. Melatonin exhibits a circa- 
dian rhythm in both pineal content and serum levels 
(Ralph et al., 1974). In the rat, there is evidence for the 
accumulation in the SCN of indoleamines that cross- 
react with antibodies to melatonin (Bubenik et al., 1976). 
The specific form of this hypothesis predicts that a self- 
sustained rhythm of melatonin production would persist 
in sparrows bearing SCN lesions. 

(3) The SCN and the pineal gland may interact and 
function together as a complex pacemaker. In this case, 
neither structure alone would be able to sustain the 
normal overt rhythmicity of the bird if the other was 
absent, and neither the SCN nor the pineal would be 
independently capable of self-sustained oscillation.4 Or- 
gan culture experiments suggest that the chicken pineal 
behaves as a damped oscillator when isolated in vitro 
(Takahashi et al., 1980). Pinealectomized sparrows ex- 
press damped locomotor rhythms, raising the possibility 
that the sparrow SCN behaves as a damped oscillator. 
Thus, an intriguing form of this hypothesis is that the 
self-sustained oscillation generated by the intact bird 
results from the interaction of two damped oscillatory 
components. 

If we assume that the pineal and the SCN behave as 
damped oscillators, then the results from the pineal 
“phase transplant” experiments of Zimmerman and Men- 
aker (1979) can be interpreted in the following way. 
Pinealectomized birds appear arrhythmic as a result of 
damping or uncoupling of a population of oscillators 
located in the SCN. Normally, these oscillators are en- 
trained by a rhythmic hormonal signal, perhaps mela- 

(2) The SCN could play a permissive role and be 4 This hypothesis was proposed by Dr. Felix Strumwasser in Suda et 

necessary for sustaining pineal rhythmicity in vivo in al. (1979), p. 441. 
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tonin, from the pineal. When the pineal is transplanted 
or isolated in organ culture, it behaves as a damped 
oscillator which conserves the phase of the rhythm of the 
donor for at least several cycles. The damped hormonal 
signal from the transplanted pineal is sufficient to syn- 
chronize the population of SCN oscillators and to initiate 
a coherent rhythm which emerges with a phase related 
to the donor. The newly initiated rhythm in the SCN 
then could generate a rhythmic signal that feeds back on 
the pineal and maintains the amplitude of the pineal 
oscillation. The feedback signal could be transmitted by 
the sympathetic fibers that innervate both the pineal and 
the iris. Because pineals become supersensitive when 
neurally isolated (Deguchi and Axehod, 1973), rapid rein- 
nervation of the transplant may not be necessary if 
transmitter substances are released from terminals in the 
iris. Alternatively, the feedback signal could be hormonal. 
In either case, the observed rapid establishment of 
rhythmicity in transplant recipients could easily occur. 
In this way, the SCN and the pineal could generate a 
self-sustained behavioral oscillation through mutual en- 
trainment. I f  correct, this hypothesis implies that the 
circadian properties of the system are to be accounted 
for at, but not below, the organismal level. 
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