Circadian Rhythm of Serotonin N-Acetyltransferase
Activity in Organ Culture of Chicken Pineal Gland

Abstract. When chicken pineal glands were organ-cultured in darkness, serotonin
N-acetyltransferase activity was low during daytime, increased at midnight, and de-
creased on the next morning. The autonomous increase of N-acetyltransferase activ-
ity was suppressed by illumination of the glands. When pineal glands were cultured
under a light-dark cycle (LD 12:12), the change of N-acetyltransferase activity con-
tinued to oscillate in phase with the light-dark cycle for 3 days.

Circadian rhythm of melatonin syn-
thesis in the pineal gland is controlled
by a change of serotonin N-acetyl-
transferase activity. The neuronal path-
way that regulates the circadian rhythm
of N-acetyltransferase activity in rat
pineal has been well established (/, 2).

N-Acetyltransferase activity in chick-
en pineal gland exhibits a circadian
change with a high enzyme activity at
night in darkness and a low level during
daytime (3). In contrast to that in the rat
pineal, the N-acetyltransferase rhythm
in chicken pineal is not affected by bilat-
eral denervation of superior cervical gan-
glion or by injection of catecholamines
4, 5). A difference in melatonin syn-
thesis between mammalian and avian pi-
neal glands was reported with hydroxy-
indole O-methyltransferase activity (6).
To elucidate the regulation mechanism
of the N-acetyltransferase rhythm, I
used organ culture of chicken pineal
glands. When chicken pineals were cul-
tured for a long period, N-acetyl-
transferase activity autonomously in-
creased four- to tenfold at night and re-
turned to a low level on the next
morning. I now report that chicken pi-
neal gland contains an endogenous oscil-
lator or a time-keeping system for N-ace-
tyltransferase rhythmicity.

Chickens (7) (10 to 12 days old) were
decapitated, and pineals were quickly re-
moved and placed in culture medium on
ice. The pineals were placed in organ
culture by a modification (8) of the meth-
od used for rat pineal (9). After various
periods of incubation in darkness, the
culture dishes were removed in darkness
and chilled on ice. N-Acetyltransferase
activity was assayed immediately by a
modification (/0) of the method de-
scribed for rat pineal (/1).

In 10-day-old chickens raised under a
light-dark cycle (LD 12:12), pineal N-
acetyltransferase activity was low during
daytime and increased 8- to 11-fold at
night in darkness (Fig. 1A). When chick-
ens were killed at 6 p.m. and the pineals
were cultured in continuous darkness,
N-acetyltransferase activity was low
during the subsequent 2 to 3 hours and
started to increase at 10 p.m., reaching a
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maximum at midnight (Fig. 1B). The ac-
tivity decreased to the daytime level on
the next morning at 10 a.m. The maxi-
mum enzyme activity was the same as
that of the in vivo rhythm (Fig. 1A).
When chickens were killed at either 2
p.m. or 11 a.m., N-acetyltransferase ac-
tivity was low during daytime and in-
creased at around 10 p.m. reaching a
maximum at midnight (Fig. 1, C and D).
The maximum enzyme activities were 70
and 40 percent of the in vivo rhythm, re-
spectively. The phase of the increase and

decrease of N-acetyltransferase activity
was similar whenever chickens were
killed at 11 a.m., 2 p.m., or 6 p.m. The
phase of the change in activity was de-
layed 2 to 3 hours compared to that of
the rhythm in vivo of chickens main-
tained under an LD cycle (Fig. 1A). This
phase delay could be in part due to ma-
nipulation of the pineals on ice for 30 to
60 minutes prior to culture. When pi-
neals were kept at 0°C for 5 hours prior
to culture, the increase of N-acetyl-
transferase activity was delayed 5 hours,
an indication that the time-keeping sys-
tem in chicken pineal gland stops at 0°C.
When a small number of chickens were
killed at one time and the pineals were
subjected to culture rapidly, the phase of
the increase of N-acetyltransferase ac-
tivity became very close to that of the in
vivo rhythm (/2). Cycloheximide (3 ug/
ml) or actinomycin D (10 ug/ml) com-
pletely prevented the nocturnal rise of
N-acetyltransferase activity in cultured
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pineals indicating an involvement of new
synthesis of protein and messenger RNA
in this process (/2).

When the chickens were exposed to
light until midnight, N-acetyltransferase
rhythm was suppressed with only a
twofold increase at midnight (Fig. 2A).
When the light was turned on at midnight
after N-acetyltransferase activity had
reached its maximum, the activity rapid-
ly decreased during subsequent 20 to 30
minutes, in agreement with reports on
rat and chicken pineals (2, 5, 13). When
pineals were cultured under continuous
illumination, the autonomous rise of
N-acetyltransferase activity was sup-
pressed (Fig. 2B). There was only a 2- to
2.5-fold increase of the enzyme activity.
When the pineals cultured in darkness
were exposed to light after N-acetyl-
transferase activity had reached maxi-
mum, the activity declined to one-quar-
ter of the initial level within 20 minutes.

When chicken pineals were cultured
under an LD 12:12 cycle, the change of
N-acetyltransferase activity continued to
oscillate in phase with the environmental
lighting schedule (Fig. 3). N-Acetyl-
transferase activity increased in the
dark-time and decreased during the light
period. The maximum enzyme activity
on the first night was comparable to that
of the in vivo rhythm. On the second and
third nights the maximum enzyme activi-
ty was one-third of the night level of the
in vivo rhythm. The daytime levels were
also reduced to half or less on days 2 and
3 of culture. This reduction of the en-
zyme activity could be due to a necrosis
of pinealcytes inside the glands or due to
less than optimum culture conditions, or
both. When pineals were cultured in con-
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Fig. 2 (left). Effect of illumination on the nocturnal increase of N-acetyltransferase activity in
vivo (A) and in cultural pineal glands (B). There were five samples in each group. The vertical
Fig. 3 (right). Circadian change of N-acetyltransferase activity of pineals cultured under a light-
Each point represents the enzyme activity of individual pineal.

tinuous darkness for 3 days, the circa-
dian change of N-acetyltransferase activ-
ity was not evident on the second and
third nights of culture (data not shown).

The above study demonstrated that
serotonin N-acetyltransferase activity in
cultured pineal glands of chickens exhib-
its a circadian change comparable to that
of the rhythm in vivo. When cultured in
darkness, N-acetyltransferase activity
autonomously increased at midnight and
decreased during daytime. The pattern
of the increase and decrease of the en-
zyme activity was similar, regardless of
the time when chickens were killed. The
time schedule of the change in N-acetyl-
transferase activity in cultured pineals
was presumably determined by the envi-
ronmental lighting schedule to which the
chickens had been exposed. These ob-
servations indicate that chicken pineal
gland contains a timekeeping system or
an endogenous oscillator for N-acetyl-
transferase rhythmicity. Although the
circadian oscillation of the enzyme activ-
ity in culture persisted for one cycle in
continuous darkness, I failed to detect
the circadian increase of N-acetyl-
transferase activity on the second and
third expected nights in continuous dark-
ness. In contrast, the rhythmic change of
the enzyme activity was clearly ob-
served for at least 3 days under an LD
cycle. These observations would in-
dicate either that the chicken pineal
gland can keep the time schedule only
one cycle in the absence of light-dark
schedule, or that the circadian oscillation
in chicken pineal could easily desynchro-
nize between individual pineal glands or
between individual pineal cells in a gland
in the absence of an LD cycle. Although

I have no conclusive evidence at pres-
ent, the latter possibility would be likely.
The lack of the persistent rhythmicity in
continuous darkness could also be due to
some inadequacy of the culture condi-
tions, which might result in a desynchro-
nization of the individual rhythms. Bink-
ley and Geller reported (/4) that N-ace-
tyltransferase activity in chicken pineal
persisted for at least two nights when
they were kept in continuous darkness.
However, the nighttime levels of the en-
zyme activity on the second expected
night was damped, an observation dif-
fering from those reported for rat pineals
in which N-acetyltransferase rhythm
persisted for 10 weeks in continuous
darkness or for blinded rats with the
same amplitude (/5).

The N-acetyltransferase rhythm in
cultured chicken pineals was suppressed
by illumination of the glands. Turning on
the light at midnight resulted in a rapid
decline of the enzyme activity. This ob-
servation suggests that chicken pineal
gland contains a photoreceptor, the stim-
ulation of which is somehow transduced
to the synthesis and degradation of N-
acetyltransferase molecules.

Preliminary data on chicken pineal
glands have been reported (/2). Several
other groups of investigators found a cir-
cadian change of N-acetyltransferase ac-
tivity in organ culture of chicken pineal
glands (/6). Thus the control mechanism
of circadian rhythm of serotonin N-ace-
tyltransferase activity is not the same in
mammalian and avian pineal glands. In
rat the endogenous oscillator is located
in hypothalamus and regulates N-acetyl-
transferase rhythm through sympathetic
nerves originating in superior cervical
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ganglion (/, 2), while in the chicken the
pineal gland contains an endogenous os-
cillator and a photoreceptor for the N-
acetyltransferase rhythmicity.

Menaker and his associates have
shown that the free-running circadian
rhythms of locomotor activity and body
temperature in the house sparrow in con-
stant darkness were abolished by pine-
alectomy and restored by transplantation
of pineal gland (/7). They further showed
that the phase of the rhythm of locomo-
tor activity in the recipient sparrow is de-
termined by the phase of the rhythm of
the pineal-donor sparrow. On the basis
of these observations, they proposed
that the avian pineal gland is an endoge-
nous driving oscillator for the locomotor
activity rhythm. Hendel and Turek have
reported that melatonin controls the run-
ning activity rhythm in sparrow (/8).
These observations are consistent with
the results reported here that the activity
of serotonin N-acetyltransferase that
regulates the synthesis of melatonin ex-
hibits a circadian rhythm in isolated
chicken pineal glands.
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Mitochondrial DNA Analyses and the Origin and Relative
Age of Parthenogenetic Lizards (Genus Cnemidophorus)

Abstract. Morphological, karyological, and allozyme analyses indicate that the
parthenogenetic lizards Cnemidophorus neomexicanus and diploid C. tesselatus are
hybrids formed, respectively, by crosses involving the bisexual species C. tigris and
C. inornatus, and C. tigris and C. septemvittatus. Mitochondrial DNA, which is in-
herited maternally, was obtained from each of these species. Analyses of the mito-
chondrial DNA’s and their restriction endonuclease digestion products by electron
microscopy and agarose gel electrophoresis support the hybridization hypothesis by
indicating that C. tigris (specifically the subspecies marmoratus) was the maternal
parent species for both C. neomexicanus and C. tesselatus. Furthermore, these data
imply that these two parthenogenetic species are younger than some races of C.

tigris.

Approximately 13 species of whiptail
lizards (Cnemidophorus) are known to
reproduce parthenogenetically (/). Ten
of these species, including C. neo-
mexicanus and C. tesselatus, occur in
the southwestern United States and
northern Mexico. Analyses of karyology
and morphology suggested that C. neo-
mexicanus and diploid C. tesselatus orig-

inated, respectively, by hybridization
between the bisexual species C. tigris
and C. inornatus (2), and between C.
tigris and C. septemvittatus (3). Sub-
sequent analyses of allozymes (¢) added
support to this hypothesis by demon-
strating that both parthenogenotes are
heterozygous for alleles unique to one or
the other of the postulated parental spe-

Fig. 1. Electron micro-
graphs of fragments
of mitochondrial DNA
that contain the res-
pective origins of
DNA replication from
(a) Cnemidophorus in-
ornatus and (b) C.
tigris mundus. The
lengths AB and CD
define the position of
the D-loop, BC, on
the fragment (8). Dur-
ing replication, D-
loops expand unidi-
rectionally, thus de-
creasing either AB or
CD. The origin, de-
fined as the fixed fork
of the D-loop, and the
direction of replica-
tion are determined
. by measurements of
.. fragments that con-
tain expanding D-

loops (8). For the two examples above, the origin is at C, and the direction is toward A.
Points A and D indicate the positions of the Eco R1 recognition sites 1 and 3 in C. inornatus
and sites 3 and 5 in C. 1. mundus (Fig. 3) (Table 1).
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