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Genetic Control of Melatonin Synthesis in the Pineal
Gland of the Mouse

SH1zUFUMI EBIHARA, THEODORE MARKS, DAVID J. HUDSON,
MICHAEL MENAKER*

Pineal melatonin may play an important role in regulation of vertebrate circadian
rhythms and in human affective disorders. In some mammals, such as hamsters and
sheep, melatonin is involved in photoperiodic time measurement and in control of
reproduction. Although wild mice (Mwus domesticus) and some wild-derived inbred
strains of mice have melatonin in their pineal glands, several inbred strains of
laboratory mice (for example, C57BL/6]) were found not to have detectable melatonin
in their pineal glands. Genetic analysis suggests that melatonin deficiency in C57BL/6]
mice results from mutations in two independently segregating, autosomal recessive
genes. Synthesis of melatonin from serotonin in the pineal gland requires the enzymes
N-acetyltransferase (NAT) and hydroxyindole-O-methyltransferase (HIOMT). Pineal
glands from C57BL/6J mice have neither NAT nor HIOMT activity. These results
suggest that the two genes involved in melatonin deficiency are responsible for the
absence of normal NAT and HIOMT enzyme activity.

ELATONIN IS SYNTHESIZED IN

l\ / I the pineal gland from serotonin
by a well-known pathway: seroto-

nin is first acetylated to form N-acetylsero-
tonin (NAS) by the enzyme N-acetyltrans-
ferase (NAT), and then NAS is methylated
by the enzyme hydroxyindole-O-methyl-
transferase (HIOMT) to form melatonin.
NAT activity is cyclic, with high levels at

strains of mice (for example, C57BL/6J)
have no pineal melatonin at any time of day
or night, whereas wild mice of the same
species (Mus domesticus) synthesize melato-
nin with normal rhythmicity. Our data

strongly suggest that two independently as-
sorting mutant genes, which affect the activ-
ity of NAT and HIOMT, are responsible for
the melatonin deficiency in C57BL/6] mice.

We have measured pineal melatonin con-
tent in a large number of mice of several
different strains (4). These can be divided
into three groups: (i) strains that were estab-
lished as inbred over 40 years ago [C57BL/
6], AKR/], BALB/c, and NZB/BLNJ (5)];
(ii) wild-derived strains inbred for less than
30 years [IS/CamEi, SK/CamEi, SF/CamEi,
PERU-Atteck/CamEi, and one strain of
Mus castenens, the Asian house mouse,
CAST/Ei (5, 6)]; and (iii) mice (Mus do-
mesticus) trapped in Alberta, Canada, and
bred by random mating for about five gen-
erations over 5 years in the laboratory of F.
Bronson [referred to here as the field-de-
rived strain (FDS)].

We have assayed pineal melatonin content
at several times during the day and night (at
hours 6, 14, 18, and 22, where hour
0 = lights on and hour 12 = lights off) in
male and female mice of the strains in the
first group. There was no detectable melato-
nin in any of these strains at any of the times

night and lower levels in the daytime (1).
This cyclic modulation of NAT activity level
is under the control of a circadian pacemak-
er, which in mammals includes the supra-
chiasmatic nucleus (2). HIOMT activity is
nearly constant throughout the day. Rhyth-
mic NAT activity results in robustly rhyth-
mic melatonin synthesis (1). All vertebrate
species so far examined show a daily rhythm
of pineal melatonin content (I, 3). We
report here that some domesticated inbred
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Table 1. Segregation of progeny in various types of matings. The expected ratios are calculated on the
assumption that two independently segregating genes are responsible for melatonin deficiency in
C57BL mice. The lower limit of melatonin detection in our assay is approximately 10 pg per gland (4).
It is difficult to accurately estimate very low levels of melatonin, especially given the problems of
nonzero cross-reactivity with other compounds such as NAS and variable nonzero blanks. For these
reasons we have arbitrarily chosen a measured level below 20 pg per gland to indicate lack of melatonin
synthesis. If this level were set at 15 pg, then the x> values would be 13.65 in F; X C57BL and 8.49 in
F; X F,. These x? values would allow us to reject the null hypothesis (8). However, x> values obtained if
the level were set at 25 or 30 pg would not allow us to reject the null hypothesis. The best x> values for
our model are obtained when the threshold level is set at 25 pg (x*> = 0.317, F; x C57BL; x> = 0.423,
F, X F)).

No

. . 2
Ratio melatonin Melatonin X
F, x C57BL
Observed 60 25
Expected (of 85 subjects) 63.75 21.25 0.88
F, X F,
Observed 21 33
Expected (of 54 subjects) 23.625 30.375 0.52
F, X FDS
Observed 0 26
Expected (of 26 subjects) 0 26 0
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examined [the mean values were below 10
pg per gland, the lower limit of detection in
our assay procedure (4)]. Of the strains in
the second group, strains SK/CamEi, SF/
CamEi, and PERU-Atteck/CamEi did have
pineal melatonin at hour 22 (the only time
at which measurements were made) [means
+ SEM were as follows: SK/CamkFEi,
143.5 = 16.4 pg per gland (» = 8); SF/
CamEi, 137.7 = 17.7 (» = 6); and PERU-
Atteck/CamEi, 240.8 + 22.6 (# = 6); there
were no significant sex differences]. Howev-
er, there was no detectable melatonin in
pineal glands of strain IS/CamEi at hours 6,
14, 18, and 22 (% = 2 to 5) or in CAST/Ei
at hour 22 (z = 5). Pineal melatonin con-
tent of FDS mice measured at 4-hour inter-
vals is compared with pineal melatonin con-
tent in C57BL mice in Fig. 1.

To test the hypothesis that the observed
differences in pineal melatonin content in
the FDS and C57BL mice have a genetic
basis, we measured pineal melatonin content
in F; hybrids of the two strains. Figure 2
shows the distribution of pineal melatonin
values obtained at hour 22 from C57BL
mice, FDS mice, and F; hybrids. The pres-
ence of melatonin in the pineal glands of the
F; hybrids suggests that genetic factors,
absent in C57BL mice, are essential for
synthesis of melatonin.

In order to determine the number of
genes involved in melatonin deficiency, we
examined segregation patterns of melatonin
content in three crosses, F; X F;, F; X
C57BL, and F; X FDS. If we assume that
there exist two independent loci that control
two essential steps in the melatonin synthe-
sis pathway and that there is incomplete
dominance at these two loci, we can make
explicit predictions about segregation ratios
and amounts of melatonin expected from
these crosses. We expect to find melatonin

300
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100 -

— |
6 10 14 18 22 2
Time (hours)
Fig. 1. Pineal melatonin levels in C57BL (closed
circles) and FDS mice (open circles). Timing of
the light/dark cycle is shown by the bar. Each
point is the mean for at least ten males and ten
females at a single time; the SEM values are
shown when they exceed the size of the symbol.
There were no significant sex differences except in
FDS mice at hour 10 [males: 54.7 + 3.7 (n = 6);
females: 31.2 + 42 (n=9)]; P <0.01.

o

Pineal melatonin (pg per gland)

492

in those animals that have significant activity
at both synthetic steps and little or no
melatonin in those animals that lack activity
at one or the other step. The F; X C57BL
mating should produce progeny with a seg-
regation ratio of 3 (without melatonin) to 1
(with melatonin). Melatonin levels in these

Number of animals

Fyx C57BL |

N

480

0o 160

Pineal melatonin (pg per gland)

Fig. 2. Distribution of pineal melatonin content
for C57BL and FDS mice and for the offspring of
specific matings (see text). All data were obtained
at hour 22 (see Fig. 1). We obtained data shown
for the F; mice by making reciprocal crosses
C57BL female X FDS male and FDS fema-
le X C57BL males. There were no significant
differences between the offspring in these two
groups, nor was there a sex difference in either F;
(P > 0.05). This suggests that there are no mater-
nal effects on melatonin production and that the
genes responsible are autosomal. Therefore, the
data from males and females have been combined
for each of the groups.

animals should be the same as those in the
F; hybrids, because Fy’s and those back-
cross progeny that are able to synthesize
melatonin will have the same genotype. The
F; progeny should have a ratio of 7 (without
melatonin) to 9 (with melatonin). Melato-
nin content in these animals is expected to
show a wide distribution, because 1/16 of
the progeny would have the same genotype
as FDS, 1/4 would have the same genotype
as the Fy’s, and the remaining 1/4 would be
heterozygous at one locus and homozygous
at the other. All progeny of the F; X FDS
mating would be expected to have melato-
nin; lower levels than those found in FDS
might be expected in some mice because of
heterozygosity at either locus. The data
from these crosses are shown in Fig. 2 and
are analyzed in Table 1. The results strongly
support the hypothesis that two indepen-
dently segregating genes are responsible for
the melatonin deficiency and suggest incom-
plete dominance of the wild-type FDS al-
leles.

These data led us to look for the site or
sites of the genetic defects in the melatonin
synthesis pathway. Using high-performance
liquid chromatography with electrochemical
detection (HPLC-EC), we were able to
measure normal levels of serotonin in the
pineal glands of C57BL mice (7). This
indicates that the genetic defect does not
involve a reduced level of serotonin synthe-
sis or uptake. Using HPLC-EC, we were
unable to detect 6-hydroxymelatonin (the
major metabolite of melatonin) in the pineal
glands of C57BL mice, an indication that

600

400 +

420

200

T
N
B

HIOMT activity (pmol per gland per hour)
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Fig. 3. N-acetyltransferase activity (NAT) and
hydroxyindole-O-methyltransferase activity
(HIOMT) measured at hour 22 for C57BL mice,
FDS mice, and F; hybrids. Because there were no
significant sex differences in any of the groups
examined (P > 0.05), data from the two sexes
have been pooled. Each bar represents the mean
+ SEM of 7 to 15 determinations (two to four
pineal glands per determination).
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our inability to detect melatonin was proba-
bly not due to its being produced and then
rapidly degraded in the pineal. It thus
seemed that the melatonin deficiency in the
pineal glands of C57BL mice might be due
to defects in one or both of the enzymatic
steps in the synthesis of melatonin from
serotonin.

Because two to four pineal glands must be
pooled to make reliable enzyme measure-
ments, we were not able to examine directly
the segregation pattern of enzyme activities
in F, animals. The activities of the two
enzymes (NAT and HIOMT) involved in
the synthesis of melatonin from serotonin at
hour 22 in C57BL mice, FDS mice, and F;
hybrids are shown in Fig. 3. The segrega-
tion experiments, in which melatonin was
measured, suggested that two genes were
involved in melatonin deficiency. Our mea-
surements of NAT and HIOMT enzyme
activity suggest that mutant alleles of these
two genes are responsible for NAT deficien-
cy and HIOMT deficiency. The observed
intermediate enzyme levels in the Fy hybrids
may reflect heterozygosity at both loci.

We hypothesize that the melatonin defi-
ciency observed in C57BL mice is due to the
presence of recessive mutant alleles at two
independently segregating autosomal loci,
one of which controls NAT activity and the
other HIOMT activity. One additional ob-
servation supports this hypothesis. Al-
though pineal glands of NZB mice do not
contain melatonin, we have been able to
measure NAT activity (241.1 = 21.8 pmole
per gland per hour, » = 7) and the presence
of its product N-acetylserotonin (by HPLC-
EC) in their pineal glands at hour 22. We
were unable to detect HIOMT activity. This
suggests that the two enzymes are indepen-
dently regulated and that there may exist
three distinct forms of melatonin deficiency
involving these loci: (i) the genes for both
NAT and HIOMT may be defective, as we
suspect in C57BL mice; (ii) only the gene
for HIOMT may be defective, as we suspect
in NZB mice; and (iii) only the gene for
NAT may be defective (no example yet
found).

Melatonin can act as an antigonadal factor
regulating reproductive responses of some
mammals (3). Its role, if any, in regulating
reproduction in the mouse is unknown.
Domesticated mice have been selected to
breed in unusual, laboratory environments,
and vigorous inbreeding is known to reduce
fecundity. Under such conditions the pres-
ence of melatonin might exert a negative
effect on reproductive success. If that were
so, pineal melatonin synthesis might well
have been inadvertently eliminated in the
course of selection for inbred strains that
breed well in the laboratory.
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Bacterial Grazing by Planktonic Lake Algae

DAaviD F. BIRD AND JACOB KALFF

Six common species of lake algae were found to ingest bacteria. The ingestion rates
measured were of the same magnitude as those recorded for marine microflagellates
totally dependent on external sources of carbon. A large biomass of Dinobryon species

removed more bacteria from the water column of a I

ciliates combined.

HE VIEW THAT PHYTOPLANKTON

receive all their energy through pho-

tosynthesis was first placed in doubt
when it was shown that some algae supple-
ment their carbon supply by taking up dis-
solved organic carbon (1). The phytoplank-
ton could no longer, therefore, be viewed as
a strictly autotrophic community, even
though this uptake is normally modest and
provides only a small fraction of the total
carbon acquired (I). We now provide evi-
dence that at least some natural phytoplank-
ton are phagotrophic and apparently obtain
a substantial fraction of their energy and
nutrients by ingesting bacteria at rates very
similar to those measured for nonphotosyn-
thetic microflagellates.

The study was carried out in Lac Crom-
well, Quebec, on 7 to 8 July 1984. Tracer
quantities of bacteria-sized fluorescent latex
beads (diameter, 0.6 pm), were released
into the plankton caught in a Haney in situ
grazing chamber (2) at a depth of 3 m. After
1, 4, 7, 10, 13, or 17 minutes the chamber

e than crustaceans, rotifers, and

‘was retrieved and the plankton were pre-
served and stained (3). Sample aliquots were
poured onto Nuclepore filters (pore size, 10
pm) for epifluorescence counting of beads
ingcstcdi by the plankton. We confirmed
that the bead uptake rate was representative
of bacterial uptake by performing experi-
ments in which algae were exposed to mix-
tures of’ ’ beads and tritium-labeled bacteria
4 5)-

Four species of the common planktonic
alga Dinobryon were major consumers of
bacteria in Lac Cromwell: D. sertularia, D.
sociale v. americanum, D. cylindricum (Fig.
la), and D. bavaricum. Other members of
the Chrysophyceae, Uroglena americana
(Fig. 1b) and Uraglena conradis, also ingest-
ed particles. The “grazing” algal community
was found to be most concentrated in a thin
layer within the thermocline; there Dino-
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