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Whereas the pineal organs of lower vertebrates have been
shown to be photosensitive, photic regulation of pineal function
in adult mammals is thought be mediated entirely by retinal
photoreceptors. Extraretinal regulation of pineal function has
been reported in neonatal rodents, although both the site and
molecular basis of extraretinal photoreception have remained
obscure. In this study we examine the developmental expres-
sion pattern of all of the principal components of retinal pho-
totransduction in rat pineal via cRNA in situ hybridization. All of
the components needed to reconstitute a functional photo-
transduction pathway are expressed in the majority of neonatal

pinealocytes, although the expression levels of many of these
genes decline dramatically during development. These findings
strongly support the theory that the neonatal rat pineal itself is
photosensitive. In addition, we observe in neonatal pinealo-
cytes the expression of both rod-specific and cone-specific
phototransduction components, implying the existence of
functionally different subtypes of pinealocytes that express
varying combinations of phototransduction enzymes.

Key words: pineal; phototransduction; opsin; transducin;
phosphodiesterase; rhodopsin kinase; arrestin; recoverin; IRBP;
extraretinal; rat; development; in situ hybridization

There is abundant evidence for extraretinal photoreception in
lower vertebrates. Photoreception has been demonstrated for
areas of the diencephalon (Hartwig and Oksche, 1982), the iris
(Barr, 1989), melanophores (Weber, 1983), and the pineal com-
plex (Oksche, 1965; Wurtman et al., 1968; Eakin, 1973). The most
extensive studies have been conducted for the pineal complex,
which includes the pineal organ proper and the parapineal organ
(in fish, lampreys, and salamanders) and which in frogs and
lizards becomes a full-fledged parietal eye. In lampreys (Meissl et
al., 1982; Morita et al., 1985, 1989), fish (Dodt, 1963; Tabata et al.,
1975; Meissl et al., 1986; Marchiafava and Kusmic, 1993), frogs
(Dodt and Heerd, 1962; Morita and Dodt, 1973), and lizards
(Dodt and Scherer, 1968; Solessio and Engbretson, 1993), elec-
trophysiological responses to light occur in the pineal and/or
parapineal. In the chicken pineal in organ culture, light exposure
directly regulates circadian variations in melatonin synthesis
(Deguchi, 1982a), and extraretinal photoreceptors have been
shown to play a role in a variety of physiological and endocrine
processes (Menaker and Keatts, 1968; Menaker et al., 1970). A
pineal-specific opsin, pinopsin, has been cloned from chicken
pineal (Okano et al., 1994; Max et al., 1995), and a parapineal-
specific opsin has been cloned from catfish (Blackshaw and Sny-
der, 1997).

In contrast to the strong evidence for pineal phototransduction
in lower vertebrates, studies on mammalian pineal photosensitiv-
ity are much more limited. Axelrod and associates (Zweig et al.,

1966) demonstrated light-induced regulation of pineal gland se-
rotonin levels in neonatal rats in whom the eyes had been re-
moved. In replicating these findings, Yuwiler and colleagues
(Wetterberg et al., 1970; Ulrich et al., 1973) suggested that the
Harderian gland is the light-sensitive organ that influences the pi-
neal gland, although Sakai (1981) suggested that removal of the
Harderian gland may have affected pineal function indirectly.
Sympathectomy of neonatal pineal preserves light entrainment of
pineal function in the first few weeks of life, whereas sympathec-
tomy at later developmental stages effectively abolishes light
entrainment, implying that neonatal pineal might be photosensi-
tive (Machado et al., 1969a,b). Findings that neonatal pinealo-
cytes show photoreceptor-like differentiation in vivo (Zimmer-
man and Tso, 1975) and in vitro (Araki, 1992) favor direct
detection of light by neonatal rat pineal. Regulation of the
melatonin-forming enzyme serotonin N-acetyltransferase (NAT)
has been demonstrated in blinded neonatal rats in some studies
(Torres and Lytle, 1990), but not in others (Deguchi, 1982b;
Reppert et al., 1984). It has not proved feasible to demonstrate
light-induced electrophysiological changes in dissociated rat pi-
nealocytes nor modulation of melatonin production in neonatal
pineal cultures (Brammer and Binkley, 1981).

Phototransduction capacity also can be examined by monitor-
ing molecular components of the phototransduction pathway.
Individual studies of mammalian pineal have examined only a few
elements of the phototransduction cascade (Korf, 1994). Rhodop-
sin immunoreactivity and mRNA, detected by reverse
transcription-PCR (RT-PCR), show considerable species-specific
differences in pattern and levels of expression (Korf et al., 1985a;
Vigh-Teichmann et al., 1986; Foster et al., 1989; Araki, 1992;
Huang et al., 1992; Kramm et al., 1993; Zhao et al., 1997).
Substantial rod transducin immunoreactivity has been observed
in the pineal of many lower vertebrates, but not in rat pineal (van
Veen et al., 1986a). Biochemical evidence suggests the presence
of cone cyclic GMP phosphodiesterase, particularly in rat neona-
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tal rat pineal (Caracamo et al., 1995). Both rod-type and cone-
type cyclic nucleotide-gated channels have been reported in bo-
vine pineal via RT-PCR (Distler et al., 1994), and cone-type
channels have been reported in bovine pineal by immunohisto-
chemical techniques (Bonigk et al., 1996). Rhodopsin kinase and
rod arrestin have been detected in mammalian pineal, but it has
been suggested that they mediate phosphorylation of b-
adrenergic receptors related to phototransduction (Sommers and
Klein, 1984; Korf et al., 1985b, 1986; Ho et al., 1986; Adamus et
al., 1989; Craft et al., 1990; Palczewski et al., 1990).

To investigate possible phototransduction in the pineal gland,
we have conducted in situ hybridization studies of a large number
of elements of the pathway. We have looked at various develop-
mental stages, because the bulk of the evidence had suggested
that, if present, mammalian pineal phototransduction would pre-
dominate at earlier developmental stages. We now report the
expression of a sufficient number of components of the photosen-
sory pathway in rat pineal to reconstitute a complete phototrans-
duction pathway. Most striking is the high density of cone-specific
elements, particularly in neonatal pineal.

MATERIALS AND METHODS
In situ hybridization. The probes used for in situ hybridization were
digoxigenin cRNA probes synthesized from cDNAs in pBluescript KS,
while rhodopsin and rod and cone transducin cRNAs were obtained from
cDNAs subcloned into the pCR vector (Invitrogen). DNA for probe
synthesis was prepared by Perfect Prep (5 Prime33 Prime, Boulder,
CO), digested with appropriate enzymes, checked for completeness of
digestion on minigel, and then protease K-digested, phenol /chloroform-
extracted four times, chloroform-extracted two times, and collected via
ethanol precipitation. Probes were synthesized with T3 or T7 polymer-
ase, checked on denaturing gels, and purified via LiCl precipitation. We
used the in situ hybridization protocol method of Schaeren-Wiemers and
Gerfin-Moser (1993) with the following modifications: Sprague Dawley
rats and C57/B6 mice kept on a 12:12 light–dark cycle were decapitated
in the early afternoon (2–4 P.M.). Then tissue samples were embedded
and frozen at 280°C until use. Ten micrometer sections were cut onto
Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). All sections that
were used through the hybridization step were DEPC-treated and
RNase-free. Sections were post-fixed for 5 min in 4% paraformaldehyde/
PBS, washed three times for 3 min in PBS, acetylated for 10 min in 0.1
M triethanolamine, pH 8.0, and 0.25% acetic anhydride, washed three
times for 3 min in PBS, and prehybridized for 2–6 hr in hybridization
buffer containing 50% formamide, 53 SSC, 53 Denhardt’s solution, 500
mg/ml sonicated, denatured herring sperm DNA, and 250 mg/ml E. coli
MRE 600 tRNA. Then this buffer was removed, and 0.1 ml of fresh buffer
containing 30–40 ng of probe was added to the slide, covered with a
siliconized coverslip, and hybridized overnight at 72°C. Coverslips were
removed by soaking in 53 SSC at 72°C; then slides were washed two
times for 1 hr in 0.23 SSC at 72°C. Sections were washed for 5 min in
0.23 SSC at room temperature and for 5 min in TBS and then blocked
for 1 hr at room temperature in 5% heat-inactivated normal goat serum
in TBS. Slides were incubated overnight in this solution containing a
1:5000 dilution of sheep anti-digoxigenin Fab fragments conjugated to
alkaline phosphatase. On the next day the slides were washed three times
for 5 min in TBS and one time for 5 min in alkaline phosphatase buffer
containing 0.1 M Tris, pH 9.5, 0.1 M NaCl, and 50 mM MgCl2. Then slides
were placed in light-tight boxes; 1–2 ml of color development solution,
containing 3.375 mg/ml nitroblue tetrazolium, 3.5 mg/ml 5-bromo-4-
chloro-3-indoyl-phosphate (BCIP), and 0.24 mg/ml levamisole, was
placed on the slide. The color reaction was allowed to run from 30 min
(for rhodopsin in the retina) to 2 d (for most other probes in both retina
and pineal) at room temperature. The reaction was stopped in Tris/
EDTA buffer and ddH20, and the slides were sealed in Aquapolymount
(Polysciences, Warrington, PA).

The probes that we used were mostly a mixture of rat and mouse
cDNAs. Where possible, the rat form of the gene being tested was
obtained, but in cases in which a rat orthologue had not been identified,
the mouse isoform was used. In these cases both the retina and pineal of
the adult mouse were tested with the probe to confirm their specificity. In
two cases, those of the cone isoforms of retinal phosphodiesterase and

the cyclic nucleotide-gated channel, highly conserved regions of the
human isoforms of these genes were chosen as probes, because rodent
orthologues of these genes have not yet been cloned. With the exception
of mouse red cone pigment and mouse blue cone pigment, which were
kind gifts from Dr. Jeremy Nathans (Johns Hopkins University School of
Medicine), the templates to generate all of the probes used in this study
were obtained by RT-PCR from retina cDNA, with sequences being
confirmed by automatic DNA sequencing. The exact regions covered by
each probe, and the reference for the original cloning and the base pair
numbering used, are as follows: rat rhodopsin, 17–749 bp (Barnstable and
Morabito, 1994); mouse blue cone pigment, full-length cDNA (J.
Nathans, unpublished data); mouse red cone pigment, full-length cDNA
(J. Nathans, unpublished data); mouse rod transducin, 98 bp (exon 4) and
33 bp (exon 8) (Raport et al., 1989); mouse cone transducin, 84–794 bp
(Zigman et al., 1994); mouse rod phosphodiesterase, 1714–2294 bp
(Baehr et al., 1991); human cone phosphodiesterase, 1826–2358 bp
(Viczian et al., 1995); rat rod cyclic nucleotide-gated channel, 644–1370
bp (Wei et al., 1996); human cone cyclic nucleotide-gated channel,
944–1645 bp (Yu et al., 1996); mouse recoverin, 23–883 bp (McGinnis et
al., 1992); rat rhodopsin kinase, 125–1044 bp (Zhao et al., 1997); rat rod
arrestin, 182–1047 bp (Craft et al., 1990); rat cone arrestin, 28–291 bp
(Craft et al., 1994); and mouse interphotoreceptor retinol-binding pro-
tein (IRBP), 1802–2161 bp (R. Adler, unpublished data).

To ascertain probe specificity, we synthesized sense control probes for
each of these transcripts and tested them on pineal and retina sections.
No specific hybridization was detected with any of the sense control
probes. Moreover, in sections of embryonic day 18 rat embryos tested
with each probe, no specific hybridization was seen.

RESULTS
Visual pigments
We detected rhodopsin expression in virtually all pinealocytes,
with the highest levels at postnatal day 2 (P2) (Fig. 1A). Levels
remained high until P12 and then declined rapidly, with very low
levels present between P16 and P200. Absolute rhodopsin mRNA
levels were substantially less in the pineal than in the retina. Thus,
comparable levels of staining were observed in the P2 pineal
gland exposed for 3 d and the rat retina exposed for 30 min.
Whereas very little rhodopsin mRNA was evident in adult rat
pineal, we observed substantial staining in adult mouse pineal,
which fits with immunohistochemical evidence for rhodopsin
protein in adult mouse, but not rat, pineal (Araki, 1992; Kramm
et al., 1993).

In contrast to the low levels of rhodopsin in rat pineal, blue
cone pigment expression is as high in the pineal as in the retina
(Fig. 1B), which accords with the recent cloning of a cDNA
encoding the rat blue cone pigment from a rat pineal cDNA
library (Zhao et al., 1997). Unlike the decline with age in pineal
rhodopsin, blue cone pigment expression remains fairly constant
between P2 and P200. Individual pinealocytes vary in expression
of blue cone pigment, with ;5% demonstrating very high levels of
expression, comparable to those of retinal blue cones. With 2 d
exposure and high magnification, almost all pinealocytes display
some level of blue cone pigment, but only ;5% manifest uniquely
high levels. Because the probe used for blue cone pigment comes
from the mouse, we compared mouse and rat pineal and observed
similar levels of expression.

In striking contrast to the substantial levels of blue cone pig-
ment, we detected virtually no red cone pigment in rat or mouse
pineal gland despite robust expression in the retina (Fig. 1C).

Transducin
Rod transducin is detectable in the pineal only at P12 in a small
subset of cells in the superficial layer of the rostral tip of the
pineal gland (Fig. 2A). Interestingly, in the retina, expression of
rod transducin is first detectable at P12 at the same exposure time
(data not shown) but then increases to high adult levels. Our
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findings are in agreement with previous immunohistochemical
studies that report no rod transducin immunoreactivity in adult
mammalian pineal (van Veen et al., 1986a).

In contrast to the negligible levels of rod transducin, cone
transducin expression is extremely robust (Fig. 2B)—much
higher in the pineal than in the retina, using identical exposure
times. Expression is so high in the pineal from P2–P16 that we
cannot determine reliably any variation in expression levels. After
P16 there is some decline, although substantial levels are evident
in the adult pineal. Adult mouse pineal also expresses cone
transducin.

Phosphodiesterase and cyclic
nucleotide-gated channel
Negligible levels of rod phosphodiesterase are evident throughout
development except in a small subset of cells in the P12 rat pineal
(Fig. 3A). The subset of cells expressing rod phosphodiesterase at
P12 displays the same localization as the cells expressing rod
transducin at P12. On the other hand, the pineal displays very
high levels of cone phosphodiesterase, greater than cone photo-

receptors of the retina, with expression evident in the majority of
pinealocytes (Fig. 3B). Peak levels at P8 decline to substantially
lower adult values. Previously published biochemical assays (Ca-
racamo et al., 1995) also observed cone, but not rod, phosphod-
iesterase in rat pineal, with high levels at P10 and approximately
fivefold lower levels at P50.

We have failed to detect expression of cyclic nucleotide chan-
nels in the rat pineal at any time point between P2 and P110 (data
not shown). For the rod channel we used a cRNA probe derived
from the rat sequence, which gives robust staining in the retina.
Our failure to observe rod-specific channel expression is in line
with immunohistochemical data from bovine pineal, which indi-
cate that no rod channel is expressed in pinealocytes (Bonigk et
al., 1996), but is at odds with a recently published study (Ding et
al., 1997) claiming widespread expression of the rod channel in
pineal and nonsensory tissues. The cone channel has not been
cloned from rodents. Using a probe derived from a highly con-
served region of the human cone channel, we did not detect
expression in either rat retina or pineal at any developmental

Figure 1. Expression of visual pigment mRNA in rodent pineal at
different ages. A, Rhodopsin. Rat rhodopsin is used as a probe. All
magnifications are at 1003 except P2 rat pineal, adult mouse pineal, adult
rat retina, and adult mouse retina, which are at 2003. Exposure times for
adult rat and mouse retina are 30 min, whereas exposure times for pineals
are 2 d. Exposure times for both sense controls are 2 d. B, Blue cone
pigment. Mouse blue cone pigment is used as a probe. All magnifications
are at 1003 except P2 rat pineal, adult mouse pineal, adult rat retina, and
adult mouse retina, which are at 2003. The dark band above the photo-
receptor layer of the mouse retina in this and all subsequent figures is the
retina pigmented epithelium, which is unpigmented in the albino rat
retinas tested. The final panel, showing P200, is taken at 4003 magnifi-
cation. C, Red cone pigment. Mouse red/green cone pigment is used as a
probe. All magnifications are at 1003 except P2 rat pineal, adult mouse
pineal, adult rat retina, and adult mouse retina, which are at 2003.
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stage. Because we do not know the degree of sequence conser-
vation between human and rat, we can draw no conclusion re-
garding the expression of this channel in rat pineal.

Desensitization elements
Rhodopsin kinase is expressed in the majority of pinealocytes at
all developmental stages, with no pronounced alterations between
P2 and P110 (Fig. 4A). A subset of pinealocytes, which occur in

circular clusters, displays much more intense expression than the
majority of pinealocytes. Although substantial, pineal levels of
rhodopsin kinase are markedly less than those of the retina, which
agrees with reported developmental variations in pineal rhodop-
sin kinase activity (Ho et al., 1986).

We detected considerably less expression of recoverin than
rhodopsin kinase. Recoverin levels are very low at birth, peak at
P5, and then decline to low adult levels (Fig. 4B). Even at P5, only
;1–2% of cells express recoverin. This, too, is in general agree-
ment with immunohistochemical studies of recoverin immunore-
activity in pineal (Korf et al., 1992), although previous studies
reported recoverin-expressing cells to be found predominantly in

Figure 2. Transducin expression in rodent pineal at different ages. A,
Rod transducin. Mouse rod transducin is used as a probe. All magnifica-
tions are at 1003 except adult mouse pineal, adult rat retina, and adult
mouse retina, which are at 2003. The final panel, showing P12 rat pineal,
is taken at 4003 magnification. Black arrows indicate selected rod
transducin-expressing cells in the P12 pineal. B, Cone transducin. Mouse
cone transducin is used as a probe. All magnifications are at 1003 except
adult mouse pineal, adult rat retina, and adult mouse retina, which are at
2003. The final panel, showing P200 rat pineal, is taken at 4003 magni-
fication. Note the nonexpressing meninginal tissue that surrounds the
P2–P8 pineals.

Figure 3. Expression of phosphodiesterase in rodent pineal at different
ages. A, Rod phosphodiesterase. Mouse rod phosphodiesterase is used as
a probe. All magnifications are at 1003 except adult mouse pineal, adult
rat retina, and adult mouse retina, which are at 2003. The final panel,
showing P12 rat pineal, is taken at 4003 magnification. Black arrows
indicate selected rod phosphodiesterase-expressing cells in the P12 pineal.
B, Cone phosphodiesterase. Human cone phosphodiesterase is used as a
probe. All magnifications are at 1003 except adult mouse pineal, adult rat
retina, and adult mouse retina, which are at 2003. Note the nonexpressing
meninginal tissue that surrounds the P2–P12 pineals. The arrow points
out selected, weakly hybridizing cone photoreceptor cells.
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the pineal cortex, and we observe recoverin-positive cells in both
superficial and deep layers of the pineal. Given the fact that
recoverin is a putatively specific negative regulator of rhodopsin
kinase activity (Calvert et al., 1995), this mismatch in expression
is striking. The recoverin expression in selected cells of the inner
nuclear layer is in accordance with immunohistochemical work
demonstrating recoverin expression in cone bipolar cells of the
mammalian retina (Milam et al., 1993).

Rod arrestin is expressed robustly in the majority of pinealo-
cytes, with levels fairly similar between P2 and P110 (Fig. 4C).
Highly expressing rod arrestin cells occur in clusters, with a dispo-
sition very similar to that of rhodopsin kinase and resembling that
seen in previous immunohistochemical work (Korf et al., 1985b,
1986). By contrast, cone arrestin expression is quite limited, with
only 0.5–1.0% of cells displaying cone arrestin beginning at P12
and gradually increasing to P110 (Fig. 4D). Another group (Craft
et al., 1994), using in situ hybridization, also detected cone arrestin
in a small subset of pinealocytes in the adult rat.

Interphotoreceptor retinoid-binding protein (IRBP)
IRBP is a small protein, a member of the lipocalin family, which
transports retinol from the retinal pigmented epithelium to the
photoreceptors (Pepperberg et al., 1993). Robust IRBP expres-
sion is evident in the majority of pinealocytes, peaking at P5–P8
and declining to substantially lower levels in the adult (Fig. 5).
Neonatal levels of pineal IRBP are comparable to those of the
retina. High levels of IRBP expression are evident in the adult
mouse pineal. In situ hybridization of adult bovine pineal also has
detected IRBP in a subset of cells (van Veen et al., 1986b), as has
immunohistochemical analysis of adult rodent, monkey, and cow
pineal (Rodrigues et al., 1986; Bridges et al., 1987).

Other potential sites of extraretinal photoreception
Although most evidence suggests that light reaches the neonatal
pineal gland directly through the skull, Wetterberg et al. (1970)
suggested that the Harderian gland is the light sensor that conveys
light information to the neonatal pineal. We conducted in situ

Figure 4. Phototransduction desensitization elements expressed in rodent pineal at different ages. A, Rhodopsin kinase. Rat rhodopsin kinase is used
as a probe. All magnifications are at 1003 except adult rat retina, which is at 2003. Note the nonexpressing meninginal tissue adjacent to the P12 pineal.
B, Expression of recoverin. Mouse recoverin is used as a probe. All magnifications are at 1003 except adult mouse pineal, adult rat retina, and adult
mouse retina, which are at 2003. C, Rod arrestin. Rat rod arrestin is used as a probe. All magnifications are at 1003 except adult rat retina, which is
at 2003. Note the nonexpressing meninginal tissue adjacent to the P12 pineal. D, Cone arrestin. Rat cone arrestin is used as a probe. All magnifications
are at 1003 except adult rat retina, which is at 2003. Arrows indicate selected cone arrestin-expressing cells.

8078 J. Neurosci., November 1, 1997, 17(21):8074–8082 Blackshaw and Snyder • Mammalian Pineal Phototransduction



hybridization of the P12 rat Harderian gland for all of the pho-
totransductive elements described here and detected no expres-
sion of any of the transcripts tested (data not shown).

DISCUSSION
The main finding of this study is that the principal components
needed to reconstitute a functional phototransduction pathway
are present in the majority of mammalian pinealocytes and that

Figure 6. Potential mechanisms of phototransduction in neonatal rodent
pineal. Shaded phototransduction components are expressed in the ma-
jority of neonatal rat pinealocytes and together can form a complete
phototransduction cascade. Membrane-linked and soluble NO-activated
guanylate cyclase, shown as potential sources of cGMP, have been shown
to be expressed in rat pinealocytes by numerous studies (Spessert, 1993;
Lin et al., 1994; Maronde, 1995; Yang et al., 1995).

Table 1. Summary of developmental expression pattern of phototransduction genes in rat pineal

Phototransduction
components

Percentage of cells
expressing

Developmental time
course Expression levels

Rhodopsin .80 High P2–P8, 1111 P2–P8
.203 lower in adult 11 P12–P16

1/2 P60
Cone transducin .80 High P2–P8 1111 P2–P8
Cone phosphodiesterase IRBP 5–103 lower in adult 111 P12–P16

1/11 P110
Rhodopsin kinase .80 High P2–P110 11 Most cells
Rod arrestin 1111 Some cells
Blue cone pigment 5–10 High P2–P110 111

(low in .50%) 1/2 In many cells
Rod transducin ,0.2 Only seen at P12 111

Rod phosphodiesterase
Recoverin 0.3–2 Low at P2 1 P2

High at P5 111 P5
Gradually lower P8–P16 11 P8–P16
Low in adult 1 P110

Cone arrestin 0.2–1 Low at P12 2 P2–P8
Higher at P16 1/2 P12
High at P110 1 P16

11 P110
Red cone pigment 0 None 2 P2–P110
Rod cyclic nucleotide-gated

channel

Figure 5. Expression of interphotoreceptor retinol-binding protein
(IRBP) in rodent pineal at different ages. Mouse IRBP is used as a probe.
All magnifications are at 1003 except P2 rat pineal, adult mouse pineal,
adult rat retina, and adult mouse retina, which are at 2003.
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many of these are expressed at high levels in neonatal animals but
at low levels in adults (Table 1; Fig. 6). Cone-related elements—
such as the blue cone pigment, cone transducin, and cone phos-
phodiesterase—are expressed most robustly, with levels some-
times exceeding those of the retina, strongly suggesting that
responses to bright light, which are predominantly mediated by
cones, may be present in neonatal pineal. Some rod-specific
components, too—such as rhodopsin, rhodopsin kinase, arrestin,
and IRBP—also are found in the great majority of pinealocytes,
suggesting that pineal phototransduction may use a mixture of
rod-specific and cone-specific phototransduction components.
This possibility would fit with the normal activation of rod-
specific signal transduction components elicited by cone-specific
opsins in vitro (Fukuda et al., 1989; Starace and Knox, 1997).
Certain other rod and cone-specific phototransduction compo-
nents, however, are absent from the pineal.

Our findings support other evidence indicating that mamma-
lian pineal glands are physiologically photosensitive in early life
(Zweig et al., 1966; Machado et al., 1969a,b; Wetterberg et al.,
1970; Torres and Lytle, 1990) and fit with known features of
retina and pineal development. The eyes of a rat do not open until
the third week of life, so that at earlier stages the pineal gland,
which is located quite superficially underneath the very thin
neonatal skull, receives more incident light than the retina
(Torres and Lytle, 1990). Many of the neurons in the retina that
are crucial for phototransduction do not develop until the second
to third week of life (Cepko, 1996), whereas pineal cells develop
much earlier (Zimmerman and Tso, 1975). Day–night rhythms of
NAT and serotonin in the rat pineal are demonstrable and light-
sensitive at P2–P4 (Ellison et al., 1972; Yuwiler et al., 1977;
Bronstein et al., 1990).

The decline with age in levels of many of the phototransductive
elements in the pineal corresponds with the appearance of the
sympathetic innervation of the pineal gland. This suggests that
sometime at ;2 weeks of age control of pineal function passes
from the light environment to the sympathetic nervous system.
Although a number of phototransductive elements remain in the
adult pineal, phototransduction has not been demonstrable in the
adult pineal. This may relate to the suppression of pineal-like
responsivity by the sympathetic innervation as well as to the
diminished incident light reaching the pineal gland through the
thicker adult skull.

Our finding of abundant blue cone pigment expression in
mammalian pineal is striking and contrasts with negligible red
cone pigment expression. Why might the pineal prefer blue to red
sensitivity? Blue light, which penetrates tissue more poorly than
red light (van Brunt et al., 1964; Hartwig and van Veen, 1979),
predominates in bright daylight and so may play a role in resetting
clock functions in the pineal. Blue cone pigment expression
developmentally precedes red (Cepko, 1996), which fits with the
earlier development of the pineal than the retina. Interestingly,
pinopsin, the opsin of chick pineal, has been shown in biochem-
ical reconstitution experiments to be blue-sensitive (Okano et al.,
1994).

In conventional histological staining all pinealocytes appear
grossly similar, although there have been suggestions of diversity
among pinealocyte populations (Pevet, 1977; Wicht et al., 1993).
Our findings argue for functionally diverse pinealocyte popula-
tions, because at least six distinct patterns of gene expression for
the transcripts tested were observed in both neonatal and adult
pinealocytes.

To demonstrate pineal gland phototransduction directly, we

have monitored calcium conductance in neonatal rat pineal in
organ culture (S. Blackshaw and D. Krautwurst, unpublished
data) and have demonstrated cyclic nucleotide-gated calcium
conductance. We also have observed light-induced declines in
intracellular calcium, which correspond to known patterns of light
effects on calcium in the retina. Thus it is likely that the photo-
transduction elements we have observed mediate physiological
light perception in the neonatal pineal gland.
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