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ABSTRACT
The hamster suprachiasmatic nucleus (SCN), site of the circadian clock, has been
thought to be equally and completely innervated by each retina. This issue was studied in
animals that had received an injection of the tracer cholera toxin subunit B (CTb) conjugated
to Alexa 488 into the vitreous of one eye, with CTb-Alexa 594 injected into the other. Retinal
projections to the SCN and other nuclei of the circadian system were simultaneously evaluated by using confocal laser microscopy. Each retina provides completely overlapping terminal ﬁelds throughout each SCN. Although SCN innervation by the contralateral retina is
slightly denser than that from the ipsilateral retina, there are distinct SCN regions where
input from one side is predominant, but not exclusive. A dense terminal ﬁeld from the
contralateral retina encompasses, and extends dorsally beyond, the central SCN subnucleus
identiﬁed by calbindin-immunoreactive neurons. Surrounding the dense terminal ﬁeld, innervation is largely derived from the ipsilateral retina. The densest terminal ﬁeld in the
intergeniculate leaﬂet is from the contralateral retina, which completely overlaps the ipsilateral projection. Most nuclei of the pretectum receive innervation largely, but not solely,
from the contralateral retina, although the olivary pretectal nucleus has very dense patches
of innervation derived exclusively from one retina or the other. Retina-dependent variation in
terminal ﬁeld density within the three closely examined nuclei may indicate areas of specialized function not previously appreciated. This issue is discussed in the context of the
melanopsin-containing retinal ganglion cell projections to several nuclei in the circadian
visual system. J. Comp. Neurol. 466:513–524, 2003. © 2003 Wiley-Liss, Inc.
Indexing terms: suprachiasmatic nucleus; intergeniculate leaﬂet; olivary pretectal nucleus

The “circadian visual system” enables endogenous 24hour rhythms to synchronize with the environmental photoperiod. The suprachiasmatic nucleus (SCN), site of the
circadian clock, receives photic input directly from the
retina via the retinohypothalamic tract (RHT; Moore and
Lenn, 1972; Hendrickson et al., 1972; Groos et al., 1983;
Groos and Meijer, 1985; Meijer et al., 1986), and an intact
RHT is necessary for circadian rhythm entrainment to the
environmental photoperiod (Johnson et al., 1988a).
The thalamic intergeniculate leaﬂet (IGL) is part of the
retinorecipient lateral geniculate complex (Card and
Moore, 1982, 1989; Harrington et al., 1985, 1987; Morin et
al., 1992; Moore and Card, 1994; Morin and Blanchard,
1995, 1997, 1998, 1999, 2001). It provides a major
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projection to the SCN via the geniculohypothalamic tract
(GHT), an indirect route by which photic information can
gain access to the circadian clock (Zhang and Rusak,
1989). The IGL contributes substantially to the effect of
constant light on circadian period length (Harrington and
Rusak, 1986; Pickard et al., 1987; Morin and Pace, 2002)
and modiﬁes entrainment (Johnson et al., 1989; Pickard,
1989) and phase response to photic signals (Harrington
and Rusak, 1986; Pickard et al., 1987). A presently unknown portion of the pretectum or deep superior colliculus
also contributes to photic and nonphotic regulation of circadian rhythmicity (Marchant and Morin, 1999).
Both retinas project to the SCN, IGL, and pretectum,
although in most regions the ipsi- and contralateral contributions are unequal. Retinal projections to the contralateral pretectal nuclei are much denser than ipsilateral projections (Morin and Blanchard, 1997), but there
has not been any analysis of regional speciﬁcity to ipsiand contralateral retinal terminal ﬁelds. Retinal projections to the contralateral IGL have been described as
being denser than those to the ipsilateral IGL in both rats
and hamsters (Hickey and Spear, 1976; Morin et al.,
1992). The crossed projection to the SCN is denser than
the uncrossed projection in most species, but this is not
universal. In some squirrel species, there is no ipsilateral
projection (Agarwala et al., 1989; Smale et al., 1991). In
certain primates, the ipsilateral projection is denser
(Moore, 1973; Magnin et al., 1989; Smale and Boverhof,
1999). For the nocturnal golden hamster and the diurnal
Octodon degus, the retina has been thought to project
equally to each SCN (Johnson et al., 1988b; Goel et al.,
1999).
Increasingly sensitive methods have been used as the
retinohypothalamic tract has been repeatedly evaluated:
autoradiography (Moore and Lenn, 1972; Eichler and
Moore, 1974; Card and Moore, 1984); horseradish peroxidase (Johnson et al., 1988b); and cholera toxin B (CTb)
subunit immunohistochemistry (Morin and Blanchard,
1999). Until recently, however, such studies employed one
monocular injection of anterograde tract tracer, an approach that precludes direct and accurate comparison of
inputs from the two eyes.
The SCN, IGL, and pretectum have a recently discovered common feature, in that all three regions receive
dense projections from photosensitive retinal ganglion
cells containing the putative photopigment melanopsin
(Provencio et al., 1998; Hannibal et al., 2002; Berson et al.,
2002; Hattar et al., 2002; Morin et al., 2003; Gooley and
Saper, 2003). In addition, the hamster SCN, IGL, and
pretectum have regionally specialized anatomical features
exempliﬁed by speciﬁc distributions of various neuron
phenotypes (Morin et al., 1992; Miller et al., 1996; Morin
and Blanchard, 1997, 2001). This is most obvious in the
hamster SCN, where a central subnucleus consisting of at
least three cell types is surrounded by regions containing
several other fairly discrete collections of peptidecontaining cells (Miller et al., 1996).
Resolution of details related to the spatial overlap of
binocular retinal projections requires simultaneous use of
two easily distinguishable, highly sensitive tracers. Here,
we have employed a variation on the very sensitive, highresolution CTb immunohistochemical method and injected each eye with CTb preconjugated to a different
ﬂuorophore. This procedure, combined with thin digital
optical sections obtained with confocal laser scanning mi-
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croscopy, permits clear evaluation of the retinal innervation provided by each eye (Muir-Robinson et al., 2002;
Huberman et al., 2002; Stellwagen and Shatz, 2002). The
present analysis is a necessary foundation for future determination of the extent to which the neuronal phenotypes in the SCN, IGL, and pretectum are differentially
innervated by each retina and whether the melanopsincontaining ganglion cells contribute to functionally specialized parts of each region.

MATERIALS AND METHODS
Outbred adult male Syrian hamsters (N ⫽ 27; Charles
River Laboratories, Wilmington, MA; 90 –100 g bw) were
housed in individual cages under a 14-hr-light, 10-hr-dark
photoperiod with free access to food and water for 15–21
days before use. Each animal was then deeply anesthetized with intraperitoneal sodium pentobarbital (Abbott
Laboratories, North Chicago, IL; 100 mg/kg) and placed in
a stereotaxic instrument. The vitreous chamber of one eye
was injected with CTb conjugated to Alexa Fluor 488 (item
C-22841; Molecular Probes, Eugene, OR), and the other
eye was injected with CTb conjugated to Alexa Fluor 594
(item C-22842; Molecular Probes). Injections were made
with a Hamilton syringe and a slightly blunted needle.
Initially, injected concentrations of the two ﬂuorescent
tracers were the same [25 g/5 l 2% dimethylsulfoxide
(DMSO) in 0.9% saline vehicle]. However, the CTb/Alexa
Fluor 488 conjugate has lower speciﬁc activity (5.8 moles
of dye compared with 7.0 moles for the CTb/Alex Fluor 594
conjugate) and was not as visually robust (N ⫽ 2 cut
horizontally; N ⫽ 14 cut coronally, 4 with colchicine treatment). Therefore, the concentration of the CTb/Alexa
Fluor 488 was increased to 33.3 g/5 l 7% DMSO in
saline vehicle (N ⫽ 5 cut coronally; N ⫽ 6 cut horizontally,
2 with colchicine treatment). This provided a number of
moles approximately equivalent to those for the other
tracer and the subjective impressions of the transported
tracers were similar. Three days after tracer injection,
hamsters were deeply anesthetized with pentobarbital as
before and transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde in phosphate buffer (0.1
M, pH 7.4). The brains were removed and postﬁxed in the
formalin solution for 2–3 hours, left to sink in 20% sucrose
for 2 days, then sectioned in the coronal or horizontal
plane at 30 m on a freezing-stage sliding-block microtome. For most brains, four tissue series were collected
in 0.01 M phosphate-buffered saline (PBS; pH 7.2, with
0.05% sodium azide added). For two brains, a single complete series through the SCN was collected. The sections
were mounted on gelatin-subbed slides, air dried, and
coverslipped using Krystalon (Diagnostic Systems, Inc.,
Gibbstown, NJ).
Neurons that are darkly immunoreactive for
␥-aminobutyric acid (GABA) delineate the hamster SCN,
but require pretreatment with colchicine for proper visualization (Morin and Blanchard, 2001). Thus, to examine
the relationship between retinal ganglion cell projections
and GABA neurons in the SCN, a separate set of animals
(N ⫽ 4) was administered intraocular tracer injections as
described above. After 3 days for tracer transport, each
animal was again deeply anesthetized with pentobarbital
(as described above) and placed in a stereotaxic instrument. The skull was surgically exposed, cleaned and an
opening drilled to permit stereotaxic placement of a needle
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attached to a 5 l Hamilton syringe into the third ventricle on the midline, 0.4 mm rostral to bregma and 7.5 mm
below the dura. A 10 l volume of colchicine solution (1 mg
colchicine/50 l 0.9% saline) was injected over a period of
10 minutes. Twenty-four to thirty-six hours later, each
animal was anesthetized, perfused, and the brains prepared and cut as described above. Procedures involving
live animals were approved by the institutional animal
care and use committee at Stony Brook University, where
the work was performed.
Immunohistochemical reactions for GABA, calbindinD28K (Calb), and neuropeptide Y (NPY) were performed on
free-ﬂoating sections. A series of sections from each brain
treated with colchicine was incubated with anti-GABA
primary antibody (guinea pig antiserum; Protos Biotech
Corp., New York, NY; dilution 1:250) at 4°C for 36 –72
hours. A separate series of sections was incubated with
the anti-Calb primary antibody (rabbit antiserum; Chemicon, Temecula, CA; dilution 1:50) at 4°C for 36 –72 hours.
A third tissue series was incubated with anti-NPY primary antibody (rabbit antiserum; Peninsula Laboratories,
San Carlos, CA; dilution 1:500) for 36 –72 hours. Immunoreactivities to GABA, Calb, and NPY were visualized
using the ﬂuorescent streptavidin conjugate Alexa 647
(Molecular Probes). The sections were then mounted on
gelatin-subbed slides and coverslipped as described above.
Fluorescent light microscopy and digital photography
were accomplished with a Zeiss Axioplan II microscope
and Axiocam. Confocal laser scanning images were obtained with a Nikon E800 microscope and a Bio-Rad Radiance 2000 system. No attempt was made to determine
whether individual cells received innervation from each
retina. All images are digital and have a depth of ﬁeld of
about 0.98, 0.61 and 0.28 m for the 20⫻ and 40⫻ or 60⫻
objectives, respectively. The images have been modiﬁed
only to adjust contrast and brightness. Reference was also
made to a library of coronal or horizontal sections showing
retinal projections in the normal hamster brain as traced
by anterograde transport of CTb and subsequent CTbimmunoreactivity (-IR). Much of the information in that
library has been previously reported (Morin and Blanchard, 1997, 1999).
A semiquantitative method was used to evaluate the
density of ipsi- and contralateral retinal projections to
regions of the SCN in four animals with bilaterally robust
intraocular tracer injections. TIFF ﬁles of monochromatic,
false-color images obtained with the confocal microscope
and a 20⫻ objective were imported to Corel Photo-Paint 9.
The ﬁles for each color were initially modiﬁed, using the
“Image3 Adjust3 Auto Equalize” command, which redistributed the pixel values across the entire tonal range of
each image. This was followed by selecting the
“Image3 Transform3 Threshold” and enabling the “Bilevel” threshold feature. The “High-level” slider was set
equal to the rightmost bar on the histogram; “Low-level”
remained at zero; “Threshold” was set to 50% of the “Highlevel” value. This step eliminated the color and provided
an initial threshold adjustment distinguishing signal from
background. Each transformed ﬁle was then converted to
eight-bit gray scale and retransformed according to the
above-mentioned steps, but with “Threshold” reset equal
to one less than the “Threshold” value determined in the
above-mentioned steps (other features unchanged). This
created an image with black background and white foreground. The modiﬁed ﬁle was saved, then imported into
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the image-analysis program, ImageJ (http://rsb.info.nih.
gov/ij), in which the black background pixels were counted
in a speciﬁc region and subtracted from the total pixels in
that region in order to obtain the count of foreground
white pixels identifying structures containing tracer (see
Fig. 1). The round, central template was created to include
the region of Calb-IR neurons. A similar procedure was
applied to the leaﬂet portion of the IGL. The semiquantitative methods are modiﬁcations of procedures previously
employed (Huberman et al., 2002). The validity of the
method was established by counting the total foreground
pixels (N ⫽ 4) identiﬁed by CTb-Alexa 564 in the one SCN
following tracer injection into the eye contralateral to it
and comparing those numbers with the counts obtained in
the other SCN following injection of the other eye with
CTb-Alexa 488. The counts did not differ statistically.

RESULTS
Sensitivity of the tracers
In general, the CTb-Alexa ﬂuorophore conjugates employed in this study were nearly as effective as CTb immunoreactivity visualized using the ABC method with
diaminobenzidine (DAB) as the chromogen and darkﬁeld
microscopy (see Discussion). Retinal projections were visible in all nuclei of the subcortical visual shell. In the
hypothalamus, the densest retinal projection is to the
suprachiasmatic nucleus, with additional sites including
the anterior, dorsomedial, lateral nuclei; the subparaventricular region; and the ventrolateral preoptic area. Projections extending to the piriform cortex are also visible.
Contralateral terminal ﬁelds are generally denser than
ipsilateral ﬁelds, and, in some regions, the ipsilateral projections are quite sparse, e.g., the lateral posterior nucleus. Nevertheless, the ipsilateral input to these regions
is visible. In some brain regions, however, the tracer was
not reliably seen. The sparse retinal projections to the
anterior amygdaloid area, lateral piriform cortex, and
more rostral areas observable in tissue prepared with
peroxidase ABC methods (Morin and Blanchard, 1999) are
reduced or not evident at all in brains of hamsters injected
with the CTb/Alexa ﬂuorescent tracers. In addition, the
ipsilateral projection to the bed nucleus of the stria terminalis could not be seen with CTb/ﬂuorescent conjugate as
the tracer. Table 1 provides a summary of the results.

Hypothalamus and basal forebrain
The retinohypothalamic tract (RHT) of each retina
projects to virtually the entire SCN (Fig. 1). However, the
density of retinal innervation within the SCN varies according to region. In particular, retinal innervation of the
medial SCN is less than that in most other areas in the
nucleus. Moreover, the projections from the two eyes are
asymmetrically distributed within the SCN. An obvious
asymmetry occurs in the ventral and medial region that
receives a predominantly ipsilateral projection (Fig. 1). A
second asymmetry is located more laterally and dorsally.
Projections to this region are dense and predominantly
from the contralateral retina. Nevertheless, both retinas
project to each area. The region receiving the dense contralateral projection encompasses the central subnucleus
of the SCN, here identiﬁed by the presence Calb-IR neurons (Fig. 2A–C). Not only is the subnucleus inﬁltrated by
retinal projections predominantly from the contralateral
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TABLE 1. Density of the Terminal Fields Relative to the Retina
of Origin Estimated From the Visual Projections Traced
With Fluorescently Tagged CTb1
Retina of origin
Ipsilateral

Hypothalamus
DMH
LH
SCN
sPVz
Basal forebrain
BNSTPM
NDB
PIR
VLPO
Thalamus
IGL
VLG
Pretectum
APT
CPT
MPT
NOT
OPT
PLi
PPT

Contralateral

Sparse
V. sparse
Moderate
Modest

Sparse
Sparse
Dense
Modest

V. sparse2
V. sparse
V. sparse
V. sparse

Moderate
Sparse
V. sparse
Sparse

Modest
Variable

Moderate
Dense

V. sparse
V. sparse
Sparse
V. sparse
Variable
Sparse
Variable

Sparse
Sparse
Dense
Dense
Dense
Moderate
Dense

1

Ratings of innervation density: dense, moderate, modest, sparse, very sparse, none.
2
A sparse ipsilateral projection was observed in tissue reacted for CTb-IR by using ABC
methods, although none was visible with the ﬂuorescent methods.

retina, but the region surrounding the central subnucleus
and extending dorsal to it is also innervated predominantly by the contralateral retina (Fig. 2A). Thus, the
preponderance (but by no means all) of the retinal projections to the Calb-IR cells is derived from the contralateral
eye. In horizontal sections, the SCN can be recognized by
its abundance of richly GABA-IR neurons (Fig. 3A). Retinal innervation revealed in horizontal sections (Fig. 3A,B)
shows the same overall pattern as is evident in coronal
plane sections. These sections further show that the contralateral retinal projection densely innervates an area
encompassing the central subnucleus as well as the regions rostral, caudal, and lateral to it.
Semiquantitative analysis of ipsi- and contralateral retinal projections to the several SCN regions was also performed. The ipsi- and contralateral retinal projections to
each region of the left SCN in each animal (N ⫽ 4) were
subjected to the semiquantitative analytical method.
These results were then averaged with the respective ipsiand contralateral projections to the corresponding regions
in the right SCN of the same individual, thereby correcting for any bias relating to apparent brightness of the
speciﬁc tracers. Thus, four ipsilateral measures based on
the average of the results for each tracer were available
for each SCN region and could be compared with comparable measures for the contralateral regions. The results
support the descriptive neuroanatomy and reveal regions
of predominately ipsilateral, predominately contralateral,
and approximately equal retinal innervation within the
SCN (Table 2). Although the number of SCN examined
was small, except for in the dorsomedial region, there was
no overlap in the distributions of measurements for the
ipsi- vs. contralateral density measurements.
The RHT also provides innervation of subparaventricular and dorsomedial hypothalamus from axons that pass
through, or closely adjacent to, the SCN (data not shown).
RHT terminal density is sparse to modest in these regions
(e.g., subparaventricular region), and the terminal ﬁelds
from each retina are interspersed and approximately

Fig. 1. Confocal laser scanning microscopic image of an optical
section in the coronal plane through the central portion of the paired
SCN. The animal was injected intraocularly with CTb/Alexa 488
conjugate in one eye and CTb/Alexa 594 in the other. The terminal
ﬁelds of the RHT are visible as green pseudocolor or red pseudocolor
representing the two tracers, respectively. The white outlines indicate
the templates used to calculate label abundance in speciﬁc regions of
the SCN. The densely innervated central (C) and dorsal (D) regions
contain a preponderance of terminals from the contralateral retina,
whereas the moderately innervated dorsomedial (DM) and ventromedial (VM) SCNs receive most of their input from the ipsilateral retina.
Yellow pseudocolor is an artifact of low magniﬁcation in this and all
subsequent ﬁgures. It is not true colocalization. None is expected here,
and none is evident when the tissue is examined with a 63⫻ objective
(cf. Fig. 2B,C). 3, Third ventricle. Scale bar ⫽ 200 m.

equal bilaterally in these areas. The lateral hypothalamus
receives sparse retinal projections, predominantly from
the contralateral eye. Nevertheless, very sparse ipsilateral input is visible and overlaps with that from the contralateral retina.
Axons extending rostrally from the contralateral retina
provide a sparse terminal ﬁeld into the ventrolateral preoptic area (data not shown), retaining a position ventral to
the medial part of the horizontal limb of the nucleus of the
diagonal band of Broca. The terminal ﬁeld spreads laterally into the ventral amygdala and piriform cortex. Ipsilateral projections to this region are present, but are very
sparse. There is also a sparse contralateral, and a sparser
ipsilateral, retinal projection to a rostral region near the
midline and ventral to the vertical limb of the nucleus of
the diagonal band of Broca. There is a modest contralateral retinal projection to the bed nucleus of the stria
terminalis, posterior medial division (BNSTPM). An ipsilateral projection to this location was not seen in sections
from animals injected with the CTb/Alexa tracers. Examination of tissue reacted for CTb-IR revealed a sparse
ipsilateral projection. However, whether it was to the
identical site as the contralateral projection could not be
conﬁrmed.
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Fig. 2. A: Digital optical coronal section through the SCN showing
the distribution of Calb-IR neurons (blue) in the central subnucleus
region. Green and red pseudocolors indicate the terminal ﬁelds from
the left and right retinas, respectively. The box outlines indicate the
regions shown in B and C. B,C: High-magniﬁcation optical sections of
the corresponding areas in A showing the preponderance of retinal
projections to the contralateral, Calb-IR cell containing SCN subnucleus. In B, the terminal ﬁeld from the contralateral retina is shown
in green pseudocolor. In C, the terminal ﬁeld from the contralateral
retina is shown in red pseudocolor. 3, Third ventricle. Scale bar in A ⫽
100 m; bar in B ⫽ 10 m for B,C.

IGL and ventral lateral geniculate nucleus
The IGL is a long, thin nucleus underlying the DLG
(Fig. 4A–C) and, more caudally, the medial geniculate
nucleus. Its cross-sectional outline varies substantially
according to the rostrocaudal plane of section, but is fairly
well deﬁned as the sole location of NPY-IR neurons in the
lateral geniculate region (Fig. 4D). Both eyes project to all
levels of the IGL, but the projection from the contralateral
retina is moderately dense and predominates over that of
the ipsilateral retina. The ipsilateral projection is modest
and fairly uniform, but is especially visible in contrast to
adjacent DLG and much of the VLG which receive largely
contralateral input. Semiquantitative analysis of the leaflet portion of the IGL indicates that the contralateral
retina provides denser input (62% ⫾ 2%) to the IGL than

Fig. 3. Confocal laser images of optical sections through the SCN
in the horizontal plane. A: GABA-IR neurons (blue pseudocolor cells)
deﬁne each SCN. Retinal terminals are evident throughout the SCN,
but the horizontal section shows clearly that the medial portion of
each nucleus receives predominantly ipsilateral input (top: red
pseudocolor; bottom: green pseudocolor), whereas the lateral part
receives predominantly contralateral projections. B: Calb-IR neurons
(blue pseudocolor) occupy a region in the central SCN (the image is
similar in plane and orientation to the upper SCN shown in A)
receiving dense input from the contralateral retina (green pseudocolor), and this is surrounded medially, rostrally, and caudally by
regions in which terminals from the ipsilateral retina predominate
(red pseudocolor). The plane of section is through the ventral portion
of the region containing the Calb-IR cells. In A and B, rostral is to the
left. Scale bars ⫽ 200 m.
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the ipsilateral retina (38% ⫾ 2%; p ⫽ .002, t ⫽ 24.3, df ⫽
2). Both ipsi- and contralateral retinas appear to provide
fairly homogeneous innervation throughout the entire
length of the IGL. The ventromedial part of the IGL,
identiﬁable by the location of cells projecting to the SCN
and peptide-containing neurons (Morin et al., 1992; Morin
and Blanchard, 1998, 2001), is very sparsely innervated
by each retina (lower arrows in Fig. 4A,B).
In general, the VLG is heavily innervated by the contralateral retina (Fig. 4A–C), and the densely innervated
regions contain sparsely scattered projections from the
ipsilateral retina. However, there are two types of exceptions to this generalization. Some regions within the VLG
are less densely innervated by the contralateral retina

than most of the nucleus (e.g., central VLG in Fig. 4B). In
addition, some portions of the VLG are innervated almost
exclusively by the ipsilateral retina. A very dense terminal
ﬁeld derived from the ipsilateral retina encompasses
much of the dorsomedial VLG. This terminal plexus is
contiguous with the overlying ventromedial IGL (Fig.
4A–C) and is a distinguishing feature indicating the dorsomedial border between the IGL and the VLG. Other,
somewhat smaller patches of dense innervation from the
ipsilateral retina are found elsewhere in the VLG (Fig.
4A). These contain sparsely scattered terminals from the
contralateral retina, unlike the larger medial patch, which
is essentially devoid of direct innervation from the contralateral retina.

TABLE 2. Semiquantitative Density (%) of Projections to Speciﬁc Regions
of the SCN From Ipsi- and Contralateral Retina

Most of the retinal input to the pretectum arrives from
the contralateral retina. The bulbous, dorsal part of the
PLi receives a moderately dense contralateral retinal projection (Fig. 5A) that is overlapped by a sparse terminal
ﬁeld from the ipsilateral retina. The vertically oriented,
laminar part of the PLi is delineated by a modest terminal
plexus derived from the contralateral retina that is overlapped by a sparse projection from the ipsilateral retina.
Dorsomedial to the PLi, the NOT has a dense terminal

Pretectum

Whole nucleus
Central region
Dorsal region
Dorsomedial region
Ventromedial region
1

Ipsilateral
retina

Contralateral
retina

t (df ⫽ 3)1

P (two-tail)

45 ⫾ 2
37 ⫾ 4
35 ⫾ 5
49 ⫾ 6
71 ⫾ 13

55 ⫾ 2
63 ⫾ 8
65 ⫾ 6
51 ⫾ 7
29 ⫾ 7

3.93
4.72
5.54
0.33
⫺3.93

⬍.03
⬍.02
⬍.02
NS
⬍.03

t-Test for dependent measures.

Fig. 4. Composite, coronal plane, confocal microscopic views showing ipsilateral (green pseudocolor) and contralateral (red pseudocolor)
retinal projections to nuclei of the lateral geniculate complex at rostral (A), middle (B), and caudal (C) levels. Arrows indicate the medial
border of the IGL. D: The IGL is shown at a level slightly caudal and
contralateral to the image shown in C, with contralateral (green
pseudocolor) retinal projections evident in the ventral DLG, IGL, and

VLG. Ipsilateral retinal projections are shown as red pseudocolor.
E: High-magniﬁcation image of a portion of the IGL at a level approximately equal to that in B showing the predominantly contralateral
input (red pseudocolor) interspersed with terminals from the ipsilateral (green pseudocolor) retina. The asterisk indicates dense ipsilateral innervation of the dorsomedial VLG. Scale bar in A ⫽ 200 m for
A–C; bar in D ⫽ 100 m; bar in E ⫽ 50 m.
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Fig. 5. A: Composite, coronal plane, confocal microscopic view
showing largely contralateral retinal projections (red pseudocolor) to
nuclei in the pretectum and thalamic lateral posterior nucleus; the
ipsilateral retinal projections are shown in green pseudocolor. The
arrowhead indicates a patch of dense LP terminal ﬁeld from the
contralateral retina. The arrows indicate the sparsely innervated
laminar portion of the PLi ventral to the more densely innervated,
bulbous part. Asterisk, area of green artifact. The boxed area is
enlarged in D. B–D: Coronal views of ipsi- and contralateral retinal
innervation in the OPT at three rostral to caudal levels. B is a section

through the rostral part of the nonlaminar portion of the OPT. C is a
section through the caudal part of the nonlaminar portion of the OPT.
Arrows in D point to the three laminae of the OPT, the dorsal and
ventral of which receive retinal projections and are separated by a
lamination with little to no retinal input. The midline is at the left
border of A. APT, anterior pretectal nucleus; CPT, commissural pretectal nucleus; LP, lateral posterior nucleus; MPT, medial pretectal
nucleus; NOT, nucleus of the optic tract; PLi, posterior limitans nucleus; PPT, posterior pretectal nucleus. Scale bar in A ⫽ 500 m; bar
in B ⫽ 500 m for B–D.

plexus from the contralateral retina, but has only very
sparse innervation from the ipsilateral retina.
The dorsal division of the APT receives very sparse to
sparse, coextensive innervation from both retinas (Fig.
5A). It is less visible with the present CTb/Alexa ﬂuorophore conjugates than with CTb immunohistochemistry
(Morin and Blanchard, 1997). The contralateral projection
to the APT is slightly denser than the ipsilateral projection.
Retinal projections, on which descriptions of the OPT
are based (Scalia and Arango, 1979), innervate an elliptically shaped rostromedial “head” region (Fig. 5B,C) that
becomes laminar (Fig. 5A,D) as it angles caudolaterally
away from the midline. Two of the laminae consist of a
thicker dorsomedial layer and a ventrolateral layer, both
of which are densely retinorecipient. These are separated
by the third lamina, which has sparse retinal innervation,
but which receives projections containing NPY-IR (Morin
and Blanchard, 1997). The OPT receives dense innervation from the contralateral retina. However, a few subregions of the nucleus have obvious terminal plexuses derived solely from the ipsilateral retina. There are also
portions of the OPT in which there is overlap of the ter-

minal ﬁelds from each retina. Rostrally, one ipsilateral
contribution is evident at the medial aspect of the OPT
(Fig. 5B), and it persists caudally along the elliptical
“head” of the nucleus (Fig. 5C). At the transition to the
laminar part of the nucleus, dense terminal ﬁelds from the
ipsilateral retina are evident ventrally and laterally (Fig.
5C). In the laminar part of the OPT, the bulk of the
dorsomedial lamination receives a projection from the contralateral retina, but a projection from the ipsilateral retina is evident along its ventrolateral surface (Fig. 5D). The
thinner ventrolateral lamination also has a region containing dense terminals from the ipsilateral retina, as well
as a clear zone of overlap with interspersed terminals
from each retina (Fig. 5D).
The MPT and portions of the PPT receive dense input
almost exclusively from the contralateral retina (Fig. 5A).
In the PPT, there are small regions of exclusively ipsilateral innervation plus areas of interspersed terminals from
each retina. Ipsilateral retinal projections are sparse in
the MPT and interspersed among those from the contralateral retina. The CPT receives sparse projections
from the contralateral retina, whereas the ipsilateral projection to the same region is very sparse.
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DISCUSSION
The function of the SCN circadian clock is inﬂuenced by
the activity of the IGL (for review see Morin, 1994) and
visual midbrain (Marchant and Morin, 1999). The SCN,
IGL and pretectum (the OPT, in particular) share an
additional characteristic to the extent that all three receive dense projections from photoreceptive melanopsincontaining retinal ganglion cells (Provencio et al., 1998;
Gooley et al., 2001; Hannibal et al., 2002; Hattar et al.,
2002; Morin et al., 2003; Gooley and Saper, 2003). The
present results show three different patterns of retinal
innervation to these areas. In the OPT, ipsi- and contralateral retinal terminal ﬁelds are largely nonoverlapping, whereas they are completely overlapping in the IGL
and SCN. However, the pattern of overlap in the IGL
differs substantially from that in the SCN. In the IGL, the
innervation is predominantly from the contralateral retina, with both eyes providing homogeneous terminal
ﬁelds. In the SCN, the terminal ﬁelds from each retina
encompass the entire SCN, but there are regions in which
either the ipsi- or the contralateral projections predominate.

Technical considerations
We have previously identiﬁed hamster retinorecipient
regions employing the sensitive tracer CTb and immunohistochemistry with DAB as the chromogen. Those studies
revealed widespread retinal projections throughout the
pretectal nuclei, including the posterior limitans and the
commissural pretectal area to which visual projections
had not previously been reported (Morin and Blanchard,
1997). The present approach employed CTb conjugated to
one of two ﬂuorescent labels, Alexa 488 or Alexa 594.
These provide brilliant signals and, given that each CTb
conjugate was present in all retinorecipient regions previously documented by CTb-IR, the use of the CTb/Alexa
conjugates appears to have a level of sensitivity very similar to that found with immunohistochemistry and darkﬁeld microscopy. However, innervation of some regions,
such as the piriform cortex, anterior amygdala and inferior colliculus, which appears to be sparse when evaluated
with ABC methods, seems even sparser with the current
ﬂuorescent tracer procedures. The location with the clearest instance of reduced visibility of the ﬂuorescent tracer
was the BNSTPM, in which only the contralateral projection could be seen, although visualizing CTb-IR with ABC
methods and DAB reveals a sparse ipsilateral projection
as well.
It should be noted that the signal strength of Alexa 488
appeared to be less than that for Alexa 594. Subjective
estimates of relative innervation density can be complicated. For locations such as the DLG that receive very
dense contralateral and ipsilateral projections with essentially no overlap, estimates of this type are obvious. However, where the extent of innervation from each retina is
fairly sparse, but dissimilar, judgments are more difﬁcult.
Moreover, in the present study, innervation density is
related to the perceived intensities of red and green, each
a pseudocolor applied by computer software to the digital
images obtained from analysis of ﬂuorophore intensity.
Judgments of innervation density were improved by raising the concentration of CTb/Alexa 488 conjugate injected
intraocularly. This method provided an acceptable qualitative and quantitative (data not shown) balance of appar-

ent red and green pseudocolors during simultaneous evaluation of projections to the ipsi- and contralateral SCN.

Retinohypothalamic tract
Previous investigations employed unilateral eye injections to identify retinohypothalamic tract projections to
the hamster SCN. Studies with fairly sensitive tracing
methods, such as HRP or cholera toxin-HRP, have shown
that much, if not all, of the nucleus receives input from
each retina (Pickard and Silverman, 1981; Youngstrom
and Nunez, 1986; Johnson et al., 1988b). Autoradiographic methods substantially underestimate retinal innervation of the hamster SCN (Eichler and Moore, 1974;
Card and Moore, 1984).
The present results show that, across the entire SCN,
about 55% of the innervation is derived from the contralateral retina. This is consistent with the earlier studies indicating that about 50% of the terminals from each
retina are present in each hamster SCN. However, the
present data also provide the ﬁrst demonstration of substantial asymmetry within the SCN with respect to retinal
terminal ﬁeld density. Previous studies suggested that the
ipsi- and contralateral projections were similarly distributed throughout the hamster SCN (Eichler and Moore,
1974; Pickard and Silverman, 1981; Johnson et al.,
1988b). Asymmetries were probably overlooked for two
major reasons: tissue section thickness and an inability to
compare directly locations of projections from each retina
in the same section. The combined use of confocal laser
scanning microscopy and dual ﬂuorescent tracers has essentially eliminated these problems.
The SCN is widely recognized as the locus of the principal circadian clock of the brain (Klein et al., 1991).
Rhythms generated in, and hierarchically driven by, the
SCN are entrained to the ambient photoperiod via the
retinohypothalamic tract (Rusak, 1977; Johnson et al.,
1988a). In rodents, retinal ganglion cells projecting to the
SCN are located throughout all four quadrants of both
retinas in relatively equal densities regardless of whether
they project ipsi- or contralaterally (Pickard, 1980, 1982;
Morin et al., 2003). Comparative anatomical investigation
of the retinohypothalamic projection to the SCN has demonstrated that asymmetry of the ipsi- and contralateral
projections is widespread among mammals (Moore, 1973;
Johnson et al., 1988b; Magnin et al., 1989; Cooper et al.,
1993). In most species, the asymmetry consists of the
contralateral projection being clearly denser than the ipsilateral projection. In the hamster, approximately 55% of
ganglion cells projecting to one SCN reside in the contralateral retina (Pickard, 1982; Morin et al., 2003). Function of the differing ipsi- and contralateral retinal projections has not been established, although it has been
suggested that rate of circadian rhythm reentrainment
may be related to the extent of putative retinohypothalamic tract symmetry (Stephan et al., 1982). In the
present context, there has been no previous attention to
ipsi- vs contralateral differences of retinal projection distribution within a single SCN of any species. The fact that
individual retinal ganglion cells bifurcate and project to
each SCN (Morin et al., 2003) further complicates understanding of RHT terminal ﬁeld patterning within each
nucleus.
The hamster SCN contains a distinct central subdivision characterized by speciﬁc cell types, including those
containing substance P (Morin et al., 1992), gastrin-
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releasing peptide (Aioun et al., 1998), calretinin (Blanchard and Morin, unpublished data), and Calb (Silver et
al., 1996). Nocturnal light induces FOS protein expression
in about 80% of the Calb-IR cells (Silver et al., 1996), and
the Calb-IR cells in this region receive retinal innervation
in the form of axosomatic synapses (Bryant et al., 2000).
The Calb neurons may be a necessary part of the photoentrainment pathway (LeSauter and Silver, 1999). However,
analysis of light-induced FOS or the clock-related genes
Per1 and BMAL in SCN neurons (Guido et al., 1999;
Hamada et al., 2002) suggests substantially greater retinal innervation of the SCN than simply to the area containing Calb-IR cells. The present data show that the
region of Calb-IR neurons receives input from both retinas, with the contralateral projection considerably denser
than that from the ipsilateral eye. The dense contralateral
terminal ﬁeld, although clearly encompassing the Calb
neurons, also extends well dorsal to them. This result is
consistent with the demonstration that the region of lightinduced FOS or clock-related proteins also encompasses,
but extends beyond, the central SCN area (Guido et al.,
1999; Hamada et al., 2002). The dense contralateral terminal ﬁeld also appears to provide a fairly close match to
the region containing the nocturnally phosphorylated, and
retina-dependent, mitogen-activated protein kinases
ERK1 and ERK2 (Lee et al., 2003).
The specialized central region of the hamster SCN is
surrounded by a dorsomedial zone containing vasopressin
and cholecystokinin cells and a ventral region containing
neurons immunoreactive to vasoactive intestinal polypeptide (Card and Moore, 1984; LeSauter et al., 2002). This
area approximates the combined dorsomedial and ventromedial regions shown here to receive predominantly ipsilateral innervation. It also corresponds to the area of
dense serotonergic innervation from the median raphe
nucleus (Meyer-Bernstein and Morin, 1996). This suggests the possibility that the inhibitory, presynaptic effects of serotonin on light-induced circadian rhythm responses (Morin and Blanchard, 1991; Meyer-Bernstein
and Morin, 1996; Pickard et al., 1999) might be mediated
through the ipsilateral projections to the regionally associated classes of peptidergic neurons.
Elsewhere in the hypothalamus, retinal innervation is
considerably less than that in the SCN, although the
preponderance of retinal input is from the contralateral
eye (Table 1). Unlike the case for the SCN, there do not
appear to be any regions in which the ipsilateral projection predominates. Despite the fact that the RHT is widely
known to project to several hypothalamic nuclei other
than the SCN, there is no known visual function for any of
them. One possibility is “masking” of circadian locomotor
activity. Negative masking (decreased activity) is a welldocumented response to light (Mrosovsky, 1999). Lesions
of the IGL, DLG, or visual cortex actually enhance negative masking by light, but no retinorecipient region has
yet been identiﬁed as necessary for light-induced negative
masking, including the SCN (Redlin and Mrosovsky, 1999;
Redlin et al., 1999, 2003; Edelstein and Mrosovsky, 2001).
More rostrally, innervation of the lateral preoptic area
is well established (Johnson et al., 1988b; Lu et al., 1999).
The present data afﬁrm that the ventrolateral preoptic
area receives direct retinal input, predominantly from the
contralateral retina, a region that, in the rat, also receives
sparse afferents from the SCN (Chou et al., 2002). This
region has long been considered a mediator of sleep, with
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lesions producing insomnia (Nauta, 1946; Lu et al., 2000).
The nucleus of the diagonal band of Broca and piriform
cortex in nearby basal forebrain also receive sparse and
predominantly contralateral retinal input (Table 1). The
function of this innervation has not been established. Similarly, there is a moderate retinal projection to the contralateral BNSTPM (the ipsilateral projection is very
sparse and is visible only with ABC methods to evaluate
CTb-IR). A visual function for this region has not been
identiﬁed, although it might mediate light-facilitated
acoustic startle (Walker and Davis, 1997). The baseline
acoustic startle response itself has clear circadian rhythm
modulation (Chabot and Taylor, 1992; Frankland and
Ralph, 1995), and entrainment of this rhythm is likely to
be via the RHT and separate from the visual circuitry by
which acoustic startle is light facilitated.

IGL
The IGL has a well-documented role as one of the nuclei
of the “circadian visual system” (Morin, 1994). The IGL
contributes to circadian rhythm regulation by both photic
(Harrington and Rusak, 1986; Pickard et al., 1987; Johnson et al., 1989; Morin and Pace, 2002) and nonphotic
(Mrosovsky, 1996; Turek and Losee-Olson, 1986; Reebs
and Mrosovsky, 1989) stimuli. The IGL receives direct
retinal input (Hickey and Spear, 1976; Pickard, 1982;
Morin et al., 1992; Moore and Card, 1994; Morin and
Blanchard, 1997; Ling et al., 1998; present results). Both
photic and nonphotic effects of IGL-mediated phase shifts
on circadian rhythmicity are presumed to occur via NPY
projections in the geniculohypothalamic tract to the SCN
from the IGL (Albers et al., 1984; Johnson et al., 1988c;
Card and Moore, 1989; Biello et al., 1994; Wickland and
Turek, 1994; Morin and Blanchard, 2001).
Fewer ipsi- than contralateral retinal ganglion cells
project to the IGL (Blanchard et al., 2002), but the contralateral projection density is only modestly greater
(present data). Both eyes provide retinal terminal ﬁelds in
the IGL that are completely interspersed and that encompass the entire nucleus (present data; Morin et al., 1992).
How these characteristics of terminal overlap and distribution in the IGL contribute to circadian rhythm regulation or other visual function (e.g., Legg, 1975) is not
known.
It is still uncertain whether the IGL has a noncircadian
visual function, although recent anatomical literature
suggests that this may be the case (Shiroyama et al.,
1999). In addition to having reciprocal, usually bilateral,
connections with nearly all the major subcortical retinorecipient nuclei, the IGL has connections with numerous
nonretinorecipient structures as well (Morin and Blanchard, 1998, 1999; Moore et al., 2000). Circadian rhythm
regulation can be modiﬁed by pretectal or tectal lesions or
by severing the connections between the IGL and those
areas; electrical stimulation of the sensory midbrain can
stimulate phase shifts of the circadian clock during the
subjective day and greatly reduce phase shifts in response
to light during the subjective night (Marchant and Morin,
1999). This growing amount of evidence suggests that
information from multiple sensory modalities may converge upon the IGL, modulating output of the SCN via the
geniculohypothalamic tract.
The dorsomedial VLG also has a dense terminal ﬁeld
arising exclusively from the ipsilateral retina. This region
is fairly long, extending about half the 2-mm length of the

522

L. MUSCAT ET AL.

IGL, and is distinguished from the IGL by the absence of
NPY-IR neurons and cells that project to the SCN (present
data; Morin et al., 1992; Morin and Blanchard, 2001).

dominates partially (SCN) or exclusively (OPT). Circadian
rhythm function of the ipsi- and contralaterally derived
retinal terminal ﬁelds is not known.

Pretectum
The visual midbrain contributes to the regulation of
hamster circadian rhythmicity, although it is not clear
whether the site is in the pretectum or tectum (Marchant
and Morin, 1999). The most intensively studied pretectal
region is the olivary pretectal nucleus, best known for its
contribution to the consensual pupillary light reﬂex
(Clarke and Ikeda, 1985; Klooster et al., 1995; Young and
Lund, 1997). The topographic organization of bilateral
retinal projections to the OPT is more diverse than that of
the other regions described here. Some regions receive
projections exclusively from one retina or the other; others
receive approximately equal ipsi- and contralateral input.
Elsewhere in the pretectum, ipsilateral retinal innervation is generally sparse. The contralateral input to these
nuclei is uniformly greater than that from the ipsilateral
retina, although the density of the contralateral projection
varies substantially across nuclei (Table 1), which is consistent with our previous observations (Morin and Blanchard, 1997).

Projections of melanopsin-containing
ganglion cells
The presence of interspersed retinal input to the SCN
and IGL could be related to the fact that each nucleus
receives input from a novel class of photoreceptive ganglion cells containing the putative photopigment, melanopsin (Gooley et al., 2001; Hannibal et al., 2002; Berson et
al., 2002; Hattar et al., 2002; Morin et al., 2003). It remains to be seen whether there is regional speciﬁcity
within the SCN or IGL with respect to the terminal ﬁelds
of melanopsin-containing retinal ganglion cells. Melanopsincontaining ganglion cells also project to other brain regions. Those currently identiﬁed are subparaventricular
hypothalamus, ventrolateral preoptic area, and SC (Morin
et al., 2003; Gooley and Saper, 2003). The projections to
the SCN, IGL, and OPT are substantial (Hattar et al.,
2002), and their ganglion cells of origin appear to be designed for transmitting information about light intensity
to the brain (Berson et al., 2002). Circadian rhythm response to light and the consensual pupillary light reﬂex
are substantially reduced in melanopsin gene knockout
mice (Panda et al., 2002; Ruby et al., 2002; Lucas et al.,
2003). Photic information arriving at the SCN and IGL
may be more useful to the organism if it arrives in a
bilaterally redundant fashion, i.e., with overlapping terminal ﬁelds from each retina. The OPT appears to have a
speciﬁc role in controlling bilateral symmetry of lightinduced pupillary constriction that may be more easily
managed when inputs from each retina target different
populations of midbrain neurons.
In summary, we have injected different ﬂuorescent tracers into each eye and evaluated the contribution of ipsiand contralateral retinal projections to retinorecipient regions implicated in the regulation of circadian rhythmicity. The results demonstrate different patterns of innervation evident in the three brain nuclei, the SCN, IGL,
and OPT, examined in detail. Although the contralateral
retina generally provides the preponderance of innervation to each of these nuclei, there are speciﬁc regions in
the SCN and OPT where the ipsilateral projection pre-
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