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ABSTRACT

A direct pathway from the retina to the dorsal raphe nucleus (DRN) has been
demonstrated in both albino rats and Mongolian gerbils. Following intraocular injection of
cholera toxin subunit B (CTB), a diffuse stream of CTB-positive, fine-caliber optic axons
emerged from the optic tract at the level of the pretectum/anterior mesencephalon. In gerbils,
CTB-positive axons descended ventromedially into the periaqueductal gray, moving caudally
and arborizing extensively throughout the DRN. In rats, the retinal-DRN projection com-
prised fewer, but larger caliber, axons, which arborized in a relatively restricted region of the
lateral and ventral DRN. Following injection of CTB into the lateral DRN, retrogradely
labeled ganglion cells (GCs) were observed in whole-mount retinas of both species. In gerbils,
CTB-positive GCs were distributed over the entire retina, and a nearest-neighbor analysis of
CTB-positive GCs showed significant regularity (nonrandomness) in their distribution. The
overall distribution of gerbil GC soma diameters ranged from 8 to 22 pm and was skewed
slightly towards the larger soma diameters. Based on an adaptive mixtures model statistical
analysis, two Gaussian distributions appeared to comprise the total GC distribution, with
mean soma diameters of 13 (SEM *1.7) um, and 17 (SEM *1.5) um, respectively. In rats,
many fewer CTB-positive GCs were labeled following CTB injections into the lateral DRN,
and nearly all occurred in the inferior retina. The total distribution of rat GC soma diameters
was similar to that in gerbils and also was skewed towards the larger soma diameters. Major
differences observed in the extent and configuration of the retinal-DRN pathway may be
related to the diurnal/crepuscular vs. nocturnal habits of these two species. J. Comp. Neurol.
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Indexing terms: subcortical vision; rodent visual system; environmental light stimulation;
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The serotonergic systems originating in the raphe nuclei
of the brainstem have been implicated in a broad range of
physiological, behavioral, and cognitive functions. Major
functions of serotonin include the central regulation of
autonomic functions, sensory and motor systems, cogni-
tion and associative learning, arousal and the sleep-wake
cycle, as well as mood and emotional states (Jacobs and
Fornal, 1993; Halliday et al., 1995; Cassel and Jeltsch,
1995; Montgomery, 1995; Dinan, 1996; Harvey, 1996;
Simansky, 1996).

The dorsal raphe nucleus (DRN) of the mesencephalon
contains the greatest proportion of serotonergic neurons,
which represent 30—70% of all DRN neurons, depending on
species (Wiklund et al., 1981; Stamp and Semba, 1995).
These neurons give rise to ascending pathways that inner-
vate widespread areas of the neocortex, striatum, and
limbic system (Vertes, 1991). Each serotonergic neuron

© 1999 WILEY-LISS, INC.

may influence a large number of postsynaptic neurons,
and their postsynaptic effects are primarily modulatory
and inhibitory at most target sites. The DRN also projects
to a number of structures in the central visual system,
including the superior colliculus (SC), lateral geniculate
nucleus (LGN; Villar et al., 1988), intergeniculate leaflet
(IGL; Meyer-Bernstein and Morin, 1996; Moga and Moore,
1997), and visual cortex (Koh et al., 1991). Activation of the
DRN causes a pronounced inhibition of visual responses in
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most LGN neurons (Xue et al., 1996) and also may result in
modulation of circadian phase (Rea et al., 1997) or block
light-induced expression of the immediate early gene c-fos
in the SCN (Meyer-Bernstein et al., 1997).

A direct pathway from the retina to the DRN has been
reported in several mammalian species, including cats
(Foote et al., 1978), rats (Shen and Semba, 1994; Kawano
et al., 1996), and Mongolian gerbils (Fite et al., 1997). The
existence of this pathway suggests that optic stimulation
may directly influence DRN neurons. Previous reports also
indicate that serotonin in the DRN exhibits a diurnal
rhythm that is influenced by light-dark conditions and by
the sleep-waking cycle (Cagampang et al., 1993; Cagam-
pang and Inouye, 1994; Portas et al., 1998).

The present report describes and compares a number of
neuroanatomical and morphological features associated
with the retinal-DRN pathway in two species from the
same family of rodents (Muridae): Mongolian gerbils, a
crepuscular/diurnal species with a well-developed visual
system (Susic and Masirevic, 1986; Mitrofanis and Finlay,
1990; Govardovskii et al., 1992), and the laboratory rat, a
strongly nocturnal species. Preliminary results of the
present study have been published in abstract form (Fite
et al., 1997).

MATERIALS AND METHODS
Anterograde experiments

Intraocular injections of cholera toxin subunit B (CTB;
low-salt; List Biological Laboratories, Campbell, CA) were
used to identify retinal afferents in adult albino rats
(Rattus norvegicus, Sprague Dawley, 300-800 g, n = 10)
and in adult Mongolian gerbils (Meriones unguiculatus,
51-68 g, n = 20). All procedures used were approved by the
Institutional Animal Care and Use Committee of the
University of Massachusetts in accordance with NIH and
USDA guidelines. Animals were anesthetized with an
intraperitoneal injection (gerbils: ketamine [100 mg/kg]
and xylazine [10 mg/kg]; rats: ketamine [90 mg/kg] and
xylazine [4 mg/kg]). Following a topical application of
corneal anesthetic (0.5% proparacaine hydrochloride), the
needle of a 10 pl Hamilton microsyringe was inserted into
the posterior chamber at the temporal cornea-conjunctival
margin. Five microliters of 2% (w/v) solution of CTB in 2%
dimethyl sulfoxide were slowly injected into the eye, and
the needle was held in place for a period of 10-18 minutes.
Following needle withdrawal, the injection site was imme-
diately washed with saline and antibiotic (Bactracine)
applied topically.

Following postinjection survival times of 4-10 days,
animals were anesthetized and the exposed heart was
injected with 1 ml (rats) or 0.2 ml (gerbils) of heparin
(5,000 USP units/ml). Animals were then perfused trans-
cardially with saline followed by 400 ml (rats with the
descending aorta clamped) or 300 ml (gerbils) of chilled 4%
paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.2).
The brain was subsequently removed, postfixed in the
same fixative overnight at 4°C and then transferred to 30%
sucrose in PB overnight. Coronal 40-um-thick sections
were cut on a freezing microtome; sections were saved
from midthalamic to caudal midbrain levels.

Brain sections were processed using a highly sensitive
immunocytochemical protocol (Angelucci et al., 1996).
Sections were rinsed in 0.1 M phosphate-buffered saline
(PBS; pH 7.4), incubated in 0.3% H30, in PBS for 20
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minutes, rinsed in PBS (three times, 5 minutes each), and
incubated in 0.1 M glycine in PBS for 30 minutes. Follow-
ing three rinses (5 minutes each) in PBS, sections were
incubated in 4.5% normal rabbit serum (NRS; Vector,
Burlingame, CA), 2.5% bovine serum albumin (BSA; Sigma,
St. Louis, MO), and 0.4% Triton X-100 (Tx) in PBS
overnight at 4°C. Sections were rinsed two times (5
minutes each) in PBS and incubated in a goat anti-CTB
antibody (List Biological Laboratories) solution (antibody
dilution 1:4,000-1:2,700) in PBS, containing 2% NRS,
2.5% BSA, 2% Tx for 4 days at 4°C. Sections were rinsed
four times (15 minutes each) in PBS; incubated in 2% NRS
and 2.5% BSA in PBS for 10 min; then incubated in
biotinylated rabbit anti-goat IgG antibody (Vector; diluted
1:200) with 2% NRS, 2.5% BSA, and 1% Tx in PBS for 1.5
hours. [In some animals, the biotinylated rabbit anti-goat
antibody was replaced by biotinylated donkey anti-goat
IgG antibody (Jackson Immunoresearch Laboratories;
1:1,000) and the rabbit serum with donkey serum (Jackson
Immunoresearch Laboratories). This yielded very low
background staining]. Sections were rinsed four times (15
minutes each) in PBS and incubated again in 2% NRS and
2.5% BSA in PBS for 10 minutes. Sections were incubated
in a 1:100 ABC (ABC Elite; Vector) solution in PBS for 1
hour, rinsed four times in PBS (15 minutes each), then
rinsed twice (5 minutes each) in 0.05 Tris buffer (TB; pH
7.4), incubated in 0.5—-1% CoCl, in TB for 10 minutes, then
rinsed in TB for 1 minute, followed by two rinses in PBS (5
minutes each). Sections were then preincubated in diami-
nobenzidine (DAB; 0.05%) in PBS for 5 minutes and
reacted for 3 minutes by adding 0.01% H,0, to the DAB
solution. Sections were then rinsed five times (1 minute
each) in PBS, mounted on chromium-subbed slides, al-
lowed to air dry, cleared with xylenes or Hemo-De, and
coverslipped with Permount. Sections containing CTB-
labeled axons and terminal profiles were charted with
reference to a standard rat atlas (Paxinos and Watson,
1998) using both bright- and darkfield microscopy. At least
three cases showing the highest levels of CTB immunoreac-
tivity in central visual nuclei were analyzed for each
species.

Retrograde experiments

Pressure injections of CTB were placed in the DRN of
rats and gerbils as follows. The animal was placed in a
Kopf, small-animal stereotaxic apparatus and the incisor
bar adjusted so that the dorsal surface of the skull was
level. By using a dental drill, a small burr hole was made
in the skull, posterior to lambda (3.5 mm in gerbils and 4.9
mm in rats). A 10 pl Hamilton syringe was inclined
posteriorly at a 35° angle from vertical and was positioned
with the needle tip just touching the surface of the dura.
The needle was then advanced slowly for 6.1 mm in gerbils
or 8.5 mm in rats. CTB (0.5-0.8 ul) was gradually injected
over a 5 minute period. The needle was left in place for at
least 10 minutes following completion of the injection and
was then slowly withdrawn. The skull was sealed with
bone wax and the skin incision closed with wound clips.
Following a survival time of 7 days, animals were perfused
transcardially with 4% paraformaldehyde. The brain was
removed, postfixed for 46 hours, and placed in 30%
sucrose in PB overnight. The next day, 40-nm-thick coro-
nal sections were cut on a freezing microtome; serial
sections were saved from midthalamic to caudal midbrain
levels.
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Following perfusion, each eye was removed, injected
with a small quantity of fixative, and immersed in fixative
for 1 hour. The retina was removed intact, and the retinal
pigment epithelium was gently brushed away from the
posterior surface. The retina was then cut into four
quadrants along the vertical and horizontal meridians.
Individual quadrants were placed in small vials and
postfixed at 4°C in 4% paraformaldehyde, overnight, prior
to immunocytochemical processing the following day.

Immunocytochemistry

Immunocytochemistry was performed on brain sections
on the same day they were cut, together with retinal
quadrants from both eyes of the same animal (method of
Mikkelsen, 1992). Tissues were rinsed three times (10
minutes each)in 0.1 M PBS (pH 7.4), incubated in 1% H30,
in PBS for 10 minutes, rinsed three times (5 minutes each)
in PBS, incubated in 4% NRS with 0.3% Tx and 0.5% BSA
in PBS for 20 minutes, and then incubated in goat
anti-CTB antibody (diluted 1:4,000) in PBS containing
0.3% Tx and 1% BSA for 3 days at 4°C. Following incuba-
tion, tissues were rinsed three times (10 minutes each) in
PBS containing 0.1% Tx (PBS-Tx) and were then incu-
bated for 60 minutes in biotinylated rabbit anti-goat IgG
antibody (1:600) in PBS-Tx containing 0.25% BSA, rinsed
three times (10 minutes each) in PBS-Tx, incubated for 60
minutes in streptavidin-HRP (1:1,000, Jackson Immunore-
search) in PBS-Tx containing 0.25% BSA, and rinsed two
times (10 minutes each) in PBS-Tx and once (10 minutes)
in 0.05M Tris-buffer (TB, pH 7.6). After a 1 minute soak in
0.05% DAB in TB, 0.01% H,0, was added, and retinal
quadrants and brain sections were reacted for 5 min.
Tissues were then rinsed two times (5 minutes each) in TB
and two times (5 minutes each) in PBS. Retinal quadrants
were transferred from PBS to distilled water and immedi-
ately mounted onto subbed slides, ganglion cell layer
upward, with each retinal quadrant restored to its original
location relative to the center of the eye. Retinal flat
mounts were allowed to dry on the slide for approximately
1 hour, then cleared with a quick dip into Hemo-De and
coverslipped with a thick layer of Permount.

A set of reference sections also was prepared for each
species in which the location of serotonergic neurons was
demonstrated, immunocytochemically, using antibodies
against serotonin (5-HT) in order to define the boundaries
of the DRN. Animals were perfused as described above,
brains were postfixed overnight at 4°C, then immersed in
30% sucrose in PB overnight, and serial sections were cut
on a freezing microtome at 40-pm-thickness throughout
the mesencephalon. For 5-HT immunocytochemistry, the
CTB protocol (Angelucci et al., 1996) described above was
used, with the following modifications. The goat anti-CTB
antibody was replaced with rabbit anti-5-HT antibody
(Protos Biotech, New York, NY; NT102) at a dilution of
1:1,500, the rabbit anti-goat antibody was replaced with
goat anti-rabbit IgG antibody (Vector) diluted 1:200, and
the rabbit serum was replaced with goat serum.

Analysis of retinal ganglion cells

CTB-positive ganglion cell profiles were identified in
both retinas of three gerbils and three rats with well-
placed CTB injections into the lateral DRN. CTB-positive
ganglion cell (GC) profiles were identified using an oil-
immersion objective (X100) and were traced using a
camera lucida. Further quantification and analysis were
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accomplished using a computer-assisted morphometry sys-
tem (Jandel Scientific) and statistical software package
(Systat). Both the intercellular spacing and the density of
CTB-labeled GCs were obtained in ten sample areas from
the gerbil retina that contained the greatest number of
retrogradely labeled GCs. Five sample areas were ran-
domly selected both from the superior retina and from the
inferior retina (ten areas total). Sample areas were circu-
lar and ranged from 0.7 to 1.1 mm? (mean 0.96 mm?2). By
using a camera lucida, the location of individual CTB-
positive ganglion cells was charted in each sample area.
The total area sampled was 9.67 mm?2, which represented
approximately 20% of the total retina (50 mm?2).

An estimate of the total number of ganglion cells project-
ing to the DRN was obtained from this same retina. For
each of ten sample areas, the cellular density of labeled
cells per square millimeter was obtained, and a mean
density of CTB-positive GCs/mm?2 was then estimated for
the entire retina. Similar procedures were used in the rat
retina containing the greatest number of retrogradely
labeled GCs following CTB injection into the DRN. How-
ever, in rats, nearly all CTB-positive GCs occurred in the
inferior retina, thereby limiting soma size measures to this
portion of the retina.

To assess the degree of regularity associated with the
spatial distribution of DRN-projecting GCs, the nearest-
neighbor distance (NND) from each CTB-positive GC to its
nearest neighbor was measured in ten sample areas (n =
259), and these values were plotted as a frequency distribu-
tion. The most commonly used estimator of mosaic regular-
ity, the “conformity ratio” (CR; the ratio of the mean NND
to the standard deviation of the distribution of intercellu-
lar distances) was calculated as described by Cook (1996).
Using Cook’s ready-reckoner values (previously obtained
from a set of empirically determined critical values of the
CR) for a sample size of 259, the statistical probability of
regularity was determined for the DRN-projecting GC
population. In addition, the total distribution of DRN-
projecting GC soma diameters was analyzed, statistically,
using the adaptive mixtures algorithm, a semiparametric
method that assesses the probability-density function of a
given distribution as a mixture of Gaussian (normal) densi-
ties (see Advanced Computation Technology Group, Depart-
ment of Defense; www.nswc.navy.mil/compstat/AM).

RESULTS
Anterograde observations: Retinal afferents

Retinal terminals in all primary thalamic and mesence-
phalic central visual nuclei were strongly immunoreactive
for CTB 5-7 days following intraocular injections. In
addition, several hypothalamic nuclei and periventricular
cellular regions contained CTB-immunoreactive retinofu-
gal axons, as previously reported for other species by
investigators using CTB as an anterograde tracer for
retinal afferents (see Ling et al., 1998; Youngstrom et al.,
1991). In the present report, primary emphasis was placed
on analysis of retinofugal afferents to the mesencephalic
periaqueductal gray (PAG) and to the DRN.

In gerbils, CTB-positive retinal axons emerged from the
contralateral optic tract at several locations. At the level of
the pretectum and rostral superior colliculus (SC), a
stream of CTB-positive axons descended from the optic
tract (Figs. 1, 2). These axons were of fine caliber and
descended along an oblique trajectory, through the inter-
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Fig. 1. Darkfield photomontage of CTB-positive optic axons emerg-
ing from the gerbil optic tract (OTr) at the level of the rostral superior
colliculus (SC) and coursing medially, through the comissure of the

nal and deep gray layers of the SC, passed through the
commissure of the superior colliculus, and entered the
PAG (Fig. 3). More caudally, several diffuse streams of
CTB-positive retinal axons also descended into the PAG.
Some of these axons showed en passant varicosities and
short branches as they descended through the PAG, along
the cerebral aqueduct (Fig. 4). More caudally, a small
number of CTB-positive axons descended into the lateral
margins of the PAG and coursed ventrally to enter the
lateral margins and main body of the DRN, where they
formed a dense matrix of extremely fine, terminal-like
arborizations with numerous varicosities (Figs. 5, 6).

superior colliculus (CSC), into the periaqueductal gray (PAG). Arrows
indicate the approximate boundaries of this axonal stream. Scale
bar = 200 pm.

The extent of the retinal terminal field in the DRN was
extensive in gerbils, and all but the most caudal and
ventrolateral regions of the DRN contained CTB-positive
axonal arborizations. CTB-positive, varicose, retinal affer-
ents were observed rostrocaudally from the level of the
oculomotor nucleus (nIIl) to the level of the dorsal tegmen-
tal nucleus (rostrocaudal distance approximately 1,300
nm; Fig. 7). Mediolaterally, optic afferents extended from
the lateral margins of the DRN, across the main body of
the DRN, including the area immediately ventral to the
aqueduct (Fig. 5). In gerbils, optic-axonal varicosities
ranged in size from 0.6 to 2.4 pm. The distribution of
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Fig. 2. Darkfield photograph of CTB-positive gerbil optic axons (arrows) descending from the optic
tract towards the commissure of the superior colliculus (CSC). Scale bar = 100 pm.

Fig. 3. Darkfield photograph of CTB-positive gerbil axons (arrows)
passing through the commissure of the superior colliculus (CSC) and
entering the periaqueductal gray (PAG). Scale bar = 100 pm.

CTB-positive, afferent arborizations was bilaterally sym-
metrical, regardless of whether intraocular injections were
monocular or binocular. All optic afferents appeared to
originate from the contralateral optic tract. Small num-
bers of CTB-positive retinal afferents also were observed
entering the nucleus cuneiformis, which lies immediately

adjacent to the DRN at its most caudal and lateral
margins.

In rats, CTB-positive axons descended from the optic
tract at the level of the pretectum and followed a trajectory
similar to that observed in gerbils (Fig. 8A); likewise, these
axons entered the PAG and descended ventrally along the
edge of the aqueduct (Fig. 8B). However, in the rat,
CTB-positive axons did not form the extensive, rostrocau-
dal, DRN terminal plexus that was observed in gerbils;
instead, a smaller region of CTB-positive axonal arboriza-
tions was observed in the DRN lateral wings (Fig. 9). The
caliber of both axons and their varicosities was larger in
rats (0.8-4.0 pym) than in gerbils (0.6-2.4 pm). Retinal
afferents were also seen bilaterally in rats, but the density
of axonal arborizations was consistently greater in the
contralateral DRN of rats.

Retrograde observations:
Retinal ganglion cells

In three gerbils with well-placed, unilateral CTB injec-
tions of the lateral DRN (Fig. 10), CTB immunoreactivity
was limited to the injection site and its immediate vicinity,
with no leakage of the tracer into the SC, pretectum, or
other retinorecipient nuclei. The combined distribution of
CTB-positive, GC soma diameters from both retinas of
three gerbils with unilateral DRN injections ranged from 8
to 22 pm (n = 1,330, mean = 14 pm; SEM *0.65 pm). No
differences were found in ipsilateral vs. contralateral GC
soma sizes. The combined GC distribution was somewhat
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Fig. 4. Darkfield photograph and camera lucida tracing of the same CTB-positive optic axon in the
gerbil periaqueductal gray adjacent to the cerebral aqueduct (Aq). Scale bars = 50 pm.

skewed towards the larger soma diameters (Fig. 11),
and the adaptive mixtures model analysis indicated that
the observed population of gerbil GC soma diameters
consisted of two Gaussian distributions. The larger sub-
population contained 83% of the total (mean = 13 pm,;
SEM =*1.7 um); the smaller subpopulation contained the

Fig. 5. A: Serotonin-immunoreactive neurons in the gerbil dorsal
raphe nucleus (DRN) used to define the boundaries of the DRN.
B: CTB-positive optic axonal arborizations in the gerbil dorsal raphe
nucleus shown in darkfield illumination. C: CTB-positive optic axonal
arborizations in the dorsomedial portion of the gerbil dorsal raphe
nucleus. Aq, cerebral aqueduct. Scale bars = 200 pm in A,B; 100 pm in C.
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Fig. 6. A:CTB-positive optic axonal arborizations (darkfield photo-
graph) in the gerbil dorsal raphe nucleus. For reference in B, arrows
indicate a loop-like configuration. B: Higher magnification camera
lucida tracing of axonal arborizations and varicosities from a region
indicated by arrows in A. Scale bars = 50 pm in A; 10 pm in B.

remaining 17% of the distribution (mean = 17 ym; SEM *+
1.5 pum).

A combined population of 875 well-labeled GCs were
analyzed from both eyes of one gerbil (G70, left, ipsilateral
eye 430; right, contralateral eye 445). In many CTB-
positive GCs, one to three primary dendrites were labeled,
and conspicuous dendritic varicosities, occurring at regu-
lar intervals, were visible (Fig. 12). CTB-positive GCs
appeared to be regularly distributed, indicating a nonran-
dom, mosaic coverage of the entire retina by DRN-
projecting GCs (Fig. 13). In the most well-labeled case
(G70, right retina), the mean nearest-neighbor distance
between adjacent CTB-labeled ganglion cells was 107 * 4
pm. The ratio of the mean to the SD (49.8 ym) yielded a
conformity ratio (CR) of 2.14. For a sample size of 259, this
CR value implies significant (P < 0.01) nonrandomness
(e.g., regularity) in the distribution of these DRN-
projecting GCs (see Cook, 1996). Based on a cellular-
density analysis, the number of CTB-positive ganglion
cells in this gerbil retina was estimated to be 1,674.

By comparison, many fewer CTB-positive GCs were
observed in rats following unilateral injections of CTB into
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Fig. 7. Schematic representation of two coronal sections showing
the location and extent of CTB-positive optic axonal arborizations
(light shading) in the rostral (top) and caudal (bottom) dorsal raphe
nucleus (DRN) in gerbils. Heavy line indicates the full extent of the
DRN. Dark shading indicates CTB-positive terminals in the superior
colliculus (SC) contralateral to the injected eye. Aq, cerebral aqueduct;
mlf, medial longitudinal fasciculus; PAG, periaqueductal gray; nIII,
oculomotor nucleus. Scale bar = 1,000 pm.

the DRN. In the rat, CTB-positive GCs occurred almost
exclusively in the inferior retina of both eyes. Rat GC soma
diameters ranged from 10 to 21 pm (mean = 14 pm). The
distribution of CTB-positive, GC soma diameters for three
rats (n = 244) and three gerbils (n = 1330) is shown in
Figure 11. As was observed in gerbils, regularly spaced
varicosities often were seen on the dendrites of many of the
larger CTB-positive rat GCs (Fig. 14). Because of the
variable density of CTB labeling in rat GC somas, no
estimates could be made of the total number of CTB-
positive ganglion cells or their intercellular spacing.

DISCUSSION
Retinal-DRN projection

The present study has demonstrated the existence of a
direct, retinal-DRN projection in both rats and gerbils,
although several species differences were observed. In
gerbils, the descending pathway was larger and more
conspicuous, and both the density of terminals and the
extent of the terminal field were greater and more well-
defined in gerbils than in rats. In general, the course of
retinal afferents to the DRN appeared to be similar in both
species, axons emerging from the optic tract at the level of
the pretectum/anterior superior colliculus, coursing ventro-
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Fig. 8. A: Darkfield photomontage of CTB-positive rat optic axons  magnification from A, in the region of the CSC, showing optic axons
(arrows) descending from the optic tract (OTr) at the level of the (arrows) entering the periaqueductal gray. Scale bars = 200 pm in A;
pretectal region (Pt), moving medially through the commissure of the 100 pm in B.
superior colliculus (CSC) into the periaqueductal gray. B: Higher
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1000 pun

Fig. 9. A: CTB-positive optic axonal arborizations (arrow) in the the lateral DRN as shown in A. C: Schematic representation of a
rat dorsal raphe nucleus (DRN). Dotted line (upper left) indicates  coronal section from the caudal pole of the rat DRN. Small, shaded
boundary of the cerebral aqueduct. Arrow indicates region shown at  areas indicate location of CTB-positive, optic axonal arborizations.
higher magnification in B. B: Enlarged view of CTB-positive axons in  Scale bars = 200 pm in A; 50 pm in B; 1,000 pm in C.
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Fig. 10. Representative CTB injection site in the lateral portion of
the gerbil dorsal raphe nucleus (DRN); breaks in the tissue around the
cerebral aqueduct (Aq) are tissue artifacts incurred during frozen
sectioning. mlf, medial longitudinal fasciculus. Scale bar = 500 pm.

medially through the commissure of the superior collicu-
lus, and descending into the PAG, as previously described
for rats (Shen and Semba, 1994). The calibers of descend-
ing axons and their en passant varicosities were larger and
ramified in a more restricted region of the ventrolateral
DRN in rats than in gerbils, where retinal afferents were
observed over the entire rostrocaudal extent of the lateral
and dorsomedial portions of the DRN.

In both species, CTB injections into the lateral DRN
retrogradely labeled GCs with a similar range of soma
diameters. However, following DRN injections, approxi-
mately four to five times as many CTB-positive GCs were
retrogradely labeled in gerbils as in rats, consistent with
the more extensive retinal-DRN pathway and terminal
zone observed in gerbils. The distribution of gerbil GC
soma diameters was slightly skewed towards the larger
soma diameters, suggesting that more than one popula-
tion of GCs contributed to this retinofugal projection. This
hypothesis was confirmed using a mixed-model statistical
analysis, which revealed two Gaussian components in the
overall distribution. The larger subpopulation of DRN-
projecting GCs in gerbils had a smaller mean soma
diameter (13 pm, SEM *1.7 pm) than did the second
subpopulation (17 pm, SEM +1.5 pm). Retrograde label-
ing of GCs via the transected optic nerve with the carbocya-
nine dye 1,1dioctadecyl-3-3,-3',-3'-tetramethylindocarbo-
cyanine percholate (Dil) has shown that the total
population of gerbil GC soma diameters ranges from 6 to
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Fig. 11. Combined frequency distribution of retrogradely labeled

ganglion cell soma diameters of three gerbils (light bars; n = 1330) and
three rats (dark bars; n = 244) after injections of CTB into the lateral
DRN.

26 pm (McLaughlin and Fite, unpublished results). Previ-
ous studies in the rat retina have shown that GC soma
diameters range from 6 to 35 pm (Moore et al., 1995; Leak
and Moore, 1997; Huxlin and Goodchild, 1997). In the
present study, a range of 10-21 pym was obtained for
DRN-projecting GC soma diameters in rats. Therefore, in
both rats and gerbils, neither the smallest nor the largest
GCs appear to contribute to the retinal-DRN projection.
Possibly, some or all retinal axons to the DRN are collater-
als of axons projecting to other retinorecipient nuclei, such
as the SC and/or pretectal optic nuclei, given the locations
at which retinal-DRN axons emerge from the optic tract.
Additional studies utilizing double-labeling techniques
will be necessary to resolve this question.

Retinal ganglion cells projecting to the DRN

With regard to their retinal distribution, in gerbils GCs
projecting to the DRN appeared to be regularly spaced,
suggesting a mosaic-like coverage of the entire retina.
Cellular mosaics have been described in all layers of the
retina (Cook, 1996) and have been useful as one criterion
in identifying independent neuronal classes (Cook, 1998).
In rats, nearly all retrogradely labeled GCs were observed
in the inferior retina. Following injection of retrograde
tracers into the rat DRN, Shen and Semba (1994) also
described a small population of GCs confined to one-half of
the retina. The species differences observed in the present
study could be due, in part, to differences in the location of
DRN injection sites and/or the area of effective CTB
uptake by DRN retinal afferents. In rats, the region
containing retinal axonal arborizations was considerably
smaller and more localized than in gerbils and would be
less likely to be located at or near the center of an injection
site. By comparison, in gerbils, optic afferents arborized
extensively throughout the lateral and dorsomedial DRN;
therefore, the specific placement of the injection site would
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Fig. 12. A-D: CTB-positive gerbil ganglion cells photographed in
whole-mount retinas following CTB injection into the lateral dorsal
raphe nucleus. Arrows indicate primary dendrites labeled with CTB.
E: Camera lucida tracings of CTB-positive gerbil ganglion cells
(intercellular spacing is arbitrary). Scale bars = 15 pm.

be less critical in labeling retinal afferents. In CTB-labeled
GCs of both species, conspicuous varicosities on primary
and secondary dendrites resembled those described in other
mammalian retinas (Peichl, 1989; Dann and Buhl, 1990; Pu
and Amthor, 1990; Wingate et al., 1992; Zhan and Troy, 1997).
However, the dendritic processes of many GCs appeared to be
incompletely labeled with CTB; therefore, no reliable
measures of dendritic field size, shape, or stratification
patterns could be obtained. In gerbils, the estimated
number of DRN-projecting GCs was 1,674, which is approxi-
mately 1% of the total GC population (Wickler et al., 1989).

Relationship of the DRN and visual system

In addition to its many ascending projections (Halliday,
1995), the DRN also innervates a number of retinorecipi-
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Fig. 13. A: Camera lucida tracing of CTB-positive ganglion cells
from a randomly chosen region of gerbil whole-mount retina following
CTB injection of the dorsal raphe nucleus. B: Frequency distribution
(Gaussian) of nearest-neighbor intercellular distances (mean = 107 =
4 pm).

ent nuclei, including the dorsal LGN, ventral LGN, IGL,
SC, and visual cortex. DRN efferents to the dorsal LGN
and SC originate from neurons located in the lateral cell
groups (Villar et al., 1988; Waterhouse et al., 1993), the
same region of the DRN that receives direct retinal input
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Fig. 14. A: CTB-positive ganglion cell in the rat retina following CTB injection into the dorsal raphe
nucleus. B: Camera lucida tracing of ganglion cells shown in A. C: CTB-positive rat ganglion cell with
conspicuous dendritic varicosities (arrows). Scale bars = 15 pm.

in both gerbils and rats; some DRN neurons reportedly
project both to the LGN and to the SC (Villar et al., 1988).
DRN neurons that project to rat visual cortex (areas 17,
18a, and 18b) have been described primarily in the ventro-
medial portion of the nucleus that lies between and dorsal
to the medial longitudinal fasciculi (Waterhouse et al.,
1993). Retinal afferents were observed in the ventromedial
DRN in gerbils, but not in rats.

A dense, serotonergic projection to the superficial layers
of the SC has been reported in mammals (Villar et al.,
1988; Mize and Horner, 1989). Also, Mooney et al. (1996)
investigated the distribution of 5-HT;4 and 5-HT;g recep-
tors in the SC and showed that 5-HT;g receptors located on
optic afferent terminals can exert presynaptic inhibition
on retinocollicular input and that direct electrical stimula-
tion of the lateral DRN reduced visually evoked responses
of SC neurons. Other evidence indicates that activation of
the DRN is associated with a pronounced inhibition of
visual responsiveness in LGN neurons in rat and cat
(Foote et al., 1974; Marks et al., 1987; Kayama et al., 1989;
Xue et al., 1996). Although DRN neurons that project to
central visual structures resemble the fusiform and multi-
polar neurons that contain serotonin (Descarries et al.,
1982; Waterhouse et al., 1986, 1993), not all DRN efferent
neurons are serotonergic (Villar et al., 1988; Koh et al.,
1991).

Recently, in gerbils, a small population of neurons that
project back to the retina was described in the ipsilateral
DRN and adjacent PAG (Fite et al., 1997). These neurons
also were observed in the present study; the majority had
small somata and occurred within regions of the DRN that
receive direct retinal afferents; however, they did not
resemble DRN neurons that project to the LGN, SC, or
visual cortex. Larsen and Moller (1985, 1987) also have
described retinal efferents in gerbils, and other investiga-
tors have reported retinal efferent neurons in the DRN of
rats (Itaya and Itaya, 1985; Villar et al., 1987), macaque
monkeys, guinea pigs, and cats (Labandeira-Garcia et al.,
1990). These DRN retinopetal neurons may constitute a
centrifugal feedback loop such that effects of retinal input
in the DRN may, in turn, influence retinal processing
and/or retinal output.

The direct, retinal-DRN projection may be part of an
increasingly well-documented system of retinal afferents
that lie outside the boundaries of the classically defined
central visual system. Pickard (1982, 1985) and Cooper et
al. (1989, 1993) have proposed that this “nonimage-
forming” component of mammalian central visual path-
ways mediates the photic regulation of the neuroendocrine
and circadian systems via afferents that encode the tempo-
ral and photometric characteristics of environmental light
rather than spatial information. A variety of anatomical,
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histochemical, developmental, and electrophysiological
characteristics appear to distinguish the nonimage-
forming components of the mammalian visual system
(Card and Moore, 1991; Ritter and Dinh, 1991; Martinet et
al., 1992; Cooper et al., 1993; Mick et al., 1993; Enquist et
al., 1994; Herbin et al., 1994) from those that mediate
perceptual, oculomotor, and/or visuomotor functions.

One major component of this nonimage-forming system
is the retinal-SCN and retinal-IGL-SCN circuitry associ-
ated with the neural control and modulation of circadian
rhythms (Wetterberg, 1993; Morin, 1994; Takahashi, 1995;
Moore, 1996; Harrington, 1997; Hastings, 1997). Electro-
physiological response properties of retinohypothalamic
afferents indicate that this pathway encodes information
primarily about ambient illumination and photoperiodic
variations (Meijer et al., 1986; Meijer and Rietveld, 1989;
Morin, 1994). Direct retinal input to the SCN that is
necessary for both circadian photic entrainment and phase
shifts reportedly originates from a distinct population of
retinal ganglion cells (Pickard, 1980; Moore et al., 1995).
The SCN also receives second-order, optic input from
neuropeptide Y (NPY)-containing neurons located in the
IGL (Morin et al., 1992), and a subset of ganglion cells has
been described that project both to the SCN and to the IGL
(Pickard, 1985; Moore et al., 1995). A variety of experimen-
tal evidence now indicates that the IGL-SCN geniculohypo-
thalamic tract mediates nonphotic entrainment of the
circadian pacemaker (Morin, 1994; Moore and Card, 1994,
Mrosovsky, 1996; Harrington, 1997; Maywood et al., 1997).
In hamsters and rats, the DRN projects to the IGL and
ventral LGN, and it has been suggested that circadian
rhythms may be influenced, indirectly, via the DRN-IGL-
SCN pathways (Meyer-Bernstein and Morin, 1996; Moga
and Moore, 1997; Maywood et al., 1997). Also, electrical
stimulation of the DRN has been shown to modulate
circadian phase in hamsters (Rea et al., 1997), inducing an
increase in 5-HT release and phase advances in circadian
activity rhythms (Dinardo et al., 1998; Dudley et al., 1998;
Meyer-Berstein and Morin, 1998).

From a somewhat broader perspective, relatively little is
known about the ways in which environmental photic
stimulation can influence arousal, affective, and/or emo-
tional states via the serotonergic nuclei of the brainstem.
Both experimental and clinical investigations of the non-
perceptual aspects of visual stimulation have described
the therapeutic effectiveness of light in regulating circa-
dian rhythmicity and menstrual cyclicity and as an antide-
pressant in the treatment of seasonal affective disorder
(Terman et al., 1990; Wetterberg, 1993; Terman, 1993;
Oren and Terman, 1998). Considerable evidence now
indicates that serotonergic mechanisms are involved in
some seasonal types of depression (see Rosenthal and
Blehar, 1989; Jacobsen et al., 1989; Lam et al., 1996, 1997).
Other evidence indicates that light stimulation may di-
rectly effect serotonin levels in the DRN (Cagampang et
al., 1993; Cagampang and Inouye, 1994) and other brain
regions (Ferraro and Steger, 1990), except in the SCN,
where an endogenous circadian rhythm in neuronal 5-HT
release appears to occur in the absence of photic or
environmental light cues (Dudley et al., 1998).

In conclusion, the direct, retinal-DRN projection de-
scribed in the present report could be an important route
by which environmental light may influence the activity
and/or state of neurons in the DRN, with potential effects
on a broad range of neural circuits and behaviors. From a
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comparative perspective, the more extensive retinal-DRN
projection observed in gerbils may be associated with the
more highly visual and crepuscular/diurnal habits of this
species compared to rats, which are highly nocturnal.
Whether comparable differences will be observed in other
diurnal and noctural species remains to be determined.
The functional significance of this unusual pathway is as
yet unknown, in particular whether it is directly involved
in neural circuits that underlie a variety of nonperceptual
effects of light.
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