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Purrose. Under real-world conditions, saccades are often accompanied by changes in
vergence angle and lens accommodation that compensate for changes in the distance
between the current fixation point and the next target. As the superior colliculus directs
saccades, we examined whether it contains premotor neurons that might control lens
compensation for target distance.

MerHops. Rabies virus or recombinant rabies virus was injected into the ciliary bodies
of Macaca fascicularis monkeys to label circuits controlling lens accommodation via
retrograde transsynaptic transport. In addition, conventional anterograde tracers were
used to confirm the rabies findings with respect to projections to preganglionic Edinger—
Westphal motoneurons.

ResuLts. At time courses that rabies virus labeled lens-related premotor neurons in the
supraoculomotor area and central mesencephalic reticular formation, labeled neurons
were not found within the superior colliculus. They were, however, found bilaterally
in the medial pretectal nucleus continuing caudally into the tectal longitudinal column,
which lies on the midline, between the colliculi. A bilateral projection by this area to the
preganglionic Edinger—Westphal nucleus was confirmed by anterograde tracing. Only at
longer time courses were cells labeled in the superior colliculus.

Concrusions. The superior colliculus does not provide premotor input to preganglionic
Edinger-Westphal nucleus motoneurons, but may provide input to lens-related premotor
populations in the supraoculomotor area and central mesencephalic reticular formation.
There is, however, a novel third population of lens-related premotor neurons in the tectal
longitudinal column and rostrally adjacent medial pretectal nucleus. The specific function
of this premotor population remains to be determined.
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he superior colliculus or tectum allows animals to orient

to or in some cases avoid the location of relevant sensory
stimuli. To this end, it can help direct the eyes toward points
of interest in animals with mobile globes, while at the same
time helping to redirect attention. This critical capability of
the superior colliculus to locate targets and direct the behav-
ior of the animal with respect to them has been conserved
across vertebrate lineages.! One property of target location
is target distance. In the region of binocular overlap, adjust-
ing the vergence angle between the eyes allows for stereop-
sis. In addition, changing the shape of the lens allows the
target to be brought into focus, producing a sharp image
on the retina. In humans and other primates with foveae
and frontally located eyes, the capacity for detailed stere-
optic vision has been maximized through fine control of
the near response, which includes adjusting vergence angle,
lens accommodation, and pupillary diameter with respect to
target distance. It is not clear whether the superior colliculus
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plays a role in controlling the eyes for these depth-related
aspects of target fixation.

Most experimental investigations of collicular function
have not tested for target distance.>®> Microstimulation of
the rostral superior colliculus in cats does produce changes
in lens accommodation, although they are relatively small.*
Microstimulation of this region in the cat colliculus also
produces convergence, and inactivating this region inter-
feres with vergence.’> In monkeys, some researchers have
found little evidence for activity related to vergence in the
superior colliculus during disjunctive saccades.® However,
others have shown that microstimulation of the monkey
superior colliculus does affect the vergence component of
ongoing disjunctive saccades, as well as pure vergence
movements.””® Furthermore, microstimulation of the rostral
superior colliculus in macaques can produce vergence move-
ments, and some cells in this area fire in relation to vergence
movements that are not part of disjunctive saccades.!®!
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Microstimulation in the superior colliculus of monkeys also
produces pupillary dilation,'?> and pupil changes appear to
be part of a coordinated response to saccade targets.'?

The pathways whereby the superior colliculus might
control aspects of vergence, lens accommodation, and pupil-
lary diameter are not clear. A projection by the superior
colliculus to the supraoculomotor area (SOA) has been
reported in the cat.!* In monkeys, this projection was
described as terminating in the visceral motor column of
the Edinger-Westphal nucleus.!”> We have recently reinves-
tigated the projection of the superior colliculus to the SOA
in monkeys.'® We found evidence that tectal terminals may
contact the near response premotor neurons that are located
in the SOA.'7-2! However, we also noted labeled termi-
nals within the preganglionic Edinger-Westphal nucleus
(EWpg),'¢ suggesting the possibility that the superior collicu-
lus might contain premotor neurons that could directly affect
lens accommodation and pupillary diameter. In the present
study, we investigated whether such a lens-related premotor
population is present in the superior colliculus by inject-
ing rabies virus into the ciliary body of macaque monkeys
and looking for retrograde transsynaptic labeling of collicu-
lar neurons.

METHODS

The experiments were performed in 14 adult and young
adult Macaca fascicularis monkeys. While both male and
female animals were used, no pattern of sex-specific results
was observed. The surgeries were approved by the Institu-
tional Animal Care and Use Committees of either the Univer-
sity of Pittsburgh or the University of Mississippi Medical
Center, depending on where the procedures took place. The
experiments involving rabies virus were conducted with the
aid of personnel from the Center for Neuroanatomy with
Neurotropic Viruses at the University of Pittsburgh Medi-
cal Center. All animal procedures were carried out in adher-
ence with the Guide for Care and Use of Animals and the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Before surgery, the animals were sedated
with ketamine HCL (10-15 mg/kg, intramuscular [IM]) to
allow them to be intubated. They were anesthetized during
surgery by isoflurane (1%-3%). For ciliary body injections,
ophthalmic proparacaine drops were placed on the cornea.
For central injections, animals received carprofen (3 mg/kg,
IM) as a preemptive analgesic. These animals also were
given atropine sulfate (0.05 mg/kg, IM) to inhibit mucous
secretion and dexamethasone (2.5 mg/kg, intravenous) to
suppress edema. The wound edges of the incision made for
the central injections were infused with sensorcaine after
closing. All animals were given an analgesic, buprenorphine
(0.01 mg/kg, IM) or buprenex (0.001 mg/kg, IM), postoper-
atively.

Rabies Cases

The experiments done to identify the location of neurons
controlling lens accommodation using rabies virus have
been described previously with respect to the SOA and
the central mesencephalic reticular formation population
(cMRF) premotor populations,?!?? and readers are directed
to those publications for details of the procedures. We
injected the N2c strain of rabies virus (1-5 x 10° plaque-
forming units [pful/mL) into the ciliary body of the left
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eye of each animal (z = 8). The injections of the ciliary
body were made by driving a 25-gauge needle mounted
onto a 100-uL Hamilton syringe about 1 mm deep through
the sclera at the outer border of the iris. The injections
were spread across at least 12 sites along the dorsal, lateral,
and ventrolateral portion of the iris. A variety of survival
times (58 hours, n = 1; 66 hours, n = 2; 72 hours, n =
1; 76 hours, n = 2; 84 hours, n = 2) were used in order
to follow the virus as it infected first-order neurons in the
ciliary ganglion, second-order neurons in the EWpg, third-
order premotor neurons, and fourth-order neurons supply-
ing those premotor populations. At the end of the survival
period, animals were deeply anesthetized with Na pento-
barbital (50 mg/kg, intraperitoneal) and perfused through
the heart with 4% paraformaldehyde in 0.1 M, pH 7.2 phos-
phate buffer (PB), followed by this solution with 5% glyc-
erol added. After perfusion, the brains were blocked in the
frontal plane and stored at 4°C in 4% paraformaldehyde
in 0.1 M, pH 7.2 phosphate buffer with 10% glycerol as a
cryoprotectant.

The brains were frozen sectioned at 50 pm and collected
into a 0.1 M, pH 7.2 phosphate Trizma buffer solution
containing 0.05% sodium azide (PTA). Each ordered series
of sections was placed in PTA with 1.5% normal horse serum
and 0.5% Triton X-100 and then incubated in the same
PTA solution that contained 1:1000 mouse monoclonal anti-
body to rabies virus. This antibody, designated 31G10, was
a gracious gift of Dr. Matthias Schnell of Thomas Jefferson
University, Philadelphia, Pennsylvania. It has been charac-
terized and shown to be highly specific and effective.?3->4
After a 2-day incubation at 4°C, the primary antibody was
tagged using an ABC kit (Vector Labs, Burlingame, CA, USA)
and then visualized using diaminobenzidine (DAB). Sections
were mounted onto gelatin-coated slides, in some cases
counterstained with cresyl violet, dehydrated, cleared, and
coverslipped. A minimum of two 1-in-10 section series were
processed per animal.

Recombinant Rabies Cases

We found that the labeled premotor neurons were
distributed bilaterally. To determine whether this was due
to bilateral projections to the EWpg by individual neurons,
as opposed to overlapping populations of ipsilaterally and
contralaterally projecting cells, we used recombinant rabies
viruses that produced different fluorescent tags. The ciliary
bodies in both eyes were injected as described above in four
monkeys. However, in these cases, one eye received 150 pL
of solution containing 1 x 10° pfu/mL of an N2c recombi-
nant rabies virus that produces the red fluorescent protein,
mCherry (N2c-mCherry), and the other eye received 150 pL
of solution containing 1 x 10° pfu/mL of an N2c recom-
binant rabies virus that produces green fluorescent protein
(N2c¢-GFP). These recombinant viruses were developed and
gifted by Drs. Matthias Schnell and Christoph Wirblich of
Thomas Jefferson University. (Details of the injection and
processing procedures are found in a previous publica-
tion.?) In this case, the animals survived 72 hours (n = 1),
76 hours (7 = 1), and 80 hours (n = 2) before being sacri-
ficed as described above.

After frozen sectioning at 50 um, every fifth section was
processed to reveal the two markers using goat polyclonal
antibody to GFP (Abcam #5450; Abcam, Cambridge, UK) and
rabbit polyclonal antibody to DsRed, which cross-reacts with
mCherry (Clonetech #632496; Clonetech, Mountain View,
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CA, USA). Specifically, a solution of 1:200 goat anti-GFP and
1000 rabbit anti-DsRed was used in a 2-day incubation at
4°C. These primary antibodies were tagged with fluores-
cent secondary antibodies: specifically, donkey anti-goat IgG
conjugated to green fluorescing Alexa Fluor 488 (#705-545-
147; Jackson ImmunoResearch, West Grove, PA, USA) and
donkey anti-rabbit IgG conjugated to red fluorescing Alexa
Fluor 594 (Jackson ImmunoResearch #711-585-152). These
were diluted 1:300 and 1:500, respectively, for a 2-hour incu-
bation at room temperature. After mounting and drying, the
sections were coverslipped under nonfluorescing medium.
Adjacent cresyl violet-stained sections were used to deter-
mine cytoarchitectonic boundaries. An additional series was
processed as described above for the regular rabies virus.

Conventional Tracer Cases

The rabies experiments revealed a previously undescribed
set of EWpg afferents found in the medial pretectal nucleus
and the tectal longitudinal column, which is located on the
midline, between the colliculi. To confirm this novel finding,
we used conventional anterograde tracers to examine this
projection. In two animals, the midbrain was approached
by aspirating the cortex above it, revealing the surface
of the superior colliculus, caudal pole of the pulvinar,
and the pineal gland. The tracer was held in a 1.0-pL
Hamilton syringe that was angled in the sagittal plane 22°
tip rostral. The tip of the needle was positioned where
the medial edge of the superior colliculus met the lateral
edge of the pineal and the caudal edge of the pulvinar and
was advanced 1.0 mm below the surface. In one case,
0.1 pL of 10% biotinylated dextran amine (BDA)
was injected. In the other case, 0.05 pL of 3%
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wheat germ agglutinin—conjugated horseradish perox-
idase (WGA-HRP) was injected. The aspiration defect
was then filled with Gelfoam, and the incision was
closed with vicryl suture. The BDA animal survived
16 days and the WGA-HRP animal survived 2 days.
The animals were then sedated with ketamine HCI
(10 mg/kg, IM) and deeply anesthetized with Na pentobar-
bital (50 mg/kg) before being perfused through the heart
with a buffered saline rinse, followed by a fixative contain-
ing 1.25% glutaraldehyde and 1.0% paraformaldehyde in
0.1 M, pH 7.2 PB. The brains were then blocked in the
frontal plane and stored at 4°C in 0.1 M, pH 7.2 PB, with
30% sucrose as a cryprotectant. The brains were frozen and
sectioned on a sliding microtome at 80 pm. The sections
from the BDA injection were reacted using avidin-HRP with
a nickel-cobalt DAB chromagen, as previously described.?®
A 1-in-3 series was counterstained with cresyl violet, and
another was counterstained for cytochrome oxidase.?” The
sections from the WGA-HRP injection were reacted using
tetramethylbenzidine with ammonium molybdate as a
chromagen in 0.1 M, pH 6.0 PB, as previously described.?®
These sections were counterstained with cresyl violet. All
sections were dehydrated in a graded series of ethanols,
cleared in toluene, and coverslipped.

To document the results, labeled elements were charted
and cells were illustrated using a BH-2 Olympus microscope
(Olympus, Center Valley, PA, USA) equipped with a drawing
tube. Low-magnification drawings were made using a draw-
ing tube attached to a Wild M8 stereoscope (Leica Microsys-
tems, Buffalo Grove, IL, USA). Photomicrographs were made
using a Nikon DS-Ril digital camera mounted on a Nikon
Eclipse E-600 photomicroscope equipped for light and fluo-
rescence microscopy and employing Nikon Elements soft-
ware as an interface (Nikon Instruments, Inc., Melville, NY,
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Figure 1. Labeling of motor and premotor populations 66 hours after injection of rabies virus into the left ciliary body. (A) Intensely labeled
motoneurons (magenta arrows) were found in the left (ipsilateral) EWpg. Lightly labeled premotor neurons (green arrowheads) were found
in the ipsilateral (left) SOA (A), contralateral (right) SOA (B), ipsilateral cMRF (C), and contralateral cMRF (D). Neurons with a similar light
intensity were observed in the contralateral (E) and ipsilateral (F) TLC. Scale in F = A-E. Space on the right of F is a fiduciary mark.
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USA). Image contrast and brightness were adjusted to match
the viewed image using Adobe Photoshop (Adobe, San Jose,
CA, USA).

RESsULTS
Rabies Results

As shown previously,”! only motoneurons in the EWpg
ipsilateral to the injection site were observed at the
58-hour survival time point (not illustrated). At 66 hours,
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these EWpg motoneurons were heavily labeled (Fig. 1A,
magenta arrows), and a few scattered, lightly labeled premo-
tor neurons began to be observed in the SOA on both the
side ipsilateral (Fig. 1A, green arrowheads) and contralateral
(Fig. 1B, green arrowheads) to the injection site. Similarly, a
few lightly labeled cMRF neurons were observed ipsilaterally
(Fig. 1C) and contralaterally (Fig. 1D). We observed only one
other population of labeled cells at this time point, which is
shown in Figure 2. Outside of the heavily labeled motoneu-
rons in the ipsilateral EWpg (red dots, Figs. 2A-D) and the
lightly labeled premotor neurons (blue diamonds) found

A

Cop

Figure 2. Distribution of labeled cells in the midbrain 66 hours after a left ciliary body injection of rabies. Intensely labeled neurons (red
dots) were only observed in the EWpg ipsilateral to the ciliary body injection (A-D). A small number of lightly labeled cells (blue diamonds)
were scattered bilaterally in the SOA (B-D) and the cMRF (C, D). In addition, a small number of lightly labeled cells were observed bilaterally
in the TLC (E-G). Inserts of the entire section are provided to indicate the rostrocaudal level illustrated. Green boxes indicate region shown

at higher magnification.
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Ficure 3. Cytochrome oxidase demonstration of the location of the MPt and TLC. The location of nuclear borders on the right is demon-
strated with respect to cytochrome oxidase staining on the /eft. The MPt can be found lateral to the dorsomedial surface of the midbrain
(A, B). This same region contains the TLC at more caudal levels (C-F). The possible borders of the ventral TLC are indicated by the dotted
lines. We placed the caudal border of the MPt at the rostral border of the superior colliculus. Scale in F = A-E.

bilaterally in the SOA (Figs. 2B-D) and cMRF (Figs. 2C, 2D),
a few lightly labeled cells were also present in the midbrain
tectum in this case. These were located along the midline,
between the colliculi (Figs. 2E-G), in the tectal longitudinal
column (TLC). Like the SOA and cMRF premotor neurons,
this scattered population was found on both sides of the
brainstem. The degree of labeling in these tectal cells in
the TLC is similar to that of the other premotor neurons
(Figs. 1E, 1F) at this survival time.

The TLC was only recently described by Saldana and
colleagues.” They observed that the neuropil along the
midline between the superior and inferior colliculi differs
in terms of cytoarchitecture, neurochemical markers, and
connectivity from either the adjoining superior colliculus or
inferior colliculus, proper. They subdivided the rodent TLC
into a ventral column, which displays auditory responses
and is heavily interconnected with brainstem auditory
centers,?303! and a dorsal column that projects heavily to
the lateral posterior and lateral dorsal nuclei of the thala-
mus.’? As this region has not been described in detail in
the monkey, we examined it in cytochrome oxidase-stained
sections (Figs. 3D-F). Note that the superficial gray layer of
the superior colliculus (SGS) of the macaque does not extend
all the way to the midline. The medial edge of the inter-
mediate gray layer of the superior colliculus (SGD) is diffi-
cult to identify, but close examination suggests that it ends
at approximately the same point as the SGS. This medial
border is easiest to see in the cytochrome oxidase-stained
sections with respect to the rostrocaudally oriented fibers
in lower SGI.>* (See May>* for discussion of different collic-
ular nomenclatures.) Alignment of the medial edge of the
SGS and SGI is in agreement with physiologic reports that

describe the visual sensory maps of these two layers as being
in register.35:3%37 In these cytochrome oxidase sections, the
individual deeper layers, the intermediate white layer of the
superior colliculus (SAD), and deep gray and white layers of
the superior colliculus cannot be discriminated. The axons
in these layers are seen to continue medially and cross the
collicular commissure. However, based on previous findings
in the monkey,” it is likely that this region represents the
ventral part of the TLC, so we have indicated this with a
dotted line in Figure 3. The SGI and TLC appear to extend
further forward than the SGS due to the angle of the brain-
stem (Fig. 3C). The area containing the TLC then merges into
the medial pretectal nucleus (MPt; Figs. 3A, 3B) without any
clear border between them.

In the 72-hour survival case (not illustrated), the same
areas displayed transsynaptically labeled cells: labeled
motoneurons were found in EWpg, and labeled premotor
neurons were found in SOA, cMRF, TLC, and the immediately
adjacent MPt. However, the cells in these premotor regions
were now well labeled. Labeled cells were not observed in
the superior colliculus. At 76 hours, there were still well-
labeled premotor neurons in these regions, and isolated,
lightly labeled cells were apparent in other scattered loca-
tions, suggesting the virus had just begun infecting fourth-
order neurons. Specifically, at 76 hours, well-labeled neurons
(red dots) were found in the EWpg, SOA (Figs. 4A-D), and
cMRF (Figs. 4A-D) within the midbrain tegmentum. An addi-
tional population of labeled neurons was observed near the
midline in the midbrain tectum. Rostrally, they were located
in the MPt (Figs. 4B, 4C), and the column of labeled cells
then extended into the TLC (Figs. 4D-H). There were fewer
labeled cells at caudal levels (Figs. 4G, 4H), and labeled cells
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Ficure 4. The distribution of neurons labeled by rabies virus 76 hours after an injection of the left ciliary body. Darkly labeled premotor
neurons (red dots) are located bilaterally in the SOA (A-D) and in the cMRF (A-D). In addition, they are found dorsally in the MPt (B,
C) and in the TLC (D-H). At this time point, scattered lightly labeled cells (blue diamonds) were present in other locations, including
the periaqueductal gray (PAG) (C-G) and the peripeduncular nuclei (PPn) (E-G). Inserts of the entire section are provided to indicate the

rostrocaudal level illustrated.

were not seen in the caudal end of the TLC (Fig. 4. A
few lightly labeled cells (diamonds) were observed in the
periaqueductal gray (Figs. 4C-G) and the peripeduncular
nucleus (Figs. 4E, 4F), but none were seen in the superior
colliculus.

The tectal and pretectal cells had very distinctive
morphology. In both the MPt (Fig. 5) and the TLC (Fig. 6), the
labeled cells generally had relatively small, oval, or fusiform
somata (short axis ~10 pm). In most cases, only two or
three primary dendrites extended abruptly from the soma.
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Ficure 5. Morphology of lens premotor neurons in the MPt. Same case as shown in Figure 4. Illustrations show examples of the somata and
the dendritic arrangements of rabies-positive neurons (A_g) present in a single section (B, red dots) through the MPt. (C) Section containing

labeled cells has red square to indicate sampled area in B.

Rarely were more than two branch points observed on these
dendrites, even though they could be followed for up to
300 um. The result of this pattern of arborization was a
very simple dendritic tree that extended for long distances.
Even though the EWpg was well labeled in these cases, rela-
tively few cells were labeled in individual sections through
the TLC and MPt. However, their long dendrites extended
throughout the substance of the nuclei at the levels where
somata were present. All these characteristics can also be
appreciated in Figure 7. Note the small ovoid labeled somata
(thin yellow arrows), with long, poorly branched dendrites
extending from labeled cells in both the MPt (Figs. 7A, 7B)
and the TLC (Figs. 7C-H). There was no obvious pattern
to the direction of dendritic field orientation. Some fields
extended roughly parallel to the surface of the TLC, while
others extended perpendicular to it. Most of the labeled
cells were found dorsal to the commissural fibers crossing
between the colliculi (red dots, Figs. 6B, 6E), but occasion-
ally, a more ventral cell was present (Fig. 6As). In addi-
tion, it should be noted that the dendrites of labeled cells
extended freely into the region containing the commis-
sural fibers. Rostrally, at the level of the MPt, more cells
were observed ventrally, adjacent to the periaqueductal gray
(Fig. 5A1_4).

Labeling of cells in the superior colliculus was not evident
until we inspected the cases with an 84-hour survival time.
At this later time point, we still observed labeled motoneu-
rons in ipsilateral EWpg and labeled premotor neurons
distributed bilaterally in the SOA and the cMRF (not illus-
trated). In the tectum, labeled neurons were present in the
MPt (Figs. 8A, 8B) and in the TLC (Figs. 8C-G). An addi-

tional population was now present in the SGI of the supe-
rior colliculus (Figs. 8C-G). This labeled population was
quite numerous and found throughout the rostrocaudal and
dorsoventral aspects of the layer. Only the lateral aspect of
the SGI lacked labeled neurons. In addition, a few cells were
located in deeper layers of the colliculus (Figs. 8C-F), and
an occasional cell was located in the optic layer, dorsal to
the SGI (Fig. 8G). These labeled collicular neurons were
also found on both sides of the midbrain (not illustrated).
Other pre-premotor populations were also present at this
time point in the midbrain, including in the posterior pretec-
tal nucleus (Figs. 8C, 8D) and lateral to the MPt (Fig. 8B).
Labeled neurons were present in a number of other loca-
tions at this survival time; for example, we have recently
described the cells in the deep cerebellar nuclei labeled in
these cases.®

The labeling of the cells in the superior colliculus at
this 84-hour time point varied among cells. Some were
extensively labeled, revealing their dendritic morphology
(Figs. 9B, 9C, green arrows), while other cells were more
lightly labeled, so that only punctate label in their soma and
primary dendrites was observable (Figs. 9B, 9C, magenta
arrows). The lightly and densely labeled neurons were scat-
tered randomly within the SGI (Fig. 8, blue diamonds and
red circles, respectively). The denser labeling allowed us to
examine the morphology of the neurons. The cells were
multipolar, with numerous primary dendrites extending out
from them. The dendrites were relatively sparsely branched
and extended for considerable distances within the layer.
Most labeled cells were found in the SGI, but some could be
seen in or below the SAI (Figs. 9A, 9B).
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Ficure 6. Morphology of lens premotor neurons in the TLC. Same case as shown in Figure 4. Illustrations show examples of the somata
and the dendritic arrangements of rabies-positive neurons (A;_s and D,_g) present in individual rostral (B, red dots) and caudal (E, red dots)
sections through the TLC. (C, F) Sections containing labeled cells have red squares to indicate sampled areas in B and E, respectively.

Conventional Tracer Results

The presence of lens premotor neurons supplying EWpg
in MPt-TLC revealed here via transsynaptic transport of
rabies virus is an entirely novel finding. These regions
have received little investigation either physiologically or
connectionally. We therefore examined this projection using
conventional tracers. An injection of BDA that included
portions of the TLC at the level of the rostral superior
colliculus and spread into the medial edge of the SGI and
deeper layers (Figs. 10J, 10K) produced considerable antero-
grade label dorsal to the oculomotor nucleus (III). Termi-
nal arbors were labeled bilaterally in the SOA above the III

(Figs. 10B-D), in the caudal central subdivision of the III
(Fig. 10D, and in periaqueductal gray dorsal to the SOA
(Figs. 10B-D), as previously described.'® Terminal fields were
also found in the EWpg, on both sides of the midline
(Figs. 10C-H). The density of the terminal labeling in EWpg
was quite high. Examples of this can be seen in Figure 11,
where the sections were counterstained with cytochrome
oxidase. This counterstain makes the motoneurons in both
the III and the EWpg easy to recognize (Fig. 11A). Numerous
BDA-labeled axonal arbors (arrows) were observed in both
the ipsilateral (Fig. 11B) and contralateral (Fig. 11C) EWpg,
adjacent to the cytochrome oxidase—positive, presumed
preganglionic motoneurons (asterisks).>
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Figure 7. Dendritic organization of lens-related tectal premotor neurons. (A-H) Examples of neurons labeled by rabies virus 76 hours after
the injection of the ciliary body are shown (thin yellow arrows). Note lack of dendritic branching and the wide extent of the dendrites.
The relationship to the dorsal surface of the midbrain (wide blue arrows) is indicated. Boxes in C indicate examples shown at higher
magnification in D and E. Box in F indicates example shown at higher magnification in G. Scale in F = A and C; in B =D, E, and G.

An injection of WGA-HRP that included the MPt, as
well as the TLC (Figs. 12D-F), but also spread further
into the superior colliculus, also produced bilateral termi-
nal label in the EWpg (not illustrated). Of particular interest,
this injection retrogradely labeled (red dots) neurons at a
number of sites: the nucleus of the posterior commissure
(Figs. 12B, 12C), the cMRF (Figs. 12C-E), the peripedun-
cular nuclei (Figs. 12D-G), and the periaqueductal gray
(Figs. 12A-H). These sites would also show retrograde label-
ing with an injection confined to the superior colliculus®
and so may have been labeled due to tracer spread. What is
more noteworthy was the number of labeled cells present
in the SOA (Figs. 12C-E), examples of which are shown
in Figure 13. Far fewer cells were labeled in the SOA with
retrograde tracer injections confined to the superior collicu-

lus,** suggesting the SOA may provide an input specifically
to the TLC. It is also of interest that this injection also labeled
cells within the ipsilateral TLC located caudal to the injec-
tion site (Figs. 12G, 12H). In addition, labeled neurons were
present in the region around the central nucleus of the infe-
rior colliculus (Figs. 12F-D).

Recombinant Rabies Results

We have previously examined the cases in which N2c-
mCherry recombinant rabies virus was injected into the
ciliary body of one eye and N2C-GFP recombinant rabies
virus was injected into the ciliary body of the other eye to
determine the laterality of premotor projection cells in the
cMRF and SOA.?> Here we examined labeling of premotor
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Ficure 8. Distribution of rabies-labeled neurons in the midbrain 84 hours after an injection of rabies into the left ciliary body. Heavily labeled
neurons (red dots) are present in the MPt (A, B) and TLC (C-G), as they were at earlier time points. However, an additional population of
heavily labeled neurons was present in the superior colliculus (C-G), along with a more lightly labeled population (blue diamonds). The
labeled cells are primarily located in the intermediate gray layer (SGI). Insets of the entire section are provided to indicate the rostrocaudal
level illustrated. Green boxes indicate area sampled at higher magnification.

neurons in the MPt-TLC of the same cases. Labeling with the
recombinant rabies virus lagged the labeling with nonre-
combinant rabies. In the 72-hour survival animal, labeled
cells were only present in the EWpg (not illustrated). In
the 76- and 80-hour survival animals, premotor popula-
tions were labeled, but relatively few fluorescent-labeled
cells were observed in the MPt and TLC compared to the
SOA and cMRF. However, examination of adjacent sections
stained using the antibody to rabies indicated that far more
labeled cells were present than appeared via fluorescence.
This suggests that (1) using the production of fluorescent

protein to tag infected cells is not as sensitive immunola-
beling systems at these survival times and/or (2) the tectal
premotor neurons may provide an environment that is less
conducive to recombinant virus protein production. Never-
theless, the experiments were able to answer the question
they were directed at.

As shown in Figure 14, fluorescent-labeled premotor
neurons were present in the TLC at both the 76-hour
(Figs. 14A, 14B) and 80-hour (Figs. 14C, 14D) survival time
points. Double-labeled neurons were present that showed
both the green (B, and C,;, green arrows) and red (B, and
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Figure 9. Somatodendritic morphology of neurons labeled in the
intermediate gray layer (SGI) 84 hours after a rabies injection of
the ciliary body. (A) Low-magnification view showing location of
labeled neurons, primarily in the intermediate gray layer (SGD).
Box indicates area sampled in B. Both densely labeled (green
arrows) and lightly labeled (magenta arrows) neurons are present
in the SGI and the intermediate white layer (SAD), as shown in
B. Box indicates area sampled in C. The labeled neurons have
multipolar somata, with numerous sparsely branched dendrites, as
evident in C.
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C,, red arrows) fluorescent proteins were present, indicating
these cells project bilaterally to the EWpg. This was further
demonstrated by merging the images from the two filters (B;
and Cs, yellow arrows), so that the double-labeled neurons
took on a yellow or orange tinge. However, some single-
labeled cells were also present. For example, Figure 14A
shows a cell that did not fluoresce with the green filter (A;)
but fluoresced brightly with the red filter (A, red arrow). So
this cell only projected to the ipsilateral EWpg, as confirmed
by overlaying the images from the two filters (A3, red arrow).
Similarly, Figure 14D demonstrates adjacent cells, one of
which fluoresced green (D,, green arrow) and the other of
which fluoresced red (D;, red arrow). The close relationship
of these two neurons is shown by the merged image (D3,
red and green arrows). In this case, the green cell projects
contralaterally and the red one ipsilaterally.

DiscusSION

Cells labeled by rabies virus were not present in the supe-
rior colliculus at survival times when immediate premo-
tor neurons were labeled following injections of the ciliary
body. This indicates that the superior colliculus does not
directly control the motoneurons that modulate lens accom-
modation. However, multipolar cells found mostly in the SGI
were labeled at longer survival times, suggesting the supe-
rior colliculus may supply the premotor neurons that in turn
modulate lens accommodation. As these premotor popula-
tions also control the vergence and pupil size components
of the near triad, these results suggest that indirect path-
ways are available that could allow the superior colliculus
to modulate gaze behavior with regard to target distance.
A previously undescribed population of tectal neurons is
present in the TLC and the rostrally adjacent MPt that
does supply direct input to lens-related motoneurons in the
EWpg. The specific function of these cells, which make up
a third premotor control center for lens accommodation, is
currently unknown.

Technical Considerations

As previously detailed,?! examination of the superior cervi-
cal ganglion and spinal cord indicated that the rabies virus
injected into the ciliary body had not involved the sympa-
thetic pathways to the eye. Furthermore, at survival times
when the premotor populations were labeled, the olivary
pretectal nucleus was not. As this nucleus supplies the pupil-
lary light reflex input to motoneurons in the EWpg,3* this
indicates the rabies virus did not infect terminals in the iris.
The usual control series in which the primary or secondary
antibodies are omitted were run, so the immunopositive
tectal cells we observed are unlikely to be due to nonspecific
labeling. We observed a few labeled cells outside of the three
main premotor locations at 72- and 76-hour survival times.
These may be minor contributors, or they may indicate that
there is some overlap between the wave of labeling premo-
tor populations and the initial labeling of afferents supplying
the premotor populations. Overlap may occur because the
time between injection and uptake of viral particles by indi-
vidual postganglionic motoneuron terminals varies and/or
because labeling times may be affected by axonal distances
and terminal densities. However, the fact that the initial light
labeling observed in MPt-TLC occurred at the same survival
time as the initial labeling in the SOA and cMRF occurred
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Ficure 10. Projections of the TLC. A BDA injection of the TLC on the left also included the medial edge of the superior colliculus (J, K). This
injection produced anterogradely labeled terminal arbors bilaterally, with an ipsilateral predominance, in the nucleus of Darkschewitsch (nD)
(B-D), PAG (A-I), SOA (B-I), and the caudal central subdivision (CC) of the III (I). Labeled terminals were also present in the preganglionic
EWpg on both sides (B-H). Inserts of the entire section are provided to indicate the rostrocaudal level illustrated. Green boxes indicate area

sampled at higher magnification.

strongly suggests that this region also contains premotor
neurons.

In the double-labeling experiments, the recombinant
rabies virus did not label MPt and TLC cells as effectively as
it labeled SOA and cMRF premotor neurons. For this reason,
we did not attempt to quantify the results with respect to
bilaterally and unilaterally projecting cells. However, the
data did clearly support the contention that some of these

tectal cells project bilaterally to the EWpg. Care must be
taken in assessing the unilateral populations. Since not all of
the ciliary body was injected and not all of the preganglionic
motoneurons were labeled, it is possible that some of singly
labeled cells actually supply unlabeled EWpg motoneurons
from the side that did not label the premotor cells.

We were not able to make injections of conventional trac-
ers that were confined to the TLC. Tracer spread into the
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superior colliculus makes interpreting the results of these
injections more challenging. However, we feel that compar-
ison between our cases with BDA injections confined to the
superior colliculus'® and the one illustrated in Figures 10
and 11 clearly indicates that the inclusion of the TLC in the
injection considerably increases the terminal density in the
EWpg, confirming the results from the rabies virus injections
of the ciliary body.

Superior Colliculus Pathways

The data provided here support the contention that path-
ways are present that could allow the superior colliculus
to modulate lens shape in order to compensate for target
distance. The SGI may receive information on target distance
from the visual association cortex. This has been specifically
investigated in cats, where stimulation of the lateral supra-
sylvian cortex produces lens accommodation, cells with
lens-related activity can be antidromically driven from the
superior colliculus, and there is anatomic evidence for
projections to the SGL*#! In monkeys, cells that encode
target depth information have been recorded in the lateral
intraparietal cortex,’? and there is evidence that this infor-
mation is provided to the superior colliculus.** The SGI may
also receive vergence signals from the primate frontal eye
field, as vergence-related activity has been reported there,**
and it projects heavily onto the SGI.>%%-47 In light of these
cortical inputs, the vergence-related activity reported in the
superior colliculus,'®!! and the fact that vergence and lens
accommodation are tightly coupled, it is perhaps not surpris-
ing that we observed neurons polysynaptically connected to
the ciliary body within the SGI in the present study.

The presence of indirect, as opposed to monosynaptic,
pathways connecting the superior colliculus to the EWpg
parallels the pathways for collicular control over saccadic
eye movement, which are also via inputs to premotor gaze
populations.>3*48 In the case of lens control, it is likely that
this connection is via the premotor neurons located in the
cMRF and/or SOA. In either case, it is unlikely that this path-
way just controls lens accommodation in isolation and more
likely that it also controls vergence angle.

With respect to the cMREF, this collicular projection prob-
ably targets premotor neurons that also control vergence
changes during disjunctive saccades. The cMRF receives
an extensive input from the superior colliculus via axon
collaterals of predorsal bundle fibers destined for the
gaze centers.?®%->> These terminals target cMRF cells
with descending projections to the brainstem and spinal
cord.>=5° The cMRF is also known to project heavily and
bilaterally onto the motoneurons in the EWpg.’” The retro-
grade transsynaptic results presented here suggest that the
cMRF neurons targeting preganglionic motoneurons also
receive a direct projection from the superior colliculus. The
cMREF also projects bilaterally onto medial rectus motoneu-
rons, suggesting it plays a role in the vergence aspect of near
triad function, as well.>®

There is relatively limited evidence for such a lens
control pathway from physiologic experiments. However,
microstimulation of the rostral portion of the cat superior
colliculus does produce lens accommodation. The cMRF
has primarily been associated with the production of hori-
zontal conjugate saccades.>’%% However, more recently,
evidence has emerged that it also plays a role in disjunc-
tive saccades,®! based on microstimulation and the fact some
cells in this region show eye-specific tuning. Furthermore,
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Figure 11. TLC terminals in the EWpg. (A) Cytochrome oxidase—
stained sections reveal the location of the III and the EWpg. Boxes
indicate the regions shown in B and C. Examples of the BDA-labeled
axonal arbors (arrows) observed in the EWpg in the side ipsilateral
(B) and contralateral (C) to the injection site (illustrated in Fig. 10).
Large numbers of boutons are present in the vicinity of cytochrome
oxidase-labeled presumed preganglionic motoneurons (asterisks).
Scale in B = C.
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Ficure 12. Possible MPt-TLC afferents. Many nuclei contained retrogradely labeled neurons (red dots) following an injection of WGA-HRP
that included portions of the MPt (D) and the rostral part of the TLC (E, F) but that also spread into the medial superior colliculus (D-F).
Among the structures containing labeled neurons were the central gray (CG) (A) and PAG (B-H), the nucleus of the posterior commissure
(nPC) (B, C), cMRF (C-E), and peripeduncular nuclei (PPn) (D-H). Of particular note were the numerous labeled cells in the SOA (C-E)
and in the TLC caudal to the injection site (E-H). Boxed area in D is shown in Figure 13A.

saccade-vergence burst neurons that fire with respect to
vergence angle solely during disjunctive saccades have
been recorded in the cMRE®? It is certainly possible that
cMRF cells firing for disjunctive saccades may also drive
lens accommodation to compensate for target distance.
Since collicular inactivation affects the vergence compo-

nent of disjunctive saccades,”’® it is likely that a portion

of the population of cells labeled by rabies virus in our
longest survival animals may be supplying cMRF cells that
project to the EWpg and/or to medial rectus motoneu-
rons to produce compensation for target distance during
disjunctive saccades. Of course, it is also possible that the
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Ficure 13. MPt-TLC afferent neurons in the SOA. Following the
WGA-HRP injection shown in Figure 12, retrogradely labeled
neurons (B, arrows) were numerous in the SOA. A shows the region
containing SOA indicated by a box in Figure 12D. The boxed area
in A is presented at a higher magnification in B. Retrograde tracer
is revealed by crossed polarizer illumination.

collicular neurons labeled here fire for all types of saccades,
and they were simply labeled because they happen to
project upon cMRF neurons that fire for disjunctive saccades
and project to EWpg. Unfortunately, transsynaptic transport
of rabies virus simply reveals pathways, not function, per se.

It is possible that collicular inputs target premotor
neurons that fire during symmetric vergence but do not fire
during saccades. The vergence burst neurons found in the
medial portion of the cMRF have these characteristics,*® as
do near response neurons located in the SOA that fire toni-
cally to encode vergence angle.'”-'81%:% Most of the near
response cells in the SOA also encode lens accommoda-
tion,® but vergence burst cells in the medial cMRF have
not been tested in this regard. However, premotor neurons
controlling lens accommodation have been demonstrated
anatomically in both these regions.?! So it is also possible
that the rabies-positive cells observed in the SGI following
ciliary body rabies injections were labeled due to projec-
tions onto neurons that are involved in controlling symmet-
ric, relatively slow, vergence eye movements. In agreement
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with this, we have observed collicular terminals in close
association with neurons in caudal SOA, which were retro-
gradely labeled by injections that involved the medial longi-
tudinal fasciculus.'® We believe these are likely to be diver-
gence neurons projecting to the abducens nucleus, as a simi-
lar population is revealed following rabies virus injections
of the lateral rectus muscle.®® While an argument can be
made that conventional collicular saccadic burst neurons
might provide an appropriate input for neurons in these
regions that fire during disjunctive saccades,?*-%? this type of
input would not seem appropriate for neurons that do not
fire during saccades of any type. On the other hand, recent
investigations have shown that some collicular neurons are
active during slower vergence eye movements.'® Such cells
would provide an appropriate drive to near response premo-
tor neurons in the SOA. It should be noted, however, that
vergence units in the colliculus were observed only within
the central retinal representation <5°. The cells labeled by
rabies in the present study were found throughout the SGI.
Another effect of collicular microstimulation is pupil-
lary dilation.'>%” In the present study, we did not involve
pupillary control pathways per se. However, the premo-
tor neurons that control vergence and lens accommodation
are generally believed to also modulate the activity of the
pupillary sphincter muscle, as part of the near triad. The
near triad premotor neurons can both increase and decrease
pupil size, but collicular microstimulation always seems to
produce dilation. Thus, collicular input to near response
circuitry seems unlikely to be the substrate for these consis-
tent pupillary dilation effects. Instead, collicular modulation
of sympathetic pathways to the eye, perhaps via the locus
ceruleus, is a more likely explanation of the microstimula-
tion effects®® than pathways through the cMRF and SOA.

Tectal Premotor Neurons

In our experiments, a set of neurons located in the TLC and
the rostrally adjacent MPt were labeled by the rabies virus
at survival times that indicate these are premotor neurons
supplying the EWpg. To the best of our knowledge, this
is an entirely novel finding. The similar morphology and
the continuous distribution of the cells labeled following a
rabies virus injection into the ciliary body strongly suggest
that these cells represent a single population that does not
respect the border between the two structures. This region
also appears to be interconnected. We observed cells labeled
more caudally in the TLC from a WGA-HRP injection of MPt
and rostral TLC (Fig. 12), and MPt cells are labeled from
dorsal TLC injections in the rat.3> While a significant number
of cells were labeled over the rostrocaudal extent of the MPt-
TLC region, due to their longitudinal arrangement, relatively
few cells are present in any individual frontal section. Never-
theless, the unlabeled, counterstained neurons in these areas
far outnumbered those labeled by virus. This suggests that
while the MPt-TLC contains premotor neurons that control
lens accommodation, this lens-related function is not likely
to be the main role of the region. What these roles might be
remains to be determined by recording from the lens-related
and other neurons present in this area in awake behaving
animals.

The MPt of the hamster, cat, and monkey is reported
to receive a sparse retinal projection,~7> and the monkey
retinotectal projection appears to extend medially into the
dorsal TLC.”? So it is possible that retinal inputs might modu-
late lens control through these cells. Other studies in the
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Ficure 14. Some TLC neurons project to the Edinger—Westphal nuclei on both sides. Recombinant rabies virus injections were made into
each ciliary body, with N2c-GFP injected on the left and Ns2c-mCherry injected on the right. Fluorescent images showing the GFP (left
colummn), mCherry (middle column), and merged image (right column) are displayed. Green arrows indicate GFP-labeled neurons, and red
arrows indicate mCherry-labeled neurons. Both singly labeled (A, D) and doubly labeled (yellow arrows) (B, C) were present. Scale in

C}, = A1,5, B1,5, Cl,_z; in Dg, = DI—Z-

rat and cat have indicated that the MPt receives input from
the intergeniculate leaflet and ventral lateral geniculate,’*”>
nuclei that are believed to contribute to retinal modulation
of circadian rhythms. Finally, there is recent evidence that
the MPt in monkeys projects to the ventromedial hypotha-
lamus, a region involved in defensive behaviors.”® In cats, it

also projects to the central lateral nucleus of the thalamus,””
as well as to the pulvinar/lateral posterior complex.”®7”° The
known thalamic targets of the dorsal TLC are the rat lateral
posterior and lateral dorsal nuclei.>? As the pulvinar complex
supplies parietal cortex with input, it seems possible that
projections from the region supplying the EWpg with input
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might also send a corollary discharge signal back to the
lateral intraparietal cortex region that creates a target depth
signal.

It is noteworthy that the TLC projection to the thalamus
in rats appears to be GABAergic.?? If this is also true of the
premotor neurons projecting to the EWpg, it would suggest
that they are particularly involved in divergence, pupillary
dilation, and lens accommodation for more distant targets.
One of the unusual features of the near response neurons in
the SOA is that most of the population fires for convergence
and increased lens accommodation.!”'® Perhaps the MPt-
TLC population represents the missing divergence compo-
nent. The ventral TLC is reciprocally connected with the
inferior colliculus?**! and has cells that are responsive to
auditory stimuli.*® It seems unlikely that the lens premotor
cells observed here would share inputs or functions with
this population, although the dendrites of some premotor
neurons extended into the ventral TLC.

One final point should be considered with respect to
the location of this new population of lens-related premo-
tor neurons. It seems highly likely that the axons of these
cells access the EWpg via a route that takes them through
the deep layers of the superior colliculus. Consequently,
we must consider the possibility that previous studies that
used electrical stimulation of the superior colliculus may
have produced fiber-of-passage activation of these MPt-TLC
axons. If these neurons control the far response, then we will
have to reexamine whether changes in vergence or pupil size
produced by collicular stimulation were actually produced
by activating these MPt-TLC projections.
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