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PURPOSE. In frontal-eyed mammals such as primates, eye movements are coordinated so
that the lines of sight are directed at targets in a manner that adjusts for target distance.
The lens of each eye must also be adjusted with respect to target distance to maintain
precise focus. Whether the systems for controlling eye movements are monocularly or
binocularly organized is currently a point of contention. We recently determined that
the premotor neurons controlling the lens of one eye are bilaterally distributed in the
midbrain. In this study, we examine whether this is due to premotor neurons projecting
bilaterally to the preganglionic Edinger-Westphal nuclei, or by a mixture of ipsilaterally
and contralaterally projecting cells supplying each nucleus.

METHODS. The ciliary muscles of Macaca fasicularis monkeys were injected with recom-
binant forms of the N2c rabies virus, one eye with virus that produced a green fluorescent
marker and the other eye with a virus that produced a red fluorescent marker.

RESULTS. Preganglionic motoneurons in the Edinger-Westphal nucleus displayed the same
marker as the ipsilateral injected muscle. Many of the premotor neurons in the supraocu-
lomotor area and central mesencephalic reticular formation were doubly labeled. Others
were labeled from either the ipsilateral or contralateral eye.

CONCLUSIONS. These results suggest that both monocular control and binocular control of
lens accommodation are present. Binocular inputs yoke the accommodation in the two
eyes. Monocular inputs may allow modification related to differences in each eye’s target
distance or differences in the capacities of the two ciliary muscles.
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S accadic and smooth pursuit movements of the eyes
directed at specific targets have generally been tested

under conditions where they are conjugate in nature, and
considered as separate from vergence movements used to
look between targets at different distances from the viewer.
However, under real-world circumstances, most new targets
differ from the current foveation point in all three axes;
that is, they require both a change in the line of sight,
as well as a change in vergence angle. The viewer is thus
required to make disjunctive saccadic or pursuit eye move-
ments. In frontal-eyed species, such as higher primates, the
actions of the extraocular and intraocular muscles are coor-
dinated so that, in addition to modifying the vergence angle
between the two eyes, the response also involves binocular
changes in lens accommodation and pupil size to compen-
sate for the target distance. To look at a near target, the
eyes are converged, the curvature of the lens is increased
through the actions of the ciliary muscle, and the pupil is
constricted by the pupillary sphincter muscle to increase
depth of field. This combination is commonly referred to
as the near response or near triad.

The manner in which premotor neurons control the
motoneuron population to match such three-axis target
requirements has been a matter of dispute for more than
a century. Hering1 proposed that vergence eye movement
signals related to target distance and conjugate eye move-
ment signals related to the other aspects of target loca-
tion are developed independently. These two binocularly
organized signals are then added together at the level of
the extraocular motoneurons to produce the appropriate
movement of the two eyes. Helmholtz,2 on the other hand,
proposed that each eye was independently controlled, elim-
inating the need for separate signals for the target distance
axis. In this case, monocular signals are used to direct
the extraocular motoneuron populations. Evidence support-
ing both theories of eye movement has been developed.
In support of Hering’s view, centers containing premotor
neurons for each axis have been described: a horizontal
axis center in the paramedian pontine reticular formation
(PPRF) and nucleus prepositus hypoglossi (nPH); a vertical
axis center in the rostral interstitial nucleus of the medial
longitudinal fasciculus and in the interstitial nucleus of Cajal;
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FIGURE 1. Schematic of double-label method. A green fluorescing recombinant rabies virus (N2c-GFP) is placed in the ciliary muscle on one
side (left eye) and a red fluorescing recombinant rabies virus (N2c-mCherry) is placed in the ciliary muscle on the other side (right eye).
Retrograde trans-synaptic transport to third-order neurons labels the premotor population. The premotor neurons can be labeled either from
the left eye (green), right eye (red), or both eyes (yellow). To simplify the diagram, the individual possibilities are only illustrated once, even
though they might occur on both sides.

and a distance or Z-axis center amongst the midbrain near
response neurons.3 In support of Helmholtz’s theory, cells
in the PPRF and in the nPH have been shown to be predom-
inantly monocular in their organization.4,5

These discussions have largely centered on the control of
horizontal eye movements. Little attention has been paid to
other aspects of the near response that must be coordinated
with vergence eye movements when making disjunctive
eye movements to targets of different distances. However,
most of the midbrain neurons that fire in a manner that
encodes vergence angle also display activity that encodes
lens accommodation, and these neurons are mixed with
cells that encode predominantly vergence or lens accom-
modation.6,7 We have recently identified the premotor cells
that control lens accommodation anatomically, by using
injections of the ciliary muscle with rabies virus, a trans-
synaptic retrograde tracer.8,9 The premotor neurons were
located in the supraoculomotor area (SOA) and in the central
mesencephalic reticular formation (cMRF). One of the strik-
ing characteristics of both these populations is that unilat-
eral injections led to a balanced bilateral distribution of
labeled neurons. Injections of anterograde tracer into the
cMRF also produce terminal label bilaterally in the pregan-
glionic Edinger-Westphal nucleus (EWpg).10 Similarly, unilat-
eral injections of rabies virus into the lateral rectus muscle
of monkeys or the medial rectus muscle of guinea pigs
produced bilateral SOA and cMRF labeling of premotor
neurons,11,12 and unilateral cMRF injections label terminals
contacting motoneurons that supply multiply innervated
fibers in the medial rectus muscle, bilaterally.13

The bilateral nature of all these labeled midbrain popu-
lations could be produced by two different means: (1) all

the premotor neurons project bilaterally, targeting EWpg
motoneurons and horizontal gaze somatic motoneurons on
both sides of the brainstem; or (2) ipsilaterally and contralat-
erally projecting premotor neurons are intermixed. An exam-
ination of this question could have implications for discrim-
inating between the binocular control theory of Hering and
the monocular control theory of Helmholtz. Consequently,
we have used trans-synaptic retrograde transport of recom-
binant rabies virus to examine this point.

METHODS

A total of four adult and young adult female Macaca fascic-
ularis monkeys were used in these experiments. The surgi-
cal procedures were approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh, and
were in full accordance with those outlined by the Guide for
Care and Use of Animals and the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Before
the injection procedures were carried out, the animals were
sedated with ketamine HCl (10–15 mg/kg, IM) and then
placed under general anesthesia by use of isoflurane (3.0%
in O2). Ophthalmic proparacaine drops were placed in each
eye. Animals received buprenorphine HCl (0.01 mg/kg, IM)
as a postoperative analgesic at the conclusion of the proce-
dure.

The experimental rationale is illustrated in Figure 1. The
ciliary muscle of one eye (e.g., left) was injected with a
recombinant rabies virus that produces a green fluores-
cent protein (GFP) marker. The ciliary muscle of the other
eye (e.g., right) was injected with a recombinant rabies
virus that produces a red fluorescent marker (mCherry).
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Both recombinant viruses were taken up by postganglionic
parasympathetic fibers and transported back to their cell
bodies in their respective ciliary ganglia. After replication
there, they crossed the synapse and were taken up by
the axons of preganglionic parasympathetic motoneurons.
Retrograde transport brought them to the ipsilateral EWpg.
Consequently, after replication, they would fluoresce with
the marker injected into the ipsilateral muscle. The virus
then crossed the synapse into the terminals of the premotor
neurons, and was taken up and retrogradely transported by
their axons to their somata. After replication, those premo-
tor neurons supplying the left EWpg would fluoresce green,
those supplying the right EWpg would fluoresce red, and
any cells supplying both EWpg nuclei would fluoresce with
both markers, and so appear yellow/orange in the merged
image.

All surgeries, postoperative survivals, and perfusions
took place at the Center for Neuroanatomy with Neurotropic
Viruses at the University of Pittsburgh directed by Dr Peter
L. Strick. In each case, the ciliary muscle of one eye was
injected with 150 μL of a solution containing 1 × 109 Pfu/mL
of a recombinant N2c rabies virus that produces GFP (N2c-
GFP). The ciliary muscle of the other eye was injected with
150 μL of a solution containing 1 × 109 Pfu/mL of a recombi-
nant N2c rabies virus that produces a red fluorescent protein,
mCherry (N2c-mCherry). These recombinant viruses were
developed by Drs Matthias Schnell and Christoph Wirblich
of Thomas Jefferson University. The virus was held in a 100-
μL Hamilton syringe equipped with a 25G needle. Multi-
ple (12–15) small (∼10 μL) injections were made at differ-
ent locations on the globe by driving the needle through
the sclera at the corneal/conjuctival junction. The medial
and ventromedial aspect of the ciliary body could not be
accessed. Animals survived for 72 (n = 1), 76 (n = 1), and 80
hours (n = 2). They were then resedated with ketamine and
deeply anesthetized with sodium pentobarbital (40 mg/kg,
IP). Once insensate, they underwent a cardiac perfusion
with phosphate buffered (0.1 M, pH 7.4) saline, followed
by 10% formalin in phosphate buffer (0.1M, pH 7.4), and
followed in turn by buffered formalin containing 5% glyc-
erol. The brains were blocked in the frontal plane and post-
fixed in a 10% glycerol-buffered formalin solution for 7 days
at 4°C. Several ganglia (ciliary, trigeminal, pterygopalatine,
and superior cervical) were also extracted and processed to
test for the presence of rabies virus (for details8). Of these,
only the ciliary ganglia contained labeled cells, indicating
that uptake by other postganglionic motoneurons supplying
the eye did not occur.

The brainstems of these animals were frozen and cut
into 50 μm thick sections. Every fifth section was reacted
to reveal the presence of the two markers using antibodies
to GFP (goat polyclonal antibody: Abcam # 5450; Abcam,
Cambridge, UK) and to DsRed, which cross-reacts with
mCherry (rabbit polyclonal antibody: Clonetech # 632496;
Clonetech, Mountain View, CA). Specifically, sections were
first rinsed in 0.1 M, pH 7.5 phosphate tris-buffered saline
with 0.05% sodium azide (PTA). They were then placed in
immunoblocking serum consisting of 10% normal donkey
serum in PTA with 0.5% Triton-X 100 for 2 hours. They were
incubated in a primary antibody solution consisting of 1:200
goat anti-GFP (Novus Biologicals # NB100-1770; Novus
Biologicals, Littleton, CO) and 1:1000 rabbit anti-DsRed
(TaKaRa #632496; TaKaRa, Mountain View, CA) in PTA with
10% normal donkey serum and Triton-X 100 for 2 days at 4°C
with gentle agitation. After rinsing, the primary antibodies

were subsequently tagged with fluorescent secondary anti-
bodies: donkey anti-goat IgG conjugated to green fluoresc-
ing Alexa Fluor 488 (Jackson ImmunoResearch # 705-545-
147; Jackson ImmunoResearch, West Grove, PA) 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, in a solution of PTA
with 10% normal donkey serum and 0.3% triton-X-100. After
incubating for 2 hours at room temperature in the secondary
antibody solution, the sections were rinsed and mounted
onto glass slides. Once they had dried, they were cover-
slipped under nonfluorescing medium. Control sections in
which the primary or secondary antibody was omitted were
run and they showed very weak or no fluorescence.

An adjacent series of sections was mounted onto glass
slides, counterstained with cresyl violet, dehydrated, cleared,
and coverslipped to provide a cytoarchitectonic context for
the location of fluorescent-labeled cells. To measure the
effectiveness of the labeling with the recombinant viruses
and fluorescence procedures, another series was incubated
in a mouse monoclonal antibody to the rabies virus (diluted
1:1000) as the primary antibody. (This was a gift of Dr
Matthias Schnell of Thomas Jefferson University [desig-
nated clone 31G10]). The primary antibody was tagged with
biotinylated anti-mouse IgG and revealed using a Vector
Labs ABC kit (Vector Labs, Burlingame, CA), followed by
DAB immunohistochemistry. The details of this procedure
can be found in our previous study.8

Sections were analyzed by use of a Nikon E600 fluores-
cence photomicroscope equipped with a Nikon Ds-Ri1 digi-
tal camera. Nikon Elements software was used to import the
images into the computer. Image contrast and brightness
were adjusted in Photoshop to appear as similar as possi-
ble to the viewed image. Color prints of the images were
used to create chartings of the label, with borders supplied
by comparison with adjacent Nissl-stained sections. In each
case, we used prints of the images obtained with the filters
for the mCherry (TRITC excitation bandwidth 525–553) and
the GFP marker (FITC excitation bandwidth 465–495). These
images were compared with the merged image to make sure
singly and doubly labeled neurons were correctly identified.
In addition, we consulted an image taken with the filters
for blue fluorescent markers (UV excitation bandwidth 330–
380) to ensure that the cells were not simply fluorescing due
to the presence of lipofuscin or other nonspecific labeling.

RESULTS

The results from the 72-hour survival animal are presented
in Figure 2. This animal was not useful with respect to the
bilateral labeling question because we had insufficient label-
ing from the left eye injection (blue dots), with only a hand-
ful of cells labeled (Figs. 2A, 2D). However, it was useful
in establishing the lower limit of survival time for trans-
synaptic transport to the premotor population. Most of the
retrograde trans-synaptic labeling from an injection of the
right eye (red diamonds) was found in the motoneurons
located in the right EWpg (Figs. 2B–2I) and right anterome-
dian nucleus (Fig. 2A). Just a handful of neurons were found
at sites known to contain premotor neurons, including the
SOA (Figs. 2D, 2E, 2G, 2I), and in the peri-interstitial nucleus
of Cajal portion of the mesencephalic reticular formation
(Figs. 2C, 2D). Based on our previous findings, the two cells
located between the oculomotor nuclei (III) (Fig. 2B) might
be either motoneurons or premotor neurons.8
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FIGURE 2. Distribution of retrograde, fluorescent trans-synaptic label after a 72-hour survival period. Chartings of a rostral to caudal series
through the region containing the AM (A) and EWpg (B–I) show the distribution of cells labeled from the left (blue dots) and right (red
diamonds) ciliary muscle injections. The left injection was not effective, and only a few labeled motoneurons were present in the ipsilateral
EWpg in sections A and D. Numerous motoneurons were observed in the ipsilateral AM and EWpg from the injection on the right side.
The presence of just a few labeled neurons outside these nuclei indicates that transfer of virus to premotor neurons had just begun at this
time point. Inserts indicate the section from which the higher magnification drawing was made in this and the following chartings. 3n,
third cranial nerve; AM, anteromedian nucleus; CC, caudal central subdivision of III; CG, central gray; III, oculomotor nucleus; MLF, medial
longitudinal fasciculus; PAG, periaqueductal gray; piMRF, peri-interstitial nucleus of Cajal portion of the mesencephalic reticular formation.

Many more labeled premotor neurons were observed at
76 hours. Examples of the SOA premotor neurons labeled
in a case with a 76-hour survival are presented in Figure 3A
and 3B. GFP marker is present in neurons (green arrows) in
both the left SOA (Fig. 3A1) and the right SOA (Fig. 3B1). The

mCherry marker is also present in neurons (red arrows) in
both the left SOA (Fig. 3A2) and the right SOA (Fig. 3B2).
The merged images show that many of the neurons in
the left SOA (Fig. 3A3) and the right SOA (Fig. 3B3) are
double labeled and so display a yellow or orange tint (yellow
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FIGURE 3. Appearance of singly and doubly labeled premotor neurons at 76 hours. Fluorescent labeling in the left (A) and right (B) SOA,
and in the left (C) and right (D) cMRF shows both singly and doubly labeled neurons. The appearance of the same sections is shown to
demonstrate GFP labeling in the left column, mCherry labeling in the middle column, and the merged image in the right column. Cells
labeled with GFP are indicated by green arrows, those with mCherry labeling by red arrows. Those with both markers in the merged view
are indicated by yellow arrows. Scale in D3 is for all plates.

arrows). However, a few show just the GFP marker from the
left eye (green arrows) or just the mCherry from the right
eye (red arrow). If we could not make out the outlines of a
neuron in one of the individual filter images, we judged the
cell to be single labeled, even if it had an orange color in
the merged image (red arrow, Figs. 3B1–3B3).

With a survival time that was just 4 hours longer than the
case illustrated in Figure 2, the 76-hour case showed a very
different labeling pattern. As demonstrated in Figure 4, in
this case there was good uptake from both eyes. Numer-
ous preganglionic motoneurons were labeled rostrally in
anteromedian nucleus (Fig. 4A) and more caudally in EWpg
(Figs. 4B–4G). Cells labeled from the left eye (blue dots)
and cells labeled from the right eye (red diamonds) popu-
late both these nuclei ipsilaterally. Within the SOA (Figs. 4A–
4I) numerous doubly labeled neurons (yellow squares) were
observed on both sides of the midline. These were partic-
ularly prevalent caudally (Figs. 4H, 4I). Neurons that only
showed tracer from the left eye (blue dots) were also present
bilaterally in the SOA, as were cells that just showed tracer
from the right eye (red diamonds). So, all three patterns of
labeling were present bilaterally and were more common at

caudal levels. A few cells that are presumed to be premotor
neurons were found within the confines of EWpg (yellow
squares in Fig. 4E and blue dot in Fig. 4G). Examples
of scattered premotor labeling within the borders of the
contralateral EWpg were observed previously with conven-
tional rabies virus labeling.8

Areas outside the SOA also contained labeled premotor
neurons in this case. The distributions of labeled premo-
tor neurons within the cMRF are presented in Figures 5
and 6. On the left side (Fig. 5), the labeled motoneurons
present in the EWpg were only from the left eye injec-
tion (blue dots) (Figs. 5A–5H). However, at rostral levels
(Figs. 5A–5E), all three labeling patterns were seen among
the premotor neurons that lay amongst the exiting oculo-
motor nerve (3n) bundles: cells labeled from the left eye
(blue dots), right eye (red diamonds) and from both sides
(yellow squares). At more caudal levels (Figs. 5F–5I), the
premotor neurons formed a band across the left cMRF. There,
the double labeled neurons predominated, but cells labeled
from just the ipsilateral and contralateral eye were also
present. An example of such a double labeled cell in the
left cMRF is shown in Figure 3C. On the right side (Fig. 6),
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FIGURE 4. Distribution of retrograde, fluorescent trans-synaptic label in the SOA after a 76-hour survival period. Chartings of a rostral to
caudal series through the region show the distribution of cells labeled from the left (blue dots) and right (red diamonds) ciliary muscle
injections. Numerous motoneurons were labeled in the left AM (A) and EWpg (B–H) with the tracer injected into the left ciliary muscle, and
in the right AM and EWpg with the tracer injected into the right ciliary muscle. Labeled premotor neurons were found in the SOA (B–I),
particularly caudally. These included singly labeled cells both ipsilateral and contralateral to the injections, as well as many doubly labeled
neurons (yellow squares).

the labeled motoneurons present in the EWpg were only
from the right eye (red diamonds) (Figs. 6A–6H). However,
at rostral levels (Figs. 6A–6E), all three labeling patterns
were seen among the scattered premotor neurons adjacent

to the exiting 3n bundles and in the peri-intestinal portion
of the mesencephalic reticular formation: cells labeled from
the left eye (blue dots), right eye (red diamonds) and
from both sides (yellow squares). At more caudal levels
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FIGURE 5. Distribution of retrograde, fluorescent trans-synaptic label in the left cMRF after a 76-hour survival period. Chartings of a rostral
to caudal series through the region show the distribution of cells labeled from the left (blue dots) and right (red diamonds) ciliary muscle
injections, as well as doubly labeled neurons (yellow squares). Labeled motoneurons from the left ciliary muscle injection lie in the ipsilateral
EWpg (A–H). A few labeled premotor neurons were found amongst the exiting 3n fibers (A–E) and numerous labeled premotor neurons
were located in the left cMRF (F–I). Most were double labeled neurons, although both ipsilateral and contralateral singly labeled neurons
were present. SOA labeling is not shown.
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FIGURE 6. Distribution of retrograde, fluorescent trans-synaptic label in the right cMRF after a 76-hour survival period. Chartings of a
rostral to caudal series through the region show the distribution of cells labeled from the left (blue dots) and right (red diamonds) ciliary
muscle injections, as well as doubly labeled neurons (yellow squares). Labeled motoneurons from the right ciliary muscle injection lie in the
ipsilateral EWpg (A–H). A few labeled premotor neurons were found in the peri-interstitial portion of the mesencephalic reticular formation
(piMRF) (A–C) and amongst the exiting 3n fibers (B–E). Most of the labeled premotor neurons were located in the cMRF (F–I). The majority
of these were double-labeled neurons. SOA labeling is not shown.
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FIGURE 7. Distribution of trans-synaptically transported rabies virus after a 76-hour survival period. Chartings of a rostral to caudal series
(A–J) through the region show the distribution of cells visualized using anti-rabies antibody (red dots). The pattern and number of labeled
cells in the EWpg, SOA, and cMRF is very similar to that seen using the fluorescence methods.

(Figs. 6F–6I), the premotor neurons formed a band across
the right cMRF. Again, the double-labeled neurons predom-
inated, but cells labeled from just the ipsilateral (red
diamonds) and contralateral (blue dots) eye were also
present. Examples of such double-labeled cells in the right
cMRF are shown in Figure 3D.

To ensure that the recombinant viruses and fluorescence
procedures were revealing the full extent of the premo-

tor population, we reacted a series of sections from this
76-hour case using anti-rabies IgG with DAB as the chro-
magen. The results for this approach are shown in Figure 7.
Labeled preganglionic motoneurons are present in the
dorsal part of anteromedian nucleus (Fig. 7A) and through-
out EWpg (Figs. 7B–7H). Labeled premotor neurons were
present in the SOA, particularly caudally (Fig. 7B–7J). They
were also present ventrolateral to the MLF, rostrally (Figs. 7C
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FIGURE 8. Appearance of singly and doubly labeled premotor neurons at 80 hours. Fluorescent labeling in the left (A) SOA and in the left
(B) cMRF shows considerable dendritic labeling in both singly and doubly labeled neurons. The appearance of the same sections is shown
to demonstrate GFP labeling in the left column, mCherry labeling in the middle column and the merged image in the right column. Cells
labeled with GFP are indicated by green arrows, and those with mCherry labeling by red arrows. Those with both markers in the merged
view are indicated by yellow arrows. Scale in A3 = A1 and A2 and in B3 = B1 and B2.

and 7D), and throughout the cMRF (Figs. 7E–7I). All these
populations were labeled on both sides of the midline after
injections of the ciliary body in both eyes. This distribution
is very similar to that seen previously8,9 and there are only a
few more cells observable using this method than with the
fluorescence labeling (Figs. 4–6).

The distributions of doubly and singly labeled neurons
observed in the SOA and cMRF with the 80-hour survival
period were much the same as with the 76-hour survival
period. The primary difference observed was in the extent
of the labeling. The GFP marker (green arrows) extended
well out into the secondary dendrites in both the SOA
cells (Fig. 8A1) and in the cMRF cells (Fig. 8B1). In some
cases, mCherry (red arrows) also extended out into the
secondary dendrites (Fig. 8B2). As shown in the merged
views, most of the cells in the SOA (Fig. 8A3) and in the
cMRF (Fig. 8B3) were double labeled (yellow arrows), but
some were just singly labeled (red arrows). Note that the
cell indicated in the upper right (red arrow, Fig. 8A2), also
seems to have light label in the green filter (Fig. 8A1).
However, this fine particulate label also fluoresced with the
blue filter, indicating the fine particulate labeling was lipo-
fuscin. For this reason, the cell was judged to be singly
labeled. The 80-hour time point is 8 hours later than the
72-hour time point, when just a few premotor neurons
were labeled. So it is likely that inputs to these initially
labeled premotor neurons would be starting to be observed
at other sites. However, we did not analyze other regions,
because this was beyond the purview of our experimental
question.

DISCUSSION

These results represent the first anatomic investigation of
the laterality of the premotor control of lens accommoda-
tion. They show that most of the premotor neurons located
in the SOA and the cMRF project bilaterally to the motoneu-
rons in the EWpg. Thus, the majority of the input control-
ling lens accommodation to focus targets on the retinas of
the two eyes is yoked. In addition, singly labeled neurons
were observed in the SOA and cMRF that were either ipsi-
lateral or contralateral to the eye they control the focus of
(see premotor neuron box in Fig. 1). This finding suggests
that the system may also have the capacity to monocularly
modulate ciliary muscle activity, to independently adjust the
degree of lens accommodation in each eye.

Technical Considerations

Recombinant viruses that produce different fluorescent tags
have been used successfully in studies of this type.14,15

Although only a small number of animals was used for each
of the survival time points in the present study, the pattern
of labeling in the midbrain was essentially the same as
that seen in previous studies using the nonrecombinant N2c
strain of rabies virus.8,9 This finding suggests that the capac-
ity of the recombinant virus to infect these motoneurons and
transfer across synapses was not affected in the recombinant
virus. The specificity of motoneuron uptake was also not
changed. As with the normal virus, we saw no evidence of
labeling in the superior cervical ganglion or thoracic spinal
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cord indicating uptake by sympathetic fibers. Furthermore,
we did not see labeling in the olivary pretectal nucleus that
would indicate uptake by postganglionic parasympathetic
fibers supplying the pupillary sphincter muscle. The pres-
ence of only ipsilateral labeling of EWpg in the case with
the shortest survival time (72 hours), indicates that crossed
projections by preganglionic motoneurons are not a factor.
Only at the longest survival time did we see evidence of acti-
vated glial cells in EWpg. However, even at this time point,
the motoneurons were intact, so nonsynaptic viral transfer
is unlikely.

False-positive double labeling can be produced by high
background labeling or lipofuscin deposits. We dealt with
these problems by also viewing the tissue with the UVA
filter set. Any cells that showed a similar degree of fluores-
cence with all three filter sets was judged to have nonspecific
fluorescence, as opposed to the fluorescent markers tied to
the specific labeling. The fact that the pattern of distribution
of the labeled cells matches that using conventional rabies
transport indicates that the singly labeled cells are unlikely
to be false positives. It is possible that some of the singly
labeled cells might actually project to both EWpg nuclei. We
were unable to inject a portion of the ciliary muscle and
some of the EWpg motoneurons were not labeled. Thus,
it remains possible that some of the singly labeled premo-
tor cells may provide input to motoneurons that were not
labeled by the other tracer, making them a false negative
with respect to double labeling. This point, and the small
number of animals used in the study, made us conclude that
it would be inappropriate to quantify the numbers of the
doubly and singly labeled cells. Although many cells were
double labeled, it should be noted that level of label from
each side was not necessarily matched. Often, one of the
labels was much more intense. This phenomenon may be
due to the fact that, once a cell is infected by one recom-
binant rabies virus, it becomes resistant to being infected
by the other rabies virus. Alternatively, it may be due to the
fact that the number of ipsilateral and contralateral terminals
produced by bilaterally projecting cells is not the same. One
might argue that such unequal innervation might support
a modified form of monocular control of accommodation.
However, both sides would still be driven by premotor input,
and setting up such a complex system for monocular control
would represent a substantial developmental challenge.

Comparison With Previous Studies

As noted elsewhere in this article, the distribution of premo-
tor neurons observed with the recombinant rabies virus
matched that observed when conventional rabies virus was
injected into the ciliary muscle.8,9 These neurons were
located in the SOA, especially caudally, and in the cMRF.
These two regions also contain premotor neurons that
supply the medial and lateral rectus muscles.11,12 Phys-
iologic studies indicate that the SOA contains midbrain
near response neurons whose tonic firing encodes vergence
angle,7,16 and these cells even encode the inappropriate
vergence angle seen in strabismus.17–19 Many of these
neurons encode both vergence and lens accommodation,
although lens-only neurons are also present, as are neurons
that just encode vergence angle.6,7 So the neurons labeled
in the SOA likely represent a combination of the first two.

The cMRF has also been shown to project bilaterally to
the EWpg10 and to the SOA,20 where most of the dendrites of
preganglionic motoneurons are located.8 Premotor neurons
in the cMRF also project bilaterally to motoneurons supply-

ing medial rectus multiply innervated fibers, but ipsilater-
ally to motoneurons supplying singly innervated fibers in
the same muscle.13 Physiologic studies indicate the cMRF
contains a very medially located population of vergence
burst neurons that encode changes in intraocular angle
during symmetric vergence movements.21 It also contains
more laterally located neurons that fire when disjunctive
saccades are made.22 Many of these neurons seem to encode
the movement of only one of the eyes in their firing. A third
population has recently been described.23 These cells burst
for disjunctive saccades, but not for conjugate saccades or
symmetric vergence movements. Based on the numerous
premotor neurons found in the cMRF after ciliary muscle
injections9 (present data), it seems highly likely that these
three populations contain neurons that also direct lens
accommodation with respect to target distance to focus the
eye on the target, even as the line of sight is being adjusted
with respect to target location.7 However, this point remains
to be addressed experimentally.

Laterality

Two theoretical frameworks have been proposed to explain
the control of the eye with respect to target location in
three-dimensional space. The Hering model1 proposes that
all horizontal eye movements can be explained by combin-
ing a conjugate movement signal that moves the eyes with
respect to target location in the X–Y plane, and a symmet-
ric vergence signal that moves the two eyes with respect to
target distance. In contrast, the Helmholtz model2 proposes
that each eye is independently directed at the target, and so
there is no need to separately direct the eyes with respect to
target distance. Studies that revealed the presence of premo-
tor neurons that fire with respect to conjugate horizontal
saccades in the pons and symmetric vergence movements
in the midbrain provide support for the Hering model (for
review3,24). Specifically, PPRF burst neurons and nPH tonic
neurons provide horizontal saccade signals to abducens
motoneurons that move the ipsilateral eye and to abducens
internuclear neurons that project to the medial rectus subdi-
visions of the oculomotor nucleus to move the contralat-
eral eye. Midbrain near response neurons supply medial
rectus motoneurons with convergence signals and abducens
motoneurons with divergence signals. These recording stud-
ies were supported by electrical stimulation studies that
showed conjugate horizontal movements with activation
of the PPRF, and vergence movements with activation of
the midbrain near response regions dorsal and lateral to
III.6,25,26 Modern versions of the Hering model that incor-
porated the details of these neurophysiologic investigations
have been developed by Zee and colleagues27 and by Mays.28

In contrast, evidence in support of the Helmholtz model
has come from experiments that used a variation on the
Müller paradigm and by comparing the number of spikes
generated for matched conjugate and disjunctive saccades.
These studies indicate that the majority of neurons in the
PPRF and nPH are actually uniocular, that is, most of
their firing is related to changes in the position of one
eye, not the other.4,29,30–32 A similar pattern was observed
within the motoneurons and the internuclear neurons of the
abducens nucleus.4,33 Particularly noteworthy is the finding
that premotor neurons in the PPRF modulate their firing with
respect to eye position during vertical vergence,34 because
it suggests that this region is not just involved in conjugate
horizontal gaze. Based on these findings, modern versions of
the Helmholtz model have been developed that indicate that
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the control of vergence angle during disjunctive saccades is
primarily derived from the horizontal gaze centers in the
PPRF and nPH.5,35

At present, both of these models fail to explain all of
the findings associated with disjunctive saccades. Neither
fully explains why disjunctive saccades are slower than
conjugate saccades, but considerably faster than symmet-
ric vergence movements,36–38 although attempts have been
made in this regard.39 Most of the tonically firing, midbrain
near response neurons that supply vergence angle signals
are silent during conjugate saccades16,21, and their activity is
not enhanced appropriately during disjunctive saccades,40 so
they could not contribute to the faster vergence component
of disjunctive saccades. Moreover, the Hering models do not
explain the need for uniocular neurons in the horizontal
gaze center, and the Helmholtz models do not explain the
need for vergence burst neurons in the midbrain. The role
of abducens internuclear neurons is particularly problem-
atic for the Helmholtz model. When discovered, these cells
were put forward as the anatomic substrate for conjugate
horizontal movements of the contralateral eye.41 If the ipsi
eye and contra eye PPRF excitatory burst neurons and nPH
tonic position neurons fed into homogeneous populations of
ipsi eye motoneurons and contra eye internuclear neurons in
the abducens nucleus, this would provide the perfect drive
for disjunctive saccades. However, a relatively small portion
of abducens internuclear neurons display firing that corre-
lates with horizontal movements of the contralateral eye, and
only one-half of the abducens motoneurons display activity
that correlates primarily with the ipsilateral eye.33 Moreover,
other studies of abducens internuclear neuron firing suggest
they are poorly suited to directing vergence activity in medial
rectus motoneurons.42,43

Lens accommodation latency is decreased and speed
is increased during disjunctive saccades,44 but it is not
clear how this might be accomplished using the Helmholtz
models centered on the PPRF and nPH. Indeed, premo-
tor neurons were not found at pontine levels in either the
present ciliary muscle injection experiments or previous
ones done with conventional rabies virus.8,9 So the premo-
tor control of at least the lens accommodation component
of the near response likely takes place at midbrain levels.
It has been suggested that introducing the cMRF into the
circuitry for controlling disjunctive saccades may be help-
ful in this regard.9,13 The cMRF is known to be involved
in horizontal gaze.45–47 Moreover, neurons with uniocular
patterns of firing have been found in the cMRF and stimula-
tion of the cMRF can lead to disjunctive saccades.22 Finally,
the cMRF premotor neurons provide input to the ipsilateral
medial rectus singly innervated fiber motoneurons,13 so they
are in a position to independently control the line of sight of
each eye during disjunctive saccades. The present findings
suggest that cMRF cells might also produce faster accommo-
dation during these eye movements.

Our experiment explored the laterality of the premo-
tor population that controls lens accommodation. We found
evidence for both binocular and uniocular control of lens
accommodation. Most of the premotor neurons in the SOA
and in the cMRF were doubly labeled, indicating that they
projected to both EWpg nuclei and that they controlled
focus in both eyes. This would yoke the activity of the
ciliary muscle in the two eyes, as predicted by the Hering
models. Modern monocular models5,30,35 also indicate that
slow, symmetric vergence is bilaterally controlled by cells
in the SOA. Indeed, lens accommodation in the two eyes is

generally closely matched,48,49 and when one eye is covered,
its degree of accommodation still matches that of the view-
ing eye.50 In line with the tight coupling of vergence and
accommodation,51 25% to 50% of near response neurons
encode both lens accommodation and vergence.6,7 Thus,
it seems highly likely that many convergence cells project
bilaterally to both the medial rectus and EWpg motoneuron
populations. Certainly, premotor neurons are found bilater-
ally in SOA and the cMRF after unilateral rabies injections
of the medial rectus muscle in guinea pigs, even though this
species is lateral eyed.11

A smaller subset of neurons in the SOA and cMRF
projected either ipsilaterally or contralaterally to EWpg. This
finding is supported by an antidromic testing study of SOA
near response neurons encoding vergence and lens accom-
modation, which indicated that these cells projected to the
ipsilateral oculomotor nucleus.7 The presence of unilateral
populations is also supported by recordings in the cMRF that
indicated the presence of uniocular neurons with saccade-
related activity.22 Working in tandem, the ipsi- and contralat-
erally projecting EWpg premotor populations would have
the same effect as the bilaterally projecting population.
However, working in isolation, these populations could
change the focus in one eye relative to the focus in the other
eye, a pattern predicted by the Helmholtz model. The ability
to individually control focus in each eye is limited (±1.0 D),
but present.52 This capability may supplement isometropiza-
tion during development, allowing feedback control of lens
accommodation to adapt the control system for differences
in lens accommodation between the two eyes. There is
evidence that both the SOA and the cMRF are targeted by
cerebellar inputs that could underlie such adaptation.53,54

However, these uniocular EWpg premotor neurons may also
allow each eye to separately focus on targets located close
to the observer, near the edge of the horizontal field. In this
case, the distance between each eye and the target would
differ enough that different levels of accommodation would
be necessary for clearly imaging the target on both retinae.
Under such conditions, the yoked inputs would provide the
drive to achieve most of the required lens accommodation,
and the uniocular inputs would provide detailed adjustment
to compensate for the difference between the two eyes.
In essence, both Hering and Helmholtz type mechanisms
would be present, and work in concert.
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