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Abstract

The distribution of preganglionic motoneurons supplying the ciliary ganglion in the cat was defined both
qualitatively and quantitatively. These cells were retrogradely labeled directly, following injections of wheat germ
agglutinin conjugated to horseradish peroxidase (WGA-HRP) into the ciliary ganglion, or were transsynaptically
labeled following injections of WGA into the vitreous chamber. Almost half of the cells are distributed rostral to the
oculomotor nucleus, both in and lateral to the anteromedian nucleus. Of the remaining preganglionic motoneurons,
roughly 20% of the total are located dorsal to the oculomotor nucleus. Strikingly few of these neurons are actually
found within the Edinger-Westphal nucleus proper. Instead, the majority are found in the adjacent supraoculomotor
area or along the midline between the two somatic nuclei. An additional population, roughly 30% of the total, is
located ventral to the oculomotor nucleus. This study also provides evidence for a functional subdivision of this
preganglionic population. Pupil-related preganglionic motoneurons were transsynaptically labeled by injecting WGA
into the anterior chamber, while lens-related preganglionic motoneurons were transsynaptically labeled by injecting
WGA into the ciliary muscle. The results suggest that the pupil-related preganglionic motoneurons, that is, those
controlling the iris sphincter pupillae muscle, are located rostrally, in and lateral to the anteromedian nucleus. In
contrast, lens-related preganglionic motoneurons, that is, those controlling the ciliary muscle are particularly
prevalent caudally, both dorsal and ventral to the oculomotor nucleus. Thus, the cat intraocular muscle preganglionic
innervation is spatially organized with respect to function, despite the dispersed nature of its distribution.
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Introduction ity of the cells within this nucleus project centrally (Sugimoto

. . . et al., 1977, 1978; Loewy et al., 1978; Toyoshima et al., 1980;
As in all vertebrates, the intraocular muscles of the cat are inner;, "’ = -

S . ..~ Maciewicz et al., 1983, 1984). Descriptions of the extent and
vated by the postganglionic parasympathetic cells of the ciliary

ganglion. This ganglion mediates both the pupillary light reflex precise location of the preganglionic motoneuron distribution have

. ) . 2. -, varied between studies.
and visual accommodation through its control of the iris and ciliary - .
: . . As indicated above, the parasympathetic pathway to the eye
muscle, respectively. Classically, the preganglionic parasympa-

. o . . subserves two functions. Consequently, the extent to which the
thetic motoneurons that supply the ciliary ganglion are said to be o . . .
reganglionic motoneurons may be organized into function-

located in the Edinger-Westphal nucleus, based on studies ipre9a L .
. T ) . specific groups or subdivisions of pupillary and lens-related pre-

macaques (Warwick, 1954; Pierson & Carpenter, 1974; Gamlin LY . . ’ . .
anglionic cells has been investigated with electrophysiological

et al., 1994). Presumably homologous structures containing C'“ar?echniques. Specifically, in the cat, pupillary constriction was

preganglionics have been identified as the nucleus of Edinger- . . - . . R
. : . . " produced by electrical stimulation at a variety of midbrain sites,
Westphal in a variety of nonmammalian vertebrate species (Reiner -

ut particularly rostral and ventral to the oculomotor nucleus

et al., 1983, Somly_a et al,, 1992, Hen_nln_g & H'”.‘Stedt' 1.994)'(Ranson & Magoun, 1933; Hare et al., 1935; Sillito & Zbrozyna,
However, the location of the preganglionic cells in nonprimate . . - . :

; . o . 197@). Extracellular recordings in cat localized pupilloconstrictor
mammalian species has been more difficult to specify. In the cat, .. . L .
most of the preganglionic motoneurons are actually located outsid‘}émt'vIty to the region of the oculomotor midline, as well as in the

pregang y retectum and points in between (Sillito & Zbrozyna, 1870

the confines of the Edinger-Westphal nucleus, whereas the majoEultborn et al., 1978)

Accommodation-related preganglionic cells have been mapped

Address correspondence and reprint requests to: Paul J. May, Depar({i-Orsal and lateral to t_he oculomotor nucleus in th_e Ca_t (Bando
ment of Anatomy, University of Mississippi Medical Center, 2500 North €t al., 1984). There is also evidence for a spatial dichotomy
State Street, Jackson, MS 39216-4505, USA. E-mail: pjm@anat.umsmed.edetween pupil and lens areas from stimulation experiments in
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monkeys (Jampel & Mindel, 1967; Clarke et al., 1B86rawford  a buffered saline rinse was followed by perfusion with 2.0 | of
et al., 1989). At present, there is little corresponding anatomicafixative solution containing 1.0% paraformaldehyde and 1.25%
evidence for functional localization in the mammalian Edinger-glutaraldehyde in 0.1 M, pH 7.2 phosphate buffer (PB). The brain
Westphal nucleus. This is due to the fact that the two neurorwas blocked in the frontal stereotaxic plane and removed for a 1-h
autonomic circuit involving the postganglionic cells of the ciliary postfixation in the same fixative.

ganglion precludes the normal approach taken with extraocular

muscles, in which a muscle-specific motoneuron population may vsitreous chamber injections

be directly retrogradely labeled. o The vitreous chamber was injected in order to produce labeling
Functional subdivisions related to control of the iris, ciliary ¢ parasympathetic preganglionic motoneurons by means of trans-

muscle, and choroid circulation have been demonstrated anatorgynaptic transport through the ciliary ganglion. Injections of the

ically in the avian Edinger-Westphal nucleus (Reiner et al., 1983, ji03| chamber were carried out using aseptic techniques. Animals
Gamlin & Reiner, 1991). Erichsen and Evinger (1985) have uti-

- ) “""were anesthetized with ketamine HCI (22 fkg, IM). Propara-
lized retrograde transsynaptic transport of wheat germ agglutinip 5ine HCl (0.5%) drops were administered to the eye to anesthetize
in order to label preganglionic motoneurons in these differenty cormea and conjunctiva. When no blink was elicited, 50100
avian subdivisions following injections of specific postganglionic ¢ 1 gos WGA (E. Y. Labs, San Mateo, CA) were injected into the
targets. The present study seeks to utilize this same methodolog)reqys using a 27-gauge needle that was advanced through the
in the cat to (1) precisely define the locations of the entiré|gtera| conjunctiva. The eye was then treated with gentamicin
preganglionic population and quantify the relative distribution of 4y haimic drops to preclude infection. As the results will show,

motoneurons in each location, and (2) to specify the distributiong;acer readily moved into the aqueous compartment, and so labeled
of preganglionic motoneurons related to either pupillary constricgea preganglionic neurons, and it also moved into the ciliary
tion or lens accommodation. Preliminary reports of this investiga-, ,scle to label ciliary preganglionic motoneurons.

tion have appeared in abstract form (Erichsen et al., 1992). The 1hage animals survived for 4 days before sacrifice, in order to

identification of function-specific preganglionic motoneuron pools 4o,y sufficient time for transsynaptic transport of the WGA. They

will fac_|lltate anatomical deter_mlnatlon of premotor inputs relqted received butorphanol tartrate (0.5 yikg/6 h, IM) over the first

to pupil and to lens control, either as components of the pupillan, 1y postrecovery, to alleviate any discomfort. At the end of the

light reflex or the near response. survival period, the animals were given an overdose of sodium
pentobarbital (70 mgkg, IP). Transcardiac perfusion with a buff-

Methods ered saline rinse was followed by perfusion with 2.0 | of fixative
solution containing 4.0% paraformaldehyde in 0.1 M, pH 7.2 PB.
Injection protocols The brains were blocked in the frontal stereotaxic plane and

. L . . . removed, as were the ciliary ganglia. They were postfixed for
Four different injection protocols were utilized in this study. 4_qo |

Injections were made into the ciliary ganglion, the vitreous cham-
ber, the anterior chamber, or the ciliary muscle. A total of 21 adult
cats were used. All these procedures were done in accordance wit
NIH regulations and with the approval of the institutional animal
care and use committee.

p Anterior chamber injections

The anterior chamber was injected in order to preferentially
label, by transsynaptic transport, the preganglionic parasympa-
thetic motoneurons that control the iris sphincter pupillae muscle.
Ciliary ganglion injections The injection procedure was the same as used for the vitreous

Through the use of a direct retrograde tracer method th&hamber injections with the following exceptions. When no blink

baseline distribution of preganglionic parasympathetic motoneul€f€x was elicited, 20—4@l of aqueous were removed from the

rons projecting in the third nerve was determined by injecting thednterior chamber to favoid an increase in intraoocular pressure. The
ciliary ganglion. Injections of the ciliary ganglion were carried out "€€dle was then reinserted and 15-250f 1.0% wheat germ

utilizing an aseptic technique in a sterile surgery suite. Animals2glutinin (WGA) were injected into the anterior chamber. The

were anesthetized with sodium pentobarbital (35/kag IP), 27-.gauge injection .rTeedIe was passed through thg cornea at an
placed in a stereotaxic apparatus, and maintained at a surgical levePlidue angle to facilitate closure of the defect. After injection, the
of anesthesia utilizing supplementary (IV) doses. Dexamethason@é@d position was manipulated to insure that the tracer spread
(2 mg/kg, IM) was given to control edema. The orbit was ap- e_ver_lly through the anterior cha_mber. Survival _ar_ld p_rocedures for
proached dorsally, following unilateral aspiration of a small por- fixation were the same as for vitreal chamber injections.
tion of the frontal pole of cortex and removal of the overlying bony
sinus. By use of a 1pd Hamilton syringe, the ciliary ganglion was Ciliary muscle injections
injected with 2—8ul of a solution containing 1.0% wheat germ The ciliary muscle was directly injected in order to preferen-
agglutinin conjugated to horseradish peroxidase (WGA-HRP) andially label, via transsynaptic transport, the preganglionic moto-
10.0% horseradish peroxidase (HRP). Alternatively, HRP-coatedeurons that control lens curvature. In this case, the animals were
insect pins were inserted into the ganglion until the tracer dis-anesthetized with sodium pentobarbital (35/kg, IP) and placed
solved. The area was washed with saline to limit extraganglionidn a stereotaxic apparatus. Surgery was performed in a sterile suite
spread of the tracer. under aseptic conditions. The outer layer of the conjunctiva was
These animals received butorphanol tartrate (0.5kgg6 h, cut and retracted to avoid tissue swelling. A specially constructed
IM) over the first 24 h, postrecovery, to alleviate any postsurgical27-gauge needle was used to make @l @ajections of 1.0% WGA
discomfort. They survived for 24—48 h and showed no noteworthyat 10—12 sites posterior to the coryiselera junction. The injection
postsurgical symptoms. They were then given an overdose afites were evenly spread across three quadrants of the globe. The
sodium pentobarbital (70 nigg, IP). Transcardiac perfusion with ventromedial quadrant was not injected because an appropriately
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oblique needle angle could not be obtained. The needle was cut tAnalysis

a very short length so that when it was fully inserted into theDue to the dispersed nature of the cat preganglionic motoneurons
sclera, the tip lay in the ciliary body. This fact had been previously P pregang '

o . o : -~ “we utilized quantitative means to (1) establish the actual distribu-
verified using a perfused eye. Following injection, the conjunctival . : " Lo
. L .. tion of these neurons in the ciliary ganglion injection cases, and (2)
surface was reapproximated and gentamicin drops were adminis; - . L
. : show whether the transsynaptic experiments produced statistically
tered. The survival and perfusion procedures were the same as for ... S ; A i
; Significant distribution differences indicative of functional com-
the vitreous cases. o
partmentalization. In all cases, counts were made of labeled central
nervous system cells in a one-in-three series of sections. By use of
Control injections phase contrast optics, the borders of the surrounding nuclei could
In addition, two control experiments were performed. In the be determined and the numbers of labeled cells within each area
first, the corneal surface was washed with 26of the WGA defined. Only cells in which the entire somatic profile was clearly
solution to test whether labeling was due to escape of tracevisible were included in the analysis. Nuclear borders were con-
through the needle defect. In the second, the anterior chamber wéismed by comparison to the adjoining cresyl violet stained section.
injected with the 15-3Ql of either 10.0% HRP or 1.0% Fluoro- These counts and those of the ganglion cells were multiplied by a
gold, in order to test whether the labeling seen in the centrafactor of 3 without correction. In the ciliary ganglion, where the
nervous system was produced by direct, as opposed to transsynse of phase optics made the nucleoli clearly visible, only cells in
aptic, transport. which the nucleolus was present were counted. This degree of
resolution was not possible in the brain-stem sections because
neither nucleoli nor cell nuclei were consistently apparent. Means,
Histological protocols standard errors (SE), and standard deviations (SD) of the popula-
tion were determined. Comparisons were made usingtest,
assuming unequal variance, in whiéhvalues of less than 0.05
I%gsre considered significant, and less than 0.02 were highly
Significant.

The brains from the ciliary ganglion injection cases were cut
into 50- or 100pum sections on a vibratome. A one-in-three
series of sections was reacted to reveal the presence of the H
using a modification of the technique of Olucha et al. (1985)
(May & Porter, 1998). Briefly, the sections were rinsed in
0.1 M, pH 6.0 PB and then preincubated in a solution contain-Results
ing 0.25% ammonium molybdate and 0.005% tetramethylbenzi-
dine in 0.1 M, pH 6.0 PB for 20 min. The reaction was initiated
with 0.009% hydrogen peroxide, and the sections incubate
overnight at 4C. The sections were rinsed again and mountedFollowing an injection of the ciliary ganglion, retrogradely labeled
onto gelatinized slides. They were then conterstained with cresytells were distributed throughout an extensive area of the midbrain
violet, dehydrated, cleared, and coverslipped. Each of the sedegmentum, as shown in Fig. 1. All the labeled cells were located
tions was charted independently using a drawing tube attachedn the side ipsilateral to the injection. Rostral to the oculomotor
to a photomicroscope. nucleus, retrogradely labeled preganglionic cells (dots) were present
The brains from the cases used in the three transsynaptin the anteromedian nucleus, as well as lateral to it (A—C). At the
protocols all underwent the same histological procedures. Thejevel of the oculomotor nucleus (D-J), some retrogradely labeled
were equilibrated in a 30% buffered sucrose solution as a cryoeells were present in the Edinger-Westphal nucleus (D-G), but the
protectant. They were then frozen and cut into38-sections  majority were found lateral to it in the supraoculomotor area (D)
using a sliding microtome. A one-in-three series was reacte@nd along the midline (D—G). Somatic motoneurons (diamonds)
with antibody to WGA utilizing an adaption of the ABC tech- were also labeled (D-J), presumably due to spread of tracer to the
nique (Collins et al., 1991). Briefly, the sections were treated inextraocular muscles apidr the oculomotor nerve. Labeled pre-
0.3% H0O, for 10 min to remove endogenous peroxidase activ-ganglionic motoneurons were present ventral to the oculomotor
ity. They were rinsed 0.1 M, pH 7.2 PB and placed in 1.5% nucleus (D—G) and somatic motoneurons were sometimes present
normal goat serum for 30 min. Following another PB rinse, theyin and lateral to the medial longitudinal fasciculus (I-J). Presump-
were incubated for 12 h at’@ in rabbit anti-WGA (E.Y. Labs) tive differentiation between the somatic motoneurons and those
[1:250 or 1:500 in 0.1 M, pH 7.2 PB with 0.3% Triton-X100] preganglionic motoneurons located along the midline was based
that had been preabsorbed through a 2-h incubation with cemprimarily on cell size. Ventral to the medial longitudinal fasciculus,
ebellum sections. After being rinsed in PB, the sections incu-ells lateral to the exiting oculomotor nerve bundles were assumed
bated in biotinylated ant-rabbit IgG [1:10 in 0.1 M, pH 7.2 PB to be somatic motoneurons.
with 0.3% Triton-X100] for 1 h. A standard ABC kit reaction A gquantitative breakdown of the distribution of cells labeled
using diaminobenzidene was then used. An adjoining series wa®llowing a ciliary ganglion injection is shown in the Fig. 2
stained with cresyl violet. The transsynaptically labeled cellshistogram and Table 1. In the ten cases with ciliary ganglion
were charted using phase optics on a photomicroscope equippégjections, a mean total of 718 (SE89) preganglionic cells were
with a drawing tube. observed. Of these, 48.2% (SE 3.2%) of the total labeled
The ganglia from selected cases were also equilibrated in 30%reganglionic population were located rostral to the oculomotor
buffered sucrose, embedded in OCT compound, and cut anl5 nucleus (lll). These rostral cells were divided between those cells
on a cryostat. Sections of ganglia were reacted using the anti-WGAocated within the anteromedian nucleus (abof8)land those
protocol described above. One in every three sections through thateral to it (the remaining /3). Of the total population labeled
ganglia were drawn, and the labeled and unlabeled cells werfollowing a ganglion injection, 19.3% (SE 1.9%) of the total
charted using phase optics on a photomicroscope equipped withwaere located dorsal to the oculomotor nuclei. This population
drawing tube. could be subdivided between those within the Edinger-Westphal

é:iliary ganglion injections
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Pupil

Edinger-Westphal
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Fig. 1. Chartings of the labeling pattern following an injection of tracer (upper right insert) into the right ciliary ganglion arranged in
rostral to caudal sequence. Labeled preganglionic motoneurons (dots) are present rostral, dorsal, and ventral to the oculomotor nucleus
in these frontal sections. In addition, labeled somatic motoneurons (diamonds) are present in and ventrolateral to the oculomotor
nucleus. Abbreviations in this and subsequent figures: AM: anteromedian nucleus; CC: caudal central subdivision; EW: Edinger-
Westphal nucleus; Ill: oculomotor nucleus; IAM: lateral to anteromedian nucleus; MLF: medial longitudinal fasciculus; nD: nucleus

of Darkschiewitz; n3: third nerve fibers; PAG: periaguaductal gray; and SOA: supraoculomotor area.
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Distribution of Labeled Cells

Ganglion

o

o

queous

. Fig. 2. Bar graph showing the relative frequency of preganglionic

Vitreous motoneuron labeling in the three regions of interest [Rostral: in and

' %/ lateral to the anteromedian nucleus; Above IlI: in the Edinger-
cIe Westphal nucleus, supraoculomotor area, or between the oculomotor

nuclei; Under IlI: ventral to the oculomotor nucleus] after injections

of tracer were placed in the ciliary gangliom=¢ 10), the aqueous of

o O

% of Total Cell Count
- N W g N

o o

Rostral Above |l = Under Il the anterior chambem(= 5), the vitreal chambem(= 2), or the
ciliary muscle o = 2). Compare the direct labeling pattern seen after
Part of Nucleus the ganglion injection to the three transsynaptic patterns.

nucleus (approximately/# of the dorsal cells), lateral to it within  32.6% of the total were labelech (= 2). The majority of the
the supraoculomotor area (approximatel® the dorsal cells), and transsynaptically labeled cells (59.0% of the total) were found
on the midline between the oculomotor nuclei (abo4 bf the rostral to the oculomotor nucleus, both in and lateral to the
dorsal cells). The final group of cells was found ventral to theanteromedian nucleus (Fig. 2 and Table 1). Of the remaining
oculomotor nucleus and medial longitudinal fasciculus. Thesdabeled cells, 11.5% were located dorsal to the oculomotor nucleus
represented 32.2% (SE 3.1%) of the total preganglionic popu- and 29.0% were located ventral to the oculomotor nucleus. The
lation. As indicated by the standard errors, there was relativeoroportion of cells found rostrally in these cases was significantly
uniformity in the distribution of the preganglionic motoneurons greater than observed after ganglion injectioRs=( 0.003). In
across animals, considering that the effectiveness of the ganglionight of the fact that the distribution of transsynaptically labeled
injections varied dramatically (range: 273-1392 cells). cells was not significantly different from that of the anterior
injection cases (see below), it seems that a significant amount of
) o tracer entered the iris and was picked up by pupillary afferents.
Vitreous chamber injections However, the large number of labeled cells indicates that there was

The distribution of preganglionic motoneurons observed in theSignificant uptake by lens afferents as well. Thus, these cases
ganglion injection cases was confirmed following injections into provide a picture of the overall preganglionic cell distribution, as
the vitreous chamber, as illustrated in Fig. 3. Labeled cells werdlemonstrated by a technique different from those previously em-
observed rostral to the oculomotor nucleus (A—C), in and lateral t?loyed. Cell labeling along the midline and beneath the oculo-
the anteromedian nucleus. In addition, they were present dorsal t&0tor nucleus in these cases strengthens the interpretation that
the oculomotor nucleus (D-J), both within the Edinger-Westphalce”s at these locations are preganglionic, as opposed to somatic,
nucleus and in the surrounding supraoculomotor area, as well gg§otoneurons.
along the midline. Finally, labeled cells were found ventral to the
oculomotor nucleus (D-H). In this case, very limited somatic
labeling was observed. It was restricted to the caudal pole of th
oculomotor nucleus, in a distribution suggestive of the inferior Since all labeling was located ipsilateral to the ganglion injected
oblique’s motoneuron pool (J). (see above), both eyes were sometimes used in the transsynaptic
The average number of preganglionic cells labeled in theseases. For example, the distribution of the transsynaptically la-
casesIf = 2) was 405 (SE= 30), more than half (56%) of that seen beled preganglionic motoneurons observed following bilateral in-
following ganglion injections. This extent of transsynaptic labeling jections of the anterior chambers is illustrated in Fig. 4. Most of the
was not obviously correlated with the amount of direct retrograddabeled cells were located rostral to the oculomotor nucleus (A—-C),
labeling of postganglionic neurons in the ipsilateral ciliary gan-both in and lateral to the anteromedian nucleus. Only a few cells
glion. Out of a mean total of 1670 nucleolated ganglion cells,were observed either dorsal to the oculomotor nucleus (E & G), or

eAnterior chamber injections

Table 1. Regional frequency of preganglionic labeling

Rostral to Ill Above I Under Il
Target N Mean % SD SE Mean % SD SE Mean % SD SE
Ganglion 10 48.2 10.2 3.2 19.3 5.9 1.9 32.2 9.7 31
Aqueous 5 69.0 13.8 6.9 11.8 5.7 2.9 19.0 11.5 5.8
Vitreous 2 59.0 0.0 0.0 115 35 35 29.0 4.0 4.0
Muscle 2 35.5 155 155 22.0 15.0 15.0 425 0.5 0.5
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Fig. 3. Charting of the labeling pattern following injections of tracer (upper right insert) into the vitreous of the right eye.
Transsynaptically labeled preganglionic motoneurons (dots) are present rostral, dorsal, and ventral to the oculomotor nucleus. In
addition, a few labeled somatic motoneurons (diamonds) are present in the oculomotor nucleus caudally.
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Fig. 4. Charting of the labeling pattern following injections of tracer (upper right insert) into both anterior chambers. Transsynaptically
labeled preganglionic motoneurons (dots) are present rostral, dorsal, and ventral to the oculomotor nucleus. However, most cells were
present rostrally, in and lateral to the anteromedian nucleus.
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ventral to it (D—G). Most small injections (less than 20) of the median nucleus, and the labeled cells scattered in and lateral to it,
anterior chamber did not produce any labeled somatic motonelare also visible under phase-contrast conditions (Fig. 5A).

rons. In the case of the anterior chamber injections, the physical The mean number of preganglionic cells labeled in the anterior
appearance of transsynaptically labeled brain-stem cells undethamber cases (= 5) was 281 (SE= 26), just 39% of the mean
phase-contrast optics is shown in Fig. 5. The crystalline nature obbserved following ganglion injections. As shown in Fig. 2 and
the reaction product was readily observed in the transsynapticallfable 1, following the anterior chamber injection, 69.0% (SE
labeled neurons (Figs. 5B & 5C) because it had a bright blue5.9%) of the transsynaptically labeled cells were located rostral to
appearance under phase-contrast optics, in contrast to the otheire oculomotor nucleus, both in and around the anteromedian
elements which were shades of gray. The borders of the antergwcleus. Only 11.8% (SE 2.9%) of the total were located dorsal

A
5

LT

Fig. 5. Phase-contrast photomicrographs of transsynaptically labeled (large arrows) preganglionic motoneurons following injection of
tracer into the anterior chamber (A-C) or ciliary muscle (D-G). Labeled cells in and lateral to the border (asterisks) of the
anteromedian nucleus (A) are shown at higher magnificatidhé& C. Thereaction product appeared as bright blue particles. A labeled

cell in the supraoculomotor area (D) is shown at higher magnification in E. Similarly, a labeled cell beneath the oculomotor nucleus
(F) is shown at higher magnification in G. Scale bar ir-FA,D; and C= B,E, & G.
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to the oculomotor nuclei. Just 19.0% (SE5.8%) of the total were
found ventral to the oculomotor nucleus. tAest comparison
between the distribution of label following aqueous injections and
injections of the ciliary ganglion showed a highly significaRt=
0.017) difference between the two, with a far greater percentage of
cells present rostral to the oculomotor nucleus in the anterior
chamber injection cases. The difference between the values for the
areas dorsal and ventral to the oculomotor nucleus also reached
significance P = 0.030 and 0.045, respectively).

In Fig. 6, both conventional (A) and phase-contrast (B) images
show the presence of reaction product in scattered ganglion cells
following anterior chamber injections. A similar labeling pattern
was present following vitreal and ciliary muscle injections. The
level of labeling varied from cell to cell. In the most heavily
labeled cells, crystalline reaction product filled the cytoplasm, and
a ring of perinuclear crystals emphasized the border of the cell
nucleus. Labeled puncta were also present, adjacent to both labeled
and unlabeled cells. In the ipsilateral ciliary ganglion, a mean total
of 1017 clearly nucleolated cells were counted= 2). Of these,
31.7% contained some direct retrograde label and 12.2% of the
total were heavily stained following anterior chamber injections.

Ciliary muscle injections

The distribution of the preganglionic motoneurons transsynapti-
cally labeled following injections of the ciliary muscle is illus-
trated in Fig. 7. Only a few labeled cells were observed rostral to
the oculomotor nucleus (A—C), either in or lateral to the antero-
median nucleus. Instead, the majority of cells were located either
dorsal to the oculomotor nucleus (D-I), in the Edinger-Westphal
nucleus and the supraoculomotor area, or ventral to it (D).
Retrograde somatic labeling in the oculomotor nucleus was absent
in one case and limited to its caudal pole (J) in the other. Antero-
gradely labeled terminals in the visual sensory nuclei, indicating
tracer spread from the ciliary muscle to the retina, were present in
both cases. Examples of the labeled cells can be seen in Fig. 5
(D—-G). In both cases, most cells were observed caudally. In one
case, more cells were evident dorsal to the oculomotor nucleus, in
the Edinger-Westphal nucleus and in the supraoculomotor area
(Figs. 5D & 5E). In the other case, more of the cells were present
ventral to the oculomotor nucleus, medial to and amongst the
exiting third nerve fibers (Figs. 5F & 5G).

In these casesn(= 2), the quantitative breakdown of the
distribution of the transsynaptically labeled preganglionic cellsgig 6. gright-field (A) and phase-contrast (B) photomicrographs of post-
reveals that of a mean total of 446 cells, only 35.5% of the totalganglionic motoneurons in the ciliary ganglion following injection of the
were distributed rostral to the oculomotor nucleus (Fig. 2 andanterior chamber. The degree of tracer present in the labeled cells (large
Table 1). On the other hand, 22.0% of the total were distributechrrows) varied. Labeled puncta (small arrows) were also present in the
dorsal to the oculomotor nucleus, and 42.5% of the total wereneuropil surrounding both the labeled and unlabeled cells (arrowheads).
distributed ventral to the oculomotor nucleus. The percentage ofcale in A= B.
cells found below the oculomotor nucleus was higher following
ciliary muscle injections than following injections of either the
ganglion, or the aqueous, and these differences were highly sig-
nificant (P = 0.004 and 0.008, respectively). Within the ciliary produced labeling centrally. With very large injections of HRP into
ganglion @ = 2), a mean total of 2407 nucleolated cells were the anterior chamber, a few labeled cells were sometimes present
counted. Of these, 32.1% were retrogradely labeled. on the midline, between the oculomotor nuclei. However, the
character of this labeling was much denser than transsynaptic
labeling, and it always occurred in conjunction with scattered
labeling of somatic subdivision cells, indicating leakage of tracer
No labeling whatsoever was observed in the ciliary ganglion or thealong the extraocular muscle insertions. It seems likely that these
brain stem following application of WGA onto the cornea. Injec- cells are small somatic motoneurons that project to the multiply
tion of the anterior chamber with either fluorogold or HRP pro- innervated muscle fibers that extend into the muscle insertion
duced retrograde labeling in the ciliary ganglion. The former neverButtner-Ennever et al., 2001), although Kuchiiwa and colleagues

Control injections
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Fig. 7. Charting of the labeling pattern following injections of tracer (upper right insert) into the ciliary muscle of the left eye.
Transsynaptically labeled preganglionic motoneurons (dots) are mainly found caudally, dorsal, and ventral to the oculomotor nucleus.
In addition, labeled somatic motoneurons (diamonds) are present in the oculomotor nucleus caudally.
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(1994) have argued that they represent preganglionic motoneurons It was, however, possible to produce a considerable enrichment
that supply episcleral postganglionic motoneurons. in the labeling of the pupillary preganglionic population relative to
the ciliary one. Bearing in mind the fact that lesion experiments
suggest that the pupillary population is quite small (Warwick,
1954), this point is supported graphically by Fig. 8A. Anterior
The results of these experiments indicate, for the first time, archamber injections, that labeled fewer cells overall, actually pro-
anatomical division within the preganglionic motoneuron popula-duced a higher percentage of labeled cells rostral to the oculomotor
tion of a mammal with respect to the functions of pupillary nucleus. If these injections had not preferentially labeled pupillary
constriction and lens accommodation. This finding was madedreganglionic motoneurons, or if the pupillary neurons were dis-
possible by comparison of the aqueous and ciliary muscle cases tdbuted randomly in the brain stem, then the relationship would
a quantitative analysis of the general population, which showedraph as a horizontal line at a fixed percentage, instead of the
that the distribution of preganglionic motoneurons is quite consisnearly linear increase observed as the total number of labeled cells
tent. Thus, the results of this study provide a necessary basis for

further investigation of pupil and lens control circuits.

Discussion

Technical considerations and implications A

As in any experiments involving the use of retrograde transport, 90
spread of the injected tracer away from the intended target com- _ : ‘

plicates interpretation of the observed cell labeling. In the present'® 80 ' ’ : : , A
experiments, this difficulty must be examined with respect to both ¢e j , i , ‘

ciliary ganglion injections and injections of the globe. In addition, © : : : Ny ad
the ability to define target-specific preganglionic neurons depends 3 ' ‘ j j//fd

on the specificity of the transsynaptic transport in the ganglion. L ﬁ /

—

ostral

However, examination of ganglia with the light (present data) and £ 60 ‘

electron microscope (personal observation) showed no evidenceg . : :

that tracer is generally present in the extracellular space. Further«= 50 /

more, the extensive glial wrappings in the ganglia would preclude o 9//

nonsynaptic transport (May & Warren, 1993). ° 40 d——— L Do
Following WGA-HRP injections of the ciliary ganglion, the R

presence of labeled cells in the somatic subdivision of the oculo- 380 360 340 320 300 280 260 240 220 200

motor nucleus indicates spread of the tracer to adjacent nerve and Total # of Cells Labeled
muscle. Smaller injections largely precluded somatic labeling, but - -
they also labeled far fewer of the preganglionic neurons, limiting -=- Aqueous Cases -o Linear Fit

their usefulness in providing the baseline data needed for this

study. Tracer spread makes it somewhat difficult to discriminate
unambiguously between somatic and preganglionic motoneurons
because the former are sometimes found outside the boundaries of 160
the oculomotor nucleus (Evinger, 1988). In these cases, we base

the distinction on the relative size and location of the labeled cells. 5 140 3

The subsequent transsynaptic experiments with vitreous chambep \ —_
injections supported this distinction. They selectively labeled the ﬁ 120 \ —

e

smaller neurons located ventromedial to the oculomotor nucleus,&
but produced little or no labeling within the boundaries of the & 100 —
- \

nucleus. Thus, there is clear evidence that some preganglionicg
motoneurons are located ventral to the oculomotor nucleus in the 80 —
cat. Similarly, these data indicate that there are preganglionic‘s \
neurons along the midline between the two somatic nuclei, but doo\o 60 e
not exclude the presence of smaller somatic motoneurons in this
same region (BUttner-Enpe_ver_ et al., 2001). _ Rostral Above Il Under Il
In the present study, injections of the anterior chamber were
used to label the postganglionic and preganglionic afferents to the
iris sphincter pupillae muscle. Not only is the route of the outflow
through the trabecular meshwork in close proximity to the ciliary
muscle, a portion of the aqueous outflow passes through the ciliar§!9- 8- A: Graph of cases which had anterior chamber injections showing
body (Inomata et al., 1972; Millar et al., 1998). In monkey, this he relationship (bold line) between the Fotal number of labeled cells ar_1d
path represents a substantial outflow route (Bill, 1966but the percent of thos_,e Iabglgd cells foundlln and_lateral to the ant(_erome_dlan
! . nucleus. The relationship is close to a linear fit (dashed line) with a line
probably only 3% of the aqueous outflow takes this route in cat

. . - described by = 0.22x + 5.57. B: Graph comparing the distribution pattern
(Bill, 1966a). Therefore, the potential for spread to the ciliary of aqueous injection cases (solid line) to ciliary muscle injection cases

muscle is correspondingly reduced. Nevertheless, it was clearljyashed line). The percent of labeling in each region is expressed with
not possible to label the pupillary cells to the exclusion of ciliary respect to a normative value (100%) represented by the mean distribution
cells. following injections of the ciliary ganglion.

-e— Aqueous = Muscle
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decreased (Fig. 8A). Based on this evidence, we propose that t1#0% labeling in the ganglion. Previous estimates of the postgan-
pupillary subdivision is located in and around the anteromediarglionic innervation have suggested that only 3% of the cells in the
nucleus, rostral to the oculomotor nucleus. These data suggest theitiary ganglion supply the iris of the macaque (Warwick, 1954).
a few pupillary preganglionics are scattered more caudally. HowHowever, we feel that even assuming that a portion of the gangli-
ever, in light of the potential for tracer spread, these data are alsonic labelling was due to spread of tracer into the ciliary muscle,
consistent with the pupillary function being entirely confined to it is likely that 10-15% of the postganglionic population subserves
the anteromedian nucleus and its immediate surround. the pupil. The 3% figure was obtained by studying chromatolysis
It is similarly apparent that spread to the iris may have occurredafter iridectomy, and it is likely that such a peripheral axon cut in
following injections of the ciliary muscle. The extracellular space the face of numerous other reinnervation targets in the anterior
of the ciliary muscle and iris are not divided into separate com-segment would result in only a part of the postganglionic popula-
partments (Freddo et al., 1990). However, in view of the aqueousion undergoing chromatolysis. Furthermore, in the rabbit gan-
outflow direction, and the narrowness of the region of continuityglion, where the postganglionic population is almost entirely
between the iris and the ciliary body, it seems likely that diffusioncomposed of pupillary fibers, there are 380 neurons (Johnson &
of tracer into the iris and anterior chamber would be quite limitedPurves, 1981). The iris of the cat and rabbit are roughly compa-
(Freddo et al., 1990; Kardon & Weingeist, 1998). On the otherrable in size. Assuming they have similar levels of innervation,
hand, the path of the pupillary postganglionic axons past the ciliarthese 380 cells would represent approximately 13.8% of the aver-
muscle provides an opportunity for fiber of passage uptake. As thage of 2836 ganglion cellsi= 6, SE= 243) that we observed in
results make clear, direct injections of the ciliary muscle labeled ghe cat. Note that this overall cell count is roughly similar to that
subpopulation of preganglionic cells whose rostrocaudal distribuseported for cat by Warwick (1954).
tion is roughly a mirror image of that obtained after injections into  The presence of labeled puncta in the ciliary ganglion is not
the anterior chamber. This distributional difference is specificallysurprising, in light of the transsynaptic movement of WGA in the
illustrated in Fig. 8B, where the results from the aqueous andsystem. However, the association of some labeled puncta with cells
muscle injections are plotted in terms of the normal values prothat were not labeled was unexpected. There are several possible
vided by the ganglion injections. Although the number of casesexplanations for this phenomenon. These puncta may represent
with ciliary muscle injections is small, in light of the highly terminals of axon collaterals belonging to transsynaptically labeled
significant differences between the distributions found after antefocal circuit neurons within the ganglia. However, in view of the
rior chamber and ciliary muscle injections, it seems reasonable tsmall number of these cells (Warwick, 1954; Johnson & Purves,
conclude that most accommodative preganglionic motoneurons ark983; May & Warren, 1993; Sun et al., 1994), it seems unlikely
located dorsal and ventral to the oculomotor nucleus. A portion othat they could produce such a robust phenomenon. It is also
the rostral population is probably lens related as well, but oumpossible that axon collaterals of preganglionic motoneurons are
analysis could not differentiate the functional populations within being labeled (Collins et al., 1991). Thus, the labeling of puncta
this region. around unlabeled ciliary neurons may be evidence for pregangli-
A direct projection to the intrinsic eye muscles from the centralonic divergence. Alternatively, some of these puncta may represent
nervous system has been reported in the rabbit and the monkeke labeled dendrites of ganglion cells that extend into the periso-
(Jaeger & Benevento, 1980; Parelman et al., 1984), and such matic neuropil of other ganglion cells (Purves, 1983).
direct pathway was proposed to explain electrophysiological data
gathered in the monkey (Westheimer & Blair, 1973). More re- . . . -
cently, the existence of such a pathway has been effectively refutelalsmbUtlon of labeled preganglionic motoneurons
in the monkey (Ruskell & Griffiths, 1979; Burde, 1988 Any The direct retrograde labeling of preganglionic motoneurons by
direct connections between preganglionic motoneurons and theiliary ganglion injections, in conjunction with their transsynaptic
intrinsic eye muscles of the cat would complicate the interpretatioriabeling following vitreal chamber injections, serves to demon-
of the present results. However, this does not appear to be the casgtate the general distribution of these parasympathetic neurons.
based on the results of the control experiments. These results agrépecifically, they are found in and lateral to the anteromedian
with those of similar cat experiments done by Kuchiiwa et al. nucleus, and they extend caudally, both dorsal and ventral to the
(1994). These authors suggested that there are a small number @fulomotor nucleus. The quantitative description of this distribu-
midline cells which innervate episcleral ganglia (Givner, 1939). If tion demonstrated that, despite an apparently diffuse organization,
present, these may have been directly labeled by our injectionghe location of preganglionic motoneurons in the cat is highly
However, since the midline population represents less than 5% ddtereotypic. This quantitative finding provides a necessary baseline
the total labeled population, the present results must be largely dufer the later experiments.
to transsynaptic transport of WGWa the ciliary ganglion and The overall distribution we observed is qualitatively compara-
accessory ganglia (Kuchiiwa et al., 1989). ble to that seen in previous studies in the cat (Sugimoto et al.,
1977; Loewy et al., 1978), but does not display the extent shown
by Toyoshima and colleagues (1980), who also illustrated pregan-
glionic cells distributed dorsally, up to the cerebral aqueduct, and
Within the ciliary ganglion, both cell bodies and puncta were ventrally, to nearly the level of the interpeduncular nucleus. The
labeled following injections of the anterior and vitreal chambers,distribution in cat (present study) is similar to that of the mouse
as well as the ciliary body. No target specific distribution was (Vann & Atherton, 1991), and that observed in the rabbit, although
observed within the ganglion, suggesting that the cells controllingt lacks a population dorsal to the oculomotor nucleus (Johnson &
the lens and pupil are intermixed. Furthermore, there was nd’urves, 1981). In contrast, the distribution in primates is primarily
obvious difference in the somatic diameters of the two populationsconstrained to the Edinger-Westphal nucleus. In the macaque and
The anterior chamber injections that produced differential distri-marmoset, the majority of preganglionic motoneurons are found in
butions of central labeling generally resulted in approximatelythe paired Edinger-Westphal nuclei located dorsal to the oculo-

Labeling in the ciliary ganglion
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motor nucleus (Akert et al., 1980, Burde & Loewy, 1980; Sekiyamodation and pupilloconstriction. Recording experiments seem to
et al., 1984; Clarke et al., 1985 This cell column is sometimes indicate that preganglionic neurons producing lens accommoda-
described as extending rostrally into the anteromedian nucleuson are found dorsal to the oculomotor nucleus, in and around the
(Akert et al., 1980; May et al., 1992). The lesser galago, aEdinger-Westphal nucleus (Bando et al., 1984), while pupil-related
prosimian primate, also has the majority of its preganglionic cellsunits are primarily located near the rostral end of the oculomotor
located in the Edinger-Westphal nucleus, although in this speciesucleus (Sillito & Zbrozyna, 197f). Thus, the more specific,
the cell column extends rostroventrally into the anteromediarrecording experiments support the conclusions of the present
nucleus and then curves caudally beneath the oculomotor nuclewssudy, except that the cells ventral to the oculomotor nucleus have
(Sun & May, 1993). not been investigated. The implications, if any, of the present cat

Based on the evidence described above, the areas termed tfiedings with respect to the functional segregation of preganglionic
mammalian Edinger-Westphal nuclei in the primate and nonpriimotoneurons in primates are not clear, in light of the aforemen-
mate should not be considered homologous structures. In fact, théoned differences in primate preganglionic distribution.
present study demonstrates that only 5% of the cat preganglionic The presence of a functional subdivision of the cat pregangli-
motoneurons are found in the Edinger-Westphal nucleus, proper. lanic motoneurons, in which the control of the pupil is located
cat, this nucleus and the anteromedian nucleus are primarily madestrally and the control of the lens is located caudally, may be
up of small peptidergic neurons with central projections related tdogical within the context of the organization of the cat midbrain.
visceral autonomic responses (Burde et al., 1982; Maciewicz et alThere is evidence that the anteromedian and Edinger-Westphal
1983, 1984; Innis & Aghajanian, 1986; Raste & Dietrichs, 1988).nuclei act as an autonomic center, with widespread brain-stem and
In contrast, the nucleus termed the Edinger-Westphal in primates ispinal cord projections, as well as nociceptive responses (Ma-
primarily composed of medium-sized preganglionic motoneuronsciewicz et al., 1983, 1984; Innis & Aghajanian, 1986; Rgste &
and smaller interneurons are generally located laterally within théietrichs, 1988). The association of the pupillary preganglionic
supraoculomotor area and in the anteromedian nucleus (Sekiyaotoneurons with the anterior portion of this complex may allow
etal., 1984; Burde, 1988May et al., 1992; Erichsen et al., 1995). the luminance-related activity of these neurons to be modulated
The aggregation of primate preganglionic motoneurons within awith respect to the general state of the autonomic system. This
discrete nucleus may be a consequence of the greater use of precjzessibility is supported by the fact that hypothalamic stimulation
focus and the near response in primates (Sun & May, 1993).  produces a profound inhibition of preganglionic pupilloconstrictor
cells (Sillito & Zbrozyna, 1970). In contrast, the position of the
lens-related preganglionic motoneurons puts them in a better po-
sition to take advantage of input related to the near response. The
midbrain near-response region, which contains the premotor neu-
The present results suggest that the preganglionic motoneuromens active in controlling the lens, is believed to be located, at least
controlling the lens and pupil may be spatially organized within part, within the supraoculomotor area (Mays & Porter, 1984;
respect to function. Specifically, the cells controlling the pupillary Judge & Cumming, 1986; Mays et al., 1986; May et al., 1987,
sphincter are located rostrally, primarily in or near the anterome-1992). In the present study, roughly one-quarter of the lens-related
dian nucleus (Fig. 8). In contrast, those cells located caudallypreganglionic motoneurons were found within the supraoculo-
dorsal and ventral to the oculomotor nucleus, control the ciliarymotor area. Another 50% were found beneath the oculomotor
muscle. This represents, to the best of our knowledge, the firshucleus, adjacent to the medial rectus subdivision (see Evinger,
anatomical approach to this question in mammals. In the bird1988). Thus, the ventrally located preganglionic motoneurons are
there is good evidence for functional segregation within the Edingerwell positioned to share inputs with their partners in the near
Westphal nucleus, based on connectional, immunohistochemicalesponse, the medial rectus motoneurons. In conclusion, these
and physiological studies (Reiner et al., 1983; Gamlin et al., 1984results provide evidence for a functional subdivision between the
Gamlin & Reiner, 1991; Reiner et al., 1991; Fuijii, 1992). However, pupillary and accommodation related preganglionic motoneurons.
the bird pupillary neurons are located caudolaterally, and theThis subdivision is reasonable within the limits of our present
ciliary neurons are located ventromedially, within the lateral sub-knowledge, and it provides a framework for further investigation
division of the nucleus, while choroidal neurons are found in theof function-specific inputs.
medial subdivision.
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