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THE OCULAR PARASYMPATHETIC NERVE SUPPLY
AND ITS MESENCEPHALIC SOURCES

By R. WARWICK
Department of Anatomy, University of Manchester

It is usually stated that the parasympathetic innervation of the eyeball has its
central origin in the Edinger-Westphal nucleus, and perhaps also in the other small-
celled component of the oculomotor complex, the antero-median nucleus of Perlia
(1889), and that their axons emerge from the midbrain in the third nerve, leaving it
to relay in the ciliary ganglion, whence post-ganglionic fibres pass to the ciliaris and
sphincter pupillae by the short ciliary nerves (Text-fig. 1). The literature concerning
this pathway is vast, and only the moresignificant contributions can be mentioned here.

The post-ganglionic neurons were the earlier studied. Fallopius (1600) referred
briefly to a plexiform junction between branches of the third and fifth nerves in
the orbit. Willis (1664) first clearly described the short ciliary nerves; he wrote of
a ‘plexus rotundus’, belonging to the oculomotor nerve, as their source. It was
Schacher (1701) who recognized this as a ganglion, and its connexion with the
trigeminal nerve in man was first depicted by Eustachius (1714), according to
Meckel (1748). With the descriptions of Winslow (1782), and particularly Haller
(1743), the arrangement of the short ciliary nerves, their ganglion, and its motor and
sensory roots was clarified in man. Extensive comparative data were added by
Zinn (1780), Muck (1815), Longet (1842), Budge (1855), Krause (1861), Schwalbe
(1879), Jegorow (1886, 1887) and many others.

Ruysch (1722) and Winslow (1732) gave early accounts of the ramification of the
ciliary nerves in the eyeball, and these have been amplified by later observers,
especially Agababow (1893, 1912), Pines & Pinsky (1932), and Boeke (1933, 1936),
who have reviewed the literature. Anatomical proof of innervation of the ciliaris
and sphincter pupillae by these nerves was not early forthcoming, but Mayo (1823),
Hall (1846), Bernard (1852) and Budge (1855) stimulated them electrically and
produced meiosis; Muck (1815) and Longet (1842) cut them, and noted pupillo-
dilation. Hensen & Volckers (1868) confirmed the pupillary response to stimulation
and also recorded movements of the ciliary body. All these experimenters claimed
that oculomotor stimulation caused meiosis, except Bernard (1852), whose dis-
agreements focused interest on the nature of the ciliary ganglion, and of ganglia in
general. Fallopius (1600), who introduced the term ‘ganglion’ to neurology, had
regarded them as ‘little brains’, a view shared by Lancisi (1728), Winslow (1732),
and Johnstone (1771).

The recognition, in man, of connexions between the ciliary ganglion and both the
third and fifth cranial nerves intensified controversy over its function. Valentin
(1839), Budge (1855), and Reichardt (1875) considered it a dependent of the third
nerve, a view confirmed in all classes of vertebrates by Schneider (1879), Schwalbe
(1879), Peschel (1893), Apolant (1896a) and Pitzorno (19184, b). Schwalbe found no
trigeminal connexion in teleosts, amphibians, or reptiles, but observed an oculo-
motor root in all mammals examined, as did Zeglinski (1885), d’Erchia (1894), and
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Carpenter (1911) in birds. In spite of this, and of Arnold’s (1831) previous sug-
gestion that the ciliary ganglion was autonomic, most of these authorities thought it
the homologue of a spinal root ganglion. Numerous and conflicting studies of its
cells were reported. Reichardt (1875), Schwalbe (1879), Goldberg (1891), Peschel
(1898), and Van Gehuchten (1898) considered them ‘spinal’, while Retzius (1881,
1884), Michel (1894), Apolant (1896b), von Kolliker (1896) and Onodi (1901) con-
sidered them ‘sympathetic’. Holtzmann (1896) described them as sensory in
amphibians but autonomic in birds and mammals. Krause (1881), Bernheimer
(1897 a), Bach (1899), Bumm (1899), Fritz (1899) and Marina (1901) found varying
proportions of motor and sensory cells in the ganglion, according it a dual function.

Meanwhile, Gaskell (1885) had shown that ‘Remak’s’ fibres in the oculomotor
nerve reached the ciliary ganglion; Langley & Dickinson (1889) had introduced the
nicotine block, which was soon applied to the ciliary ganglion by Langley &
Anderson (1892). These classical studies clearly established the existence of an
autonomic pathway to the eye by way of the third nerve and its ganglion. Anatomical
experimentation confirmed Langley’s work. Apolant (1896a), Bumm (1901) and
Marina (1899) traced small degenerating fibres as far as the ciliary ganglion from the
oculomotor trunk following its division. Schwalbe (1879), Bach (1896, 1899), van
Biervliet (1899), and Marina (1899) also noted retrograde degeneration of most of
the ganglion’s cells after procedures such as ciliary neurectomy, removal of the
eyeball or its contents.

Nevertheless, Marinesco, Parhon & Goldstein (1908), Miiller & Dahl (1910), and
Sala (1910) added to the complexity of cell types already described in the ciliary
ganglion, and Pines & Friedmann (1927, 1929) claimed to recognize no less than
eight categories in human and simian ganglia. Kiss (1932), Hollinshead & Clark
(1985), and other workers, have subsequently differentiated less numerous types.
All were agreed that small nerve cells, autonomic in character, formed the pre-
dominant type. Embryological observers, however, such as Carpenter (1906),
Ganfini (1911), and Kuntz (1920), have closely associated the ciliary ganglion with
the trigeminal as well as the oculomotor nerve in its development.

In contrast with these inconclusive histological investigations, animal experiments
havelargely corroborated the views of Gaskell (1889) and Langley & Anderson (1892).
Hensen & Volckers (1868, 1878) had already produced meiosis and ciliary contraction
by stimulation of the oculomotor trunk, ciliary ganglion, and short ciliary nerves in
dogs, cats and monkeys. Their observations were repeated by Jegorow (1886),
Spallita & Consiglio (1893), Langendorff (1894), Jendrassik (1896), Marina (1899),
and Frangois-Franck (1904), most of whom, like Angelucci (1899), Lodato (1900),
and Anderson (1905), noted that stimulation failed to produce intra-ocular move-
ments after division of the third nerve or destruction of the ganglion. Luco &
Savvestrini (1942) and Kuntz, Richins & Casey (1946) have confirmed these findings.

It is apparent that much evidence, anatomical, physiological and experimental,
has combined to prove that the sphincter of the iris and the ciliaris muscle are
supplied by an autonomic pathway in the oculomotor and short ciliary nerves,
which relays in the ciliary ganglion. On the other hand, proof of the precise source
of the pre-ganglionic fibres of this pathway is much less satisfactory.

Although Spitzka (1888) claimed priority, Edinger (1885) and Westphal (1887)
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are usually credited with the discovery of the paired groups of small cells, dorso-
medial to the main oculomotor nucleus of man, which still bears their names.
Perlia (1889) confirmed these observations, describing in addition another median
mass of similar small nerve cells, the antero-median nucleus, situated at the cephalic
end of the oculomotor complex. Panegrossi (1898) noted the latter in monkeys,
and Siemerling (1891), Cassirer & Schiff (1894), Tsuchida (1906), Zweig (1921),
Benjamin (1939) and Crosby & Woodbourne (19438), regarded these small-celled
nuclei as a continuous mass, the antero-median nucleus forming a cephalic extension
of the Edinger-Westphal columns.

The midbrain stimulation experiments of Hensen & Volckers (1868, 1878) and
Adamiik (1870) had indicated that cells near the cephalic end of the oculomotor
nucleus innervated the ciliaris and sphincter, a view supported by the clinical
arguments of Kahler & Pick (1881) and Starr (1888). It was therefore logical to
suppose that the newly discovered Edinger-Westphal nuclei might be these centres.
Clinical evidence in support of this was reported by Déjérine & Darkschewitsch
(1887), Oppenheim (1888), Spitzka (1888), Knies (1891), Kostenitsch (1898), Jakob
(1894), Pacetti (1894), Stuelp (1895), Pineles (1896), Ahlstrém (1900), Majano (1903),
and Angelucci (1910). Some of these accounts were perhaps unduly dogmatic;
Khnies, for example, devised an elaborate scheme of oculomotor functions, on un-
specified evidence, in which the Edinger-Westphal nucleus mediated accommoda-
tion, the pupillo-constrictor centre being Darkschewitsch’s nucleus. Zeri (1895),
von Bechterew (1897), Juliusberger & Kaplan (1899), and Bach (1906) disagreed
with these views, which were indeed no more than clinical deductions from scanty
pathological data. More extensive clinicopathological investigations by Siemerling
(1891), Boedeker (1892), Cassirer & Schiff (1894), von Kélliker (1896), Siemerling &
Boedeker (1897), Panegrossi (1898), von Monakow (1895, 1905), and Tsuchida
(1906), produced no positive findings, although Brouwer (1918), Frank (1921),
Griinstein & Georgieff (1925), and Lenz (1928, 1929) have more recently found
pathological reasons to favour the Edinger-Westphal nuclei as the source of the
ocular parasympathetic. Levinsohn (1917), Brouwer (1918), and Latumeten (1924)
have reviewed in extenso this aspect of the literature.

Meanwhile, anatomical experimenters were likewise reporting contradictory
results. Midbrain retrograde changes due to third nerve interruption and ciliary
ganglionectomy were studied by Bernheimer (1897a, b), Bach (1899, 1900), van
Biervliet (1899), Marina (1899), and Levinsohn (1904), of whom only Bernheimer
and Levinsohn reported implication of the Edinger-Westphal nucleus, destruction
of which, according to the former (1901), paralysed the sphincter pupillae. Van
Gehuchten & van Biervliet (1901) merely admitted that the parasympathetic centre
was probably cephalic in position in the oculomotor complex. Latumeten (1924)
emphatically denied that Edinger-Westphal axons entered the third nerve, a view
based on late midbrain changes in four cats on which Magnus had carried out two
oculomotor divisions and two ciliary ganglionectomies. Crouch (1986), in a more
extensive series of cats, found no clear response to ganglionectomy, but the results
of third nerve injury were clear enough to lead him to conclude that some of the
Edinger-Westphal fibres crossed before entering it. Kuré, Susuki, Kaneko & Okinaka
(1988) found ganglionectomy regularly effective in dogs.
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Comparative methods have also led to conflicting conclusions. Panegrossi (1904),
Tsuchida (1906), Ramon y Cajal (1911), and Neiding & Frankfurther (1911) dis-
counted the Edinger-Westphal column as a radicular oculomotor nucleus, but
Brouwer (1918) claimed that it mediated accommodation; he compared its pro-
gressive differentiation in mammals with the development of Perlia’s nucleus
(convergence), regarding both as closely associated with the evolution of binocular
vision. Zweig (1921), on morphological grounds alone, was prepared to assign the
functions of pupillary constriction and accommodation to the Edinger-Westphal
and antero-median nuclei respectively. Le Gros Clark (1926) concluded that com-
parative data merely suggested the inclusion of these nuclei in the oculomotor
complex, and subsequent topographers of these centres, such as Crosby & Wood-
burne (19438), have likewise expressed reserved opinions.

Little pertinent embryological information exists. Cramer (1894) and Tsuchida
(1906) could not distinguish the Edinger-Westphal nucleus before the 7th month.
Magitot (1921) has observed an active light reflex early in the 6th month; but this
is not a serious discrepancy, since Hertel (1907) has shown that the human iris may
respond directly to light. Moreover, Paton & Mann (1925) and Mann (1927)
identified the nucleus in 48 mm. embryos, and Pearson (1944) at the 5th month, at
which stage its cells are already distinguishable from somatic oculomotor neurones,
according to Malone (1918). Cooper (1946) identified the nucleus even earlier, at
the 40 mm. stage.

Recent experimenters have returned to stimulation methods, with the modern
advantages of sterotaxic instruments. Ranson & Magoun (1933) found that stimu-
lation in or near the Edinger-Westphal nucleus caused ipsilateral meiosis. Benjamin
(1939) agreed with this but included the antero-median nucleus, whereas Szenta-
gothai (1943) thought the Edinger-Westphal alone was concerned. All these
workers used cats. In monkeys Bender & Weinstein (1948) could not accurately
locate centres for meiosis or accommodation.

From this review it is apparent that the origin of the ocular post-ganglionic fibres
from the ciliary ganglion has been established. That the pre-ganglionic fibres issue
in the oculomotor nerve to relay in the ganglion is not so well authenticated. The
precise central source of these fibres remains in doubt. All methods of study have
led to disagreements. It was therefore decided to re-examine the problem, with
special regard to the location of the pre-ganglionic nerve cells.

MATERIALS AND METHODS

The observations of this research were made upon the midbrains and ciliary ganglia
of twenty-three monkeys (Macaca mulatta) and five cats. The monkeys were
submitted to the following operative lesions (Text-fig. 1):

(1) Iridectomy

(2) Exenteration of the eyeball

(8) Removal of the eyeball

(4) Division of the short ciliary nerves

(5) Extirpation of the ciliary ganglion

(6) Division of the nerve to the obliquus inferior
(7) Division of the inferior oculomotor ramus
(8) Division of the oculomotor trunk
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The cats were all subjected to procedure 4. In addition to this material, serial
sections prepared from the midbrains of a large number of monkeys were also
available for examination of topographical details.

All the operations were unilateral and were performed under intravenous or
intraperitoneal anaesthesia (Kemithal, Nembutal, or Pentothal). The ocular
operations were carried out in the usual manner and presented no special difficulties.
Interruption of the short ciliary nerves was effected through a wide incision in the

Iris and ciliary body— \)
i‘

Short ciliary nerves——§

Iridectomy 3
Evisceration 2

Ciliary ganglion

Branch to inf. oblique

Oculomotor trunk Division 5

Antero-median nucleus

Edinger-Westphal nucleus Total series 22

Text-fig. 1. This diagram illustrates (with the exception of the inclusion of the antero-median
nucleus) the anatomical pathway from the midbrain to the eyeball as usually described in
text-books. On the right of the diagram are listed the procedures carried out in this research.
The figure indicate the number of monkeys used in each kind of experiment.

upper lid; careful dissection within the muscle cone led to identification of the optic
nerve, around which the short ciliary branches were isolated and divided. The ciliary
ganglion was usually approached through the lower lid. This route permitted early
recognition of the inferior oblique and its nerve supply. The nerve was followed back
under the eye towards the apex of the orbit by gentle dissection, chiefly carried out
by means of pledgets of cotton-wool soaked in 1/1000 adrenalin hydrochloride
solution. This method kept the operation field dry, an important point in searching
for such small structures in so restricted a working space. It was usually possible
to find the ganglion, but to isolate it clearly enough to sever its connexions under
direct vision was difficult and sometimes impossible. In the latter eventuality the
short ciliary nerves were divided instead, since blind cutting under such conditions
may easily divide other structures than those intended. The short ciliary nerves
were always cut well anterior to the ganglion, because of the danger of interfering
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inadvertently with its blood supply, which is said to reach it by branches from the
muscular and posterior ciliary branches of the ophthalmic artery. It was clear, how-
ever, that the effects produced in the ciliary ganglion by this procedure were not an
artefact due to devascularization, since precisely the same results followed removal
of the ocular contents.

Exposure of the ganglion by removal of the lateral orbital wall was also tried, but
this afforded even less space. To ensure that ganglionectomy had been accomplished,
the excised nervous tissue was always sectioned; post-mortem dissection of both
orbits was also always carried. out, not only as a further check upon the effective-
ness of the operation, but also to secure the normal ganglien from the undisturbed
orbit for comparison. Although these procedures were sometimes lengthy, all
animals made rapid and uneventful recoveries. No post-operative infections
occurred.

At periods varying from 8 to 16 days after operation each animal was anaesthe-
tized as above, bled, and perfused with 109, formol saline solution at a pressure
maintained at 120 mm. of mercury by a small pump. The midbrains and ganglia
were carried through to paraffin wax embedding in the usual manner. All were
sectioned serially at 10 thickness. Sections were stained by Bielschowsky’s dilute
cresyl fast violet technique in most cases, some by Einarson’s gallocyanin method.

RESULTS

Topography
A detailed description of the topography of the oculomotor complex, including its
parasympathetic nuclei, will form part of a later communication, but a brief note
of the arrangement of these centres is necessary as a preface to the experimental
results which follow.

The Edinger-Westphal nucleus of each side consists of a slender column of small
multipolar cells scattered irregularly and in small numbers in sections through the
cephalic three-fifths of the main third nerve nucleus, to which they are dorsal at
caudal levels, becoming dorso-medial in position at more cephalic levels (Text-
fig. 2). Thus the right and left columns approach each other, fusing across the midline
raphé at the cephalic extremity of the oculomotor complex (Pl. 1, fig. 2). A ventral
extension of this conjoined mass, of similar nerve cells, arches over the cephalic
aspect of the main oculomotor mass in the midline, forming the so-called antero-
median nucleus (nucleus medianus anterior of Perlia) (PL. 1, fig. 1). Dorso-lateral to
the cephalic half of the Edinger-Westphal columns an ill-defined group of like cells
can sometimes be made out in the monkey; this, the lateral Edinger-Westphal
nucleus of human topography, merges with the main or medial Edinger-Westphal
nucleus caudal to the fusion of the latter with its fellow. Although regional names
were applied to parts of this mass of small motor neurones before their confluence was
clearly recognized, it is important to note that their continuity is complete in the
monkey (Text-fig. 2). Throughout this account, however, the established usage of
the terms ‘Edinger-Westphal’ and ‘antero-median’ nuclei has been followed,
although it is apparent that the latter is a cephalic prolongation of the Edinger-
Westphal columns.
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Text-fig. 2. These diagrams represent the topographical structure of the oculomotor complex in
the rhesus monkey. The parasympathetic nuclei (in black) are the Edinger-Westphal columns,
dorsal to the somatic nuclei, and the midline antero-median nucleus, formed by the coalescence
of these columns at the cephalic or rostral extremity of the complex.

EXPERIMENTAL RESULTS
(a) Division of the short ciliary nerves
The bundles of short ciliary nerves were completely severed in one orbit of five
monkeys and five cats. Serial sections of the right and left ciliary ganglia, and of the
midbrain, were examined in each experiment. No changes were observed in the
oculomotor or other mesencephalic nuclei of these animals, but in the ganglion from
the side of operation extensive and unmistakable retrograde degeneration was
always evident. The ganglion of the opposite side, which was never affected,
provided a group of normal cells for comparison. The normal ciliary ganglion
neurones, both in the monkey and the cat, possess cytons averaging respectively
45 (30—63) x and 85 (15-30) x in size. In preparations stained for chromatin material
they appear multipolar and contain uniformly distributed Nissl granules, which are
numerous, fine and sometimes elongated (Pl. 2, fig. 4). In the series inspected, most
of the cells were alike, and no elaborate range of types could be identified. There was
some variation in size, and in the amount of visible chromatin substance, but the
only other distinct type of cell encountered was extremely infrequent; it was much
smaller, containing a few large granules around a relatively large nucleus (Pl. 2,
fig. 5). This type of cell averaged 28 (15-30)x in size in the monkey; it was not
satisfactorily identified in the cat’s ganglion. Normal cells exhibiting chromophily
were seen occasionally in some series, but were absent from most. Their significance,

which has been discussed elsewhere (Warwick, 1951, 1958b), was clearly unrelated
to the retrograde changes studied.
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In the ganglion from the side of operation the classical phenomena of the retro-
grade reaction, chromatolysis and nuclear eccentricity, were clear in every series
(PL 2, fig. 6). Extrusion of nuclei was seen less often, and the swelling characteristic
of acute retrograde degeneration in some kinds of nerve cells was not evident in
ganglia from monkeys, a slight degree of shrinkage being more usual (P1. 2, figs. 6, 7).
Swelling was present but never marked in the cats’ ganglia ; in both animals chromato-
lytic cells were sometimes rounded and sometimes misshapen. A chromophil stage
in the reaction was occasionally encountered, and the peripheral clumping of
chromatin material typical of the earlier phases of chromatolysis was seen in some
cells (PL 2, fig. 7). As reported previously (Warwick, 1951, 1953b), in connexion
with retrograde changes in somatic oculomotor neurones, the most striking and
reliable feature was found to be chromatolysis. This was apparent to a marked
degree in almost all the cells in each series, and in many all visible chromatin
material had disappeared (Pl. 2, figs. 6, 7). Counts of normal and degenerating cells
were made in numerous sample fields in four ganglia from the side of operation.
These figures are tabulated herewith:

Sections Percentage
Animal examined Total cells Normal cells  chromatolytic
Cat no. 5 20 2690 104 96-1
Cat no. 6 20 2480 75 971
Monkey no. 87 20 2595 71 97-2
Monkey no. 88 23 3102 84 96-8

These counts show that an almost universal degeneration of the ciliary ganglion’s
cells followed division of its short ciliary branches. The widespread and unequivocal
nature of the reaction was so evident that the normal and affected ganglia could be
distinguished easily under magnification low enough to include them in the same
field (PL 1, fig. 8).

(b) Ezenteration of the eyeball and iridectomy

Evacuation of all tissues within the scleral tunic was carried out in two monkeys.
In both the ipsilateral ciliary ganglion showed retrograde changes as marked and
widespread as were those resulting from ciliary neurectomy. Normal cells were
extremely few. This manoeuvre naturally interrupted all nerve fibres entering the
eyeball, including those from the ciliary ganglion. To estimate the proportion of the
cells in the ganglion whose fibres enter the iris, a unilateral iridectomy was per-
formed in three other monkeys. In each case most of the cells in the ipsilateral
ganglion were normal; but occasional neurones, scattered singly or in small groups,
were plainly degenerating (Pl. 2, fig. 7). Counts of normal and chromatolytic cells
were made in numerous sample fields in two of the affected ganglia; the results
were as follows:

Sections Chromatolytic
Series examined Total cells cells Percentage
83 ) 20 3027 95 3
85 20 3687 135 35

Equal numbers of serial sections of the ganglia of the opposite side were also
examined in all three animals; the cells in these were all normal.
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(¢) Ciliary ganglionectomy

Removal of the ciliary ganglion on one side was accomplished in three monkeys.
Following this procedure clear retrograde changes were evident in the cells of the
Edinger-Westphal and antero-median nuclei ipsilateral with respect to the orbital
lesion. The normal cells of these groups were seen to be small and usually multipolar,
ranging from 15 to 25u. By their size, their relatively large nuclei, and the paucity
of their Nissl granules, they were easy to distinguish from the neighbouring somatic
oculomotor nerve cells, and the comparatively undifferentiated cells of the sur-
rounding central grey matter (Pl. 8, fig. 8). The cells of the antero-median nucleus
appeared to be little different from those in the Edinger-Westphal columns, being
merely somewhat elongated in the sagittal plane (Pl. 8, figs. 9, 11). The usual
features of retrograde degeneration were visible in the cells of both nuclei, except for
swelling, which was not always seen and rarely marked, although the cells were
usually rounded (Pl. 8, fig. 10). On the other hand, a chromophil stage in chromato-
lysis was often observed (Pl 38, fig. 12).

Degenerating cells were confined to the ipsilateral Edinger-Westphal nucleus and
the ipsilateral half of the antero-median nucleus (Pl 38, figs. 8, 9). In the latter the
contrast between normal and affected neurones lying on opposite sides of the mid-
sagittal plane was especially noticeable (Pl. 8, fig. 9). Inspection of serial sections
through the whole length of the Edinger-Westphal columns showed that the pro-
portion of cells affected was less here than in the antero-median nucleus, where
chromatolysis was almost universal in the cells on the side of operation. Neverthe-
less, retrograde changes were seen in cells at all levels of the ipsilateral Edinger-
Westphal group. No unequivocal degeneration was noted in any of the cells of the
contralateral nuclei.

In one series some of the cells in the ipsilateral somatic oculomotor nucleus also
showed chromatolysis. These were grouped in a manner corresponding to the
results of resection of the obliquus inferior, as reported elsewhere (Warwick, 1958b).
Post-mortem dissection of the orbit of this monkey showed that this muscle’s nerve
supply had been divided during ganglionectomy, thus accounting for these
additional effects.

(d) Orbital interruption of the oculomotor nerve

Serial sections were examined from the midbrains of two monkeys submitted to
deliberate division of the nerve to the obliquus inferior and one in which the inferior
oculomotor ramus had been cut. In all three preparations the lesion, checked by
post-mortem dissection, was proximal to the origin of the motor radix of the ciliary
ganglion. In each series ipsilateral retrograde changes were observed in the
Edinger-Westphal and antero-median nuclei. The results were in every way
identical with those caused by ciliary ganglionectomy.

(e) Intracranial division of the oculomotor nerve

The oculomotor complex was inspected serially in the midbrain of five monkeys
which had been subjected to unilateral division of the oculomotor trunk close to its
superficial origin from the cerebral peduncle. In addition to changes in the main
third nerve nuclei, which have already been described (Warwick, 1951, 19534, b),
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retrograde degeneration was marked in the ipsilateral Edinger-Westphal and antero-
median nuclei. The cells of these were never affected by divisions of the branches of
the third nerve, except when the nerve to the obliquus inferior was cut proximal to
its ciliary branch. By exclusion, therefore, these small-celled nuclei of the oculo-
motor complex cannot be concerned with the innervation of the extra-ocular
muscles, but must supply the fibres which relay in the ciliary ganglion to supply the
eyeball.
DISCUSSION

Concerning the post-ganglionic neurones of the ocular parasympathetic supply agree-
ment may be said to have been reached, except for minor details; the voluminous
literature about them therefore requires no protracted discussion. Bernheimer
(1897b, 1898), Fritz (1899), Marina (1899, 1901), and Marinesco, Parhon & Goldstein
(1908) claimed that some of the cells of the ciliary ganglion innervate the cornea.
Although most workers who have examined these cells have deemed them motor in
function, the occurrence of sensory cells in this ganglion is a possibility which
cannot be entirely refuted. The almost uniform nature of the cell population in all
the ganglia examined in this investigation makes it unlikely that any are sensory.
It is more probable that all the cytons of corneal afferents lie in the trigeminal
ganglion, changes in some of the cells of which follow corneal injury, as Marina
(1899) has shown.

Langendorff (1894), Moeli (1897), and Frangois-Franck (1904) suggested that the
ciliary ganglion might be a peripheral reflex centre, and Clark (1937) thought that it
contained internuncial neurones, despite his own observation that total degeneration
of its cells followed division of the short ciliary nerves. It could be supposed that
such internuncial cells, if they existed, might exhibit transneuronal degeneration,
but in view of our ignorance of the connexions they might effect, such considerations
are purely hypothetical. All such views of the existence of different functional types
of neurone in this ganglion are seriously weakened by electrophysiological studies
of its cells by Whitteridge (1987). He found that in the monkey they all behaved
alike, and he could not support concepts of the ganglion as a co-ordinating centre.

Kuré, Susuki, Kaneko & Okinaka (1988) stated that dystrophic changes occurred
in the extra-ocular muscles after destruction of the ciliary ganglion. It is not clear
how the axons of such cells were thought to reach the muscles. This view has
received no corroboration, and the present findings contradict it, since almost all the
ganglion’s cells reacted to exenteration of the eyeball, a procedure which could not
disturb such supposed arrangements.

The association of the ciliary ganglia with the third nerve is no longer in doubt,
and the fact that the nerve contains motor fibres for the sphincter pupillae and
ciliaris is attested by an imposing accumulation of evidence. Numerous workers,
over a period of almost a century, have cut and stimulated the oculomotor nerve,
noting, with few exceptions, some sort of pupillary response. It is true that some
disagreement has arisen over the precise mechanisms of pupil movements. Von
Bechterew (1888) first suggested that dilatation in response to pain was due to
central parasympathetic inhibition rather than to sympathetic activation of the
dilator muscle. Braunstein (1894) confirmed this idea, while Karplus & Kreidl (1912,
1918) admitted that reflex mydriasis was not wholly effected by sympathetic
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activity in the iris. The participation of parasympathetic inhibition in reflex pupil
dilatation resulting from other stimuli, including light withdrawal, has been
confirmed by McDowall (1925), Byrne (1988), Bain, Irving & McSwiney (1985),
Gullberg, Olmsted & Wagman (1988), Urey & Gellhorn (1989), Hodes (1940), and
others. Kuntz & Richins (1946), like some previous workers, found that division of
the third nerve abolished reflex pupil dilatation, as did also ciliary ganglionectomy
in their experiments. These views are in accord with the results of cortical stimula-
tion. Pupillary dilatation in response to this was first noted by Bochfontaine (1875),
and Parsons (1901) reviewed the early literature, noting that the dilatation was
abolished in dogs and cats by oculomotor division. Karplus & Kreidl (1910),
Ingram, Ranson & Hannett (1981), Harrison, Magoun & Ranson (1938), Urey &
Oldberg (1940), Hodes & Magoun (1942a, b), and Ward & Reed (1946) adduced
evidence that an inhibitor pathway, of extra-pyramidal nature, descends from
the vicinity of the frontal and occipital eye-fields via the hypothalamus to the
tegmentum. They considered that excitation of this produced pupil dilatation by
inhibition of oculomotor nerve cells. Keller (1946) has claimed that the cells of
the Edinger-Westphal nuclei continue to discharge after isolation of the oculomotor
centres by brainstem transections, an activity which, as Adler (1950) has suggested,
would support the ¢oncept of central parasympathetic inhibition in dilatation of the
pupil. Whether such interpretations prove correct or not, the experiments which
formed their basis have uniformly confirmed the innervation of the sphincter
pupillae by way of oculomotor fibres.

In a similar manner more complex ideas of the nervous control of accommodation
have been advanced. Helmholtz (1855) first suggested a duality of function in the
ciliaris, a concept also sponsored by Henke (1860). Morat & Doyon (1891) thought
that the ciliaris received sympathetic and parasympathetic nerve supplies, medi-
ating respectively distant and proximate accommodation. Jessop (1886) produced
flattening of the lens by stimulation of the cervical sympathetic, and a controversial
literature, reviewed by Cogan (1987), has since accumulated. Latterly, Jessop’s
claims have received fresh support from the experiments of Morgan, Olmsted &
Watrous (1940), Olmsted & Morgan (1941), Mohoney, Olmsted, Morgan &
Wagman (1942), and Olmsted (1944). Clark (1987) and Kuntz & Richins (1946)
did not favour these views, and Stotler (1987) reported complete denervation of the
ciliaris by ciliary ganglionectomy in the cat, an animal in which, according to
Jegorow (1886), Anderson (1905), and Christensen (1934, 1986), no sympathetic
fibres traverse the ganglia. Although a dual innervation of the ciliaris thus remains
uncertain, it is noteworthy that none of these workers found reasons to doubt that it
is supplied by oculomotor axons.

Certain observations concerning regeneration of the human third nerve after
peripheral injury may be alluded to here. Bender & Alpert (1937), Ford, Walsh &
King (1941), Bender (1945), Cristini (1947), and Russell & Wright (1948) have
described the abnormal synkineses which characterize recovery of ocular movement
in such cases. Bender & Fulton (1989) have noted like phenomena in the
chimpanzee and monkey. It was commonly found by these authorities that
abnormal nerve supplies were established. They ascribed this to mis-shunting, and
it is of interest here to note that the sphincter pupillae, and sometimes the ciliaris,
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were involved in these effects, a further indication of the innervation of these
muscles by way of the third nerve.

In contrast to this mass of evidence, confirming the existence of an ocular para-
sympathetic element in the third nerve, uncertainty persists with respect to the
precise central origin of these autonomic pre-ganglionic fibres. Clinico-pathological
deductions, prominent in the earlier literature, produced contradictory views. It is
well recognized that chronic morbid changes in brain stem nuclei are not easy to
assess, and the more so in the case of small-celled and inconspicuous nuclei, such as
these under discussion. The negative findings of even the more extensive investiga-
tions regarding the Edinger-Westphal nucleus are therefore unconvincing.

Most evidence obtained by experimental anatomy has been against the Edinger-
Westphal nuclei as oculomotor parasympathetic components. Bernheimer (1897 b)
was almost unique among contemporary experimenters in stating that they were
the source of the ocular parasympathetic. He regarded these nuclei as pupillo-
constrictor centres and Perlia’s nucleus (despite its somatic type of nerve cells) as
the centre for the ciliaris. His conceptions of general oculomotor function have been
shown to be largely inaccurate (Warwick, 19538b). His claims that enucleation and
other lesions distal to the ciliary ganglion produced retrograde changes in the mid-
brain provoked criticism by his contemporaries, such as Bach (1899), who were
aware of the convincing proof of a relay in the ganglion reported by Langley &
Anderson (1892). These errors detract from the credibility of Bernheimer’s results,
which nevertheless were accepted almost in their entirety by Brouwer (1918). If the
axons of nerve cells in the Edinger-Westphal group do indeed issue in the third
nerve, cutting it should cause changes in these cells. The evidence of this research
was entirely positive on this point and to this extent confirmed the findings of
Bernheimer (1897 a), Levinsohn (1904), and Crouch (1936). Latumeten (1924), whose
opinions have attracted perhaps disproportionate interest, reached a negative
conclusion, based upon experiments on two cats. (It is noteworthy that Crouch’s
work involved nine.) For technical reasons, detailed elsewhere (Warwick, 1951,
1953b), little weight can be attached to Latumeten’s emphatic denial that Edinger-
Westphal fibres enter the third nerve.

Physiological evidence, on the contrary, has clearly and almost uniformly
indicated a pupillo-constrictor and accommodation pathway, of autonomic type,
in the oculomotor nerve. Midbrain stimulation experiments, from the classical
studies of Hensen & Vélckers (1868, 1878) to those of Ranson & Magoun (1988) and
Szentagothai (1948), have provided less agreement concerning the nuclei of origin
of these fibres; but most of those who have used such methods have found indica-
tions of a centre for the sphincter, and sometimes one for the ciliaris, both near, if
not identical with, the Edinger-Westphal nuclei. It has been objected that such
methods, even with modern refinements, are not exact enough to identify such small
cell masses, even if supplemented, as in Szentagothai’s work, by tracing degenerating
fibres into peripheral nerves from central destructive lesions. Nevertheless, the
existence of a pupillo-constrictor centre, at the cephalic end of the oculomotor
nucleus, appears to have been amply established by such means.

Although the histological effects of oculomotor division have demonstrated more
certainly than physiological methods that some of the oculomotor axons come from
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the Edinger-Westphal nuclei, their function can only be deduced from such findings.
If all other radicular neurons of the third nerve can be made to show retrograde
changes by division of its muscular branches, it is justifiable to presume that these
small-celled nuclei are the source of the fibres which relay in the ciliary ganglion.
Such was Bernheimer’s view (1897 a). Studies reported previously (Warwick, 1951,
1953 b)have demonstrated that only the antero-median and Edinger-Westphal nuclei,
among all the nerve cells affected by oculomotor trunk division, remain unaltered
by lesions of the branches of the third nerve, provided that the injury is distal to the
motor root of the ciliary ganglion in the case of the nerve of the obliquus inferior.
This permits a strong presumption that the axons which issue from these nuclei
pass from the third nerve into the ciliary ganglion, as commonly accepted. As
stated above, the retrograde effects of short ciliary nerve injury have often been
demonstrated, and this was confirmed in both the cat and the monkey in this research.
Ciliary ganglionectomy is therefore the crucial anatomical experiment in linking up
the ocular post-ganglionic fibres with the midbrain source of the pre-ganglionic axons
of this pathway. Levinsohn (1904), from such procedures in nine cats, concluded
that these fibres originate in the Edinger-Westphal nuclei; Bach (1906) decided that
in rabbits they do not. Both authors inspected each other’s preparations and
disagreed with their respective interpretations: (Bach used the Weigert technique,
unsuitable for observations on chromatin granules). Latumeten (1924) and Crouch
(1936) also recorded negative findings, in two and nine cats respectively, but Kuré,
Susuki, Kaneko & Okinaka (1988) described retrograde changes as constant in the
Edinger-Westphal nuclei after ciliary ganglionectomy. No previous workers appear
to have described such experiments in monkeys. My results in this animal were
unequivocal; in each experiment both the Edinger-Westphal and antero-median
nuclei were the seat of widespread chromatolysis. Only Levinsohn (1904) has also
included the antero-median nucleus in the changes produced by ganglionectomy.
This nucleus has rarely been mentioned by experimental anatomists, although the
changes noted in it in this investigation were particularly striking.

Certain other views may be conveniently considered here. Von Bechterew (1883)
and Mendel (1887) suggested the habenula nucleus (ganglion habenulae) as the
pupillo-constrictor centre, but this view has not been corroborated by others.
Darkschewitsch (1889) thought that his nucleus might perform this role; evidence
excluding this nucleus from the oculomotor complex has been recorded by Ingram &
Ranson (1985) and Warwick (1958a). Von Bechterew (1897), von Monakow (1895,
1905), Tsuchida (1906), and Mingazzini (1913, 1928) believed that the sphincter
was controlled by cells scattered in the central grey matter near the floor of the third
ventricle and aqueduct. These views, and Frank’s conception of the Edinger-
Westphal nucleus as a convergence centre, are contradicted by the present findings.
Bernheimer’s opinion that the central nucleus of Perlia innervated the intrinsic
ocular muscles, ousted by Brouwer’s ideas, was revived by Foerster, Gagel &
Mahoney (1986); but, while Bernheimer had included the Edinger-Westphal
nucleus as a part of this centre, they could find no changes in it after oculomotor
divisions in ten monkeys and one chimpanzee. (They claimed that ciliary ganglion-
ectomy confirmed this result, but gave no details of this aspect of their work.)
Evidence that Perlia’s nucleus, which is rarely a distinguishable entity in monkeys,
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consists of nerve cells supplying extrinsic rather than intrinsic musculature, has
been reported (Warwick, 1951, 1958b). It is improbable that the large motor cells,
forming the central nucleus pictured by these authors, could be the cytons of
autonomic neurones, although accommodation is a function which, by virtue of its
close association with the conscious use of the eyes, might be regarded as voluntary
in nature. Itis perhaps curious that such an activity appears to be carried into effect
by an autonomic pathway, which is also the efferent limb of the light reflex arc.
This nervous pathway is itself unusual in the myelination of its post-ganglionic
axons, a peculiarity indicated by Gaskell (1885) and coupled by him with the striated
condition of the avian ciliaris. Lenhossék (1911) has drawn attention to the large
size of these axons and of the ciliary ganglion cells in birds. Nevertheless, the
ciliaris is non-striated in lower vertebrates and remains so in mammals, a condition
consonant with its type of innervation. It may be suggested that as the mesen-
cephalic reflex mechanisms of the visual function have become progressively
replaced by an increasing degree of cortical control, this process of encephalization
has affected not only the control of accommodation but also of the pupil in the
reaction of convergence. This might explain not only the preservation of an
autonomic pattern of innervation for the ciliaris and sphincter pupillae, but also
the continued close anatomical association of the neurones supplying them.

Separate midbrain centres have sometimes been ascribed to these two muscles,
but the uncertain pathological evidence upon which such hypotheses have been
built makes their validity highly dubious. Stimulation experiments have failed to
reveal such separate centres, and since trans-neuronal degeneration does not occur
at the ciliary ganglion, it seems improbable that anatomical methods could do so.
A comparison of the results of iridectomy and exenteration of the eyeball has shown
that most of the ciliary ganglion’s cells innervate the ciliaris and that few of their
axons enter the iris. The bulk of the ciliaris relative to the sphincter leads one to
expect that this would be so. It is logical to assume that the greater number of the
fibres of the conjoined mass of the antero-median and Edinger-Westphal nuclei
therefore innervate the ciliaris. Although the cells of the Edinger-Westphal
columns appear in sections through more than the cephalic half of the oculomotor
complex, they are more numerous at cephalic levels, where the columns coalesce to
become continuous with the antero-median nucleus. The parasympathetic com-
ponent of the oculomotor centres thus occupies a predominantly cephalic position,
a finding which accords with the results of most stimulation studies and with the
views of many clinical observers.

The antero-median nucleus, the most cephalic portion of the parasympathetic
group of the third nerve complex, has attracted little attention, even as a topo-
graphical entity. Its continuity with the Edinger-Westphal nuclei, although not
yet a feature of text-book accounts, has been confirmed in this research, the experi-
mental results of which have also shown that both groups of cells have the same
autonomic function. Szentagothai (1948), from an extensive stimulation study in
cats, discounted the antero-median nucleus as a source of ocular parasympathetic
fibres, a conclusion refuted by the present results, which confirm in this regard the
experiments of Levinsohn (1904) and Benjamin (1939). Neither used monkeys.
Crouch (1936) considered that some of the Edinger-Westphal axons decussated
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before entering the third nerve; as in Benjamin’s stimulation experiments, my
experience was that they do not. Similarly, the fibres derived from the antero-
median nucleus, a midline structure, were observed to issue in the oculomotor nerve
on the side of their own half of the nucleus.

It must be concluded that the usually accepted conception of the ocular para-
sympathetic pathway is correct, both as regards its peripheral route and central
origin. It may be added that the pre-ganglionic fibres do not decussate in monkeys,
and are derived not only from the Edinger-Westphal columns, as usually described,
but also from their infrequently included cepBalic extension, the antero-median

nucleus.
SUMMARY

The extensive literature concerning the ocular parasympathetic nerve supply is
reviewed. Although convincing evidence exists that this pathway issues in the
oculomotor nerve and relays in the ciliary ganglion, its mesencephalic sources,
reputedly the Edinger-Westphal nuclei, are less satisfactorily substantiated.

The retrograde response to interruption at numerous points in this pathway was
therefore studied in cats and particularly in monkeys; the latter have seldom been
used in investigating this problem.

All lesions affecting the short ciliary nerves (e.g. enucleation, exenteration, ciliary
neurectomy) produced chromatolysis in about 97 9, of the cells of the ciliary ganglion.
After iridectomy about 8%, only of these cells showed such changes.

These results confirmed that practically all the cells in the ciliary ganglion in-
nervate intrinsic ocular musculature; they also showed that a small fraction only of
their axons supply the sphincter pupillae.

Ciliary ganglionectomy and division of the third nerve (in monkeys) regularly
caused a retrograde reaction of striking degree in most of the cells of the ipsilateral
Edinger-Westphal nucleus and in the ipsilateral half of the antero-median nucleus.
Topographical observation showed that these nuclei form a continuous small-celled
mass in the macaque. ‘

It must be concluded that the usual account of the Edinger-Westphal nucleus as
the parasympathetic component of the oculomotor complex is correct, and that the
antero-median nucleus is an integral part of this centre.
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EXPLANATION OF PLATES

PLATE 1

Fig. 1. A transverse section just rostral to the main oculomotor nuclei. The Edinger-Westphal
columns have fused caudal to this and are extended ventro-dorsally in the midline as the
antero-median nucleus. Cresyl fast violet. x 32.

Fig. 2. This field shows the various cell groups visible in transverse sections through the rostral
third of the oculomotor complex. Note the Edinger-Westphal columns (E.W.), which lie
dorsal to the main third nerve nuclei (III) and are approaching close to each other at this
level. The interstitial nucleus (I) and the nucleus of Darkschewitsch (D) are also shown.
Cresyl fast violet. x 382.

Fig. 8. Sections through the left and right ciliary ganglion of a monkey subjected, 11 days before
death, to removal of the contents of the right eye. Even at this low magnification it is obvious
that most of the cells in the right ganglion (on the right in the photograph) are paler than
those in the normal left ganglion of this animal (on the left). The pallor is due to chromatolysis.
Cresyl fast violet. x 50.

PLATE 2

Fig. 4. Nerve cells in a normal ciliary ganglion from a rhesus monkey. Note the prominent and
evenly distributed chromatin granules and central nuclei of these neurones. Cresyl fast violet.
x 176. )

Fig. 5. Another field in a normal ciliary ganglion to show the only other type of cell encountered
in this ganglion in the present research. Two such cells appear amongst the usual type; note
their small size and peripheral disposition of chromatin granules. Cresyl fast violet. x 176.

Fig. 6. Degenerating nerve cells in the right ciliary ganglion of a monkey killed 10 days after
division of the short ciliary nerves in the right orbit. All the cells show pronounced retrograde
reaction, in their loss of Nissl granules and nuclear eccentricity. The dense appearance of
one cell exemplifies the chromophil phase of chromatolysis seen in many types of neurone
during retrograde degeneration. Contrast these cells with those in the left ciliary ganglion of
the same animal (fig. 4). Cresyl fast violet. x 176.

Fig. 7. Field in ciliary ganglion showing chromatolysis in a small group at its nerve cells following
iridectomy on the same side. Many of the cells contain obvious Nissl granules and are normal.
Contrast this limited distribution of retrograde changes with the almost universal effects
after evacuation of the eyeball (fig. 6). Cresyl fast violet. x 176.
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PLATE 8

Fig. 8. This field show the right and left Edinger-Westphal columns in the midbrain of a monkey
subjected to right ciliary ganglionectomy. Even at this magnification some of the cells in the
right nucleus display a loss of Nissl granules. Cresyl fast violet. x 80.

Fig. 9. A field from the same animal as in the preceding figure, but at a more rostral level. Cells
in the right and left halves of the antero-median nucleus can be compared. Those on the left
contain Nissl granules, whereas almost all the cells on the right display marked retrograde
degeneration (chromatolysis, swelling, and nuclear eccentricity). Cresyl fast violet. x 80.

Fig. 10. Chromatolysis in the nerve cells of the antero-median nucleus of another monkey, 11 days
following ciliary ganglionectomy. All the cells in the ipsilateral half of the nucleus showed
such changes. Cresyl fast violet. x 176.

Fig. 11. Normal nerve cells of the monkey’s antero-median nucleus. Compare with the adjacent
figures and note the contrast. Cresyl fast violet. x 220.

Fig. 12. Chromophil stage of retrograde degeneration in nerve cells of the antero-median nucleus
of a third monkey which had been subjected to ciliary ganglionectomy. Compare these cells
with the normal neurones of this nucleus, shown in fig. 11. Cresyl fast violet. x176.



