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Abstract

The eponymous term nucleus of Edinger-Westphal (EW) has come to be used to describe two
juxtaposed and somewhat intermingled cell groups of the midbrain that differ dramatically in their
connectivity and neurochemistry. On one hand, the classically defined EW is the part of the
oculomotor complex that is the source of the parasympathetic preganglionic motoneuron input to
the ciliary ganglion (CG), through which it controls pupil constriction and lens accommodation.
On the other hand, EW is applied to a population of centrally projecting neurons involved in
sympathetic, consumptive and stress-related functions. This terminology problem arose because
the name EW has historically been applied to the most prominent cell collection above or between
the somatic oculomotor nuclei (111), an assumption based on the known location of the
preganglionic motoneurons in monkeys. However, in many mammals, the nucleus designated as
EW is not made up of cholinergic, preganglionic motoneurons supplying the CG, and instead
contains neurons using peptides, such as urocortin 1, with diverse central projections. As a result,
the literature has become increasingly confusing. To resolve this problem, we suggest that the
term EW be supplemented with terminology based on connectivity. Specifically, we recommend
that: 1. The cholinergic, preganglionic neurons supplying the CG be termed the Edinger-Westphal
preganglionic (EWpg) population, and 2. The centrally projecting, peptidergic neurons be termed
the Edinger-Westphal centrally projecting (EWcp) population. The history of this nomenclature
problem and the rationale for our solutions are discussed in this review.
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Heyendaalseweg 135, 6525 AJ Nijmegen, The Netherlands; Tel: +31-24-3652705; Fax: +31-24-3652714; t.kozicz@science.ru.nl.
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The central problem: One term, two structures

In the case of the Edinger-Westphal (EW) nucleus, a circumstance has arisen in which two
fundamentally different cell groups, both with important functions, have come to be called
by the same name. This has occurred because the cholinergic, preganglionic neurons
projecting to the ciliary ganglion (CG), to which the term was originally applied as a
discrete cell group dorsal to the oculomotor nucleus (111), show unexpected variability in
their location across different species. Since a population of centrally projecting, peptidergic
neurons occupies a similar location, above 111, they have come to share the same name,
especially in those non-primate, mammalian species in which the CG preganglionic neurons
are diffusely distributed, and the centrally projecting cells form a discrete group. Clearly,
these two neuron populations need to be identified by separate names in order to alleviate
the confusion caused in the literature by the assignment of the same term to both.

One suggestion that has been put forth is to call the centrally projecting cell group, the
subgriseal paramedian midbrain neuronal stream (Cavani et al., 2003). This name was
applied because in some species this peptidergic cell group extends rostrally, well beyond
the confines of the cytoarchitectonically defined EW (e.g., cats; May et al., 2008a). Thus,
these neurons can form a stream that extends to the mesodiencephalic junction. However,
due to its length, this term has not obtained broad acceptance. It has also been suggested that
the centrally projecting cells are reminiscent of those lying in the caudally adjacent dorsal
raphe (May et al., 2008a), and so should be designated as a subdivision of the raphe system.
However, this suggestion was rejected because it would engender a different set of
confusions.

Another proposed solution is to adopt the terms preganglionic EW and non-preganglionic
EW nucleito define the two populations (Weitemier et al., 2005a; Ryabinin et al., 2005;
Gaszner et al., 2007). This clearly represents an improvement in the clarity of the
terminology, but it still does not adequately describe these sets of neurons, because the
populations as a whole often ignore EW’s cytoarchitectural boundaries. For example, the
diffuse distribution of preganglionic neurons in rodents and cats makes the term nucleus a
misleading identifier for this population. Even in monkeys, the preganglionic neuron column
extends into the anteromedian nucleus (AM), and so these cells are not confined to a single
nucleus. The term non-preganglionic EW is also not sufficiently precise, as other non-
preganglionic populations are also present in this area, such as the cholinergic S- and C-
group motoneurons that project to and innervate extraocular muscle fibers (Bittner-Ennever
and Akert, 1981; Bittner-Ennever et al., 2001). These actually overlap with the peptidergic
neuron distribution in monkeys (Horn et al., 2008).

In an attempt to remedy these failings, it was recently proposed to identify the urocortin 1
(Ucenl) - positive neurons, which make up the largest segment of the centrally projecting
peptidergic cells, as the perioculomotor Ucn 1-containing population, abbreviated as pllly
(Horn et al., 2008; May et al., 2008a). The preganglionic population supplying CG were
then referred to as the perioculomotor preganglionic population (plllpg). These authors
argued that the term EW should not be retained, because it was associated with a history of
inconsistent usage. They further argued that the use of eponyms has largely been discarded
in the latter part of the 20t century, except in the case of a few pre-eminent anatomists (e.g.
Cajal). The strength of these perioculomotor (plll) terms is that while they indicate the
general location of the neuronal populations, in accordance with neuroanatomical
conventions, they are appropriate regardless of the precise location of the cells in a specific
species, because they all lie near the oculomotor nucleus. Furthermore, since no
cytoarchitectonically defined structure is specified using this term, any lack of coincidence
with nuclear boundaries is not a problem. On the other hand, in many cases the location of
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these two populations cannot be readily defined in conventional brain atlases. Moreover, the
Ucn1l neurons overlap other neurochemically-defined populations subserving similar
functions, and it would be desirable to group them with the Ucn1 neurons by some common
term. Finally, the wide use of the term EW by individuals outside those doing research in
this area would tend to make adoption of an entirely new terminology more difficult.

Due to their variable location, the preganglionic neurons supplying CG that reside near the
oculomotor nucleus cannot be given a single cytoarchitectonically based name that will
suffice for all vertebrate species. Nonetheless, there is a need to have a term by which to
refer to this functionally important set of neurons. After long and careful consideration of
the merits of different approaches, we have developed a new terminology that we believe
includes the most desirable aspects of the above solutions for the “EW problem”. We
suggest that these two populations be specified based on their projection target. The neurons
projecting to the ciliary ganglion would be designated the Edinger-Westphal preganglionic
(EWpg) population and the peptidergic neurons with central projections would be
designated as the Edinger-Westphal centrally projecting (EWcp) population. It should also
be noted that this nomenclature eliminates the need to designate an AM. This is a positive
change as the constituents and borders of this nucleus have varied in the hands of different
investigators. As is true of many brain regions, this region is neurochemically diverse, with
one of its constituent populations being Ucn1 cells. One could specify these subpopulations
by their transmitter, e.g., urocortinergic neurons of EWcp (UEWcp). There is an important
proviso to this terminology solution. Atlases for a given species must define the location of
EWpg and EWcp cell groups based on connectivity data for that species, and must account
for the fact that only in monkeys and birds does EWpg lie in a cytoarchitectonically distinct
nucleus.

We have provided a series of figures illustrating the adoption of this new nomenclature for
commonly used species (Figs. 1-8). Figures 1,6&7 show the arrangement in Macaca
fascicularis monkeys. Ucnl-positive neurons in EWcp extend rostral to 111 as a narrow,
dorso-ventrally oriented group, in and around AM. At more caudal levels, they mainly lie
immediately dorsal and medial to I1l. In contrast, the ChAT-positive cells of EWpg form a
discrete rostro-caudally oriented column, beginning rostral to 111 in AM, before sitting dorsal
to Il and EWcp in the nucleus historically termed EW. The main population of EWcp
neurons lies between EWpg and 11, and makes up the bulk of AM. The distribution of Ucnl
cells in EWcp of humans (Figs. 2,6&7) is actually quite similar to that of monkeys, although
the cells cluster in two groups. However, in this case, it is this Ucn1-rich nucleus that makes
up the bulk of what has historically been termed EW (Olszewski and Baxter, 1982). The
EWpg population sits as a rostro-caudally oriented column dorsal to EWcp, but is more
diffusely organized. In the pigeon (Figs. 3,6&7), the Ucnl-positive cells of EWcp are again
located dorsomedial to 111, and extend rostral to it. The ChAT-positive motoneurons in
EWpg are also located in a discrete nucleus that has historically been termed EW, but it is
found dorsolateral to I1. In the cat (Figs. 4,6&7), the Ucnl-positive cells in EWcp begin
caudally as a single midline nucleus dorsal to 111 that was historically termed EW. This
extends rostral to 111 as AM, and splits into two columns that lie just off the midline at the
rostral pole of EWcp. Finally, in the rat (Figs. 5,6&7), the Ucnl-positive neurons in EWcp
have the familiar dorsomedial position immediately adjacent to 111 that extends rostral to I11.
They occupy the nucleus historically termed EW. Many ChAT-positive cells of EWpg are
found rostral to I11, while others are scattered above and between I11. A three-dimensional
(3-D) reconstruction of these populations in five species is provided in figure 7. It is clear
that the location of the centrally projecting cells in EWcp is actually quite consistent across
species. The core of this group is always located immediately dorsal and medial to I1l. In
contrast, the preganglionic neurons in EWpg are much more variable. They occupy a
discrete nucleus only in monkeys and birds. In contrast, in cats, rats and humans, these
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motoneurons are more diffusely organized (dots in Fig. 7). They also vary in location, with
the preganglionic neurons all lying dorsal to 111 in humans, but being more widely
distributed in the cat and rat.

In summary, we seek to draw attention to the fact that two functionally different populations
of neurons have come to be called EW. This has yielded a confusing literature for
researchers in the field and outside it. For example, considerable research activity has been
undertaken in an attempt to find pupillary reflex deficits in humans with Alzheimer’s disease
based on the reports of degeneration in EW (Scinto et al., 1999). This was fruitless, since the
population of cells that was degenerating was actually part of the EWcp, not EWpg. We
believe that the best solution to this terminological problem is to introduce separate,
connectivity-related terms for these two cell groups. We are not naive to the inherent
resistance to any change in conventional nomenclature, but believe that over time, the
proposed new terms will supplant the old, due to their scientific accuracy, and usefulness.
The rest of this article will be directed at providing a more detailed understanding of how
the term EW came to represent two different sets of neurons, and explaining the important
functions EWpg and EWcp subserve. In order to remain faithful to the historical usage of
EW in the papers we summarize, we will use the term EW throughout the following review.

Historical perspective

As reviewed by Warwick (1954), the study of the anatomy of the orbital contents can be
traced back to Fallopius (1600) who described a postganglionic plexiform junction between
the third and the fifth nerves in the orbit. The structure of the oculomotor complex and its
role in controlling specific extraocular muscles has been known since the work of Stilling
(1846) and von Gudden (1881). The role of the specialized smooth muscles controlling the
papillary constrictor and ciliary muscles, and their innervation by the ciliary ganglion (CG)
was established in the 1800s (for review, Loewenfeld, 1993). The short ciliary nerves and
their origin in the third nerve were first described in 1664 by Willis. In 1701, Schacher
described the short ciliary nerves collectively as a ganglion, and a connection with the
trigeminal nerve was first described in humans by Eustachius in 1714 (see also Meckel,
1748). Later, Winslow (1732) and Haller (1743) recognized the actual structure of the short
ciliary nerves and their ganglion, as well as the motor and sensory root, in humans. In 1815
and 1842, respectively, Muck, and then Longet cut the short ciliary nerves and observed
pupillary dilation. In the 19th century, electrical impulses were used to stimulate the short
ciliary nerves, thereby producing pupillary constriction (Mayo, 1823; Hall, 1846; Bernard,
1852; Budge, 1855).

The central source of input to the CG was identified in the latter half of the 19th century. In
1857, a Russian anatomist (Jacubowich, 1857) described a group of cells in the
periaqueductal gray above Ill, extending from its rostral pole nearly to its caudal pole.
However, the discovery of the cells of origin of the third nerve parasympathetic outflow to
the CG is credited to Edinger and Westphal due to papers each published based on human
material (Edinger, 1885; Westphal, 1887). Ludwig Edinger described small neurons
associated with the upper and lower medial edges of the rostral oculomotor nucleus. Carl
Friedrich Otto Westphal noted the prior evidence for pupillomotor control from the
oculomotor area (Hensen and Volckers, 1868), and then described a clinical case from
which he inferred that it was actually a small-celled neuronal group above 111, which was
involved in accommodation and pupil constriction during near vision. In this case, eye
movement was lost, but verge-related pupillary constriction and lens accommodation were
maintained after lesions that involved 11, but not the area above it. In 1888, Spitzka
described 3 similar human cases, and independently ascribed the losses to involvement of a
collection of cells he noted dorsal to I11.
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Perlia (1893) described a specific EW subdivision in humans that consisted of two parallel
lines of cells located immediately dorsomedial to 111, and also described a group of cells,
located anterior to the rostral pole of 111, which he called the anteromedian nucleus (AM).
The term AM was subsequently used for a medial cell group merging with EW cells at
rostral levels, and therefore considered an extension of EW by many authors (Perlia, 1893;
Brouwer, 1918; le Gros Clark, 1926; Adler, 1933), but others included regions within AM
that do not contain preganglionic motoneurons (Figs. 3, 6&7; Benjamin, 1939). In addition,
Perlia also described the presence of a circumscribed midline cell group between 111 at
rostral levels. Originally this almond-shaped nucleus was termed the “central nucleus”
(Perlia, 1893) or “median nucleus” (Bernheimer, 1897). Later it became referred to as the
“nucleus of Perlia” (NP) (Olszewski and Baxter, 1982). NP may be unique to humans, as a
systematic study of 95 monkey brains revealed only 9% with a clear midline group, which
might correspond to the NP (Warwick, 1955), and it was not observed in other species (le
Gros Clark, 1926). While a role in various aspects of the near triad has been proposed for
NP (Knies, 1891; Majano, 1903; Brouwer, 1918; Adler, 1933; Leathart, 1941), it is likely
that NP is simply a medial part of I11, which has become separated by descending fiber
bundles

Although there was early disagreement (von Bechterew, 1887; Zeri, 1895; Juliusberger and
Kaplan, 1899; Bach, 1906), studies by a number of authors confirmed the involvement of
EW in third nerve autonomic regulation, based on clinical — pathological correlations and
experimental studies (Bernheimer, 1897; 1901; Marina, 1899; Lenz, 1928, 1929; Ranson
and Magoun, 1933). Thus, it became an accepted fact that the EW was a preganglionic
parasympathetic part of the oculomotor complex involved in key autonomic functions of the
eye: pupillary constriction and lens accommodation.

Structural perspective

EW in non-human primates

In support of this autonomic role for EW, early degeneration studies in macaque monkeys
described the preganglionic neurons innervating CG as forming a narrow cellular column
dorsal to 111 (Warwick, 1954). Warwick studied the effects of a variety of CG-related lesions
in monkeys and cats. All lesions which affected the short ciliary nerves resulted in
chromatolysis in 97% of the CG cells. However, only 3% of the CG cells presented
chromatolysis after iridectomy, suggesting the pupillary component of postganglionic
motoneurons is small. Following ciliary ganglionectomy or transection of the third cranial
nerve in monkeys, Warwick observed a retrograde, ipsilateral reaction in most of the cells of
EW, as well as many in AM. Therefore, he concluded that both EW and AM are sources of
the parasympathetic component of the oculomotor complex.

Contemporary retrograde tracer studies in Old and New World monkeys have supported
Warwick’s observations, and demonstrated that the preganglionic parasympathetic neurons,
supplying the ipsilateral CG, do in fact lie in rostrocaudally oriented columns on either side
of the midline, dorsal to 111 (Figs. 1,6&7; Akert et al., 1980; Burde and Loewy, 1980; Jaeger
and Benevento, 1980; Clarke et al., 1985). Rostrally, each column of preganglionic neurons
extends slightly beyond I11, where it occupies a portion of AM (Figs. 1,6&7; Akert et al.,
1980; May et al., 1992). It has been argued that there is no justification for distinguishing the
AM from EW, and that both could be considered parts of EW (¢e.g., Gamlin, 2000). Indeed,
based on the retrograde labelling of preganglionic EW neurons, it is clear that the anteriorly
located, preganglionic neurons within AM are anatomically continuous with preganglionic
neurons within EW (Akert et al., 1980). On the other hand, the majority of cells within the
cytoarchitectonic confines of AM in primates are not preganglionic neurons (Horn et al.,
2008; May et al., 2008a). Other investigators have suggested that preganglionic neurons also
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lie in NP (Figs. 1,6&7; Burde and Loewy, 1980; Ishikawa et al., 1990). This suggestion was
based on a few, scattered retrogradely labelled neurons located on the midline between 111
following injections of retrograde tracers into CG. However, these cases often also exhibited
labelling of the somatic motoneurons in 111, so these midline cells in monkeys may represent
somatic motoneurons, more specifically those of the S-group that supply the multiply-
innervated muscle fibers of the inferior oblique and superior rectus muscles (Warwick,
1955; Buttner-Ennever et al., 2001; Wasicky et al., 2004).

Subsequent retrograde labeling results showed that the arrangement in green monkeys, red
monkeys, and the prosimian galago generally is the same as demonstrated in macaques (Sun
and May, 1993; May et al., 2008b). Some differences are present: the preganglionic neurons
of the red monkey and galago are organized as a single, midline nucleus, instead of paired
columns.

Burde and Loewy (1980) injected retrograde tracers into the CG of monkeys and reported
labeled cells in EW, AM and NP. The latter may represent the S-group (see above). In a
more detailed analysis of this pattern of retrograde labeling, Burde (1988) and Burde and
Williams (1989) reported that the nuclei projecting to the CG could be divided into lateral
and medial visceral columns, with the latter subdivided into dorsal and ventral subgroups.
However, more recent studies (May et al., 2008b) have failed to find these subdivisions,
supporting the initial description of Akert et al. (1980). Burde and colleagues also used
intraocular injections of WGA-HRP to test for the existence of a direct parasympathetic
pathway to the ciliary muscle in monkeys, and found label in a few central cells (Parelman
et al., 1984; Burde, 1988). However, there is evidence WGA or WGA-HRP can be
transported trans-synaptically following an injection into a peripheral target (Porter et al.,
1985; Erichsen and May, 2002). It is also possible that the tracer spread to accessory ganglia
(Kuchiiwa et al., 1989; 1994; Gamlin, 2000).

EW in non-primate mammalian species

These primate studies established the concept of EW as a preganglionic neuron group lying
above I11. Initially, as defined by cytoarchitecture, a broad territory with several subdivisions
came to be called EW in primates (Brouwer, 1918). Following this approach, Le Gros Clark
(1926) and others (Zweig, 1921; Crosby and Woodburne, 1943) then identified an EW
above 111 in a series of mammals based solely on cytoarchitecture and location. Some
differences were observed. The cytoarchitectonically defined EW of the cat formed a single
midline nucleus dorsal to I11. That of the mouse was not only a single structure, it actually
lay on the midline between the two sides of I11. Subsequently, any distinct cell group
occupying this area was assumed to be EW, and was believed to project to CG.

However, from early on, problems with this concept arose. For example, the claim by
Bernheimer (1897) of retrograde degeneration in the presumptive EW of the rabbit after
damaging the oculomotor nerve was not substantiated by the subsequent studies of van
Biervliet (1899) or Levinsohn (1904). Similarly, removal of the ciliary ganglia of cats
revealed minimal changes in their EWs (Crouch, 1936; Hogg, 1966). This study by Crouch
was one of the very first attempts to understand the relationship between EW and the CG.
The results of three types of lesions were examined in cats: removal of the CG; removal of
the eyeball; and sectioning of the third cranial nerve. The author reached the following
conclusions: a) extirpation of the CG does not cause sufficient chromatolysis in EW to
indicate that fibers project from the nucleus to the ganglion; b) both enucleation of the
orbital contents and cutting the third nerve results in chromatolysis of many EW cells,
indicating that EW fibers arrive at the orbit via the third cranial nerve. In light of current
evidence, one wonders whether this degeneration was trans-synaptic. Szentagothai (1942)
reported that only one-fifth of EW neurons degenerate after CG removal in cat. These were
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the larger of the cells located rostral and dorsomedial to I11. He hypothesized that the smaller
EW neurons might have some “vegetative functions, like neurons in the hypothalamus”.

The advent of neuronal tracing techniques emphasized this problem, by demonstrating
important differences between cats and monkeys in the source of parasympathetic outflow
(Figs. 6&7; Loewy et al., 1978; Sugimoto et al., 1978; Toyoshima et al., 1980). The feline
EW is a cytoarchitectonically distinct midline nucleus located immediately dorsal to I11.
However, as emphasized by Loewy and Saper (1978) and demonstrated by several other
investigators (Saper et al, 1976; Sugimoto et al., 1977; Loewy et al., 1978; Toyoshima et al.,
1980), most of the labeled preganglionic neurons were not found within the confines of this
nucleus. This result was quantified by Erichsen and May (2002), who showed that EW
contains less than 5% of the preganglionic population. The rest are scattered in the
supraoculomotor area, along the midline between 11, in and around AM, and among the
exiting rootlets of the third nerve.

As more mammalian species have been investigated, it has become evident that the location
of the preganglionic neuron population differs appreciably from species to species, and it is
rarely synonymous with the cytoarchitectural borders of EW. In rabbits, the preganglionic
neurons are largely found among the exiting third nerve rootlets (Johnson and Purves, 1981).
Rodents also have a cytoarchitecturally designated EW (Figs. 5,6&7). It is a small, paired
nucleus located on either side of the midline, between 111 in mice (Franklin and Paxinos,
1997), and it has a slightly more dorsal location in rats (Paxinos and Watson, 1998). The
preganglionic neuron arrangement in rodents is less well understood because the small size
of the CG makes it a difficult injection target. Inoculations of the anterior chamber with
pseudorabies virus, a transneuronal retrograde marker, have been employed in rodents to
overcome this difficulty (mouse: Vann and Atherton, 1991; rat: Smeraski et al., 2004;
Kozicz, 2007). These studies suggest that the preganglionic motoneurons are mainly located
rostral and dorsal to 111, and are not confined within the cytoarchitectonically defined EW.
In fact, a small injection of an anterograde tracer into the area rostral to the rat 111 results in
terminal labeling within the CG (Klooster et al., 1993).

EW in birds and reptiles

Like that of monkeys, the EW observed in birds has come to be recognized as a distinct
nucleus dorsal to 111 (Figs. 2,6&7; Narayanan and Narayanan, 1976; Lyman and Mugnaini,
1980; Reiner et al., 1991; Toledo et al., 2002). However, the avian EW is located
dorsolateral to 111, and is surrounded by a cell free and glial fiber rich zone. Furthermore, the
avian EW only contains preganglionic neurons. Thus, the avian EW is even more
circumscribed and distinct than that of primates (Reiner et al., 1991). As in primates, its
neurons innervate the CG, which controls the pupil and lens (Marwitt et al., 1971; Pilar and
Tuttle, 1982). However, the avian CG also clearly innervates and controls choroidal blood
vessels (Pilar and Tuttle, 1982; Fitzgerald et al., 1996). In reptiles as well, the EW is a
circumscribed nucleus dorsolateral to the somatomotor neurons of the oculomotor nucleus
that innervates the ciliary ganglion (Barbas-Henry and Lohman, 1988; Medina et al., 1993;
Powers and Reiner 1993). Thus, a cytoarchitectonically distinct EW projecting to the ciliary
ganglion is likely to have been the ancestral condition for the bird-reptile radiation from
stem amniotes.

Taken together, the studies in mammals, birds and reptiles provide strong evidence that the
cytoarchitectonically-defined EW in monkeys, birds and reptiles is equivalent to EWpg in

the proposed nomenclature, as it contains motor neurons supplying autonomic fibers to the
I11 nerve. By contrast the evidence for an involvement of the cytoarchitectonically defined

EW in oculomotor function in other mammalian species was weak, if present.
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Central projections of EW

Connectional studies in the 70s and 80s provided additional insight into the nature of
cytoarchitectonically-defined EW in mammals. The first study revealing that some
component of what has been considered EW, in fact, had central projections was that of
Saper and colleagues in 1976. HRP injections into the spinal cord of rats, cats and monkeys
revealed a significant number of labeled cells in EW. This finding was confirmed by Loewy
and colleagues in 1978. In a subsequent study, Loewy and Saper (1978) used [3H]-labeled
amino acids as an anterograde tracer in order to define the central targets of EW in cats.
Projections were found to the dorsal accessory, parabrachial, subtrigeminal, spinal
trigeminal, gracile and medial cuneate nuclei, as well as to the spinal cord. As a retrograde
labeling control, the authors injected HRP into the dorsal column nuclei, spinal trigeminal
nucleus, inferior olivary nucleus, or spinal cord, and in each case found retrograde label in
EW. They concluded that the conventional view of EW as a source of preganglionic outflow
to CG needed to be reconsidered for the cat. Klooster et al. (1993) used Phaseolus vulgaris
leucoagglutinin (PhAL) to map the efferents of the rat EW, and saw a similar pattern. The
central descending pathway terminated in the inferior olivary nucleus, the parabrachial
nuclei, the facial nucleus, the trigeminal nuclear complex, the rostroventrolateral reticular
nucleus (C1 adrenergic neurons).

The cerebellum was added to the list of EW and AM targets in the cat by Chung et al.
(1987). A similar projection was observed in the rat (Roste and Dietrichs, 1988). In the
context of our argument, it is noteworthy that these authors suggested that this projection
might be related to controlling extraocular, as opposed to intraocular, muscles. In contrast,
monkeys show cerebellar projections from AM, but not EW (May et al., 1992; Sekiya et al.,
1984).

Jansen et al. (1993) used trans-synaptic transport of pseudorabies virus to study the regions
of the central nervous system that provide higher-order input to the rat stellate ganglion.
Surprisingly, EW was among the nuclei in which the authors detected infection with the
virus. This was interpreted as evidence for a direct connection between a parasympathetic
motor nucleus and a sympathetic one. Such a possibility had been raised by the fact that
Loewy et al. (1973) localized ascending inhibitory (pupillodilator) fibers from the spinal
cord projecting to EW by use of electrical stimulation. In retrospect, it must be noted that the
rat EW turned out not to be the location of preganglionic parasympathetic neurons.

It is noteworthy that in birds and reptiles, neurons in the vicinity of the circumscribed cell
group projecting to the ciliary ganglion (i.e. EW) project to the spinal cord (ten Donkelaar et
al., 1980; Cabot et al., 1982; Wolters et al., 1986). Due to the circumscribed nature of the
avian and reptilian EW, it was clear that the dorsal midbrain cells projecting to the spinal
cord do not belong to EW, and must be comparable to the EW neurons in mammals with
central projections.

Thus, the presence of central projections is a defining characteristic of the EWcp population,
even as the presence of peripheral projections defines EWpg (Fig. 8).

Inputs to EW

The light reflex input to EWpg arises from area pretectalis in birds and the olivary pretectal
area in mammals. A clear ocular role for EW in primates and birds was confirmed by
demonstrating input from pupillary control neurons of the pretectum (Pierson and Carpenter,
1974; Steiger and Buttner-Ennever, 1979; Gamlin et al., 1984). This pretectal area in
mammals primarily contains wide-field luminance units (Pong and Fuchs, 2000; Clarke et
al., 2003). Stimulation of this pretectal area constricts the pupil, and lesions of this area
cause a loss of the pupillary light reflex (Reiner et al., 1983; Gamlin et al., 1984). There are
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species-specific variations in the laterality of the pretectal projection to EW. For example,
birds display an entirely crossed pathway (Gamlin et al., 1984; Gamlin and Reiner, 1991),
while primates show both ipsilateral and crossed projections (see Loewenfeld, 1993),
although there is conflicting evidence for the ipsilateral projection (Steiger and Bittner-
Ennever, 1978).

Inputs from the olivary pretectal nucleus have been shown to end directly on a subset of CG
preganglionic EW neurons in primates and birds (Gamlin et al., 1984; May et al., 2008b). In
birds, the pretectal input is selective for the caudolateral part of EW (Reiner et al., 1983;
Gamlin et al., 1984). However, the precise targets of the pretectal projection within the
primate EW have been in dispute. In monkeys, both conventional anterograde tracers placed
in the pretectum and transneuronal anterograde tracers placed in the vitreous have been
interpreted as suggesting the pupillary component lies in an EW subdivision termed the
lateral visceral column (Benevento et al., 1977; Baleydier et al., 1990; Buttner-Ennever et
al., 1996; Kourouyan and Horton, 1997). Others have shown, however, that this pretectal
target region does not contain preganglionic motoneurons (Gamlin, 2000; Horn et al., 2008;
May et al., 2008a). Instead, there is evidence that pretectal terminals form close associations
with CG-projecting neurons in the ventromedial portion of the middle third of EW,
suggesting this specific part of EW mediates pupillary control in monkeys (Clarke et al.,
2003; May et al., 2008b).

In the monkey, injections of HRP that included both EW and Il only labeled the olivary
pretectal nuclei, and nuclei related to the oculomotor system (Steiger and Bittner-Ennever,
1979). In contrast, in a study of EW afferents in cats (Breen et al., 1983), not only were
retrogradely labeled neurons identified in the olivary pretectal nuclei, they were also found
in many other central nuclei that are not known to be related to the oculomotor system,
including: the ventral tegmental area, the pars reticulata of the substantia nigra, the
parabrachial nuclei, the focus coeruleus and subcoeruleus area, the nucleus incertus, the
raphe nuclei and the nucleus of the solitary tract. In fact, projections from the olivary
pretectal nucleus to EW were not seen in cats by anterograde means (Berman, 1977). This
may be due to the fact, that more rostral portions of the cat preganglionic population in and
around AM are related to pupillary control, while more caudal populations control lens
accommodation (Erichsen and May, 2002).

The sources of lens accommodation signals to EW neurons are even less well understood
(Gamlin, 1999). A midbrain near response region in the vicinity of 1l has been
demonstrated based on recordings in macaques (Mays and Porter, 1984; Mays and Gamlin,
1995). In addition, cells whose activity is related to vergence and lens accommodation have
been recorded in parietal and frontal cortex, the cerebellar nuclei and nucleus reticularis
tegmenti pontis (Hiraoka and Shimamura, 1989; Gamlin and Yoon, 2000). However, there is
little known about how these signals access the accommodative preganglionic neurons in
EW (Gamlin, 1999; May et al., 1992).

In rats, medial cerebellar and vestibular nuclei injections produced labeled terminals in EW,
as well as in many oculomotor-related areas of the brainstem (Buisseret-Delmas et al.,
1998). Utilizing anterograde tracers, Balaban (2003) described topographically organized
projections from the vestibular nuclei to the ipsilateral EW and AM of rabbits. Based on the
assumption that EW contained preganglionic neurons, they concluded that this projection
could facilitate lens accommodation, pupillary constriction and regulation of intraocular
blood flow in response to vestibular self-motion signals, even though the vestibular
projections were found to target ChAT-negative (and weakly immunoreactive) neurons in
EW. However, as we have noted, the preganglionic neurons in the rabbit primarily lie
beneath 111, not in EW.
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In summary, in those mammals where EWpg corresponds to the cytoarchitecturally-defined
EW, the inputs related to pupillary control have been clearly delineated, but lens control-
related inputs are yet to be defined. A much more diverse group of inputs supplies the
cytoarchitecturally-defined EW when it is in fact part of the EWcp population. This
dichotomy is illustrated in Figure 9, which emphasizes the need for more detailed
investigation of the sources of input in light of the distinction between EWpg and EWcp.

Neurochemical evidence for inconsistencies in the role of EW

Since parasympathetic preganglionic neurons are cholinergic, ChAT immunostaining has
recently been used in non-human primates to define the CG preganglionic neuron
distribution (Figs. 1, 6&7; Horn et al., 2008; May et al., 2008a). Like retrograde labeling,
this approach also reveals a pair of unitary cell columns dorsal to the 111, indicating that the
primate EW is not subdivided into several discrete visceral columns (Warwick, 1954; Burde,
1988). The preganglionic neurons in the bird and reptiles are also cholinergic and confined
to EW (Fig. 3, 6&7; Medina et al., 1993; Powers et al., 1993; Cavani et al., 2003). However
in cats, ChAT staining supports the contention that the cytoarchitecturally-defined EW and
the source of the input to CG lie in different locations. Presumably this projection to CG
originates from ChAT-positive neurons scattered between, dorsal, ventral and anterior to the
somatic motoneurons of 111 (Figs. 4,6&7; Strassman et al., 1987; May et al., 2008a). The
rodent EW also contains few ChAT-positive neurons (Figs. 5,6&7; Weitemier et al., 2005).
In humans, ChAT staining indicates that preganglionic neurons are located dorsal to Il in an
indistinct column (Figs. 2,6&7; Ryabinin et al., 2005; Horn et al., 2008). However, in
contradistinction to other primates, human ChAT positive motoneurons are not located in
the cytoarchitecturally-defined EW of Olszewski and Baxter (1982), and so probably do not
lie within the small-celled nucleus originally observed by Edinger (1885) and Perlia (1893).
Taken together, the studies on projections and ChAT staining show that a cytoarchitecturally
defined EW is the source of the cholinergic projection to CG in non-human primates, birds
and reptiles, but is not in many other species. To further address these contradictions,
combined connectional and immunohistochemical studies have been undertaken.

Neurochemical studies showed that not only does EW of many species project centrally,
these central projections are not cholinergic (Hokfelt et al., 1976). Strassman et al. (1987)
performed double-labeling experiments in cats, combining HRP injections into the CG with
Nuclear Yellow injections into the spinal cord or cerebellum. The retrograde labeling was
further combined with immunohistochemistry for ChAT. Neurons projecting to the CG
expressed strong ChAT-immunoreactivity, but were primarily located outside EW and AM.
Neurons around and within EW and AM that projected to the cerebellum and the spinal cord
were not cholinergic. In addition to confirming that EW and AM project to the cervical and
lumbar levels of the spinal cord in cats, Phipps et al. (1983) combined the tracer techniques
with immunohistochemistry to prove that many of the relevant neurons are substance P-like
immunoreactive. In a follow-up study, Maciewicz et al. (1984) demonstrated that some cat
EW neurons projecting to the spinal cord and/or trigeminal complex are also
cholecystokinin-immunoreactive. Finally, Otake (2005) studied the source of afferents of the
paraventricular nucleus of the thalamus in rat by combining retrograde labeling with
immunohistochemistry for cholecystokinin and substance P. Neurons projecting to
paraventricular thalamus that contained both neuropeptides were distributed throughout EW,
although principally at the rostral levels (see also Innis and Aghajanian, 1986).

Renewed attention was paid to these early studies showing the existence of hon-oculomotor,
peptidergic and centrally projecting components to the classically described EW in rodents,
following the discovery of two new neuropeptides, viz. Ucnl (Vaughan et al., 1995) and
cocaine-and amphetamine-regulated transcript (CART; Koylu et al., 1998), in the late 1990s.
When the brain distributions of these neuropeptides were subsequently mapped in the rat
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(Douglass and Daoud, 1996; Koylu et al., 1998; Kozicz et al., 1998; Bittencourt et al.,
1999), most of the immunohistochemically defined neurons were reported to lie in EW.
Previously, Chung et al. (1987) had used a combination of a retrograde tracer (HRP)
injection into the cervical spinal cord and immunohistochemistry for corticotropin-releasing
factor (CRF) in cats to demonstrate double-labeled cells throughout EW and AM. However,
it was later proven that those cells were in fact immunoreactive to Ucnl and not to CRF
(Bittencourt et al., 1999). Bittencourt and colleagues (1999) placed retrograde fluorescent
tracers in the upper thoracic spinal cord and the lateral septal nucleus of rats, because Ucnl
terminals had been identified in both regions (Vaughan et al., 1995). They found sets of
Ucnl-positive double-labeled cells in EW from both injections. Thus, the rat EW gives rise
to ascending and descending projections, and the ascending and descending projections arise
from different Ucnl-positive populations. Ascending projections were also found to target
the rat ventral tegmental area and substantia nigra (Yamamoto et al., 1998). In birds, Ucnl-
positive neurons were found in the cell group near EWpg that was known to project to the
spinal cord (Cavani et al., 2003).

Since the EWcp contains the vast majority of Ucnl-positive cells in the CNS, it is
presumably the source of the widespread urocortinergic fiber projection (rat: Bittencourt,
1999; mouse: Weitemier et al., 2005; monkey: Vasconcelos et al., 2003). Further evidence
for this comes from Bachtell et al. (2004), who performed electrolytic lesions of the
cytoarchitectonically-defined EW in the mouse, and observed a significant reduction of
Ucnl-positive fibers in the lateral septum and the dorsal raphe. This pattern is widespread,
considering that neuropeptides, including those already mentioned and recent additions, i.e.:
neuropeptide B and nesfatin, have been observed in EW of other species (frog: Kozicz et al.,
2002; Lazar et al., 2004; mouse: Bachtell et al., 2002a&b; Tanaka et al., 2003; rat: Dun et
al., 2005; Foo et al., 2008; Xu et al., 2009; vole: Lim et al., 2006).

The results summarized above were surprising in that they contradicted “textbook” views
that only ascribed ocular functions to EW. Today, it is clear that the neurons with central
projections are not the same as those that project to the CG. Nonetheless, because these
EWcp cells occupy the nucleus previously identified as EW in some species, while ChAT-
positive neurons of the EWpg occupy EW in other species, considerable confusion was
generated in the literature. The question as to why EWpg is a distinct compact nucleus in
some species but not others is likely to have an evolutionary basis. The ubiquity of this trait
in birds and reptiles suggests it evolved early in this lineage as a corrollary of the emergence
of relatively large eyes and keen visual ability (Ott, 2006). The general absence of this
feature may be a reflection of the apparent nocturnal bottleneck and reduced visual reliance
early in mammalian evolution (Heesy and Hall, 2010), with compactness separately
emerging in primates in association with large frontal eyes and keen vision.

Functional perspective

Cholinergic projections controlling the lens and pupil

Anatomical results suggesting that the monkey EW contains cholinergic preganglionic
neurons controlling the lens and pupil are supported by numerous physiological
investigations, some of which were noted above. Additionally, records from units recorded
in the macaque monkey EW demonstrate that their firing rates are correlated with the
activity of the ciliary and sphincter pupillae muscles (Gamlin et al., 1994; Gamlin, 2000).
Furthermore, EW mediates lens accommodation and pupillary constriction in primates, birds
and reptiles (Reiner et al., 1983; Crawford et al., 1989; Vilupuru and Glasser, 2005; Ott,
2006; Dearworth et al., 2009). EW function has been discussed in the preceding historical
review, and for more detailed accounts of the physiological and functional aspects of EWpg
in oculomotor autonomic function see reviews by Gamlin, (1999, 2000).

J Comp Neurol. Author manuscript; available in PMC 2013 June 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 12

Centrally projecting EW neurons

In the last fifteen years, work on CART, but especially on Ucn1 neurons in the rodent
midbrain has markedly expanded our insights into the functional significance of centrally
projecting EW neurons. An increasing body of evidence implies that EWcp neurons sex-
dependently control and/or modulate stress-related physiological and behavioral responses,
as well as possess a unique role in consumption of rewarding substances, suggesting that
EWcp neurons are in a unique position to integrate stress- and reward-related processes.
This intriguing notion, however, remains to be tested in future studies.

Ucnl and stress (mal)adaptation

An increasing body of evidence suggests the involvement of the midbrain Ucnl cells in
stress adaptation. This intriguing hypothesis was first raised by the groups of Majzoub
(Weninger et al., 2000), and Kozicz (Kozicz et al., 2001), who reported that acute restraint
and pain stress recruited Ucnl neurons, and up-regulated their Ucnl mRNA expression.
Subsequent studies have revealed that the activation of Ucnl neurons is stressor-specific in
rats (Gaszner et al., 2004). In addition, surgical intervention (a form of acute stress) also
induces strong Fos and Fra-2 expression in EW indicating that EW neurons are sensitive to
altered body homeostasis (Lantéri-Minet et al., 1994; Palkovits et al., 2009).

Restraint stress similarly increased the expression of egr-1 (another inducible transcription
factor) in bird Ucnl cells (Cunha et al., 2007). In mice, however, no induction of Fos or
egr-1-ir has been reported following various acute stressors (Turek and Ryabinin, 2005;
Spangler et al., 2009) suggesting that the stress responsiveness of EW neurons is species-
specific. In agreement with this idea, electrolytic lesions of this brain area in the mouse,
which produce several other robust behavioral effects, do not affect anxiety-like behavior in
the plus maze, locomotor behavior in the open field, or levels of plasma corticosterone
(Weitemier and Ryabinin, 2005b).

Interestingly, the dynamics of activation of the classical hypothalamic-pituitary-adrenal
(HPA) axis and that of Ucnl neurons are different (usually modulating in opposing
directions) (Viau and Sawchenko, 2002; Korosi et al., 2005; Kozicz et al., 2008a).
Consequently, the hypothesis has been put forward that the complementary dynamics of
Ucnl serves to terminate the central stress responses (Kozicz, 2007). Collaboration between
the two systems would imply Ucnl has an important role in adaptation to stress, and, as a
consequence, in stress-related disorders.

To provide evidence for this notion, three mouse models with null mutations of the Ucnl
gene have been generated. One of these showed significantly heightened anxiety-like
behavior (Vetter et al., 2002), but a normal HPA-axis response to stress, and no change in
CRF mRNA expression (Vetter et al., 2002). These findings suggest endogenous Ucnl may
not be directly involved in regulation of the HPA system in acute stress, or has a minor,
redundant role. Instead, its role may lie in regulating the HPA axis response to chronic
challenges. In line with this, another model with a null mutation in the UcnZ gene showed
impaired adaptation to repeated restraint (Zalutskaya et al., 2007). However, it must be
noted that a third mouse line, did not show any change in anxiety-like behavior (Wang et al.,
2002). In a recent study, Neufeld-Cohen et al. (2010) demonstrated decreased anxiety and
altered forebrain serotonergic functioning in Ucn1/Ucn2 double knock-out mice. This,
together with the fact that Ucnl neurons project to the dorsal raphe nucleus, clearly puts the
EWcp urocortinergic neurons in a critical position to control dorsal raphe serotonergic
activity, and thereby modulate the response of the HPA axis to stress (Kozicz, 2010).

The involvement of CRF in stress-related psychopathologies is beyond dispute (for reviews,
see: Joels et al., 2008; de Kloet, 2008). However, increasing evidence suggests a role for
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EW Ucn1 neurons in the development of stress-related mood disorders (Kozicz et al.,
2008b). In fact, stress-induced increases in neuronal activity in Ucnl neurons may represent
an element of the organism’s strategy to cope with the stressor (Weninger et al., 2000;
Kozicz et al., 2001; Gaszner et al., 2004; Korosi et al., 2005; Kozicz et al., 2008a). There is
also pharmacological evidence indicating specific roles for Ucnl neurons in anxiogenesis.
Specifically, the anxiolytic properties of benzodiazepines and selective agonists of the
metabotropic glutamate receptors manifest, at least in part, via regulation of Ucnl neuron
activity (Skelton et al., 2000; Linden et al., 2004; 2006).

Sex differences

Recently, estrogen receptor (ER) beta, but not ER alpha, was found to co-exist with Ucnl in
mouse EW neurons (Derks et al., 2007; 2009). Haeger et al. (2005) demonstrated that
estrogen decreases the transcriptional activity of the Ucnl promoter acting via ERB. These
two observations have led to the notion that Ucnl may be responsible, at least in part, for
gender-differences in stress sensitivity in rodents, and possibly in humans. In agreement
with this idea, recent studies showed that female rats possess significantly higher levels of
Ucnl immunoreactivity than male rats (Fonareva et al., 2009). In addition, Ucnl
immunoreactivity decreases during the course of pregnancy in rats (Fatima et al., 2007). The
intriguing idea of regulation of Ucn1 by sex hormones needs further investigation.

In this light, it is useful to note that Ucnl mRNA levels in EW neurons are significantly
higher in male, but unchanged in female, depressed suicide victims. In addition, male
suicide victims had significantly more Ucn1l in their EW neurons than female suicide
victims (Kozicz et al., 2008b). These data strongly suggest that imbalanced activity of HPA
axis and Ucnl neurons may both contribute to the pathogenesis of depression and suicide in
a sex-dependent manner (Kozicz, 2007).

Involvement of Ucnl in food intake and addiction

Besides a role in anxiety and depression-like behavior, EW Ucnl neurons appear to be
involved in regulating intake of food, alcohol and addictive drugs. Several lines of evidence
confirm this idea.

First, several genes involved in regulating intake of alcohol, drugs of abuse and food (e.g.
Ucn, Cart, Cck, Ghsrl) are expressed in EW cells, and their expression occurs at levels
higher than in areas traditionally associated with reward (Maciewicz et al., 1984; Douglass
and Daoud, 1996; Koylu et al., 1998; Kozicz et al., 1998; Bittencourt et al., 1999; Ryabinin
and Weitemier, 2006; Zigman et al., 2006).

Second, Ucnl administration potently regulates food consumption (Spina et al., 1996), and
rats fed high-fat diets showed a decrease in Ucnl mRNA expression (Legendre et al, 2007).
Double-labeling immunohistochemistry revealed that almost all rat Ucnl neurons expressed
leptin receptor, and 2-day fasting caused a marked upregulation of Ucnl mRNA in male (but
not in female) rats (Xu et al., 2009). The involvement of Ucn1l neurons in regulation of food
consumption could be evolutionary conserved, as studies in Xenopus laevis show that food
deprivation decrease CART immunoreactivity in EW neurons (Calle et al., 2006).

Third, Ucnl cells are highly sensitive to administration of alcohol and drugs of abuse. Thus,
administration of alcohol, ether, benzodiazepines, barbiturates, morphine, cocaine,
amphetamine, methamphetamine and gamma-hydroxybutyric acid all result in increased
Fos-ir in rodent EW neurons (Chang et al., 1995; Ryabinin et al., 1995; Bachtell et al.,
2002b; Gaszner et al., 2004; Singh et al., 2004; Singh et al., 2006; van Nieuwenhuijzen et
al., 2009). This response to drugs of abuse is independent of the stress of drug
administration (Turek et al., 2005; Spangler et al., 2009). Thus, EW neurons show a robust
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and brain region-selective Fos response, not only after passive administration of drugs of
abuse by an experimenter, but also when animals self-administer addictive substances, such
as alcohol (Topple et al., 1998; Bachtell et al., 1999; Ryabinin, et al., 2001; Weitemier et al.,
2001).

Fourth, multiple genetic studies have demonstrated that lines of mice and rats with high
alcohol intake have higher Ucn1 levels than rodent lines with low alcohol intake. This
suggests that the Ucnl is involved in genetic predisposition to high alcohol consumption
(Bachtell et al., 2002a; 2003; Fonareva et al., 2009; Turek et al., 2005; Weitemier and
Ryabinin, 2005b)

Fifth, lesions of the rodent EW greatly attenuate ethanol preference, food and water
consumption, but not preference for saccharine or saline solutions (Bachtell et al., 2004;
Weitemier and Ryabinin, 2005b; Weitemier and Ryabinin, 2006). Interestingly, these
anorexic effects of lesions are not accompanied by a decrease in body weight. The latter
finding suggests that the effects of EW lesions on food are mediated by mechanisms that
regulate energy metabolism.

Taken together, studies on addictive drugs and eating and drinking behaviors suggest that
Ucn1l neurons of EW could have a unique role in consumption of highly rewarding
substances.

Summary and solution for the nomenclature problem

Thus, to the surprise of many researchers, EW has been found to be involved in stress-
related activity and regulation of alcohol and food consumption, in addition to being the
final common pathway for control of lens accommodation and pupillary constriction. The
designation EW has become confusing because it refers to two neuroanatomically and
functionally distinct neuron populations, viz. a cholinergic, peripherally projecting
motoneuron population that mediates pupil and lens control, as well as a peptidergic,
centrally projecting cell group with no known role in ocular function. Consequently,
adoption of new terminology that discriminates between these populations has become
unavoidable. We propose a novel, connectivity-based, nomenclature solution in which the
cholinergic group of cells with parasympathetic oculomotor function is termed EWpg, and
the peptidergic group with consumption and stress-related functions is termed EWcp. Unlike
the old name, these new terms alert the reader to the presence of the two populations
adjacent to 111, while at the same time acknowledging that they have different distributions,
connections, chemistry and functions. Hopefully this new terminology will facilitate further
investigation into the inputs and functions of these distinct populations. Such investigations
may reveal whether their physical proximity in plll along with other groups like the C- and
S-group motoneurons is simply a side effect of development, or whether it reflects a need to
share inputs.
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Figurel.

Digital photomicrographs of the macaque monkey perioculomotor area (plll). Sections were
stained using antibody to urocortin 1 (Ucnl) (A-C), antibody to choline acetyl transferase
(ChAT) (D-F) and with cresyl violet (Nissl) (G-I), and are shown in a rostral to caudal
sequence. The mid section is not midway between the others, but is instead located near the
front of the oculomotor nucleus (111) because the interactions of the different populations are
particularly complex at this point. Rostral to 111, the Ucn1 cells are oriented dorsoventrally,
with many of them occupying the anteromedian nucleus (AM). Note that EWpg
motoneurons form a discrete nucleus in the monkey that is dorsal to somatic motoneurons in
111 (i.e, the former EW). The EWcpneurons do not form an obvious nucleus, but instead
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extend from between the two nuclei of 111 into the supraoculomotor area (SOA). A few are
scattered amongst the myelinated bundles lateral to I1l. Scale bar: 1mm.
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Figure 2.

Photomicrographs of transverse sections through plll in human immunostained for Ucnl
(A-C). Note that at caudal levels the Ucn1-positive neurons of EWcp form two separate cell
groups dorsal to I11, which merge at more rostral levels to form a large compact group. This
is delineated in Nissl-stained sections as well (D-F). Portions of this population were
formerly termed EW. At mid levels, sometimes an additional small ventral part of the Ucnl-
positive cell group is apparent, which merges with the dorsal group rostraly to Il (B). For
clarity, corresponding blood vessels are indicated by asterisks in the matching picture pairs.
Scale bar: 1 mm.
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Figure 3.

Digital images of oculomotor (111) region in the pigeon brain. In the upper row (A-C),
Ucn1l-positive neurons form the two medial columns of the EWcp which is located below
the central aqueduct (aq). More caudally, the major group of the Ucn1-labelled neurons
moves dorsally to form a winglike structure above I11. D-F present ChAT-positive neurons
that constitute the subdivisions of the 111 and EWpg. The latter is located dorsolateral to the
former. G-I present sections stained with Giemsa, showing the relationship of Il and
EWpg. The latter is composed of medial (EWpgm) and the lateral (EWpgl) subdivisions.
This is the nucleus formerly termed EW. Other abbreviations: FLM: fasciculus
longitudinalis medialis; nlll: oculomotor nerve. Scale bar: 200um.
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Figure4.

Photomicrographs of the feline oculomotor (111) region. Note that the ChAT-positive
motoneurons of EWpg do not form a discrete nucleus in the cat (D-F), and are instead
scattered dorsal, rostral and ventral to somatic motoneurons in I11. The Ucnl1-positive EWcp
neurons do form a discrete nucleus dorsal to 111 that extends as a paired column at the most
rostral levels (AC). As shown in the Nissl sections (G-I), this nucleus was formerly termed
EW. However a few neurons are scattered in the supraoculomotor area (SOA) and amongst
the myelinated bundles lateral to 111. Scale bar: Imm.
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Figure5.

Photographs of transverse sections through the oculomotor (I11) region in rat, with combined
immunofluorescence for Ucnl (green, A—C) and ChAT (red, D-F). At caudal and mid
levels, the Ucn1-positive neurons of EWcp form a rather compact nucleus visible in the
Nissl sections (G-I). This nucleus was formerly called EW, with its neurons more scattered
at rostral levels. ChAT-positive neurons within 111 represent extraocular motoneurons, and
scattered ChAT-positive neurons dorsal to 111 may represent preganglionic neurons (EWpg).
These overlap with EWcp rostral to 111 (A,D.G). For clarity, corresponding blood vessels are
labelled by asterisks in the picture pairs. Scale bar:200 pm. Other abbreviations: aq; cerebral
aqueduct.
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Figure®6.

Line drawings showing the organization of EWpg and EWcp in several selected species:
avian, rat, cat, monkey and human. Representative rostral (left column), middle (middle
column) and caudal (right column) sections are shown. The EWcp is indicated by light gray
shading and EWpg is indicated by dark gray shading. Scattered cells located outside the
nuclear boundaries are indicated by appropriately shaded circles.
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Figure7.

Three dimensional (3-D) representations of human, macaque, cat, rat and pigeon oculomotor
complex, to illustrate the 3-D organization of EWpg and EWcp. The 3-D models are cut at
selected points to illustrate how frontal sections through this level would look. In cases
where the population is scattered, and so not contained in a discrete nucleus, dots are used.
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Figure8.

Schematic diagram of a midsagittal section through the rat brain to summarize the known
afferents to the classical EW. Species differences in the location of Ewcp and EWpg were
not considered. Abbreviations: BRF, bulbar reticular formation; Cb, cerebellum; CN,
cerebellar nuclei; Cx, cerebral cortex; Dk, Darkeschewitsch nucleus; H, hypophysis; InC,
nucleus interstitial of Cajal; LC, locus coeruleus; LPB, lateral parabrachial nucleus; MV,
medial vestbibular nucleus; NI, nucleus incertus; Ob, Olfactory bulb; OC, olivary complex;
PB, parabrachial nuclei; PC, nucleus of the posterior commissure; PTm, medial pretectal
nucleus; Raphe, raphe nuclei; SC, superior colliculus; SubC, subcoeruleus; SV, superior
vestibular nucleus; V complex, trigeminal nuclei complex; VTA, ventral tegmental area; VI,
abducens nucleus; X zone, the X zone of the cerebellar cortex. The shaded gray areas
represent the corpus callosum, fornix, anterior commissure and the optical chiasm and tract.
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Figure9.

Schematic diagram of a midsagittal section through the rat brain to summarize the known
sources of inputs supplying the EWpg and EWcp (together EW). Possible species
differences are not indicated. Abbreviations: Cb, cerebellum; CG, ciliary ganglion; Cx,
cerebral cortex; H, hypophysis; 10, inferior olivary nucleus; LPB, lateral parabrachial
nucleus; LRN, lateral reticular nucleus; LS, lateral septal nucleus; MeON, medial olivary
nucleus; MON, main olivary nucleus; Ob, Olfactory bulb; RVRN, rostroventral reticular
nucleus; V complex, trigeminal complex; V11, facial nucleus. The shaded gray areas
represent the corpus callosum, fornix, anterior commissure and the optical chiasm and tract.
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