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Abstract

Urocortin is a novel neurotransmitter that appears to play a role in eating and drinking behavior. Most
urocortin-positive (urocortin*) neurons in rodents are found in the cytoarchitecturally defined
Edinger-Westphal nucleus (EW). However, the EW is traditionally described as the source of the
preganglionic parasympathetic outflow to the ciliary ganglion. We examined the distribution of
urocortin® cells and motoneurons by use of immunohistochemical staining for this peptide and for
choline acetyl transferase (ChAT) in macaque monkeys, where most preganglionic motoneurons
inhabit the EW, and in cats, where most do not. In both species, lack of overt double labeling indicated
the ChAT™ and urocortin® cells are separate populations. In the monkey, most non-oculomotor
ChAT™* neurons were found within the EW. In contrast, urocortin* cells were mainly distributed
between the oculomotor nuclei, and in the supraoculomotor area. In the cat, most non-oculomotor
ChAT™ cells were located in the supraoculomotor area and anteromedian nucleus. Few were present
in the cat EW. Instead, this nucleus was filled with urocortin® cells. These results highlight the fact
the term EW has come to indicate different nuclei in different species. Consequently, we have adopted
the identifiers preganglionic (EWpg) and urocortin containing (EW\,) to designate the
cytoarchitecturally defined EW nuclei in monkeys and cats, respectively. Furthermore, we propose
a new open-ended nomenclature for the perioculomotor (plil) cells groups that have distinctive
projections and neurochemical signatures. This will allow more effective scientific discourse on the
connections and function of groups like the periculomotor urocortin (pllly) and preganglionic
(plllpg) populations.

Indexing Terms
Edinger-Westphal; Oculomotor; Preganglionic Parasympathetic; Appetite; Stress; Lens; Pupil

INTRODUCTION

The peptide urocortin, a novel putative neuropeptide transmitter, was initially detected in
neurons located in the midbrain of rodents (Vaughan et al., 1995; Kozicz et al., 1998;
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Yamamoto et al., 1998). Other locations in the brain, including the lateral superior olive and
supraoptic nucleus, have also been shown to contain urocortin positive cells, but the rostral
midbrain contains the largest population (Bittencourt et al., 1999; Lim et al., 2006; Morin et
al., 1999; Weitemier et al., 2005). Urocortin is structurally similar to corticotropin-releasing
factor (CRF), which is a well-known mediator of stress responses and anxiety (Heinrichs and
Richard, 1999; Vale et al., 1981; Vaughan et al., 1995). Further CRF- related compounds have
since been isolated, which are designated as Urocortin 2 and 3, with the original urocortin
designated Urocortin 1 (Hauger et al., 2003; Bale and Vale, 2004). Here we examined Urocortin
1, which for purposes of simplicity will be designated as just urocortin in this report. Urocortin
is able to activate both CRF4 and CRF ; receptors, and it binds to these receptors and CRF
binding protein more readily than CRF itself (rat: Vaughan et al., 1995). In fact, urocotin levels
have been found to have an inverse relationship to CRF levels (mouse: Kozicz et al., 2004;
Weninger et al., 2000; rat: Skelton et al., 2000). This may have important medical
consequences, as both CRF and urocortin levels have been associated with stress (rat: Gaszner
et al., 2004; Kozicz et al., 2001; mouse: Weninger et al., 2000). Urocortin and CRF also seem
to play arole in appetite control (Heinrichs and Richard, 1999; Spinaetal., 1996). This includes
appetite for drugs and alcohol, as well as food. For example, the level of expression of urocortin
in midbrain urocortin-positive neurons has been tied to the propensity for alcohol consumption,
and this same set of neurons shows up-regulation of c-fos expression in response to alcohol
intake (mouse: Bachtell et al., 2002; 2003). Taken together, these studies suggest that the
urocortin system in the rostral midbrain, like the serotonergic one in the caudal midbrain, may
play a role in modulating several important behaviors. Moreover, there is a fairly limited
distribution of urocortin-positive cells that give rise to a widespread distribution of urocortin-
positive terminals, a pattern like that of the dorsal raphe (monkey: Vasconcelos et al., 2003;
mouse: Weitemier et al., 2005; rat: Bittencourt et al., 1999).

The main population of urocortin-positive cells has been described as lying in the Edinger-
Westphal nucleus (EW) of the rodent midbrain, as these cells are found in a region of closely
packed neurons located on either side of the midline between the oculomotor nuclei (mouse:
Bachtell et al., 2002; rat: Kozicz et al., 1998; Yamamoto et al., 1998; vole: Lim et al, 2006).
However, the names Edinger and Westphal have long been associated with the cells of origin
of the parasympathetic outflow that travels via the third cranial nerve, and supplies the ciliary
ganglion for control of the ciliary and pupillary sphincter muscles (Edinger, 1885; Westphal,
1887). Edinger described the presence of groups of smaller neurons associated with the
oculomotor nucleus, and Westphal described a clinical case in which extraocular function was
lost, but pupillary constriction and lens accommodation were maintained. In this case,
pathological examination showed a lesion that involved the large celled portions of the
oculomotor nucleus, but preserved the smaller cells located more dorsally. Contemporary
retrograde tracer studies in old and new world monkeys have demonstrated that the
preganglionic parasympathetic motoneurons supplying the ciliary ganglion lie in two columns
of cells that are located dorsal to the oculomotor nucleus on either side of the midline (Akert
et al., 1980; Burde and Loewy, 1980, Clarke et al., 1985). The vast majority of these cells lie
in a cytoarchitecturally distinct nucleus within the monkey midbrain, which has been termed
the EW. The column of preganglionic motoneurons extends rostrally further than the
oculomotor nucleus, where it occupies a portion of the anteromedian nucleus (Akert et al.,
1980; May et al., 1992). Physiological investigations of the neurons in the monkey EW
demonstrate that their firing rates are correlated with the activity of the ciliary and sphincter
pupillae muscles (Gamlin et al., 1994), and electrical stimulation of EW produces lens
accommodation and pupillary constriction (Crawford et al., 1989; Vilupuru and Glassner,
2005). The distribution of these preganglionic motoneurons in prosimian primates is similar
to that of monkeys (Sun and May, 1983). In birds as well, the EW is the source of the
preganglionic outflow to the ciliary ganglion (Gamlin and Reiner, 1991; Reiner et al., 1983;
1991), although the bird EW also has been shown to regulate blood flow in the choroid, in
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addition to producing pupillary constriction and lens accommodation (Fitzgerald et al., 1990,
1996). On the other hand, Ryabinin and colleagues (2005) have recently demonstrated that the
cytoarchitecturally defined nucleus traditionally termed the Edinger-Westphal nucleus in
humans (Olszewski and Baxter, 1982) contains primarily urocortin-positive neurons, not
neurons that are immunoreactive for choline acetyl transferase (ChAT).

In non-primate mammals, the organization of the oculomotor preganglionic motoneurons is
more diffuse. For example, cats display a midline nucleus located immediately dorsal to the
oculomotor nucleus, which has been called the EW. Surprisingly, only a small portion of the
preganglionic motoneurons supplying the ciliary ganglion are located within this nucleus. The
rest are found in the supraoculomotor area (SOA), along the midline between the oculomotor
nuclei, in and around the anteromedian nucleus, and among the exiting rootlets of the
oculomotor nerve, just beneath the medial longitudinal fasciculus (MLF) (Erichsen and May,
2002; Loewy and Saper, 1978; Loewy et al., 1978; Sugimoto et al., 1977; Toyoshoma et al.,
1980). In contrast, the cytoarchitecturally defined EW of the cat appears to be the source of
projections to a variety of central structures, including the cerebellum and spinal cord (Loewy
and Saper, 1978; Loewy et al., 1978; Roste and Dietrichs, 1988a&b; Sugimoto et al., 1978).
In addition, these centrally projecting cells appear to be peptidergic and have been reported to
show immunoreactivity for substance P, cholecystokinin (CCK) and even CRF (Chung et al.,
1987; Maciewicz et al., 1983; 1984). [More recently, it was suggested that the immuoreactivity
for CRF in EW can be attributed to cross-reactivity with urocortin, because CRF mRNA
expression is not found there (rat: Bittencourt et al., 1999)] In rabbit, the preganglionic
motoneurons are largely found among the exiting third nerve rootlets, beneath the oculomotor
nucleus (Johnson and Purves, 1981). The organization in rodents is less well understood, as
the small size of the ciliary ganglion makes it a difficult injection target. Inoculations of the
anterior chamber with pseudorabies virus, a trans-neuronal retrograde marker, have been
employed in rodents to overcome this difficulty (mouse: Vann and Atherton, 1991; rat;
Smeraski etal., 2004). These studies suggest the preganglionic motoneurons are mainly located
in the area of the anteromedian nucleus. Rodents also have a nucleus designated as EW. It is
a small, paired nucleus located on either side of the midline, between the oculomotor nuclei in
mouse (Paxinos and Franklin, 2001), and has a slightly more dorsal location in rat (Paxinos
and Watson, 1982).

Working under the assumption that the preganglionic parasympathetic neurons should be
positive for antibodies to choline acetyl transferase (ChAT), Weitemier and colleagues
(2005) have recently demonstrated that the urocortin-positive neurons in the mouse EW are
not ChAT-positive (ChAT™), and so presumably project centrally, and not to the ciliary
ganglion. In view of the possible importance of the urocortin-positive (urocortin*) population
of midbrain neurons, it seemed reasonable to determine their location in other species
commonly used in neuroscience investigations. Furthermore, the present study was directed at
determining the exact relationship of the urocortin* population with respect to the
preganglionic parasympathetic motoneurons supplying the eye, and to the boundaries of the
cytoarchitecturally defined EW. In light of these criteria, we chose to investigate the location
of urocortin* and ChAT* populations in the cat and macaque monkey. These species were
chosen both because they have the best studied EW, and because the relationship between the
EW and the preganglionic population in these two species is notably different.

The methods used in these experiments were approved by the investigator’s respective local

Institutional Animal Care and Use Committees, and fall within the accepted practices outlined
by the NIH Guide for the Care and Use of Animals. The study employed adult cats (n = 5) and
monkeys, Macaca fascicularis and mulatta, (n = 8) of both sexes. The tissue used in the study
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was taken from animals that had been employed in chronic physiology experiments and were
being sacrificed for routine histology, or were part of other anatomy experiments that would
not conflict with the immunohistochemical studies presented here. Before perfusion, the
monkeys were sedated with ketamine HCI (10 mg/kg). All animals were anesthetized with an
overdose of sodium pentobarbital (50-70 mg/kg, IP). Once they were entirely non-responsive,
they were perfused through the heart with a wash consisting of 0.1 M, pH 7.2 phosphate
buffered saline (PBS), followed by a fixative solution containing 4 % paraformaldehyde in 0.1
M, pH 7.2 phosphate buffer (PB). The brains were blocked in the frontal plane, in situ, then
removed and postfixed overnight at 4°C in the same fixative. They were then equilibrated in
30 % sucrose in PB at 4°C as a cryoprotectant. At this point, they were frozen and sectioned
on a sliding microtome. The sections (50 or 80 um) were collected in serial order and stored
at 4°C until processed.

To reveal the presence of urocortin containing neurons, a series of sections was first treated
with 0.3 % H,0, to eliminate endogenous peroxidase activity, and then placed in a blocking
solution consisting of 2.0 % bovine serum albumin (BSA) in 0.1 % Triton X-100 in PBS. The
sections were then incubated overnight at 30°C in primary antibody to urocortin at a 1:10,000-
15,000 dilution in 0.03 % Triton X-100, 0.1 % BSA, PBS. The urocortin antibody (Sigma-
Aldrich, catalog # U4757, lot # 039H4815) was raised in rabbit against amino acids 25-40 of
the human peptide. The primary antibody was then tagged with a biotinylated anti-rabbit
secondary (Vector Labs), which was in turn revealed using a Vectastain ABC kit (Vector Labs).
The chromagen diaminobenzidine was used to visualize the ABC kit horseradish peroxidase
tag, in some cases using conventional nickel/cobalt intensification methods (Adams, 1981).
The sections were then mounted on slides, counterstained with cresyl violet (in some cases),
dehydrated, cleared and coverslipped. To visualize the choline acetyl transferase (ChAT), an
antibody to ChAT (Chemicon International, catalog # AB144P, lots 21120024 & 0603026202)
raised in goat to human placental enzyme was used at a dilution of 1:480 in a procedure like
that described for urocortin, with the exception of the fact a goat ABC kit was employed.

Conventional controls utilizing omission of the primary or secondary antibodies were run for
both urocortin and ChAT. These procedures resulted in complete absence of
immunohistochemical signal. The Sigma anti-urocortin antibody was controlled for specificity
in our previous study, in which preincubation of the primary antibodies with 0.1 mmol of
urocortin, but not CRF, urocortin 2 or urocortin 3, abolished the immunohistochemical signal
(Bachtell et al., 2003), and recently using the knockout test, in which there was no urocortin-
positive staining in urocortin knockout mice (Ryabinin, unpublished observations). The
Chemicon anti-ChAT antibody has been also controlled for specificity in previous studies by
others. For example, Leger and colleagues (1999) observed that omission of primary antibody
or preincubation with a 100-fold excess of appropriate antigens results in lack of
immunohistochemical signal.

To simultaneously reveal the location of both the urocortin* neurons and the cholinergic
motoneurons, a sequential fluorescence immunohistochemical procedure was employed with
the antibodies listed above. First, the sections were washed in 0.3 % Triton in PBS, and then
they were placed in blocking solution consisting of 1% bovine serum albumin (BSA). Next,
they were incubated overnight in the first primary antibody, a solution of 1:10,000 rabbit anti-
urocortin. After several PBS rinses, they were placed in biotinylated donkey anti-rabbit
secondary (1:500 in 0.3 % triton PBS). They were rinsed again, and then placed in Cy2-
conjugated (green fluorescing) Streptavidin in Triton/PBS (1:200) (Jackson Labs). To reveal
the cholinergic population, the sections were again rinsed in PBS and place in a second primary
antibody overnight at 4°C: goat anti-ChAT 1:480 in 1% BSA/Triton/PBS solution. The
following morning, they were rinsed and incubated in Cy3- conjugated (red fluorescing)
donkey anti-goat 1gG (Jackson Labs) at 1:200 in 1% BSA/Triton/PBS. They were then rinsed
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a final time in PBS and mounted onto gelatinized slides. Once the mounted sections were
completely dry, they were coverslipped using DPX mounting medium for fluorescence
microscopy.

Sections from both the single- and double-label procedures were viewed using a Nikon
microscope equipped for conventional and fluorescence observation. Images of interest were
obtained using a Nikon black and white or a CoolSNAP color digital camera, through the
application of Metamorph software. The sequential fluorescence immunohistochemistry
images were taken as two individual fluorophore-specific images with the black and white
camera. They were then pseudocolored to match the observed view and combined digitally.
All images were further adjusted with respect to brightness, contrast and color balance using
Adobe Photoshop to best resemble the image seen through the eye pieces. The red channel was
then converted to magenta in Photoshop. Chartings of single labeled tissue were made using
an Olympus Microscope equipped with a drawing tube, while those of double-labeled tissue
were made using a Leica fluorescent microscope with x and y stage digitizers, and the help of
dedicated computer hardware and programs (Datametrics).

The appearance and distribution of urocortin* neurons in the macague can be appreciated in
figure 1B&D. A number of urocortin* neurons are located along the midline, between the
oculomotor nuclei. However, the majority of these cells are found above the oculomotor
nucleus within the supraoculomotor area. There they avoid the midline, and instead fan out
dorsolaterally. The size of the cells appears to increase slightly as they extend dorsolaterally.
A few urocortin* cells are also present further laterally, among the fascicles of the medial
longitudinal fasciculus (MLF) and in the adjacent midbrain reticular formation (MRF).
Comparison of the distribution of the urocortin* population to the ChAT* population (Fig.
1A&C) shows distinct differences in distribution. ChAT™* cells, presumably extraocular
motoneurons, dominate the oculomotor nucleus. A group of smaller ChAT* neurons is found
along the medial and dorsal edges of the oculomotor nuclei (Fig. 1C, arrowheads). These are
presumably the S- and C-group motoneurons that supply the multiply innervated muscle fibers
within the extraocular muscles (Buttner-Ennever and Akert, 1981; Eberhorn et al., 2005).
ChAT™ positive cells are also found in two clusters dorsal to the oculomotor nucleus. These
represent the cholinergic preganglionic motoneurons of the Edinger-Westphal nucleus (EW).
While the urocortin™ cells are clearly not confined to EW, it was uncertain from urocortin-
immunolabeled material whether or not some urocortin* cells are, in fact, located within its
boundaries.

The overall distribution of the urocortin* cells with respect to cytoarchitectonic boundaries
defined by counterstaining these sections is illustrated for the macaque in figure 2. Rostrally
(Fig. 2A-C), numerous urocortin® cells are present in the anteromedian nucleus (AM),
although they spill out dorsal and rostral to the boundaries of this nucleus. At the level of the
oculomotor nucleus (Fig. 2D-H) urocortin® cells are found on the midline between the dorsal
halves of the oculomotor nuclei, and distribute dorsolaterally into the SOA. Only a few
urocortin® cells are found within the confines of EW. At rostral levels of the oculomotor nucleus
(Fig. 2D&E), this population spills out into the periventricular gray, interstitial nucleus of Cajal
(InC) and the MRF adjacent to the MLF. Caudally (Fig. 2F-H), these cells are found among
the bundles of MLF fibers and in the adjacent MRF.

Dual immunofluorescence experiments provided further insight into the relative location of

the urocortin® and ChAT* populations. As shown in figure 3, the magenta fluorescing
ChAT™ cells are again found either in or adjacent to the oculomotor nucleus proper, or in two

J Comp Neurol. Author manuscript; available in PMC 2010 May 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

May et al.

Feline

Page 6

clusters located on either side of the midline, dorsal to the oculomotor nucleus, in the location
of the EW (Fig. 3A&B). Green fluorescing urocortin® cells are found in a narrow band along
the midline, between the oculomotor nuclei, and then wrapping dorsolaterally, in the
supraoculomotor area dorsal to the oculomotor nucleus. They are not found medially in the
supraoculomotor area. A few urocortin® cells are found among the ChAT* motoneurons of the
oculomotor nucleus (Fig. 3A). In addition, urocortin™ cells are scattered in the MLF lateral to
the SOA and in the MRF lateral to the MLF (Fig. 3B). With respect to the EW, there was
overlap in the distributions of the urocortin® cells and the ChAT* preganglionic motoneurons
along its lateral edge (Fig. 3A&C). There was also some overlap in the distribution of
urocortin® cells and the small ChAT™* cells of the C- and S-groups (Fig. 3A, arrowheads).
However, there were no cells showing a yellow color, indicative of staining by both antibodies
and thus co-localization of ChAT and urocortin in the same neuron, either within the EW or
elsewhere in the perioculomotor area.

The total distribution of the two fluorescent populations can be better appreciated in the
chartings of figure 4. ChAT* motoneurons fill the oculomotor nucleus proper, extending into
the MLF (Fig. 4D-1), as well as the caudal central subdivision (Fig. 41). In addition, ChAT*
cells, presumably preganglionic motoneurons, are found in two columns above the oculomotor
nuclei proper, beginning in front of the caudal central subdivision (Fig. 4H) and extending
rostrally above the oculomotor nucleus (Fig. 4D-H). The rostral pole of this group lies within
the middle portion of the AM nucleus (Fig. 4A-C). In contrast to the ChAT™ cells, the
urocortin® cells fill the entirety of the AM nucleus, and extend beyond its borders (Fig. 4A-
C). At levels containing the oculomotor nucleus (Fig. 4D-H), they wrap around the oculomotor
nucleus proper, so that they are found medial to it, dorsal to it in the supraoculomotor area and
periaqueductal gray, and lateral to it in the MLF and adjacent reticular formation. This
population ends at the level of the caudal central subdivision (Fig. 41), and is not present more
caudally, where the serotonergic neurons of the dorsal raphe take up this midline position.

The appearance and distribution of urocortin® cells in the cat midbrain can be appreciated in
figure 5. In the cat, the majority of urocortin* cells reside within the nucleus that has been
termed the EW in this species (Fig. 5A&B). In frontal sections through the oculomotor nucleus,
the cat EW forms a single, heart-shaped domain on the midline above the oculomotor nucleus
proper. Urocortin* cells extend ventrally from the EW, between the two oculomotor nuclei. In
addition, a few urocortin® cells are scattered within the SOA, and laterally into the MRF (Fig.
5A). The urocortin* population extends rostral to the oculomotor nucleus within the AM, and
even rostral to the AM. In front of the AM, it forms two cell columns, centered off the midline,
in the central gray beneath the third ventricle (Fig. 5C&D).

The overall distribution of urocortin® cells in the cat is illustrated in figure 6. Rostral to EW,
the AM nucleus contains urocortin* neurons (Fig. 6C). The beginnings of two urocortin® rostral
columns are evident ventrolateral to the AM at this level. Rostral to this level (Fig. 6A&B),
these paired columns are located just off the midline. At the level of the oculomotor nucleus
(Fig. 6D-H), the vast majority of urocortin® neurons are located within the cat EW. However,
positive neurons are also apparent ventrally, between the oculomotor nuclei, in the SOA, and
in the MLF and adjacent midbrain reticular formation.

To better discriminate whether the oculomotor and preganglionic motoneurons formed a
separate population with respect to the urocortin* population in the cat, we utilized combined
immunofluorescence for urocortin and ChAT in the same sections. Results from these
experiments are shown in figure 7. The green (Cy-2 labeled) urocortin® population is primarily
located in the EW (Fig. 7C&D), although a few urocortin* neurons extend down from EW
between the oculomotor nuclei. In addition, a few scattered cells are found in the SOA (Fig.
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7D, arrowhead) and in the midbrain reticular formation (Fig. 7C, arrowhead). In contrast, the
magenta (Cy-3 labeled) ChAT* neurons are primarily found in the oculomotor nucleus proper
(Fig. 7C&D). The scattered ChAT* neurons located outside of this nucleus represent presumed
preganglionic motoneurons. Many of these are found in the SOA. The extension of these two
populations rostral to the oculomotor nucleus can be seen in figure 7A&B. Here the green
fluorescing urocortin* cells are primarily found in AM, although scattered neurons are present
laterally. The magenta fluorescing ChAT™ cells are also found in AM lateral to the
urocortin® cells, as well as dorsal and lateral to this nucleus.

Although no occurrences of overt double labeling were observed, some urocortin® cells in EW
sometimes showed faint ChAT* immunolabeling. This is demonstrated in figure 7TE&F. Figure
7E shows the presence of fluorescent urocortin® cells in EW and SOA when illuminated for
the green fluorophore. Figure 7F shows the ChAT™ cells in the same region when illuminated
for the magenta fluorophore. A few highly fluorescent cells are present in EW (arrows),
however some of the urocortin* cells (Fig. 7E, arrowheads) also show faint green fluorescence
(Fig. 7F, arrowheads). Strassman and colleagues (1987) reported the presence of numerous
cells in the cat EW that were mildly immunoreactive with ChAT antibody, with only a small
population, which they felt represented the actual preganglionic motoneurons, showing intense
immunoreactivity. As shown in figure 7E&F, we observed similar light staining of some of
the cat EW neurons with the ChAT antibody. The fact that this effect was weak, variable and
not observed in other species suggests this labeling may be spurious. Furthermore, since it
appeared to correlate with background staining of other non-cholinergic neurons, we did not
consider these weakly stained cells to be cholinergic, and only considered the strongly staining
neurons to be ChAT™ preganglionic motoneurons.

The overall distribution of the two populations, as found in immunofluorescently labeled
sections like those described above (Fig. 7), is charted in figure 8. The majority of ChAT*
neurons are located within the oculomotor nucleus proper and the adjacent medial longitudinal
fasciculus (MLF) (Fig. 8E-J). However, ChAT* neurons are also scattered above the
oculomotor nucleus in the SOA, between the two oculomotor nuclei, and ventral to the
oculomotor nucleus, among its exiting fibers. Only a few intensely ChAT* cells are found
within the EW. Instead, the EW is the primary location of urocortin* neurons (Fig. 8E-J). A
few scattered urocortin cells are also found in the SOA and in the MRF lateral to the oculomotor
nucleus. This population ends caudally at the level of the caudal central subdivision.
Immediately rostral to the oculomotor nucleus (Fig. 8C&D), the urocortin* cells are primarily
found in the AM. ChAT™ cells are located within, dorsal and ventrolateral to the AM nucleus.
Further rostrally (Fig. 8A&B), just urocortin* cells are present, which form two columns that
extend into the diencephalon, on either side of the midline, ventral to the third ventricle.

DISCUSSION

Developing a Rational Nomenclature

Before considering the implications of the results of this study with respect to function, it is
incumbent upon us to consider a solution for the nomenclature problem which these results
present in stark form. It is now clear that the term Edinger-Westphal nucleus has been used to
describe two distinct nuclei that differ dramatically in their patterns of connectivity and
chemical signatures. This problem began to be evident when investigations of the location of
preganglionic motoneurons in the cat showed that only a small portion of these cells were
located within the cytoarchitecturally defined EW (Loewy and Saper, 1978; Loewy et al.,
1978; Sugimoto et al., 1977; Toyoshima et al., 1980). This was quantified by Erichsen and
May (2002), who showed that EW contains less than 5 % of the preganglionic population. The
organization in the cat stands in stark contrast to that of the monkey, where the preganglionic
motor neurons are largely confined to the cytoarchitecturally defined EW (Akert et al., 1980;
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Burde and Loewy, 1980), and there is little evidence that it contains more than a minor non-
preganglionic population. Similarly, the preganglionic motor neurons in the pigeon are located
within the cytoarchitecturally defined EW (Reiner et al., 1983, 1991). As more species have
been investigated, however, it has become evident that the location of the preganglionic motor
neuron population differs appreciably from species to species, and is rarely synonymous with
borders of the cytoarchitecturally defined EW (mouse: Van and Atherton, 1991; Weitemier et
al., 2005; rabbit: Johnson and Purves, 1981; rat: Smeraski et al., 2004). Instead, numerous
centrally projecting peptidergic populations have been found within the EW in cats, rodents
and even frogs, including neurons immunoreactive for CCK, substance P, urocortin, cocaine-
and amphetamine-regulated transcript (CART) and neuropeptide B (cat: Maciewicz et al.,
1983; Phipps et al., 1983; present data; frog: Kozicz et al., 2002; mouse: Bachtell et al.,
2002; Weitemier et al., 2005; Tanaka et al., 2003; rat: Dun et al., 2005; Hokfelt et al., 2002;
Innis and Aghajanian, 1986; Kozicz et al., 1998; Kozicz, 2003). In fact, it appears that only in
those species where the preganglionic motoneurons are clustered together do they occupy the
cytoarchitecturally defined EW, with urocortin® cells located outside its borders (monkey:
Vasconcelosetal., 2003; present data; Horn et al, submitted; pigeon: Reiner etal., 1991; Cavani
etal., 2003). However, this can not even be considered a general primate or bird characteristic,
since the cytoarchitecturally defined human EW has recently been shown to primarily contain
urocortin® neurons (Ryabinin et al., 2005; Horn et al., submitted), and too few bird species
have been sampled.

Therefore, the fact that the structures, which have been termed EW, differ in a species-specific
manner with respect to their neurotransmitter content, connections and function, indicates that
this term has become ambiguous as an identifier of a discrete neuronal population. It has been
suggested that the terms preganglionic EW and non-preganglionic EW be used to correct this
situation (Weitemeir et al., 2005; Ryabinin et al., 2005; Gaszner et al., 2007). While this clearly
represents an improvement in the clarity of the terminology, this approach still does not
adequately describe these sets of neurons, because the populations as a whole often ignore
cytoarchitectural boundaries. For example, the diffuse distribution of preganglionic
motoneurons in rodents and cats makes the term nucleus an inadequate identifier for this
population. Even in monkeys, the preganglionic motoneurons extend into AM, and so are not
confined to a single nucleus.

For these reasons, as well as the general trend away from the use of eponyms, we contend that
the term Edinger-Westphal should be retired from active use in neuroanatomical terminology.
Nonetheless, it may be useful to continue to use this term for cytoarchitecturally distinct
structures in this region until suitable replacements can be agreed upon. For example, Cunha
and colleagues (2007) have recently named the urocortin* population in the pigeon the
subgriseal paramedian midbrain neuronal stream. For the moment, we will utilize the terms
preganglionic (EWpg) and urocortin-containing (EWy,) to designate these two
cytoarchitecturally-defined nuclei in monkeys, and in cats and rodents (Fig. 9). However, the
use of these two terms still does not solve the central dilemma caused by the fact that in many
species the functional and cytoarchitectural subdivisions do not coincide; e.g., there is no
distinct EWpg in cats, for there is no cytoarchitecturaly defined nucleus containing
preganglionic motoneurons.

To effectively deal with the complex relationships seen in these populations of neurons and
the variations seen across species, we propose a new open-ended terminology, which we will
employ in the rest of this report. The term perioculomotor (plIl) will be utilized as a general
descriptor for all groups of neurons found in the region immediately surrounding the
oculomotor nucleus (Fig. 9). This terminology was chosen because it conforms to the more
descriptive nature of modern neuroanatomical terms; i.e., it tells the reader the population in
question is located in the immediate vicinity of the oculomotor nucleus, without implying
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specific function. Furthermore, it is an open-ended terminology, where individual plll cell
groups can then be designated with respect to their most relevant characteristic, invariant of
their precise location. In the present case, the preganglionic parasympathetic motoneurons
projecting to the ciliary ganglion will be designated the perioculomotor preganglionic
population (plllpg). The urocortin® cells adjacent to the oculomotor nucleus will be designated
the perioculomotor urocortin population (pllly). One advantage of an open ended
nomenclature is that it can be applied to other groups of cells found in this region. For example,
the pllly, along with the neurons that stain for other peptides may all belong to a perioculomotor
peptidergic population (plllp). This designation would not work in birds, however, as
preganglionic motoneurons utilize substance P and enkephalin as co-transmitters (Reiner et
al., 1991). This terminology can also be employed in descriptions of other pllI cell groups. For
example, those motoneurons supplying multiply innervated extraocular muscle fibers, which
lie outside the oculomotor nucleus in the S and C groups (Bduttner-Ennever et al.,
2001;Eberhorn et al., 2005;Horn et al., submitted), may be designated as the pllisgc
populations. Finally, an additional strength of this approach to the nomenclature of the plll cell
groups is that it can still be used in parallel with the extant cytoarchitectonic divisions. For
example the pllly in the monkey might be described as lying in between the oculomotor nuclei,
then extending laterally in the SOA to terminate diffusely in the MRF. In summary, this new
open-ended perioculomotor terminology will allow clear, precise communication among those
interested in this complex region.

Oculomotor and Perioculomotor Distributions

The ChAT* population of the oculomotor complex observed here in the monkey conforms
well to the population defined by the distribution of motoneurons with retrograde tracers
(Buttner-Ennever and Akert, 1981; Evinger, 1988; Porter et al., 1983; Spencer and Porter,
1981). Specifically, most of these neurons were located within the cytoarchitecturally defined
borders of the oculomotor nucleus and adjacent MLF, indicating they are somatic motoneurons.
A group of smaller motoneurons that supply the multiply innervated muscle fibers in the
extraocular muscles is found between and dorsomedial to the oculomotor nuclei proper; the S-
and C-groups, respectively (Bttner-Ennever et al., 2001; Eberhorn et al., 2005; Horn et al.,
submitted). These plllggc nheurons were also observed in the present material (Fig. LA&C).

The final group of ChAT™ cells makes up the plllpg (Fig. 9). The plllpg begins in front of the
caudal central subdivision, forms two clusters in the EWpg, and terminates within the AM
nuclei. This distribution agrees with previous descriptions of the location of the preganglionic
population based on retrograde labeling from the ciliary ganglion and from ChAT
immunohistochemistry (Akertetal., 1980;Burde and Loewy, 1980;Eberhorn et al., 2005;Horn-
Bochtler et al., 2006;Horn et al., submitted). While the degree to which these cells were
arranged into a compact group varied from section to section, we did not observe a subdivision
of this population into discrete lateral, dorsal and medial visceral columns, as has been
described previously (Burde, 1988;Burde and Williams, 1989).

The vast majority of ChAT™* cells observed in the feline midbrain were located within the
borders of the oculomotor nucleus or interspersed in the MLF (Fig. 7-9). These supply the
extraocular muscles (Akagi, 1978;Gacek, 1974;Spencer and Porter, 1981). Only a few
ChAT™ plil cells were found within the cat EW,. Instead, numerous labeled cells were
scattered in the supraoculomotor area, ventrolateral to the MLF, and within and ventrolateral
to AM (Fig. 8). This general pattern of plll ChAT™ cells closely matches that of the cells
retrogradely labeled from the ciliary ganglion (Erichsen and May, 2002;Loewy and Saper,
1978;Loewy et al., 1978;Sugimoto et al., 1977;Toyoshoma et al., 1980), and trans-neuronally
from the eye (Erichsen and May, 2002). The overall distribution of ChAT* labeling is much
the same as that reported by Strassman and colleagues (1987).
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In the macaque, the pllly population was mainly located in a fountain-shaped group that began
between the two oculomotor nuclei and extended dorsolaterally into the supraoculomotor area,
with scattered cells in the MRF and InC (fig. 9). Rostrally, the pllly population extended into
the AM nucleus, but was not restricted by its borders (Fig. 2). This distribution was also
observed in old world monkeys by Horn and colleagues (submitted), and appears to be
generally similar to that seen in the new world monkey, Cebus paella (Vasconcelos et al.,
2003), based on immunohistochemistry and in situ hybridization. This pattern is similar in
many respects to that observed for rat urocortin* cells (Bittencourt et al., 1999).

In the cat, the main pllly population is found in EWy (Fig. 6&9). Only scattered cells are found
in the cat SOA and the MRF, lateral to the oculomotor nucleus. The fact the cat pllly does not
have to avoid a consolidated plllpg, like that found in the monkey, may partially explain its
different organization. Rostrally, the plll extends through the AM, as in the monkey, but then
extends even further rostrally as two discrete columns. The reason for these species differences
merits study. The distribution of the pllly population also overlaps extensively with that of
other peptides in the cat (Maciewicz et al., 1983; and Phipps et al., 1983) including substance
P and CCK, suggesting the plll population is part of a larger plll peptidergic population
(plllp). The degree of coexpression of these peptides is just beginning to be explored. In the
rat, urocortin has been found to be co-expressed with CCK, but not substance P (Gysling et
al., 2006).

Separate Perioculomotor Populations

The results of the present study clearly indicate that the urocortin* cells and the ChAT cells
found in the midbrain of both the cat and monkey represent two separate populations. This
conclusion is supported by the results of the immunofluorescence experiments shown here in
figures 3 and 7 (also Horn et al., submitted). No cells were seen that exhibited strong
fluorescence with both fluorophores, which would have been indicated by a yellow color when
the digitized images were combined. These findings correspond to those of Weitemier and
colleagues (2005) in the mouse, where no overlap between these two immunohistochemically
defined populations was found. Similarly, immunohistochemical staining for urocortin and
ChAT in the same sections in new world monkeys (Cebus appella) also showed that these two
populations, while distributed adjacent to one another, are separate (Vasconcelos et al.,
2003). Finally, immunohistochemical examination of autopsy material reveals that this same
dichotomy is present in the human midbrain (Ryabinin et al., 2005; Horn et al., submitted).
Assuming the fact that both somatic and preganglionic motoneurons are cholinergic, and hence
likely to be ChAT™, the evidence presented here, and the studies cited above, strongly indicate
that the outflow of the oculomotor nerve is not urocortin®™ in mammalian species.

While the plllpg population appears to be made up of ChAT* motoneurons, it seems likely
that pllly cells found in the midbrain project to targets within the neuraxis (Fig. 9).
Urocortin* terminals are distributed widely in the brain, although they are relatively rare within
the telencephalon (mouse: Weitemeir et al., 2005; monkey: Vasconcelos et al., 2003; rat:
Bittencourt et al., 1999). As the only other regions reported to contain significant numbers of
highly urocortin* cells are the lateral superior olive and supraoptic nucleus (Bittencourt et al.,
1999;Weitemeir et al., 2005;Vasconcelos et al., 2003), it seems reasonable to conclude that the
pllly population may provide widespread central projections.

Functional Implications

With little over a decade of study (Vaughan et al., 1995), our understanding of the actions of
the neuropeptide, urocortin, is still limited. Central urocortin administration appears to have
distinct behavioral effects: producing stress-related behaviors, and decreasing appetite for

food, water and even sexual activity (Heinrichs and Richard, 1999; Spina et al., 1996). Still,
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we can not know from drug administration studies whether these responses indicate the action
of actual urocortin circuits. Nevertheless, there is strong evidence for urocotin’s role in these
functions. Specifically, correlative experiments show that manipulations related to stress and
diet appear to produce changes in urocortin or c-fos expression in EW, (Bachtell et al.,
1999; 2002; Gaszner et al., 2004; Kozicz et al., 2001; Weitemier et al., 2001), and lesion
experiments indicate that loss of the area containing the pllly population produces changes in
food and water consumption (Weitemier and Ryabinin, 2005). The latter study showed no
changes in basal metabolic rate or exploratory activity, suggesting that the role of EW may
not be as important for stress responses. These findings reinforce other studies that show
activity changes in this region mirror a predisposition to alcohol consumption, but do not affect
pupillary constriction, as would be expected for the plllpg (Bachtell et al., 2002; 2003).

In order to further dissect the function of the pllly population, we need to better define the
projections of this group (Fig. 9). Retrograde tracing studies in the rat have shown that the
pllly population sends projections to the spinal cord and the lateral septal nucleus (Bittencourt
et al., 1999). In addition, electrolytic lesions of the plll lead to a significant decrease in the
number of urocortin® fibers in the lateral septum and dorsal raphe in the mouse (Bachtell et
al., 2003). Studies of the latter projection indicate a role in energy expenditure (Turek and
Ryabinin; 2005;Weitemier and Ryabinin, 2006). Studies of projections to the lateral septum
suggest involvement in appetite, in particular for alcohol (Bachtell et al., 2003;Ryabinin and
Weitemier, 2006). The functions of descending pathways to the spinal cord have not been
defined, although a role in sympathetic control has been proposed based on the large number
of urocortin® fibers observed in the intermediolateral cell column (Bittencourt, 1999). This is
in line with other studies showing projections from the various plll peptidergic populations to
the spinal cord (cat; Chung et al., 1987;Loewy et al., 1978;Maciewicz et al., 1983;Phipps et
al., 1983;Sugimoto et al., 1978; monkey: Burde, 1988). Finally, cerebellar injections have been
shown to label neurons whose distribution overlaps that of the plll, population in the cat
(Sugimoto et al., 1978;Raste and Dietrichs, 1988a&b) and the monkey (May et al., 1992).

The functional implications of the location of this urocortin population, and the related
peptidergic neurons, as a plll group are unclear. It may be that their position rostral to the dorsal
raphe is more telling, and their relationship to the oculomotor nucleus is just a developmental
or evolutionary happenstance. Certainly, their pattern of projection, and use of specialized
neurotransmitters is reminiscent of the more caudally distributed serotonergic dorsal raphe,
although these are geographically separate populations. Nevertheless, while we have shown
here that the pllly and plllpg populations clearly have distinctly different distribution patterns,
there is also no question but that they have some overlap in their somatic distribution, and
considerable overlap in their dendritic fields. Furthermore, it would appear that the distribution
of the pllly population is likely to overlap with that of C- and S-group motoneurons that supply
non-twitch muscle fibers in the extraocular muscles in the monkey (BUttner-Ennever et al.,
2001; Eberhorn et al., 2005), and perhaps in the rat (Eberhorn et al., 2006). Certainly, it would
appear that the dendrites of these motoneurons would pass through the pllly population (May
et al., 2000). Consequently, the possibility that these populations have some level of common
input, and perhaps even a degree of common function, must be entertained. In this regard, it
should be noted that there is an extensive urocortin® terminal distribution in the vestibular
nuclei (Monkey: Vasconcelos et al., 2003; mouse: Weitemier et al., 2005; rat: Bittencourt et
al., 1999). Thus, the possibility that these distinct plll populations share some inputs and
aspects of function remains an open and testable hypothesis.
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LIST OF ABBREVIATIONS

AM anteromedian nucleus

CART cocaine- and amphetamine-regulated transcript
cC caudal central subdivision

CCK cholecystokinin

ChAT choline acetyl transferase

EW Edinger-Westphal nucleus

EWpg preganglionic EW

EWY urocortin containing EW

oculomotor nucleus

Iin oculomotor nerve rootlets
InC interstitial nucleus of Cajal
MLF medial longitudinal fasciculus
MRF midbrain reticular formation
nD nucleus Darkschewitsch
PAG periaqueductal gray
PC posterior commissure
plll perioculomotor region
plllp perioculomotor peptidergic population
plllpg perioculomotor preganglionic motoneurons
plllsgc periculomotor S- and C-group motoneurons
pllly perioculomotor urcortin* neurons
PVG periventricular gray
RF fasciculus retroflexus
SOA supraoculomotor area
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Figure 1.
Low (A&B) and high (C&D) magnification views of the labeling of neurons in and around the

monkey oculomotor nucleus (111) and Edinger-Westphal nucleus (EW) with antibodies to
ChAT (A&C) and urocortin (B&D). Arrows in B indicate urocortin* neurons in between the
oculomotor nuclei. Arrowheads in C indicate C&S-group motoneurons. Scale bar = 500:m in
A&B and 250:m in C&D.
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Figure 2.

Rostral (A) to caudal (H) charting of the distribution of urocortin* neurons in the monkey
perioculomotor region. Numerous urocortin® cells are found within the anteromedian nucleus
(AM), as well as dorsal and rostral to it (A—C). Large numbers of urocortin* cells are also found
in the supraoculomotor area (SOA) (D-H), but extend dorsal to this region onto the
periventricular gray (PVG) and laterally into the interstitial nucleus of Cajal (InC) (D&E) and
midbrain reticular formation (MRF) (E-G). This population does not extend past the caudal
central subdivision (H). Scale bar = 1.0 mm.
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Figure 3.

Combined immunofluorescent images to simultaneously demonstrate urocortin* (green) and
ChAT* (magenta) neurons in the monkey. Plate A shows a high magnification view of the
section shown in B from the middle of the oculomotor nucleus (111), while C is from the rostral
end of the oculomotor nucleus. ChAT™ cells are found within the oculomotor nucleus and in
paired columns dorsal to the oculomotor nucleus, making up the Edinger-Westphal nucleus
(EW). Small magenta cells along the dorsomedial edge of the oculomotor nucleus (arrowheads)
represent C&S-group motoneurons. There is overlap between their distribution and that of the
urocortin® cells (A&C). The main body of urocortin® cells has a fountain-shaped distribution
in A&B, beginning medially, between the oculomotor nuclei and extending laterally in the
supraoculomotor area (SOA). Note that in B, urocortin* cells are also present in the midbrain
reticular formation (MRF) and a few cells are located within the oculomotor nucleus in A.
[N.B. red has been digitally altered to magenta at the request of the journal.] Scale bar = 1.0
mm for B, 0.5 mm for A&C.
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Figure 4.

Charting of the distributions of ChAT* ( Q) and urocortin* ( M) neurons in the monkey from
sequential fluorescence immunohistochemistry sections like those illustrated in figure 3. Al is
a rostral to caudal series. ChAT* neurons have a more medial, and dorsoventrally constrained
distribution in the anteromedian nucleus (AM) than the urocortin* cells, which also extend
dorsal to AM (A-C). At more caudal levels (E-H), urocortin™ cells are primarily found medial
to the oculomotor nucleus and dorsal to it in the supraoculomotor area (SOA). Urocortin*
neurons are also found laterally in the midbrain reticular formation (MRF). Most of the
ChAT™ cells are found within the oculomotor nucleus (111) or grouped within the Edinger-
Westphal nucleus (EW). The urocortin* distribution ends caudally (1), at the level of the caudal
central subdivision (CC). Scale bar = 1.0 mm.
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Figure 5.
Low (A&C) and high (B&D) magnification views of the labeling of neurons in and around the

cat oculomotor nucleus (111) with antibodies to urocortin. In A&B, a section through the middle
of the oculomotor nucleus, most of the urocortin positive cells are found within the midline
Edinger-Westphal nucleus (EW). However, scattered cells are also present in medially,
between the oculomotor nuclei, dorsally in the supraoculomotor area (SOA) and laterally in
the midbrain reticular formation (MRF); and even within the oculomotor nucleus proper. In
C&D, a section rostral to the oculomotor and anteromedian nuclei, the urocortin* cells form
two columns. Scale bar = 1.0 mm in A&C and 0.5 mm in B&D.
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Figure 6.

Rostral (A) to caudal (H) charting of the distribution of urocortin® neurons in the cat
perioculomotor region. Urocortin® cells are found within and lateral to the anteromedian
nucleus (AM) (C), as well as rostral to it (A&B), where they form two columns. Large numbers
of urocortin* cells are also found in the Edinger-Westphal nucleus (EW) at more caudal levels
(D-H). Scattered cells are located in the supraoculomotor area (SOA) (E-H), and extend
laterally into the medial longitudinal fasciculus (MLF) (D-G) and midbrain reticular formation
(MRF) (D-G). Scale bar = 1.0 mm.
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Figure 7.

Fluorescence immunohistochemistry images to simultaneously demonstrate urocortin* (green)
and ChAT™* (magenta) neurons in the cat. B&D show high magnification views of the sections
shown in A&C respectively. C&D are from the middle of the oculomotor nucleus (1), while
A&B are from the level of AM. Caudally, most ChAT™ cells are found within the oculomotor
nucleus (C&D). They are also scattered in the supraoculomotor area (SOA) dorsal to the
oculomotor nucleus, and in and ventrolateral to the medial longitudinal fasciculus (MLF). The
main body of Urocortin® cells is contained within the Edinger-Westphal nucleus (EW). Note
that a few urocortin™ cells are also present in the SOA and the midbrain reticular formation
(arrowheads). Rostrally, the magenta ChAT cells are located in and lateral to AM (A&B).
The green urocortin® cells dominate the core of AM, but are also seen lateral to the nucleus.
E&F show higher magnification views of the same area of another section as seen through the
filters demonstrating the urocortin antibody (green) and ChAT antibody (magenta),
respectively. In E, urocortin® cells fill EW and scattered cells are present in SOA. In F,
ChAT™ cells are present in the oculomotor nucleus (111), and a few highly fluorescent
ChAT™ cells are located in EW (arrows). Note that some of the urocortin™ cells (E) show low
levels of magenta fluorescence (F) (arrowheads). Magnification in A=C, B=D, E=F. Scale bars
in C&D =0.5 mm. [N.B. red has been digitally altered to magenta at the request of the journal.]
Scale bar in E = 250 pum.
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Figure 8.

Charting of the distributions of ChAT* ( Q) and urocortin* ( M neurons in the cat from double
label, fluorescence sections like those illustrated in figure 7. A—I is a rostral to caudal series.
As shown in C&D, ChAT™ neurons are found in the anteromedian nucleus (AM) and extend
lateral to this nucleus. The urocortin™ cells lie within AM (A-C), and extend into lateral wings,
which continue rostrally (A&B) as paired columns. At more caudal levels (D-J), urocortin*
cells are primarily located within the Edinger-Westphal nucleus. However, scattered cells are
present ventrally, between the oculomotor nuclei, and laterally, in the supraoculomotor area
(SOA). A few even lie in the midbrain reticular formation (MRF). The urocortin* distribution
ends caudal to J, at the level of the caudal central subdivision. Most of the ChAT™ cells are
found within the oculomotor nucleus (111). Scattered cells are seen in the SOA, lateral and
dorsal to EW, and in and below the MLF. Very few ChAT™ cells are located in the Edinger-
Westphal nucleus (EW). Scale bar = 1.0.
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Figure 9.

Schematic diagram showing the distribution for monkey and cat (Above) and known
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projections (Below) of the perioculomotor urocortin* population (pllly) of cells (M, and the

perioculomotor preganglionic motoneurons (pllipg) ( G).
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