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Abstract

1 Abstract

Eye movements are important to aid vision, and they serve two main functions: to
stabilize a moving visual target on the retina and to stabilize gaze during own body
movements. Six types of eye movements have been evolved fulfilling this function:
saccades, smooth pursuit, vestibulo-ocular reflex, optokinetic response, convergence
and gaze holding. In all vertebrates the eyes are moved by six pairs of extraocular
muscles that enable horizontal, vertical and rotatory eye movements. The
motoneurons of these muscles are located in the oculomotor (nlll), trochlear (nlV)
and abducens (nVI) nucleus in the brainstem. Motoneurons of the lateral rectus
muscle (LR) in nVI and of the medial rectus muscle (MR) in nlll provide horizontal
eye movements, those of inferior oblique (I0) and superior rectus muscle (SR) in nlll
upward eye movements. Motoneurons of the superior oblique (SO) and the inferior
rectus muscle (IR) in nlll convey downward eye movements. Recently, it was shown
that each extraocular muscle is controlled by two motoneuronal groups:

1. Motoneurons of singly innervated muscle fibers (SIF) that lie within the boundaries
of motonuclei providing a fast muscle contraction (twitch) and 2. motoneurons of
multiply innervated muscle fibers (MIF) in the periphery of motonuclei providing a
tonic muscle contraction (non-twitch). Tract-tracing studies indicate that both
motoneuronal groups receive premotor inputs from different brainstem areas. A
current hypothesis suggests that pathways controlling twitch motoneurons serve to
generate eye movements, whereas the non-twitch system is involved in gaze holding.
Lesions of inputs to the twitch motoneuron system may lead to supranuclear gaze
palsies, whereas impairment of the non-twitch motoneuron system may result in gaze
holding deficits, like nystagmus, or strabismus. Up to date only limited data are
available about the histochemical characteristics including transmitters to the SIF-
(twitch) and MIF (non-twitch) motoneurons.

The present study was undertaken to investigate the histochemical profile of inputs to
motoneuronal groups of individual eye muscles mediating horizontal and vertical eye
movements including the inputs to MIF- and SIF motoneurons. The MIF motoneurons
of the IR and MR are located in the periphery dorsolateral to nlll, close to the
Edinger-Westphal nucleus (EW), which is known to contain preganglionic cholinergic
neurons. Other scientists have found that the EW is composed of urocortin-positive

neurons involved in food intake or stress. In order to delineate these different cell
1



Abstract

populations within the supraoculomotor area dorsal to nlll, a comparative study in
different mammals was conducted to locate the cholinergic preganglionic neurons
and urocortin-positive neurons. Only then, it became obvious that the
cytoarchitecturally defined EW labels different cell populations in different species. In
rat, ferret and human the cytoarchitecturally defined EW is composed of urocortin-
positive neurons. Only in monkey the EW contains cholinergic preganglionic neurons,
which lie close to the MIF-motoneurons of MR and IR in the C-group.

In monkey, | performed a systematic study on the histochemical profile and
transmitter inputs to the different motoneuron subgroups, including MIF- and SIF
motoneurons. Brainstem sections containing prelabelled motoneurons were
immunostained for the calcium-binding protein calretinin (CR), gamma-aminobutyric
acid (GABA) or glutamate decarboxylase (GAD), glycine transporter 2, glycine
receptor 1, and the vesicular glutamate transporters (vGlut) 1 and 2.

The study on the histochemical profile of the motoneuron inputs revealed three main
results: 1.The inhibitory control of SIF motoneurons for horizontal and vertical eye
movements differs. Unlike previous studies in the primate a considerable GABAergic
input was found to all SIF motoneuronal groups, but a glycinergic input was confined
to motoneurons of the MR mediating horizontal eye movements. 2. The excitatory
inputs to motoneurons for upgaze and downgaze differ in their histochemistry. A
striking finding was that CR-positive nerve endings were confined to the motoneurons
of muscles involved in upgaze, e.g. SR, IO and the levator palpebrae, which elevates
the wupper eyelid and acts in synchrony with the SR. Since double-
immunoflourescence labelling with anti-GAD did not reveal any colocalization of GAD
and CR, the CR-input to upgaze motoneurons is considered as excitatory. 3. The
histochemistry of MIF- and SIF motoneurons differs only for vGlut1. Whereas SIF-
and MIF motoneurons of individual eye muscles do not differ in their GABAergic,
glycinergic and vGlut2 input, vGlut1 containing terminals were covering the
supraoculomotor area and targeting only MR MIF motoneurons. It is reasonable to
assume that the vGlut1 input affects the near response system in the
supraoculomotor area, which houses the preganglionic neurons in the EW mediating
pupillary constriction and accommodation and the MR MIF motoneurones involved in

vergence.



Abstract

The histochemical data in monkey enabled the localization of the corresponding
motoneuronal subgroups of individual eye muscles in human with the development of
an updated nlll map.

Taken together the present work provides new data on the histochemical properties
of premotor inputs to motoneuronal groups of the twitch- and non-twitch eye muscle
systems in primates. Especially the selective association of CR in premotor upgaze
pathways may open the possibility for a targeted research of this system in human
post-mortem studies of clinical cases with impairment of upward eye movements,

such as progressive supranuclear palsy (PSP) or Niemann-Pick disease (NPC).



Zusammenfassung

1.1 Zusammenfassung

Augenbewegungen sind essenziell um ein ungestortes Sehen zu garantieren. Dabei
sind zwei Hauptfunktionen entscheidend: Die Stabilisierung eines sich bewegenden
Objekts auf der Retina und das Stabilisieren des Blickes wahrend einer Bewegung.
Zur Erfullung dieser Aufgaben dienen sechs verschiedene Augenbewegungstypen:
Sakkaden, smooth pursuit, vestibulookularer Reflex, optokinetische Augenbe-
wegungen, Konvergenz und Fixation.

Um die dafir bendtigten horizontalen, vertikalen und rotatorischen Bewegungen des
Auges ausfuhren zu kdnnen, besitzen Vertebraten sechs Augenmuskelpaare.

Die Motoneurone der Augenmuskeln liegen in drei Kerngebieten des Hirnstamms: im
Nucleus oculomotorius (nlll), im Nucleus trochlearis (nlV) und im Nucleus abducens
(nV1).

Der nlll enthalt die Motoneurone des Musculus rectus medialis (MR), des Musculus
rectus superior (SR), des Musculus inferior obliquus (I0) sowie des Musculus rectus
inferior (IR). Die Motoneurone des Musculus obliquus superior (SO) liegen im nlV
und die des Musculus rectus lateralis (LR) im nVI. MR und LR flihren gemeinsam
horizontale Augenbewegungen aus. 10 und SR sind in Blickbewegungen nach oben
involviert, wohingegen SO und IR die Blickbewegungen nach unten steuern.

Klrzlich wurde gezeigt, dass jeder extraokulare Muskel durch zwei Gruppen von
Motoneuronen kontrolliert wird: 1. Durch Motoneurone der einfach innervierten
Muskelfasern (singly innervated muscle fibers, SIF). Sie antworten auf elektrische
Stimulierung mit fortgeleiteten Aktionspotentialen und einer schnellen Muskel-
kontraktion (twitch). 2. Durch Motoneurone der multipel-innervierten Muskelfasern
(multiply innervated muscle fibers, MIF). Diese reagieren auf elektrische Reizung nur
lokal, ohne fortgeleitete Aktionspotentiale, mit einer langsamen tonischen Kontraktion
(non-twitch).

An Primaten konnte gezeigt werden, dass die Motoneurone von SIFs und MIFs
raumlich voneinander getrennt liegen. MIF Motoneurone liegen auf3erhalb der
Motokerne in der Peripherie, wahrend sich SIF Motoneurone innerhalb der
klassischen Augenmuskelkerne befinden.

Trakt-tracing Studien deuten auch darauf hin, dass diese beiden Motoneuronen-
gruppen pramotorische Eingange aus unterschiedlichen Hirnstammregionen

erhalten.



Zusammenfassung

Eine derzeitige Hypothese besagt, dass Bahnen, welche die twitch Motoneurone
kontrollieren fur die Generierung der Augenbewegungen verantwortlich sind. Das
non-twitch System hingegen ist in die Blickstabilisierung involviert. Lasionen des
twitch-Systems kénnen zu supranuklearen Blickparesen flhren, Beeintrachtigungen
des non-twitch Systems wiederum zu Blickstabilisierungsdefiziten, wie Nystagmus
oder Strabismus.

Bisher sind nur wenige Daten uber die Histochemie, sowie Uber die
Transmittereingange der SIF- (twitch) und MIF (non-twitch) Motoneurone bekannt.

In der vorliegenden Arbeit wurden die pramotorischen Eingange auf die
Motoneurone, die vertikale und horizontale Augenbewegungen vermitteln,
histochemisch untersucht und verglichen, sowie die pramotorischen Eingange auf die
MIF- und SIF Motoneuronen individueller Augenmuskeln.

Die MIF Motoneurone des IR und MR liegen gemeinsam in der C-Gruppe, peripher,
dorsolateral zum nlll, nahe des Edinger-Westphal Kerns (EW). Traditionell wird der
EW als Sitz der cholinergen praganglionaren Neurone angesehen, jedoch wurde
gezeigt, dass der EW auch urocortin-positive Neurone enthalt. Urocortin ist ein
Peptid, das in Verbindung mit Nahrungsaufnahme und Stress steht.

Dorsal zum nlll liegt das supraokulomotorische Areal (SOA), in dem verschiedene
Zellgruppen mit unterschiedlichen Funktionen zu finden sind. Um diese
Zellpopulationen im SOA lokalisieren und gegeneinander abgrenzen zu konnen,
wurde eine vergleichende Studie in unterschiedlichen Saugetieren durchgefihrt. Hier
wird deutlich, dass der zytoarchitektonisch definierte EW in verschiedenen Spezies
unterschiedliche Zellpopulationen enthalt: In der Ratte, dem Frettchen und dem
Menschen enthalt der zytoarchitektonisch definierte EW urocortin-positive Neurone.
Im Affen hingegen finden sich cholinerge praganglionare Neurone im EW, nahe der
C-Gruppe, in der die MIF-Motoneurone des MR und IR liegen.

Auf Grund der raumlichen Nahe wurden im Affen systematisch die histochemischen
Profile und Transmittereingange aller unterschiedlichen Motoneuronensubgruppen,
einschlieBlich MIF- und SIF Motoneurone individueller Augenmuskeln, untersucht.
Hierfir wurden Hirnstammschnitte mit vormarkierten Motoneuronen auf folgende
Marker histochemisch angefarbt: auf das Calcium-bindende Protein Calretinin (CR),
auf Gamma-Aminobuttersaure (GABA) oder Glutamatdecarboxylase (GAD), auf den
Glyzintransporter 2, den Glyzinrezeptor 1 sowie auf die vesikularen Glutamat-

transporter (vGlut) 1 und 2.



Zusammenfassung

Die Untersuchung der histochemischen Eigenschaften der pramotorischen Eingange
auf die unterschiedlichen Motoneuronengruppen zeigten drei wichtige Ergebnisse:

1. Motoneurone, die bei horizontalen und vertikalen Augenbewegungen involviert
sind, werden unterschiedlich inhibitorisch kontrolliert.

2. Motoneurone, die an Blickbewegungen nach oben beteiligt sind, haben andere
histochemische Eigenschaften im Vergleich zu Motoneuonen, die bei Blickbe-
wegungen nach unten involviert sind. Hierbei war auffallig, dass CR-positive
Nervenendigungen ausschliellich an Motoneuronen zu finden sind, die an
Blickbewegungen nach oben beteiligt sind, wie z.B. SR, IO und an Motoneuronen
des Musculus levator palpebrae, welcher das Augenlid anhebt und synchron mit dem
SR agiert. Nachdem eine Doppelimmunfluoreszenzfarbung mit anti-GAD keine
Colokalisation von CR und GAD gezeigt hat, wird davon ausgegangen, dass der CR-
Eingang der Motoneurone fur Blickbewegungen nach oben exzitatorisch ist.

3. Eine unterschiedliche Histochemie der SIF- und MIF Motoneurone zeigt sich
bisher nur in einem vesikularen Glutamattransporter. Die Ergebnisse zeigen: 1. SIF-
und MIF Motoneurone individueller Augenmuskeln unterscheiden sich nicht in ihren
GABAergen, glyzinergen und vGlut2 Eingangen. 2. VGlut1-positive Terminalen findet
man nur im SOA, wo sie ausschlief3lich die MIF Motoneurone des MR kontaktieren.
Man nimmt an, dass die vGlut1 Eingange auf das Nah-Antwort-Zentrum, das im SOA
liegt, Einfluss haben. Im SOA liegen auch die im EW lokalisierten praganglionaren
Neurone, die Linsenakkomodation und Pupillenreflex vermitteln, sowie die MIF
Motoneurone des MR, die bei Vergenzbewegungen beteiligt sind.

Basierend auf den histochemischen Daten des Affens, ist im Menschen eine
Lokalisation der korrespondierenden Motoneuronengruppen der einzelnen
Augenmuskeln und dadurch auch eine Aktualisierung der bestehenden Karte des
menschlichen nlll moglich.

Zusammenfassend liefert die vorliegende Arbeit neue Erkenntnisse Uber die
histochemischen Eigenschaften der pramotorischen Eingange der Motoneurone des
twitch- und non-twitch Augenmuskelsystems im Primaten.

Fur weitere Untersuchungen ist besonders der selektive Zusammenhang von CR mit
den pramotorischen Bahnen fur Blickbewegungen nach oben interessant. Im
Menschen kénnen anhand von post-mortem Studien gezielt klinische Falle, die eine

Beeintrachtigung des Blickaufwartssystems aufweisen, wie z.B. eine progressive



Zusammenfassung

supranukleare Blickparese (PSP) oder die Niemann-Pick-Krankheit (NPC),

untersucht werden.
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2 Introduction

2.1 Eye Movements

The basic requirement for clear and accurate visual perception is to hold images
steady on the retina and to bring them to the center of the fovea. If we had no eye
movements, images would move across the retina during head movement and would
cause blurred and unclear vision.

In primates it is possible to distinguish six types of eye movements: The vestibulo-
ocular reflex (VOR), the optokinetic response (OKR), smooth pursuit eye movements
(SPEM), vergence, saccades and visual fixation (Horn and Leigh, 2011).

The VOR is a slow, compensatory eye movement that stabilizes images during head
movements by moving the eye in the opposite direction of the head movement. The
VOR is mainly generated by signals arising in the semicircular canals (Buttner and
Battner-Ennever, 2006). Large moving visual fields lead to slow, conjugated eye
movements, the optokinetic response. It complements the VOR particularly in the low
frequency range, where its gain is low (Robinson, 1981; Buittner and Buttner-
Ennever, 2006).

In animals without fovea (e.g. rabbit) eye movements are dominated by the VOR and
OKR, which are sufficient to stabilize vision. These two types of eye movements are
phylogenetically old and can be found in all vertebrates investigated so far (Highstein
and Reisine, 1979; Graf and Baker, 1985; Baker et al., 1998; Fritzsch, 1998; Straka
and Dieringer, 2004).

With the evolution of foveal vision, it became necessary to change the line of sight
independently of head movements. This has been achieved by saccadic eye
movements. Saccades move both eyes rapidly in a conjugate fashion to a new eye
position - without movement of the head (Buttner and Buttner-Ennever, 2006). In
primate, saccades last between 15 and 100 ms and their velocity can reach 700°s
(Becker, 1989; Buttner and Buttner-Ennever, 2006). They include voluntary and
involuntary changes in fixation: Voluntary saccades are made purposefully by the
subject. Often they are made in response to an instruction to direct focus towards an
object already present in the person's visual environment. An involuntary or reflexive
saccade is triggered by the appearance of a new stimulus in the subject's

environment.
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In afoveal animals, saccades usually occur together with head movements (Leigh
and Zee, 20006).

With the evolution of the fovea it became necessary to follow a moving object
smoothly. This is possible to a limited degree with saccadic movements; however,
the image of the moving target will slide off eventually, with the consequent decline in
visual acuity (Leigh and Zee, 2006). The smooth pursuit system however, allows to
track small moving targets with the fovea in a fixed visual environment. Smooth
pursuit eye movements (SPEM) are voluntary eye movements requiring motivation
and attention. Although SPEMs are considered as slow eye movements, they can
reach velocities above 100°/s (Lisberger et al., 1981; Simons and Buttner, 1985). Not
only the eyes also the head is involved in tracking moving objects. The VOR normally
brings the eye to the opposite direction of the head movements, and for this reason
has to be suppressed under the condition of SPEMs. One suggested possibility is
that smooth pursuit signals cancel and consequently suppress the VOR (Leigh and
Zee, 2006; Akao et al, 2007).

Gaze holding or visual fixation allows to hold a stationary object on the fovea when
the observer is stationary too, and permits a stable eye position between the eye
movements (Blttner and Buttner-Ennever, 2006). With the development of frontal
vision it became possible to keep a target in focus on both foveae simultaneously.
This requires disconjugated or vergence eye movements. Vergence eye movements
are generally small (less than 5°) and slow (latency 150-200ms) (Bittner and Bdttner-
Ennever, 2006). During natural visual search, vergence eye movements are
accompanied by saccades (because in our environment most targets differ in
horizontal and vertical direction and in distance), and are much faster (Leigh and

Zee, 2006). Vergence eye movements play also an important role in near triad.

2.1.1 Near Triad

The near triad consists of three actions of inner and extraocular muscles: lens
accommodation, pupillary constriction and the concomitant activation of vergence.
This is helpful to focus on near objects clearer. This action involves the contraction of

the medial rectus muscle and the relaxation of the lateral rectus muscle. Lens
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accommodation and pupillary constriction is under control of the Edinger-Westphal
nucleus (EW).

In order to meet all these different requirements of eye movements — from fast eye
movements to accurate visual fixation - it is essential to have eye muscles with a very

complex architecture.

2.2 Extraocular muscles

2.2.1 Arrangement and function

The eye of vertebrates is rotated by six extraocular muscles (EOM), four recti
(superior-, inferior-, medial- and lateral muscles) and two oblique muscles (superior-
and inferior muscles). An additional EOM, the levator palpeprae muscle (LP), is
present only in mammals and elevates the upper eye lid (Spencer and Porter, 2006).
Among all vertebrate classes, the presence of the four recti and two oblique muscles
is rather constant, but the EOMs vary in innervation-pattern and arrangement
(Isomura, 1981; Evinger, 1988; Spencer and Porter, 2006).

In mammals the eyeball is embedded in orbital fat and connective tissue within the
bony orbit and is attached by the EOMs. The recti muscles and the superior oblique
muscles have their origin from the annulus of Zinn, a tendinous ring which surrounds
the optic foramen and a portion of the superior orbital fissure (Sevel, 1986). The
inferior oblique muscle (I0) arises from the maxillary bone in the medial wall of the
orbit, and the LP has its origin at the sphenoid bone above the optic foramen. The
medial rectus (MR) lies medial to the globe and inserts posterior to the corneoscleral
junction. The lateral rectus (LR) lies lateral to the globe, inserts on the sclera via a
long and broad tendon. The two vertical muscles, the superior rectus (SR) and
inferior rectus (IR), insert dorsally and ventrally on the globe and anterior to the
equator (Spencer and Porter, 2006). The superior obliqgue muscle (SO) passes
through the trochlea, a chondral ring at the upper edge of the medial orbit, turns
laterally to insert on the superior aspect of the globe. The insertion of this muscle is
posterolateral to the central point of the globe in frontal-eyed mammals and

anterolateral in lateral-eyed mammals (Spencer and Porter, 2006).
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The 10 passes ventral to the tendon of the IR and inserts on the lateral aspect of the
globe medial to the tendon of the LR (Miller, 1998) (Fig.1).

. S R e P annulus of Zinn

Fig.1: Arrangement of the extraocular muscles: A, B: Schematic drawing of the right eye viewed from the
front (A) and back (B) side. The levator palpebrae muscle (LP) is cut at its origin. C: The arrangement of
eye muscles within the orbit viewed from dorsal. The surrounding tissue is removed to better visualize
the extraocular muscles. The inferior oblique (I0) and inferior rectus (IR) muscle are covered by the
overlying eye muscles and are not visible in C. All muscles, except the LP and 10, originate from the
annulus of Zinn.

NIl - optic nerve; SO - superior oblique muscle; SR - superior rectus muscle; LR - lateral rectus muscle;
MR - medial rectus muscle

With permission from Elsevier. Adopted from: Putz, Sobotta Atlas der Anatomie des Menschens,
22.Auflage 2006 © Elsevier GmbH, Urban & Fischer, Miinchen.

According to their location and insertion at the globe, the EOMs have different
functions in eye movements (Tab.1). The MR and LR, the horizontal eye muscles,

11
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insert on the opposite sides of the globe, and therefore these muscles are functional
antagonists that serve as the principle adductor (MR) and abductor (LR) of the eye.
Up to date these two are referred to as the only muscles with no secondary function.
Recent studies report of compartmentalized innervations of horizontal EOMs. The
results show that LR and MR motor nerves divide into superior and inferior branches
of approximately equal size, innervating similar proportioned compartments of EOM
fibers (Peng et al., 2010; da Silva Costa et al., 2011; Clark and Demer, 2014). Da
Silva Costa et al. suggest that differential innervations in horizontal rectus EOM
compartments can potentially mediate previously unrecognized vertical oculorotary
actions for these EOM (da Silva Costa et al., 2011; Clark and Demer, 2014).

Since the optic axis of the eye forms an angle of 23° with the vertical recti and 51°
with the oblique muscles, all other EOMs show different functions depending on their
actual eye position: Only in 23° abduction the SR and IR function as pure elevator
and depressor, respectively. The intorsional (SR) and extorsional (IR) component
increases with adduction for both muscles. Similarly, the primary function of the SO is
intorsion with contribution to depression and abduction of the globe. The primary
action of the 10 is extorsion with contribution to elevation and abduction (Horn and
Leigh, 2011).

Muscle Primary Function Secondary Function Tertiary Function
Superior oblique intorsion depression abduction
Inferior oblique extorsion elevation abduction
Medial rectus adduction none none
Lateral rectus abduction none none
Superior rectus elevation intorsion adduction
Inferior rectus depression extorsion adduction

Tab. 1: The different function of the six extraocular muscles in eye movements.

12
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2.2.2 Gross and fine anatomy

The EOMs are among the fastest muscles in mammals, with contraction speeds
obtained from experiments on cats as fast as about 7.5 ms for MR (twitch contraction
time: onset to peak force; see Li et al., 2011; Cooper and Eccles, 1930; Denny-
Brown, 1929). However, they also possess slow, non-twitch fibers that are
characteristic of phylogenetically older avian or amphibian skeletal muscles (Morgan
and Proske, 1984; Spencer and Porter, 1988; Ruff et al., 1989; Spencer and Porter,
2006).
It has long been recognized that EOMs have two distinct layers: an outer orbital and
an inner global layer (Kato, 1938).The outer orbital layer is adjacent to the periorbita
and orbital bone and the inner global layer lies close to the optic nerve and eye bulb
(Spencer and Porter, 1988; Porter et al., 1995; Demer et al., 2000). A thin muscle
fiber layer external to the orbital layer has been documented in sheep and human,
and has been termed the peripheral layer (Harker, 1972) and marginal zone,
respectively (Wasicky et al., 2000).
The global layer extends through the full muscle length inserting into the sclera via a
well-defined tendon, whereas the orbital layer ends before the muscle becomes
tendinous (Spencer and Porter, 2006). Recent studies have shown that this early
termination of the orbital layer is a consequence of its insertion into the collagenous
tissue of the pulleys formed by the Tenon’s capsule at approximately the equator of
the globe (Demer et al., 2000).
Extraocular muscle fibers can be classified in different ways. Initially the EOM fibers
were distinguished according to their histological appearance into “Felderstruktur”
and “Fibrillenstruktur” fibers (Siebeck and Kruger, 1955). Later, the classification was
based on the content and distribution of mitochondria or it was differentiated between
“coarse”, “fine” and “granular” fibers (Durston, 1974).
Mayr and collegues were the first, who described six fiber types in rat, characterized
on the basis of their location in the orbital or global layer, muscle fiber diameter,
innervation pattern, histochemical features and ultrastructure (Mayr et al., 1975).
Further investigations of EOMs in different mammals confirmed the concept of six
EOM fiber types (Spencer and Porter, 1988). A categorization of the human EOM is
based on histochemical properties and expression of different myosin heavy-chain
isoforms (Kjiellgren et al., 2003; Spencer and Porter, 2006).

13
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Accordingly, all EOM consist of at least 6 different muscle fiber types, which can be
divided into two main categories based on their innervation (Spencer and Porter,
2006). The singly innervated muscle fibers (SIF) correspond to the twitch fibers (type
[IA) of a mammalian skeletal muscle. This fiber type responds with an “all-or-nothing”
potential to electrical stimulation (Lennerstrand, 1974; Chiarandini and Stefani, 1979;
Nelson et al., 1986; Jacoby et al., 1989; Lynch et al., 1994).

The multiply innervated muscle fibers (MIF) are rare in vertebrate, besides the EOMs
they are found in the tensor tympani muscle of the middle ear and in the laryngeal
muscles (Fernand and Hess, 1969; Mascarello et al., 1982; Veggetti et al., 1982; Han
et al., 1999). The two types of MIFs in the EOMs resemble the multiply innervated
fibers found in avian skeletal muscles (correspond to orbital layer MIFs) and in
amphibian skeletal muscles (correspond to global layer MIFs) (Morgan and Proske,
1984). After electrical stimulation they respond with local potentials resulting in a slow
tonic contraction (Lennerstrand, 1974; Chiarandini and Stefani, 1979) and are called
non-twitch muscle fibers (Siebeck and Kruger, 1955). Physiological studies identified
two types of MIFs in the EOM: the MIFs of the orbital layer are contacted by an
additional “en plaque” ending at the middle of the muscle fiber, which is reflected in
their capability to propagate action potentials, whereas global MIFs lack these
additional “en plaque” endings (Hess and Pilar, 1963; Bach-y-Rita and Ito, 1966; Pilar
and Hess, 1966; Pilar, 1967).

The orbital layer consists of two fiber types, one MIF type and one SIF type, the
global layer consists of one MIF type and three SIF types. This arrangement is a

common pattern seen across different species (Spencer and Porter, 2006).

Orbital layer:

80 % of muscle fibers in the orbital layer represent SIFs. The orbital SIFs contain

small myofibrils (myofibril volume is low (60 %)) in comparison to skeletal muscles

(70-85 %), have a high percentage of mitochondria (20 % volume of the orbital SIFs),

and accordingly a high oxidative enzyme content (Hoppeler and Fluck, 2002).

These qualities implicate, that orbital SIFs are fast-twitch and fatigue resistant

muscles, with the capacity for anaerobic metabolism (Spencer and Porter, 1988).

SIFs of the orbital layer show an unique expression of the myosin gene, only seen in

EOMs and laryngeal muscle and a developmental myosin isoform (associated with
14
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developing skeletal muscles) (Wieczorek et al., 1985; Jacoby et al., 1990; Brueckner
et al., 1996). The isoforms are specialized to provide specific contractile force/velocity
at a specific energy cost. The unique myosin expression profile suggests a highly

specialized role in eye movements (Spencer and Porter, 2006).

Orbital MIFs make up 20 % of the fibers. Their myofibrils are larger than those of the
orbital SIFs and multiple nerve terminals are distributed along the myofiber length. In
contrast to the SIFs, orbital MIFs express an embryonic myosin (Rubinstein and Hoh,
2000; Briggs and Schachat, 2002) and a neonatal myosin heavy chain isoform
(Wieczorek et al., 1985; McLoon et al., 1999). The heterogeneous features of this
fiber type are unlike anything that had been described for a skeletal muscles before
and, it is difficult to draw a conclusion regarding the function (Spencer and Porter,
2006).

Global layer:

The global layer contains three different types of SIFs, red-, intermediate- and white
SIFs, all of them with characteristics of fast twitch muscle fibers.

Global red SIFs represent about one-third of the fibers, predominantly in the
intermediate zone between orbital and global layers. The global red SIFs have a high
mitochondrial volume (< 20 %) and a very low myofibril volume (55 %) (Spencer and
Porter, 2006). They are suggested to be highly fatigue resistant and furthermore they
express the type IIA myosin isoform (Brueckner et al., 1996; Rubinstein and Hoh,
2000).

Global intermediate SIFs comprise one-fourth of the global fibers. Numerous
medium-sized mitochondria are distributed singly or in small clusters, myofibrillar size
is between the other two types of global SIFs and the myosin isoform content is likely
type 11X (Rubinstein and Hoh, 2000). With their intermediate contraction speed and
intermediate fatigue resistance, global intermediate SIFs are classified into red and
the white global SIFs (Spencer and Porter, 2006).
The global white SIFs incorporate one-third of the fibers of the global layer. They
have few small mitochondria that are singly arranged between the myofibrils and this
fiber type likely express type IIB myosin heavy chain (Rubinstein and Hoh, 2000).
15
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The fiber profile is consistent with a fast-twitch and low fatigue resistance fiber
(Spencer and Porter, 1988).

MIFs constitute the remaining 10 % of the global fibers. These fibers contain very few
small mitochondria arranged singly between the very large myofibrils. The ultra-
structural profile is similar to slow, tonic muscle fibers of amphibian. This fiber type
exhibits a slow graded, local contraction with non-propagated response to an
electrical stimulation (Chiarandini and Stefani, 1979). The finding of a phylo-
genetically primitive muscle fiber type in one of the fastest skeletal muscle is difficult
to reconstruct. One assumption is that they play a potential role in either very fine
foveating movements of the eye or they are part of a specialized proprioceptive

apparatus (Ruskell, 1978).

2.2.3 Neuromuscular junction

The twitch fibers, or SIFs, respond to electrical excitation with an “all-or-nothing”
contraction that propagates along the whole length of the fiber. They are innervated
by relatively large nerves (7-11 pm), which terminate as large “en plaque” motor
endplates in an endplate zone in the middle of the fiber (Namba et al., 1968; Spencer
and Porter, 2006). The neuromuscular junction of twitch fibers in orbital and global
layer is morphologically identical, but only the “en plaque” terminals of the
intermediate SIFs of the global layer show clusters of large nerve endings (Spencer
and Porter, 1988).

The non-twitch fibers, or MIFs, are multiply innervated by a myelinated and fine (3-5
Mm) nerve fiber. These fibers respond to electrical stimulation with a slow tonic
contraction, which is not propagated along the muscle fiber (Bondi and Chiarandini,
1983). The motor endplates “en grappe” endings are typically small and distributed
along the length of the muscle fiber but have a higher density in the distal half of the
muscle (Porter et al., 1985; Spencer and Porter, 1988) (Fig. 2).
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Fig. 2: lllustration of an eye muscle and its different fiber types.

Singly innervated muscle fibers (SIFs) are innervated by one single “en plaque” ending per fiber (in red).
Multiply innervated muscle fibers (MIFs) are innervated by multiple “en grappe” endings throughout their
whole extent (in green). Upon electrical stimulation SIFs respond in an “all or nothing” fashion, whereas
MIFs respond with a slow contraction and local potential. The MIFs extend proximal and distal into the
tendon, where the palisade endings (PEs) are located.

SIF - singly innervated muscle fiber; MIF - multiply innervated muscle fiber; PE - Palisade ending

With permission from Elsevier. Modified from: The extraocular motor nuclei: organization and functional

neuroanatomy. Buttner-Ennever JA, Prog. Brain.Res. 151, 1-42, © 2006, Elsevier.

2.2.4. Acetylcholine receptor (AchR) subunits are differentially expressed in
SIF- and MIF of EOMSs

The acetylcholine receptor is a pentameric protein with different adult and fetal
isoforms. The fetal isoform consists of two alpha subunits, a beta, a delta, and a
gamma. During the development of the acetylcholine receptors, the gamma-subunit,
is replaced by an epsilon-subunit (Kaminski et al., 1996; Missias et al., 1996).

Recent studies have shown that “en plaque” endings of SIFs express the adult
epsilon-subunit, whereas the “en grappe” endings of MIFs express only the fetal
subunit gamma and not the adult subunit (Fraterman et al., 2006). Currently it is not
clear why the fetal gamma-subunit is still expressed in the “en grappe” endings of
MIFs, but this finding has consequences for the understanding of ocular myasthenia.
In myasthenia gravis weakness of the EOMs is often an initial and persisting

symptom.
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It has been proposed that the presence of antibodies to fetal AChR expressed in
EOM causes their weakness (Oda, 1993; MacLennan et al., 1997).

2.2.5 Palisade endings (specialty of global MIFs)

The global layer possesses an unusual feature, unique to eye muscles, it has
palisade endings (PE) at the myotendinous junction (Dogiel, 1906; Cilimbaris, 1910;
Ruskell, 1999). PEs have been found in almost all species that have been
investigated (Eberhorn et al., 2005b). PEs form a cuff of nerve branches around the
muscle fiber tip. They contact only one type of muscle fiber, the MIFs of the global
layer (Mayr, 1977; Alvarado-Mallart and Pincon Raymond, 1979; Richmond et al.,
1984; Ruskell, 1999). The palisade terminals arise from nerve fibers that enter the
tendon from the central nerve entry zone, then turn back 180°, to contact the tip of
the muscle fibers. PEs may function as proprioceptors and are unique to eye muscles
(Dogiel, 1906).

Since their first description (Huber, 1900; Dogiel, 1906) the location, histochemistry,
structure, and connectivity of PEs have been well studied, but their function is much
discussed (Ruskell, 1999; Donaldson, 2000). Some of their properties are typical of
sensory endings, for example terminals in the collagen tendon, and other properties
are typical of motor structures, for example their cholinergic transmitter and the
location of their somata.

Recent studies in monkeys indicated that the cell bodies of PEs are located within the
peripheral groups around the motonuclei of EOM (Lienbacher et al., 2011,
Zimmermann et al., 2011). From these findings two hypothesis are suggested for the
function of the peripheral cell groups: In the first hypothesis one homogenous neuron
population gives rise to multiple nerve endings supplying non-twitch MIFs that
terminate as PEs at the myotendinous junction. In the second hypothesis, the
peripheral motoneurons around the oculomotor nucleus may consist of two different
neuron populations: Sensory neurons giving rise to PEs and motoneurons providing
the multiple innervation of non-twitch muscle fibers (Lienbacher and Horn, 2012) (Fig.
3).
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Fig. 3: Schematically illustration of the two hypothesis of the origin of Palisade endings (PEs).

A: Schema proposed hypothesis one: one cell body, located in the peripheral group, gives rise to PE and
the multiply “en grappe” endings of non-twitch muscle fibers (in black).

B: Schema proposed hypothesis two: Two sets of neurons are located in the peripheral group.

MIF motoneurons providing the multiply innervation of non-twitch muscle fibers (in blue) and a sensory
neuron giving rise to sensory terminals, the PE (in red).

nlll - oculomotor nucleus; NIII - oculomotor nerve; MIF - multiply innervated muscle fiber;

SIF - singly innervated muscle fiber; PE - Palisade endings

With permission from Springer Science and Business Media: Illustration assumed from: Palisade endings
and proprioception in extraocular muscles: a comparison with skeletal muscles. Lienbacher K and Horn
AKE. Biol Cybern 106, 643-655, Fig. 9, 10. © 2012, Springer.

2.3 Motor innervation of extraocular eye muscles

2.3.1 Organization of motor neurons

The motoneurons innervating the eye muscles lie in three distinct nuclei within
the brainstem: the oculomotor nucleus (nlll) and the trochlear nucleus (nlV) in the
mesencephalon, and further caudal, the abducens nucleus (nVI) at the

pontomedullary junction (Fig. 4).
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Fig. 4: Sagittal section through the brainstem of monkey, showing the location of the oculomotor (nlll),
the trochlear (nlV) and the abducens nucleus (nVI). The nlll and nlV are located in the mesencephalon, the
nVI lies more caudal in the pontomedullary brainstem underneath the genu of the facial nerve.

RIMLF - rostral interstitial nucleus of the medial longitudinal fasciculus; INC - interstitial

nucleus of Cajal; nlll - oculomotor nucleus; nlV - trochlear nucleus; nVI - abducens nucleus; 10 - inferior
olive; NVI - abducens nerve; NIl - oculomotor nerve; SC - superior colliculus

With permission from Elsevier. Modified from: Present concepts of the oculomotor system. Bittner U and
Buttner-Ennever JA. Rev Oculomot Res, Vol 2, 3-32. © 1988, Elsevier.

The nVI lies in the pontomedullary brainstem beneath the fourth ventricle,
underneath the genu of the facial nerve. The majority of abducens motoneurons
innervate the ipsilateral LR via the abducens nerve. Some species, for example cats,
contain motoneurons of accessory eye muscles, the retractor bulbi muscles (Spencer
et al., 1980) controlling the nictitating membrane, and therefore participating in the
retraction reflex of the eye. In primates the nictitating membrane is degenerated to a
vestigial plica semilunaris, the retractor bulbi is reduced to a single homologous slip,
the accessory lateral rectus muscle. This accessory muscle is innervated by the
abducens nerve (NVI) (Spencer and Porter, 1981; Schnyder, 1984). Motoneurons
that innervate the accessory lateral rectus muscle are located in the accessory
abducens nucleus, which lies ventral to the rostral half of the abducens nucleus
(Schnyder, 1984).

An additional population within the nVI is formed by the internuclear neurons (INTs),
which project rostrally via the medial longitudinal fasciculus (MLF) to the MR

motoneurons in the contralateral nlll (Buttner-Ennever and Akert, 1981; McCrea et
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al.,, 1986) and provide the neuroanatomical basis for conjugate horizontal eye
movements (Glicksman, 1980; Evinger et al., 1987; Straka and Dieringer, 1991).
The trochlear nucleus (nlV) is located in the mesencephalic tegmentum and
adjoins the oculomotor nucleus caudally. It contains mainly motoneurons innervating
the contralateral SO via the trochlear nerve (NIV). Only a few project to the ipsilateral
SO muscle (Porter et al., 1983; Miyazaki, 1985a; Evinger et al., 1987).
The nlll is located in the tegmentum of the midbrain, ventral to the aqueduct and
dorsal to the fibers of the medial longitudinal fascicle (MLF). This compact paired
nucleus contains the motoneurons of the ipsilateral MR, IR and 10 and the
motoneurons of the contralateral SR (Buttner-Ennever, 2006).
The first systematic study of individual motoneuron subgroups of the nlll was
performed at the end of the 19" century using neuroanatomical and
electrophysiological methods and clinical observations (Edinger, 1885; Bernheimer,
1897; Brouwer, 1918). In 1953 Warwick established the presently accepted
topographical map of nlll by retrograde degeneration techniques in non-human
primates (Warwick, 1953).
After introduction and development of retrograde tract-tracing methods with
horseradish peroxidase (HRP) more detailed information about the organization of
the motoneuons in the nlll was obtained in different species including primates (cat:
Gacek, 1977; Miyazaki, 1985b; cat and rabbit: Akagi, 1978, rabbit: Murphy et al.,
1986; rat: Glicksman, 1980; monkey: Buttner-Ennever et al., 2001).
The motoneuron subgroups within nlll show a topographical arrangement. From
rostral to caudal, the motoneuron subgroups in all investigated vertebrate species
follow an IR, MR, 10 and SR sequence. In mammals, nlll also includes motoneurons
which innervate the levator palpeprae muscle (LP). In rodents the LP motoneurons
primarily occupied the caudal aspects of the contralateral oculomotor nucleus
(Evinger et al., 1987), whereas in cat and primates the motoneurons lie in an
unpaired separate group caudal to nlll, called the central caudal nucleus (CCN)
(Evinger, 1988).
One main difference in the organization of the nlll between primate and non-primate
is the existence of two subpopulations of the MR motoneurons in primates (Buttner-
Ennever and Akert, 1981). The A-group contains the main part of MR motoneurons
and lies at the ventral portion of nlll. The B-group is located dorsolateral within nlll
and forms a circular group. A third additional MR-subgroup in the so-called C-group
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at the dorsomedial peripheral border of nlll belongs to a separate set of motoneurons
described in figure 6 C and D (Buttner-Ennever and Akert, 1981; Porter et al., 1983)

(Fig. 5).

rat

Fig. 5: Frontal section illustrating the location of motoneurons in the oculomotor nucleus (nlll) in monkey
(A) and rat (B). All muscles are innervated ipsilaterally, except the SR, the motoneurons of SR lie
contralaterally. Motoneurons of singly innervated muscle fibers (SIFs) are found only within the
boundaries of the classical nlll, whereas the motoneurons of multiply innervated muscle fibers (MIFs) are
located in the periphery of nlll. This is most clearly found in primate, where the MIF motoneurons are
located in the C-group and S-group (A).

SR - superior rectus muscle; IR - inferior rectus muscle; MR - medial rectus muscle; 10 - inferior oblique
muscle

With permission from Elsevier. Modified from: Extraoculomotor nuclei: location, morphology and
afferents. Evinger C. Rev Oculomot Res, Vol 2, 81-117. © 1988, Elsevier.

2.3.2 Twitch- and non-twitch motoneurons

Tracer injection into the belly or distal myotendinous junctions of EOMs in monkey
revealed that MIF motoneurons lie separately from the SIF motoneurons for all six
EOM, which formed the basis for a new concept of a dual innervation of EOM
(Buttner-Ennever et al., 2001; Blttner-Ennever and Horn, 2002).
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A distal tracer injection, enclosing exclusively the endplates of the MIFs, results in
retrograde labelling of only the motoneurons in the periphery around the motonuclei
(a belly injection labels both, motoneurons of MIFs and SIFs). These peripheral
motoneurons tend to be smaller in diameter and are considered to be the
motoneurons of tonic MIFs, whereas the “classical” motoneurons within the
boundaries of the motonuclei are considered to be SIF motoneurons (for review:
Battner-Ennever, 2006).

2.3.3 C-group and S-group

The MIF motoneurons of individual EOMs are organized in the following way: The
MIF motoneurons of MR and IR form a group at the dorsomedial border of nlll termed
C-group (Buttner-Ennever and Akert, 1981; Buttner-Ennever et al., 2001). Recent
studies have shown that both motoneuronal groups are separated from each other,
with the IR MIF motoneurons adjacent to the dorsal nlll and the MR MIF
motoneurons more medially reaching up to the Edinger-Westphal nucleus (Tang et
al.,, 2015). The MIF motoneurons of SR and IO are located at the midline,
sandwiched between the two nlll, in the so called S-group. MIF motoneurons of the
SO lay as a cap dorsal to the nlV. LR MIF motoneurons are found in a shell around
the medial borders of nVI, intermingled between the fascicles of the NVI, or located

around the facial genu (BUttner-Ennever et al., 2001) (Fig. 6).
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Fig. 6: Frontal section through the abducens nucleus (nVI) (A), trochlear nucleus (nl'V) (B) and oculomotor
nucleus (nlll) (C, D) of monkey, demonstrating the distribution of singly- (SIF) and multiply innervated
(MIF) muscle fiber neurons. The SIF motoneurons (blue dots) lay within the boundaries of the classical
motonuclei, whereas MIF motoneurons (red dots) appear in subgroups in the periphery of the nuclei
borders. Lateral rectus (LR) MIF motoneurons are located at the midline borders and between the rootlets
of the NVI, or around the facial genu (A). MIF motoneurons of the superior oblique (SO) lay like a cap at
the dorsal borders of nlV (B). The C-group is located at the dorsomedial border of nlll and contains the
MIF motoneurons of medial rectus (MR) and inferior rectus (IR) (C). The S-group is found at the midline,
sandwiched between the two parts of nlll, containing the MIF motoneurons of superior rectus (SR) and
inferior oblique (10) (C). In the monkey and other primates the MR motoneurons are arranged in three
distinct clusters. The A group (blue dots) is found at the ventral portion of the nlll, dorsolateral the
motoneurons of the B group (blue dots) and dorsomedially at the peripheral border of the nlll the C-
group, containing the MIF motoneurons (C). (D) Frontal section through the monkey nlll demonstrating
retrogradly labeled neurons after a tracer injection into MR. All three distinct clusters of MR motoneurons
are labeled.

NVII - facial nerve; NVI - abducens nerve; nVI - abducens nucleus; nlV - trochlear nucleus; nlll -
oculomotor nucleus; MLF - medial longitudinal fasciculus; LR - lateral rectus muscle; SO - superior
oblique muscle; IR - inferior rectus muscle; MR - medial rectus muscle; 10 - inferior obligue muscle; SR -
superior rectus muscle; Scale bar =500 um in D (applies to D).

With permission from Elsevier. Modified from: The extraocular motor nuclei: organization and functional
neuroanatomy. Bittner-Ennever JA. Prog Brain. Res 151, 1-42, © 2006, Elsevier.
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2.3.4 Delineation from other perioculomotor nuclei: Edinger-Westphal nucleus

The Edinger-Westphal nucleus (EW) is located in the midbrain dorsal to the nlll,
mediating lens accommodation and pupillary constriction (Edinger, 1885; Westphal,
1887) via their projection to the ciliary ganglion.

The EW sends preganglionic axons along the oculomotor nerve (NIIlI) to the
ipsilateral ciliary ganglion. The ciliary ganglion sends postganglionic parasympathetic
fibers either to the sphincter pupillae muscle or the ciliary muscle. Activation of the
sphincter pupillae muscles of the iris results in pupil constriction. Contractiion of the
ciliaris muscle releases the tension on the Zonular fibers, making the lens more
convex, known as accommodation. In all vertebrates, including human, the EW forms
a circumscribed cell group, with primarily small basophil neurons, located
dorsomedial to the nlll. Traditionally the EW is considered as the location for the
parasympathetic preganglionic neurons of the ciliary ganglion controlling the lens and
the sphincter pupillae muscle (Edinger, 1885; Westphal, 1887). However, tract-
tracing studies revealed a considerable variation in the location of the preganglionic
neurons across species in particular to the location to the cytoarchitecturally defined
EW (Buttner-Ennever, 2006). Only in monkey and bird, the preganglionic neurons are
located in the EW (Akert et al., 1980; Gamlin and Reiner, 1991; Sun and May, 1993),
in all other species studied so far, the preganglionic neurons are located around the
EW or at the medial borders of nlll (mouse: Vann and Atherton, 1991, hamster:
Pickard et al.,, 2002). Recently, an additional group containing the neuropeptide
urocortin 1 has been associated with the EW in several species (Vaughan et al.,
1995; Yamamoto et al., 1998; Ryabinin et al., 2005; May et al., 2008).

In conclusion the EW is the location of the preganglionic neurons in some species or

contains the neuropeptide urocortin and not the preganglionic neurons (Fig. 7).
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Cytoarchitecture of the human brain stem
Olszewski and Baxter (1982)

Fig. 7: Frontal section through the brain stem of human (A), rat (B) and monkey (C), showing the location
of the Edinger-Westphal nucleus (EW) and the oculomotor nucleus (nlll).

EW - Edinger-Westphal nucleus; nlll - oculomotor nucleus;

Scale bar =100 um in B (applies to B); Scale bar = 250 um in C (applies to C).

Fig. A: with permission from S. Karger AG. Adopted from: Cytoarchitecture of the Human Brain Stem, 2"

Edition, Olszewski J and Baxter D, Fig. 4, p 97, © 1982, Karger.

2.4 Different histochemical properties of MIF- and SIF motoneurons

It has been shown in monkey and rat, that SIF- and MIF motoneurons have different
histochemical staining properties (Eberhorn et al., 2005a; Eberhorn et al., 2006).
These experiments revealed that MIF motoneurons in the periphery of the motor
nuclei do not contain non-phosphorylated neurofilaments (NP-NF) and lack
perineuronal nets, whereas SIF motoneurons express these two markers at high
intensity.

The function of the perineuronal nets is still unclear (Hockfield et al., 1990; Okamoto
et al., 1994; Bruckner et al., 1999). One hypothesis suggests that perineuronal nets
are associated with highly active neurons (Brlckner et al., 1993), such as those

found in the rat medial septum and in neurons of the primate saccadic system (up to
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1000 Hz) (Henn and Hepp, 1984; Morris and Henderson, 2000; Horn et al., 2003),
whereas slow modulatory neurons — like serotoninergic neurons in the raphe nuclei -
lack perineuronal nets (Bruckner et al., 1994; Hobohm et al., 1998). Labelling for NP-
NF was specifically found in SIF motoneurons, and was not detected in any other cell
type in the ocular motor nuclei. NP-NF labelling was reported as a reliable marker for
motoneurons, but that it is not restricted to this cell type (Tsang et al., 2000).

These results demonstrated that MIF motoneurons differ in their histochemical

properties from those of SIF motoneurons and are different in functions and

physiology.

2.4.1 Different premotor inputs to MIF- and SIF motoneurons

Experiments applying different transsynaptic tracers in monkeys revealed that SIF-
and MIF motoneurons receive different inputs serving different functions. SIF
motoneurons are targeted by premotor afferents involved in generation of eye
movements, e.g. saccadic burst neurons, secondary vestibulo-ocular neurons,
whereas the peripheral MIF motoneurons are targeted only by afferents from
premotor sources involved in gaze holding, e.g. the prepositus hypglossus nucleus
(Wasicky et al., 2004; Buttner-Ennever, 2006; Ugolini et al., 2006).
It is well known, that in monkey motoneurons providing horizontal and vertical eye
movements are controlled by inhibitory inputs mediated by different transmitters.
Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter utilized by
premotor neurons involved in vertical eye movements, glycine is used by premotor
neurons associated with horizontal eye movements (Spencer et al., 1989; Spencer
and Baker, 1992). There are specific disorders for the vertical eye movement system
that affect only one direction, e.g. isolated upgaze or downgaze palsy or upbeat or
downbeat nystagmus, which indicate that up- and downgaze pathways are organized
in a different way (Leigh and Zee, 2006). There may be other characteristics specific
to the vertical gaze system. The calcium-binding protein calretinin (CR) has been
identified in several brainstem regions known to contain premotor neurons involved in
vertical eye movements (Horn et al., 2003; Baizer and Baker, 2006).
The abducens internuclear neurons (INT) and the ascending tract of Deiters (ATD)
pathways are the principle excitatory inputs to MR motoneurons, which carry eye
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position and eye velocity signals (Fuchs et al., 1988) or head velocity signals (Reisine
and Highstein, 1979), respectively. The abducens INTs terminate predominantly on
the contralateral MR motoneurons and utilize aspartate and glutamate as excitatory
neurotransmitter. ATD neurons are located in the ventral portion of the lateral
vestibular nucleus and their axons project ipsilaterally to MR motoneurons and utilize
glutamate as neurotransmitter (Spencer and Wang, 1996; Nguyen and Spencer,
1999). Other transmitter-related inputs to motoneurons of extraocular muscles
involve orexin-A positive afferents that specifically target LP motoneurons in CCN,
the motoneurons of multiply innervated non-twitch muscle fibers in the C- and S-
group of nlll and the preganglionic neurons of the ciliary ganglion (Schreyer et al.,
2009). Orexin-A is synthesized by neurons of the hypothalamus and helps to
maintain wakefulness through excitatory projections to nuclei involved in arousal
(Sakurai, 2007). There may be other characteristics specific to the vertical gaze
system. Apart from the description of the orexin input and a preliminary report on
GABA-related markers associated with MIF motoneurons in the C-group (Ying et al.,
2008). There is no systematic study on transmitter-related markers associated with

either SIF- or MIF motoneurons.

The present work addresses questions on the organization of premotor inputs to
different functional cell groups of the oculomotor nucleus complex and its vicinity.
Thereby, the histochemistry of inputs to different motoneuron groups was studied
with emphasis on those participating in vergence. This involved — after the
delineation of preganglionic neurons of the ciliary ganglion in the supraoculomotor
area — the inputs to peripheral motoneurons in the C- and S-group of the oculomotor
nucleus. Another focus was the investigation of differential inputs to motoneurons

involved in upgaze versus those involved in downgaze.
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2.5 Aim of the study

. Traditionally the Edinger-Westphal nucleus (EW) is considered to be the
location of the parasympathetic cholinergic preganglionic neurons mediating
pupillary constriction and lens accommodation. In all vertebrates the EW forms
a cytoarchitecturally defined nucleus dorsomedial to the nlll. Tracing studies
revealed a considerable variation in the location of the preganglionic neurons
across species in relation to the EW. The neuropeptide urocortin (UCN) has
been associated with the EW in several species including man. In a
comparative study in rat, ferret, monkey and human, the location of cholinergic
neurons within and around the nlll, which includes motoneurons of the
extraocular muscles and the preganglionic neurons of the ciliary ganglion, was
compared to the location of UCN-positive neurons and their location related to
the EW.

The results are described and discussed in paper 1, pp 32-37.

. There are specific disorders for the vertical eye movement system, e.g.
isolated upgaze or downgaze palsies, and selective upbeat or downbeat
nystagmus, which indicates that up- and downgaze pathways have separate
organizations. In monkey, it has been shown that the motoneurons providing
horizontal and vertical eye movements are controlled by inhibitory inputs
mediated by different transmitters. There may be other characteristics specific
to the vertical gaze system. The calcium-binding protein calretinin (CR) has
been identified in several brainstem regions known to contain premotor
neurons involved in vertical eye movements. To further explore this point, we
investigated the motonuclei of extraocular muscles for the presence of CR-
positive terminal profiles, with specific emphasis on determining their
relationship to the motoneuron populations activated for upgaze, those
activated in downgaze and those used in lateral gaze.

The results are described and discussed in paper 2, pp 38-50.

The oculomotor nucleus (nlll) contains the motoneurons of singly innervated
(SIF) twitch- and multiply innervated (MIF) non-twitch muscles fibers of medial

rectus (MR), inferior rectus (IR), inferior oblique (I0) and superior rectus (SR)
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muscle — the trochlear nucleus (nlV) those of the superior oblique muscle. As
described earlier the gamma-aminobutyric acid (GABA) is the major inhibitory
neurotransmitter utilized by premotor neurons involved in vertical eye
movements, glycine is used by premotor neurons related to horizontal eye
movements. Here we studied the histochemical profile and transmitter inputs
to the different motoneuron subgroups including MIF- and SIF motoneurons in
nlll and nlV of monkey. Prelabelled motoneurons were immunostained for
different transmitters or transmitter-related proteins: Gamma-aminobutyric acid
(GABA), glutamate decarboxylase, glycine transporter 2, GABA-receptors,
vesicular glutamate transporter 1 and 2. The different histochemical profile of
the subgroups of nlll and nlV provides a basis for anatomical identification and
the interpretation of physiological data.

The results are described and discussed in paper 3, pp 51-69.

. Motoneuron groups of individual eye muscles in human were identified. This
was based on a comparison with the localization of motoneurons derived from
tract-tracing experiments in monkey and on the cytoarchitecture and
differential histochemical inputs to motoneuron subgroups revealed by
immunohistochemical staining for different markers: non-phosphorylated
neurofilaments, glutamate decarboxylase, calretinin and glycine receptor.
Seven subgroups in the oculomotor nucleus of human have been identified
and present a new map of the human oculomotor subgroups.

The results are described and discussed in paper 4, pp 70-86.
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3 Results

3.1 Paper 1, pp 32-37:
The Edinger-Westphal nucleus represents different functional cell groups in

different species.

3.2 Paper 2, pp 38-50:
Calretinin inputs are confined to motoneurons for upward eye movements in

Monkey.

3.3 Paper 3, pp 51-69:
Transmitter input to different motoneuron subgroups in the oculomotor and

trochlear nucleus in monkey.

3.4 Paper 4, pp 70-86:
Delineation of motoneuron subgroups supplying individual eye muscles in the

human oculomotor nucleus.
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BASIC AND CLINICAL ASPECTS OF VERTIGO AND DIZZINESS

The Edinger-Westphal Nucleus Represents
Different Functional Cell Groups
in Different Species

Anja K.E. Horn, Christina Schulze,
and Susanne Radtke-Schuller

Institute of Anatomy, Ludwig-Maximilian-University of Munich, Munich, Germany

In all vertebrates, including humans, the Edinger-Westphal nucleus (EW) forms a cir-
cumscribed cell group dorsomedial to the oculomotor nucleus (nllIl). Traditionally the
EW is considered the location of parasympathetic preganglionic neurons of the cil-
iary ganglion, mediating pupillary constriction and accommodation. In a comparative
study in rat, ferret, monkey, and human, the location of cholinergic neurons within
and around the nlll, which includes motoneurons of the extra-ocular muscles and the
preganglionic neurons of the ciliary ganglion, was compared to the location of urocortin-
positive neurons. Irrespective of the species, the cholinergic and urocortin-positive neu-
rons form largely separated cell populations adjacent to each other. Only in monkey,
cholinergic putative preganglionic neurons were found within the cytoarchitecturally
defined EW, whereas in rat, ferret, and human the EW is almost exclusively composed
of urocortin-positive neurons. In humans, the presumed preganglionic neurons are lo-
cated as an inconspicuous group of choline acetyltransferase-positive neurons dorsal
to the urocortin-positive EW.

Key words: parasympathetic; ciliary ganglion; pupil; lens; oculomotor nucleus; uro-

cortin; choline acetyltransferase; rat; ferret; monkey; human

Introduction

Traditionally the Edinger-Westphal nucleus
(EW) is considered the location of the parasym-

pathetic cholinergic preganglionic neurons of

the ciliary ganglion mediating pupillary con-
striction and lens accommodation."? In all ver-
tebrates the EW forms a cytoarchitecturally
distinct nucleus of mostly small basophil neu-
rons dorsomedial to the oculomotor nucleus
(nllI). However, tract-tracing methods revealed
a considerable variation in the location of the
parasympathetic preganglionic neurons of the
pupil and accommodation reflex across species
with respect to the location in the cytoarchi-
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Ludwig-Maximilian-University of Munich, D-80336 Munich Germany.
+19 89 5160 4880; +49 89 5160 4802,
Anja.Bochtler@med.uni-muenchen.de
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tecturally defined EW.* Recently, an additional
cell group containing the neuropeptide uro-
cortin | has been found associated with the
EW in several species including man.* 7 Uro-
cortin (UCN) is an endogenous ligand for the
corticotrophin-releasing factor receptors CRF-
I and CRF-2, and it is involved in the reg-
ulation of many behaviors, including anxiety,
food intake, alcohol consumption, and stress.?
In a comparative approach, we identified the
cholinergic and urocortin-expressing neuron
populations in nlll and the overlying peri-
oculomotor region (plIl) in rat, ferret, monkey,
and human to elucidate their relationship to
the cytoarchitecturally defined EW.

Materials and Methods

All animal and human tissues were obtained
in accordance with state regulations and with

Basic and Clinical Aspects of Vertigo and Dizziness: Ann. N.Y. Acad. Sci. 1164: 45-50 (2009).
doi: 10.1111/j.1749-6632.2009.03856.x © 2009 New York Academy of Sciences.
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Figure 1. Transverse sections through the oculo-
motor (nlll) of rat (A, B) and ferret (C, D) stained for
choline acetyltransferase (ChAT) (A, €) or urocortin
(UCN) (B, D). Note that the UCN-positive neurons
(pllly) in these species are located within the EW
as defined by Nissl-staining (compare to Fig. 4A,B).
For better correlation the corresponding blood ves-
sels are labelled by asterisks. The arrows indicate
small ChAT-positive neurons that may represent pre-
ganglionic neurons or motoneurons of multiply inner-
vated muscle fibers. MLF, medial longitudinal fascicle;
nlll, oculomotor nerve. Scale bar = 250 pum.

approval of the appropriate state and university
committees. Frozen or paraffin-embedded mid-
brain sections of rat, ferret, monkey, and human
that had been fixed with 4% paraformaldehyde
in 0. 1M phosphate buffer were immunostained
for choline acetyltransferase (ChAT) and uro-
cortin (UCN). For an overview of the cytoar-
chitecture, a series of sections was stained with
0.5% cresyl violet. In addition combined im-
munofluorescence staining was applied on rat,
ferret, and monkey tissue to detect ChAT and
UCN simultaneously on selected sections. A
detailed description of antibody sources and
staining procedures is given in a previous
paper.”

Results

In all species studied here the ChAT- and
UCN-immunoreactive neurons in the oculo-

Annals of the New York Academy of Sciences

motor nucleus and the peri-oculomotor re-
gion formed independent cell populations in
close proximity to each other (Figs. 1, 2, 3).
In the ferret a considerable portion of ChAT-
positive neurons was also found in the terri-
tory of the UCN-positive populations (pIIly)
(Figs. 1C, D, 3B). The analysis of double-
immunostained sections confirmed that both
populations are separate also on a cellu-
lar level. Only in rat and ferret a few
UCN-positive neurons showed additional faint
ChAT-immunofluorescence, which has also
been noticed in cat® (Fig. 3A, B, open circles).
With the exception of monkey, in rat, ferret,
and man, the cytoarchitecturally defined EW
was occupied by UCN-positive neurons (pII1y;),
which extended rostrally into the area of the
anteromedian nucleus as well®? (Figs. 1B,D,
2B,D, 3A-D). In humans the distribution of
UCN-positive neurons coincides largely with
the territory of the EW as defined by Ol-
szewski and Baxter'” in Nissl-stained sections
(Fig. 2D, 4D). At caudal levels the UCN pop-
ulation (pIlly) appears as two separate groups,
which merge at more rostral levels, but they
are still apparent as a medial and a lateral
part (Fig. 2D, arrows). A few small, moder-
ately ChAT-positive neurons were present in
the lateral portion of the UCN-positive neu-
rons (Fig. 2C arrows; 3D). Co-expression of
UCN and ChAT could not be assessed in the
human material for technical reasons. In mon-
key the UCN-positive neurons are arranged as
awidespread cytoarchitecturally inconspicuous
group lateral to the cytoarchitecturally defined
EW (Fig. 2B, 3C, 4C).

Two main  populations of  ChAT-
immunoreactive neurons, based their
size, location, and morphology, were identified
in nlIl and the peri-oculomotor region (pIII)
in rat and ferret: medium-sized multipolar
neurons within nlll are likely to represent
motoneurons of singly-innervated muscle
fibers (SIF), whereas the smaller ChAT-
positive neurons in the periphery of nlll may
include the motoneurons of multiply inner-
vated muscle fibers (MIF) and preganglionic

on
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Figure 2. Transverse sections through the ocu-
lomotor (nlll) and Edinger-Westphal nucleus of mon-
key (A, B) and human (C, D) stained for choline
acetyliransferase (ChAT) (A, €) or urocortin (UCN)
(B, D). Note that in monkey the ChAT-positive neu-
rons are located within the EW, therefore termed
EWpe, whereas in human the EW consists of UCN-
positive neurons (pllly) —apparent as two groups (D,
arrows) —therefore termed EW\,. Note that few ChAT-
positive neurons are scattered in the lateral pllly in
EW, (C, arrows). The ChAT-neurons dorsal to EWy
are considered as the preganglionic neurons (pllls)
of the ciliary ganglion in human (C). For better cor-
relation the corresponding blood vessels are labelled
by asterisks. MLF, medial longitudinal fascicle. Scale
bar = 500 pm.

neurons (PG) of the ciliary ganglion (Fig. 1A,C;
arrows). In rat and monkey both groups
can be distinguished by their different histo-
chemical properties.”!""'> The presence of
ChAT-positive neurons is a main feature of
the cytoarchitecturally defined EW (termed
EWpg, see Discussion) in monkey (Fig. 2A;

® ucn
® ChaT
o ChAT + UCN

Figure 3. Plots of transverse sections through the
oculomotor (nlll) and Edinger-Westphal nucleus of rat
(A), ferret (B), monkey (C), and human (D). They are
generated from sections stained for urocortin (UCN,
black dots) and choline acetyltransferase (ChAT, gray
dots) and demonstrate the spatial relationship of
cholinergic presumed preganglionic neurons (plllpg)
and the UCN-positive neurons (pllly) in the peri-
oculomotor region. Whereas the ChAT- and UCN-
positive cell populations seem rather separated in
monkey (C), and human (D), few UCN-positive neu-
rons expressing faint ChAT-immunofluorescence were
noticed in rat and ferret (A, B, open circles). Scale

bars = 250 um (A, B); 0.5 mm (C, D).

3C). They represent the preganglionic neurons
of the ciliary ganglion in this species®® "
(Fig. 4C). Unlike in rat and monkey, the ferret
showed a rather widespread distribution of
ChAT-positive neurons in the peri-oculomotor
region (Fig. 1C; 3B), where the location of MIF
motoneurons and preganglionic neurons has
still to be determined.

In humans a consistent group of ChAT-
positive neurons was found dorsally to the
UCN-positive neurons (pllly) in EW aside
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Figure 4. Schematic drawing of transverse sec-
tions through the oculomotor (nlll) and Edinger-
Westphal nucleus ([EWy; EWeg) in rat (A), ferret (B),
monkey (C), and human (D) showing the cytoarchi-
tecturally defined nuclei on the left by a Nissl-staining
and the functional cell populations, the pregan-
glionic neurons of the ciliary ganglion (plllss) and the
urocortin-positive neurons (pllly) on the right in each
panel. The exact location of plllsg in rat and ferret
has not been defermined yet. Scale bar = 250 pum.

from the ChAT-positive SIF motoneurons
within the nlIl and smaller presumed MIF mo-
toneurons in the immediate vicinity of nlIL?
These ChAT-positive neurons are scattered
over the whole width of the underlying EW
(here EWy, see Discussion) and cannot be as-
signed to a cytoarchitectural entity in Nissl-
stained sections (Fig. 2C, 3D, 4D). They were
considered the preganglionic neurons of the cil-
iary ganglion, based on their similar morphol-
ogy and histochemical properties with those in
monkey.”

Discussion

This work extends our observations on man
and monkey to include ferret and rat. In ac-
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cordance with previous studies, we found that
the UCN- and ChAT-positive cells form two
largely separated neuronal groups, which did
not correspond to the cytoarchitecturally de-
fined EW in the same way across species.% '*:13
In monkey and bird, the cytoarchitecturally
defined EW consists of ChAT-positive neu-
rons, which represent the preganglionic neu-
rons of the ciliary ganglion, %1919 whereas
in mouse, rat, ferret, cat, and human the
EW  consists of the UCN-positive neuron
population.*%7-9:20.21 Because of these varia-
tions across species, a new nomenclature had
been developed, which specifies functional cell
groups of the peri-oculomotor region (plII).
That is, preganglionic neurons (plllpg) and
UCN-positive neurons (pllly) can be defined
as independent groups of their allocation to a
distinct cytoarchitectural nucleus.®*'8 On the
other hand, since the term “EW” is well es-
tablished and used in most atlases, it is kept
for descriptions based on the cytoarchitectural
boundaries as defined in Nissl-staining, but is
supplemented by the subscript suffix “PG” for
preganglionic and “U” for urocortin as indica-
tor for the main population that it contains.
Accordingly, the EW in rat, ferret, and hu-
man is assigned as EWy (Figs. 2C,D, 4A,B,D)
and in monkey as EWpg (Fig. 2A,B, 4C). The
knowledge of the exact location of functional
cell groups is important for the study of clinico-
pathological cases. Attempts have been made to
correlate the striking degeneration of the EWy
in Alzheimer disease with deficits in the pupil-
lary response. Since in light of our results the
EWy does not contain the preganglionic neu-
rons, further studies should assess the overly-
ing cholinergic preganglionic neuron popula-
tion.”? On the other hand the degeneration of
the EWy in Alzheimer patients may correlate
with symptoms related to UCN function (see
b Clow)_z:;, 24

One common feature across all species is the
closeness of the UCN-positive neurons (pllly)
and the preganglionic neurons of the ciliary
ganglion (plllpg). Major projection targets of
UCN-positive neurons are the lateral septum,
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the dorsal raphe nucleus, and sympathetic
preganglionic neurons in the spinal cord by
which various biological functions, such as
stress responses, alcohol consumption, or anxi-
ety may be conveyed.” ?7 Although not shown
yet, an interaction of UCN neurons and pre-
ganglionic neurons—either directly or by com-
mon inputs—appears likely and may be indi-
cated by changes in pupil size, accommodation,
and fixation ability during stress or alcohol con-
sumption.”
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Calretinin Inputs Are Confined to Motoneurons for
Upward Eye Movements in Monkey
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ABSTRACT

Motoneurons of extraocular muscles are controlled by
different premotor pathways, whose selective damage
may cause directionally selective eye movement disor-
ders. The fact that clinical disorders can affect only one
direction, e.g., isolated up-/downgaze palsy or up-/
downbeat nystagmus, indicates that up- and downgaze
pathways are organized separately. Recent work in
monkey revealed that a subpopulation of premotor neu-
rons of the vertical eye movement system contains the
calcium-binding protein calretinin (CR). With combined
tract-tracing and immunofluorescence, the motoneurons
of vertically pulling eye muscles in monkey were investi-
gated for the presence of CR-positive afferent termi-
nals. In the oculomotor nucleus, CR was specifically
found in punctate profiles contacting superior rectus
and inferior oblique motoneurons, as well as levator

palpebrae motoneurons, all of which participate in
upward eye movements. Double-immunofluorescence
labeling revealed that CR-positive terminals lacked the
y-aminobutyric acid (GABA)-synthesizing enzyme gluta-
mate decarboxylase, which is present in inhibitory affer-
ents to all motoneurons mediating vertical eye
movements. Therefore, CR-containing afferents are con-
sidered to be excitatory. In conclusion, a strong CR
input is confined to motoneurons mediating upgaze,
which derive from premotor pathways mediating sac-
cades and smooth pursuit, but not from secondary ves-
tibulo-ocular neurons in the magnocellular part of the
medial vestibular nucleus. The functional significance of
CR in these connections is unclear, but it may serve as
a useful marker to locate upgaze pathways in the
human brain. J. Comp. Neurol. 521:3154-3166, 2013.
© 2013 Wiley Periodicals, Inc.

INDEXING TERMS: upgaze; levator palpebrae; inferior oblique; superior oblique

The vertebrate eye is rotated by six extraocular
muscles. Horizontal eye movements are mediated by the
medial (MR) and lateral rectus (LR) muscles, upward
movements by the superior rectus (SR) and inferior
oblique (10) muscles, and downward movements by the
inferior rectus (IR) and superior oblique (SO) muscles
(for review, see Leigh and Zee, 2006). The motoneurons
of individual eye muscles are located within the abdu-
cens (nVI), trochlear (nlV), and oculomotor nuclei (nlll) in
the tegmentum of the brainstem, and have been well
described in many species (Evinger, 1988; Biittner-
Ennever, 2006). In nonhuman primates, the topography
of the motoneurons within the nlll has been well studied
with tract-tracing methods (Augustine et al, 1981;
Biittner-Ennever and Akert, 1981; Spencer and Porter,
1981; Clarke et al., 1987; Evinger, 1988; McClung et al.,
2001). A common feature is the crossed innervation of
the SR, whose motoneurons are located in the middle

© 2013 Wiley Periodicals, Inc.

part of nlll, close to the midline. In addition, the moto-
neurons of the levator palpebrae muscle (LP) are located
in a separate central caudal nucleus (CCN), and they are
active during combined upward eye and lid movements
(Porter et al., 1989; Fuchs et al,, 1992).

Because motoneurons of extraocular muscles are
controlled by different premotor pathways, they may be
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affected selectively in certain eye movement disorders.
There are specific disorders for the vertical eye move-
ment system, e.g,, isolated upgaze or downgaze palsies,
and selective upbeat or downbeat nystagmus, which
indicates that up- and downgaze pathways have sepa-
rate organizations (Leigh and Zee, 2006). In monkey, it
has been shown that the motoneurons providing hori-
zontal and vertical eye movements are controlled by in-
hibitory inputs mediated by different transmitters.

Whereas y-aminobutyric acid (GABA) is the major in-
hibitory neurotransmitter utilized by premotor neurons
involved in vertical eye movements, glycine is used by
premotor neurons related to horizontal eye movements
(Spencer et al., 1989; Spencer and Baker, 1992). The
abducens internuclear neurons and the ascending tract
of Deiters (ATD) pathways are the principle excitatory
inputs to MR motoneurons, which carry eye position
and eye velocity signals (Fuchs et al., 1988) or head ve-
locity signals (Reisine and Highstein, 1979), respec-
tively. The abducens internuclear neurons terminate
predominantly on the contralateral MR motoneurons
and utilize aspartate and glutamate as excitatory neuro-
transmitter. ATD neurons are located in the ventral por-
tion of the lateral vestibular nucleus, and their axons
project ipsilaterally to MR motoneurons and utilize glu-
tamate as neurotransmitter (Spencer and Wang, 1996;
Nguyen and Spencer, 1999).

Other transmitter-related inputs to motoneurons of ex-
traocular muscles involve orexin-A-positive afferents that
specifically target LP motoneurons in CCN, the motoneur-
ons of multiply innervated nontwitch muscle fibers in the
C- and S-group of nlll, and the preganglionic neurons of
the ciliary ganglion (Schreyer et al., 2009). Orexin-A is syn-
thesized by neurons of the hypothalamus and helps to
maintain wakefulness through excitatory projections to
nuclei involved in arousal (Sakurai, 2007). There may be
other characteristics specific to the vertical gaze system.
The calcium-binding protein calretinin (CR) has been iden-
tified in several brainstem regions known to contain pre-
motor neurons involved in vertical eye movements (Horn
et al., 2003; Baizer and Baker, 2006). To further explore
this point, we investigated the motonuclei of extraccular
muscles for the presence of CR-positive terminal profiles,
with specific emphasis on determining their relationship to
the motoneuron populations activated for upgaze (SR, 10,
and LP motoneurons), those activated in downgaze (IR
and SO motoneurons), and those used in lateral gaze (MR
and LR motoneurons).

MATERIALS AND METHODS

All procedures and surgical interventions were under-
taken at the Department of Neurology at the University

Calretinin-Positive Input to Upgaze Motoneurons

Hospital in Zirich. They accorded with the National
Institutes of Health Guide for the care and the use of
laboratory animals and were approved by the Veterinary
Office of the Canton of Zirich.

Eye muscle injections

To identify the motoneurons of the eye muscles
involved in upgaze, four macaque monkeys received a
tracer injection of unconjugated wheat germ agglutinin
(WGA; 5%; EY Lab, San Mateo, CA) into the SR and 10 of
one eye. For tracer injection, the animals were initially
anesthetized with ketamine (Ketalar 1-2 mg/kg), which
was followed by isoflurane inhalation. Under sterile condi-
tions, the SR or |0 of one eye was exposed by retracting
the eyelid, and making a conjunctival incision. Tracer vol-
umes of 5-20 pl were injected through a Hamilton syringe
into the belly of the respective muscle. After a survival
time of 3 days, the animals were killed with an overdose
of sodium pentobarbital (80 mg/kg body weight; Merial,
Halbergmoos, Germany) and transcardially perfused with
0.9% saline followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). After removal from the skull,
the brains were equilibrated in increasing concentrations
of sucrose, 10-30%, in 0.1 M phosphate buffer for frozen
sectioning. Sections from additional cases of 4% parafor-
maldehyde-fixed brains from previous studies were used
for immunocytochemical staining. The brainstems were
cut at 40 um in the transverse plane by using a cryostat
(Microm HM 560; Walldorf, Germany).

Immmunocytochemical labeling

The visualization of CR-containing nerval structures
within the monkey motor nuclei of extraocular muscles was
performed with immunoperoxidase methods on free-float-
ing sections. Combined immunofluorescence for the
injected tracer (WGA) and CR served to localize CR-positive
neuronal profiles in relation to labeled motoneurons of ex-
traocular muscles involved in upgaze. To determine whether
CR-positive profiles represent inhibitory GABAergic nerve
endings, selected freefloating sections were immuno-
stained for the simultaneous detection of CR and glutamate
decarboxylase (GAD), the synthesizing enzyme of GABA, by
using immunofluorescence. For quantitative analysis of CR-
positive terminals associated with eye muscle motoneur-
ons, combined immunoperoxidase labeling was used to
simultaneously detect choline acetyltransferase (ChAT) and
CR in 10 um paraffin sections of one additional case.

Antibody details
Wheat germ agglutinin

The tracer WGA (EY Lab) was detected with a polyclo-
nal goat antibody (AS-2024; Lot No. V0128; Vector,
Burlingame, CA).
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TABLE 1.

Primary antibodies used in this study including their sources and dilutions.
Antibody Host Antigen Manufacturer Cat.No. Dilution
ChAT Goat Cholinacetyltransferase human Millipore, Billerica, MA AB144P 1:100

placental enzyme
CR Rabbit Calretinin Swant, Bellinzona, Switzerland 7699/3H 1:2,500 1:1,000 (flucrescence)
GAD s 67 Rabbit Glutamate decarboxylase Millipore AB1511 1:500 (fluorescence)
GAD Mouse Glutamate decarboxylase Biotrend, Cologne, Germany GC3108 1:1,000 (flucrescence)
WGA Goat Wheat germ agglutinin Axxora,Vector, Burlingame, CA  AS-2024 1:1,000 1:250 (fluorescence)

Choline acetyltransferase

Cholinergic motoneurons were detected with a polyclo-
nal antibody against ChAT raised in goat (AB144P, Lot
LV1583390; Millipore, Billerica, MA). The antibody is
directed against the whole enzyme isolated from human
placenta, which is identical to the brain enzyme (Bruce
et al., 1985). In immunoblots, these antibodies recog-
nize a 68-70-kDa protein. The appearance and distribu-
tion of ChAT-positive neurons with these antibodies in
the present study are identical to data from previous
reports (Ilchikawa and Shimizu, 1998; Eberhorn et al.,
2005; Horn et al., 2008).

Calretinin

A rabbit polyclonal antibody (7699/3H, Lot 18299;
Swant, Bellinzona, Switzerland) against CR was used to
detect CR-containing neuronal profiles. CR is a calcium-
binding protein of the EF-hand family related to calbin-
din D-28k and calmodulin, with a widespread distribu-
tion throughout the brain (for review, see Andressen
et al., 1993). The antiserum is produced by the immuni-
zation of rabbits with recombinant human CR containing
a 6-his (hexa histidine) tag at the N-terminal. In western
blots of whole brain tissue from different species, the
antibody recognizes a single band of 29-30 kDa
(Schwaller et al., 1999). In CR knockout mice, the anti-
body shows no CR immunoreactivity (manufacturer's
data sheet).

Glutamic acid decarboxylase

GABAergic terminals were detected with a mouse
monoclonal antibody against the GABA-synthesizing
enzyme GAD (GADgsss7, GC3108, batch number
205507, clone 1111; Biotrend, Cologne, Germany) or
the rabbit polyclonal antibody against GAD 65 and 67
(AB1511, Lot NG17374444; Millipore).

Two molecular forms of GADgs and GAD,; are known
from different species. The antibody GC 3108 recog-
nizes a linear epitope at the C-terminus of rat GAD,
common to both isoforms. Whereas GADy; is a cyto-
plasmic protein consisting of 594 amino acid residues,
GADgs is an amphiphilic and membrane-anchored pro-
tein consisting of 585 amino acid residues. There is

65% amino acid sequence homology between the two
isoforms (Karlsen et al., 1991; Li et al., 1995, Bu et al.,
1992). The hybridoma secreting the antibody to GADgs /67
was generated by fusion of splenocytes from a mouse
immunized with fragments of recombinant human
GAD4s fused to glutathione-S-transferase (Ziegler
et al,, 1996).

An overview of the antibodies used, with the suppli-
ers and dilutions used in the present study, is given in
Table 1.

Controls

Controls for each reaction were carried out by the
omission of primary antibodies, which in each case led
to unstained sections.

Deparaffination procedure

Paraffin-embedded sections were dewaxed in three
changes of xylene for 5, 15, and 30 minutes, respec-
tively. Sections were rehydrated in decreasing concen-
tration of alcohol (100%, 96%, 90%, and 70%) and then
rinsed in distilled water for 10 minutes. For antigen
demasking, the sections were reacted in a solution con-
taining sodium citrate buffer (2.94 g dissolved in 1,000
ml distilled water, pH adjusted to 8.5-9 with 0.1 M so-
dium hydroxide) at +80°C for 15 minutes in a water-
bath. Sections were allowed to cool to room
temperature for 15 minutes in citrate buffer, rinsed
briefly in distilled water, and transferred to Tris buffer
(TBS; pH 7.6) (liao et al., 1999).

Visualization of the tracer

To localize the tracer, brainstem sections were immu-
nocytochemically treated with an antibody against WGA
(1:1,000), as described previously (Eberhorn et al.,
2005). The antigenic sites were visualized with a reac-
tion in 0.025% diaminobenzidine (DAB) and 0.015%
H,0, in 0.1 M TBS (pH 7.6) for 10 minutes.

Single immunoperoxidase labeling for CR
All sections were washed in 0.1 M TBS (pH 7.4)
before and after pretreatment with 1% H,0, in 0.1 M
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TBS for 30 minutes to suppress endogenous peroxidase
activity. For detection of CR immunoreactivity, the sec-
tions were blocked with 5% normal horse serum in 0.1
M TBS, pH 7.4, containing 0.3% Triton X-100 (Sigma,
St. Louis, MO) for 1 hour, and subsequently processed
with rabbit anti-CR (1:2,500, Swant, 7699/3H) in TBS
with 5% normal horse serum and 0.3% Triton X-100
(Sigma) for 48 hours at 4°C. After several buffer
washes in 0.1 M TBS, the sections were incubated in
horse anti-rabbit (1:200; Vector) in 0.1 M TBS (pH 7.4)
containing 2% bovine serum albumin for 1 hour at room
temperature. Following three buffer washes, all sections
were incubated in ExtrAvidin-peroxidase (avidin-conju-
gated horseradish peroxidase, 1:1,000; Sigma) for 1
hour at room temperature. After two rinses in 0.1 M
TBS, pH 7.4, and one rinse in 0.05 M Tris buffer, pH
7.6, the antigenic sites were visualized by a reaction in
0.025% DAB and 0.015% H;0; in 0.05 M TBS (pH 7.6)
for 10 minutes, which yielded a brown reaction product.
After washing, the sections were mounted, air-dried,
dehydrated in alcohol, and coverslipped with DPX
(Sigma).

Combined immunofluorescence labeling for
WGA and CR

In selected cryostat sections, combined immunofluo-
rescence labeling was used to simultaneously detect
the tracer WGA and CR. Free-floating sections were
pretreated with 5% normal donkey serum in 0.3% Triton
X-100 in 0.1 M TBS (pH 7.4) for 1 hour at room tem-
perature. Then sections were incubated in a cocktail
containing rabbit anti-CR (1:1,000, Swant 7699/4) and
goat anti-WGA (1:250, AS-2024; Axxora, San Diego, CA)
in 5% normal donkey serum with 0.3% Triton X-100 in
0.1 M TBS, for 48 hours at 4°C. After three washes in
0.1 M TBS, sections were treated with a cocktail con-
taining Cy®-tagged donkey anti-rabbit (1:200, Dianova,
Jackson ImmunoResearch, West Grove, PA) and Alexa
488-tagged donkey anti-goat (1:200; Molecular Probes,
Eugene, OR) in 0.1 M TBS for 2 hours at room tempera-
ture. After several buffer rinses, free-floating cryosec-
tions were mounted on glass slides and dried at room
temperature. Sections were coverslipped with Gel
Mount permanent aqueous mounting medium (Biomeda,
Foster City, CA) and stored in the dark at 4°C.

Combined immunoperoxidase staining for
ChAT and CR

For quantitative analysis of CR-positive terminals,
combined immunoperoxidase labeling was used to
simultaneously detect ChAT and CR in 10 pum paraffin
sections. After the sections were dewaxed, CR was

Calretinin-Positive Input to Upgaze Motoneurons

detected by using the single immunostaining protocol
(see above), but with a final reaction with 0.025% DAB,
0.2% ammonium nickel sulfate (Riedel-de Haén, Seelze,
Germany) and 0.015% H,0, in 0.05 M TBS (pH 7.6) for
10 minutes to yield a black reaction product. After thor-
ough washing and blocking of residual peroxidase activ-
ity in 1% Hy0; in 0.1 M TBS for 30 minutes, the
sections were blocked with 5% normal horse serum in
0.1 M TBS, pH 7.4, containing 0.3% Triton X-100
(Sigma) for 1 hour, and then incubated with goat anti-
ChAT (1:100, Millipore AB144P) in 0.1 M TBS, pH 7.4,
containing 0.3% Triton X-100 (Sigma) for 48 hours at
room temperature. After washing in 0.1 M TBS, the sec-
tions were incubated in biotinylated horse anti-goat 1gG
(1:200; Vector) in TBS containing 2% bovine serum al-
bumin for 1 hour at room temperature. The antigen
binding site was detected by incubating sections in
ExtrAvidin-peroxidase (1:1,000; Sigma) for 1 hour and a
subsequent reaction with 0.025% DAB and 0.015%
H;0; in 0.05 M TBS (pH 7.6) for 10 minutes to yield a
brown staining. After washing, the sections were
mounted, air-dried, dehydrated in alcohol, and cover-
slipped with DPX (Sigma).

Combined immunfluorescence labeling for
CR and GAD

To determine whether CR-positive profiles represent in-
hibitory GABAergic nerve endings, selected cryosections
were immunostained for the simultaneous detection of CR
and GAD. Sections were pretreated with 5% normal don-
key serum in 0.3% Triton X-100 in 0.1 M TBS (pH 7.4) for
1 hour at room temperature. Then sections were incu-
bated in a cocktail containing either rabbit anti-CR
(1:2,500, Swant 7699/3H) and mouse anti-GAD (1:1,000,
GC3108; Biotrend, Miramar Beach, FL) or mouse anti-CR
(1:1,000, Swant, 6B3) and rabbit anti-GADgs¢7 (1:500;
Millipore AB1511) in 5% normal donkey serum with 0.3%
Triton X-100 in 0.1 M TBS (pH 7.4) for 48 hours at 4°C. Af-
ter three washes in TBS, sections were treated with a
cocktail containing Cya—tagged donkey anti-mouse (1:200,
Dianova, Jackson ImmunoResearch) and Alexa 488-
tagged donkey anti-rabbit (1:200; Molecular Probes) in 0.1
M TBS (pH 7.4) and 2% bovine serum albumin for 1 hour
at room temperature. After several buffer rinses, free-float-
ing cryosections were mounted on glass slides and dried
at room temperature. Sections were coverslipped with Gel
Mount permanent aqueous mounting medium (Biomeda)
and stored in the dark at 4°C.

Analysis of stained sections
The slides were examined either with a Leica micro-
scope DMRB (Bensheim, Germany) or with a Zeiss
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Axioplan microscope (Carl Zeiss Microlmaging, Jena,
Germany) equipped with appropriate filters for red fluo-
rescent Cy” (Leica: N2.1; excitation filter BP 515-560
nm, dichromatic mirror: 580 nm, suppression filter LP
590 nm; Zeiss: excitation filter BP 546 nm, dichromatic
beam splitter FT 580 nm, barrier filter LP 590 nm) and
green fluorescent Alexa 488 (Leica: I3; excitation filter
BP 450-490 nm, dichromatic mirror: 510 nm, suppres-
sion filter LP 515 nm; Zeiss: excitation filter BP 475
nm; dichromatic beam splitter FT 500 nm, barrier filter
LP 530 nm).

Photographs were taken with a digital camera (Pix-
era Pro 600 ES, Klughammer, Markt Indersdorf, Ger-
many), captured on a computer with Pixera Viewfinder
software (Klughammer), and processed in Photoshop
7.0 (Adobe Systems, Mountain View, CA). Selected
double-labeled immunofluorescence sections were
imaged with a Leica TCS SP2 laser-scanning confocal
fluorescence microscope (Leica, Heidelberg, Germany).
Images were taken with a 63 oil objective at a reso-
lution of approximately 310 nm per pixel. Dual-channel
imaging of Alexa 488 and Cy’ fluorescence was
sequentially recorded at 488 nm excitation/525-550
nm emission and 564 nm excitation/555-620 nm
emission. Z-series were collected every 0.31 um
through the section. Image stacks were processed by
using Image) (public domain, Java-based image proc-
essing program developed at the National Institutes of
Health). The sharpness, contrast, and brightness were
adjusted to reflect the appearance of the labeling
seen through the microscope. The pictures were
arranged and labeled with CorelDraw (version 11.0;
Corel, Ottawa, Canada). Purely red-green images were
converted to magenta-green in Photoshop and are
provided as supplementary material.

Quantification of CR inputs

The CR input to all motoneuronal groups in nlll, nlV,
and nVI was quantified by counting immunoreactive
punctae along the measured length of the contour of
a motoneuron with Image | at a focus plane. The val-
ues were transfered onto a spreadsheet table (Micro-
soft Excel, 2010). The analysis of each chosen group
was performed on sections from two different cases.
The immunoreactive punctae along the outlines of at
least 35 cells in each motoneuron subgroup were
counted. Simultaneous ChAT immunolabeling was
used to identify the motoneurons in the nuclei. Immu-
noreactive punctae were counted when the soma and
the CR-positive terminal were in the same focal plane
and no space was seen between them. The ratio of
the number of punctae per um of cell outline was cal-
culated with Excel software (Microsoft 2010). From

there the mean terminal density of inputs and the
standard error of the mean were calculated for all
motoneuronal subgroups, including those of the LP.
Data were analyzed with the PRISM 5 software
(GraphPad Prism 5, San Diego, CA). Statistical analy-
sis was performed by using a two-way analysis of var-
iance (ANOVA).

RESULTS

Retrograde labeling of motoneurons for
upgaze

To delineate the area within nlll occupied by moto-
neurons for upgaze, tracer injections were placed into
the SR or 0. Tracer injection into the SR led to a selec-
tive labeling of motoneurons in the middle portion in
the caudal half of the contralateral oculomotor nucleus
(nlll). A similar area at the same level in nlll is occupied
by the |10 motoneurons in the ipsilateral 10. A case in
which all upgaze muscles were retrogradely labeled
illustrates that 10 and SR subgroups of opposite eyes
are pretty much intermingled in nlll, although the SR
motoneurons are concentrated more medially, and the
10 motoneurons more laterally (Fig. 1A). Within the nu-
cleus, labeled dendrites were not observed leaving the
10/8R subdivision to enter the MR/IR subdivision. How-
ever, incomplete filling of their dendrites precludes
absolute claims in this regard. After tracer injections
into the SR, additional labeling was present in the CCN,
most likely due to spread of the tracer to the adjacent
LP muscle (Porter et al.,, 1989).

CR within the motonuclei of extraocular
muscles

Only few scattered CR-positive neurons were present
within the nVI and the rostral nlll, but a cluster of CR-
positive cells was seen in the supraoculomotor area
(SOA; Figs. 1C, arrows, 2A). These neurons were
located within the centrally projecting Edinger-Westphal
nucleus (EWcp), which contains non-preganglionic, uro-
cortin-1-positive cells (May et al,, 2008; Horn et al,,
2008; Kozicz et al., 2011).

Within the motonuclei of extraocular muscles, a large
supply of CR-immunoreactive punctae profiles was
found. However, these terminals were not evenly dis-
tributed. A strong supply of CR-positive punctae profiles
was selectively confined to the middle portion of the
caudal half of nlll, which corresponds to the 10 and SR
subgroups (Fig. 1C). Some CR- positive axons were
present within nVI and nlV. They mainly traversed these
nuclei with only a few fibers terminating (Figs. 1B,D,
3D,F). In addition, strong CR labeling high-lighted the
CCN dorsal to the rostral nlV and caudal nlll (Fig. 1B).
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Figure 1. (A-D) Frontal sections through the oculomotor (nlll) (A,C), trochlear (nlV) (B), and abducens nucleus (nVI) (D) in monkey. Injec-
tions into the inferior oblique (I0) and superior rectus (SR) muscles of the left eye resulted in tracer-labeled neurons in the midportion of
nlll. They occupy similar territories, but on different sides: the 10 ipsilateral, the SR contralateral (A). Immunostained profiles for calretinin
(CR) are confined to the central caudal nucleus (CCN), which contains levator palpebrae motoneurons (B) and the midportion of nill in the
region containing SR and 10 motoneurons (C, compare to A), all involved in upgaze. Note the CR-positive neurons in the supraoculomotor
area (SOA) (C, arrows). Only a few CR-positive profiles were found in nIV (B) and nVI (D). Scale bar = 500 pm in A-D. MLF, medial longitu-
dinal fascicle; NVII, facial nerve; NVI, abducens nerve.

The ventral and dorsal part of nlll, which contained MR
and and IR motoneurons, showed almost no CR-positive
punctae (Figs. 1C, 3A,E). Close inspection of sections
simultaneously stained for the tracer revealed numer-
ous CR-positive punctate profiles (red) in close associa-
tion with the dendrites and somata of tracer-labeled
motoneurons (in green; Fig. 2B,C) and confirmed that
CR-positive profiles were primarily confined to SR, 10,
and LP motoneuronal groups (Fig. 2A).

CR and GAD

Close inspection of nlll in double-immunofluores-
cence preparations for GAD and CR revealed that pro-
files only contained either CR (green) or the GABA-
synthesizing enzyme GAD (red), not both. These obser-
vations indicate that CR and GABA inputs represent
largely independent afferent systems, with no colocali-
zation, which would have been indicated by a yellow
color (Fig. 2D).
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Figure 2. Fluorescence photomicrographs of frontal sections
through the oculomotor nucleus (nlll) of a monkey showing the
location of tracer-labeled neurons (green) and calretinin (CR)-posi-
tive profiles (red). (A) The overview demonstrates the location of
inferior oblique (I0) in the left nlll, superior rectus (SR) in the
right nlll, and levator palpebrae motoneurons (LP) in the central
caudal nucleus (CCN). Note that red CR-positive punctate labeling
is mainly confined to the 10, SR, and LP subgroups. (B,C) Detailed
views of fluorescence (B) and confocal scanning analysis (C) dem-
onstrating that numerous CR-positive punctate profiles are in
close contact with the dendrites and somata of wheat germ
agglutinin (WGA)-labeled motoneurons (white arrows). (D) Confo-
cal scanning view shows combined immunofluorescence for gluta-
mate decarboxylase (GAD) in red (white solid arrows) and CR in
green (white open arrows). Note that both labeled populations
represent largely independent systems, with no colocalization, A
magenta-green version of this figure is provided as Supporting In-
formation Figure 1. MLF, medial longitudinal fascicle. Scale
bar = 200 pm in A; 50 um in B-D.

Quantitative analysis of the CR input to the
motoneurons of nlll, nlV, and nVI

For further clarification, the CR input to all moto-
neuronal groups in nlll, nlV, and nVl was quantified by
counting immunoreactive punctae along the outlines of
the perimeter of somata and proximal dendrites (Figs.
3, 4). The entire populations of every subgroup were
quantified, cells without and with associated terminals.
As is apparent from visual inspection of the immunocy-
tochemical staining, the strongest CR input was found
at motoneurons involved in upgaze, e.g., SR, 10, and LP
(Figs. 3B,C, 4). All upgaze motoneurons received a
dense supply from CR-positive punctae, which appeared
along their cell perimeters at an average density of 0.1
punctae/pm (standard error of the mean [SEM] 0.008)
for the LP and 0.08 punctae/um for the SR/I0 (SEM
0.012). In contrast, only a few motoneurons in nVl and
nlV were associated with any CR-positive profiles,
resulting in an average density of 0.01 punctae/um for
LR motoneurons (SEM 0.002) and 0.018 punctae/pum
for the SO motoneurons (SEM 0.004) (Figs. 3D,F, 4). A
slightly larger population of IR and MR motoneurons
was in close association with a few CR-positive punc-
tae, at an average density of 0.01 punctae/um (SEM
0.003) for the MR and 0.019 punctae/um (SEM 0.005)
for the IR (Figs. 3A,E, 4). Thus the density of CR-posi-
tive punctae around motoneurons for upgaze was signif-
icantly stronger compared to those few of downgaze or
horizontal gaze (P< 0.001; Fig. 4). Even those down-
gaze and horizontal gaze motoneurons receiving some
CR input were contacted by significantly fewer CR-posi-
tive punctae, when separately analyzed and compared
with the CR input of upgaze motoneurons (Bonferroni’'s
multiple comparison test; P< 0.001; data not shown).

DISCUSSION

With combined retrograde-tracer labeling and immu-
nostaining for the calcium-binding protein CR, immuno-
stained terminals were identified, which were rather
specifically associated with motoneurons that are active
during upgaze (Becker and Fuchs, 1988; Fuchs et al,,
1992; Leigh and Zee, 2006). Although not proved by
electron microscopic analysis, a direct synaptic relation-
ship between CR-positive terminals and upgaze moto-
neurons was previously suggested by a study of CR-
positive afferents terminating in nlll (Ahifeld et al.,
2011). Upgaze motoneurons include those supplying
the SR and 10, as well as the LP motoneurons in CCN,
which elevate the upper eyelid (Porter et al, 1989).
Several studies have shown that the upper lid closely
follows the movement of the globe (Becker and Fuchs,
1988; Evinger et al., 1991). This lid-eye coupling is
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Figure 3. (A-F) Frontal sections through the oculomotor nucleus (nlll) (A,B,C,E), the trochlear nucleus (nlV) (D), and the abducens nucleus
(nV1) (F) in monkey. Combined immunoperoxidase labeling was used to simultaneously detect choline acetyltransferase (ChAT) in brown
and calretinin (CR) in black, Note that motoneuronal subgoups involved in upgaze are covered by numerous calretinin-containing afferents
(black) (B,C) whereas only a few motoneurons not involved in upgaze are in contacted by CR (A,D,E,F). Scale bar =50 pm in F (applies to
A-F). CCN, central caudal nucleus; 10, inferior oblique; LR, lateral rectus; SO, superior oblique; and SR, superior rectus motoneurons.
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Figure 4. Histogram demonstrating quantitative analysis of the
calretinin (CR) input to motoneurons of the oculomotor nucleus
(nlll}), the trochlear nucleus (nIV), and the abducens nucleus (nVl).
The CR input to all motoneuronal groups was quantified by count-
ing immunoreactive punctae along the measured length of the
contour of a motoneuron. The mean terminal density of inputs
and the standard error of the mean were calculated for all moto-
neuronal subgroups. The strongest input is seen to the motoneur-
ons of superior rectus (SR), inferior obligue (10), and levator
palpebrae (LP) motoneurons. The number of counted CR-positive
punctae associated with upgaze motoneurons is significantly
higher compared to those around “non-upgaze” motoneurons
(***, P<0.001). IR, inferior rectus; LR, lateral rectus; MR, medial
rectus; and SO, superior oblique motoneurons.

mediated by the concomitant activation of the LP, SR,
and 10 muscles during upward eye movements (Fuchs
et al., 1992)—presumably via projections from the M-
group (Horn et al., 2000), whereas downward eye
movements are caused by the activation of the IR and
S0, which is accompanied by the relaxation of the LP
(Fuchs et al., 1992).

This observation does not apply for all species. In
cat, a rich supply of CR-positive terminals is present
within the MR subdivision of nlll. This fits well with the
finding that a high percentage (80%) of noncholinergic
internuclear neurons within the cat nVI express CR im-
munoreactivity (De la Cruz et al., 1998), in light of the
fact that internuclear neurons activate the MR. Accord-
ingly, the lack of CR-positive terminals in MR subdivi-
sions in monkey goes along with the relative lack of
CR-positive neurons in nVI in this species (McCrea and
Horn, 2006).

Do CR-containing afferents provide an
excitatory or inhibitory input?

Previous work in monkey has shown that the moto-
neurons of extraocular muscles subserving vertical eye
movements receive a strong supply of GABAergic affer-
ents, whereas the nVI and the MR subgroups of nlll
receive far fewer GABAergic afferents, and instead

receive a strong selective input from glycinergic termi-
nals (Spencer and Baker, 1992; Spencer et al., 1992).
Both findings are supported by pharmacological studies
(Precht et al., 1973; Spencer et al., 1989). The present
study demonstrates that GAD-positive and CR-positive
punctae formed independent populations, which did not
overlap, indicating that CR-positive afferents are not
GABAergic. Because glycine, the other known classical
inhibitory neurotransmitter, is not present in terminals
contacting the vertical gaze motoneurons of monkey
(Spencer and Baker, 1992), the CR-positive profiles
contacting motoneurons in nlll in the present study are
considered to be excitatory afferents. Electron micro-
scopic analysis is required to prove this point.

Possible sources of CR-positive afferents to
upgaze motoneurons

By using combined immunochemistry and tract-trac-
ing methods following an injection of retrograde tracer
into the nlll in monkey, the mesencephalic rostral inter-
stitial nucleus of the medial longitudinal fascicle
(RIMLF), the interstitial nucleus of Cajal (INC), and the
vestibular nuclei, including the Y-group, have been iden-
tified as sources of CR afferents to nlll motoneurons
(Ahlifeld et al., 2011). The RIMLF is known as the loca-
tion of premotor saccadic burst neurons for vertical
saccades (BUttner-Ennever et al.,, 1982). Recording and
anatomical studies revealed that burst neurons for
upward and downward saccades are intermingled within
the RIMLF (Biittner-Ennever and Bittner, 1978; Horn
and Bittner-Ennever, 1998). All the retrogradely labeled
premotor neurons in the RIMLF were found to express
the calcium-binding protein parvalbumin, with 40% of
them additionally expressing CR (Horn et al., 2003).
Because mainly upgaze motoneurons in nlll receive a
CR-positive input, it is reasonable to assume that the
CR-positive premotor neurons in the RIMLF are up-burst
neurons (Ahlfeld et al.,, 2011).

In monkey the M-group represents another premotor
upgaze center targeting motoneurons of SR, 10, and LP
(Horn et al., 2000). It is most likely involved in eye-lid
coordination. To what extent the M-group contributes CR
inputs to upgaze motoneurons remains to be studied. In
correspondence to the burst neurons in RIMLF, the CR-
positive population in the INC may provide excitatory
premotor burst and burst-tonic inputs for upgaze for con-
comitant activation of the LP motoneurons when SR and
10 motoneurons are activated by the RIMLF (Helmchen
et al.,, 1996; Chen and May, 2007, Ahlfeld et al., 2011).
The medium-sized secondary vestibulo-ocular neurons in
the magnocellular part of the medial and superior vestib-
ular nuclei did not provide a CR input to upgaze
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motoneurons (Ahlfeld et al., 2011; Goldberg et al,
2012), but a CR-positive projection arises from small
vestibular neurons, which may represent the origin of
parallel vestibulo-ocular pathways, which are not directly
activated from vertical canal afferents, and numerous
medium-sized premotor neurons within the dorsal Y-
group, which corresponds to the infracerebellar nucleus
(Gacek 1978; Goldberg et al., 2012).

The Y-group is disynaptically activated from vestibular
afferents (Highstein and Reisine, 1979; Blazquez et al.,
2000), and it is targeted by direct inhibitory afferents
from Purkinje cells in the flocculus, most of them coding
for downward eye movements (Partsalis et al., 1995;
Krauzlis and Lisberger, 1996). Accordingly, the floccular
target neurons in the Y-group encode upward eye move-
ments, and electrical activation of the Y-group results in
excitatory postsynaptic potentials (EPSPs) in 10 and SR
subgroups in nlll and slow upward eye movements
(Chubb and Fuchs, 1982; Sato and Kawasaki, 1987). In
cat, the efferent fibers from the Y-group travelling to the
oculomotor nuclei were shown to project mainly through
the crossing ventral tegmental tracts (CVTT) (Sato and
Kawasaki, 1987; Uchino et al., 1994), and this is sug-
gested for monkey and human as well (Sato and Kawa-
saki, 1991; Pierrot-Deseilligny and Tilikete, 2008;
Zwergal et al., 2009). Together with vestibular nuclei
neurons that are targeted by floccular projections, the Y-
group participates in the generation of upward smooth-
pursuit eye movements (Chubb and Fuchs, 1982). Fur-
thermore, the Y-group is considered as the source of a
head-velocity-related oculomotor signal, which is neces-
sary to maintain eye position during head rotation, as
seen for the suppression of the vertical vestibulo-ocular
reflex (Chubb and Fuchs, 1982). The present and previ-
ous results suggest that the projection fibers mediating
these functions contain CR (Ahlfeld et al., 2011).

Asymmetrical organization of premotor
pathways for vertical eye movements
Although a similar activation pattern of coacting mus-
cle pairs is required for eye movements in both vertical
directions, previous studies have indicated that an
asymmetry for both directions exists under several
aspects. For the saccadic system, a different course of
premotor pathways for up- and downgaze is indicated
by tract-tracing, experimental lesions, and clinical stud-
ies: premotor fibers from the RIMLF targeting upgaze
motoneurons travel through the posterior commissure
(PC) and activate the contralateral motoneurons of
upward moving eye muscles on both sides (Moschova-
kis et al., 1991a), whereas downgaze motoneurons are
controlled only from premotor neurons of the ipsilateral

Calretinin-Positive Input to Upgaze Motoneurons

RIMLF (Moschovakis et al,, 1991b; Pierrot-Deseilligny,
2011). Accordingly, PC lesions result in an upgaze palsy
(Biittner-Ennever et al., 1982; Pierrot-Deseilligny et al.,
1982; Partsalis et al., 1994). For the vestibulo-ocular
reflex, several excitatory pathways inside and outside
the medial longitudinal fascicle (MLF) exist for upward
eye movements, but only one pathway via the MLF is
known for downward movements (Pierrot-Deseilligny
and Tilikete, 2008; Goldberg et al., 2012). Accordingly,
small lesions involving different parts of the brainstem
or cerebellum can lead to either upbeat or downbeat
nystagmus (Bittner et al., 1995; Pierrot-Deseilligny and
Milea, 2005; Pierrot-Deseilligny and Tilikete, 2008).
Contrary views exist about the influence of gravity,
which may also contribute to the asymmetry of vertical
eye movements, facilitating downward eye movements
and restraining upward eye movements (Pierrot-Deseil-
ligny et al., 2007), which therefore may require supple-
mentary support to rebalance the asymmetry (Pierrot-
Deseilligny and Tilikete, 2008). Several clinical studies
indicate that upward eye movements are more readily
impaired with aging compared to downward eye move-
ments (Chamberlain, 1970; Clark and Isenberg, 2001;
Oguro et al,, 2004). Whether this is caused by biome-
chanical changes in the orbit (Clark and Demer, 2002)
or degenerative changes with aging remains to be clari-
fied (Henson et al., 2003; Schneider et al., 2011).

Functional significance of calretinin

It is unclear why CR is present in specific premotor
pathways of the oculomotor system, such as the
upgaze pathway. Whereas the calcium-binding protein
parvalbumin is present in many fast-firing or highly
active neurons of the oculomotor system, such as the
saccadic burst neurons in the RIMLF and interstitial nu-
cleus of Cajal, or the omnipause neurons in the nucleus
raphe interpositus (Horn, 2006), no obvious association
of CR with specific properties is known. So far, CR has
been found in many different types of neurons, for
example, in vestibular primary afferents (Desmadryl and
Dechesne, 1992), cerebellar granule cells (Bastianelli,
2003), neurons in the auditory nuclei (Clarkson et al,,
2010), and interneurons in the hippocampus (Seress
et al.,, 1993). The suggested functions of CR involve a
protective role (D'Orlando et al., 2002) or a function in
synaptic plasticity (Gurden et al., 1998). Consistent evi-
dence has been found for a central role in regulation of
neuronal excitability (Gall et al., 2005; Camp and Wije-
singhe, 2009). Accordingly, the specific presence of CR
in premotor up-burst neurons of the INC and RIMLF, in
addition to parvalbumin, may reflect different calcium
control mechanisms for upgaze neurons compared to
downgaze neurons (Horn et al., 2003). This may
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Figure 5. Summary diagram demonstrating the premotor path-
ways for upward eye movements (red), which are associated with
calretinin. RIMLF, rostral interstitial nucleus of the medial longitu-
dinal fascicle; INC, interstitial nucleus of Cajal; CCN, central cau-
dal nucleus; nlll, oculomotor nucleus; nlV, trochlear nucleus; LP,
levator palpebrae; SO, superior oblique; MR, medial rectus; IR, in-
ferior rectus and SR, superior rectus motoneurons

correlate with a different vulnerability of the upgaze
system in aging (Oguro et al., 2004). A hyperdevelop-
ment of the upgaze system may not only be repre-
sented by more numerous parallel pathways compared
to the downgaze system, but also by additional cal-
cium-binding proteins, which control the excitability of
motoneurons. The increasing impairment of upward eye
movements with aging may also be caused by a decline
in CR, as has been observed for the auditory system
(Ouda et al., 2012).

In conclusion, this is the first description of a differ-
ence in the histochemical properties of premotor path-
ways mediating upgaze versus downgaze in the primate
(Fig. 5). Preliminary observations in human brainstem
tissue immunostained for CR revealed similar results
(Horn et al., 2009). Although the functional relevance
is not yet clear and CR is not present in all upgaze
pathways, further investigation of these differences may
open up experimental or therapeutic strategies to
manipulate specific upgaze pathways selectively. In
addition, the finding that CR is associated with upgaze

pathways may be useful for correlative clinical-anatomi-
cal postmortem studies in human to analyze premotor
saccadic up-burst neurons in the RIMLF in cases with
vertical gaze paresis or the premotor upgaze pathways
for lesions in cases with downbeat nystagmus (Leigh
and Zee, 2006).
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Transmitter inputs to different
motoneuron subgroups in the
oculomotor and trochlear nucleus in
monkey

Christina Zeeh ', Michael J. Mustari?, Bernhard J. M. Hess® and Anja K. E. Horn'*

' Institute of Anatomy and Cell Biology, Depariment |, Ludwig-Madmifans University, Munich, Germany, © Washington
National Primate Research Center and Department of Ophthaimology, Universty of Washington, Seattle, WA, USA,
* Viestibulo-Oculomotor Laboratory Zirich, Department of Neurology, University Hospital, Zinch, Switzerland

In all vertebrates the eyes are moved by six pairs of extraocular muscles enabling
horizontal, vertical and rotatory movements. Recent work showed that each extraocular
muscle is controlled by two motoneuronal groups: (1) Motoneurons of singly-innervated
muscle fibers (SIF) that lie within the boundaries of motonuclei mediating a fast muscle
contraction; and (2) motoneurons of multiply-innervated muscle fibers (MIF) in the
periphery of motonuclei mediating a tonic muscle contraction. Currently only limited
data about the transmitter inputs to the SIF and MIF motoneurons are avaiable. Here we
performed a quantitative study on the transmitter inputs to SIF and MIF motoneurons
of individual muscles in the oculomotor and trochlear nucleus in monkey. Pre-labeled
motoneurons were immunostained for GABA, glutamate decarboxylase, GABA-A
receptor, glycine transporter 2, glycine receptor 1, and vesicular glutamate transporters
1 and 2. The main findings were: (1) the inhibitory control of SIF motoneurons for
horizontal and vertical eye movements differs. Unlike in previous primate studies a
considerable GABAergic input was found to all SIF motoneuronal groups, whereas
a glycinergic input was confined to motoneurons of the medial rectus (MR) muscle
mediating horizontal eye movements and to those of the levator palpebrae (LP) muscle
elevating the upper eyelid. Whereas SIF and MIF motoneurons of individual eye muscles
do not differ numerically in their GABAergic, glycinergic and vGlut2 input, vGlut1
containing terminals densely covered the supraoculomotor area (SOA) targeting MR MIF
motoneurons. It is reasonable to assume that the vGlut1 input affects the near response
system in the SOA, which houses the preganglionic neurons mediating pupillary
constriction and accommodation and the MR MIF motoneurones involved in vergence.

Keywords: Glycine, GABA, vGlut, C-group, extraocular muscles

Abbreviati AD, d density; AMPA receptons, a-amino-3-hyd 5-methyl-4-is I ic acid receptor;
ATD, ascending tract of Deiters; CCN, central caudal nudeus; (J\AT choline .u.ctyltram&rasc CMRF, central
halic reticular for CR, clretinin; CTB, Cholera toxin subunit B; EWpg. § ionic Edinger-Westphal

nucleus; GABA, gamma-aminobutyric acid; GABA-A, GABA-A receptor; GAD, glutamate dxarbox)h!c (J')'R yycme
receptor; GlyT, glycine transporter; INC, interstitial nucleus of Cajal; INT, internuclear neurons; 10, inferior oblique
muscle; IPSP, inhibitory postsynaptic potential; IR, inferior rectus muscle; LP, levator palpebrac musde; LR, lateral
rectus musde; LVN, lateral vestibular nucleus MIF, multiply-innervated muscles fibers; MLF, medial longitudinal
fasciculus; MR, medial rectus muscle MVN, medial vestibular nucleus; MVNm, MVN magnocdlular part; MVNp,
MVN parvocellular part; nlll, oculomotor nucleus; nlV, trochlear nucleus NMDA, N-methyl-D-aspartate nVI,
abducens nudeus; PPH, prepositus nucleus; RIMLF, rostral interstitial nucleus of the medial longitudinal fasciculus;
SIF, singly-innervated muscles fibers; SO, superior oblique musde; SOA, sup ! arex SR, superior rectus
muscle; SVN, superior vestibular nucleus; SVNm, SVN magnocellular part; TBS, Tris buffered saline; vGlut, vesicular
glutamate transporter; VOR, vestibulo-ocular reflex; WGA-HRP, wheat germ agglutinin conjugated to horseradish
peroxidase.
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Introduction

The vertebrate eye is rotated by six extraocular muscles:
four recti (superior, inferior, medial and lateral recti muscles)
and two oblique muscles (superior and inferior oblique). The
muscles are innervated by motoneurons lying in the tegmentum
of the brainstem. Motoneurons of the oculomotor nucleus
(nlIl) innervate the ipsilateral medial rectus (MR), inferior
rectus (IR), inferior oblique (IO) and contralateral superior
rectus (SR) muscles. Motoneurons of the trochlear nucleus
(nIV) control the contralateral superior oblique muscle (SO),
and motoneurons of the abducens nucleus (nVI) activate the
ipsilateral lateral rectus (LR) muscle (Biittner-Ennever, 2006).
The levator palpebrae (LP) motoneurons lie in a separate cluster
at the midline in caudal nlIlI termed the central caudal nucleus
(CCN; Porter et al., 1989).

Each eye muscle has a highly complex morphology and
consists of at least six different muscle fiber types, which
can be divided into two main categories. Firstly, there are
slowly contracting (non-twitch) muscle fibers innervated by
multiple “en grappe” endplates that are distributed along the
whole muscle fiber (multiply-innervated fibers, MIF). Secondly,
there are fast contracting (twitch) muscle fibers innervated
by one single “en plaque” ending in the middle third of the
muscle fiber (singly-innervated fibers, SIF; Chiarandini and
Stefani, 1979; Lynch et al, 1994; for review: Spencer and
Porter, 2006). Tract-tracing experiments in monkey and rat
revealed that the MIF and SIF motoneurons of all eye muscles
form anatomically separated populations. SIF motoneurons lie
within the boundaries of the classical motonuclei (nIIl, nIV,
nVI), whereas the MIF motoneurons appear in subgroups
in the periphery of the motonuclei (Biittner-Ennever et al,
2001; Eberhorn et al, 2005). Thereby, in monkey the MIF
motoneurons of the MR and IR are situated together in the
C-group at the dorsomedial border of nlIll. Those of IO
and SR are located midline within the S-group sandwiched
between the two oculomotor nuclei. The MIF motoneurons of
the SO form a dorsal cap of nIV, and those of the LR are
arranged as a shell around the medial and ventral aspect of
nVI (Biittner-Ennever et al., 2001). Recent studies in monkey
revealed that neurons within these peripheral cell groups also
give rise to the palisade endings located at the myotendinous
junctions of MIFs (Lienbacher et al., 2011; Zimmermann et al.,
2011).

Experiments injecting retrograde transsynaptic tracers into
monkey eye muscles revealed that SIF and MIF motoneurons
receive inputs from different premotor neurons subserving
different functions. Whereas SIF motoneurons are targeted by
premotor afferents involved in the generation of eye movements,
e.g., saccadic burst neurons, secondary vestibulo-ocular neurons,
the peripheral MIF motoneurons are targeted mainly by afferents
from premotor sources involved in gaze holding (Wasicky et al.,
2004; Ugolini et al,, 2006).

Significant progress has been made in the histochemical
characterization of premotor inputs to motoneurons of
individual extraocular eye muscles (for review: McElligott
and Spencer, 2000; Horn, 2006; Sekirnjak and du Lac, 2006).

These inputs differ in several points, one of them being the
selective association of the calcium-binding protein calretinin
(CR) with nerve endings targeting motoneurons involved
in upgaze (Zeeh et al, 2013). Monkey studies with different
methodical approaches suggest that GABA is the major
inhibitory neurotransmitter of premotor neurons involved
in vertical eye movements, whereas glycine acts as inhibitory
transmitter of premotor neurons mediating horizontal eye
movements (Spencer et al., 1989, 1992; Spencer and Baker,
1992). So far, few attempts have been made to study differing
transmitter-related inputs to MIF vs. SIF motoneurons (Ying
et al,, 2008). In the present study we investigated the presence
of glycinergic, GABAergic and glutamatergic inputs to SIF and
MIF motoneurons of nlll and nIV in monkey. Preliminary
results have been reported in abstract form (Schulze et al,
2009).

Materials and Methods

The tracer injections were undertaken either at the Department
of Neurology at the University Hospital in Zirich (case 2) or
at the National Primate Research Center at the University of
Washington in Seattle (case 1). All experimental procedures
conformed to the state and university regulations for laboratory
animal care, including the Guide Principles of Laboratory
Animal Care (NIH 8" edition, revised 2011) and they were
approved by animal care officers and the institutional Animal
Care and Use Committees. The surgical procedures for tracer-
injections into the extraocular muscle were described in detail in
a previous report (Biittner-Ennever etal,, 2001). All experimental
cases are listed in Table 1.

To identify the MR MIF motoneurons prior to glutamate
decarboxylase (GAD) or vesicular glutamate transporters (vGlut)
immunostaining, two macaque monkeys (case 1, case 2) received
a tracer injection of cholera toxin subunit B (CTB) into the MR
of the left eye. Each monkey was therefore sedated with Ketamine
(Ketalar 1-2 mg/kg) and kept in a surgical plane of anesthesia
using Isoflurane inhalation. Under sterile conditions, the MR
of the left eye was exposed by retracting the eye lid and by
making a conjunctival incision. Volumes of 5 .l (case 1) and
3 ul (case 2) of CTB (1% in aqua bidest) were injected into
the myotendinous junctions of the left MR. For post-operative
treatment the monkeys received antibiotics and analgesics.

After a survival time of 4 days, the monkeys were euthanized
with an overdose of sodium-pentobarbital (80 mg/kg body
weight, Merial, Halbergmoos, Germany). Then, the animals were
transcardially perfused with 0.9% saline followed by either 4%
paraformaldehyde in 0.1 M phosphate buffer or a mixture of 1%
paraformaldehyde and 2.5% glutaraldehyde (for GABA staining)
in 0.1 M phosphate buffer. Paraformaldehyde fixed brain tissue
of five additional monkeys (case 3, case 4, case 5, case 6, case
9) and glutaraldehyde fixed brain tissue of two monkeys (case
7, case 8), all from other projects without eye muscle injections,
were used for immunohistochemical staining of transmitter-
related proteins only. The brains were removed from the skull
and immersed in 10% sucrose in 0.1 M phosphate buffer and
transferred to 30% sucrose for frozen sectioning. Alternatively,
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one 4% paraformaldehyde-fixed brain was embedded in
paraffin,

Frozen sections of the brainstems were cut at 40 um in the
transverse stereotaxic plane using a cryostat (MICROM HM
560) and collected free-floating in cold 0.1 M phosphate buffer
(pH 7.4). The paraftin block was cut at 10 pum using a sliding
microtome (Leica, SM 2000 R) and mounted on superfrost slides
(Thermo Scientific, Menzel-Gliser Superfrost Plus). A case from
a previous study was used to demonstrate the location of MR SIF
and MIF motoneurons (case 10) in Figure 1 (Biittner-Ennever
etal., 2001).

Immmunocytochemical Labeling

Immunohistochemistry was performed on cryo-sections
(free-floating) or on paraffin-sections (on slide) applying
the antibodies directed against the following antigens:
GABA (mAB93), glycine transporter 2 (GlyT2), glycine
receptor 1 (GlyR1). On selected sections the motoneurons
were identified with the cholinergic marker anti-choline
acetyltransferase (ChAT) and combined with immunostaining
for either: (1) GABA-A receptor (GABA-A); (2) glutamate
decarboxylase (GAD); (3) vesicular glutamate transporter 1
(vGlutl); or (4) vesicular glutamate transporter 2 (vGlut2).

FIGURE 1 | Coronal section through the oculomotor nucleus (nlll) of a
monkey, who had received an injection with wheat germ
agglutinin-horseradish peroxidase (WGA-HRP) into the medial rectus
(MR) muscle of the right eye. Retrogradely abeled neurons are found at
three locations: ventral in the A-group, dorsolateral in the B-group and in the
periphery dorsomedial to nill in the C-group.Within the C-group motoneurcns
of multiply-innenvated muscle fibers (MIF) in the MR are located in the medial
part. Scale bar = 500 pm.

An overview of all antibodies with dilutions is given in
Table 2.

Antisera

Cholera Toxin Subunit B (CTB)

The polyclonal goat anti-choleragenoid antibody (703. LOT
10327A4A, List Laboratories Inc., Campbell, CA, USA) was
used to detect the tracer CTB (103B, List) provided by the
same manufacturer. This tracing and detection method has been
successfully applied in numerous previous studies (e.g., Biittner-
Ennever et al., 2001).

GABA93 MAb

A monoclonal antibody against GABA (GABA93 MADb) was used
for the detection of GABA. The specificity of GABA 93 MAD has
been published previously (Holstein et al., 2004).

GABA-A Receptor (GABA-A)

For the detection of GABA-A receptors, we used a monoclonal
antibody directed against the beta-chain of the GABA-A receptor
(MAB341; formerly Roche 1381458, LOT 0612047758, Clone
BD17, Chemicon now part of Milipore, Billerica, MA, USA;
Bedford et al, 2001). This antibody is purified from GABA
benzodiazepine receptor from bovine cortex.

Glutamate Decarboxylase (GAD)

Alternatively, GABAergic terminals were detected with a
mouse monoclonal antibody against the GABA-synthetizing
enzyme GAD (GADgs/67 GC3108, batch number Z05507, clone
1111, Biotrend, Cologne, Germany) or the rabbit polyclonal
antibody against glutamate decarboxylase 65&67 (AB1511, LOT
NG17374444, Millipore, Billerica, MA, USA). This antibody is
derived from a synthetic peptide from the carboxy-terminus as
predicted from the cloned rat GlyT2.

Glycine Receptor (GlyR)

A mouse monoclonal antibody against the glycine-receptor was
used to detect its localization (146 111, clone mAb2b (GlyR2b),
Synaptic Systems, Goettingen, Germany). This antibody mAb2b
specifically binds to the N-terminus of the alpha-1-subunit of the
glycine receptor (Lorenzo et al., 2006).

Vesicular Glutamate Transporters (vGluts)
Two different types of vGluts were detected in the study: vGlutl
and vGlut2,

For vGlutl rabbit polyclonal antibodies were used (1350303,
Synaptic Systems, Goettingen, Germany) that were generated
against fusion proteins containing glutathione-S-transferase and
carboxy-terminal and vGlutl specific peptides (Bellocchio et al.,
1998; Takamori et al., 2000). For the immunolabeling of vGlut2,
a rabbit polyclonal antibody was used (8135402, Synaptic
Systems, Goettingen, Germany). This antibody was developed
against fusion proteins containing glutathione-S-transferase and
fragments from the carboxy-terminus of rat vGlut2 (Fremeau
et al., 2001; Takamori et al., 2001).
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Choline Acetyltransferase (ChAT)

Cholinergic motoneurons were detected with a polyclonal
antibodyagainst ChAT raised in goat (AB144P, LOT LV1583390,
Millipore, Billerica, MA, USA). The antibody is directed against
the whole enzyme isolated from human placenta, which is
identical to the brain enzyme (Bruce et al., 1985).

Controls

Controls for each primary antibody were carried out by the
omission of primary antibodies, which in each case led to
unstained sections.

Deparaffination Procedure

Paraffin embedded sections were dewaxed in three changes
of xylene for 5, 15 and 30 min, respectively. Sections were
rehydrated in decreasing concentration of alcohol and then
rinsed in distilled water for 10 min. For antigen demasking
the sections were reacted in 0.0IM sodium citrate buffer (pH
8.5-9) at +80°C in a waterbath for 15 min. Then, sections in
citrate buffer were allowed to cool down to room temperature for
15 min, rinsed shortly in distilled water and transferred to Tris
buffered saline (TBS; pH 7.6) for subsequent immunostaining
(Jiao et al., 1999).

Visualization of the Tracer

To localize the tracer, brainstem sections were
immunohistochemically stained with a polyclonal goat antibody
against CTB (1:20,000; List Biological laboratories, 703) as
described previously (Eberhorn et al, 2006). The antigenic sites
were visualized with a reaction in 0.025% diaminobenzidine and
0.015% H,05 in 0.1 M TBS (pH 7.6) for 10 min.

Combined Immunoperoxidase Labeling for
Tracer and Different Markers

In selected frozen sections combined immunoperoxidase
labeling was used to simultaneously detect the tracer CTB and
either GAD or vGlutl. All sections were washed in 0.1 M TBS
(pH 7.4) and treated with 1% H;O;, in 0.1 M TBS for 30 min
to suppress endogenous peroxidase activity. The sections were
blocked with 5% normal horse serum in 0.1 M TBS, pH 7.4,
containing 0.3% Triton X-100 (Sigma, St. Louis, MO, USA)
for 1 h, and subsequently processed with either rabbit anti-
vGlutl (1:3000, Synaptic Systems, 135003) or mouse anti-GAD
(1:4000, Biotrend GC 3108) in TBS with 5% normal horse
serum and 0.3% Triton X-100 for 48 h at room temperature.
After several buffer washes in 0.1 M TBS, the sections were
incubated in biotinylated horse anti-rabbit (for vGlutl 1:200;
Vector laboratories, Burlingame, CA, USA) or biotinylated horse
anti-mouse (for GAD 1:200; Vector laboratories, Burlingame,
CA, USA) in 0.1 M TBS (pH 7.4) containing 2% bovine serum
albumin for 1 h at room temperature. Following three buffer
washes, all sections were incubated in ExtrAvidin-peroxidase
(avidin conjugated horseradish peroxidase, 1:1000; Sigma, St.
Louis, MO, USA) for 1 h at room temperature. After two rinses
in 0.1 M TBS, pH 7.4, and one rinse in 0.05 M TBS, pH 7.6, the
antigenic sites were visualized by a reaction in 0.025% DAB,
0.2% ammonium nickel sulfate (Riedl-De Haén; Germany) and

0.015% H>0; in 0.05 M TBS (pH 7.6) for 10 min, which yielded
a black reaction-product. For the detection of CTB the sections
were immunocytochemically treated with anti-CTB (1:20,000,
List Biological Laboratories, 703) and visualized with a reaction
in 0.025% diaminobenzidine and 0.015% H,O, in 0.1 M TBS
(pH 7.6) for 10 min which yielded a brown-reaction product
as described above. After washing, the sections were mounted,
air-dried, dehydrated in alcohol and cover-slipped with DPX
(Sigma, St. Louis, MO, USA).

Combined Immunofluorescence Labeling for
Tracer and Different Markers

Selected frozen sections were immunostained for the
simultaneous detection of CTB and GAD or vGlutl. After
a pretreatment with 5% normal donkey serum in 0.3% Triton
X-100 (Sigma, St. Louis, MO, USA) in 0.1 M TBS (pH 7.4) at
room temperature for 1 h sections were incubated in a cocktail
containing goat anti-CTB (1:5000, List Biological Laboratories,
703) and either rabbit anti-GADgs 67 (1:500, Millipore, AB1511)
or rabbit anti-vGlutl (1:1000, Synaptic Systems, 135303) in 5%
normal donkey serum with 0.3% Triton X-100 in 0.1 M TBS (pH
7.4) at 4°C for 48 h. After three washes in TBS, sections were
treated with a cocktail containing Cy*-tagged donkey anti-rabbit
(1:200, Dianova, Jackson Immuno Research, Baltimore, MA,
USA) and Alexa-488 tagged donkey anti-goat (1:200; Molecular
Probes, OR, USA) in 0.1 M TBS (pH 7.4) and 2% bovine serum
albumin for 2 h at room temperature. After several buffer
rinses free-floating frozen sections were mounted on glass slides
and dried at room temperature. Sections were cover-slipped
with GEL/MOUNT permanent aqueous mounting medium
(Biomeda, CA, USA) and stored in the dark at 4°C.

Single Immunoperoxidase Labeling for
Transmitter and Transmitter Related Proteins
Frozen or paraffin sections were immunocytochemically treated
with antibodies against one of the following antigens: GABA
(93MAD), glycine transporter 2 (GlyT2), glycine receptor (GlyR)
or vesicular glutamate transporter 2 (vGlut2). All sections were
washed in 0.1 M TBS (pH 7.4) and then pretreated with 1%
H>0; in 0.1 M TBS for 30 min and thoroughly washed. The
sections were then blocked with either 5% normal horse serum
(for GABA or GlyR) or 5% normal rabbit serum (for GlyT2)
or 5% normal goat serum (for vGlut2) in 0.1 M TBS, pH 7.4
containing 0.3% Triton X-100 (Sigma, St. Louis, MO, USA) for
1 h. This was followed by an incubation in either mouse anti-
GABA (1:3000, Holstein), mouse anti-GlyR1 (1:1000, Synaptic
Systems 146 111) in TBS with 5% normal horse serum and 0.3%
Triton X-100 or sheep anti-GlyT2 (1:5000, Millipore AB1771)
in TBS with 5% normal rabbit serum and 0.3% Triton X-100
or rabbit anti-vGlut2 (1:500, Synaptic Systems 135402) in TBS
with 5% normal goat serum and 0.3% Triton X-100 at room
temperature for 48 h. After several buffer washes in 0.1 M TBS
the sections were incubated in either biotinylated horse anti-
mouse IgG (1:200; Vector laboratories, Burlingame, CA, USA; for
GABA or GlyR) or biotinylated rabbit anti-sheep (1:200; Vector
laboratories, Burlingame, CA, USA; for GlyT2) or biotinylated
goat anti-rabbit (1:200; Vector laboratories, Burlingame, CA,
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USA; for vGlut2) in TBS containing 2% bovine serum albumin
at room temperature for 1 h. Antigenic sites were detected
after incubation in ExtrAvidin-peroxidase (avidin conjugated
horseradish peroxidase, 1:1000; Sigma, St. Louis, MO, USA) and
subsequent reaction in 0.025% diaminobenzidine and 0.015%
H,0; in 0.05 M TBS (pH 7.6) for 10 min to yield a brown
reaction product (see above). For vGlut2 the antigenic sites
were visualized with a reaction in 0.025% diaminobenzidine,
0.2% ammonium nickel sulfate (Riedl-De Haén; Germany) and
0.015% H20: in 0.05 M Tris-buffer (pH 7.6) for 10 minto
yield a black reaction-product. After washing, the sections were
mounted, air-dried, dehydrated in alcohol and cover-slipped
with DPX (Sigma, St. Louis, MO, USA).

Combined Immunoperoxidase Labeling for ChAT
and Different Markers

In selected frozen and paraffin  sections, combined
immunoperoxidase labeling served to simultaneously detect
ChAT and either GABA-A, GAD, vGlutl or vGlut2.

Therefore the sections were washed in 0.1 M TBS (pH 7.4)
and then pretreated with 1% H>0; in 0.1 M TBS for 30 min.
After washing, the sections were blocked with 5% normal horse
serum in 0.1 M TBS, pH 7.4, containing 0.3% Triton X-100
(Sigma, St. Louis, MO, USA) for 1 h and subsequently processed
with mouse antibodies against either GABA-A receptor (1:1000,
Chemicon, now Millipore, MAB341) or GAD (1:4000, Biotrend,
Cologne, Germany GC3108) or with rabbit antibodies against
either vGlutl (1:3000, Synaptic Systems, 135303) or vGlut2
(1:500, Synaptic Systems, 135402) in TBS with 5% normal horse
serum and 0.3% Triton X-100 at room temperature for 48 h. After
several buffer washes in 0.1 M TBS, the sections were incubated
in biotinylated horse anti-mouse IgG (1:200; Vector laboratories,
Burlingame, CA, USA; for GABA-A receptor and GAD) or
biotinylated horse anti-rabbit IgG (1: 200; Vector laboratories,
Burlingame, CA, USA; for vGlutl and vGlut2) in TBS containing
2% bovine serum albumin for 1 h at room temperature. After
several buffer washes and an 1 h incubation in ExtrAvidin-
peroxidase (avidin conjugated horseradish peroxidase, 1:1000;
Sigma, St. Louis, MO, USA) at room temperature antigenic sites
were detected with 0.025% diaminobenzidine, 0.2% ammonium
nickel sulfate (Riedl-De Haén; Germany) and 0.015% H,0; in
0.05 M TBS (pH 7.6) for 10 min to yield a black reaction-product.

For the subsequent detection of ChAT, sections were
thoroughly washed and incubated in 1% H,O, in 0.1 M TBS
for 30 min to block residual peroxidase activity. Then, the
sections were incubated in 5% normal horse serum in 0.1 M
TBS, pH 7.4, containing 0.3% Triton X-100 (Sigma, St. Louis,
MO, USA) for 1 h, and treated with goat anti-ChAT (1:100,
Millipore AB144P) in 0.1 M TBS, pH 7.4, containing 0.3%
Triton X-100 for 48 h at room temperature. After washing
in 0.1 M TBS, the sections were incubated in biotinylated
horse anti-goat IgG (1:200; Vector laboratories, Burlingame, CA,
USA) in TBS containing 5% bovine serum albumin for 1 h at
room temperature. The antigen binding sides were detected by
incubating sections in ExtrAvidin-peroxidase (avidin conjugated
horseradish peroxidase, 1:1000; Sigma, St. Louis, MO, USA)
and a subsequent reaction with 0.025% diaminobenzidine and

0.015% H,05 in 0.05 M TBS (pH 7.6) for 10 min to yield a brown
staining. After washing, the sections were mounted, air-dried,
dehydrated in alcohol and cover-slipped with DPX (Sigma, St.
Louis, MO, USA).

Analysis of Stained Sections

The slides were examined and analyzed with a Leica microscope
DMRB (Bensheim, Germany). Photographs were taken
with a digital camera (Pixera Pro 600 ES; Klughammer,
MarktIndersdorf, Germany) mounted on the microscope. The
images were captured on a computer with Pixera Viewfinder
software (Klughammer) and processed with Photoshop 7.0
(Adobe Systems, Mountain View, CA, USA). In each complete
image the sharpness, contrast, and brightness were adjusted
using the unsharp mask and levels adjustment tool of Photoshop
until the appearance of the labeling seen through the microscope
was achieved. The images were arranged and labeled with
CorelDraw (version 11.0; Corel Corporation).

The dual immunofluorescence staining of selected sections
was imaged with a Leica TCS SP5 laser-scanning confocal
fluorescence microscope (Leica, Heidelberg, Germany). Images
were taken with a 63x oil objective at a resolution of
approximately 310 nm per pixel. Dual-channel imaging of
Alexa 488 and Cy’ fluorescence was sequentially recorded
at 488 nm excitation/525-550 nm emission and 564 nm
excitation/555-620 nm emission. Z-series were collected at
0.31 pm optical sections taken through the section. Image
stacks were processed using Image] (public domain, Java-based
image processing program developed at the National Institutes
of Health).

Puncta Counts and Cell Perimeter
Measurements

The GAD-, and GlyT2- input to ChAT-positive motoneurons of
nlll and nIV was quantified by counting immunoreactive puncta
along the measured length of the contour of a motoneuron
with Image | as described previously (Che Ngwa et al., 2014).
Only those GAD-positive/Gly-positive puncta were counted,
that were in the same focal plane as the attached somata
and no space was seen between them suggestive for direct
synaptic inputs. The analysis of each chosen group was
performed on 10 um paraffin sections. Frozen sections from
two additional cases were used as a visual control for these
results. At least 22 cells in each motoneuron group were
analyzed.

For the quantitative analysis of GAD inputs to MR MIF
motoneurons within the C-group the respective motoneurons
had been pre-labeled by a tracer injection into the MR
(see ““Tracer Injection Case” Section). In that case the
immunocytochemical detection of the tracer was combined
with immunolabeling for GAD. IR MIF motoneurons were
identified on the basis of their location within the C-group. The
MR MIF motoneurons lie more medially, whereas the IR-MIF
motoneurons lie closer to the dorsomedial border of nIlI (Tang
etal., 2015).

The ratio of the number of puncta per pm of cell
outline was calculated with Excel software (Microsoft 2010).
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FIGURE 2 | Overview of al sections through the oculomotor (nlll)
and trochlear nucleus (nlV) in monkey to demonstrate the
immunostaining for gamma-aminobutyric acid (GABA). A dense labeling
of GABA-positive terminals is found in niV. (A) All subgroups in nlll express a
similar strong GABA-mmunoreactivity, except the MR A and B-group, where a
weaker labeling is observed (B-D). Note numerous GABAergc fbers are
present in the medial longitional fascicle (MLF) next to the middie part of nlll
containing motoneurons of vertically puling eye muscles (B, upper inset),
whereas much fewer GABA-positive fibers are found within the MLF portion
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E) Ry 1 A *.‘: : lt’-l:"'-*;;.-.‘- gl T3 % Bl 2 o ia
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adjacent to the MR A-group (B, lower nset). Detailed views of motoneuronal
groups for vertical (E,F) and horizontal eye movements (G) reveal that most
GABA mmunoreactive profiles represent traversing fibers and cut axons
{amrows) and only weakly staned puncta may form terminals (amow heads)
around motonewronal somata (E-G, asterisks). Aq, aqueduct; CCN, central
caudal nucleus, NIll, oculomotor nerve; ING, interstitial nucleus of Cajal; 10,
inferior oblique muscle; RN, red nucleus; SR, superior rectus muscie; MIF,
muttiply innervated muscle fibers. Scale bar = 500 um in (D) (appies to A=D);
30 pm in nset of (B); scale bar = 30 um in (G) (appies to E-G).

The average and mean terminal density of inputs, and
the standard error of the mean, were calculated for all
motoneuronal subgroups, including those of the LP. Data
were analyzed with the PRISM 5 software (GraphPad Prism
5, San Diego, CA, USA). Statistical analysis was performed
using a one-way analysis of variance (ANOVA) followed by

a Bonferroni§ Multiple Comparison Test (post hoc test) to
determine the differences between all subgroups (11 groups
for the statistical analysis of GABAergic input, Figure 5;
nine groups for the statistical analysis of glycinergic input
Figure 8). The results were considered statistically significant at
p < 0.05.
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FIGURE 3 | Detailed view of coronal paraffin sections of the
oculomotor (nlll) and trochlear nucleus (nlV) in the midbrain stained for
glutamate decarboxylase (GAD) in black and choline acetyltransferase
(ChAT) in brown (A-F). Numerous GAD-positive puncta outine most of the
motoneuronal somata (astersks) of the superior oblque (SO) (A) the levator
palpebrae muscle (LP) (B) and the subgroup containing superior rectus (SR)
and 10 muscles. (D) In the MR subgroups fewer GAD-positive puncta are
attached to the somata (C, asterisk), but are found in the neuropie contacting
cut dendrites. A considerable numbear of GAD-positive puncta is found around
MIF motoneurons in the C-group and S-group (E,F, asterisks indicate
motoneurons; arrows). Detaled views of confocal mages in (G,H) show tracer
labeled MR MIF motoneurons (green) in the C-group that are in close
association with GAD-positive (red) puncta suggestive for direct synaptic
nputs (armowheads). MIF, multiply innervated muscle fibers. Scale bar = 25 pm
n (F) (applies to A~F); Scale bar = 25 um in (G); Scale bar = 25 um in (H).

Results

Tracer Injection Case

Medial Rectus Muscle

Injection into the MR resulted in selective labeling of three
motoneuron subgroups as described earlier and shown in
Figure 1 (Bittner-Ennever et al,, 2001). The A-group lies in the

ventral and ventrolateral part of nlIl and extends throughout the
whole nlII except the most caudal part. The B-group forms a
circular cell group located dorsolaterally in the caudal half of nlIL
The peripheral C-group dorsomedial to the nuclear boundaries
of nllI consists of MIF motoneurons and extends throughout the
whole rostrocaudal length of the nIII (Figure 1).

GABAergic Input

SIF Motoneurons

Immunolabeling for different GABAergic markers resulted in a
strong GABA- and GAD-expression within the motoneuronal
subgroups of SR, 10 and IR in nlII (Figures 2B,C, 3D). Similarily,
the SO motoneurons in nIV and the LP motoneurons in
CCN expressed strong immunoreactivity for GABA and GAD
(Figures 2A, 3A,B). Visual inspection of all sections revealed a
weaker GABA immunoreactivity in the MR subgroups, e.g., the
ventral A-group and dorsolateral B-group, which are considered
to be the SIF MR motoneurons (Figures 2B,C,D; Biittner
Ennever et al., 2001; Eberhorn et al, 2005). The weaker
immunolabeling in MR subgroups was not so evident in
sections immunostained for GAD (Figure 3C). The detailed
views in Figure 2 demonstrate a strong GABA-expression
in axons travelling within the medial longitudinal fascicle
(MLF; Figures 2A-C, insets in Figure 2B) and within the
motoneuronal subgroups of eye muscles mediating vertical
(Figures 2E,F, arrows) and horizontal gaze (Figure 2G, arrows).
The rather weak GABA-immunoreactivity in presumed nerve
endings around motoneurons (Figures 2E-G, asterisks) may
be one reason for the differences seen in the GAD and
GABA-staining pattern (Figures 2E-G, arrowheads). Since GAD
immunoreactivity was strongly expressed in nerve endings
(Ottersen and Storm-Mathisen, 1984), thin paraffin sections
stained for GAD were used for the quantitative analysis of
GABAergic input to motoneurons (Figure 3). The counting
revealed a similarly dense GAD-positive puncta supply around
the somata of presumed SIF motoneurons for SR/10, IR, SO and
LP in CCN with an averaged density (AD) of 0.08 puncta/pum
(Table 3; Figures 3A,B,D, 5). SIF motoneurons of MR were
contacted by fewer GAD-positive puncta, with an AD of 0.05
puncta/pm for the A-group and 0.06 puncta/pum for the B-group
(Table 3; Figures 3C, 5). Immunostaining for the GABA-A
receptor reflected that of GAD and GABA (Figure 4) with a
weaker expression within the MR subgroups (Figure 4, compare
C,FtoG).

MIF Motoneurons

The close inspection of presumed non-twitch MIF motoneurons
revealed the following picture. A high density of GAD-
immunoreactive puncta and a strong immunostaining for
GABA-A receptor was present in the C-group containing MR
and IR MIF motoneurons (Figures 3E, 4D). This observation was
clarified by the analysis of tracer-labeled MR MIF motoneurons
for GAD-immunoreactivity. Numerous GAD-positive profiles
were in close proximity to tracer-labeled MIF motoneurons
suggesting synaptic contacts (Figures 3G,H, arrowheads).
Similarily, numerous GAD-positive puncta were found around
cholinergic neurons in the S-group, which represent MIF
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TABLE 1 | An overview of injection, fixation and immunchistochemistry details for each case.

Case Injection Fixation Sections Immunhistochemistry

1 3 ul CTB, MR 4% paraformaldehyde Frozen CTB, CTB + GAD, CTB + vGlut1
2 5ul CTB, MR 4% paraformaldehyde Frozen CTB, CTB + GAD

3 4% paraformaldehyde Paraffin GAD, vGlut1 or VGlut2 + ChAT
4 4% paraformaldehyde Frozen GABA-A +ChAT, GiyT2

S 4% paraformakdahyds Frozen GiyR

6 4% paraformaldehyde Frozen GlyT2

T 1% paraformaldehyde 2, 5% glutaraldehyde Frozen GABA

8 4% paraformaldehyde 0, 3% glutaraldehyde Frozen GABA

9 4% paraformaldehyde Frozen VvGIut2

10 WGA-HRP 4% paraformaldehyde Frozen

CTB, cholera toxin subunit B; GAD, glutamate decarboxylase; vGlt, vesicular glutamate transporter; ChAT, chofne acetyliransferase; GABA, gamma-aminobutyric acid,
GABA-A, GABA receptor; GlyT, glycine transponter; GlyR, glycine receptor; MR, medial rectus muscle; WGA-HRF, wheat germ aggilutinin conjugated to horseradish

peroxidase.

motoneurons of SR and 10 (Figure 3F arrows), and in the
dorsal cap of nlV containing MIF motoneurons of SO (not
shown).

The quantitative analysis for the MIF motoneurons resembled
the visual impression and revealed a strong supply of GAD-
positive puncta for the S-group, the C-group (both 0.09
puncta/pum) and for the SO MIF motoneurons (0.08 puncta/jum;
Figure 5). The analysis of the GAD input to tracer-labeled MR
motoneurons in the C-group revealed an AD of 0.07 puncta/pm
for the MR MIF motoneurons and 0.1 puncta/jum for IR MIF
motoneurons.

To determine the differences between the different
motoneuronal groups within nlll and nIV, 11 subgroups
were compared to each other (see Figure 5). According
to ANOVA and the subsequent Bonferronis Multiple
Comparison Test a significant difference was determined
between following subgroups (Figure 5): IR MIF motoneurons
received a significantly higher GAD-positive supply compared
to motoneurons of the A- and B-group. Motoneurons of the C-
and S-group were contacted by significantly more GAD-positive

puncta compared to MR SIF motoneurons of the A-group. For
more details see Figure 5.

Immunohistochemical Localization of
Glycine

Glycine Transporter 2 (GlyT2) and
Glycine-Receptor 1 (GlyR1)

SIF Motoneurons

The strongest expression of glycine markers was found
within the CCN. No differences in location and intensity in
immunostaining were noted between GlyT2 and GlyR1 within
the CCN, where the somata and proximal dendrites of LP
motoneurons were completely outlined by immunoreactive
puncta (Figures 6A,D, 7A,B). This was confirmed by the
quantitative analysis of GlyT2 input revealing an AD of 0.15
puncta/pm (Figure 8). A strong GlyT2 expression was also
found in the MR A- and B-group (Figures 6B,C,EH). In
the subgroups containing motoneurons of the vertical pulling
eye muscles only few GlyT2-positive traversing fibers and

TABLE 2 | An overview of the primary antibodies and dilutions used for immunolabeling.

Antibody Host Antigen Manufacturer Cat. No. Dilution
GABA-A Mouse  GABA-A receptor, beta-chan Chemicon, now Milipore, Billerica, USA MAB341 1:1000
GABAS3 MAb  Mouse  GABA-gutaraldehyde-BSA Holstein et al. (2004) Holstein G, Mt. Snai, Hospital, 1:3000
conjugate New York
GAD Mouse  Glutamate decarboxylase Bictrend, Cologne, Germany GC3108 1:4000
GADgs 67 Rabbit  Glutamate decarboxylase Milipore; Billerica, USA AB1511 1:500
(flucrescancea)
GlyT2 Sheep  Glycine transporter 2 (neuronal) Milipore; Billerica, USA AB1771 1:5000
GlyR Mouse  Glycine receptor alpha-1-subunit Synaptic systems, Goettingen, Gemany 146 111 1:1000
ChAT Goat Choline acetyltransferase Milpore, Billerica, USA AB144P 1:100
human placental enzyme
CTB Goat Chokragenoid List Biclogical Laboratories, Campbel, 703 1:20,000
Califomia 1:5000
(fluorescance)
VGlut1 Rabbit  Vesicular glutamate transporter 1 Synaptic systems, Goettingen, Gemany 135303 1:3000
1:1000
(flucrescence)
vGlut2 Rabbit  Vesicular gutamate transporter 2 Synaptic systems, Goettingen, Germany 135402 1:500
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TABLE 3 | Quantification of GABAergic and glycinergic input to nlV and nlll subgroups.

GAD Glycine

Subgroups Puncta/pm SEM Subgroups Puncta/um SEM
SIF SRAO 0.08 0.008 SIF SRN0 0.02 0.006
SIF IR 0.08 0.007 SIFIR 0.01 0.004
SIF SO 0.08 0.008 SIF SO 0.01 0.004
LP 0.08 0.005 LP 0.15 0.015
SIFMR A 0.05 0.006 SIF MR A 0.06 0.006
SFMRB 0.06 0.006 SIFMR B 0.07 0.006
MIF SRAO 0.09 0.007 MIF SRAO 0.02 0.008
MIF MR 0.07 0.005 MIF MR/R 0.08 0.01
MIF IR 0.01 0.005

MIF SO 0.08 0.005 MIF SO 0.02 0.01

SEM, standard emror of the mean.

GlyT2-positive puncta attached to motoneuronal somata were
detected (Figures 6E,G, arrows). The GlyRl-staining pattern
resembled this observation (Figures 7C,F), but revealed only
a weak immunoreactivity in the MR A- and B-group as well
(Figures 7C,E, arrows). The systematic quantitative analysis
confirmed a dense supply of GlyT2-positive putative terminals
of SIF MR motoneurons in the A-group with an AD of 0.06
puncta/pum, and 0.07 puncta/pm for the B-group (Table 3).
In contrast, only a low number of GlyT2-positive puncta
was found attached to IR (0.01 puncta/um), SR/IO (0.02
puncta/pm) and SO SIF motoneurons (0.01 puncta/pm;
Figures 6A,C,G, 8).

MIF Motoneurons

The results for the C-group MIF motoneurons were similar to
those of the MR SIF motoneurons within nlIl. A considerable
supply of glycinergic puncta was noted to the MIF motoneurons
of the MR and IR in the C-group (0.08 puncta/jum; Table 3;
Figures 6C,H, arrows) also seen in immunostaining for GlyR1
(Figures 7C,D, arrows). Putative MIF motoneurons of the
S-group were located between traversing GlyT2-positive fibers
(Figure 6l, arrowheads), but only few puncta profiles (0.02
puncta/pum) were in contact with the cell bodies (Table 3;
Figure 6I, arrows). The same observation was made for
putative SO MIF motoneurons in the dorsal cap of nIV
(0.02 puncta/pum; Table 3; Figure 6E, arrow). To determine
the differences between the different motoneuronal groups
within nlIll and nIV, nine subgroups were compared to
each other (see Figure 8). According to ANOVA and the
subsequent Bonferroni § Multiple Comparison Test a significant
difference was found between following subgroups (Figure 8):
LP motoneurons in the CCN were contacted by significantly
more GlyT2-positive puncta compared to MR SIF motoneurons
of the A- and B-group, motoneurons of SR/IO and IR and
compared to MIF motoneurons of the S-, C-group and of SO.
The A- and B-group were associated with significantly more
GlyT2-positive profiles compared to motoneurons of SR/IO,
IR, and SO (Figures 6B,C,EFG). Motoneurons of the A-
and B-group receive more GlyT2 inputs compared to MIF
motoneurons of the S-group and of SO (Figures 6EI). In
addition, the density of the GlyT2 -positive puncta profiles to
the C-group was significantly higher compared to the input

FIGURE 4| C I secti

of the ocul
nucleus (nIV) of monkey stained for GABA-A receptor (GABA-A) in

tor (nlll) and trochlear

black and choline acetyltransf (ChAT) in b The overview in
(A,B) shows a strong GABA-A mmunoreactivity associated with the
motoneurons of the levator palpebrae muscle (LP) in the CCN, with those of
the superior oblique in niV (A) and SR and 10 motonewrons. (B) The detaled
views demonstrate the strong GABA-A expression (amows) around
motonewrons (asterisks) of the LP and SRAO (C,F) and MIF-subgroups C and
S (D,E) compared to MR SIF motoneurons of the A-group (G) GABA,
gamma-aminobutyric acid; MIF, multiply innervated muscle fibers; SIF, singly
nnervated muscle fibers. Scale bar = 400 pm in (B) (applies to A,B); 30 um in

(G) (applies to C-G).

to MIF motoneurons of the S-group and those of SO. The
GlyT2 input to the C-group was also denser compared to
that of SIF motoneurons of SR/1O, IR and SO. Thus the
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FIGURE 5 | Hist demonstrating the quantitati alysis of

glutamate decarboxylase (GAD) input to of tor
(nlll) and trochlear nucleus (nIV). The mean terminal density of staned
puncta and the standard error of the mean were calculated for all motoneural
subgroups. Note a similar strong input to almost al motoneuronal subgroups
in nill and niV. Only the motoneurons of MR (A- and B-group) receive a weaker
supply by GAD-positive terminals. The table shows the resuits of the ANOVA
and following Borferronis Multiple Comparison Test.

density of GlyT2-positive puncta around SIF motoneurons for
horizontal eye movements was significantly higher compared
to those for vertical eye movements. For more details see
Figure 8.

Immunohistochemical Localization of vGlut
Immunolabeling for vGlut revealed that the nIIl and nIV were
completely devoid of vGlutl-positive terminals and neurons,
except for a weak puncta labeling along the midline between
both nllI (Figures 9A-C). A dense cluster of vGlutl-positive
terminals was seen dorsolateral to nlll (Figure 9C). The
supraoculomotor area (SOA) above nlIl and the perioculomotor
region around nlll contain fewer vGlutl positive puncta
(Figure 9B). At close inspection it was obvious that a
considerable number of vGlutl-positive puncta was attached
to putative MR MIF motoneurons in the medial C-group, but
not IR MIF motoneurons (Figures 9C,F, arrows; Tang et al,
2015). Unlike for vGlutl, an even dense supply of vGlut2-
positive puncta was found within nlll covering the somata of all
motoneuronal subgroups (Figure 10A). Detailed views revealed
a similar dense supply of vGlut2-positive puncta to MIF and
SIF motoneurons as shown here for the C-group and SR/IO
subgroup (Figures 10B,C).

Discussion
The present work in part confirms previous studies on the

differing inhibitory input to motoneurons subserving horizontal
and vertical eye movements, respectively. It extends these

FIGURE 6 | Overviews of coronal sections through the monkey
trochlear (nIV) and oculomotor nucleus (nlll) immunostained for
glycine transporter 2 (GlyT2). A dense glycinergic nput is found to levator
palpebrae motoneurons (LP) in the CCN (A,D) and to {A) and (B) groups of
the MR muscle (B,C,F) compared to a few GlyT2-positive fibers and puncta
(amrow) scattered within nlV (A,E) and the superior rectus/inferior cblique
(SR/I0) motoneuronal group (B,C,G). (H) Shows a detaied view of the
C-group (left side) with a MIF MR motoneuron (asterisk) covered with
numerous GlyT2-positive puncta (arows) next to a MIF nferior rectus (IR)
motoneuron (asterisk) associated with only few GlyT2-positive puncta
(arrows). Similarily, neurons in the S-group (asterisks) are associated with
GlyT2-positive puncta and fibers (1, arrow). Aq, aguaaduct; IR, inferior rectus;
S0, superior oblique. Scale bar = 500 um in (C) (apples to A-C}); Scale bar =

30 wm in (1) (applies to D=I).

findings by a quantitative analysis of the differing transmitter
inputs to MIF vs. SIF motoneurons in monkey. Additionally,
we showed for the first time that vGlutl-positive terminals are
only associated with MIF neurons. Although direct synaptic
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FIGURE 7 | Overviews and detailed views of immunoperoxidase
labeling for glycine receptor 1 (GlyR1) in coronal sections of the
oculomotor nucleus (nlll) in monkey. The strongest GlyR1 expression &
prasent in the CCN as puncta profies (A,B, stars and arrows). Unlike the
motoneurons of the superior rectus and inferior oblique subgroup [SRIO; F,
asterisk) the MR SIF motoneurons (E, asterisks) show few GlyR1-positive
puncta (E, arrows). The MIF motoneurons in the C-group (C, lines; D, asterisk)
are associated with numerous GlyR1-positive puncta (D, arows). MIF, multiply
nnervated muscle fibers; SIF, singly innervated muscie fibers. Scale bar =

200 wm in (A) (applies to A,C); Scale bar = 30 pm in (F) (apples to B,D-F).

contacts were not proven by EM studies in the present
work, the close proximity between motoneurons and nerve
endings suggest synaptic inputs. The results are discussed
against the background of the current knowledge on premotor
sources targeting MIF and/or SIF motoneurons and their
transmitters.

GABAergic Input to nlll and nlV

With the application of GABA and GAD antibodies our
results confirm previous studies in monkey demonstrating that
GABAergic neuronal profiles are predominantly associated
with motoneurons subserving vertical eye movements
(Figures 2-5; Spencer et al, 1992). Furthermore, the
preferential presence of GABA-A around motoneurons of
vertically pulling eye muscles is in line with the observation
that postsynaptic inhibitory postsynaptic potentials (IPSPs)
evoked by electrical stimulation of the labyrinth in rabbit
are blocked by the GABA-A antagonist picrotoxin (Ito et al,
1970).

The strong GABAergic input to CCN may arise from
the principal trigeminal nucleus, whose electrical stimulation
in cat evoked IPSPs in LP motoneurons (May et al,
2012) possibly interrupting the tonic activity of LP to

Glycine transporter 2
0.16
E
= -
§ 0.12
]
a -
0.08+ - L
0.044
o
A B IR SR/ c- 5- 50 50- LP
(o] group  group MIF
Subgroups
Subgroups with significant differences
ANOVA, Bonlorroni's Multiple Comparisen Test
| subgroups | summary 1 suDOOUDS | L
Avs SRIO ***{p < 0.001) SRAO vs C-group p<0.001) |
Avs IR **{p < 0.001) SRIOvs LP *p=0001) |
[Avssgowp | “p<0.05) TR vs C-group =(p=<0.001) |
Ave S0 “(p < 0.001) IRvsLP “p<0001) |
A vs SO-MIF *{p < 0.05) S-group vs C-group | **(p < 0.001)
AvilP {5 < 0.001) S-group vs LP p<0.001) |
| Bwvs SRAIO ***{p < 0.001} C-group vs SO **{p < 0.001)
Bvs R “{p<0.001) | C-groupvs SO-MIF <0001} |
Bvs ip *{p < 0.05) Cogroup vs LP **{p=< 0.001) |
Bvs S0 *'{p < 0.001) SOwvsLP “{p=0001) |
B vs SO-MIF “(p=005) | SOMFvwsLP “{p < 0,001
BvslP “*{p < 0.001})

FIGURE 8 | Histogram demonstrating the quantitative analysis of the
glycine transporter 2 (GlyT2) input to motoneurons in the trochlear
(nIV), oculomotor (nlll) and CCN. The glycinergic input to all motoneural
groups was quantified by counting mmunoreactive puncta along the
measured length of the contour of a motoneuron. The mean terminal density
of inputs and the standard emor of the mean were calculated for al
motoneural subgroups. The strongest supply by GlyT2-positive puncta is seen
1o levator paipebrae motoneurons (LP), and fewer puncta are found around
MR motoneurons of the A-, B- and C-group. The density of GlyT2-positive
puncta around motoneurens for horizontal eye movements (MR) was
significant stronger compared to those for vertical eye movements, The added
table shows the results of the ANOVA and following Bonferronid Multiple
Comparison Test.

enable the orbicularis oculi muscle to contract during blinks
(Evinger and Manning, 1993).

The reports of a GABAergic input to MR motoneurons
are most controversial for different species, but may depend
on differences in the methods and applied antibodies. In
accordance with the present results a moderate supply of
GABAergic terminals was noted in the MR subdivisions in
monkey and cat using immunohistochemistry in frozen sections
(Spencer et al., 1989; Spencer and Baker, 1992). However,
studies applying postembedding GABA staining in semithin
sections did not detect a significant difference of GABAergic
input to tracer-labeled MR motoneurons compared to the other
subdivisions in nlll, in cat and rabbit (de la Cruz et al,
1992; Wentzel et al, 1996), similar to the quantification of
GAD-positive inputs in thin paraffin sections in the present
study. In human, the number of GAD-positive profiles within
the putative MR subgroups even exceeds that of motoneuron
groups involved in vertical gaze. This may indicate an
evolvement of inputs related to vergence, which is particularly
prominent in human (see below; Che Ngwa et al, 2014). The
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FIGURE 9 | Overviews of coronal paraffin sections through the monkey
trochlear (nIV) and oculomotor nucleus (nlll) immunostained for the
simultaneous detection of vesicular glutamate transporteri (vGlut1) in
black and choline acetyltransferase (ChAT) in brown (A-C). Note that SIF
motoneuron subgroups in niV (A,D) and rill (B,C,E) are devoid of
VGlut1-posttive neuronal structures. Detailed views confirm the complete lack of
vGlut1-positive puncta in iV (D) and nlll with the B-group as examples (E).

Note that numerous vGiut 1-positive puncta are attached only to MIF
motoneurons n the C-group—and there confined to the MR motoneurons

(F, amows), but not present at IR motoneurons (F, asterisk). MIF motoneuwrons in
the S-group are associated with few vGlut1-postive puncta (G, arrows). EWpg;
preganglionic Edinger-Westphal nucleus; MIF, multiply innenvated muscle fbers;
SIF, singly innenvated muscle fibers. Scale bar = 500 um in (C) (apples to A-C),
Scale bar = 30 pm in (G) (apples to D-G).

finding of a considerable GABAergic input to the C- and S-
groups confirms previous observations in monkey (Ying et al,
2008).

Glycinergic Input to nlll

The considerable supply of GlyT2-positive nerve endings to
MR subdivisions A and B resembled the labeling pattern of
glycine-positive afferents in nlll of previous reports in monkey
(Figures 6-8; Spencer and Baker, 1992; Poyatos et al., 1997). The
similar distribution pattern of GlyT2-positive nerve endings in
human nlll served there to identify the homolog MR subgroups
(Che Ngwa et al, 2014). In cat, glycinergic terminals were
found in all motoneuron subgroups except the MR subdivisions
(Spencer and Baker, 1992). In rabbit, a glycinergic input was
noted to all subdivisions in the nlIl including the MR region
(Wentzel et al., 1996), but may colocalize with GABA (Wentzel
etal., 1993). Based on current knowledge about MIF motoneuron

organization the glycinergic terminals around the midline are
now considered to target the IO and SR MIF motoneurons within
the S-group (Biittner-Ennever et al.,, 2001; Wasicky et al., 2004),
rather than the SR/IO SIF motoneurons (Spencer and Baker,
1992; Spencer et al,, 1992).The previously described association
of GlyT2 with LP motoneurons in the CCN was confirmed
and is in line with a strong expression of glycine receptor 1
seen here. The saccadic omnipause neurons were shown as one
possible glycinergic source to CCN (Horn and Biittner-Ennever,
2008).

Functionally, glycine is similar to GABA as it increases
chloride conductance and evokes, therefore, IPSPs.
Consequently, the likelihood that the postsynaptic cell reaches
the threshold for firing an action potential reduces. The
colocalization of glycine and GABA in afferent inputs to MR
motoneurons may indicate a co-release of both transmitters
(Wentzel et al., 1993). As shown for abducens motoneurons it
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FIGURE 10 | Coronal of the lomot (nill) in
monkey showing the expression of vesicular glutamate transporter 2
(vGlut2). (A) No differences were noted in the vGiut2 puncta labeling in
different motoneuronal subgroups. The detaled views in (B,C) demonstrate
the similar dense input of VGlut2-positive puncta (black) around cholnergic
motoneurons (brown, asterisks) in the C-group and around motoneurons of
the vertically pulling superior rectus/ inferior oblique (SR/1I0) muscles (B,C,
arrows). EWpa, preganglionic Edinger-Westphal nucleus. Scale bar = 250 pm
i (A, 30 wm in (C) (apples to B,C).

is possible that GABA-A and glycine receptors are distributed
differently at somatal or dendritic membranes (Lorenzo et al,
2007), which may play a role in tuning the IPSPs (Russier et al.,
2002).

Glycine can also serve as co-agonist with glutamate at
postsynaptic N-methyl-D-aspartate (NMDA) receptors (Johnson
and Ascher, 1987). It is an open question as to whether the
glycinergic input to the MR subdivisions in nlIl, which showed
a weak GlyR expression, serve as an inhibitory transmitter, or
as a co-agonist of excitatory glutamatergic afferents, e.g., from
internuclear neurons (INT) in nVI or ventral lateral vestibular
nucleus (LVN; see below; Nguyen and Spencer, 1999).

Glutamatergic Input to nlll and nlV

This is the first description of the expression pattern of vGlut
associated with eye muscle motoneurons. VGluts selectively
package glutamate into synaptic vesicles and mediate glutamate
transport and therefore are used as markers for glutamatergic
neuronal profiles (Takamori et al., 2000; Fremeau et al,, 2001,
2004; Zhou et al., 2007; for review: El Mestikawy et al., 2011).
Whereas SIF and MIF motoneurons in nlIl and nIV receive a
dense vGlut2-positive supply, a specific vGlutl-positive input
was found only to MIF motoneurons, mainly those of MR
(Figure 9F).

Transient responses of glutamate transmission are mediated
through ionotropic NMDA and non-NMDA (AMPA and
kainate) receptors, whereas more persistent responses are
mediated by metabotropic G-protein coupled receptors

(Dingledine et al, 1999). Thereby AMPA receptors convey
the fast component of postsynaptic responses, whereas NMDA
receptors mediate long lasting slower postsynaptic responses.
Both, NMDA-receptors and AMPA receptors (GluR4 subunit),
are only expressed in SIF, but not in MIF motoneurons
in monkey (Ying et al, 2008). This may indicate that SIF
motoneurons participate in the fast and slow components of
the postsynaptic response to glutamate. This is in line with in
vitro studies on rat oculomotor neurons showing that smaller
motoneurons with low-recruitment threshold currents have
higher input resistances and exhibit tonic firing—as assumed for
MIF motoneurons and whose firing pattern remains essentially
unmodified by glutamate application (Torres-Torrelo et al,
2012). The phasic-tonic firing of larger motoneurons—such as
SIF motoneurons—with lower input resistances and with high
recruitment threshold currents, is strengthened by glutamate
and could provide strong muscle contractions for (saccadic) eye
movements (Torres-Torrelo et al., 2012).

Premotor Sources and their Association with
Transmitters

Secondary vestibulo-ocular neurons (only SIF)

A well-established input to nIll and nIV arises from the
vestibular nuclei subserving the vertical angular vestibulo-ocular
reflex (VOR; for review: Biittner-Ennever and Gerrits, 2004;
Straka and Dieringer, 2004; Highstein and Holstein, 2006;
Goldberg et al., 2012). Primary afferents from the anterior and
posterior canals activate secondary vestibular neurons in the
magnocellular parts of the medial vestibular nucleus (MVNm)
and superior vestibular nucleus (SVNm), which in turn send
contralateral excitatory and ipsilateral inhibitory projections to
the respective motoneurons of agonists and antagonists in nllI
and nIV (Graf and Ezure, 1986; Iwamoto et al., 1990; Graf et al.,
1997; Goldberg et al., 2012).

Extracellular tracer injections into SVNm or MVNm and
single cell reconstructions of identified up and down position-
vestibular-pause neurons indicated that secondary vestibular
neurons target only SIF motoneurons, but not MIF motoneurons
in the S- or C-group (McCrea et al., 1987; Wasicky et al., 2004).
This is in line with the lack of transneuronally labeled secondary
vestibular neurons in SVNm or MVNm after the injection of
rabies virus into the myotendinous junction of eye muscles, from
where only MIF (not SIF) motoneurons were retrogradely filled
(Ugolini et al,, 2006).

Glutamate and aspartate

Glutamate and/or aspartate are widely accepted as the major
excitatory neurotransmitter of the secondary vestibular neurons
(Demémes and Raymond, 1982; for review: McElligott and
Spencer, 2000) and may reflect at least one portion of the
vGlut2-positive input to nlll and nIV. This is in line with
the presence of numerous neurons expressing vGlut2 mRNA,
but only few expressing weak vGlutl mRNA signals in rat
vestibular nuclei (Hisano et al., 2002; Zhang et al,, 2011). The
excitatory glutamatergic second-order vestibular inputs onto
abducens neurons act through AMPA receptors (Straka and
Dieringer, 1993). This pattern may apply to SIF motoneurons
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in nlll and nIV, as indicated by their high expression of AMPA
receptors (GluRl, 2, 3 and 4) in human and monkey (Williams
et al,, 1996; Ying et al.,, 2008). Both, glutamate and NMDA,
produce a depolarization of NMDA receptors primarily located
at dendrites, but are not associated with the excitatory second-
order vestibular input to oculomotor motoneurons (Durand and
Gueritaud, 1990).

Another source of glutamatergic input to nlll is conveyed
by the ascending tract of Deiters (ATD; Nguyen and Spencer,
1999; Biittner-Ennever and Gerrits, 2004; Holstein, 2012). It
originates from secondary vestibular neurons in the ventral
MVN and the ventral LVN that receive excitatory inputs
from the ipsilateral labyrinth, and target MR A and B
subgroups in the ipsilateral nlll (not C-group; McCrea et al,
1987). The ATD carries head velocity signals, which are
modulated by utricular inputs and the viewing distance of
visual targets to generate disconjugate vergence eye movements
(Reisine et al,, 1981; Chen-Huang and McCrea, 1998; Angelaki,
2004). Postembedding immunostaining indicated that ATD
afferents may use glutamate as a transmitter, whereas the
additional aspartate-labeling was attributed to the metabolic
pool (Nguyen and Spencer, 1999). This glutamate/aspartate
projection targets primarily somata and proximal dendrites
of MR motoneurons via synapses with asymmetric densities
and spheroidal vesicles, the classical features of excitatory
synapses (Nguyen and Spencer, 1999). These projections may
well be included in vGlut2-positive afferents of the present
study.

GABA

Electrophysiological and pharmacological studies have identified
GABA as a major inhibitory transmitter of vertical secondary
vestibulo-ocular neurons in different species (for review:
McElligott and Spencer, 2000; Straka and Dieringer, 2004;
Sekirnjak and du Lac, 2006). These inhibitory projections arise
in the SVN and MVN, and target the ipsilateral SO and IR,
or SR and IO motoneurons (Holstein, 2012), predominantly at
their somata and proximal dendrites (Spencer and Baker, 1992;
Wentzel et al, 1995). A fraction of the GABAergic fibers in
the MLF seen in the present study may represent the inhibitory
connections of the vertical VOR (see also Spencer et al., 1989; for
review: Goldberg et al., 2012).

Non-secondary vestibulo-ocular connections (SIF and
MIF)

Additional projections to nlIl and nIV arise from non-secondary
vestibular neurons, which are not directly activated by primary
afferents from the semicircular canals (Goldberg et al., 2012).
They include the dorsal y-group, which receives disynaptic
inputs from vertical canal afferents (Blazquez et al., 2000),
and projects to SIF and MIF motoneurons of SR and IO
in the contralateral nlll and to IR and SO motoneurons
on the ipsilateral side (Carpenter and Cowie, 1985 Wasicky
et al, 2004). Electrical stimulation studies suggest that the
y-group may be part of cerebellar pathways for vertical
smooth-pursuit eye movements (Chubb and Fuchs, 1982). At
least a subpopulation of non-secondary vestibular neurons

from the parvocellular MVN (MVNp) and the dorsal y-
group, which target only motoneurons of upward moving
eye muscles, contains calretinin (CR; Ahlfeld et al, 2011;
Zeeh et al, 2013), These CR terminals were found to be
excitatory (Zeeh et al, 2013) and may contribute to the
vGlut-positive input to SIF and MIF neurons seen here
(Figures 9, 10).

Abducens internuclear neurons (only SIF)

Another excitatory input to MR neurons arises from abducens
INT, which carry a head-velocity and head position signal
(burst, and burst-tonic) providing the neuroanatomical
basis for conjugate horizontal eye movements (for review:
Highstein and Holstein, 2006). In cat the tracer-labeled
synaptic endings of abducens INTs within the contralateral
MR subgroup were shown to express immunoreactivity
for glutamate and aspartate (Nguyen and Spencer, 1999).
The differing spatial location of glutamatergic afferents
from INTs and the ATD indicates that the more proximal
location of ATD synaptic input onto MR neurons may reduce
the threshold for activation by the more distally located
glutamatergic input from INTs during conjugate horizontal
eye movements (Delgado-Garcia et al, 1986; Nguyen and
Spencer, 1999). This may be used to reduce the synaptic delay
from INT input to MR to ensure conjugacy of horizontal eye
movements.

Since tracer injections into nVI result in afferent labeling
of all MR subgroups including the MIF motoneurons in the
C-group (Wasicky et al, 2004), a strong glutaminergic input
via this pathway must be anticipated (Nguyen and Spencer,
1999), The more distal INT terminals on MR motoneurons
are thought to act through NMDA and non-NMDA (AMPA)
receptors at the same postsynaptic site (Brodin and Shupliakov,
1994). This arrangement is consistent with the known somato-
dendritic distribution of NMDA and non-NMDA receptors
on both, second-order vestibular (Cochran et al, 1987) and
other extraocular motoneurons (Durand et al, 1987; Durand
and Gueritaud, 1990; Durand, 1991; Straka and Dieringer,
1993),

RIMLF and INC (SIF, SIF and MIF)

Another monosynaptic input to SIF motoneurons of vertically
pulling eye muscles originates from burst neurons in the rostral
interstitial nucleus of the medial longitudinal fasciculus (RIMLF)
and the interstitial nucleus of Cajal (INC) encoding vertical
and torsional saccades (Moschovakis et al., 1991a,b; Horn and
Biittner- Ennever, 1998; Kokkoroyannis et al.,, 1996; for review:
Horn, 2006). Tracer-labeled afferents from RIMLF to nlIl express
glutamate and aspartate (Spencer and Wang, 1996). Both amino
acids act on NMDA receptors, and in addition, glutamate acts on
non-NMDA receptors and may mediate different components
of the postsynaptic response, and could thereby contribute to
vGlut2 inputs.

GABAergic premotor neurons in the dorsomedial part of
the RIMLF in cat (Spencer and Wang, 1996) and in INC
in monkey (Horn et al., 2003) may monosynaptically inhibit
the motoneurons of anatogonistic eye muscles during up or
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downward saccades as shown by intracellular recording studies
in cat (Sugiuchi et al, 2013). Since lesions of INC result in
vertical gaze-holding deficits with a head-tilt (Biittner et al,
2002) the INC is considered to function as velocity-to-position
integrator of vertical eye movements (for review: Fukushima
and Kaneko, 1995). This function may be provided by premotor
burst-tonic and tonic neurons that receive a burst signal from
RIMLF and project monosynaptically to motoneurons of vertical
pulling eye muscles to transmit eye position signals (Dalezios
et al,, 1998; Horn and Biittner-Ennever, 1998; Sugiuchi et al,
2013). It is reasonable to assume that these premotor fibers target
SIF and MIF motoneurons, as indicated from tract-tracing after
small biocytin injections into INC in monkey (Kokkoroyannis
et al,, 1996). The differing projections from RIMLF and INC
to SIF and MIF motoneurons conform to the concept that SIF
motoneurons are driven only from burst neurons in RIMLF
and INC to generate the eye movement, whereas the burst-tonic
and tonic input from INC targets also MIF motoneurons for
gaze holding. Taken together it can be reasoned that premotor
excitatory burst and burst-tonic neurons in RIMLF and INC
provide a glutamatergic input to the motoneurons of vertical eye
movers, and thereby may form a portion of the vGlut2-positive
input to nlll and nIV.

Prepositus nucleus

A strong projection from the prepositus nucleus (PPH) to
the ipsilateral MR subgroup has been demonstrated (Baker
et al., 1977; McCrea and Baker, 1985; Belknap and McCrea,
1988; for review: McCrea and Horn, 2006). Correlation of
the neural activity of antidromically activated PPH neurons,
with the resultant ipsilateral eye movements and contralateral
head movements, suggest an inhibitory action of this projection
(Delgado-Garcia et al., 1989), although excitatory projections to
nlV may also be present (Baker et al., 1977). Since no GABAergic
projection from PPH to nlll has been found in monkey
(Carpenter et al., 1992), the inhibition may be transmitted via
glycine, as is the case for the abducens nucleus (Spencer et al.,
1989). Whether the GlyT2-positive input to MR motoneurons
in this study may represent inhibitory projections from the PPH
remains to be studied (Figures 6-8).

Inputs to only MIF motoneurons: Premotor sources and
association with transmitters

The most selective transmitter-related input was found from
vGlutl-positive afferents to MR MIF motoneurons including
their dendrites, which reach up into the supraoculomotor
area (SOA) approaching the preganglionic neurons in the
preganglionic Edinger-Westphal nucleus (EWpg) controlling
pupillary constriction and lens accommodation for the near
response (Tang et al,, 2015; for review: McDougal and Gamlin,
2015). Thereby the SOA is a well-suited target for premotor
inputs controlling the near response as suggested by the
abundance of synaptic contacts at the distal dendrites of MR
MIF motoneurons compared to only few synapses targeting
their somata and proximal dendrites (Erichsen et al, 2014).
One source may arise from “near response neurons” in the
SOA that increase their activity during convergence and can

be antidromically activated from MR subgroups (Judge and
Cumming, 1986; Mays et al., 1986; Zhang et al,, 1991, 1992).

In monkey, a selective premotor input only to MIF
motoneurons was first described from the pretectum (Gamlin
and Clarke, 1995; Biittner-Ennever et al., 1996; Wasicky et al,,
2004). This includes the nucleus of the optic tract, which
projects specifically to MIF motoneurons of nlIll and nIV, and
the olivary pretectal nucleus, which targets primarily pupil-
related preganglionic neurons in the rostral EWpg via excitatory
synapses (Gamlin and Clarke, 1995; Biittner-Ennever et al., 1996;
Wasicky et al., 2004; Sun and May, 2014a,b). Another possible
source is the central mesencephalic reticular formation (CMREF),
which is associated with horizontal and vertical conjugate eye
movements (Waitzman et al,, 1996; Wang et al., 2013). Recent
tracer studies in monkey demonstrated a strong projection from
premotor neurons in the CMRF to the SOA including the C-
group and the EWpg (Bohlen et al,, 2015). This projection is
bilateral and, if excitatory, may participate in the control of
vergence and the near triad (Bohlen et al, 2015). Whether
glutamatergic neurons in the SOA, in the pretectal nuclei or the
CMREF give rise to the selective vGlutl input to the somata or
dendrites of MIF motoneurons, remains to be studied (Fujiyama
etal,, 2003).

Conclusion

In conclusion the exclusive vGlutl input to MIF motoneurons
and the higher density of GABA/glycinergic inputs to MR MIF
motoneurons in the C-group compared to SIF motoneurons
within nlII confirm the concept that SIF and MIF motoneurons
receive different inputs from premotor areas involved in different
functions: SIF motoneurons in generating eye movements,
MIF motoneurons in gaze holding including vergence in the
near response (Wasicky et al, 2004; Biittner-Ennever, 2006;
Ugolini et al, 2006). MIF neuron groups were shown to
contain also the cell bodies of palisade endings inserting at the
myotendinous junction of extraocular muscles (Lienbacher et al.,
2011; Zimmermann et al,, 2011). But up to date it is not clear,
whether they form a separate population of presumed sensory
neurons or are part of motoneurons giving rise to the multiple
innervation and palisade endings at non-twitch muscle fibers
(Lienbacher and Horn, 2012).

Although all SIF motoneurons are involved in similar tasks
exhibiting similar firing behavior during eye movments, the
functional significance of differences in the chemical properties
of premotor inputs—as seen for the specific expression of
calretinin in excitatory premotor pathways for upgaze—is
unclear (Zeeh et al., 2013). Transmitter inputs may not only
convey a specific postsynaptic reponse, but may modulate
the excitability of the motoneurons, for example by opening
chloride channels conveyed by GABA and glycine (Lorenzo
et al,, 2007). Recent in vivo studies in rat demonstrated that
the firing properties of motoneurons in nlll (tonic and phasic
discharge) as function of recruitment threshold current and cell
size can be modified by glutamatergic input (Torres-Torrelo
et al, 2012). Based on their findings from in vitro studies
of rat nlll motoneurons superfused with GABA, the authors
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propose that motoneuron firing rates are essentially driven by
transient neurotransmission of different transmitters. Thereby
this transient mechanism could act as a modulation system
refining the output of the motoneurons (Torres-Torrelo et al.,
2014).
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INTRODUCTION

Disorders, Lucwig-Maximi, Ui ol'Munm.mewnmy

The oculomotor nucleus (nlll) contains the motoneurons of medial, inferior, and superior
recti (MR, IR, and SR), inferior oblique (I0), and levator palpebrae (LP) muscles. The
delineation of motoneuron subgroups for each muscle is well-known in monkey, but not
in human. We studied the transmitter inputs to human nlll and the trochlear nucleus
(nIV), which innervates the superior oblique muscle (SO), to outline individual motoneuron
subgroups. Parallel series of sections from human brainstems were immunostained
for different markers: choline acetyltransferase combined with glutamate decarboxylase
(GAD), calretinin (CR) or glycine receptor. The cytoarchitecture was visualized with cresyl
violet, Gallyas staining and expression of non-phosphorylated neurofilaments. Apart
from nlV, seven subgroups were delineated in nlll: the central caudal nucleus (CCN), a
dorsolateral (DL), dorsomedial (DM), central (CEN), and ventral (VEN) group, the nucleus
of Perlia (NP) and the non-preganglionic centrally projecting Edinge~Westphal nucleus
(EWcep). DL, VEN, NP and EWcp were characterized by a strong supply of GAD-positive
terminals, in contrast to DM, CEN, and nlV. CR-positive terminals and fibers were confined
to CCN, CEN, and NP Based on location and histochemistry of the motoneuron subgroups
in monkey, CEN is considered as the SR and 10 motoneurons, DL and VEN as the B- and
A-group of MR motoneurons, respectively, and DM as IR motoneurons. A good correlation
between monkey and man is seen for the CR input, which labels only motoneurons of eye
muscles participating in upgaze (SR, 10, and LP).The CCN contained LP motoneurons, and
nlV those of SO. This study provides a map of the individual subgroups of motoneurons
in human nlll for the first time, and suggests that NP may contain upgaze motoneurons.
Surprisingly, a strong GABAergic input to human MR motoneurons was discovered, which
is not seen in monkey and may indicate a functional oculomotor specialization.

Keywords: central caudal of Perlia, I i inin, glyci
oy movements.

GABA,

compensate for head and body movements (Leigh and Zee, 2006;

Eye movements are essential for vision, because they direct the
fovea to a visual target, and stabilize gaze during locomotion to

Abbreviati nlll, ocul cl nlV, trochlear nucleus; nV1, abducens
nucleus; CON, central caudal nucleus; CEN, central group; ChAT, choline acetyl-
transferase; CMRF, central halic reticular f ion; CR, calretinin; DL,

dorsolateral group: DM, dorsomedial group; DR, domal raphe nuckus; EAR
extravidin-peraxidase; EW, Edinger-Westphal nucleus; EWep, centrally projecting
Edinger-Wostphal nudleus; EWpg, Edinger-Westphal nucleus cnnlamg progan-

glionic GABA, gamma. butyric acid; GAD, gl
GlyR, glycine receptor; I( inferior colliculus; INC, interstitial nucleus of Cajak 10,
inferior oblique Je; IPN, interped k cleus: IR, inferior cle; LP,

levator palpebrac muscle; LR, lateral rectus muscle; MGB, medial geniculate body:
MIFE, multiply-innervated non-twitch muscle fibers; ML, medial lemniscus; MLF,
medial longitudinal fasciclus; MR, medial rectus muscle; NIl oculomotor nerve;
NP, nucleus of Perlia; NP-NF, non-phosphorylated neurofilaments; PAG, periaque-
ductal gray; PB, phosphate buffer; PN, pontine nudlei; RIMLF, rostral interstitial
nucleus of the medial longitudinal fasciculus; RN, red nucleus; SC, superior collicu-
lus; SCP, superior cerebellar pedundle; SE of mean, standard ercor of the mean; SIF,
nnsly mlurvalcd |mld| muscle fibers; SN¢, substantia nigra pars compacta; SNr,

lata; SO, superior oblique muscle; SOA, supraoculomotor
area; SR, aupemr rectus muscle; UCN, urocorting VEN, ventral group.

Horn and Leigh, 201 1). The motor and premotor pathways for sev-
eral eye movement types, e.g., saccades and the vestibulo-ocular
reflex, are well studied in monkey, and they form the basis for
assessing the homologous brain structures in humans, for exam-
ple, in clinical cases of eye movement disorders (Horn and Leigh,
2011; Kennard, 2011). However, different species have different
patterns of eye movements, and different arrangements of their
oculomotor subgroups (for review: Battner-Ennever, 2006). In
order to analyze the clinical-anatomical studies involving horizon-
tal and vertical, up- or downward eye movements, the knowledge
of the localization of the motoneurons of individual extraocu-
lar muscles in human is essential. Despite the fact that efforts on
this topic have been undertaken since 1897 (Bernheimer, 1897)
in human, the current map of individual motoneuronal groups
adopted in most textbooks is still that of the monkey (Warwick,
1953a). In non-h pri the ocul r nucleus (nlll)
and trochlear nucleus (nlV) lie in the mesencephalic tegmentum
at the ventral border of the periaquaeductal gray beneath the
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aqueduct (for review: Biittner-Ennever, 2006). Since the classical
work on the nlll in rhesus monkey by Warwick (1953a) using
degeneration techniques, the topographic map has undergone
substantial revisions in the primate using retrograde tract-tracing
methods (Biittner-Ennever and Akert, 1981; Porter etal.,, 1983;
Biittner-Ennever etal,, 2001; Biittner-Ennever, 2006). Neurons
supplying the ipsilateral medial rectus muscle (MR) are distributed
into three clusters within nllI: the ventral A-group extending into
the medial longitudinal fasciclus (MLF), the dorsolateral B-group
and the small C-group at the dorsomedial border of nlII (Biittner-
Ennever and Akert, 1981). The motoneurons of the ipsilateral
inferior rectus muscle (IR) are located dorsally at rostral levels of
the nlll, and the motoneurons of the contralateral superior rec-
tus muscle (SR) and ipsilateral inferior oblique muscle (10) lie
partly intermingled within the central nlll of one side (Spencer
and Porter, 1981; Porter etal., 1983). The nIV contains only the
motoneurons of the contralateral superior oblique muscle (SO;
Porter etal,, 1983). In primates, a separate midline nucleus at the
transition of nlll and nlV, the central caudal nucleus (CCN), con-
tains the motoneurons of the levator palpebrae (LP) muscle, which
elevates the upper eyelid (Porter et al., 1989).

The Edinger—Westphal nucleus (EW) lies immediately dorsal
to nlIL. It is often included in the term “nlIl complex,” although it
does not contain motoneurons of extraocular muscles. However,
recent work has shown that the EW contains different functional
cell groups, which must be clearly demarcated from each other
and from the nllI proper. In monkey, EW houses the preganglionic
(pg) neurons of the ciliary ganglion, in accordance with traditional
belief, and is now called EWpg (Horn et al., 2008; May et al., 2008).
However, in human, the cytoarchitectural EW represents a cell
group of non-pg centrally projecting (cp) neurons that contain
urocortin (UCN), and it is therefore now termed EWcp (Horn
etal., 2008; Kozicz etal., 2011; Biittner- Ennever and Horn, 2014).

Transmitter content can also distinguish between oculomo-
tor subgroups. Previous studies of transmitter content in cat
and monkey have shown that the motoneurons of horizon-
tally moving eye muscles are controlled by glycinergic inputs,
whereas those of vertically moving eye muscles by GABAer-
gic afferents (Spencer etal, 1989, 1992; Spencer and Baker,
1992). In addition, more recent reports revealed that only
the motoneurons of muscles involved in upgaze, including the
LP, are selectively targeted by calretinin (CR)-positive afferents
(Ahlfeld etal., 2011; Zeeh etal., 2013); this finding proved very

useful in the present study for the recognition of 10 and SR
motoneurons.

In the experiments reported here, we identified the motoneu-
ron groups of individual eye muscles in human. This was based
partly on a comparison with the localization of motoneurons
derived from tract-tracing experiments in monkey, and partly
on the cytoarchitecture and differential histochemical inputs to
motoneuron subgroups revealed by immunocytochemical stain-
ing for non-phosphorylated neurofilaments (NP-NF) glutamate
decarboxylase (GAD), CR, glycine receptor (GlyR) in human
midbrain sections. These groups have also been clearly sepa-
rated from the EW and the nucleus of Perlia (NP) subgroups,
and present a new map of the human oculomotor subgroups.
A preliminary version of the map has been published previously
(Biittner-Ennever and Horn, 2014).

MATERIALS AND METHODS

ANTISERA

Choline acetyltransferase

Cholinergic motoneurons were detected with a polyclonal choline
acetyltransferase (ChAT ) antibody raised in goat (AB144P, Chemi-
con) against the whole enzyme isolated from human placenta,
which is identical to the brain enzyme (Bruce etal., 1985; Table 1).
In immunoblots, this antibody recognizes a 68-70 kDa protein.
The appearance and distribution of ChAT-positive neurons with
this antibody in the present study isidentical to the data of previous
reports (Ichikawa and Shimizu, 1998).

Non-phosphaorylated neurofilaments

Non-phosphorylated neurofilaments were detected using a mouse
monoclonal antibody (IgG1), supplied as a high titer mouse ascites
fluid (Table 1). The antibody was raised against homogenized
hypothalami recovered from Fischer 344 rats (Sternberger etal.,
1982). It reacts with a non-phosphorylated epitope in neurofil-
ament H and is abolished when the epitope is phosphorylated
(clone 02-135; SMI32, Sternberger Monoclonals Inc., Lutherville,
MD, USA; Sternberger and Sternberger, 1983). This antibody visu-
alizes two bands (200 and 180 kDa) in conventional immunoblots
(Goldstein etal., 1987).

Glutamic acid decarboxylase
GABAergic terminals were detected with a monoclonal anti-
body against the GABA-synthetizing enzyme glutamic acid

Table 1| Sources and dilutions of primary antibodies.

Antigen Antibody Host Antibody source Dilution
Choline acetyitransferase (ChAT) Polyclonal anti-ChAT Goat Chemicon, Temecula, CA, USA, AB144P 1:100
Calretinin (CR) Polyclonal anti-CR Rabbit  SWant, Bellinzona, Switzerland, 7669/3H 1:2500
Urocortin 1 (UCN) Polyclonal anti-UCN Rabbit  Sigma, St. Louis, USA, U4757 1:8000
GAD Monoclonal anti-GAD Mouse  Biotrend, GC3108 1:4000
a and p subunits of glycine receptor (GlyR) Monoclonal anti-GlyR Mouse Synaptic Systems, Gottingen, Germany, 146 1:300
{clone mAb4a) on
MNon-phosphorylated neurofilaments (NP-NF)  Monoclonal anti-NP-NF Mouse Sternberger, Lutherville, MD, USA, SMI-32P 1:5000

Frontiers in Neuroanatomy

www.frontiersin.org

February 2014 | Volume 8| Article 2| 2

71



Results

Che Ngwa etal.

Map of human oculomotor nucleus

decarboxylase (GAD; GADgs /67 GC3108, batch number Z05507,
clone 1111, Biotrend, Cologne, Germany; Table 1). Two molecular
forms of GAD — GADgs and GADg; — are known from different
species, There is 65% amino acid sequence homology between the
two isoforms. Whereas GADg; is a cytoplasmic protein consisting
of 594 amino acid residues, GADgs is an amphiphilic and mem-
brane anchored protein consisting of 585 amino acid residues. The
antibody GC 3108 recognizes a linear epitope at the C-terminus
of rat GAD, common to both isoforms. The hybridoma secreting
the antibody to GADjgs/67 was generated by fusion of splenocytes
from a mouse immunized with fragments of recombinant human
GADgs fused to glutathione-S-transferase (Ziegler etal., 1996).

Glycine receptor

The GlyR is a ligand gated Cl~ channel, mediating synaptic inhi-
bition in various brain regions. It is a pentamer consisting of «
and P subunits. In this study, a monoclonal mouse antibody, clone
mAbd4a (Cat. No. 146011, Synaptic Systems, Gottingen, Germany),
was used, which recognizes the a and p subunits of the GlyR
(Table 1). This antibody results in stronger labeling compared
to antibodies directed against the a subunit only (Pfeiffer etal,
1984; Waldvogel etal,, 2010). The GlyR is present in postsynaptic
structures and intracellular sites involved in protein synthesis and
transport shown by electron microscopy studies, which explains
the diffuse immunostaining of neuronal somata and punctate
labeling along the membranes of neurons (Triller etal., 1985;
Baer etal., 2009).

Calretinin

A rabbit polyclonal CR antibody (7699/3H, LOT 18299, Swant,
Bellinzona, Switzerland) was used to detect CR-containing neu-
ronal profiles (Table 1). CR is a calcium-binding protein of
the EF-hand family, related to calbindin D-28k and calmod-
ulin, with a widespread distribution within the brain in different
species (Andressen etal., 1993; Baizer and Baker, 2006; Baizer and
Broussard, 2010). The CR antiserum is produced in rabbits by
immunization with recombinant human CR containing a 6-his
tag at the N-terminal.

Urocortin

For the identification of UCN-containing neurons a polyclonal
antibody (Sigma, U-4757; Sigma, St. Louis, USA) was used. It was
raised in rabbit using a synthetic peptide corresponding to the C-
terminus of human UCN (amino acids 25-40 with N-terminally
added lysine), conjugated to keyhole limpet hemocyanin (KLH)
as immunogen. The antibody does not cross-react with human or
rat corticotrophin releasing factor or human adrenocorticotropic
hormone (Bachtell etal., 2003).

HUMAN TISSUE

The brainstems from seven postmortem human cases (case 1 —
frozen; cases 2—6 — paraffin embedded) were obtained 24-72 h
after death from bodies donated to the Anatomical Institute of
the Ludwig-Maximilians-University in accordance with the ethi-
cal regulations of the University, and through the Reference Center
for Neurodegenerative Disorders of the Ludwig-Maximilians-
University with written consent from next of kin, who confirmed
the wishes at time of death. All procedures were approved by the

Table 2 | Human post-mortem cases used in the study.

Case Age Gender Post-mortem  Fixation Cutting
delay (hour) duration (day)

1 90 Female 24 2 Frozen

2 69 Male 24 2 Paraffin
3 57 Female 24 6 Paraffin
4 67 Male 24 10 Paraffin
B 75 Male 72 10 Paraffin
5] 54 Female 24 8 Paraffin

Local Research Ethics Committees. The study is in accordance with
the ethical standards laid down in the 1964 Declaration of Helsinki.
The age of the donators ranged from 54 to 90 years, and there is no
history of neurological disease (Table 2). The tissue was immersed
either in 4% paraformaldehyde in 0.1 M phosphate buffer (PB),pH
7.4, 0rin 10% formalin for 7 days. Five brainstems were embedded
in paraffin, and from each case serial sections of 5, 10, and 20 pm
thickness were cut. Sections of 20 jum thickness were used for
Nissl- and Gallyas fiber staining, 5 and 10 jum thick sections were
immunostained “on-slide” after deparaffination and rehydrating
in distilled water. For freeze cutting, one brainstem (case 1) was
equilibrated in increasing concentrations of sucrose in 0.1 M PB
and cut at 40 wm using a cryostat. Every sixth frozen section
(240 pm interval) was defatted, rehydrated, then stained with
0.5% cresyl violet for 5 min. In neighboring sections, the myelin
was stained with silver using the physical developing method of
Gallyas (Gallyas, 1979). The nomenclature and abbreviations for
human brainstem structures are in accordance with the revised
new edition of Olszewski and Baxter’s “cytoarchitecture of the
human brainstem” (Biittner-Ennever and Horn, 2014).

Single immunostaining for NP-NE GAD, CR, UCN

Parallel series of adjacent frozen sections (40 jum) were processed
“free-floating,” whereas the paraffin sections (10 jum) were pro-
cessed “on-slide” after deparaffination in three changes of xylene
and rehydration in decreasing concentration of alcohol (100,
96, 90, and 70%) and a final rinse in distilled water. In addi-
tion, for the paraffin sections of formalin-fixed tissue an antigen
retrieval procedure preceded the protocol for immunostaining:
after deparaffinizing, the sections were incubated in 0.01 M
sodium citrate buffer (pH 8.5) in a water bath at 80°C for 15 min,
and then for another 15 min at room temperature, before being
rinsed and started with the immunostaining protocol (Jiao etal.,
1999),

After a short rinse in double distilled water and 0.1 M PB, pH
7.4, the sections were treated with 3% H;O»> and 10% methanol
for 15 min to eliminate endogenous peroxidase activity and were
washed extensively with 0.1 M Tris-buffered saline (TBS; pH 7.4).
To block non-specific binding sites, the sections were then incu-
bated with either 29 normal horse (for NP-NF, GAD, GlyR) or 2%
normal goat serum (for CR, UCN) in 0.3% Triton-X 100 in 0.1 M
TBS for 1 h at room temperature. Parallel 2 mm spaced series of
neighboring sections were subsequently treated either with mouse
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anti-NP-NF (1:5000; Sternberger) or mouse anti-GAD (1:4000,
Biotrend) or mouse anti-GlyR (1:300, Synaptic Systems) or rabbit
anti-CR (1:2500, Swant) or rabbit anti-UCN (1:8000; Sigma) for
2 days at 4°C. After washing in 0.1 M TBS, the sections were incu-
bated either in biotinylated horse anti-mouse IgG (1:200; Vector
Laboratories) or biotinylated goat anti-rabbit IgG (1:200; Vec-
tor Laboratories) at room temperature for 1 h, followed by three
washes in 0.1 M TBS. Then, sections were incubated in extravidin-
peroxidase (EAP; 1:1000; Sigma) for 1 h at room temperature.
After two rinses in 0.1 M TBS, and one rinse in 0.05 M Tris-buffer
(TB), pH 8, the EAP complex indicating the antigenic sites was
visualized by a reaction in 0.05% diaminobenzidine (DAB) and
0.01% H>05 in 0.05 M TB for 10 min. After several rinses in TBS,
“free floating” sections were mounted, air-dried, dehydrated in
increasing concentrations of alcohol and xylene, and coverslipped
in DePex mounting medium (Serva, Heidelberg, Germany).

Combined immunoperoxidase labeling for ChAT and GAD
In selected paraffin sections, combined immunoperoxidase label-
ing was used to simultaneously detect ChAT and GAD.

After deparaffination and rehydration, the sections were
washed in 0.1 M TBS (pH 7.4), treated with 1% H,0; in TBS
for 30 min, were rinsed again, and preincubated with 2% normal
rabbit serum in 0.3% Triton-X 100 in TBS for 1 h at room temper-
ature. The sections were then treated with goat anti-ChAT (1:100;
Chemicon, AB144P) in TBS with 2% rabbit serum and 0.3% Triton
X-100 for 48 h at room temperature. After three washes in 0.1 M
TBS, the sections were incubated in biotinylated rabbit anti-goat
IgG (1:200, Vector Laboratories) in TBS containing 2% bovine
serum albumin for 1 h at room temperature, After three washes
in 0.1 M TBS, the sections were treated with EAP (1:1000; Sigma)
for 1 h. Then, two rinses with 0.1 M TBS were followed by one
wash with 0.05 M TB, pH 8, and the reaction with 0.025% DAB,
0.4% ammonium nickel sulfate, and 0.015% H,0; in 0.05 M TB,
pH 8, for 10 min. This results in a black staining of ChAT-positive
structures. After a thorough washing and blocking of residual per-
oxidase activity with 1% H>O; in 0.1 M TBS, the sections were
incubated in 2% normal horse serum in 0.3% Triton-X-100 in
0.1 M TBS for 1 h at room temperature before being transferred
to mouse anti-GAD (1:4000; Biotrend, GC 3108) in 2% normal
horse serum and 0.3% Triton-X-100 in TBS for 24 h at room tem-
perature. After washing in 0.1 M TBS, the sections were incubated
in biotinylated horse anti-mouse IgG (1:200; Vector Laboratories,
Burlingame, CA, USA) in TBS containing 2% bovine serum albu-
min for 1 h at room temperature. The antigen binding site was
detected by incubating sections in EAP (1:1000; Sigma, St. Louis,
MO, USA) for 1 hand a subsequent reaction with 0.025% DABand
0.015% H,0, in 0.05 M TB (pH 7.6) for 10 min to yield a brown
staining of GAD-positive profiles. After washing, the sections were
air-dried, dehydrated in alcohol, and coverslipped with DePex
mounting medium (Sigma, St. Louis, MO, USA).

ANALYSIS OF STAINED SECTIONS

The slides were examined with a light microscope Leica DMRB
(Bensheim, Germany). Brightfield photographs were taken with
a digital camera (Pixera Pro 600 ES, Klughammer, Markt Inder-
sdorf, Germany, or Microfire (Optronics, USA) mounted on the

microscope. The images were captured on a computer with Pixera
Viewfinder software (Klughammer, Markt Indersdorf) or Pic-
ture frame 2.2 (Optronics, USA) and processed with Photoshop
7.0 software (Adobe Systems, Mountain View, CA, USA). The
sharpness, contrast, and brightness were adjusted to reflect the
appearance of the labeling seen through the microscope. The pic-
tures were arranged and labeled with drawing software (Coreldraw
11.0; COREL).

QUANTIFICATION OF CR AND GAD INPUTS

The CR and GAD inputs to all motoneuronal groups in nlIl
and nIV were quantified by counting immunoreactive puncta
along the measured length of the contour of a motoneuron with
Image ] (public domain, Java-based image processing program
developed at the National Institutes of Health). The values were
transferred in a spreadsheet table for calculation of the statis-
tics (Microsoft Excel, 2010). The analysis of each chosen group
was performed on sections from two different cases. In one
focus plane, the immunoreactive puncta along the outlines of
at least 35 cells in each subgroup were counted. Simultaneous
ChAT-immunolabeling was used to identify the motoneurons.
Immunoreactive puncta were considered to contact a motoneu-
ron, when its soma and the CR or GAD-positive terminal were in
the same focal plane, and no space was seen between them. The
ratio of the number of terminals per micrometer of cell outline was
calculated with Excel software (Microsoft 2010). Then, the average
and mean terminal density of inputs and the standard error of the
mean were calculated for all motoneuronal subgroups, including
those of the LP.

Data were analyzed with the PRISM 5 software (GraphPad
Prism 5, San Diego, CA, USA). Statistical analysis was per-
formed using a one-way analysis of variance (ANOVA). p Values
below 0.0001 were considered statistically significant. Two groups
of downgaze motoneurons were identified: those that receive
CR-input and those that do not. In addition, those groups of
downgaze motoneurons receiving CR-input were separately ana-
lyzed and compared with the CR-input of upgaze motoneurons,
using the Bonferroni’s multiple comparison test. p Values below
0.05 were considered statistically significant.

RESULTS

The cytoarchitecture of the nIV and nlIl complex was visualized
with Nissl- and Gallyas fiber staining, which revealed eight separate
cell groups. All these cell groups differed in their staining pattern
for the transmitter-related markers GAD, GlyR, and the calcium
binding protein CR. These findings are described in detail in the
following sections beginning with caudal levels.

TROCHLEAR NUCLEUS

With Nissl- and immunohistochemical staining for NP-NFs, the
nlV can be delineated within the mesencephalic tegmentum. At
thelevel of the inferior colliculus (IC), the nIV is clearly outlined as
around nucleus embedded in the fibers of the MLF (Figures 1A,B;
corresponds to plate 32 in Olszewski and Baxter's work, 2nd edi-
tion, 1982, and 3rd edition by Biittner-Ennever and Horn, 2014).
The NP-NF-staining reveals that the dendrites of the motoneurons
are interwoven within nIV (Figure 1C with inset), and that they
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FIGURE 1 |Tr L of the h hlear nucleus (niV) decarboxylase (GAD) (F). Panels (A-C, F) show neighboring 40 pm frozen

di ting the cy hi in cresyl violet (A), Gallyas fiber sections of one case, panels [D,E) show neighboring 10 um paraffin sections

ining (B), and i ining for non-phosphorylated of another case. Panels (GH) are detailed views from (D-F). A line drawing

neurofilaments (NP-NF) [C). The nlV is devoid of calretinin (CR) expressing the midbrain section at this level is given at the bottom. DR, dorsal raphe
neurons and fiber profiles (D,G),and it does not express immunoreactivity for  nucleus; IC, inferior colliculus; ML, medial lemniscus; MLF, medial longitudinal
the glycine receptor (GlyR} (E,H). The nlV shows a modest supply by fascicle; PAG, periaqueductal gray; PN, pontine nuclei; SCP superior

GABAergic punctate profiles revealed with antibodies against glutamate cerebellar peduncle. Scale bar: [A-F) 500 um; (G,C) inset 30 pm.

are confined to the nucleus at the medial and dorsal aspects. The
dendrites extend from the nuclear boundaries at the lateral and
ventral aspects and intermingle between the fibers of the MLE
The axons travel medial to the MLF (Figure 1C, arrows, inset). As
reported by others, two completely separate divisions of the nIV
are apparent in the caudo-rostral direction (not shown; Pearson,
1943; Biittner-Ennever and Horn, 2014).

No CR-positive neurons or puncta were found within the
boundaries of nIV (Figures 1D,G). The same observation
was made for GlyR-immunostaining (Figures 1E,H). GAD-
immunostaining did not reveal any labeled somata within nIV,
but numerous labeled puncta were detected around cholinergic
motoneurons, many of them most likely representing synaptic
terminals (Figures 1EI, arrows).
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CENTRAL CAUDAL NUCLEUS AND CAUDAL OCULOMOTOR NUCLEUS
The caudal end of nlll appears as a V-shaped nucleus with the
CCN dorsally embedded in the V-opening shown on a plane
approximately 2 mm further rostral to nIV (Figures 2A-C; cor-
responds to plate 34 in Biittner-Ennever and Horn, 2014). At this
plane, a small group of densely packed neurons adjacent to the
dorsal rim of nlll becomes apparent in Nissl-stained sections.
This cell group consists of UCN-positive neurons ( Ryabinin etal.,
2005 Horn etal, 2008) and has recently been termed EWcp
(Figure 2A; Kozicz et al., 2011). As shown earlier, the EWcp does
not express NP-NF-immunoreactivity (Figure 2C, arrow; Horn
etal., 2008). Within the main nlll, four subgroups can be delin-
cated at this level: a ventral (VEN) group outlined dorsomedially
by traversing fibers shown by Gallyas fiber staining (Figure 2B),
and a central (CEN) group dorsal to it (Figures 2A,C). A lat-
eral (LAT) group is apparent as cell islands between the rootlets
of the third nerve (NIII), separated from the main nucleus by
the traversing fibers of the MLF (Figures 2A-C). A dorsolateral
group (DL) appears as a relatively isolated circular subnucleus,
most apparent in Gallyas staining and NP-NF-immunostaining
(Figures 2B,C).

A strong supply by CR-positive fibers and nerve endings was
evident in the CEN group, thereby highlighting it selectively
from CR-negative DL and DM groups (Figures 2D and 3D;
Figures 4A,D). A considerable supply was also found around the
LP motoneurons in the CCN (Figures 2D,G). Immunostaining
for the GlyR revealed a strong signal in the CCN (Figure 2E).
At high magnification, the GlyR-immunostaining appears as dif-
fuse staining of the neuronal somata and punctate labeling along
the neuronal membrane surface of somata and dendrites of LP
motoneurons (Figure 2H ). Within the nlll, the DL and VEN sub-
groups were highlighted by their strong GlyR-immunostaining
(Figure 2E). As in nIV, a strong supply by GAD-immunopositive
puncta was evident in CCN and in all subgroups of the caudal nIII
(Figures 2EI). The DL and VEN subgroups were outlined by their
relatively stronger abundance of GAD-positive punctate labeling
compared to other subgroups ( Figure 2F).

MID nill, NUCLEUS OF PERLIA

At planes through the nlll 2 mm further rostral (corresponding to
plate 36, Biittner-Ennever and Horn, 2014), the medial portion of
the EWcp appears between the dorsal parts of nlll (Figures 3A-F).
The NP-NF-negative EWcp is embedded in dorsoventrally trav-
eling fibers (Figures 3B,C). At the midline of this level, an
unpaired cell group is separated from the main nllII by dorsoven-
trally traversing fibers. This nucleus is called the nucleus of Perlia
(NP) (Figures 3A-C; Perlia, 1889). Between EWcp and the DL
group, an additional dorsomedial group (DM) appears at this
level (Figures 3A-F).

Calretinin-immunostaining revealed only a few scattered small
CR-positive neurons in nlll, mainly at the dorsomedial and medial
border between both nlll. A group of CR-positive neurons is
present in the dorsal, medial, and ventral perioculomotor region,
in part covering the EWcp (Figures 3D and 4M). The careful anal-
ysis of neighboring 5 jum thick paraffin sections, stained either for
CR or UCN (Figures 3G-I), revealed that both populations do
not overlap to any great extent. Only few UCN-positive neurons

in EWcp express CR-immunoreactivity (Figures 3H,lI, arrows).
The CR-positive neurons in EWcp may form the origin of at least
one portion of the dorsoventrally running fibers that embrace
the NP and separate it from the lateral nllI (Figure 3D, arrows,
insert). As for CCN and CEN, a considerable supply of CR-positive
axonal profiles was found around neurons in NP (Figures 3D and
4G,))).

Whereas CEN, NP, and EWcp were largely devoid of GlyR-
positive neuronal profiles (Figures 3E and 4H,K,N), the DM
expressed some GlyR-immunoreactivity in addition to DL and
VEN (Figures 3E and 4B,E). The GlyR-labeling of DM most prob-
ably represents dendrites of the adjacent motoneurons of LP and
the DL group, which are strongly labeled (Figures 4B,E). The close
inspection of sections stained for ChAT and GAD revealed that in
allnllI subgroups the somata and proximal dendrites of the cholin-
ergic motoneurons were associated with GAD-immunoreactive
profiles. A similar strong GAD-input was found in the DL,
CEN, VEN subgroups, as in the NP (Figures 4C,L,L). The DM,
LAT showed the weakest supply from GAD-positive puncta, the
non-cholinergic neurons in EWcp the strongest (Figures 4F,0).

ROSTRAL nlll

Another 2 mm further forward, at the rostral end of nlll, the DL is
the only remaining subgroup. It is bordered by the EW¢p, which
forms a large cell group dorsally and a small extension ventrally
(Figure 5A; corresponding to plate 38, Buttner-Enneverand Horn,
2014). Interestingly at this level fibers arising from the nlIl of
both sides intermingle intensely with each other, apparent from
Gallyas staining and NP-NF-immunostaining (Figures 5B,C,E,F,
arrows). GAD-positive puncta covered the DL and EWcp densely
(Figure 5D).

QUANTITATIVE ANALYSIS OF GAD AND CR-POSITIVE INPUTS
A summarized view of the histochemical properties is given in
Figure 6. For verification of the impression received from visual
inspection, the GAD- and CR-positive inputs were quantified
by counting immunoreactive puncta along the outlines of the
perimeter of somata and proximal dendrites in all subgroups of
nlll and nIV. The quantitative analysis of GAD-positive puncta
confirmed the visual impression, and revealed that the strongest
GABAergic input was found to the somata of EWcp neurons
(Figures 6C,E,G,LK and 7A; see also Figure 40) with an averaged
density of 0.183 puncta/jum (see Table 3). Similar strong GAD-
input was found to the motoneurons in nIV, CEN, DL, VEN, NP,
and CCN (Table 3; Figures 6A,C,E,G,LK and 7A). The weakest
supply was found to involve motoneurons in the DM and LAT
subgroups (Table 3; Figures 6A,C,E,G,I,K and 7A). The one-way
ANOVA revealed a significant difference of the mean values with
p < 0.001 (Figure 7A). GlyR-immunostaining was only found
in CCN and the DL and VEN subgroups in nlII, all with a sim-
ilar intensity (Figures 6C,E,G,LLK). All motoneurons including
neurons of NP expressed ChAT- and NP-NF-immunostaining,
the neurons in EWcp contain UCN, as already shown previously
(Horn etal., 2008; Figures 6B,D,EH,J,L).

As is apparent from visual inspection of the immunocy-
tochemical staining, the strongest CR-input is found around
neurons of the NP, and around motoneurons in CEN (Table 3;
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FIGURE 2 | Tr i hrough the caudal plane of the (A-F). A central group (CEN) is high-lighted by its strong expression of CR
oculomotor nucleus (nlll). Cresyl violet (A), Gallyas fiber staining (B), and (D), but shows less staining for GAD (F) and almost none for GlyR (E).

imm ining for non-phosphorylated neurofilaments (NP-NF) (C) reveal Panels {A-C,F) show neighboring 40 pm frozen sections of one case,
several subnuclei of the ocul ! lex that exhibit different (D,E) neighbering 10 um paraffin sections of another case. Panels (GH) are
staining paf for cal in (CA) (D), glycine receptor (GlyR) (E), and detailed views from (D-F). Asterisks label coresponding blood vessels in
glutamate decarboxylase (GAD) (F). The central caudal nucleus (CCN) neighboring frozen of one case (A-C,F), stars label those in
appears as a separate nucleus embedded in the medially descending fibers  neighboring paraffin sections from a different case (D,E). Detailed views of
(A=C). The CCN is high-lighted by its GlyR expression (E) and shows a levator palpebrae (LP) motoneurons in CCN are shown for CR (G), GlyR (H),
moderate supply by CR- and GAD-positive profiles [D,F). A dorsolateral and GAD-immunoreactivity (1). A line drawing at the bottom shows the
group (DL} of nlll is separated by encircling fibers (A-C). DL is devoid of midbrain section at this level. IPN, interpeduncular nucleus; ML, medial
CR-positive profiles (D), but rich in GlyR- and GAD-positive profiles (EF). A lemniscus; PAG, periaqueductal gray; SC, superior colliculus; SCP. superior
similar pattern is seen for the ventral group (VEN) and lateral group (LAT), cerebellar peduncle; scale bars: (A=F) 500 pm;
which forms an island of cells within the medial longitudinal fascicle (MLF) (G} 30 um.
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FIGURE 3 | Transverse sections at the level of the mid eculomotor forms the centrally projecting non-preganglionic part of the Edinger-Westphal

leus (line drawing at the ). Cresyl violet (A), fiber staining (B), nucleus (EWcp), which contain urocortin (UCN)-positive and some scattered
and immunostaining for non-phosphorylated neurofilaments (NP-NF) (C) CR-positive neurons (D,G). The EWcp does not contain NP-NF (C), is devoid
reveal six subnuclei of the nlll complex at this level that exhibit different of GlyR (E), but receives a strong GAD input (F). High power magnification of
staining patterns for calretinin (CR) (D), glycine receptor (GlyR) (E), and two adjacent 5 um paraffin sections immunostained for CR and UCN reveal
glutamate decarboxylase (GAD) (F). The nucleus of Perlia (NP) forms an only few UCN-positive neurons expressing CR (H,l, arrows). Corresponding
elongated midline cell group separated from the main nucleus by blood vessels are indicated by asterisks. PAG, periaqueductal gray; RN, red
dorsoventrally traversing fibers (A,B), some expressing CR-immunoreactivity  nucleus; SC, superior colliculus; SN, substantia nigra (reticulata and
ID, arrows, inset). At the dorsomedial border of nlll, a compact cell group compacta). Scale bar: (A-F) 500 pm; (G) 100 pm; (K1) 50 pm.
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nin

CEN &

FIGURE 4 | High-power ph ining pattern with
different markers in the plex. Numerous
calretinin (CR)-positive profiles are found in association with cell bodies only
in CEN and NP {G,J), but not in DL, DM [A,D). CR-staining of somata is found
in EWcp (M; see also Figure 3). Strong labeling for glycine receptors (GlyR) is
found only in the dorsolateral group (DL) (B), and with some traversing fibers
in the dorsomedial group (DM) (E), but none in CEN, NP and EWep (H,K,N).

phs of the

Ditferent density of glutamate decarboxylase (GAD)-positive puncta is seen
d choline acetyl 1 (ChAT)-mmunoreactive motoneurons in the

dorsolateral (DL} (C), dorsomedial (DM) (F), central groups (CEN) (1), and the

nucleus of Perlia (NP} (L). The strongest supply by GAD-positive punctate

profiles is present around ChATnegative non-preganglionic centrally

projecting neurons in the Edinger-Westphal nucleus (EWep) (0). Scale

bar (A-0) 30 pm.

Figures 6D,F,H,] and 7B). Furthermore, a high density of CR-
positive puncta was noticed in the CCN with 0.051 puncta/jum
(Table 3; Figures 6D and 7B). In contrast, only a few
motoneurons in all other motoneuronal subgroups were asso-
ciated with CR-positive profiles at an average density of around
0.01 puncta/um (Table 3; Figure 7B). A comparative anal-
ysis revealed that the density of CR-positive puncta around
motoneurons for upgaze in CCN and the CEN subgroup was
significantly stronger than those around motoneurons for down-
or horizontal gaze (p < 0.001). Even those down- and horizontal

gaze motoneurons receiving some CR-input were contacted
by significantly less CR-positive puncta, when separately ana-
lyzed and compared with the CR-input of upgaze motoneurons
(Bonferroni’s multiple comparison test; p < 0.05; not shown).

DISCUSSION

In this study of the histochemical characteristics of the human
nllland nlV, eight cell groups were distinguished from each other.
From these results, and those of a previous study on non-human
primates (Zech et al., 2013), a map of the subgroups of the human
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FIGURE 5 | Transverse sections at the level of the rostral oculomotor
nucleus (line drawing at the bottom). Cresyl violet (A), Gallyas-fiber
staining (B) with detail (C), immunostaining for glutamate decarboxylase
(GAD) (D), and non-phosphorylated neurofilaments (NP-NF) (E) with detail {F).
Note, unlike the preganglionic neurons of the Edinger-Westphal nucleus
(EWpg), the centrally projecting non-preganglionic neurons of EWcp do not
express non-phosphorylated neurofilaments (NP-NF) (C). The strong labeling

of GAD-positive puncta in the most rostral group in the nlll speaks for a
continuation of the dorsolateral group (DL), which most likely corresponds to
the medial rectus B-group in monkey (D). Note the presence of numerous
crossing fibers between both nill at this level (B,C,EF, arrows). INC,
interstitial nucleus of Cajal; MGB, medial geniculate body; PAG,
periaqueductal gray; RN, red nucleus; SN, substantia nigra (reticulata and
compacta). Scale bar: (A,B,D,E) 500 pum; (C,F) 100 pm.

nlllis drawn up here, proposing the target of innervation, for each
individual subgroup. In the following sections, the subgroups will
be discussed in terms of their proposed function.

OCULOMOTOR SUBGROUPS INVOLVED IN UPGAZE

Motoneurons of superior rectus and inferior oblique muscles

As in monkey, only selected subgroups within nlll receive
a strong input from CR-positive afferents (Zech etal, 2013);
in human these include the CCN, the CEN group, and NP.
Combined tract-tracing and CR-immunostaining experiments
in monkey have shown that the CR-positive input was con-
fined to motoneurons participating in upgaze, e.g., SR, 10, and
LP in the CCN (Fuchs etal., 1992; Zeeh etal., 2013). Further-
more, tracer injections into the I0 or SR muscles in monkey

revealed that these two subgroups occupy a similar portion in
the central part of the caudal nlIl, except for the fact that
the SR motoneurons are located contralaterally and tend to lie
more medially to the 10 motoneurons, which project to the
ipsilateral eye muscle. The dendrites of retrogradely labeled 10
and SR motoneurons are intimately intermingled and are not
confined to any individual cytoarchitectural borders (Spencer
and Porter, 1981; Zech etal, 2013). Based on the similar
anatomical and histochemical features of the CEN group includ-
ing the selective CR input, the CEN subgroup in the human
nlll is considered as the location of SR and 10 motoneurons
(Figure 8).

With combined tract-tracing studies, three sources of the
CR input to the nlll complex have been identified in monkey:
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FIGURE 7 | Histogram of the quantitative analysis of GABAergic and
Iretinin (CR) input to ons in the I tor and

rostral

FIGURE 6 | Two parallel series of drawings of I i
through the trochlear (nlV) and I leus (nill) pl
arranged from caudal to rostral. Panels (A,B) correspond to the level of
Figure 1, (C,D) to the level of Figure 2, (G,H) to the level of Figure 3, and
(K.L) to the level of Figure 5. Panels (E,F and 1,J) correspond to additional
intermediate levels. On the left, the density of glutamate decarboxylase
(GAD) positive puncta and the intensity of immunostaining for the glycine
receptor (GlyR) in the different subgroups is indicated by blue hatching on
the left and green hatching on the right, respectively. The right column
shows the presence of neurons expressing immunoreactivity for urocortin
{UCN, black), non-phosphorylated neurofilaments (NP-NF; gray) and
calretinin (CR; red filled circles). The density of CR-positive profiles is
indicated by different grades of red hatching.

the rostral interstitial nucleus of the medial longitudinal fascicle
(RIMLF), the interstitial nucleus of Cajal (INC) and the y-
group of the vestibular nuclei (Ahlfeld etal., 2011). The RIMLF
contains premotor neurons of different types; some exhibit a high-
frequency burst for upward saccades, others for downward sac-
cades, and they are all intermingled with each other ( Biittner etal.,
1977; Horn and Buttner-Ennever, 1998). Considering their tar-
gets, the CR-positive population probably represents the premotor

trochlear nucleus. The values are given in Table 3. (A) The GABA-input
was quantified by counting glutamate decarboxylase-positive (GAD)
puncta along the measured length of the contour of a given neuron. The
mean terminal density of input and the standard error of the mean values
were calculated for each subgroup. The one-way analysis of variance
revealed a significant difference (p < 0.001). The strongest input is seen
to non-preganglionic centrally projecting neurons in the Edinge~Westphal
nucleus (EWcp; compare to Figure 40), whereas the neurons of all other
subgroups did not show major differences. (B) The strongest CR input is
seen to neurons of the nucleus of Perlia (NP), the central group in
oculomotor nucleus (CEN), and the central caudal nucleus (CCN). The
number of counted CR-positive puncta associated with putative upgaze
motoneurons is significantly higher compared to those around

horizontal - and downgaze motoneurons (***p < 0.001)

burst neurons for upward saccades (Ahlfeld etal,, 2011). The
CR-input from INC to upgaze motoneurons may derive from pre-
motor burst-tonic neurons involved in integration of the velocity
signal from RIMLF into the eye-position signal, required for gaze
stabilization after a saccade (Fukushima etal., 1992). The lack of
GAD in CR-immunopositive neuronal profiles in monkey nlll as
revealed by double-immunofluorescence and confocal scanning,
indicated that the CR input is excitatory (Zeeh etal., 2013). CR-
positive projections from the y-group to SR and IO motoneurons
may provide the excitatory drive during smooth pursuit eye move-
ments (Partsalis et al.,, 1995). The functional significance of the
selective CR presence in upgaze pathways remains unclear, it
has been discussed in previous publications (Ahlfeld etal, 2011;
Zeeh etal,, 201 j].
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Table 3 | Quantification of calretinin and GABAergic input to nlV and
nlil subgroups.

CR GAD

Subgroup Punctalum SE of mean Puncta/um SE of mean

niv 0.008 0.002 0.091 0.006
CEN 0.102 0.006 0.067 0.006
DM 0.012 0.004 0.052 0.005
DL 0.008 0.005 0.08 0.006
VEN 0.011 0.003 0.063 0.006
LAT 0.013 0.004 0.041 0.005
NP 0.103 0.008 0.069 0.008
CCN 0.051 0.006 0.063 0.005
EWcp 0 0 0.183 0.016
Central caudal nucleus

Panegrossi (1898), was the first to describe the CCN in human.
Originally he had termed the nucleus on the midline, situated
between the oculomotor nuclei at caudal levels, as nucleus poste-
rior dorso-centralis. He found this nucleus as a constant feature
in human, and noted it also in monkey, dog, and cat. Since
this nucleus degenerated after removal of the bulbus in cat, he
designated it as part of the nlll (review: Warwick, 1953a,b).
Similarly, Tsuchida (1906) described a central medial nucleus
between the main cell columns of caudal nlll, but he did not
relate it to Panegrossi’s findings. He called this medial nucleus
the caudal central nucleus (Tsuchida, 1906). In spite of the fact
that Tsuchida (1906) designated it probably to the dorsal raphe
nucleus, his term was later adopted for the midline nucleus con-
taining LP motoneurons. Based on removal of individual eye
muscles in monkey, Warwick was the first to show that the CCN
contains the LP motoneurons (Warwick, 1953b). This was later
confirmed with tract-tracing methods, also showing that the LP
motoneurons of both eyes are intermingled within the CCN, with
a slight predominance for a contralateral representation (Porter
etal., 1989). There are conflicting reports as to whether some LP
motoneurons innervate the muscles of both sides (Sekiva etal.,
1992; Van der Werf etal., 1997), or whether LP populations are
completely separated for each eye (Porter etal., 1989). As in mon-
key, the CCN in human forms an unpaired nucleus dorsal to | FIGURES | Proposed map of the for individual
the caudal end of nlll (Schmidtke and Biittner-Ennever, 1992; ! es In humen st atfour e tative plane

2 : from caudal to rostral. The right half shows coresponding sections in
Horn and Adamcyzk, 2011; Biittner-Ennever and Horn, 2014). Nissl staining to demonstrate the cytoarchitecture. The central caudal
Furthermore, the present study revealed, that in addition to a nucleus at most caudal planes contains the motoneurons of the levator
significant CR-input, there is a strong input from GABAergic | palpebrae muscle (LP) (A). The medial rectus muscles (MR) is represented

and glycinergic afferents to LP motoneurons, as found in mon- 1. grek s, 1@ dorsosiat . e the veinirsl Agioup ULl The cein
group represents the motoneurons of the inferior oblique (IO} and superior

key (Horn and Biittner-Ennever, 2008; Zeeh etal,, 2013). One rectus (SR) muscle (A,B). The nucleus of Perlia (NP} is separated from the
possible source of direct or indirect inhibitory GABAergic affer- main nucleus, but may contain SR motoneurons as well (B,C). The
ents is the nucleus of the posterior commissure, since lesions of | dorsomedial group coresponds to the inferior rectus motoneurons (IR)

i T H AR A g (A-C). The centrally projecting neurons of the Edinge~Westphal nucleus
this area result in lid retraction (Schmidtke and Biittner-Ennever, (EWep) appear as a single lateral group on caudal lavels dorsal to il (A),

1992; Averbuch-Heller, 1997). A further direct inhibitory connec- adjoined by a medial group further rostrally (B), which both merge 1o a
tion was shown from pontine neurons at the rostral and ventral single dorsal group [C). Another ventral extension of the EWcp appears on
border of the principal trigeminal nucleus to LP motoneurons in rostral levels (D). Note that the preganglionic neurons in the EWpg do not

f X Y X
the CCN, which presumably provide the inhibition during blinks et e chonch el
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(May etal,, 2012). The glycinergic input to LP motoneurons may
originate from saccadic omnipause neurons, as indicated by tract-
tracing studies in monkey (Horn and Biittner- Ennever, 2008). The
function of this connection is not clear, yet, but may contribute
to pathways involved in blink-saccade interaction (Leigh and Zee,
2006).

Premotor neurons in the medial RIMLF in cat, and in the
M-group in monkey, which target LP motoneurons, represent
a further possible CR source (Horn et al., 2000; Chen and May,
2002). Furthermore, a monosynaptic excitatory connection from
INC to LP motoneurons has been described in cat (Chen and
May, 2007). This projection may originate from the same premo-
tor neurons in INC, which target SR and 10 motoneurons, thereby
coupling vertical eye and lid movements not only during saccades,
but also during gaze holding, to provide a larger, and freer upper
field of vision.

Nucleus of Perlia

The NP was described by Perlia (1889) and originally considered
as a cell group participating in the control of convergence, but up
to now, without any proof (Warwick, 1955). In spite of several
references describing the presence of the NP in non-human pri-
mates as a labeled midline group, after tracer injections into the
ciliary ganglion (Burde, 1983, 1988; Burde and Williams, 1989;
Ishikawa etal., 1990), its existence is still questioned in these
species. The tracer labeled neurons are more likely to represent
motoneurons of multiply-innervated muscles fibers (MIF) of the
IO and SR, due to superficial contamination of the muscles as
discussed previously (Biittner-Ennever etal., 2001; Horn etal.,
2008). In fact, the morphology of the neurons of NP and their
histochemical properties, e.g., expression of ChAT, cytochrome
oxidase, NP-NF, and chondroitin sulfate proteoglycans, sug-
gest that they may present motoneurons of singly-innervated
twitch muscle fibers (SIF; Eberhorn etal, 2005; Horn etal.,
2008). The present study demonstrated a CR input to NP and
thereby indicates a role in upgaze, which supports the hypoth-
esis that NP may represent SR twitch motoneurons that are
separated from the main subgroup in nlll by dorsoventrally trav-
eling nerve fibers (Horn et al., 2008; Biittner-Ennever and Horn,
2014).

OCULOMOTOR SUPGROUPS INVOLVED IN DOWNGAZE

Motoneurons of superior oblique and inferior rectus muscles

In addition to the SO motoneurons in nlV, the IR motoneurons
in nlII participate in downward eye movements (Leigh and Zee,
2006). In monkey, the IR motoneurons lie within the rostral half
of nlll appearing medial to the B group of the MR motoneu-
rons. At the rostral end of nlll they form the dorsal part of
nlll (Evinger, 1988; Biittner-Ennever, 2006). Unlike motoneu-
rons of horizontal moving eye muscles, a strong GABAergic
input was found to the motoneurons of all vertically pulling eye
muscles in monkey, including those for downgaze (Spencer and
Baker, 1992). One well known source for GABAergic afferents
to the vertically pulling eye muscles arises from the secondary
vestibulo-ocular neurons in the superior vestibular nuclei (de la
Cruz etal., 1992; Wentzel etal.,, 1996; Highstein and Holstein,
2006). Electrophysiological and pharmacological studies have

shown that stimulation of the vestibular nerve results in inhibitory
postsynaptic potentials in the ipsilateral nIV and nlll, which are
blocked after administration of GABA antagonists (Obata and
Highstein, 1970). Similarly, a lesion of the MLF results in a
drastic decrease of GABA in nlll and nIV in cat (Precht etal.,
1973).

Another source for GABAergic afferent input to nlll and nlV
is the INC. In monkey, tracer injections into nIV or rostral
nlll resulted in retrograde labeling of medium-sized GABAergic
neurons in the contralateral INC (Horn etal., 2003), This is in
line with the recordings of monosynaptic inhibitory postsynap-
tic potentials in nIV and nlIT after INC stimulation (Schwindt
etal, 1974). Recent findings in cat confirm these results, and
re-emphasize that premotor inhibitory neurons in INC may rep-
resent inhibitory burst neurons of the vertical saccadic system
(Sugiuchi etal., 2013).

0OCULOMOTOR SUBGROUPS INVOLVED IN HORIZONTAL GAZE

Aside from the CCN, the VEN, LAT, and DL subgroups in nllI
receive a strong glycinergic input, as indicated by the relatively
selective presence of GlyRs. In cat and monkey, glycinergic affer-
ents were found to be associated specifically with motoneurons
involved in horizontal eye movements, i.e., MR in nlll and lat-
eral rectus muscle (LR) in the abducens nucleus (nVI). This is
in contrast to the high concentration of GABAergic input to
motoneurons for vertical eye movements in nlll and nIV (Spencer
etal., 1989; Spencer and Baker, 1992). Tract-tracing experiments
in monkey had shown that the MR is represented in two separated
groups within nllI (Biittner-Ennever and Akert, 1981; Porter etal.,
1983): the A-group occupying the ventral part of nlll and extend-
ing through its whole rostro-caudal extents, and the B-group
forming a well separated DL group at caudal nllII levels (Biittner-
Ennever and Akert, 1981). In addition at caudal levels, the MR
population reaches as finger-like extensions into the fibers of the
MLE, partly in conjunction with the A-group, partly forming com-
pletely separated islands. Based on the similar cytoarchitectural
features and the selective glycinergic inputs, we consider the VEN
group in human nlIl as the homolog to the MR “A-group” in
monkey, including the extensions of LAT into the surrounding
MLE. Accordingly, the DL group is considered to be the homolog
of the MR “B-group” (Figure 8): it has the same circular con-
tour as in monkey, and a similar separation from the neighboring
subgroups, with no motoneuronal dendrites extending beyond
its boundaries. Interestingly, at the rostral nlII pole the dendrites
of presumed MR motoneurons reach across the midline to their
contralateral counterparts. Whether this is only the consequence
of the disappearance of the NP at this level, or whether it has
a functional background in the collection of common afferent
inputs for controlling vergence, remains unclear.

The inhibitory control of horizontal gaze by glycinergic affer-
ents that is seen for LR and MR motoneurons in cat and monkey
is found to be preserved in the human as well (Spencer etal.,
1989, 1992; Spencer and Baker, 1992). With anatomical, record-
ing and pharmacological methods, the inhibitory nature of the
glycinergic projection from the prepositus nucleus to the nVI
has been demonstrated in the cat (Spencer etal, 1989). Up to
date, the source of the glycinergic input to MR motoneurons in
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nlIl is unknown. Although strychnine-sensitive GlyRs are known
to mediate synaptic inhibition by activating chloride channels
(Dutertre etal.,, 2012), glycine can also contribute to excitatory
transmission by serving as an allosteric modulator for the gluta-
mate N-methyl-o-aspartate receptor (Johnson and Ascher, 1987).
Therefore, it is possible that the presence of GlyR seen in the MR
subgroups in primates is associated with the glutamatergic inputs
from the ipsilateral lateral vestibular nuclei via the ascending tract
of Deiters (Nguyen and Spencer, 1999), which may contribute to
viewing distance related gain changes of the vestibulo-ocular reflex
(Snyder and King, 1992; Chen-Huang and McCrea, 1998).

However, in contrast to cat and monkey, in human all pre-
sumed MR subgroups receive an additional strong supply from
GABAergic afferents, which even exceeds that of the motoneu-
rons for vertical gaze. This finding is in line with observations
from the human nVI, which also receives a strong GABAergic —
in addition to a strong glycinergic — input. This observation is,
surprisingly, not the same as in monkey, where only a moderate
GABAergic input is observed (Spencer and Baker, 1992; Waldvo-
gel etal., 2010). Thereby, the GABAergic inputs provided the least
useful marker to delineate the motoneuronal subgroups in human
nlll, but at the same time they revealed an interesting and unusual
neuroanatomical difference between monkey and man, which is
seldom observed.

Although the GABA-immunoreactivity in the cat nVI is rela-
tively weak, both motoneurons and internuclear neurons get some
GABAergic input (de la Cruz etal, 1989). In cat 20% of retro-
gradely labeled small internuclear neurons in and around the nlII
expressed GABA-immunoreactivity (de la Cruz etal,, 1992) and
may be one source for the relatively weak GABAergic input to
motoneurons and internuclear neurons in nVI (de la Cruz etal.,
1992), In cat, tracer-labeled MR motoneurons receive a similar
strong supply from glycinergic and GABAergic afferents (de la
Cruz et al., 1992).

Up to date, it is generally accepted that horizontal conjugate
eye movements are mediated through the nVI, which contains
motoneurons and internuclear neurons. The motoneurons inner-
vate the ipsilateral LR, the internuclear neurons activate the
contralateral MR motoneurons in nlll via the MLF (for review:
Horn and Leigh, 2011). A separate “extra-MLF" vergence pathway
involving premotor neurons in the supraoculomotor area (SOA)
with pure vergence signals (not conjugate eye movements) pro-
vides the command to move the eyes at equal magnitudes, but
in opposite direction for alignment of gaze between targets at
different depths (Mays, 1984). At the same location in the SOA,
divergence neurons have been identified, which showed decreased
firing rates with increasing vergence angles (Mays, 1984; Judge and
Cumming, 1986). Direct inputs from the SOA to MR motoneu-
rons have been demonstrated (Zhang et al., 1991), and they were
shown to be related either to pure vergence or accommodation,
or to both (Zhang etal., 1992). Theoretically, divergent eye move-
ments require the activation of LR motoneurons and inhibition of
MR motoneurons, which could be mediated through inhibition
from GABAergic neurons in the SOA.

Another direct premotor input to motoneurons of the horizon-
tal system was indicated from the central mesencephalic reticular
formation (CMRF) after retrograde transsynaptic labeling studies

in monkey applying rabies virus injections into LR (Ugolini etal.,
2006; Biittner-Ennever, 2008). The CMRF is closely intercon-
nected with the superior colliculus and the paramedian pontine
reticular formation including the saccadic omnipause neurons
(Cohen and Biittner-Ennever, 1984; Chen and May, 2000; Wang
etal., 2013) and has been found to be correlated with horizontal
and vertical saccades (Waitzman etal., 2000a,b, 2002). Preliminary
data applying small biotin dextran injections into the rostrome-
dial part of the CMRF in monkey revealed monosynaptic inputs
to all MR motoneuron subgroups on both sides and pg neu-
rons in the EWpg, indicating a role in vergence and the near
triad, at least of this CMRF region (May et al., 2011; Horn etal.,
2012). The accompanying ultrastructural analysis revealed that
many of the tracer labeled terminals contacting MR motoneu-
rons have features in accordance with inhibitory synapses, some
of them expressing GABA-immunolabeling (May etal., 2011).
To what extent the GABA-negative afferent terminals may rep-
resent glycinergic afferents remains to be studied. Based on the
monkey data, the strong GABAergic input seen here in the
human nlIl may derive at least in part from the adjacent CMRF
and/or SOA.

GENERAL ORGANIZATION IN OCULOMOTOR NUCLEUS: PRIMATE

The first anatomical description of the nlll is given by Stilling
(1846). The partition into a dorsal and ventral portion, and the
presence of numerous decussating axons was first described by
von Gudden (1881; for review: Warwick, 1953a). A very precise
description of the cytoarchitecture of the nIll was provided by
Perlia on fetal human brain, which included the lateral and medial
portion of the classical EW and the NP, which he originally had
termed “Centralkern” (Perlia, 1889 ). Based on observations made
after the removal of extraocular muscles in various species, dif-
ferent variations of an nlIl map had been proposed (reviewed
by Warwick, 1953a). The elaborate work of Warwick, who plot-
ted the neurons undergoing chromatolysis after the resection of
individual extraocular muscles in monkey, provided a map of the
primate nlll, which was widely accepted and used as basis for
the human nlIl in many textbook illustrations (Warwick, 1953a).
The organization of the motoneuronal groups shows a sequence
from rostral to caudal of IR, MR, 10, SR, and LP motoneurons.
The newly developed tract-tracing method basically confirmed
the proposed arrangement of motoneuronal groups of individ-
ual muscles in the nlll of monkey, but it revealed for the first
time the presence of two motoneuron groups for the MR, the ven-
tral A-group and the DL circular B-group (Biittner-Ennever and
Akert, 1981; Porter et al., 1983; Biittner-Ennever, 2006). This two-
fold representation of the MR within the nlll is most evident in
primates and its function remains unclear (Augustine etal,, 1981;
Sun and May, 1993; Biittner-Ennever, 2006). So far no differences
in histochemistry or afferent inputs have been found between
the A- and B-group (Spencer etal., 1992; Wasicky etal., 2004;
Erichsen etal., 2014).

It has been known for a long time that extraocular muscles
exhibit a complex architecture consisting of a global and orbital
layer. At least six different types of muscle fibers can be identi-
fied, which can be divided into two main categories of SIF and
multiply-innervated non-twitch muscle fibers (MIF; for review:
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Spencer and Porter, 2006). Tract-tracing experiments in mon-
key revealed that the motoneurons of MIFs are located in the
periphery of the motonuclei. For muscles innervated from the
nlll the MIF motoneurons of IR and MR are located in the
C-group DM to nlll, and those of 10 and SR in the S-group
between the both nlIll (Biittner-Ennever etal., 2001). Based on
their different histochemical properties, SIF motoneurons were
identified within nlIl and putative MIF motoneurons have been
identified around the medial aspects of nlll, also in human
(Eberhorn etal., 2005, 2006). However, in the human nlll, the
MIF motoneurons could not be allocated to specific extraocular
muscles, yet (Horn etal,, 2008). Therefore, the proposed map of
the human nlll applies only to the SIF motoneurons within niIl,
and has yet to be extended in future studies by the location of MIF
motoneurons.

The exact knowledge of the location of the subgroups inner-
vating individual eye muscles in human provides an important
basis to localize lesions more accurately in MRI scans and relate it
to clinical findings. Furthermore, the present work on transmitter
inputs to individual eye muscle subgroups will form the basis for
postmortem studies of afferent inputs to nlIl in cases with known
eye-movement deficits
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4 Discussion

The performed studies on the histochemical profile of motoneuron inputs provide a
new insight in the different inhibitory control of motoneurons of horizontally and
vertically pulling eye muscles, the different calcium control mechanism of up- and
downgaze motoneurons as well as the different transmitter input to MIF- and SIF
motoneurons of individual eye muscles.

Furthermore, the present work provides new data on the histochemical properties of
premotor inputs to motoneuronal groups of the twitch- and non-twitch eye muscle
systems in primates. Especially the different calcium control mechanisms in upgaze
pathways may provide the possibility for a targeted analysis of this system in human

post-mortem studies of clinical cases with impairment of upward eye movements.

4.1 Different inhibitory transmitter input to motoneurons for horizontal

and vertical eyemovements

Inhibition in horizontal eye movements is provided by glycine, while GABA is the
major inhibitory transmitter of vertical eye movements (Spencer and Baker, 1992).
But there are contradictory results about a strong GABAergic input to MR
motoneurons mediating horizontal eye movements. No obvious difference is noticed
in the density of GABAergic terminals between the different subgroups of nlll in cat,
rabbit and monkey (De la Cruz et al., 1992; Wentzel et al., 1996; Zeeh et al., 2015).
In human a strong GABAergic input is found to presumed MR motoneurons, which is
not seen in monkey. Here the number of GABAergic terminals contacting putative
MR subgroups exceeded even that of motoneuron groups involved in vertical gaze.
This may indicate an evolvement of inputs related to vergence, which is particularly
prominent in human (Che-Ngwa et al., 2014).
The inhibition of motoneurons involved in horizontal eye movements seems to be a
more constant feature in primates (Waitzman et al., 1996). In both primate species a
glycinergic input is almost exclusively seen to motoneurons of MR (Spencer et al.,
1989; Che-Ngwa et al., 2014; Zeeh et al., 2015). In contrast, glycinergic terminals
appear to be distributed to all motoneuron subgroups except the MR subdivision in
cats (Spencer et al.,, 1989; Spencer and Baker, 1992). In rabbit glycine-
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immunoreactive boutons are distributed through all subdivisions of nlll including MR
region (Wentzel et al., 1996), but may colocalize with GABA (Wentzel et al., 1993).
An overview of possible GABAergic and glycinergic sources projecting to
motoneurons mediating horizontal and vertical eye movements is seen in Fig.8 and in
Tab.2.

4.2 Up- and downgaze pathways differ in their calcium-binding proteins

The calcium-binding protein calretinin (CR) has been identified in several brainstem
regions known to contain premotor neurons involved in vertical eye movements (Horn
et al.,, 2003; Baizer and Baker, 2006). In the vertical system CR is exclusively
associated with upgaze pathways in primates (Zeeh et al., 2013). Although
motoneurons of up- and downgaze pathways exhibit similar firing characteristics
(Vilis et al., 1989; Moschovakis et al., 1991a; Moschovakis et al., 1991b), which may
be reflected by the expression of the calcium-binding protein parvalbumin (PV),
motoneurons involved in upgaze contain an additional calcium-binding protein CR.
Until now the functional significance of CR in upgaze connection is unclear. Whereas
PV is present in many fast-firing or highly active neurons, for example in the saccadic
burst neurons in the rostral interstitial nucleus of the medial longitudinal fascicle
(RIMLF) and interstitial nucleus of Cajal (INC) (Horn and Buttner-Ennever, 1998), no
obvious association of CR with specific properties is known. Generally calcium-
binding proteins serve as Ca®" buffers, controlling the duration and spread of Ca?*
signals, as well as Ca®** sensors, translating changes of Ca®* concentration into
intracellular signals (Brini et al., 2014). The suggested functions of CR involve a role
in neuroprotection, development and regulation of neuronal excitability (for review:
Schwaller, 2014). The specific presence of CR in addition to PV in premotor up-burst
neurons of the INC and RIMLF may reflect different calcium control mechanism for
upgaze neurons compared to downgaze neurons (Horn et al., 2003).
Up- and downward saccades can be affected in a different manner in several clinical
conditions. For example structural lesions induced by infarcts or tumors can affect the
efferent pathways of premotor burst neurons selectively (Buttner-Ennever et al.,
1982; Pierrot-Deseilligny et al., 1982; Partsalis et al., 1994). The down-burst neurons
in RIMLF project ipsilaterally to IR and SO motoneurons, whereas the up-burst
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neurons project bilaterally to SR and 10 motoneurons in both nlll. The crossing fibers
travel through the posterior commissure, a lesion of which results in an upgaze palsy
(Partsalis et al., 1994; Zeeh et al., 2013).

There are also neurodegenerative diseases characterized by paresis of vertical
saccades, often affecting only one direction, for example Niemann-Pick disease type
C (NPC) and progressive supranuclear palsy (PSP) (Chen et al., 2010; Strupp et al.,
2014). A disturbance of the Ca®" signaling could be a possible mechanism for the
degeneration of only one pathway. With CR as a marker for excitatory premotor up-
burst neurons in RIMLF and INC, these populations can be specifically identified for
analysis in post-mortem analysis of cases with for example NPC (Ahlfeld et al.,
2011).

Fig. 8 and Tab. 2 show sources of CR positive neuronal population projecting to

upgaze motoneurons in nlll.

4.3 Different transmitter input to MIF motoneurons and SIF motoneurons

The current concept of a dual control of eye muscles — activation of SlFs for
generation of eye movements and activation of MIFs for gaze holding — was initially
suggested to be regulated by different premotor pathways (Buttner-Ennever and
Horn, 2002). Motoneurons in and around nlll activating MIFs and SIFs do not receive
identical afferent inputs. Some afferents are known to target both, such as the
abducens area, Y-group or parvocelluar medial vestibular nucleus, whereas others
innervate either one or the other (Wasicky et al., 2004). A major input to MIF
motoneurons of nlll is the pretectum, the central mesencephalic formation (cMRF)
and supraoculomotor area (SOA) (Zhang et al., 1991; Buittner-Ennever et al., 1996;
Battner-Ennever et al., 2002; Graf et al., 2002). In comparison to SIF motoneurons,
MIF motoneurons do not receive direct afferents from premotor saccadic regions, for
example the paramedian pontine reticular formation (PPRF), the region of inhibitory
burst neurons and also not from oculomotor internuclear neurons (Ugolini et al.,
2001; Battner-Ennever et al., 2002; Wasicky et al., 2004).

An overview of afferent inputs to nlll is shown in Fig. 8 and Tab. 2.
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The current study extends these findings by demonstrating differences in transmitter
inputs to SIF- and MIF motoneurons of individual eye muscles. SIF- and MIF
motoneurons do not differ in their GABAergic, glycinergic and vesicular glutamate
transporter (vGlut) 2 input, whereas vGlut1 containing terminals covering the
supraoculomotor area target only MR MIF motoneurons (Zeeh et al., 2015). Unlike
vGlut1, a considerable supply of vGlut2-positive afferents is seen to nlll that are
evenly distributed across all subgroups. In general, vGlut1 is densely expressed in
regions where the synapses have lower releasing probabilities, while vGlut2 is
enriched in areas where synapses have a relatively high release probability (Weston
et al., 2011). This corresponds to the findings that SIFs respond to an electrical
stimulation with a fast twitch, whereas MIFs respond with a slow tonic contraction
(Lennerstrand, 1974; Chiarandini and Stefani, 1979). SIF- and MIF motoneurons of
individual eye muscles also differ in their a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor and N-methyl-o-aspartate (NMDA) receptor
immunoreactivity. NMDA receptors (NMDAR1) and AMPA receptors (Glu4 subunit)
are only expressed in SIF motoneurons in monkey (Ying et al., 2008), this may
suggest that SIF motoneurons participate in the fast and slow components of
postsynaptic response to glutamate. The phasic-tonic firing of larger motoneurons,
like SIF mototneurons, is reinforced by glutamate and may provide a strong muscle
contraction for eye movements (Torres-Torrelo et al., 2012).

In addition, SIF- and MIF motoneurons display histochemical differences, which may
reflect their different physiological properties. SIF motoneurons possess perineuronal
nets and contain non-phosphorylated neurofilaments (NP-NF), whereas MIF
motoneurons lack both (Eberhorn et al., 2005a; Eberhorn et al., 2006).

Possible sources of GABA, glycine and vGlut1/2 are summarised in Fig. 8 and Tab.
2.

4.3.1 Supraoculomotor area (SOA) as a center for near response

The SOA is located dorsal to nlll in the ventral portion of the periaqueductal gray and
was first described by Edwards and Henkel in 1978 (Edwards and Henkel, 1978) and
may function as an integration center for near response. The “near response” or

‘near triad” is defined by the simultaneous activation of vergence, lens
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accommodation and pupillary constriction (Myers et al., 1990). Several functional cell

groups involved in near response are found within the SOA.

4.3.1.1 Cell groups in SOA

MIF motoneurons of medial rectus:

MIF motoneurons in the C-group form two independent populations (Buttner-Ennever
et al., 2001; Tang et al., 2015). IR MIF motoneurons lie adjacent to the dorsomedial
border of the oculomotor nucleus and MR motoneurons are located more medially
(Tang et al., 2015). One noticeable feature of the C-group is the different pattern of
dendrite distribution of MR and IR motoneurons. Dendrites of IR motoneurons spread
out into the SOA bilaterally, whereas dendrites of MR motoneurons are restricted to
the ipsilateral side. Furthermore, the dendrites of MR MIF motoneurons extend
dorsally to the preganglionic neurons of the Edinger-Westphal nucleus (Buttner-
Ennever et al., 2001; Lienbacher et al., 2011; Tang et al., 2015). Thereby the C-
group motoneurons may receive a synaptic input from the same sources as the
preganglionic motoneurons in EW (Erichsen et al., 2014). Since vGlut1 containing
terminals densely cover the SOA and target MR MIF motoneurons (Zeeh et al.,

2015), it is possible that the vGlut1 input affects the near response system.

Edinger-Westphal nucleus (EW):

Further cell groups of the SOA are represented by the EW, which consists of two
separate populations with different projection targets and function: 1. EWpg contains
the cholinergic preganglionic neurons of the ciliary ganglion mediating pupillary
constriction and lens accommodation and 2. EWcp, a centrally projecting division
containing the neuropeptide urocortin 1 (UCN). UCN is considered to play a role in
stress modulation and in food and fluid intake (Kozicz et al., 1998; Gaszner and
Kozicz, 2003; Vasconcelos et al., 2003; Kubler et al., 2014). There has been some
confusion, because the term ‘Edinger-Westphal nucleus’ has been used to describe
two different cell groups, which display different arrangements in different species.
Kozicz and colleagues introduced a new terminology, EWcp and EWpg, to clarify the

population being addressed in a study independent of the location (Kozicz et al.,
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2011). In general, either the preganglionic neurons are located in the
cytoarchitecturally defined EW, as in monkey and bird, and the UCN-positive cells
are distributed around them, or the UCN-positive cells are located in the
cytoarchitecturally defined EWcp and the preganglionic neurons are scattered around
them (Horn et al., 2009). The latter arrangement is found in most species including
rat, cat, ferret, and human (Horn et al., 2008; May et al., 2008; Horn et al., 2009).

Near response cells:

An additional group of neurons is located in the SOA dorsolateral to nlll termed “near
response cells”. These cells change their firing rate with disjunctive eye movements,
but show no change in activity for conjugate gaze shift (Zhang et al., 1992). Another
study showed that the activity of most near response cells is proportional to the angle

of convergence of the eyes (Mays, 1984).

4.3.2 The central mesencephalic reticular formation (cMRF) as possible

premotor source for near response

Only recently, an area in the mesencephalic reticular formation has drawn
researchers’ attention because of a possible involvement in control of the near
response. A distinct population of neurons within the central mesencephalic reticular
formation (cMRF) was shown to project to the SOA including preganglionic neurons
of the ciliary ganglion in primates (Bohlen et al, 2015; May et al., 2015). Originally,
the cMRF was considered to be a center for saccades, since electrical stimulation of
the cMRF produces horizontal saccades (Cohen and Bduttner-Ennever, 1984;
Waitzman et al., 1996; Zhou et al., 2008; Wang et al., 2010). The new finding of the
specific projection targets of the cMRF suggests that at least a subgroup may be
involved in the control of the near triad (Bohlen et al., 2015). A monosynaptic input
from cMRF to the MR C-group neurons as well as to preganglionic neurons has been
identified in monkey. GABA staining and ultrastructural analysis indicates that
projections from cMRF to C-group and preganglionic neurons contain inhibitory and
excitatory elements (Horn et al., 2012, May et al, 2011). Thereby these afferents may
correspond to vGlut1 and GABA inputs found in the present study (Zeeh et al., 2015).

It remains a yet unanswered question, whether it is a coincidence that the modulatory
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cell group of EWcp involved in stress reaction and in food intake is located close to
neurons responsible for near response. A recent study in monkey demonstrated that
a weak input is also found to UCN-positive neurons in the EWcp in addition to those
to the EWpg from the cMRF (May et al., 2015). Changes in gaze direction and
attention is also necessary in food supply and dangerous situations, when the eyes
are turned towards the source of danger (Kibler et al., 2014), which may explain the
close spatial relationship of both neuronal groups.

The targets of cMRF projections are summarized in Fig. 8 and Tab. 2.
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Fig. 8: Summary of afferent inputs to different cell groups in oculomotor (nlll) and trochlear (nlV) nucleus
and in the supraoculomotor area (SOA).

nVI - abducens nucleus; CCN - central caudal nucleus; cMRF - central mesencephalic reticular formation;
CR - calretinin; EBN - excitatory burst neuron; EWcp - non-preganglionic centrally projecting EW; EWpg -
Edinger-Westphal nucleus preganglionic; GLU - Glutamate; IBN - inhibitory burst neuron; INC - interstitial
nucleus of Cajal ; INT - internuclear neuron; |0 - inferior oblique muscle; IR - inferior rectus muscle; MR -
medial rectus muscle; MVN - medial vetibular nuclus; MVNp - MVN parvocellular part; NPO — pretectal
olivary nucleus; NOT - Nucleus of the optic tract; PPH - Nucleus prepositus hypoglossi; RIMLF - rostral
interstitial nucleus of the medial longitudinal fascicle; SR - superior rectus muscle; SVNm - superior
vestibular nucleus magnocellular part; vGlut - vesicular glutamate transporter; vLVN - ventral part of the

lateral vestibular nucleus
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Table 2: Overview of afferent inputs to different cell groups in oculomotor (nlll) and trochlear (nlV)

nucleus and in the supraoculomotor area (SOA).

nVI - abducens nucleus; CCN - central caudal nucleus; cMRF - central mesencephalic reticular formation;

CR - calretinin; EBN - excitatory burst neuron; EWcp - non-preganglionic centrally projecting EW; EWpg -

Edinger-Westphal nucleus preganglionic; GLU - glutamate; IBN - inhibitory burst neuron; INC - interstitial

nucleus of Cajal ; INT - internuclear neuron; IO - inferior oblique muscle; IR - inferior rectus muscle; MR -

medial rectus muscle; MVN - medial vetibular nuclus; MVNp - MVN parvocellular part; NPO - pretectal

olivary nucleus; NOT - Nucleus of the optic tract; PPH - Nucleus prepositus hypoglossi; RIMLF - rostral

interstitial nucleus of the medial longitudinal fascicle; SR - superior rectus muscle; SVNm - superior

vestibular nucleus magnocellular part; vGlut - vesicular glutamate transporter; vLVN - ventral part of the

lateral vestibular nucleus
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