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“I tell you what, this has been really fun. And I got to help make something pretty cool, so I've got no
complaints. I mean, not me, exactly, but close enough. It’s the kind of thing that makes you glad you
stopped and smelled the pine trees along the way, you know?”

-Gabbro, from Outer Wilds
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Abstract

Quick and accurate eye movements are achieved through the precise and well-timed firing of various
neurons in the oculomotor circuit, which is determined by their cell characteristics. To date, intrinsic
membrane properties of motor and premotor neurons enabling healthy saccade generation have not been
studied in the monkey brainstem. This thesis investigates ion channel and transmitter-related profiles of
motoneurons in the abducens and trochlear nuclei, and various premotor neuron groups such as burst
neurons (BN), omnipause neurons (OPN) and vestibular Y-group neurons in a comparative manner. The
overarching aim of this work is therefore to establish the histochemical profiles of oculomotor neurons
concerning their fast-firing and bursting capacity. This goal was pursued with the immunolabeling-based
examination of all aforementioned neuron populations for voltage-gated potassium channels (Kv), which
facilitate the fast-firing capacity of neurons. Next, the expression of low-voltage activated (LVA) cation
channels was investigated to assess the bursting characteristics of motoneurons and premotor BNs of the
saccadic circuitry. Lastly, the expression of transmitter-related proteins in motoneurons of the abducens
and trochlear nuclei was investigated to address anatomical and physiological differences found between

their subpopulations.

Motoneurons of extraocular muscles are classified by their innervation of slow contracting, fatigue-
resistant multiply-innervated (MIF) or fast-contracting, fatigable singly-innervated (SIF) fibers. A
previous concept based on their anatomical segregation suggested that MIF motoneurons mediate slow
eye movements or gaze holding, whereas SIF motoneurons generate fast eye movements. However, this
view has been challenged recently as electrophysiological recordings in cat revealed that both groups are
active for all eye movements with a burst/tonic discharge, albeit with different dynamic properties.
Therefore, my first aim was to establish ion channel and transmitter profiles of SIF and MIF motoneurons
to investigate their differences and to address the incongruencies between anatomical, histochemical and
electrophysiological data. Histochemical analyses revealed significant differences between MIF and SIF
motoneurons, as well as abducens internuclear neurons, in terms of Kv and LVA channel and transmitter-
related protein immunolabeling. These findings provided strong evidence explaining the physiological
differences between these neuronal groups without conflicting established histochemical and anatomical

signatures.

My second aim was the investigation of intrinsic membrane properties of premotor BNs, which relay
calculated saccadic signals to motoneurons. According to neuromimetic computational models based on
clinical findings, BNs supposedly express LVA channels i.e. T-type voltage-activated calcium (Cav3)
channels and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. These channels
produce post-inhibitory rebound bursting in neurons that receive a sustained inhibition, and subsequently
are disinhibited. Therefore, the model predicts that the bursting of BNs should be in response to the
cessation of tonic inhibition they receive from OPNs. Excitatory BNs of the vertical and inhibitory BNs



of the horizontal saccades similarly expressed LVA channels, confirming the prediction of neuromimetic
models of eye movements. According to these models, saccadic disorders such as progressive
supranuclear palsy can be explained by a dysfunction of LVA channels in BNs. Here, I provide the

histochemical substrate for this hypothesis.

My third aim was to establish a module of co-expressed histochemical markers that could delineate
distinct firing patterns observed in various neurons of the oculomotor system. The investigation of Kv
channels in neurons of the oculomotor system revealed that Kv1.1&Kv3.1 were expressed in all fast-
firing neurons of the brainstem saccadic circuitry; including both premotor BN populations, tonic-firing
OPNs and dorsal Y-group neurons, burst/tonic firing SIF motoneurons and internuclear neurons, but not
in MIF motoneurons. These findings suggest Kv channel function as a prerequisite to the precise and
well-timed activity of various neurons in the oculomotor system. However, Kv channel immunolabeling
is not sufficient to delineate distinct firing characteristics of these neurons. Furthermore, no pattern of
co-expression with LVA channels or transmitter-related proteins was observed to suggest any

distinctions between tonic- or burst-firing in neurons of the oculomotor circuitry.

Overall, this research solidified the immunohistochemical method as a valid tool for indirectly assessing
the physiological properties of various neurons in the monkey oculomotor system. This methodology
was validated firstly in a bottom-up approach, as used in the examination of motoneurons based on
anatomical and electrophysiological findings. Then it was validated in a top-down approach, as used in
the examination of premotor BNs based on clinical and mathematical hypotheses. Establishing the
histochemical profiles of various neurons related to their firing patterns paves the way for the post-

mortem evaluation of human clinical cases with saccadic disorders.
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Introduction

Accurate visual perception of the world around us depends on the ability to generate appropriate eye
movements. Obtaining a clear and high-resolution view of an object of interest requires the light
emanating from that object to fall onto a relatively small portion of the retina, called the fovea. Foveation
of objects moving at high velocities relative to the observer is possible only through quick processing of
the visual information and accompanying accurate and fine-tuned motor responses carried out by the eye
movement (oculomotor) system. Humans, alongside non-human primates, employ distinct strategies in
their nervous systems to tackle the challenges of achieving clear vision by separating self-movement-
induced visual field shifts from the movement of targets in the visual field at an evolutionarily basic
level. Clear vision of moving targets in the visual field (smooth pursuit), shifting the gaze from one target
to another rapidly (saccade) or stabilization of image during own body movements (vestibulo-ocular
response) is carried out by several distinct pathways in the brain (Fig. 1). Involvement of voluntary gaze
control or generation of simple reflexes differentiate stimulus-response times greatly; however, the final
pathway to generate eye movements converge on the motor neurons of the extraocular muscles in all
situations. Regardless, clear vision demands quick, accurate and fine-tuned control of eye movements.
This is achievable only through healthy, precise and well-timed activity of various neurons of the

oculomotor system, without which all variety of eye movement types might be severely impaired.
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Figure 1: A simplified summary of distinct premotor networks for five eye movement types and gaze-holding.
MesRF, mesencephalic reticular formation; n., nucleus; OKN, optokinetic response; PPRF, paramedian pontine
reticular formation; RI, rostral interstitial nucleus of the medial longitudinal fascicle; SC, superior colliculus; VOR,

vestibulo-ocular reflex. Figure taken with permission from (Horn & Adamcyzk, 2011). Reprinted from “The human



nervous system” (Third Edition), Anja K.E. Horn and Christopher Adamczyk, Chapter 9 - Reticular Formation:
Eye Movements, Gaze and Blinks, Pages 328-366., Copyright Elsevier (2011).

Basic organization of the oculomotor system (premotor-motor) and anatomical layout

1.1. Extraocular muscles and their motor innervation

Eye movements are achieved through the coordinated action of six extraocular muscles. Lateral and
medial rectus muscles mediate horizontal eye movements whereas superior and inferior rectus muscles
are responsible for vertical eye movements (Fig. 2a). Lastly, superior and inferior oblique muscles
contribute to eye movements around the torsional axis. Different contraction patterns of the extraocular
muscles, as commanded by the motor neurons, yield diverse types of eye movements including saccades,
smooth pursuit, vestibuloocular and optokinetic reflexes, and also fixation (Leigh & Zee, 2015). The
variation in speed and persistence of these eye movements derive from the contraction of distinct muscle
fiber types and their endowment with fast or slow myosin heavy chain isoforms, the number of
mitochondria in the sarcoplasm, the number and distribution of nerve endings along muscle fibers and
the activity of associated motoneurons (Spencer & Porter, 2006; Hoh, 2020; Horn & Straka, 2021).
Extraocular muscle fibers are traditionally grouped into one of two main categories according to their
innervation patterns. Fast-contracting, fatigable twitch-type muscle fibers are innervated by a single “en
plaque” ending near the middle of the muscle belly (singly-innervated muscle fiber — SIF), whereas slow-
contracting, non-fatigable non-twitch type muscle fibers are synaptically contacted along the entire
length of the fiber by multiple “en grappe” nerve endings (multiply-innervated muscle fiber — MIF) (Fig.
2b). Eye movements result from coordinated contractions of largely synergistic extraocular muscles

through the task-specific cooperation of MIFs and SIFs (Spencer & Porter, 2006).

For horizontal eye movements, lateral rectus muscles are activated by the motoneurons in the abducens
nucleus (nVI) located in the hindbrain pontine tegmentum; and simultaneously, medial rectus muscles
are activated by the motoneurons in the oculomotor nucleus (nlll) located in the mesencephalon. The
conjugate eye movements require coordinated activation of the ipsilateral lateral rectus muscle and the
contralateral medial rectus muscle in the direction of the eye movement, which involves the interaction
of the ipsilateral abducens nucleus and the contralateral oculomotor nucleus (Biittner-Ennever & Akert,
1981; Biittner-Ennever, 2006). The signal required by this coordination between the ipsilateral abducens
and contralateral oculomotor nucleus is transmitted by a neuronal subpopulation located within the
abducens nucleus, called internuclear neurons (INT), whose axons run in the medial longitudinal
fasciculus (MLF) up to the oculomotor nucleus targeting the medial rectus motoneurons contralaterally
(Baker & Highstein, 1975; Horn et al., 2018). Vertical and torsional eye movements are achieved through
the activity of the motoneurons in the oculomotor and trochlear (nIV) nuclei located in the

mesencephalon and rostral hindbrain, respectively (Horn & Straka, 2021).



The extraocular motoneurons are cholinergic and can be delineated anatomically and histochemically in
terms of their innervation targets, of MIFs and SIFs, respectively. Early studies in monkey identified the
motoneurons of MIFs and SIFs via tracer injection to the relevant extraocular muscle for retrograde
labeling. Injected tracer into the muscle belly is picked up by terminals of both MIF and SIF
motoneurons, resulting in retrograde labeling of the motoneurons of the respective eye muscle within the
motor nuclei (Biittner-Ennever et al., 2001; Ugolini et al., 2006). On the other hand, tracer injections
into the distal ends of the extraocular muscles, which spare the en-plaque endings, yield labeling of
subpopulations of motoneurons in the periphery of the respective motor nuclei and are considered as
motoneurons of MIFs (Fig. 2c¢) (Biittner-Ennever et al., 2001; Ugolini et al., 2006). These MIF
motoneurons of the medial and inferior rectus muscles are localized at the dorsomedial border of nlIlI
within the so-called C-group, those of the superior rectus and inferior oblique muscles lie within the S-
group between both nlIl. MIF motoneurons of the lateral rectus muscle are more scattered towards the
medial periphery of nVI; and MIF motoneurons of the superior oblique muscles are confined to a dorsal
cap in nIV (Figure 2¢) (Biittner-Ennever et al., 2001; Wasicky et al., 2004; Tang et al., 2015). This
specific localization pattern displays great interspecies variance, as demonstrated in rat (Eberhorn ef al.,
2006) and cat motor nuclei (Bohlen et al., 2017), where MIF motoneurons tend to be more interspersed

within the abducens nucleus (Hernandez et al., 2019).
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Figure 2: Extraocular muscles and their innervation. a. Six extraocular muscles on the left eye, figure taken from
(Liu et al., 2016) with permission. Copyright © 2016, IEEE. b. Singly- and multiply-innervated muscle fiber
innervation by their respective motoneurons, named here as twitch (SIF) and non-twitch (MIF), respectively. c.
Localization of MIF motoneurons in the abducens (nVI), trochlear (nI'V), and oculomotor (nlIIl) nuclei. Note that
MIF motoneurons in the nllII are found in C- (MR/IR) and S- (IO/SR) groups. Medial rectus SIF-motoneurons are
found within the A and B groups (open circles). Figures (b&c) taken with permission from (Biittner-Ennever &

Horn, 2002a).

Major histochemical differences between MIF and SIF motoneurons have been outlined by combined
tract-tracing and histochemical studies in monkey and rat, which also served to identify the homologous
neuronal groups in humans (Eberhorn et al., 2005; Eberhorn et al., 2006; Horn et al., 2008; Horn et al.,

2018). SIF motoneurons of all extraocular motor nuclei are ensheathed by a condensed extracellular



matrix, called perineuronal nets (PN) and express the calcium-binding protein parvalbumin (PAV), while
MIF motoneurons lack both features (Eberhorn et al., 2005; Biittner-Ennever, 2006; Eberhorn et al.,
2006; Horn et al., 2008). This characterization is found across species such as mouse (Bohlen ef al.,
2019), rat (Eberhorn ef al., 2006), cat (Bohlen et al., 2017), monkey (Eberhorn et al., 2005; Biittner-
Ennever, 2006; Horn et al., 2008) and human (Horn et al., 2008; Horn et al., 2018). Clear anatomical
segregation of the MIF and SIF motoneurons with differently weighed premotor inputs combined with
histochemical differences led to the assumption that MIF motoneurons participate only in gaze holding
and slow eye movement types, whereas SIF motoneurons participate in all eye movements including
high-velocity saccades (Ugolini et al., 2001; Biittner-Ennever & Horn, 2002b). However, this view was
challenged by recent electrophysiological recordings in the cat abducens and oculomotor nuclei, where
all motoneuron types were shown to participate in all types of eye movements (Hernandez et al., 2019;
Carrero-Rojas et al., 2021). Nevertheless, there is accumulating evidence that MIF and SIF motoneurons
have differences in their electrophysiological properties such as firing rates, activation thresholds and
eye-related sensitivities (Hernandez et al., 2019; Carrero-Rojas et al., 2021). It is also considered that
extraocular motoneurons lie on a continuous spectrum in terms of variance of these characteristics, with
MIF motoneurons corresponding to the population with lowest firing levels, eye movement-related
sensitivities and firing thresholds, and SIF motoneurons to the population with the highest firing levels

and firing thresholds (Dietrich ef al., 2017; Horn & Straka, 2021).

1.2. Projections to the extraocular motor neurons

In addition to the histochemical and electrophysiological differences, MIF and SIF motoneurons can be
delineated by synapses associated with their membranes in terms of synaptic density and premotor
connections. For instance, an electron microscopic study of medial rectus motoneurons demonstrated a
lower density of synapses on the membranes of MIF motoneurons compared to SIF motoneurons
(Erichsen et al., 2014). Additionally, MIF and SIF motoneurons differ in the origins of the premotor
inputs (Ugolini et al., 2006). In general, MIF motoneurons were demonstrated to receive synaptic inputs
from brainstem regions associated with gaze-holding and smooth pursuit, whereas SIF motoneurons
receive monosynaptic connections from the saccadic premotor burst neurons (Ugolini et al., 2006). For
instance, MIF motoneurons of the abducens nucleus receive synaptic inputs from the nucleus prepositus
hypoglossi (NPH) and medial vestibular nucleus (MVN), both premotor neurons involved in gaze-
holding and smooth pursuit. However, they are spared from synaptic inputs from the saccadic premotor
burst neurons of the paramedian pontine reticular formation (PPRF) and dorsal paragigantocellular
nucleus (PGD) (Bittner-Ennever ef al., 1996; Wasicky et al., 2004; Ugolini et al., 2006). Likewise, the
pretectum provides input to the C-group of the oculomotor nucleus, which does not receive inputs from
the saccadic premotor neurons (Biittner-Ennever et al., 1996; Wasicky et al., 2004; Ugolini et al., 2006).
These observations regarding differential synaptic connectivity of MIF and SIF motoneurons formed the

view that they serve distinct functional roles in eye movement control (Biittner-Ennever & Horn, 2002a).



1.3. Premotor circuitry of the oculomotor system

Saccadic premotor burst neurons

Supranuclear commands for the horizontal and vertical components of conjugate saccades originate in
different regions of the brainstem. For the horizontal saccades, the excitatory premotor burst neurons
(EBN) are located in the paramedian pontine reticular formation (PPRF) rostral to the abducens nucleus,
and they innervate the lateral rectus motoneurons and internuclear neurons (INT) in the abducens nucleus
(Strassman et al., 1986a; Horn et al., 1996). The inhibitory burst neurons (IBN) are located in the dorsal
paragigantocellular nucleus (PGD) in the medullary reticular formation caudal and ventromedial to the
abducens nucleus (Fig. 3a) (Strassman et al., 1986b). EBNs in the PPRF utilize glutamate (McElligott
& Spencer, 2000; Horn, 2006) and IBNs in the PGD utilize glycine as their transmitter (Spencer et al.,
1989). EBNs of the PPRF project to the ipsilateral abducens nucleus SIF motoneurons as well as nucleus
prepositus hypoglossi (NPH) and the adjacent medial vestibular nucleus (MVN) monosynaptically
(Ugolini et al., 2006). IBNs also project to the abducens nucleus SIF motoneurons, however,
contralaterally (Fig. 3b). During ipsiversive saccades, ipsilateral IBNs ensure the release of contraversive
eye muscles, by not only inhibiting the contralateral EBNs, but also the contralateral IBNs (Fig. 3b)
(Strassman et al., 1986a; b).

For horizontal saccades, EBNs make comparable excitatory, monosynaptic connections with the
motoneurons and INTs in the ipsilateral abducens nucleus (nVI) and provide the main source of
excitatory drive for the saccade-related pulse of motor neuron activity for the lateral rectus muscle
(Strassman et al., 1986a). IBNs almost identically match the firing patterns of the EBNs to counteract
contralateral EBN and IBN activity (Fig. 3b) (Strassman et al., 1986b).
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Figure 3: Location and connections of the brainstem saccade-generator neurons and their discharge characteristics.
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a. Illustration of a monkey brainstem in the sagittal plane, displaying brainstem areas involved in saccade
generation. III, oculomotor nucleus; IV, trochlear nucleus; VI, abducens nucleus; Med. RF, medullary reticular
formation; MRF, midbrain reticular formation; NIC, interstitial nucleus of Cajal; NPH, nucleus prepositus
hypoglossi; PPRF, paramedian pontine reticular formation; riMLF, rostral interstitial nucleus of the medial
longitudinal fasciculus; SC, superior colliculus. b. A schematic diagram of horizontal saccadic circuit and firing
characteristics of neuronal types involved. VI, abducens motor neuron; EBN, excitatory burst neuron; IBN,
inhibitory burst neuron; LLBN, long-lead burst neuron; NPH/MVN, neurons in nucleus prepositus hypoglossi or
medial vestibular nucleus, OPN, omnipause neuron; SC, superior colliculus. Green lines represent excitatory
connections; red lines represent inhibitory connections. Saccades are initiated by a trigger signal (Tr) that inhibits
the OPNs. The OPNs are prevented from resuming their tonic discharge during the generation of the saccade

command by the activity of ‘latch’ neurons (La). Figure taken with permission from (Sparks, 2002).

For vertical/torsional saccades, the premotor BNs, which project to the motoneurons of the oculomotor
nucleus and trochlear nucleus, are located in the mesencephalic reticular formation, in the rostral
interstitial nucleus of the medial longitudinal fascicle (RIMLF) (Biittner ef al., 1977; Horn & Biittner-
Ennever, 1998). The EBNs within the RIMLF are glutamatergic, whereas IBNs of the vertical saccadic
system are GABAergic, and are found in the interstitial nucleus of Cajal (INC) in primates (Horn et al.,
2003b). In cat, GABAergic IBNs are housed within the RIMLF together with EBNs (Spencer & Wang,
1996; Sugiuchi et al., 2013).

Omnidirectional pause neurons (omnipause neurons)

During inter-saccadic intervals and slow, non-saccadic eye movements, the burst neurons of both the
horizontal and the vertical system are inhibited bilaterally by the glycinergic omnipause neurons (OPN),
which are located in the pontine reticular formation around the midline in the raphe interpositus nucleus
(RIP) (Biittner-Ennever et al., 1988). OPNs ensure the stability of the saccadic system by tonically
inhibiting both EBNs and IBNs, except during saccades (Optican, 2008). OPNs discharge tonically in a
reciprocal pattern to the BNs during intersaccadic periods and pause completely for saccades in all

directions (Fig. 3b) (Cohen & Henn, 1972; Luschei & Fuchs, 1972; Keller, 1974; Evinger et al., 1982).



OPNSs receive monosynaptic projections from several sources including the superior colliculus,
cerebellum and possibly central mesencephalic reticular formation (¢(MRF) (Shinoda et al., 2011; Wang
et al., 2013; 2017). Several hypotheses regarding the role of OPNs have been presented, including the
role of gatekeeper for saccades, a role in the determination of saccade duration or arousal of the orienting

systems (Optican, 2008).

Superior colliculus projections to the premotor neurons

The superior colliculus (SC) plays a role in saccade initiation, and its lesion abolishes the saccade
generation to the contralateral side, which later recovers only with a prolonged latency (Sparks et al.,
2000; Puri & Shaikh, 2017). Fixation neurons in the rostral SC project to the OPNs in monkey and show
a similar firing pattern (Munoz & Wurtz, 1992; 1993; Biittner-Ennever et al., 1999). However, OPNs
fire at a higher and more regular level than SC fixation neurons, and also synchronize more accurately
with the saccade initiation and cessation than SC fixation neurons (Everling et al., 1998) suggesting
additional inputs to the OPNs that regulate saccadic parameters more precisely. During saccades, OPNs
receive an indirect disynaptic input via the inhibitory neurons of the caudal SC region, which stops the
OPN activity, in contrast to preventing saccades with the help of monosynaptic excitation from the rostral

projection (Biittner-Ennever et al., 1999; Shinoda et al., 2011).

Notably, OPNs and IBNs have an interesting relationship through different SC areas which suggests a
possible role of IBNs in initiating saccades by actively inhibiting the tonic inhibition of the OPNs
(Shinoda et al., 2011). IBNs receive monosynaptic excitation from the contralateral caudal SC and
disynaptic inhibition via contralateral IBNs from the ipsilateral caudal SC, while IBNs also receive
disynaptic inhibition from the fixation neurons in rostral SC via OPNs (Shinoda et al., 2011). On the
other hand, OPNs receive disynaptic inhibition from the caudal SC, which is mediated by IBNs, overall

suggesting a role of IBNs in saccade initiation (Shinoda et al., 2011).

Saccadic integrator neurons

Saccadic velocity to position integrator neurons operate to transform the eye velocity and eye position
information to attain and maintain a new eye position, respectively (Moschovakis, 1997; Sanchez &
Rowe, 2018). Saccadic premotor BNs project to the neural integrators (Moschovakis, 1997) and
consecutively, the calculated tonic signal is conveyed to the motoneurons, providing the eye position
signal (Moschovakis, 1997). Horizontal neural integrators are located at the NPH and MVN, whereas
vertical and torsional integrators are found in the interstitial nucleus of Cajal (INC) (Sanchez & Rowe,
2018). Dysfunction of these neurons leads to the inability to maintain eye positions after saccades

(Sparks, 2002; Leigh & Zee, 2015; Kim et al., 2016).



Cerebellar neurons of the oculomotor system

The cerebellum plays a role in the fine-tuning of the eye movements and stabilization of images on the
fovea by adjusting precision and accuracy (Straube et al., 2001; Watanabe & Munoz, 2011). There are
several important cerebellar regions for eye movement control: the flocculus, paraflocculus and the
nodulus are involved in the vestibular responses, smooth pursuit and gaze holding, whereas the dorsal
cerebellar vermis (lobules VI and VII), and caudal fastigial nucleus, which is referred as fastigial
oculomotor region (FOR) are involved in the saccadic control (Robinson & Fuchs, 2001; Kheradmand
& Zee, 2011). Particularly, FOR is known to project to the PPRF and RIMLF, and is thought to influence
saccade initiation (Noda et al., 1990; Kheradmand & Zee, 2011). It has been also proposed that a direct
projection from FOR to OPNs might play a role in ending a saccade (Kheradmand & Zee, 2011). Lastly,
FOR projects to IBNs alongside OPNs, providing the inhibition during ipsilateral saccades (Fuchs et al.,
1993).

Y-group

The Y-group is a nucleus located in the cerebellar white matter at the level of the cerebellomedullary
junction with roles in smooth pursuit generation and vertical vestibuloocular reflex (VOR) modulation
(Goldberg et al., 2012). Y-group contributes to the eye movements through vestibular and visual signals
mediated by the cerebellar flocculus, and in the event of an isolated lesion of the circuitry, eye movement
disorders such as nystagmus can be observed (Marti ef al., 2008). The dorsal portion of the Y-group (Yd)
contains premotor neurons, which project to the motoneurons for up-gaze in the contralateral oculomotor
nucleus (nlll), as well as to the motoneurons in ipsilateral nlll and trochlear nuclei (nIV) involved in
downgaze (Gacek, 1977; Carpenter & Cowie, 1985). A subpopulation of Yd that is associated with
calretinin (CR) expression is excitatory and projects to the contralateral nlll. The CR-negative population
is presumed to inhibit the ipsilateral nlll. Premotor neurons in Yd receive disynaptic inputs from the
superior vestibular nucleus (SVN) and caudal MVN related to head velocity signals (Blazquez et al.,
2000). Furthermore, Yd receives a strong inhibitory (GABAergic) input from Purkinje cells of the

flocculus and ventral paraflocculus (Partsalis et al., 1995).

Physiological properties of the neurons in the oculomotor system

2.1. Firing patterns of the oculomotor neurons and their translation into eye movement types

Ocular motoneurons employ burst/tonic (i.e. pulse/step) firing patterns (see Fig. 3&4). The burst
component corresponds to the saccade whereas tonic firing corresponds to the fixation or intersaccadic
interval. Motoneurons generate a high-frequency burst of spikes (a pulse) immediately before saccades,
to stimulate the agonist extraocular muscles in the direction of the eye movement. This signal originates
from the saccadic premotor BNs. As a result, burst firing approximately defines the temporal limits of

saccade duration. During the fixation intervals between saccades, motoneurons discharge at a constant



rate (tonic), which correlates linearly to the eye position (i.e. higher frequency with fixation point towards
on-direction of the respective muscle). This position signal comes from the integrator neurons located in
the NPH for the horizontal component and the interstitial nucleus of Cajal for the vertical component of
saccades (Moschovakis, 1997; Saito & Sugimura, 2020). These neurons receive signals from the BNs
and translate them into a position signal by mathematical integration, and then provide the gaze holding

and eye position information to the motoneurons (Cannon et al., 1983).

2.2. Parameters of eye movements as provided by the brainstem premotor neurons

Pulse/step generators in the brainstem receive the main input from the superior colliculus (SC), which
receives signals from various cortical and subcortical areas (Sparks, 2002; Basso & May, 2017;
Matsumoto et al., 2018). Although the SC provides direct or indirect output to all premotor areas
involved in the eye and head movements, individual SC neurons do not encode saccadic parameters such
as the amplitude or velocity by the number or the rate of spikes (Sparks, 2002). The amplitude of a
saccade is determined by, and is linearly correlated to, the duration of bursting in the premotor BNs. The
determining factor of the saccade amplitude is the number of spikes generated by the BNs. The overall
duration of a saccade, on the other hand, relates directly to the bursting duration of BNs. Lastly, the
saccadic velocity (degrees per second) is defined by the peak firing rate of the BNs. Despite providing
the main input to the premotor brainstem areas for saccade generation, the role of the SC in determining
saccadic parameters is not fully understood, as saccades remain relatively intact in isolated lesions of the
SC despite some reports suggesting otherwise (Isa & Sasaki, 2002; Sparks, 2002; Gandhi & Katnani,
2011). However, from lesion studies and mathematical models, it is clear that the dysfunction in the
brainstem saccade-generator circuit is sufficient for eye movement-related symptoms in many disorders

(Suzuki et al., 1995; Moschovakis et al., 1996; Suzuki et al., 1999; Ramat et al., 2005).
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In summary, healthy saccades with the correct parameters require well-timed and precise interactions of
the EBNs, IBNs and OPNs. As observed in some neurodegenerative diseases, any lesion or dysfunction
in the premotor saccadic network causes multiple eye movement disorders. These disorders are not

necessarily correlated with neuronal loss. The broader implications of the clinical observations regarding
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irregular eye movements, and the hypotheses derived from those investigations will be further elaborated

in Chapter 5: “Hypotheses stemming from clinical studies of eve movement disorders”.

2.3. Irregular eye movements as a result of dysfunction in the brainstem saccadic generator

Lesions in the cortical oculomotor regions, such as the frontal and parietal eye fields, affect the accuracy
and latency in visual search and cause problems in visually guided and remembered saccades, such as
seen during anti-saccade tasks (Pierrot-Deseilligny et al., 2002; Lynch & Tian, 2006; Leigh & Zee,
2015). On the other hand, dysfunction in the brainstem saccadic generator circuit yields motor symptoms,
i.e. outcomes directly relevant to the calculation of saccadic parameters (Leigh & Zee, 2015). In general
terms, abnormalities in saccadic velocity indicate dysfunction in the brainstem premotor saccade
generator circuit, whereas abnormalities in saccadic accuracy point to cerebellar disorders (Leigh & Zee,
2015). For instance, lesions introduced in the EBNs of the PPRF or RIMLF abolish, or dramatically
slow, saccades in the horizontal and vertical axes, respectively (Cohen et al., 1968; Biittner et al., 1977;
Henn et al., 1984). Similarly, lesions of the motoneurons result in slowed saccades, or in a limited range
of eye movements (Leigh & Zee, 2015). Dysfunction of the OPNs is correlated with slow saccades in all
directions (Kaneko, 1996; Miura & Optican, 2006), or possibly the lack of intersaccadic interval in some
disorders of saccadic oscillations, such as opsoclonus or ocular flutter (Cogan, 1954; Leigh & Zee, 2015).
Interestingly, the saccade velocity might exceed normal speeds in patients with ocular flutter and
opsoclonus, which results in prematurely concluded, therefore inaccurate saccades (Leigh & Zee, 2015).
As fine-tuning and calibration of the saccade fidelity is achieved by oculomotor cerebellar regions,
lesions in the cerebellar dorsal vermis and fastigial nucleus can yield saccadic hypometria and
hypermetria, respectively (Leigh & Zee, 2015). However, isolated lesions of the cerebellum do not affect

saccade velocity (Leigh & Zee, 2015).

Neuronal substrates of fast-firing in the oculomotor system

3.1. The action potential and neuronal excitability

The action potential

When not actively “firing”, neuronal membranes rest at negative voltages of typically -70 mV, which is
called the resting membrane potential. An action potential (AP) is the rapid significant rise and fall of
this membrane potential, which is characterized by four phases: rest, depolarization, repolarization and
hyperpolarization (undershoot) stages (Fig. 5). These stages are mainly defined by the antagonistic
activity of the sodium and potassium channel activities. Firstly, in the resting state, sodium (Na*) ions
are more concentrated at the outside of the neuronal membrane, and the potassium (K") ions are more
within the cytosol. The chemical and electrostatic gradients are maintained by the semi-permeable

cellular membrane, and additionally by the help of ion pumps. In response to a stimulating current,
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sodium channels open, allowing Na* influx, rapidly depolarizing the neuronal membrane towards
positive values. If the initial stimulation is substantial enough, the membrane voltage exceeds a
“threshold” and an action potential can take place. Sub-threshold stimuli cannot initiate an action
potential whereas supra-threshold stimuli will initiate an action potential. However, the commonality of
all APs is the all-or-none property, meaning that once the membrane potential reaches the AP threshold,
AP generation and propagation can no longer be stopped in healthy neurons (Kandel et al., 2013;

McCormick, 2013).
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Figure 5: The action potential and its major phases. 1- Resting membrane potential. 2- Small depolarizations could
cause the membrane potential to reach the firing threshold. 3- Voltage-gated sodium (Na") channels open and Na*
influx depolarizes the cell membrane. Late at this stage voltage-gated potassium (K*) channels open. 4-
Repolarizing effect of K* efflux lowers the membrane potential. 5- The hyperpolarized (undershoot) stage is caused

by the delay in K* channel inactivation. Figure taken with permission from (Nichols et al., 2013).

During depolarization, voltage-gated potassium channels (Kv) start to open. These channels allow K*
efflux in a voltage-dependent manner, and in principle counteract the depolarization effect of the Na*
influx. Opening of Kv channels begins with the subunits with lower-voltage activation (i.e. Kvl, Kv7)
and is followed by other potassium channel subunits with rapid kinetics (i.e. Kv3) at highly depolarized
stages. These subunits enable a high rate of K" efflux, which in turn acts as the major repolarizing force
during AP generation. Voltage-gated potassium channel subunits are the major regulators of neurons’
ability to return to the resting membrane potential, in terms of speed and shape of the AP, as well as the
regulation of the resting membrane potential and firing threshold itself. In this third “repolarization”
stage, Na* channels are rapidly deactivated in conjunction with the rapid activation of fast Kv channels,

driving the membrane potential steeply towards negative values. The more negative the membrane
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potential is, the higher the ratio of voltage-gated potassium channel inactivation becomes. However, due
to a delay in the inactivation kinetics of the potassium channels, the membrane potential continues to
drop even after reaching the resting membrane potential, which is defined as the “undershoot” or the
“hyperpolarization” stage. The extremely low membrane potential is then brought back up to the resting
membrane potential by other low-voltage activated or hyperpolarization-activated ion channels (see
Chapter 4), thereby completing the cycle of the action potential generation. In the hyperpolarized state,
a neuron is in the refractory period, during which the membrane is unable to generate subsequent action
potentials until Na" and K" ions are redistributed with the help of sodium-potassium pumps (Hodgkin &

Huxley, 1952a; b; Kandel et al., 2013; McCormick, 2013).

Neuronal excitability

The firing pattern and the overall excitability of neurons are determined by the ion channel expression
on the neuronal membrane along with the transmitter inputs they receive and transmitter receptors they
express (Catterall, 1984). As seen in cardiac muscles and the central pattern generators, ion channels can
be predominantly responsible for maintaining action potentials, without requiring post-synaptic
excitation as the main source of spike initiation and regulation (Baruscotti et al., 2005). Similarly, the
membrane excitability and firing patterns are heavily dependent on the ion channel proteins embedded
in the neuronal cell membrane. In other words, the characteristics of ion channel-protein content
predetermine the spike frequency and type (i.e. bursting, tonic, pace-making, etc.) in response to an
excitatory stimulus or to the cessation of inhibitory inputs. Within the scope of this thesis, voltage-gated
potassium channel families Kvl and Kv3, voltage-gated calcium channel family Cav3 and
hyperpolarization-activated cyclic nucleotide-gated channel families HCN1-2 will be examined on the
motoneurons and premotor neurons of the oculomotor system as the major contributors/regulators of
their firing characteristics. These ion channel types were discovered to be of major importance in neurons
with similar characteristics to neurons of the oculomotor system, such as the auditory system (Johnston
et al., 2010; Khurana et al., 2012). In addition, these ion channels were identified as valuable candidates
through mathematical modelling approaches to explain premotor neuron behavior, and potentially,

dysfunction in pathologies (Miura & Optican, 2006).

3.2. Potassium channels and fast-firing capability

Voltage-gated potassium channel Kv1 family opens at sub-threshold voltages, and its fast kinetics allows
small perturbations on the membrane by excitatory potentials to be mitigated (Fig. 6). In this sense, Kv1
subunits, therefore, assume the role of a high-pass filter for the action potential generation, which is
highly critical for neural circuits that are required to be synchronized, as found in the auditory system
(Johnston et al., 2010). Kv1 activity blocks small perturbations in the membrane potential to generate an
action potential, promoting selective firing. By mitigating K*accumulation below the AP threshold, Kv1

subunits also contribute to the determination of the firing (AP) threshold, which increases directly
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proportional to Kv1 (or other low-voltage activated potassium channel) expression levels. This property

translates into the regulation of neuronal excitability, as the reduced expression of low-voltage activated

potassium channels yields increased spontaneous activity upon small membrane potential perturbations.

On the contrary, increased expression of Kv1 subunits yields more difficult and therefore more selective

action potential initiation, resulting in more tightly controlled spike generation by the excitatory

neurotransmission, in terms of spike frequency and timing. When the activity of these channels is blocked

by selected neurotoxins, such as dendrotoxin (DTX), multiple APs are generated as a response to a single

excitatory postsynaptic potential (EPSP). Moreover, reduced Kv1 activity, by either blockage or

knocking out the gene, results in increased variance (jitter) in neuronal response to a repetitive

stimulation (Gittelman & Tempel, 2006; Klug & Trussell, 2006).
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Figure 6: a. Voltage-dependent activation kinetics
of the voltage-gated potassium channels as seen in
voltage-clamp experiments. These channels can be
grouped as low-voltage-activated (LVA) (Kvl,
Kv4 and Kv7), and high-voltage-activated (HVA)
channels (Kv3 and Kv2); or they can be grouped in
terms of their activity kinetics, such as Kv channels
with fast kinetics (Kvl, Kv4 and Kv3) and slow
kinetics (Kv7 and Kv2). b. Activity of Kv channel
subunits during action potential (AP) generation, as
seen in current-clamp experiments. LVA channels
open upon small depolarizations from the resting
membrane potentials around —70mV to around
—30mV, thereby regulating the AP threshold. HVA
channels activate late, only during AP generation,
therefore, these channels contribute mainly to the
repolarization. Kvl channels would activate with
small perturbations, while Kv3 activity would be
delayed until higher voltages are reached. Kv2
channels open even later due to their slow kinetics,
which also means slower inactivation and longer
activity. Note that this diagram describes a concept,
and is an oversimplification, aiming at visualizing
discussed Kv kinetics. Figure taken with permission

from (Johnston et al., 2010).



Voltage-gated potassium channel Kv3 family on the other hand opens at positive potentials late in the
depolarization stage of the AP (Fig. 6) and counteracts the depolarization caused by Na" influx rapidly.
Kv3 is therefore the major contributor to shortening the AP width with its rapid kinetics (Brew &
Forsythe, 1995). Moreover, its rapid deactivation during the falling phase (repolarization) of the AP
contributes to a shortening of the after-hyperpolarization stage and thus the refractory period. Short APs
also minimize the Nav inactivation and therefore assist the maintained firing and overall increased
excitability. The critical role of the Kv3 family can be demonstrated with the chemical blockage via the
application of 1-3mM tetraethylammonium (TEA), which yields extremely broad APs and abolishes the
high-frequency firing capabilities of neurons (Brew & Forsythe, 1995; Wang et al., 1998).

3.3. The fast-firing module and co-regulated properties

The capacity of neurons for sustained fast and precise firing is essential for many circuits in the brain,
and especially for the sensory and motor systems, such as the oculomotor circuitry. Regulation of fast
and precisely-timed firing patterns within the individual ocular motor and premotor nuclei allows for the
coordinated relay of signals, which translates into correctly calculated and calibrated eye positions and
displacements at the motor level. Therefore, it is of utmost importance to identify the biophysiological
contributors, which constitute the capacity for fast, precisely-timed and persistent firing in neurons of
the oculomotor system. This characterization in turn would allow further anatomical identification and
categorization of the neuronal groups with distinct firing patterns within the oculomotor system.
Furthermore, the histochemical identification of the etiology for instabilities observed in many disorders
with oculomotor symptoms relies on this characterization and understanding of how the healthy neurons

undertake the required biophysiological function.

In order to identify what the main biophysiological contributors to sustained high firing rates are,
Kodama et al. (2020) took advantage of the mouse medial vestibular nucleus (MVN) neuronal
subpopulations with differential firing characteristics. This model organism has a particular advantage,
as a combined analysis of anatomy, electrophysiology and genetic profiling is viable to correlate the
different firing behaviors of these neurons to distinct co-expression patterns of genes. This study
included, but was not limited to, the investigation of the voltage-gated ion channel families,
neurofilaments and calcium-binding proteins (Kodama et al., 2020). Interestingly, the authors identified
a group of genes related to ion channel, synaptic and cytoskeletal gene expression that is correlated to
the coordination of biophysical properties required to maintain the high rates of firing and transmitter
release (Kodama et al., 2020). Regarding the ion channel expression, Kv1.1, Kv3.1 and Navl.6 co-
expression is covaried and is linearly correlated with the fast-firing capacity of the various MVN neuron

subpopulations with fast, albeit varied, firing rates (Kodama et al., 2020).
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3.4. Transmitter-related proteins and the firing regulation

In addition to the membrane proteins and the extracellular matrix, the neuronal responses to post-synaptic
stimuli are defined by the presynaptic transmitters involved in conjunction with the postsynaptic
receptors. On the presynaptic side, the frequency of transmitter release from the source of stimulation,
the number and density of synaptic terminals, the type of transmitter and the characteristics of its reuptake
may play a major role. On the postsynaptic side, the evoked responses rely on how these signals are
translated. These depend on the transmitter receptor types, the ions they are permeable to, the amount or
density of these receptors on the membrane, and finally the temporal summation of the effects caused by

the ion exchange in these receptors (Giuliodori & Zuccolilli, 2004; Kandel et al., 2013).

Glutamate as the major excitatory transmitter of the oculomotor system

Apart from acetylcholine, the neurotransmitter of ocular motoneurons, the major excitatory
neurotransmitter utilized by the premotor neurons of oculomotor circuitry is glutamate (Horn, 2006).
Upon its release into the synaptic cleft, the postsynaptic response to glutamate is mediated by AMPA,
NMDA, kainate and/or metabotropic receptors (Traynelis et al., 2010). Ionotropic glutamate receptors
(AMPA, NMDA and kainate) initiate depolarizing EPSPs by increasing the membrane permeability for
mainly sodium and potassium ions (Dingledine et al., 1999; Traynelis et al., 2010). The effects of
glutamatergic stimulation on neuronal excitability and firing regulation are well documented, especially
in the motoneurons of oculomotor circuitry (Durand et al., 1987; Torres-Torrelo et al., 2012). Glutamate
modulates the firing rate of the extraocular motoneurons by decreasing the voltage threshold depending
on cell size (Torres-Torrelo et al., 2012). In motoneurons, glutamate predominantly impacts the burst
component of the phasic/tonic discharge; however, the intrinsic active membrane properties such as
collaboration with Nav and Kv channels are required for achieving fast firing rates, as shown in spinal

motoneurons (Iwagaki & Miles, 2011; Torres-Torrelo et al., 2012).

Glutamate is involved in about 90% of the synapses in the adult human brain (Braitenberg & Schiiz,
1998). Postsynaptic responses to glutamatergic excitation are regulated by the differences in the release
of this transmitter into the synaptic cleft by different presynaptic vesicular glutamate transporter subunits
(i.e. vGlutl-3) or by different kinematics of glutamate transmitter receptors at the postsynaptic sites of
their targets (Dingledine ef al., 1999; Vigneault et al., 2015). To elaborate, vGlut2 exhibits higher
transport probability and faster synaptic release compared to vGlutl, which may play a major role in
tightly controlled and highly-active circuits such as the oculomotor system (Fremeau et al., 2004). On
the postsynaptic side of glutamatergic transmission, the speed and duration of the responses to glutamate
are defined by the type of glutamate receptors (Traynelis et al., 2010). Overall, it is accepted that the
AMPA receptors initiate more rapid and transient responses, whereas NMDA receptors mediate slower
and more prolonged responses, as demonstrated in the motoneurons of the cat abducens nucleus (Durand
etal., 1987; Traynelis et al., 2010). NMDA receptors additionally allow for the Ca?* influx, which might

have secondary consequences in terms of neuronal excitability and cellular responses due to the role of
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Ca*" as a secondary messenger in cell signaling (Lau et al., 2009). Furthermore, expression profiles of
the AMPA and NMDA receptors might assume a functional role in the organization of the ocular
motoneurons as demonstrated in the abducens nucleus of Xenopus laevis larvae, where the motoneurons
could be divided into two subgroups in terms of their predominant activation through the AMPA or

NMDA receptors (Goetz et al., 2009; Dietrich et al., 2017).

Glycine and GABA as the major inhibitory transmitters of the oculomotor system

The simplest amino acid glycine acts as a major inhibitory neurotransmitter in the brainstem, spinal cord
and inner retina (Rajendra ef al., 1997; Benarroch, 2011). In the adult nervous system, glycine exerts fast
postsynaptic inhibition that is important for the control of excitability of the motoneurons, auditory
processing, pain transmission in the dorsal horn, and other functions (Benarroch, 2011). On the other
hand, the other major inhibitory neurotransmitter y-aminobutyric acid (GABA) constitutes at least 40%

of the inhibitory transmitters in the entirety of the mammalian brain (Bowery & Smart, 2006).

Both GABA and glycine exert inhibitory effects through their receptors by increasing the membrane
permeability to chloride (Cl°) ions, thereby causing an inhibitory postsynaptic potential (IPSP). Binding
of ligands to the glycine receptors elicits the opening of the CI™ channels, which is similar to that of
GABA acting on the ionotropic GABA4 receptors (Betz et al., 1991; Goetz et al., 2009). However,
glycine receptors generally have faster inhibitory kinetics than the GABA4 receptors and GABAergic
responses decay more slowly than glycinergic responses in the motoneurons (O'Brien & Berger, 1999;
Russier et al., 2002). Glycine and GABA are not exclusive and can be co-released, which plays a role in
determination of the strength and timing of the postsynaptic hyperpolarization (O'Brien & Berger, 1999).
Co-release of glycine and GABA may affect the temporal profile of the postsynaptic effects with
immediate effects undertaken by glycinergic IPSPs, which is later dominated by the effects of the
GABAA receptors, thus optimizing the inhibition of motoneuron function (O'Brien & Berger, 1999;
Russier et al., 2002). Furthermore, glycine has synaptic interactions with glutamate, which regulate
neuronal excitability both during development and in the adult nervous system (Benarroch, 2011). For
instance, glycine is a required co-agonist along with glutamate for the NMDA receptors (Cummings &

Popescu, 2015).

The resulting change in the membrane potential (IPSP) elicited by glycine or GABA 4 receptor activation
depends on the transmembrane CI~ concentration, which is determined by the activity of the K*-CI~
cotransporter 2 (KCC2) (Rivera et al., 1999). KCC2 extrudes CI” from the cell, thereby maintaining
chloride homeostasis in neurons (Chamma et al., 2012). Therefore, KCC2 indirectly determines the
polarity and efficacy of glycine and GABA4 receptors (Chamma et al., 2012). In mature neurons, where
a low intracellular C1” concentration is maintained by KCC2, the activation of glycine receptors elicits
an influx of CI, leading to a fast hyperpolarization and postsynaptic inhibition. Furthermore, through

the elevated glutamate levels, the NMDA receptor activity downregulates KCC2, also resulting in a
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depolarizing (reversed) GABAA receptor activity, which suggests more versatility of the GABAa

receptor activity in firing regulation (Lee ef al., 2011).

Apart from problems in the neuronal excitability presented by abnormal KCC2 activity, dysfunction of
the glycinergic transmission can cause hyperexcitability. For instance, mutated proteins at the
presynaptic sites, such as glycine transporters, or at the postsynaptic sites, such as glycine receptors,
result in severe motor hyperexcitability problems in the spinal cord and the brainstem (Harvey et al.,
2008). Mice knockout models lacking the glycine transporter subtype 2 (GlyT2) die shortly after birth
due to motor deficiencies, which present similarly to symptoms observed in human hyperekplexia, a
neurological disorder presenting with startle responses to stimuli (Latal et al., 2010). On the other hand,
due to the reversal in the role of GABA from excitatory to inhibitory during development, abnormal
GABAergic transmission due to the malfunction of transporters or transmitter receptors may lead to
problems with neuronal excitability and excitotoxicity (Ben-Ari et al., 2012). For instance, the role of
GABAA4 receptors in the modulation of excitability was shown in tonic-clonic seizures (Loup et al.,
2000). Furthermore, both GABA4 receptors and transporters in GABAergic terminals, which employ
glutamate decarboxylase (GAD) enzyme, were implicated in the pathophysiology of motoneurons in
amyotrophic lateral sclerosis (ALS) (Carunchio ef al., 2008; Venugopal et al., 2021). As glycine and
GABA are differentially employed by the horizontal and vertical eye movement circuits, the
physiological implications of dysfunction in neurotransmission by these transmitters are important for

the disorders that affect one of these systems selectively (Spencer & Baker, 1992; Spencer ef al., 1992).

3.5. Calcium-binding proteins, perineuronal nets and firing regulation

Calcium homeostasis and calcium-binding proteins

Neurons strictly maintain cytosolic calcium levels around 200 nM, and also a 20,000- to 100,000-fold
gradient between their intracellular (cytosolic) and extracellular Ca?* concentration (Zhou et al., 2013).
The intracellular Ca?* levels are tightly controlled by the uptake and release by the endoplasmic
reticulum, as Ca*'is a potent tool of cell signaling as a secondary messenger (Zhou et al., 2013).
Moreover, the steep Ca®* concentration gradient provides an excellent opportunity for signal
transduction, which neurons utilize to a great extent, as every change in the Ca** concentration can be
casily detected and propagated (Grzybowska, 2018). Ca?" signaling tends to be rapid, localized and
propagated as spikes, waves, or oscillations. Keeping excess Ca*" out of the cytosol is vital because free

Ca?"ions are also potentially toxic (Grzybowska, 2018).

Calcium homeostasis in the cytosol is achieved by either removal of Ca?" by the endoplasmic reticulum,
or by binding free Ca?" with so-called calcium-binding proteins. These include calexcitin, calmodulin,
calbindin, calretinin and parvalbumin, which serve a buffering purpose and tight/rapid control of the
unbound Ca*" concentration within the cytosol (Nelson ef al., 1996). Neurons with high activity levels

and metabolism requirements, such as those of the oculomotor circuitry, often express calcium-binding
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proteins (de la Cruz et al., 1998; Horn, 2006). OPNs, saccadic BNs and SIF motoneurons express
parvalbumin, and subpopulations of EBNs in the RIMLF and the Y-group governing up-gaze, express
calretinin in addition to parvalbumin (Horn et al., 1994; Horn et al., 1996; Horn & Biittner-Ennever,
1998; Horn et al., 2003a; Ahlfeld et al., 2011). Purkinje cells employ calbindin and calmodulin as well
as parvalbumin (Garcia-Segura et al, 1984; lkeshima et al., 1993; Brandenburg et al., 2021).
Parvalbumin, for example, when combined with staining for the perineuronal nets, serves as a marker of
fast-spiking GABAergic interneurons in the cortex (Hértig et al., 1992; Hartig et al., 1994; Hartig et al.,
1999). Alongside serving as traditional anatomical markers of fast-spiking neurons within the central
nervous system, the expression of calcium-binding proteins may be significant regarding
biophysiological function and the regulation of firing in neurons. For instance, calexcitin was found to
enhance membrane excitability by interacting with voltage-gated potassium channels (Nelson et al.,
1996). Whether or not the selective expression of calretinin within premotor subpopulations mainly
involved in up-gaze signifies a distinction in their biophysiological properties, remains to be further

investigated.

Perineuronal nets

Perineuronal nets (PN) are specialized extracellular matrix formations that envelop the soma and
proximal dendrites of neurons in the nervous system (Fig. 7, left). PNs are composed of a condensed
matrix of chondroitin sulfate proteoglycan molecules, which are composed of various proteins including
aggrecan, brevican, neurocan, phosphacan and hyaluronan (Fig. 7, right). In the literature, PNs are often
referred to by their roles in the context of development, neuroplasticity, synaptic plasticity, synaptic and
network stabilization and neuroprotection (Wingert & Sorg, 2021). However, they also contribute to the
anchoring of AMPA receptors and ion channels to the membrane to act as lateral diffusion barriers.
Finally, they may serve as cation buffers around the cell membrane (Hértig et al., 1999). These latter
functions are particularly important in the research of the modulators of excitability in neurons of the
oculomotor system, as they imply the biophysiological regulation of high metabolic activity and fast-

firing capabilities (Balmer, 2016).
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Figure 7: Scheme of a neuron (a) enveloped by perineuronal nets (PNs) and molecular structure of PNs (b).
a. A neuronal cell body with its proximal dendrites (red) covered by a typical reticular, honeycomb-like net (green).
More distally, dendrites are devoid of nets. The holes in the perineuronal nets are occupied by synaptic boutons of
afferent axons (insert, blue) that target the neuron. Figure taken from (de Winter ef al., 2016; open access article
distributed under the Creative Commons Attribution License CC BY 4.0). b. The PNs consist of multiple proteins:
hyaluronan, secreted by membrane-bound hyaluronan synthase (HAS), binds to proteins such as aggrecan,
brevican, versican, and neurocan. Figure taken from (Tsien, 2013; open access article distributed by PNAS under

the Creative Commons Attribution License CC BY/CC BY-NC-ND).

In cortical and subcortical areas, as well as deep cerebellar nuclei, PNs are often found surrounding
GABAergic (inhibitory) interneurons containing the calcium-binding protein parvalbumin (Hértig et al.,
1994; Morris & Henderson, 2000; Wingert & Sorg, 2021). However, PNs are also shown to envelop the
excitatory neurons, as seen in various neurons of the oculomotor circuitry such as excitatory premotor
BNs, SIF motoneurons and INTs of the abducens nucleus (Horn et al., 2003a; Horn et al., 2008; Horn et
al., 2018). PNs also envelop various inhibitory neurons in the oculomotor circuit, such as OPNs and the
IBNs, which is in accordance with the observation that PNs envelop neurons with high metabolic activity
(Horn et al., 2003a). Moreover, PNs are not found enveloping modulatory neurons in the raphe nuclei
(Hobohm et al., 1998), urocortin-immunopositive non-preganglionic Edinger-Westphal nucleus neurons

(Horn et al., 2008) or the MIF motoneurons with known weaker firing characteristics (Eberhorn et al.,
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4.

2005; Horn et al., 2018; Hernandez et al., 2019). These findings are interesting, as the presence of PNs
is often associated with the voltage-dependent potassium channel subunit Kv3.1b expression in

parvalbumin immunopositive fast-firing neurons (Hartig et al., 1994; Hértig et al., 1999).

Low-voltage activated ion channels and the post-inhibitory rebound (PIR) bursting

phenomenon in the saccadic premotor neurons

4.1. Post-inhibitory rebound bursting

Post-inhibitory rebound (PIR) bursting is a biophysical property of some neurons that must develop a
quick increase in their discharge after being disinhibited. With PIR, a neuron is capable of firing at high
rates spontaneously and without stimulation when released from inhibition. PIR usually occurs due to a
low membrane threshold potential of neurons, and combined with the lack of required excitatory
stimulus, they can generate spontancous bursts immediately upon release from inhibition (Enderle &
Engelken, 1995). This was, for example, shown for the central pattern generators in swimming leech
(Angstadt et al., 2005). PIR is thought to be of fundamental physiological significance to the generation
of saccades, as it ensures a rapid increase in BN discharge frequency after inhibition by OPNs, which is
essential for strong eye muscle contraction. This burst discharge of the premotor BNs is necessary, as it
provides the phasic component of eye movement signals to the motoneurons in order to overcome the
mechanical hindrances to movement in the orbit, and rapidly rotate the globe from one position to another

during saccades.

Typically, neurons can generate two distinct patterns of discharge in response to the depolarizing
stimulus. Regular (tonic) firing is elicited when the neuron is depolarized from a resting membrane
potential around -55 mV. In contrast, when the membrane potential is below -70 mV, as seen during
sustained hyperpolarization, the same stimulus triggers a high-frequency burst (post-inhibitory burst).
Membrane depolarization following the hyperpolarization below -70 mV occurs in two steps, each
regulated by two distinct ion conductances — H-currents (Iy) and T-currents (It) (Fig. 8). These two
conductances carry out the role of bringing the membrane potential up to the level where sodium
conductance (Ina) is promoted, readily ascending the potential above the threshold, and thereby
generating an action potential. The primary stage of recovery from the hyperpolarized state involves
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels (Fig. 8). Therefore, HCN channels
are thought to be important in building up the PIR response by allowing cation influx (Iy) at extreme
hyperpolarized voltages, reducing the membrane resistance and rescuing the neuronal membrane towards
the threshold voltage. The second PIR stage immediately subsequent to hyperpolarization, is mediated
by the low-threshold Ca** currents (T-currents, Ir) carried out by the voltage-gated calcium channel
family Cav3 (Fig. 8). Cav3 family is low-voltage activated, in contrast to other members of voltage-

gated calcium channels. Several intricate properties of these channels are further explained in Chapter
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4.3. Depolarizing effects of the increased or decreased I, and It conductances on the burst intensity are
depicted in Fig. 11 (Discussion Chapter 2). Other ion conductances, such as calcium-activated potassium
(Kca) conductance, could indirectly affect I activation by increasing the strength of after-
hyperpolarization, as the strength of rebound bursting is proportional to the magnitude and duration of

hyperpolarization (Wang et al., 2016).

PIR
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Figure 8: Low-threshold spiking, post-inhibitory rebound burst mechanism, and the currents that enable the

bursting. The H-current (In) pacemaker raises the membrane potential to the threshold for the T-type calcium current
activation. T-current (It) brings the membrane potential to the depolarization stage, where sodium-potassium spikes
become prominent. Subsequently, H-current deactivates and T-current inactivates due to the high membrane

potential. I, represents sodium currents. Figure taken with permission from (Shaikh et al., 2008).

4.2. Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels

HCN channels are non-selective voltage-gated cation channel proteins located on predominantly
neuronal and cardiac cell membranes. HCN channels are sometimes referred to as pacemaker channels
because they help to generate pacemaking rhythmic or oscillatory activity within groups of heart and
brain cells (Baruscotti et al., 2005; Benarroch, 2013). In the brain, HCN channels have a major role in
controlling neuronal excitability, dendritic integration of synaptic potentials, synaptic transmission, and

rhythmic oscillatory activity in individual neurons and neuronal networks (Benarroch, 2013).
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HCN channels, which are permeable to Na* and K*, are activated by the membrane hyperpolarization
and are constitutively open at voltages near the resting membrane potential. HCN channels were shown
to regulate the resting membrane potential of neurons, thereby indirectly regulating neuronal excitability
(Wang ef al., 2016). Their role in the PIR phenomenon is also demonstrated in the rat medial geniculate
nucleus, so that although PIR is basically carried out by T-currents (Ir by Cav3), the blockage of HCN
channels hyperpolarizes the resting membrane potential, and thus represses the PIR phenomenon (Wang
et al., 2016). Therefore, the membrane resistance introduced by the HCN blockage enhances the
effectiveness of hyperpolarization (Wang et al., 2016).

4.3. Cav3 channel family

T-type (transient opening) calcium channels are low voltage-activated (LVA) calcium channels that
become inactivated during extreme cell membrane hyperpolarization, but then open to depolarization.
T-type channels activate upon small depolarization of the membrane, allowing a rapid influx of Ca" into
neurons at the beginning of an action potential (when the electrochemical gradient is actively pushing
cation entry) (Senatore & Spafford, 2015; Rossier, 2016). Alternatively, a brief hyperpolarization
promotes recovery of T-type channels from inactivation, and upon release from the hyperpolarizing
influence, they depolarize the membrane to generate an LVA Ca?" spike and rebound depolarization that
drives a burst of Na* spikes (post inhibitory rebound burst) (Molineux et al., 2006). The activation of T-
type calcium channels overlaps around the same range of voltages as voltage-gated sodium channels,
which is at about -55 mV. Therefore, they play a role in regulating excitability and pacemaking at

subthreshold voltages.
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Figure 9: a. “Window” current generation, red trace—steady-state inactivation and black—steady-state activation
T-channel (T-type Ca*? channel; Cav3 channel) kinetics. Inset in A is an enlarged “window” current (shaded area)
generated by the overlap between steady-state activation (black) and inactivation (red) curves. b. Role of the T-
channels in LTS (low-threshold spike, shaded area) and the rebound burst generation. Note that in most systems,
LTS and burst-firing cannot be generated from the resting membrane potential, but the neuronal cell membrane is
required to be hyperpolarized in order to allow T-channel de-inactivation (recovery from inactivation). AP: Action
potential. Figure taken from (Timic Stamenic & Todorovic, 2022; published under an open access Creative

Common CC BY license).

Their rapid, voltage-dependent inactivation and their slow deactivation make the gating characteristics
of T-type Ca?" channels distinct from other Ca?" channels such as L-type Ca** channels (Rossier, 2016).
They generally increase neuronal excitability, as they are members of a family of inward-permeating
cation channels such as voltage-gated sodium channels (Senatore & Spafford, 2015). When activation
and inactivation curves of T-type Ca®" channels overlap, a sustained flux of calcium through the channels
is possible for up to minutes in this window around the resting membrane potential (Fig. 9). During this

“window” current, a significant proportion of channels are already activated but not yet completely

25



inactivated (Crunelli et al., 2005). By generating action potential-independent sustained Ca*" elevations
near the resting conditions, T-type channels control a multitude of cellular and physiological functions,

such as (low-threshold) vesicular exocytosis (Weiss & Zamponi, 2013).

Hypotheses stemming from the clinical studies of eye movement disorders

5.1. Predictions of the neuromimetic mathematical models of the saccadic circuitry

Ocular flutters or oscillations, such as seen in opsoclonus-myoclonus-ataxia syndrome, are abnormal eye
movements consisting of uncontrolled, repetitive, irregular and involuntary bursts of horizontal saccades
without intersaccadic intervals (Cogan, 1954; Daye et al., 2013; Leigh & Zee, 2015). According to one
view based on neuromimetic mathematical models of the oculomotor function, this phenomenon can be
explained as an instability in positive feedback loops involving the EBNs and IBNs (Ramat ef al., 2005;
Daye et al., 2013). However, in order for oscillations to be generated as a result of these positive feedback

loops, neurons must have PIR bursting (Daye et al., 2013).

An explanation of oscillations by the intrinsic membrane properties is expanded further by the
observations in opsoclonus cases. One hypothesis regarding the cause of the symptoms has been
dysfunction of the OPNs, despite the fact that no abnormalities found in two opsoclonus cases (Ridley
et al., 1987). However, Ramat et al. (2008) and Shaikh et al. (2008) provided mathematical-modelling
based evidence to demonstrate that the opsoclonus symptoms could be reproduced by reducing the
inhibition provided by OPNs alone, or by dysregulation of ion channels in the BNs (Ramat ef a/., 2007,
Shaikh et al., 2008). These hypotheses imply that without neuronal loss of the OPNs or BNs,
dysregulation of transmitter activity or changes in the membrane excitability of OPNs and/or BNs could
produce the symptoms, despite the normal morphology of these neurons. Alternatively, increased
GABAA receptor sensitivity in these neuronal groups could explain the eye movement characteristics

observed in opsoclonus (Optican & Pretegiani, 2017b).

Simulation studies of saccades generated with a conductance-based mathematical model involving
neuronal characteristics such as PIR and a firing threshold (Miura and Optican, 2003) demonstrated that
the inclusion of It (Cav3 family) in the model was sufficient to simulate the saccade slowing after OPN
lesion (Kaneko, 1996; Soetedjo et al., 2002; Miura & Optican, 2006). Additionally, the possible effects
of reduced glycinergic transmission on the EBNs were demonstrated as a possible contributor to saccadic
slowing, since it would not only reduce the hyperpolarization of the EBNs before saccades, but also
might reduce the glutamatergic saccadic drive through the NMDA receptor activity, which is dependent
on glycine as co-agonist (Miura & Optican, 2006; Cummings & Popescu, 2015).

Another example of the saccadic slowing with the associated curved and irregular saccadic trajectories

is found in patients with progressive supranuclear palsy (PSP, see Discussion Chapter 6.1), which is a

neurodegenerative disease with midbrain tissue loss resulting in saccadic slowing particularly in the
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vertical axis (Login, 1982; Shaikh et al., 2017). Using a similar single-compartment neuromimetic model
of the burst generators (Miura & Optican, 20006), Shaikh et al (2017) predicted and successfully recreated
the cause of saccadic slowing in PSP as observed in patients, as a dysfunction of primarily both EBNs
and IBNs and possibly of the OPNs at later stages (Shaikh et al., 2017). The authors matched the
characteristics of saccades in PSP in their model with the lack of PIR phenomenon in EBNs and IBNs
of the vertical saccadic circuitry (Shaikh et al., 2017).

The current state of knowledge on and inquiry about the possible etiology of various saccadic disorders
lack the necessary information on the histochemical composition of neurons in the oculomotor circuitry.
For instance, PIR bursting is predicted with a neuromimetic model of the brainstem saccadic circuitry,
which successfully reproduces irregular eye trajectories in multiple disorders. However, the cellular
machinery required to achieve this phenomenon is not elucidated in the neurons of oculomotor circuitry.
As multiple disciplines such as clinical neuroscience, computational neuroscience and physiology
converge on deciphering the inner workings of the oculomotor circuitry, the lack of established

expression profiles for its neurons presents a hindrance to the future of oculomotor research.

5.2. Lessons from neurodegenerative diseases

To emphasize the rationale behind the approach being established in this thesis even further, it is
necessary to extract valuable lessons from the studies of various neurodegenerative disorders. Several
neurodegenerative diseases present with varying degrees of oculomotor abnormalities (Anderson &
MacAskill, 2013). These include Parkinson’s disease (PD), Alzheimer’s disease (AD), amyotrophic
lateral sclerosis (ALS), Huntington’s disease (HD), and the spinocerebellar ataxias (SCA). Some
diseases display more prominent and selective symptoms, such as the vertical saccadic impairment in
progressive supranuclear palsy (PSP) and Niemann Pick Disease Type C (NPC), the horizontal saccadic
impairment in Gaucher disease (Thurtell et al., 2007; Salsano et al., 2012) and the loss of intersaccadic
intervals in opsoclonus (Wong et al., 2001; Wong, 2007). However, regardless of their direct or selective
impact on eye movements, there are many lessons that motivated the approach used in the research

presented in this thesis.

Neuronal loss is not a prerequisite for the emergence of oculomotor symptoms. As observed in
Huntington’s disease and various spinocerebellar ataxias, neurological symptoms are rather due to
neuronal dysfunction, than to neuronal cell loss, and they usually precede any neuronal cell loss (Jeub et
al., 2006). In SCA3, resting membrane potentials were reduced, and a hyperpolarizing shift of the
activation curve of the delayed rectifier potassium current was observed, tying the dysfunction to an
abnormal Kv activity (Jeub et al., 2006). On the other hand, Huntington’s disease mouse models showed
altered physiological properties such as depolarized resting membrane potentials and higher input
resistance, abnormal action potentials and a reduction of K* influx and efflux (Ariano et al., 2005; Jeub

et al., 2006). Along with an observed NMDA receptor hyperactivity both in the hippocampus and in
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striatal neurons, these changes are considered to cause neuronal dysfunction due to excitotoxicity (Jeub

et al., 2006).

Profiles of ion channels and transmitter receptor expression are linked to excitotoxicity and
neurodegeneration. Over-excitation of neurons with high glutamate concentrations or prolonged
stimulation has toxic effects, which is known as excitotoxicity (Kandel et al., 2013). Excitotoxicity can
be caused by different factors, such as increased NMDA receptor activity or expression, causing
glutamatergic toxicity, increased neuronal excitability through ion channel regulation and the like (Jeub
et al., 2006). For instance, the downregulation of the K" concentration is linked to the dendritic
degeneration observed in SCA1 (Chopra et al., 2018). Furthermore, in ALS, an increased expression of
P/Q type calcium channels (Cav2.1) is linked to selective neurodegeneration (Miles et al., 2004). As
calcium metabolism and Cav channel expression are linked to the firing characteristics of neurons,
differential expression of calcium-binding proteins was also investigated for its role in neurodegeneration
(Fairless et al., 2019). However, calretinin and parvalbumin were shown to be not reliable markers of

selective vulnerability to neurodegeneration (Laslo et al., 2000; Fairless et al., 2019).

Differential firing patterns contribute to selective neuronal vulnerability. Selective vulnerability of
neurons to neurodegeneration is the phenomenon that a population of neurons shows differential
susceptibility to degeneration under comparable genetic or microenvironment conditions. The first
prominent example is the selective vulnerability of the dopaminergic neurons of substantia nigra pars
compacta in PD. Interestingly, surviving neurons were found to express increased NMDA receptor
subunit 1 (NMDARU1) levels, and displayed up to double their base bursting rates, which might contribute
to the selective vulnerability of these neurons (Roselli & Caroni, 2015). Another impactful discovery is
the finding that selective neurodegeneration of the motoneurons that innervate tongue muscles in ALS
is correlated to differential expression of Cav channels (Miles et al., 2004). In comparison to the ocular
motoneurons, these neurons display a 3.5-fold increase in P/Q type calcium currents (by Cav2.1), which
might also imply distinct firing patterns for the cause of selective neurodegeneration (Miles et al., 2004).
It must be noted that tonic and bursting firing patterns employ distinct Cav channel types (Roselli &
Caroni, 2015). In ALS, fast-fatigable motoneurons with high firing threshold and burst spiking are
particularly susceptible, which is linked to higher expression of calcium-activated SK channels, as also
seen in the dopaminergic neurons of substantia nigra pars compacta (Wolfart et al., 2001; Saxena &
Caroni, 2011). In contrast, slow motoneurons, which exhibit low recruitment thresholds and a tonic
firing, are less vulnerable as seen in mouse models of ALS (Pun et al., 2006; Saxena et al., 2013; Roselli

& Caroni, 2015).

Accumulation of proteins may contribute indirectly to neurodegeneration through their alteration of ion
channel expression. Protein aggregates or misfolded protein inclusions in neurodegenerative diseases is
a common phenomenon and has been traditionally thought to be responsible for disease progression and
physiological changes in brain tissue leading to neuronal toxicity and cell loss (Ross & Poirier, 2004).

These include tau protein, amyloid B, a-synuclein and prions. However, there is only a weak direct
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correlation between manifested severity of neurodegeneration and the number and density of plaques
and tangles (McLean ef al., 1999; Roselli & Caroni, 2015). Recently, evidence emerged implying that
the indirect effect of protein aggregates on ion channel regulation and excitotoxicity could be responsible
for neuronal dysfunction (Kourie & Henry, 2001). For instance, dipeptidyl peptidase 10 (DPP10), a
protein that facilitates Kv4 channel surface expression and neuronal excitability, is observed in
neurofibrillary tangles and plaques of AD and PSP (Chen et al., 2014). Likewise, amyloid B is shown to
be involved in Kv channel function, and its physiological role in controlling neuronal excitability could

be the underlying cause of neurodegeneration (Campolongo et al., 2013).

Aim of the Thesis

This thesis aims primarily to build a bridge between histochemistry and electrophysiology in neurons of
the oculomotor circuitry with known functions by demonstrating different ion channel and transmitter
profiles of functionally distinct populations at the motor and premotor levels. Histochemical
characterization of these neurons in macaque monkeys in terms of the transmitter or ion channel
expression will subsequently allow for the post-mortem investigation of clinical cases with oculomotor
symptoms in order to illuminate the biophysiological etiology and progression of oculomotor disorders.
In this endeavor, specific lines of questions were addressed in the published material in order to establish
this methodology as a valid tool for connecting biophysiological properties of the neurons in the

oculomotor system to histochemistry and mathematical models. These are:

1- Is it possible to demonstrate the fast-firing capabilities of various neuronal populations in the

oculomotor circuit with histochemical examination in terms of voltage-gated ion channels?

2-  Is it possible to address the conflicting electrophysiology and anatomy data in terms of functional
segregation views of MIF and SIF motoneurons with a histochemical identification of ion channel and

transmitter-related protein expression in these groups?

3- Is it possible to investigate the validity of hypotheses put forward by the mathematical models,

which are based on clinical data, with the immunohistochemical method?

4-  Is it possible to provide valuable data, in return, to the computational neuroscience field applicable
to the developed neuromimetic models of eye movement pathways in terms of intrinsic membrane

properties and transmitter content of interconnections in the oculomotor system?

5- Is it possible to identify ion channel and transmitter-related markers that can be further used to
delineate different firing characteristics (i.e. tonic, burst, burst/tonic, fast or slow) of populations or sub-

populations within the oculomotor circuitry?

In order to address these questions, particular emphasis was placed on the motoneurons of the abducens
and trochlear nuclei, premotor BNs of the RIMLF and PGD, OPNs and the Y-group neurons. Previously

established anatomical, histochemical and electrophysiological differences between MIF and SIF
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motoneurons were investigated by the immunolabeling of various ion channel and transmitter-related
proteins. These will include voltage-gated potassium channels for fast-firing capability, low-voltage
activated cation channels for post-inhibitory bursting capability, and finally excitatory and inhibitory
transmitter inputs and post-synaptic receptor expression for differences in connectivity and excitability.
Furthermore, the premotor neurons with distinct firing patterns were histochemically examined for the
aforementioned ion channel protein expression in order to detect the potential differences and test
hypotheses based on the mathematical models. Ultimately, this thesis aims to lay the groundwork in the
non-human primate brain for an eventual paradigm shift in the assessment of the etiology in saccadic
and other eye movement disorders. The post-mortem analysis of channelopathy in human as a cause for
saccadic disorders and neurodegenerative disorders with oculomotor symptoms, will not only allow for
the pharmacological intervention targeting the probable ion channel dysfunction, but also open a door

for more accurate modeling of complex motor systems.
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Abstract

Potassium (K ) channels are major contributors to fast and precise action potential generation.
The aim of this study was to establish the immunoreactivity profile of several potassium chan-
nels in omnipause neurons (OPNs), which play a central role in premotor saccadic circuitry. To
accomplish this, we histochemically examined monkey and human brainstem sections using
antibodies against the voltage gated K™-channels Ky1.1, Ky3.1b and K*-CI™ cotransporter
(KCC2). We found that OPNs of both species were positive for all three K*-antibodies and
that the staining patterns were similar for both species. In individual OPNs, Ky3.1b was
detected on the somatic membrane and proximal dendrites, while Ky 1.1 was mainly confined
to soma. Further, KCC2 immunoreactivity was strong in distal dendrites, but was weak in the
somatic membrane. Our findings allow the speculation that the alterations in K*-channel
expression in OPNs could be the underlying mechanism for several saccadic disorders through
neuronal and circuit-level malfunction.

Keywords

Saccade, Fast-firing neurons, Perineuronal nets, Immunohistochemistry, Ky1.1, Ky3.1b,
Potassium-chloride cotransporter, Monkey, Human
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Introduction

The generation and accurate execution of saccades relies on the timely interaction
of premotor burst neurons and omnipause neurons (OPNs) in the brainstem (Leigh
and Zee, 2015). During fixation and non-saccadic eye movements, OPNs prevent
burst neurons from firing via a continuous tonic inhibition with frequencies
approaching 200Hz (Gandhi and Keller, 1999). Conceivably, a malfunction of
the OPN firing pattern could result in saccadic disorders such as saccadic intru-
sions/oscillations (e.g., ocular flutter, opsoclonus) or saccadic slowing (Leigh
and Kennard, 2004). Although some histochemical properties of OPNs that may
contribute to the firing characteristics have been studied (Horn et al., 2003), not
much is known about their ion channel expression profiles. Investigation of ion
channels in OPNs would not only provide essential parameters of the saccadic
circuitry, but also would enable the investigation of possible mechanisms of
OPN failure that could contribute to saccadic intrusions/oscillations or slowing
(Shaikh et al., 2008).

Due to their central role in determining and maintaining membrane potentials
in highly active neurons (Johnston et al., 2010), it is reasonable to assume that
voltage-gated potassium channel subunits (Ky) contribute significantly to OPN
firing characteristics. Therefore, we provide here Ky1.1, Ky3.1b and K*-Cl~ cotran-
sporter (KCC2) expression profiles of OPNs in monkey and human tissue specimen.

Methods

Five monkey brainstems (three Macaca nemestrina, obtained from Washington
National Primate Research Center, two Macaca mulatta sections from previous
studies—all fixed with 4% paraformaldehyde), and four post mortem human cases
(fixed in 10% formaline) with no prior oculomotor symptoms obtained from the
Reference Center for Neurodegenerative Disorders of the LMU were examined.
Free-floating monkey brainstem sections were processed for the simultaneous
immunofluorescence detection of one K* channel together with either SMI-32, a
non-phosphorylated neurofilament (NP-NF) marker, or perineuronal net (PNN)
marker hyaluronan and proteoglycan link protein 1 (HAPLN1), or with y-aminobu-
tyric acid (GABA)-A receptor (GABA4R). Sections were subsequently visualized
with a laser-scanning confocal microscope (Leica SP5, Mannheim, Germany) as
described previously (May et al., 2016). Paraffin sections from human and monkey
brainstems were processed for the detection of one K* channel together with either
SMI-32 or PNN marker aggrecan (ACAN) using an immunoperoxidase protocol
(see Table 1). The specificity of antibodies was validated by antibody-antigen
preabsorption tests (data not shown). Since K* channels have been extensively



Table 1 Overview of the antibodies used in this study.

Antibody
antigen

Ky1.1

Kv3.1b
KCC2
SMI-32
(NP-NF)
ACAN

HAPLN1

Dilution IF
1:250

1:2000

1:500

1:2500

1:100

Dilution
IHC

1:500
(human)
1:750
(monkey)
1:6000
1:4000
1:2500
1:75

1:400

Immunogen

AA residues 416-495 of
mouse KCNAT1

Residues 567-585 of
rat Ky3.1b, KCNC1
Residues 932-1043 of
rat KCC2
Neurofilament heavy
polypeptide, 200kDa
Purified human articular
cartilage aggrecan
Residues 16-354 of
human HAPLN1
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Antibody details

Alomone APC-009
rabbit polyclonal

Alomone APC-014
rabbit polyclonal
Millipore 07-432
rabbit polyclonal
Sternberger 801701
mouse monoclonal
Acris SM1353 mouse
monoclonal

R&D AF2608 goat
polyclonal

IF: immunofiuorescence, IHC: immunohistochemistry; NP-NF: non-phosphorylated neurofilaments;
ACAN: aggrecan; HAPLN1: hyaluronan and proteoglycan link protein 1.

studied in the auditory nuclei, the medial superior olive (MSO) in the same sections
served as the internal positive control for both species (Johnston et al., 2010;
Mathews et al., 2010).

Results

In monkey and human, OPNs were identified at the level of the traversing fibers of
the abducens nerve by either SMI-32 or PNN immunostaining, which outlines their
characteristic morphology (Figs. 1A and 2A,F) (Horn et al., 2003). The MSO was
located ventrolateral to the OPNs in the same sections (Fig. 1B).

Kyl1.1: OPNs showed positive Ky 1.1 immunoreactivity in both monkey and
human (Figs. 1A and 2A-D). Notably, Ky 1.1 labeling in the OPNs was confined
to the soma in both species, while Ky/1.1 immunoreactivity in MSO neurons
extended to somatic and dendritic membranes (Figs. 2E and 3D).

Ky3.1b: OPNs exhibited strong Ky3.1b immunoreactivity in both species
(Figs. 2F-I and 3B). Confocal microscopy revealed that Ky3.1b expression was
primarily present in the cell membrane of soma and proximal dendrites and
moderately in the cytoplasm (Figs. 2G—I and 3B). A similar pattern of Ky3.1b
immunoreactivity was found in MSO neurons of both species (Figs. 2J and 3E).
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Overview of OPNs located within raphe interpositus (RIP) (A), between traversing fibers of the
abducens nerve (NVI) and medial superior olive (MSO, B) found ventrolateral to the OPNs on
the same frontal section of a monkey pontine brainstem. Scale bars =200 um.

__K’ channel

FIG. 2

K* channels in monkey OPNs: Ky1.1 labeling in OPNs identified by either SMI-32 (A, C) or
HAPLN1 immunostaining (F, H) was confined to the somatic cytoplasm (A-D), while K\3.1b
was primarily found in the cell membrane of the soma and proximal dendrites (F-H).

MSO neurons within the same section showed strong somatic and dendritic immunoreactivity
for Kyl.1 and K\3.1b (E, J). KCC2 immunoreactivity was weak in the somatic membranes
(L, N), but strong in the dendrites of OPNs (L, N, arrow) similar to that of MSO neurons
(0). A strong co-expression of GABAx-Receptor immunoreactivity was present in OPNs (K).
Scale bars=30pm.




4 Discussion
Kv1.1/ACAN ~ Kv3.1b/ACAN KCC2/SMI-32
K :,:,-z 7‘;1§ NTg z %.‘. T ._»x - \7

%

FIG. 3

K* channels in human OPNs: Immunostaining for Ky1.1 and Ky3.1b (A-B) in human OPNs
that were outlined by ACAN (aggrecan, brown) were similar to those of monkey OPNs.
Comparable to KCC2 expression in monkey OPNS, KCC2 immunoreactivity was stronger in
dendrites (C, arrow) than somatic membrane. MSO neurons on the same sections as the
Kvl.1, Ky3.1b and KCC2 stainings are shown in their respective columns (D-F). Scale
bars=30pum.

KCC2: Strong KCC2 immunoreactivity was present in the dendrites of OPNs,
whereas in their somatic membranes the signal was weak (Figs. 2K-N and 3C).
The KCC2 positive OPNs co-expressed GABA 4R immunoreactivity

(Fig. 2K—-M). KCC2 staining patterns of the OPNs were similar to that of MSO
neurons, but the latter expressed less overall immunoreactivity (Figs. 20 and 3F).

4 Discussion

This study demonstrates by specific immunohistochemical staining that saccadic
OPNs in monkey and human express the potassium channels Ky 1.1, Ky3.1b and
KCC2. Expression of Ky1 and K3 subunits in particular, suggests a direct contri-
bution to the fast and precise firing properties of OPNs, as previously demonstrated
in auditory brainstem circuitry (Johnston et al., 2010; Mathews et al., 2010). For
instance, Ky 1 subunits are known to raise the action potential firing threshold and
to reduce the time constant by opening with only small perturbations (Johnston
et al., 2010). Ky 3 subunits, on the other hand, facilitate high firing rates by opening
only at high membrane potentials, and short refractory periods by their fast closure
kinetics (Kaczmarek and Zhang, 2017). Specifically, Ky3.1b expression is often
found in neurons with fast-firing properties that contain the calcium-binding protein
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parvalbumin, and that are ensheathed by PNNs (Hartig et al., 1999) as seen in OPNs
(Horn et al., 2003). Further, KCC2 maintains chloride homeostasis in neurons and
determines the polarity and efficacy of GABAAR and glycine receptors (Chamma
et al., 2012). As GABAergic and glycinergic input to the OPNs had been already
found (Horn et al., 1994), the co-expression of KCC2 and GABAAR in OPNs in
the present study is in line with the functional implications of the transporter
(Fig. 2K-M) (Chamma et al., 2012).

These findings on OPNs have clinical implications as irregularities in all of the
tested potassium channels result in disorders related to neuronal excitability
(Kaczmarek and Zhang, 2017; Shieh et al., 2000; Vinay and Jean-Xavier, 2008).
Such a failure of a key cell group in the saccadic circuitry could manifest itself
as saccadic flutter/oscillations, as suggested by Shaikh et al. (2008). Therefore,
investigation of potassium channel expression in OPNs (or other functional groups
of the saccadic circuitry) in such saccadic disorders as found in autoantibody-
mediated autoimmune disorders, paraneoplastic syndromes and brainstem encepha-
litis (Torres-Vega et al., 2016; Tiziin et al., 2010) would provide valuable insight
into their pathophysiology.
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Abstract

Extraocular motoneurons initiate dynamically different eye movements, including saccades, smooth pursuit and vestibulo-
ocular reflexes. These motoneurons subdivide into two main types based on the structure of the neuro-muscular interface:
motoneurons of singly-innervated (SIF), and motoneurons of multiply-innervated muscle fibers (MIF). SIF motoneurons are
thought to provoke strong and brief/fast muscle contractions, whereas MIF motoneurons initiate prolonged, slow contractions.
While relevant for adequate functionality, transmitter and ion channel profiles associated with the morpho-physiological
differences between these motoneuron types, have not been elucidated so far. This prompted us to investigate the expression
of voltage-gated potassium, sodium and calcium ion channels (Kv1.1, Kv3.1b, Navl.6, Cav3.1-3.3, KCC2), the transmitter
profiles of their presynaptic terminals (vGlutl and 2, GIyT2 and GAD) and transmitter receptors (GIuR2/3, NMDARI, GlyRl«a)
using immunohistochemical analyses of abducens and trochlear motoneurons and of abducens internuclear neurons (INTs) in
macaque monkeys. The main findings were: (1) MIF and SIF motoneurons express unique voltage-gated ion channel profiles,
respectively, likely accounting for differences in intrinsic membrane properties. (2) Presynaptic glutamatergic synapses utilize
vGlut2, but not vGlutl. (3) Trochlear motoneurons receive GABAergic inputs, abducens neurons receive both GABAergic
and glycinergic inputs. (4) Synaptic densities differ between MIF and SIF motoneurons, with MIF motoneurons receiving
fewer terminals. (5) Glutamatergic receptor subtypes differ between MIF and SIF motoneurons. While NMDARI is intensely
expressed in INTs, MIF motoneurons lack this receptor subtype entirely. The obtained cell-type-specific transmitter and
conductance profiles illuminate the structural substrates responsible for differential contributions of neurons in the abducens
and trochlear nuclei to eye movements.

Keywords Voltage-gated potassium channels - Low-voltage activated calcium channels - Glutamate - GABA - Glycine -
Extraocular motoneurons - Internuclear neurons
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muscle fibers can be grouped into one of two main catego-
ries according to their innervation patterns: Fast-contract-
ing, fatigable twitch type muscle fibers are innervated by
a single en plaque ending near the middle of the muscle
belly (SIF), whereas slow-contracting, non-fatigable non-
twitch type muscle fibers are synaptically contacted along
the entire length of the fiber by multiple en grappe nerve
endings (MIF). In addition, MIFs are also associated with
another type of nerve terminal, the palisade endings, which
are located at the proximal and distal myotendinous junc-
tions. Whether these unique eye muscle specializations have
a sensory or motor function is still being debated (Lien-
bacher and Horn 2012; Zimmermann et al. 2013).

Eye movements result from coordinated contractions of
largely synergistic extraocular muscles through task-specific
cooperation by MIFs and SIFs. For horizontal eye move-
ments, lateral rectus muscles are activated by motoneurons
in the ipsilateral abducens nucleus (nVI), located in the
hindbrain pontine tegmentum; and for vertical and torsional
eye movements, by motoneurons in the oculomotor (nlIII)
and trochlear (nI'V) nuclei located in the mesencephalon and
rostral hindbrain, respectively (Horn and Straka 2021). The
abducens nucleus as an entity consists of four distinct neu-
ronal subtypes: cholinergic motoneurons targeting (1) sin-
gly- (SIF) and (2) multiply-innervated (MIF) lateral rectus
muscle fibers, (3) glutamatergic internuclear neurons (INT)
and (3) paramedian tract neurons (PMT) (Horn et al. 2018;
Nguyen and Spencer 1999). While MIF and SIF motoneu-
rons collectively elicit eye muscle contraction, INTs pro-
vide the concomitant activation of synergistic medial rectus
motoneurons in the contralateral nllI for the generation of
conjugate eye movements in the horizontal plane (Biittner-
Ennever and Akert 1981). Lastly, PMT neurons presumably
send an efference copy of premotor commands to the cer-
ebellar floccular region (Biittner-Ennever 1992; Horn et al.
2018).

The trochlear nucleus, which innervates the contralateral
superior oblique muscle, forms one of the final motor ele-
ments of the vertical/oblique eye movement circuitry and
mainly contains MIF and SIF motoneurons, with only a few
internuclear neurons (Ugolini et al. 2006). The two distinct
MIF and SIF motoneuronal populations in the abducens and
trochlear nuclei were initially demonstrated by tract-tracing
from distinct muscle target sites (Biittner-Ennever et al.
2001). In both nuclei, SIF and MIF motoneurons can be
retrogradely labeled by tracer injections into the belly of the
lateral rectus or superior oblique muscle (Biittner-Ennever
et al. 2001; Ugolini et al. 2006). On the other hand, MIF
motoneurons can be labeled selectively by tracer injections
into the myotendinous junctions of both muscles, which
exclusively contain en grappe endings (Biittner-Ennever
et al. 2001; Ugolini et al. 2006). MIF motoneurons are small
or medium-sized neurons clustered in a dorsal cap of the

@ Springer

trochlear nucleus. In the abducens nucleus, MIF motoneu-
rons, which form up to 20% of the entire motoneuronal pop-
ulation, are more distributed and accumulate at the medial,
dorsal and ventral borders (Eberhorn et al. 2005; Horn et al.
2018; Hernandez et al. 2019).

Histochemical and functional segregation of SIF
and MIF motoneurons

MIF and SIF motoneurons in the abducens nucleus form
distinct functional subgroups based on differential origins
of premotor inputs (Ugolini et al. 2006). Rabies virus injec-
tion into the belly of the lateral rectus muscle results in ret-
rograde transneuronal labeling of all premotor cell groups,
such as the nucleus prepositus hypoglossi, premotor burst
neurons in the paramedian pontine reticular formation
(PPRF) and dorsal paragigantocellular nucleus; injection
into the myotendinous junction results in transneuronal
labeling of premotor neurons involved in gaze-holding and
smooth pursuit, but fails to outline other premotor neurons,
such as saccade-related burst neurons in the PPRF (Ugolini
et al. 2006). This suggests that SIF motoneurons are more
involved in targeted eye movements, whereas MIF moto-
neurons are more suitable to stabilize the eyes around the
primary position during fixation of a target (Biittner-Ennever
et al. 2001; Dean 1996).

Combined tract-tracing and histochemical studies in mon-
key have outlined major histochemical differences between
MIF and SIF motoneurons, which also served to identify
homologous neuronal groups in humans (Horn et al. 2008,
2018). Cholinergic SIF motoneurons of all extraocular motor
nuclei are ensheathed by a condensed extracellular matrix,
called perineuronal nets (PN) and express the calcium-bind-
ing protein parvalbumin (PAV), while MIF motoneurons
lack both features (Biittner-Ennever 2006; Eberhorn et al.
2005, 2006; Horn et al. 2008). PN, together with the expres-
sion of PAYV, are markers for fast-spiking neurons with high
metabolic demands (Hartig et al. 1999; Kodama et al. 2020).
In this regard, SIF motoneurons and abducens INTs share
similar histochemical profiles (Horn et al. 2018). In addition,
an electron microscopic study of medial rectus motoneu-
rons demonstrated a differential density of various types of
synaptic contacts on MIF versus SIF motoneurons (Erich-
sen et al. 2014). The rather tonic firing properties of MIF
motoneurons, as demonstrated in frogs, support the idea that
MIF motoneurons are particularly suitable for slow changes
and tonic maintenance of eye position (Dieringer and Precht
1986; Eberhorn et al. 2005).

At variance with a task-separation of SIF and MIF moto-
neurons, a number of studies in different species have chal-
lenged such a functional segregation. For instance, vestibulo-
ocular responses of abducens motoneurons in larval Xenopus
laevis demonstrated that motoneurons are not segregated
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into two clearly distinct groups in terms of firing charac-
teristics; instead, these neurons rather form a continuum
with respect to firing rate and activation threshold (Dietrich
et al. 2017). Potentially, these motoneuron populations may
also form a gradient with respect to specific glutamatergic
receptor subtypes (i.e., NMDA or AMPA) mediating ves-
tibular excitatory inputs (Dietrich et al. 2017). In addition,
four different motoneuronal types were identified in the rat
oculomotor nucleus with respect to discharge characteristics
in vitro, where, however, none of the subgroups corresponds
to anatomically identified MIF motoneurons (Nieto-Gonza-
les et al. 2007). A distinct, task-specific separation has also
been challenged based on recordings in alert cats, where
both SIF and MIF motoneurons were recruited regardless
of the eye movement type. In addition, both types contrib-
ute with a burst/tonic discharge pattern to all eye movement
behaviors (Hernandez et al. 2019). However, MIF motoneu-
rons exhibit lower discharge thresholds, lower eye movement
sensitivities and overall reduced firing rate levels (Hernan-
dez et al. 2019). Collectively, these results suggest that the
duality of MIF and SIF motoneurons based on the structure
of the neuro-muscular interface is likely too simplistic, and
thus requires further fine-tuning according to presynaptic
transmitter profile, postsynaptic receptor identity and ion
channel composition.

Aim of the study

The apparent discrepancy between electrophysiological
and anatomical/histochemical findings in regard to MIF
and SIF motoneurons prompted us to investigate potential
histochemical differences between the two types by ana-
lyzing molecular characteristics known to define intrinsic

membrane and/or synaptic properties. Therefore, this study
aims at investigating differences in excitatory and inhibi-
tory synaptic inputs, transmitter receptors and voltage-gated
ion channels using the previously established histochemical
identification scheme of classifying neurons in the abducens
and trochlear nuclei.

Materials and methods
Brain tissue

Brainstem sections of one new macaque (Case M1) and
five previously described macaque monkeys (Cases M2-6)
were used in this study (Ahlfeld et al. 2011; Lienbacher et al.
2011; Table 1). Frozen sections from three cases (M1-3) and
paraffin sections from three other cases (M4-6) were used.
All animals had been similarly fixed by transcardial perfu-
sion with 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB; pH 7.4).

The Macaca mulatta specimen (M1) received an injection
with the tract-tracer wheatgerm agglutinin (WGA; 10 pL
5%; EY Laboratories) into the myotendinous junction of
the lateral rectus muscle of one eye to retrogradely label
MIF motoneurons. After three days of survival, the animal
was sacrificed with an overdose of pentobarbital (90 mg/kg
body weight) and transcardially perfused with 0.9% saline
followed by 2-3 L of 4% PFA in 0.1 M PB (pH 7.4). The
extracted brainstem of this specimen, as well as two addi-
tional Macaca nemestrina specimens (M2 and M3), were
similarly prepared for sectioning on a freezing microtome by
immersion in increasing concentrations of 10-30% sucrose
dissolved in 0.1 M PB solution. Frozen brainstems were cut

Table 1 Summary of experimental protocols, histological procedures and immunohistochemical details for tissue obtained from six macaque

monkeys (cases M1-M6)

Case Injection Section Type Fluorescence Immunohistochemistry
WGA; 10ul WGA, ACAN, Kvl.1, e B
WGA, ACAN
M1 50, Frozen (40pm) Kv3.1ib VGA, ACA
ACAN, ChAT, Kvl.1,
M2 - Frozen (40um) Kv3.1b
ACAN, ChAT, Kvl.1,
M3 - Frozen (40pum) Kv3. b -
ACAN, ChAT, Kvi.1, Kv3.1b, vGlutl, vGlut2, SMI-32,
M4 ) Paraffin - (Sum/10 wm) ; GWR2/3, NMDAR], CR, GIVT2, GAD , GlyRla, KCC2, PAV
ACAN, Ch AT, Kvl.d, Kv3.1b, Navl.6, vGlutl, vGlut2, 5///-
M5 . Paraffin (5um) . 32, GluR2/3, NMDARI1, CR, GlyT2, GAD, G/yR /o, KCC2,
PAV, Cav3.1, Cav3.2, Cav3.3
ACAN, ChAT, Kv/.1, Kv3.1b, vGlutl, vGlut2, SMI-32,
) Paraffi ) , , : , ,
M6 araffin (7um) GluR2/3, NMDARL, CR, GIy72, GAD , GlyR1a, KCC2, PAV

Antibodies in gray italics denote histochemical tests that were not illustrated in the figures. Antibodies in bold denote IHC labeling shown in the
figures. Colors of antibodies match the visualized chromogen of a particular antibody staining

IF immunofluorescence; /HC immunohistochemistry (peroxidase)
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with a Leica cryostat at 40 pm thickness in the transverse
plane, and used for immunofluorescence staining.

Brainstems from three additional Macaca mulatta cases
from previous projects, which were embedded in paraffin,
were also included in the analysis (Zeeh et al. 2020). Thin
serial sections (5 um (M4, M5), 7 um (M6), 10 um (M4))
were cut and immunostained after deparaffination, rehydra-
tion and antigen retrieval protocols. In brief, antigen retrieval
was accomplished by rinsing the rehydrated sections in dis-
tilled water and reacting in 0.01 M sodium citrate buffer
(pH 6.0) at 1160 W power in a microwave (AEG, Micromat)
three times for 3 min, each. After cooling to room tempera-
ture, sections were transferred to a Tris buffered saline (TBS;
pH 7.4) for subsequent immunoperoxidase-based staining.

All experimental procedures conformed to the State and
University Regulations on Laboratory Animal Care, includ-
ing the Principles of Laboratory Animal Care (NIH Publica-
tion 85-23, Revised 1985), and were approved by the Animal
Care Officers and Institutional Animal Care and Use Com-
mittees at the University of Washington, where all surgical
interventions were made.

Antisera
Choline acetyltransferase (ChAT)

Cholinergic motoneurons were detected with an affin-
ity-purified polyclonal goat anti-ChAT antibody (Cat #:
AB144P; RRID: AB_2079751; Chemicon, Temecula, CA,
USA) directed against the whole enzyme isolated from the
human placenta, which is identical to the enzyme expressed
in the brain (Bruce et al. 1985). This antibody recognizes
a 68-70 kDa protein. The appearance and distribution of
ChAT-immunopositive neurons identified with this antibody
in the present study comply with the respective results of
previous studies (Eberhorn et al. 2005; Horn et al. 2018).
A 1:75 dilution was used for the immunoperoxidase-based
method and a 1:25 dilution for the immunofluorescence-
based detection.

Wheat germ agglutinin (WGA)

The tracer wheat germ agglutinin (WGA; EY Labs, San
Mateo, CA, USA) was detected with a polyclonal goat anti-
body (Cat #: SM1353AS-2024; RRID: AB_2315611; Vec-
tor, Burlingame, CA, USA). A 1:5000 dilution was used for
the immunofluorescence-based detection.

Aggrecan (ACAN)
Perineuronal nets were detected with the monoclonal

mouse anti-aggrecan antibody (Cat #: SM1353; RRID:
AB_972582; Acris Antibodies GmbH, Herford, Germany),
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which was developed to identify human aggrecan protein, a
proteoglycan component of the cartilage matrix. A 1:75 dilu-
tion was used for the immunoperoxidase-based method and
a 1:25 dilution for the immunofluorescence-based detection.

Voltage-gated potassium channel subunits Kv1.1
and Kv3.1b

The voltage-gated potassium channel subfamily A member
1 (KCNA1) subunit was detected with a polyclonal rabbit
antibody (Cat #: APC-009; RRID: AB_2040144; Alomone
Labs, Jerusalem, ISRAEL). This antibody recognizes the
intracellular Kv1.1 C-Terminus epitope, corresponding to
amino acid residues 416-495 of the mouse (Mus musculus)
Kvl1.1 protein. In this study, a 1:750 dilution was used for
the immunoperoxidase-based method and a 1:250 dilution
for the immunofluorescence-based detection.

The antibody against Kv3.1b amino acid residues
567-585, corresponding to the C-terminus of the volt-
age-gated potassium channel subunit KCNC1 (RRID:
AB_2040166) was raised in rabbit (Weiser et al. 1995). In
this study, a 1:6000 dilution was used for the immunoper-
oxidase-based method and a 1:2000 dilution for the immu-
nofluorescence-based method.

Voltage-gated sodium channel subunit Nav1.6

The voltage-gated sodium channel type VIII alpha subunit
(SCNAS) was detected with a polyclonal rabbit antibody
(Cat #: ASC-009; RRID: AB_2040202; Alomone Labs,
Jerusalem, ISRAEL). This antibody recognizes amino acid
residues 1042-1061 of the rat Nav1.6 peptide. In this study,
a 1:500 dilution was used.

Low-voltage activated calcium channel subunits (Cav3.1,
Cav3.2, Cav3.3)

Voltage-dependent T-type calcium channel subunits Cav3.1
(CACNAIG, alG; Cat #: ACC-021; RRID: AB_2039779),
Cav3.2 (CACNAI1H, «alH; Cat #: ACC-025; RRID:
AB_2039781) and Cav3.3 (CACNALII olH; Cat #: ACC-
009; RRID: AB_2039783) were detected with polyclonal
rabbit antibodies from (Alomone Labs, Jerusalem, ISRAEL).
The Cav3.1 antibody recognizes intracellular amino acid
residues 1-22 of the rat CACNAI1G at the N-terminus. The
Cav3.2 antibody recognizes amino acid residues 581-595 of
the rat CACNA1H at the intracellular loop between domains
D1 and D2. The Cav3.3 antibody recognizes amino acid
residues 1053-1067 of the rat Cav3.3 between the intracel-
lular domains IT and III. In this study, a 1:1000 dilution was
used for all three antibodies.
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AMPA receptor GluR2/3

Glutamate receptors (GluR) 2 and 3 were detected with
a polyclonal rabbit antibody (Cat #: AB1506; RRID:
AB_90710; Chemicon, Temecula, CA, USA), which recog-
nizes the C-terminus (EGYNVYGIESVKI) of the rat GluR2
peptide, which is nearly identical with the C-terminus of
GluR3. Here, a 1:500 dilution was used.

NMDA receptor 1

The NMDA receptor 1 (N-methyl-p-aspartate receptor chan-
nel, subunit zeta-1) was detected with a monoclonal mouse
antibody (Cat #: MAB363; RRID: AB_94946; Chemicon,
Temecula, CA, USA), which recognizes amino acid residues
660-811 located in the extracellular loop between trans-
membrane regions III and IV of the NMDARI. In this study,
a 1:1000 dilution was used.

Glutamate decarboxylase (GAD65/67) and glycine
transporter 2 (GlyT2)

GABAergic synaptic terminals were detected by a polyclonal
rabbit anti-glutamate decarboxylase 65 and 67 (GAD65/67)
antibody (Cat #: AB1511; RRID; AB_90715; Chemicon,
Temecula, CA, USA), which recognizes C-terminus resi-
dues 572-585. GADG65 is membrane-anchored (585 a.a.)
and is responsible for vesicular GABA production, whereas
GADG67 is located in the cytoplasm (594 a.a.) and is respon-
sible for a significant cytoplasmic GABA production. A
1:2000 dilution was used.

Glycinergic synaptic terminals were detected by a poly-
clonal sheep antibody (Cat #: AB1771; RRID: AB_90945;
Chemicon, Temecula, CA, USA), which recognizes a syn-
thetic peptide from the C-terminus of the glycine transporter
2 as predicted from the cloned rat GlyT2. A 1:5000 dilution
was used.

Glycine receptor 1a

Glycine receptor la was detected by a monoclonal
(clone mAb4a) mouse antibody (Cat #: 146 011; RRID:
AB_887722; Synaptic Systems, Gottingen, Germany),
which recognizes amino acid residues 96—105 from the rat
glycine receptor al. A 1:300 dilution was used.

K*/CI~ cotransporter (KCC2)

The potassium chloride symporter 2 (KCC2) was detected
by a polyclonal rabbit antibody (Cat #: 07-432; RRID:
AB_310611; Chemicon, Temecula, CA, USA), which rec-
ognizes amino acid residues 932-1043 of the rat KCC2 at
the N-terminus. A 1:4000 dilution was used.

Calretinin (CR) and parvalbumin (PAV)

The calcium-binding protein calretinin (CR) was detected
with a polyclonal rabbit antibody (Cat #: 7699/3H; RRID:
AB_10000321; Swant, Marly, Fribourg, Switzerland)
as described previously (Fairless et al. 2019). The cal-
cium-binding protein parvalbumin (PAV) was detected
with a monoclonal mouse antibody (Cat #: 235; RRID:
AB_10000343; Swant, Marly, Fribourg, Switzerland). In
this study, a 1:2500 dilution was used for both antibodies.

Vesicular glutamate transporters (vGlut1 and vGlut2)

The vesicular glutamate transporter 1 (vGlutl/ SLC17A7)
was detected with a polyclonal rabbit antibody (Cat #: 135
303; RRID: AB_887875; Synaptic Systems, Gottingen,
Germany). The vesicular glutamate transporter 2 (vGlut2/
SLC17A6) was detected with a monoclonal mouse antibody
(Cat #: MAB5504; RRID: AB_2187552; Chemicon, Temec-
ula, CA, USA). Both, vGlutl and vGlut2 mediate the uptake
of glutamate into synaptic vesicles at the presynaptic nerve
terminals of excitatory neurons, and usually show comple-
mentary expression patterns (Fremeau et al. 2004). In this
study, a 1:3000 dilution for vGlutl and a 1:4000 dilution for
vGlut2 were used.

The specificities of all antibodies were validated with the
first antibody omission control and pre-absorption control
tests.

Staining methods

Combined immunofluorescence labeling of tracer-stained
motoneurons

Transverse sections through the pontomedullary junction
were processed for different combinations of immunofluo-
rescence staining. For simultaneous detection of WGA and
PN, floating sections of case M1 were incubated in 5%
normal donkey serum in 0.1 M Tris-buffered saline (TBS;
pH 7.4), containing 0.3% Triton X-100 (NDS-TBS-T) for
1 h at room temperature. Subsequently, the sections were
processed with a mixture of mouse anti-ACAN (1:25), goat
anti-WGA (1:250) and optionally one of the voltage-gated
potassium channel markers (rabbit anti-Kv1.1, 1:250 or rab-
bit anti-Kv3.1b, 1:2000) in NDS-TBS-T for 48 h at 4 °C.
After washing three times in 0.1 M TBS, the sections were
treated with a mixture of Cy3-conjugated donkey anti-rabbit
IgG (1:200; Dianova), Alexa Fluor 488-tagged donkey anti-
mouse [gG (1:200; Molecular Probes, Eugene, OR, USA)
and DyLight 512 tagged donkey anti-goat IgG (1:100,
Dianova) for 2 h at room temperature. After a short rinse in
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distilled water, sections were dried and coverslipped with
DPX mounting medium (Gel/Mount; Biomeda, San Fran-
cisco, CA, USA) and stored in darkness at 4 °C.

Single and double immunoperoxidase stainings
of consecutive paraffin sections

For single immunoperoxidase staining, paraffin-embed-
ded brainstem sections of cases M4, M5 and M6 were
washed in 0.1 M TBS (pH 7.4) and treated with 1%

H,0, in TBS for 30 min to block endogenous peroxi-
dase activity subsequent to deparaffination, rehydration
and antigen retrieval protocols. Sections were then pro-
cessed with a primary antibody of choice (see Methods,
Table 2) in 0.1 M TBS (pH 7.4), containing 0.3% Triton
X-100 (NDS-TBS-T) in humid chambers for 48 h at 4 °C.
Subsequent to primary antibody incubation, all markers
were visualized by the binding of biotinylated secondary
antibodies (1:200; Vector Lab) followed by extravidin-
peroxidase (1:1000; Sigma) and diaminobenzidine (DAB)

Table 2 Summary of primary antibodies and dilutions for the immunolabeling

Antibody Host Antigen Manufacturer Antibody registry number Dilution
(RRID)
WGA Goat/polyclonal Wheat germ agglutinin EY Labs, San Mateo,CA, AB_2315611 1:250 (IF)
USA
ACAN Mouse/monoclonal Aggrecan Acris Antibodies GmbH, AB_972582 1:25 (IF), 1:75 (IHC)
32052 Herford, Ger-
many
ChAT Goat/polyclonal Choline acetyltransferase ~ Chemicon, Temecula, CA, AB_2079751 1:25 (IF), 1:50 IHC)
USA
Kvl.1 Rabbit/polyclonal ~ Voltage-gated potassium  Alomone Labs Jerusalem AB_2040144 1:250 (IF), 1:750 (IHC)
channel 1.1 BioPark (JBP)
Kv3.1b Rabbit/polyclonal  Voltage-gated potassium  (Weiser, Bueno et al. Hirtig (AB_2040166) 1:2000 (IF), 1:6000 (IHC)
channel 3.1b 1995)
Navl.6 Rabbit/polyclonal ~ Voltage-gated sodium Alomone Labs Jerusalem AB_2040202 1:500 (IHC)
channel 1.6 BioPark (JBP)
vGlutl Rabbit/polyclonal ~ Vesicular glutamate trans- Synaptic Systems, Got- AB_887875 1:3000 (IHC)
porter 1 tingen, Germany
vGlut2 Mouse/monoclonal Vesicular glutamate trans- Chemicon, Temecula, CA, AB_2187552 1:4000 (IHC)
porter 2 USA
SMI-32 Mouse/monoclonal Nonphosphorylated neu- ~ SM1353, Acris Antibod- AB_2715852 1:2500 (IHC)
rofilament marker H ies
GluR2/3  Rabbit/polyclonal ~ Glutamate (AMPA) recep- Chemicon, Temecula, CA, AB_90710 1:500 (IHC)
tor 2/3 USA
NMDAR1 Mouse/monoclonal (NMDA) receptor 1 Chemicon, Temecula, CA, AB_94946 1:1000 (IHC)
USA
CR Rabbit/polyclonal ~ Calretinin Swant, Marly, Fribourg, AB_10000321 1:2500 (IHC)
Switzerland
GlyT2 Sheep/polyclonal  Glycine transporter 2 Chemicon, Temecula, CA, AB_90945 1:5000 (IHC)
USA
GAD Rabbit/polyclonal ~ Glutamate decarboxylase = Chemicon, Temecula, CA, AB_90715 1:2000 (IHC)
65 and 67 USA
GlyR1a Mouse/monoclonal Glycine receptor la Synaptic Systems, Got- AB_887722 1:300 (IHC)
tingen, Germany
KCC2 Rabbit/polyclonal ~ Potassium-chloride Chemicon, Temecula, CA, AB_310611 1:4000 (IHC)
cotransporter 2 USA
Cav3.1 Rabbit/polyclonal  T-type voltage-gated Alomone Labs Jerusalem AB_2039779 1:1000 (IHC)
calcium channel 3.1 BioPark (JBP)
Cav3.2 Rabbit/polyclonal  T-type voltage-gated Alomone Labs Jerusalem AB_2039781 1:1000 (IHC)
calcium channel 3.2 BioPark (JBP)
Cav3.3 Rabbit/polyclonal  T-type voltage-gated Alomone Labs Jerusalem AB_2039783 1:1000 (IHC)
calcium channel 3.3 BioPark (JBP)
PAV Mouse/monoclonal Parvalbumin Swant, Marly, Fribourg, AB_10000343 1:2500 (IHC)
Switzerland
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as a chromogen to yield a brown colored, or DAB-Nickel
as chromogen to yield a black colored precipitate.

Series of paraffin sections from cases M4, M5 and M6
were processed for concomitant detection of ChAT-immu-
nopositive motoneurons and ACAN-containing PNs as
described previously (Horn et al. 2018). Combined detec-
tion of two primary antibodies was carried out similarly
to the single staining in a sequential manner, where the
first antigen was detected by the reaction with DAB-Ni
yielding a black precipitate. Subsequently, sections were
treated with 1% H,O, in TBS for 30 min as the first step
of the second round of staining with the same serum. In
these cases, the second antigen was detected with a sim-
ple DAB reaction protocol yielding a brown precipitate.

For preservation and scanning, sections were exten-
sively washed with TBS (pH 7.4), briefly rinsed in dis-
tilled water, air-dried and cover-slipped with DPX mount-
ing medium (Sigma-Aldrich, Steinheim, Germany).

Analysis of stained sections

Sections containing fluorescent labeling were examined
with a Leica microscope DMRB (Bensheim, Germany)
equipped with appropriate filters for red fluorescent
Cy3 (N2.1), green fluorescent Alexa 488 (I3), or blue
fluorescence imaging capability. Images from selected
preparations were captured with a laser-scanning confocal
microscope (Leica SP5, Mannheim, Germany) at 10X or
63x magnification. Triple imaging for Dylight, Alexa
488 and Cy3 fluorophores were sequentially performed
at 405, 488 or 543 nm excitation wavelength, respectively.
Z-stack series were collected every 0.5 pm (at 63X) or
2 pm (at 10x) for each section. Image stacks were pro-
cessed with Fiji/Imagel software (https://imagej.net/Fiji,
SCR_003070). Contrast and brightness of the final com-
posite images were adjusted to reflect the appearance of
the labeling, as seen through the microscope using Fiji
software.

Brightfield images of paraffin-embedded sections were
captured either with a digital camera (Microfire; Optron-
ics, USA) using PictureFrame 2.2 software (Optron-
ics, USA) or with a slide scanner (Mirax MIDI, Zeiss),
equipped with a Plan-Apochromat objective (Zeiss, 20X).
The digitized images were viewed and captured with the
free software Panoramic Viewer (3DHistech; 1.152.3) and
Case Viewer (3DHistech; v2.2). Corresponding detailed
views of equally arranged and magnified images of adja-
cent sections were analyzed on the computer screen. The
same neurons were identified by their location with the
help of anatomical landmarks, such as blood vessels.

Quantification of immunopositive puncta
and statistical analysis

For quantification, images were captured with a slide scan-
ner (Mirax MIDI, Zeiss), equipped with a Plan-Apochromat
objective (Zeiss, 20x), loaded into Fiji software, followed
by a conversion into RGB format and sharpening for bet-
ter edge detection. Neurons to be investigated were identi-
fied using consecutive PN/ChAT-stained sections. Somatic
perimeters of labeled neurons in the adjacent sections were
measured using manual selection with the freehand tool
after setting the corresponding scale. Finally, immunoposi-
tive puncta were manually counted, and number of puncta
per um perimeter were calculated by dividing the number of
puncta by the measured somatic perimeter for each neuron.
Quantification of somatic versus dendritic glutamatergic
inputs was performed on a 10 pum thick section from case
M4 stained for vGlut2 and ChAT antibodies. Only dendrites
in continuation with the soma were included in the analysis.
vGlut2-immunopositive puncta were counted along a hand-
drawn line of the perimeters and the associated dendrite(s).
For comparative quantification of transmitter inputs to the
different neuronal populations in nVI and nlV, the density
of vGlut2-, GlyT2- and GAD65/67-immunopositive puncta
were counted along the somatic perimeters in two to three
5 um thick sections at different levels of the respective nuclei
of two cases.

All data sets showed a normal distribution according to
the Kolmogorov—Smirnov Test of Normality, which is a pre-
requisite for subsequent 7-Test analyses of different sized
samples. Two-tailed Student’s 7-Test for two independent
means was performed for each comparison (i.e., MIF versus
SIF motoneurons, or dendritic versus somatic locations) to
assess differences in mean numbers of synaptic terminals
(puncta/um) between populations.

Results

MIF and SIF motoneurons differ in voltage-gated
potassium channel profiles

Differential Kv1.1 and Kv3.1b channel distribution
in neurons of the abducens and trochlear nuclei

As previously shown, WGA-injection into the myotendinous
junction of the lateral rectus muscle (case M1) resulted in
retrogradely labeled, small to medium-sized MIF moto-
neurons mainly in the periphery of the abducens nucleus
(Biittner-Ennever et al. 2001). These neurons lack aggrecan
(ACAN)-based perineuronal nets (PN) in contrast to SIF
motoneurons and INTs (Eberhorn et al. 2005) (Table 1;
Fig. la—c). Combined immunofluorescence detection of
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Fig. 1 Immunofluorescent detection of Kvl.l and Kv3.1b in the
abducens nucleus. a Transverse section through the abducens nucleus
(nVI) depicting retrogradely labeled motoneurons (MNs) of multiply-
innervated muscle fibers (MIF) (red) after injection of wheat germ
agglutinin (WGA) into the myotendinous junction of the lateral rec-
tus muscle. These cells lack aggrecan (ACAN)-based perineuronal
nets (PN) (green). b Detailed view of a different section (left) dem-
onstrating WGA-labeled MIF MNs (red arrowhead) and PN-bearing
SIF MNss or internuclear neurons (INT) (white arrows) both of which
lacked WGA labeling; SIF MNs or INTs (right) express strong immu-
noreactivity for Kv1.1 (white arrows), whereas MIF MNs exhibit a
weak Kvl1.1 signal (red arrowhead). ¢ Close-up of a WGA-labeled
MIF MN (left) lacking Kv3.1b-immunoreactivity (right). d Close-up

WGA and ACAN, as well as selected Kv channels, revealed
a weak labeling of Kv1.1 ion channels in MIF motoneurons,
(Fig. 1b, red arrowhead), while ACAN-immunopositive
SIF motoneurons or INTs, which were not labeled by tracer
injections into the myotendinous junction of the muscle,
showed a strong Kv1.1 signal within their soma (Fig. 1b,
white arrows). Kv3.1b-immunoreactivity was absent in
retrogradely labeled MIF motoneurons (Fig. 1c) but was
present in all ACAN-immunopositive neurons (Fig. 1d). In
additional cases (M2, M3; Table 1), a second approach using
triple immunofluorescence for Kv channels, ACAN and cho-
line acetyltransferase (ChAT) was applied, which allowed a
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of a PN-immunopositive SIF MN or INT (left) with strong Kv3.1b-
immunoreactivity (right). e, f Close-up examples of abducens neu-
rons following triple immunofluorescence staining for ACAN (red),
choline acetyltransferase (ChAT) (green) and Kvl.1 (e, white) or
Kv3.1b (f, white) in two different cases; note in e the strong Kvl1.1-
immunoreactivity in SIF MNs (green arrows) and INTs (blue arrows)
visible as somatic staining around the cell nucleus. By comparison,
there are low levels of Kvl.l-immunoreactivity in MIF MNs (red
arrowhead); SIF MNs (green arrows) and INTs (blue arrows) in f
express very strong Kv3.1b-immunoreactivity, which is absent in
MIF MNs (red arrowheads). NVII, facial nerve. Scale bar represents
200 pm in a, 50 pm in b and 30 pm in c—f

distinction between SIF motoneurons and INTs (Fig. le, f).
SIF motoneurons, defined by ChAT- and PN-immunopos-
itivity, exhibited intense Kv1.1- and Kv3.1b-immunofluo-
rescence (Fig. le, f, green arrows). Kv1.1-immunolabeling
appeared as strongly stained clusters within the cytoplasm
only sparing the nucleus, while the signal along the mem-
brane was weak (Fig. le; green arrow). In contrast, the
Kv3.1b labeling was strongest along the membranes of the
soma and proximal dendrites, while weak immunoreactiv-
ity was observed within the somatic cytoplasm (Fig. 1f,
green arrow). As reported above, ChAT-immunopositive
but ACAN-immunonegative MIF motoneurons showed
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no Kv3.1b-immunoreactivity (Fig. 1f, red arrowhead). In
addition, the low level of Kv1.1-immunopositivity did not
present as clustered signals around the cell nucleus and was
barely detectable along the somatic membrane (Fig. le, red
arrowhead). Finally, ChAT-immunonegative INTs, which
were densely ensheathed by PNs, were strongly labeled
by antibodies directed against both Kv1.1 and Kv3.1b
(Fig. le,f, blue arrows). In fact, INTs stood out within the
abducens nucleus by their prominent PN and Kv3.1b-immu-
nolabeling (Fig. le, f, blue arrows).

To confirm the lack of Kv3.1 expression in MIF moto-
neurons, the general presence of Kv channels was vali-
dated by the more sensitive immunoperoxidase staining
using selected sets of three consecutive 5 or 7 pm par-
affin sections through the abducens and trochlear nuclei
in three additional cases (Figs. 2, 3; Case M4, M5, M6;
see Table 1). With this method, Kv1.1- and Kv3.1b-
immunoreactivity was detected as black DAB-Ni pre-
cipitate (Figs. 2a—c, 3a—c, left and right columns) on
sections adjacent to the one immunostained for the PN
marker ACAN (black) and the motoneuron marker ChAT
(brown; Figs. 2a—c, 3a—c, middle columns). Using ACAN/
ChAT-immunostaining, MIF MNs were identified by the
positive ChAT, but negative ACAN labeling (red arrow-
heads), SIF MNs were identified by positive ChAT and
ACAN labeling (green arrows), and INTs in the abducens
nucleus were identified by negative ChAT, but positive
ACAN labeling (Fig. 2c, blue arrows) for evaluation of
the same neurons on adjacent sections. Varying intensities
of somatic immunoreactivity for Kvl.1 were detected in
both the abducens and trochlear nuclei (Figs. 2a, b, 3a, b,
left columns), whereas the Kv3.1b-immunolabeling was
generally uniform in the cytoplasm, with a predominant
localization along the somatic and proximal dendritic
membrane (Figs. 2a,b, 3a, b, right columns). Unlike scat-
tered abducens MIF motoneurons, trochlear MIF motoneu-
rons are clustered in a dorsal cap facilitating identification
by the lack of ACAN-immunopositive PNs (Fig. 3a, red
dashed line boundaries). In both motor nuclei, the ChAT-
immunopositive PN-ensheathed SIF motoneurons showed
strong Kv3.1b-immunostaining, a feature that was clearly
absent from MIF motoneurons (Figs. 2b, 3b, middle and
right columns, red arrowheads). Kvl.1-immunolabeling
was equally strong in SIF motoneurons, but only weakly
expressed in MIF motoneurons (Figs. 2b,c, 3b, left col-
umns, green arrows and red arrowheads, respectively).
As demonstrated by immunofluorescence staining (see
above), ChAT-immunonegative abducens INTs exhibited
a very strong immunoreactivity for Kv3.1b and ACAN,
which rendered them clearly visible even in the overview
(Fig. 2a, ¢, middle and right columns; blue arrows). Their
Kvl.l-immunolabeling was also strong and comparable
to that of SIF motoneurons (Fig. 2a, c, left and middle

columns, blue arrows). The specificity and localization
of Kv1.1- and Kv3.1b-immunolabeling were qualitatively
confirmed by visualization of the well-known expression
pattern in medial superior olivary (MSO) neurons (Fig. 3¢c)
(Mayadali et al. 2019; Nabel et al. 2019), where strong
labeling was observed for both subunits, as well as for
the PN marker ACAN, but not for ChAT, as expected for
these neurons.

Nav1.6 subunit in neurons of the abducens and trochlear
nuclei

The expression of the sodium channel subunit Nav1.6 is usu-
ally tightly correlated with the expression pattern of Kv3.1b
subunits in agreement with a fast-spiking capacity for these
neurons (Gu et al. 2018; Kodama et al. 2020). Therefore,
expression of this sodium channel subunit was evaluated in
SIF and MIF motoneurons in both, the abducens and troch-
lear nuclei (Figs. 2d, 3d, green arrows), and in abducens
INTs (Fig. 2d, blue arrow). However, simultaneous expres-
sion of Kv3.1b and Nav1.6 was only found for SIF motoneu-
rons and INTs, whereas only Nav1.6 expression was present
in MIF motoneurons, which lacked Kv3.1b (Figs. 2d, 3d,
red arrows).

Excitatory transmitters and receptors
in the abducens and trochlear nuclei

Glutamatergic synapses onto abducens and trochlear
neurons utilize vGlut2, but not vGlut1

Glutamatergic inputs to cell groups in the motor nuclei
were investigated on consecutive paraffin sections (Case
M4, M5, M6) by immunostaining for the vesicular gluta-
mate transporters 1 and 2 (vGlutl, vGlut2) known to be
present in synaptic boutons (Fremeau et al. 2001). Com-
bined immunostaining for either ChAT or non-phospho-
rylated neurofilament (SMI-32) were used as a marker
for motoneurons (Figs. 4a, 5a, brown label). Numerous
vGlut2-immunopositive puncta were present in both the
abducens (Fig. 4a, right column) and trochlear nucleus
(Fig. 5a, right column), most likely representing gluta-
matergic terminals. In contrast, no vGlutl-immunopositive
puncta were found in either one of the two motor nuclei but
occurred in abundance in adjacent areas, thus forming a
sharp contrast that visually dissociated each nucleus clearly
from the surrounding tissue (Figs. 4a, 5a, black label, left
columns). While vGlut2-immunopositive puncta were
observed along the somatic membrane of all neurons in
the two nuclei, they were more concentrated on dendrites,
as seen on thicker sections (7-10 pm; cases M4, M6), how-
ever, demonstrated in detail here only for the abducens
nucleus (Fig. 5b). Accordingly, systematic quantification of
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Fig.2 Immunoperoxidase labeling of Kv1.1, Kv3.1b and Nav1.6 pro-
teins in the abducens nucleus. a Consecutive coronal paraffin sections
through the abducens nucleus (nVI) immunostained for Kv1.1 (left),
Kv3.1b (right), combined aggrecan (ACAN)-based perineuronal nets
(PN; black) and choline acetyltransferase (ChAT; brown, middle),
respectively. Note the regional variability in the intensity of Kvl.1-
immunolabeling within the nucleus; colored boxes indicate the areas
illustrated at higher magnification in b (red) and c (blue), respectively.
b Close-up comparing Kvl1.1 and Kv3.1b expression in motoneurons
(MNs) of multiply-innervated muscle fibers (MIF) (red arrowheads)
and singly-innervated muscle fibers (SIF) (green arrow). ¢ Close-up
of Kv1.1 and Kv3.1b expression in internuclear neurons (INTs) (blue
arrows) and SIF MNs (green arrow). d Close up of Navl.6-immu-
nolabeling related to Kv3.1b expression in three abducens neuronal
populations (SIF MNs: green arrow; MIF MNs: red arrowheads;
INTSs: blue arrow). Scale bar represents 200 pm in a, and 50 pm in
b-d

the immunostaining in the abducens nucleus revealed that
the mean density of vGlut2-immunopositive puncta was
significantly higher along the dendritic, as compared to the
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Fig. 3 Immunoperoxidase labeling of Kv1.1, Kv3.1b and Nav1.6 pro-
teins in the trochlear nucleus. a, b Consecutive coronal paraffin sec-
tions depicting an overview (a) and close-up from a different section
(b) through the trochlear nucleus (nIV) immunostained for Kvl.1
(left), Kv3.1b (right), combined aggrecan (ACAN)-based perineu-
ronal nets (PN; black) and choline acetyltransferase (ChAT; brown,
middle), respectively; the red dashed lines delineate the dorsal cap
of nIV containing motoneurons of multiple-innervated muscle fibers
(MIF MN); note the regional variability in the intensity of Kvl.1-
immunolabeling within the nucleus. ¢ Medial superior olivary (MSO)
neurons adjacent to the abducens nucleus on the same section as a
positive control for the immunohistochemical specificity of the anti-
body staining. d Close-up of Navl.6-immunolabeling in MIF (red
arrowheads) and SIF MNs (green arrows) in nIV. Red dashed lines
indicate the tentative boundary between SIF and MIF MNs. Scale bar
represents 100 pm in a and 50 pm in b—d

somatic membrane, of both MIF (p <0.01, ¢-test) and SIF
(p <0.001, t-test) motoneurons (Fig. 6a, right).

In the abducens nucleus, vGlut2-immunopositive puncta
were found along the somatic membrane of all three types
of neurons (Fig. 4b, ¢). However, MIF motoneurons had
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Fig.4 Immunohistochemistry of glutamatergic synapses onto abdu-
cens neurons. a—g Consecutive coronal paraffin sections illustrating
glutamatergic presynaptic terminals (a—c) and postsynaptic receptors
(d—g) of abducens (nVI) neurons identified by immunoperoxidase
labeling (black). a Neurons in nVI immunostained for the vesicular
glutamate transporter 1 (vGlutl) (black) and non-phosphorylated
neurofilament with SMI32-antibody (brown; left), vGlut2 (black)
and choline acetyltransferase (ChAT) (brown; right). Close-up exam-
ples of labeled neurons are illustrated in the insets in a. Close-up of
vGlut2-positive terminals on MIF (b, red arrowheads) and SIF (b, c,
green arrows) motoneurons (MNs) and internuclear neurons (INTs)
(c, blue arrows) in nVI. d AMPA receptor GluR2/3-immunoreactivity
in nVI. e Close-up of consecutive sections depicting GluR2/3-immu-
noreactivity of MIF (red arrowhead) and SIF (green arrows) MNs and
INTs (blue arrow) in nVI. f,g NMDARI-immunoreactivity in nVI;
combined NMDARI1 and ChAT-immunostaining (brown) highlight-
ing INTs with intense NMDARI labeling (f, blue arrows). Consecu-
tive sections depicting ChAT-negative INTs (g, blue arrows) with
weak calretinin (CR)-immunolabeling (g, right, brown) and strong
somatic and dendritic NMDARI labeling; note that punctate labe-
ling of NMDARI occurs on SIF MNs (g, green arrow), whereas MIF
MNs exhibit no labeling (g, red arrowhead). Red arrowheads depict
MIF MNs, green arrows depict SIF MNs and blue arrows depict
INTs. Scale bar indicates 200 pm in a, d, 100 pm in f and 50 pm in b,
¢, e, g as well as for insets in a

ACAN /| ChAT NMDAR1 /CR

Q0
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Fig.5 Immunohistochemistry of glutamatergic synapses onto troch-
lear neurons. a—g Consecutive coronal paraffin sections illustrating
glutamatergic presynaptic terminals (a—c) and postsynaptic recep-
tors (d—g) of trochlear (nIV) neurons identified by immunoperoxidase
labeling (black). a Neurons in nIV immunostained for the vesicular
glutamate transporter 1 (vGlutl) (black) and non-phosphorylated
neurofilament with SMI32-antibody (brown) on the left, and for
vGlut2 (black) and choline acetyltransferase (ChAT) (brown) on the
right. Close-up examples are illustrated in the insets in a. b Example
of somatic and dendritic distribution of vGlut2-immunopositive ter-
minals on a SIF MN (green arrow) in nIV found on a 10 pm section.
¢ Close-up of vGlut2-positive terminals on SIF (green arrow) within
nlV and MIF MNs (red arrowheads) located within the dorsal cap of
nlV. d AMPA receptor GluR2/3-immunoreactivity in nIV. e Close-
up of the area outlined by the box in d, depicting weaker GluR2/3-
immunolabeling in MIF MNs (red arrowhead) within the dorsal cap
of nIV (right panel), as compared to SIF MNs (green arrow). f Com-
bined NMDARI- and CR-immunostaining in nIV. g Close-up of the
area outlined by the box in f depicting NMDARI1 labeling only in SIF
MNs (green arrows), but not in MIF MNs (red arrowheads) within
the dorsal cap of nIV. Red arrowheads and green arrows depict MIF
and SIF MNs, respectively. Red dashed lines indicate the tentative
border delineating the dorsal cap of nIV. Scale bar indicates 200 pm
ina, 100 pmin d, f and 50 pm in b, ¢, e, g as well as for insets in a
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Fig.6 Quantification of vGlut2, GAD- and GlyT2-immunopositive
puncta and statistical analysis. a Immunopositive glutamatergic ter-
minals surrounding different types of neurons in the abducens (nVI)
and trochlear (nIV) nuclei, quantified as numbers of puncta along
the somatic membrane (puncta/um) (left, obtained from 5 um thick
sections) and for comparison between dendritic and somatic loca-
tions (right, obtained from 10 pm thick section). b, ¢ Immunopositive

significantly fewer somatic glutamatergic inputs than
SIF motoneurons (p <0.001, z-test) per membrane length
(Figs. 4b, red arrowheads, 6a, left). The density of vGlut2-
immunopositive puncta per membrane length of INTs was
similar to and not significantly different (p =0.43, r-test)
from, that of SIF motoneurons (Figs. 4c, blue arrows, 6a,
left; Table 3).

The number of vGlut2-immunopositive puncta on both
MIF and SIF motoneurons appeared to be similar between
the trochlear and abducens nucleus (Figs. 4b, 5c, red arrow-
heads and green arrows). In fact, quantification of the
magnitudes did not reveal any significant difference in the
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GABAergic (b) and glycinergic (¢) synaptic structures quantified as
number of puncta/um along the somatic membrane of nVI and nIV
neurons (obtained from 5 pm thick sections). Number (n) of analyzed
neurons/measurements are indicated within the bars. Significant sta-
tistical differences between puncta/um according to two-tailed r-test
for two-independent means; *p <0.05, **p <0.01, ***p <0.001

extent of the vGlut2-immunopositivity around the somata of
motoneurons in the trochlear nucleus, as compared to those
encountered in the abducens nucleus (Fig. 6a, left). This
was true for MIF (p=0.11, #-test) and for SIF motoneurons
(p=0.12, t-test).

Differential expression of glutamatergic receptors by MIF
and SIF motoneurons in the abducens and trochlear nuclei

Tonotropic AMPA receptors, composed of several different
subunits, cause a Na* influx (and K* efflux) upon gluta-
mate binding, thereby exciting the neuron. The additional
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Table 3 Qualitative summary of immunohistochemical results (— no
labeling, + weak, + + moderate, + + + strong labeling)

Abducens Trochlearis

MIF SIF INT MIF SIF
Kvl.1 + ++4+ +++ + +++
Kv3.1b - ++ +++ - ++
Navl.6 + + + + +
KCC2 + + + + +
Cav3.1 +++ - - + 4+ +/—
Cav3.2 + ++ ++ + ++
Cav3.3 + + + + +
vGlutl — - - - _
vGlut2 + + ++ + ++ + + + ++ +
GlyT2 + ++ ++ - _
GAD 65/67 + ++ ++ + +
GluR2/3 + ++ ++ + + +
NMDARI - + +++ - +
GlyR1a + + + — —

permeability for Ca®* ions is prevented by the presence
of GluR2 subunits, as a component of the AMPA receptor
(Wollmuth 2018). Therefore, antibodies directed against
the subunits GluR2 and GluR3 (GluR2/3) were used to
test the presence of these calcium-impermeable AMPA
receptors in abducens and trochlear neurons. GluR2/3-
immunolabeling was encountered in the neuropil and
along the membrane of neurons in both motor nuclei
(Figs. 4d, 5d). While immunolabeling was more intense
around SIF motoneurons and INTs within the core region
of the abducens nucleus (Fig. 4e, green and blue arrows,
respectively; Table 3), MIF motoneurons located at the
medial border expressed a weaker labeling (Fig. 4e, red
arrowheads). This differential labeling pattern was even
more pronounced for SIF and MIF motoneurons in the
trochlear nucleus (Fig. 5e, green arrows and red arrow-
heads, respectively), where the intensity of the GluR2/3-
immunolabeling clearly subsided towards the dorsal cap,
which contains MIF motoneurons.

Ionotropic NMDA receptors allow the influx of
Ca*-ions in addition to Na* and K™ exchange across the
membrane upon glutamate binding and thus promote more
extended postsynaptic responses than AMPA receptors
(Dingledine et al. 1999). Therefore, immunolabeling of the
NMDARI1 subunit was evaluated in neurons of the abducens
and trochlear nuclei (Figs. 4f, g, 5f, g; Table 3). In the abdu-
cens nucleus, the strongest NMDAR 1 -immunostaining was
found along the somatic and dendritic membrane of ChAT-
immunonegative INTs (Fig. 4f, g, blue arrows). Albeit much
less abundant as compared to INTs, NMDARI1 was also
present along the membrane of SIF motoneurons in punc-
tate form (Fig. 4g, green arrow), suggesting the presence

of numerous synapses endowed with this glutamate recep-
tor subtype. In contrast, MIF motoneurons failed to show
any NMDAR I-immunolabeling (Fig. 4g, red arrowhead).
NMDAR1-immunolabeling in the trochlear nucleus was
similar to that of the abducens nucleus with clear punctate
immunolabeling associated with SIF motoneuronal mem-
branes (Fig. 5f, g, green arrows), whereas MIF motoneurons
were clearly spared by NMDAR 1-immunolabeling (Fig. 5f,
g, red arrowheads).

Inhibitory transmitters and receptors in neurons
of the abducens and trochlear nuclei

Differential glycinergic and GABAergic inputs to abducens
and trochlear neurons

A previous study reported a comparable extent of GABA-
ergic inputs to trochlear MIF and SIF motoneurons, while
glycinergic inputs to both motoneuronal types were absent
(Zeeh et al. 2015). Consequently, the different abducens
neuron types were analyzed here for the presence of the
respective inhibitory synaptic structures. Glycinergic and
GABAergic inputs to abducens neurons were visualized on
consecutive 5 pm sections through immunolabeling of the
glycine transporter 2 (GlyT2) and glutamate decarboxylase
(GAD), respectively (Fig. 7; Table 3). Numerous GlyT2- and
GAD-immunopositive puncta were distributed throughout
the abducens nucleus (Fig. 7a—c, left and middle columns,
respectively). The weak background labeling of the somata
found by GlyT2-immunostaining was used for proper iden-
tification and visualization of the same neurons on adjacent
sections (Fig. 7a—c, left column).

Using cell types determined by ChAT and ACAN stain-
ing (Fig. 7a—c, right), we found that while GlyT2-immuno-
positive puncta were present to a comparable extent along
the somatic membrane of SIF motoneurons and INTs in
the abducens nucleus (Fig. 7c, left column; green arrows
and blue arrows, respectively), considerably fewer puncta
were observed along the somatic membrane of MIF moto-
neurons (Fig. 7b, left column, red arrowheads). Quanti-
fication revealed a two to three-fold (240.7%; p <0.001,
t-test) difference between average numbers of GlyT2-
immunopositive puncta surrounding SIF motoneurons as
compared to MIF motoneurons (Fig. 6¢). INTs had a sig-
nificantly higher number (10.2%; p < 0.05, t-test) of glycin-
ergic inputs as compared to SIF motoneurons (Fig. 6¢). In
general, GlyT2-immunopositive puncta were observed in
greater abundance on the dendrites of MIF motoneurons,
however, quantitative confirmation of differences between
somatic versus dendritic labeling was not possible using
5 pm paraffin sections.

The pattern of GAD-immunolabeling in the abducens
nucleus was similar to that of GlyT2-immunolabeling.
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Fig. 7 Inhibitory transmitter profile of synapses onto abducens and »
trochlear neurons. a—c¢ Consecutive coronal paraffin sections illustrat-
ing presynaptic glycinergic (left) and GABAergic terminals (middle;
black) onto choline acetyltransferase (ChAT)- and aggrecan (ACAN)-
immunopositive (right) SIF MNs (c, green arrows), onto ACAN-
immunonegative MIF MNs (b, red arrowheads) and onto ChAT-
immunonegative INTs (c, blue arrow) in the abducens nucleus (nVI).
Colored boxes indicate the areas illustrated at higher magnification
in b (red) and c (blue), respectively. Immunolabeling for the glycine
transporter 2 (GlyT2) in an overview (a) and higher magnification
(b,c, left, black) reveals few glycinergic synapses on MIF MNs (b,
red arrowheads), and more numerous synapses on SIF MNs (¢, green
arrows) and INTs (¢, blue arrows) in nVI. Immunolabeling for GAD
in an overview (a, middle) and higher magnification (b,c, middle)
in nVI shows fewer GAD-immunopositive terminals on MIF MNs
(b, red arrowheads), compared to more abundant terminals on SIF
MNss (¢, green arrows) and INTs (¢, blue arrow). d—f glycine recep-
tor (GlyRla)-immunolabeling in the nVI and the trochlear nucleus
(nlV). Only nVI neurons express GlyR1a that is visible as punctate
staining (d, e, right). Note the stronger dendritic than somatic immu-
nolabeling (d, black arrows) more clearly seen in the close-up (e)
with GlyR1a-immunopositive puncta along the membrane of SIF
(green arrows), MIF MNs (red arrowheads) and INTs (blue arrows).
Note that GlyR la-immunolabeling is absent in nIV neurons (f). Scale
bar represents 200 um in a, d, f, and 50 pm in b, ¢, e

GAD-immunopositive puncta were abundant around the
somata of SIF motoneurons and INTs, while fewer puncta
were found around MIF motoneurons (Fig. 7b, ¢, middle col-
umn, green arrows, blue arrow and red arrowheads, respec-
tively). Quantification revealed up to three times (279.1%;
p <0.01, t-test) as many GAD-immunopositive puncta
surrounding SIF motoneurons as compared to MIF moto-
neurons (Fig. 6b). With respect to GlyT2-immunopositive
puncta, INTs were consistently surrounded by a significantly
higher number of GAD-immunopositive puncta (18.7%;
p <0.01, #-test) as compared to SIF motoneurons (Fig. 6b).

To compare the extent of GAD-immunostaining around
abducens and trochlear neurons, immunohistochemistry was
performed on trochlear motoneurons using consecutive 5 pm
paraffin sections of the same case (M5). The respective anal-
ysis yielded GAD-immunopositive puncta on both MIF and
SIF motoneurons (not shown) in agreement with a previous
report (Zeeh et al. 2015). Quantitative analyses of MIF and
SIF trochlear motoneurons demonstrated significantly fewer
(p <0.01, t-test) GAD-immunopositive puncta around MIF
as compared to SIF motoneurons (Fig. 6b).

Differential expression of glycine receptor 1ain abducens
and trochlear neurons

The differential organization of glycinergic synaptic structures
innervating MIF and SIF abducens motoneurons were com-
plemented by an evaluation of the expression of the glycine
receptor subunit lo. Immunostaining with antibodies against
GlyR1a (clone mAb4a, see Methods; Table 2) yielded punc-
tate labeling throughout the abducens nucleus (Fig. 7d), while
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such staining was entirely absent in the trochlear nucleus in
agreement with a lack of glycinergic inputs to trochlear moto-
neurons (Fig. 7f; Table 3). In the abducens nucleus, all neu-
ronal subtypes, expressed a stronger dendritic than somatic
immunolabeling (Fig. 7d, black arrows; Fig. 7e, right). More-
over, numerous immunoreactive puncta were observed in the
neuropil of the nucleus. Importantly, both MIF and SIF moto-
neurons revealed a somatic punctate GlyR 1a-labeling, how-
ever, with varying abundance within the respective popula-
tions (Fig. 7e, red arrowheads and green arrows, respectively).
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Potassium-chloride co-transporter (KCC2) has a similar
expression pattern in the abducens and trochlear nuclei

The characterization of the inhibitory transmitter profile

of MIF and SIF motoneurons was complemented by clas-
sifying the presence of the potassium-chloride symporter

. ACAN/ ChAT

ACAN [ChAT -

Fig.8 Chloride-potassium co-transporter (KCC2) in abducens
and trochlear neurons. a—e Consecutive paraffin sections through
the abducens (nVI) (a—c) and trochlear nucleus (nIV) (d, e) immu-
nostained for KCC2 (right) and combined aggrecan (ACAN)-based
perineuronal nets (PN; black) and choline acetyltransferase (ChAT;
brown, right). b, ¢ Close-up of KCC2 (black) expression in MIF (red
arrowheads) and SIF motoneurons (MNs) (green arrows) (b) and of
INTSs (blue arrow) (c). e Close-up of KCC2-immunolabeling in MIF
MNs (red arrowheads) within the dorsal cap of nIV and SIF MNs
(green arrows) within the core region of nIV. Note the intense labe-
ling along the dorsal border of the trochlear nucleus in (d,e). Red
dashed lines indicate the tentative position of the border delineating
the dorsal cap of nIV. The details in b, ¢, e were obtained from differ-
ent sections as those shown in a,d. Scale bar represents 200 pm in a,
d, and 50 pm in b, c,e

2 subunit (KCC2). Accordingly, immunoperoxidase stain-
ing against KCC2 was combined with immunostaining for
either ChAT or parvalbumin (PAV) as motoneuronal mark-
ers in both motor nuclei (Fig. 8). Because KCC2 co-localizes
with both glycinergic and GABAergic receptors (Chamma
et al. 2012), a potentially differential expression in abdu-
cens and trochlear neurons could provide further insight into
the regulatory mechanisms provided by different types of
inhibitory inputs. The immunostaining revealed that all three
types of abducens neurons were labeled by the KCC2 anti-
body (Fig. 8a—c; Table 3). While the immunolabeling of the
somatic membrane was weak, the labeling became gradually
more intense towards the distal dendrites (Fig. 8b, c, right
columns), strongly coinciding with the labeling pattern of
the GlyR1a antibody (Fig. 7d, e, right column). In contrast,
KCC2-immunolabeling was absent along the axons that
form the abducens nerve root (Fig. 8a, NVI), in agreement
with the reported properties of this protein (Chamma et al.
2012). In the trochlear nucleus, MIF and SIF motoneurons
exhibited a KCC2-immunoreactivity that was comparable
in extent with the similarly graded soma-dendritic increase
in the intensity of abducens neurons (Fig. 8d, e). The labe-
ling was much more intense at the outermost border of the
trochlear nucleus, outside the dorsal cap that contains MIF
motoneurons (Fig. 8d, e).

MIF and SIF motoneurons differ in low
voltage-activated calcium channel profiles

The expression of members of the voltage-gated calcium
channel-3 family (low-voltage activated channels), which
are generally involved in neuronal excitability, pace-making
and repetitive firing (Zamponi et al. 2015) (Fig. 9; Table 3),
were investigated with respective antibodies against all three
members of the Cav3 family (Cav3.1-3.3). The expression
pattern was assessed in the three sections adjacent to a sec-
tion treated with antibodies against ChAT and PN, which
again served as a reference for MIF and SIF motoneurons.
At low magnification, we observed sparse immunolabeling
for Cav3.1 subunit (Fig. 9a, first column), whereas Cav3.2
yielded weak somatic immunoreactivity (Fig. 9a, third col-
umn) in the abducens nucleus. We utilized Cav3.1- and
Cav3.2-immunostaining in Purkinje cells as a direct inter-
nal control for the degree of positive staining (Fig. 9f). In
contrast, Cav3.3-immunolabeling in abducens neurons
was qualitatively comparable to that of the Purkinje cells
(Fig. 9a, c, f, last columns).

Closer inspection of the labeling pattern of the three
family members revealed that the somatic membrane of
MIF abducens motoneurons contained the Cav3.1 subu-
nit (Fig. 9b, red arrowheads), whereas no labeling was
found in SIF motoneurons and INTs (Fig. 9b, left column,
green and blue arrows, respectively). In contrast, somatic

@ Springer



2140

Brain Structure and Function (2021) 226:2125-2151

- - Cav3.3

4
-

Cav3.2, as well as Cav3.3-immunolabeling, was encoun-
tered in all three abducens neuronal subtypes (Fig. 9b, c,
INTs are not illustrated in Fig. 9c). The assessment of
Cav3 channels in the trochlear nucleus yielded qualita-
tively similar results (Fig. 9d, e). Accordingly, intense
Cav3.1-immunolabeling was encountered in trochlear MIF
motoneurons, located within the dorsal cap of the nucleus
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(Fig. 9d, between red dashed lines, e, first columns, red
arrowheads), while only a few SIF motoneurons within
the core area of the nucleus expressed weak labeling along
the somatic membrane (Fig. 9e, first column, green arrow,
black star). In contrast, Cav3.2- and Cav3.3-immunolabe-
ling were detected in both MIF and SIF trochlear motoneu-
rons (Fig. 9d, e, second and last columns, red arrowheads
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«Fig. 9 Low-voltage activated calcium channel family (Cav3) subunits
in the abducens and trochlear nucleus. a Consecutive coronal paraffin
sections through the abducens nucleus (nVI) (a) depicting the immu-
nolabeling for Cav3.1 (first panel), Cav3.2 (third panel) and Cav3.3
(fourth panel) subunits with combined immunostaining for ChAT
(brown) and ACAN (black) (second panel) as reference. b, ¢ Close-
up of Cav subunit expression in nVI MIF (red arrowheads) and SIF
motoneurons (MNs) (green arrows) and INTs (blue arrow). d Con-
secutive coronal paraffin sections through the trochlear nucleus (nVI)
depicting the immunolabeling for Cav3.1 (first panel), Cav3.2 (sec-
ond panel) and Cav3.3 (fourth panel) subunits with combined immu-
nostaining for ChAT (brown) and ACAN (black) (third panel) as ref-
erence. Thin dashed lines in d indicate the border of nIV and thick
dashed lines indicate the boundary between the MIF and SIF MNs.
e Close-up of Cav subunit expression in MIF (red arrowheads) and
SIF MNs (green arrow) on different sections as those illustrated in d.
Note the weak Cav3.1 expression along the membrane of some SIF
MNss (left column, black star). Red dashed lines indicate the tentative
position of the border delineating the dorsal cap of nIV. f Cerebel-
lar Purkinje cells located on the same consecutive sections as nVI as
controls for immunopositivity of the different Cav subunits. Scale bar
indicates 100 pm in a, d, f and 50 pmin b, ¢, e

and green arrows, respectively). Collectively, these results
suggest a differential contribution of the three subtypes
of voltage-activated calcium channels to the excitation of
neurons in both the abducens and trochlear nucleus.

Discussion

This study explored the basis for the functional properties
of different groups of neurons in the abducens and troch-
lear nuclei in macaque monkey using immunohistochem-
istry with an emphasis on motoneurons of MIF and SIF
muscle fibers, as shown in the summary figure (Fig. 10).
Differences between MIF and SIF motoneurons with
respect to voltage-gated potassium channel subunits Kv1.1
and Kv3.1b and low-voltage activated calcium channel
subunit Cav3.1 were particularly prominent. This pattern
suggests that MIF motoneuron membrane properties are
preferentially suitable for the generation of low-dynamic
motor commands. Moreover, different extents of synaptic
inputs to cell bodies of MIF in comparison to SIF moto-
neurons were discovered for both excitatory and inhibitory
inputs. This is in line with smaller numbers of synaptic
contacts on somata and proximal dendrites of MIF-versus
SIF-motoneurons of the medial rectus muscle (Erichsen
et al. 2014). Together with differences in the glutamatergic
receptor profile of MIF and SIF motoneurons (GluR2/3
and NMDARI), the present findings suggest that the motor
control of extraocular muscles is achieved through a com-
bination of distinct intrinsic motoneuronal membrane
properties and differentially organized synaptic inputs.
Comparative observations for abducens internuclear neu-
rons revealed that they display stronger immunolabeling
for Kv3.1b, perineuronal nets and NMDAR1 as compared

to SIF motoneurons, along with higher inhibitory synapse
densities (see Table 3 and summary diagram in Fig. 10).
Collectively, these findings may account for the previously
observed enhanced excitability and earlier recruitment of
abducens internuclear neurons.

Differences in connectivity and intrinsic membrane
properties of MIF and SIF motoneurons

Different transmitter profiles of premotor inputs to MIF
and SIF motoneurons in the abducens and trochlear nuclei

Glycinergic inputs to the abducens nucleus generally derive
from multiple sources including inhibitory second-order
vestibulo-ocular neurons in the ipsilateral medial vestibular
nucleus (MVN), inhibitory burst neurons (IBNs) of the hori-
zontal saccadic circuitry and possibly neurons in the con-
tralateral nucleus prepositus hypoglossi (PPH) (Horn 2006;
Spencer et al. 1989; Straka and Dieringer 1993). However,
based on retrograde transsynaptic tracing studies, identi-
fied premotor neurons of abducens motoneurons, such as
saccadic IBNs and second-order vestibulo-ocular neurons
constitute a major source for glycinergic inputs to SIF, but
not to MIF, motoneurons (Ugolini et al. 2006). Therefore,
lower quantities of GlyT2-immunopositive puncta localized
on MIF as compared to SIF abducens motoneurons can be
explained by fewer glycinergic inputs from IBNs. However,
the current study cannot rule out a differential organization
of respective inputs to MIF and SIF abducens motoneurons
from other sources. In the trochlear nucleus, the lack of
GlyT2-positive puncta (not shown) confirms previous find-
ings (Zeeh et al. 2015). This was expected, as inhibition
from premotor neurons during saccades, VOR and gaze-
holding is mediated by different transmitters for horizontal
and vertical eye movements, not only in primates but also
in other vertebrates including amphibians (Horn and Straka
2021; Soupiadou et al. 2018). According to this scheme, gly-
cine is used in pathways for horizontal eye movements, and
GABA is used in circuits comprising the vertical/oblique
ocular motor system. This may be due to a differential ana-
tomical origin of the presynaptic neurons and a differential
distribution of these two transmitters along the longitudinal
axis of the brainstem (Spencer and Baker 1992; Spencer
et al. 1989; Straka et al. 2014).

GABAergic inputs to the abducens nucleus may origi-
nate from internuclear neurons in the oculomotor nucleus as
demonstrated in cat (De la Cruz et al. 1992; Maciewicz et al.
1975). Stimulation and recording experiments in primates
mainly revealed a crossed excitatory projection of oculomo-
tor internuclear neurons to the abducens nucleus, consistent
with a role in horizontal conjugate eye movements (Clendan-
iel and Mays 1994). The finding of a few ipsilaterally pro-
jecting oculomotor internuclear neurons that decrease their
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Fig. 10 Summary diagram
depicting differential molecu-
lar signatures of trochlear and
abducens neurons. Schematic
representation delineating pre-
dominating ion channels, trans-
mitters and transmitter receptors
of the different sets of trochlear
(upper) and abducens neurons
(lower). The relative strength of
the immunostaining is indicated
by the size and number of the
respective symbols

discharge during adduction of the ipsilateral eye indicates a
likely auxiliary inhibitory projection to abducens neurons
(Clendaniel and Mays 1994).

GABAergic afferents to the trochlear nucleus originate
from second-order vestibulo-ocular neurons in the ipsilat-
eral superior vestibular nucleus (SVN), which provide an
inhibition following anterior semicircular canal stimulation
(McElligott and Spencer 2000; Precht et al. 1973; Soupiadou
et al. 2018) and primarily target SIF motoneurons (McCrea
et al. 1987; Ugolini et al. 2006). Additional GABAergic
inputs may arise from the ipsilateral dorsal Y-group, and
provide an inhibition to superior oblique and inferior rectus
motoneurons during upward smooth pursuit eye movements
(Chubb and Fuchs 1982; Zeeh et al. 2020). GABAergic pro-
jections to the trochlear nucleus may also include inhibitory
burst neurons for vertical saccades, located in the ipsilateral
interstitial nucleus of Cajal (monkey: Horn et al. 2003) and
in the rostral interstitial nucleus of the medial longitudi-
nal fasciculus (RIMLF) (cat: Spencer and Wang 1996). In
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contrast to a previous report (Zeeh et al. 2015), a differential
density of GAD-immunopositive terminals was encountered
in the present study for MIF and SIF motoneurons (Fig. 6b).
This discrepancy could simply be due to the use of thicker
paraffin sections in the former study, which might have
reduced the chance of evaluating overlapping puncta and/or
reduced penetration of the antibodies. Nevertheless, the dif-
ference in GAD-immunopositive terminal density between
SIF and MIF motoneurons was generally much lower for
trochlear than for abducens motoneurons.

Glutamatergic inputs to abducens neurons, demonstrated
by vGlut2-immunoreactive puncta, may arise from excita-
tory VOR neurons in the contralateral MVN, or ventral lat-
eral vestibular nucleus (Delgado-Garcia et al. 1986; McEIl-
ligott and Spencer 2000), from excitatory premotor burst
neurons located in the ipsilateral PPRF (Horn 2006; Ugolini
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et al. 2006) and from non-cholinergic INTs located primar-
ily in the contralateral oculomotor nucleus (Clendaniel and
Mays 1994). As revealed by retrograde transsynaptic tracer
studies, burst neurons in the PPRF and magnocellular neu-
rons in the MVN project predominantly to SIF motoneurons
(Ugolini et al. 2006; Wasicky et al. 2004). The results of
the current study demonstrated the presence of about 50%
more vGlut2-positive puncta per length of somatic mem-
brane for SIF motoneurons compared to MIF motoneurons
in the abducens nucleus (Fig. 6a, left). Whether or not addi-
tional projections from the PPRF are responsible for this
difference was impossible to determine with the employed
method. Moreover, it is also difficult to predict the functional
consequences of the different extents of glutamatergic syn-
apses for the overall excitability, and thus the excitability of
MIF and SIF motoneurons, given the obvious morphological
differences (Torres-Torrelo et al. 2012). The more intense
immunolabeling of vGlut2 on motoneuronal dendrites as
compared to the somatic membrane potentially has func-
tional implications in terms of spatiotemporal integration of
excitatory signals, assuming an electrotonic compartmentali-
zation (Magee 2001; Rekling et al. 2000).

The trochlear nucleus receives monosynaptic inputs from
excitatory premotor burst neurons in the ipsilateral RIMLF
mediating downward saccades (Horn and Biittner-Ennever
1998; Moschovakis et al. 1991; Spencer and Wang 1996).
In the cat, these projections use glutamate and/or aspartate
as transmitter (Spencer and Wang 1996), and may therefore
contribute to the vGlut2-immunopositive terminals observed
on SIF motoneurons. In addition, part of the latter excitatory
synapses likely derives from glutamatergic projections of
second-order vestibular neurons located in the contralateral
MVN and in the interstitial nucleus of Cajal, as suggested
previously (Zeeh et al. 2015). Finally, weak ipsilateral excit-
atory projections to trochlear motoneurons originate in the
PPH (Baker et al. 1977). Interestingly, vGlut2-immunopos-
itive synaptic structures around the motoneurons were more
intense in the trochlear than in the abducens nucleus, and
the comparison between MIF and SIF motoneurons in the
trochlear nucleus yielded smaller differences in immunopo-
sitive puncta per length of the somatic membrane (Fig. 6a,
left). The more pronounced differentiation between MIF and
SIF abducens motoneurons with respect to vGlut2-immu-
nopositive synaptic structures might be related to the larger
spectrum and dynamic diversity of horizontal (i.e., vergence,
saccades) as compared to torsional eye movements encoded,
at least in part in the trochlear nucleus.

Impact of transmitters on the neuronal excitability of MIF
and SIF motoneurons

Glutamate, as the major excitatory neurotransmitter in the
central nervous system has been shown to also depolarize

oculomotor motoneurons (Durand et al. 1987; Torres-
Torrelo et al. 2012). While the activation of glutamatergic
AMPA receptors generates a fast-rising response, a relatively
slower dynamic of the depolarization is achieved by NMDA
receptors, as demonstrated for cat abducens motoneurons
(Durand et al. 1987). Glutamate modulates the firing rate of
extraocular motoneurons by decreasing the voltage thresh-
old depending on cell size and eye position-related recruit-
ment thresholds (Torres-Torrelo et al. 2012). Importantly,
glutamate has a larger impact on the phasic as compared to
the tonic component of the motoneuronal discharge (Torres-
Torrelo et al. 2012) and thereby is capable of regulating the
firing pattern and rate of motoneurons, which transmit strong
phasic components. However, the phasic component/burst
additionally requires intrinsic active membrane properties
as a decisive factor for fast firing rate alterations, as dem-
onstrated for spinal motoneurons (Iwagaki and Miles 2011;
Torres-Torrelo et al. 2012). Therefore, the glutamatergic
control of motoneuron discharge is probably achieved by a
combination of respective transmitter receptor profiles and
differential sodium/potassium channel expression patterns.

Glutamatergic synaptic transmission in the abducens and
trochlear nuclei involves vGlut2, but not vGlutl, in agree-
ment with the complementary expression of both trans-
porter subtypes and predominant presence of vGlut2 in the
brainstem (Fremeau et al. 2001, 2004). Although vGlut2
is associated with a higher transport probability and faster
synaptic release in highly active circuits, as compared to
vGlutl, vGlut2-mediated transmission does not necessar-
ily imply higher firing rates in the target neuron (Fremeau
et al. 2004). The lack of any terminals expressing vGlutl
in the abducens and trochlear nuclei confirms and extends
previous observations that only the subpopulation of medial
rectus MIF motoneurons in the oculomotor nucleus is tar-
geted by vGlutl-positive terminals (Zeeh et al. 2015). The
cell specificity of glutamatergic transmission may be due to
the lower dynamic requirements of MIF motoneurons during
convergence eye movements. In contrast, SIF motoneurons
express significantly more vGlut2-immunopositive puncta
per circumferential somatic membrane than MIF motoneu-
rons, and this transporter subtype occurs at an even higher
density on dendritic membranes. The recruitment of moto-
neurons depends on the input resistance, which as a rule of
thumb is inversely correlated with the neuronal surface area.
This suggests that similar amounts of excitatory synaptic
elements depolarize the smaller MIF motoneurons more effi-
ciently (Henneman et al. 1965; Magee 2001; Mendell 2005;
Torres-Torrelo et al. 2012). However, fewer glutamatergic
synapses on MIF motoneurons might cause less efficient
membrane potential alterations given the smaller size of the
glutamatergic synaptic structures (Fig. 6a). Alternatively,
differential expression patterns of voltage-gated potassium
channels could produce different neuronal outputs from MIF
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and SIF motoneurons, collectively rendering a clear predic-
tion of the findings on net firing rate changes at best difficult
(see Perineuronal nets, potassium channels and fast-spiking
section).

Control of neuronal excitability by intrinsic
membrane properties of MIF and SIF motoneurons

Transmitter receptors and their functional impact
on selective vulnerability in neurodegenerative diseases

Ionotropic glutamate receptors consist of AMPA/kainate and
NMDA receptors. Increasing evidence indicates that NMDA
receptors mediate slower and more prolonged responses,
whereas AMPA receptors initiate more rapid and transient
responses (Traynelis, 2010). Unlike AMPA receptors, which
increase the permeability mainly for sodium and potassium,
NMDA receptors are also permeable for Ca?*, producing
prolonged depolarizations (Dingledine et al. 1999). In the
abducens nucleus of larval Xenopus laevis, motoneurons
were subdivided into two functional subgroups with respect
to the pharmacological profile of vestibular excitatory inputs
(Dietrich et al. 2017). One population of motoneurons is
mainly activated through AMPA receptors, while motoneu-
rons of the second subgroup receive vestibular excitatory
inputs predominantly through NMDA receptors (Dietrich
et al. 2017). The present study revealed lower expression
levels of GluR2/3- and a lack of NMDARI1-immunoreac-
tivity in MIF motoneurons, whereas immunostaining for
both receptors was present in SIF motoneurons. However,
no indication for a potential distinction into subgroups with
respect to ionotropic glutamate receptor expression was
encountered in either of the two motor nuclei examined. This
does, however, not exclude the possibility that histochemi-
cal analyses of other glutamate receptor subunits, including
a more detailed quantification, would allow a dissociation
into particular subcategories of SIF and MIF motoneurons.

Differential glutamatergic receptor expression in MIF
and SIF motoneurons has important functional and clinical
implications. First, fewer vGlut2-immunopositive terminals
with fewer GluR2/3 and no NMDARI expression by MIF
motoneurons provides suggestive evidence for lower syn-
aptic sensitivity in response to glutamate, as compared to
SIF motoneurons. Second, this could render MIF and SIF
motoneurons differentially resistant to glutamate-induced
excitotoxicity as found, for instance, in amyotrophic lat-
eral sclerosis (ALS) (Brockington et al. 2013). The higher
expression levels of AMPA-receptors containing the GluR2
subunit, which renders extraocular motoneurons less perme-
able to calcium, potentially represents one cause for the rela-
tive resistance of the ocular motor system to degeneration
in ALS as compared to spinal motoneurons (Van Damme
et al. 2005). However recent studies imply that the ocular
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motor system is not completely spared in ALS, but it may
affect motoneurons differentially. Therefore, the comparably
lower GluR2/3 expression in MIF motoneurons along with
the absence of calcium-binding proteins (Eberhorn et al.
2005) could constitute one factor for the putatively higher
vulnerability of MIF motoneurons as compared to SIF moto-
neurons, consistent with the observed degeneration of MIFs
in ALS patients (Ahmadi et al. 2010; Tjust et al. 2017).

Control of motoneuronal excitability is also maintained
by inhibitory transmitters through fast-acting ionotropic
glycinergic and GABA , receptors, which are permeable for
CI™ upon ligand binding (Rekling et al. 2000). Glycine and
GABA , receptors decrease excitability, depending on the
intracellular CI™ concentration, which is regulated in part
by the activity of member 5 of KCC2 (Chamma et al. 2012).
KCC2-immunolabeling of MIF and SIF motoneurons,
therefore, complies with requirements for glycinergic and
GABAergic neurotransmission. Similar motoneuron mem-
brane localizations of GlyR1 and KCC2 suggest that they co-
localize, with weak somatic labeling and stronger labeling of
the dendrites (Figs. 7d, 8a—c). In addition, GABA , receptors
have been demonstrated to also colocalize both with GlyR1
(Todd et al. 1996) and KCC2 (Huang et al. 2013). KCC2
determines the polarity and efficacy of GABA , and glycine
receptors, and pathologies that derive from a KCC2 defi-
ciency cause neural excitability-related disorders, such as
epilepsy and Huntington’s disease (Tang 2020).

Perineuronal nets, potassium channels and fast-spiking

Beyond a potential role in neuroprotection and regulating
plasticity, PNs are associated with parvalbumin-immunopos-
itive fast-spiking interneurons, where this structural element
presumably acts as cation buffer by providing a negatively
charged trap for sodium and potassium ions around the cell
membrane (Hértig et al. 1999). Moreover, PNs are correlated
with the expression of the voltage-gated potassium chan-
nel Kv3.1b, potentially enhancing firing characteristics of
fast-spiking neurons via regulation of Kv3.1b and Kv1.1
expression and recruitment (Favuzzi, 2017; Hartig et al.
1999). Low voltage-activated members of the Kv1 family
are known to regulate the resting membrane potential, spike
threshold and neuronal excitability (Johnston et al. 2010). A
recent study in mouse deep cerebellar nucleus neurons dem-
onstrated that application of specific Kv1 channel blockers
lowers action potential threshold, increases spontaneous fir-
ing rate (or introduces spontaneous tonic firing in previously
silent neurons) and reduces the fast-spiking capacity (Feria
Pliego and Pedroarena 2020). On the other hand, members
of high-voltage activated Kv3 channels open during action
potentials, thereby shortening spike duration by interfering
with the repolarization (Johnston et al. 2010). Together,
Kvl.1 and Kv3.1b enhance sustained and high-frequency
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firing by minimizing Nav inactivation (Gu et al. 2018; Kac-
zmarek and Zhang 2017; Kodama et al. 2020).

Recent findings in cat indicated that both MIF and
SIF motoneurons express phasic-tonic discharge patterns
and contribute to all types of eye movements (Hernandez
et al. 2019). This appears to conflict with the fact that MIF
motoneurons lack the Kv3.1 ion channel subunit, which is
a reliable marker of fast-spiking neurons capable of bursts
(Kodama et al. 2020), along with lower levels of Kv1.1-
immunoreactivity. Additionally, the graded immunolabeling
of Kvl1.1 of abducens and trochlear neurons is interesting
due to the role in regulating spike threshold, and therefore
overall excitability. However, varying immunolabeling
intensities cannot be translated directly into differential
mRNA content or protein expression. Nonetheless, vary-
ing Kv1.1 expression levels comply with the observation
that extraocular motoneurons appear to form a function-
ally continuous spectrum with regard to eye position and
eye velocity-related recruitment thresholds (Hernandez
et al. 2019; Nieto-Gonzales et al. 2007). Therefore, Kv1.1
could be a contributor to the electrophysiological substrate
required for regulating neuronal firing threshold and cor-
responding eye movement-related sensitivity. This sugges-
tion places MIF and SIF motoneurons on opposite ends of
a population spectrum with distinct histochemical profiles
that correspond to neurons with relatively tonic or relatively
phasic firing characteristics, respectively (Davis-Lépez de
Carrizosa et al. 2011; Horn and Straka 2021).

Fast-firing and associated ion channel expression profile

In a recent study conducted on MVN neurons with different
firing characteristics in mice, Kodama et al. (2020) identi-
fied distinct co-expression patterns of genes, including (but
not limited to) voltage-gated ion channel families, neurofila-
ments and calcium-binding proteins. An important discovery
was the strong correlation of ion channel expression includ-
ing Kvl1.1, Kv3.1 and Nav1.6 in the fastest-spiking MVN
neurons that constitute a major synaptic input to extraocular
motoneurons (Kodama et al. 2020). These members of the
‘fast spiking gene module’ are potentially co-regulated and
responsible for the persistence of a high excitability during
repetitive firing (Kodama et al. 2020). Persistent high fir-
ing rates, such as found in ocular motor circuitries, require
minimal Nav inactivation, which is facilitated by Kv1.1 and
Kv3.1 subunits (Carter and Bean 2011; Foust et al. 2011;
Kaczmarek and Zhang 2017). Our findings demonstrate
that this correlation, required for sustained fast-spiking, is
in fact implemented in SIF, but not in MIF motoneurons at
the protein level (Figs. 1, 2, 3, 10). Although these findings
may account for the reported lower threshold and reduced
firing level of MIF motoneurons (Hernandez et al. 2019), it
cannot exclude a potential generation of bursts through the

presence of other Kv subunits alongside Nav1.6 channels, as
reported for Purkinje cells (Khavandgar et al. 2005; McKay
and Turner 2004; Zagha et al. 2008). The hypothesis that
the burst activity of MIF motoneurons is achieved through a
set of different ion channel subunits complies with possibly
distinct evolutionary origins of MIF and SIF motoneurons
(Horn and Straka 2021; Walls 1962).

In addition, Kodama et al. (2020) reported a covarying
expression of neurofilament proteins along with ion chan-
nels that are characteristic for the fast-spiking gene module.
These features also correlate with axon caliber differences
and even the regulation of dynamics and sustainability of
transmitter release (Kodama et al. 2020). These findings
also agree with the observation that MIF motoneurons lack
non-phosphorylated neurofilaments (NP-NF) (Eberhorn
et al. 2005). SIF motoneurons on the other hand co-express
NP-NF (SMI-32), Kv1.1 and Kv3.1, and have larger axonal
diameters indicative for sustained fast-spiking properties.
Given that expression levels of neurofilaments covary with
the axon caliber (Friede and Samorajski 1970; Lee and
Cleveland 1996), a co-regulation of ion channel and neu-
rofilament genes could account for a relationship between
axon diameter as a proxy for high dynamics and fast-spiking
capacity, as demonstrated for several other cell types (Perge
et al. 2012).

Low voltage activated (T-type) calcium channels in MIF
motoneurons and implications for muscle contractions

As members of a family of inward-permeating cation chan-
nels, low-voltage-activated (LVA) T-type calcium channels
generally increase the excitability of cells (Weiss and Zam-
poni 2013). At resting membrane potential, these channels
are typically inactive and therefore contribute only little
to spike generation (Molineux, 2006; Weiss and Zamponi
2013). Upon release from a hyperpolarization, these chan-
nels depolarize the membrane to generate an LVA calcium
spike and a rebound depolarization that drives a spike burst
(post-inhibitory rebound burst) (Molineux et al. 2006).
Therefore, T-type calcium channels are associated with
regulating the excitability and pace-making at subthreshold
voltage levels (Weiss and Zamponi 2013).

Selective expression of Cav3.1 channel, as observed in
MIF motoneurons (Fig. 10), was shown to be sufficient for
a rebound discharge (Molineux et al. 2006). On the other
hand, cerebellar stellate and basket cells which express only
Cav3.2 or Cav3.3 do not generate a rebound discharge under
normal conditions, but only upon blockade of potassium
channels (Molineux et al. 2006). The Cav3.3 subunit also
contributes to a rebound discharge when co-expressed with
potassium channels (Molineux et al. 2006). Taken together,
post-inhibitory rebound depolarization generated by the
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Cav3.1 channel could be responsible for the initial mem-
brane depolarization and bursting in MIF motoneurons, with
a different mechanism than that implemented in SIF moto-
neurons. Accordingly, the excitability and bursting behavior
of SIF motoneurons are likely regulated by a combination
of Kv channels and more efficient glutamatergic transmis-
sion. These differences in intrinsic membrane properties
could explain why MIF motoneurons have lower recruitment
thresholds and firing rates, while at the same time they are
apparently able to generate spike bursts (Hernindez et al.
2019). The lack of Kv3.1 and Kv1.1 channels, combined
with Cav3.1 channel expression, suggests that the popula-
tion of MIF motoneurons in this study corresponds to the
early recruited motoneuron population with low sensitiv-
ity and extended tonic firing. In contrast SIF motoneurons
exhibit brief bursts followed by a less persisting tonic firing
(Davis-Lopez de Carrizosa et al. 2011; Gonzalez-Forero
et al. 2003).

T-type calcium channels, by causing action potential-
independent sustained Ca?* elevations near the resting
membrane potential, control a multitude of cellular and
physiological functions, such as (low-threshold) vesicular
exocytosis (Weiss and Zamponi 2013). As a result, MIF
motoneurons might release significant amounts of neuro-
transmitters from their axonal boutons around the resting
membrane potential (Weiss and Zamponi 2013), especially
with respect to the window current of T-type calcium chan-
nels (Perez-Reyes 2003). When activation and inactivation
curves of T-type calcium channels overlap, a sustained influx
of Ca* through the channels around the resting membrane
potential is possible for up to minutes, where a significant
proportion of channels is open, but not yet completely inac-
tivated (Perez-Reyes 2003). This phenomenon, i.e., “window
current”, could facilitate low-threshold acetylcholine release
onto multiply-innervated muscle fibers for an extended time.
This is in contrast to singly-innervated fibers, where the dis-
charge of SIF motoneurons is only brief, but at a consider-
ably higher spike rate (Hernindez et al. 2019), and therefore
provokes a larger quantal transmitter release per time. Based
on this interpretation, selective Cav3.1 channel expression
in MIF motoneurons could account for a role in the activa-
tion of all eye movement types, albeit with lower sensitivity
and with a predominant contribution to the maintenance of
an elevated muscle tone (Hernandez et al. 2019; Wasicky
et al. 2004).

Presynaptic inputs and intrinsic membrane
properties of internuclear neurons in comparison
to SIF motoneurons

Internuclear neurons of the abducens nucleus, which use

glutamate and/or aspartate as transmitter (Nguyen and Spen-
cer 1999), receive patterns of synaptic inputs from premotor
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sources similar to adjacent abducens motoneurons (Spen-
cer and Sterling 1977; Straka and Dieringer 1993). While
motoneurons are cholinergic and project to the lateral rectus
muscle, INTs project to the medial rectus subgroup of the
contralateral oculomotor nucleus, enabling horizontal con-
jugate eye movements (Baker and Highstein 1975; Biittner-
Ennever and Akert 1981; Ugolini et al. 2006). Following
electrical stimulation of the vestibular nerve in the cat and
frog, both abducens motoneurons and internuclear neurons
display disynaptic EPSPs on the contralateral and IPSPs on
the ipsilateral side (Baker and Highstein 1975; Straka and
Dieringer 2004). Monosynaptic excitatory premotor com-
mands for saccades arise from the ipsilateral pontine reticu-
lar formation (Highstein et al. 1976; Strassman et al. 1986).
Interestingly, the sources of synaptic inputs received by INTs
are similar to those of SIF motoneurons, but not to those of
MIF motoneurons (Ugolini et al. 2006). This suggests that
signals mediated onto MIF abducens motoneurons obviously
find no correspondence in an internuclear pathway that inter-
connects the respective synergistic subtypes of lateral and
medial rectus motoneurons.

Internuclear neurons facilitate the conjugacy of both
eyes by mediating a signal copy to the oculomotor nucleus
because this neuronal population exhibits the same burst-
tonic firing pattern during horizontal eye movements (Fuchs
et al. 1988). Moreover, INTs fire slightly before and with a
somewhat higher intra-burst frequency than abducens moto-
neurons (Delgado-Garcia et al. 1977), which facilitates pre-
cise phase relationships of lateral rectus and medial rectus
muscle contractions (Davis-Lépez de Carrizosa et al. 2011;
Pastor and Gonzélez-Forero 2003). The enhanced excit-
ability and earlier recruitment of INTs potentially derives
from morpho-physiological adaptations. Notably, the dis-
tinct behavior of INTs might be related to a higher den-
sity of synaptic inputs, as compared to SIF motoneurons
(Highstein et al. 1982). Indeed, the present study has dem-
onstrated a higher density of presumed inhibitory synaptic
contacts onto the somata of INTs, compared to those on SIF
motoneurons (Figs. 6b, ¢, 7b, c). However, only the density
of GAD-immunopositive puncta was significantly higher,
while the synaptic density of other transmitter types on SIF
motoneurons and INTs were similar, in agreement with elec-
tron microscopic observations (Spencer and Sterling 1977).
On the other hand, consistently stronger Kv3.1b- and PN-
immunolabeling were found in INTs, as compared to SIF
motoneurons (Figs. 1f, 2¢), despite a higher density of glu-
tamatergic synapses. This could explain an enhanced excit-
ability and intra-burst frequency of INTs (Delgado-Garcia
et al. 1977).

A major difference between INTs and motoneurons
emerging from the current study was the strong immunola-
beling of NMDARI1 in the former cell type (Fig. 4f). Intense
somatic and dendritic labeling of INTs with the NMDARI1
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antibody assigns a distinct NMDAR-mediated excitation to
these neurons in comparison to motoneurons. NMDA recep-
tors mediate slower and more prolonged responses, whereas
AMPA receptors provoke more rapid and transient responses
(Traynelis et al. 2010). The intense NMDARI expression
by INTs in comparison to motoneurons could assist in spike
burst generation, as NMDA receptors were shown in cat
abducens motoneurons to evoke a burst at threshold level
followed by a stable repetitive firing (Durand et al. 1987).

Differential control of eye movements
by extraocular motoneuron and muscle fiber types

Earlier work on extraocular muscles suggested the possibil-
ity that slow eye movements and gaze holding is achieved
by slow-tonic (non-twitch) non-fatigable fibers, while fast
eye movements such as saccades are produced by fast-twitch
fatigable fibers, as observed in vertebrate skeletal muscles
(Bormioli et al. 1980; Close and Hoh 1968; Henneman et al.
1965; Hoh 2020; Ugolini et al. 2006). However, the expres-
sion of numerous myosin heavy chain isoforms that define
contraction characteristics in extraocular muscles suggests
that the wide range of eye movements might be differentially
controlled through the recruitment of several fiber types,
rather than the often-emphasized bimodal distribution (Hoh
2020; Horn and Straka 2021). Indeed, apart from a clas-
sification according to the arrangement into an orbital and
a global layer, extraocular muscle fibers can be subdivided
into up to six types according to structural and histochemical
properties such as fiber diameter, sarcoplasmic reticulum
development, number of mitochondria and oxidative enzyme
content (Shall and Goldberg 1992; Spencer and Porter
2006). In these analyses, global and orbital SIFs, as well as
orbital MIFs, are arranged along a spectrum of fast/slow and
fatigable/fatigue-resistant properties, whereas global MIFs
are positioned at the non-twitch/slow-tonic end containing
the slowest myosin heavy chain isoforms (Close and Hoh
1968; Hernandez et al. 2019; Hoh 2020; Matyushkin 1964).

Conclusion

Distinct labeling patterns of ion channel and neurotrans-
mission-related proteins were encountered for MIF and
SIF motoneurons in the abducens and trochlear nuclei of
macaque monkeys, in agreement with putative differences
in physiological properties. These findings complement
previous reports with regard to several functional aspects:
(i) MIF motoneurons, histologically identified by ChAT-
immunopositivity and lack of PNs likely correspond to
global MIF motoneurons identified in cats by lower spike
thresholds and firing rates. (ii) Although motoneurons along
the entire spectrum of firing rates and activation thresholds

are active during all eye movement types, the clear histo-
logical distinction including innervation pattern between SIF
and MIF motoneurons suggests a differential distribution
of electrophysiological properties. (iii) The wide range of
motoneuronal activity might be achieved through a combi-
nation of varying density in transmitter phenotype, receptor
expression pattern and ion channel composition. The immu-
nohistochemical dissection performed in the current study
thus represents a major step in linking morphological and
biochemical features with known physiological and pharma-
cological properties, providing the basis for an assessment
of corresponding aspects of homologous nuclei involved in
human eye movement pathologies.
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ABSTRACT

Bursting behavior of brainstem premotor burst neurons (BNs) is essential for initiation of saccades and cali-
brating their metrics. Several ion channel families such as voltage-gated potassium (Kv) channels, low-voltage-
activated calcium (Cav3) channels and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are
major regulators of the bursting in neurons. Therefore, it was speculated that ion channels with rapid kinematics
are essential for characteristic firing patterns of the BNs and rapid saccade velocities. However, the expression
patterns of ion channels are yet to be confirmed. Confirmation would not only support the neuromimetic model
predictions for saccade generation in brainstem, but also contemporary views that channelopathies can cause
saccade disorders in humans. As proof of concept, we examined excitatory BNs in the rostral interstitial nucleus
of medial longitudinal fasciculus (RIMLF, vertical saccades) and inhibitory BNs in nucleus paragigantocellularis
dorsalis (PGD, horizontal saccades) histochemically in macaque monkeys. We found strong expression of Kv
channels, which enable rapid-firing, as well as HCN1&2 and Cav3.2&3.3, which enable post-inhibitory rebound
bursting, in both BN populations. Moreover, PGD was found to host multiple neuron groups in terms of calretinin
immunoreactivity. Our results provide histochemical evidence that supports models proposing post-inhibitory
rebound facilitates bursting in BNs. Furthermore, our findings support the notion that deductions can be
made about electrophysiological firing properties by histochemical examination of functional groups within the
brainstem saccadic circuitry. This development is an important building block supporting the concept of chan-
nelopathies in saccadic disorders. Future histological studies in humans will confirm this approach for saccadic
disorders.

1. Introduction

1.1. Premotor (burst) control of saccades (anatomical layout and

connections)

eye movements [20,23,48]. While burst neurons (BNs) of the RIMLF lie
throughout the wing-like shape of the nucleus, mid-sized BNs of PPRF
are bilaterally intermingled with neurons of different sizes and shapes
belonging to non-oculomotor systems, and are therefore often identified
with the help of tract-tracing [23,65]. Both of these burst neuron pop-

Fast eye movements such as saccades or the quick phases of opto-
kinetic reflexes, as well as vestibular forms of nystagmus, are achieved
through the high-frequency bursting of motoneurons supplying extra-
ocular muscles. As shown from anatomical tract-tracing and electro-
physiological recording experiments in monkeys, the burst (phasic)
component of motoneuron firing originates from input of premotor burst
neurons located in the paramedian pontine reticular formation (PPRF)
for horizontal eye movements [8,19,65] and in the rostral interstitial
nucleus of medial longitudinal fascicle (RIMLF) for vertical/torsional

ulations are excitatory (EBNs) and utilize glutamate/aspartate as
transmitters [62]. However, for conjugate saccadic eye movements,
contralateral motor nuclei receive simultaneous inhibitory burst signals.
The inhibitory premotor burst neurons (IBNs) are located in the nucleus
paragigantocellularis dorsalis (PGD) for the horizontal eye movements
[66,71] and presumably in the interstitial nucleus of Cajal for the ver-
tical/torsional eye movements [29,67]. The interstitial nucleus of Cajal
contains multiple neuronal populations alongside IBNs, which require
further delineation and identification [22,67]. IBNs of the horizontal
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system utilize glycine, whereas IBNs of the vertical system are thought to
utilize GABA as their transmitter [29,63]. Monosynaptic and simulta-
neous innervation of extraocular motoneurons by premotor EBNs and
IBNs is essential for synchronous and precise initiation and generation of
saccadic eye movements.

1.2. Physiological and histochemical properties of burst (and other
premotor) neurons

Premotor burst neurons receive saccadic parameters (i.e speed,
duration) via synaptic inputs originating mainly from glutamatergic
superior colliculus neurons [61], glycinergic omnipause neurons (OPNs)
[26] and likely indirectly from GABAergic oculomotor cerebellar nuclei
neurons [36]. The superior colliculus provides translated spatio-
temporally mapped information. The premotor neurons translate this
input into a burst determining the speed, direction and distance of the
saccade. OPNs mark saccade initiations by ceasing their tonic inhibition
of burst neurons and remaining inactive during saccades. They may also
play a minor role in saccade termination by reactivating and thereby
inhibiting the burst neurons [49]. Upon excitation by the superior col-
liculus and disinhibition by OPNs, the burst neurons initiate spiking at
rates up to 1000 Hz, which determines both saccadic velocity and the
short saccade duration [61]. The eye position signal is calculated by the
neural integrators in the interstitial nucleus of Cajal (INC) and pre-
positus hypoglossi nucleus (PPH), which receive monosynaptic bursting
information from EBNs. The integrators subsequently send the speed-to-
location integrated information as eye position signal to motoneurons to
form the tonic component of their firing pattern [5,15,61]. The high
speed and precision of data transmission produced by the interplay of
OPNs, BNs and motoneurons is crucial for generating fast and accurate
eye movements.

The EBNs in the RIMLF, the IBNs in PGD, as well as OPNs located in
the nucleus raphe interpositus are identified at a cellular level by his-
tochemical labeling with parvalbumin (PAV) and by the perineuronal
nets enveloping them [22,28]. Moreover, RIMLF-EBNs are further
divided into two main subpopulations with respect to their calretinin
(CR) immunoreactivity. It has been demonstrated through their
anatomical connections to motoneurons of vertically pulling eye mus-
cles that CR-positive EBNs in the RIMLF represent up-burst neurons,
whereas CR-negative EBNs represent down-burst neurons [1,2,72].

1.3. Pathological cases related to burst generator dysfunction

High-frequency discharges from saccadic premotor burst neurons are
utilized by motoneurons of the eye muscles to overcome the physical
forces limiting eye bulb movement such as inertia and surface resistance
in order to initiate saccades [24,61]. Therefore, neurologically identi-
fied slowing or complete loss of saccadic eye movements has mainly
been correlated with alterations or loss of burst neuron function
[17,39,50]. This phenomenon is often found in various eye movement
disorders of diverse etiology, such as progressive supranuclear palsy
(PSP) [3,59], Niemann-Pick disease Type C (NPC) [4], or saccade
slowing after cardiac surgery [11]. The observation of symptoms from
these diseases demonstrates that the presentation of saccade slowing can
vary enormously. For instance, PSP and NPC initially affect vertical
saccades rather than horizontal saccades [7,51,52,64], while some
studies report that downward rather than upward saccades are affected
in NPC [51] suggesting differential neuronal susceptibility to neuro-
degeneration. Moreover, the observation that the loss or slowing of
saccadic eye movements are not necessarily indicators of burst neuron
loss, but rather that alterations in the cellular environment (and thus,
indirectly, cellular function) form the basis of hypotheses for proper
burst neuron function and predictions in pathologies.
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1.4. Predictions and hypotheses related to pathophysiology of burst
generators

A neuromimetic model for saccade generation describing membrane
kinematics of EBNs and IBNs [45,57] successfully broke down the
irregular trajectory or slowed saccades observed in PSP cases [59]. The
study explained reduced saccadic speed and irregular trajectory as being
a result of reduced EBN activity and imprecisely timed IBN activity [59].
Moreover, these models can predict what kind of biophysiological
properties these neurons should possess, and the type of ion channels
that should be expressed on their membranes to produce these phe-
nomena. One such a phenomenon is the post-inhibitory rebound (PIR)
behavior of premotor burst neurons [12]. PIR occurs due to a low
membrane threshold voltage, and as a result, a single neuron is capable
of firing at high rates automatically and without excitation when
released from inhibition [12]. Hence, it has been suggested that EBNs
and IBNs should express HCN channels and Cav3 family, both of which
are low-voltage-activated channel families, for the healthy generation of
saccades. They also suggested that saccadic slowing would occur if these
channels are downregulated or impaired [59]. The models further pre-
dicted that HCN and Cav3 channel subtypes with rapid membrane ki-
nematics, such as HCN1 and HCN2, would create suitable infrastructure
for required burst neuron characteristics facilitating saccade dynamics.

1.5. Aim of the study

This work aims to characterize the histochemical signature of
saccadic premotor burst neurons with the specific goal to investigate
biophysiological markers that govern the burst-firing characteristics of
these neurons in macaque monkey. Bursting in neurons is intrinsically
regulated by ion channel families such as voltage-gated potassium (Kv)
channels, low-voltage-activated calcium (Cav3) channels and
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. To
test whether transmitter content or eye movement direction translates
into different neuronal characteristics with respect to ion channel
expression, we investigated the excitatory burst neurons of vertical
saccadic circuitry and the inhibitory burst neurons of horizontal
saccadic circuitry. The choice of these cells was primarily driven by the
ease of delineating them without additional tract-tracing. Overall, this
inquiry shall provide histochemical evidence in support of, or against,
the neuromimetic model for saccade generation based on clinical data
from saccadic disorders. Furthermore, the identification of additional
markers related to healthy burst generation paves the way for post-
mortem histochemical identification of possible channelopathies in
human cases with saccadic disorders.

2. Results

2.1. Combination of perineuronal net and non-phosphorylated
neurofilament immunoreactivity as a marker of premotor saccadic burst
neurons

2.1.1. PN/SMI32 co-immunolabeling of burst neurons in the RIMLF

As previously shown [2], cholera toxin B (CTB) injection into the
oculomotor nucleus (nIll) resulted in retrogradely labeled, medium-
sized premotor burst neurons (BNs) located in the rostral interstitial
nucleus of medial longitudinal fasciculus (RIMLF), bilaterally. These
neurons are histochemically characterized by the calcium-binding pro-
tein parvalbumin (PAV) and also by the presence of perineuronal nets
(PNs) [28]. Combined immunofluorescence detection of CTB, PAV and
non-phosphorylated neurofilament (NP-NF; shown by SMI-32 antibody)
revealed that all CTB labeled PAV-immunopositive neurons in the
RIMLF were simultaneously SMI-32-immunopositive, as well (Fig. 1a).
Furthermore, PAV-positive puncta, likely representing synaptic termi-
nals, were observed on the cell membrane of CTB labeled neurons
(Fig. 1a, red in composite). Moreover, combined immunofluorescence
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Fig. 1. Histochemical markers of burst neurons in the rostral interstitial nucleus of medial longitudinal fasciculus (RIMLF) and nucleus paragigantocellularis dorsalis
(PGD). a Retrogradely labeled medium-sized premotor burst neurons (BNs) in the RIMLF (blue; upper left) following cholera toxin B (CTB) injection into the oc-
ulomotor nucleus (nIIl) co-express parvalbumin (PAV, red; upper right) and SMI-32 (green; lower left). PAV-immunostaining also yields punctate staining on somatic
and dendritic membrane of BNs (red, lower right) possibly labeling presynaptic terminals from sources such as omnipause neurons. Colours of the antibody labels
correspond to immunolabeling colour depicted in the composite image. b A combination of perineuronal nets (PN, HAPLN1, red) and SMI-32-immunostaining
(green) highlights medium-sized premotor BNs of the RIMLF. Close-up of a BN within the RIMLF from the same staining series but different section is shown in
the inset. ¢ Combined immunohistochemistry of PN (ACAN, black)/SMI-32 (brown) labels medium-sized neuronal population in PGD, presumed to be inhibitory
burst neurons of horizontal saccadic circuitry. d Close-up of PGD as indicated by the rectangle in ¢, co-immunostained for ACAN and SMI-32, containing various
medium-sized neurons. e Combination of PN marker ACAN with calcium binding protein calretinin (CR) yields multiple neuronal populations with regards to CR-
immunoreactivity. f Neurons labeled with PAV (right, black) and PNs (ACAN, left, black) either express CR (orange arrows), or lack CR-immunolabeling (white
arrows). Several neurons with PNs expressed weak CR-immunolabeling (orange arrowhead). Lastly, a number of CR-positive neurons lacking PNs were found (gray
arrow). These neurons were PAV-immunonegative. Scale bar represents 20 pm in a and inset in b; 200 pm in b-e and 50 pm in f. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

for PNs (HAPLN1) and SMI-32 labeled all the neurons, which are likely established anatomical definitions [22,27]. All the neurons that are

to be BNs of the RIMLF (Fig. 1b). labeled by the PN marker in PGD were also immunolabeled by SMI-32
antibody (Fig. 1c,d). These findings enabled the utilization of SMI-32/

2.1.2. PN/SMI32 co-immunolabeling of burst neurons in PGD PN combination as a viable BN marker, regardless of whether the cell
The validity of this co-immunolabeling as a marker for all BNs was belonged to the horizontal or vertical saccadic circuitry, or whether it
further investigated by combined immunoperoxidase-based staining of carried out an excitatory or inhibitory role in the saccadic eye movement

inhibitory BNs in nucleus paragigantocellularis dorsalis (PGD) by PN system.
marker aggrecan (ACAN) and NP-NF marker SMI-32, using previously
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2.1.3. Calretinin labeling of burst neurons in the PGD

Another histochemical marker used to further delineate the neuronal
populations in the RIMLF is calretinin (CR) [2]. CR-immunostaining in
pontomedullary sections at the level of PGD revealed multiple neuronal
populations in the IBN area (Fig. 1e,f). The neurons immunolabeled for
ACAN and parvalbumin (PAV), which are putative IBNs, contained CR-
positive (Fig. 1f; orange arrows) and CR-negative (Fig. 1f; white arrows)
subpopulations, including several neurons that expressed weak CR-
immunolabeling (Fig. 1f, Fig. 3c; orange arrowheads). These ACAN-
positive neurons with differential CR-immunoreactivity showed no
morphological differences, such as neuronal size and shape (Fig. 1e,f).
However, an additional CR-positive neuronal population was found that
lacked ACAN-immunolabeling (Fig. 1f, Fig. 3c; gray arrow). Further-
more, these small to medium-sized neurons expressed no PAV (Fig. 1f,
Fig. 3c; gray arrow). Based on their differing histochemical signature,
this last population of cells is not considered as IBNs.

2.2. Voltage-gated potassium channels in premotor saccadic burst neurons

2.2.1. Excitatory burst neurons in the RIMLF co-express Kv1.1, Kv3.1b and
Kce2

Next, we investigated the expression of voltage-gated potassium
channels that are responsible for fast-firing in saccadic premotor burst
neurons with high metabolic activity (Fig. 2). Excitatory burst neurons
for vertical saccades in the RIMLF (EBNy) identified with PN marker
ACAN and neurofilament marker SMI-32 were tested for Kv1.1-, Kv3.1b-
and KCC2-immunoreactivity. We found that ACAN- and SMI-32-
immunopositive putative EBNy were co-labeled with all three potas-
sium channel antibodies (Fig. 2c). Moreover, the investigation of
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qualitative differences in immunoreactivity for up- (n = 19) and down-
gaze (n = 23) burst neurons yielded no difference in Kv1.1 or Kv3.1b
profiles (Fig. 2a,b). Up-gaze neurons (orange arrows) were labeled with
a combination of calretinin (CR, brown) and PN (black) markers
whereas down-gaze neurons (white arrows) were identified with PN-
labeling (black) and no CR-labeling (Fig. 2a,b), as established previ-
ously [2]. The Kvl.1-labeling intensity of neurons varied within the
RIMLF, however no qualitative correlation between Kv.1.1-labeling in-
tensity and the expression of CR was observed (Fig. 2a,b, left). On the
other hand, no clear variation in intensity or appearance of immuno-
labeling was found for Kv3.1b and KCC2 (Fig. 2a-c, right).

2.2.2. Horizontal inhibitory burst neurons do not differ in expression of
Kv1.1, Kv3.1b and KCC2

Next, we investigated whether or not inhibitory burst neurons in the
horizontal saccadic circuitry (IBNy) with glycinergic transmitter content
would differ in voltage-gated potassium channel profiles from excitatory
burst neurons of the RIMLF with glutamate as transmitters [62] (Fig. 3).
Immunohistochemical staining of IBNy area in PGD revealed that
middle-sized ACAN- and SMI-32-co-immunolabeled neurons also
showed Kv1.1-, Kv3.1b- and KCC2-immunoreactivity (Fig. 3a,b; arrow,
n = 42), which was a qualitatively similar profile to EBNy of the RIMLF
(Fig. 2). While Kv3.1b-labeling was uniform across all IBNy in the nu-
cleus, Kv1.1-labeling intensity was variable, with some neurons having
stronger somatic labeling than other neurons of similar size (Fig. 3a,b,
second column). However, among ACAN-positive putative IBNy, Kv1.1-
immunolabeling did not exhibit qualitatively different patterns between
calretinin (CR)-positive (Fig. 3c; orange arrows and arrowheads) and
CR-negative (Fig. 3c; white arrows) neurons. The CR-positive neurons

Fig. 2. Immunoperoxidase labeling of Kv1.1, Kv3.1b and KCC2 proteins in excitatory burst neurons of the rostral interstitial nucleus of medial longitudinal fasciculus
(RIMLF). a Consecutive coronal paraffin sections through the RIMLF immunostained for Kv1.1 (left), Kv3.1b (right), combined aggrecan (ACAN)-based perineuronal
nets (black) and calretinin (CR; brown, middle), respectively. ACAN/CR combination serves the identification of up- (CR-positive) and down- (CR-negative) burst
neurons. b Close-up from areas indicated by rectangles comparing Kv1.1 (left) and Kv3.1b (right) expression in up- and down-burst neurons. Neither Kv1.1- nor
Kv3.1b-immunolabeling differs qualitatively between CR-positive (orange arrows, n = 19) and CR-negative (white arrows, n = 23) subpopulations. ¢ Consecutive 7
pm thick paraffin sections depicting a medium-sized excitatory burst neuron that co-expresses potassium channel proteins Kv1.1 (left, black), Kv3.1b (middle) and
KCC2 (right, black). Scale bar represents 200 pm in a and 50 pm in b-c. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. Immunoperoxidase labeling of Kv1.1, Kv3.1b and KCC2 proteins in inhibitory burst neurons of the right nucleus paragigantocellularis dorsalis (PGD). a Four
consecutive coronal paraffin sections through the pontomedullary junction at the level of PGD immunostained for KCC2 (first column, black), Kv1.1 (second column),
Kv3.1b (last column), combined aggrecan (ACAN)-based perineuronal nets (black) and SMI-32 (brown, third column). Note that intensity of Kv1.1-immunolabeling
varied within the nucleus (second column). Neurons labeled with ACAN/SMI-32 (n = 42) co-expressed all three potassium channel subunits. b Detailed view of
potassium channel immunolabeling, as seen in the rectangle indicated in a. The same neuron (arrow) can be seen to co-express all three potassium channel proteins.
KCC2-labeling was weak in the somatic membrane but strong in dendrites. Kv1.1-labeling focused on cell body, whereas Kv3.1b-labeling was localized more towards
somatic and dendritic membrane. ¢ Investigation of whether or not varied Kv1.1-labeling intensity had a correlation with varied calretinin (CR)-expression within
PGD in three 5 pm thick consecutive paraffin sections stained for Kv1.1 (left), parvalbumin (PAV, right), combined ACAN-based perineuronal nets (black) and CR
(brown, middle). ACAN-positive neurons (CR-positive, orange arrows; weak CR positive; orange arrowheads; CR-negative, white arrows) expressed Kv1.1 at varying
levels. Kvl.1-immunolabeling intensity had no correlation with the CR-expression in neurons with ACAN-positive perineuronal nets, as seen in insets. Smaller CR-
immunopositive neurons which lacked ACAN and PAV (gray arrows) did not display Kv1.1-immunolabeling. Scale bar represents 200 pm in a, 50 pm in b-c and 30
pm for the insets in c. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that lacked PAV and ACAN-positive PNs lacked Kv1.1- labeling (Fig. 3c;
gray arrow).

In summary, saccadic premotor burst neurons were found to express
co-immunoreactivity for Kvl.1, Kv3.1b and KCC2 regardless of
belonging to the vertical or horizontal system, and regardless of having
excitatory or inhibitory transmitters.

2.3. Low-voltage-activated HCN and Cav3 channels in premotor saccadic
burst neurons

A hypothesis based on current clinical and modeling data predicts
PIR in premotor BNs in the saccadic system, and this requires the
expression of low-voltage-activated ion channels [45,57,59]. Therefore,
we investigated the presence of immunoreactivity for hyperpolarization-
activated cyclic nucleotide-gated (HCN) channel subunits HCN1, HCN2
(Fig. 4, Fig. 5); and low-voltage-activated T-type calcium channel sub-
units Cav3.1, Cav3.2 and Cav3.3 (Fig. 6) in EBNy and IBNy of rhesus
monkeys.

2.3.1. HCN1 and HCNZ subunits in the burst neurons of the RIMLF and
PGD

In the RIMLF, HCN1 and HCN2 subunit-immunolabeling was found
along the somatic and dendritic membrane of EBNy (n = 45) in punctate
form, presumably labeling the post-synaptic membranes of afferent
inhibitory synapses (Fig. 4a,b; arrow). The labeling pattern or intensity
did not differ between up- (n = 22) and down-gaze (n = 23) burst
neurons designated by positive (orange arrows) and negative (white
arrows) CR-immunolabeling, respectively (Fig. 4c). The labeling pattern
and intensity of HCN1 and HCN2 had obvious qualitative differences.
For example, strong membrane and neuropil labeling was found in the
portions of the thalamus (not shown), adjacent to the midbrain in these
sections. Additionally, labeling on the membranes of EBNy in the RIMLF
was less intense than that of motoneurons of singly-innervated muscle
fibers (SIF) of the abducens (Fig. 4d; green arrows) and trochlear nuclei
(Fig. 4e; green arrows), where labeling manifested as a continuous line
along the length of somatic membrane. In contrast, motoneurons of
multiply-innervated muscle fibers (MIF) lacked HCN1- and HCN2-
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Fig. 4. Immunoperoxidase labeling of HCN1 and HCN2 channels in excitatory burst neurons of the rostral interstitial nucleus of medial longitudinal fasciculus
(RIMLF) and motoneurons of trochlear (nIV) and abducens nuclei (nVI). a Consecutive 7 pm thick coronal paraffin sections through the midbrain at the level of the
RIMLF immunostained for HCN1 (middle), HCN2 (right), combined aggrecan (ACAN)-based perineuronal nets (black) and calretinin (CR; brown, left), respectively.
Punctate staining of cell bodies and processes for both HCN subunits are visible throughout the RIMLF. As a landmark, the same blood vessels are indicated by red
asterisks. b Detailed view of HCN1- and HCN2-labeling pattern seen in the RIMLF designated by a rectangle. The same neurons (n = 45) express HCN1- and HCN2-
immunopositive puncta on their membranes, which presumably labels the post-synaptic membranes of inhibitory synapses. ¢ Close-up from 5 pm thick consecutive
coronal paraffin sections demonstrating HCN1- and HCN2-immunostaining in up- and down-burst neurons of the RIMLF shows no qualitative difference between CR-
positive (up, orange arrows, n = 22) or CR-negative (down, white arrows, n = 23) burst neurons. d,e Consecutive 5 pm thick sections demonstrating HCN1-labeling
in the motoneurons of the trochlear (d) and abducens (e) nucleus. Combined aggrecan (ACAN)-based perineuronal nets (black) and choline acetyltransferase (ChAT;
brown, left)-immunostaining is used to identify motoneurons of multiply-innervated muscle fibers (MIF) (red arrowheads) and of singly-innervated muscle fibers
(SIF) (green arrows). Intense HCN1-immunolabeling (d,e, right) was found as a continuous line along the length of somatic membrane of SIF motoneurons (green
arrows), whereas no labeling was observed on membranes of MIF motoneurons (red arrowheads). Scale bar represents 200 pm in a, 30 pm in ¢ and 50 pm in b,d-e.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

immunolabeling on their membranes (Fig. 4d,e; red arrows).

On the other hand, ACAN-immunopositive putative IBNy in PGD
exhibited qualitatively similar HCN1- and HCN2-labeling pattern and
intensity to EBNy with somatic membrane immunoreactivity (Fig. 5a,b).
These neurons (n = 45) co-expressed HCN1- and HCN2-immunolabeling
(Fig. 5b, arrows). Moreover, the labeling pattern and intensity did not
differ between ACAN-immunopositive neurons with positive (orange
arrows, n = 10) and negative (white arrows, n = 14) CR-immunolabeling

(Fig. 5c¢). Lastly, for comparison, HCN1 and HCN2 expression on the
OPNs membranes were examined within raphe interpositus (Fig. 5d).
While OPNs expressed weaker HCN1-immunolabeling on their mem-
brane compared to BNs and SIF MNs, the labeling pattern was similar to
that of SIF MNs, in that it manifested as a continuous line along the
length of somatic and dendritic membrane (Fig. 5d, left). HCN2-
immunolabeling in OPNs was sparse and in punctate form in compari-
son to BNs and SIF motoneurons (Fig. 5d, right). The specificity and



U.S. Mayadali et al. Journal of the Neurological Sciences 439 (2022) 120328

Fig. 5. Immunoperoxidase labeling of HCN1 and HCN2 channels in inhibitory burst neurons of nucleus paragigantocellularis dorsalis (PGD) and omnipause neurons
(OPN). a Consecutive 5 pm thick coronal paraffin sections through the pons at the level of PGD immunostained for HCN1 (middle), HCN2 (right), combined aggrecan
(ACAN)-based perineuronal nets (black) choline acetyltransferase (ChAT; brown, left). Note that the HCN1-labeling pattern and intensity differed between abducens
nucleus (nVI) and PGD (middle). b Detailed view from PGD area (rectangle in a) showing that same neurons enveloped by ACAN (n = 45) are immunolabeled by both
HCN1 (middle, arrows) and HCN2 (left, arrows). Punctate HCN1- and HCN2-labeling was found on the membranes of putative IBNs similar to EBNs of the RIMLF. C
Close-up from consecutive 5 pm thick coronal paraffin sections demonstrating both calretinin (CR)-positive (orange arrows) and CR-negative (white arrows) are
immunolabeled by HCN1 (left) and HCN2 (right) antibodies in a qualitatively similar fashion. d HCN1- and HCN2-immunolabeling in OPNs is weaker in comparison
to BNs or SIF motoneurons. However, dense membrane labeling displaying a continuous line is qualitatively similar to SIF motoneurons. e Cerebellar staining on the
same sections as PGD acts as a control for the specificity and sensitivity of the HCN1 (left) and HCN2 (right) antibodies. HCN1-labeling on Purkinje cells was mainly
found on the cell membrane and basket cell pinceau structures (left), whereas HCN2 was found in the soma of Purkinje cells (right). Scale bar represents 200 pm in a,
100 pm in e and 50 pm in b-d. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sensitivity of HCN1 and HCN2 antibodies were further confirmed by paraffin sections (Fig. 6). Cav3.1 somatic membrane labeling was

cerebellar staining on the same sections as IBNy (Fig. 5e), which were
immunostained simultaneously with midbrain sections containing
EBNy. HCN1-labeling on Purkinje cells was mainly found on the cell
membrane and also basket cell pinceau structures (Fig. 5e; left), as
previously observed [74], while HCN2-immunolabeling was found in
the soma of Purkinje cells (Fig. Se, right).

2.3.2. Cav3 subunits in the burst neurons of the RIMLF and PGD
Lastly, expression of Cav3 subunits (Cav3.1-3.3) was investigated in
the EBNs of the RIMLF and IBNs of PGD on consecutive 5 pm thick

mainly absent in both burst neuron populations (RIMLF: Fig. 6a, upper
left; 6b, first column). Only a few ACAN-positive neurons with weak
somatic Cav3.1-labeling were observed in PGD (Fig. 6d, red arrows). In
general, staining for Cav3.2 and Cav3.3 antibodies yielded moderate to
strong somatic labeling in both burst neuron populations (Fig. 6a,b;
black arrows). Interestingly, especially in PGD, Cav3.2-labeling varied,
with strong intensities in some ACAN-positive neurons and only weak
labeling in others (Fig. 6¢,d; second and third column; gray arrows). A
possible correlation between this variation and CR expression was not
investigated in this study.
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Fig. 6. Immunoperoxidase labeling of Cav3 subunits in excitatory burst neurons (EBNs) of the rostral interstitial nucleus of medial longitudinal fasciculus (RIMLF)
and inhibitory burst neurons of nucleus paragigantocellularis dorsalis (PGD). a Four consecutive coronal paraffin sections through the rostral midbrain at the level of
the RIMLF immunostained for Cav3.1 (top left), Cav3.2 (top right), Cav3.3 (bottom left), and finally combined aggrecan (ACAN)-based perineuronal nets (brown)
and GABAa receptor (GABAaR) (black, bottom right). b Detailed view from sections in a (rectangle) displaying moderate to strong Cav3.2 (second column) and
Cav3.3 (third column) subunit-immunoreactivity for medium-sized EBNs. However, no clear somatic or membrane labeling for Cav3.1 subunit in these neurons was
detected (left). Several neurons with positive Cav3.3-immunoreactivity lacked both Cav3.1- and Cav3.2-labeling (red arrows). ¢ Four consecutive coronal paraffin
sections through the PGD immunostained for Cav3.1 (first column), Cav3.2 (third column), Cav3.3 (last column) subunits, and finally combined aggrecan (ACAN)-
based perineuronal nets (black) and choline acetyltransferase (ChAT; brown, second column). Medium-sized PN-immunopositive neurons located in PGD also
displayed moderate to strong Cav3.2 (third column) and Cav3.3 (last column) subunit-immunoreactivity. Note the varied intensity of Cav3.2-immunolabeling within
PGD. d Close-ups from c¢ (rectangle) detailing staining patterns for Cav3 subunits in neurons indicated with black arrows. ACAN-immunopositive neurons lack Cav3.1
(first column), however a few neurons were found to display weak Cav3.1-labeling (red arrows). An ACAN-immunopositive neuron with weak Cav3.2 can also be
seen (gray arrows, second and third columns). Scale bar represents 200 pm in a,c and 50 pm in b,d. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3. Discussion

This study investigated the histochemical signature of the premotor
burst neurons (BNs) in macaque monkey, related to their intrinsic
membrane properties that facilitate bursting at high firing rates. Ion
channel profiles of two premotor BN populations (EBNs of the RIMLF
and IBNs of PGD) with different anatomical connections and transmitter
content were explored in order to eliminate any specific biases regarding
their physiological profiles. Neither of the BN populations differed in
their ion channel expression profiles, within the constraints of this study.
Regardless of their excitatory or inhibitory effect, or whether they
belong to horizontal or vertical components of the saccadic circuitry, all
BNs expressed Kv1.1 and Kv3.1, a combination required for fast-firing,
and they expressed low-voltage-activated ion channels. This supports
the PIR hypothesis of BNs [45,50,57]. Moreover, discovery of the
expression profiles of these ion channel proteins in BNs of the saccadic
system of macaque monkey paves the way for post-mortem investigation
of altered phenotypes in human pathology cases with eye movement
disorders.

3.1. Markers of burst neurons and multiple subpopulations of inhibitory
burst neurons

In this study, we posited that the combination of perineuronal nets
(PNs) and non-phosphorylated neurofilament (NPNF, SMI32) repre-
sented a superior marker of burst neurons (BNs) in comparison to par-
valbumin (PAV), based on high-resolution confocal microscopy images
(Fig. 1). In thick sections (>20 pm), PAV-immunostaining was often
found to yield strong neuropil labeling, which is inconvenient for
simultaneously examining immunohistochemical staining. Moreover,
the abundance of PAV-positive boutons within the RIMLF is an added
reason for this intense signal (Fig. 1a), possibly representing, at least in
part, pre-synaptic terminals of PAV-positive OPNs [26]. Therefore, SMI-
32 was chosen as a superior marker due to its reliable coverage of the
EBN population (Fig. 1b), and also due to its clear labeling of both
somata and neuronal processes. Furthermore, this approach allows
prospective analysis and accurate quantification of synaptic inputs to
the EBNs.

A surprising finding in this study was the discovery of sub-
populations within the IBN area with regards to calretinin (CR)-immu-
nostaining (Fig. le,f), similar to previous findings on EBNs within the
RIMLF [2,28]. The neurons that are co-labeled by PNs and PAV in PGD,
which were originally identified as the IBNs by combined tract-tracing
[22,27], contained examples with strong, weak or even no CR-
immunolabeling (Fig. 1f, Fig. 3c). This variation in CR expression
could have physiological significance, as CR might play a role in
modulating neuronal excitability [16]. The fact that most identified
neurons within IBN area showed similar histochemical signature with
regards to known BN markers (PAV, PN and SMI32) and also ion channel
immunolabeling regardless of their CR expression, strongly suggests the
existence of more than one population with bursting/fast-firing activity
[9,54,71]. Recording studies in squirrel monkey revealed that only 50%
of neurons within the IBN area are saccadic burst neurons, and these are
divided into short-lead and long-lead burst neurons based on the timing
of the initiation of the burst with respect to the beginning of the saccade
[54]. A considerable population (25%) of tonic neurons that show eye
position sensitivity only, but no correlation with saccades, were also
recorded [54]. Short-lead burst neurons are considered to represent the
saccadic IBNs that provide monosynaptic inhibition of motoneurons and
internuclear neurons in the contralateral abducens nucleus, as well as of
contralateral IBNs and EBNys [54,66,71]. In contrast, the projection
targets and action of long-lead burst neurons are less clear. One hy-
pothesis suggests they act as local excitatory interneurons receiving
input from the superior colliculus and activating the short-lead IBNs
[54]. In light of these observations, the PAV- and ACAN-positive neurons
within the IBN area may represent long-lead and short-lead burst
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neurons, and display the histochemical signature of fast-firing proper-
ties. However, whether or not the CR-labeling corresponds to a sub-
population of IBNs with a difference in anatomical connections [66],
such as found in BNs of the RIMLF, needs to be further investigated. In
the RIMLF, due to their differential connections to different motoneuron
subgroups in the oculomotor nucleus, CR-positive premotor BNs were
found to control upward eye movements, whereas CR-negative BNs were
found to be responsible for downward eye movements [2,72]. Despite
their different expression of calcium-binding proteins, there was no
significant difference in the ion channel expression profile of up- (CR-
positive) and down- (CR-negative) BN subpopulations in the RIMLF.
This is in line with the similar saccadic parameters they show while
generating upward or downward saccades in primates [46,47].

The additional CR-positive neurons of PGD with no PN, PAV or Kv
expression do not conform to the BN histochemical profile (Fig. 3c; gray
arrows), and may therefore represent the tonic neurons with eye posi-
tion sensitivity described in squirrel monkey [54]. This assumption
would be in line with the recently observed differential histochemical
characteristics of MIF and SIF motoneurons [43]. The former population
lacks PN and Kv3.1, and expresses reduced Kv1.1, compared to PN-
positive SIF motoneurons with strong Kv1.1 and Kv3.1b expression. It
is likely that this reflects the different firing characteristics expressed by
these motoneuron populations [6,21,43]. Additionally, expression of CR
in itself could be related to excitability [16,40,53]. Overall, anatomical
and/or physiological significance of calretinin within IBN area requires
further investigation.

3.2. Potassium channels, perineuronal nets, and fast-spiking

A recent study in mice identified the pre-oculomotor vestibular
neuron subpopulation as the one with the fastest firing capacity within
medial vestibular nucleus [37]. Furthermore, via gene-profiling, the
authors identified a strong correlation between fast-firing and Kv1.1,
Kv3.1 (and Nav1.6) co-expression [37]. This co-expression profile was
already observed in the neurons of oculomotor circuitry, such as
omnipause neurons (OPNs) [42], pre-oculomotor (dorsal) Y-group
neurons [73], and SIF motoneurons within the abducens and trochlear
nuclei, as well as the internuclear neurons of the abducens nucleus [43].
Therefore, with the addition of results regarding premotor burst neurons
presented in this study, there’s significant evidence that the tightly
controlled and rapid eye movement types require simultaneous
expression of Kvl.1 and Kv3.1 at multiple levels in the oculomotor
circuitry.

Perineuronal nets (PNs), which were found ensheathing BNs in the
present study, as well as OPNs [22], SIF motoneurons, abducens inter-
nuclear neurons [30] and pre-oculomotor Y-group neurons [73], are
presumed to have physiological roles that tie them to voltage-gated
potassium channel function [18]. PNs have been demonstrated to
regulate Kv3.1b and Kv1.1 expression and recruitment, which suggests
that they serve to enhance the firing characteristics of fast-spiking
neurons [13,18]. Therefore, loss of PNs surrounding OPNs and/or
EBNv could cause Kvl.1 and/or Kv3.1 dysregulation, indirectly
contributing to saccadic dysfunction. PN loss, but no obvious neuronal
loss, as observed in saccadic palsy after cardiac surgery [10], supports an
indirect physiological role of PNs for healthy saccade generation.

Our recent work has found significant differences between the ion
channel profiles of MIF and SIF motoneurons in the abducens and
trochlear nuclei [43]. MIF motoneurons, which are considered to be
responsible for low-dynamic motor commands, had reduced Kvl.1
levels, and no membrane bound Kv3.1, in comparison to SIF motoneu-
rons, which strongly expressed Kvl.1 and Kv3.1 subunit immunoreac-
tivity [43]. However, within the motonuclei, the Kvl.1-labeling
intensity among SIF motoneurons varied, which was considered to
correspond to variations in the resting membrane potentials and firing
thresholds of these cells. These properties are in turn thought to be
important for recruitment of ocular motor units, as required for the fine
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tuning of the eye movements [25,43]. Interestingly, within both pre-
motor BN populations, we observed a similar pattern of varied Kv1.1-
immunolabeling (Fig. 2a, Fig. 3a). With the assumption of varied pro-
tein expression from varied immunolabeling intensity, this observation
suggests that BN population could consist of a range of activation
thresholds [44]. These observations render premotor burst neurons
qualitatively closer to SIF motoneurons (or abducens internuclear neu-
rons) compared to MIF motoneurons, in terms of fast-firing capacity
[43]. This makes sense, as SIF motoneurons receive their burst signal
from the BNs and should be able to reproduce the burst signal on their
membrane with high fidelity, whereas MIF motoneurons receive no
direct input from BNs [69].

3.3. Low voltage-activated cation channels and post-inhibitory rebound
bursting (PIR) in burst neurons

Low voltage-activated calcium channels (T type, Cav3) and
hyperpolarization-activated and cyclic nucleotide-gated (HCN) chan-
nels are inward-permeating cation channels that open at sub-threshold
and hyperpolarized voltages [34,55]. By allowing cation influx at low
voltages, these channels likely play a decisive role in the firing pattern of
the burst neurons after disinhibition. To elucidate, a neuron can elicit
regular (tonic) firing when depolarized from resting membrane poten-
tial (~ —55 mV), or high frequency burst firing when depolarized from a
potential below —70 mV. The latter is found during sustained hyper-
polarization, which BNs receive from OPNs. The neuromimetic model
demonstrates that up- or down-regulation of these channels’ activity
could result in diminished or increased strength in post-inhibitory
rebound (PIR) burst, respectively, as a response to similar inhibitory
stimulus [56].

The EBNs of the vertical and the IBNs of the horizontal saccadic
circuitry exhibited similar HCN1-HCN2- and Cav3.2-3.3- immunoreac-
tivity (Figs. 4-6), which indicates they have the capacity for PIR
bursting, given that the prerequisite for this phenomenon is provided by
the sustained tonic inhibition from OPNs [35,41]. Punctate HCN1-
andHCN2- labeling on the BN somatic and dendritic membranes could
correspond to the synaptic terminals of glycinergic input from the OPNs,
where PIR phenomenon would take place on the post-synaptic mem-
brane of BNs. The PIR phenomenon would require a preferential
expression of the “faster” subunits, i.e. HCN1 or HCN2 rather than HCN4
in neurons. Weak HCN4 subunit immunolabeling was also found in
putative burst neurons of the RIMLF and PGD (not shown). However, a
quantitative comparison cannot be made within the scope of immuno-
histochemical methodology, so we cannot conclusively show a skewed
expression towards the subunits with faster kinetics.

The lack of Cav3.1 subunit immunolabeling is interesting in the light
of recent findings in MIF and SIF motoneurons, which apparently use
different components of low voltage-activated cation channels for their
burst generation [43]. MIF motoneurons strongly express Cav3.1 sub-
unit in abducens and trochlear nuclei almost exclusively [43], while
lacking HCN1 and HCN2 subunits (Fig. 4c,d). In contrast, SIF moto-
neurons mostly lack Cav3.1 subunit [43], while expressing strong
HCN1- andHCN2-immunolabeling (Fig. 4c,d), which was more intense
than seen in BNs (Figs. 4a,b & 5a,b). The stronger and continuous HCN1-
immunolabeling along the length of SIF motoneuron somatic mem-
brane, in contrast to punctate labeling in (presumably) post-synaptic
membranes of OPN terminals contacting BNs, could indicate their
additional capacity for eye position-related tonic firing after the initial
burst. Similar HCN1-immunolabeling along the length of somatic and
proximal dendrite, albeit weaker in comparison to SIF motoneurons, was
found in OPNs (Fig. 5¢), which supports the hypothesis that post-
synaptic labeling pattern of HCN channels could correspond to the dif-
ferences in post-inhibitory outcome of tonic or burst firing patterns.
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3.4. Hypotheses on pathological cases as a result of channelopathy

The results shown in this study provide histochemical evidence that
premotor burst neurons (BNs) are equipped with the necessary appa-
ratus for post-inhibitory rebound bursting, and that this high frequency
bursting is maintained through activity (at least in part) of Kv3 and Kv1
subunits. In light of this evidence, several hypotheses derived from the
neuromimetic model based on clinical data may be considered even
more viable, as these provide likely explanations of saccadic disorders in
structurally intact oculomotor system [56,58]. Predictions of the model
include up-regulation of HCN or Cav3 activity in BNs as an etiology for
saccadic oscillations, and down-regulation possibly leading to slowed or
curved saccades (such as seen in PSP) through weaker post-inhibitory
bursts of BNs [58,59].

Another example of where saccadic irregularities could not be
explained by neuronal loss in oculomotor system was observed in a
saccadic palsy after cardiac surgery [11]. In this case, perineuronal nets
(PNs) were damaged or lost in OPNs and excitatory BNs, indicating a
secondary dysfunction related to health of the extracellular matrix
proteins is likely sufficient for emergence of saccadic symptoms [10].
Such a dysfunction could be related to calcium binding protein expres-
sion and/or potassium channel (for example Kv3.1) function and
recruitment to neuronal membrane, where PN ensheathment is essen-
tial, and without which proper biophysiological properties for fast-firing
could not be maintained [13,18]. Moreover, all three potassium chan-
nels tested in this study are related to regulating neuronal firing patterns
and excitability, and therefore bear clinical implications, as circuit wide
instabilities and oscillations may arise from dysfunction of these ion
channels [32,60,70]. Although saccadic disorders are not classified as
channelopathies, there is accumulating evidence suggesting the
involvement of ion channel deficits in neurodegenerative diseases that
cause saccadic disorders. For example, it is possible that some cases of
spinocerebellar ataxia (e.g. SCA1, SCA2, SCA6, SCA24 and SCA30),
which produce abnormal saccades, are thought to be caused by chan-
nelopathies [14,68]. Especially in SCA1-3, saccadic slowing is a clinical
hallmark. which may precede any other ataxia symptoms and eventually
devolve into complete gaze palsy [31]. On the other hand, opsoclonus,
which is defined as back-to-back saccades without an intersaccadic in-
terval, might be related to channelopathies, although mechanisms un-
derlying this pathophysiology is unclear [68]. Other evidence can be the
intervention with ion channel blockers that mitigate saccadic symptoms
[33,56].

Within the scope of this study, no ion channel signature difference
was found between premotor burst neurons of up- or down-gaze, or
between horizontal or vertical circuitry, in terms of Kv1, Kv3, Cav3 or
HCN1-2 expression. Any potential difference in ion channel (or trans-
mitter) content could potentially connect the onset of selective symp-
toms (i.e. vertical gaze palsy in PSP) and selective vulnerability of
specific neurons to neurodegeneration and neurotoxicity [38]. There-
fore, the search for established potential markers of neural vulnerability
in the premotor burst neurons of saccadic circuitry will follow in future
studies.

Overall, the data presented in this study enables post-mortem
investigation of key proteins related to biophysiology of burst neurons
in homologue human tissue and pathophysiology in cases with saccadic
disorders.

4. Conclusion

This study investigated the histochemical signature of the premotor
burst neurons (BNs) in macaque monkey related to intrinsic membrane
properties that facilitate bursting at high firing rates. The proof of
concept was explored by looking for the ion channel profiles of two
premotor burst neuron populations (EBNs of the RIMLF and IBNs of
PGD) with different anatomical connections and transmitter content
(Fig. 7). The main findings were, that (1) BNs can be delineated by
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Fig. 7. Summary diagram depicting molecular signatures of excitatory burst neurons in the rostral interstitial nucleus of medial longitudinal fasciculus (RIMLF) and
putative inhibitory burst neurons located in nucleus paragigantocellularis dorsalis (PGD). Schematic representation illustrates qualitatively similar ion channel

profiles for burst neurons in the RIMLF (upper) and PGD (lower).

combined immunohistochemistry of perineuronal nets (PN; ACAN,
HAPLN]1 etc.) and non-phosphorylated neuro-filaments (NP-NF; SMI32);
(2) the IBN area located in PGD contains more than one neuronal pop-
ulation, and they can be delineated with calretinin-immunostaining; and
finally (3) both BN populations express the voltage-gated potassium
channels that comply with their fast-firing characteristics. Furthermore,
they express HCN1 and HCN2 and Cav3.2-3.3 channels, which supports
the PIR-bursting hypothesis of BNs. Overall, these results collectively
provide histochemical evidence, and indirectly, information on physi-
ological properties of BNs. This evidence can be used to test hypotheses
originating from clinical data from which mathematical models were
derived. Furthermore, this study represents a significant step in inves-
tigation of BN channelopathy as a cause for symptoms of eye movements
in disorders such as PSP, opsoclonus and NPC in pathological post-
mortem human brainstem tissue.

5. Methods
5.1. Brain tissue

Brainstem tissue specimens from five rhesus monkeys (Macaca
mulatta) fixed by transcardial perfusion with 4% paraformaldehyde in
0.1 M phosphate buffer and stored either in a mixture of glycerol and
phosphate buffer at —20 °C or embedded in paraffin was used for his-
tochemical tests and evaluation performed within this work. The brain
sections from a case used in a previous study [73], which had received a
central tracer injection with 1% cholera toxin subunit B (CTB, Sigma/
Biological laboratories) into the right oculomotor nucleus (nIII) was
used for retrograde labeling of excitatory burst neurons (EBNs) in the
rostral interstitial nucleus of medial longitudinal fasciculus (RIMLF).
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Tracer injection was carried out under isoflurane-induced (1.25%-—
2.5%) anesthesia and aseptic conditions. After three days survival time,
this animal was sacrificed with an overdose of sodium pentobarbital
(>90 mg/kg, 1.V.) and then transcardially perfused with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PBS; pH
7.4) [2]. Frozen, free-floating sections (40 pm) of this case was used for
double- or triple-immunofluorescence staining. Paraffin embedded sec-
tions of varying thickness (5-10 pm) from the remaining three cases
were used for immunoperoxidase based detection, referred to in a pre-
vious study as M4-M6 [43], as well as an additional case.

All experimental procedures involving tracer injections had con-
formed to the state and university regulations on Laboratory Animal
Care, including the Principles of Laboratory Animal Care (NIH Publi-
cation 85-23, Revised 1985), and were approved by the Animal Care
Officers and Institutional Animal Care and Use Committees at Emory
University and University of Washington, where all surgical in-
terventions and perfusions were made [2].

5.2. Staining protocol

Putative burst neurons were identified by combined immunostaining
for PN (ACAN or HAPLN1), non-phosphorylated neurofilaments (SMI-
32) and parvalbumin (PAV). The ion channel profile of these neurons
was investigated by immunostaining with antibodies against specific ion
channels (see Table 1) in neighboring sections on identified neurons. In
the RIMLF, staining for calretinin (CR) in addition to PN marker served
to distinguish between up- and down-burst neurons, and in the IBN area,
CR was used to delineate neuronal populations. For the sections con-
taining motoneurons, combination of PN marker ACAN (aggrecan) and
choline acetyltransferase (ChAT) was used to identify motoneuron
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Table 1
Summary of primary antibodies and dilutions for the immunolabeling. IF: immunofluorescence. IHC: immunohistochemistry (peroxidase).
Antibody  Host Antigen Manufacturer RRID Dilution
CTB Goat/Polyclonal Cholera Toxin B List Biological Lab., CA, USA AB_ 10013220 1:5000 (IF)
PAV Rabbit/Polyclonal Parvalbumin Swant, Marly, Fribourg, Switzerland AB_10000344 1:1000 (IF)
PAV Mouse/Monoclonal Parvalbumin Swant, Marly, Fribourg, Switzerland AB_10000343 1:2500 (IHC)
1:2500 (IF &
SMI-32 Mouse/Monoclonal Nonphosphorylated Neurofilament marker H SM1353, Acris Antibodies AB_2715852 THC)
HAPLN1 Goat/Polyclonal Hyaluronan and proteoglycan link protein 1 R&D Systems, MN, USA AB_2116135 1:100 (IF)
Acris Antibodies GmbH, Herford,
ACAN Mouse/Monoclonal Aggrecan Germany AB_972582 1:75 (IHC)
CR Rabbit/Polyclonal Calretinin Swant, Marly, Fribourg, Switzerland AB_10000321 1:2500 (IHC)
ChAT Goat/Polyclonal Choline Acetyltransferase Chemicon, Temecula, CA, USA AB_2079751 1:50 (IHC)
Guinea Pig/ Alomone Labs Jerusalem BioPark
GABAaR Polyclonal y-Aminobutyric acid receptor type A subunit ol (JBP) AB_2756618 1:1000 (IHC)
Alomone Labs Jerusalem BioPark
Kvl.1l Rabbit/Polyclonal Voltage-Gated Potassium Channel 1.1 (JBP) AB_2040144 1:750 (IHC)
Hartig
Kv3.1b Rabbit/Polyclonal Voltage-Gated Potassium Channel 3.1b (Weiser et al. 1995)[75] (AB_2040166) 1:6000 (IHC)
KCC2 Rabbit/Polyclonal Potassium-Chloride Cotransporter 2 Chemicon, Temecula, CA, USA AB_310611 1:4000 (IHC)
Hyperpolarization-activated cyclic nucleotide-gated
HCN1 Rabbit/Polyclonal channel 1 Thermo Fischer Scientific, MA, USA AB_2735891 1:400 (IHC)
Hyperpolarization-activated cyclic nucleotide-gated
HCN2 Rabbit/Polyclonal channel 2 Thermo Fischer Scientific, MA, USA AB_2735892 1:1500 (IHC)
Alomone Labs Jerusalem BioPark
Cav3.1 Rabbit/Polyclonal T-Type Voltage-Gated Calcium Channel 3.1 (JBP) AB_2039779 1:1000 (IHC)
Alomone Labs Jerusalem BioPark
Cav3.2 Rabbit/Polyclonal T-Type Voltage-Gated Calcium Channel 3.2 (JBP) AB_2039781 1:1000 (IHC)
Alomone Labs Jerusalem BioPark
Cav3.3 Rabbit/Polyclonal T-Type Voltage-Gated Calcium Channel 3.3 (JBP) AB_2039783 1:1000 (IHC)

types. Motoneurons of multiply-innervated fibers (MIF) were identified
by positive ChAT-, but negative PN-immunolabeling, whereas moto-
neurons of singly-innervated fibers (SIF) were identified by positive
ChAT- and PN-immunolabeling, as previously established [30].

Visualization of the tracer, immunofluorescence or immunoperox-
idase staining of free-floating or paraffin embedded tissue, respectively,
and analysis and processing of stained sections was performed exactly as
described in detail in our recent study [43]. A list of antibodies used in
this study is provided in Table 1.
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Abstract

The Y-group plays an important role in the generation of upward smooth pursuit eye movements and contributes to the adaptive
properties of the vertical vestibulo-ocular reflex. Malfunction of this circuitry may cause eye movement disorders, such as
downbeat nystagmus. To characterize the neuron populations in the Y-group, we performed immunostainings for cellular
proteins related to firing characteristics and transmitters (calretinin, GABA-related proteins and ion channels) in brainstem
sections of macaque monkeys that had received tracer injections into the oculomotor nucleus. Two histochemically different
populations of premotor neurons were identified: The calretinin-positive population represents the excitatory projection to
contralateral upgaze motoneurons, whereas the GABAergic population represents the inhibitory projection to ipsilateral
downgaze motoneurons. Both populations receive a strong supply by GABAergic nerve endings most likely originating from
floccular Purkinje cells. All premotor neurons express nonphosphorylated neurofilaments and are ensheathed by strong
perineuronal nets. In addition, they contain the voltage-gated potassium channels Kv1.1 and Kv3.1b which suggests biophysical
similarities to high-activity premotor neurons of vestibular and oculomotor systems. The premotor neurons of Y-group form a
homogenous population with histochemical characteristics compatible with fast-firing projection neurons that can also undergo
plasticity and contribute to motor learning as found for the adaptation of the vestibulo-ocular reflex in response to visual-
vestibular mismatch stimulation. The histochemical characterization of premotor neurons in the Y-group allows the identification
of the homologue cell groups in human, including their transmitter inputs and will serve as basis for correlated anatomical-
neuropathological studies of clinical cases with downbeat nystagmus.

Keywords Vestibulo-ocular reflex - Floccular-target neurons - Smooth pursuit - Voltage-gated potassium channels - Calretinin -
Glutamate decarboxylase

Introduction

The Y-group plays an important role in the generation of
smooth pursuit (upward) eye movements [1], but is also in-
volved in the adaptive properties of the vertical vestibulo-
ocular reflex (VOR) for example in response to mismatch of
visual and vestibular input by wearing optical devices, or in
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VOR suppression during combined eye-head tracking [2, 3].
Recording studies in monkey revealed a rather uniform neuron
population in the Y-group that modulated in phase with eye
velocity during visual following, modulated in phase with head
velocity during VOR suppression, but did not modulate during
the VOR in darkness [4]. Accordingly, the Y-group is part of a
circuitry that uses vestibular and visual signals mediated by the
cerebellar flocculus to control eye movements. Malfunction of
this circuitry may cause eye movement disorders, such as
downbeat nystagmus seen after floccular lesions [5].

The Y-group is a well-defined nucleus in the cerebellar white
matter at the level of the cerebellomedullary junction described
in several mammalian species [6]. Cytoarchitecturally, it con-
sists of a dorsal larger-celled Y-group (Yd) corresponding to the
infracerebellar nucleus [7] and a small-celled ventral Y-group
(Yv) [8, 9]. Only the Yv receives direct input from saccular
afferents [10—12], has commissural connections to the contralat-
eral vestibular nuclei and Yv [13-16] and projects to the
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flocculus [17, 18]. The Yd receives a disynaptic excitatory input
from the ipsilateral anterior and posterior semicircular canals via
neurons in the anterior-lateral corner of the superior vestibular
nucleus (SVN) and caudal medial vestibular nucleus (MVN)
carrying head velocity-only signals [19]. Neurons in the Yd
further receive a strong inhibitory input from Purkinje cells of
the flocculus (vertical optokinetic and visual-related zones F1
and F3) and ventral paraflocculus; they are therefore termed
floccular-target neurons (FTN) [17, 20-22]. The Yd contains a
large population of premotor neurons, which includes excitatory
neurons targeting motoneurons for upgaze in the contralateral
oculomotor nucleus (nlll), as well as neurons with ipsilateral
projections to motoneurons in nlll and trochlear nucleus (nI'V)
involved in downgaze, which presumably have an inhibitory
function [7, 14, 23-25]. Our previous studies indicated that the
excitatory projections of Yd to nllIl are associated with the
calcium-binding protein calretinin (CR) [26, 27]. In the present
study, we aimed to delineate contralaterally and ipsilaterally
projecting neurons by their histochemical properties and by in-
vestigating the presence of different cellular proteins, which are
related to firing characteristics and transmitters (calretinin,
GABA-related proteins and ion channels).

Material and Methods

The tissue of seven rhesus monkeys (Macaca mulatta) from
previous studies stored either in a mixture of glycerol and
phosphate buffer at — 20 °C or embedded in paraffin was used
for staining in the present investigation.

All experimental procedures involving tracer injections had
conformed to the state and university regulations on
Laboratory Animal Care, including the Principles of
Laboratory Animal Care (NIH Publication 85-23, Revised
1985), and were approved by the Animal Care Officers and
Institutional Animal Care and Use Committees at Emory
University and University of Washington, where all surgical
interventions and perfusions were made for previous studies
[27-29]. The brains of all cases were fixed by transcardial
perfusion with 4% paraformaldehyde (PFA) in 0.1 M phos-
phate buffer except one case, which was fixed with 2% PFA
and 0.5% glutaraldehyde (see Table 1).

The brain sections of two rhesus monkeys (Macaca
mulatta) from a previous study, who had received a
central tracer injection with either 1% cholera toxin sub-
unit B (CTB, Sigma/Biological laboratories, TC1) into
the right oculomotor nucleus (nlIll) or with 5% wheat-
germ agglutinin (WGA; EY Lab, San Mateo, CA; TC2)
into the left nlll were used (for details see [27, 28]).
Frozen free-floating sections (40 pum) of one additional
case was used for double-immunofluorescence staining
(M3), and immunoperoxidase staining for different
markers was performed in neighbouring thin sections
(5 um) of three paraffin embedded cases (PF1, PF2,
PF3). Immunostained sections from previous two cases
(M1, M4) treated with a polyclonal sheep glutamate
decarboxylase (GAD) and rabbit GABA antiserum were
analysed for GABAergic neurons in Yd for validation.
A section from a case with a large WGA-HRP injection
into nlll (M5) served to illustrate the complete popula-
tion of premotor neurons in Yd (see Table 1).

Table 1
Case Injection Fixation Sections IF HC
TC1 1% CTB in right nlIl 4%PFA Frozen gCTB+mCR+rGAD
gCTB+rCR+mGAD
gCTB+rCR, gCTB+GAD
TC2 5% WGA in left nlll 4% PFA Frozen gWGA+mNPNF, gWGA+ WGA
mACAN, gWGA+rGAD,
gWGA+rCR
PF1 4% PFA Paraffin CSPG, NPNF, rCR+mACAN,
mCR+rGAD, Kv3.1b, Kvl1.1
PF2 4% PFA Paraffin rCR+mACAN, mCR+rGAD,
Kv3.1b, Kvl1.1
PF3 4% PFA Paraffin rCR+mACAN, mCR+rGAD,
Kv3.1b, Kvl1.1
M1 4% PFA Frozen sGAD+Nissl
M2 4% PFA Frozen rCR+Nissl,
M3 4% PFA Frozen rGAD+mCR, mCB+rCR gChAT
M4 2% PFA, 0,5% GA Vibratome rGABA
M5 2,5% WGA-HRP 4% PFA Frozen *

An overview of injection, fixation and immunohistochemistry details for each case. *“WGA-HRP was visualized by tetramethylbenzidine reaction

Si) @ Springer



Cerebellum (2021) 20:701-716

703

Visualization of the Tracer Combined with Different
Markers

In selected sections of the two tracer cases (TC1, TC2) com-
bined immunofluorescence labelling was performed for the
simultaneous detection of WGA or CTB and different markers
as described previously [27]: Free floating sections were in-
cubated in a cocktail containing either goat antiWwGA (1:250,
AB 2315611) or goat antiCTb (1:5000, AB_10013220) and
one or two of the following antibodies for 48 h at 4 °C: rabbit
(1:500, AB_90715) or mouse anti-glutamate decarboxylase
(GAD65/67) (1:500, AB_10710523) to reveal GABAergic
profiles, mouse anti-nonphosphorylated neurofilaments
(NPNF) (1:2500, AB_2715852), mouse anti-aggrecan
(ACAN) (1:25, AB_972582) to stain perineuronal nets (PN)
and rabbit or mouse anti-calretinin (CR) (1:1000,
AB_10000320; 1:2000). After washing, the sections were
treated with a mixture of Alexa 488 tagged donkey anti-goat
(1:200; AB_2534102) and Cy3-tagged donkey anti-rabbit
(1:200, AB_2307443) or Cy3-tagged donkey anti-mouse
(1:200, AB_2687868) for 2 h at room temperature. For triple
immunofluorescence, either CTB or CR was detected with
DyLight™ 405 tagged secondary antibodies (donkey anti-
goat 1gG, AB 2340426 or donkey anti-rabbit IgG,
AB 2340616).

Immunofluorescence Staining for Different Markers

To validate the findings of tracer-labelled neurons, we in-
vestigated, whether CR-positive neurons coexpressing
GAD-immunoreactivity are present. For that cryosections
of case M2 were incubated in a cocktail with mouse anti-
CR (1:2000, AB_10000320) and rabbit antiGAD65/67
(1:500, AB_90715). The antigenic sites were detected by
treating sections with a mixture of Alexa 488 tagged don-
key anti-mouse (1:200; AB_2341099) and Cy3-tagged
donkey anti-rabbit (1:200, AB_2307443) as described pre-
viously [26]. Additional sections were incubated in a cock-
tail with mouse anti-GAD (1:500, AB_10710523), rabbit
anti-calbindin (CB) (1:1000, AB_10000340) and goat anti-
hyaluronan and proteoglycan link protein 1 (HPLN)
(1:100, AB_2116135) revealing PNs to study coexpression
of both markers in synaptic boutons attached to neurons in
the dentate nucleus and premotor neurons in Yd.

Immunoperoxidase Staining of Paraffin Sections

Sets of neighbouring 5 pm thick paraffin sections of 3 monkey
cases (PF1, PF2, PF3) were stained with immunoperoxidase
methods either for the detection of CR and GAD, CR and
ACAN, or potassium channels Kv1.1 or Kv3.1b, chondroitin-
sulphate proteoglycans (CSPG) or NPNF. After dewaxing and
rehydration sections were rinsed in distilled water and reacted in

0.01 M sodium citrate buffer (pH 6.0) at 1160 w in microwave
(AEG, Micromat) three times for 3 min. After cooling down to
room temperature sections were rinsed in distilled water and
transferred to Tris buffered saline (TBS; pH 7.6) for subsequent
immunostaining. Single immunoperoxidase detection of the po-
tassium channels was achieved by incubating the sections in
either rabbit anti-Kv1.1 (1:750, AB 2040144) or rabbit anti-
Kv3.1b (1:6000, AB 2040166) for 48 h at 4 °C. Neighbouring
sections were immunostained for either the combined detection
of CR and PN or CR and GAD. This was achieved by processing
sections with rabbit anti-GAD (rtGAD; 1:2000, AB_90715) or
mouse anti-ACAN (1:75; AB_972582), with subsequent incu-
bation in biotinylated secondary anti-rabbit IgG (1:200;
AB 2336201) or anti-mouse IgG (1:200, AB 2313581) and
extravidin peroxidase (EAP) (1:1000; Sigma, St. Louis, MO)
visualized with diaminobenzidine-(DAB)-Ni to yield a black re-
action product. For the subsequent detection of CR, sections
were incubated in either mouse anti-CR (1:2000;
AB_10000320) or rabbit antiCR (1:2500, AB_10000321). The
antigenic sites were visualized with incubations in biotinylated
horse anti-mouse or anti-rabbit (1:200; AB_ 2313581 or
AB 2336201) followed by EAP and a final DAB reaction to
yield a brown reaction product. Other dewaxed sections were
treated with either mouse anti-chondroitin sulphate proteoglycan
(CSPG; 1:500, AB 2219944) or mouse anti-NPNF (1:5000,
AB 2715852), followed by an incubation in biotinylated anti-
rabbit (1:200; AB_2336201) and EAP with subsequent DAB-Ni
reaction. In additional sections cholinergic neurons were detected
by immunostaining for choline acetyltransferase (ChAT) as de-
scribed previously [30]. To confirm the presence of GABAergic
neurons in the Y-group, sections that had been immunostained
with sheep anti-GAD [31] or mouse anti-[7]GABA [32] from
previous studies were evaluated [33, 34].

Analysis of Stained Sections

The slides were examined and analysed with a Leica micro-
scope DMRB (Bensheim, Germany). Photographs were taken
with a digital camera (PixeraPro 600ES; Klughammer, Markt
Indersdorf, Germany) mounted on the microscope. The im-
ages were captured on a computer with PixeraViewfinder soft-
ware (Klughammer) and processed with Photoshop 7.0
(Adobe Systems, Mountain View, CA, USA). In each com-
plete image, the sharpness, contrast and brightness were ad-
justed using the ‘unsharp mask’ and ‘levels adjustment tool’
of Photoshop until the appearance of the labelling seen
through the microscope was achieved. The images were ar-
ranged and labelled with CorelDraw (versionl8.0; Corel
Corporation, SCR_014235).

Images from selected immunofluorescence preparations
were taken with a laser-scanning confocal microscope (Leica
SP5, Mannheim, Germany) at x 20 or x 63 magnification.
Dual and triple imaging of Alexa 488, Cy3 and Dylight was
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sequentially recorded at 488 or 543 or 405 nm excitation
wavelength, respectively. Z-series were collected every
0.5 um (at x 63) or 1 um (at x 20) through each section.
Image stacks were processed with Fiji/ImageJ software
(https://imagej.net/Fiji, SCR_003070). Contrast and
brightness of the final composite images were adjusted to
reflect the appearance of the labelling, seen through the
microscope by using Fiji software.

Immunoperoxidase staining of paraffin sections was im-
aged using a slide scanner (Mirax MIDI, Zeiss) equipped with
a Plan-Apochromat objective (Zeiss, x 20). The digitized im-
ages were viewed and photographed with the free software
Panoramic Viewer (3DHistech; 1.152.3) and Case Viewer
(3DHistech; v2.2). The corresponding detailed views of
equally arranged and magnified images of neighbouring sec-
tions were analysed on the computer screen. The same neu-
rons were identified by their location with the help of anatom-
ical landmarks, e.g. capillaries.

The cell size profile of the GABAergic and CR-positive
neurons within the complete Y-group neuron population was
revealed with Fiji/ImageJ software by outlining the somata in
Nissl- and immunostained sections at the focus plane of the
cell nucleus. The cell sizes were calculated as mean diameter
(dmin+dmax/2) and histograms were created with Excel
(2016; Microsoft).

Results

In Nissl-stained sections, see Fig. 1a, the two subdivisions of
the Y-group are clearly outlined by their cytoarchitecture.
The dorsal Y-group (Yd) is composed of loosely packed
mainly medium-sized multipolar neurons with mean diame-
ters between 20 and 40 wm, with less small neurons (mean
diameter between 10 and 20 pum; see Fig. 4), whereas the
ventral Y-group (Yv) consists of tightly packed smaller neu-
rons overlying the inferior cerebellar peduncle (ICP) [35]. At
planes of the cerebello-medullary junction the Yd is bor-
dered dorsally by the dentate nucleus (DEN), and lateral
by the fibres of the floccular peduncles, which contain the
scattered neurons of the basal interstitial nucleus of the cer-
ebellum (BIN) (Fig. 1a) [36].

Properties of Projection Neurons to Oculomotor
Nuclei

The population and location of premotor neurons in Yd is
illustrated in Fig. 1b resulting from a large bilateral WGA-
HRP injection covering the oculomotor (nlll) and trochlear
nuclei (nIV) (case M5). Two tracer cases with smaller injec-
tions were chosen for the present study (Fig. 2). Whereas the
WGA-injection of case TC2 showed some spread to the con-
tralateral side (Fig. 2c, light grey), the CTB-injection in case
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TC1 was confined to one side involving nIV and lateral and
dorsal portions of nllI (Fig. 2a—d, dark grey). The halo of the
injection site also covered parts of the medial longitudinal
fascicle (MLF), and for both cases involvement of the caudal
interstitial nucleus of Cajal (INC) cannot be ruled out. In both
cases, tracer injections resulted in retrograde labelling of a
large population of medium-sized neurons in the Yd of both
sides with a slight contralateral predominance as described in
previous studies [24, 37]. In addition, numerous retrogradely
labelled neurons were present in the magnocellular part of the
medial vestibular nucleus (MVN) mainly contralateral and the
superior vestibular nucleus (SVN) on both sides representing
secondary vestibulo-ocular neurons (Fig. 2e—i) [6]. The label-
ling of internuclear neurons only in the contralateral abducens
nucleus (nVI) confirmed the strict unilateral injection of case
TCI (Fig. 2e).

Double-immunofluorescence staining showed that all
tracer-labelled neurons in Yd are ensheathed by prominent
aggrecan (ACAN)-based perineuronal nets (PN) (Fig. lc,
red). In parallel sections immunoreactivity for non-
phosphorylated neurofilaments (NPNF) was found in most
tracer-labelled neurons (Fig. 1d, e, large arrows), but some
retrogradely neurons lacked NPNF (Fig. 1d, e small arrows).
In line with these observations, the analysis of neighbouring
5 um sections containing Yd revealed that all NPNF-positive
neurons are ensheathed by PN, here visualized by detection of
chondroitin-sulphate proteoglycans (CSPG) (Fig. 1f, g;
arrows). Strongly stained PN were also present around small
neurons within the Yv, which expressed only weak NPNF-
immunoreactivity, if at all (Fig. 1f,g; thin arrow in Yv).

The careful analysis of tracer-labelled neurons in both
cases revealed that approximately 90% (91% in TC1; 87%
in TC2) in the contralateral Yd contain the calcium-binding
protein calretinin (CR) (Fig. 2f, h green dots; Fig. 3a, b, d thin
arrows) and only few lack CR (Fig. 2f, h, open green dots; Fig.
3a, b, d solid arrow). None was found on the ipsilateral side.
Tracer-labelled neurons on the ipsilateral side expressed
GAD-immunoreactivity within their somata, but no CR (Fig.
2g, 1, red dots; Fig. 3e-h, arrows). Open circles on the ipsilat-
eral side in Fig. 2g, 1 indicate neurons whose somata could not
clearly be judged. Triple-immunofluorescence staining re-
vealed that tracer-labelled CR-positive neurons in the contra-
lateral Yd did not express somatic GAD-immunofluorescence
(Fig. 3i-1), as tracer-labelled GAD-positive neurons in the
ipsilateral Yd did not express CR (Fig. 3m—p). Few tracer-
labelled neurons were found, that neither contained CR nor
GAD (Fig. 3g-t, arrow). Strongly GAD-positive puncta were
distributed in the neuropil throughout the complete Yd, with
numerous of them attached to the somata and proximal den-
drites of the tracer-labelled neurons (Fig. 3i—p, arrows). The
morphometric analysis revealed that CR- and GAD-positive
neurons formed similar large populations (CR: 41%; GAD
49%) covering almost the whole spectrum of cell sizes in
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Fig. 1 a Transverse section through the brainstem of monkey to
demonstrate the location of the Y-group with its ventral (Yv) and dorsal
(Yd) subdivisions. b Overview of transverse section showing retrograde-
ly labelled neurons only in the Yd after WGA-HRP injection into the
oculomotor nucleus. ¢ Double immunofluorescence staining for WGA
(green) and aggrecan (ACAN)-based perineuronal nets (red) demon-
strates that all tracer-labelled cells are ensheathed by perineuronal nets
(white arrows). d, e Similarly, except few (small arrows) tracer-labelled
neurons (d) express immunoreactivity for nonphosphorylated
neurofilaments (NPNF) (e, long arrows). f, g Neighbouring 5 um thin
frontal sections of the Y-group immunostained for chondroitin-sulphate

Yd except small cell bodies with less than 16 pm mean
diameter (Fig. 4a, b). The analysis of tracer-labelled CR- and
GAD-positive neurons revealed a more focussed population
of medium-sized neurons with mean diameters between 20
and 32 um (Fig. 4¢).

Since the GAD-immunoreactivity was only weakly
expressed in cell bodies (Fig. 30), we confirmed the pres-
ence of GABAergic neurons in the Yd by analyses of
sections from previous immunoperoxidase staining with

WGA-HRP

& =

proteoglycans (CSPG) (f) or NP-NF (g) demonstrates that both markers
are coexpressed in medium-sized neurons in the dorsal Y-group (Yd) (f,g,
large arrows). Smaller neurons in the ventral Y-group (Yv) are
ensheathed by perineuronal nets as well , but express only weak NPNF-
immunoreactivity (f, g, thin arrow). The asterisks label the same blood
vessels in both sections as a landmark. BIN, basal interstitial nucleus of
the cerebellum; CTB, cholera toxin subunit B; DCN, dorsal cochlear
nucleus; DEN, dentate nucleus; LVN, lateral vestibular nucleus; WGA,
wheat germ agglutinin; Yd, Y-group dorsal part, Yv, Y-group ventral
part; ICP, inferior cerebellar peduncle. Scale bar=500 pm in a,
200 um in b, 50 pum in e (applies to c—e), 100 um in g (applies to f~g)

different antibodies directed against either GAD [31] or
GABA [32]. Both antibodies revealed a consistent mod-
erate GAD- or GABA-immunoreactivity in some small
(less than 20 pm) and numerous medium-sized neurons
in Yd (Fig. 5a, b), which were contacted by numerous
immunopositive puncta most likely representing synaptic
terminals (Fig. 5a, b arrows).

To validate the observation that neurons do not coexpress
GAD and CR from triple-immunofluorescence, where
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compromises were made in choice of primary antibodies in
combination with the secondary antibodies (with blue giving
the poorest signal), dual immunofluorescence was performed
using rabbit GAD and mouse CR antibodies only. These were
detected with green and red fluorescing secondary antibodies
(Fig. 5d-1). Both, CR- and GAD-positive neurons are
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intermingled in Yd (Fig. 5d—f; thin and solid arrows, respec-
tively) and both populations receive a similar dense supply by
GAD-positive boutons (Fig. Sh-1). Few neurons did not ex-
press any of the markers (Fig. 5k, 1, asterisk) and may repre-
sent a different neuron population. One further small popula-
tion of cholinergic neurons was found with ChAT-
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<« Fig. 2 Demonstration of the tracer injection sites for two cases drawn in
one series of sections through the oculomotor nucleus (nlll) region, on the
left side for WGA (TC2, light grey), on the right side for CTB (TCl1, dark
grey) (a—d). A series of frontal sections through the medulla demonstrates
the analysis of the retrogradely labelled neurons in the Y-group (Y) of the
case with the unilateral CTB-injection into the right nlIl. The green closed
circles indicate calretinin (CR)-positive tracer—labelled neurons, the open
circles CR-negative ones in Y. The red closed circles represent glutamate
decarboxylase (GAD)—positive neurons, the open circles could not be
judged (f-i). The black dots in all sections of e-i indicate tracer-labelled
neurons not analysed for CR or GAD-immunoreactivity. CN, cochlear
nucleus; DEN, dentate nucleus; DVN, descending vestibular nucleus;
EWpg, preganglionic Edinger-Westphal nucleus; ICP, inferior cerebellar
peduncle; INC, interstitial nucleus of Cajal; LVN, lateral vestibular nu-
cleus; MVN, medial vestibular nucleus; MLF, medial longitudinal fasci-
cle; nlV, trochlear nucleus; nVI, abducens nucleus; nVp, principal tri-
geminal nucleus; PC, posterior commissure; RN, red nucleus; SVN, su-
perior vestibular nucleus; SCP, superior cerebellar peduncle; TS, nucleus
of'the solitary tract; V, trigeminal nerve; VII, facial nerve; VIII, vestibular
nerve; Scale bar=1 mm in a (applies to a—d), | mm in e (applies to e—i)

immunostaining (Fig. 5c). These small ChAT-positive neu-
rons had mean diameters of 15 um, clearly different from
the larger-sized premotor neurons (see Fig. 4). In addition,
numerous ChAT-positive varicosities were found in close
contact to medium-sized neurons in Yd (Fig. Sc, asterisk,
arrows). A comparative triple-immunofluorescence staining
revealed a strong coexpression of calbindin (CB) in GAD-
positive boutons around neurons in the dentate nucleus (Fig.
Sr—u, arrows), which was less pronounced in GAD-positive
terminals attached to putative premotor neurons in Yd identi-
fied by PNs (revealed with HPLN antibodies) (Fig. 5Sm—q,
arrows).

Expression of Potassium Channels

In order to investigate the different neuronal populations in Yd
for the expression of the potassium channels Kvl1.1 and
Kv3.1b, neighbouring thin 5 pm sections stained for either
CR and ACAN, GAD and CR or Kvl.1 or Kv3.1b were
analysed. Virtually, all CR-positive and GAD-positive neu-
rons ensheathed by ACAN-based PNs expressed moderate
to strong Kv1.1 immunoreactivity appearing as granular stain-
ing within the cytoplasm of the soma and proximal dendrites
(Fig. 6a, b, c, arrows, ¢). Several neurons were visible in all
neighbouring sections and allowed the additional analysis for
Kv3.1b expression, which was present in all CR- and GAD-
positive neurons with PNs (Fig. 6a, ¢, d, arrows). Unlike
Kvl.1, the Kv3.1b immunoreactivity appeared as faint stain-
ing of the somata but was concentrated in the cell membrane
as seen before (Fig. 6e, f) [38]. No obvious differences in the
staining intensity for Kv1.1 or Kv3.1b was observed between
CR-positive and GAD-positive neurons ensheathed by PN
(compare Fig. 6 a with b and d). Similarly, neighbouring sec-
tions of putative secondary vestibulo-ocular neurons in the

magnocellular portion of the medial vestibular nucleus
(MVN) identified by PN and NPNF-expression were analysed
[29]. As for Yd, all putative secondary vestibulo-ocular neu-
rons showed immunostaining for Kv1.1 and Kv3.1b (Fig. 6g—
1, arrows). The reliability of Kv immunostaining was validated
in the cerebellum. GABAergic Purkinje cells show moderate
Kvl1.1-staining of the cell bodies, but strong staining of the
pinceau, a meshwork of GABAergic terminals of basket cells
associated with the axonal initial segment of Purkinje cells
[39] (Fig. 6k, arrow). Only very weak Kv3.1b staining was
present in the Purkinje cell, but strong immunoreactivity was
expressed in the granular and molecular layers as reported
before (Fig. 61) [40]. In addition, strong Kvl1.1 staining was
observed in small cells, which were also distributed in the
fibre tracts passing to the cerebellum, most likely representing
glial cells (Fig. 6b, arrowhead).

Discussion

The present study provides a histochemical characterization of
neurons within the Yd that project to motoneurons of vertical-
ly pulling extraocular muscles with following main findings:
The Yd contains two sets of projection neurons, excitatory
CR-positive neurons projecting contralaterally, and an inhib-
itory GABAergic, but CR-negative population projecting ip-
silaterally. Otherwise both populations show similar charac-
teristics, including a strong GABAergic input, expression of
nonphosphorylated neurofilaments (NPNF), wrapping with
perineuronal nets, and a strong immunoreactivity for the
voltage-gated potassium channels Kv1l.1 and Kv3.1b.
Similar histochemical profiles were found for secondary
vestibulo-ocular neurons.

Identified Cell Populations in Yd
CR- and GAD-Positive Premotor Neurons

A strong projection from the Yd to the oculomotor nucle-
us (nlll) is known from tract-tracing experiments in dif-
ferent species [7, 14, 23-25]. In deviation to previous
findings, the present study revealed a CR-positive projec-
tion exclusively to the contralateral side [27]. The small
fraction of tracer-labelled CR-positive neurons also in the
ipsilateral Yd side in the previous study is attributed to
tracer spread across the midline at the injection site,
which did not occur in cases of the present work. A new
finding was the demonstration of an ipsilateral
GABAergic projection to the motonuclei. The lack of
CR and GAD coexpression in the cell bodies of Yd goes
along with the lack of coexpression of both proteins in
synaptic terminals targeting upgaze motoneurons [26].
Accordingly, CR- and GAD-positive neurons form two
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Fig. 3 a—h Overview confocal images of double-immunofluorescence
staining for cholera toxin subunit B (CTB) combined with the detection
of calretinin (CR) and glutamate decarboxylase (GAD) in frontal sections
through the dorsal Y-group of a monkey (TC1) who had received a
unilateral tracer injection into the right oculomotor nucleus. a—d shows
the staining for the contralateral side, e-h for the ipsilateral side. Note that
almost all retrogradely labelled neurons (a, green) contain CR (b, blue),
but not somatal GAD immunostaining (¢, red). The arrows indicate ex-
amples of CR-positive and GAD-negative tracer-labelled neurons
appearing cyan in the overlay (d) (a—c, small arrows). A small number
of tracer-labelled neurons were found that did neither express CR nor
GAD (solid arrow in a—d). On the contrary, none of tracer-labelled

independent populations in Yd, and the following as-
sumption can be made: CR-positive neurons in Yd repre-
sent excitatory premotor neurons that may use glutamate
as transmitter [8] and project through the crossing ventral
tegmental tract (CVTT) to target the twitch and non-
twitch motoneurons of the inferior oblique (I0) and supe-
rior rectus muscles (SR) in the contralateral nlll [14, 27,
41] and S-group [42]. This is consistent with stimulation

GRO &) Springer
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neurons in the ipsilateral Yd express CR (e, f, h arrows) but show somatal
GAD-immunostaining (g, arrows). Detailed view of a CR-positive tracer-
labelled neuron (from a) in the contralateral Yd, which does not express
GAD in the cell body, but numerous GAD-boutons outlining the cell
body (i1, arrows). Detailed view of a CR-negative tracer-labelled neuron
(from e) in the ipsilateral Yd with moderate GAD-immunoreactivity of
the cell body also outlined by GAD-positive boutons (m—p, arrows).
Detail of a tracer-labelled neuron in the contralateral Yd (from a) that
does neither express CR nor GAD within the cell body (arrow, g—t). Scale
bar =100 pm in h (applies to a—h), 50 pm in p (applies to i—p), 50 umin t
(applies to q—t)

experiments of the Y-group resulting in slow upward
movements of both eyes [1] and with EPSPs in SR and
IO motoneurons in contralateral nlll [43]. Similarly, re-
cording in Yd showed an increase in firing rates during
upward eye movements, with the neurons discharging in
relation to upward head and eye velocity [1].
Accordingly, the GAD-positive tracer—labelled neurons
must be considered as GABAergic premotor neurons, whose
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Fig. 4 Cell size histogram of the calretinin (CR)- (a) and GAD-positive
neurons (b) within the total neuron population in the dorsal Y-group (Yd)
revealed from Nissl-stained sections. There is no clear indication for a
bimodal population, but cell sizes range from small mean diameters of
10 pum to large cells with mean diameters of more than 40 um. CR- and
GAD-positive neurons cover almost the complete spectrum except neu-
rons smaller than 16 pm. The lower panel shows the cell sizes of tracer-
labelled CR- and GAD-positive neurons in Yd, which involve similar
populations of medium-sized neurons.

axons travel in the brachium conjunctivum (BC) to inhibit the
motoneurons of the inferior rectus (IR) and superior oblique
muscle (SO) motoneurons on the ipsilateral side during
upgaze. The presence of GABA- or GAD-positive neurons
in Yd was demonstrated before but was not correlated with
premotor neurons [8, 44, 45]. Thereby the present study pro-
vides the anatomical basis for the findings of recording and
stimulation experiments in Yd [1] and demonstrates a similar
organization of crossing excitatory projections and ipsilateral
inhibitory projections to respective motoneuronal groups as
for the vestibulo-ocular projections of the anterior semicircu-
lar canals [8].

Nonpremotor Neurons in Yd

Smaller tracer-negative GAD—positive neurons in Yd may
include projection neurons to the rostral dorsal cap and ven-
trolateral outgrowth of'the contralateral inferior olive shown in
rabbit with combined tracer labelling and EM analysis [46].
This projection does not arise from oculomotor projecting
neurons as shown by double tracer injections in rat and rabbit,
but both populations are intermingled within Yd [47] (Fig. 7).

Our finding of few primarily small ChAT-positive neurons
in the Yd is consistent with other reports [48]. These cholin-
ergic neurons differ clearly in size and morphology from those
in the adjacent BIN, which coexpress GABAergic markers
and send projections to the flocculus [36, 48]. It is not clear,
whether ChAT-positive neurons within the Yd represent local
interneurons giving rise to the abundant network of ChAT-
positive nerve fibres and varicosities found in the Yd neuropil
(see Fig. 5¢), or whether they are projection neurons.

GABAergic Input to Y-Group Neurons

Anterograde tract tracing, stimulation and recording stud-
ies in monkey and cat had shown a strong projection
from floccular Purkinje cells to Yd [21, 22, 49]. The
covering of all tracer-labelled neurons in Yd with
GAD-positive terminals, which show strong coexpression
of calbindin (Fig. 5m—q, insert) expressed by Purkinje
cells [50], is consistent with the expected strong
GABAergic input from floccular Purkinje cells. This
confirms that all premotor neurons in Yd are ‘floccular
target neurons’ (FTN) consistent with electrophysiologi-
cal studies in cat, which demonstrated that all identified
FTNs in Yd could be antidromically activated from stim-
ulation of the contralateral nlll [49]. But unlike FTNs in
the SVN, which represent secondary vestibulo-
oculomotor neurons, FTNs of the Yd are not directly
targeted by primary vestibular afferents. They rather re-
ceive an indirect input via interneurons in the SVN and
MVN that are activated from afferents of the anterior and
posterior semicircular canals (see Fig.7) [19]. Lesions of
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Fig. 5 Detailed view of the dorsal Y-group (Yd) with medium-sized
glutamate decarboxylase (GAD)-positive neurons (a, arrows) detected
with a sheep antibody in thick sections. Detailed view of a medium-
sized GABA-positive neuron in Yd that is contacted by GABA-positive
punctate profiles (b, arrows). The section is counterstained with cresyl
violet. Detailed view of a small ChAT-positive neuron in the Yd (¢). Note
the numerous stained axons with varicosities (arrows), some of them in
close contact with ChAT-negative medium-sized neurons (asterisk). d-1
Double immunostaining with rabbit CR and mouse GAD antibodies
in the Yd of case M3. d—f CR-positive (solid arrows) and GAD-
positive (open arrows) represent independent neuron populations without
coexpression of both antigens. g-h Confocal images of detailed views
reveal that CR-positive (g; solid arrow) as well as GAD-positive neurons
(h; thin arrow) are associated with numerous GAD-positive boutons (h, i;
small arrows). Note that all GAD-positive boutons do not coexpress CR

the cerebellar loop through the flocculus may cause
spontaneous upward drifts and compensating fast down-
ward phases seen in downbeat nystagmus [3, 5]. Since
90% of floccular Purkinje cells have downward on

Si) &) Springer
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(g—i, double arrows). k, 1 Some small neurons within Yd outlined by
GAD-positive puncta (arrows) lack CR and GAD in their somata (k, I;
asterisk). m-q Confocal images of putative premotor neurons in Yd
ensheathed by perineuronal nets stained with antibodies against
hyaluronan and proteoglycan link protein 1 (HPLN) in Yd (m) combined
with calbindin (CB) (n) and GAD (o). r-u In comparison, a neuron of the
dentate nucleus is shown with similar staining. Note that neurons in both
nuclei (asteriks) receive a strong supply by GAD-positive boutons many
coexpressing CB, appearing in yellow in the overlays (o, u, arrows) as
seen in bottom left box (q) detail picture of membrane. These boutons
most probably originate from CB-positive Purkinje cells. The
coexpression is stronger in the dentate nucleus. Scale bar=50 pum in ¢
(applies to a—c); 50 pum in f (applies to d—f), 50 um in 1 (applies to g-1);
50 um in u (applies to m—u), 5 wm in insert of

directions, but almost none upward [21], the removal or
malfunction of floccular Purkinje cells may induce an
increased activity of FTNs in the Yd and SVN, which
results in upward drifts of the eyes [5].
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Fig. 6 a—d Detailed views of four neighbouring paraffin sections (5 pm)
through the Y-group (Yd) stained with immunoperoxidase methods for
the simultaneous detection of calretinin (CR) in brown and glutamate
decarboxylase (GAD) in black (a) or CR (brown) and aggrecan
(ACAN, black) (c), or for the potassium channels Kv1.1 (b) or Kv3.1b
(d) of case PF3. All CR- (a, ¢, thin arrows) and GAD-positive (a, solid
arrows) neurons are ensheathed by ACAN-based perineuronal nets (c,
black, thin and solid arrows), and they expressed moderate to strong
Kv1.1- (b, arrows) and Kv3.1b-immunoreactivity (d, arrows). In a—d thin
arrows indicate CR-positive neurons, short solid arrows putative
GABAergic neurons. e Detail of a Kv1.1- positive neurons within Yd
showing the more granular staining of the soma and proximal dendrites. f
Detail of a Kv3.1b-positive neurons demonstrating the faint soma label-
ling but strong labelling of the outer cell membrane. g—i Detailed views of

neighbouring paraffin sections of the magnocellular medial vestibular
nucleus with putative secondary vestibulo-ocular neurons identified by
their expression of nonphosphorylated neurofilament (NPNF) and
perineuronal nets (ACAN) in black (h) (case PF2). Note that all
putative vestibulo-ocular neurons express Kvl.l and Kv3.1b (g-i-
, arrows) as the premotor neurons in Yd (b-d, arrows). k Detailed view
of the cerebellar cortex stained for Kv1.1 and Kv3.1b. Note the strong
Kvl.1. expression in the pinceau (arrow) at Kv1.1-positive Purkinje cells
(asterisk). 1 Detail of cerebellar cortex stained for Kv3.1b. Weak Kv3.1b-
immunoreactivity is present in Purkinje cells (asterisk), but strong label-
ling is found in the molecular (mol) and granular layer (gr). Scale bar =
100 um in d applies to a—d; 50 pm in 1 (applies to e, f, k, I); 100 umin g
(applies to g—i)
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Fig. 7 Summary diagram demonstrating the major connections of the Y-
group: The dorsal Y-group (Yd) contains excitatory calretinin-positive
neurons that target upgaze motoneurons in the contralateral oculomotor
nucleus and GABAergic inhibitory neurons that project to downgaze
motoneurons ipsilateral that may sent off projections to the paramedian
tract neurons (PMT) - only drawn for the excitatory path. Both popula-
tions receive a strong GABAergic input from the flocculus. Via Y-
projecting interneurons’ (YPN) in the superior vestibular nucleus, the
premotor neurons receive an input from the vertical semicircular canals.
Floccular-projecting neurons (FPN) form another separate population that

Significance of Histochemical Properties of Yd
Neurons

Neurofilaments

As secondary vestibulo-oculomotor neurons in the MVN and

SVN the premotor neurons in Yd contain nonphosphorylated
neurofilaments (NPNF) [27, 57, 29], which shape the somatic

Si) @ Springer

gives off collaterals to the Y-group or YPNs. In the vestibular nuclei
floccular-target neurons (FTN) and position-vestibular-pause neurons
(PVP) transmit head velocity signals to the motonuclei via the
vestibulo-ocular reflex. Visual input is relayed to the flocculus by
climbing fibres from the inferior olive and mossy fibres from the
prepositus nucleus and nucleus reticularis tegmenti pontis. CVTT, cross-
ing ventral tegmental tract, Ev eye velocity; Hv, head velocity; IR, infe-
rior rectus muscle; 10, inferior oblique muscle; SO, superior oblique
muscle; SR, superior rectus muscle

and dendritic cytoskeleton [51]. It is present in specific neu-
ronal populations including highly active neurons of the eye
movement system, e.g. omnipause neurons, saccadic burst
neurons and eye muscle motoneurons [38, 52]. Due to the lack
of NPNF in local interneurons, it was assumed that NPNF
may contribute to long-distance projections [53]. More recent
findings suggest a correlation with the amount of axonal
myelination [54] rather than axonal length only.
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Perineuronal Nets

As other functional neurons of the oculomotor system excit-
atory CR- and inhibitory GAD—positive neurons in Yd are
wrapped by well-developed PNs also previously found in hu-
man [30, 55, 56]. PNs are lattice-like aggregates of extracel-
lular matrix molecules with holes at synaptic contact sites
[57], which ensheath distinct highly active neurons, which
often contain the calcium-binding protein parvalbumin and
the voltage-gated potassium channel Kv3.1b. One assumed
function of PNs is a role as cation buffer [55, 58]. The expres-
sion of well-developed PNs with concomitant Kv3.1b expres-
sion in FTNs is in accordance with high spontaneous firing
rates of 80—110 spikes/s recorded in squirrel monkey that are
upregulated during upgaze [59]. As additional and intriguing
hypothesis, PN may contribute to motor learning/adaptation
of the VOR (by gain changes after wearing minimizing or
magnifying googles), which is compatible with the adaptive
properties of FTNs in Yd [4, 60, 61]. There is accumulating
evidence that the formation of PNs does not only restrict plas-
ticity at the end of the critical periods during postnatal devel-
opment [62—-64], but may also participate in the control of
regained plasticity of neurons involved in adaptive processes
like vestibular compensation [65]. After unilateral
labyrinthectomy in adult mice, the frequency of PNs and
staining intensity was strongly diminished in the lateral ves-
tibular nuclei (mostly involved in posture), in parallel with an
increase of excitatory and inhibitory synapses in the lateral
vestibular nuclei of both sides. After recovery from vestibular
deficits, PNs were completely restored, and in mice with ge-
netically defective PN, vestibular compensation was acceler-
ated [65]. The chemorepulsive protein Sema3A found as an
integral component in a subset of PNs including those around
neurons in the vestibular nuclei neurons may contribute to the
PN mediated plasticity [66].

Voltage-Gated Potassium Channels Kv3.1b and Kv1.1

Alongside their role in regulating plasticity, PNs are thought
to facilitate firing characteristics of fast-firing neurons via reg-
ulating expression of voltage-gated potassium channels and
their localization to cell membrane [67]. Accordingly, Kv1.1
and Kv3.1b subunits form complexes with PN proteins [67].
Whereas low voltage-activated Kv1 channels regulate the rest-
ing membrane potential, threshold potential and neuronal ex-
citability [68], high voltage activated Kv3 channels open dur-
ing action potentials, actively shortening the spike duration
and enabling maintained and high firing rates [69].
Together, Kvl and Kv3 channels cooperate with Nav chan-
nels for action potential generation in highly active fast spik-
ing neurons such as in auditory, vestibular and oculomotor
systems in brainstem [38, 70]. Kvl.1 and Kv3.1b channels
were similarly expressed in both, excitatory and inhibitory

premotor FTNs in Yd as in secondary vestibulo-ocular neu-
rons in the MVN. This observation suggests similar and fast
firing properties for GAD-positive and CR-positive subpopu-
lations and is in line with uniform firing patterns of Yd neu-
rons [4]. Located between floccular Purkinje cells and oculo-
motor nucleus, FTNs in Yd exhibit histochemical and bio-
physical similarities to vestibulo-ocular neurons in vestibular
nuclei—rather than to Purkinje cells (Fig. 6k, 1) [38, 70].

Proposed Circuitry

In the absence of a desired gaze shift (and Yd modulation of
gaze), the eye and head movements are driven by the
vestibulo-ocular reflex (VOR). A simplified model for the
brainstem control of eye movements includes the direct 3-
neuron VOR pathway from the vestibular afferents running
in the 8th nerve, the secondary vestibular neurons in the ves-
tibular nuclei and the motoneurons of extraocular muscles in
the motonuclei (Fig. 7) [71]. Parallel indirect pathways loop
through the flocculus, which include floccular-projecting neu-
rons (FPN) in the vestibular nuclei and the ventral Y-group,
both receiving direct primary afferents from vertical semicir-
cular canals and sacculus, respectively, and projections back
from the flocculus to ‘floccular target neurons’ (FTN) in the
SVN and Yd. FTNs in Yd receive disynaptic excitatory sig-
nals (head velocity) from the ipsilateral vertical semicircular
canals via interneurons in the anterior-lateral corner of the
SVN (and MVN) [19], which are transmitted via crossing
direct excitatory CR-positive and ipsilateral GABAergic pro-
jections to upgaze and downgaze motoneurons, respectively.
Head-velocity signals from anterior and posterior semicircular
canals reach the FTN in Yd via interneurons in the SVN (and
MVN) [19]. Eye-velocity signals to Yd neurons are transmit-
ted through the flocculus, which receives visual input via
climbing fibres from the inferior olive (input from the nucleus
of the optic tract) and mossy fibres (from the nucleus
prepositus hypoglossi) [21, 72]. Thereby, the FTNs in the
Yd transmit eye and head velocity signals to the extraocular
muscles inducing upward ocular following movements.
Accordingly, during pursuit Purkinje cells (mainly of the
paraflocculus) provide the eye movement signal to premotor
neurons, and during VOR cancellation (from flocculus) the
head velocity signal via the FTNs in Yd necessary to cancel
the VOR drive to motoneurons. Lesions of these circuits can
result in nystagmus [3, 5].

Conclusion

Two histochemically different populations of premotor neu-
rons projecting to the nlll were identified in Yd: The CR-
positive population represents the excitatory projection to con-

tralateral upgaze motoneurons, whereas the GAD-positive
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population represents the inhibitory projection to ipsilateral
downgaze motoneurons. Both populations receive a strong
GABAergic input from floccular Purkinje cells indicating that
all premotor neurons in Yd represent FTNs. Aside from their
differing content of CR and transmitters, both premotor cell
groups form a homogenous population with similar histo-
chemical characteristics compatible with fast-firing properties,
e.g. PNs and Kv channels, which were also found for second-
ary vestibulo-ocular neurons. The presence of well-developed
PNs may also contribute to the mechanism of their adaptive
capacity. The histochemical signature of premotor neurons in
Yd allows the identification of the homologue cell groups in
human including their inputs and will serve as basis for cor-
related anatomical-neuropathological studies of clinical cases
with downbeat nystagmus, which is often associated with le-
sions of the vestibulocerebellum [3, 73]. Accordingly, the CR-
positive neurons ensheathed by PN in the human Y-group
most likely represent the excitatory premotor neurons
targeting upgaze motoneurons in nlll [56, 74], but the pattern
of GABAergic neurons and terminals as well as the ion chan-
nel expression pattern has to be studied in the future.
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Discussion

The work presented here introduces ion channel and transmitter-related profiling to various neuronal
groups with different functions in the oculomotor system of monkey concerning their diverse firing
patterns. Although these initial findings cannot yet be considered as a full-fledged library of ion channel
and transmitter profiling that illuminates the differentiators of the firing patterns in neurons within the
oculomotor system, differences already found on the motor or premotor levels proved promising (Figure

12; Table 1).

Numerous studies in the literature aim at profiling the required machinery determining different firing
patterns between various nuclei, and even between subpopulations within one nucleus (Kodama et al.,
2020). These studies take advantage of model organisms that allow for multiple research methodologies
such as electrophysiology, protein and mRNA quantification and anatomical classification. These
techniques can be utilized simultaneously in order to causally bind certain combinations of cellular
expression patterns and transmitter content to the observed functional outcome. Although the
conclusions drawn from these approaches serve as an important foundation for the research conducted
here, there are limitations regarding the translation of the observations from mouse/rat to rhesus monkey
and ultimately to human tissue specimen. These issues are mainly two-fold: Firstly, monkey as an
experimental organism practically does not allow for an easy combinatorial use of these methods. Despite
valuable research describing electrophysiological properties of different neuron types of the oculomotor
circuitry in living animals, the combination of these approaches with pharmacology, gene profiling and
single unit recording is simply unattainable. Secondly, as the direction of this research aims toward the
characterization of alterations in ion channel and transmitter profiles as a potential cause of many eye
movement disorders in human pathologies, these approaches would ultimately prove fruitless. Therefore,
this thesis aimed at providing an approach that could connect histochemical profiling of neurons in the

oculomotor system with their function in post-mortem fixed human brainstem tissue.

The work presented in this thesis achieved building an initial bridge between the histochemistry and
electrophysiology of different neuron types of the oculomotor circuitry by demonstrating different ion
channel and transmitter content of the functionally different subpopulations of motoneurons. This was
demonstrated in the publication “Transmitter and ion channel profiles of neurons in the primate abducens
and trochlear nuclei” by showcasing significant histochemical differences with respect to ion channel
expression related to fast-firing of neurons between the motoneurons of multiply-innervated muscle
fibers (MIF) and singly-innervated muscle fibers (SIF). Previously established anatomical, histochemical
and physiological differences between MIF and SIF motoneurons and known properties of these ion
channels enabled the identification of their physiological properties indirectly through histochemical
methods. Furthermore, the histochemical characterization of premotor neurons was utilized to test
hypotheses originating from the clinical data from which mathematical models were derived. In the

publication “Saccadic premotor burst neurons and histochemical correlates of their firing patterns in
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rhesus monkey”, predictions of a neuromimetic model of saccade generation were confirmed regarding
the ion channel profile of premotor burst neurons (BNs). These findings not only expanded the
histochemical signature library of the neurons in the oculomotor system, but also demonstrated that the
top-down mathematical modelling approach could be met with a bottom-up histochemical method to
illuminate phenomena observed in clinical settings. Finally, I introduced ion channel profiling to a
variety of neurons in the oculomotor system with different firing patterns. These neurons included the
tonic firing omnipause neurons (OPNs) and Y-group neurons, burst/tonic firing motoneurons of the
abducens and trochlear nuclei, bursting premotor neurons, and cerebellar Purkinje cells with their
complex firing patterns. This was achieved as the long-term outcome of this thesis, covered by all of the
presented publications; and overall, it paved the way to understanding the expression and
immunolabeling patterns of ion channels in relation to distinct physiological characteristics of these
neurons in the oculomotor system. Moreover, the transmitter-related data presented in Paper 2 was
complementary to the ion channel profiles in the investigation of possible physiological regulation by
transmitter inputs and receptors. With these novel findings, identification of the neural regulators in the

healthy generation of eye movements, as well as in pathologies, is within reach.

Voltage-gated potassium channels in the functional groups of the oculomotor system

Two classes of delayed-rectifier voltage-gated potassium channel subunits (Kvl.1 and Kv3.1) were
focused on in various neurons of the oculomotor system within this dissertation. These subunits play a
substantial role in determining neuronal excitability and fast-firing capabilities, respectively (Johnston
et al., 2010). No definitive qualitative difference was observed in Kv1.1 or Kv3.1b expression in the
tonic or burst firing neurons, as OPNs (Paper 1), Y-group neurons (Paper 4) and premotor BNs of the
RIMLF and PGD (Paper 3) all expressed strong immunoreactivity for both Kv1.1 and Kv3.1b. Therefore,
the utility of these markers as differentiators of firing patterns may be inapplicable, which is in line with
their physiological roles. In contrast to slow-firing modulatory neurons (Hobohm et al., 1998), OPNs
with firing rates up to ~200 Hz and BNs with firing rates up to ~1KHz display strong Kv3.1 subunit
immunoreactivity. This could mean that the 200 Hz spike frequency is well above a putative threshold
of firing rate that specifically requires Kv3.1 subunit expression to achieve fast-firing in the oculomotor
circuitry (Gandhi & Keller, 1999; Sparks, 2002). It is also important to note that, in our observations,
Kv1.1 expression was present even in the absence of Kv3 subunit in slow-firing or modulatory neurons,
related to the oculomotor circuitry or otherwise, such as neurons of the inferior olive (not shown).
However, not all fast-firing neuron types expressed Kv1.1 (or Kv3.1b) subunits, as observed in Purkinje
cells, which are capable of firing at rates up to ~150 Hz with complex patterns (McKay & Turner, 2004;
Fernandez et al., 2007; Zeeh et al., 2021). This is due to the fact that Purkinje cells express other subunits
to facilitate their specific firing patterns, such as Kv1.5 (Chung ef al., 2001) and Kv3.3-Kv3.4 (Weiser
et al., 1994; Zagha et al., 2008). Finding distinct profiles of Kv expression within the functional groups
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of the oculomotor system for fast-firing remains to be plausible; however, as the voltage-gated potassium
channel family has twelve subunit families, this endeavor is not warranted without compelling evidence

from other studies (such as the established perineuronal net-Kv3.1b connection used in this thesis).

A substantial deviation from this often-observed Kv1.1 and Kv3.1b co-expression pattern was found in
the MIF motoneurons of the abducens and trochlear nuclei (Paper 2). In a clear contrast to SIF
motoneurons and INTs, MIF motoneurons lacked the Kv3.1b subunit immunolabeling, and expressed
weaker Kv1.1 subunit staining (Paper 2). This finding was interesting as a first indication of the
physiological delineation through histochemical means. More importantly, valuable work performed in
other organisms with other methods could be utilized as complementary information to interpret the
present histochemical data. Such an example can be found in Paper 2, coming from Hernandez et al.,
where the electrophysiological recordings of MIF and SIF motoneurons performed in cat outlined
significant differences between the firing properties of MIF and SIF motoneurons (Hernandez et al.,
2019). Although both motoneuron populations employ a phasic and a tonic component in firing, and are
active during all types of eye movements contrary to previous conceptualizations (Biittner-Ennever &
Horn, 2002a; Hernandez et al., 2019; Horn & Straka, 2021), MIF motoneurons have lower thresholds,
lower eye movement-related sensitivities and reduced firing levels (Hernandez et al., 2019). As areduced
Kvl.1 expression would manifest as lower action potential thresholds and a higher rate of spontaneous
firing, our findings related to the reduced Kvl.1 expression in MIF motoneurons could explain and
enhance the findings of Hernandez and colleagues. Similarly, reduced firing levels of MIF motoneurons
could be explained by the absence of Kv3.1b, as found in this study. However, it must be noted that this
does not rule out the possibility of employing other subunit combinations in MIF compared to SIF
motoneurons. Similarly, in terms of the quantity of these channels expressed and anchored to the
membrane, even SIF motoneurons likely form a spectrum to account for the differential responses to
similar post-synaptic potentials. This would be in accordance with the proposed modern understanding
of functional segregation of MIF and SIF motoneurons within motor nuclei as a response to distinct
transmitter input types they receive (Fig. 10) (Horn & Straka, 2021). Another caveat is the limitation of
histochemical methods, as they do not rule out all protein expression or mRNA content without
confirmation by molecular techniques. Without the assistance of a molecular approach, it is also not
possible to infer any “graded” gene expression regarding the fast-firing profiles, as done in the medial
vestibular nuclei (MVN) of rat (Kodama et al., 2020). Therefore, the speculation on the varied Kvl.1
immunolabeling strength was limited to a possible differential expression within the SIF motoneurons
that could correspond to the manifestation of a range of activation thresholds, as observed in cat

(Hernandez et al., 2019).
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Figure 10: A modern view of differential synaptic inputs to the motoneurons depending on distinct eye movement
types. This view defines motoneurons on a functional continuum rather than a clear segregation into different
dynamic properties. This continuum places SIF and MIF motoneuron definitions at the extreme ends of a spectrum

Figure taken with permission from (Horn & Straka, 2021).

Overall, the requirements for the fast-firing capacity of neurons within a tightly controlled circuitry, as
observed in the pre-oculomotor subpopulations of MVN (Kodama et al., 2020), are met by the majority
of neurons in the oculomotor system. With the exception of MIF motoneurons, the correlation between
Kvl.1 and Kv3.1 is displayed in all neurons presented in this work, and associated Nav1.6 co-expression
is demonstrated in the motoneurons of the abducens and trochlear nuclei (Paper 2). This exception, along
with observed differences in the transmitter-related proteins of MIF motoneurons, could be explained by

possible distinct evolutionary origins across multiple species (see Chapter 5).

Low-voltage activated ion channels in the functional groups of the oculomotor system

The bursting behavior of neurons in the central nervous system not only depends on the fast-firing
capacity (provided by the interplay between Nav and Kv channels), but also requires the expression of
low-voltage activated cation channels that govern effective recovery from hyperpolarized voltages. In a
tightly controlled circuitry such as the oculomotor system, it has been proposed that the premotor BNs
should express T-type calcium channels (Cav3) and HCN channels (Ramat ef al., 2005; Shaikh et al.,
2008; Daye et al., 2013). Mathematical models based on clinical data successfully explain the cause of
irregular saccades in several disorders as dysregulation of bursts by the alterations in the expression of

these channels (Shaikh et al., 2007; Shaikh, 2012; Shaikh et al., 2017).
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Figure 11: Activation windows of HCN (I1) and T-type calcium (Ir) channels in the post-inhibitory burst generation

and potential effects of their over-expression (b) and under-expression (c¢) in the burst generation. Figure taken

with permission from (Shaikh et al., 2008).

Findings reported in Paper 2 and 3 regarding the roles of these channels in motoneurons of the abducens
and trochlear nuclei suggest that the MIF and SIF motoneurons employ distinct kinetics of post-
inhibitory burst generation. While HCN1 channels are not found on the membranes of MIF motoneurons,
Cav3.1 immunolabeling was distinctly stronger than that of SIF motoneurons. Conversely, SIF
motoneurons displayed strong and continuous HCN1 immunolabeling along the length of their
membranes, only sparse labeling was found for Cav3.1. These findings suggest that the post-inhibitory
recovery of MIF motoneuron activity is regulated more readily and at more positive voltages, whereas
the SIF motoneuron activity requires recovery more selectively and from more negative voltages (Figs.
8&11). Along this line of thinking, these results can be interpreted as evidence of MIF motoneurons
displaying more spontaneous activity during all eye movement types, albeit with low dynamic
commands; whereas SIF motoneurons employ a variety in their activation range, and are, in general,
more selectively activated (Fig. 10) (Hernandez et al., 2019; Carrero-Rojas et al., 2021; Horn & Straka,
2021).

Another significant contribution of the work presented in Paper 3 was the histochemical confirmation of
low-voltage-gated ion channel expression in the BNs, in support of the post-inhibitory rebound (PIR)
hypothesis of these neurons (Miura & Optican, 2006; Ramat et al., 2007; Shaikh et al., 2007). In order
for PIR bursting to occur, two conditions must be met: Firstly, the neurons displaying PIR behavior
should be under sustained inhibition, which lowers and maintains their membrane potential at a
hyperpolarized state. Secondly, the physiological machinery must exist within these cells in order to
accelerate the membrane potential towards positive values rapidly upon their disinhibition (Enderle &
Engelken, 1995). The first condition is met for all premotor BNs of the oculomotor system, as they all
receive sustained tonic monosynaptic inhibition from the OPNs during intersaccadic intervals (Cohen &
Henn, 1972; Luschei & Fuchs, 1972; Keller, 1974; Evinger et al., 1982). The second condition is also
met, as it was demonstrated here (Paper 3) that both the EBNs of the vertical and the IBNs of the
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horizontal saccadic circuitry express multitudes of HCN and Cav3 channels on their membrane. Despite
not demonstrating the staining patterns in the IBNs of the vertical and the EBNs of the horizontal saccadic
circuitry within this thesis, it is plausible to consider all premotor BNs exhibiting similar characteristics
regarding the expression of low-voltage gated cation channels due to the necessity of synchronous eye

movements. (Strassman et al., 1986a; b; Moschovakis et al., 1991a; Moschovakis et al., 1991b).

Due to the punctate appearance of especially HCN1 and HCN2 channel immunoreactivity on the BN
membranes, it is plausible to attribute the expression of these channels predominantly to the post-synaptic
sites for the theoretical implications. Moreover, it would make sense that these channels are concentrated
at the inhibitory post-synaptic sites of terminals received from the OPNSs, as they theoretically could
initiate membrane depolarization upon the cessation of glycinergic OPN inhibition instantly. However,
a confirmation for the co-localization of synaptic sites with HCN, or specifically glycinergic synaptic
sites with HCN immunolabeling is yet to be demonstrated. Furthermore, it must be noted that HCN
channels could be also located on the presynaptic sites for the regulation of transmitter release (Huang
& Trussell, 2014; Hegle et al., 2017). Therefore, a closer inspection of the localization of these channels

in each cell type would prove beneficial.

Interestingly, the HCN1 staining pattern in other neurons, such as the OPNs and SIF motoneurons,
differed from that of BNs. Qualitative evaluation and comparison of the labeling patterns were performed
within the same staining and the same case to mitigate potential variations due to the section thickness,
tissue quality and test errors. This approach yielded distinct labeling patterns and staining intensities in
the BNs, OPNs and SIF motoneurons. The continuous labeling along the length of membranes observed
in the OPNs and SIF motoneurons was in clear contrast to the punctate labeling on the BN membranes.
Moreover, although similar in localization, membrane labeling for HCN1 in the OPNs appeared weaker
compared to the SIF motoneurons. These differences are quite interesting, as localization and expressed
(and employed) protein amount could alter the firing characteristics significantly. Although quite
premature to make grand inferences, it is promising to connect the differences in immunolabeling
patterns with differences in firing characteristics, as OPNs do not burst, and the premotor BNs do not
exhibit sustained tonic firing. More data is required (see Table 1) to gain a deeper insight into the
functional implications of such differences, as it also sheds light on possible complications in (saccadic)

disorders when these patterns change.
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Figure 12: Collective summary diagram depicting differential molecular signatures of various motor (left) and
premotor neurons (right) in the oculomotor system, as reported in Paper 2 and 3. Figure adapted from (Mayadali et
al., 2021; Mayadali et al., 2022; distributed under the Creative Commons Attribution License CC BY 4.0). nIV:
trochlear nucleus; nVI: abducens nucleus; RIMLF: rostral interstitial nucleus of medial longitudinal fascicle; PGD:
nucleus paragigantocellularis dorsalis; MIF: motoneurons of multiply-innervated fibers; SIF: motoneurons of

singly-innervated fibers; INTs: internuclear neurons; PAV: parvalbumin
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Table 1: Qualitative summary of the ion channel and transmitter-related protein immunolabeling in the neurons of
the abducens and trochlear nuclei, premotor burst neurons and omnipause neurons, as reported in the research
papers within this thesis (Mayadali et al., 2019; Zeeh et al., 2021; Mayadali et al., 2021; Mayadali et al., 2022).
Symbols denote — no labeling, + weak, + + moderate, + + + strong labeling, and “?” denotes not yet reported
information. MIF MNs: motoneurons of multiply-innervated fibers; SIF MNs: motoneurons of singly-innervated
fibers; INTs: internuclear neurons; RIMLF EBNs: excitatory burst neurons of rostral interstitial nucleus of medial
longitudinal fascicle; PGD IBNs: putative inhibitory burst neurons of the nucleus paragigantocellularis dorsalis;

OPNSs: omnipause neurons; Yd: dorsal Y-group neurons.

Physiological significance of the calcium-binding proteins and extracellular matrix

3.1. Calcium-binding proteins: more than anatomical markers

Calcium-binding proteins such as parvalbumin (PAV) and calretinin (CR) have been important
anatomical markers to delineate the neurons of the saccadic circuitry, as well as subpopulations in the
motor or premotor groups (Paper 4) (Horn et al., 1995; de la Cruz et al., 1998; Ahlfeld et al., 2011; Zeeh
et al., 2013). Two observations suggest that investigation of their physiological roles might be valuable
for the study of physiological properties in neurons of the oculomotor circuitry: Firstly, the association
of PAV with perineuronal nets (PNs) and voltage-gated potassium channel subunit Kv3.1 in the
GABAergic cortical neurons (Hértig et al., 1999). The established widespread expression of PAV in
neurons of the oculomotor system except MIF motoneurons suggests that PAV could be considered a
facilitating factor of fast-firing (Eberhorn et al., 2005). It may also function as a potential factor for the
resistance of ocular motoneurons to the neurodegeneration observed in ALS (Elliott & Snider, 1995).
Another calcium-binding protein, calexcitin, was similarly demonstrated to modulate neuronal
excitability, as it inhibits potassium channels and enhances membrane excitability (Nelson et al., 1996).

Secondly, at various stages of the research work for this thesis, we have encountered a variance in CR
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immunolabeling strength, as pointed out in Paper 3. Although primarily used to identify subpopulations
into the CR-positive and CR-negative groups in Paper 4, personal observations indicated that this is a
widespread phenomenon in neurons of the oculomotor system. With the caveat that “varied
immunolabeling does not conclusively indicate varied protein expression” in mind, the persistent
occurrence of this phenomenon is worthy of note. This could imply that CR could be employed as a
modulator of the neurons’ biophysiological properties and firing regulation, as previously suggested
(Camp & Wijesinghe, 2009). Furthermore, the observation that CR is found exclusively in the excitatory
neurons within the oculomotor circuitry so far heavily implies functional significance (Ahlfeld et al.,

2011; Adamczyk et al., 2015; Zeeh et al., 2021).

In light of these observations, the findings in Paper 3 concerning the presence of a CR-positive
subpopulation within the presumed “IBN area” located in the PGD are intriguing. Because, this either
suggests existence of an inhibitory CR-positive population, or an excitatory sub-population interspersed
among the IBNs of the horizontal saccadic circuitry. Moreover, the qualitative segregation of strong CR-
positive, weak CR-positive and CR-negative within this nucleus is still visible. The INTs of the abducens
nucleus present as weak CR-positive neurons, as reported in Paper 2; however, the article did not
elaborate on this point. In contrast to PAV, the physiological role of CR is not apparently correlated to
certain neuronal types with high activity (Ahlfeld ez al., 2011). However, some reports propose CR to be
a modulator of neuronal excitability (Camp & Wijesinghe, 2009). Nevertheless, it is clear that CR
expression is still not a good marker to delineate a subpopulation in terms of physiological properties.
The CR-negative and positive populations found in the RIMLF, Y-group and now in the IBN population
of PGD suggest that CR expression might not differentiate the function these neurons serve (Horn et al.,
2003a; Zeeh et al., 2021). Clearly, further investigation into the CR expression in a wide range of neurons
within the oculomotor system is required in order to correlate these morphological features with their

physiological properties.

3.2. Extracellular matrix, physiological and clinical implications

Similar to the utilization of calcium-binding proteins as anatomical markers, extracellular matrix proteins
forming PNs have proven useful to identify the OPNs, BNs, Y-group neurons and SIF motoneurons

(Horn et al., 2003a; Eberhorn et al., 2005; Horn et al., 2018; Zeeh et al., 2021).

The association of PNs with the expression of Kv3.1b subunit implies the role of this condensed
extracellular matrix structure in the regulation of neuronal excitability. It is postulated that PNs act as
cation buffers by providing a negatively charged trap for the sodium and potassium ions around the cell
membrane (Hartig et al., 1999). This presumably enables a more rapid exchange of ions in close
proximity to the cell membrane, where the ion channel proteins are embedded, assisting in the reduction
of the inter-spike interval (Hartig et al, 1999). Moreover, PNs are thought to facilitate the firing

characteristics of fast-spiking neurons via regulating the expression of Kv3.1b and Kvl.1 and their
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recruitment to the cell membrane (Hartig et al., 1999; Favuzzi et al., 2017). Additionally, PNs could
have indirect effects on the expression of certain proteins and channels, as demonstrated by Yamada et
al., where digestion of PNs resulted in the reduction of parvalbumin levels (Yamada et al., 2015). On the
other hand, the reverse is also possible, as blockade of L-type Ca** voltage-gated channels and AMPA

receptors reduces PN accumulation while increasing membrane excitability (Dityatev et al., 2007).

Clinically, PN loss is associated with epilepsy (Rogers ef al., 2018), seizures (Vedunova et al., 2013),
and hypoxia-ischemia (Fowke et al., 2018), probably such as in the case with gaze palsy following
cardiac surgery (see Chapter 6.1) (Eggers et al., 2015). However, the mechanism by which PN loss can
cause neuronal (and circuit-level) dysfunction requires further analysis. One study undertaken in alert
macaque monkeys found that the enzymatic degradation of PNs in the fastigial nucleus does not change
saccadic adaptation parameters (Mueller et al., 2014). PN loss in saccadic disorders as a potential

mechanism of pathogenesis is still to be thoroughly investigated.

Physiological regulation of the firing characteristics via transmitter-related proteins

Bulk of novel data regarding the differential transmitter-related protein expression and its possible effects
on physiological function is provided in Paper 2. It was demonstrated that the MIF motoneurons not only
had distinct ion channel expression profiles in comparison to the SIF motoneurons, but also received
fewer glutamatergic, GABAergic and glycinergic synaptic terminals, and employed reduced AMPA or
NMDA receptors on their membrane. Although it is difficult to speculate on how the density of these
synaptic terminals translates into their excitability due to their differences in neuronal size, a reasonable
assumption would be that the SIF motoneurons display a larger reliance on transmitter inputs from the
premotor areas than MIF motoneurons, in terms of regulating their firing characteristics. This is
supported by weaker ionotropic GLUR2/3 and absent ionotropic NMDARI labeling in MIF
motoneurons, which could be interpreted as a looser firing control imposed by the premotor areas in
comparison to SIF motoneurons, which receive burst spikes from the saccadic premotor regions, and

therefore need to be tightly controlled in their spiking (Ugolini ef al., 2006).

There were interesting findings regarding the transmitter profile of INTs in comparison to the
motoneurons of the abducens nucleus (Paper 2). These included significantly higher NMDARI1 labeling,
a slightly higher density of the inhibitory synapses on their somata, and a stronger immunolabeling for
the PNs and Kv3.1b subunit, compared to SIF motoneurons. In order to speculate on the physiological
implications of these differences, the role and characteristics of the INTs should be reminded. INTSs are
responsible for maintaining the conjugacy of both eyes by effectively sending an efference copy to the
motoneurons of the medial rectus in the oculomotor nucleus; and this is achieved by displaying the same
burst/tonic firing pattern during the horizontal eye movements (Fuchs et al., 1988). Synchronous lateral
rectus and medial rectus contraction is facilitated by the fact that INTs discharge slightly before and with

a higher intra-burst frequency than the abducens motoneurons, as well as having a higher density of
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synaptic terminals on their membranes (Delgado-Garcia et al.,, 1977, Highstein et al., 1982).
Interestingly, the recorded enhanced excitability of INTs was not reflected by a clear difference in their
Kv1.1 labeling, as seen between the labeling of MIF and SIF motoneurons in the abducens nucleus.
However, shorter intra-spike duration in comparison to that of SIF motoneurons could be attributed to
the stronger Kv3.1b (and indirectly to PN) expression. Lastly, significantly higher NMDARI1 labeling of
INTs in comparison to SIF motoneurons is quite interesting, as NMDA receptors mediate slower and
more prolonged responses in contrast to the AMPA receptors (Traynelis et al., 2010). However, distinct
NMDA receptor-mediated excitation of INTs has several implications. Primarily, NMDARI1 could assist
in the enhanced burst generation in comparison to the SIF motoneurons, as NMDA receptors were shown
to trigger a burst at threshold level followed by tonic firing in the cat abducens motoneurons (Durand et
al., 1987). Furthermore, the additional Ca?" influx, which NMDA receptors are permeable to in contrast
to the AMPA receptors, not only prolongs the excitatory response of neurons, but also implies differential
cellular responses and mechanisms. This hypothesis was further substantiated by the observation that
INTs may express weak calretinin (CR) immunoreactivity, which was not detected previously in monkey
(Zeeh et al., 2013), but only in the cat abducens nucleus (de la Cruz et al., 1998). NMDARI1 subunit was
previously demonstrated to be associated with CR in the cat retina, suggesting a biochemical and/or
functional association (Araki & Hamassaki-Britto, 2000); and the intense NMDAR1 immunolabeling in
INTs might be correlated to the observed CR-immunoreactivity. This point has not been discussed in the
research article (Paper 2), as it was beyond the scope of the specific investigation; however, it is a

noteworthy observation that could unravel further physiological discoveries.

Transmitter-related proteins and their expression patterns in the premotor areas were not reported within
the scope of this thesis. However, it is of critical importance to examine various neuronal groups in the
brainstem and the oculomotor cerebellar areas for multiple reasons: Firstly, the transmitter receptor type
and the density of synaptic inputs could prove to be a major correlate of the distinct firing patterns within
the oculomotor circuitry. The comparison of the motoneurons and INTs with the premotor BNs or tonic
firing OPNs, as well as the neural integrators, could be a valuable complement to the distinct ion channel
profiles. Secondly, potential differences in employed transmitters at various neuronal groups of the
oculomotor circuitry could shed light on several biophysiological differences resulting in the variation
of the eye movements. For instance, utilization of glycine in the neurons of the oculomotor system is
limited to pontine or medullary nuclei, whereas GABAergic inhibition is prominent towards the midbrain
regions (Spencer & Baker, 1992; Spencer et al., 1992; Wentzel et al., 1993). The biomechanical
implications of employing different neurotransmitters in a highly synergistic circuit could be the key to
explaining mechanical differences between the horizontal and vertical components of eye movements.
Examples can be given on the differences in parameters between the horizontal and vertical saccades,
such as the velocity or the differential deterioration of the horizontal vs. vertical saccades with age (Irving
& Lillakas, 2018), or the underlying evolutionary development of these components (Straka et al., 2014;

Horn & Straka, 2021). Thirdly, the qualitative and quantitative evaluation of transmitter-related proteins
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in various oculomotor neurons could help to explain the differential vulnerability of a subset of
oculomotor neurons due to excitotoxicity. This set of characterizations, in turn, would enable the

development of a targeted pharmacological intervention for susceptible neuronal groups.

Interspecies concerns and considerations

The overarching goal of this thesis remains the proper identification of causes and potential interventions
for eye movement disorders in human. In this endeavor, methodological limitations significantly increase
in the direction of human tissue evaluation. The wide range of tools available, and the power of
combining multiple approaches in Xenopus larvae or mice studies dwindle, as one studies primates and
ultimately humans. For instance, the electrophysiology recordings that could be obtained from rhesus
monkeys cannot be used in humans; or the combined molecular profiling and electrophysiology that can
be utilized in mice and rats is not feasible in cats. However, the further researchers need to trace the
model organisms back in the evolutionary tree to employ a wider range of applications, the less
applicable the anatomical or functional similarities become in the oculomotor circuitry. To illustrate,
animals with eyes located on the side of their heads such as birds, or animals with little or no vertical
saccadic capacities such as rats or mice (Sakatani & Isa, 2007; Wallace et al., 2013) could be of limited
use in the full understanding of the oculomotor circuitry in primates. Therefore, special care needs to be
taken to transfer the knowledge obtained in multiple research areas to the non-human primate oculomotor

research, as this thesis aims to do, or ultimately to humans.

This thesis lays the foundation for the histochemical correlates of physiological function in the monkey
oculomotor system to be able to evaluate human tissue specimen. As rhesus monkeys are among the
closest to humans in the evolutionary tree, the anatomy and building blocks of physiological makeup in
the oculomotor system can be considered highly transferable. Therefore, establishing the profile of the
transmitter and intrinsic membrane properties defining the physiology in neurons of the monkey
oculomotor system is the critical first step prior to studying human characteristics. Better control in the
experimental procedures, tissue preparation (such as transcardial perfusion fixation) and preservation in
monkey tissue specimen are valuable advantages that allow for the sensitive tests necessary to establish
the transmitter and ion channel profiles that will serve as the basis for human research. However, in
human tissue, it is important to take into consideration that the study of ion channel expression via
histochemistry presents an additional layer of challenge. This is due to additional factors such as the
post-mortem delay, sub-optimal tissue fixation protocols, compounding unspecific neurodegeneration
due to the age of donors in both control and pathological cases, and finally the increased requirements
of sensitivity for ion channel labeling detection. These challenges require specific optimization processes
for the express purpose of reliable ion channel labeling detection with a high signal-to-noise ratio. With
the mitigation of these concerns, the transmitter and ion channel proteins that were demonstrated to be

of significant importance will be assessed further in human tissue specimen. This library, as established
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for the neurons of the oculomotor circuitry in human, will provide the necessary control for the alterations

in cases with oculomotor symptoms.

In order to accomplish its goal, this dissertation drew from results obtained in multitudes of research
approaches and model organisms. These include molecular profiling in rat MVN neurons to establish a
fast-firing gene module, electrophysiological and anatomical characterization of various neurons in the
oculomotor systems of cat, Xenopus larvae and monkey, clinical data collected in disorders of saccades
and other eye movements, and finally mathematical models and their predictions regarding membrane
profiles in the oculomotor system based on the clinical experimentation. Several considerations must be
kept in mind regarding the limitations introduced by the transference of knowledge obtained in less
complex organisms. To expand on this point in order, firstly, it is feasible to apply the fast-firing gene
module information obtained in rats to monkeys. The findings regarding co-varied ion channel
expression outlined several subunits such as Kv1.1, Kv3.1 and Nav1.6, which are basic building blocks
of the action potential generation and regulation across species (Jan & Jan, 2012; Moran et al., 2015)
and are highly conserved through the evolutionary tree. However, it cannot be concluded that no further
subunits contribute to the regulation of firing characteristics in monkey and human. Secondly, especially
the study on motoneurons (Paper 2) relied on the electrophysiology data collected in cat, as well as
Xenopus larvae; it must be noted that there are several key differences already reported in the
organization of the oculomotor system between cats and rhesus monkeys. These include CR-positive
INTs of the abducens nucleus in cat, or the inhibitory saccadic BNs located within RIMLF in cat, but
located within INC in primates (Spencer & Wang, 1996; de la Cruz ef al., 1998). However, in terms of
the definition of the firing characteristics for MIF and SIF motoneurons, the study provided valuable
information regarding subverting expectations of a strict functional segregation approach as interpreted
from anatomical and histochemical segregation of these motoneurons (Hernandez et al., 2019). This
could be expanded on the findings from Xenopus larvae, where motoneurons can be segregated into two
main groups in terms of the transmitter receptors they express (i.e. AMPA or NMDA) (Dietrich ef al.,
2017), and not simply “slow” firing MIF and “fast” firing SIF motoneurons. Finally, regarding the top-
down approach of mathematical models and their predictions regarding the intrinsic membrane
properties of the saccadic BNs, it should be noted that a quantifiable comparison in ratios or in the
absolute amount of expressed protein is not possible by our approach. Therefore, the conclusions in Paper
3 were limited to the qualitative histochemical confirmation of the protein expression for ion channels,
and not a strict comparative skewed subunit expression towards one member of the ion channel family.
Overall, it is of utmost importance that both bottom-up and top-down approaches are taken into
consideration for an accurate understanding of the big picture of biophysiological function in neurons of

the oculomotor system.
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Prospective clinical and pharmacological considerations

6.1. Saccadic disorders and the physiological substrates of brainstem saccadic circuit dysfunction

Aside from lesion studies, substantial insight into the brainstem premotor saccadic circuit is provided by
the clinical examinations of saccadic disorders or neurodegenerative diseases with saccadic symptoms.
These include, but are not limited to, progressive supranuclear palsy (PSP), Niemann Pick Disease Type

C (NPC) opsoclonus, and syndrome of saccadic palsy following cardiac or aortic surgery.

Progressive supranuclear palsy (PSP)

PSP is a sporadic neurodegenerative disorder presenting with neurofibrillary tangles as aggregates of tau
proteins, neuropil threads and tufted astrocytes in the brain (Litvan et al., 1997; Dickson et al., 2007).
Alongside the often-observed symptoms of parkinsonism, the distinguishing feature of PSP in its
classical form is the slowing of vertical (initially upward) saccades, which may eventually result in
vertical gaze palsy (Steele et al., 1964; Wenning et al., 1997; Chen et al., 2010). In the advanced stages
of the disease, an additional impairment of the horizontal saccades is observed and may ultimately
progress towards a complete ophthalmoplegia. So far, only a few studies have correlated the eye
movement deficits of PSP with the degeneration of the brainstem regions involved in saccade generation
(Steele et al., 1964; Daniel et al., 1995). A significant cell loss of the OPNs was found in a morphometric
post-mortem analysis of PSP cases, but the loss of EBNs in the RIMLF as the substrate for vertical
saccades is not yet evaluated (Revesz et al., 1996). In PSP, both the amplitude and the velocity of a
saccade are abnormal, leading to highly irregular and curved saccades (Shaikh et al., 2017). This
consolidates the hypotheses involving the contribution of BN dysfunction as the underlying cause.
Potentially, downregulation of the Kv channels or the PIR phenomenon (downregulated Cav or HCN
channels) could contribute to the progression of saccadic slowing. Additionally, interruption of saccades
is observed, which could be due to a spontaneous pathological premature firing of the fastigial nucleus,
as it stimulates the OPNs and IBNs to end a saccade, or of OPNs themselves (Shaikh et al., 2017). These
observations suggest that the alterations of the neuronal microenvironment and ion channel content of
the BN are likely contributors to the degeneration, rather than pure cell loss. With the established ion
channel profiles of BNs in RIMLF and pontine reticular formation, cases with selective vertical gaze

palsy shall be important in observing any changes regarding the bursting capacity of these neurons.

Niemann-Pick disease type C (NPC)

NPC is a rare genetic lysosomal storage disorder characterized by an inability of the body to transport
cholesterol and other lipids in the cells (Chang et al., 2005). NPC presents with several oculomotor
symptoms such as impaired saccades (initially down-gaze), smooth pursuit, and optokinetic nystagmus
in the vertical direction, with relatively normal eye movements in the horizontal direction (Salsano et al.,

2012; Gupta et al., 2018). Similar to PSP, the degeneration occurs initially for vertical saccades and later
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for horizontal saccades (Blundell ef al., 2018). The underlying pathophysiology selectively affecting one
aspect of the saccadic circuitry is not yet clear. However, initial findings rule out the contribution of INC
and motoneurons (Abel ef al., 2012), pointing to BN dysfunction in the saccadic circuitry (Solomon et
al., 2005). The possible implications of a distinct pathology yielding similar eye movement disturbances

(i.e. PSP and NPC) include alterations of the BN membrane proteins as a cause of pathophysiology.

Opsoclonus

Opsoclonus consists of uncontrolled, rapid and multidirectional conjugate eye movements without
intersaccadic intervals (Wong et al., 2001; Wong, 2007). It frequently occurs along with myoclonus and
ataxia in opsoclonus myoclonus syndrome, a rare autoimmune disease (Pike, 2013). A lesion in the
cerebellar vermis is suggested as an underlying cause of the observed symptoms, as it leads to the
disinhibition of the fastigial nucleus that projects to the BNs in the brainstem (Noda et al., 1990).
Dysfunction in the brainstem saccadic circuitry, such as the malfunction of the OPNs and/or BNss, is
another suggested explanation for the observed oscillations in all directions, even though a post-mortem
examination of two opsoclonus cases did not reveal any structural OPN lesion (Ridley ef al., 1987). As

previously explained (see /ntroduction: Chapter 5.1), failure of the PIR phenomenon due to changing

membrane characteristics in the OPNs and BNs could be an underlying reason for these symptoms. As
this thesis established in the monkey brainstem that the BNs (and partly OPNs) are equipped with the
necessary cellular machinery for the generation of PIR bursting (i.e. HCN and Cav3 channels as well as
Kv1&Kv3.1), these neuron groups shall be tested for the alterations of these proteins in opsoclonus cases.
An upregulation in Cav or HCN channels in BNs could contribute to the instability and oscillations

observed in opsoclonus or ocular flutter.

As suggested by the hypotheses regarding the etiology of opsoclonus, specific neurons such as the OPNs,
BNs or Purkinje cells in the cerebellar vermis and FOR could be evaluated for any alterations in the
already-established ion channel and transmitter profiles. However, limitations of the histochemical
methodology must be carefully observed in testing some of these hypotheses. For instance, one
explanation of the eye oscillations, such as those found in opsoclonus, is the increased GABA receptor
sensitivity (Optican & Pretegiani, 2017a). This phenomenon can occur without any alterations in the
protein expression patterns, and therefore impossible to test with the immunohistochemical methods.
However, there could be indirect targets, such as particular o subunits, of which prominence and possible
effects could be tested with adequately sensitive antibodies. Alternatively, possible alterations in protein
expression reportedly up- or down-regulated as a result of the increased GABAA receptor sensitivity

could be targeted.

Saccadic palsy following cardiac surgery

In rare cases, patients who undergo cardiac or aortic surgery may wake up with a saccadic palsy similar

to what is observed in PSP, but with otherwise normal eye movements (Bernat & Lukovits, 2004;
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Solomon et al., 2008). As presumed in PSP, dysfunction of the saccadic burst generator in the reticular
formation is expected, despite no confirmation of brainstem infarcts was found with MRI (Solomon et
al., 2008). Neuropathological post-mortem assessment revealed neuronal necrosis, axonal loss and
astrogliosis in the pontine reticular formation, without specific evaluation of the saccadic neurons
(Hanson et al., 1986). The possible effects of an ischemic cerebral insult on the cellular
microenvironment could be an underlying mechanism; however, the pathomechanism for this syndrome
is yet unclear. Initial analysis revealed the breaking up of the PNs around OPNs and BN, despite no
neuronal loss or apparent changes in the transmitter content of these neurons (Eggers ef al., 2015). This
phenomenon provides another example of alterations in the neurophysiology and microenvironment
causing eye movement symptoms without actual neuronal loss. With the findings reported in this thesis,
it is presumable to attribute the dysfunction of BNs and/or OPNs to the indirect effects of PN loss. This
could involve alterations in Kv3 or Kvl expression as their modulation is associated with healthy
extracellular matrix proteins in the form of PNs (Hértig et al., 1999; Favuzzi et al., 2017). Naturally, one
of the next steps in this research shall be the investigation of established ion channel proteins in the

neurons of the saccadic circuit, in particular the OPNs and BNs.

6.2. Potential for the pharmacological intervention to distinct populations of the oculomotor system

As seen in amyotrophic lateral sclerosis (ALS), the selective vulnerability of different motoneurons
might be due to the different transmitter and ion channel content of their membranes (Elliott & Snider,
1995; Laslo et al., 2001). Although initial reports did not find differences in the GluR2/3 expression
between differentially vulnerable motoneurons in ALS (Laslo et al., 2001), multitudes of distinct ion
channels were found in this thesis to be differentially equipped by the MIF and SIF motoneurons (Paper
2&3). These findings open up the possibility of a selective pharmacological intervention for the treatment
of eye movement-related symptoms in multiple neurodegenerative disorders affecting motor function.
With the established histochemical signatures of MIF and SIF motoneurons in monkey, it is now made
feasible to assess its homologue counterpart in human, as well as potential alterations between the

pathological brainstem tissue and matched controls.

Several studies demonstrated that specific ion channel blockers can be prescribed to treat eye movement
disorders. One prominent example is the use of low-dose 4-aminopyridine (4-AP), a voltage-gated
potassium channel blocker used in the treatment of downbeat nystagmus, supposedly by restoring the
vertical and horizontal neural integrator function (Kalla er al., 2007; Strupp et al., 2008). This
pharmacological treatment is also considered for upbeat nystagmus, episodic ataxias and multiple
sclerosis (Strupp et al., 2008). Despite the findings in this thesis report differential expression of Kvl
and Kv3 subunits most prominently between the MIF and SIF motoneurons, delineation of different
oculomotor populations with different Kv channel expressions might explain, and further allow fine-
tuning of the pharmacological intervention possibilities for the treatment of various oculomotor

symptoms.
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The differential expression of HCN channels found in MIF and SIF motoneurons, as well as differences
in their expression pattern and intensity, enables selective pharmacological targeting of these channels
in functional neuronal groups exclusively. HCN channel blockers, such as ivabradine hydrochloride
could prove to be beneficial in the regulation of the HCN channel activity in SIF motoneurons, as well
as BNs. Furthermore, developments in isoform-selective HCN channel blockers could further enhance

the possible therapeutical applications in oculomotor disorders.

Conclusion

The main achievements of this thesis are:

1- A bridge was built between the histochemistry and electrophysiology in various neurons of the
oculomotor circuitry by demonstrating different ion channel and transmitter content of functionally
different motoneuron subpopulations in monkey. This was achieved in the publication “Transmitter and
ion channel profiles of neurons in the primate abducens and trochlear nuclei” by showcasing significant
histochemical differences with respect to the ion channel expression related to the fast-firing of neurons
between motoneurons of multiply innervated fibers (MIF) and of singly innervated fibers (SIF).
Previously established anatomical, histochemical and physiological differences between the MIF and
SIF motoneurons and known properties of these ion channels enabled an identification of the
physiological properties indirectly through the histochemical methods. This milestone in oculomotor
research, therefore, will be a valuable tool for further identification of physiologically different (sub-)
populations in the oculomotor circuitry (for example in the interstitial nucleus of Cajal) through

histochemical methods.

2-  Histochemical characterization of the premotor neurons was utilized to test computational
hypotheses originating from clinical data, from which mathematical models were derived. In the
publication “Saccadic premotor burst neurons and histochemical correlates of their firing patterns in
rhesus monkey”, predictions of a neuromimetic model of saccadic generation were confirmed regarding
the ion channel profile of premotor burst neurons. Our findings not only expanded the histochemical
signature library of neurons of the oculomotor system regarding the ion channel expression profiles, but
also demonstrated that the top-down mathematical modelling approach could be met with a bottom-up

histochemical method to illuminate the phenomena observed in clinical settings.

3-  Ion channel profiling was introduced to various functional neurons of the oculomotor system in
monkey with diverse firing patterns, i.e. tonic firing omnipause neurons and Y-group neurons,
motoneurons of the abducens and trochlear nuclei, as well as Purkinje cells of cerebellum with their
burst-tonic firing patterns; and finally bursting premotor neurons of saccadic circuitry. Although initial
findings cannot yet be considered as a full-fledged library of ion channel and transmitter profiling that
determines the differentiation of the firing patterns in neurons of the oculomotor system, differences

already found on various levels (motor or premotor) are promising. Furthermore, these will serve as a
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stepping stone towards identifying a combination of protein expressions that not only determines the
differences in firing patterns but also point to certain candidate proteins that could readily be a source of

vulnerability to cellular insult for a particular type of neuron.

4-  Meaningful differences were demonstrated in transmitter-related profiles of motoneurons (i.e. MIF
and SIF motoneurons) and internuclear neurons of the abducens nucleus with distinct physiological and
histochemical signatures in monkey. These differences not only shed light on the physiological
distinctions observed between these neuron types, but also reserve the potential to explain the differential
susceptibility to excitotoxicity or aggregate proteins observed in various neurodegenerative diseases in

human.
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