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Abstract

Recent monkey studies showed that motoneurons of the oculomotor nucleus involved in upward 

eye movements receive a selective input from afferents containing calretinin (CR). Here, we 

investigated the sources of these CR-positive afferents. After injections of tract-tracers into the 

oculomotor nucleus (nIII) of two monkeys, the retrograde labeling was combined with CR-

immunofluorescence in frozen brainstem sections. Three sources of CR inputs to nIII were found: 

the rostral interstitial nucleus of the medial longitudinal fascicle (RIMLF), the interstitial nucleus 

of Cajal, and the y-group. CR is not present in all premotor upward-moving pathways. The 

excitatory secondary vestibulo-ocular neurons in the magnocellular part of the medial vestibular 

nuclei contained nonphosphorylated neurofilaments, but no CR, and they received a strong supply 

of large CR-positive boutons. In conclusion, the present study presents evidence that only specific 

premotor pathways for upward eye movements—excitatory upgaze pathways—contain CR, but 

not the up vestibulo-ocular reflex pathways. This property may help to differentiate between 

premotor up- and downgaze pathways in correlative clinico-anatomical studies in humans.
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Introduction

Recent studies in the monkey have shown that the motoneurons in the oculomotor nucleus 

for upward eye movements—for example, superior rectus, inferior oblique, and levator 

palpebrae muscle—receive a selective set of afferent terminals containing the calcium-

binding protein calretinin (CR).1 The functional basis of the CR content is unclear, but it 

indicates that up- and downgaze pathways differ in their histochemistry and may provide a 

reason for their selective involvement in certain eye movement disorders—for example, 

isolated upgaze or downgaze palsy, or selective upbeat or downbeat nystagmus.2 The 

premotor pathways for vertical eye movements are well known for the vestibular system;3,4 
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they lie in the magnocellular part of the medial vestibular nucleus, superior vestibular 

nucleus, and the y-group. Premotor pathways for the saccadic system involve the interstitial 

nucleus of Cajal (INC) and rostral interstitial nucleus of the medial longitudinal fascicle 

(RIMLF).5 With combined tract-tracing and CR immunostaining, we studied in the monkey 

whether the vestibular nuclei, INC, and RIMLF are sources for CR inputs to the upgaze 

motoneurons.

Materials and methods

All experimental procedures 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.

Rhesus monkeys (Macaca mulatta) received central tracer injections either with 1% cholera 

toxin subunit B (CTB; case 1 and 3) or 5% wheat-germ agglutinin (WGA; EY Lab.; case 2) 

into the oculomotor nucleus (nIII) as described previously.6 In brief, under aseptic 

conditions and isoflurane anesthesia, the animals were stereotaxically implanted with a 

titanium recording chamber (Crist Instruments, Hagerstown, MD). The injection sites were 

identified with single-unit recording using tungsten microelectrodes. For injection, the 

recording electrode was replaced by a micropipette equipped with a bevelled glass tip (20–

50 μm diameter) and attached by polyethylene tubing to a picoliter pump (WPI 830). Short-

duration (50 ms) pressure pulses delivered over several minutes ejected small tracer volumes 

at each site. The pipette was left in place for 5–10 minutes after injection and then gradually 

removed. After three days survival time, the animals were sacrificed with an overdose of 

sodium pentobarbital (>90 mg/kg, I.V.) and then transcardially perfused with 0.9% saline 

followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PBS; pH 7.4).

Brainstem sections were immunocytochemically treated free-floating with polyclonal goat 

antibodies against CTB (103; List Biological Laboratories, Campbell, CA; 1:20,000) or 

WGA (lot V0128; AS-2024; Vector Laboratories, Burlingame, CA) as described 

previously.6 The antigenic sites were visualized with an immunoperoxidase protocol using 

secondary biotinylated anti-goat (1:200; Vector Lab) and extravidin peroxidase (1:1,000; 

Sigma, St. Louis, MO) and a final reaction in 0.025% diaminobenzidine (DAB) and 0.015% 

H2O2 in 0.1M TBS (pH 7.6) for 10 minutes. For the simultaneous detection of tracer and 

CR, double-immunofluorescence sections were incubated in a cocktail of either goat anti-

CTB (1:5,000) or goat anti-WGA (1:1,000; Axxora) and rabbit anti-CR (1:1,000; SWant) in 

5% normal donkey serum in 0.3% Triton X-100 in 0.1M TBS, pH 7,4 for 48 h at 4° C. After 

several buffer washes, the sections were treated with a mixture of alexa-488–tagged donkey 

anti-goat (1:200; A-11055, Molecular Probes) and carbocyanine-3 (Cy3)–tagged donkey 

anti-rabbit (1: 200; 711–165–152, Dianova). Selected sections containing the vestibular 

nuclei were stained for the simultaneous detection of CTB and nonphosphorylated 

neurofilaments (NP-NF) with a mixture of goat anti-CTB (1:5,000) and mouse anti-NP-NF 

(1:1,000; SMI32; Stern-berger monoclonals). After rinsing, the sections were treated with a 
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cocktail of alexa-488–tagged donkey anti-goat (1:200) and C3-tagged donkey anti-mouse 

(1:200).

The slides were examined with a Zeiss Axioplan microscope (Carl Zeiss MicroImaging, 

Germany) equipped with appropriate filters for red fluorescent Cy3 (Zeiss: excitation filter 

BP 546 nm, dichromatic beam splitter FT 580 nm, barrier filter LP 590 nm) and green 

fluorescent Alexa 488 (Zeiss: excitation filter BP 475 nm; dichromatic beam splitter FT 500 

nm, barrier filter LP 530 nm). Photographs were taken with a digital camera (MicroFire 

2.3A, Optronics, Goleta, CA), captured on a computer with PictureFrame, 2.3 (Optronics), 

and processed in Photoshop 7.0 (Adobe Systems, Mountain View, CA). The sharpness, 

contrast, and brightness were adjusted to reflect the appearance of the labeling seen through 

the microscope. The pictures were arranged and labeled in CorelDraw 11.0 (Corel Corp.). 

The graphical illustration of the distribution of tracer-positive in relation to double-labeled 

cells (plots) was performed using Neurolucida software (MicroBrightField, Inc., VT; 

Version 6).

Results

In all cases, tracer injections hit the center of nIII on one side (Fig. 1) and led to retrogradely 

labeled neurons in known premotor areas—for example, the RIMLF, the INC, the 

internuclear neurons in the abducens nucleus (nVI), the nucleus prepositus hypoglossi, and 

the vestibular nuclei including the y-group, as described earlier.7–9 For a detailed analysis of 

retrogradely labeled neurons that express CR immunoreactivity, we chose three areas that 

are known to control vertical eye movements: the RIMLF, INC, and the vestibular nuclei 

including the y-group.10

Combined immunofluorescence labeling in all studied areas allowed the analysis of tracer-

labeled premotor neurons for the presence of CR, as shown for the RIMLF as an example 

(Fig. 2A–C). In the RIMLF, the tracer-labeled neurons expressing CR immunoreactivity 

made up approximately 20% (Fig. 2C; solid arrows). These double-labeled neurons were 

distributed across the whole extent of the RIMLF with no preference for caudal or rostral, 

medial, or lateral locations (Fig. 2D–F). In the INC on both sides, only a small portion of 

small- to medium-sized tracer-labeled neurons expressed CR immunoreactivity (Fig. 2G). 

As in the RIMLF, no preference for a location of double-labeled neurons was noted in the 

INC.

In all three cases numerous, tracer-labeled neurons were found in the vestibular nuclear 

complex, as described earlier.11,12 The largest population of CR-positive tracer-labeled 

neurons was identified in the dorsal part of the y-group of both sides with a predominance 

contralateral, where CR-positive neurons made up more than 50% of all tracer-labeled 

neurons (Fig. 3A, D, and E). Although the medial (MVN) and superior vestibular nuclei 

(SVN) contain numerous CR-positive and tracer-labeled neurons (Fig. 3B and C), only few 

scattered double-labeled “CR-positive projection neurons” were detected in the MVN and 

SVN, mainly ipsilateral (Fig. 3D and E). These tracer-labeled CR-positive neurons did not 

represent the secondary vestibulo-ocular neurons in the magnocellular part of the MVN 

(MVNm) (Fig. 3F).13 Instead, tracer-labeled secondary vestibulo-ocular neurons in the 
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contralateral MVNm were embedded in a densely stained network of CR-positive fibers 

(Fig. 3C and F). Close inspection revealed that the tracer-labeled neurons were outlined by 

large CR-positive terminals (Fig. 3F and G). The vestibular nerve (NVIII) entering the 

vestibular nuclei at this level contains numerous CR-positive nerve fibers (Fig. 3C, arrows). 

The presence of many medium- and large-sized neurons immunoreactive for NP-NF in the 

MVNm encouraged us to investigate the tracer-labeled neurons for this marker. A 

considerable portion of tracer-labeled medium-sized neurons in the MVNm at the border to 

the lateral vestibular nucleus show NP-NF–immunoreactivity (Fig. 4A–C; solid arrows), but 

not all of them (Fig. 4A–C; arrow head).

Discussion

With combined tract-tracing and immunostaining methods, three main sources of CR 

containing afferents to motoneurons of upward-pulling eye muscles were identified in the 

monkey—for example, the RIMLF, the INC, and the y-group.

The expression of CR in one subpopulation of premotor neurons in the RIMLF was already 

indicated by a previous observation, that approximately 40% of the neurons expressing 

parvalbumin (PV)—a calcium-binding protein present in all premotor neurons in the RIMLF

—contain CR as well.14,15 Based on the finding that only the motoneurons of upward-

pulling eye muscles receive CR-positive afferents,1 the tracer-labeled CR-positive neurons 

in the RIMLF are likely to represent premotor saccadic up-burst neurons. Taking into 

account that in the monkey, the RIMLF does not contain GABAergic premotor neurons16—

a potential source of the strong GABAergic input to SR and IO motoneurons17—and the 

lack of glycinergic input to SR and IO motoneurons, the tracer-labeled CR-positive neurons 

in the RIMLF must be considered as excitatory premotor up-burst neurons. Combined tract-

tracing and immunocytochemical staining in the cat revealed glutamate and/or aspartate as 

the transmitter of excitatory burst neuron.17 Moreover, the lack of a topographical 

organization of CR-positive up-burst neurons seen in this study confirms earlier findings 

from recording experiments and anatomical studies in the monkey that found saccadic up- 

and down-burst neurons intermingled.15,18–20 It may now be possible to use CR in humans 

to resolve this question.

In contrast to the RIMLF, the INC contains GABAergic premotor neurons projecting to 

motoneurons of vertical moving eye muscles, which were mainly shown for motoneurons 

subserving downgaze.16 Because there is some evidence that CR is not present in 

GABAergic neurons in the INC (Ahlfeld, personal observation), the CR-positive tracer-

labeled neurons in the INC are considered as excitatory premotor neurons, presumably up-

burst tonic or tonic neurons.21

In accordance with previous reports, CR-positive neurons are present in the vestibular 

nuclear complex in the monkey including the y-group.22,23 The y-group was identified as 

the main source of CR-positive premotor neurons. In the monkey, the dorsal y-group—also 

known as infracerebellar nucleus in the cat24—does not receive saccular afferents25 but 

receives a strong inhibitory input from the flocculus and the ventral paraflocculus26,27 and is 

involved in the adaptation and modulation of the vertical vestibulo-ocular reflex (VOR).28,29 
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Furthermore, electrical stimulation of the y-group results in smooth upward eye movements 

whose velocity increases with stimulus frequency and therefore are thought to be part of the 

pathways from the cerebellum for smooth-pursuit eye movements.10,30 Additional 

hypotheses for these pathways have been suggested.31,32 With anatomical and physiological 

methods, it was shown that the dorsal y-group projects to SR and IO motoneurons in the 

contralateral nIII and the inferior rectus (IR) and superior oblique (SO) of the ipsilateral 

side.33,34 Here, we could show that at least a subpopulation of CR-positive neurons project 

to nIII of both sides. Electrical stimulation of the y-group produced excitatory postsynaptic 

potentials in the SR and IO motoneurons of the contralateral nIII,35 which confirms the 

observation that CR is not present in GABAergic neurons within the y-group (Ahlfeld, 

personal observations).

The tract-tracing experiments back-labeled the well-known projections of secondary 

vestibulo-ocular connections, which are organized in a consistent pattern in all animals. The 

secondary vestibulo-ocular neurons receive primary vestibular afferents from the canals and, 

in turn, send excitatory fibers to the respective motoneurons on the contralateral side and 

inhibitory projections to the motoneurons of antagonistic eye muscles on the ipsilateral 

side.4,12 The fact that the contralaterally tracer-labeled secondary vestibulo-ocular neurons 

in the MVNm do not express CR indicates that not all premotor inputs to motoneurons for 

upward eye movements contain CR. On the other hand, these neurons colocalize NP-NF and 

thereby extend the findings of Baizer, who described the presence of NP-NF–positive 

neurons in the MVNm area in the monkey.36 We could demonstrate baskets of large CR-

positive terminals around CR-negative tracer-labeled secondary vestibulo-ocular neurons 

(Fig. 3G); the terminals most probably derive from the vestibular nerve, where a subfraction 

of fibers and vestibular ganglion cells express CR immunoreactivity (Fig. 3C).37,38 This 

hypothesis is confirmed by the elimination of CR-labeled fibers and terminals in the MVNm 

after a vestibular nerve lesion in the chinchilla and guinea pig.39 Immunocytochemical 

studies in rodents have shown that CR is confined to primary vestibular afferents that 

terminate as single or multiple calyces around type I hair cells in the apex of the crista in the 

canals or the striola of the maculae.40,41 These calyx afferents exhibit an irregular discharge 

with a high sensitivity to stimulation.41,42 The large CR-positive terminals around tracer-

labeled vestibulo-ocular neurons in the present study resemble the morphology of 

intracellularly tracer-injected irregular-type afferents in the cat, which terminate as large 

boutons on so-mata and proximal dendrites of large neurons in the ventral MVN.43,44

The association of CR with specific premotor pathways in the oculomotor system differs 

between species. In contrast to the monkey, the medial rectus subgroup in the cat nIII 

receives a strong projection from CR-positive afferents, which arise from internuclear 

neurons in the abducens nucleus, where 80% were found to contain CR.45 In correlation 

with the lack of CR afferents in the MR subgroup, no CR-positive neurons are present in the 

abducens nucleus of the monkey.23

The function of CR in specific neurons is not yet clear. Both PV and CR belong to the EF-

hand family of low molecular weight calcium-binding proteins that are highly conserved 

throughout evolution.46,47 In general, they regulate the intracellular calcium level and may 

participate in many different intra-cellular functions, for example, neuron survival, 
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pathological degeneration, excitability, firing rate, but also in second messenger pathways 

controlled by calcium-sensitive enzymes.48,49 Whereas PV is found in many fast-firing or 

highly active neurons—also in the oculomotor system5,15,50—CR does not appear to be 

correlated with a certain functional cell type. Recent reports suggest that CR plays an 

important role in the regulation of neuronal excitability,51 a concept supported by the 

selective association of CR in the irregular-type calyx afferents of vestibular primary 

afferents.39 It is unclear why the calcium-binding protein CR is present in specific premotor 

pathways of the oculomotor system, here the upgaze pathways. Other examples of 

histochemical specification of premotor neurons are seen in the inhibitory pathways of the 

oculomotor system: the inhibition for horizontal saccades and VOR is mediated via glycine, 

whereas that for vertical eye movements, saccades, and VOR is mediated via GABA.17,52

In conclusion, the present work shows that upgaze and downgaze premotor pathways differ 

in their histochemistry: the excitatory direct premotor pathways for upgaze can be 

selectively labeled using CR. Despite possible species differences, these histochemical 

characteristics may open the possibility of identifying the corresponding premotor upgaze 

pathways in humans.
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Figure 1. 
Schematic drawings of transverse sections through the monkey oculomotor nucleus (nIII) to 

show the location of tracer injection sites (dark) and the extent of the uptake area (light gray) 

in three cases. NIII, oculomotor nerve; PAG, periaqueductal gray; PC, posterior 

commissure.
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Figure 2. 
High-power magnification of a transverse section through the rostral interstitial nucleus of 

the medial longitudinal fascicle (RIMLF) showing the tracer-labeled (WGA) premotor 

neurons (red; A) and calretinin (CR)-positive neurons (green; B). In the superposition of A 

and B, double-labeled neurons appear in orange (solid arrows), clearly distinguished from 

neurons containing either only CR (green, arrow head) or the tracer WGA (red, arrow; C). 

Plots of transverse sections through the RIMLF (D–F) and interstitial nucleus of Cajal (INC; 

G) of a monkey with a CTB-injection into the left oculomotor nucleus (nIII) in rostrocaudal 

order (D–F): tracer-labeled CR-positive putative upburst neurons (red dots) are intermingled 

with tracer-labeled CR-negative putative down-burst neurons (black dots). TR, tractus 

retroflexus.
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Figure 3. 
Superposition of high-power photographs of a transverse section through the y-group 

showing premotor tracer-labeled neurons (green, arrowhead), some of which contain CR 

(orange, solid arrow). Not all CR-positive neurons are tracer labeled (red, thin arrow; A). 

Photographs of corresponding sections through the vestibular nuclei of monkey stained for 

retrograde tracer WGA (black cells; B) or CR (brown cells; C). Note that MVNm contains 

numerous tracer-labeled neurons (arrow; B), but few CR-positive neurons (arrow; C). The 

vestibular nerve (NVIII) contains numerous CR-positive fibers (solid arrows). Transverse 

sections through the vestibular nuclei of a monkey with a tracer (CTB) injection into the 

right oculomotor nucleus with the retrogradely labeled neurons plotted (black dots; D, E). 

Tracer-labeled CR-positive neurons (red dots) are mainly found in the y-group of both sides 

(D). Putative excitatory secondary vestibulo-ocular neurons in the left MVm lack CR (E), 

but they are contacted by numerous large CR-positive terminals (red, arrows; F, G).
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Figure 4. 
High-power magnification of a transverse section through the magnocellular part of the 

medial vestibular nucleus (MVNm) showing the WGA-labeled secondary vestibulo-ocular 

neurons (A) and neurons stained for nonphosphorylated neurofilaments (NP-NF; B). The 

superposition reveals that many, but not all, vestibulo-ocular neurons (green, arrowhead) are 

NP-NF–positive (solid arrow) and not all NP-NF–positive neurons are tracer labeled (red, 

thin arrow; C). Simplified diagram summarizing the premotor pathways for vertical eye 

movements. The projections found after a tracer injection into the right oculomotor nucleus 

(nIII) and associated with CR found are drawn in red, and those associated with NP-NF are 

drawn in green (D). IVN, inferior vestibular nucleus; LVN, lateral vestibular nucleus; PC, 

posterior commissure.
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