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PURPOSE. We have previously described a novel type of multiterminal en plaque motor
endplates in the human extraocular muscles (EOMs). This study aimed to investigate
whether multiterminal en plaque motor endplates are conserved in EOMs among verte-
brates.

METHODS. The motor endplates were identified with α-bungarotoxin (α-BTx) and anti-
bodies against synaptic proteins and neurofilament in the EOMs of zebrafish, rabbits and
mice. Transcriptomic data were re-analyzed to identify acetylcholine receptor (AChR)
subunits in EOMs and trunk muscles of wild-type zebrafish at five and 20 months of age.

RESULTS. In addition to the two typical types of single en plaque and multiple en
grappe motor endplates, the third type of multiterminal en plaque motor endplates were
observed in the EOMs of zebrafish, rabbits, and mice. The EOMs of zebrafish showed a
significantly higher proportion of myofibers containing multiterminal en plaque motor
endplates compared to EOMs of rabbits and mice. RNA sequencing data revealed signif-
icantly higher AChR subunits in the zebrafish EOMs compared to trunk muscles.

CONCLUSIONS. Multiterminal en plaque motor endplates are not exclusive to human EOMs
but are also present in the EOMs of other vertebrate species, suggesting a conserved
feature of the EOMs.
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The extraocular muscles (EOMs) are responsible for a
variety of eye movements. They maintain visual align-

ment and possess distinct physiological and anatomical char-
acteristics that set them apart from trunk and limb skele-
tal muscles.1,2 The physiological uniqueness of EOMs is
reflected in their higher innervation density and very small
size of motor units, along with extremely fast contractile
properties, large variability in myofiber types, and fatigue
resistance.3–5 Typically, the EOMs have been considered
to have two major types of motor endplates: single en
plaque and multiple en grappe.6,7 The single en plaque
motor endplates have been found in all EOM myofibers,
whereas small multiple en grappe endplates are only found
in myofibers containing slow-tonic myosin heavy chain
(MyHC).6,7 These two groups of myofibers have been
referred to as singly innervated myofibers (SIFs) and multi-
ply innervated myofibers (MIFs), respectively. Unlike the
other skeletal muscles of the body, which generally express
only the adult acetylcholine receptor (AChR) subunit and
typically only have SIFs, EOMs express both the fetal gamma
and the adult epsilon AChR subunits.4,8,9 The composition
of the EOMs regarding MyHC isoforms, the major contrac-
tile proteins, is far more complex than that of the other
skeletal muscles.5,10,11 In adult human EOMs, although a
variety of MyHC isoforms can be present in one single
myofiber,5,11,12 three major myofiber types can be identi-
fied based on the content of MyHC isoforms (i.e., slow

myofibers containing MyHCI and MyHCslow tonic [MyHC-
sto/I], fast myofibers containing MyHCIIa, and myofibers
lacking these isoforms but containing MyHC extraocular
[MyHCeom]).9,13 In zebrafish, EOMs display a majority of fast
myofibers containing fast MyHC, slow myofibers contain-
ing slow MyHC isoform, followed by hybrid myofibers
containing both fast and slow MyHC isoforms, and EOM-like
myofibers lacking fast and slow MyHCs.14

We have reported a novel type of motor endplates in
human EOMs: the multiterminal en plaque motor endplates,
in both the global and orbital layers, which are both
abundant and specifically present in myofibers containing
MyHCeom.9 In contrast to the small size of multiple en
grappe motor endplates, the multiterminal en plaque motor
endplates are larger, with a greater distance between adja-
cent endplates. The length of each motor endplate ranges
from approximately 15 to 40 μm, and the distance between
adjacent endplates varies from approximately 25 to 240 μm.
Additionally, some of the multiterminal en plaque motor
endplates are located on opposite sides of the longitudinally
sectioned muscle fibers.9

The presence of multiterminal en plaque innervation has,
to our knowledge, only been described thoroughly in human
EOMs.9 The present study aimed to determine whether
multiterminal en plaque motor endplates are present in
EOMs of other vertebrate species commonly used to study
the EOMs.
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MATERIAL AND METHODS

Muscle Samples

The study was carried out according to national and interna-
tional guidelines and complied with the ARRIVE guidelines
for the use of animals in research. Zebrafish (Danio rerio),
rabbit, and mouse experiments conformed to the ARVO
Statement for the use of Animals in Ophthalmic and Vision
Research and were performed with approval of the Animal
Review Board at the court of Appeal of Northern Norrland in
Umeå (zebrafish: Dnr: A6 2020; rabbit: Dnr: A27-13; mouse:
Dnr: A22-2023).

Zebrafish were maintained at the Umea˚ University
Zebrafish Facility. Twenty-eight month-old wild type and
transgenic lines Tg(mylz2:GFP)i135, labeling fast myofibers
and Tg(smyhc1:tdTomato)i261, labeling slow myofibers, were
anaesthetized using tricaine until they were unresponsive to
touch but retained a strong heartbeat. Immediately after-
ward, both eyes from each fish were carefully excised
using microdissection surgical scissors and fixed in 4%
paraformaldehyde to be processed for subsequent whole-
mount immunostaining. In total, 24 eyes from 12 fish were
collected and analyzed.

Following RRR (Reduce, Replace, Refine) principles, the
mammals used were rabbits and mice that served as wild-
type (WT) controls, in whom no experiments whatsoever
were performed. Five adult New Zealand white rabbits
(weight 2.5–3.1 kg) were euthanized by intraperitoneal
injection of 200 mg/kg of pentobarbital, and six EOM
muscles were obtained. Four mice (∼28 days old) with
mixed WT background (129/Sv:CBA/J:C57BL/6 J:DBA2/J)15

were killed by cervical dislocation, and eight EOM samples
were collected. The muscle specimens from both mammal
groups were oriented and directly mounted on thin card-
board with OCT compound (Tissue Tek; Miles Laboratories,
Naperville, IL, USA), rapidly frozen in propane chilled with
liquid nitrogen, and stored at −80°C until use. Care was
taken to orientate the EOM specimens to allow the longitu-
dinal sections to contain both the orbital and global layers.
Serial longitudinal sections were cut with a cryostat micro-
tome (Reichert-Jung; Leica, Heidelberg, Germany) at −23°C.
The sections were 40 μm thick for confocal microscopy and
7 μm thick for fluorescence light microscopy.

Antibodies and Immunofluorescence

Primary and secondary antibodies used in the present
study are summarized in Supplementary Table S1. Motor
endplates were identified by labeling with α-bungarotoxin
(α-BTx), which binds to post-synaptic AChRs on the plasma
membrane of myofibers and/or with the mixtures of anti-
bodies against pre-synaptical proteins (synaptic vesicles
or synaptophysin) and neurofilaments which identify the
axonal side of neuromuscular junctions (NMJs). Using
a mixture of antibodies against synaptical proteins and
neurofilament allowed the simultaneous labeling of motor
endplates and the axon at NMJs using a single fluo-
rochrome. Specifically, Alexa Fluor 647-conjugated (B35450)
or tetramethylrhodamine-conjugated α-BTx (T1175; Invitro-
gen, Molecular Probes Inc., Eugene, OR, USA) were used
to identify motor endplates in EOMs of all three species. In
zebrafish EOMs, monoclonal antibody SV2 against synaptic
vesicle glycoprotein 2A (Developmental Studies Hybridoma
Bank, Iowa City, IA, USA) or a mixture of SV2 and mouse
monoclonal anti-acetyl-alpha tubulin (α-tubulin) antibody

recognizing axonal nerve fibers (T7451; Sigma-Aldrich, St.
Louis, MO, USA) were used to label the presynaptic region of
the NMJs. A mixture of mouse monoclonal antibodies SY38
against synaptophysin (Boehringer Mannheim, Indianapo-
lis, IN, USA) and M0762 against neurofilament 70 kDa (Dako
Denmark A/S, Glostrup, Denmark) were used to detect NMJs
by labeling the pre-synaptic region in EOMs of rabbits and
mice.

Zebrafish transgenic lines Tg(mylz2:GFP)i135 and
Tg(smyhc1:tdTomato)i261 were used to visualize and classify
myofiber types. The former contained green fluorescent
protein (GFP) specifically in fast myofibers, and the latter
expressed tdTomato bright red fluorescent protein in slow
myofibers.14 In wild type zebrafish, all myofibers were visu-
alized by labeling with Alexa Fluor 488 Phalloidin (A12379;
Fisher Scientific, Gothenburg, Sweden) and mouse mono-
clonal antibody S58 (Developmental Studies Hybridoma
Bank) recognizing slow myofibers was also used. Obscurin
IQ (gift of Prof. Matias Gautel, King’s Collage, London, UK),
a rabbit polyclonal antibody was used to label myofibers
in mouse EOM and chicken polyclonal antibody against
laminin (LS-C96142; LSBio, Shirley, MA, USA) was used to
visualize the contour of rabbit EOM myofibers.

Zebrafish immunostaining was performed as previously
described.16 Whole-mount EOMs were washed in PBS with
0.1% Tween 20 and then pre-incubated in blocking buffer
containing 1% blocking reagent (Roche Diagnostics GmBH,
Manheim, Germany), 1% dimethyl sulfoxide and 5% sheep
serum in PBS with 0.4% TritonX for at least one hour at
room temperature. The pre-blocking solution was removed
and replaced with primary antibodies for incubation at
4°C overnight. After phosphate buffer saline with tween 20
(PBT) washing, whole-mount EOMs were incubated with
secondary antibodies or directly conjugated high-affinity
ligands at 4°C overnight (Supplementary Table S1). Unbound
secondary antibody was washed out with PBT, and EOMs
were cleared and mounted in 70% glycerol (Sigma-Aldrich).

Double- or triple-immunolabelings were performed on
air-dried longitudinal tissue sections in EOMs of rabbits and
mice, as previously described.16 In brief, tissue sections were
rehydrated in 0.01M PBS and then blocked with 5% donkey
normal serum for 15 minutes. Sections were then incubated
with the appropriate primary antibody at 4°C overnight or
for 60 minutes at 37°C. All antibodies were diluted in 0.01M
PBS containing 0.1% bovine serum albumin and used at their
optimal dilutions (Supplementary Table S1). After washing
in PBS and an additional blocking with 5% donkey normal
serum for 15 minutes, sections were incubated for one hour
at 37°C with the appropriate secondary antibody and finally
washed in PBS and covered with Vectashield mounting
medium (Vector Laboratories, Inc., Burlingame, CA, USA).
The secondary antibodies used were conjugated with Alexa
Fluor 488, Alexa Fluor 647 (Molecular Probes, Inc., Eugene,
OR, USA) or Rhodamine Red-X (Jackson ImmunoResearch
Europe Ltd., Newmarket, UK). Control sections were treated
as above, except that the primary antibody was excluded.
No staining was observed in the control sections.

Re-Analysis of RNA-Sequencing Data

For details on EOM and trunk muscle isolation, RNA extrac-
tion and sequencing, we refer to the original publication.15

To investigate AChR transcript levels, we excluded all desmin
KO samples from the original data set and re-analyzed
data using only WT samples. In total, 12 samples were
used including five-month-old EOMs and trunk muscles
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and 20-month-old EOMs and trunk muscles. DEseq217 was
used to perform differential expression analysis, adjusted
P-value of 0.01 was considered significant. Statistical anal-
ysis was performed using the original DEseq2 settings,
using a Benjamini-Hochberg corrected Wald test for multiple
testing.

Confocal and Light Microscopy

Whole-mount EOMs of zebrafish and thick (40 μm) longitu-
dinal muscle sections of mice or rabbit EOMs were examined
and photographed using a Nikon A1 confocal microscope
(Nikon, Tokyo, Japan). The thin (7 μm) muscle sections from
rabbit and mouse EOMs were examined under a Leica DM
6000 B microscope (Leica Microsystems, Wetzlar, Germany).
Images were processed using Fiji ImageJ (https://imagej.
net/software/fiji/)18 and Adobe Photoshop CS6 software
(Adobe Systems, San Jose, CA, USA).

Statistical Analysis

Quantification of NMJs and myofibers of the EOMs and the
measurement of NMJ length was done using Fiji ImageJ
(https://imagej.net/software/fiji/).18 Data were collected in
Microsoft Excel, and plotted in GraphPad Prism 10 and
RStudio. Statistical analysis was conducted using one-way
ANOVA followed by post hoc t-test, P ≤ 0.05 was consid-

ered significant (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001). Data are presented as mean ± SEM.

RESULTS

The EOM lengths examined varied among zebrafish, rabbits
and mice. All motor endplates were indentified along almost
the entire length of the whole-mount EOMs (approximately
1918 μm), extending from the posterior to the anterior
regions. However, in contrast to zebrafish, EOMs were exam-
ined using incomplete muscle samples in rabbits and mice.
Thus the maxium length of a single myofiber examined
from the available piece of muscle samples was approxi-
mately 13,000 μm in rabbits, and up to 1878 μm in mice,
which did not include the ends of the EOMs. Therefore
it is worth noting that the mouse EOM samples used in
this study were shorter than those from zebrafish, because
the mouse EOM samples did not cover the full myofiber
length of the muscles from the origin to the insertion on the
eye. Therefore the numbers of myofibers with typical small
en grappe motor neurons may be considerably underesti-
mated. This also applies to the rabbit samples, although to
a lesser degree. This methodological limitation could poten-
tially affect the overall analysis of NMJ distribution along
the entire muscle length. However, we clearly identified the
three different innervation patterns in the examined animals.
A relation to myofiber type and motor endplate type was not
possible to establish considering the limitation inherent to

FIGURE 1. Representative confocal images and schematic illustrations showing single en plaque or multiple en grappe motor endplates in
whole-mount EOMs from zebrafish. (A, B) Longitudinal view of whole-mount EOM taken with confocal microscope from the top, where
large fast myofibers dominate the global side of EOMs (GL), whereas small fast and slow myofibers are restricted to the orbital layer (OL).
NMJs labeled with α-BTx (white in A and B) in double transgenic lines, Tg(mylz2:GFP), green in B, identifies all fast myofibers in both GL
and OL and Tg(smyhc1:tdTomato), red in B, identifies all slow myofibers. Note the enrichment of NMJs in OL close to the nerve entrance
(framed area in A and B). (C–E) Single en plaque motor endplate (arrows in D and E within the framed area) labeled with α-BTx (white in D
and E within the framed area) on a fast myofiber (arrowhead in C), depicted also by schematic illustration. (F–I) Multiple en grappe motor
endplates labeled with α-BTx (white in F and mixture of SV2 with α-tubulin (red in G) on a myofiber identified with phalloidin labeling
(arrow in H), depicted also by schematic illustration. Scale bars: 300 μm in B, 100 μm in E, and 25 μm in I.

https://imagej.net/software/fiji/
https://imagej.net/software/fiji/
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FIGURE 2. Confocal images and schematic illustration showing the distribution of multiterminal en plaque motor endplates in whole-mount
EOMs. NMJs were identified with α-BTx (in white) and/or a mixture of SV2 and α-tubulin (in red) in transgenic lines, Tg(mylz2:GFP), green
in B, in which all fast myofibers in GL and OL are green. (A) A myofiber outlined by the yellow dotted line containing four en plaque motor
endplates along its length is depicted (blue arrowheads in A). (B–E) Images with higher magnification from A show four patterns of NMJs
belonging to multiterminal en plaque motor endplates: (B1–B4) typical lobulated en plaque motor endplates; (C1–C3) long linear motor
endplates; (D1–D3) shorter endplates displayed on small fast myofiber in the OL; and (E1–E4) endplate branching from one myofiber to
another myofiber. Scale bar: 50 μm in A, C3, and D3; 25 μm in B4 and E4.

the number of antibodies needed and their species specifici-
ties.

Zebrafish

There are some differences in the organization of the
EOMs between zebrafish and mammals.14 For example,

the orbital and global layers are not clearly defined in
zebrafish EOMs, whereas the two layers are well defined
in EOMs of humans, rabbits, and mice. However, the two
layers in zebrafish EOMs can be distinguished based on
the size of myofibers: the global layer contains large fast
myofibers, whereas orbital layer contains small fast, as well
as slow, myofibers. In addition, the slow myofibers are
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FIGURE 3. Confocal images and quantification of the number and length of individual NMJs on myofibers displaying multiterminal en plaque
motor endplates in whole-mount zebrafish EOMs. (A–C) Two slow myofibers labeled with S58 (red in B and C) containing two and four
en plaque motor endplates (long and short arrows in A and C), classified therefore as myofibers containing multiterminal en plaque motor
endplates, were identified with α-BTx (white in A and C). (D–F) En grappe motor endplates consisting of three small NMJs labeled with
α-BTx (arrows, white in D and F) and en plaque motor endplate (arrowhead, white in D and F) on an individual myofiber, which is labeled
with phalloidin (green in E, marked with asterisk). Scale bar: 50 μm. (G) The number of NMJs on individual myofibers which are fast
myofibers in both GL and OL, and in slow myofibers displaying multiterminal en plaque motor endplates. The number of zebrafish EOMs
studied is given as individual symbols in each violin. (H) The length of individual NMJs on myofibers displaying multiterminal en plaque
motor endplates, with n representing the number of myofibers examined. The average length of fast myofibers is 58.5 ± 2.8 μm in the GL,
23.1 ± 1.0 in the OL, and the average length of slow myofibers is 15.3 ± 0.8. *P ≤ 0.05; ****P ≤ 0.0001; ns: not significant.

present only in the orbital layer, as described in our previous
studies.14

The NMJs were distributed along the entire length of the
whole-mount EOMs (Figs. 1–3), extending from the posterior
to the anterior regions. Notably, a high number of NMJs was
observed close to the nerve entrance to the muscle (Figs. 1A–
B) in the OL, where slow and small fast myofibers were most
abundant.

Upon careful investigation, it was found that approxi-
mately 0.79% ± 0.4% of 430 myofibers containing NMJs,
were innervated by single en plaque motor endplates
(Figs. 1C–E) and 0.59% ± 0.6% myofibers were innervated
by multiple en grappe motor endplates (Figs. 1F–I). The
vast majority of myofibers studied (98.6% ± 0.7%) exhibited
two or more en plaque motor endplates along their length,
regardless of fiber type (fast or slow) or location (OL and
GL) (Figs. 2, 3). Thus they were classified as multiterminal
en plaque motor endplates, as reported in human EOMs.9

Variations in the innervating patterns of the multitermi-
nal en plaque motor endplates, in addition to the usual

pretzel-like shape (Figs. 2B1–B4), were observed across
different myofiber types and layers of EOMs. Most of the
motor endplates on large fast myofibers in the GL displayed
linear or jagged shapes along the sarcolemma (Figs. 2C1–
C3). In contrast, motor endplates on small diameter fast
myofibers tended to be shorter (Figs. 2D1–D3). In addi-
tion, certain multiterminal en plaque motor endplates were
ramified, with branching structures that extended along the
sarcolemma of the myofiber or crossed to adjacent myofibers
(Figs. 2E1–E4). The endplates on slow myofibers also tended
to be shorter (Figs. 3A–C).

Both small multiple en grappe and multiterminal en
plaque endplates along the length of an individual myofiber
were sporadically found. This was noted in both slow and
fast myofibers in both GL and OL (Figs. 3D–F), similar to the
pattern reported in human EOMs previously.9

The distances between adjacent motor endplates ranged
from 13.5 to 571 μm, and the maximum distance (571 μm)
between endplates on the same myofiber was observed
on a myofiber with a total fiber length of 939 μm, show-
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FIGURE 4. Re-analysis of a previously published RNA-sequencing data set revealed significantly higher levels of (A) cholinergic receptor
nicotinic alpha 1 (chrna1), (B) cholinergic receptor nicotinic alpha 5 (chrna5), (C) cholinergic receptor nicotinic beta 1 like (chrnb1l), (D)
cholinergic receptor nicotinic delta (chrnd), and (E) cholinergic receptor nicotinic gamma (chrng) genes in zebrafish EOMs compared to
trunk muscle tissue, at five months (EOM5, trunk5) and 20 months (EOM20, trunk20).

ing that these endplates were clearly separated from each
other on a single myofiber. The number of motor endplates
forming multiterminal en plaque motor endplates varied
among EOM specimens, layers and myofiber types. Specifi-
cally, the number of NMJs displayed by large fast myofibers
in the GL was statistically significantly higher than that
of slow myofibers which were mainly localized in OL
(P = 0.02; Fig. 3G). The number of NMJs displayed by
small fast myofibers in the OL was higher than that of
slow myofibers but no statistically significant difference was
found (P = 0.06; Fig. 3G). In addition, the length of individ-
ual NMJs forming multiterminal en plaque motor endplates
varied from 2.1 to 328.4 μm, with an average length of
58.5 ± 2.8 μm in fast myofibers in the GL, 23.1 ± 1.0 in fast
myofibers in the OL, and 15.3 ± 0.8 in small slow myofibers
(Fig. 3H). Statistical analysis showed a significant difference
in the length of NMJs between fast myofibers in GL and OL
(P ≤ 0.0001), between fast myofibers in the GL and slow
myofibers (P ≤ 0.0001) and between fast myofibers in OL
and slow myofibers (P ≤ 0.0001; Fig. 3H).

Previous reports from us and others have shown differ-
ences in AChR subunits in EOMs compared to limb muscle
tissue.4,8,9 To investigate whether the same differences are
present in the zebrafish EOMs, we re-analyzed a recently
published RNA-sequencing data set.15 Principal compo-
nent analysis using only WT samples of the EOMs and of
trunk muscles at two different ages, five and 20 months,
revealed that each sample group clustered together, with

the largest variance on PCA1 representing the two differ-
ent tissues (Supplementary Fig. S1A), as expected. We then
plotted all 19 AChR genes found across the samples to
study their level of expression (Supplementary Fig. S1). We
found that RNA transcripts from five subunits including
cholinergic receptor nicotinic alpha 1 (chrna1), choliner-
gic receptor nicotinic alpha 5 (chrna5), cholinergic recep-
tor nicotinic beta 1 like (chrnb1l), cholinergic receptor
nicotinic delta (chrnd), and cholinergic receptor nicotinic
gamma (chrng, corrresponding to the only fetal isoform)
were specifically more abundant in the EOMs compared
to trunk muscles (Figs. 4A–E), whereas only one subunit,
cholinergic receptor nicotinic beta 2 (chrnb2), was signif-
icantly more abundant in trunk muscles over both time
points (Supplementary Fig. S1M). The other α-, β-subunits
and cholinergic receptor nicotinic epsilon (chrne) did not
show significant differences between EOMs or trunk muscles
(Supplementary Fig. S1), consistent with results from human
EOMs.9

Rabbit

Approximately 76% ± 4.1% of the 366 myofibers stud-
ied exhibited single en plaque motor endplates, both in
the GL and OL (Figs. 5A–C), whereas 2.8% ± 1.2% of the
myofibers in both layers contained typical multiple small
en grappe motor endplates (Figs. 5D–F). Single en plaque
motor endplates were primarily concentrated at the mid-
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FIGURE 5. Light microscopy images and schematic illustrations of different types of motor endplates in rabbit EOMs. Single en plaque
motor endplates (A–C, arrowheads), multiple en grappe motor endplates (D–F, arrowheads), multiterminal en plaque motor endplates (G–
J, arrows), and sporadic complex en grappe motor endplates (K–N, arrows) were labeled with α-BTx (red in B, E, H, and L) and antibodies
against neurofilament and synaptophysin (NF + SYN; green in A, D, G, and K). The contour of myofibers was outlined by immunolabeling
with the antibody against laminin (white in I and M). Merged images in C, F, J, and N. Scale bars: 50 μm.

belly of the EOM, forming an endplate zone, as previously
described.19

Additionally, multiterminal en plaque motor endplates
were identified in approximately 21.7% ± 2.9% of myofibers
of both GL and OL (Figs. 5G–J). The EOMmyofiber segments
containing the multiterminal en plaque motor endplates
could be followed for up to 455 μm long and the distance
between adjacent motor endplates varied between 16.4 and
146 μm. The length of each individual NMJ in the multi-
terminal en plaque motor endplates varied between 5.1
and 83.6 (27 ± 1.7) μm. In contrast to the typical multi-
ple en grappe endplates aligned on only one side of the
myofiber20 (Figs. 5D–F), small endplates lined up along both
sides of a single myofiber were also sporadically found
(Figs. 5K–N). We called them complex en grappe motor
endplates to indicate that they were different from the clas-
sic multiple en grappe motor endplates. In one case, a single
myofiber displayed 13 of these small complex en grappe
motor endplates, with a distance between the first and the

last endplate on the single myofiber studied extending to
334 μm. Unfortunately we were not able to determine with
certainty whether these endplates were singly or multiply
innervated.

Mouse

A total of 196 myofibers containing motor endplates were
encountered in longitudinal sections, and approximately
88.5% ± 5.1% of them displayed single en plaque motor
endplates (Figs. 6A–D), suggesting the predominance of this
endplate type in mouse EOMs. These single en plaque motor
endplates were generally large, compact and lobulated.
These motor endplates were encountered in both the GL and
the OL, and were predominantly concentrated around the
middle belly region of the EOMs, where they formed a motor
endplate band, consistent with previous reports.21 The typi-
cal small multiple en grappe motor endplates, running along
one side of a single myofiber, were observed in a small
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FIGURE 6. Confocal images and schematic illustrations of three types of motor endplates in mouse EOMs. Single en plaque motor endplates
(A–D, arrowheads), multiple en grappe motor endplates (E–G, arrows), and multiterminal en plaque motor endplates (H–J, arrows) were
labeled with α-BTx (red in A, E, andH) and antibodies against neurofilament and synaptophysin (NF + SYN; white in B and I), and myofibers
were labeled with antibody against obscurin (green in C and G). Merged images showed in D, G, and J. Scale bars: 50 μm in D and G, 25
μm in J.

FIGURE 7. Quantification of myofibers containing multiterminal en plaque motor endplates in zebrafish, rabbits and mice. (A) Percentage
of myofibers displaying multiterminal en plaque motor endplates. The number of animals studied in each group is given in parentheses.
(B). The number of individual NMJs on myofibers displaying multiterminal en plaque motor endplates, with n representing the number of
myofibers examined. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001; ns: not significant.

percentage (1.4% ± 0.5%) of the myofibers examined in both
GL and OL (Figs. 6E–G). The distribution and morphologi-
cal patterns of these two types of motor endplate generally
closely resembled those observed in rabbit EOMs.

Multiterminal en plaque motor endplates were observed
in approximately 10.2% ± 4.8% of mouse EOM myofibers
studied, in both GL and OL (Figs. 6H–J). The distance
between adjacent NMJs in the same myofiber varied between
18.4 and 218.1 μm, and the length of each endplate varied
between 5.6 and 58.1 (32.3 ± 4.2) μm.

The proportion of the myofibers containing multitermi-
nal en plaque myofibers was statistically significantly higher
in zebrafish than in mouse (P ≤ 0.0001) and rabbit EOMs
(P ≤ 0.0001), and the proportion of myofibers containing
multiterminal en plaque motor endplates was significantly
higher in rabbit than in mice (P = 0.02; Fig. 7A). In addi-
tion, the number of NMJs on myofibers displaying multiter-
minal en plaque motor endplates was significantly higher
in zebrafish (3.4 ± 0.07) compared to mice (2.3 ± 0.1;
P = 0.0004) and rabbits (3.0 ± 0.1; P = 0.03), and no
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significant difference was found between rabbits and mice
(P = 0.06; Figs. 7B).

DISCUSSION

Three major types of motor endplates could be distin-
guished in the EOMs of all three species examined in
the present study: zebrafish, rabbit, and mouse. These
included the following: (A) typical large single en plaque
motor endplates, (B) typical small multiple en grappe motor
endplates, both of which have been described, previously,6,7

and (C) a third type characterized by the presence of several
en plaque motor endplates along a single myofiber, referred
to as multiterminal en plaque motor endplates. This third
type of motor endplates has been thoroughly described
in the human EOMs9 and briefly mentioned in zebrafish
EOMs.14 Here, we present evidence that these multitermi-
nal en plaque motor endplates also are present in the EOMs
of mouse and rabbit, which shows that this is a conserved
vertebrate EOM feature.

As mentioned in Results, the examination of motor
endplates was mostly carried out in the central part of
the EOMs and we were unable to follow the full length
of a single myofiber because of the unavailability of the
whole muscle sample from mice and rabbits. This method-
ological limitation most likely led to an underestimation of
the proportion of myofibers with small multiple en grappe
motor neurons in mice, and, to a less degree, in rabbits.
Even though we clearly identified the three different inner-
vation patterns in all examined animals, a relation between
myofiber type and motor endplate type was not possible to
establish because of the large number of antibodies needed
and their species specificities.

The two typical types of motor endplates in EOMs,
single en plaque and multiple en grappe endplates, have
been extensively studied in mouse and rabbit EOMs, includ-
ing their association with specific myofiber types.2–4,6 NMJ
innervation in zebrafish EOMs has been rarely explored,14,22

therefore a more comprehensive investigation of the EOMs
in zebrafish was carried out because it is necessary to better
understand their unique characteristics. The current study is,
to the best of our knowledge, the first to thoroughly examine
the distribution of NMJs on whole-mount EOMs of zebrafish.
Zebrafish EOMs exhibited a higher total number of NMJs in
the whole muscle, a greater frequency of myofibers display-
ing multiterminal en plaque motor endplates, and a higher
number of NMJs on individual myofibers compared to rabbit
and mouse. These results align with previous observations
on longitudinal sections of zebrafish EOMs, where NMJs
were found densely distributed along the entire myofiber
length.22 Nevertheless, the novel finding of multiterminal
motor endplates was only possible in whole-mount zebrafish
EOMs. This could not be revealed in longitudinal sections
where each individual myofiber could not be followed with
certainty for a longer distance. In mammalian vertebrates,
multiple innervation of trunk and limb muscle fibers is seen
only during early development, and it is absent in myofibers
of adult limb and trunk muscle.23 In contrast, multitple inner-
vation is common in non-mammalian vertebrates, includ-
ing amphibians and fish. A number of studies investigat-
ing development and structure of NMJs in trunk muscles
of fish, including teleosts,24,25 report that both slow and fast
myofibers are multiply innervated. In other words, the high
proportion of myofibers displaying multiterminal en plaque

motor endplates in the EOMs of zebrafish is likely in agree-
ment with their trunk myofibers beeing multiply innervated.

The present findings reveal a significantly higher number
of myofibers displaying multiterminal en plaque motor
endplates, adding a new layer of complexity to our under-
standing of zebrafish EOMs innervation and stand in
contrast to the traditional patterns observed in mammals.6,7,9

Notably, a significant difference in the number of motor
endplates was found between the large OL myofibers and
the slow myofibers in zebrafish EOMs.

We found differences in the morphology of multiple en
plaque motor endings in zebrafish including the form of the
NMJs, which varied from pretzel-shaped, linear, jagged, and
in some cases with clear ramification to adjacent myofibers,
as compared to those of mammals. It is difficult to specu-
late whether these morphological differences among NMJs
will have implications on their physiological properties. The
extraordinary number of multiterminal en plaque motor
endplates in zebrafish EOMs may play a crucial role in
their high-frequency transmission capabilities, which lead to
fast contraction of EOMs under special circumstances such
as predation and escape responses in their aquatic envi-
ronment (i.e., evolutionary adaptation). Many studies have
focused on comparative morphology of NMJs in skeletal
muscles across species, revealing species-specific differences
in size, shape, distribution, and structure.26,27 For example,
in frogs, NMJs are relatively large, but their postsynaptic
folding is less complex.26 In contrast, humans have smaller
NMJs but more extensive postsynaptic folding, suggesting
that NMJs have undergone evolutionary modifications to
optimize their function across different species.

The innervation of EOMs shared many similarities across
species, likely reflecting their shared functional demands. In
both mammals and zebrafish, the EOMs are more densely
innervated than other skeletal muscles and exhibit a higher
ratio of motor endplates to myofibers.28 Consequently, the
motor units in EOMs are considerably smaller, typically
consisting of only 10 to 15 myofibers per unit, whereas
motor units in other skeletal muscles may contain hundreds
of myofibers.28 This dense innervation is thought to support
the precise and rapid eye movements required for visual
tracking and stability. Consistent with this, transcriptomics
data from zebrafish reveal significantly higher expression of
genes encoding AChR subunits in EOMs compared to trunk
muscles, generally mimicking immunohistochemistry data
from human EOMs with both neonatal and adult subunits
present in the EOMs. This suggests an enhanced cholinergic
signaling capacity in EOMs, which may further contribute to
their specialized neuromuscular properties. These findings
align with previous studies highlighting the unique struc-
tural and functional characteristics of EOMs and provide
molecular evidence supporting their distinct innervation
patterns.4 In the present study it was not possible to morpho-
logically study the distribution of the AChR subunits because
of the lack of specific antibodies that work on zebrafish
muscle.

Pioneering studies of innervation patterns in EOMs using
electrophysiological recordings/techniques and histochem-
ical staining revealed two primary types: singly (SIF) and
multiply (MIF) innervated myofibers.6,20,29 This classifica-
tion was useful because it could easily be related to the
unique functional demands of EOMs (i.e., SIF enable rapid
and fine control of eye movements whereas MIF provide
stable, sustained muscle contraction necessary for mainte-
nance of eye position).30 Subsequent studies have confirmed



Neuromuscular Junctions in Extraocular Muscles IOVS | April 2025 | Vol. 66 | No. 4 | Article 77 | 10

the general existence of this pattern, and the SIF and
MIF pattern of EOM innervation has been widely used.7

Although the presence of two en plaque motor endplates
on a single myofiber in human EOM was reported,6 this
was initially considered as an “exceptional” finding because
of its rarity,6 and the presence of several en plaque motor
endplates on a single myofiber has not been recognized until
recently.9,13,14 In a comprehensive study of human EOMs,
we found that multiterminal en plaque motor endplates
are actually present in a substantial proportion of EOM
myofibers.9 This is in agreement with electrophysiological
studies reporting that the sum of twich and tetanic tensions
in response to individual nerve branch stimulation is greater
than that when the whole nerve to the EOM is simultane-
ously stimulated.3,31 In the present study, it was not possi-
ble to determine whether the multiple innervated myofibers
received one or more different axons.

The present study confirms that multiterminal en plaque
motor endplates are present in EOMs of other species
(zebrafish, rabbit, and mouse). This strongly suggests that
multiterminal en plaque motor endplates represent a funda-
mental and common characteristic of EOMs across verte-
brates and are an important evolutionary conserved trait.
However, the precise function of these endplates as opposed
to single en plaque and multiple en grappe endplates
remains to be defined. In summary, multiterminal en plaque
motor endplates are present in human, zebrafish, rabbit, and
mouse EOMs, suggesting that they are conserved feature of
the EOMs across vertebrates. Further physiological studies
should take this into consideration.

Acknowledgments

Supported by grants from the Swedish Research Council (2024-
02415; Stockholm, Sweden), County Council of Västerbotten
in cooperation with Umeå University (Centrala ALF, Spjut-
spetsmedel, Umeå, Sweden), Ögonfonden (Enskede, Sweden),
Kronprinsessan Margaretas Arbetsnämnd för Synskadade
(Valdemarsvik, Sweden), Biotechnology grant from The Medi-
cal Faculty, Umeå University (Umeå, Sweden), Kempestiftelserna
(Umeå, Sweden).

Disclosure: J.-X. Liu, None; A. Kahsay, None; N. Dennhag,
None; J. von Hofsten, None; F. Pedrosa Domellöf, None

References

1. Fischer MD, Budak MT, Bakay M, et al. Definition of the
unique human extraocular muscle allotype by expression
profiling. Physiol Genomics. 2005;22:283–291.

2. Spencer RF, Porter JD. Biological organization of the
extraocular muscles. Prog Brain Res. 2006;151:43–80.

3. Goldberg SJ, Shall MS. Lateral rectus whole muscle and
motor unit contractile measures with the extraocular
muscles intact. J Neurosci Methods. 1997;78(1–2):47–50.

4. Fraterman S, Khurana TS, Rubinstein NA. Identification
of acetylcholine receptor subunits differentially expressed
in singly and multiply innervated fibers of extraocu-
lar muscles. Invest Ophthalmol Vis Sci. 2006;47:3828–
3834.

5. Kjellgren D, Thornell LE, Andersen J, Pedrosa-Domellöf
F. Myosin heavy chain isoforms in human extraocu-
lar muscles. Invest Ophthalmol Vis Sci. 2003;44:1419–
1425.

6. Dietert SE. The demonstration of different types of muscle
fibers in human extraocular muscle. Invest Ophthalmol.
1965;4:51–63.

7. Sadeh M. Extraocular muscles. In: Engel AG, Franzini-
Armstrong C, eds. Myology. New York: McGraw-Hill;.
1994:119–127.

8. Kaminski HJ, Kusner LL, Block CH. Expression of acetyl-
choline receptor isoforms at extraocular muscle endplates.
Invest Ophthalmol Vis Sci. 1996;37:345–351.

9. Liu JX, Pedrosa Domellöf F. A novel type of multitermi-
nal motor endplate in human extraocular muscles. Invest
Ophthalmol Vis Sci. 2018;59:539–548.

10. Hoh JFY. Myosin heavy chains in extraocular muscle fibres:
Distribution, regulation and function. Acta Physiol (Oxf).
2021;231(2):e13535.

11. McLoon LK, Park HN, Kim JH, Pedrosa-Domellöf F, Thomp-
son LV. A continuum of myofibers in adult rabbit extraoc-
ular muscle: force, shortening velocity, and patterns of
myosin heavy chain colocalization. J Appl Physiol (1985).
2011;111:1178–1189.

12. McLoon LK, Christiansen S.P. Extraocular muscles: Extraoc-
ular muscle anatomy. In: Dartt DA, Besharse JC, Dana R, eds.
Encyclopedia of the Eye. Oxford: Academic Press; 2010;2:89–
98.

13. Liu JX, Pedrosa Domellöf F. Complex correlations between
desmin content, myofiber types, and innervation patterns in
the human extraocular muscles. Invest Ophthalmol Vis Sci.
2020;61(3):15.

14. Dennhag N, Liu JX, Nord H, von Hofsten J, Pedrosa
Domellöf F. Absence of desmin in myofibers of the
zebrafish extraocular muscles. Transl Vis Sci Technol. 2020;9
(10):1.

15. Dennhag N, Kahsay A, Nissen I, et al. Fhl2b medi-
ates extraocular muscle protection in zebrafish models of
muscular dystrophies and its ectopic expression amelio-
rates affected body muscles. Nat Commun. 2024;15:
1950.

16. Kahsay A, Dennhag N, Liu JX, et al. Obscurin maintains
myofiber identity in extraocular muscles. Invest Ophthalmol
Vis Sci. 2024;65(2):19.

17. Love MI, Huber W, Anders S. Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2.
Genome Biol. 2014;15:550.

18. Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods.
2012;9:676–682.

19. Harrison AR, Anderson BC, Thompson LV, McLoon LK.
Myofiber length and three-dimensional localization of NMJs
in normal and botulinum toxin treated adult extraocular
muscles. Invest Ophthalmol Vis Sci. 2007;48:3594–3601.

20. Kupfer C.Motor innervation of extraocular muscle. J Physiol.
1960;153:522–526.

21. Vemula S, Muvavarirwa T, Doornbos F, Whitman MC.
Neuromuscular junction development differs between
extraocular and skeletal muscles and between different
extraocular muscles. Invest Ophthalmol Vis Sci. 2024;65(5):
28.

22. Kasprick DS, Kish PE, Junttila TL, Ward LA, Bohnsack BL,
Kahana A. Microanatomy of adult zebrafish extraocular
muscles. PLoS One. 2011;6(11):e27095.

23. Purves D, Lichtman JW. Elimination of synapses in the devel-
oping nervous system. Science. 1980;210(4466):153–157.

24. Hess A. Vertebrate slow muscle fibers. Physiol Rev.
1970;50:40–62.

25. Luna VM, Daikoku E, Ono F. “Slow” skeletal muscles across
vertebrate species. Cell Biosci. 2015;5:62.

26. Slater CR. The structure of human neuromuscular junc-
tions: some unanswered molecular questions. Int J Mol Sci.
2017;18:2183.

27. Boehm I, Alhindi A, Leite AS, et al. Comparative
anatomy of the mammalian neuromuscular junction. J Anat.
2020;237:827–836.



Neuromuscular Junctions in Extraocular Muscles IOVS | April 2025 | Vol. 66 | No. 4 | Article 77 | 11

28. Goldberg SJ, Shall MS. Motor units of extraocular
muscles: recent findings. Prog Brain Res. 1999;123:221–
232.

29. Hess A. The structure of slow and fast extrafusal muscle
fibers in the extraocular. J Cell Comp Physiol. 1961;58:63–
79.

30. Jacoby J, Chiarandini DJ, Stefani E. Electrical properties and
innervation of fibers in the orbital layer of rat extraocular
muscles. J Neurophysiol. 1989;61:116–125.

31. Davidowitz J, Philips G, Breinin GM. Organization of
the orbital surface layer in rabbit superior rectus. Invest
Ophthalmol Vis Sci. 1977;16:711–729.


