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Abstract

Background: Equine grass sickness (EGS) is a frequently fatal multisystem neuropa-

thy of equids. The aetiology is unknown; proposed causes include toxicoinfection

with Clostridium botulinum and a mycotoxicosis. The effect of EGS on the organisa-

tion and structural integrity of the skeletal neuromuscular junction (NMJ), the target

of botulinum neurotoxins (BoNTs), is unknown.

Objectives: To compare the organisation and structural integrity of skeletal NMJs from

EGS horses, control horses and one horse with a presumptive diagnosis of botulism.

Study design: Blinded, retrospective case control.

Methods: NMJs in samples of diaphragm or intercostal muscle from six EGS horses,

three control horses and one equine botulism case were compared using electron

microscopy, morphometry and confocal light microscopy.

Results: A significantly higher percentage of EGS NMJs had abnormal morphology

(EGS 72.2%, 95% CI 55.6–84.4; Controls 6.9%, 1.7–23.8; OR 35.1, 8.47–244.8;

p < 0.001). EGS NMJs had a significantly lower mean volume fraction occupied by

synaptic vesicles (SVs) (EGS 18.7%, 12.6–28.0; Controls 36.3%, 20.8–63.4;

p = 0.024). EGS NMJs had evidence of accelerated SV exocytosis and SV depletion,

accumulation of neurofilament-like material in terminal boutons and/or bouton

degeneration. NMJs from the botulism horse had dense packing of SVs towards the

presynaptic membrane active zone, consistent with BoNT intoxication, but had

absence of the abnormalities identified in EGS NMJs.

Main limitations: Group sizes were limited by difficulties obtaining suitably processed

samples. Ages of control and EGS horses differed. Botulism was diagnosed based on

clinical and post mortem findings.

Conclusions: EGS is associated with major changes in skeletal NMJ ultrastructure

that are inconsistent with the effects of BoNTs. SV depletion may reflect increased

exocytosis coupled with reduced repopulation of SVs via anterograde axonal trans-

port and endocytosis, consistent with the action of an excitatory presynaptic toxin
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and/or neurotransmitter reuptake inhibitor. Skeletal NMJs represent a previously

unrecognised target for the toxin that causes EGS.

K E YWORD S

botulism, equine grass sickness, horse, multisystem neuropathy, neuromuscular junction

1 | INTRODUCTION

Equine grass sickness (EGS) is an acute, predominantly fatal, multiple

system neuropathy of grazing horses.1,2 An apparently identical dis-

ease occurs in cats, dogs, hares, rabbits, llamas and, possibly, sheep.3–9

EGS is associated with chromatolysis of sympathetic and parasympa-

thetic postsynaptic neurons, particularly in the enteric nervous sys-

tem, as well as autonomic presynaptic and somatic lower motor

neurons in the brainstem and spinal cord.1,10 The aetiology of EGS is

unknown; current hypotheses include an ingested pasture-derived

neurotoxic mycotoxin or toxicoinfection with Clostridium botulinum

types C or D.2,11–14

The effect of EGS on the skeletal neuromuscular junction (NMJ),

the target of botulinum neurotoxins (BoNTs), has not been previously

investigated, despite EGS being associated with chromatolysis of spi-

nal cord lower motor neurons,10 evidence of neuromuscular dysfunc-

tion on quantitative electromyography15 and clinical signs suggestive

of diffuse skeletal muscle weakness.16,17 Consistent with the effects

of diffuse skeletal myasthenia, EGS horses spend increasing time

recumbent or stand with a characteristic base-narrow stance, with

low head and neck carriage, commonly supporting their hind-quarters

against the stable wall, and attempting to relieve weak postural mus-

cles by frequently shifting weight among all four limbs.

To determine whether skeletal NMJs represent a previously

unrecognised target for the toxin that causes EGS, the ultrastructure

of skeletal NMJs of EGS and control horses was compared using elec-

tron microscopy, morphometry and confocal light microscopy.

Furthermore, to determine whether any abnormalities identified in EGS

NMJs were consistent with the actions of BoNTs, comparisons were

made of the ultrastructure of EGS NMJs, NMJs from a horse with a pre-

sumptive diagnosis of botulism, and NMJs from laboratory animals in

previously published experimental studies of BoNT intoxication.

2 | MATERIALS AND METHODS

2.1 | Horses

The study used samples from 10 mixed-breed and mixed-gender

horses, comprising 6 EGS horses, 3 control horses, and 1 horse with a

presumptive diagnosis of botulism (metadata in Table S1). All horses

were euthanised on humane clinical grounds by intravenous administra-

tion of barbiturates. EGS horses had a mean age of 4 years (range 2–7)

and comprised four acute and two sub-acute cases, categorised accord-

ing to reported clinical criteria.18 EGS was confirmed by gross necropsy

findings and demonstration of characteristic neuropathological features

upon histopathological examination of autonomic ganglia.19,20 Control

horses had a mean age of 20 years (range 8–24) and had no clinical evi-

dence of gastrointestinal or neurological disease. The animal with a pre-

sumptive diagnosis of botulism was a 14-year-old Shetland pony mare

that had clinical examination findings consistent with those of botu-

lism.21 Full details of this case are presented in Text S1. The pony was

euthanised 6 days after onset of clinical signs. Consistent with the pre-

sumptive diagnosis, post mortem examination did not identify any sig-

nificant abnormalities to account for the myasthenia and other clinical

abnormalities. Histopathological examination of the pony's cranial cervi-

cal ganglion ruled out EGS.

2.2 | Sample collection

Small segments (�2–5 mm3) of diaphragm with the distal phrenic

nerve attached (first EGS and first control horse) or external intercos-

tal muscle (all other horses), were collected from all horses within

60 min of euthanasia.

2.3 | Electron microscopic examination of NMJs

Samples from all 10 horses were processed for ultrastructural analyses

as described previously.22 Briefly, samples were immersed in saline

and teased into segments of 5–10 muscle fibres. These were

immersed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer

(Sigma-Aldrich) for 30 min at room temperature, trimmed to produce

blocks approximating 1 � 1 � 2 mm and fixed overnight at 4�C. Fixed

samples were rinsed in 0.1 M sodium cacodylate buffer, post-fixed in

1% OsO4 (Agar Scientific) for 1 h, dehydrated in sequential steps of

acetone (25%, 50%, 75% and 100%) and impregnated in increasing

concentrations (25%, 50%, 75%) of resin (TAAB Laboratories

Equipment) in acetone followed by 100% resin changed 3 times,

placed in moulds, orientated transversely and polymerised at 60�C for

24 h. Survey sections (1 μm) were cut using an ultramicrotome

(EM UC7, Leica) and stained with 1% toluidine blue in 0.5% borax to

identify areas containing NMJs at light microscopy level. Ultrathin

sections at a thickness of 50–70 nm (silver/gold in colour) were sub-

sequently cut using a diamond knife. Sections were stretched with

chloroform to eliminate compression and mounted on Pioloform

filmed copper washer style grids (Gilder Grids) prior to staining with

1% aqueous uranyl acetate and lead citrate (Leica). Sections were

examined under a transmission electron microscope (Phillips CM100)

and images of NMJs photographed using an AMT CCD camera

(Deben). Images were coded and analysed blindly by one examiner
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(JBH). Images were selected for morphometric analysis if the terminal

bouton was located in a clearly defined synaptic trough that was lined

by synaptic folds and covered by a Schwann cell process. Images distorted

by grid bars or folds were excluded. Standardised morphometric and ste-

reological techniques were used to measure terminal bouton

cross-sectional area, width of the synaptic cleft between the pre- and

post-synaptic membranes (synaptic cleft width) and volume fraction occu-

pied by synaptic vesicles (SVs) populating boutons (SV volume

fraction).22–24 In addition, NMJs were classified as normal, activated, mark-

edly depleted or degenerating. Normal NMJs had a terminal bouton that

sat snugly within the synaptic cleft clearly delineated by the presence of

deep synaptic folds and plentiful SVs. Activated NMJs had SVs of variable

size, clear signs of fusion with the presynaptic membrane and a deeply

infolded presynaptic membrane. Markedly depleted NMJs had severe

depletion of SVs. Degenerating NMJs had apparent loss of structural

integrity of terminal boutons.

2.4 | Confocal light microscopic examination
of NMJs

Samples of diaphragm or intercostal muscles from EGS and control

horses were processed for confocal light microscopic examination as

described previously.22 Samples were dissected into blocks of tissue

approximating 2 � 2 � 5 mm and snap-frozen in isopentane cooled in

liquid nitrogen. Transverse and longitudinal cryosections (6 and

20 μm, respectively) were collected onto coated glass slides, permea-

bilised in ethanol then methanol (both �20�C, 10 min) and then in

0.1% Triton X-100 in phosphate buffered saline, pH 7.4 (PBS; 10 min,

ambient temperature). Sections were rinsed in PBS and labelled with

primary antibodies overnight at 4�C. Neurofilament protein in termi-

nal axons was labelled using chicken anti-neurofilament antibody

(AB5539, Chemicon International) followed by FITC-conjugated

donkey anti-chicken IgG (03095155, Jacksons ImmunoResearch).

Post-junctional acetylcholine receptors were labelled for 1 h using

TRITC-conjugated α-bungarotoxin (10 μg/mL) (1175, Molecular

Probes). Secondary antibodies were incubated with rat serum (Dako)

and centrifuged to yield a clear supernatant before use. Antibodies

were diluted 1:100 in PBS containing 3% w/v bovine serum albumin

and 0.1 M lysine. Sections were rinsed again in PBS, mounted in Vec-

tashield (Vector Laboratories) and the intensity of labelling assessed

subjectively under a Bio-Rad MRC confocal scanning laser microscope

by an assessor (JBH) blinded to group.

2.5 | Data analysis

To investigate inter-group differences in terminal bouton area, SV vol-

ume fraction and synaptic cleft width, linear mixed-effect models were

run with sample ID entered as the random effect to take account of the

multiple samples obtained per horse. Models were run twice, with tissue

(diaphragm or intercostal muscle) added in the second model as a poten-

tial confounder. Prior to analysis, terminal bouton area and SV volume

fraction were log transformed to normalise the residuals. Data are pre-

sented as estimated marginal geometric mean (terminal bouton area and

SV volume fraction) or mean (synaptic cleft width) ± associated standard

error and 95% CI. p < 0.05 was considered to indicate statistical signifi-

cance. A general linear model with binomial errors was used for inter-

group comparison of the proportion of abnormal NMJs (including acti-

vated, markedly depleted and degenerating NMJs).

3 | RESULTS

3.1 | Confocal light microscopy

EGS was not associated with alteration in the intensity of

α-bungarotoxin labelling or its distribution at the site of innervation

(Figure 1). EGS was not associated with alteration in the labelling of

terminal axonal neurofilament and there was no evidence of neurofila-

ment degeneration in the motor innervation or in intramuscular axon

bundles (Figure 1).

3.2 | Electron microscopic examination of NMJs

Data were available for 29 NMJs from the 3 control horses (range 6–

12/horse), 56 from the 6 EGS horses (range 3–16/horse) and 11 from

the botulism horse (Table 1). Representative ultrastructural features

of NMJs from control (Figure 2A), EGS (Figures 2B–6) and botulism

(Figure 8) horses are presented.

3.3 | EGS and control horses

Control and EGS boutons, respectively, were classified as normal (93%

vs. 28%), activated (3% vs. 28%), markedly depleted (3% vs. 39%) or

degenerating (0% vs. 6%). Control NMJs had tightly opposed terminal

and junctional membranes and numerous SVs of similar size (Figure 2A).

EGS NMJs had reduced SV numbers (Figures 2B and 5), variable SV sizes

(Figure 3), variable SV densities across the respective terminals (Figures 3

and 4), sites of SV fusion to terminal membranes (Figures 3 and 4), deeply

folded terminal membranes (Figure 4) and/or bouton degeneration, with

areas of withdrawal of the terminal from the synaptic cleft and a break-

down of membrane integrity (Figure 5). Loose accumulations of fine fila-

mentous material resembling neurofilaments were present in 22% EGS

boutons (Figure 6) but were absent from controls. Clathrin coated SVs

and larger than usual vesicular structures were present relatively infre-

quently in EGS and control boutons (Figure 2). These larger vesicles could

not be formally identified but may have been lysosomes or endosomes.

Mitochondria were damaged in control and EGS boutons, but this was

considered artefactual, reflecting delayed sample preparation and fixa-

tion. Occasional myelin whorls within intramuscular myelinated axons of

control and EGS horses were considered to be non-specific changes of

unknown origin. Post-junctional folds and skeletal muscle fibre ultra-

structure of EGS and control horses were indistinguishable.

MCGORUM ET AL. 3
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Compared with controls, EGS boutons had a significantly lower

SV volume fraction whether tissue (diaphragm vs. intercostal) was

excluded (control 36.3% [95% CI 20.8–63.4]; EGS 18.7% [12.6–28.0];

p = 0.024; Figure 7) or included (control 37.2% [19.7–70.2]; EGS

19.7% [11.6–33.4]; p = 0.044; Table 1). This represented a mean 48%

reduction in mean SV volume fraction in EGS boutons compared with

F IGURE 1 Longitudinal (A) and
transverse (B) confocal light microscopy
images showing neuromuscular junctions
in equine grass sickness (EGS) diaphragm
(Horse EGS 1). Images demonstrate axons
labelled with primary antibodies to
neurofilament protein and a secondary
fluorescent antibody (green), and AChRs
labelled with rhodamine conjugated

α-bungarotoxin (red). Motor axons show
no evidence of degeneration or
withdrawal from receptor sites on muscle
fibres. There is no evidence of distal
axonal neurofilament degeneration. Scale
bar 20 μm.

TABLE 1 Morphometric data for skeletal neuromuscular junctions (geometric mean [terminal bouton area and synaptic vesicle volume
fraction] or mean [synaptic cleft width] ± associated SE; 95% CI in brackets).

Horse Muscle
Terminal boutons
analysed (N)

Terminal bouton cross
sectional area (μm2)

Synaptic vesicle
volume fraction (%)

Synaptic cleft
width (μm)

Control 1 Diaphragm 12 4.67 ± 1.21

(3.17–6.87)
33.1 ± 1.2

(24.5–44.8)
0.050 ± 0.002

(0.045–0.055)

Control 2 Intercostal 11 2.53 ± 1.22

(1.69–3.78)
43.9 ± 1.2

(32.0–60.2)
0.066 ± 0.003

(0.061–0.071)

Control 3 Intercostal 6 4.18 ± 1.32

(2.42–7.22)
32.5 ± 1.2

(21.2–49.8)
0.066 ± 0.004

(0.058–0.075)

EGS 1 Diaphragm 16 3.46 ± 1.18

(2.47–4.83)
25.8 ± 1.1

(19.9–33.6)
0.070 ± 0.002

(0.066–0.075)

EGS 2 Intercostal 11 3.80 ± 1.22

(2.54–5.69)
23.2 ± 1.2

(16.9–31.8)
0.070 ± 0.003

(0.065–0.076)

EGS 3 Intercostal 10 2.65 ± 1.24

(1.74–4.05)
21.1 ± 1.2

(14.9–30.0)
0.074 ± 0.005

(0.064–0.084)

EGS 4 Intercostal 11 7.49 ± 1.22

(5.00–11.22)
8.4 ± 1.2

(6.2–11.6)
0.055 ± 0.003

(0.050–0.061)

EGS 5 Intercostal 3 2.47 ± 1.47

(1.14–5.35)
13.8 ± 1.4

(7.6–25.3)
0.055 ± 0.005

(0.045–0.064)

EGS 6 Intercostal 5 2.48 ± 1.35

(1.36–4.52)
28.3 ± 1.3

(17.7–45.1)
0.074 ± 0.004

(0.065–0.082)

Botulism Intercostal 11 4.2 ± 1.16

(3.01–5.86)
39.2 ± 1.1

(29.4–52.2)
0.069 ± 0.001

(0.067–0.071)

F IGURE 2 Transmission electron
micrographs. (A) Neuromuscular junction
(NMJ) from a control horse showing
tightly opposed terminal (white arrow)
and junctional membranes, numerous
synaptic vesicles (SVs) of similar size and
several clathrin coated vesicles (dark
arrow, CV). (B) NMJ from an equine grass
sickness horse showing normal terminus
morphology but reduced number of SVs.
Scale bar 500 nm.

4 MCGORUM ET AL.

 20423306, 0, D
ow

nloaded from
 https://beva.onlinelibrary.w

iley.com
/doi/10.1111/evj.14063 by N

ew
castle U

niversity, W
iley O

nline L
ibrary on [06/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



controls. There was no statistically significant inter-group difference

in terminal bouton area (control 3.64 μm2 [2.08–6.37]; EGS 3.56

[2.38–5.34]; p = 0.938) or synaptic cleft width (control 0.061 μm

[0.048–0.073]; EGS 0.066 [0.057–0.075]; p = 0.364). Because NMJs

in diaphragm and intercostal muscle preparations from each group

were indistinguishable in all respects, with NMJs in the two tissues

from EGS horses having identical pathology, data from the two muscle

sources were not further differentiated.

3.4 | Equine botulism

The presumptive diagnosis of botulism was supported by the identifi-

cation of changes in NMJ ultrastructure consistent with those

reported for laboratory animals following experimental BoNT/A and

BoNT/B intoxication.25–28 There was a characteristic abnormal distri-

bution of SVs within terminal boutons, with dense packing of SVs

towards the active zone of the presynaptic membrane (Figure 8).

Morphology of NMJs from the botulism pony was otherwise normal.

In contrast to NMJs from EGS horses, NMJs from this horse had no

reduction in SV volume fraction, accumulation of neurofilament-like

filaments within terminal boutons or bouton degeneration.

4 | DISCUSSION

This study has demonstrated that the skeletal NMJ represents a previ-

ously unrecognised target for the toxin that causes EGS. Ultrastruc-

tural abnormalities, identified in 72% of EGS NMJs, included a mean

48% reduction in mean SV volume fraction, activated NMJs, accumu-

lation of neurofilament-like material in terminal boutons and/or bou-

ton degeneration. EGS was not associated with a significant alteration

in terminal bouton cross sectional area or synaptic cleft width. These

data suggest that there is an initial phase of activated SV mobilisation,

migration of SVs towards the synaptic cleft, and fusion of the SV

membranes with the presynaptic membrane of the terminal bouton.

The deep infolding of the terminal membrane and the preservation of

profiles of fused vesicles in EGS terminals suggests that endocytosis is

impaired. This phase appears to lead to a second phase of SV deple-

tion possibly reflecting the ultimate recycling and degradation of the

fused SVs and the inhibition of the more usual process of SV replen-

ishment via anterograde axonal transport and endocytosis, giving rise

to the appearance of empty boutons. Ultimately, the nerve terminal

appears to degenerate leading to a state of denervation. It was nota-

ble that, despite the abnormalities observed in the terminal boutons,

intramuscular axonal degeneration was absent suggesting that the ter-

minal bouton is a primary target of the presumed toxin that

causes EGS.

These findings are consistent with the almost total depletion of

SVs, particularly those immunoreactive for vasoactive intestinal pep-

tide and substance P, from terminal boutons of enteric neurons within

the ileum of EGS horses.29 SV depletion was attributed to massive

release of peptides from the nerve endings coupled with a cessation

of peptide production within the neuron. The observation that pep-

tide containing SVs were lost from the proximal ileum of EGS horses

F IGURE 3 Neuromuscular junctions
from two equine grass sickness horses,
showing varying synaptic vesicle
(SV) densities across the respective
terminals, with areas of high (solid star)
and low (open star) SV density
highlighted. There are occasional sites of
SV fusion to terminal membranes (arrows)
and variable SV sizes. Scale bar 500 nm.

F IGURE 4 Neuromuscular junction from an equine grass sickness
horse showing deeply folded terminal membranes (long arrow;
compare with normal terminal membrane morphology in Figure 2A),
numerous synaptic vesicle (SV) fusion sites (short arrows), and
variable SV densities, features that are consistent with accelerated
exocytosis and limited endocytosis.

MCGORUM ET AL. 5
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without any other significant neurodegenerative changes suggested

that the release of peptides from nerves is one of the earliest morpho-

logically identifiable events in EGS.29 Taken together with the findings

of the present study, this suggests that the terminal boutons of both

enteric and somatic neurons are primary targets of the presumed

toxin that causes EGS.

While there was no apparent disruption of terminal axonal neuro-

filament, fine filamentous material resembling neurofilaments was

present in terminal boutons of 22% of EGS NMJs, but not in control

boutons. Neurofilaments are synthesised and assembled in neuronal

soma before being transported via anterograde axonal transport to

the terminal boutons where they are normally degraded in a process

involving calcium-activated proteases and the ubiquitin proteasome

system.30–32 Consequently, axonal neurofilaments rarely extend into

nerve terminals. Accumulations of neurofilament-like material in ter-

minal boutons of EGS horses could potentially reflect a failure of neu-

rofilament proteolysis at terminal boutons, due to the abnormalities in

the ubiquitin proteasome system that occur in EGS.33,34

Neurofilaments may also accumulate in terminal boutons of neurons

undergoing chromatolysis.35,36 While many spinal cord somatic neu-

rons are chromatolytic in EGS,10 it is not known whether motor neu-

rons innervating the diaphragm and intercostal muscles are also

chromatolytic. Neurofilament accumulation also occurs in mice with

ubiquitin depletion36 and in murine spinal muscular atrophy.33 Inter-

estingly, as demonstrated in EGS horses, terminal boutons from mice

with spinal muscular atrophy also have reduced numbers of SVs.37

Accumulation of neurofilaments at motor end plates differentiates

EGS from those toxic neurofilamentous axonopathies that are charac-

terised by accumulations of neurofilaments within proximal axons and

diminished neurofilaments at end plates.38

The cause of the ultrastructural abnormalities in EGS NMJs is

unknown. The NMJ is vulnerable to attack by a wide range of toxins,

in part because it is not protected by a blood/axon barrier and is

therefore vulnerable to haematogenous toxins.39 Numerous toxins

target the NMJ including botulinum and tetanus toxins, toxins found

in snake, spider and fish venoms, and toxins produced by algae and

F IGURE 5 Neuromuscular junction
from equine grass sickness horses
showing (A) depletion of synaptic vesicles,
and fusion sites (arrows), and (B) early-
stage bouton degeneration, with areas of
withdrawal of the terminal membrane
from the synaptic cleft (thin arrow) and a
breakdown of membrane integrity (see
the region between the two thicker

arrows).

F IGURE 6 Terminal boutons from
equine grass sickness horses showing
accumulations of fine filaments
resembling disorganised neurofilaments
(arrows). (B) Higher power image of A to
highlight the filaments [arrows]. Scale bar
500 nm.

6 MCGORUM ET AL.
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fungi.40–45 Toxins act at single or multiple sites of the neuromuscular

apparatus, interfering with voltage-gated ion channels, acetylcholine

release, depolarisation of the postsynaptic membrane, or generation

and spread of the muscle action potential. The ultrastructural changes

observed in EGS NMJs, and in particular the marked SV depletion,

resemble those induced by the presynaptic excitatory toxin

α-latrotoxin which is present in venom from black widow spiders

(Latrodectus spp.).42–45 While the epidemiology of EGS is inconsis-

tent with involvement of those presynaptic excitatory neurotoxins

that are present in snake, spider and fish venoms,2,46 it is possible

that EGS is caused by another presynaptic toxin that has α-latro-

toxin-like activity.

The ultrastructural changes observed in NMJs from EGS horses

appear inconsistent with the hypothesis that the disease is caused by

BoNT intoxication. BoNTs are inhibitory presynaptic toxins that act

by blocking SV exocytosis.47 BoNT intoxication does not alter SV vol-

ume fraction, but consistently results in altered SV distribution, with

dense packing of SVs towards the active zone of the presynaptic

membrane, an otherwise normal overall NMJ morphology, and

absence of degenerative changes.25–28,47,48 In addition, BoNTs do not

cause the accumulation of neurofilament-like material in terminal bou-

tons and/or bouton degeneration that occurs in EGS. The ultrastruc-

ture of NMJs from the horse with a presumptive diagnosis of

botulism was consistent with that of NMJs from experimental animals

following BoNT intoxication and was clearly distinguishable from that

of NMJs from EGS horses. A potential limitation of this study is that a

definitive diagnosis of botulism could not be made. The presumptive

diagnosis of botulism was based solely on the findings of clinical and

pathological examinations and the clinical progression. It is well recog-

nised that obtaining a definitive diagnosis of equine botulism is

extremely difficult, particularly in the United Kingdom, due to lack of

available laboratory testing.21 However, the presence in this pony

of abnormalities in NMJ ultrastructure that are consistent with those

of BoNT intoxication provides strong support for the diagnosis of bot-

ulism. A further limitation of the study is the small group sizes which

reflected the considerable practical difficulties obtaining suitably pro-

cessed samples, particularly from horses with botulism. While control

horses were older than EGS horses, age difference was not consid-

ered to account for the inter-group ultrastructural differences. Ageing

is associated with NMJ degeneration and decreased SV numbers,49

features which were observed in the younger EGS horses rather than

the older control horses.

While all BoNTs block SV exocytosis leading to accumulation of

SVs at the active site of the presynaptic membrane, BoNT/C and

BoNT/E can also induce massive disruption of axons and neurotoxic-

ity, likely by disrupting exocytosis of essential dynamin-dependent

recycling processes.35,47,50 However, as the threshold concentrations
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F IGURE 7 Box and whiskers plot showing synaptic vesicle (SV)
volume fraction (%) for equine grass sickness (EGS) (n = 6) and control
(n = 3) horse neuromuscular junctions. Compared with control
boutons, EGS boutons had a mean 48% reduction in mean SV volume
fraction. Solid horizontal black lines are the back transformed least
square means from the linear mixed-effect model analyses of log10
transformed SV volume fraction comparing control and EGS boutons.
Asterisk (*) and associated dark purple line p < 0.05 are from the
linear mixed-effect model.

F IGURE 8 Three neuromuscular junctions (NMJs) from the horse with botulism. Consistent with the effect of botulinum neurotoxins, the
synaptic vesicles (SVs) are unevenly distributed within the bouton, with SVs being more densely packed towards the active site on the
presynaptic membrane (arrows). Terminus morphology is otherwise normal. In contrast to equine grass sickness NMJs, there is no SV depletion,
accumulation of neurofilament-like material in terminal boutons or bouton degeneration. Scale bar 500 nm.
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of BoNT/C and BoNT/E which cause neurotoxicity far exceed the

lethal dose for humans and animals, it is considered unlikely that neu-

rocytotoxicity has a significant role in the pathogenesis of naturally

occurring BoNT/C and BoNT/E intoxication.50 Consequently, it is

unlikely that the bouton degeneration observed in EGS is due to the

cytotoxic effects of BoNT/C or BoNT/E. The findings of this study there-

fore do not support the hypothesis that EGS is caused by toxicoinfection

with BoNT/C.11–13 This conclusion is supported by the occurrence of

autonomic and enteric neurodegeneration, and increased expres-

sion of SNARE proteins within neuronal perikarya, in EGS but not

botulism.51

Further investigation is warranted to determine whether the

EGS-associated abnormalities in diaphragmatic and intercostal muscle

NMJ ultrastructure have clinical consequences. However, given the

severity of SV depletion and bouton degeneration, it is likely that EGS

horses will have diaphragm and intercostal muscle dysfunction. Fur-

ther study is also needed to determine whether other skeletal NMJs,

including those of postural and locomotor muscles, are similarly

affected in EGS, and whether this contributes to the lower motor neu-

ron dysfunction identified in EGS horses by quantitative

electromyography,15 and to the apparent diffuse skeletal myasthenia

which characterises EGS.16,17 Comparison of NMJ ultrastructure

changes in horses with acute versus chronic EGS is also warranted.

5 | CONCLUSION

Skeletal NMJs represent a previously unrecognised target for the

toxin that causes EGS. EGS is associated with major changes in

the ultrastructure of skeletal NMJs including evidence of accelerated

SV exocytosis and SV depletion, accumulation of neurofilament-like

material in terminal boutons and/or bouton degeneration. These

changes appear inconsistent with the effects of BoNTs. Instead, they

are consistent with the actions of an excitatory presynaptic toxin

and/or neurotransmitter reuptake inhibitor.
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