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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease, characterized in its typ-
ical presentation by a combination of lower and upper motor neuron symptoms, with a progressive
course and fatal outcome. Due to increased recognition of the non-motor symptoms, it is currently
considered a multisystem disorder with great heterogeneity, regarding genetical, clinical, and neu-
ropathological features. Often underestimated, autonomic signs and symptoms have been described
in patients with ALS, and various method analyses have been used to assess autonomic nervous
system involvement. The aim of this paper is to offer a narrative literature review on autonomic
disturbances in ALS, based on the scarce data available to date.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a heterogeneous neurodegenerative syndrome,
involving motor neurons in the motor cortex, brainstem and spinal cord, characterized by
progressive motor weakness that eventually leads to death, which is usually attributed to
respiratory failure [1]. ALS usually presents a combination of upper and lower motor symp-
toms. It is part of a larger entity known as motor neuron disease (MND). The MND also
includes primary lateral sclerosis (PLS, which is clinically restricted to upper motor neurons;
progressive muscular atrophy (PMA), which is clinically limited to lower motor neurons;
and progressive bulbar palsy (PBP), a progressive motor neuron disorder of the cranial
nerves [2]. Flail arm/leg syndrome is also a restricted phenotype of MND that consists of
progressive lower motor neuron weakness of the arm/leg. ALS-plus syndrome includes
atypical features, such as cerebellar syndrome, parkinsonism, neurocognitive impairment
with marked behavioral changes, and dysautonomia. [3]. Patients with cognitive and
behavioral impairment share very similar features with fronto-temporal dementia (FTD);
therefore, they are considered to have ALS-FTD, which is the most common ALS-plus
syndrome [3].

The ALS incidence is estimated to be between 0.6 and 3.8 per 100,000 persons per year,
and its prevalence ranges between 4.1 and 8.4 per 100,000 persons, with high morbidity
and mortality [4]. The age of onset varies between 50 to 75 years, with an average survival
between 2 to 4 years [5].

Since non-motor symptoms have been increasingly recognized, currently, it is consid-
ered a multi-systemic degenerative disorder, not necessarily restricted to motor neurons
but also involves other regions of the nervous system. Most cases are sporadic forms of
ALS (90-95%), while familial ALS accounts for approximately 5-10% of cases [6,7]. Familial
ALS is genetically heterogeneous. Over 20 genes have been identified and/or implicated so
far in ALS, with the most common mutations involving the genes encoding for superoxide
dismutase 1 (SOD1), TAR DNA-binding protein (TARDBP), fused in sarcoma (FUS), and
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chromosome 9 open reading frame 72 (C90rf72) [8]. Mutations in ALS-linked genes can
be found in both sporadic and familial ALS, and many environmental factors have been
suggested to be involved [9]. People may have such mutations from birth, but not all of
them will develop into the disease and the onset will occur late in life, typically between
the age of 50 and 70 years. Despite the progress that has been made in recent years, the
pathogenic mechanisms remain largely unclear. Al-Chalabi and colleagues proposed ALS
as a multistep disease and the onset of the symptoms being the result of an interaction
between genetic inheritance and environmental conditions. They found six steps necessary
for the pathogenic progression. Nevertheless, it seems that patients with ALS and genetic
mutations need a reduced number of steps compared to those without mutations, the
remaining steps are determined through an interaction with the environment and other
risk factors [10,11]. In addition to older age, male sex, and family history, several other
risk factors have been identified in patients with ALS. It is currently known that weight
loss occurs in patients with ALS, and nutritional deterioration has a detrimental effect
on survival. A population-based study revealed that weight loss occurs in two-thirds of
patients at the time of diagnosis, unrelated to dysphagia [12,13]. Neurotoxicity induced by
different metals such as lead, manganese, or iron is also investigated, with high plasma
or CSF levels for some of these metals being found in patients with ALS, such as lead
and manganese, along with an increased iron concentration in nervous tissues [14-16].
Pesticide use was found to be significantly associated with a higher risk of ALS [17]. Head
trauma, enteroviruses infections, metabolic conditions, or neuroinflammation have also
been investigated [18].

Immunohistochemistry analyses allowed researchers to highlight the abnormal intracy-
toplasmic proteins, such as the phosphorylated 43 kDa transactive response DNA-binding
protein (pTDP-43) [19]. Hyperphosphorylated and ubiquitinated TDP-43-positive neu-
ronal cytoplasmic inclusions have been identified in the brain and spinal cord in most
cases of amyotrophic lateral sclerosis, and are now considered the pathological hallmark
of ALS [20]. Braak and colleagues hypothesized that the same mechanisms underlying
the motor neuron damage also affect other structures such as the autonomic nervous sys-
tem. The evidence of intracytoplasmic inclusions in motor neurons but also in vulnerable
non-motor neurons and the clinical evidence of progressive disease raised the question of
spreading these abnormal protein aggregates in a possible cell-to-cell transmission manner
via anterograde axonal transport. Prion-like propagation was the mechanism suggested to
be involved, and the authors have proposed that ALS is primarily a disease of the cerebral
neocortex. Nevertheless, visceromotor neurons such as those from the dorsal nuclei of
the vagus nerve rarely became involved, possibly because of a lack of dominant cortical
control [21]. Various factors contribute to the TDP-43 dysfunction or aggregation in ALS
but also in other degenerative disorders, suggesting their involvement in neurodegener-
ation processes [22,23]. The neuronal cells become more vulnerable to the toxic effects
of accumulated misfolded proteins or dysfunctional cell organelles with age and need
efficient control mechanisms. When these mechanisms, such as the ubiquitin-proteasome
system or the autophagy-lysosomal system, are overwhelmed, the protein aggregates can-
not be properly removed and play an important role in neurodegeneration process [24].
The neuroinflammatory theory is sustained by the results of a recent meta-analysis that
showed elevated plasma levels of TNF-alpha, IL-6, IL-1beta, IL-8, and vascular endothelial
growth factor (VEGF) in neurodegenerative diseases, with the last two being specific to
ALS [25]. Tt is still debatable whether neuroinflammation is a trigger or a contributor to
disease progression.

In the past two decades, numerous studies have pointed out evidence of cardiovascular,
gastrointestinal, sweating, or lower urinary tract dysfunctions in ALS, which were believed
to be caused by autonomic nervous system disturbances. The aim of this paper is to offer
a narrative literature review on autonomic disturbances in ALS based on publications
available on PubMed and Google Scholar until the end of July 2023.
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2. Cardiovascular Dysfunction

Prior studies have shown impaired autonomic cardiac control in patients with ALS
and cardiovascular dysfunction was described from the early stages of the disease.

HRV (heart rate variability) consists of changes in the time intervals between consecu-
tive heartbeats and is mediated by both sympathetic and parasympathetic systems. Spectral
analysis of oscillations in heart rate shows well-defined frequency bands. HRV in a low
frequency (LF) band is under the control of both sympathetic (S) and parasympathetic (PS)
systems, whereas the HRV in a high frequency (HF) band is PS-mediated. Baroreceptors are
blood pressure sensors located in the aortic arch and internal carotid arteries [26]. Impulses
originating in the aortic arch travel along afferent fibers of the vagus nerve to synapses at
the nucleus tractus solitarius in the medulla, which provides sympathetic innervation of
blood vessels, while impulses sent via the carotid sinus travel along the carotid sinus nerve
to the glossopharyngeal nerve, which also synapses the inner nucleus tractus solitarius [27].

When patients with ALS with and without bulbar involvement were compared, the
findings suggested that individuals with bulbar signs had more marked autonomic alter-
ation [28]. Merico et al. conducted a study on 33 sporadic patients with ALS and 30 healthy
controls. Using spectral analysis, the authors revealed that patients with ALS with bulbar
involvement have an increased HRV in the LF band and reduced HRV in the HF band
compared with both controls and patients with ALS without bulbar involvement, where
findings that were interpreted as autonomic imbalance were mainly due to PS dysfunction.
The involvement of autonomic neurons may appear concomitant with the degeneration of
motor neurons, even in the early stages of the disease, in the absence of clinical symptoms.
However, autonomic dysfunction does not correlate with disease progression [28]. Another
study using spectral analysis of heart variability showed reduced spectral power of both
low- and high-frequency domains, with a significantly increased LF/HF ratio in patients
with ALS versus healthy controls and decreased baroreceptor sensitivity in patients with
ALS. The authors concluded that patients with ALS have signs of autonomic dysfunc-
tion from the early stages of the disease, consisting of an imbalance between S and PS
innervation, with decreased PS control and increased S activity [29]. These findings are in
concordance with previous reports regarding autonomic changes found in patients with
ALS [30,31].

Muscle sympathetic nerve activity (MSNA) is a direct marker of sympathetic activity
related to the cardiovascular control of vascular resistance and may be assessed using the
microneurographic technique [32,33]. In support of sympathetic hyperactivity, increased
muscle sympathetic nerve activity (MSNA) was noticed in the early stages of ALS [34,35].
Moreover, MSNA tends to decrease with disease progression and increased disability [33].
Orthostatic hypotension is rare in patients with ALS in contrast to other neurodegenerative
conditions, such as Parkinson’s or Alzheimer’s disease [34,36,37]. Elevated noradrenaline
plasma levels, as an indirect marker of sympathetic hyperactivity, were noted in sporadic
ALS cases, and the authors concluded that this may be related to respiratory failure and
lower motor neuron dysfunction; therefore, they considered sympathetic hyperactivity to
be a secondary rather than primary phenomenon in ALS [38]. However, in another paper,
high noradrenaline plasma levels were detected in 50% of ALS cases without respiratory
complications and the authors found no relationship between noradrenaline levels and
respiratory problems [39]. Prolonged QTc intervals and increased QTc dispersion, markers
of reduced sympathetic activity, were found in the terminal stages of patients with ALS
with no-assist ventilation, and these factors are considered to increase the risk of sudden
death in patients with ALS. The authors attribute these findings to the severe degeneration
of intermediolateral (IML) neurons in the upper thoracic spinal cord [40].

Signs of “autonomic storm” with paroxysmal hypertensive episodes and sinus tachy-
cardia and sudden falls in blood pressure have been described in advanced cases in patients
who are mechanically ventilated [41-43].

Both sympathetic and parasympathetic dysfunctions were found in the early stages
of ALS. Druschky and colleagues used 1-123-metaiodobenzylguanidine single-photon
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emission computed tomography (MIBG-SPECT) in the early stages of ALS and found
reduced postganglionic sympathetic function. Sympathetic denervation of the heart co-
existing with tachycardia was noticed in these patients. This apparent contradictory
association could be explained by the phenomenon of denervation supersensitivity, in
which stimulation of a reduced number of myocardial adrenergic receptors leads to an
increased response [44].

In a recent study of patients with ALS with no previous history of cardiac disease,
Rosenbohm and colleagues used cardiac magnetic resonance (CMR) as the method of
analysis. They found significantly structural (lower left and right ventricular volumes
and mass) and functional (decreased ejection volumes in the left and right heart) cardiac
adjustments in patients with ALS compared with healthy controls. The mean LVEF (left
ventricular ejection fractions) in patients with ALS was 64% compared to 60% in controls.
Early myocardial gadolinium enhancement in T1, as a parameter of enhanced extracellular
volume (capillary leakage or fibrosis), could be observed in 77% (24/31) of patients with
ALS and 26% (8/30) of controls. The most likely mechanism proposed was the primary
dysfunction of sympathetic heart regulation [45].

To assess the cardiac sympathetic function, one study used cardiac [123I] MIBG
scintigraphy. Cardiac sympathetic activity was significantly increased in patients with ALS
compared to controls. On the other hand, chronic cardiac sympathetic hyperactivity is
associated with sudden cardiac death and stress-induced cardiomyopathy [46].

In a recent small pilot study, the researchers carried out HRV measurements over
three days using a non-invasive biosensor. They emphasized the necessity of following the
patients from the perspective of obtaining valuable data about non-motor symptoms, but
also to better monitor them using non-invasive methods in such fragile individuals [47].

Using high-resolution ultrasound (HRUS) as another non-invasive technique, Pelz
and colleagues assessed the morphology of the vagus nerve in healthy individuals as
a potentially structural marker of the autonomic system function [48]. Using the same
technique, Holzapfel and colleagues succeeded in demonstrating vagus nerve atrophy in
bulbar-affected patients with ALS. Interestingly, the authors interpreted the vagal atrophy
as being more likely as a result of motor fiber degeneration, due to degeneration of the
brainstem nucleus ambiguous rather than to the atrophy of PS fibers, considering the
low involvement of the autonomic nervous system in patients with ALS [49]. In a more
recent study, the authors also noticed that cross-sectional areas of both the right and
left vagus nerve were significantly smaller in patients with ALS compared to controls;
also, considering anatomical data according to the level of the thyroid gland where the
measurements were taken, there is a predominance of PS fibers; hence, the changes may be
attributed to autonomic system involvement. However, no correlations were found with
bulbar involvement [50]. Weise and colleagues also investigated the vagus nerve aspect
with an HRUS (a high-resolution ultrasound), but the results were similar in both patients
with ALS and in the controls [51].

Opverall, these studies emphasize that, even though patients with ALS exhibit subclini-
cal or mild autonomic symptoms, the impaired autonomic cardiac control in patients with
ALS appears from the early stages of the disease, with an imbalance between sympathetic
and parasympathetic activity. These findings support the hypothesis of the primary involve-
ment of the autonomic system and suggest a correlation with motoneuron degeneration
(Table 1).
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Table 1. Cardiovascular dysautonomia in amyotrophic lateral sclerosis.
Parameter Subjects Investigated Mean Duration of the Disease Results References
ALSpc vs. Controls
33 vs. 30 27 mo (11-66 mo) Decreased [28]
HRV 55 vs. 30 18 mo (3 mo-12y) Decreased [29]
29 vs. 33 21 + 13 mo (4-60 mo) Decreased [31]
e 55 vs. 30 18 mo (3 mo-12 Reduced 28
Baroreflex sensitivity 18 vs. 18 (N A y) Reduced {30%
40 vs. 38 3-120 mo (26.2 + 24.8 mo) Increased [33]
MSNA at rest 9vs. 9 24 mo (12-38 mo) Increased [35]
16 vs. 12 133.7 £ 51.7w Increased [34]
OH 55 vs. 30 18 mo (3 mo-12y) Absent [29]
16 vs. 12 133.7 £51.7w Absent [34]
1-14y
Serum NE levels 20 ALSpc 11.0 + 5.5y 19 ALSpe-PPV Elevated [38]
41vs. 10 2.7 £+ 1.6 y 22 ALSpc-wPPV Elevated [39]
vV 24 vs. 19 2-48 mo (12.46 + 10.28 mo) Atrophy [49]
agus nerve 21vs. 28 NA Atrophy [50]
(HRUS) NG
37 vs. 40 22.5 £ 23.0mo Similar [51]
] ] Increased
Carqlac sympathetlc 63 vs. 10 11 mo (3-72 mo) sympathetic [46]
function (scintigraphy) ..
activity
Cardiac structure and Decreased VV, -

function (CMR) 35vs. 34 NA VM, and EV [45]

ALSpc: patients with ALS, HRV: heart rate variability; MSNA: muscle sympathetic nerve activity; OH: orthostatic
hypotension; NE: norepinephrine; PPV: positive pressure ventilation; wPPV: without positive pressure ventilation;
HRUS: high-resolution ultrasound; CMR: cardiac magnetic resonance; VV: ventricular volume; VM: ventricular
mass; EV: ejection volume; mo: months; y: years; w: weeks; NA: not available.

3. Gastrointestinal Dysfunction

Patients with ALS complain of gastrointestinal symptoms, such as abdominal pain,
constipation, sensation of fullness, or nausea. Unlike constipation, stool incontinence is a
rare finding [52,53]. In support of this observation, in a single-fiber EMG study, the authors
found that while the external anal sphincter muscle was abnormal in patients with ALS,
there was enough contraction to prevent incontinence [54].

Delayed gastric emptying and delayed colonic transit were found in sporadic patients
with ALS but could not be correlated with gastrointestinal symptoms, bulbar involvement,
lack of mobility, or the stage of the disease, suggesting that various autonomic system
were involved in this process. The gastrointestinal (GI) motility is under the control
of the autonomic nervous system, enteric nervous system (ENS), and smooth muscle
automatism [55]. To explain these GI symptoms in patients with ALS, recent studies
focused on the potential involvement of the autonomic nervous system through changes in
the ENS.

The ENS innervates the gastrointestinal tract and interacts with the gut microbiota
and the immune and endocrine systems. It is considered a branch of the automatic ner-
vous system, and it is divided into the myenteric Auerbach’s plexus and the submucosal
Meissner’s plexus [56]. The ENS is under the CNS (central nervous system) control via
the vagus nerve, and the thoracolumbar and lumbosacral spinal cord but can also act
independently of the CNS [57,58]. Considered “a second brain”, it was suggested that
it suffers neurodegeneration similar to the CNS. In a similar way to Parkinson’s disease,
in which Lewy bodies are highlighted in the enteric neurons, the ENS is suggested to be
the primary area from where the alfa-synuclein aggregation spreads to the CNS through
the vagus nerve [59], and this evidence was sought regarding the involvement of the ENS
in the pathogenesis of patients with ALS. Studies in animal models have shown that GI
changes appear before motor neuron degeneration [60].

Guo and colleagues found increased TDP-43 accumulation in the myenteric plexus.
This may lead to degeneration, and a reduction in the myenteric neuron number in the
colon may be the cause for impaired motility. The increased thickness of the muscular
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layer of colon may also contribute to the dysfunction of TDP-43 A315T transgenic mice [61].
Further, a reduction in the number of the nitric oxide synthase (NOS) neurons in the
myenteric plexus of TDP-43 A315T transgenic mice has been revealed. The degeneration of
NOS neurons in the myenteric plexus may lead to intestinal dysmotility in TDP43 A315T
mice [62].

An autopsy performed on a sporadic ALS patient with urinary and bowel dysfunction,
which occurred in the early stage of the disease, revealed p-TDP-43-positive inclusions in
the peripheral nerves within the thoracic sympathetic ganglia, as well as the IML of the
thoracic spinal cord, but not in the Auerbach and Meissner plexuses of the esophagus and
rectum, suggesting that the ENS was not very injured. Furthermore, neuropathological
findings did not show neuronal loss and gliosis in the thoracic and sacral intermediolateral
nucleus [63].

Recent papers have highlighted the role of gut microbiota in the pathogenesis of neu-
rodegenerative diseases. The gut microbiota may be involved through pro-inflammatory
gut microbiomes [64]. Zhang and colleagues noticed dysbiosis from the early ages in
SOD1G93A mice before dysfunction of the ENS, and suggested that restoring a healthy
microbiome would decrease the aggregation of the SOD1G93A-mutated protein in both
intestinal and nervous tissues and slow down the disease progression. Microbiome manip-
ulation by using butyrate, a bacterial product, or antibiotic treatment resulted in intestinal
function restoration, dysbiosis correction, and improvements in muscle performance in
ALS mice [65]. Blacher and colleagues noticed a significant exacerbation of motor deficits
after broad-spectrum antibiotic treatment in SOD1G93A mice. Interestingly, they identified
beneficial and detrimental bacteria capable of exacerbating or ameliorating ALS symptoms
in an animal model [66]. Elevated intestinal inflammation, lower beneficial gut bacteria,
and changes in the gut microbiome profile have been found in both humans and animal
models [65]. Several recent studies highlighted the differences between gut microbes in
patients with ALS versus healthy individuals [66-68]. A positive association between prior
use of antibiotics and the risk of ALS was observed in a large population-based nested
case—control study [69]. Even though the human ALS microbiome profile and ENS function
have not been investigated extensively, new research targeting gut microbiota may be
useful in biomarker identification and potential treatment [65].

It must be remembered that the ENS shows a great heterogeneity in terms of age,
species, intestinal regions, circadian phase, and associated disorders such as other neurode-
generative diseases; therefore, it is very difficult to assess the specificity to ALS. Moreover,
various studies may have provided different results [70,71]. On the other hand, although
robust and obviously promising, the results from animal models are not a precise replica of
the human disease.

Autonomic involvement could be a possible reason for impaired gastrointestinal
function; yet, other factors such as decreased fluid intake due to dysphagia, dehydration,
and medications and decreased mobility, lack of physical exercise, or walking disability
should also be considered.

4. Lower Urinary Tract Dysfunction

Urinary symptoms are frequent in patients with ALS, who may complain of storage
or voiding problems, or both.

Nubling and colleagues noted a high prevalence of urinary incontinence (UI) (14/43,
33%) compared to a healthy cohort population (EPIC study), with an increased prevalence
of urinary incontinence in patients receiving anticholinergics and muscle relaxants [72].
The prevalence of UI was related only to age [52]. In another study regarding LUTS (lower
urinary tract symptoms) in patients with ALS, De Carvalho and colleagues found that
about 40% were symptomatic for urinary symptoms. Voiding phase dysfunction was more
frequently noted than storage dysfunction, and urinary symptoms have been reported after
ALS diagnosis. The results may be related to a neurogenic bladder [73]. In a small pilot
study, the authors noticed clinically significant LUTS in 24/55 (43.6%) patients with MND.
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Using urodynamic techniques, they revealed signs of a neurogenic bladder in 9 of 10 (90%)
patients and findings of an overactive detrusor combined with high urethral resistance
secondary to a non-relaxing external sphincter or bladder neck in 7/10 (70%) patients.
Urinary symptoms are caused by a neurogenic bladder and may be explained by ALS
brainstem involvement [74]. They can occur in the early or late stages of the disease, but
the former case leads to a sever neurogenic bladder and could be associated with a worst
prognosis. No relationship can be found with phenotype, genotype, disease progression, or
age [75] (Table 2).

Table 2. Lower urinary tract symptoms in amyotrophic lateral sclerosis.

Parameter ALSpc (No) Mean Disease Duration Methods Results References
ICIQ-SF o
LUTS (UI) 43 34.0 mo (7-246 mo) UDLe 33% [52]
LUTS 54 517 £570y ICS—standardized 40.74% [73]
questionnaire
ICIQ-SF
LUTS 55 30.8 mo (5.5-294 mo) OAB-V8 43.6% [74]
IPSS

ALSpc: patients with ALS; LUTS: lower urinary tract symptoms; UlI: urinary incontinence; ICIQ-SF: Interna-
tional Consultation on Incontinence Modular Questionnaire Short Form; UDI-6: Urinary Distress Inventory-6;
ICS: International Continence Society; OAB-V8: Overactive Bladder Awareness Tool; IPSS: International Prostate
Symptom Score; ALS: amyotrophic lateral sclerosis; No: number; mo: months; y: years.

5. Sudomotor Response

The sympathetic nervous system was evaluated using a quantitative sudomotor axon
reflex test and a sympathetic skin response (SSR) in patients with ALS.

The quantitative sudomotor axon reflex test offers information about postganglionic
sympathetic axons, while SSR offers information about preganglionic and postganglionic
fibers [76]. Both test results are in favor of unmyelinated postganglionic fiber damage.
Sympathetic skin response impairment seems to be dependent on length and is independent
of whether the cervical region or lumbar area is involved [77,78]. The unmyelinated
postganglionic fibers activate the sweat glands by releasing acetylcholine. Muscle atrophy is
not thought to affect the sweating response. Sudomotor hypofunction with mild subclinical
changes was identified in motor-deficit limbs in patients with ALS [79]. Another study
revealed the absence of plantar SSR in about 30% of patients with ALS. No correlation with
the disease severity was found [34].

Not only the absence of sudomotor responses is considered pathological but also
changes in the latency and amplitude of SSR. In a recent study, the authors found that SSR
latencies were longer and that SSR amplitudes were smaller in the upper limbs in patients
with ALS compared to controls. SSR was not obtained in 14% of patients with ALS [50].
The same findings were revealed regarding SSR latencies and amplitudes in a large study
on 120 patients with ALS, conducted by Hu and colleagues, but especially in the lower
extremities [78].

A recent study, using a new non-invasive method, based on electrochemical skin
conductance (ESC), revealed a significantly reduced sudomotor function in both upper and
lower limbs in patients with ALS versus controls [80].

The cutaneous and vessel changes with vascular hypertrophy were described in skin
biopsies from patients with ALS, not related to the patient hypomobility, and supported
the hypothesis of non-motoneuron-restricted disease involving sensory and autonomic
nervous systems as well [81].

6. Salivary Dysfunction

Sialorrhea is a common symptom in patients with ALS, especially among those with
bulbar palsy. Not only does this affect the quality of life, but it also increases the risk
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of aspiration pneumonia due to impairments in swallowing and an ineffective cough.
Parasympathetic nerves provide most of the innervation of the salivary glands via the facial
cranial nerves (superior salivatory nucleus in the pontine tegmentum) for the sublingual
and submandibular glands and via the glossopharyngeal nerves (inferior salivatory nucleus
in the rostral medulla) for the parotid glands [82]. Parasympathetic stimulation produces
electrolytic, more serous secretion, while sympathetic stimulation produces protein and
mucous secretion. The submandibular glands are mixed but are mostly serous glands,
whereas the parotid glands are purely serous, and the sublingual glands are purely mucous
glands. About 50% of patients with ALS are affected by sialorrhea, and nearly 25% of
patients experience moderate to severe symptoms [83].

In an attempt to understand whether sialorrhea is due to dysphagia or a result of
autonomic nervous system dysfunction, Giess and colleagues performed quantitative
scintigraphy and demonstrated a reduced uptake of 99mTc-pertechnetate in the parotid
and submandibular glands, revealing functional impairment in the salivary glands. Also,
they concluded that the course of autonomic dysfunction does not correlate with the
progression of motoneuron degeneration [84].

In a previous report, Charchaflie and colleagues found a reduced parotid flow rate and
bicarbonate concentration after oral citric stimulation, but direct gland stimulation with
pilocarpine revealed normal responses; thus, the authors hypothesized that the excretory
deficits are more likely the result of neuroendocrine dysfunction [85]. Two studies with a
limited number of patients with ALS measured spontaneous and both spontaneous and
stimulated salivary flow, and they found a decrease of salivary volume with the disease
progression, supporting the hypothesis of neuroendocrine involvement [86,87].

Nevertheless, sialorrhea in patients with ALS is more likely to result from the inability
to manage their saliva, along with swallowing difficulties [88].

7. Neuropathological Findings

The hallmark of neurodegeneration is neuronal loss with reactive gliosis, sometimes
associated with intra- or extracellular protein aggregates [89]. Degeneration of both the
upper and lower motor neurons is the main feature of ALS, and the pathological 43-kDa
transactive response sequence DNA-binding protein (TDP-43) was identified as the major
disease protein in ALS [19]. Nevertheless, findings regarding neurodegeneration have been
described in various other non-motor areas of the nervous system.

IML nuclei contain S and PS preganglionic neurons. Several studies revealed neuronal
loss at the IML nuclei in the thoracic or sacral spinal cord. Takahashi and colleagues
examined the IML at the T2 and T9 spinal cord levels and showed a reduced number of
neurons only at the T2 level in non-respiratory-assisted patients, and at T2 and T9 levels
in respiratory-supported patients with ALS. The authors concluded that IML neurons
are primarily involved in the disease, with a slower rate of degeneration compared to
motor neurons. [37,90,91]. The Onuf’s nuclei histological and morphometrical analyses
showed an increased number of atrophic neurons, with no correlation to age or clinical
progression [92].

In the case of a single SOD1 ALS patient, Shimizu and co. found marked neuronal
loss in the brainstem ambigual, dorsal vaga, and tractus solitarius nuclei [93].

A neuropathological study of 46 sporadic patients with ALS showed TDP-43 inclusions
in more than 80% cases and a high prevalence of neurofibrillary tangles (NFTs), with a
particular aspect that neuronal loss and NFT did not strongly correlate in patients with
ALS. Moderate neuronal loss was found in the overall spinal cord and anterior horns
of the spinal cord and in autonomic control areas such as the medulla, insular cortex,
and hypothalamus [94]. Currently, little is known about hypothalamic involvement as a
regulator of autonomic functions in ALS. Pathological TDP-43 inclusions were observed
in the hypothalamus and basal forebrain in about one-third of patients with ALS, and the
authors highlighted an asynchrony between disease extent and clinical disease duration
and proposed a model of non-linear propagation of neuropathological changes in ALS that
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is not time-dependent [95]. Supporting these neuropathological changes, a recent large MRI
study revealed that hypothalamic atrophy in about 22% patients with ALS is not correlated
with brain atrophy or clinical disease progression [96].

8. Conclusions

ALS is a fatal and rapidly progressive neurodegenerative disorder, characterized by
phenotypic, genetic, and pathophysiological heterogenicity [97]. Pathological protein ag-
gregation, neuroinflammation, mitochondrial dysfunction, oxidative stress, and glutamate
excitotoxicity are all incriminated in its pathology [24]. Often subclinical or mild, largely ig-
nored by both patients and clinicians, autonomic manifestations in ALS occur from the early
stages of the disease, accompanying the course of the disease and worsening its prognosis
in its late phase. The available studies highlight an imbalance between the sympathetic and
parasympathetic functions, resulting in decreased heart rate variability; reduced baroreflex
sensitivity; increased MSNA at rest; elevated serum NE levels; atrophy of the vagus nerve;
decreased ventricular volume and myocardial mass; urinary symptoms due to a neurogenic
bladder; or decreased sudomotor function. At the same time, difficulties in carrying out
ALS studies are obvious due to the highly variable time between the disease onset and the
diagnosis, rapid progressive course, considerable phenotypic variability, limited number of
patients enrolled, and various types of methods and measurements, which occasionally
lead to different or even conflicting results. Larger prospective studies are needed to in-
crease our knowledge on the complex relationship between autonomic dysfunction and
motor neuron loss and to provide new potential insights into therapeutic approaches.

Author Contributions: Conceptualization, A.L.O. and B.O.P.; methodology, A.L.O. and B.O.P.; re-
sources, B.O.P,; writing—original draft preparation, A.L.O.; writing—review and editing, A.L.O. and
B.O.P; supervision, B.O.P; project administration, B.O.P; funding acquisition, B.O.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was financially supported by Ministry of Research, Innovation and
Digitalization—Romania, through “Carol Davila” University of Medicine and Pharmacy, Bucharest,
Romania, contract no. 33PFE /30.12.2021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Hardiman, O.; Al-Chalabi, A.; Chio, A.; Corr, E.M.; Logroscino, G.; Robberecht, W.; Shaw, PJ.; Simmons, Z.; van den Berg, L.H.
Amyotrophic lateral sclerosis. Nat. Rev. Dis. Primers 2017, 3, 17071, Erratum in Nat. Rev. Dis. Primers 2017, 3, 17085. [CrossRef]
[PubMed]

Jankovska, N.; Matej, R. Molecular Pathology of ALS: What We Currently Know and What Important Information Is Still Missing.
Diagnostics 2021, 11, 1365. [CrossRef] [PubMed]

McCluskey, L.; Vandriel, S.; Elman, L.; Van Deerlin, V.M.; Powers, ].; Boller, A.; Wood, E.M.; Woo, J.; McMillan, C.T.; Rascovsky, K.;
et al. ALS-Plus syndrome: Non-pyramidal features in a large ALS cohort. J. Neurol. Sci. 2014, 345, 118-124. [CrossRef] [PubMed]
Longinetti, E.; Fang, F. Epidemiology of amyotrophic lateral sclerosis: An update of recent literature. Curr. Opin. Neurol. 2019, 32,
771-776. [CrossRef] [PubMed]

Qureshi, M.; Schoenfeld, D.A; Paliwal, Y.; Shui, A.; Cudkowicz, M.E. The natural history of ALS is changing: Improved survival.
Amyotroph. Lateral Scler. 2009, 10, 324-331. [CrossRef] [PubMed]

Turner, M.R; Al-Chalabi, A.; Chio, A.; Hardiman, O.; Kiernan, M.C.; Rohrer, ].D.; Rowe, |.; Seeley, W.; Talbot, K. Genetic screening
in sporadic ALS and FID. ]. Neurol. Neurosurg. Psychiatry 2017, 88, 1042-1044. [CrossRef] [PubMed]

Gulino, R. Synaptic Dysfunction and Plasticity in Amyotrophic Lateral Sclerosis. Int. J. Mol. Sci. 2023, 24, 4613. [CrossRef]
Yanagi, K.S.; Wu, Z.; Amaya, J.; Chapkis, N.; Duffy, A.M.; Hajdarovic, KH.; Held, A.; Mathur, A.D.; Russo, K,; Ryan, VH.; et al.
Meta-analysis of Genetic Modifiers Reveals Candidate Dysregulated Pathways in Amyotrophic Lateral Sclerosis. Neuroscience
2019, 396, A3—-A20. [CrossRef]


https://doi.org/10.1038/nrdp.2017.71
https://www.ncbi.nlm.nih.gov/pubmed/28980624
https://doi.org/10.3390/diagnostics11081365
https://www.ncbi.nlm.nih.gov/pubmed/34441299
https://doi.org/10.1016/j.jns.2014.07.022
https://www.ncbi.nlm.nih.gov/pubmed/25086858
https://doi.org/10.1097/WCO.0000000000000730
https://www.ncbi.nlm.nih.gov/pubmed/31361627
https://doi.org/10.3109/17482960903009054
https://www.ncbi.nlm.nih.gov/pubmed/19922119
https://doi.org/10.1136/jnnp-2017-315995
https://www.ncbi.nlm.nih.gov/pubmed/28642287
https://doi.org/10.3390/ijms24054613
https://doi.org/10.1016/j.neuroscience.2018.10.033

Int. . Mol. Sci. 2023, 24, 14927 10 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Kaur, S.J.; McKeown, S.R.; Rashid, S. Mutant SOD1 mediated pathogenesis of Amyotrophic Lateral Sclerosis. Gene 2015, 577,
109-118. [CrossRef]

Al-Chalabi, A.; Calvo, A.; Chio, A.; Colville, S.; Ellis, C.M.; Hardiman, O.; Heverin, M.; Howard, R.S.; Huisman, M.H.B.; Keren,
N.; et al. Analysis of amyotrophic lateral sclerosis as a multistep process: A population-based modelling study. Lancet Neurol.
2014, 13, 1108-1113. [CrossRef]

Chio, A.; Mazzini, L.; D’Alfonso, S.; Corrado, L.; Canosa, A.; Moglia, C.; Manera, U.; Bersano, E.; Brunetti, M.; Barberis, M.; et al.
The multistep hypothesis of ALS revisited. Neurology 2018, 91, e635-e642. [CrossRef] [PubMed]

Lopez-Goémez, ] J.; Ballesteros-Pomar, M.D.; Torres-Torres, B.; De la Maza, B.P,; Penacho-Lazaro, M.; Palacio-Mures, ].M.; Abreu-
Padin, C.; Lopez-Guzman, A.; De Luis-Roman, D.A. Malnutrition at diagnosis in amyotrophic lateral sclerosis (als) and its
influence on survival: Using glim criteria. Clin. Nutr. 2021, 40, 237-244. [CrossRef] [PubMed]

van Mantgem, M.RJ.; van Eijk, RP.A.; van der Burgh, HK,; Tan, HH.G.; Westeneng, H.-J.; van Es, M.A; Veldink, ] H.; Berg,
L.H.v.D. Prognostic value of weight loss in patients with amyotrophic lateral sclerosis: A population-based study. J. Neurol.
Neurosurg. Psychiatry 2020, 91, 867-875. [CrossRef] [PubMed]

Fang, F.; Kwee, L.C.; Allen, K.D.; Umbach, D.M.; Ye, W.; Watson, M.; Keller, J.; Oddone, E.Z.; Sandler, D.P.; Schmidt, S.; et al.
Association Between Blood Lead and the Risk of Amyotrophic Lateral Sclerosis. Am. ]. Epidemiology 2010, 171, 1126-1133.
[CrossRef]

Roos, PM.; Lierhagen, S.; Flaten, T.P.; Syversen, T.; Vesterberg, O.; Nordberg, M. Manganese in cerebrospinal fluid and blood
plasma of patients with amyotrophic lateral sclerosis. Exp. Biol. Med. 2012, 237, 803-810. [CrossRef] [PubMed]

Kasarskis, E.J.; Tandon, L.; Lovell, M.A.; Ehmann, W.D. Aluminum, calcium, and iron in the spinal cord of patients with sporadic
amyotrophic lateral sclerosis using laser microprobe mass spectroscopy: A preliminary study. J. Neurol. Sci. 1995, 130, 203-208.
[CrossRef] [PubMed]

Malek, A.M.; Barchowsky, A.; Bowser, R.; Youk, A.; Talbott, E.O. Pesticide exposure as a risk factor for amyotrophic lateral
sclerosis: A meta-analysis of epidemiological studies: Pesticide exposure as a risk factor for ALS. Environ. Res. 2012, 117, 112-119.
[CrossRef] [PubMed]

Fang, F; Ingre, C.; Roos, PM.; Kamel, F; Piehl, F. Risk factors for amyotrophic lateral sclerosis. Clin. Epidemiology 2015, 7, 181-193.
[CrossRef]

Arai, T.; Hasegawa, M.; Akiyama, H.; Ikeda, K.; Nonaka, T.; Mori, H.; Mann, D.; Tsuchiya, K.; Yoshida, M.; Hashizume, Y.; et al.
TDP-43 is a component of ubiquitin-positive tau-negative inclusions in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Biochem. Biophys. Res. Commun. 2006, 351, 602—-611. [CrossRef]

Mejzini, R.; Flynn, L.L.; Pitout, LL.; Fletcher, S.; Wilton, S.D.; Akkari, P.A. ALS Genetics, Mechanisms, and Therapeutics: Where
Are We Now? Front. Neurosci. 2019, 13, 1310. [CrossRef]

Braak, H.; Brettschneider, J.; Ludolph, A.C.; Lee, V.M.; Trojanowski, J.Q.; Del Tredici, K. Amyotrophic lateral sclerosis—A model
of corticofugal axonal spread. Nat. Rev. Neurol. 2013, 9, 708-714. [CrossRef] [PubMed]

Tamaki, Y.; Urushitani, M. Molecular Dissection of TDP-43 as a Leading Cause of ALS/FTLD. Int. ]. Mol. Sci. 2022, 23, 12508.
[CrossRef] [PubMed]

de Boer, EM.].; Orie, V.; Williams, T.; Baker, M.; De Oliveira, H.; Polvikoski, T.; Silsby, M.; Menon, P.; van den Bos, M.; Halliday,
G.; et al. TDP-43 proteinopathies: A new wave of neurodegenerative diseases. J. Neurol. Neurosurg. Psychiatry 2020, 92, 86-95.
[CrossRef] [PubMed]

Schmidt, M.E,; Gan, Z.Y.; Komander, D.; Dewson, G. Ubiquitin signalling in neurodegeneration: Mechanisms and therapeutic
opportunities. Cell Death Differ. 2021, 28, 570-590. [CrossRef] [PubMed]

Hu, Y.; Cao, C.; Qin, X.-Y,; Yu, Y;; Yuan, J.; Zhao, Y.; Cheng, Y. Increased peripheral blood inflammatory cytokine levels in
amyotrophic lateral sclerosis: A meta-analysis study. Sci. Rep. 2017, 7, 9094. [CrossRef] [PubMed]

Shaffer, F; Ginsberg, ].P. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Health 2017, 5, 258. [CrossRef]
[PubMed]

StatPearls Publishing. Available online: https://www.ncbi.nlm.nih.gov/books/NBK538172/ (accessed on 10 March 2023).
Merico, A.; Cavinato, M. Autonomic dysfunction in the early stage of ALS with bulbar involvement. Amyotroph. Lateral Scler.
2011, 12, 363-367. [CrossRef]

Pavlovic, S.; Stevic, Z.; Milovanovic, B.; Milicic, B.; Rakocevic-Stojanovic, V.; Lavrnic, D.; Apostolski, S. Impairment of cardiac
autonomic control in patients with amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. 2010, 11, 272-276. [CrossRef]

Linden, D.; Diehl, R.R.; Berlit, P. Reduced baroreflex sensitivity and cardiorespiratory transfer in amyotrophic lateral sclerosis.
Electroencephalogr. Clin. Neurophysiol. Mot. Control. 1998, 109, 387-390. [CrossRef]

Pisano, F.; Miscio, G.; Mazzuero, G.; Lanfranchi, P.; Colombo, R.; Pinelli, P. Decreased heart rate variability in amyotrophic lateral
sclerosis. Muscle Nerve 1995, 18, 1225-1231. [CrossRef]

Shimizu, T. Sympathetic Hyperactivity and Sympathovagal Imbalance in Amyotrophic Lateral Sclerosis. Eur. Neurol. Rev. 2013, 8,
46. [CrossRef]

Shindo, K.; Shimokawa, C.; Watanabe, H.; lida, H.; Ohashi, K.; Nitta, K.; Nagasaka, T.; Tsunoda, S.-I.; Shiozawa, Z. Chronological
changes of sympathetic outflow to muscles in amyotrophic lateral sclerosis. J. Neurol. Sci. 2004, 227, 79-84. [CrossRef] [PubMed]
Oey, PL.; Vos, PE.; Wieneke, G.H.; Wokke, ].H.; Blankestijn, PJ.; Karemaker, ].M. Subtle involvement of the sympathetic nervous
system in amyotrophic lateral sclerosis. Muscle Nerve 2002, 25, 402—408. [CrossRef] [PubMed]


https://doi.org/10.1016/j.gene.2015.11.049
https://doi.org/10.1016/S1474-4422(14)70219-4
https://doi.org/10.1212/WNL.0000000000005996
https://www.ncbi.nlm.nih.gov/pubmed/30045958
https://doi.org/10.1016/j.clnu.2020.05.014
https://www.ncbi.nlm.nih.gov/pubmed/32507583
https://doi.org/10.1136/jnnp-2020-322909
https://www.ncbi.nlm.nih.gov/pubmed/32576612
https://doi.org/10.1093/aje/kwq063
https://doi.org/10.1258/ebm.2012.011396
https://www.ncbi.nlm.nih.gov/pubmed/22859739
https://doi.org/10.1016/0022-510X(95)00037-3
https://www.ncbi.nlm.nih.gov/pubmed/8586987
https://doi.org/10.1016/j.envres.2012.06.007
https://www.ncbi.nlm.nih.gov/pubmed/22819005
https://doi.org/10.2147/CLEP.S37505
https://doi.org/10.1016/j.bbrc.2006.10.093
https://doi.org/10.3389/fnins.2019.01310
https://doi.org/10.1038/nrneurol.2013.221
https://www.ncbi.nlm.nih.gov/pubmed/24217521
https://doi.org/10.3390/ijms232012508
https://www.ncbi.nlm.nih.gov/pubmed/36293362
https://doi.org/10.1136/jnnp-2020-322983
https://www.ncbi.nlm.nih.gov/pubmed/33177049
https://doi.org/10.1038/s41418-020-00706-7
https://www.ncbi.nlm.nih.gov/pubmed/33414510
https://doi.org/10.1038/s41598-017-09097-1
https://www.ncbi.nlm.nih.gov/pubmed/28831083
https://doi.org/10.3389/fpubh.2017.00258
https://www.ncbi.nlm.nih.gov/pubmed/29034226
https://www.ncbi.nlm.nih.gov/books/NBK538172/
https://doi.org/10.3109/17482968.2011.584628
https://doi.org/10.3109/17482960903390855
https://doi.org/10.1016/S0924-980X(98)00035-6
https://doi.org/10.1002/mus.880181103
https://doi.org/10.17925/ENR.2013.08.01.46
https://doi.org/10.1016/j.jns.2004.08.006
https://www.ncbi.nlm.nih.gov/pubmed/15546595
https://doi.org/10.1002/mus.10049
https://www.ncbi.nlm.nih.gov/pubmed/11870718

Int. . Mol. Sci. 2023, 24, 14927 110f13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

Nygren, I.; Fagius, J. High resting level and weak response of baroreflex-governed sympathetic outflow in amyotrophic lateral
sclerosis. Muscle Nerve 2011, 43, 432—-440. [CrossRef] [PubMed]

Iscan, D.; Karaaslan, M.B.; Deveci, O.S.; Eker, R.A.; Kog, F. The importance of heart rate variability in predicting cardiac autonomic
dysfunction in patients with amyotrophic lateral sclerosis. Int. J. Clin. Pr. 2021, 75, e14536. [CrossRef] [PubMed]

Baltadzhieva, R.; Gurevich, T.; Korczyn, A.D. Autonomic impairment in amyotrophic lateral sclerosis. Curr. Opin. Neurol. 2005,
18, 487-493. [CrossRef] [PubMed]

Yamashita, A.; Koike, Y.; Takahashi, A.; Hirayama, M.; Murakami, N.; Sobue, G. Relationship between respiratory failure and
plasma noradrenaline levels in amyotrophic lateral sclerosis. Clin. Auton. Res. 1997, 7, 173-177. [CrossRef] [PubMed]

Ohno, T.; Shimizu, T.; Kato, S.; Hayashi, H.; Hirai, S. Effect of tamsulosin hydrochloride on sympathetic hyperactivity in
amyotrophic lateral sclerosis. Auton. Neurosci. 2001, 88, 94-98. [CrossRef]

Asai, H.; Hirano, M.; Udaka, F.; Shimada, K.; Oda, M.; Kubori, T.; Nishinaka, K.; Tsujimura, T.; Izumi, Y.; Konishi, N.; et al.
Sympathetic disturbances increase risk of sudden cardiac arrest in sporadic ALS. ]. Neurol. Sci. 2007, 254, 78-83. [CrossRef]
Shimizu, T.; Hayashi, H.; Kato, S.; Hayashi, M.; Tanabe, H.; Oda, M. Circulatory collapse and sudden death in respirator-
dependent amyotrophic lateral sclerosis. J. Neurol. Sci. 1994, 124, 45-55. [CrossRef]

Shimizu, T.; Kato, S.; Hayashi, M.; Hayashi, H.; Tanabe, H. Amyotrophic lateral sclerosis with hypertensive attacks: Blood
pressure changes in response to drug administration. Clin. Auton. Res. 1996, 6, 241-244. [CrossRef] [PubMed]

Pimentel, RM.M.; Macedo, H.; Valenti, V.E.; Rocha, F.O.; Abreu, L.C.; Monteiro, C.B.d.M.; Ferreira, C. Decreased Heart Rate
Variability in Individuals With Amyotrophic Lateral Sclerosis. Respir. Care 2019, 64, 1088-1095. [CrossRef] [PubMed]

Drusehky, A.; Spitzer, A.; Platseh, G.; Claus, D.; Feistel, H.; Druschky, K.; Hilz, M.-J.; Neundorfer, B. Cardiac sympathetic
denervation in early stages of amyotrophic lateral sclerosis demonstrated by'>*I-MIBG-SPECT. Acta Neurol. Scand. 1999, 99,
308-314. [CrossRef] [PubMed]

Rosenbohm, A.; Schmid, B.; Buckert, D.; Rottbauer, W.; Kassubek, J.; Ludolph, A.C.; Bernhardt, P. Cardiac Findings in Amy-
otrophic Lateral Sclerosis: A Magnetic Resonance Imaging Study. Front. Neurol. 2017, 8, 479. [CrossRef] [PubMed]

Tanaka, Y.; Yamada, M.; Koumura, A.; Sakurai, T.; Hayashi, Y.; Kimura, A.; Hozumi, I.; Inuzuka, T. Cardiac sympathetic function
in the patients with amyotrophic lateral sclerosis: Analysis using cardiac [123I] MIBG scintigraphy. J. Neurol. 2013, 260, 2380-2386.
[CrossRef] [PubMed]

Brown, A.A.; Ferguson, B.J.; Jones, V.; Green, B.E.; Pearre, ].D.; Anunoby, I.A.; Beversdorf, D.Q.; Barohn, R.J.; Cirstea, C.M. Pilot
Study of Real-World Monitoring of the Heart Rate Variability in Amyotrophic Lateral Sclerosis. Front. Artif. Intell. 2022, 5, 910049.
[CrossRef] [PubMed]

Pelz, J.O.; Belau, E.; Menze, 1.; Woost, T.B.; Classen, J.; Weise, D. Correlation between sonographic morphology and function of
the cervical vagus nerves. Auton. Neurosci. 2019, 220, 102552. [CrossRef] [PubMed]

Holzapfel, K.; Naumann, M. Ultrasound Detection of Vagus Nerve Atrophy in Bulbar Amyotrophic Lateral Sclerosis. ].
Neuroimaging 2020, 30, 762-765. [CrossRef]

Papadopoulou, M.; Bakola, E.; Papapostolou, A.; Stefanou, M.L.; Moschovos, C.; Salakou, S.; Zis, P.; Zouvelou, V.; Kimiskidis, V.K.;
Chroni, E.; et al. Autonomic dysfunction in amyotrophic lateral sclerosis: A neurophysiological and neurosonology study. J.
Neuroimaging 2022, 32, 710-719. [CrossRef]

Weise, D.; Menze, 1.; Metelmann, M.C.E,; Woost, T.B.; Classen, ].; Pelz, ].O. Multimodal assessment of autonomic dysfunction in
amyotrophic lateral sclerosis. Eur. J. Neurol. 2022, 29, 715-723. [CrossRef]

Niibling, G.S.; Mie, E.; Bauer, RM.; Hensler, M.; Lorenzl, S.; Hapfelmeier, A.; Irwin, D.E.; Borasio, G.D.; Winkler, A.S. Increased
prevalence of bladder and intestinal dysfunction in amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Front. Degener. 2014, 15,
174-179. [CrossRef] [PubMed]

Samara, V.C.; Jerant, P; Gibson, S.; Bromberg, M. Bowel, bladder, and sudomotor symptoms in ALS patients. J. Neurol. Sci. 2021,
427,117543. [CrossRef] [PubMed]

Carvalho, M.; Schwartz, M.S.; Swash, M. Involvement of the external anal sphincter in amyotrophic lateral sclerosis. Muscle Nerve
1995, 18, 848-853. [CrossRef] [PubMed]

Toepfer, C.EM. Gastrointestinal dysfunction in amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. 1999, 1, 15-19. [CrossRef]
Geng, Z.-H.; Zhu, Y,; Li, Q.-L.; Zhao, C.; Zhou, P-H. Enteric Nervous System: The Bridge Between the Gut Microbiota and
Neurological Disorders. Front. Aging Neurosci. 2022, 14, 810483. [CrossRef] [PubMed]

Fleming, M.A., 2nd; Ehsan, L.; Moore, S.R.; Levin, D.E. The Enteric Nervous System and Its Emerging Role as a Therapeutic
Target. Gastroenterol. Res. Pract. 2020, 2020, 8024171. [CrossRef] [PubMed]

Rao, M.; Gershon, M.D. The bowel and beyond: The enteric nervous system in neurological disorders. Nat. Rev. Gastroenterol.
Hepatol. 2016, 13, 517-528. [CrossRef]

Braak, H.; de Vos, R.A.; Bohl, J.; Del Tredici, K. Gastric a-synuclein immunoreactive inclusions in Meissner’s and Auerbach’s
plexuses in cases staged for Parkinson’s disease-related brain pathology. Neurosci. Lett. 2006, 396, 67-72. [CrossRef]

Martin, S.; Battistini, C.; Sun, J. A Gut Feeling in Amyotrophic Lateral Sclerosis: Microbiome of Mice and Men. Front. Cell. Infect.
Microbiol. 2022, 12, 839526. [CrossRef]

Guo, Y,; Wang, Q.; Zhang, K.; An, T.; Shi, P;; Li, Z.; Duan, W.; Li, C. HO-1 induction in motor cortex and intestinal dysfunction in
TDP-43 A315T transgenic mice. Brain Res. 2012, 1460, 88-95. [CrossRef]


https://doi.org/10.1002/mus.21894
https://www.ncbi.nlm.nih.gov/pubmed/21305564
https://doi.org/10.1111/ijcp.14536
https://www.ncbi.nlm.nih.gov/pubmed/34132003
https://doi.org/10.1097/01.wco.0000183114.76056.0e
https://www.ncbi.nlm.nih.gov/pubmed/16155429
https://doi.org/10.1007/BF02267978
https://www.ncbi.nlm.nih.gov/pubmed/9292242
https://doi.org/10.1016/S1566-0702(01)00217-X
https://doi.org/10.1016/j.jns.2007.01.007
https://doi.org/10.1016/0022-510X(94)90009-4
https://doi.org/10.1007/BF02291141
https://www.ncbi.nlm.nih.gov/pubmed/8902322
https://doi.org/10.4187/respcare.06681
https://www.ncbi.nlm.nih.gov/pubmed/31138737
https://doi.org/10.1111/j.1600-0404.1999.tb00681.x
https://www.ncbi.nlm.nih.gov/pubmed/10348161
https://doi.org/10.3389/fneur.2017.00479
https://www.ncbi.nlm.nih.gov/pubmed/29021775
https://doi.org/10.1007/s00415-013-7005-0
https://www.ncbi.nlm.nih.gov/pubmed/23784610
https://doi.org/10.3389/frai.2022.910049
https://www.ncbi.nlm.nih.gov/pubmed/35875194
https://doi.org/10.1016/j.autneu.2019.05.004
https://www.ncbi.nlm.nih.gov/pubmed/31126827
https://doi.org/10.1111/jon.12761
https://doi.org/10.1111/jon.12993
https://doi.org/10.1111/ene.15177
https://doi.org/10.3109/21678421.2013.868001
https://www.ncbi.nlm.nih.gov/pubmed/24479577
https://doi.org/10.1016/j.jns.2021.117543
https://www.ncbi.nlm.nih.gov/pubmed/34182195
https://doi.org/10.1002/mus.880180808
https://www.ncbi.nlm.nih.gov/pubmed/7630345
https://doi.org/10.1080/146608299300079484
https://doi.org/10.3389/fnagi.2022.810483
https://www.ncbi.nlm.nih.gov/pubmed/35517052
https://doi.org/10.1155/2020/8024171
https://www.ncbi.nlm.nih.gov/pubmed/32963521
https://doi.org/10.1038/nrgastro.2016.107
https://doi.org/10.1016/j.neulet.2005.11.012
https://doi.org/10.3389/fcimb.2022.839526
https://doi.org/10.1016/j.brainres.2012.04.003

Int. . Mol. Sci. 2023, 24, 14927 12 0f13

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Herdewyn, S,; Cirillo, C.; Bosch, L.V.D.; Robberecht, W.; Berghe, P.V.; Van Damme, P. Prevention of intestinal obstruction reveals
progressive neurodegeneration in mutant TDP-43 (A315T)mice. Mol. Neurodegener. 2014, 9, 24. [CrossRef] [PubMed]
Nakamura, M.; Nakayama, K.; Murakami, A.; Morise, S.; Kaneko, S.; Kusaka, H.; Yakushiji, Y. Early presentation of lower urinary
tract and bowel dysfunction in sporadic amyotrophic lateral sclerosis: A case report. eNeurologicalSci 2022, 28, 100413. [CrossRef]
[PubMed]

Toledo, A.R.L.; Monroy, G.R.; Salazar, FE,; Lee, ].-Y.; Jain, S.; Yadav, H.; Borlongan, C.V. Gut-Brain Axis as a Pathological and
Therapeutic Target for Neurodegenerative Disorders. Int. J. Mol. Sci. 2022, 23, 1184. [CrossRef] [PubMed]

Zhang, Y.; Ogbu, D.; Garrett, S.; Xia, Y.; Sun, J. Aberrant enteric neuromuscular system and dysbiosis in amyotrophic lateral
sclerosis. Gut Microbes 2021, 13, 1996848. [CrossRef] [PubMed]

Blacher, E.; Bashiardes, S.; Shapiro, H.; Rothschild, D.; Mor, U.; Dori-Bachash, M.; Kleimeyer, C.; Moresi, C.; Harnik, Y.; Zur,
M.; et al. Potential roles of gut microbiome and metabolites in modulating ALS in mice. Nature 2019, 572, 474-480. [CrossRef]
[PubMed]

Zeng, Q.; Shen, J.; Chen, K.; Zhou, J.; Liao, Q.; Lu, K; Yuan, J.; Bi, E-F. The alteration of gut microbiome and metabolism in
amyotrophic lateral sclerosis patients. Sci. Rep. 2020, 10, 12998. [CrossRef] [PubMed]

Di Gioia, D.; Cionci, N.B.; Baffoni, L.; Amoruso, A.; Pane, M.; Mogna, L.; Gaggia, F.; Lucenti, M.A_; Bersano, E.; Cantello, R,;
et al. A prospective longitudinal study on the microbiota composition in amyotrophic lateral sclerosis. BMC Med. 2020, 18, 153.
[CrossRef] [PubMed]

Sun, J.; Zhan, Y.; Mariosa, D.; Larsson, H.; Almqvist, C.; Ingre, C.; Zagai, U.; Pawitan, Y.; Fang, F. Antibiotics use and risk of
amyotrophic lateral sclerosis in Sweden. Eur. J. Neurol. 2019, 26, 1355-1361. [CrossRef]

Drokhlyansky, E.; Smillie, C.S.; Van Wittenberghe, N.; Ericsson, M.; Griffin, G.K.; Eraslan, G.; Dionne, D.; Cuoco, M.S.; Goder-
Reiser, M.N.; Sharova, T.; et al. The Human and Mouse Enteric Nervous System at Single-Cell Resolution. Cell 2020, 152,
1606-1622.e23. [CrossRef]

Smith-Edwards, K.M.; Edwards, B.S.; Wright, C.M.; Schneider, S.; Meerschaert, K.A.; Ejoh, L.L.; Najjar, S.A.; Howard, M.].; Albers,
K.M.; Heuckeroth, R.O.; et al. Sympathetic Input to Multiple Cell Types in Mouse and Human Colon Produces Region-Specific
Responses. Gastroenterology 2021, 160, 1208-1223.e4. [CrossRef]

Irwin, D.E.; Milsom, I.; Hunskaar, S.; Reilly, K.; Kopp, Z.; Herschorn, S.; Coyne, K.; Kelleher, C.; Hampel, C.; Artibani, W.; et al.
Population-based survey or urinary incontinence, overactive bladder, and other lower urinary tract symptoms in five countries:
Results of the EPIC study. Eur. Urol. 2006, 50, 1306-1314. [CrossRef] [PubMed]

De Carvalho, M.L.L.; Motta, R.; Battaglia, M.A.; Brichetto, G. Urinary disorders in amyotrophic lateral sclerosis subjects.
Amyotroph. Lateral Scler. 2011, 12, 352-355. [CrossRef] [PubMed]

Arlandis, S.; Vazquez-Costa, J.F.; Martinez-Cuenca, E.; Sevilla, T.; Boronat, F; Broseta, E. Urodynamic findings in amyotrophic
lateral sclerosis patients with lower urinary tract symptoms: Results from a pilot study. Neurourol. Urodynamics 2017, 36, 626-631.
[CrossRef]

Véazquez-Costa, ].F,; Arlandis, S.; Hervas, D.; Martinez-Cuenca, E.; Cardona, F; Pérez-Tur, J.; Broseta, E.; Sevilla, T. Clinical profile
of motor neuron disease patients with lower urinary tract symptoms and neurogenic bladder. J. Neurol. Sci. 2017, 378, 130-136.
[CrossRef] [PubMed]

Dettmers, C.; Fatepour, D.; Faust, H.; Jerusalem, F. Sympathetic skin response abnormalities in amyotrophic lateral sclerosis.
Muscle Nerve 1993, 16, 930-934. [CrossRef] [PubMed]

Kihara, M.; Takahashi, A.; Sugenoya, J.; Kihara, Y.; Watanabe, H. Sudomotor dysfunction in amyotrophic lateral sclerosis. Furnct.
Neurol. 1994, 9, 193-197. [PubMed]

Hu, F; Jin, J.; Qu, Q.; Dang, J. Sympathetic Skin Response in Amyotrophic Lateral Sclerosis. J. Clin. Neurophysiol. 2016, 33, 60-65.
[CrossRef] [PubMed]

Santos-Bento, M.; de Carvalho, M.; Evangelista, T.; Sales Luis, M.L. Sympathetic sudomotor function and amyotrophic lateral
sclerosis. Amyotroph. Lateral Scler. 2001, 2, 105-108. [CrossRef]

Santos, M.O.; Castro, I.; Castro, J.; Gromicho, M.; de Carvalho, M. Assessment of sympathetic sudomotor function in amyotrophic
lateral sclerosis with electrochemical skin conductance. Clin. Neurophysiol. 2021, 132, 2032-2036. [CrossRef]

Nolano, M.; Provitera, V.; Manganelli, F; Iodice, R.; Caporaso, G.; Stancanelli, A.; Marinou, K.; Lanzillo, B.; Santoro, L.; Mora, G.
Non-motor involvement in amyotrophic lateral sclerosis: New insight from nerve and vessel analysis in skin biopsy. Neuropathol.
Appl. Neurobiol. 2017, 43, 119-132. [CrossRef]

Brazis, PW.; Masdeu, ].C.; Biller, . Localization in Clinical Neurology; Wolters Kluwer Health: Philadelphia, PA, USA, 2021; 642p.
Garuti, G.; Rao, E; Ribuffo, V,; Sansone, V.A. Sialorrhea in patients with ALS: Current treatment options. Degener. Neurol.
Neuromuscul. Dis. 2019, 9, 19-26. [CrossRef]

Giess, R.; Werner, E.; Beck, M.; Reiners, C.; Toyka, K.V.; Naumann, M. Impaired salivary gland function reveals autonomic
dysfunction in amyotrophic lateral sclerosis. J. Neurol. 2002, 249, 1246-1249. [CrossRef]

Charchaflie, RJ.; Fernandez, L.B.; Perec, C.J.; Gonzalez, E.; Marzi, A. Functional studies of the parotid and pancreas glands in
amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 1974, 37, 863-867. [CrossRef]

Schimmel, M.; Leuchter, I.; Barras, A.-C.H.; Leles, C.R.; Abou-Ayash, S.; Viatte, V.; Esteve, E; Janssens, J.-P.; Mueller, F.; Genton, L.
Oral function in amyotrophic lateral sclerosis patients: A matched case—control study. Clin. Nutr. 2021, 40, 4904-4911. [CrossRef]
[PubMed]


https://doi.org/10.1186/1750-1326-9-24
https://www.ncbi.nlm.nih.gov/pubmed/24938805
https://doi.org/10.1016/j.ensci.2022.100413
https://www.ncbi.nlm.nih.gov/pubmed/35769919
https://doi.org/10.3390/ijms23031184
https://www.ncbi.nlm.nih.gov/pubmed/35163103
https://doi.org/10.1080/19490976.2021.1996848
https://www.ncbi.nlm.nih.gov/pubmed/34812107
https://doi.org/10.1038/s41586-019-1443-5
https://www.ncbi.nlm.nih.gov/pubmed/31330533
https://doi.org/10.1038/s41598-020-69845-8
https://www.ncbi.nlm.nih.gov/pubmed/32747678
https://doi.org/10.1186/s12916-020-01607-9
https://www.ncbi.nlm.nih.gov/pubmed/32546239
https://doi.org/10.1111/ene.13986
https://doi.org/10.1016/j.cell.2020.08.003
https://doi.org/10.1053/j.gastro.2020.09.030
https://doi.org/10.1016/j.eururo.2006.09.019
https://www.ncbi.nlm.nih.gov/pubmed/17049716
https://doi.org/10.3109/17482968.2011.574141
https://www.ncbi.nlm.nih.gov/pubmed/21506896
https://doi.org/10.1002/nau.22976
https://doi.org/10.1016/j.jns.2017.04.053
https://www.ncbi.nlm.nih.gov/pubmed/28566149
https://doi.org/10.1002/mus.880160907
https://www.ncbi.nlm.nih.gov/pubmed/8355724
https://www.ncbi.nlm.nih.gov/pubmed/7883205
https://doi.org/10.1097/WNP.0000000000000226
https://www.ncbi.nlm.nih.gov/pubmed/26844971
https://doi.org/10.1080/146608201316949550
https://doi.org/10.1016/j.clinph.2021.05.016
https://doi.org/10.1111/nan.12332
https://doi.org/10.2147/DNND.S168353
https://doi.org/10.1007/s00415-002-0820-3
https://doi.org/10.1136/jnnp.37.7.863
https://doi.org/10.1016/j.clnu.2021.06.022
https://www.ncbi.nlm.nih.gov/pubmed/34358835

Int. . Mol. Sci. 2023, 24, 14927 13 0f 13

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Easterling, C.; Antinoja, J.; Cashin, S.; Barkhaus, P.E. Changes in Tongue Pressure, Pulmonary Function, and Salivary Flow in
Patients with Amyotrophic Lateral Sclerosis. Dysphagia 2013, 28, 217-225. [CrossRef] [PubMed]

Blackhall, L.J. Amyotrophic lateral sclerosis and palliative care: Where we are, and the road ahead. Muscle Nerve 2012, 45, 311-318.
[CrossRef]

Geser, E; Fellner, L.; Haybaeck, J.; Wenning, G.K. Development of neurodegeneration in amyotrophic lateral sclerosis: From up or
down? J. Neural Transm. 2020, 127, 1097-1105. [CrossRef] [PubMed]

Takahashi, H.; Oyanagi, K.; Ikuta, F. The intermediolateral nucleus in sporadic amyotrophic lateral sclerosis. Acta Neuropathol.
1993, 86, 190-192. [CrossRef]

Iwanaga, K.; Hayashi, S.; Oyake, M.; Horikawa, Y.; Hayashi, T.; Wakabayashi, M.; Kondo, H.; Tsuji, S.; Takahashi, H. Neuropathol-
ogy of sporadic amyotrophic lateral sclerosis of long duration. J. Neurol. Sci. 1997, 146, 139-143. [CrossRef]

Kihira, T.; Yoshida, S.; Yoshimasu, F.; Wakayama, I.; Yase, Y. Involvement of Onuf’s nucleus in amyotrophic lateral sclerosis. J.
Neurol. Sci. 1997, 147, 81-88. [CrossRef]

Shimizu, T.; Kawata, A.; Kato, S.; Hayashi, M.; Takamoto, K.; Hayashi, H.; Hirai, S.; Yamaguchi, S.; Komori, T.; Oda, M. Autonomic
failure in ALS with a novel SOD1 gene mutation. Neurology 2000, 54, 1534-1537. [CrossRef]

Coan, G.; Mitchell, C.S. An Assessment of Possible Neuropathology and Clinical Relationships in 46 Sporadic Amyotrophic
Lateral Sclerosis Patient Autopsies. Neuro-Degener. Dis. 2015, 15, 5. [CrossRef]

Cykowski, M.D.; Takei, H.; Schulz, PE.; Appel, S.H.; Powell, S.Z. TDP-43 pathology in the basal forebrain and hypothalamus of
patients with amyotrophic lateral sclerosis. Acta Neuropathol. Commun. 2014, 2, 171. [CrossRef]

Vercruysse, P; Vieau, D.; Blum, D.; Petersén, A.; Dupuis, L. Hypothalamic Alterations in Neurodegenerative Diseases and Their
Relation to Abnormal Energy Metabolism. Front. Mol. Neurosci. 2018, 11, 2. [CrossRef]

Tortelli, R.; Zecca, C.; Piccininni, M.; Benmahamed, S.; Dell’Abate, M.T.; Barulli, M.R.; Capozzo, R.; Battista, P.; Logroscino, G.
Plasma Inflammatory Cytokines Are Elevated in ALS. Front. Neurol. 2020, 11, 552295. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00455-012-9436-7
https://www.ncbi.nlm.nih.gov/pubmed/23242462
https://doi.org/10.1002/mus.22305
https://doi.org/10.1007/s00702-020-02213-y
https://www.ncbi.nlm.nih.gov/pubmed/32500222
https://doi.org/10.1007/BF00334889
https://doi.org/10.1016/S0022-510X(96)00297-3
https://doi.org/10.1016/S0022-510X(96)05313-0
https://doi.org/10.1212/WNL.54.7.1534
https://doi.org/10.1159/000433581
https://doi.org/10.1186/s40478-014-0171-1
https://doi.org/10.3389/fnmol.2018.00002
https://doi.org/10.3389/fneur.2020.552295
https://www.ncbi.nlm.nih.gov/pubmed/33281700

	Introduction 
	Cardiovascular Dysfunction 
	Gastrointestinal Dysfunction 
	Lower Urinary Tract Dysfunction 
	Sudomotor Response 
	Salivary Dysfunction 
	Neuropathological Findings 
	Conclusions 
	References

