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Abstract

Nicotinic acetylcholine receptors (AChR) are ligand-gated cation channels that are present
throughout the nervous system. The ganglionic (a3-type) neuronal AChR mediates fast synaptic
transmission in sympathetic, parasympathetic and enteric autonomic ganglia. Autonomic ganglia are
an important site of neural integration and regulation of autonomic reflexes. Impaired cholinergic
ganglionic synaptic transmission is one important cause of autonomic failure.

Ganglionic AChR antibodies are found in many patients with autoimmune autonomic
ganglionopathy (AAG). These antibodies recognize the a3 subunit of the ganglionic AChR, and thus
do not bind non-specifically to other nicotinic AChR. Patients with high levels of ganglionic AChR
antibodies typically present with rapid onset of severe autonomic failure, with orthostatic
hypotension, gastrointestinal dysmotility, anhidrosis, bladder dysfunction and sicca symptoms.
Impaired pupillary light reflex is often seen. Like myasthenia gravis, AAG is an antibody-mediated
neurological disorder. Antibodies from patients with AAG inhibit ganglionic AChR currents and
impair transmission in autonomic ganglia. An animal model of AAG in the rabbit recapitulates the
important clinical features of the human disease and provides additional evidence that AAG is an
antibody-mediated disorder caused by impairment of synaptic transmission in autonomic ganglia.
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Introduction

Anatomy of the peripheral autonomic nervous system

The autonomic nervous system has a unique neuroanatomical structure. Like somatic motor
nerves, peripheral autonomic cholinergic motor neurons are found in the brainstem and spinal
cord. Unlike the somatic motor and sensory systems, the peripheral autonomic system contains
groups of neurons (ganglia) with extensive synaptic connections outside the central nervous
system (figure 1A). These project to the periphery and synapse with neurons in autonomic
ganglia. Within ganglia, the peripheral autonomic neurons, especially in the intrinsic enteric
autonomic nervous system, also synapse extensively with each other. The ganglionic neurons
then send axons (postganglionic unmyelinated C fibers) to innervate target organs. Fast
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synaptic transmission within autonomic ganglia is mediated by acetylcholine acting on
nicotinic acetylcholine receptors (AChR). Other neurotransmitters (including neuropeptides
and nitric oxide) contribute to modulation of primary synaptic transmission or mediate slow
synaptic events.

Neuronal nicotinic acetylcholine receptors

Nicotinic acetylcholine receptors (AChRs) are a family of ligand-gated cation channels found
throughout the central and peripheral nervous system. Every nicotinic AChR is formed by the
association of five subunits of which at least two are o subunits. The a subunit contains
important binding sites for acetylcholine. Muscle-type AChR mediates neuromuscular
transmission, and antibodies against the muscle AChR cause the characteristic defect in
neuromuscular junction transmission and fatigable weakness in patients with myasthenia
gravis (MG) (Drachman, 1994).

Neuronal nicotinic AChRs are formed from a variety of subunits homologous to those in muscle
AChRs. These neuronal AChR serve many functions in the nervous system. In the peripheral
autonomic nervous system, the ganglionic nicotinic AChR mediates fast synaptic transmission
in all peripheral autonomic ganglia (sympathetic, parasympathetic and enteric ganglia). AChRs
on autonomic neurons are typically composed of two a3 subunits in combination with three
other AChR subunits. Although autonomic ganglia neurons can express numerous neuronal
AChR subunits, including a3, 04, a5, a7, B2, and B4, the properties of the AChR at mammalian
ganglionic synapses are most similar to AChRs formed by a3 and 4 subunits (Skok et al.,
1999). Transgenic mice lacking the a3 subunit have profound autonomic failure with prominent
bladder distention, gastrointestinal dymotility and lack of pupillary light reflexes indicating
that the a.3 subunit is absolutely required for normal autonomic ganglionic neurotransmission
(Xu et al., 1999).

Autonomic ganglionic neurotransmission

The vast majority of ganglionic synapses are simple structures located on short dendrites rather
than on the cell soma (figure 1B)(Myers, 2000). An action potential in the presynaptic terminal
results in the release of neurotransmitter vesicles, predominantly containing acetylcholine.
Interaction of acetylcholine with the ganglionic AChR produces a depolarization in the ganglia
neuron (fast excitatory post-synaptic potential, fEPSP). If the depolarization is sufficient to
reach the threshold for action potential generation, the signal is propagated down the
postganglionic axon to the target. The strength of the synapse is dependent on multiple factors
including the quantal content (number of vesicles released with each stimuli), the number of
postsynaptic AChR, and the geometry of the postsynaptic dendrite.

Autonomic ganglia are more than simple relay centers for autonomic information. There is
significant signal integration due to convergence and divergence of synaptic inputs. In most
mammalian autonomic ganglia, each preganglionic fiber innervates multiple ganglia neurons
(divergence). A minority of “strong” synapses can produce a single fEPSP that is sufficient to
produce an action potential. More commonly, multiple preganglionic signals must converge
and summate to produce an action potential in the ganglia neuron (figure 1C)(Sacchi et al.,
1971). The synaptic strength and the degree of integration vary widely among different
autonomic ganglia. Since ganglionic transmission depends on the convergence of multiple
subthreshold synaptic events, any process that modulates the strength of ganglionic cholinergic
transmission will have profound effects on the function of the autonomic nervous system.

Autoimmune autonomic ganglionopathy

Clinical autonomic disorders can result from diverse causes, including degenerative, inherited,
toxic/metabolic, infections and autoimmune/inflammatory conditions. Itis particular important
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to recognize immune-mediated disorders since immunomodulatory therapy may lead to
recovery of neurological function. Conceptually, autonomic disorders are often categorized as
either central or peripheral. Central disorders affect the autonomic pathways in the central
nervous system including the autonomic motor neurons that contribute preganglionic
autonomic fibers. Peripheral (postganglionic) disorders affect the neurons of the autonomic
ganglia and the small autonomic nerve fibers extending to the target organs. In a third category
of autonomic disorders, the pathology lies within the autonomic ganglia itself.

Autoimmune autonomic ganglionopathy (AAG) is an acquired neurological disorder
characterized by diffuse autonomic failure. The clinical features of AAG reflect impairment
in sympathetic (orthostatic hypotension, anhidrosis), parasympathetic (reduced lacrimation,
salivation and pupil constriction) and enteric function (ileus, abdominal colic, diarrhea, and
constipation). The constellation of tonic pupils and gastrointestinal dysmotility in the setting
of severe orthostatic hypotension is particularly suggestive of AAG (Klein et al., 2003). Full
descriptions of the typical features of AAG and of other clinical presentations are presented
elsewhere in this edition. Up to 50% of patients with the acute or subacute presentation of AAG
have high levels of autoantibodies that bind to ganglionic AChR (Vernino et al., 2000).
Ganglionic AChR antibodies are an important serological marker of AAG but also cause the
characteristic defect in autonomic ganglionic neurotransmission in this disorder.

Ten years after the first description of ganglionic AChR antibodies, this edition highlights the
unique clinical features of AAG, novel observations about the syndrome, reports of effective
treatments, and current evidence indicating that AAG is an antibody-mediated disorder. In this
introductory article, we discuss how the autonomic ganglia is central to the function of the
peripheral autonomic nervous system and how antibodies against the ganglionic AChR produce
an autoimmune autonomic disorder.

Human clinical data and serum samples were collected with approval of the institutional review
boards at UT Southwestern Medical Center and at collaborating institutions. Animal
experimentation was approved by the UT Southwestern institutional animal care and use
committee.

Ganglionic AChR antibodies are detected with a radioimmunoprecipitation assay that has been
described in detail previously(Vernino et al., 2008; Vernino et al., 2000). This assay is similar
to the method used to detect muscle AChR antibodies in patients with myasthenia gravis.
Solubilized membranes from a human neuroblastoma cell line (IMR-32, American Tissue Type
Collection, Manassas, VA) are complexed with a high affinity ligand for ganglionic

AChR, 125|-labeled epibatidine (Perkin-Elmer, Waltham, MA). Radiolabeled antigen is
incubated with serum overnight. The ability of 1gG in the serum to precipitate the radiolabeled
AChR provides a quantitative measure of specific antibody binding. Based on previous studies,
ganglionic AChR precipitating activity greater than 0.05 nmol per liter of serum is considered
positive.

Electrophysiological studies on ganglionic AChR expressed by IMR-32 cells were performed
using traditional patch clamp techniques as previously described (Wang et al., 2007). Studies
on ganglionic synaptic transmission were performed using standard microelectrode recording
techniques. After euthanasia, the mouse superior cervical ganglia (with attached preganglionic
sympathetic nerve trunk) was excised and placed in an organ bath. Ganglia neurons were
visualized with an immersion microscope and impaled with a glass microelectrode to record
membrane potential. The preganglionic nerve trunk was stimulated with a bipolar needle
electrode to produce a synaptic potential.
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Results

Specificity and sensitivity of ganglionic AChR antibodies

Serum levels of ganglionic AChR antibodies correlate with different autoimmune autonomic
phenotypes (Table 1). Patients with high antibody levels (> 0.5 nmol/L) typically have a severe
phenotype and a rapid onset. Seropositive AAG patients have a mean age around 52 years
(22-82) with a slight female predominance (60-65%). As yet, we have not found ganglionic
AChR antibodies in children with subacute autonomic syndromes. The demographics of AAG
cases in our contemporary experience are very similar to earlier reported series (Vernino et al.,
2000).

Lower antibody levels (0.05 - 0.20 nmol/L) may be found in patients with limited forms of
dysautonomia, including those with isolated gastrointestinal dysmotility, diabetic autonomic
neuropathy, or postural tachycardia syndrome (as discussed in the article by Sandroni and
Low). Ganglionic AChR antibodies are also found (at lower levels) in some patients with other
paraneoplastic neurological disorders related to thymoma and small-cell lung cancer (including
Lambert-Eaton syndrome)(Vernino et al., 2004b). Autonomic failure may occur as a
paraneoplastic phenomenon, especially in association with small-cell lung cancer or thymoma.
Some of these cases of paraneoplastic AAG are associated with ganglionic AChR antibodies.
While it is important to consider a paraneoplastic disorder in a middle-age patient with acute
or subacute autonomic dysfunction, the majority of AAG patients with ganglionic AChR
antibodies do not have cancer.

A high level of ganglionic AChR antibodies is highly specific for AAG, however, the
sensitivity of the antibody for acquired diffuse autonomic failure is only around 50%. Patients
with acute or subacute panautonomic failure may be seronegative. One explanation is that the
presentation of autonomic disorders is quite varied, and clinical findings, even in sophisticated
autonomic testing laboratories, are not entirely specific for AAG. Compared to seronegative
cases, patients with ganglionic AChR antibodies are more likely to have impaired pupillary
light response, marked gastrointestinal hypomotility and urinary retention (Sandroni et al.,
2004). The pathophysiology of seronegative cases is not known, but an autoimmune
mechanism is suspected because of the clinical similarity with seropositive AAG and the
response of some seronegative patients to immunomodulatory treatment (intravenous
immunoglobulin, plasmapheresis or corticosteroids). These cases may be analogous to cases
of seronegative myasthenia gravis where an alternate antibody target is implicated. When
autonomic failure coexists with sensory or motor neuropathy, ganglionic AChR antibodies are
not usually found (ganglionic AChR antibodies would not be expected to affect somatic sensory
or motor nerves).

Although muscle and ganglionic AChRs are structurally very similar, patients with AAG
typically do not have weakness or other clinical features of MG. Patients with MG do not have
prominent autonomic dysfunction. The exceptions are rare patients with an overlap syndrome
of myasthenia with subacute autonomic failure often associated with thymoma (Vernino et al.,
2001). There is very little cross-reactivity between muscle and ganglionic AChR antibodies in
patients with MG or AAG (Table 1) (Vernino et al., 1998; Vernino et al., 2008).

Pathophysiological effects of ganglionic AChR antibodies

Serum ganglionic AChR antibody levels in AAG correlate with the severity of autonomic
neuropathy clinically and with the severity on laboratory testing of autonomic function (Klein
etal., 2003; Vernino etal., 2000). A decrease in antibody levels is associated with improvement
in autonomic function (Vernino et al., 2000). Plasmapheresis to remove autoantibodies can
produce a dramatic improvement in autonomic function in some cases (Gibbons et al., 2008;
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Schroeder et al., 2005) These findings suggest that ganglionic AChR antibodies are direct
pathophysiologic effectors of autonomic dysfunction.

Several lines of evidence indicate that AAG is an antibody-mediated disorder. Antibodies (1gG)
isolated from the serum of patients with AAG have direct effects on the ganglionic AChR in
vitro.(Wang et al., 2007) When neuroblastoma cells are exposed to ganglionic AChR IgG, the
amplitudes of neuronal AChR membrane currents are progressively reduced (figure 2A). The
characteristics and time course of this AChR inhibition suggests that the antibodies act by
binding and cross-linking the receptors leading to active internalization (modulation). A
minority of antibodies also produce a more immediate effect, likely due to binding at or near
the agonist binding site leading to blocking of the receptor (Vernino et al., 2000; Wang et al.,
2007). Ganglionic AChR antibodies also inhibit fast cholinergic synaptic transmission in
isolated mouse autonomic ganglia (Figure 2B)(Vernino et al., 2004a).

Experimental autoimmune autonomic ganglionopathy

Experimental AAG (EAAG) can be induced in animals either by active immunization with
peptides derived from the ganglionic AChR or by passive transfer of ganglionic AChR
antibodies (Vernino et al., 2004a; Vernino et al., 2003). Passive transfer of 1gG from affected
rabbits or humans to mice produces reversible autonomic deficits. (Vernino et al., 2004a)
Immunization of rabbits with a fusion protein corresponding to the N-terminal (extracellular)
domain of the ganglionic AChR a3 subunit leads to persistent production of ganglionic AChR
antibodies and a chronic form of experimental AAG (Lennon et al., 2003). Rabbits producing
high levels of ganglionic AChR antibody develop gastrointestinal dysmotility and fail to gain
weight due to reduced food intake. Severe parasympathetic dysfunction manifests as dilated
and poorly responsive pupils, decreased lacrimation, reduced heart rate variability, and dilated
bladder. EAAN rabbits also have reduced levels of plasma catecholamines indicating reduced
sympathetic tone. As in patients with AAG, the severity of autonomic disturbances is greater
in rabbits with higher antibody levels (Vernino et al., 2003).

Neurons in autonomic ganglia from EAAG rabbits are intact but show a selective loss of surface
ganglionic AChR (Vernino et al., 2003). This functional deficit can be identified in the animal
by examining the physiological responses to autonomic drugs and myocardial imaging to assess
the integrity of sympathetic innervation (Figure 3). Both EAAG rabbits and AAG patients
(Goldstein et al., 2002) show a unique pattern of baroreflex and sympathetic dysfunction with
preserved cardiac postganglionic sympathetic innervation suggesting a disorder of ganglionic
neurotransmission. In particular, the response to tyramine (an indirect sympathetic agonist) in
EAAG rabbits is similar to the response seen in rabbits after ganglionic blockade (Figure 4).

Discussion

Autoimmune autonomic ganglionopathy is an antibody-mediated neurological disorder. Many
patients with AAG have antibodies that specifically recognize the a3 subunit of the ganglionic
AChR. Ganglionic AChR autoantibodies reduce membrane current through AChR containing
a3 subunits and reduce the strength of fast synaptic transmission in autonomic ganglia. The

animal model, experimental autoimmune autonomic ganglionopathy, helps to define AAG as
an antibody-mediated disorder and provides an opportunity to dissect the disease mechanisms.

The sensitivity of ganglionic AChR antibodies for the clinical diagnosis of acute or subacute
panautonomic failure (typical AAG) remains around 50%. This has been consistent over the

10 years since the first description of the ganglionic AChR antibody. High levels of ganglionic
AChR antibodies are quite specific for AAG and are not found in other neurological disorders.
Low levels of ganglionic AChR antibodies may be found in mild or restricted forms of
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autonomic failure or in AAG that has a more indolent course. These antibodies may rarely be
found in patients with MG, thymoma or other paraneoplastic disorders.
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Figure 1. The autonomic ganglionic synapse

A) A simplified schematic showing the anatomy of the peripheral autonomic nervous system.
The autonomic ganglia receive input from cholinergic motor neurons in the brainstem or spinal
cord. Fast ganglionic synaptic transmission is mediated by acetylcholine acting on neuronal
nicotinic acetylcholine receptors. The postganglionic fibers extend to innervate numerous
target organs (a few examples are shown) and release acetycholine acting on muscarinic
receptors (m) or norepinephrine acting on alpha and beta adrenergic receptors (a and B).

B) Electron micrograph showing the ultrastructure of a ganglionic synapse in rabbit superior
cervical ganglia. The presynaptic terminal contains mitochondria, numerous small clear
vesicles containing acetycholine, and larger dense core vesicles presumably containing
neuropeptides and other transmitters. The synapse (lower right) is characterized by a short area
of close apposition of the nerve terminal and dendrite membranes. Vesicles are poised on the
presynaptic side, ready for release. The thickened postsynaptic membrane is the area of
synaptic specialization that contains the neurotransmitter receptors.

C) Microelectrode recording of synaptic potentials from a neuron in isolated mouse superior
cervical ganglia. Stimulation of the preganglionic nerve (arrowhead) leads to a fast excitatory
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postsynaptic potential (fEPSP) in the neuron. The y-axis indicates the change in membrane
potential from the resting potential (which is usually around -50 to -60mV). Gradually
increasing stimulus intensity produces discrete fEPSPs indicating the presence of multiple
preganglionic inputs to this single ganglia neuron (a typical single fEPSP causes about a 5mV
depolarization in the neuronal soma in this case). The simultaneous activation of several inputs
is required to reach threshold and produce an action potential in the neuron. In this example,
at least three distinct synaptic inputs combine to reach the action potential threshold.
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Figure 2. Effects of ganglionic AChR antibodies on nicotinic AChR responses

A) Patch-clamp recording of whole-cell membrane current in IMR-32 cells at baseline, 20
minutes and 50 minutes after addition of IgG (1 mg/ml) purified from the plasma of a patient
with AAG. Application of agonist (DMPP 50 uM, 4 second horizontal bar) produces an inward
current. Exposure to ganglionic AChR IgG results in a progressive reduction of peak AChR
current (Wang et al., 2007).

B) Microelectrode recording from ganglia neuron in isolated mouse superior cervical ganglia.
The fast excitatory postsynaptic potential (fEPSP) is produced by a fixed stimulus to the
preganglionic nerve. The amplitude of the fEPSP progressively decreases after exposure to
ganglionic AChR 1gG (1 mg/ml added to the bath solution). Each response represents the
average of 5 fEPSP recorded at baseline or 20 minutes after bath application of IgG.
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Figure 3. Preserved cardiac sympathetic innervation in rabbits with EAAG

Single-photon computer tomography (SPECT) using 1231-metaiodobenzylguanidine (MIBG)
was used to assess cardiac sympathetic innervation in awake, gently restrained rabbits. Images
were obtained five hours after intravenous injection with 3mCi of MIBG. 99Tc-MIBI scans
(not shown) were performed simultaneously to confirm adequate cardiac perfusion. Cardiac
uptake of MIBG (shown as the bright area within the rabbit thorax) indicates the presence of
intact sympathetic nerve terminals in the myocardium. There is no difference in the intensity
of MIBG uptake in EAAG rabbits (with low or high ganglionic AChR antibody levels)
compared to control rabbits. In the setting of low plasma catecholamine levels, this finding
suggests pathology at the level of ganglionic neurotransmission (Goldstein etal., 2002; VVernino
et al., 2003).
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Figure 4. Cardiovascular response to tyramine in rabbits with EAAG

Rabbits were implanted with radiotelemetry catheters to allow continuous recording of arterial
blood pressure and heart rate in the awake rabbit. Tyramine, an indirect sympathetic agonist,
was infused intravenously over one minute (0.5mg/kg). A) Blood pressure and heart rate
response to tyramine infusion. A rise in blood pressure (as seen in both control and EAAG
rabbits) indicates intact postganglionic sympathetic nerve terminals. In the control rabbits, the
rise in blood pressure leads to a baroreflex-mediated decrease in heart rate. In the EAAG rabbit,
both the blood pressure and heart rate increase. This observation indicates failure of the
baroreflex as well as direct activation of cardiac beta receptors via intact cardiac sympathetic
terminals. B) A summary of the tyramine response in control rabbits (n=9), rabbits with chronic
EAAG (n=13), and normal rabbits after treatment with the ganglionic blocker mecamylamine
(3 ma/kg, n=3). In all rabbits, tyramine causes a rise in blood pressure (open bars). The
magnitude of blood pressure increase is greater in EAAG and mecamylamine-treated rabbits,
most likely due to failure of the sympathetic baroreflex to buffer the rise in blood pressure. In
control rabbits, there is a marked baroreflex-mediated decrease in heart rate (shaded bar) while
the EAAG and mecamylamine-treated rabbits show an increase in heart rate. This unique
response to tyramine shows the similarity in autonomic physiology between EAAG and
pharmacological blockade of ganglionic transmission.
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Diagnostic Group

% seropositive

Antibody levels

Reference

Autonomic disorders

Subacute AAG

Chronic AAG

Paraneoplastic AAG

Postural tachycardia syndrome (POTS)
Idiopathic gastrointestinal dysmotility
Diabetic autonomic neuropathy
Multiple system atrophy (Shy-Drager)
Other disorders

Lambert-Eaton syndrome

Myasthenia gravis without thymoma
Paraneoplastic disorders with thymoma

Paraneoplastic disorders with SCLC

40 - 50%

30-40%
10-20%
10-15%

5-10%
<10%
0

5-10%
3%
15-20%
3-5%

0.5-41.0 nM/L

0.2-5.0 nmol/L

0.2 - 20.0 nmol/L
< 0.25 nmol/L
< 0.4 nmol/L

0.06 — 0.4 nmol/L
< 0.25 nmol/L
0.06 — 2.0 nmol/L

(Vernino et al., 2008;
Vernino et al., 2000)

(Klein et al., 2003)
(Vernino et al., 2000)
(Thieben et al., 2007)
(Vernino et al., 2000)

(Vernino et al., 2000)
(Vernino et al., 2008)
(Vernino et al., 2004b)

*
None of over 200 healthy control subjects were seropositive for ganglionic AChR antibodies.

Fk

The exact frequency is not known since antibody status may affect case definition
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