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Abstract
Although antibodies against Glutamic Acid Decarboxylase (GAD) were originally associated with Stiff Person Syndrome 
(SPS), they now denote the “GAD antibody-spectrum disorders (GAD-SD)” that include Cerebellar Ataxia, Autoimmune 
Epilepsy, Limbic Encephalitis, PERM and eye movement disorder. In spite of the unique clinical phenotype that each of 
these disorders has, there is significant overlapping symptomatology characterized by autoimmune neuronal excitability. 
In addition to GAD, three other autoantibodies, against glycine receptors, amphiphysin and gephyrin, are less frequently 
or rarely associated with SPS-SD. Very high serum anti-GAD antibody titers are a key diagnostic feature for all GAD-SD, 
commonly associated with the presence of GAD antibodies in the CSF, a reduced CSF GABA level and increased anti-GAD-
specific IgG intrathecal synthesis denoting stimulation of B-cell clones in the CNS. Because anti-GAD antibodies from the 
various hyperexcitability syndromes recognize the same dominant GAD epitope, the clinical heterogeneity among GAD-SD 
patients remains unexplained. The paper highlights the biologic basis of autoimmune hyperexcitability connected with the 
phenomenon of reciprocal inhibition as the fundamental mechanism of the patients’ muscle stiffness and spasms; addresses 
the importance of high-GAD antibody titers in diagnosis, pinpointing the diagnostic challenges in patients with low-GAD 
titers or their distinction from functional disorders; and discusses whether high GAD-antibodies are disease markers or 
pathogenic in the context of their association with reduced GABA level in the brain and CSF. Finally, it focuses on therapies 
providing details on symptomatic GABA-enhancing drugs and the currently available immunotherapies in a step-by-step 
approach. The prospects of future immunotherapeutic options with antibody therapies are also summarized.

Introduction

Autoantibodies against Glutamic Acid Decarboxylase 
(GAD), the rate-limiting enzyme for the synthesis of the 
inhibitory gamma-aminobutyric acid (GABA), originally 
seen in patients with Stiff Person Syndrome (SPS), epi-
lepsy and Type-1 Diabetes Mellitus (DM-1) [1, 2], are now 
connected with several neurological autoimmunities char-
acterized by neuronal excitability comprising the “GAD 
antibody-spectrum disorders (GAD-SD)” [3–8]. This dis-
ease spectrum includes in addition to SPS, Autoimmune 

Epilepsy, Cerebellar Ataxia, Limbic Encephalitis, Myo-
clonus and Nystagmus [3–9]. As GAD is widely expressed 
not only within the central nervous system but also the pan-
creatic β-cells, anti-GAD antibodies have highlighted from 
the outset an immunological connection between autoim-
mune neuronal excitability disorders and DM-1 [2]. Approx-
imately 30% of GAD-SD patients also have DM1 while low-
titer anti-GAD antibodies are also found in about 80% of 
patients with DM1 [3, 7, 8]. In contrast to anti-GAD-SD, 
however, where high-titer antibodies are distinctly against 
linear epitopes, in DM1 the low-anti-GAD antibodies are 
directed against conformational epitopes [3–9].

The article describes the clinical spectrum of GAD-
antibody-associated disorders as have now evolved, stress-
ing their overlapping symptomatology while highlighting 
various puzzling clinical connections, diagnostic challenges 
or pathogenetic mechanisms. It discusses how impaired 
GABAergic neurotransmission results in diverse clinical 
phenomena; stresses the importance of reciprocal inhibition 
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in muscle stiffness; outlines the importance of GAD anti-
body titers in defining the GAD-SD; and summarizes the 
best therapeutic options in treating autoimmune neuronal 
excitability. At the practical level, the paper aims to enhance 
awareness of these syndromes useful to the practicing neu-
rologists in facilitating diagnosis and provides a step-by-
step therapeutic scheme from disease initiation to further 
progression. Considering that SPS is a potentially treatable 
disorder but remains still misdiagnosed or overdiagnosed 
based on the patients referred to our clinic, early recognition 
is critical for prompt therapy initiation.

Evolution of GAD‑SD: a 65‑Year Evolution 
after the Initial Description

The GAD-SD began with Stiff-Man Syndrome (SMS), 
described by Moersch and Woltman in 1956, characterized 
by muscle rigidity, hyperreflexia and spasms, mainly in the 
truncal and proximal leg muscles with excellent response 
to diazepam [1]. The second hallmark observation was the 
description of autoantibodies against GAD by Solimena 
et al. [2] who detected anti-GAD antibodies in both serum 
and cerebrospinal fluid, pointed out an immunological con-
nection between SMS and DM1 and concluded that the 
clinical manifestations of SMS are related to disruption of 
GABAergic pathways [2], a notion still valid today. Sub-
sequently, autoantibodies against synaptic proteins were 
described, first against amphiphysin in “three women with 
the stiff-man syndrome and breast cancer” [10, 11] and then 
against gephyrin in one SMS patient [12]. On the clinico-
neurophysiological side, understanding of SMS progressed 
with the description of abnormal excitotoxicity and parox-
ysmal autonomic dysfunction [13–15], recognition of clini-
cal heterogeneity [4, 7–9], and subdividing SMS into stiff 
trunk (man) syndrome, stiff limb syndrome and progressive 
encephalomyelitis with rigidity [16].

It was in 1999–2000 when in the largest at that time series 
of examined patients, the clinical spectrum and diagnostic 
criteria valid today were described [3], while the term Stiff-
Person Syndrome (SPS) was introduced based on the obser-
vations that more patients were women, hence the more 
appropriate term “person”-rather than “man” [3, 17–19], 
especially since in previous publications it was referred even 
in the title as “three women with stiff-man syndrome” [10]. 
Over the ensuing years, the pathomechanism of SPS was 
further characterized with novel electrodiagnostic neuronal 
excitability studies [19–21]; GABA measurements in the 
CSF [18] and brain with MRS spectroscopy [22]; immu-
nological studies including GAD epitopes and search for 
other antibodies affecting GABAergic neurotransmission 
[23–26]; performance of two controlled clinical trials [27, 
28]; and defining the natural history of the disease based 

on the largest series of SPS patients examined by the same 
clinicians longitudinally over a 20 year period [29].

Over the years, it became also apparent by many inves-
tigators in the field, as discussed later, that since GAD is 
widely expressed within the central nervous system cata-
lyzing the conversion of the excitatory neurotransmitter 
l-glutamate to the inhibitory gamma-aminobutyric acid 
(GABA), anti-GAD antibodies are also associated with other 
autoimmune neurological diseases manifested by neuronal 
excitability. These GAD-associated syndromes, all charac-
terized by abnormal synaptic neurotransmission, comprise 
the “GAD antibody-spectrum disorders (GAD-SD)” or 
“SPS-SD” since SPS remains the hallmark disease among 
all of them, although one or more of these disorders coexists 
in approximately 70% of patients with GAD65 neurological 
autoimmunity [3, 6–9, 30–38].

GAD‑SD: Clinical Spectrum, Importance 
of Anti‑GAD Antibody Titers, CSF 
Characteristics and Autoimmune Neuronal 
Excitability

In all GAD-SD, there is impaired GABAergic neurotrans-
mission resulting in neuronal excitability, presumably by 
the GAD-targeting antibodies. In spite of their overlapping 
symptomatology, however, each disease within the spectrum 
maintains a distinct phenotype. In a recent large retrospec-
tive record review of 212 GAD65 neurological autoimmun-
ity samples examined at the Mayo clinic laboratory from 
2003–2018, 50% had SP-SD, 43% cerebellar ataxia, 29% 
autoimmune epilepsy and 16% limbic encephalitis [38]. 
These frequencies are also consistent with our experience. 
The clinical characteristics of each disease subtype and their 
GAD-associated pathogenicity that collectively define the 
GAD-SD are as follows:

Stiff Person Syndrome (SPS)

Although said to affect approximately 1 in a million people 
[39], the precise frequency and estimated SPS prevalence are 
unclear, especially when viewed within the GAD spectrum 
disorders. As judged by the large number of patients referred 
to us and personally examined and followed the last 30 years, 
we believe SPS is more common than previously thought 
but still under-recognized. It is twice as common in women 
than men above the age of 20 years [3, 8, 17–19, 33–36]. 
Patients typically present with muscle spasms and stiffness, 
concurrently in the thoracolumbar paraspinal and abdominal 
muscles, resulting in difficulty turning and bending (Fig. 1). 
When stiffness is severe, the patients’ walking resembles 
a “statue” or exhibits a “freezing-like” appearance; some 
patients mention that they walk like a “tin-man” with 
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hyperlordotic posture [3, 9, 17–19]. Spasms are frequent in 
the trunk or any extremity and can be painful. Spasms can 
be also seen in the face and if limited exclusively to the 
facial muscles, as we have seen in rare patients with very 
high GAD-antibody titers, we have referred it as “stiff-face 
syndrome.” Muscle spasms and stiffness can be precipitated 
by unexpected stimuli, including sounds, like a phone ring or 
a siren, sudden touches or conditions triggering anxiety and 
emotional upset which, when severe, are misdiagnosed as 
a primary anxiety disorder. The episodic nature of spasms, 
often emphasized by the patients, is important to acknowl-
edge because at times it may not be obvious when a patient 
is first examined but may become apparent even 30 min later 
as the patient becomes more anxious even while waiting in 
the examining room. Task-specific phobias, especially fear 
of walking, crossing a street or a green light and fear of fall-
ing, are quite common [3, 9, 17–19, 26, 27, 33–35]. In some 
cases, these or similar events can cause severe and continu-
ous painful spasms, along with stiffness in the thoracic mus-
cles with breathing difficulties, tachycardia and hyperhidro-
sis, a condition we have labeled “status spasticus,” requiring 
emergency admission for intravenous diazepam [9, 33–35]. 
Electrophysiological studies reveal continuous activity of 
motor unit firing at rest, confirming that stiffness is caused 
by co-contractions of agonists and antagonists muscles [3, 
9, 19–21].

Diagnosis The diagnostic criteria for SPS as revised in 2001 
[3, 17–19] include the constellation of: a) stiffness of the 
axial muscles, especially abdominal and thoracolumbar par-
aspinals, leading to hyperlordosis (Fig. 1); b) superimposed 
painful spasms triggered by anxiety, tactile or auditory stim-
uli; c) electromyographic evidence of continuous motor unit 
activity of agonist and antagonist muscles; d) high-titer GAD 
antibodies with the cut-off positivity titers > 10.000 IU/ml 

by ELISA. In patients with suspected SPS-SD but with 
anti- GAD antibody-titer lower than 10,000, a spinal tap is 
necessary to assess GAD positivity in the CSF [9, 37]; and 
e) absence of other neurological findings that may suggest 
an alternative diagnosis. Exclusion of functional disorders 
is an important consideration in patients with low or nega-
tive anti-GAD antibody-titers posing diagnostic challenge 
in approximately 20% of such patients frequently seen in 
specialty clinics. In seronegative patients, adherence to strict 
clinical SPS criteria, neurophysiologic testing and neuropsy-
chiatric examination are essential. An empirical trial with 
diazepam is often used for relieve of spasms, but it does not 
ensure diagnostic accuracy because it cannot differentiate 
an organic from a functional disorder relieved by diazepam.

Key Clinical Observations and Disease Progression Based on 
Sequential, Long‑Term Follow‑Up Data Clinical observations 
in a prospective longitudinal study of 57 anti-GAD-positive 
SPS patients, probably the largest series of patients exam-
ined and followed by the same clinicians every 6 months 
for a two-year period, have not only confirmed over time 
the above symptomatology but have also shown that SPS 
is a progressive disease with worsening clinical picture if 
untreated [29]. The most common initial symptom in this 
large series, observed in 68% of the patients when first seen, 
was the insidious onset of proximal leg stiffness followed 
by rigidity concurrently in the abdominal, lumbosacral 
and thoracic paraspinal muscles, lumbar hyperlordosis and 
impaired gait; 28% of the patients also had various degrees 
of facial muscle stiffness [29]. About 15% also had ataxia, 
dysarthria and dysphagia, overlapping with the cerebellar 
variant, as described below [40]. Diabetes Mellitus Type 1 
and other autoimmune diseases, such as vitiligo, pernicious 
anemia, celiac disease, or thyroiditis, were seen in up to 35% 
of these patients, confirming data from earlier series of ours 

Fig. 1  Typical stiffness pattern 
in SPS patients A-C: Concur-
rent stiffness of agonists (thora-
columbar A) and antagonists 
(abdominal B) muscles due to 
lack of reciprocal inhibition in a 
patient with typical Stiff-Person 
Syndrome Another patient (C) 
shows significant stiffness with 
inability to bend forwards (mod-
ified from Dalakas et al. [3])
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and others [3, 8, 17, 18, 33–36]. A ‘startle response’ and an 
exaggerated reaction to a number of external stimuli were 
observed in 55 of 57 patients; severe chronic anxiety reac-
tions due to unprotected falls or when expecting physically 
challenging conditions were seen in 52 of 57 patients. A 
variety of phobias, such as when walking in crowded places 
like airports or malls, fear of crossing a street with anxiety 
of making the duration of the green light or taking escalators 
were seen in more than 10% of patients; task-specific pho-
bias were also common. Because of the frequent phobias and 
anxieties, neuropsychiatric testing was performed in collabo-
ration with Mental Health Institute of NIH (NIMH) in ten 
consecutive patients [41]. It was concluded that the patients 
perceived their fears as realistic related to the possibility of 
falls not meeting the DSM-IV criteria for a phobic disor-
der [41]. Such excessive phobic phenomena are not, how-
ever, present in other neurological disorders with spasticity, 
weakness and falls, like patients with multiple sclerosis and 
myelopathies, and we still believe that their prominence in 
patients with SPS-SD is telling us something about their 
heightened excitability.

Misdiagnoses were also common. Several patients in this 
large personal series had been earlier diagnosed with conver-
sion or functional disorder because their falls were attributed 
to avoidant behavior or heightened mental anticipation; oth-
ers were carrying the diagnosis of myelopathy, dystonia or 
Parkinsonism, and still others with painful spasms have been 
on narcotics. It should be pointed out, however, that over-
diagnosis of a primary psychiatric or a functional disorder as 

GAD-negative SPS, especially in patients with non-specific 
low-GAD titers, remains also an issue as discussed later.

Significance of Anti‑GAD‑Ab Titers, Antigen Recognition and 
Intrathecal Antibody Synthesis Since about 20 years ago, 
serum and CSF anti-GAD65 antibody titers and intrathe-
cal production were measured in 24 SPS patients and 70 
disease controls (including 11 with insulin-dependent dia-
betes mellitus) [18]. All SPS patients with high (> 10,000) 
anti-GAD65 serum titers also had high CSF titers, from 
92 to 2500 ng/mL, and specifically immunoreacted with 
GABA-ergic neurons on rat cerebellum (Fig. 2A–C) and 
recognized recombinant GAD65 (Fig. 3) [18]; in contrast, 
the controlled patients with insulin-dependent diabetes 
had low serum anti-GAD65 antibody titers and no reactiv-
ity to recombinant GAD65 (Fig. 3). CSF oligoclonal IgG 
bands were detected in 67% of 20 patients tested, with an 
increased anti-GAD65-specific IgG index present in 85% 
of patients. Importantly, the mean GABA level in the CSF 
was lower in SPS patients compared to controls. It was con-
cluded that in SPS: a) there is marked intrathecal antibody 
response against neuronal GAD65 epitopes [18], indicat-
ing clonal B cell activation in the CNS; b) GABA level is 
reduced in the CSF indicative of impaired GABA synthe-
sis; and c) only high anti-GAD65 antibody titers, confirmed 
with immunoblots, are highly specific for SPS. This early 
but fundamental finding on the value of antibody titers 
has been recently confirmed with concurrent validation by 
immunohistochemistry and cell-based assay in all GAD-SD 

Fig. 2  Immunostaining of brain 
GABAergic neurons with serum 
or CSF from SPS patients A: 
Immunofluorescent staining of 
rat cerebellum with serum or 
CSF from patients with SPS 
(1:1000 dilution for the serum, 
1:25 dilution for CSF; 2-day 
incubation). Heavy labeling is 
observed around granule cells 
in the granular cell layer, in the 
Purkinje cells, and the molecu-
lar layer; the immunostaining 
pattern precisely corresponds to 
the distribution of GABA-ergic 
system in rat brain. B, C: Simi-
lar immunostaining in a larger 
section of human cerebellum 
(B) with elimination of staining 
(C) after pre-adsorption of the 
patients’ serum or CSF with 
purified GAD (from Dalakas 
et al. [18])
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patients, highlighting that anti-GAD antibody titers do mat-
ter [37]. If the titers by ELISA are high (> 10,000 IU/ml), 
are diagnostic for a true GAD-SD conferring specificity for 
an autoimmune neurological disease within the GAD-SD; 
lower titers (< 10,000 IU/ml) are connected with an atypical 
or nonspecific neurological disease that may require further 
investigation, whereas very low titers (< 2,000 IU) are typi-
cally seen in diabetes or are of unclear significance.

When GAD antibody titers in the serum are above 10,000, 
GAD antibodies are also detected in the CSF [18], not 
requiring a lumbar puncture to ensure specificity, especially 
in SPS patients where the stiffness in the lumbosacral par-
aspinal muscles is so severe that requires a radiology-guided 
procedure. On the other hand, in patients with serum anti-
body titers below 10,000 or in seronegative GAD-SD, espe-
cially patients with encephalitis and those with a seemingly 
functional disorder resembling SPS, it is essential to test the 
CSF for GAD antibodies. Of important relevance, GAD anti-
bodies are also detected within the various IVIg preparations 
as part of the natural antibody repertoire, which means that 
anti-GAD antibodies are detected in patients receiving IVIg 
for at least a month after the infusion [42]. Although high 
titers matter in diagnosis, there is no association between 
GAD-Ab titer and disease severity and no significantly 
meaningful titer reduction has been documented after immu-
notherapies with either IVIg or rituximab based on the two 

controlled studies [27, 28]. If RIA is used, high titers in SPS-
SD are defined as > 20 nmol/L (93% positive) while patients 
with diabetes without a polyendocrine or autoimmune neu-
rologic syndrome, have titers from 0.03–2.00 nmol/L with 
cutoff (highest negative value) 0,02 [7, 9, 37, 43].

Other Antibodies Connected with SPS and GAD‑SD Apart 
from anti-GAD, other antibodies may be detected in patients 
with SPS, as depicted in Fig. 4. Autoantibodies against 
GABA-Receptor-Associated Protein (GABARAP) have been 
found in about 70% of our patients [24], but on repeated 
experiments their presence has been inconsistent even if the 
patients’ sera in vitro inhibits the neuronal expression of 
GABARAP [24]. Another autoantibody detected in about 
10–12% of SPS patients is against glycine-a1 receptor (anti-
GlyR), reported the same year by McKeon et al. [44] and 
our group [45]. In contrast to anti-GAD antibodies, how-
ever, the anti-GlyR have a pathogenic role as they recog-
nize extracellular epitopes of the receptor expressed in the 
spinal cord, brainstem and cerebellum and glycine is a key 
inhibitory neurotransmitter. Anti-GlyR were first described 
in PERM (Progressive Encephalomyelitis with Rigidity and 
Myoclonus) [46, 47], as discussed below. In about 5% of 
cases, SPS is a paraneoplastic manifestation most often asso-
ciated with antibodies against amphiphysin [10, 11] and in 
a single case against gephyrin [12]; in two of our patients 
with GAD-SPS, the disease was paraneoplastic which means 
that paraneoplastic SPS can be rarely seen within GAD-SD. 
Apart from glycine-a1 receptor, all targeted antigens are 
predominantly cytoplasmic and of unclear pathogenicity; 
whether they can transiently exhibit an extracellular domain 
during neurotransmission and exocytosis to exert a patho-
genic effect as suggested, remains to be determined [33–35].

Hyperexcitability of the Motor Cortex, Brain 
Imaging and Reduction in Brain GABA

To substantiate that impaired GABAergic inhibitory trans-
mission results in cortical hyperexcitability leading to 
muscle rigidity and spasms, we measured brain GABA 
and assessed electrophysiologically intracortical inhibition 
and excitation. Brain MRI imaging is normal in SPS and 
SPS-SD, but magnetic resonance spectroscopy studies have 
shown prominent and significant reduction in GABA pre-
dominantly in the sensorimotor cortex and to a lesser degree 
in the posterior occipital cortex, indicating involvement of 
the inhibitory GABAergic pathways [22]. The reduced brain 
GABA is also supported by concomitantly finding reduced 
GABA levels in the cerebrospinal fluid, as mentioned earlier 
[18].

To determine if GABA reduction in the sensorimotor cor-
tex is associated with dysfunction of supraspinal GABAer-
gic neurons, we performed transcranial magnetic stimulation 

Fig. 3  Western blot analysis of GAD65 antibodies from the serum 
and CSF of patients with SPS and controls. A, B: Strong immuno-
reactivity to a 65-kd protein of rat brain extracts is seen with the 
serum from an SPS patient (B). Mouse monoclonal antibodies against 
GAD65 recognize the same autoantigen (arrow, A). The molecular 
weight of protein standards is shown on the right. The same, though 
weaker, immunoreactivity was obtained with CSF. C, D: Strong 
immunoreactivity to purified recombinant GAD65 (arrow D) is seen 
with the serum from a patient with SPS or with pooled CSF from six 
SPS patients. No reactivity was seen with pooled serum from patients 
with insulin-dependent diabetes mellitus (C) (from Dalakas et  al. 
[18])
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studies to assess intracortical inhibition and excitation 
[20]. SPS patients had decreased inhibition and markedly 
increased facilitation at short intervals pointing to motor cor-
tex hyperexcitability owing to impaired supraspinal GABA-
ergic neurons that lead to imbalance between inhibitory and 
excitatory intracortical circuitry. Such diffuse motor cortex 
hyperexcitability can produce an excessive corticospinal 
response upon activation explaining the stimuli-induced 
muscle spasms seen in SPS. These findings were further 
supported by the blink reflex studies which showed that the 
recovery cycle of the R2 component was enhanced in SPS 
patients compared to controls, indicative of hyperexcitability 
of brainstem interneuronal circuits due to loss of inhibitory 
interneurons reflecting a widespread dysfunction of central 
inhibitory pathways [21].

The concept of Reciprocal Inhibition Normal physiology 
is dictated by reciprocal inhibition; this means that when 
one muscle (such as, biceps) contracts, its antagonist (the 
triceps) is automatically inhibited (Fig. 5); otherwise, we 

would have been all stiff. As depicted in Fig. 6, stimulated 
gamma neurons of an agonist muscle send information to 
the spindles to contract, while the antagonist’s gamma neu-
rons do not discharge due to inhibition by the inhibitory 
GABA interneurons, as hypothesized more than 20 years ago 
[18–21]. When GABAergic neurotransmission is, however, 
impaired, as occurs in pathologic conditions due to reduced 
GABA from the cerebral motor pathways, the gamma motor 
neurons fire continuously because their inhibitory signals are 
inhibited, resulting in overstimulation of the muscle spin-
dles expressed as simultaneous hypercontraction of agonist 
and antagonist muscles (Fig. 6); this phenomenon is elec-
trophysiologically detected as continuous motor unit firing 
in agonist and antagonist muscles and clinically manifested 
with muscle stiffness [3, 9, 13, 19–21].

Immunopathogenic Role of GAD Antibodies Although GAD 
antibodies define a clinically heterogeneous group of over-
lapping GAD-SD [8, 9, 36], all have in common neuronal 
excitability. It remains, however, uncertain whether GAD 

Fig. 4  Antigenic targets associated with the inhibitory synapse in 
patients with SPS-SD. The pre-synaptic antigens are GAD (1), the 
enzyme that synthesizes GABA, the main inhibitory neurotransmit-
ter, and amphiphysin (2), a synaptic vesicle protein responsible for 
endocytosis of plasma membranes following GABA release. Post-
synaptically, the clinically relevant targets within the GAD-SD are: 
gephyrin (3), a tubulin-binding protein needed for clustering both 
GABA-A and glycine receptors; Glycine Receptor (4), a ligand-
binding ion channel which allows the passage of chloride ions; and 

DPPX (Dipeptidyl Peptidase-like protein) (5), an extracellular regu-
latory subunit of the Kv4.2 potassium channels on neuronal surface 
(Kv4.2 complexes have a widespread distribution, not limited post-
synaptically as depicted in the figure). Another well identified anti-
gen within the GAD-SD is the GABA-A receptor associated protein 
(GABARAP) (6), a linker protein which promotes the organization of 
the GABAA receptors; anti-GABAR antibodies can be seen in up to 
70% of SPS patients [24]. [Modified from Dalakas [34]]
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antibodies are pathogenic considering they target an intra-
cellular antigen, or they are simply markers of aberrantly 
activated innate and acquired immunity [33–35]. The obser-
vations that anti-GAD65 antibodies in serum and CSF rec-
ognize purified GAD antigen by Western blot and specifi-
cally immunoreact with GABA-ergic neurons (Fig. 2 and 3), 
in conjunction with intrathecal synthesis and reduced CSF 
GABA levels, suggests that the antibodies may be of some 
functional significance. In vitro, GAD-ab interfere with 
GABA production [14, 15], while in vivo they affect the 
function of GABAergic neurons and interfere with GABA 
synthesis resulting in impaired inhibitory neurotransmission 
without causing structural brain changes [48–51]. These 
experimental data are consistent with the MRI imaging, MRS 
spectroscopy and electrophysiology described above in SPS 
patients, supporting a neuronal functioning blockade rather 
than neuronal destruction and explaining the reversibility of 
the clinical findings seen after therapy, as described later.

GAD exists in two isoforms, GAD65 and GAD67, 
each encoded by a different gene, with three functional 
domains, an amino(N)-terminal, a middle PLP-binding, 
and a carboxy (C)-terminal domain [52]. Patients with 

SPS-SD show strong immunoreactivity to distinct epitopes 
compared to DM1 [53–56]; DM1 harbor antibodies against 
conformational epitopes exclusively located in the PLP- 
and C-terminals domains, whereas SPS patients predomi-
nantly recognize linear epitopes in all three domains hav-
ing distinct biological effects, compared to DM1 [54–56]. 
Whether different epitope patterns exist among GAD-
related syndromes is, however, still unclear. In our study 
of 27 patients with diverse GAD-related syndromes, using 
the previously described high-definition profiling meth-
odology [57], no differences in epitope specificities were 
found [25]. Others, however, have noted that GAD-Abs 
from patients with Limbic Encephalitis were more likely 
to recognize epitopes in the N-terminal domain in contrast 
to patients with SPS, cerebellar ataxia or epilepsy, that 
showed more reactivity to the C-terminal domain [48, 58, 
59]. Overall, the current data cannot explain the diverse 
clinical presentation based on different epitope binding 
patterns.

Additional experimental data have been also informa-
tive but not definitive. GAD is found in synaptic vesicles 
in the nerve endings and is mostly utilized whenever there 
is an urgent need of GABA synthesis and release [50, 51]. 
Hippocampal neurons treated with sera from GAD-positive 
epileptic patients show increased post-synaptic inhibitory 
potentials [58, 59], while rat cerebellar slices exposed to 
serum or CSF from patients with SPS or cerebellar ataxia, 
exhibit decreased post-synaptic inhibitory currents of 
Purkinje cells [59]. Intracerebral injections of SPS-IgG into 
rats have also shown a stiffness-like behavior, compared to 
controls; interestingly, passive transfer studies of GAD-
Abs from SPS patients into rats have shown continuous 
motor activity with increased excitability of anterior horn 
cells [59, 60]. There is no clear demonstration, however, 
that anti-GAD antibodies or patients’ sera impair in vivo 
inhibitory neurotransmission reproducing the main SPS 
symptoms. This is in contrast to animals treated intraperi-
toneally or intrathecally with IgG-anti-amphiphysin Abs 
who have exhibited a clear stiffness-like behavior [61, 
62]. Overall, it remains unclear how GAD-Abs can cause 
GABAergic dysfunction in SPS if they are not internalized 
into neurons; the possibility, that antigens during synap-
tic transmission transiently expose extracellular epitopes 
which are then recognized by the immune system, remains 
still hypothetical [9].

In patients with GAD-antibody-related neurological 
syndromes [63], circulating GAD-reactive B cells that 
can differentiate into antibody producing cells have been 
detected in the peripheral blood and bone marrow, sug-
gesting that targeting memory B cells (i.e., with rituximab) 
or plasma cells (i.e., with. bortezomib), may have thera-
peutic implications in SPS-SD [63].

Fig. 5  Reciprocal inhibition A: When one muscle is contracted 
[Agonist (1)], its Antagonist [(2)] is automatically inhibited This is 
because when CNS sends a message to the alpha motor neurons of 
the agonists to contract, the inhibitory gamma interneurons of the 
antagonist muscle interact preventing the opposing alpha motor neu-
rons from firing
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GAD‑Positive Cerebellar Ataxia

Anti-GAD antibody-associated cerebellar ataxia is the sec-
ond most frequently seen GAD-related neurological disorder 
[38]. It affects more women than men, often with comor-
bid diabetes or polyendocrine autoimmunity [3–9, 40, 64]. 
Patients exhibit gait and limb ataxia, nystagmus, often severe 
dysarthria, and oculomotor dysfunction, most often overlap-
ping with the typical SPS symptomatology that worsens the 
overall clinical picture. CSF can show oligoclonal bands and 
intrathecal anti-GAD antibody synthesis [18, 40]. Impor-
tantly, there is no cerebellar atrophy on the MRI imaging, 
except of mild changes in rare instances [40], implying a 
functional blockade of cerebellar pathways rather than a 
destructive neuronal process [18, 40].

As discussed earlier, it is unclear whether the antibodies 
play a role in the pathogenesis of cerebellar ataxias. A mono-
clonal GAD65 antibody has been shown to interfere with 
GABAergic neurotransmission in brain slice preparations and 
elicits in animals neurophysiological and behavioral effects 
mimicking cerebellar ataxias [49, 64]. Intracerebellar admin-
istration of IgGs from CSF of patients with GAD-associated 

cerebellar ataxia can impair cerebellar modulation of motor 
control but whether it contributes to patients’ poor coor-
dination is unclear [49, 64–66]. The anti-GAD antibodies 
may also act on nerve terminals of GABAergic interneurons 
depressing the release of GABA resulting in neuronal hyper-
excitability but, whether this process can eventually disturb 
the function of Purkinje cells, as proposed [65, 66], remains 
hypothetical. Considering that cerebellar ataxia is disabling, 
there is a need to explore if GAD-antibody pathogenicity is 
the main responsible process to design specific pharmaco-
logical or even neurostimulating therapies.

GAD‑Positive Autoimmune Epilepsy

Anti-GAD antibodies are seen in patients with pharmaco-
resistant epilepsy, most often temporal lobe epilepsy 
[67–69]. Some patients present with refractory convulsive 
and non-convulsive status epilepticus with frequent autoim-
mune comorbidities but normal MRI [70–74], In a retrospec-
tive series, anti-GAD antibodies were detected in 22% of 
patients with various epilepsies and concurrent autoimmune 
comorbidities [72]. Among 233 patients with all types of 

Fig. 6  Details of Reciprocal inhibition and stiffness generation in 
SPS patients: A. Normal Reciprocal Inhibition: When an afferent Ia 
sensory neuron fires, brings information to the spinal cord and stim-
ulates the gamma neuron which, in turn, sends information to the 
spindle of the agonist muscle to contract (1); when this happens, the 
gamma motor neuron of the antagonist muscle does not discharge due 
to inhibition of GABA interneuron (3 -asterisk) which, by releas-
ing inhibitory mediators, causes relaxation of the a-motor neuron of 

the antagonist muscle (2). C. Impaired Reciprocal Inhibition results 
in hyperexcitability and SPS-SD: If the inhibition by the inhibitory 
GABAergic interneuron is impaired as in SPS, the a-motor neuron is 
continuously firing and the muscle will be continuously stimulated 
becoming hypertonic (spastic), without the ability to relax, due to 
simultaneous contraction of both, the agonist and the antagonist mus-
cles, as highlighted by two asterisks ** [modified from [9]]
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epilepsy, 2,3% had GAD-abs but, if only patients with focal 
epilepsy are considered, GAD-Abs were present in 16% of 
all cases [75]. In other series, among patients with temporal 
lobe epilepsy the percentage of GAD-antibody positivity 
may be even higher up to 21,7% [74]. Of interest, among 80 
children with epilepsy, anti-GAD antibodies were the third 
most common antibody, after antinuclear and anti-Voltage 
Gated Potassium Channels [74]. At least 5% of SPS patients 
have seizures but, in our experience, the epilepsy in SPS 
is not refractory but rather easily controlled. Musicogenic 
reflex seizures, although rare, have been more frequently 
noted among patients with GAD-associated epilepsy [74]. 
In a recent retrospective chart review of 16 patients with 
musicogenic epilepsy, 9 tested patients were found to be 
GAD-antibody positive in both serum and CSF [76]. These 
patients had temporal lobe epilepsy with epileptiform EEG 
abnormalities captured when seizures were induced by 
music [76]; only one of 6 patients partially responded to 
immunotherapy raising doubts as to whether this epilepsy 
is of immune etiology.

The mechanism of GAD-epilepsy is unclear, but a reason-
able hypothesis is the association of anti-GAD antibodies in 
inducing hyperexcitability by inhibiting GABAergic path-
ways. The intrathecal synthesis of GAD antibodies may also 
affect GABAergic pathways and decrease the conversion of 
glutamate to GABA resulting in excessive excitatory neuro-
transmission that lowers the seizure threshold [9]. Because 
cytotoxic T lymphocytes have been found in temporomesial 
tissue biopsies from some GAD-positive patients with phar-
maco-resistant epilepsy, a cellular neurotoxic effect against 
GABAergic interneurons has been also implicated [9, 32].

GAD‑Positive Limbic Encephalitis

Autoimmune limbic encephalitis with anti-GAD anti-
bodies clinically presents like the classic autoimmune or 
paraneoplastic limbic encephalitides with impaired work-
ing memory, psychiatric symptoms, seizures or altered 
level of consciousness [6–9, 30–32]. Like the other GAD-
SD, the causative role of GAD antibodies is still unclear. 
Some patients have oligoclonal CSF bands and intrathecal 
GAD-antibody synthesis.

Progressive Encephalomyelitis with Rigidity 
and Myoclonus (PERM)

PERM, described the same year as SPS, is also considered 
as an SPS-spectrum disorder [77]. PERM is, however, a 
distinct syndrome characterized by muscle spasms and 
stiffness, gait ataxia, myoclonic jerks, a varying degree of 
brainstem dysfunction with oculomotor abnormalities and 
dysphagia, prominent autonomic symptoms and depressed 
level of consciousness. PERM is equally present in men and 

women although in our small series most patients were men. 
The disorder is characterized by the presence of anti-GlyR 
antibodies, which are also detected in up to 15% of GAD-
positive SPS patients [44, 45, 78, 79]. An underlying tumor, 
especially thymoma or lymphoma, can be present in about 
20% of PERM patients [78]. Rare histological data have 
demonstrated inflammatory and microglial changes as well 
as neuronal cell loss in the pons, medulla, cerebellum, spinal 
cord and autonomic ganglia [9]. Another autoantibody that 
has been detected in 4 patients with PERM is against dipep-
tidyl-peptidase-like protein (DPPX), a regulatory subunit of 
neuronal Kv4.2 potassium channel complex responsible for 
transient inhibitory currents that regulate repetitive firing 
rates into neuronal dendrites [80, 81] (Fig. 4). Because of the 
widespread distribution of Kv4.2 complexes, these patients 
present with a multifocal neurologic phenotype including 
prominent gastrointestinal manifestations with weight loss 
and diarrhea, cognitive dysfunction, memory deficits, CNS 
hyperexcitability, myoclonus, tremor, seizures, encephalopa-
thy, sleep disturbance and dysautonomia.

GAD‑positive Nystagmus and Abnormal Eye 
Movements

Isolated oculomotor dysfunction can be the sole manifesta-
tion in some patients with anti-GAD antibodies, highlighted 
by downbeat or horizontal nystagmus and saccadic intru-
sions or oscillations. In our experience, oculomotor dysfunc-
tion is not unusual among all GAD-positive SPS patients 
especially those with cerebellar ataxia [29, 32, 33]. The most 
common isolated GAD-positive oculomotor dysfunction is 
persistent horizontal or downbeat nystagmus, presumably 
related to excitability of vestibular nuclei with increased 
drive to motor neurons of ocular musculature, resulting in 
an upward slow phase followed by a quick compensatory 
downward phase [83–87]. Within the spectrum of GAD-
antibody-associated abnormal eye movements, opsoclonus 
and myoclonus have been also observed [29, 82–88].

Therapeutic interventions in SPS

For SPS, two treatment strategies are implemented, sympto-
matic or immunologic, either independently or in combina-
tion, depending on symptom severity [9, 33, 34, 82, 89, 90].

A Symptomatic Therapy. This is based on diverse agents 
that all enhance GABAergic neurotransmission and 
remain the hallmark therapy for the disease and the first-
line drugs for therapy initiation, although no controlled 
studies have been ever conducted. They include:
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i) Benzodiazepines. They are all GABAA agonists, 
with diazepam being the oldest and most effective 
therapeutic option since the description of SPS 
[1]. These family of drugs can help most patients, 
although the high doses sometimes required can-
not be tolerated and may lead to addiction. We start 
with diazepam 5–10 mg BID and, if well tolerated, 
increase it to TID. Similar compounds include clon-
azepam, alprazolam, lorazepam and temazepam. 
Diazepam is especially effective in status spasticus 
and, if needed, it is more effective intravenously;

ii) Anti-spasticity agents. They are mostly GABAB 
agonists, with baclofen being the most effective. 
Between benzodiazepines and anti-spasticity agents, 
baclofen is our first treatment option because, com-
pared to diazepam, is better tolerated and does not 
lead to addiction. We start with 10 mg TID but 
sometimes higher doses may be used for better effi-
cacy, even up to 50 mg daily, but caution is needed 
because of cognitive side effects. Some SPS patients 
have been treated with baclofen pump intrathecally 
to improve spasticity; we have not initiated such 
therapy in our patients because we have been over-
all disappointed with the results witnessed in sev-
eral patients already on baclofen pump, referred to 
us. Our overall impression is that the benefit of the 
pump is marginal and the complications more sig-
nificant, especially if the patients also have DM1 and 
use insulin pump or receive subcutaneous IgG.

iii) Antiepileptics. These can also enhance GABAergic 
neurotransmission and improve SPS symptomatol-
ogy, in conjunction with baclofen and benzodiaz-
epines. In our experience, the most helpful agents 
in this family are gabapentin and vigabatrin, which 
act by inhibiting GABA-transaminase [82, 89]. 
Tiagabine, an inhibitor of GABA reuptake, and lev-
etiracetam, which facilitates inhibition of GABAer-
gic transmission may offer benefits, if well tolerated. 
Other drugs include tizanidine, a centrally acting α2 
adrenergic receptor, and dantrolene, a muscle relax-
ant, that sometimes may be useful.

iv) Botulinum Toxin. It can provide short-term benefits 
and may be considered for some patients with local-
ized spasms or prominent painful spasms in one 
extremity (stiff-leg syndrome) or the lumbosacral 
spine, if have been unresponsive to the other thera-
pies. The benefit, based on our experience, has been 
overall minimal and short-lived, while the doses 
required are quite significant for routine use.

v) Supportive therapies. SPS patients experience severe 
anxiety due to phobias of falling or completing even 
simple physical tasks and many times require psy-
chological support both at home or at work espe-

cially if the symptoms are significant and do not 
concurrently improve with the physical symptoma-
tology. Their phobias often lead to depression, while 
their painful spasms may at times lead to addiction 
of drugs like benzodiazepines or narcotics, high-
lighting the need for multifactorial care from the 
outset.

B Immunotherapy
  If the above agents do not offer a satisfactory benefit, 

we proceed to immunotherapy, which is sequentially as 
follows:

a) Intravenous immunoglobulin (IVIg). This is the first 
in line agent in this category based on its proven 
efficacy and excellent tolerance. In a randomized, 
double-blind, placebo-controlled trial, we con-
ducted in GAD-positive SPS patients, IVIg resulted 
in significant improvements in objective stiffness 
parameters, hyperexcitability and activities of daily 
living [27], based on validated quantitative scales. 
The drug clearly improves stiffness and muscle flex-
ibility especially in the paraspinal muscles (Fig. 7), 
improves gait preventing falls and reduces even 
anxiety-triggered spasms. In the patients that first 
received IVIg, the stiffness scores significantly 
decreased (p = 0.02) and the heightened-sensitivity 
scores markedly declined, but all rebounded when 
the patients were switched to placebo; the oppo-
site occurred in patients randomized first to pla-
cebo and switched then to IVIg [27]. Overall, the 
patients who received IVIg compared to placebo 
were able to walk without assistance or falls and 
perform daily activity functions. This pivotal study 
has clearly shown that IVIg for up to 3 months is 
effective in SPS patients not adequately responding 
to anti-spasmodic and GABA-enhancing drugs [27, 
91]. The dose of IVIg is based on 2 g/kg, divided in 
2–5 consecutive days according to the patient’s age, 
co-morbidities or total weight. In many controlled 
studies, the total IVIg dose was divided in 2 days; 
in practice, it is often divided in 3–5 days especially 
when given as home-infusion to ensure safety and 
better tolerance. In overweight patients, the ideal-
body weight is used to calculate the total dose, as 
described [92]. The duration of efficacy after each 
monthly IVIg infusion ranges from 4 to 5 weeks, 
and repeated infusions may be required in several 
patients with a preferred maintenance dose of 1 g/
kg. The long-term monthly maintenance therapy 
of IVIg for chronic SPS management has not been, 
however, tested in a controlled study resulting some-
times in overuse as dependency test is not routinely 
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used and many patients require it for long-time peri-
ods out of fear that may worsen without it.

  To ensure the judicious use of IVIg, we advise the 
patients from the outset that after the first 3 monthly 
infusions, if there is an objective benefit, we will 
continue with periodically performing dependency 
tests by reducing the IVIg dose or prolonging the 
infusion intervals to objectively assess regression 
in severity of spasms and stiffness, as recently 
highlighted [92]. Unfortunately, sometimes IVIg is 
being used just to reduce pain and improve fatigue 
or other subjective symptoms; a conditioning effect 
is also prevalent, as recently highlighted [92], with 
patients requesting therapy continuation out of fear 
they may worsen if it is stopped. IVIg still, however, 
remains the only immunomodulatory therapy with 
proven benefit in SPS patients, but there is a need 
to determine long-term benefits beyond the origi-
nally tested 3-month period [26]. We are currently 
in the process of assessing long-term benefits over a 
10-year period. Subcutaneous immunoglobulin may 
be also an option in patients with poor venous access 
or when there is a demonstrable early wearing-off 
effect to ensure sustained benefit [92, 93].

b) Rituximab. If IVIg is not sufficiently effective or 
totally ineffective, we proceed to Rituximab which 
anecdotally has shown some benefit [94]. A rand-

omized controlled trial we conducted in SPS patients 
demonstrated lack of efficacy of rituximab compared 
to placebo owing to a strong placebo effect [28]. In 
this series, however, 7 patients improved and four of 
them with severe disease demonstrated meaningful 
to impressive improvements. On this basis, rituxi-
mab is a useful drug for a subset of patients who 
have failed therapies with GABA-enhancing drugs 
and IVIg. Anti-GAD antibody titers may drop, but 
not at a statistically significant level [27, 28]; as 
mentioned earlier, antibody titers do not correlate 
with clinical severity or predict improvement.

  The need for follow-up Rituximab infusions for 
those who have initially responded remains empiri-
cal. In patients who improved and have been stable, 
we wait for new worsening signs which sometimes 
can be seen as late as 1–3 years later; for those, 
however, who regress earlier, after 6–8 months, we 
use 2 g every 6–12 months or 1-g every 3–6 months 
to ensure stability [95, 96]. The CD27 + memory 
B-cells may be a useful biomarker to follow because 
this B cell subpopulation correlates best with sta-
bility when their counts are at or below the thera-
peutic target, or with disease worsening upon their 
reemergence [95, 96]. We do not follow routinely 
the CD19/20 B cells, but we do follow the IgG 
immunoglobulin levels every 3–6 months because, if 

Fig. 7  Improvement of the stiff-
ness and walking ability of an 
SPS patient 3 months after IVIg 
therapy. Before treatment (left) 
and after IVIg (right) [based on 
the IVIg controlled trial (Dala-
kas et al. [27])] 
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below normal, patients may be susceptible to infec-
tions or prolonged recovery after infectious illnesses 
especially during the COVID19 pandemic. Rituxi-
mab has been also effective in one of our patients 
with PERM associated with Glycin-Receptor anti-
bodies [97]. This patient, who was hospitalized in 
ICU for 12 months, requiring mechanical ventilation 
and being unresponsive to IVIg or other therapies, 
started to improve after the first Rituximab infusion 
with concurrent reduction in the Glycin-receptor 
antibodies in serum and CSF; he became able to 
walk after the second infusion while antibodies 
became undetectable in the CSF although still 
detectable at low titers in serum [97].

c) Autologous hematopoietic stem cell transplanta-
tion (auto-HSCT). Auto-HSCT has been used in 
patients with severe SPS who failed conventional 
immunosuppressive therapy, with variable results. 
In a small study, 3 patients with SPS and one with 
PERM, initially treated with Cyclophosphamide 
(Cy) 2 g/m2 + G-CSF and then conditioned with Cy 
200 mg/kg + ATG followed by auto-HSCT, exhib-
ited improved ability to perform for physical tasks 
[98]. The walking distance of one patient improved 
from 300 to 5 miles while one other’s ambulation 
improved from being wheelchair-bound to being 
able to walk with a walker; two patients became 
seronegative for anti-GAD antibodies and their 
neurophysiological abnormalities were normal-
ized [98]. Although auto-HSCT was suggested as a 
treatment option for some SPS patients refractory to 
conventional immunotherapy, a large study aiming 
at 40 SPS patients was terminated early after enroll-
ing 23 patients because of no efficacy or only tran-
sient benefits, taking into account potential serious 
complications [99]. One of the several limitations 
of that study was the recruitment of patients with 
advanced disease; considering the strong placebo 
effect as noted in the rituximab trial, the need for 
using objective measurements in quantifying stiff-
ness with validated scales were pointed out [100]. 
Whether, a controlled HSMT trial will be meritori-
ous in SPS patients with early disease unresponsive 
to therapies remains uncertain, taking into account 
the potential side effects. 

d) Other partially effective or failed therapies. Plas-
mapheresis has been tried and some patients may 
respond based on small anecdotal case reports, [101] 
but in our experience it has limited and transient 
benefits and we do not routinely use it. Corticos-
teroids have been surprisingly ineffective based on 
our experience while triggering or exacerbating 
diabetes may also be a consideration for possible 

long-term use. Intravenous steroids, although seem-
ingly effective in GAD-associated encephalitis, are 
overall disappointing in SPS even in the acute spas-
tic state (status spasticus). Good control of diabetes, 
especially when requires insulin, remains a critical 
factor because, if uncontrolled, seems to worsen the 
neurologic symptomatology. Immunosuppressive 
agents such as azathioprine, methotrexate, cyclo-
phosphamide, and mycophenolate mofetil used for 
maintenance in other autoimmune neurological dis-
eases have been also disappointing, in spite of rare 
case reports.

Therapeutic Interventions in Patients 
with SPS‑Plus Cerebellar Disease

The reason this disease subset requires specific mention-
ing is because these patients do not adequately respond 
to all the aforementioned therapies even if the treatment 
algorithm remains the same. Based on our experience with 
more than 10 treated patients, we have noticed that some 
patients partially respond to IVIg or rituximab early in their 
disease course but in patients with longer-standing disease 
the cerebellar component, especially the dysarthria and 
dysphagia, seems to progress and dominates the clinical 
symptomatology over time. Although the SPS component 
in some patients may continue to partially respond to IVIg 
or rituximab, the ataxia, dysarthria and dysphagia continue 
to slowly progress. Of note, early in the disease the brain 
MRI of these patients is usually normal, but over time mild 
signs of cerebellar atrophy may become apparent probably 
explaining the clinical progression.

Therapeutic Interventions 
for GAD‑Autoimmune Epilepsy and Limbic 
Encephalitis

Therapy in autoimmune epilepsy and acute or subacute 
autoimmune limbic encephalitis, starts with IV steroids 
1,000 mg daily for 3–5 days, followed by IVIg and rituximab 
as needed. Anti-epileptics are added in patients with epi-
lepsy, but many patients may not need them several months 
after they have fully improved.

A view to Potential Future Immunotherapies

Novel therapeutic approaches that need to be evaluated in 
SPS should include monoclonal antibodies against B cells 
or plasma cells based on the assumption that SPS-SD are 
antibody-mediated diseases and antibody-producing B cells 
or plasmablasts are presumably activated. Considering the 
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significant disability some of these patients have and the 
steady disease progression, the following promising anti-B 
cell agents might be important considerations, as recently 
highlighted [102, 103]: 1) other anti-CD19/20- B cells cur-
rently on the market, some of which are already approved 
in neurological autoimmunities, such as Ocrelizumab, ofa-
tumumab, Inebilizumab and Obexelimab (XmAb5871). Ine-
bilizumab also targets antibody-producing CD-19-positive 
plasmablasts and plasma cells while Obexelimab not only 
targets CD19 but binds simultaneously to both CD19 and 
FcγRIIb promoting internalization of CD19 in the lipid rafts, 
markedly enhancing the inhibitory FcγRIIB and downregu-
lating CD19 as proposed for the IgG4-neurological autoim-
munities [102–104]; 2) bortezomib that targets plasmblasts; 
and 3) Zanubrutinib and Rilzabrutinib, both Bruton’s tyros-
ine kinase inhibitors, showing already promise in patients 
with multiple sclerosis [103]. FcRn inhibitors, such as the 
recently approved Efgartigimod [104, 105], may be an addi-
tional family of agents that act by enhancing the catabolism 
of circulating IgG antibodies. Finally, the IL6-Receptor 
antagonists such as Satralizumab and Tocilizumab approved 
for NMO-SD [103] that also show promise in NMDAR-
encephalitis [106] may be additional therapeutic options that 
need to be tested in controlled studies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13311- 022- 01188-w.

Required Author Forms Disclosure forms provided by the authors are 
available with the online version of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Moersch FP, Woltman HW. Progressive fluctuating muscular 
rigidity and spasm (“stiff-man” syndrome); report of a case and 
some observations in 13 other cases. Proc Staff Meet Mayo Clin. 
1956;31(15):421–7.

 2. Solimena M, Folli F, Denis-Donini S, et al. Autoantibodies to 
glutamic acid decarboxylase in a patient with stiff-man syn-
drome, epilepsy, and type I diabetes mellitus. N Engl J Med. 
1988;318(16):1012–20.

 3. Dalakas MC, Fujii M, Li M, et al. The clinical spectrum of anti-
GAD antibody-positive patients with stiff-person syndrome. 
Neurology. 2000;55(10):1531–5.

 4. Saiz A, Arpa J, Sagasta A, et al. Autoantibodies to glutamic acid 
decarboxylase in three patients with cerebellar ataxia, late-onset 
insulin-dependent diabetes mellitus, and polyendocrine autoim-
munity. Neurology. 1997;49(4):1026–30.

 5. Honnorat J, Saiz A, Giometto B, et al. Cerebellar ataxia with 
anti-glutamic acid decarboxylase antibodies: study of 14 patients. 
Arch Neurol. 2001;58(2):225–30.

 6. Gresa-Arribas N, Ariño H, Martínez-Hernández E, et al. Anti-
bodies to inhibitory synaptic proteins in neurological syndromes 
associated with glutamic acid decarboxylase autoimmunity. 
PLoS One. 2015;10(3):e0121364.

 7. Graus F, Saiz A, Dalmau J. GAD antibodies in neurological disor-
ders - insights and challenges. Nat Rev Neurol. 2020;16(7):353–65.

 8. McKeon A, Robinson MT. McEvoy KM et al Stiff-Man Syn-
drome and Variants Clinical Course. Treatments, and Out-
comes Arch Neurol. 2012;69(2):230–8.

 9. Tsiortou P, Alexopoulos H, Dalakas MC. GAD antibody-
spectrum disorders: Progress in Clinical phenotypes. Immu-
nopathogenesis and Therapeutic interventions Therapeutic 
Advances in Neurology. 2021;14:17562864211003486. https:// 
doi. org/ 10. 1177/ 17562 86421 10034 86. eCollection 2021.

 10. Folli F, Solimena M, Cofiell R, et al. Autoantibodies to a 128-
kd synaptic protein in three women with the stiff-man syn-
drome and breast cancer. N Engl J Med. 1993;328(8):546–51.

 11. De Camilli P, Thomas A, Cofiell R, et al. The synaptic vesicle- 
associated protein amphiphysin is the 128-kD autoanti-
gen of Stiff-Man syndrome with breast cancer. J Exp Med. 
1993;178(6):2219–23.

 12. Butler MH, Hayashi A, Ohkoshi N, et al. Autoimmunity to 
gephyrin in Stiff-Man syndrome. Neuron. 2000;26(2):307–12.

 13. Meinck HM, Ricker K, Conrad B. The stiff-man syndrome: 
new pathophysiological aspects from abnormal exteroceptive 
reflexes and the response to clomipramine, clonidine, and tiza-
nidine. J Neurol Neurosurg Psychiatry. 1984;47(3):280–7.

 14. Dinkel K, Meinck HM, Jury KM, et al. Inhibition of gamma-
aminobutyric acid synthesis by glutamic acid decarboxy-
lase autoantibodies in stiff-man syndrome. Ann Neurol. 
1998;44(2):194–201.

 15. Ishida K, Mitoma H, Song SY, et al. Selective suppression 
of cerebellar GABAergic transmission by an autoantibody to 
glutamic acid decarboxylase. Ann Neurol. 1999;46(2):263–7.

 16. Barker RA, Revesz T, Thom M, et al. Review of 23 patients 
affected by the stiff man syndrome: clinical subdivision into 
stiff trunk (man) syndrome, stiff limb syndrome, and progres-
sive encephalomyelitis with rigidity. J Neurol Neurosurg Psy-
chiatry. 1998;65(5):633–40.

 17. Dalakas MC. Autoantibodies and Immunopathogenesis of 
the Stiff-Person Syndrome; NIH Clinical conference “the 
stiff-person syndrome: an autoimmune disorder affecting 
neurotransmission of g-aminobutyric acid.” Ann Intern Med. 
1999;131:523–4.

 18. Dalakas MC, Li M, Fujii M, et al. Stiff person syndrome: quanti-
fication, specificity, and intrathecal synthesis of GAD65 antibod-
ies. Neurology. 2001;57(5):780–4.

 19. Levy LM, Dalakas MC, Floeter MK. The stiff-person syndrome: 
an autoimmune disorder affecting neurotransmission of gamma-
aminobutyric acid. Ann Intern Med. 1999;131(7):522–30.

 20. Sandbrink F, Syed NA, Fujii MD, et al. Motor cortex excitability 
in stiff-person syndrome. Brain. 2000;123(Pt 11):2231–9.

 21. Molloy FM, Dalakas MC. Floeter MK Increased brainstem excit-
ability in stiffperson syndrome. Neurology. 2002;59:449–51.

 22. Levy LM, Levy-Reis I, Fujii M, et al. Brain gamma-aminobutyric acid 
changes in stiff-person syndrome. Arch Neurol. 2005;62(6):970–4.

 23. Raju R, Foote J, Banga JP, et al. Analysis of GAD65 autoan-
tibodies in Stiff-Person syndrome patients. J Immunol. 
2005;175(11):7755–62.

1 3

M. C. Dalakas844

https://doi.org/10.1007/s13311-022-01188-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/17562864211003486
https://doi.org/10.1177/17562864211003486


 24. Raju R, Rakocevic G, Chen Z, et  al. Autoimmunity to 
GABAA-receptor-associated protein in stiff-person syndrome. 
Brain. 2006;129(Pt 12):3270–6.

 25. Fouka P, Alexopoulos H, Akrivou S, et al. GAD65 epitope map-
ping and search for novel autoantibodies in GAD-associated 
neurological disorders. J Neuroimmunol. 2015;281:73–7.

 26. Alexopoulos H, Dalakas MC. Immunology of stiff person syn-
drome and other GAD-associated neurological disorders. Expert 
Rev Clin Immunol. 2013;9(11):1043–53.

 27. Dalakas MC, Fujii M, Li M, et  al. High-dose intravenous 
immune globulin for stiff-person syndrome. N Engl J Med. 
2001;345(26):1870–6.

 28. Dalakas MC, Rakocevic G, Dambrosia JM, et al. A double-
blind, placebo-controlled study of rituximab in patients with 
stiff person syndrome. Ann Neurol. 2017;82(2):271–7.

 29. Rakocevic G. Alexopoulos H, Dalakas MC, Quantitative clini-
cal and autoimmune assessments in stiff person syndrome: evi-
dence for a progressive disorder. BMC Neurol. 2019;19(1):1.

 30. Gultekin SH, Rosenfeld MR, Voltz R, et al. Paraneoplastic lim-
bic encephalitis: neurological symptoms, immunological find-
ings and tumour association in 50 patients. Brain. 2000;123(Pt 
7):1481–94.

 31. Graus F, Titulaer MJ, Balu R, et al. A clinical approach to diagnosis 
of autoimmune encephalitis. Lancet Neurol. 2016;15(4):391–404.

 32. Malter MP, Helmstaedter C, Urbach H, et al., Antibodies to 
glutamic acid decarboxylase define a form of limbic encepha-
litis. Ann Neurol. 2010;67(4):470–8.

 33. Dalakas MC. Stiff person syndrome: advances in pathogen-
esis and therapeutic interventions. Curr Treat Options Neurol. 
2009;11(2):102–10.

 34. Dalakas MC. Progress and stiff challenges in understanding the 
role of GAD-antibodies in stiff-person syndrome. Exp Neurol. 
2013;247:303–7.

 35. Alexopoulos H, Dalakas MC. A critical update on the immu-
nopathogenesis of Stiff Person Syndrome. Eur J Clin Invest. 
2010;40(11):1018–25.

 36. McKeon A, Tracy JA. GAD 65 Neurological Autoimmunity 
Muscle Nerve. 2017;56:15–27

 37. Munoz-Lopetegi A, de Bruijn MAAM, Boukhrissi S, et al. 
Neurologic syndromes related to anti-GAD65: Clinical and 
serologic response to treatment. Neurol Neuroimmunol 
Neuroinflamm. 2020;7:e696

 38. Budhram A, Sechi E, Flanagan EP, et al. Clinical spectrum of 
high-titre GAD65 antibodies. J Neurol Neurosurg Psychiatry 
2021;92:645–654.

 39. Meinck HM, Thompson PD. Stiff man syndrome and related 
conditions. Mov Disord. 2002;17(5):853–66.

 40. Rakocevic G, Raju R, Semino-Mora C, et al. Stiff person syn-
drome with cerebellar disease and high-titer anti-GAD antibod-
ies. Neurology. 2006;67(6):1068–70.

 41. Ameli R, Snow J, Rakocevic G, et al. A neuropsychological 
assessment of phobias in patients with stiff person syndrome. 
Neurology. 2005;64(11):1961–3.

 42. Dimitriadou MM, Alexopoulos H, Akrivou S, et al. Anti-Neuronal 
Antibodies Within the IVIg Preparations: Importance in Clinical 
Practice. Neurotherapeutics. 2020;17(1):235–42.

 43. Walikonis JE, Lennon VA. Radioimmunoassay for glutamic 
acid decarboxylase (GAD65) autoantibodies as a diagnostic 
aid for stiff-man syndrome and a correlate of susceptibility to 
type 1 diabetes mellitus. Mayo Clin Proc. 1998;73(12):1161–6.

 44. McKeon A, Martinez-Hernandez E, Lancaster E, et al. Glycine 
receptor autoimmune spectrum with stiff-man syndrome phe-
notype. JAMA Neurol. 2013;70(1):44–50.

 45. Alexopoulos H, Akrivou S, Dalakas MC. Glycine receptor anti-
bodies in stiff-person syndrome and other GAD-positive CNS 
disorders. Neurology. 2013;81(22):1962–4.

 46. Mas N, Saiz A, Leite MI, et al. Antiglycine-receptor encephalomyelitis 
with rigidity. J Neurol Neurosurg Psychiatry. 2011;82(12):1399–401.

 47. Iizuka T, Leite MI, Lang B, et al. Glycine receptor antibodies 
are detected in progressive encephalomyelitis with rigidity and 
myoclonus (PERM) but not in saccadic oscillations. J Neurol. 
2012;259(8):1566–73.

 48. Cheramy M, Hampe CS, Ludvigsson J, et  al. Characteris-
tics of in-vitro phenotypes of glutamic acid decarboxylase 65 
autoantibodies in high-titre individuals. Clin Exp Immunol. 
2013;171(3):247–54.

 49. Manto M, Honnorat J, Hampe CS, et al. Disease-specific mono-
clonal antibodies targeting glutamate decarboxylase impair 
GABAergic neurotransmission and affect motor learning and 
behavioral functions. Front Behav Neurosci. 2015;9:78.

 50. Fenalti G, Law RH, Buckle AM, et al. GABA production by 
glutamic acid decarboxylase is regulated by a dynamic catalytic 
loop. Nat Struct Mol Biol. 2007;14(4):280–6.

 51. Patel AB, de Graaf RA, Martin DL, et al. Evidence that GAD65 
mediates increased GABA synthesis during intense neuronal 
activity in vivo. J Neurochem. 2006;97(2):385–96.

 52. Jayakrishnan, B., Hoke DE, Langendorf CG, et al. An analysis 
of the cross-reactivity of autoantibodies to GAD65 and GAD67 
in diabetes. PLoS One. 2011;6(4):e18411.

 53. Butler MH, Solimena M, Dirkx R Jr, et al. Identification of a 
dominant epitope of glutamic acid decarboxylase (GAD-65) rec-
ognized by autoantibodies in stiff-man syndrome. J Exp Med. 
1993;178(6):2097–106.

 54. Al-Bukhari TA, Radford PM, Bouras G, et al. Distinct antigenic 
features of linear epitopes at the N-terminus and C-terminus of 
65 kDa glutamic acid decarboxylase (GAD65): implications for 
autoantigen modification during pathogenesis. Clin Exp Immu-
nol. 2002;130(1):131–9.

 55. Kim J, Namchuk M, Bugawan T, et al. Higher autoantibody levels 
and recognition of a linear NH2-terminal epitope in the autoan-
tigen GAD65, distinguish stiff-man syndrome from insulin-
dependent diabetes mellitus. J Exp Med. 1994;180(2):595–606.

 56. Vianello M, Keir G, Giometto B, et al. Antigenic differences 
between neurological and diabetic patients with anti-glutamic 
acid decarboxylase antibodies. Eur J Neurol. 2005;12(4):294–9.

 57. Burbelo PD, et al. High definition profiling of autoantibodies 
to glutamic acid decarboxylases GAD65/GAD67 in stiff-person 
syndrome. Biochem Biophys Res Commun. 2008;366:1–7.

 58. Piquer S, Belloni C, Lampasona V, et al. Humoral autoimmune 
responses to glutamic acid decarboxylase have similar target 
epitopes and subclass that show titer-dependent disease associa-
tion. Clin Immunol. 2005;117(1):31–5.

 59. Stemmler N, Rohleder K, Malter MP, et al. Serum from a Patient 
with GAD65 Antibody-Associated Limbic Encephalitis Did Not 
Alter GABAergic Neurotransmission in Cultured Hippocampal 
Networks. Front Neurol. 2015;6:189.

 60. Hansen N, Grünewald B, Weishaupt A, et al. Human Stiff person 
syndrome IgG-containing high-titer anti-GAD65 autoantibodies 
induce motor dysfunction in rats. Exp Neurol. 2013;239:202–9.

 61. Sommer C, Weishaupt A, Brinkhoff J, et al. Paraneoplastic stiff-
person syndrome: passive transfer to rats by means of IgG anti-
bodies to amphiphysin. Lancet. 2005;365(9468):1406–11.

 62. Geis C, Grünewald B, Weishaupt A, et al. Human IgG directed 
against amphiphysin induces anxiety behavior in a rat model 
after intrathecal passive transfer. J Neural Transm, Vienna. 
2012;119(8):981–4.

 63. Thaler FS, Thaller AL, Biljecki M, et al. Abundant glutamic acid 
decarboxylase (GAD)-reactive B cells in gad-antibody-associated 
neurological disorders. Ann Neurol. 2019;85(3):448–54.

 64. Manto MU, Laute MA, Aguera M, et al. Effects of anti-glutamic 
acid decarboxylase antibodies associated with neurological dis-
eases. Ann Neurol. 2007;61(6):544–51.

1 3

Stiff‑person Syndrome and GAD Antibody‑spectrum Disorders: GABAergic Neuronal Excitability,… 845



 65. Ishida K, Mitoma H, Wada Y, et al. Selective loss of Purkinje 
cells in a patient with anti-glutamic acid decarboxylase antibody-
associated cerebellar ataxia. J Neurol Neurosurg Psychiatry. 
2007;78(2):190–2.

 66. Manto MU, Hampe CS, Rogemond V, Honnorat J. Respective 
implications of glutamate decarboxylase antibodies in stiff person 
syndrome and cerebellar ataxia. Orphanet J Rare Dis. 2011;6:3.

 67. Peltola J, Kulmala P, Isojärvi J, et al. Autoantibodies to glutamic 
acid decarboxylase in patients with therapy-resistant epilepsy. Neu-
rology. 2000;55(1):46–50.

 68. Elisak M, Krysl D, Hanzalova J, et al. The prevalence of neural 
antibodies in temporal lobe epilepsy and the clinical characteristics 
of seropositive patients. Seizure. 2018;63:1–6.

 69. Makela KM, Hietaharju A, Brander A, et al. Clinical Management 
of Epilepsy With Glutamic Acid Decarboxylase Antibody Posi-
tivity: The Interplay Between Immunotherapy and Anti-epileptic 
Drugs. Front Neurol. 2018;9:579.

 70. Khawaja AM, et al. Refractory status epilepticus and glutamic acid 
decarboxylase antibodies in adults: presentation, treatment and out-
comes. Epileptic Disord. 2016;18(1):34–43.

 71. Triplett J, Vijayan S, MacDonald A, et  al. Fulminant Anti-
GAD antibody encephalitis presenting with status epilepticus 
requiring aggressive immunosuppression. J Neuroimmunol. 
2018;323:119–24.

 72. Quek AM, Britton JW, McKeon A, et al. Autoimmune epilepsy: 
clinical characteristics and response to immunotherapy. Arch Neu-
rol. 2012;69(5):582–93.

 73. Errichiello L, Perruolo G, Pascarella A, et al. Autoantibodies to glu-
tamic acid decarboxylase (GAD) in focal and generalized epilepsy: 
A study on 233 patients. J Neuroimmunol. 2009;211(1–2):120–3.

 74. Falip M, Carreño M, Miró J, et al. Prevalence and immunological 
spectrum of temporal lobe epilepsy with glutamic acid decarboxy-
lase antibodies. Eur J Neurol. 2012;19(6):827–33.

 75. Bien CG, Scheffer IE. Autoantibodies and epilepsy. Epilepsia. 
2011;52(Suppl. 3):18–22.

 76. Smith KM, Zalewski NL, Budhram A, et al. Musicogenic epilepsy: 
Expanding the spectrum of glutamic acid decarboxylase 65 neuro-
logical autoimmunity. Epilepsia. 2021;62(5):e76–81. https:// doi. 
org/ 10. 1111/ epi. 16888 (Epub 2021 Mar 25PMID: 33764529).

 77. Campbell AM, Garland H. Subacute myoclonic spinal neuronitis. 
J Neurol Neurosurg Psychiatry. 1956;19(4):268–74.

 78. Hinson SR, Lopez-Chiriboga AS, Bower JH, et al. Glycine recep-
tor modulating antibody predicting treatable stiff-person spectrum 
disorders. Neurol Neuroimmunol Neuroinflamm. 2018;5(2):e438.

 79. Carvajal-Gonzalez A, Leite MI, Waters P, et  al. Glycine 
receptor antibodies in PERM and related syndromes: charac-
teristics, clinical features and outcomes. Brain. 2014;137(Pt 
8):2178–92.

 80. Tobin WO, Lennon V, Komorowski L, et al. DPPX potassium 
channel antibody Frequency, clinical accompaniments, and 
outcomes in 20 patients Neurology 2014;83:1797–1803.

 81. Balint B, Jarius S, Nagel S, et al. Progressive encephalomyelitis 
with rigidity and myoclonus: a new variant with DPPX antibodies. 
Neurology. 2014;82(17):1521–8.

 82. Dalakas MC. Advances in the pathogenesis and treatment of 
patients with stiff- person syndrome. Curr Neurol Neurosci Rep. 
2008;8:48–55.

 83. Antonini G, Nemni R, Giubilei F, et al. Autoantibodies to glutamic 
acid decarboxylase in downbeat nystagmus. J Neurol Neurosurg 
Psychiatry. 2003;74(7):998–9.

 84. Ances BM, Dalmau JO, Tsai J, et al. Downbeating nystagmus and 
muscle spasms in a patient with glutamic-acid decarboxylase anti-
bodies. Am J Ophthalmol. 2005;140(1):142–4.

 85. Zivotofsky AZ, Siman-Tov T, Gadoth N, et al. A rare saccade 
velocity profile in Stiff-Person Syndrome with cerebellar degen-
eration. Brain Res. 2006;1093(1):135–40.

 86. Pierrot-Deseilligny C, Milea D. Vertical nystagmus: clinical facts 
and hypotheses. Brain. 2005;128(Pt 6):1237–46.

 87. Baizabal-Carvallo JF, Alonso-Juarez M. Vertical nystagmus asso-
ciated with glutamic acid decarboxylase antibodies responding to 
cyclophosphamide. J Neuroimmunol. 2018;317:5–7.

 88. Markakis I, Alexiou E, Xifaras M, et al. Opsoclonus-myoclonus-ataxia 
syndrome with autoantibodies to glutamic acid decarboxylase. Clin 
Neurol Neurosurg. 2008;110(6):619–21.

 89. Dalakas MC Treatment of Stiff person syndrome. In: Therapy of 
Movement Disorders Current Clinical Neurology Reich SG, Factor 
S (eds) Springer Nature International Publishing Switzerland 2019

 90. Vasconcelos OM. Dalakas MC, Stiff-person Syndrome. Curr Treat 
Options Neurol. 2003;5(1):79–90.

 91. Dalakas MC. IVIg in patients with anti-GAD antibody associated 
neurological diseases and patients with inflammatory myopathies: 
effects on clinicopathologic features and immunoregulatory genes. 
Clin Review in Allergy & Immunol. 2005;29:255–69.

 92. Dalakas MC. Update on Intravenous Immunoglobulin in Neu-
rology: Modulating Neuro-Autoimmunity, evolving Factors 
on Efficacy and Dosing and Challenges on Stopping chronic 
IVIg therapy. Neurotherapeutics.  2021. https:// doi. org/ 10. 1007/ 
s13311- 021- 01108-4.

 93. Aljarallah S, Newsome SD. Use of subcutaneous immuno-
globulin in stiff person syndrome: Case series Medicine (Bal-
timore). 2021;100(12):e25260. https:// doi. org/ 10. 1097/ MD. 
00000 00000 025260 (PMID: 33761724).

 94. Baker MR, Das M, Isaacs J, et  al. Treatment of stiff person 
syndrome with rituximab. J Neurol Neurosurg Psychiatry. 
2005;76(7):999–1001.

 95. Dalakas MC. B cells as therapeutic targets in autoimmune neuro-
logical disorders. Nat Clin Pract Neurol. 2008;4(10):557–67.

 96. Dalakas MC. Inhibition of B cell functions: Implications for Neu-
rology. Neurology. 2008;70:2252–60.

 97. Magira EE, Alexopoulos H, Charitatos E, et al. Progressive enceph-
alomyelitis with rigidity and myoclonus (PERM): brucellosis as a 
possible triggering factor and long-term follow-up therapy with 
rituximab. Ther Adv Neurol Disord. 2016;9(1):69–73.

 98. Kass-Iliyya L, Snowden JA, Thorpe A, et al. Autologous haema-
topoietic stem cell transplantation for refractory stiff-person syn-
drome: the UK experience. J Neurol. 2020.

 99. Burt RK, Balabanov R, Han X, et al. Autologous hematopoietic 
stem cell transplantation for Stiff Person Spectrum Disorder: A 
clinical trial. Neurology. 2020. https:// doi. org/ 10. 1212/ WNL. 
00000 00000 011338.

 100. Dalakas MC. A Hsct trial in stiff person syndrome: Limited benefits 
halt enrollment but should be more to come? Neurology. 2020. 
https:// doi. org/ 10. 1212/ WNL. 00000 00000 011349.

 101. Hao W, Davis C, Hirsch IB, et al. Plasmapheresis and immuno-
suppression in stiff-man syndrome with type 1 diabetes: a 2-year 
study. J Neurol. 1999;246(8):731–5.

 102. Dalakas MC. IgG4-mediated neurological autoimmunities: 
Understanding pathogenicity of IgG4, ineffectiveness of IVIg 
and long-lasting benefits of anti-B cell therapies. Neurol Neuro-
immunol Neuroinflamm. 2022;9:e1116. https:// doi. org/ 10. 1212/ 
NXI. 00000 00000 001116.

 103. Stathopoulos P, Dalakas MC. Evolution of anti-B-cell therapeutics 
in autoimmune neurological diseases. Neurotherapeutics. In press.

 104. Cree BAC, Bennett JL, Kim HJ, et al. Inebilizumab for the treat-
ment of neuromyelitis optica spectrum disorder (N-MOmentum): 
a double-blind, randomised placebo-controlled phase 2/3 trial. The 
Lancet. 2019;394:1352–63.

 105. Dalakas MC, Spaeth PJ. The importance of FcRn in neuro-
immunotherapies: From IgG catabolism, FCGRT gene poly-
morphisms, IVIg dosing and efficiency to specific FcRn inhibi-
tors. Ther Adv Neurol Disord. 2021. https:// doi. org/ 10. 1177/ 
17562 86421 997381.

1 3

M. C. Dalakas846

https://doi.org/10.1111/epi.16888
https://doi.org/10.1111/epi.16888
https://doi.org/10.1007/s13311-021-01108-4
https://doi.org/10.1007/s13311-021-01108-4
https://doi.org/10.1097/MD.0000000000025260
https://doi.org/10.1097/MD.0000000000025260
https://doi.org/10.1212/WNL.0000000000011338
https://doi.org/10.1212/WNL.0000000000011338
https://doi.org/10.1212/WNL.0000000000011349
https://doi.org/10.1212/NXI.0000000000001116
https://doi.org/10.1212/NXI.0000000000001116
https://doi.org/10.1177/1756286421997381
https://doi.org/10.1177/1756286421997381


 106. Lee W-J, Lee S-T, Shin Y-W, et al. Teratoma Removal, Steroid, 
IVIG, Rituximab and Tocilizumab (T-SIRT) in Anti-NMDAR 
Encephalitis. Neurotherapeutics. 2020.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1 3

Stiff‑person Syndrome and GAD Antibody‑spectrum Disorders: GABAergic Neuronal Excitability,… 847


	Stiff-person Syndrome and GAD Antibody-spectrum Disorders: GABAergic Neuronal Excitability, Immunopathogenesis and Update on Antibody Therapies
	Abstract
	Introduction
	Evolution of GAD-SD: a 65-Year Evolution after the Initial Description
	GAD-SD: Clinical Spectrum, Importance of Anti-GAD Antibody Titers, CSF Characteristics and Autoimmune Neuronal Excitability
	Stiff Person Syndrome (SPS)
	Hyperexcitability of the Motor Cortex, Brain Imaging and Reduction in Brain GABA
	GAD-Positive Cerebellar Ataxia
	GAD-Positive Autoimmune Epilepsy
	GAD-Positive Limbic Encephalitis
	Progressive Encephalomyelitis with Rigidity and Myoclonus (PERM)
	GAD-positive Nystagmus and Abnormal Eye Movements

	Therapeutic interventions in SPS
	Therapeutic Interventions in Patients with SPS-Plus Cerebellar Disease
	Therapeutic Interventions for GAD-Autoimmune Epilepsy and Limbic Encephalitis
	A view to Potential Future Immunotherapies
	References


