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Abstract: Background: The conversion of glutamic acid into γ-aminobutyric acid (GABA) is catalyzed
by the glutamic acid decarboxylase (GAD). Antibodies against this enzyme have been described in
neurological disorders, but the pathophysiological role of these antibodies is still poorly understood.
We hypothesized that anti-GAD autoantibodies could diminish the GABA content in the slice and
facilitate epileptic activity. Methods: Cerebrospinal fluids (CSF) from two patients containing anti-GAD
(A and B) were injected into the rat hippocampus in vivo. Hippocampal slices were prepared for
electrophysiological field potential recordings in order to record recurrent epileptic discharges (REDs)
in the CA1 region induced by the removal of Mg2+ and/or by adding gabazine. As control groups,
we injected an anti-GAD-negative human CSF or saline solution, and we used non-operated naive
animals. Results: RED frequencies were significantly higher in the Mg2+-free solution than in the
gabazine-containing solution. The average frequency of REDs in the last 10 min and the average
duration of REDs in the last 5 min did not show significant differences between the anti-GAD-B-treated
and the control slices, but in the Mg2+-free solution, anti-GAD-A had significantly higher epileptic
activity than anti-GAD-B. Conclusions: These results indicate that anti-GAD has distinct effects on the
development of spontaneous epileptic activity.

Keywords: glutamic acid decarboxylase; autoimmune limbic encephalitis; NMDA and GABA
receptor; recurrent epileptiform discharges; human cerebrospinal fluid; hippocampus of rats; field
potential recording

1. Introduction

Limbic encephalitis (LE) is a syndrome composed of temporal lobe epilepsy, loss of short-term
memory and psychiatric symptoms such as depression or irritability. Magnetic resonance imaging
(MRI) shows unilateral or bilateral inflammation of the temporal lobe [1]. Initially, this disease was
described by Brierley in 1960 [2] in patients with a subacute encephalitis and usually considered to be
of paraneoplastic origin [3]. Later on, cases were reported to be associated with specific autoantibodies
(autoimmune limbic encephalitis, ALE), either to cell membrane antigens like the N-methyl-D-aspartate
receptor (NMDA-R) or the γ-aminobutyric acid receptor (GABA-R) [4], as well as to intracellular
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antigens like Hu (anti-neuronal nuclear antibody-1) in patients with lung cancer [5], Ma2 (paraneoplastic
antigen Ma2) in patients with testicular tumors [6] and CRMP5/CV2 (collapsin response mediator protein
5) in patients with thymomas [7]. In addition, antibodies to the intracellular enzyme glutamic acid
decarboxylase (anti-GAD) have also been reported both in paraneoplastic [8] and non-paraneoplastic
cases of LE [9].

Antibodies against the glutamic acid decarboxylase (anti-GAD) were first described in cases of
stiff-person syndrome, often associated with type 1 diabetes mellitus [10,11]. Other neurological
disorders associated with anti-GAD were the cerebellar ataxia [12] or some cases with intractable
epilepsy [13,14]. A few years ago, anti-GAD was found in patients with LE [8,9].

The glutamic acid decarboxylase (GAD) is intracellularly localized in the GABAergic neurons of the
central nervous system (CNS) or extracerebrally in theβ-cells of the pancreas. It catalyzes the conversion
from glutamate into GABA in a pyridoxal phosphate-dependent decarboxylation. Therefore, it is mainly
responsible for the production of GABA, the most important inhibitory neurotransmitter in the CNS [15].
Although this enzyme is believed to be the primary target of anti-GAD, the pathophysiological role of
these antibodies is poorly understood. Previous studies suggested an inhibition of GABA-synthesis [16]
or reduced synaptic GABAergic transmission [17] as a result of anti-GAD. As a consequence, one
would argue that there may be a lower concentration of GABA that would facilitate the development of
seizures due to increased neuronal excitability. For example, using a whole-cell patch-clamp technique,
Ishida et al. [18] confirmed that continuous perfusion of rat cerebellar slices with anti-GAD caused
a selective suppression of GABAergic transmission. However, those studies have been performed
in vitro, and the role in vivo is less clear. Recently, Hackert et al. [19] performed a hippocampal
stereotactic injection of human cerebrospinal fluid (CSF) containing anti-GAD in vivo. They found that
the applied antibodies did not alter GABAergic synaptic transmission in intracellular and patch-clamp
recordings in vitro. To test for the propensity to develop hyperexcitability directly, we performed field
potential recordings in order to record recurrent epileptic discharges (REDs) in the CA1 region of
hippocampal slices induced by the removal of Mg2+ and/or adding gabazine (5 µM) after a stereotactic
injection of anti-GAD.

2. Materials and Methods

2.1. Stereotactic Intrahippocampal Injection in Vivo

Before mounting on a stereotactic frame (Narishige, Tokyo, Japan), 2-month-old female Wistar rats
(Charles River Laboratories GmbH, Sulzfeld, Germany) were anesthetized with S-ketamine (100 mg/kg
IP (intraperitoneal)) and xylazine (15 mg/kg IP). The injection sites were calculated relatively to the
bregma (+ 5.2 mm posterior, ± 4.3 mm lateral, + 4.8 mm deep), as previously reported [19–21]. After
the trepanation, bilateral injection of 5 µL human non-diluted CSF (into each hippocampus) was
performed using a Hamilton syringe (75 N, Hamilton AG, Bonaduz, Switzerland) in 10 steps of 0.5 µL
every two min. After the last aliquot of 0.5 µL, the syringe was left in situ for another two minutes. CSF
samples containing anti-GAD were obtained from two patients (both female, 18 years old and 27 years
old) with temporal lobe epilepsy due to limbic encephalitis. The GAD-antibodies were detected by
indirect immune-techniques by congruent GAD65 specific signals on mouse brains, transfected cells
and immune-dot-blot. Titration was done on cell-based assays in dilution steps of 1:2 and multiples
(see [19]). The procedure was described by Christian G. Bien [21,22]. The titers were 1:1000 (anti-GAD
A) and 1:250 (anti-GAD B). As control groups, we injected either a CSF sample from a patient with
epilepsy (absence of anti-GAD) or a saline solution (NaCl 0.9%). In order to control for the surgery,
field potential recordings were also performed in non-operated, naive animals as a third control group
(Table 1). Since we only had a small sample of anti-GAD-A, experiments II and III were carried out
only with anti-GAD-B. Following postoperative pain management (metamizole 100–150 mg/kg), the
rats were allowed to recover in an atmosphere with enhanced oxygen fraction (4–5 L/min in an 8 L
glass vessel).
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Table 1. Experimental groups. Number of slices is given in parentheses.

Experiment Anti-GAD Group Control Groups Recording
Baseline (20 min)

Recording REDs
(130 min)

I anti-GAD-A (n = 5)
anti-GAD-B (n = 9)

NaCl (n = 8)
naive rat (n = 2)

control CSF (n = 9)
ACSF standard Mg2+ free

II anti-GAD-B (n = 9)
NaCl (n = 8)

naive rat (n = 4)
control CSF (n = 6)

ACSF standard gabazine 5 µM

III anti-GAD-B (n = 14) NaCl (n = 11) ACSF standard Mg2+ free
gabazine 5 µM

REDs: recurrent epileptic discharges, ACSF: artificial cerebrospinal fluid.

To confirm the diffusion of the injected agents (CSF samples containing anti-GAD A and B,
anti-GAD-negative human CSF and saline solution) as previously reported [20], we performed
experiments using an injection of an immunofluorescent marker dye. After injection, cryostat sections
of the brain were covered with ProLong®Gold antifade reagent with DAPI (Invitrogen/ThermoFisher
Scientific, Carlsbad, CA, USA). Evaluation was done using the Leica DMI6000B microscope and LAS
AF software (Figure 1).

Figure 1. Marker dispersion in the hippocampus. The immunofluorescence image shows that the
injected marker disperses from the injection site (CA3-region) into the CA1-region. (injection site
denoted by the red +). CA = Cornu Ammonis.

2.2. Hippocampal Slice Preparation

One day after the stereotactic injection, the animals were decapitated in order to prepare the
hippocampal transversal brain slices. Deep anesthesia was realized with diethyl ether (Baker, Deventer,
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Netherlands) and controlled by the absence of pain reflexes. The rats were then decapitated and the
brains were quickly dissected out and submerged into oxygenated iced sucrose-based dissection fluid
(in mM: NaCl 87, sucrose 75, NaHCO3 25, KCl 2.5, NaH2PO4 1.25, CaCl2 0.5, MgCl2 7, glucose 10;
pH = 7.4, osmolality 300–320 mosmol/kg H2O). Hippocampal slices (400 µm) were then prepared by
using a vibratome (Integraslice 7550 MM, Campden Instruments, UK) and transferred into a self-made
storage chamber containing standard artificial cerebrospinal fluid (ACSF, in mM: NaCl 125, NaHCO3

21, KCl 3, NaH2PO4 1.25, CaCl2 2.5, MgCl2 1, glucose 13; pH = 7.4, osmolality 299-306 mosmol/kg H2O).
The fluids were continuously gassed with 95% O2 and 5% CO2 to maintain the pH at 7.4. The slices
adapted for at least one hour in the storage chamber before being used for field potential recordings.

2.3. Field Potential Recordings

The slices were placed into an interface chamber (BSC-HAT, Harvard Apparatus, USA) and
continuously perfused with standard ACSF. The recording temperature was maintained at 32 ◦C
(TC-10, npi electronics, Germany). Electrodes (PIP5 puller, HEKA Elektronik, Germany; filled with
standard ACSF) were placed directly above the CA1 region without perforating the hippocampus.
Using the standard ACSF, the hippocampal slices adapted for 20 min. Then, the recordings were
started using the standard ACSF again to obtain a baseline confirming the absence of spontaneous
epileptic activity at the beginning. After 20 min, the standard ACSF was switched to a modified one
to induce REDs, either by Mg2+-free ASCF [23] or by adding gabazine 5 µM to standard ACSF [24].
In some experiments, we combined both methods, i.e., we added gabazine 5 µM to the Mg2+-free
ACSF (Table 1). The recordings were continued for a further 130 min. In order to be recognized as a
RED, the potential deflections were required to have an amplitude of at least 0.1 mV. The duration was
defined as ∆t = |t1 − t2| with t1 as the time point of the initial positive or negative deflection and t2 as
the time point of completed repolarization (indicated by gray boxes in Figure 2). Since a RED may
have more than one phase (i.e., multiple positive and negative deflections), completed repolarization
was defined as the final decline back to baseline noise.

2.4. Data Processing and Statistical Analysis

The data were processed using an analog-to-digital converter (Power 1401, CED, UK) and Signal
2.16 Software (CED, UK). A qualitative data analysis was performed in order to identify artifacts and
to determine the duration and morphology of REDs. A quantitative data analysis was carried out by
manually counting the registered REDs. Statistical analyses were performed using non-parametric
tests (a Mann–Whitney U-test or a Kruskal–Wallis ANOVA rank test). The level of significance was set
to 0.05. The data are presented as means ± standard error of the mean (SEM).

2.5. Ethics Approval Statement

All animal procedures were approved by the local Animal Welfare committee and conformed to
national and international guidelines on the ethical use of animals (European Council Directive
86/609/EEC, approved by the Regional Authorities of Agriculture, Food Safety and Fishery
Mecklenburg-West Pomerania, no. 7221.3-1.1-017/11). All efforts were made to minimize animal
suffering and to reduce the number of animals used. The patients gave their written informed consent
to use the CSF samples for scientific purposes in accordance with the declaration of Helsinki.
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3. Results

In the present study, we aimed to address the question of whether autoantibodies against
GAD would facilitate hyperexcitability in an acute epilepsy model. We hypothesized that anti-GAD
autoantibodies could diminish the GABA content in the slice and thereby facilitate epileptic activity.
To this end, we induced recurrent epileptiform discharges by three different paradigms (Table 1).

3.1. Marker Dispersion in the Hippocampus

Firstly, we have confirmed the injection site (see Figure 1, red plus) using an immunofluorescent
marker dye as previously described [20]. After injection, the marker disperses along the vessels into
the CA1-region of the hippocampus. Thus, it is obvious that the CSF containing anti-GAD can reach
the CA1-region.

3.2. Morphology of REDs

We analyzed the morphology of REDs in all experimental groups. Depending on the pattern and
duration of the potentials, we could distinguish four different types of REDs: interictal-like single
monomorphic (Figure 2A) discharges, repetitive monomorphic (Figure 2B) and polymorphic discharges
(Figure 2C) as well as ictal-like discharges (Figure 2D). The interictal-like discharges (Figure 2A-C)
were routinely observed in all recordings irrespectively from the RED-inducing ACSF (Table 1). In
contrast, ictal-like discharges were rare and only obtained in the gabazine-containing ACSF (5/47),
but never in the Mg2+-free ACSF (0/33, p = 0.0663; χ2 test). In summary, we did not find significant
differences in the morphology of epileptic discharges among the different animal groups (i.e., the
anti-GAD-treated [A and B] or control groups) or different RED-inducing solutions.

3.3. Average Frequency of REDs

Then, we counted the number of REDs in all recordings. At the beginning of each experiment
using the standard ASCF, the absence of spontaneous activity was confirmed in all experiments
(Figure 3A,B). Upon changing the standard ACSF to the modified ACSF (Table 1), REDs occurred
after 20–30 min and reached a plateau after 90–100 min (Figure 3A,B). Hence, we calculated the
average RED frequency for the last 10 min to compare slices from the anti-GAD-treated rats and the
controls (Figure 3C). While the slices bathed in the Mg2+-free ACSF generally showed higher RED
frequencies than the gabazine-treated slices (Mg2+-free versus gabazine: p = 0.008; Mg2+-free/gabazine
versus gabazine: p = 0.017; 2-way-ANOVA and Tukey post-hoc test), no significant differences were
obtained between the anti-GAD-B and their corresponding control slices (Mann–Whitney U-test or
Kruskal–Wallis ANOVA on ranks, Figure 3C). Interestingly, in the Mg2+-free solution, the anti-GAD-A
showed significantly higher epileptic activity compared to the corresponding anti-GAD-B (anti-GAD-A:
25 ± 6 per min, anti-GAD-B: 14 ± 3 per min, p = 0.04, Mann–Whitney Rank Sum Test). Naive rats
showed a similar incidence of epileptic activity within each experimental group, thus an influence due
to the surgical procedure is very unlikely.
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Figure 2. Morphology of REDs in all experimental groups. Depending on the pattern and duration of
the potentials, we could distinguish four different types of REDs: interictal-like single monomorphic
(A), repetitive monomorphic (B), and polymorphic discharges (C) as well as ictal-like discharges (D).
Ictal-like discharges were only obtained in gabazine-containing ACSF. The durations of REDs are
highlighted in gray.
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Figure 3. Average RED frequency and average duration. All slices showed no spontaneous activity
at the beginning of each recording. Upon changing standard ACSF to the modified one, REDs occurred
after 20–30 min (A,B). Average RED frequency for the last 10 min revealed no significant differences
between the anti-GAD-B-treated and corresponding control tissues, but slices in the Mg2+-free ACSF
generally showed significant higher RED frequencies than the gabazine-treated slices (* in panel C).
Furthermore, in the Mg2+-free ASCF the anti-GAD-A had significantly higher RED frequencies than
anti-GAD-B. Panel D shows the average duration of all REDs during the last 5 min of each recording,
and again there were no significant differences. The mean frequency and mean duration of naive slices
are highlighted in (light) gray. An influence due to the surgical procedure is very unlikely. Outliers
are plotted as black dots (panel C + D). In Mg2+ free and gabazine containing solution we found one
slice treated with anti-GAD B that showed a higher average duration (taverage = 2.33 s) compared to the
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average duration of the corresponding slices (panel D). However, the cumulative time of this slice
(tcumulative = 76.6 s) was equal to the other slices treated with anti-GAD B (p = 0.4). The other outliers
are close to the maximum and minimum and have therefore not been evaluated separately.

3.4. Average Duration of REDs

We also determined the average duration of all REDs during the last 5 min of each recording
(Figure 3D). However, there were again no significant differences between the anti-GAD-treated groups
and the control groups (p > 0.3 for all comparisons, Mann–Whitney U-test or Kruskal–Wallis ANOVA
on ranks). The average duration of anti-GAD-A treated slices was equal to the anti-GAD-B in the
Mg2+-free solution (p = 0.483). Since the duration of individual REDs showed substantial variance
(Figure 2), we calculated the cumulative time of the slices showing epileptic discharges during the last 5
min of each experiment. There were again no significant differences between the anti-GAD-B-treated
and control groups (Mg2+-free: anti-GAD-B: 73.5 s ± 8.9 s, control-groups: 54.9 s ± 20.0 s, p = 0.547;
gabazine: anti-GAD-B: 35.4 s ± 7.9 s, control-groups: 21.7 s ± 3.9 s, p = 0.319; Mg2+-free and gabazine:
anti-GAD-B: 79.6 s ± 8.7 s, control-groups: 76.2 s ± 12.7 s, p = 0.443; one-way-ANOVA). In the Mg2+-free
solution, the anti-GAD-A showed a significantly higher incidence of REDs than the anti-GAD-B. Thus,
we compared the cumulative duration, and indeed, the cumulative duration of anti-GAD-A was
significantly longer (123.2 s ± 14.8 s vs. 73.5 s ± 8.9 s, p = 0.005).

4. Discussion

The presence of autoantibodies against glutamic acid decarboxylase in patients with epilepsy and
encephalitis is probably pathophysiologically relevant. Certainly, the most parsimonious assumption is
a reduced GABA content due to an inhibition of the GABA-synthetizing enzyme GAD [16]. In addition,
other pro-epileptic effects of anti-GAD are reported in the literature: a reduced inhibition of presynaptic
glutamate release [25], a cross-reaction with GABA binding sites on the neuronal surface [16] and,
finally, a reduced NO-dependent suppression of glutamate synthesis [26].

In order to study potentially pro-epileptic effects of a stereotactic anti-GAD injection on
hyperexcitability, we first used a Mg2+-free ACSF solution to induce acute epileptic activity by the
NMDA receptor disinhibition in the slices [23]. Naive rats showed the same results as control-injected
rats, indicating that confounding effects from anesthesia and/or surgery are unlikely. No significant
differences between anti-GAD-B-treated and the control-injected slices were obtained, suggesting that
NMDAR-dependent epileptic activity was not altered by anti-GAD-B. These results are compatible with
a normal GABA content in the slices, but they also suggest that epileptic activity due to a disinhibition
of the NMDA receptors could overcompensate a potentially reduced GABA level. Therefore, we used
the GABAAR blocker gabazine alone to induce epileptic activity, and indeed we found significantly
lower frequencies of epileptiform discharges compared to the Mg2+-free condition. There were again no
significant differences between the anti-GAD and control slices. The third paradigm adding gabazine
to the Mg2+-free ACSF solution revealed similar epileptic activity as in the experiments using the
Mg2+-free ACSF solution alone, confirming that NMDAR disinhibition by the Mg2+-free condition had
a higher potency in producing hyperexcitability than the GABAA receptor blockade.

Interestingly, ictal-like epileptic activity did not appear in the gabazine-free solution-treated
hippocampal slices, neither with anti-GAD-A nor with anti-GAD-B. In particular, if anti-GAD led to a
reduced GABA content in the slices, one would expect ictal-like activity to occur in the slices from
anti-GAD-treated animals bathed in the Mg2+-free solution.

However, in the Mg2+-free ACSF, anti-GAD-A induced significantly more REDs than the
corresponding anti-GAD-B. These results are compatible with a suppression of GABA in hippocampal
neurons, similar to the results of other study groups. Using whole-cell voltage clamp recordings, Ishida
et al. [18] showed that continuously perfused rat cerebellar slices with ACSF containing anti-GAD led to
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a presynaptic inhibition of cerebellar GABAergic transmission. In addition, Vianello et al. [27] revealed
an increased spontaneous activity of hippocampal neurons in culture caused by the suppression of
inhibitory potentials mediated by anti-GAD. Nevertheless, the anti-GAD-B was not different from the
corresponding control groups. These negative findings are consistent with previous reports showing
intact GABAergic transmission in anti-GAD-treated tissue [19,28].

Specific immunoreactivity of anti-GAD with the intracellular enzyme has been documented in a
number of studies concerning the intrathecal injection of antibodies [29], incubation of hippocampal
neurons with anti-GAD-positive sera [27,30], and staining cerebellar neurons with anti-GAD-containing
CSF [17]. Furthermore, anti-GAD might recognize different epitopes on the GAD enzyme, and this
might help explain why anti-GAD is associated with different diseases like the stiff-person-syndrome,
cerebellar ataxia, intractable epilepsy, limbic encephalitis and type 1 diabetes mellitus [26,30].

In summary, we found distinct effects of stereotactically injected human CSF containing anti-GAD
into the hippocampus of rats on the development of spontaneous epileptic activity. There is
accumulating evidence that anti-GAD has no effect in vivo such as the flow cytometric detection of
cytotoxic CD8-cells [31]. It is an intriguing idea that further factors in the patient sera might be present
in addition to anti-GAD [32,33]. The pathophysiological role of anti-GAD remains controversial.

Some limitations need to be discussed. Firstly, dilution of injected antibodies cannot be excluded,
albeit previous studies with CSF from anti-NMDAR encephalitis patients provided evidence that
sufficient antibody concentrations were achieved to induce biological effects [21,34]. Secondly, we
cannot exclude that the limited sample size, and hence limited power, may have masked a small
difference between the anti-GAD-treated and control tissue.

Author Contributions: Conceptualization/Funding acquisition/Administration/Supervision: R.K. and T.K.;
Formal analysis/Investigation: B.F., M.R. and S.M.; Methodology: B.F.; Writing: B.F.; Resources: C.G.B. All authors
contributed to manuscript revision, read, and approved the final version of this manuscript for submission.

Funding: This study was funded by grants from Medical Faculty of the University of Rostock (FORUN).

Acknowledgments: The authors gratefully acknowledge Katrin Porath, Tina Sellmann, Hanka Schmidt and Bernd
Memmener for their excellent technical assistance.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Tüzün, E.; Dalmau, J. Limbic encephalitis and variants: Classification, diagnosis and treatment. Neurologist
2007, 13, 261–271.

2. Brierley, J.B.; Corsellis, J.A.; Hierons, R.; Nevin, S. Subacute encephalitisof later adult life mainly affecting the
limbic areas. Brain 1960, 1960, 357–368. [CrossRef]

3. Corsellis, J.A.; Goldberg, G.J.; Norton, A.R. “Limbic encephalitis” and its association with carcinoma. Brain
1968, 91, 481–496. [CrossRef]

4. Finelli, P.F. Autoimmune Limbic Encephalitis with GAD Antibodies. Neurohospitalist 2011, 1, 178–181.
[CrossRef] [PubMed]

5. Dalmau, J.; Furneaux, H.M.; Cordon-Cardo, C.; Posner, J.B. The expression of the Hu (paraneoplastic
encephalomyelitis/sensory neuronopathy) antigen in human normal and tumor tissues. Am. J. Pathol. 1992,
141, 881–886. [PubMed]

6. Voltz, R.; Gultekin, S.H.; Rosenfeld, M.R.; Gerstner, E.; Eichen, J.; Posner, J.B.; Dalmau, J. A serologic marker
of paraneoplastic limbic and brain-stem encephalitis in patients with testicular cancer. N. Engl. J. Med. 1999,
340, 1788–1795. [CrossRef] [PubMed]

7. Antoine, J.C.; Honnorat, J.; Anterion, C.T.; Aguera, M.; Absi, L.; Fournel, P.; Michel, D. Limbic encephalitis
and immunological perturbations in two patients with thymoma. J. Neurol. Neurosurg. Psychiatry 1995, 58,
706–710. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/brain/83.3.357
http://dx.doi.org/10.1093/brain/91.3.481
http://dx.doi.org/10.1177/1941875211413135
http://www.ncbi.nlm.nih.gov/pubmed/23983853
http://www.ncbi.nlm.nih.gov/pubmed/1415481
http://dx.doi.org/10.1056/NEJM199906103402303
http://www.ncbi.nlm.nih.gov/pubmed/10362822
http://dx.doi.org/10.1136/jnnp.58.6.706
http://www.ncbi.nlm.nih.gov/pubmed/7608671


Brain Sci. 2020, 10, 123 10 of 11

8. Saiz, A.; Blanco, Y.; Sabater, L.; González, F.; Bataller, L.; Casamitjana, R.; Ramió-Torrentà, L.; Graus, F.
Spectrum of neurological syndromes associated with glutamic acid decarboxylase antibodies: Diagnostic
clues for this association. Brain 2008, 131, 2553–2563. [CrossRef] [PubMed]

9. Malter, M.P.; Helmstaedter, C.; Urbach, H.; Vincent, A.; Bien, C.G. Antibodies to glutamic acid decarboxylase
define a form of limbic encephalitis. Ann. Neurol. 2010, 67, 470–478. [CrossRef] [PubMed]

10. Solimena, M.; Folli, F.; Denis-Donini, S.; Comi, G.C.; Pozza, G.; De Camilli, P.; Vicari, A.M. Autoantibodies to
glutamic acid decarboxylase in a patient with stiff-man syndrome, epilepsy, and type I diabetes mellitus. N.
Engl. J. Med. 1988, 318, 1012–1020. [CrossRef]

11. Baekkeskov, S.; Aanstoot, H.J.; Christgai, S.; Reetz, A.; Solimena, M.; Cascalho, M.; Folli, F.; Richter-Olesen, H.;
Camilli, P.D. Identification of the 64K autoantigen in insulin-dependent diabetes as the GABA-synthesizing
enzyme glutamic acid decarboxylase. Nature 1990, 347, 151–156. [CrossRef] [PubMed]

12. Honnorat, J.; Saiz, A.; Giometto, B.; Vincent, A.; Brieva, L.; de Andres, C.; Maestre, J.; Fabien, N.; Vighetto, A.;
Casamitjana, R.; et al. Cerebellar ataxia with anti-glutamic acid decarboxylase antibodies: Study of 14
patients. Arch. Neurol. 2001, 58, 225–230. [CrossRef] [PubMed]

13. Giometto, B.; Nicolao, P.; Macucci, M.; Tavolato, B.; Foxon, R.; Bottazzo, G.F. Temporal-lobe epilepsy
associated with glutamic-acid-decarboxylase autoantibodies. Lancet 1998, 352, 457. [CrossRef]

14. Peltola, J.; Kulmala, P.; Isojärvi, J.; Saiz, A.; Latvala, K.; Palmio, J.; Savola, K.; Knip, M.; Keränen, T.; Graus, F.
Autoantibodies to glutamic acid decarboxylase in patients with therapy-resistant epilepsy. Neurology 2000,
55, 46–50. [CrossRef] [PubMed]

15. Lernmark, A. Glutamic acid decarboxylase—Gene to antigen to disease. J. Intern. Med. 1996, 240, 259–277.
[CrossRef] [PubMed]

16. Dinkel, K.; Meinck, H.M.; Jury, K.M.; Karges, W.; Richter, W. Inhibition of gamma-aminobutyric acid synthesis
by glutamic acid decarboxylase autoantibodies in stiff-man syndrome. Ann. Neurol. 1998, 44, 194–201.
[CrossRef]

17. Mitoma, H.; Song, S.Y.; Ishida, K.; Yamakuni, T.; Kobayashi, T.; Mizusawa, H. Presynaptic impairment of
cerebellar inhibitory synapses by an autoantibody to glutamate decarboxylase. J. Neurol. Sci. 2000, 175,
40–44. [CrossRef]

18. Ishida, K.; Mitoma, H.; Song, S.Y.; Uchihara, T.; Inaba, A.; Eguchi, S.; Kobayashi, T.; Mizusawa, H. Selective
suppression of cerebellar GABAergic transmission by an autoantibody to glutamic acid decarboxylase. Ann.
Neurol. 1999, 46, 263–267. [CrossRef]

19. Hackert, J.K.; Müller, L.; Rohde, M.; Bien, C.G.; Köhling, R.; Kirschstein, T. Anti-GAD65 Containing
Cerebrospinal Fluid Does not Alter GABAergic Transmission. Front. Cell. Neurosci. 2016, 10, 130. [CrossRef]

20. Kersten, M.; Rabbe, T.; Blome, R.; Porath, K.; Sellmann, T.; Bien, C.G.; Köhling, R.; Kirschstein, T. Novel
Object Recognition in Rats With NMDAR Dysfunction in CA1 After Stereotactic Injection of Anti-NMDAR
Encephalitis Cerebrospinal Fluid. Front. Neurol. 2019, 10, 586. [CrossRef]

21. Würdemann, T.; Kersten, M.; Tokay, T.; Guli, X.; Kober, M.; Rohde, M.; Porath, K.; Sellmann, T.; Bien, C.G.;
Köhling, R.; et al. Stereotactic injection of cerebrospinal fluid from anti-NMDA receptor encephalitis into rat
dentate gyrus impairs NMDA receptor function. Brain Res. 2016, 1633, 10–18. [CrossRef] [PubMed]

22. Niehusmann, P.; Dalmau, J.; Rudlowski, C.; Vincent, A.; Elger, C.E.; Rossi, J.E.; Bien, C.G. Diagnostic value
of N-methyl-D-aspartate receptor antibodies in women with new-onset epilepsy. Arch. Neurol. 2009, 66,
458–464. [CrossRef] [PubMed]

23. Mody, I.; Lambert, J.D.; Heinemann, U. Low extracellular magnesium induces epileptiform activity and
spreading depression in rat hippocampal slices. J. Neurophysiol. 1987, 57, 869–888. [CrossRef] [PubMed]

24. Behrens, C.J.; Van Den Boom, L.P.; Heinemann, U. Effects of the GABA(A) receptor antagonists bicuculline
and gabazine on stimulus-induced sharp wave-ripple complexes in adult rat hippocampus in vitro. Eur. J.
Neurosci. 2007, 25, 2170–2181. [CrossRef]

25. Mitoma, H.; Ishida, K.; Shizuka-Ikeda, M.; Mizusawa, H. Dual impairment of GABAA- and
GABAB-receptor-mediated synaptic responses by autoantibodies to glutamic acid decarboxylase. J. Neurol.
Sci. 2003, 208, 51–56. [CrossRef]

26. Manto, M.U.; Laute, M.A.; Aguera, M.; Rogemond, V.; Pandolfo, M.; Honnorat, J. Effects of anti-glutamic acid
decarboxylase antibodies associated with neurological diseases. Ann. Neurol. 2007, 61, 544–551. [CrossRef]

http://dx.doi.org/10.1093/brain/awn183
http://www.ncbi.nlm.nih.gov/pubmed/18687732
http://dx.doi.org/10.1002/ana.21917
http://www.ncbi.nlm.nih.gov/pubmed/20437582
http://dx.doi.org/10.1056/NEJM198804213181602
http://dx.doi.org/10.1038/347151a0
http://www.ncbi.nlm.nih.gov/pubmed/1697648
http://dx.doi.org/10.1001/archneur.58.2.225
http://www.ncbi.nlm.nih.gov/pubmed/11176960
http://dx.doi.org/10.1016/S0140-6736(05)79192-3
http://dx.doi.org/10.1212/WNL.55.1.46
http://www.ncbi.nlm.nih.gov/pubmed/10891904
http://dx.doi.org/10.1046/j.1365-2796.1996.27859000.x
http://www.ncbi.nlm.nih.gov/pubmed/8946809
http://dx.doi.org/10.1002/ana.410440209
http://dx.doi.org/10.1016/S0022-510X(00)00272-0
http://dx.doi.org/10.1002/1531-8249(199908)46:2&lt;263::AID-ANA19&gt;3.0.CO;2-0
http://dx.doi.org/10.3389/fncel.2016.00130
http://dx.doi.org/10.3389/fneur.2019.00586
http://dx.doi.org/10.1016/j.brainres.2015.12.027
http://www.ncbi.nlm.nih.gov/pubmed/26721688
http://dx.doi.org/10.1001/archneurol.2009.5
http://www.ncbi.nlm.nih.gov/pubmed/19364930
http://dx.doi.org/10.1152/jn.1987.57.3.869
http://www.ncbi.nlm.nih.gov/pubmed/3031235
http://dx.doi.org/10.1111/j.1460-9568.2007.05462.x
http://dx.doi.org/10.1016/S0022-510X(02)00423-9
http://dx.doi.org/10.1002/ana.21123


Brain Sci. 2020, 10, 123 11 of 11

27. Vianello, M.; Vianello, M.; Bisson, G.; Vianello, M.; Bisson, G.; Dal Maschio, M.; Vassanelli, S.; Girardi, S.;
Mucignat, C.; Fountzoulas, K.; et al. Increased spontaneous activity of a network of hippocampal neurons in
culture caused by suppression of inhibitory potentials mediated by anti-gad antibodies. Autoimmunity 2008,
41, 66–73. [CrossRef]

28. Stemmler, N.; Rohleder, K.; Malter, M.P.; Widman, G.; Elger, C.E.; Beck, H.; Surges, R. Serum from a Patient
with GAD65 Antibody-Associated Limbic Encephalitis Did Not Alter GABAergic Neurotransmission in
Cultured Hippocampal Networks. Front. Neurol. 2015, 6, 189. [CrossRef]

29. Geis, C.; Weishaupt, A.; Hallermann, S.; Grünewald, B.; Wessig, C.; Wultsch, T.; Reif, A.; Byts, N.; Beck, M.;
Jablonka, S.; et al. Stiff person syndrome-associated autoantibodies to amphiphysin mediate reduced
GABAergic inhibition. Brain 2010, 133, 3166–3180. [CrossRef]

30. Vianello, M.; Giometto, B.; Vassanelli, S.; Canato, M.; Betterle, C.; Mucignat, C. Peculiar labeling of cultured
hippocampal neurons by different sera harboring anti-glutamic acid decarboxylase autoantibodies (GAD-Ab).
Exp. Neurol. 2006, 202, 514–518. [CrossRef]

31. Widman, G.; Golombeck, K.; Hautzel, H.; Gross, C.C.; Quesada, C.M.; Witt, J.A.; Rota-Kops, E.; Ermert, J.;
Greschus, S.; Surges, R.; et al. Treating a GAD65 Antibody-Associated Limbic Encephalitis with Basiliximab:
A Case Study. Front. Neurol. 2015, 6, 167. [CrossRef] [PubMed]

32. Lancaster, E.; Lai, M.; Peng, X.; Hughes, E.; Constantinescu, R.; Raizer, J.; Friedman, D.; Skeen, M.B.;
Grisold, W.; Kimura, A.; et al. Antibodies to the GABA(B) receptor in limbic encephalitis with seizures: Case
series and characterisation of the antigen. Lancet Neurol. 2010, 9, 67–76. [CrossRef]

33. Boronat, A.; Sabater, L.; Saiz, A.; Dalmau, J.; Graus, F. GABA(B) receptor antibodies in limbic encephalitis
and anti-GAD-associated neurologic disorders. Neurology 2011, 76, 795–800. [CrossRef] [PubMed]

34. Blome, R.; Bach, W.; Guli, X.; Porath, K.; Sellmann, T.; Bien, C.G.; Köhling, R.; Kirschstein, T. Differentially
Altered NMDAR Dependent and Independent Long-Term Potentiation in the CA3 Subfield in a Model of
Anti-NMDAR Encephalitis. Front. Synaptic Neurosci. 2018, 10, 26. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/08916930701619565
http://dx.doi.org/10.3389/fneur.2015.00189
http://dx.doi.org/10.1093/brain/awq253
http://dx.doi.org/10.1016/j.expneurol.2006.06.012
http://dx.doi.org/10.3389/fneur.2015.00167
http://www.ncbi.nlm.nih.gov/pubmed/26284025
http://dx.doi.org/10.1016/S1474-4422(09)70324-2
http://dx.doi.org/10.1212/WNL.0b013e31820e7b8d
http://www.ncbi.nlm.nih.gov/pubmed/21357831
http://dx.doi.org/10.3389/fnsyn.2018.00026
http://www.ncbi.nlm.nih.gov/pubmed/30108497
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Stereotactic Intrahippocampal Injection in Vivo 
	Hippocampal Slice Preparation 
	Field Potential Recordings 
	Data Processing and Statistical Analysis 
	Ethics Approval Statement 

	Results 
	Marker Dispersion in the Hippocampus 
	Morphology of REDs 
	Average Frequency of REDs 
	Average Duration of REDs 

	Discussion 
	References

