Supplementary Figures

Supplementary Figure 1 
Behavioural testing:  (A and B) After 10 cumulative intrathecal injections of native-amphAB rats showed a broad based and staggering gait (representative foot path pattern with increased outward rotation of the hind limbs (in red) compared with control IgG (in green). (C) Forced walking ability was decreased on the RotaRod in native-amphAB treated rats.

Supplementary Figure 2 

Analysis of the stiffness score and inhibition of spinal reflexes in rats treated with purified IgG from patient 2 (native-amphAB). (A) Rats treated intrathecally with native-amphAB (n = 6) showed characteristic stiffness behavior and superimposed muscle spasms, whereas control IgG treated animals behaved normally (n = 10). Scoring was done by an examiner unaware of the respective treatment. (B-D) Post-activation depression and D1/D2 inhibition of the Hofmann reflex (B) and amplitudes of dorsal root potentials (C and D) of symptomatic animals treated with native-amphAB were significantly diminished compared to control rats, indicating loss of spinal inhibition (* P < 0.05; ** P < 0.01)
Supplementary Figure 3 

Analysis of lumbar spinal cord sections to evaluate catheter-induced morphological alterations. Rats were implanted with intrathecal catheters with the internal opening just above the lumbar spinal enlargement. (A) Placement of the catheter at the skull after the operation. (B and C) Hematoxylin and eosin (H&E) stains of thoraco-lumbar spinal cord sections of most catheter implanted animals indicated no infiltration of inflammatory cells into the spinal cord. Only rarely, a mild local cellular reaction of the pia mater could be observed at the site of the intrathecal catheter (arrows in (B) and at higher magnification in (C) but the adjacent spinal cord tissue was not affected. Scale bar for (B) 1000 µm, for (C) 200 µm. 

Supplementary Figure 4 

Dense perineuronal staining in spinal cord sections of wild-type mice incubated with native-amphAB and with affinity purified spec-amphAB  (patient 1) which was absent after incubation with control IgG (A). Complete absence of staining with both amphiphysin antibody preparations in sections from amphiphysin knockout mice (B) (scale bar: 50 µm).

Supplementary Figure 5 

Cartoon illustrating spinal inhibitory pathways that allow the assessment of GABAergic dysfunction. (A) Diagram showing the monosynaptic reflex arc tested by recording of the Hofmann reflex. The tibial nerve was stimulated at different frequencies and Hofmann reflex post-activation depression of the homonymous (ipsilateral) motor neurons (MN) was recorded. Possible modulations of the monosynaptic reflex are shown, e.g. presynaptic inhibition of the afferent fiber by depolarizing interneurons (primary afferent depolarization, PAD IN, black) and direct supraspinal influence on motor neurons or indirect via spinal interneurons (IN). (B) The diagram shows the experimental procedure for testing H-reflex inhibition by heteronymous electrical stimulation with preceding stimulation of a nerve supplying an antagonistic muscle: the tibial and the peroneal nerve were stimulated supramaximally (20-30% above the current needed for a maximal response), while stimulation of the peroneal nerve (conditioning volley) preceded stimulation of the tibial nerve (test volley) at different latencies. Reciprocal inhibition is mediated via an inhibitory interneuron (Ia IN, grey) and mediates the early phase of inhibition (inter-stimulus interval (ISI) 0-5 ms). A long-lasting inhibition (D1/D2 inhibition) starting later is mediated by presynaptic inhibition (primary afferent depolarization, PAD IN, black). (C and D) Diagrams show the schematic pathway of presynaptic inhibition in the spinal cord after contralateral (C) and ipsilateral (D) stimulation of the tibial nerve. Primary afferent depolarization (PAD) is mediated through activation of first-order interneurons (PAD IN) and consecutively GABAergic inhibition by an inhibitory interneuron (last-order PAD IN) with an axo-axonal synapse on Ia afferent fibers. Dorsal root potentials (DRP) reflect the PAD, spread electrotonically along the dorsal root and were recorded near its entry to the spinal cord.

Supplementary Figure 6

 Inhibition of tibial nerve induced Hofmann reflex after a preceding stimulation of the peroneal nerve (D1/D2 inhibition; for detailed methodical description see Supplementary Methods). (A) In rats treated with control IgG (n = 9), Hofmann reflex amplitudes were depressed as expected beginning at a latency of 25 ms, with maximal inhibition at a latency of 50 ms, and recovery at longer latencies until the Hofmann reflex/motor potential (H/M) ratio reached almost baseline values at a latency of 500 ms. This reflects D1/D2 spinal inhibition due to presynaptic inhibition after heteronymous electrical stimulation. No such effects on the Hofmann reflex were found in the rats treated with native-amphAB (n = 8) in line with the hypothesis that the antibodies reduce GABAergic inhibition. (B) Comparison of the H/M ratio at an inter-stimulus interval of 50 ms revealed a significantly reduced D1/D2 inhibition in the native-amphAB and spec-amphAB (n = 7) group compared to the control IgG group. 

Supplementary Figure 7

 Reduced GABAergic presynaptic inhibition after treatment with anti-amphiphysin antibodies. (A) At supramaximal stimulation of the tibial nerve, dorsal root potentials (DRP) showed a short positive phase followed by the slow negative potential with a duration of several 100 ms. Averaged traces of the native-amphAB group (n = 19) displayed a clearly reduced amplitude compared to those of the control IgG group (n = 25). (B) Analysis of DRP peak amplitudes after single stimulation revealed a highly significant reduction in rats injected with native-amphAB (n = 19, red asterixes) and spec-amphAB groups (n = 99, yellow asterixes) compared to the control IgG and saline groups (n = 18). Using IgG that was depleted of anti-amphiphysin antibodies (dep-amphAB; n = 25) resulted in a significantly higher DRP amplitude compared to the native-amphAB group (* P < 0.05; ** P < 0.01;*** P <0.001). (C) The figure shows an example of DRP recordings (average of 20 single traces) of a control rat. Ten minutes after local superfusion with 20 µmol bicucullin, DRP peak amplitude was clearly reduced. Ten minutes after superfusion with 200 µmol bicucullin, DRP peak amplitude was further decreased, confirming the GABAergic mechanism of the DRPs. 

Supplementary Figure 8 

Time dependent binding and internalization of quantum dot tagged anti-amphiphysin antibodies. (A) Live cell imaging of wild-type hippocampal neurons incubated with fluorescent quantum dots (Qdot) coupled control IgG antibodies. Ten minutes after incubation, tagged antibodies were randomly distributed (upper row). At 6 h little overlay of Qdot fluorescence and neurons is detectable (arrows), internalization of control antibodies into hippocampal neurons was very scarce (arrowheads). (B) In contrast, when purified anti-amphiphysin antibodies (spec-amphAB) were coupled to Qdots,  most of the Qdot coupled antibodies were bound or internalized to neuronal structures 6 hours after incubation (second row), such as cell somata (arrows) or dendrites (arrowheads). (C) When hippocampal neurons from amphiphysin knockout mice (-/-) were incubated with tagged spec-amphAB, no internalization or specific alignment was visible (scale bar: 20 µm).

Supplementary Figure 9

(A and B): Mouse wild type embryonic hippocampal neurons were prepared and cultured as described in the supplementary methods and shown in Supplementary Fig. 8.  The structural integrity of neurons is preserved after short-time (90 s) stimulation with 90 mmol KCl as shown by immunostaining against β-tubulin (scale bar: 25 µm).

Supplementary Figure 10

(A) Evoked IPSCs were measured in hippocampal dentate gyrus granule cells after blockade of AMPA receptors alone or after combined AMPA and NMDA receptor blockade with CNQX (n=5) and CNQX and AP5 (n = 4), respectively. Additional NMDA blockade did not further decrease IPSCs in postsynaptic granular cells arguing against a relevant NMDA component. (B) Averaged traces (10 sweeps) of granule cell IPSCs of a single experiment after sequential blockade with CNQX, AP5 and bicucullin. There was no decrease of IPSC peak amplitude after NMDA blockade, but nearly complete block of the IPSCs after addition of bicucullin. Thus, evoked responses in the granule cell qualify as monosynaptic GABAergic IPSCs.  

Supplementary Table 1 
Dorsal root potentials (DRP) peak amplitudes were significantly lowered in animals treated with native and purified antibodies to amphiphysin  from patient # 1 (native-amphAB and spec-amphAB) when compared to control groups after single and repetitive stimulation (* indicates comparison with the native-amphAB group, # with the spec-amphAB group; * P < 0.05; ** P < 0.01;*** P <0.001). DRP peak amplitudes of all groups were increased after a train of 3 stimuli due to temporal summation.
Supplementary Video 1
 Intermittent muscle spasms of a rat treated with native antibodies to amphyphysin from patient 1 (native-amphAB). This video shows rats treated with native-amphAB after the 12th intrathecal injection (cumulative dose: 12 mg of IgG). Rats are numbered on the tail (one black ring indicates 1, one red marker indicates 5). In the first part of the video, rat no. 5 (one red ring) is fully awake and alert, but free motion on a plain surface is slowed and numerous spasms of the hind limbs and the abdominal muscles are seen. The type of muscle spasms is characteristic for SPS with extension and twisting of the hind limbs and stretching and inward drawing of the abdominal muscles. Note that, between spasms, walking is slowed but shows a normal pattern. Rat no. 7 and 4 did not show muscle spasms at this time, but walking was markedly impaired and associated with muscular stiffness induced by pathological co-contraction of agonist and antagonist muscles. In the second part of the video, rat no. 7 (here after the 9th intrathecal injection) displays similar superimposed muscle spasms as shown for rat no. 5. 
Supplementary Video 2 
Decreased forced walking ability on the RotaRod in native-amphAB treated rats. The video shows 4 rats on an accelerating RotaRod, 2 rats treated with native-amphAB run on lane 1 and 3, 2 rats treated with saline on lane 2 and 4. The rats on lane 1 and 3 need higher efforts to stay on the rod. The rat on lane 3 falls down from the rod after several seconds, whereas the rat on the first lane falls only after the rod is further accelerating. Saline treated rats stay on the rod until the end of the video clip without any difficulty.

Supplementary Video 3 
Stiffness-related behavior in native-amphAB treated rats. 
The video shows several experimental groups after the 10th intrathecal injection; rats were allowed to move freely on a runway with obstacles and a tunnel. Rats are numbered on the tail as described in the legend to video 1. Rats 9, 10, 11 were treated with native-amphAB, others with control IgG or saline. In the first part of the video, motor dysfunction due to increased muscle stiffness is clearly visible in native-amphAB treated animals: the afflicted rats move slowly and are not able to climb onto the obstacle (most pronounced in rats no.10 and 11). In contrast, rats treated with control IgG or saline show normal behavior including running, exploration of the environment, and skilled climbing. The second part of the video shows the afflicted native-amphAB treated rat no.10 which appears unable to jump down from the obstacle.

Supplementary Methods

Behavioral analysis 

All animals with visible paralysis of the hind limbs indicative of catheter/spinal cord infection were withdrawn from the study and excluded from data analysis (3/57) and autopsy examinations were done to confirm this. Before surgery, rats were trained on an accelerating RotaRod (TSE Systems, Bad Homburg, Germany) and quantitative testing was performed after surgery (before the 1st injection, baseline), and on day 4, and 19 after the 1st injection. Grip strength of the forelimbs was tested with a digital grip force meter (DFIS series, Chatillon, Greensboro, NC, USA) before and after surgery and on day 4, and 19. Gait analysis was done according to Kunkel-Bagden, Dai and others (Kunkel-Bagden et al., 1993) on day 5 and on day 20 after the first injection. 
Analysis of H-reflex inhibition after antagonist stimulation 

For analysis of the D1/D2 inhibition, the peroneal nerve was stimulated supramaximally (i.e. with 20-30 per cent of the current higher than that which elicited maximal nerve excitation) with a conditioning volley followed by tibial nerve stimulation at defined latencies (0 ms, 25 ms, 50 ms, 75 ms, 100 ms, 150 ms, 200 ms, and 500 ms), determined by a Master-8 stimulator (A.M.P.I., Jerusalem, Israel). 

Histological and immunohistochemical analysis  

The cervical part of the spinal cord were transferred to liquid nitrogen immediately after removal and stored at ‑80°C for later homogenization and quantitative determination of human IgG by nephelometry. Ten µm cryosections of the mounted spinal cord were cut on a cryostat and routine hematoxylin and eosin staining was performed to identify animals with intensive spinal infiltration of inflammatory cells which then were excluded from further analysis. For immunohistochemical analysis, sections were incubated at 4°C over night with the following antibodies: polyclonal rabbit anti-human IgG (Dako, Hamburg, Germany; 1:200) using Cy3 (Dianova, Hamburg, Germany, 1:100) as fluorochrome. For high-resolution STED co-localization studies double immunofluorescence with polyclonal anti-human IgG and monoclonal mouse antibodies (anti-VGAT, anti-VGLUT, anti-clathrin light-chain (both Synaptic Systems, Göttingen, Germany, 1:500), anti-bassoon (Stressgen, Assay Designs, Michigan, USA, 1:200)) followed by anti-mouse IgG secondary antibody (Dianova, Hamburg, Germany, 1:150) conjugated to the dye Atto 647N (Atto-Tec, Siegen, Germany) was performed (incubation over night at 4°C for the primary antibody and consecutively for 2 hours at room temperature for the secondary antibody at the given concentrations). Analysis was performed with Image Pro Plus version 4.5 software. Pearson’s correlation coefficient  was calculated for the colocalization in 10 randomly selected overlay pictures for each double-staining. To test the binding properties of the purified patient IgG on untreated rat spinal cord, 10 µm frozen sections of the lumbar spinal cord of an untreated rat were incubated with patient IgG at a concentration of 1 µg/ml over night as the primary antibody followed by rabbit anti-human IgG (Dako) at 1:200 for 30 minutes and visualized with diaminobenzidine.

High-performance liquid chromatography analysis of GABA and glutamate release


GABA and glutamate concentrations were analysed by HPLC with fluorescence detection, employing the precolumn derivation method with ortho-phthaldialdehyde as described previously (Gerlach et al., 1996). 50 µl portions of the supernatants were injected directly into an automated HPLC system coupled to a fluorescence detector and a HP ChemStation for data acquisition and integration (Agilent 1100 Series, Agilent, Waldbronn, Germany). The excitation and emission wavelengths of the fluorescence detector were set at 330 and 450 nm, respectively. Concentrations were calculated from the peak height with the aid of external standards. The HPLC investigator was unaware of the various treatments

Whole cell patch-clamp analysis 


Hippocampal slices (300 µm) were made from 15-to-21-day old C57-Bl6-mice in ice cold sucrose-containing extracellular solution (40mM NaCl, 25mM NaHCO3, 10mM glucose, 150mM sucrose, 4mM KCl, 1.25mM NaH2PO4, 0.5mM CaCl2, 7mM MgCl2; purged by 95% CO2/5% O2) using a vibratome VT-1200s (Leica, Wetzlar, Germany)(Geiger and Jonas, 2000); (Geiger et al., 2002). Slices were incubated in the same solution with the addition of 1 mg/ml native-amphAB or control-IgG at 32°C for at least 30 min. For performing the experiments, slices were transferred into a recording chamber and continuously superfused with extracellular solution containing 125mM NaCl, 25mM NaHCO3, 25mM glucose, 2.5mM KCl, 1.25mM NaH2PO4, 2mM CaCl2, 2mM MgCl2 purged by 95% CO2/5% O2). All experiments were performed at room temperature using an EPC 10 double patch clamp amplifier und Pulse-Software (HEKA, Lambrecht, Germany). Electrodes were pulled from thick-walled borosilicate glass and filled with intracellular solution (140mM KCl, 10mM Hepes, 10mM EGTA, 2mM Na2ATP, 2mM MgCl2) and had a resistance between 3 and 4.5 MΩ. Granule cells (GC) in the hippocampal dentate in the dentate gyrus were held in whole-cell configuration at -70mV and were discarded if the resting potential was more positive then -60mV, the series resistance was bigger than 20 MΩ or evoked IPSC triggered unclamped action potentials. Miniature potentials were recorded in presence of 10 µM CNQX and 1 µM TTX (Sigma), evoked IPSC in presence of CNQX. To exclude a relevant NMDA component in IPSC measurements, a subset of measurements were performed with sequential blockade with CNQX followed by additional 50 µM AP5 (Sigma) and bicucullin 20 µM (Tocris Bioscience, Ellisville, Missouri, USA). Monosynaptic GABAergic IPSCs were evoked as described previously (Edwards et al., 1990). Briefly, after successful establishing of a whole-cell recording in a GC, another electrode filled with extracellular solution was placed nearby a neighboring GC located towards the hilar region to stimulate GABAergic afferents (Fig. 8F). Stimulating pulses (200 µs; 0.25 Hz) were varied between 2-8V using an Isoflex stimulation isolation unit (A.M.P.I.) to get a minimal stimulation to evoke single IPSC in the postsynaptic GC according to previous reports (Allen and Stevens, 1994). Recordings were filtered between 2.9 kHz and 10 kHz using the filters of the amplifiers. 

Rat embryonic spinal neuron co-cultures (motor neurons and interneurons)

Spinal motor neurons and interneurons from E15 rat embryos (breading pairs from Harlan-Winkelmann, see above) were prepared using established techniques as described previously (Hughes et al., 1993; Metzger et al., 1998). The step of immuno-panning was omitted. Neurons were incubated with native-amphAB IgG, and control IgG in a concentration of 10 µg/ml in cell culture medium for 1 h, then fixed with 4 % PFA and incubated at 4°C for 24 h in a 1:10.000 dilution of the primary antibody polyclonal rabbit anti-human IgG (DAKO; 1:200) with 0,3% Triton followed by a Cy-3 conjugated secondary AB (1:500, Dianova, Hamburg, Germany) and DAPI staining for 5 min at room temperature. All experiments were performed in triplicate. 

Mouse embryonic motor neuron cultures

Mouse motor neuron cultures were prepared from wild-type (WT) and amphiphysin knockout (KO) mice. Pregnant mice were sacrificed 14 days after impregnation (at E13.5) by cervical dislocation. The single embryos were freed from the placenta, the lumbar spinal cord was dissected and placed into 200 µL of HBSS buffer. After trypsinisation and enrichment via p75NTR antibody (Abcam) panning method (Wiese et al., 2001), the motor neurons were plated at a density of 2000 cells/cm2 on glass cover slips precoated with poly-ornithine and laminin-111. The cells were cultured for five days in Neurobasal Medium (Invitrogen) with 2 % horse serum, 500 µM GlutaMAXTM-I supplement (Invitrogen), and B27 supplement (1:50; Invitrogen) at 37°C in a 5% CO2 atmosphere. CNTF and BDNF were added to the medium at a final concentration of 10 ng/mL each. The medium was replaced every second day. Mouse motor neuron cultures were prepared from wild-type (WT) and amphiphysin knockout (KO) mice from the same mating of heterozygous mice, genotyping of the embryos heads was performed using a four-primer PCR assay. Two of the primers (5’-TCC CGC ACC TCC TCG AGT CAC CT-3’ and 5’-ACT GGC AAG CCT CAC AGT GAT CTC T-3’) produced a 700-bp amplicon from the WT template. The other two primers (the neo-gene specific 5’-CGC TTC CTC GTG CTT TAC GGT AT-3’ and 5’-GGT GGA TGG ACT CGT TCC TTC TC-3’) produced a 1k-pb amplicon from the KO allele template. The PCR product size was confirmed by agarose gel electrophoresis. Amphiphysin KO mice and genotyping procedures were kindly provided by P. DeCamilli (Yale). 

Mouse embryonic hippocampal cultures
Primary hippocampal neurons from E18 mouse embryos (C57Bl/6 breading pairs from Harlan-Winkelmann (see above) and amphiphysin 1 KO mice) were prepared and cultured for 9 days using established techniques as described previously (Byts et al., 2008).
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