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ABSTRACT OF THE THESIS 

 

Spontaneous Neurogenic Electromyographic Activities in ALS G93A Rats, Potential Over-
Excitatory Drive Leading to Alpha Motor Neuron Degeneration 

 

by 

 

Peixi Chen 

Master of Science in Biology 

University of California San Diego, 2018 

Professor Martin Marsala, Chair 
Professor Nicholas C. Spitzer, Co-Chair 

 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized 

by a progressive degeneration of alpha-motor neurons, which results in motor-ambulatory and 

respiratory dysfunction. One of the proposed mechanisms generally believed to play a critical 

role in initiating alpha-motor neuron degeneration, is the hyperexcitable drive mediated by 

glutamatergic receptors in excitatory synapses due to elevated synaptic glutamates. However, no 

direct elctrophysiologically-defined data are available, which would provide an objective 

evidence on how overactivation of these receptors could lead to motor neuron degeneration in 

ALS. Our current study demonstrates that in fully awake SOD1G93A rats, there are profound and 
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spontaneous α-motoneuron-mediated electromyographic activities measured at the level of 

gastrocnemius muscle, which is absent in age-matched wild type rats. This activity is effectively 

suppressed by isoflurane, NGX424 (AMPA receptor antagonist) and baclofen (GABAB receptor 

agonist). These treatments have no suppressive effect of muscle denervation-induced muscle 

fibrillation. Immunofluorescence and western blot analyses of lumbar spinal cord in SODG93A 

rats showed sustained presence of AMPA receptors and a significant increase in spinal 

VGluT1/2expression during end-stage at the lumbar intermediate zone. These data suggest an 

active participation of AMPA receptors and VGluT1/2 in mediating glutamate release and 

binding in observed overactivation of interneurons and alpha motor neurons. Additionally, 

unilateral sciatic neurectomy reduced VGluT1 expression and thus, the decrease of the more 

downstream muscle fibrillation. Accordingly, therapeutics reducing excessive glutamate 

receptor-mediated overexcitation, such as inhibition of excitatory interneuron-mediated 

glutamate release, or potentiation of spinal neuronal inhibition, may be effective in modulating 

alpha motor neuron degeneration in ALS.
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Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a progressive adult-onset neurodegenerative 

disease often characterized by rapid degeneration of alpha motor neurons, which leads to muscle 

denervation. ALS generally falls into two categories: familial (fALS) and sporadic ALS (sALS). 

Though only 5-10% of total cases of ALS are familial in origin, this category remains to be 

phenotypically and genetically heterogeneous [25], thus overlapping with some of the clinical 

features of sALS as well [44]. In such cases, it is key to begin looking into familial ALS models in 

terms of approaching this yet-to-be curable disease. 

The neuropathology of all ALS cases is mainly associated with mislocalization or 

abnormal accumulation of misfolded, insoluble protein aggregates in the cytoplasm of affected 

motor neurons [1] [19] [30]. These proteins are not strictly disease-specific but rather, are common 

proteins carrying out abnormal cellular functionality; this ultimately causes a collapse of protein 

homeostasis [6]. For example, the two proteins which encompass a large proportion in 

development of both fALS and sALS are misfolded Cu/Zn superoxide dismutase (SOD1) and 

cytoplasmic inclusion of TAR DNA binding protein (TDP-43), respectively [44]. The role of 

SOD1 enzyme is to protect cells from reactive oxygen species toxicity by breaking down 

superoxide radicals, whereas TDP-43 proteins are responsible for multiple steps of protein 

production: transcription, alternative splicing, and more.  Although the misfolded SOD1 species 

are increasingly identified in non-SOD1 fALS and sALS cases [1] [10], this mutated genotype 

seems to only associate with ALS development. Although TDP-43 is a pivotal component of 

cytoplasmic inclusions in many forms of ALS, ubiquitous aggregations of this protein are also 

found in a common pathological subtypes of frontotemporal dementia (FTD) [23] [28], 

Huntington’s disease [32], Alzheimer’s disease [8], and many others. Since TDP-43 abnormality is 
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not restricted to ALS development, it is important to focus on analyzing SOD1-related 

pathophysiology to track down causations of motor neuron death in ALS. 

According to the revised El Escorial criteria for classifying and diagnosing ALS for 

human patients/clinical research subjects, electromyographic (EMG) recordings denoting 

neurogenic potentials, fibrillation potentials, positive sharp waves, and fasciculation potentials 

are important electrodiagnostic tools for detecting early electrical signal abnormalities in ALS 

disease [22]. In fact, since these abnormalities appear exclusively in human patients with 

neurological symptoms, but not in healthy subjects, muscle fibrillations are considered as one of 

the hallmarks of muscle denervation in ALS. As there are no current studies which recapitulate 

such clinical signs in ALS animal models, establishing an equivalent model to track and 

intervene disease development, and further explore causes to hyperexcitabilities leading to motor 

neuron denervation, our group began recording EMG activities in young (age = 60d) and awake 

wild type and SOD1G93A transgenic rats. We proposed that the toxicities within alpha motor 

neurons were contributed by peripheral pathways where sensorimotor information were relayed 

to the spinal cord via the primary afferents.  

Similar to peripheral nerve injuries or neurectomies, where spontaneous activities arise at 

approximately 7 days after a nerve is damaged [20], the neurogenic EMG potentials recorded in 

ALS patients could potentially resemble these injury-induced electrical events. Under these 

circumstances, the thresholds for spontaneously active neurons most likely shift under resting 

membrane potential, especially in the case of sciatic nerve injuries, where thresholds for 

nociception tend to decrease [33]. Underlying mechanisms such as increased sodium channel 

densities proximal to the site of axotomy in primary afferents [9], increased mRNA levels for 
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sodium channels expressed in dorsal root ganglion (DRG) after axotomy [39], and increased Ca2+ 

channel buffering could all contribute to the emergence of spontaneous activities [42].  

As motor neuron neurotoxicities are often exacerbated by excessive glutamates available 

at excitatory synapses, multiple intrinsic properties can augment neurotoxicity [37]. In fact, an 

elevated glutamate level could be a result of insufficient glutamate reuptake (after release) via 

EAAT/GLT-1 in the glial cell populations such as astrocytes [37], increased presynaptic 

expression of vesicular glutamate transporters leading to larger quanta of neurotransmitters 

released (our study), and increased postsynaptic membrane sensitivities to glutamate binding and 

thus elevated permeabilities to Ca2+ ions, particularly via the rise of expression level of α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (also known as the AMPA receptor) and 

the N-methyl-D-aspartate receptor (NMDA receptor) [37].  The enhanced membrane 

hyperexcitability activates downstream cascades after ion influxes through postsynaptic 

receptors, in which enzymes such as proteases, endonucleases and phospholipases become 

activated to disrupt cellular structures [37].  

In our study, we attempt to characterize a contribution of increased excitatory neuronal 

drive in neuronal degeneration of G93A rats. Moreover, we also try to define the potential role of 

primary afferents-evoked glutamate release and observe the variations in key receptor protein 

expressions that ultimately induce alpha motor neuron excitotoxicity and degeneration. 
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Chapter 1. Materials and Methods 

Animals 

All animal experiments were conducted according to the protocols approved by the 

Institutional Animal Care and Use Committees of University of California, San Diego. Efforts 

were made to minimize the number of animals used in our study. Both sexes of wild type (WT) 

and SOD1G93A transgenic (Tg) rats were studied, where the wild type rats were regarded as the 

age-matched controls for the Tg rats. The homozygous Tg male Sprague-Dawley (SD) rats were 

crossed with wild-type female SD rats to breed hemizygotes. Tail DNA of these transgenic 

progenies were genotyped via polymerase chain reaction to detect the exogenous human SOD1 

transgene; primers used were described previously [27]. Throughout the experimental period, all 

rats were housed in a specific pathogen-free animal facility, where food and water were available 

ad lib. 

Intrathecal Catheterization 

Intrathecal catheterization was performed on WT (120 d) and Tg (110 d) rats (n ≥6) using 

a previously reported method [43]. Animals were anesthetized with 3% isoflurane, after which 

were placed in a stereotaxic head holder. The atlantooccipital membrane was exposed and 

pierced for a polyethylene catheter (PE-10, 8 cm length) to be inserted into the cistern magna and 

moved toward the thoracolumbar region until the lumbar intrathecal space was reached. Rats 

were housed and allowed to recover for 5 days before drug administration and testing. 

Intrathecal Drug Delivery and Data Collection 

Since the external portion of the intrathecal catheter was attached to a hand-operated 

micro-injector through an opening on the side of the rat restrainer, intrathecal injection of 10 µL 

NGX 424 (10µg/rat) or Baclofen (1µg/rat) were administered followed by a 10 µL flush of 
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sterile saline; the catheter was resealed with stainless steel plug immediately after injection. 

NGX424 (Tezampanel, a competitive antagonist of the AMPA and kainate subtypes of the 

ionotropic glutamate receptor family) and Baclofen (a derivative of GABA) were both freshly 

dissolved in 0.9% sterile saline on the day of drug administration. Baseline spontaneous muscle 

activity was recorded using electromyography (EMG) in awake animals before, 30 minutes after, 

and 24 hours after drug delivery. 

Sciatic Neurectomy  

Presymptomatic WT and Tg rats (60d) received left sciatic neurectomy under 2.5% 

isoflurane anesthesia (n = 3 per group). A skin incision cutting through the connective tissue 

between the gluteus superficialis and biceps femoris muscles allowed the sciatic nerve to be 

exposed. Two silk ligatures were then applied around the sciatic nerve at a distance of 0.5 cm 

away from each other to arrest epineural blood flow, from which an approximate of 0.2cm 

segment of the sciatic nerve was removed using surgical scissors. The wound was later closed 

with sutures in the muscle and staples in the skin; animals were allowed to recover from surgery. 

Assessments to Measure ALS Progression 

Both WT and Tg animals were weighed weekly after 30 days of age with an electronic 

scale. Generally, a 10% reduction in weight was deemed as the measure of symptomatic onset of 

ALS for Tg animals [24]. All affected Tg animals, with the exception of catheterized animals, 

were tested weekly for the ability to right themselves when positioned supinely [11]. Failure to 

right themselves within 30 sec was determined to be the end-stage of disease [14]. 

Resting Electromyography (rEMG) Recording 

WT and Tg rats were either awake or anesthetized by 2.5% isoflurane with both left and 

right hind limbs shaved. For electromyography (EMG) recording, two 30-gauge platinum 
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transcutaneous needle recording electrodes (Grass Technologies, Astro-Med) were inserted 

(roughly at 1cm apart) into the gastrocnemius muscle of these rats. They were connected to an 

active head-stage (3110W Headstage; Warner Instruments), which was connected to a DP-311 

differential amplifier for signal amplification and relayed to digitalization by the PowerLab 8/30 

data-acquisition system (ADInstruments). The recorded signal was sampled at 20kHz and stored 

in a computer for further analysis. 

Time course of muscle fibrillation and the corresponding alpha-motoneuron degeneration 

were characterized with EMG every 3-4 days until animals reached 10% body weight loss (from 

peak weight). A subpopulation of animals was perfused with 4% paraformaldehyde (PFA) at 

different time points: a) first signs of fibrillation (1st FIB), b) 1st FIB + 7 days, c) 1st FIB + 14 

days and d) 10% body weight loss (BWL). These perfusion groups were designed to compare the 

total number of alpha motoneurons persisted in lumbar spinal segments. 

Then, EMG activity was recorded in awake WT and Tg rats that received intrathecal 

catheterization. Baseline EMG was collected immediately before NGX424 or Baclofen was 

administered, followed by a recording done at 30 minutes after drug delivery. Later, EMG was 

taken when these animals were fully anesthetized with isofluorane.  Finally, EMG recording was 

collected once again at 24 h after drug delivery in awake, behaving animals. 

Animals with left sciatic neurectomy were recorded every week until they lost 10-20% 

body weight. These animals were then perfused with 4% PFA; VGluT1 expression level and 

alpha-motoneuron level in lumbar 1-5 spinal segments were later quantified by 

immunohistochemistry. 

In vivo Dorsal Root Recordings 
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Symptomatic WT and Tg rats (10-20% BWL) were anesthetized with 3% isoflurane; 

their core body temperature was maintained at 37 ºC with a heating blanket. Laminectomy 

allowed exposure of the segments between lumbar 3 (L3) and sacral 1 (S1) of the spinal cord. 

The dura mater of the spinal cord was then incised, providing a full exposure of the spinal cord; 

warm mineral oil was applied to this site. To prepare for dorsal root recording, the left L5 dorsal 

root was hooked with two silver ball recording electrodes to record spontaneous neurogenic 

activities. Two stimulating 30-G platinum needle electrodes (Grass Technologies, Astro-Med) 

were also placed transcutaneously, but transverse to the intraplantar muscle of the animal. The 

paws of the animals were then stimulated thrice at 2-minute intervals using a square pulse, with 

an intensity of 6 mA and duration of 0.5 ms to ensure maximal stimulation of the primary 

afferents.  The recording electrodes were connected to an active head-stage (3110W Headstage; 

Warner Instruments), which was connected to a DP-311 differential amplifier for signal 

amplification, and relayed to digitalization by the PowerLab 8/30 data-acquisition system 

(ADInstruments). The recorded signal was sampled at 20kHz and stored in a computer for 

further analysis. 

Western Blot 

Animals were perfused with 0.9% cold saline, followed by a spinal cord harvest with the 

lumbar segment excised and placed in cold isotonic saline solution. This excised tissue was 

quickly placed inside a closed tube to be snapped frozen in liquid nitrogen for 1 minute, after 

which an extraction using the cold protein lysis buffer (0.2 % NP-40, 1.5x EDTA-free Mini 

cOmplete, 10mM PMSF and 0.02M β-mercaptoethanol in MiliQ water) and quantification using 

Bradford assay (Bio-Rad) were done. An equal amount of protein was separated by 10% SDS-

PAGE gel (Life Technologies Corporation) electrophoresis and later transferred to 
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polyvinylidenedifluoride (PVDF) membranes. After the membranes were blocked with 5% skim 

milk in Tris-buffered Saline with 1% Tween for 1 h at 4 ºC, they were then incubated overnight 

at 4ºC with rabbit anti-GluR1 subunit-containing AMPA receptors (clone C3T, Cat #04-855; 

1:5000, Milipore) or mouse anti-pan-AMPA receptors (GluR1-4, clone 2D8, Cat # MABN832; 

1:2000, Milipore) in blocking solution. Then, these membranes were incubated in horseradish 

peroxidase-conjugated secondary antibody (1:2000, Life Technologies Corporation) for 1 h at 4 

ºC. Protein signals were detected using an enhanced chemiluminescence detection system. Blots 

were then stripped and re-stained with monoclonal antibody against β-actin (clone GT5512, Cat 

# 629630; 1:5000, GeneTex); the ratio for the protein examined was normalized against β-actin 

expression. 

Immunohistochemistry 

Animals were euthanized with intraperitoneal injection of pentobarbital (100mg/kg), and 

transcardially perfused with cold, heparinized saline (roughly at 300mL) followed by the 

perfusion of 4% paraformaldehyde (roughly at 300mL) dissolved in 0.15M sodium phosphate 

buffer (pH 7.4) at a flow rate of 18-25 mL/min. The spinal cord was post-fixed overnight and 

cryoprotected for 72 h in 30% sucrose in 1X phosphate buffer solution. To discriminate the left 

and right side of the spinal cord, a tissue dye (Davison Marking system, Bradley products, Inc.) 

was applied to indicate the left side of the spinal cord. The lumbar spinal cord was embedded in 

Optimal Cutting Temperature matrix compound (Tissue-Tek; Sakura Finetek), frozen inside the 

cryostat at -25ºC and transversely sectioned into 30µm thick sections; they were later transferred 

into 6-well plates filled with 1X phosphate buffered saline (1X PBS) with 0.01% thimerosal 

added. These sections were washed 3 times using 1X PBS solution with 0.3% Triton X-100 

added (1X PBS + 0.3% TX-100), followed by blocking with 5% normal donkey serum in 1X 
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PBS + 3% TX-100 for 1h. Lastly, these blocked sections were immunostained overnight at 4ºC 

with the following primary antibodies in blocking solution: chicken anti-NeuN (neuronal neuclei, 

Cat. # ABN91, 1:1000; Millipore), goat anti-ChAT (choline acetyltransferase, Cat # AB144P, 

1:100; Millipore), rabbit anti-GluR1 (glutamate receptor 1, C3T clone, Cat # 04-855, 1:1000; 

Millipore), guinea pig anti-VGluT1(Cat# AB5905, 1:1500; Millipore), and guinea pig anti-

VGluT2 (Cat # AB2251-I, 1:2000; Millipore). Sections were washed in 1X PBS + 0.3% TX-100 

for 3 times and incubated in secondary antibodies conjugated to different fluorescent Alexa 

Fluor® dyes for 1h at room temperature. Finally, sections were washed, mounted on glass slides, 

treated with ProLong Gold Antifade Mountant with DAPI (Invitrogen), and covered by 

coverslips. 

Microscopy 

Fluorescence images were captured using a fluorescent microscope (Zeiss AxioImager 

M2 Microscope, Carl Zeiss) at consistent exposure settings using the 10X, 20X as well as 60X 

immersion objectives, along with the Stereo investigator software (MBF Bioscience). Mosaic 

images were captured either from the entire transverse region, or just the ventral horn region, of 

the spinal cord sections at optimal intensity and clarity, with ample spectral separation between 

independent fluorophore detection, to obtain a good focal plane. To distinguish between antigens 

immunostained with different fluorophores, ImageJ was utilized to separate and later, merge 

multi-channel images into a single-color composite image. Through the use of an apotome 

accessory tool, high magnification images were created in Z-stack of 30 optical sections with 

0.3-0.5 µm steps. Identical settings were kept across all sections in multiple microscopy sessions. 

Complete Z-stack images were loaded into ImageJ where the Z-projections with average 

intensity were generated.  
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Alpha Motor Neuron Quantification 

WT and Tg rats were used (n ≥ 3) where their L1-5 spinal cord segments were (30 µm 

free-floating, transverse sections) sectioned, and stained with ChAT antibodies. Six sections 

(selected from every lumbar segment of each animal), each at approximately 230 µm apart from 

one another, were selected for motor neuron quantification through Zeiss microscope and ImageJ 

software. Only alpha motor neurons with normal morphology and visible nucleolus were 

counted. For Tg rats which received left sciatic neurectomy, the left and right sides of the spinal 

sections were analyzed independently. 

Interneuron Quantification 

Spinal sections from the L4 and L5 segments of WT and Tg rats at end stage ALS (n ≥ 3) 

were stained with NeuN antibodies. Similar quantification methods were carried out as described 

in the alpha motor neuron section. Virtual tissue images of spinal intermediate zones were 

acquired using the Zeiss microscope and Stereo Investigator software. These images were then 

loaded onto ImageJ, where the “Analyze Particles” option was selected to look for interneuron at 

sizes of 60-100 μm2 and a circularity of 0.0-1.0 within laminae I, II (dorsal horn), and VII 

(intermediate zone). 

VGluT1 and VGluT2 Quantification 

Spinal sections (n≥3) of WT and Tg rats (symptomatic and at end-stage) from Lumbar 1-

5 segments were stained with VGluT1 and VGluT2 antibodies. Similar quantification steps as 

described in the alpha motor neuron quantification section were carried out. Virtual tissue images 

of spinal transverse sections were acquired; they were loaded onto ImageJ where their integrated 

signal density was measured and outputted: VGluT1 and VGluT2 of end-stage animals and 
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controls were measured in lamina VII. In contrast, Tg and WT rats which received left sciatic 

neurectomy had VGluT1 integrated density (on both left and right) quantified and analyzed 

independently throughout the grey matter. 

Phospho c-Jun Quantification  

Lumbar 4 and 5 spinal segments from WT rats and Tg rats (n ≥3 animals; pre-

symptomatic, symptomatic or end stage) were stained with phosphor-c-Jun Ser73 antibody. Six 

sections per segment per animal with at least 230 μm spacing were selected for quantification. 

Virtual tissue images of whole transverse sections were acquired at 10X using a Zeiss 

microscope and Stereo Investigator software. C-Jun-positive images were loaded onto Image-Pro 

Premier, with a polygon structure selected to outline the grey matter; it defined the region within 

the boundary as desired location for signal detection. Smart segmentation was then selected to 

separate positive staining from background by using multi-parameter separation algorithm. It 

allowed quick selection of positively stained neurons as objects, and the remaining auto-

fluorescing region as background. Since this classification was done primarily based on 

pixelation level, the mean values for both objects and background were calculated, prior to the 

program’s automatic selection for signals of interest. It was noted that pixel intensity at mean or 

higher were detected as objects (signals); therefore, it was important to further filter this data in 

order to avoid inclusion of fluorescing crystal debris found on the spinal sections. Additionally, 

the measurement range was defined using three morphological parameters: area, circularity, and 

size count. These were selected solely to identify the specific ranges that were desired to better 

identify positive signals. Lastly, c-Jun-positive images were analyzed by automated counting of 

positively stained neurons. The settings for selection and counting (with an exception for 

polygon outline) were saved and later applied to the remaining c-Jun images. 
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Statistical Analyses 

All data were plotted and analyzed using Graphpad Prism 5. Group differences in each 

assay at every time point were analyzed by the student’s t-test or one/two-way ANOVA, 

followed by Bonferroni-adjusted t-test for each two-group (multiple) comparison. 

Chapter 1, in full, is currently being prepared for submission for publication of the 

material. Bravo-Hernandez, Mariana; Chen, Peixi; Platoshyn, Oleksandr; Marsala, Silvia; 

Marsala, Martin. “Spontaneous Neurogenic Electromyographic Activities in ALS G93A Rats, 

Potential Over-Excitatory Drive Leading to Alpha Motor Neuron Degeneration”. 
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Chapter 2. Results 

Time-course Development of Muscle Fibrillations and their Corresponding Progressive 

Loss of α-Motor Neurons 

As one of the electrodiagnostic hallmarks of ALS in human patients [2], muscle fibrillation 

detection via electromyography serves as an important tool for early disease monitoring. Though a 

previous study demonstrated the presence of muscle fibrillation in rat models with ALS-like 

phenotypes, detailed correlation of disease progression to muscle denervation and hence, the loss 

of alpha motor neuron, is still lacking [15]. Continuous monitoring of EMG activities in 

presymptomatic animals demonstrated that the first sign of fibrillations appeared at 105±11 days 

(Figs. 1B & 1D), which were on average 18 days prior to 10% body weight loss, which occurred 

at 123±14 days. Quantitative analysis showed 5-10% α-motor neuron loss when the first 

fibrillation event was detected (1st FIB), 35-40% loss at 1st FIB + 7 days, 60-70% loss at 1st FIB 

+ 14 days, and approximately 80% loss at 10% BWL (Fig. 2A-B). These findings support the use 

of EMG measurement as a more accurate way to identify early neuronal loss in rats, as well as an 

indirect measurement of symptom onset. 

Spontaneous Neurogenic EMG Activity in Awake Symptomatic SODG93A Rats was AMPA 

Receptor-dependent 

 Neurogenic spontaneous EMG activity, with the absence of peripheral stimulation and 

voluntary control, was recorded in the gastrocnemius muscle of awake, behaving symptomatic 

SODG93A rats of 110 d (Fig. 3A). This was then compared to the activities recorded after 

isoflurane induction, which blocked neuronal activity and hence, the neurogenic component of 

recorded EMG. An approximately 50% decrease in the spontaneous neurogenic EMG activity 

was recorded at 30 minutes after intrathecal administration of baclofen. More strikingly, 80% of 
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this activity was inhibited at 30 minutes after NGX424 was administered (Figs. 3B & 3E). 

Furthermore, induction of deep isoflurane anesthesia produced a near-complete block of the 

EMG activity in all symptomatic SOD1 rats; this administration unmasked fibrillation potentials, 

which were independent of spontaneous neurogenic activity and undisturbed by the anesthetics 

administered (Figs. 3C). The remaining uninhibited spontaneous neurogenic EMG activity could 

be due to over-activated NMDA receptor, as was shown in vitro previously [18]. Spinal 

spontaneous activities reappeared 24h post-administration of anesthetics, of which the effects 

had worn off (Figs. 3D & 3E).  

Expression Modification of AMPA Receptors in the Spinal Cord during ALS progression 

To verify that the binding sites for NGX424 were present for WT and Tg animals (from 

the 1st FIB cohort), GluR1 expression was confirmed. In fact, GluR1 immunostaining 

encompassed the entire grey matter: ventral horn (Fig 3F), dorsal horn (Fig. 4A), as well as the 

intermediate zone (Fig. 4B) of the spinal cord sections; progressive decrease in expression was 

observed from presymptomatic- to end-stage (Figs. 4C & D). Western blots indicated a trend of 

decrease in GluR1 expression; however, the reduction was insignificant. Protein expression of 

pan-AMPA receptor subunits (GluR 1-4) was also evaluated via immunohistochemistry. The 

expression levels of these receptor subunits remained relatively stable at presymptomatic stage, 

followed by rapid declines at end-stage (Fig. 4E). These observations aligned with persistent loss 

of alpha-motoneurons throughout disease advancement, which indicated that expressions of 

individual AMPA receptor subunits may have been rearranged (lost or gained) at first sign of 

muscle fibrillation, during which approximately 10% of the alpha motoneuron population 

degenerated (Fig. 2B). Previous studies also noted differential expression levels of AMPA 

subunits during ALS development in G93A mice [36]. 
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Sustained Primary Afferents Inputs in Clinically Symptomatic and Wild Type Rats 

To assess dorsal root activity as one of the potential causes of neurogenic spontaneous EMG 

activity, a peripheral electrical stimulus in both wild type and symptomatic rats with 10-20% 

BWL produced a corresponding recruitment of all peripheral axon fibers. The amplitude of the 

axonal response was not significantly different between Tg symptomatic (30.9 ± 4 mV) and wild 

type (33.2 ± 6 mV) animals (Fig. 5). This result suggested that all primary afferent nociceptors or 

thermoreceptors (types I and IIo/IIi) were intact and functional in symptomatic SOD1G93A 

animals. Therefore, peripheral inputs could be a possible contributor to excessive glutamate 

release, insufficient GABA release, or both, leading to the presence of the neurogenic 

spontaneous activity. 

Alpha-motoneruon Survival after Unilateral Sciatic Neurectomy in Pre-symptomatic 

SOD1G93A Animals 

To further pinpoint inputs at the level of primary afferents for inducing spontaneous 

neurogenic EMG activity and subsequent motoneuron death, the left sciatic nerve of Tg 

presymptomatic rats (60 d) and age-matched wild type rats were severed. EMG recording was 

carried out in both the left and right hind limbs of both groups every week; fibrillation potential 

was monitored until 10-20% BWL. Although these potentials appeared soon after the left 

hindlimb of both animal groups underwent sciatic neurectomy, fibrillation at the neurectomied 

side of Tg presymptomatic rats developed less intensely as compared to their uncut limb as ALS 

proceeded (Supplementary Fig. 1). All animals were later perfused, with their L1-5 spinal 

segments quantified. Wild type animals (Fig. 6A & B) did not show significant changes in alpha-

motoneuron count when ventral spinal cord segments were analyzed through the comparison 

between the ipsilateral (cut site) and contralateral sides (Fig. 6C-F). Similarly, the alpha 



16 

motoneuron quantification in L1 and L2 segments of symptomatic rats (10% BWL) showed no 

difference in count when compared to wild type animals (Figs. 6B, D & F). Conversely, 

neurectomy in pre-symptomatic rats allowed significant motoneuron survival given the same 

comparison in L5 spinal segments (Figs. 6A & C), despite the unchanged alpha-motoneuron 

count detected in L4 segments (Fig. 6E), suggesting larger L5 contribution to the innervations of 

sciatic nerve.   

VGluT1 Expression Increased in Wild Type and SOD1G93A Rats after Sciatic Neurectomy 

Presynaptic sensory or interneuronal levels of glutamate-containing vesicles (in the 

sensory-motor circuitry) were investigated for its role in alpha-motoneuron survival through 

VGluT1 expression quantification after sciatic neurectomy. Significant reduction in VGluT1 

immunostaining in the L5 spinal segment were detected in the neurectomied side of both wild 

type and symptomatic animals (Figs. 7A & C) without visible changes in other segments (Figs. 

7B & D-F).  This corresponded with better alpha-motoneuron survival in symptomatic rats, as 

was shown in the previous section; however, sciatic neurectomy did not delay disease onset, nor 

did it slow progression in SODG93A rats. 

VGluT1 and VGluT2 Expression and Spinal Interneuron Population at Lamina VII  

While the population of interneurons was significantly reduced at the spinal intermediate 

zone in Tg symptomatic and end stage rats (Figs. 8A & B) when compared to wild type animals, 

immunodetection indicated that both VGluT1 and VGluT2 demonstrated significantly increased 

levels of immunoreactivity in the same region of end-stage animals (Figs. 8C-F). The elevated 

expression in excitatory synapses as ALS progressed may contribute to the imbalance in 

excitotoxic drive at late stage of disease development. 
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Induced Expression of Phosphorylated c-Jun at Serine 73 in Symptomatic and End-Stage 

Animals 

Moreover, cell damages/deaths induced by oxidative stress was evaluated by assessing 

the activation of phosphorylated c-Jun (serine73) and its downstream effects, in addition to the 

time point it occurred during disease progression. Positive immunostaining of phospho-c-Jun in 

WT (Fig. 9A) or clinically pre-symptomatic Tg animals (Fig. 9B) were not detected; however, 

symptomatic and end-stage animals (Figs. 9C-D) demonstrated positive signals of nuclear 

phospho-c-Jun. These were primarily detected in the intermediate zone and the ventral horn of 

the spinal cord, co-localizing with NeuN immunostaining though not with GFAP (data not 

shown). Quantification confirmed intensification in expression of these phospho-c-jun positive 

neurons in rats with late-stage ALS (Fig. 9E).  

Chapter 2, in part, is currently being prepared for submission for publication of the 

material. Bravo-Hernandez, Mariana; Chen, Peixi; Platoshyn, Oleksandr; Marsala, Silvia; 

Marsala, Martin. “Spontaneous Neurogenic Electromyographic Activities in ALS G93A Rats, 

Potential Over-Excitatory Drive Leading to Alpha Motor Neuron Degeneration”. 
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Chapter 3. Discussion 

Early Identification of Motor Neuron Degeneration by Analyzing Fibrillation Potentials 

While ALS progression has been thoroughly analyzed in SOD1G93A rodents through 

parameters such as body weight loss, motor functions loss, biochemical and morphological 

changes [24, 27, 34], little was done to look at the electromyographic aspect of the disease 

progression in the same animal models [3]. 

In this study, we showed that EMG recording of fibrillation potentials is an effective 

electrodiagnostic method for measuring alpha motoneuron loss and identifying early disease 

symptoms in SOD1G93A rats. It more precisely pinpointed the onset of motoneuron loss than 10% 

body weight loss, during which about 80% of motoneurons already degenerated. Additionally, 

retrospectively estimating the peak of body weight seemed less reliable in determining ALS 

onset, for that the disease may have already advanced with undesirable consequences. Similarly 

found in human patients, electrodiagnostic abnormalities denoted by the presence of fibrillation 

potentials in clinically defined normal muscles, are important diagnostic and prognostic features. 

They imply acute motoneuron denervation and rapidly progressive ALS, respectively [7]. It is 

valuable to have an equivalent disease model, which permits timely testing of therapeutics 

targeting clinically non-evident motor deficits, and simultaneously promote advancement in 

disease management before substantial sensory and motor deficits develop.  

The Role of AMPA Receptors in Emergence of Spontaneous Neurogenic EMG Activities  

Results showed that abnormal spontaneous neurogenic activities in the spinal cord, which 

were not found in age-matched wild type rats, appeared completely independent of muscle 

denervation demonstrated by fibrillation potentials. As intrathecal administration of drugs in 

awake and behaving animals (see methods) was carried out, a large reduction of spontaneous 
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neurogenic activities was observed as fibrillation potentials remains unchanged. In such cases, 

simultaneous administration of anesthetics along with EMG recording potentially masks 

important spinal circuitry, which could otherwise reveal neuronal activities leading to muscle 

denervation during ALS onset and progression. On the other hand, the said pharmacological 

intervention could also provide intriguing details regarding such spinal pathways, in which the 

increase in GABA-mediated inhibitory synapses and/or the decrease in glutamate-mediated 

excitatory synapses led to attenuation of spontaneous neurogenic activities. As was shown 

previously (see results), approximately 90% reduction in spontaneous activities was recorded 

when NGX424, an AMPAR antagonist, was intrathecally administered. Similarly, an activation 

of GABAB receptors through baclofen binding at the level of the lumbar spinal cord led to 

similar yet less effective reduction. Lastly, the administration of deep isoflurane (≥3%) enhanced 

release of GABA and sped up glutamate re-uptake (by decreasing the duration of excitatory 

transmission), which ultimately led to complete blockage of spontaneous activities. In all three 

drug deliveries, fibrillation potentials remain unchanged. From that, it is suggested that the 

alteration of neurotransmission styles at certain regions of the spinal cord plays a major role in 

inducing neurogenic spontaneous EMG activities. Furthermore, it is unlikely that these spinal 

activities directly trigger muscle denervation.  

Next, protein expression of pan-AMPA receptor subunits (GluR1-4) was analyzed in time 

course animals, in addition to GluR1 subunit expression at the level of the spinal grey matter to 

investigate the specific changes in spinal circuitry. Interestingly, while the expression level of 

GluR1 subunit significantly declined in both presymptomatic and end stages, the level of all 

AMPA receptor subunits showed remarkable decline only at end-stage of disease (Fig. 4E). This 

is an indication that the expression level of individual AMPA receptor subunits vary during 
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disease progression. As explored by Virgo et al., in situ hybridization of post-mortem ALS 

human spinal homogenates revealed a significant 38% decrease in GluR A (GluR1) mRNA and 

67% decrease in GluR B (GluR2) mRNA when compared to control tissue homogenates; mRNA 

levels of GluR3 and 4 were not considered as they were too low to be detected in human spinal 

tissues [38]. However, as the correlation between mRNA transcript levels and protein expressions 

is condition-dependent, high mRNA concentrations of AMPA receptor subunits do not 

necessarily dictate large protein abundance [21]. Therefore, it is crucial to assess protein 

concentrations in condition-specific manners. In fact, Tortarolo et al. demonstrated that GluR2 

immunoreactivity was enhanced in the substantia gelatinosa of the lumbar dorsal horn at 

presymptomatic stage yet decreased at the ventral region during all disease stages in SODG93A 

mice [36]. Moreover, GluR3 immunoreactivity was shown to modestly increase during 

presymptomatic stage in lamina IX, whereas no change in GluR4 expression level was observed 

compared to age-matched controls [36]. Western blot analysis conducted by the same group 

further confirmed that ventral spinal homogenates from presymptomatic G93A mice had 

declined GluR2 protein expression when compared to non-transgenic control homogenates [36]. 

GluR2 is a key subunit of the AMPA receptor with biophysical properties including, but not 

limited to, receptor kinetics, single-channel conductance and Ca2+ permeability [17]. Specifically, 

AMPA receptors that lack GluR2 are said to be Ca2+ permeable, whereas those expressing 

GluR2 subunits have little to no Ca2+ permeability [17]. In this case, the diminishing trend 

observed in pan-AMPA receptors subunit (GluR1-4) expression over the course of disease 

development is mainly due to declining GluR2 subunit expression in the ventral lumbar region. 

This indirectly influences the excitatory neurotransmission of motor neurons in the ventral horn, 

where they were shown to be more susceptible to AMPA-mediated cytotoxicity than the dorsal 
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horn neurons [31]. These glutamatergic synapses become more likely to be preserved, if not 

hyperexcitable, as glutamate binding overactivates AMPA receptors and hence amplifies Ca2+ 

ion conductance. This induces a series of downstream amplification effects, which ultimately 

ends in excitotoxicity and thus large-scale motor neuron deaths [31]. In addition, it provides an 

explanation for the minimized excitatory neurotransmission as NGX424 competitively bound to 

the postsynaptic AMPA receptors; glutamate binding was made unlikely. By preventing 

subsequent Ca2+ influxes, this antagonist weakens the trigger for AMPA receptor activation and 

hence the downstream signaling cascades leading to motor neuron hyperexcitability and soon 

after, degeneration. Lastly, the remaining 10% of unsuppressed neurogenic spontaneous EMG 

activities might have been mediated by Ca2+ ion conductance via mostly NMDA receptors, 

which opened depending on AMPA receptor activation; rescue of functional NR1 subunit of the 

NMDA receptor demonstrated neuroprotection [31]. However, further identification of these 

channels is needed potentially via administration of competitive antagonist (such as R-2-amino-

5-phosphonopentanoate, or APV) of NMDA receptors.  

 

Input from Primary Afferents May Be a Source of Spinal Hyperexcitability that Drives 

Motor Neuron Degeneration 

Besides intrinsic alteration of AMPA receptor subunit composition throughout ALS 

progression, external inputs, especially those implicated by synaptic glutamate concentration, 

onto motor neurons may further induce motor unit hyperexcitability and hence spontaneous 

firing at the skeletal muscle [37]. In this case, monosynaptic and polysynaptic sensory inputs from 

primary afferents, spinal interneurons, and the descending/ascending spinal tracts are essential 

sources of glutamate, the primary excitatory neurotransmitters found in the spinal cord circuitry. 



22 

To ensure that functions were intact in these regions, in vivo dorsal root recordings were carried 

out after evoked peripheral electrical stimulations; no significant amplitude changes in electrical 

responses were recorded in symptomatic rats compared to their WT counterparts. This suggests 

that conduction abnormality was not present at the level of primary afferents to impede synaptic 

neurotransmitter release. Furthermore, a decrease of ipsilateral VGluT1 immunostaining 

throughout the L5 segment after left sciatic neurectomy in presymptomatic animals indicated a 

generalized compromise in glutamate loading onto synaptic vesicles, as the source of VGluT1 

transport had been disrupted. As discovered by Wojcik et al., the number of VGluT molecules 

per synaptic vesicle not only determined the neurotransmitter loading rate but also the quantal 

sizes, thus impacting the efficacy of neurotransmission [4, 40]. Given this information, a decrease 

in VGluT1 expression could lessen glutamate loading and quanta release from excitatory 

synapses of the primary afferents onto postsynpatic interneurons, glial cells and/or alpha motor 

neurons in the spinal cord, which ultimately led to a reduced likelihood of excitotoxicity-causing 

events. Indeed, the ipsilateral alpha motor neuron count and the corresponding fibrillation 

frequencies as a result of sciatic neurectomy resembled more closely to those detected in the WT 

lesion site, rather than the intact site in SODG93A animals. It was also speculated that the intact 

sciatic nerves of transgenic animals had elevating fibrillations recorded over time, similar to the 

condition observed in time-course SOD1G93A animals. This indicates that glutamate-dependent 

external inputs from the primary afferents contributed to alpha motor neuron survival and the 

more downstream muscle innervation during ALS progression.  

In contrast, the alpha motor neuron count was unmodified in WT animals that also 

received neurectomy, even though apparent decreases in VGluT1 immunostaining were also 

observed on the ipsilateral side of the lesion site. Similarly, Hughs et al. observed progressive 



23 

reduction of VGluT1 immunostaining in laminae III, IV and especially IX (where VGluT1 

staining is mostly located) in nontransgenic rats that underwent unilateral sciatic nerve 

transection [16]. In addition, the luminance value of VGluT1 detected per neuronal bouton (at 

central terminals of primary afferents) was detected to be lower in the lesioned side compared to 

the intact side [16]. Both cases demonstrated sharper reduction of VGluT1 levels at weeks after 

transection [16]. In fact, this was observed in the primary afferents of many WT rodents that 

underwent sciatic nerve transection, which were often used as models for peripheral nerve 

injuries. The ultrastructure of the spinal terminals of these models, including the dorsal and 

ventral horns, showed rather drastic reduction of glutamate concentration in synapses [5, 16].  

Moreover, the emergence of spontaneous activities at the primary afferents is frequently detected 

soon after transection; they are typically accompanied by development of neuropathic pain in 

animal models [33, 41]. It is possible that those irregular action potential activities arise in both the 

WT and transgenic animals, particularly due to random membrane voltage fluctuations of the 

resting membrane potentials, or the lowering of action potential thresholds in dorsal root 

ganglion [33]. As for why alpha motor neurons are unaffected in WT rats, it is proposed that the 

possible causes of VGluT1 downregulation as a result of absence in excitatory inputs from 

primary afferents, account for motor neuron survival, but not development. Therefore, alpha 

motor neuron structure and count are not affected. Furthermore, the moderate glutamate 

deficiency in synapses may not be sufficient in inducing severe changes that would obstruct 

excitatory transmissions, thus allowing normal coordination within motor units to carry on. 

Although the causes of VGluT1 depletion remain to be elucidated, they are likely linked to the 

manifestation of spontaneous activities and disappearance of muscle fibrillation potentials due to 

nerve transection. 
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ALS disease onset and progression were not delayed nor prolonged albeit increased 

motor neuron count in the ventral spinal region ipsilateral to the lesion site. This indicates that 

the VGluT1 expression level is not necessarily a key determinant for motor neuron functionality 

and survival, but rather a byproduct of the main event that drives both motor neuron 

degeneration and muscle denervation.  

It is noteworthy the limitation of this part of the experiment. The lack of EMG recording 

in both hindlimb gastrocnemius muscles and the injured nerves in awake, unilaterally transected 

transgenic and WT rats made it rather difficult to analyze the possible development and 

progression of neurogenic spontaneous activities, as well as pain-related behaviors in these 

animals. As a result, no direct correlation can be drawn from VGluT1 expression reduction to the 

possible production or the reduction of spontaneous activities at either the primary afferents or 

the muscle. Ideally, simultaneous bilateral measurements using EMG could demonstrate major 

differences in electrical activities, thus providing valuable insights regarding the origin of 

spontaneous activities and its relationship with motor neuron survival. 

 

Contributions of Interneurons to Motor Neuron Stress 

In this study, it is demonstrated that the interneuron populations in the spinal intermediate 

zone (laminae VII and X) were progressively and significantly reduced in SOD1G93A rats, while 

the opposite is true for VGluT1 and VGluT2 expressions, starting at the symptomatic stage of 

ALS. Research findings from McGown et al. indicated that interneuron dysfunction predisposed 

motor neuron stress, which later showed hallmarks of ALS in zebrafish such as impaired motor 

function, motor neuron degeneration, disconnected neuromuscular junction, and muscle atrophy 

[26]. However, Hossaini et al. proposed an opposite pattern observed in ALS pathology, where the 
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loss of markers for inhibitory interneurons stemmed from motor neuron degeneration in 

SOD1G93A mice [13].  Although the overarching causation in neuronal death inside the spinal cord 

remain unclear, it is evident that the deaths of interneurons as well as motor neurons are linked.  

As the neuronal activities inside the spinal cord are primarily dependent on the 

equilibrium between excitatory and inhibitory neurotransmission, which use glutamate and 

GABA (some glycine) as principal transmitters respectively, it is crucial to monitor the changes 

in these synapses as the disease progresses. In fact, it is expected that as the population of 

interneurons decrease, both inhibitory and excitatory transmissions would go down as a result. In 

a previous study, such was observed in inhibitory interneuron populations, where in situ 

hybridizations of lumbar GlyT2 mRNA (for glycinergic interneurons) and GAD67 mRNA (for 

GABAergic interneurons) in symptomatic mice tissues demonstrated a significant reduction in 

staining in both the intermediate zone and the ventral horn [13]. Immunofluorescence staining of 

GAD65-positive proteins done by our group indicated that the inhibitory dorsal horn 

interneurons were spared, as the level of immunostaining was not reduced in any disease 

development stages, and that the reduction in interneuronal count was not detected by NeuN 

staining (data not shown). This is possibly due to its lack of direct innervations or synaptic 

connections with alpha motor neurons, where impact of ventral motor neuron death is not 

retrospectively received by dorsal horn interneurons [35]. 

However, the excitatory neurotransmission did not seem to be impacted by the death of 

interneurons in the intermediate zone. Interestingly, vesicular glutamate transmitters, which 

control the quantal release of neurotransmitters in synapses, increased significantly during 

disease end-stage despite the loss of transmission media. It is predicted that elevated VGluT1 

and VGluT2 protein expressions were primarily in surviving interneurons, which had not yet 



26 

succumbed to neuronal stress. In such cases, it is possible that this is an attempt of the spinal 

circuitry to maintain excitatory functionality through amplifying the transporter storage. 

Moreover, though unlikely, it may implicate acute cell damages, during which the neuronal 

contents break down and spill into the extracellular spaces of the spinal intermediate zone. It is 

pivotal to locate these cellular contents using techniques such as ex vivo imaging in order to 

observe whether this indeed was the result of programmed cell death. 

 

Activation of Phosphorylated c-Jun Specifies Cell Deaths Induced by Oxidative Stress 

Starting at the clinically symptomatic stage, SOD1G93A rats showed sharp increase in 

immunostaining of N-terminally phosphorylated c-Jun at its serine 73 residue, which tightly 

associated with acute cell damages and onset of apoptosis in adult rats [12]. Interestingly, the 

colocalizations of c-Jun with NeuN immunstaining detected in spinal segments from 

symptomatic animals are more evident than end-stage animals. This implicates that the reduction 

of staining overlap, where phosphorylated c-Jun activation could underlie neuronal 

hyperexcitability before cellular damages commence, is a sign of neuronal death which followed 

soon after motor dysfunctions arise. In addition, it further proves that the elevated expressions of 

vesicular glutamate transporters 1 and 2 (see previous section) could be the product of necrosis 

(traumatic cell death as a result of injuries), during which the membrane integrity of cells were 

lost, thus leading to cellular content spillage [29].  

Chapter 3, in part, is currently being prepared for submission for publication of the 

material. Bravo-Hernandez, Mariana; Chen, Peixi; Platoshyn, Oleksandr; Marsala, Silvia; 

Marsala, Martin. “Spontaneous Neurogenic Electromyographic Activities in ALS G93A Rats, 

Potential Over-Excitatory Drive Leading to Alpha Motor Neuron Degeneration”. 
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Chapter 4. Conclusion 

This is the first report tracking the development of abnormal spontaneous neurogenic 

activities using electromyographic recordings in awake and behaving symptomatic SOD1G93A 

animals, where delivery of anesthetics via intrathecal catheterization attenuated AMPAR-

mediated hyperexcitability, likely induced by upstream transmission from primary afferents. 

However, muscle fibrillation potentials seem unaffected by pharmacological perturbation. 

Unilateral neurectomy of the sciatic nerve, which is equivalent to disrupting muscle afferents, 

potentially salvages motor neurons via VGluT1 reduction in synapses at the grey matter. 

Whether the spontaneous neurogenic EMG activities would be affected in such cases remains to 

be further analyzed, though it is established that VGluT expression level does not impact disease 

onset and animal survival. Further, our evaluations indicate that excitotoxicity through external 

(presynaptic) neurotransmitter input via increased glutamate loading, and local changes 

(postsynaptic) via elevated surface trafficking of GluR2-less AMPA receptors, was likely an 

effect that ultimately affects alpha motor neuron survival. Overall, it is worth exploring the 

underlying mechanism within primary afferents that drives excitotoxicity. 
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Figure 1. Time-course delineation of fibrillation potential developments in wild type and SOD1G93A rats. 
A) Electromyographic (EMG) recordings of wild type (control) rats done at weeks 1, 3 and 6 (after 
animals reached 60d of age) demonstrated no visible changes. B) EMG recordings of 4 SOD1G93A rats 
showed enhanced fibrillation potentials starting at 10% body weight loss (BWL). C) EMG recordings 
done up to 8 weeks in wild type rats were normalized against the activity recorded in week 1; no 
significant relative changes were noted. D) Relative changes in EMG recording in SOD1G93A rats showed 
the onset of fibrillation potentials and the progressive rise of the EMG amplitude until end stage was 
reached. Red arrows correspond to the 10% BWL stage, whereas green arrows indicate the onset of 
fibrillation potentials. 
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Figure 2. Time-dependent alpha motoneurons loss in L2-L6 segments in SOD1G93A rats. A) 10x 
microscopic images (left panels) and high magnification apotome images (right panels) of spinal ventral 
horn show ChAT+ (red) staining in alpha motoneurons of both wild type and SOD1G93A rats at first 
fibrillation (1st FIB), first fibrillation plus 7 days (1st FIB + 7 d), first fibrillation plus 14 days (1st FIB + 14 
d) and SOD1G93A rats with 10% of body weight loss (10% BWL). B) Normalization of alpha motoneuron 
count in L2-L6 lumbar segments of SOD1G93A animals at different time points against the wild type 
animals. Data are expressed as percentages of remaining alpha motoneurons comparing to wild type 
animal ± SEM; P = 0.05. Scale bar=100 µm.  
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Figure 3. EMG recording capturing the presence and absence of spontaneous neurogenic activities in 
awake wild type and presymptomatic (age = 110d) SOD1G93A rats. A) Baseline EMG recording 
demonstrated spontaneous neurogenic activities in presymptomatic rats, but not in wild type rats. B) 
EMG recordings completed at 30 min after intrathecal administrations of Baclofen or NGX424 partially 
attenuated spontaneous neurogenic activities in transgenic rats. C) EMG recordings after 3% isofluorane 
administration attenuated most spontaneous neurogenic activities. The black rectangle shows an enlarged 
view of the fibrillation potentials that were unaffected by drug administration. D) Spontaneous neurogenic 
activities completely recovered 24 h after spinal drug administration. E) Comparisons between EMG 
recordings demonstrated in A) to D). F) High magnification apotome images (20x and 63x) of the ventral 
spinal cord of control (a and a’) and SOD1G93A (b and b’) rats show GluR1+ (red) and NeuN+ (green) 
staining in motoneurons. A 63x apotome optical section features the GluR1+ (c’) immunostaining on the 
membrane of a NeuN+ motoneuron (d’), in addition to their co-localization (e’). Scale bar=25 µm. 
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Figure 4. Downregulation of GluR1 subunit-containing AMPA receptors in the dorsal horn and 
intermediate zone of presymptomatic (110 d age) SOD1G93A rats as ALS progressed. A) 20x and 63x (a’) 
apotome images from the dorsal spinal cord show GluR1+ staining (red) and NeuN+ neurons (green). A 
63x apotome optical section features the GluR1+ (b’) immunostaining on the membrane of a NeuN+ 
neuron (c’) and co-localization of the two (d’). B) 20x and 63x (e’) apotome images from the intermediate 
zone of spinal cord demonstrate GluR1+ staining (red) and NeuN+ neurons (green). A 63x apotome optical 
section features the positive immunostaining of GLUR1 (f’) on the membrane of a NeuN+ neuron (g’) and 
their co-localization (h’). C) Western blot shows slight decrease in GluR1 subunit expression as ALS 
progressed. D) Immunofluorescence staining (10x) of GluR1 subunit in control rats and in diseased rats at 
different stages of ALS are shown. E) All-inclusive AMPA receptor antibodies indicate a decrease in 
receptor proteins as ALS progressed. Data are expressed as percentages of relative expression level ± 
SEM of GluR1 normalized to β-actin expression level. P < 0.05. The scale bar is 25 µm for high 
magnification images and 50 µm for 10x images. 
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Figure 5. Dorsal root recording of primary afferent inputs in wild type and symptomatic SOD1G93A rats. 
A) A schematic demonstration shows the lumbar spinal cord with the dorsal root attached, and lifted by 
two hook recording electrodes, to capture electrical signals from primary afferents. An additional pair of 
stimulating electrodes are placed subcutaneously in the plantar region of the animals’ left paws to evoke 
electrical stimuli. B) Electrical responses from wild type (control, left) and symptomatic SOD1G93A rats 
(right) are recorded in the left L5 dorsal root after an evoked electrical stimulus in the paw at the 
corresponding side. C) A bar graph denotes no difference in response amplitudes (mV) between wild type 
and symptomatic SOD1G93A rats. Data are expressed as the amplitude mean in millivolts (mV) ± SEM. 
Student’s t-test, n ≥ 3. 
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Figure 6. Alpha-motoneuron survival after unilateral sciatic neurectomy in wild type and presymptomatic 
SOD1G93A rats. A) 10x (top panel) and high magnification apotome images (middle panel with cut nerve; 
lower panel with uncut nerve) of the ventral spinal cord show ChAT (red) and NeuN (Green) staining in 
L5 segments, and B) in L2 segments. Quantification of alpha motoneuron numbers expressed on both the 
left (ipsilateral to lesion site) and right (contralateral to lesion side) sides of segments C) L5, D) L2, E) 
L4, and F) L1. Data are expressed as number of ChAT+ neurons /section ± SEM; P= 0.0001. The scale 
bar is 100 µm for 10x images and 50 µm for apotome images. 
 



34 

 

Figure 7. Immunodetection of vesicular glutamate transporter 1 (VGluT1) in wild type and SOD1G93A 
rats after sciatic neurectomy. The 10x (top panel) and high magnification apotome images (middle panel 
with cut nerve; lower panel with uncut nerve) denote ChAT (red) and VGluT1 (green) immunostaining in 
the ventral region of A) L5 segments, and B) L2 segments. Quantification of the integrated density of 
VGluT1 in segments C) L5, D) L2, E) L4, and F) L1 indicated its reduced expression in L5 segments of 
both animal types. Data are expressed as the percentage in integrated density of VGluT1 ± SEM 
compared to the uncut sites of wild type rats; P(**)= 0.01 and P(****)= 0.0001. The scale bar is 100 µm for 
10x images and 50 µm for apotome images. 
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Figure 8. Expression levels of VGluT1, VGluT2 and NeuN in spinal lamina VII of wild type, 
symptomatic, and end-stage SOD1G93A rats. The 10x (top panels of A, C, and E) and high magnification 
apotome images (bottom panels of A, C and E) are shown. A) & B) Quantification of interneuron count 
located in the intermediate zone. C) & D) Quantification of VGluT1 based on integrated density. F) 
Quantification of VGluT2 based on integrated density. The integrated density of VGluT1 and VGluT2 ± 
SEM are normalized against interneuron count; P(*)= 0.05 and P(**)= 0.001. The scale bar is 100 µm for 
10x images and 50 µm for apotome images. 
 



36 

 

Figure 9. Expression levels of N-terminally phosphorylated c-Jun (p-c-jun) in spinal lamina VII of wild 
type, presymptomatic, symptomatic, and end-stage SOD1G93A rats. A) & B) Minimal immunostaining for 
p-c-jun is detected in wild type and presymptomatic animals; such was further confirmed by the enlarged 
image of (a`) and (b`). C) Evident appearance of p-c-jun staining is detected in symptomatic animals, 
where enlarged images (c`-g`) demonstrated co-localization with NeuN staining. Similarly, D) 
demonstrated increased overlaps between p-c-jun staining with NeuN staining, indicating that cellular 
damages are taking place inside neurons (i`-l`). E) depicts the number of neurons positively stained with 
p-c-jun over the course of ALS development. P(****)= 0.0001. The scale bars are 50 µm for 10x and 
apotome images. 
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Supplementary Figure 1. Time-course delineation of fibrillation potentials recorded in anesthetized wild 
type and presymptomatic SOD1G93A rats after sciatic neurectomy. A) Five weeks of the integrated EMG 
responses were obtained on the transected side (red squares) and the contralateral side (blue circles) of 
animals. These animals were followed until 10-20% BWL. Data are expressed as the mean of integrated 
EMG responses (V·sec) ± SEM; P(*) ≥ 0.05 by two-way ANOVA. It is followed by Bonferrioni post hoc 
test; n=3.  
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