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INTRODUCTION 

Background of the study 

Motor neuron degeneration could be used as a collective term for several neurological 

disorders that selectively affect motor neurons. These diseases include chronic pathological 

entities, for example, progressive muscular atrophy, hereditary spastic paraplegia or 

amyotrophic lateral sclerosis (ALS). Furthermore, motor neuron degeneration is not limited 

to chronic manifestations, since acute forms like motor axonal neuropathy or injury related 

motor neuron degeneration are also well-known. Regardless of the initial cause of 

degeneration, these degenerative events share common pathological processes, where 

calcium elevation might be a prominent factor1. The aim of our study — summarized in this 

thesis — is to understand the calcium mediated processes in motor neuron degeneration, with 

special attention on the relation between the intrinsic calcium mediated processes and the 

neighboring inflammatory reaction. Furthermore, we analyze whether neuroprotective 

approaches could be based on the alleviation of increased calcium level of motor neurons. 

Our hypothesis underlying the protective attempts is based on the commonly observed 

neuronal calcium increase associated with most of the degenerative processes. Elevated 

calcium level was observed both in ALS patients, clinically2, and in experimental animal 

models using in vitro3 and in vivo approaches4. Such elevated calcium level could be 

observed in acute paradigms as well5,6. The most prominent mechanisms contributing to ALS 

have already been disclosed and characterized7–13. These detrimental phenomena can be 

observed simultaneously, furthermore, these processes may facilitate the deleterious effect of 

each other during degeneration. Calcium ions may act as a facilitating factor, since the 

neurodegenerative processes show a strong, positive calcium dependency, which creates a 

link between each individual mechanism14. Moreover, through a positive feedback loop, 

calcium may combine the individual pathological processes into a unified escalating 

mechanism of neuronal destruction. However, while certain groups of motor neurons 

succumb to degeneration, others are spared along the disease progression. This resistance was 

shown to correlate with their elevated calcium binding protein (CaBP) content15,16. This 

hypothesis was subsequently supported by a series of in vitro17, in vivo4,5 and ex vivo18,19 

experiments. 

Such protective effect might be based on moderating the calcium increase associated 

with injury either by reducing calcium influx or by buffering the excess calcium by CaBPs. 

These interventions, by confining the degree of injury of motor neurons, might be able to 
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reduce neighboring inflammatory reactions as well as it was shown by reduced microglial 

reaction around injured motor neurons with high CaBP content compared to the regions with 

low CaBP content20. Such findings suggest that intrinsic and non-cell-autonomous processes 

can work in an orchestrated manner leading to a full-blown degenerative pathway14. Indeed, 

anti-inflammatory drugs, such as a semi-synthetic tetracycline derivative, minocycline, which 

are capable of reducing inflammatory responses in the central nervous system (CNS)21, may 

target multiple injury mechanisms such as excitotoxicity and intracellular calcium content22. 

Brief overview of amyotrophic lateral sclerosis 

Epidemiology of ALS 

ALS is the most common late-onset and relentlessly progressive motoneuron disease23 

which — according to the classical definition — primarily affects upper and lower motor 

neurons in the motor cortex, brainstem and spinal cord24. This devastating disease became 

well-known when Lou Gehrig, one of the most famous American baseball players, died in 

this disease in 194125. Patients diagnosed with ALS are traditionally classified into two 

different categories. 90–95% of the ALS cases are sorted to the most common form which is 

the sporadic, idiopathic type of ALS9. This nomenclature refers to the absence of any 

genetically inherited familial components. The remaining 5–10% of ALS patients are 

pertaining to the familial type, where increased number of affected family members can be 

observed in the pedigree9. 

The most well-characterized genetical disfunction is related to the Cu/Zn superoxide 

dismutase 1 gene (SOD1)26, where more than 160 mutations have been found27. Since the 

discovery of the role of SOD1 in ALS, more than 25 other genes have been identified27. The 

most prominent ones are the trans-activation response element deoxyribonucleic acid (DNA) 

binding protein 43, fused in sarcoma, ubiquilin-2, alsin and profilin-1 genes. However, the 

recent discovery of an expansion of the intronic hexanucleotide repeat sequence in 

chromosome 9 open reading frame 72 in patients without family history blurred the 

distinction between these clinically indistinguishable classes28. Furthermore, these findings 

challenged the conventional differentiation of separate neurodegenerative diseases 29. 

Although the personal, societal and economic burden is substantial30,31, ALS is 

considered as a rare disease. Chio et al. showed that the median incidence rate in Europe 

(/100 000 population) was 2.08, corresponding to an estimated 15 300 cases32. Median 

prevalence, for 100 000 population respectively, was 5.4 cases32. Since ALS is a 

neurodegenerative disorder, as a general rule, there is an escalating tendency toward 
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increased incidence and prevalence with advancing age32. ALS incidence peaks between the 

age of 60 and 7532. Epidemiological studies showed that both incidence and prevalence of 

ALS are greater in men than in women33. However, this difference levels off after 

menopause. One obvious explanation for such phenomenon might be related to the role of 

gonadal hormones, particularly estrogen, which has neuroprotective effect34. Furthermore, in 

sporadic ALS, gender specific clinical features can be observed35. 

Clinical manifestation and diagnostic criteria of ALS 

The diagnosis of ALS may be difficult, since (except for the presence of identified 

mutations) there is no single diagnostic criterion for it. Thus, the diagnostic tests include a 

complex set of examinations and study of family history to distinguish from other conditions 

mimicking ALS. The key aspects of differential diagnosis of ALS to exclude alternative 

causes of symptoms are outlined in the original diagnostic criteria36. Furthermore, prominent 

clinical progression is also necessary which can be established only by repeated examinations 

in a timespan of several months. According to the revised El Escorial and Airlie House 

criteria, the diagnosis of clinically definite ALS requires progressive upper and lower motor 

neuron deficits at least three susceptible regions37. Laboratory, pathological, and clinical 

criteria have also been established for less definite categories38. Commonly, the primer 

symptoms are manifested as hyperreflexia and muscle weakness. As the disease advances, 

patients suffer from progressive manifestation of combined dysfunctions of upper motor 

neurons (spasticity, pathological reflexes) and lower motor neurons (cramps, fasciculation 

and atrophy) in absence of any sensory symptoms39. However, this recent postulation 

neglects one controversial issue in the diagnostic procedure, namely, the increased evidence 

of the involvement of sensory system in 10–20% of the patients. Furthermore, in some cases 

even polyneuropathy or sensory ganglionopathy has been reported40,41. 

However, the probability categories for the ALS diagnosis are mostly depending on 

the clinical evidences described above, while electrophysiological examinations play a minor 

role. Since these electrophysiological findings can support the clinical observations, the 

Awaji Group suggested more prominent role for such examinations42. Since 

electrophysiological changes in the muscles are comparable to the clinical signs, these 

observations might be capable of confirming the affectability of weak muscles. Furthermore, 

body regions with strong muscles but electrophysiological sign of denervation may be 

included for the diagnosis42. 

Pathological observations 
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French neurologist, Jean Martin Charcot, was the first who defined ALS as „la 

sclérose latérale amiotrophique” which is a French expression for the pathological 

manifestation of the disease43. Pioneering work of Professor Charcot was the autopsy report 

of the scar tissue in the anterolateral fasciculus of the spinal cord which manifested as 

spasticity and paralysis in the patients43. Until the late 90’s the most prominent pathological 

observations in postmortem ALS tissue were loss of motor neurons in the spinal cord, 

brainstem and motor cortex. This neuronal degeneration was often accompanied by 

astrogliosis in the affected regions of the CNS. Moreover, even the surviving motor neurons 

showed pathological hallmarks of degenerations such as large number of lipofuscin granules 

or extensive atrophy of the cell bodies. 

Other features of neuronal degeneration include the loss of nerve fibers, especially in 

the pyramidal tract and neurogenic abnormalities in the muscles. However, these pathological 

changes are not unique features of ALS44, other neurodegenerative diseases might show 

similar conditions, especially different motoneuron diseases and acute injuries45. In the last 

two decades, exclusive pathological alterations for ALS were identified by recognition of 

intracellular inclusions in routinely stained (hematoxylin and eosin) pathological samples, 

such as eosinophilic granular Bunina bodies that can be noticed in 65–95% of ALS tissues44. 

Since the extensive use of immunohistochemical analysis in the pathological practice, 

ubiquitinated inclusions with nearly 100% occurrence and high specificity for ALS have been 

discovered46. 

Processes involved in the pathophysiology 

According to the contemporary view, ALS is a highly heterogeneous condition, often 

accompanied with cognitive impairment and, though extrapyramidal, cerebellar, autonomic 

and sensory system involvement is rare, it is now considered a multisystem disorder47. Since 

the underlying pathological condition involves multiple cell types, such as astrocytes7, 

microglial cells28, infiltrating immune/inflammatory cells29, and due to the complex 

interaction between the identified genetic factors and basic molecular pathways of its 

pathophysiology, ALS is recognized as a non-cell-autonomous48,49, and multifactorial 

disease50. Several excellent reviews are available providing an overview of the reciprocal 

relationships of the major individual toxic mechanisms leading to motoneuronal 

degeneration, such as excitotoxicity, oxidative stress, mitochondrial dysfunction and 

immune/inflammatory processes7–13,51,52. Our discussion now will focus on the role of 

calcium ions, showing that regardless of the site and type of the primary lesion, increased 
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intracellular levels of calcium ions could merge the identified individual toxic mechanisms 

into a single self-perpetuating cycle of motor neuron degeneration. In relation to these 

pathological processes, some properties of motor neurons predisposing them to calcium 

mediated injury, like low calcium buffering capacity and specific composition of glutamate 

receptors, will also be discussed. 

Excitotoxicity 

Early pioneering work in the late 60’s by Olney, who coined the term excitotoxicity, 

led to the general appreciation that toxicity induced by excess exposure to excitatory amino 

acids was not restricted to retinal neurons exposed to glutamate, the experimental system in 

which the effect was first described. In fact, excitotoxicity might be responsible for a wide 

variety of brain damage observed in acute injury and slowly evolving neurodegenerative 

diseases53. The role of excitotoxicity in ALS was then proposed54, based on the original 

observations that glutamate levels in the plasma of ALS patients were 2-fold higher than 

controls55. Likewise, high levels of glutamate and aspartate have also been detected in 

cerebrospinal fluid of ALS patients56. 

These data were further supported by reports of reduced levels of the excitatory amino 

acid transporter (EAAT) 2 in the motor cortex and spinal cord of the majority of ALS 

patients57, since a rapid uptake of glutamate is accomplished by the EAAT1 and EAAT2 

glutamate transporters, as it was timely reviewed by Mitsumoto et al.58. In parallel studies it 

was also documented that some ALS patients possess alterations to the structure of the α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) type glutamate receptor. 

Normally, AMPA receptors are impermeable to calcium. However, if one of their subunits — 

the glutamate receptor subunit 2 (GluR2) — is missing, these receptors become permeable to 

calcium ions59. During neurotransmission, this alteration induces an increased calcium influx 

into the postsynaptic motor neuron, which may trigger injury. The low expression of the 

GluR2 protein subunit60, or the messenger ribonucleic acid (mRNA) for GluR261, was indeed 

seen in ALS patients, which could provide a molecular basis for the increased calcium influx, 

further amplifying the effect of the high glutamate level. 

Oxidative stress 

The presence of tissue damage due to oxidative stress in ALS has been shown by 

several postmortem studies. Elevated carbonyl derivatives were detected in the spinal cord 

and motor cortex of ALS patients62,63 due to direct oxidation of lysine, arginine, tyrosine, 

proline and threonine residues64. Additionally, increased 3-nitrotyrosine level was found in 
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spinal motor neurons of patients65, which is a marker of peroxynitrite-mediated damage64. 

These autopsy findings were later corroborated with data obtained from cerebrospinal fluid or 

blood of ALS patients, demonstrating increased levels of 8-hydroxy-2’-deoxyguanosine, a 

marker of oxidized DNA66,67, and 4-hydroxy-nonenal, a marker of lipid peroxidation68,69. 

Plasma membranes and embedded ion channel proteins are distinct targets of free 

radicals involved directly in changing the intracellular ionic milieu70. The action of free 

radicals on membrane fatty acids may either change membrane fluidity, resulting in 

secondary clustering or oversensitization of voltage-gated calcium channels71, or may directly 

alter ion channel properties resulting in increased P/Q-type calcium channel activity, as it was 

shown in calcium channels expressed in Xenopus oocytes72. Alternatively, reactive oxygen 

species (ROS) may interact with inositol 1,4,5-trisphosphate, ryanodine receptors and 

sarco/endoplasmic reticulum Ca2+ adenosine triphosphatase transporters present in the 

membrane of the endoplasmic reticulum, leading to increased calcium release and decreased 

uptake by the organelle under oxidative stress, resulting in increased intracellular calcium 

levels73. 

ROS are continuously generated during physiological cellular processes, mainly due 

to leakage of electrons from the respiratory chain in the mitochondria, thus the cells are 

equipped with robust ROS detoxifying machinery. SOD1 is the major enzymatic defense 

system in the cytosol, catalyzing the conversion of superoxide radicals to hydrogen peroxide, 

which is converted by glutathione and catalase to harmless oxygen and water. Thus, the 

discovery of mutations in SOD1 in patients in 1993 led to expectations that the degenerative 

mechanism for motor neurons in ALS would soon be interpreted as impaired oxidative 

protection in motor neurons26. On the basis of the identified mutations, more than twenty 

rodent models were generated which recapitulated several aspects of the human disease and 

are being widely used in ALS drug studies74. However, despite more than two decades of 

intensive studies, the detailed mechanism of the toxicity of the mutant SOD1 (mSOD1) 

remains elusive75. While the importance of ROS mediated mechanisms in the 

pathophysiology of ALS is not questioned, it is now generally accepted that ROS mediated 

toxicity is multifactorial10,76, and is, at least partially, based on ROS produced by microglia77. 

Mitochondrial dysfunction 

Abnormalities of motoneuronal mitochondria in ALS were first identified as their fine 

structural alterations in the intramuscular nerves78 and in the anterior horn neurons79 in 

autopsy samples from patients. This was later corroborated by electron microscopic images 
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also from autopsy cases by describing alterations in the intermembrane space and the inner 

compartments of mitochondria80. Altered mitochondrial functions were also described in 

postmortem ALS patients’ spinal cord samples as reduced activity of citrate synthase and 

respiratory chain complexes I+III, II+III, and IV, which correlated with an increased level of 

mutant mitochondrial DNA81. Structural and functional mitochondrial abnormalities could be 

transferred to mitochondrial DNA depleted neuroblastoma cells by transferring mitochondrial 

DNA from ALS patients82, which corroborates significant mitochondrial involvement in the 

pathogenesis of ALS83. More direct evidence of mitochondrial alteration in ALS came from 

an electron microscopic study of motor nerve terminals performed in muscle biopsies of ALS 

patients at early diagnostic stages of disease, describing swelling and increased mitochondrial 

volume of motor axon terminals2. The assumption that mitochondrial malfunction is not a 

byproduct of degeneration but involved in disease progression at an early stage got further 

support from microscopic studies of transgenic animals created on the basis of the SOD1 

mutations identified in the patients, describing degenerating mitochondria in the spinal motor 

neurons at presymptomatic stages of the disease84. In a follow-up electron microscopic study, 

Bendotti et al. documented mitochondrial swelling in mSOD1 mice as early as 2 weeks of 

age, which considerably preceded the development of the initial symptoms of the disease85. 

Besides the endoplasmic reticula in neuronal cells, mitochondria are the major 

organelles shaping cytosolic calcium levels86, thus the described mitochondrial damage in 

motor neurons of patients and of mSOD1 transgenic mice may result in impaired calcium 

buffering and a consequent calcium increase in the cytoplasm through mSOD1 mediated 

mechanisms87,88. Indeed, Damiano et al. demonstrated impaired calcium handling in 

mitochondria isolated from mSOD1 mice already in the presymptomatic stage89. 

Accordingly, as Jaiswal and Keller demonstrated by using brainstem slices from mSOD1 

mice, vulnerability of motor neurons may result from the disruption of the mitochondrial 

electrochemical potential, and, in relation to the powerful mitochondrial control of 

intracellular calcium levels, low calcium buffering90. Increased cytosolic calcium paired with 

loss of mitochondrial membrane potential was actually demonstrated in neuroblastoma cells 

transfected with plasmids directing expression of glycine-93 to alanine substituted form of 

(G93A) mSOD191. 

Immune/inflammatory processes 

The formation of glial scars as a consequence of inflammation at the lateral tract of 

the spinal cord was one of the first pathological observations in an ALS patient24,92. This 
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finding was later corroborated by classical 20th century techniques of neuropathology 

describing a massive astrocytosis particularly at entering points of the corticospinal tracts into 

the gray matter of the spinal cords of ALS autopsy cases93. Although astrocytes are not the 

authentic immune cells in the CNS, in the recent years it has become evident that they can 

produce components of the innate immune system which may be involved in the elimination 

of pathogens in the brain94,95. 

Microglial cells are the primary immune cells resident in the nervous system96,97 and 

can be identified as ramified, cluster of differentiation 11b (CD11b) expressing cells98, which 

shift from the surveillance mode to an activated state upon any kind of brain injury99. 

Accordingly, widespread microglial activation was demonstrated by [11C](R)-PK11195 

positron emission tomography (PET) in the motor cortex of ALS patients with significant 

correlation between the PET signal and a clinical observation of burden upon the upper motor 

neurons100. These observations were extended to the spinal cord in autopsy material, using 

the same technique which showed increased [11C](R)-PK11195 binding in the lateral and the 

ventral white matter of the patients101. These findings were subsequently corroborated with 

cutting edge imaging techniques, allowing assessment of microglial activation in brain areas 

of the patients in vivo102,103. 

In ALS, the main targets of the disease are motor neurons, however, the principal 

components of cellular inflammation, microglial cells and astrocytes, responding 

cooperatively to signals indicating neuronal malfunction, contribute to the degeneration of 

motor neurons50,104. Depending on the dialogue between neurons, microglia and astrocytes, 

which is also mediated by T lymphocytes, the concerted cellular neuroinflammatory reaction 

may act as a double edged sword, resulting in either a neuroprotective or neurotoxic 

outcome29,49. Although inflammatory cells directly do not influence intracellular levels of 

calcium in motor neurons, they may act indirectly through ROS production by astrocytes105 

or microglia106. 

Humoral immunity may also play a role in the progression of ALS, since as recently 

has been documented, a panel of 20 serum antibodies could be identified which discriminate 

ALS patients from non-diseased control subjects with 100% specificity and 99.9% 

sensitivity107. Among other anti-motoneuronal antibodies present in the sera or cerebrospinal 

fluid of the patients50, those, interacting with voltage-gated calcium channels may directly 

influence the intracellular calcium level of motor neurons and their axon terminals108,109. 

Indeed, in an authoritative set of experiments conducted by S.H. Appel and coworkers110, the 

presence of immunoglobulin G (IgG) antibodies for L-type voltage gated Ca2+ channels were 
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documented in 75% of sporadic ALS patients111. Subsequent experiments have shown that 

ALS IgG binds the ionophore containing 1 subunit of the voltage-gated calcium channels112. 

ALS IgG can interact and alter the function of muscular L type calcium channels113 and 

neuronal N-/ P-/ Q-channels as well114. The interaction of ALS IgG with these calcium 

channels enhances inward calcium current115 and increases intracellular calcium3 as it was 

demonstrated in a motor neuron cell line. 

Calcium is a common denominator in the pathophysiology of ALS 

As outlined above, the major pathological processes of ALS, identified so far, could 

lead to an increase of intracellular calcium in motor neurons, which suggests that calcium 

may play a central role in the pathobiology of the disease. Indeed, compared to other cations, 

due to its superior property of reversible complex formation by specific proteins116, the 

evolutionary choice for a ubiquitous intracellular messenger was calcium, triggering or 

modulating all aspects of neuronal functions117. As with most of the biochemical reaction, an 

inverted U-shaped curve characterizes the optimal range of concentration of the reaction 

components: either too low, or too high values are irreconcilable with life. At the lower end 

of the concentration range, the indispensable role of calcium for cellular functions was first 

evidenced by the landmark observation of Sidney Ringer118 on isolated hearts. At the other 

end of the scale, regarding the universal signaling function of calcium in nerve cells, it is not 

surprising that enduring or excess elevations of intracellular calcium may induce cell death as 

well119,120,121. Accordingly, the involvement of increased calcium was documented in the 

pathomechanism of a wide variety acute neuronal lesions or chronic neurodegenerative 

diseases, such as ischemic122 or traumatic brain injury123, Huntington’s disease124, 

Parkinson’s disease125, Alzheimer’s disease126,127, multiple sclerosis128 or ALS129,130. 

Abnormal calcium signaling has damaging effect on neurons, and can contribute to 

the death of nerve cells in several ways131–135. Briefly, calcium can activate calpains and 

caspases that break down cytoskeletal or membrane proteins and degrade metabolic 

enzymes136. Furthermore, increased calcium can lead to apoptotic cell death directly either by 

activating calcium-dependent apoptotic proteins137,138 or through processes involving 

mitochondrial functions12,139. Moreover, elevated intracellular calcium leads to formation of 

damaging free radicals and production of injurious superoxide anions either via 

mitochondrial calcium sequestration140,141 or because of activation of enzymes, such as nitric 

oxide synthase, phospholipase A2 and xanthine oxidase142,143,144. As a product of different 

intrinsic injurious pathways, distress signals can be released by neurons which lead to full-
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blown inflammatory reactions, mediated by reciprocal dialogues between neurons and 

neighboring astrocytes and microglial cells7,13,52. 

In ALS, several specific features of abnormal calcium handling have been described. 

Thus, in in vitro synaptosome preparations — obtained from spinal cords of mSOD1 mice — 

elevated calcium levels were detected. Furthermore, increased calcium-dependent exocytotic 

glutamate release could be evoked from presynaptic terminals, compared to wild type 

synaptosome. The phenomenon, extrapolating to in vivo, might contribute to augmented 

excitotoxicity145. In biophysical experiments, performed also in vitro, a calcium-induced 

conformational change of SOD1 was demonstrated which facilitates its amorphous 

aggregation146, a hallmark of ALS, thus contributing to SOD1-mediated pathomechanisms by 

causing mitochondrial oxidative stress84. These latter results accentuate the role of calcium-

mediated protein misfolding in non-SOD1 ALS11,147. 

Intrinsic properties influencing motoneuronal vulnerability 

Clinically, not all groups of motor neurons are affected or degenerate at the same rate 

during the course of the disease. Typically, oculomotor neurons and sacral motor neurons 

innervating sphincter muscles, which are located in the nucleus of Onufrowicz, are spared in 

ALS, except in cases with unusually long survivals37. Several features may be responsible for 

the different susceptibility of certain types of motor neurons, such as size of perikaryon, 

length of axon, metabolic rate, lack of monosynaptic connection with corticomotor neurons, 

etc.7,28. However, with regard to the stability of their calcium homeostasis, the roles of 

intracellular calcium handling and calcium influx through the plasma membrane are generally 

emphasized130. 

Calcium binding protein content and relative resistance of motor neurons 

The most common calcium binding domain of cytosolic proteins is the EF-hand 

motif, which forms a loop that can accommodate calcium ions148. Through their calcium 

binding, all the EF-hand proteins do influence local concentrations of calcium, however, for 

many of them, such as for calmodulin, or troponin C, calcium buffering is far less significant 

than their regulatory function149. Immunohistochemical mapping of the brain regions of 

rodents for the distribution of different calcium binding proteins150,151,152 finally led to the 

conclusion that high neuronal parvalbumin (PV) and/or calbindin-D28k content could be a 

marker denoting the resistant types of motor neurons in ALS153. The relevance of these data 

in the human disease got support from similar studies performed in human autopsy material 

from ALS and non-ALS patients15,154. Finally, that the increased calcium binding protein 
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content truly contributes to the improvement of calcium buffer capacity in resistant neurons 

was demonstrated in a series of seminal experiments performed in the laboratory of B.U. 

Keller. By using tissue slice preparation, calcium imaging and the “added buffer” technique, 

they documented a higher calcium buffer capacity in resistant oculomotor neurons relative to 

the low calcium buffer capacity in the susceptible hypoglossal and spinal motor 

neurons18,155,156. 

The protective role of increased calcium buffering, represented by elevated calcium 

binding proteins, has been tested in various in vitro, ex vivo and in vivo experiments. In vitro, 

undifferentiated VSC 4.1 motoneurons with high calbindin-D28k proved to be resistant if 

challenged with IgG from ALS patients, but became vulnerable after differentiation, and 

exhibited increased calcium after IgG application17. However, this vulnerability could be 

reversed by transfecting the cells with calbindin-D28k
17. Neuromuscular preparations from 

extensor digitorum longus and external oculomotor muscles were challenged ex vivo with 

ALS IgG. Spontaneous transmitter release was selectively increased in the vulnerable types 

of terminals, suggesting that resistance to physiological abnormalities induced by ALS sera in 

mice parallels the resistance of extraocular motoneurons to dysfunction and degeneration in 

ALS157. In vivo, transgenic mice with upregulated motoneuronal PV were challenged either in 

acute sciatic nerve crush injury setting158, or chronically, by crossing to the mSOD1 

transgenic mice, creating a double transgenic strain159, which suggests PV upregulation could 

confer reasonable neuroprotection. Calculations demonstrating a hyperbolic decrease of 

calcium amplitudes around calcium channels with increasing buffering capacity might 

provide a theoretical background for such protective effects19,156. 

Calcium permeability of AMPA receptors and resistance of motor neurons 

One leading hypothesis (excitotoxicity) for the selective death of motor neurons in 

ALS is based on the selective change of calcium permeability of AMPA receptors in the 

plasma membrane of postsynaptic motor neurons29. The AMPA receptors are assembled from 

4 subunits and their permeability to calcium is determined by the absence of the glutamate 

receptor subunit type 2 (GluR2)8. Although literature data are not fully consistent regarding 

the correlation of the susceptibility of motor neurons with the missing GluR2 subunit in their 

AMPA receptors160,161, it was repeatedly reported that both mRNA for GluR2 subunit, and 

GluR2 protein levels were decreased in vulnerable motor neurons60,162. Furthermore, a recent 

microarray analysis of transcriptional profiles of oculomotor and spinal motoneurons 

dissected from neurologically normal human controls, revealed an upregulation of all GluR1–
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4 subunits in the oculomotor neurons, compared to spinal motor neurons, including a 2.31-

fold increase of the GluR2 subunit163. The expected reduced permeability of AMPA receptors 

for calcium was then verified in patch clamp experiments performed in acute tissue slices cut 

from the spinal cord and the brainstem of adult rats indicating a reduced inward current in 

oculomotor neurons163. The absence of GluR2 was associated with an increased portion of 

unedited GluR2 mRNA at the glutamine/arginine (Q/R) site, as it was demonstrated in ALS 

tissue164. Since RNA editing at this location is predominantly catalyzed by the adenosine 

deaminase acting on RNA 2 (ADAR2), these data suggest the relevance of the inefficiency of 

ADAR2 in the pathomechanism of ALS. Indeed, in a conditional ADAR2 knock-out mouse 

only the ADAR2-lacking spinal motor neurons degenerated, which could be prevented by 

generating Q/R site edited GluR2 in the absence of ADAR2 by a point mutation in the 

endogenous GluR2 alleles165. These data point to the decreased level of ADAR2 mRNA as a 

molecular basis underlying the increased calcium permeability of AMPA receptors. 

AIMS OF THE STUDY 

Based on experimental data on the ability of an AMPA receptor antagonist, 

talampanel (Tal), reducing calcium influx into motor neurons and ameliorating disease 

progression in the mSOD1 model of ALS, clinical trial has been initiated to slow the 

evolution of the disease in ALS patients. However, the test was aborted, since the study did 

not meet its primary endpoint. In our previous experiment we gave evidence, that the failure 

of the clinical study might be attributed to the late initiation of the treatment relative to the 

disease onset. To prove that the rationale of the treatment based on reducing calcium influx is 

still compelling, it needed to demonstrate that the pitfall of the treatment is not due to its 

inefficiency at the distant motor axon terminals where the disease probably starts. Thus, our 

first aim was: 

1. To demonstrate that the soma targeted treatment with Tal is equally effective to 

prevent calcium increase at the perikarya and at the distal axon terminals of motor 

neurons of mSOD1 mice if the treatment starts at an early phase of the disease. 

It is now widely accepted that neurons could be protected from calcium-mediated 

injury by reducing the calcium influx through appropriate calcium channels on their plasma 

membrane. Previously we have shown that, alternatively, by elevating their CaBP content, an 

increased resistance could also be provided for motor neurons against acute injury or during 

chronic stress conditions. Besides their calcium buffering capacity, a crucial intrinsic 

property, nearby inflammatory reaction may also have an effect on the final fate of injured 
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motor neurons. To demonstrate the possible connection between these two important factors 

shaping the survival of motor neurons after injury, our second aim was: 

2a. To visualize the magnitude and time course of neighboring microglial activation of 

injured motor neurons with differently elevated calcium content achieved by 

upregulated calcium binding protein (in this case, PV) content. 

2b. To standardize the measurement of the intracellular calcium content at electron 

microscopic level, a procedure was aimed to develop, which minimizes the variability 

of measurements by standardizing the thickness of sections used for analysis. 

As it was shown, by increasing motoneuronal PV content, intracellular calcium 

elevation evoked by injury could be prevented, furthermore, the local microglial reaction 

could be moderately decreased. To investigate if injury-induced inflammatory reaction could 

be further reduced by mutually targeting microglia activation and stabilization of intracellular 

calcium, our third aim was: 

3a. To test the effect of diazoxide treatment on microglia activation in different motor 

nuclei after axotomy, since besides its anti-inflammatory effect, diazoxide was shown 

to protect neuronal mitochondria from calcium overload in our previous hypoxia-

reperfusion experiments. 

3b. To quantify microglia activation in identified motor nuclei, a double-

immunostaining procedure was aimed to develop, which allows the determination of 

the volume of motor nuclei with fluorescently labeled motor neurons, and the 

simultaneous measurement of the relative volume of the non-fluorescently labeled 

microglial cells. 

MATERIALS AND METHODS 

Experimental animals 

The animals were housed in plastic cages (five animals per cage, at most) in a 

thermoneutral (21±3 °C) conventional animal facility under a 12-hour dark/light cycle, with 

free access to food (regular rodent chow) and tap water ad libitum. All experiments were 

carried out in compliance with institutional guidelines for the use and care of experimental 

animals and governmental laws for animal protection. Experimental protocols and animal 

care were approved by the Ethical Committee for the Protection of Animals in Scientific 

Research at the Biological Research Center (approval No. 72–45/b/2001 and No. 

03876/0014/2006) and carried out in accordance with the national law (XXVIII. chapter IV. 

paragraph 31, 1998; 40/2013. (II.14)). These rules conform to the international laws and 
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policies (Directive 2010/63/EU, 2013; NIH Guide for the Care and Use of Laboratory 

Animals, United States National Research Council, revised 1996). Tal treatment and the 

related experiments were in concordance with the Italian governmental law (Circolare No. 8, 

G.U., 14 luglio 1994). All efforts were made to minimize animal suffering and the number of 

animals used in this study. 

Talampanel treatment 

Hemizygotic transgenic mice (mean body weight of 21 ± 4 g), expressing a G93A 

substituted form of the human SOD1 gene, purchased originally from Jackson Laboratories, 

were maintained in a C57BL/6JOlaHsd mouse strain at the Mario Negri Institute for 

Pharmacological Research (Milan, Italy). Female transgenic mice were treated for two weeks 

with Tal (5 mg/kg body weight dissolved in 0.1 ml Tween 80; n = 12 animals) or vehicle 

(Veh; 0.1 ml Tween 80; n = 12 animals) orally at the same time, daily. The appropriate 

dosage of Tal was selected on the basis of an unpublished pilot study in our laboratory. Tal 

was administered into the lower esophagus with a stainless steel gavage needle with a 

rounded tip. Treatments were started at 10 (n = 6 animals) or 17 weeks (n = 6 animals) of age 

corresponding to the presymptomatic and the symptomatic stage of neuromuscular 

dysfunction166. Tissue samples were harvested at 12 or 19 weeks of age. Age-matched female 

non-transgenic C57BL/6JOlaHsd mice were treated with Tal (n = 12 mice) and Veh (n = 12 

mice) similarly and used as controls. Altogether n = 48 mice were used for the study, which 

were sorted into groups according to the strain (n = 24 in the mSOD1 strain and n = 24 in the 

control strain). Furthermore, these groups were divided into subgroups according to the 

treatment (Tal versus Veh) and the age of mice at the beginning of the treatment (10 weeks 

versus 17 weeks). 

Diazoxide treatment 

Balb/c non-transgenic mice (mean body weight of 22 ± 5 g) were donated by Prof. Dr. 

Engelhardt. Animals were housed in the conventional animal facility of the Biological 

Research Centre (Szeged, Hungary) for the period of the experiments. Examinations were 

performed on 30 adult (10–12 weeks old) male mice, altogether. To avoid multiple surgical 

procedures on individual animals (enucleation, hypoglossal and facial nerve transection), 

mice were assigned to three groups (n = 10 in each group) according to the type of surgery: 

unilateral eye enucleation, hypoglossal, or facial nerve axotomy. Five animals in each group 

were treated with diazoxide and five mice served as controls. Diazoxide (Sigma, 1 mg/kg 

body weight dissolved in 0.1 ml 1% dimethyl sulfoxide solution) was administered at the 
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same times, daily, by intraperitoneal injection for one week before surgery and for four days 

postoperatively until the immune/inflammatory reaction could be observed. Then the animals 

were sacrificed. 

Surgical procedures 

All surgical interventions were performed under deep and reversible anesthesia with 

Avertin (tribromoethanol, 240 mg/kg body weight in a 0.5 ml volume) administered 

intraperitoneally. For axotomy/target deprivation of the oculomotor nerve, animals were 

enucleated, the right eyeball and the lacrimal gland was removed carefully from the orbit. In 

the case of hypoglossal axotomy, cranial nerve XII. was transected laterally to the hyoid bone 

and 2–3 mm nerve segment was dissected to prevent undesirable regeneration. Facial nerve 

axotomy was applied through an incision under the ear canal at the trunk of the facial nerve, 

then a 2–3 mm nerve segment was removed. For sciatic axotomy the nerve was transected at 

the mid-thigh and 2–3 mm nerve segment was removed to prevent undesirable regeneration. 

In each case the non-operated side served as an internal control. Following the surgery, mice 

were returned temporarily to empty cages until recovered from the narcosis. Then, animals 

were housed according to the previously described conditions. 

Characterization of the transgenic PV+/+ strain 

Two lines of PV overexpressing mice were generated in Dr. S.H. Appel’s laboratory 

(The Methodist Hospital Neurological Institute, Houston, TX, USA) as described in details 

by Beers et al.159. The founder lines were bred to homozygosity and were characterized to 

prove that PV is transcriptionally and translationally expressed in the motor neurons of their 

spinal cords159. In situ hybridization, using the 5’-untranslated region of the rat CaMII 

promoter and the PV transgene confirmed the common presence of rat PV mRNA in the large 

motoneurons of the ventral horns, while immunohistochemistry was used to localize PV 

protein and proved its uniform presence in these cells (Fig. 1). Breeding pairs were obtained 

from the line Tg(parv 14–4) and a transgenic colony was set up and maintained in the 

conventional animal facility of the Institute of Experimental Medicine (Budapest, Hungary). 

For the period of the sciatic axotomy experiments, animals (n = 48) were housed in the 

conventional animal facility of the Biological Research Centre (Szeged, Hungary). In our 

previous axotomy experiments, either non-transgenic B6/SJL mice, the parental strain for the 

PV+/+ transgenic animals, or Balb/c mice were used as controls. Here, to provide unbiased 

comparability with the previous results and to exclude potential errors arising from strain-

dependent sensitivity to axotomy, animals from both strains were used as controls. First, we 
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compared their reaction to axotomy in all of the examined parameters (motoneuronal 

chemokine C-C motif ligand 2 (CCL2) staining, microglial activation and calcium content). 

Since the parameters showed no significant difference between the strains according to the 

Student’s t-test (p values between 0.96 and 1), pooled data obtained with the two strains were 

subsequently used as controls. These control mice, originally obtained from Charles River 

Laboratories (Budapest, Hungary), were bred in the conventional animal house of the 

Biological Research Centre (Szeged, Hungary). 

 

Fig. 1. Laser scanning confocal images from a double immunostained section at the ventrolateral region of 

the spinal cord from a homozygous mouse overexpressing PV. Colocalization of PV (red in panel A) with 

choline acetyltransferase (green in panel B) is clearly seen in large motoneuron-like profiles. In the inserts, a 

group of motor neurons is shown at retrodorsal lateral position, evidenced by the large number of PV 

immunopositive cross sectioned axons in the neighboring white matter150 (insert in B). Scale bar: 30 µm. 

Animals from the control and PV+/+ strains were allocated for light microscopic 

immunocytochemistry at 1, 4, 7, 14 or 21 postoperative days, while mice were sacrificed for 

electron microscopic calcium histochemistry only at a single time point (postoperative day 7). 

Immunohistochemical staining and quantification 

Specimen preparation for immunostaining 

Under irreversible anesthesia with Avertin (Fluka) or methoxyflurane (Fluka) mice 

were transcardially perfused with 10 mM phosphate buffered saline (PBS; pH 7.4) followed 

by 4% paraformaldehyde (Sigma) in 10 mM PBS (pH 7.4). The entire brain or spinal cord 

was exposed and removed then fixed further overnight in the same fixative at 4 °C. After the 

fixation protocol, samples were cryoprotected in 30% sucrose (Sigma), dissolved in 10 mM 
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PBS, for 24 hours at 4 °C and embedded in optimal cutting temperature medium (Tissue-

Tek). Series of consecutive sections of 30 m thickness were cut throughout the whole 

anatomical regions of interests with a cryostat (MNT, Slee), collected in 10 mM PBS 

individually in wells of tissue culture plates and stored at 4 °C until processed for 

immunochemical staining. All of the immunostaining procedures were performed on 30 µm 

thick free-floating cryostat sections. 

Single- and double staining for CCL2 and CD11b 

Series of sections from the lumbar spinal cords — containing the entire region of the 

expected inflammatory reaction — were used to evaluate the axotomy-induced changes in 

CCL2 or CD11b expression with immunohistochemistry according to the avidin-biotin 

technique. Sections were rinsed in 10 mM PBS (3 changes, 5 min each) then endogenous 

peroxidase activity was blocked with 0.3% H2O2 in 10 mM PBS containing 0.2% Triton x-

100 (TBPS; Sigma). After washing in 10 mM PBS (3 changes, 5 min each), non-specific 

staining was blocked with 2% normal goat serum (Vector Laboratories; Cat# S-1000) in 

10 mM TPBS for 1 hour, then the sections were incubated in the appropriate sequence of 

primary and secondary antibodies, according to the antigen to be detected. The CD11b 

antibody (AbD Serotec, Cat# MCA711; 1:500) was applied at 4 C overnight followed by 

washing in 10 mM PBS (3 changes, 5 min each), then incubated in a biotinylated goat-anti-

rat antibody (Vector Laboratories Cat# BA-9400; 1:800). CCL2 antibody (PeproTech, Cat# 

500-P113-100 µg; 1:1000) was applied at 4 °C overnight followed by washing in 10 mM 

PBS (3 changes, 5 min each), then incubated in a biotin-labeled goat-anti-rabbit antibody 

(Vector Laboratories Cat# BA-1000; 1:400). Next, all the sections were rinsed in 10 mM PBS 

(3 changes, 5 min each), incubated in the avidin-biotin complex (Vector Laboratories Cat# 

PK-6100; diluted to 1:1600 in PBS) for 1 hour at room temperature. Finally, after washing in 

10 mM PBS, the reactions were visualized by incubation in 5% diaminobenzidine 

tetrahydrochloride (DAB; Sigma) in 10 mM PBS for 15 min. Stained sections were rinsed in 

10 mM PBS, mounted on silane coated glass slides, dehydrated in ethanol, processed through 

xylene and coverslipped with Entellan (Merck). 

To display the relative location of the CCL2- and CD11b-stained profiles in the 

ventral horn of the spinal cords after axotomy, selected sections from the set of frozen 

sections obtained from the operated animals were double stained and visualized with 

fluorescent microscopy. Sections were rinsed, blocked to reduce non-specific staining in the 

same way as it was done with the avidin-biotin method. Sections were then incubated in the 



P a g e  | 18 

primary antibody cocktail of CD11b – 1:200 and CCL2 – 1:1000 in 10 mM TPBS at 4 °C 

overnight. After washing in 10 mM PBS (3 changes, 5 min each) sections were incubated for 

1 hour at room temperature in a mixture of goat-anti-rabbit Alexa Fluor 546 (Life 

Technologies, Cat# A11010) and goat-anti-rat Alexa Fluor 488 (Life Technologies, Cat# 

A11006) fluorescent secondary antibodies, each dissolved at 1:200 dilutions in 10 mM TPBS. 

Then, sections were washed in 10 mM PBS (3 changes, 5 min each), mounted on silane 

coated glass slides, covered with Gel/Mount (Biomeda) and visualized in a fluorescent 

microscope (Vanox-T AH-2, Olympus). To improve quality and reduce noise, captured 

1600  1200 pixel digital images were processed with the two-dimensional blind 

deconvolution module of the AutoQuant X program (Media Cybernetics). 

Fluorescent double labeling for PV and ChAT 

To demonstrate the presence of PV in the lumbar motor neurons of PV+/+ mice, 

selected sections from these animals were pretreated with 2% normal donkey serum (Sigma, 

Cat# D9663) in 10 mM TPBS for 1 hour. Afterwards, sections were double stained with 

antibodies against PV and choline acetyltransferase (ChAT), then visualized using the 

appropriate primary (polyclonal rabbit-anti-rat antibody against PV (Swant Cat# PV-28) and 

polyclonal goat-anti-ChAT antibody (Millipore Cat# AB144P) diluted to 1:30000 and to 

1:250 and fluorescent secondary donkey-anti-rabbit Alexa Fluor 546 (Life Technologies Cat# 

A10040) and donkey-anti-goat Alexa Fluor 488 (Life Technologies Cat# A11055) antibodies. 

However, the protocol of the fluorescent immunostaining remained the same as previously 

described. Sections were visualized under a laser confocal microscope (FV1000, Olympus). 

To improve the signal to noise ratio, captured digital images were processed with the two-

dimensional blind deconvolution module of the AutoQuant X program. 

Fluorescent double labeling for ChAT and Iba1 

To display the relative location of the ionized calcium-binding adaptor molecule 1 

(Iba1)- and ChAT-stained profiles which represent the microglial inflammatory response 

after axotomy and the anatomical boundaries of motor nuclei, selected sections from the 

operated animals were double stained according to the previously described fluorescent 

staining protocol. Non-specific staining of the samples was blocked with 2% normal horse 

serum (Vector Laboratories, Cat# S-2000) in 10 mM TPBS for 1 hour. Sections were then 

incubated in the primary antibody cocktail of rabbit-anti-Iba1 (Wako Chemicals, Cat# 019-

19741, 1:200) and sheep-anti-ChAT (EMD Millipore, Cat# AB1582; 1:200) in 10 mM TPBS 

at 4 °C overnight. After washing in 10 mM PBS, sections were incubated for 1 hour at room 
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temperature in donkey-anti-sheep Alexa Fluor 488 (Jackson Immunoresearch, Cat# 713-545-

003) dissolved at 1:100 in 10 mM TPBS, then blocked for 1 hour with a mixture of 1–1% 

normal goat (Vector Laboratories, Cat# S-1000) and normal donkey serum (Sigma Cat# 

D9663) followed by goat-anti-rabbit Alexa Fluor 546 (Life Technologies, Cat# A11010, 

1:100). After immunostaining, sections were visualized in a fluorescent microscope (Eclipse 

80i, Nikon). Captured 2560  1920 pixel digital images were processed with the two-

dimensional blind deconvolution module of the AutoQuant X program to enhance signal to 

noise ratio. 

Combined fluorescent and avidin-biotin based immunostaining 

A combination of the fluorescent staining protocol, to determine regions of interest in 

the sections, and the avidin-biotin technique, for the photostable visualization of cells, the 

number of which has to be quantified, was developed. 

Sections were rinsed and blocked to reduce non-specific staining in the same way as 

with the fluorescent method, with an additional step to block the endogenous peroxidase 

activity with 0.3% H2O2 in 10 mM TPBS. This was followed by overnight incubation at 4 °C 

with a primary antibody cocktail containing a polyclonal rabbit-anti-rat antibody against Iba1 

(Wako Chemicals, Cat# 019-19741) and a polyclonal sheep-anti-ChAT antibody (Merck 

Millipore, Cat# AB1582) diluted to 1:250 and to 1:500, respectively, in 10 mM TPBS. After 

washing in 10 mM PBS (3 changes, 5 min each), sections were incubated at room 

temperature in a donkey-anti-sheep Alexa Fluor 488 (Jackson Immunoresearch, Cat# 713-

545-003) fluorescent secondary antibody for 1 hour, dissolved in 1:100 in 10 mM TPBS. 

Then non-specific staining was blocked for 1 hour with a mixture of 1–1% normal goat 

(Vector Laboratories, Cat# S-1000) and normal donkey sera (Sigma Cat# D9663) in 10 mM 

TPBS, for 1 hour followed by incubation in a biotinylated goat-anti-rabbit antibody (Vector 

Laboratories, Cat# BA-1000; 1:400). Next, all the sections were rinsed in 10 mM PBS (3 

changes, 5 min each), incubated in the avidin-biotin complex (Vector Laboratories, Cat# PK-

6100) diluted to 1:1600 in PBS for 1 hour at room temperature. Then, after washing in 

10 mM PBS, the reactions were visualized by incubation in 5% DAB (Sigma) in 10 mM PBS 

for 15 min. Finally, sections were washed in 10 mM PBS (3 changes, 5 min each), mounted 

on silane-coated glass slides, covered with Gel/Mount (Biomeda) and visualized under a 

brightfield/fluorescent microscope (Eclipse 80i, Nikon). 

Quantification of axotomy-induced change of immunostained cells 
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For quantitative assessment of the axotomy-induced change of CCL2 and CD11b in 

the spinal cord, or Iba1 in the brainstem nuclei, sets of 30 µm thick consecutive sections were 

prepared from the appropriate CNS regions in such a way, that the entire volume affected by 

the surgery was sliced. The sections were stained with the DAB technique in case of CCL2 

and CD11b antibodies, or with the combined DAB-fluorescent technique in case of ChAT 

and Iba1 antibodies. After immunostaining, digital images of the sections, displaying both the 

injured- and contralateral side of the appropriate anatomical region were made in a Nikon 

Eclipse 80i microscope equipped with a 2560  1920 pixel resolution MicroPublisher 5.0 

RTV charge-coupled device (CCD) camera (QImaging). In sections from the brainstem, the 

fluorescently labeled ChAT positive cells were used as guides to delineate the boundaries of 

the motor nuclei. Then a consistent background subtraction algorithm was applied, based on 

internal controls in each section, to dissect the significantly stained DAB-labeled profiles in 

identical areas at the operated and contralateral sides. This was performed by using an 

interactive macro developed in our laboratory21 for Image-Pro Plus image analysis software 

(Media Cybernetics). Then the significantly stained partial profile areas were determined at 

both sides, expressed as percentage of the area of interest, and the algebraic differences 

between the operated and the contralateral sides were summed up throughout the series of 

sections to arrive at a single number characterizing the net change in the area induced by the 

axotomy in each animal. 

Transmission electron microscopic detection of calcium 

Tissue preparation for electron microscopy 

To detect intracellular calcium, tissue samples were processed using the oxalate-

pyroantimonate technique, originally described by Borgers et al.167,168, adapted, and routinely 

used in our laboratory5,169,170,171. The method provides fine ultrastructural preservations and 

results in electron-dense deposits (EDDs) due to the precipitation of tissue calcium by the 

fixative. Briefly, animals, under terminal anesthesia with intraperitoneally applied Equithesin 

(1% phenobarbital, 4% chloral hydrate, 6 ml/kg body weight), were transcardially perfused 

with 90 mM potassium oxalate (Sigma; pH adjusted to 7.4 with KOH) followed by 3% 

glutaraldehyde (Polysciences; pH adjusted to 7.4 with KOH) containing 90 mM potassium 

oxalate. The brains, spinal cords, hindlimb interosseus muscles, and external oculomotor 

muscles were removed and fixed in the same fixative overnight (4 °C). Specimens were then 

rinsed in 7.5% sucrose (Molar) containing 90 mM potassium oxalate (pH 7.4), postfixed with 

2% potassium pyroantimonate (Merck) + 1% osmic acid (Sigma; pH adjusted to 7.4 with 
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acetic acid (Molar) for 2 hours (4 °C). Next, specimens were rinsed in distilled water (pH 

adjusted to 10 with KOH) for 10 minutes, dehydrated in a graded series of ethanol (Molar), 

processed through propylene oxide (Sigma), and embedded in Durcupan ACM (Fluka). 

Blocks were polymerized for 48 hours at 56 °C. Semithin (0.3 µm) sections were cut from the 

blocks on an Ultracut UCT ultramicrotome (Leica), etched172, stained173, and evaluated under 

an Eclipse 80i light microscope (Nikon) to identify pools of motor neurons in the CNS and 

zones of innervation in the muscles. After trimming the blocks to the appropriate regions, 

systematic sets of ultrathin sections (50 nm) were cut, mounted on single-hole formvar coated 

or uncoated 300 mesh copper grids (Electron Microscopy Sciences) and contrasted with 

uranyl acetate (Electron Microscopy Sciences; 2% in 50% ethanol) and lead citrate (Electron 

Microscopy Sciences; 2% in distilled water). The distance between the sections was 15 µm 

and 50 µm in muscle samples and blocks containing brain tissue respectively, to avoid 

sampling identical neuromuscular synapses or motor neurons during the collection of electron 

microscopic fields of views. 

Specificity control of the calcium-specific histochemical reaction 

The calcium content of the EDDs was tested by electron probe X-ray microanalysis. 

For this purpose, non-contrasted sections were prepared and examined in a JEOL JEM-1400-

Plus transmission electron microscope operated at 120 kV, equipped with an 8 MP JEOL 

camera and a JEOL Dry SD30GV SDD 30 mm2 X-ray detector. X-ray spectra were recorded 

in the 0–40 keV energy range for 200 s, and were analyzed by the Visual Identification- and 

Thin Film Standardless Quantitative Analysis Programs of the JED-2300 Analysis Station. 

Determination of the relative amount of EDDs 

Ultrathin sections were analyzed under a CEM 902 electron microscope (Zeiss) in 

conventional transmission mode. Sections were systematically screened at low magnification 

(1 000–3 000 ) for the presence of profiles of motor neurons and profiles of motor nerve 

terminals from the interosseus and the oculomotor muscles until 15 fields of view could be 

spotted from each muscle or neuroanatomical region of each animal. The screening protocol 

was applied for all experimental groups identically regardless of the experiment. Then the 

relative volume of the perikaryal, mitochondrial and cytoplasmic regions and the partial 

volume of the axon terminals occupied by the EDDs were determined by point counting 

methods174,175. Briefly, 8-bit gray scale images were recorded at instrumental magnification 

of 12 000  (for axon terminals) or at 20 000  (for motor neuron somas) with a Spot RT 14.0 

monochrome charge-coupled device camera (Diagnostic Instruments Inc.) and saved in 
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tagged image format. Recorded images were analyzed with the built-in modules of the 

Image-Pro Plus (Media Cybernetics) image analysis program. Tessellation of sampling points 

was superimposed on each electron microscopic image, then sampling points hitting the 

perikaryal profile or the axoplasmic area of the nerve terminals in each image served as 

reference areas and were counted. Sampling points hitting EDDs within the reference areas 

were counted, as well. The corresponding counts obtained in the individual fields were 

summed up throughout the series of the identified motor neurons or end plates in each 

animal, and the appropriate ratios expressing the relative amount of EDDs within these 

structures were calculated for each animal. In the case of the PV+/+ mice and their controls 

the ratios expressing the relative amount of mitochondrial and cytoplasmic calcium in the 

motor neurons at the operated and contralateral side were calculated and expressed as fold 

increase. 

The above summarized counting protocol results in the partial volume 

(volume/volume) of EDDs within a selected reference space (e.g. mitochondrial volume) 

assuming that the test object is a two-dimensional plane with zero thickness. Since this 

cannot be achieved physically, the possible overprojection of the EDDs through the thickness 

of the sections was visualized by electron tomography. For tomographic imaging, sections 

with thickness of 50 nm were prepared, mounted on formvar coated single hole copper grids, 

contrasted with uranyl acetate and lead citrate, then examined in a FEI Tecnai Spirit 

transmission electron microscope. Tomography tilt series were acquired at 120 kV 

accelerating voltage with a FEI Eagle 4k CCD camera, using the integrated FEI tomography 

software. Tomograms were reconstructed using FEI Inspect 3D software. This test indicated 

the necessity of the standardization of the thickness of the sections used for such 

measurements. Since a constant thickness of the section could not be guaranteed by either the 

nominal thickness setting of the ultramicrotome or the interference color of the sections, a 

procedure for in situ measurement of actual section thickness in the electron microscope was 

adapted, based on the Bouguer-Beer-Lambert beam attenuation law176. The precision of the 

method was tested by correlating the calculated thickness according to the attenuation law to 

the true thickness of the same section measured by atomic force microscopy (AFM). For this 

correlative analysis, sections with different thicknesses in the range of 20–80 nm were 

prepared, mounted on single-hole copper grids and examined in the electron microscope 

(Zeiss CEM 902). Beam intensities with and without the section in the beam path were 

determined using the central 100 × 100 pixel area of the CCD camera set to manual mode 

with constant exposition time. Then the logarithmic value of the ratio of the incident to 
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transmitted beam intensity, which is proportional to the section thickness at that tissue point, 

was calculated. Then, sections were removed, inserted into an AFM equipped with an 

Asylum Research MFP-3D head and Molecular Force Probe controller (Asylum Research). 

The measurements were taken with rectangular silicon OMCL-AC240TS type cantilevers 

(Olympus), with tetrahedral tip. The AFM topographic images were taken with tapping mode 

in air, and the height of the sections (i.e. the section thickness) were measured from the level 

of the supporting formvar foil in line scan mode. 

Statistical analysis 

All statistical analyses were performed with R (3.3.1) statistical computing software 

with RStudio Integrated Development Environment (version 3.0) for Windows. Data are 

presented as a mean value ± the standard error of the mean (s.e.m.). 

To determine the average volume occupied by the EDDs within the cellular 

compartments of motor neurons, data derived from individual electron microscopic fields 

were pooled according to animals, treatments and neuronal regions. Fifteen fields of view 

were analyzed in the perikaryal regions, from each animal, with 6 animals in each treatment 

group. At the axon terminals in the oculomotor- and the interosseus muscle 15 fields were 

obtained for each, respectively, from each animal, with 6 animals in each treatment group. 

Differences among multiple means were assessed, as indicated, by one-way analysis of 

variance (ANOVA), followed by a Bonferroni post-hoc test. 

Differences among multiple means of Iba1 immunostaining intensities and areas of 

Iba1 in each anatomical structures were assessed by two tailed Student’s t-test. 

Integrated value of intensities and areas of CCL2 and CD11b were assessed by one-

way ANOVA, followed by a Fisher’s least significance difference post-hoc correction. 

Differences among the mean calcium concentrations in different subcellular compartments of 

PV upregulated (PV+/+) and their control animals were assessed by Student’s t-test. 

RESULTS 

Effect of talampanel on the calcium level of motor neurons of mSOD1 mice 

Qualitative electron microscopic examination of motor axon terminals in the 

interosseus muscle of mSOD1 mice revealed no structural alteration at the presymptomatic 

stage (Fig. 2B) compared to the age matched controls treated with Veh only (Fig. 2A). 
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Fig. 2. Calcium-containing EDDs in motor nerve terminals in the interosseus muscle of 12 weeks old mice. 

A, C: nerve terminal from non-transgenic mice treated with Veh or Tal, respectively. B, D: axon terminals 

from mSOD1 mice treated with Veh, or Tal, respectively. Qualitatively, Tal treatment has no effect on the 

EDD content in wild type animals (A vs. C), but the presence of the mSOD1 enzyme increases the amount of 

EDDs relative to controls (B vs. A), which could be prevented by Tal (D vs. B and A). Arrows point to small 

clusters of EDDs. Inserts show zoomed images to highlight changes, or lack of changes in the number of 

EDDs. Mit: mitochondrion, Jf: junctional fold, Sv: synaptic vesicle, Sm: skeletal muscle. Scale bar: 10 µm. 

However, at an early symptomatic stage (19 weeks of age), a slight swelling of 

mitochondria could be observed (Fig. 3B) relative to controls (Fig. 3A). The possible non-

specific effect of Tal was excluded by comparing axon terminals from Tal-treated non-

transgenic mice to those from non-transgenic Veh treated controls, which revealed neither 
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structural alterations nor calcium increase at either time point (cf. Fig. 2A with Fig. 2C, and 

Fig. 3A with Fig. 3C). 

 

 

Fig. 3. Distribution of EDDs, representing calcium in motor nerve terminals in the interosseus muscle of 19 

weeks old mice. A, C: nerve terminal from non-transgenic mice treated with Veh or Tal, respectively. B, D: 

axon terminals from mSOD1 mice treated with Veh or Tal, respectively. Similarly to mice at 12 weeks of age, 

by visual comparison, no effect of Tal on the content of EDDs could be seen in wild type mice (A vs. C). 

However, in axon terminals of mSOD1 animals mitochondrial swelling and increased amount of EDDs 

relative to controls is present (B vs. A). This calcium increase could not be prevented by Tal (D vs. B). Arrows 

point to clusters of EDDs. Inserts highlight changes, or lack of changes in the number of EDDs. Mit: 

mitochondrion, Jf: junctional fold, Sv: synaptic vesicle, Sm: skeletal muscle. Scale bar: 10 µm. 
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Visual inspection showed an increased number of EDDs in the tissue from mSOD1 

mice, compared to controls, at both time points (Fig. 2B; Fig. 3B), which indicates an 

increased amount of calcium in the axon terminals of mSOD1 animals. Qualitatively, this 

calcium increase could be prevented by Tal, but only if the treatment was started 

presymptomatically (cf. Fig. 2B and D with Fig. 3B and D). 

 

Fig. 4. Quantitative analysis of changes of the partial volume of EDDs relative to the volume of the somata or 

axon terminals of spinal motor neurons at 12 weeks of age (A) and 19 weeks of age (B). At the axon 

terminals (AT) of 12 weeks old mice (A) the presence of the mutant enzyme (SOD) induces a significant 

calcium increase relative to the non-transgenic control (NTG), which could be prevented by talampanel 

treatment (TAL). At 19 weeks of age (B), a more pronounced calcium accumulation could be detected at the 

axon terminals (AT) of mSOD1 mice (SOD), compared to controls (NTG), which could not be affected by 

talampanel treatment (TAL). To illustrate that a similar efficacy of treatment could be demonstrated at both 

presymptomatic and early symptomatic phases of the disease at the axon terminals and the perikarya of 

motor neurons, data representing the relative content of EDDs in the cell bodies (MN) were redrawn from 

our previous experiment177. Data are shown as mean  s.e.m. (n = 6 in each group). *: p < 0.05, **: 

p < 0.001. 

Quantitative assessment of the volume of EDDs in the axoplasmic space, was based 

on 15 motor axon terminals, illustrated in Fig. 2, Fig. 3 and Fig. 5, from each examined 

muscle of each animal, thus were based on the analysis of 90 fields of view in each 

experimental group. The volume of the EDDs relative to the axoplasmic volume, expressed 

as percentage, revealed a 1.27-fold increase at the age of 12 weeks (p < 0.01), and a 1.75-fold 

increase at the age of 19 weeks (p < 0.001) in the motor axon terminals of the interosseus 

muscle of mSOD1 animals compared to those of non-transgenic wild types (Fig. 4A and B – 

AT). This calcium increase could be prevented by Tal application at 10 weeks of age (Fig. 4A 

– AT; p < 0.05) but not at 17 weeks (Fig. 4B – AT; p = 1). To compare the changes occurring 

at the motor axon terminals with similar changes at the cell bodies, corresponding data 

characterizing the relative amount of EDDs at the spinal motor neurons were imported from 

our previous experiments177 and redrawn in Fig. 4A and B – MN. Similarly, to the axon 
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terminals, calcium increase in the spinal motor neurons of mSOD1 mice was significant at 

both time points, compared to non-transgenic controls (Fig. 4A – MN, p < 0.001; B – MN; 

p < 0.001). This could be prevented by Tal treatment only if the treatment was started 

presymptomatically (Fig. 4A – MN; p < 0.05). 

 

Fig. 5. Distribution of EDDs, representing that of calcium in motor nerve terminals in the superior rectus 

muscle of 12 weeks old mice. A, C: nerve terminal from non-transgenic mice treated with Veh or Tal, 

respectively. B, D: axon terminals from mSOD1 mice treated with Veh or Tal, respectively. Qualitatively, Tal 

treatment has no effect on the EDD content in wild type animals (A vs. C). Furthermore, neither calcium 

increase (B vs. A), nor Tal effect (D vs. B) could detected in motor axon terminals of mSOD1 animals. 

Arrows point to clusters of EDDs. Inserts highlight changes or lack of changes in the number of EDDs. Mit: 

mitochondrion, Jf: junctional fold, Sv: synaptic vesicle. Scale bar: 10 µm. 
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Fig. 6. Distribution of EDDs, representing calcium in the cell bodies of oculomotor neurons of 12 weeks old 

mic. A, C: perikaryal view of motor neurons from non-transgenic mice treated with Veh or Tal, respectively. 

B, D: perikaryal area of oculomotor neurons from mSOD1 mice treated with Veh or Tal, respectively. 

Similarly to their motor axon terminals, by visual comparison, neither calcium increase (B vs. A), nor Tal 

effect (D vs. B) could be detected in the cell bodies. Arrows point to small clusters of EDDs. Mit: 

mitochondrion, Er: endoplasmatic reticulum, Go: Golgi complex. Scale bar: 5 µm. 

Motor neurons innervating the extraocular muscles, which represent groups of motor 

neurons resistant to calcium-mediated injury, were analyzed by electron microscopy as well, 

in the mSOD1 mice at the ages of 12 and 19 weeks. Representative figures obtained from 

motor axon terminals (Fig. 5) and cell bodies (Fig. 6) are displayed at 12 weeks of age only. 

Qualitatively, relative to non-transgenic controls, neither structural alterations of the 

neuromuscular junctions (Fig. 5A versus Fig. 5B) and of the cell bodies (Fig. 6A versus 
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Fig. 8B) could be observed, nor increased number of EDDs could be noticed. By expressing 

the relative amount of the EDDs, based on the analysis of 15 fields of view obtained from the 

cell bodies and motor axon terminals respectively, from each animal, neither an increased 

amount of EDDs in mSOD1 motor neurons compared to those from non-transgenic mice, nor 

their change after Tal treatment could be documented at 12 weeks (Fig. 7A; p = 1), or at 19 

weeks (Fig. 7B; p = 1). 

 

Fig. 7. Quantitative analysis of changes of the partial volume of EDDs relative to the volume of the somata or 

axon terminals of oculomotor neurons at 12 weeks of age (A) and 19 weeks of age (B). At either time point, 

neither calcium increase in the axon terminals (AT) or cell bodies (MN) of oculomotor neurons of mSOD1 

(SOD) animals, compared to controls (NTG), nor talampanel effect (TAL) could be detected (p = 1). Data are 

shown as mean  s.e.m. 

Controls of the electron microscopic calcium histochemistry 

 

Fig. 8. Microanalysis of EDDs. A: Perikaryal view of a motor neuron from an mSOD1 mouse spinal cord 

(scanning transmission electron microscopy; unstained section). EDDs (arrows) in the cytoplasm and within 

the dilated cristae of mitochondria (Mit) can be seen. The encircled group of EDDs was probed by X-ray 

microanalysis. Scale bar: 500 nm. B: Typical X-ray spectrum of EDDs is shown in red. The Lα peak of 

antimony at 3.604 keV partially overlaps with the Kα peak of calcium at 3.690 keV, but the peaks could be 

deconvoluted with a fitting coefficient of 0.9949, demonstrating the presence of calcium (black line) in the 

electron-dense reaction products. 
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In this series of experiments, the analytical composition of the EDDs was tested for 

the presence of calcium by electron probe X-ray microanalysis (Fig. 8). Randomly selected 

EDDs were irradiated by a focused electron beam (Fig. 8A), then the emitted secondary X-

rays were collected. Afterwards, their spectral composition was analyzed and after 

mathematical deconvolution the calcium peak was separated from the overlapping antimony 

peak (Fig. 8B). Thus, by demonstrating the presence of calcium specifically within the EDDs, 

the use of EDDs in determining the distribution of tissue calcium was justified. 

Electron tomographic reconstruction of the EDDs within the volume of the sections 

with thickness routinely used in electron microscopy revealed the possibility of their variable 

degree of overposition with variation in section thickness (Fig. 9A). 

 

 

Fig. 9. Control of overprojection of EDDs. A: After volumetric reconstruction of a 50 nm thick 

electron microscopic section by means of electron tomography, side views of the section containing EDDs at 

lateral positions 1, 2 and 3 show that the characteristic size of the deposits is comparable to the thickness of 

the section. Thus variability of the thickness of the sections cut in series at different positions of the sample 

does influence the calculated density of EDDs. B, C: Ultrathin sections were repeatedly cut with thickness set 

according to the digital setting of the ultramicrotome (B) or on the basis of their interference color during 

sectioning (C), and their actual thickness was measured by atomic force microscopy (AFM). Evidently, 

section thickness can be reproduced only with large variability with these techniques. D: The good 

correlation (R2 = 0.954) of the true section thickness with their measured value in the electron microscope on 

the basis of the Bouguer-Beer-Lambert law enables this method to select sections only with uniform thickness 

for the measurement of the amount of EDDs. 
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Since this may considerably influence the size of the projected image of EDDs, and thus 

affect their calculated density, standardization of section thickness during the series of 

measurements was needed. As an objective method to measure the true thickness of the 

section AFM was used. AFM analysis of a series of microscopic sections revealed that the 

routinely used methods to select sections with a predetermined thickness based either on the 

nominal setting of the ultramicrotome (Fig. 3B), or on their interference color (Fig. 3C) are 

not suitable for standardization. However, the application of the beam attenuation law 

(Bouguer-Beer-Lambert law) provides an accurate method to measure the thickness of each 

section in situ in the electron microscope (Fig. 3D). This method could be used to eliminate 

sections with non-standard (50 nm) thickness from further analysis thus reduce the variance 

of the measurements of the density of the EDDs. 

Sciatic axotomy-induced changes in the spinal cord of PV+/+ mice 

In each mouse strain, axotomy of the sciatic nerve induced a marked expression of 

CCL2 in the injured motor neurons which was paralleled by an increased microglial reaction 

at their vicinity (Fig. 10). Microglial cells could often be seen at close positions to the CCL2-

expressing motor neurons (Fig. 10). CCL2 immunostaining was detectable only in the motor 

neurons at the operated side (Fig. 11A). 

 

Fig. 10. Immunofluorescent imaging of CCL2 and microglia in the ventral horn after axotomy show similar 

pattern from control (A) and PV+/+ (B) mice at day 3 after operation. Microglial cells (green) surround the 

CCL2 expressing motor neurons (red). Scale bar: 30 µm. 

The relative change in the intensity of CCL2 staining in the operated side compared to 

the non-operated side in each animal was expressed quantitatively at postoperative days 1, 4, 

7, 14 and 21 (Fig. 11B). The net amount of staining ipsilateral to the injury increased 

gradually until day 7 after axotomy, and declined thereafter (Fig. 11B). The rate of decline of 

the CCL2 signal, however, was different in the control and PV+/+ mouse strains: while the 
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CCL2 expression in the PV+/+ mice returned close to the baseline already at day 14 after 

operation, the CCL2 level in the spinal cords of the control mice reached this level at day 21 

only after axotomy (Fig. 11B). The difference between the CCL2 immunostaining in the 

control and the PV+/+ transgenic mice at day 14 was significant (p < 0.05), as well as the 

difference between the staining intensity in the PV+/+ animals at day 7 and 14 after the nerve 

cut (Fig. 11B). 

 

Fig. 11. CCL2 immunostaining after sciatic axotomy. A: CCL2 staining is confined to the ventrolateral motor 

neurons at the lesion side; control mouse postoperative day 14. B: At postoperative day 14 only faint CCL2 

staining is visible in the spinal motor neurons of PV+/+ mice. Scale bar: 500 µm. C: After a transient 

increase, CCL2 staining intensity declined faster in PV+/+ mice (white bars; ***: p < 0.001), and was 

significantly different from those in the controls (gray columns ***: p < 0.001) at postoperative day 14 (d14). 
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Besides the increased CD11b staining intensity at the ventrolateral pool of motor 

neurons after axotomy, marked microglial activation could also be seen in the substantia 

gelatinosa of each animal at the operated side, since sensory nerves and motor axons were 

mutually transected in the mixed sciatic nerve (Fig. 12A). 

 

Fig. 12. Microglia staining in the spinal cord after axotomy. A: CD11b is uniformly distributed in the gray 

matter, but increased staining is visible at the dorsal horn and in the ventrolateral area at the side of injury as 

shown in the spinal cord section from a control mouse at postoperative day 21. B: At postoperative day 21, 

compared to controls, weaker microglia reaction is visible around the spinal motor neurons from a PV 

overexpressing homozygous transgenic (PV+/+) mouse. Scale bar: 500 µm. C: The decrease of CD11b 

staining intensity in PV+/+ mice (white bars), compared to controls (grey bars) is significant only at 

postoperative day 21 (d21; **: p < 0.01). 
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The CD11b staining at the dorsal horn, however, was not evaluated in this study. 

Similarly to the CCL2 staining, the intensity of the CD11b staining was quantitatively 

evaluated in Lamina IX at days 1, 4, 7, 14, 21 after operation, and was expressed relative to 

the non-operated side (Fig. 12B). The area fraction occupied by CD11b-positive profiles 

gradually increased in the spinal cords in all animals, regardless of their strain, peaked at day 

7–14 after operation, and decreased afterward, which is evident at day 21. Similarly to the 

decrease of the CCL2 staining, in PV+/+ animals the intensity of CD11b staining decreased 

faster than in the control strains, but reached significantly different level only at day 21 

(p < 0.05). By comparison of Fig. 11B and Fig. 12B, it seems that the sequence of changes in 

CD11b staining intensity after the postoperative day 7, in the declining phase, follows that of 

CCL2 in the injured motor neurons with a time delay. 

By identifying the distribution of EDDs with that of calcium there is no need for 

regular analytical microscopy for quantification of calcium content, since EDDs are visible in 

conventional microscopy. With X-ray measurements performed in selected sections, it was 

confirmed that the distribution of EDDs might indeed be identified with that of calcium 

(Fig. 8B). Determination of calcium content of motor neurons of control and PV+/+ mice was 

performed at postoperative day 7, when the immune/inflammatory reactions reached their 

maximum. Qualitative comparison of the EDDs in injured motor neurons relative to 

uninjured controls suggested an increased calcium in control mice, but not in PV+/+ animals 

(Fig. 13). 

Quantification of the relative volume of motoneuronal compartments occupied by the 

EDDs at the operated and control side revealed approximately a 2-fold calcium increase 

induced by the injury in each of the examined cellular compartments of the control mice, 

while no calcium elevation could be measured in motor neurons of the PV+/+ animals at 

postoperative day 7, which difference from the controls proved to be highly significant 

(Fig. 14). 
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Fig. 13. Calcium distribution in spinal motor neurons from Balb/c (A, B), B6/SJL (C, D) and PV 

overexpressing homozygous transgenic (PV+/+) (E, F) mice. In uninjured motor neurons from Balb/c (A), 

B6/SJL (C) and PV+/+ (E) mice few scattered electron-dense deposits, characterizing the distribution of 

calcium, are visible either in the mitochondria (outlined arrows), or at cytoplasmic location (black arrows). 

At day 7 after axotomy the number of deposits considerably increased in motor neurons of Balb/c (B) as well 

as in B6/SJL (D) mice, but not in the motor neurons of PV+/+ animals (F). Go: Golgi complex, mit: 

mitochondrion. Scale bar: 1 µm 
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Fig. 14. Quantification of the amount of EDDs in the spinal motor neurons of control and PV+/+ mice at 

postoperative day 7. Cytoplasmic-, mitochondrial- and total perikaryal calcium elevation at the operated side 

were expressed as a fold increase relative to the contralateral side. In the different cellular compartments of 

the PV+/+ strain (white bars) no calcium increase could be seen, while in the same compartments of the 

control strains (grey bars) a 2-fold increase was noted. (**: p < 0.01, ***: p < 0.001). 

Effect of diazoxide treatment on microgliosis in the axotomized motor nuclei 

Motor neurons with different susceptibility against injury in the oculomotor-, 

hypoglossal- and facial nucleus were challenged with axotomy, then the anti-inflammatory 

effect of diazoxide was tested. 

 

Fig. 15. Difference in the microglial activation after axotomy in the oculomotor nucleus with and without 

diazoxide treatment. Severe microgliosis can be observed in the injured side of the untreated, axotomized 

mice (A), however microglial activation is reduced after diazoxide treatment (B). Scale bar: 100 µm 
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Qualitatively, at postoperative day 4, in each examined nucleus marked microgliosis was 

observed, which could be attenuated by diazoxide treatment. 

 

Fig 16. Difference in the microglial activation after axotomy in the facial nucleus with and without diazoxide 

treatment. Severe microgliosis can be observed in the injured side of the untreated, axotomized mice (A), 

however injured side shows a reduced microglial activation after diazoxide treatment (B). Scale bar: 100 µm 

 

Fig. 17. Difference in the microglial activation after axotomy in the hypoglossal nucleus with and without 

diazoxide treatment. Severe microgliosis can be observed in the injured side of the untreated, axotomized 

mice (A), however microglial activation is reduced after diazoxide treatment (B). Scale bar: 100 µm 
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To express quantitative effect of diazoxide on axotomy-induced microgliosis, the 

exact boundaries of the affected nuclei should be known, which may require double staining 

for motor neurons and microglial cells respectively (Fig. 18). 

 

Fig.18. Presentation of the microglial activation (Iba1) along the rostrocaudal axis in the oculomotor 

nucleus visualized by ChAT-labeled motor neurons. The activated pattern of microglial cells shifts from the 

ipsilateral- to the contralateral side of the nucleus which corresponds to the crossing of the muscle 

innervating nerves178,179,180. 

Since fluorescent double staining cannot be used for reliable quantification due to the 

unavoidable and uncontrollable changes in the imaging parameters181, we developed a 

staining protocol to overcome this problem. Accordingly, a combination of DAB-based and 
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fluorescent based immunostaining protocol was developed, in which the fluorescent staining 

of the cell type to be quantified was substituted with DAB-based visualization, while the 

other cell type, used for anatomical orientation was still fluorescently stained (Fig. 19). 

 

Fig. 19. Comparison of the conventional double fluorescent and the combined DAB-fluorescent staining. A: 

Double fluorescent staining of motor neurons (ChAT) and microglial cells (Iba1) in the axotomized 

oculomotor nucleus. B: With combined DAB-fluorescent staining, motor neurons are still visualized with a 

green fluorescent secondary antibody. Microglial cells are detected with the avidin-biotin technique followed 

by a background subtraction procedure, based on internal standards, to visualize microglial cells which are 

stained significantly above the background level. The pattern of significantly stained microglial cells, false 

colored to white, is superimposed on the image displaying the distribution of motor neurons. Scale bar: 

100 µm 

Using the combined DAB-fluorescent technique, the exact boundaries of the motor 

nuclei involved in the analysis could be delineated, within which the microglial activation, 

relative to the ipsilateral, unoperated side, could be determined. These differences from 

section-to-section could be plotted along the rostrocaudal axis of each nucleus, which graphs 

— through summing up the individual values — served to characterize the injury-induced 

microglial activation with a single number for each animal (Fig. 20). Then these numbers 

could be averaged in each experimental group (n = 4–5), which revealed a significant 3.75-

fold decrease in the microglial area of the diazoxide treated group compared to the control 

group after target deprivation of the oculomotor nucleus (p < 0.05). Similarly, statistically 

significant beneficial effect can be observed in the facial nucleus (165-fold decrease, 

p < 0.001) and hypoglossal nucleus (72-fold decrease, p < 0.001) as well. 

It is worth to note that the activation of microglial cells in the oculomotor nucleus 

without diazoxide treatment seemed to be more pronounced in the facial- and the hypoglossal 

nucleus (Fig. 20A versus Fig. 20C and E), which is consistent with our earlier findings that 
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increased calcium binding protein content (PV, in case of oculomotor neurons) may help 

reducing the neighboring inflammatory reaction after injury (see Fig. 11, Fig. 12). 

 

Fig.20. Quantification of the area of microgliosis section by section along the rostrocaudal axis of the 

examined nuclei. Anatomical region without diazoxide treatment after axotomy or target deprivation shows 

microglial activation in the oculomotor (A), facial (C) and hypoglossal (E) nuclei. Innervation of the eye 

muscles is in accordance with the microanatomy of the oculomotor nucleus, since the superior rectus muscle 

is wired to the contralateral side. However, contralateral microglial activation cannot be detected in the facial 

and hypoglossal nuclei. Panel (B), (D) and (F) clearly document the anti-inflammatory effect of diazoxide in 

the oculomotor, facial and hypoglossal nuclei respectively. 

DISCUSSION 
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Role of AMPA receptors and excitotoxicity in chronic motor neuron degeneration 

In a previous experiment, we showed a protection of motor neurons from calcium-

mediated degeneration by preventing calcium influx through AMPA receptors in mSOD1 

transgenic mice with Tal, a non-competitive AMPA receptor antagonist177. In these animals 

the treatment was successful only if it was started during the presymptomatic phase of the 

disease. Notably, this was in agreement with the results of another in vivo study based on 

AMPA-mediated excitotoxicity, in which the known neuroprotective effect of vascular 

endothelial growth factor182 was abolished if administered after the onset of the motor 

symptoms183. These observations are compatible with the widely accepted view that one of 

the major causes of the recurrent failures to translate successful protective regimes in animals 

to the bedside might be a mismatch between the initiation of the medication in the animal 

experiments and in the clinical trials184,185,186. The loss of the treatment efficacy in early 

symptomatic mSOD1 mice could be attributed to the progressive nature of the degeneration, 

which might propagate from the upper to the lower motor neurons, imposing an excitotoxic 

burden on ventrolateral spinal motor neurons (“dying forward”), or retrogradely from the 

neuromuscular junction (“dying back”), or may occur independently8,187. At least in the 

mSOD1 animal model of ALS, this could be tested by analyzing changes in the level of 

intracellular calcium in the motor axon terminals and in the motoneuronal somata in same age 

animals. Our data indicate that in the cell bodies of spinal motor neurons and in motor axon 

terminals in the interosseus muscle calcium elevation could be uniformly prevented by Tal 

treatment at a presymptomatic stage, furthermore, the efficacy of the treatment diminished 

equally in these positions at an early symptomatic stage (Fig. 4A and B). The only noted 

(qualitative) change was a mild mitochondrial degeneration, observed as swelling, in the axon 

terminals of mSOD1 mice at 19 weeks of age (Fig. 3D), which is consistent with the 

observation that neuronal death in chronic progressive excitotoxicity due to AMPA receptor 

overactivation might be associated with impaired mitochondrial energy metabolism188,189. 

Thus, we may conclude that this soma-targeted protective treatment could also rescue distant, 

semi-autonomously functioning motor nerve terminals190, if applied early enough, in which 

the noted commencement of mitochondrial lesion at a later stage could be the consequence of 

a less efficient housekeeping support from the distant perikaryon187. It is feasible that the 

similar stress conditions at the perikarya and the axon terminals could be handled less 

effectively in the terminals due to their limited homeostatic capacity compared to the somata, 

reflected in their higher increase of intracellular calcium content (Fig. 4A and B). As a 
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consequence, when the calcium buffering of mitochondria in the axon terminals is 

overwhelmed, a calcium-dependent local death-cascade might be initiated191,192 leading to 

early synaptic degeneration193. Since synaptic/axonal degeneration alone might be able to 

initiate the disease194, the loss of efficacy of the treatment at an advanced stage might be the 

consequence of the retrograde spread of death machinery195. 

This concept implies that the degeneration of motor neurons in mSOD1-induced 

stress is the consequence of compromised housekeeping support to the axon terminals from 

the perikarya under calcium-mediated stress. Such malfunction initiates a retrograde 

degeneration from the motor nerve terminals, the homeostatically weakest points of the motor 

neurons, i.e. both compartments should be simultaneously protected. This suggestion is 

consistent with the observation that neuromuscular junction dysfunction rather than motor 

neuron loss is predictive of a more aggressive disease phenotype in SOD1 mice196. In this 

scenario, if the calcium-mediated processes play a central role in degeneration, a lower or 

later commencing calcium increase is expected equally in the cell bodies and motor axon 

terminals of oculomotor neurons of mSOD1 mice, which are reported to be resistant in 

ALS154. Indeed, in these experiments, at the time points when a 1.61-fold increase of 

perikaryal and a 1.27-fold increase of intraterminal calcium content of spinal motor neurons 

(12 weeks of age), as well as a 1.63-fold increase of perikaryal and a 1.75-fold increase of 

intraterminal calcium content of spinal motor neurons (19 weeks of age) were documented 

(Fig. 4), no calcium increase could be measured in either of the compartments of the 

oculomotor neurons (Fig. 7). This could be well explained by their higher CaBP content, such 

as PV15, a protein with EF-hand structural motif, traditionally considered a calcium buffer148. 

Calcium buffers reduce the diffusion of calcium ions into the cytosol, predisposing them for 

rapid extrusion, which results in smaller calcium increases after channel openings19. 

However, more surprising was the lack of any effects of Tal on the calcium level of 

oculomotor neurons at any time points. Although the literature data are not fully 

consistent160,197, it could be the consequence of increased GluR2 content, which makes 

AMPA receptors on oculomotor neurons less permeable to calcium163, thus invoking a 

reduced calcium stress in these cells. Either alone, or in combination, these factors, in 

addition to the clinical observation that these motor neurons lack monosynaptic connections 

with cortico-motor neurons7,8 cause an inferior calcium-mediated stress in these neurons, thus 

making them less susceptible to mSOD1-induced lesion. 

Role of the neuron-microglia communication in neuronal degeneration 
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Since photobleaching and non-standardized excitation are the major controversy 

during quantification of fluorescent dyes, a development of a photostable visualization 

technique was necessary. Therefore, a DAB-fluorescent combined immunohistochemical 

method suitable for proper quantification of the intensity and area of the region of interests 

with a secondary staining for anatomical mapping was introduced (Fig 19). Furthermore, this 

technique was tested in a neuroprotective paradigm using a benzothiadiazine derivative, 

diazoxide, which acts on mitochondrial adenosin triphosphate (ATP)-dependent potassium 

channels198, therefore it is capable of modulating the mitochondrial homeostasis199. Diazoxide 

has been applied as a pretreatment in various in vivo and in vitro cerebral ischemia200,201 and 

in different neurodegenerative models202. For instance, multiple sclerosis is known as an 

acquired inflammatory demyelinating disorder of the CNS, therefore activated microglial 

cells play a crucial role in the pathogenesis by secreting cytokines and other neurotoxic 

molecules. 

Diazoxide treatment successfully ameliorates the progression of multiple sclerosis in 

murine model via inhibition of nitric monoxide, tumor necrosis factor α and interleukin-6 

produced by activated microglial cells203. Furthermore, in vitro results from diazoxide 

treatment has shown effective protection on NSC-34 motoneurons via alleviation of 

glutamatergic, oxidative and inflammatory damage204. Ex vivo studies elucidate the anti-

inflammatory effect of diazoxide on organotypic hippocampal slices challenged by glutamate 

excitotoxicity and pro-inflammatory demyelinating damage204. However, numerous 

components of the neuroprotective mechanism behind the anti-inflammatory remain unclear, 

attenuation of the microglial activation might be a viable protective strategy. Recent studies 

suggest that activation of the ATP-dependent potassium channels may cause 

hyperpolarization in the plasma membrane which prevents calcium entry into the cytoplasm 

via voltage gated calcium channels205. In concordance with these findings, in our previous 

studies we demonstrated the malicious effect of calcium elevation in different animal models 

as well as on human samples2,4,5,6. The effect of diazoxide treatment was reported mostly in 

in vitro studies which serve as models for chronic neurodegenerative diseases for example 

Parkinson’s disease206. Moreover, we demonstrated the anti-inflammatory effect of diazoxide 

on acute neurodegenerative models challenging motor nuclei with different susceptibility for 

degeneration. Our data — obtained with the quantification of combined 

immunohistochemistry — indicate that microglial activation, induced with axotomy or target 

deprivation, could be alleviated with diazoxide treatment in the examined nuclei (Fig. 20). 

However, anatomical mapping of the region of interest is a crucial parameter of the 
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evaluation since anatomical boundaries of the nuclei or contralateral innervation capable of 

amending the outcome of the quantification protocol. 

Protective effect of calcium binding proteins in motoneuronal injury 

Deregulated calcium homeostasis, with a self-propagating cycle of increased 

intracellular calcium concentration, production of reactive oxidative species and impairment 

of the respiratory cycle of mitochondria147,207 may result in a primary neuronal lesion and 

release of cytokines/chemokines leading to the activation of inflammatory cells50,208 and 

injury/activation of astrocytes augmenting the primary insult209. We demonstrated that, an 

enhanced intracellular calcium buffer capacity of motor neurons in PV overexpressing 

transgenic mice could attenuate the intracellular increase of motoneuronal calcium after acute 

injury, could narrow the duration of the emission of distress signals by motor neurons, and 

could reduce the activation of microglial cells in their neighborhood. 

PV is normally not expressed in spinal motor neurons of wild type rats150 or mice210. 

Here, adult PV+/+ mice were used to test the protective role of elevated PV in spinal motor 

neurons against acute injury. As standard controls, B6/SJL mice, the parental strain of PV+/+ 

animals159 were used. Previously we demonstrated a significant calcium increase in the 

calcium content of hypoglossal motor neurons of B6/SJL mice at day 7 and 14 after axotomy, 

which could be prevented by upregulating PV169. This protective effect of PV was also 

demonstrated in oculomotor and hypoglossal motor neurons of Balb/c mice, i.e. in motor 

nerve cells with naturally different PV content, by comparing calcium increase after acute 

axonal injury5. To gain additional experimental support for the view of the possible universal 

protective role of CaBPs, and to exclude species differences in the sensitivity of motor 

neurons against injury, the present experiments were extended to both Balb/c and B6/SJL 

control strains. At postoperative day 7, when the peak increase of intracellular calcium was 

expected, about 2-fold calcium increase could be observed in the spinal motor neurons of 

both control strains, with no significant difference from each other169. This was comparable 

to that of hypoglossal motor neurons of both Balb/c and B6/SJL mice5,169. Furthermore, in the 

present experiments, practically no calcium increase could be observed in the spinal motor 

neurons of PV+/+ mice at this postoperative time (Fig. 14), which suggests, that similar to the 

hypoglossal neurons of PV+/+ mice169, PV upregulation can transform the vulnerable cells to 

oculomotor-type resistant ones, at least as the intracellular calcium increase after acute injury 

is concerned. CCL2, also known as monocyte chemoattractant protein-1, the involvement of 

which has been evidenced in many neurodegenerative diseases, is one of the essential and 
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most widely studied chemokines that controls the migration and infiltration of 

monocytes/macrophages211. Although CCL2 could be produced by astrocytes and microglia, 

its constitutive neuronal expression as well as the induction of its neuronal secretion under 

pathological conditions was documented212, specifically in acute lesion models, such as after 

focal ischemia213 and in motor neurons, after axonal injury214,215. Thus, since 

cytokine/chemokine signaling is known to precede the activation of further immune 

responses216, in our study, CCL2 was selected as a marker of distress signals of motor 

neurons after acute lesion. 

The relevance of microglial activation in acute injury of motor neurons has been 

demonstrated in several classic models of remote injury96,217,218,219. Its significance in chronic 

motoneuronal degeneration was also documented, exemplified by the upregulated expression 

of microglial markers, like cluster of differentiation 68 (CD68), and CD11b, which were 

consistently detected in autopsy material of ALS patients and in the spinal cord of mSOD1 

mouse model of ALS98. The ALS example, furthermore, implies a possible graded microglial 

response after injury, since a correlation was found between increased microglial activation 

in the motor cortex of ALS patients and the severity of upper motor neuron signs100. 

Publications documenting that microglia express C-C chemokine receptor type 2 for 

the ligand, CCL2220,221 and the suggestion that CCL2 may serve as a driving signal for them 

after neuronal injury215,217 are consistent with the fact that microglial cells are of myeloid 

origin, with several properties similar to those of peripheral monocytes/macrophages222. In 

the present study, using CD11b as a microglia marker, differences in the axotomy-induced 

microglial activation could be detected around motor neurons with different PV contents, 

potentially with different resistance against injury, which could be analogous to the graded 

response noted in chronic degeneration. 

With regard to the temporal change of CCL2 expression and microglia activation 

following sciatic nerve injury, our data reveal a transient increase of both parameters in the 

postoperative 3-week-long period (Fig. 11B and Fig. 12B), and show a good correlation with 

similar data in the literature215. Fig. 11B and Fig. 12B demonstrate a reduced inflammatory 

reaction in the spinal cords of PV+/+ mice characterized by either of CCL2 or CD11b 

intensity. However, the measured staining intensity of CCL2 returns faster to the baseline, 

already at postoperative day 14, than that of CD11b at day 21. Assuming that motor neurons 

with different susceptibility against calcium-mediated injury start responding to the lesion in 

the same way, not the amplitude/strength of the distress signal would be smaller in motor 

neurons with stronger cellular homeostasis, provided by an improved calcium buffer in our 
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case but its duration might be shorter, as documented in Fig. 11. Thus, the cessation of the 

activation/migration of immune-competent cells, characterized by CD11b staining in our 

study, should follow the termination of the release of their driving signal, CCL2, with a time 

lag, as it could be seen by comparing Fig. 11B and Fig. 12B. In the present experiments, an 

attenuated calcium increase could be documented in spinal motor neurons of PV+/+ mice 

which is assumed to reflect an increased resistance against calcium-mediated degeneration 

after axotomy, and, thus, similarly to other models of acute injury where a graded microglial 

response was documented223,224, a reduced activation of microglia could be evoked. 

Besides the clinical observations that motor neurons rich in certain CaBPs are 

relatively spared in chronic degenerative diseases like ALS15,153, there are abundant 

experimental data providing further support for the protective role of naturally occurring 

CaBPs against calcium-mediated injury in oculomotor neurons156,157, in contrast to 

hypoglossal18 or spinal motor neurons with low CaBP content155. Furthermore, a more direct 

evidence of the protective role of increased PV in motor neurons could be obtained from 

studies in PV+/+ mice either by demonstrating that spinal motor neurons of neonatal animals 

otherwise destined to die after sciatic nerve crush could be rescued158, or documenting that 

calcium increase in adult hypoglossal motor neurons could be attenuated after axotomy in 

PV+/+ mice169. Unlike in the experiment of Dekkers et al.158, in our experiments change in 

the intracellular calcium level after axotomy was selected as a sole parameter to check 

resistance against injury, since in adult animals no major loss of motor neurons is expected 

after axotomy225. Indeed, Vanden Noven et al. described that adult spinal motoneurons 

remain viable despite prolonged absence of functional synaptic contact with muscle226. 

Furthermore, Goettl et al. documented that sciatic nerve axotomy had no effect on the 

number of motoneurons in the retrodorsal lateral nucleus of the spinal cord, and noted only a 

short-lasting attenuation of cholinergic phenotype in these cells after axotomy227. This is in 

accord with our previous observation, made in the hypoglossal nucleus after axotomy5, 

where, based on cresyl violet staining, no motoneuronal loss could be seen, but a decreased 

neuron specific neuronal nuclei staining was noted at days 1–14 suggesting a reversible 

injury of hypoglossal neurons, which are similarly vulnerable to axotomy as the spinal motor 

neurons. Nevertheless, increasing the calcium buffer capacity of cells under chronic stress 

condition like in the mSOD1 transgenic model of ALS, may not provide sufficient protection, 

as it was shown in the double transgenic, PV+/+  mSOD1 mice, in which the disease onset 

could be delayed but the progression of the disease could not be stopped159. This inferior 
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protection could be the consequence of the limited capacity of the buffer, which sooner or 

later saturates if the stress endures. Although the contribution of the added calcium buffers 

might not be sufficient for full protection, these data provide support for the idea that the 

strategy, addressing the stabilization of the calcium homeostasis, might be promising in 

attempts to rescue motoneurons, particularly in the view of the present results demonstrating 

that stabilization of motoneuronal calcium homeostasis during injury influences the reaction 

of non-motor neuronal compartments as well. 

SUMMARY 

 In SOD1 transgenic mice, Tal treatment showed a significant protective effect in the 

axon terminals of susceptible muscles compared to Veh treatment. The efficacy of the 

treatment is related to the alleviation of extensive calcium influx via AMPA receptors 

with a calcium permeable, pathological feature. This neuroprotection lost its efficacy 

when applied in the symptomatic stage of ALS. However, both perikarya and distal 

axon terminals can be equally protected with a soma-targeted treatment. 

 Oculomotor neurons might possess a special attribute which protects from the 

calcium-mediated degeneration. This attribute might be related to the elevated CaBP 

content such as PV. Since these neurons show increased resistance against calcium-

mediated degeneration, SOD1 transgenic strain did not show elevated calcium level. 

Furthermore, Tal treatment was unable to decrease the intracellular calcium content 

further. 

 Since nature provides us motor neurons with different CaBP contents, the effect of 

such proteins on neuroprotection could be tested in acute injury models using 

different groups of motor neurons. Our results showed that inflammatory processes 

represented by microglial activation are significantly lower in oculomotor neurons 

compared to the susceptible groups of motor neurons with low CaBP content. 

 To attenuate the microglial reaction after acute injury, diazoxide treatment was 

applied. This neuroprotective trial shows a significant alleviation of inflammatory 

response in all examined motor neuron groups. Efficacy of the diazoxide treatment 

might be related to the anti-inflammatory mechanism, however the pharmacological 

effect can be extended to the alleviation of calcium elevation in motor neurons. 

 To test the interplay between calcium-mediated degeneration and microglial 

activation, PV+/+ mice were examined after unilateral axotomy. After the surgical 



P a g e  | 48 

procedure, intracellular calcium changes can be observed in the control strains only 

where the calcium shows significant elevation compared to the PV+/+ strain, 

therefore, we could confirm, that CaBPs are capable of reducing calcium mediated 

degeneration. 

 Furthermore, in the same PV+/+ animals’ chemokine signalization, represented by 

CCL2, was decaying faster, which resulted in a faster attenuation in the nearby 

microglia-mediated inflammation. 

The results are in concordance with the hypothesis of the central role of calcium 

elevation in chronic degeneration and support its key role in acute motor neuron degeneration 

paradigms as well. Furthermore, we showed that both an AMPA receptor targeted treatment 

and an augmentation of the CaBP content are capable of reducing degeneration due to the 

reduced calcium influx. Imbalanced calcium homeostasis might be establishing a local 

inflammatory reaction with the activation of microglial cells. However, this microglial 

recruitment could be attenuated by the augmentation of calcium homeostasis. According to 

our findings, measurement of the direct effect between inflammation and calcium elevation 

might give us new opportunities for neuroprotective trials and “eavesdropping” on the 

neuron-microglia crosstalk is strongly suggested to understand the pathomechanism behind 

motor neuron degeneration. 
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APPENDIX I. – MATERIALS AND COMMERCIAL EQUIPMENT USED 

Fine chemicals 

Chemical Distributor Catalog No. 

Acetic acid 
Molar Chemicals Kft., Halásztelek, 

Hungary 
02795 

Chloral hydrate 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
C8383 

Diaminobenzidine tetrahydrochloride 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
D5637 

Diazoxide 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
D9035 

Dimethyl sulfoxide 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
D8418 

Durcupan ACM Fluka, Buchs, Switzerland 44610 

Entellan  Merck, Kenilworth, NJ, USA 10796 

Ethanol 
Molar Chemicals Kft., Halásztelek, 

Hungary 
02910 

Gel/Mount 
Biomeda Corporation, Foster City, 

CA, USA 
M02 

Glutaraldehyde 
Polysciences Inc., Warrington, PA, 

USA 
00376 

Hydrogen peroxide 
Molar Chemicals Kft., Halásztelek, 

Hungary 
03650 

Lead citrate 
Electron Microscopy Sciences, 

Hatfield, PA, USA 
17800 

Methoxyflurane Fluka, Buchs, Switzerland 1418004 

Normal donkey serum 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
D9663 

Normal Goat Serum 
Vector Laboratories, Burlingame, CA, 

USA 
S-1000 

Normal horse serum 
Vector Laboratories, Burlingame, CA, 

USA 
S-2000 

Osmic acid 
Sigma Aldrich Inc., St. Louis, MO, 

USA 

O5500-

250MG 

Paraformaldehyde 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
P6148 

Phenobarbital 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
P1636 

Potassium hydroxide 
Molar Chemicals Kft., Halásztelek, 

Hungary 

04300-101-

190a 
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Potassium oxalate 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
P0963 

Potassium pyroantimonate Merck, Kenilworth, NJ, USA 105110 

Propylene oxide 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
82320 

Sucrose 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
16104 

Sucrose 
Molar Chemicals Kft., Halásztelek, 

Hungary 

02200-203-

190a 

Talampanel 
TEVA Pharmaceutical Works Ind., 

Petah Tiqva, Israel 
no Cat. No. 

Tissue-Tek Optimal cutting temperature 

medium 

Electron Microscopy Sciences, 

Hatfield, PA, USA 
62550 

Tribromoethanol Fluka, Buchs, Switzerland 48402 

Triton x-100 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
T8787 

Tween 80 
Sigma Aldrich Inc., St. Louis, MO, 

USA 
P1754 

Uranyl acetate 
Electron Microscopy Sciences, 

Hatfield, PA, USA 
22400 

Vectastain Elite Avidin-biotin complex 
Vector Laboratories, Burlingame, CA, 

USA 
PK-6100 

Xylene 
Molar Chemicals Kft., Halásztelek, 

Hungary 
09690 

 

Equipment 

Equipment Distributor Catalog No. 

300 mesh copper grid 
Electron Microscopy Sciences, 

Hatfield, PA, USA 
G7530-Cu 

8 MP CMOS camera JEOL Ltd., Tokyo, Japan On request 

CEM 902 transmission electron 

microscope 
Zeiss, Oberkochen, Germany CEM 902 

Dry SD30GV SDD X-ray detector JEOL Ltd., Tokyo, Japan SD30GV 

Eagle 4k CCD camera FEI, Eindhoven, The Netherlands On request 

Eclipse 80i fluorescent microscope Nikon, Tokyo, Japan Eclipse 80i 

FV1000 laser confocal microscope Olympus, Tokyo, Japan FV1000 

JED-2300 Analysis Station JEOL Ltd., Tokyo, Japan JED-2300 

JEM-1400-Plus transmission electron 

microscope 
JEOL Ltd., Tokyo, Japan JEM-1400P 
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Menzel BBAD02400600 

#A113MNZ#0## coverslip 

ThermoFisher Scientific, Waltham, 

MA, USA 
11778691 

MFP-3D AFM head unit  Asylum Research, Goleta, CA, USA MFP-3D 

MicroPublisher 5.0 RTV CCD camera QImaging, Surrey, BC, Canada 

MP5.0-

RTV-R-

CLR-10 

MNT cryostat Slee Medical GmbH, Mainz, Germany 10160000 

Molecular Force Probe controller Asylum Research, Goleta, CA, USA On request 

Silicon cantilever with tetrahedral tip Olympus, Tokyo, Japan 
OMCL-

AC240TS 

Single-hole formvar coated copper grid 
Electron Microscopy Sciences, 

Hatfield, PA, USA 
G2010-Cu 

SPOT RT 14.0 monochrome CCD 

camera 

Diagnostic Instruments Inc., Sterling 

Heights, MI, USA 
On request 

Stainless steel gavage 
Instech Laboratories Inc., Plymouth 

Meeting, PA, USA 

FTSS-20S-

25 

Superfrost Plus Adhesion Slide 
ThermoFisher Scientific, Waltham, 

MA, USA 
10143352 

Tecnai Spirit transmission electron 

microscope 
FEI, Eindhoven, The Netherlands FP 5018/41  

Ultracut UCT ultramicrotome Leica, Wetzlar, Germany On request 

Vanox-T AH-2 microscope Olympus, Tokyo, Japan 608002 

 

Software 

Software Distributor 

AutoQuant X Media Cybernetics, Rockville, MD, USA 

Image-Pro Plus Media Cybernetics, Rockville, MD, USA 

Inspect 3D tomography software FEI, Eindhoven, The Netherlands 

R (3.3.1) statistical computing software The R Foundation, Vienna, Austria 

RStudio Integrated Development Environment 

version (3.0) 
The R Foundation, Vienna, Austria 

Visual Identification- and Thin Film 

Standardless Quantitative Analysis Program 
JEOL Ltd., Tokyo, Japan 

 

Antibodies 

Antibody Distributor Catalog No. 
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Anti-CCL2 antibody PeproTech, Rocky Hill, NJ, USA 500-P113 

Anti-CD11b antibody AbD Serotec Raleigh, NC, USA MCA711 

Biotinylated goat-anti-rat antibody 
Vector Laboratories, Burlingame, CA, 

USA 
BA-9400 

Biotinylated goat-anti-rabbit antibody 
Vector Laboratories, Burlingame, CA, 

USA 
BA-1000 

Donkey-anti rabbit Alexa Fluor 546 
Life Technologies, Carlsbad, CA, 

USA 
A10040 

Donkey-anti-goat Alexa Fluor 488 
Life Technologies, Carlsbad, CA, 

USA 
A11055 

Donkey-anti-sheep Alexa Fluor 488 
Jackson Immunoresearch Laboratories 

Inc., West Grove, PA, USA 
713-545-003 

Goat-anti-rabbit Alexa Fluor 546 
Life Technologies, Carlsbad, CA, 

USA 
A11010 

Goat-anti-ChAT antibody EMD Millipore, Billerica, MA, USA AB144P 

Goat-anti-rat Alexa Fluor 488 
Life Technologies, Carlsbad, CA, 

USA 
A11006 

Rabbit-anti-Iba1 antibody Wako Chemicals, Osaka, Japan 019-19741 

Rabbit-anti-rat PV antibody Swant, Marly, Switzerland PV-28 

Sheep-anti-ChAT antibody EMD Millipore, Billerica, MA, USA AB1582 

 

APPENDIX II. – CHARACTERIZATION OF THE PRIMER ANTIBODIES 

The information regarding the specificity of these reagents is based either on our 

previous experiments or derived from published results obtained with the same antibody, or 

collected from data sheets supplied by the manufacturers. Application of these antibodies was 

in accord with the guideline of the reagent; however, titration was used to determine the 

optimal dilution for our own system. 

The rat monoclonal anti-CD11b clone 5C6 (AbD Serotec Cat# MCA711) recognizes 

the integrin alpha M chain also known as CD11b which is implicated in various adhesive 

interactions of monocytes, macrophages and granulocytes, as well as in mediating the uptake 

of the complement-coated particles. This antibody was frequently used to visualize microglial 

cells1,2 and its specificity was confirmed by using the appropriate knockout3. 

The rabbit polyclonal anti-CCL2 antibody (PeproTech Cat# 500-P113-100 µg) 

recognizes E. coli derived recombinant murine JE/MCP-1, also known as CCL2, member of 

the β-chemokine family that signal through CCR2. The antibody produced from sera of 

rabbits pre-immunized with highly pure (> 98%) recombinant mJE(MCP-1). Anti-murine 
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JE(MCP-1) specific antibody was purified by affinity chromatography employing 

immobilized mJE(MCP-1) matrix. Reactivity and specificity has been verified by 

immunostaining4 and using knockout animals5 respectively and by ELISA6 and 

neutralization7. 

The rabbit polyclonal anti-PV (Swant Cat# PV-28) recognizes PV, a CaBP from a 

family of small acidic proteins equipped with peculiar cavities which accepts calcium with 

high selectivity. The antibody derived from an antiserum, produced against rat muscle PV. It 

labels a subpopulation of neurons in the normal brain with high efficiency, but does not stain 

the brain of PV knockout mice according to the manufacturer’s data sheet. In addition, the 

preincubation of the PV antibody with recombinant rat PV completely blocked the PV 

immunoreactivity8. This antibody is frequently used to label PV in the central nervous 

system9. 

The goat-anti-choline acetyltransferase (anti-ChAT) polyclonal antibody (Millipore 

Cat# AB144P) recognizes ChAT enzyme, which catalyzes the reversible synthesis of 

acetylcholine from acetyl coenzyme A and choline at cholinergic synapses. This antibody 

uses human placental enzyme as an immunogen and recognizes a single band of  68 kD on 

western blots of rat peripheral nerves10. The staining pattern on immunostained sections 

coincided with that of the native red fluorescence of ChAT-Cre-tdTomato mice developed for 

labeling cholinergic structures11. 

The sheep-anti-ChAT polyclonal antibody (EMD Millipore, Cat# AB1582; 1:200) is 

labeling the ChAT enzyme. This antibody is staining specific cholinergic neurons in the 

central and peripheral nervous system. According to the data sheet, this antibody validated for 

use in immunohistochemistry and western blot. In accordance with the information provided 

by the manufacturer, several studies used this antibody for immunohistochemical 

observation12,13. 

Ionized calcium-binding adaptor molecule 1 (Iba1) is a calcium-binding protein with a 

molecular weight of 17 kD specifically expressed in macrophage and microglia. The rabbit-

anti-Iba1 polyclonal antibody (Wako Chemicals Cat# 019-19741) specific to microglia and 

macrophage in human, mouse and rat, but not cross-reactive with neuron and astrocyte. The 

antibody derived from a rabbit antiserum where the antigen was a synthetic peptide 

corresponding to C-terminus of Iba1 protein and it was purified by antigen affinity 

chromatography. Wako anti-Iba1 is routinely used for immunohistochemistry and western 

blot14,15. 
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