INTRODUCTION

General context of the study

Our study is aimed at understanding the mechanisms underhgngetectivity of
degeneration of motor neurons during amyotrophic lateral sclerosi9:(Mb$ do certain
groups of motor neurons succumb to the disease while others are §parégipothesis is
that the impaired calcium homeostasis (i.e. increased calcuet) [@ays a pivotal role in
the degeneration of motor neurons, and by its stabilization an incressgdnce could be
provided. Indeed, the increased level of intracellular calciurératfected motor neurons
was documented in ALS patients, which study was paralleled bgetm®nstration of a
correlation between the resistance of such cells against iangytheir calcium binding
protein (CaBP) content. This observation was subsequently confirmadsbyies ofin
vitro, ex vivo andin vivo experiments.

ALS is a progressive degenerative disease destroying upper aed toator
neurons though lesions outside of the motor system also occur. Althoudégieration
of motor neurons is extensive in ALS the spinal motor neurons innenthangelvic floor
and associated sphincters, and the brainstem motor neurons projectixigrialeeye
muscles are conspicuously spared. Pathological processes propos&xplémn
degeneration of motor neurons in ALS includexcitotoxicity, oxidative damage,
mitochondrial dysfunction, protein misfolding and aggregation, defects in axonal
transport, immune-inflammatory dysfunction, impairment of the blood-brain/spinal cord
barrier and calcium-mediated toxicity. It is assumed that rises in intracellular calcium ions
represent the final common pathway in the degeneration of neurespective of the

primary etiological factors.

Proof of concept experiment: protection by calcium binding in ALS

Our studies were a continuation of previous experiments in our lahesatahich
addressed the role of immune/inflammatory mechanisms and riggsaicellular calcium
in model of ALS. Although several approaches may be feasible lowtabilize
intracellular calcium homeostasis, clinical observations and hazimgrexperimental data
pointed to the possibility that by means of increasing the mitcdar buffering capacity
through overexpressing CaBPs this goal could be achieved. Theesacpf the protective
role of calcium buffering capacity concept in ALS is the produdiath characterization of
a model, in which ALS-like stress and increased CaBP levelltsineously exist. In an

effort along this line, double transgenic mice possessing mS@&disgene, and



concurrently exhibiting increased PV levels have been developed. Althoesgganimals
exhibited improved parameters with regard to morphological- and gibgsial
characteristics, ultimately could not be cured, furthermore, the gain suthiwal data was
just above the level, to be accepted as significant.

This unexpected low efficacy of protection by means of upregulakium buffering
capacity, in view of the pivotal role of calcium in cell daestron was surprising.
Obviously, next, the reason(s) of the unexpectedly low benefit of ritesvention was
decided to be investigated, with the hope of finding ways to improvep@iection on
the same principles, i.e. to stabilize the intracellular caldiomeostasis, if feasible. Our
aims in this direction were: setup of a lesion detection assay based on a uniform
intervention, and a standardized characterization of the intracethltaum changes of the
same group of cells, as well as, knowing their involvement innjleyi setup of an assay

to quantify the degree of the participation of the non-motoneuronal cells in the injury.

Previous experiments rel evant to the present study

Most importantly, an acute injury, i.e. axotomy/target deprivation @xpetal
paradigm has been established, to quantify motoneuronal calcium inanepsels of
motor neurons (oculomotor-, hypoglossal motor neurons) with documented rdiffere
vulnerability to injury in ALS. These experiments, using electroncroscopic
histochemical methods and light microscopic immunohistochemistry, itpieely
documented a correlation between the resistance of motor neuramst agary and their
CaBP level contrasted by an enduring increase in intracetialaium content in CaBP-
low cell types. Next, more importantly, these experiments proviaeckference for
comparisons whether an artificial increase is CaBPs coutd e profile of calcium
response in these cells.

AIMSOF THE STUDY

« To demonstrate, whether the scale/profile of intracellulaciwal increase after
injury in a naturally vulnerably cell type (motor neurons in thedgjossal
nucleus) could be transformed to that of resistant motor neurons (ocaiomot
neurons) by PV upregulation

» To develop methods to quantify perineuronal (micro)glial reaction after injury

* To analyze the consequence of the reduced motoneuronal calcium iranehse

local glial reaction after injury in PV upregulated mice
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Immunohistochemical characterization of inflammatory markersin the spinal cord
After transection of the sciatic nerve, chemokine (MCP1) upreguolat the motor
neurons, and the microglia reaction (CD11b) in the lumbar region weractdvized by

immunocytochemistry at postoperative day 1, 4, 7, 14, and 21.

Evaluation of the functional recovery after sciatic nerve cut

Additional, twelve week old, male PV+/+, B6/SJL and Balb/C miceesvedlocated
for the study. The function of the operated hindlimb of animalsahagacterized daily at
the same time. An arbitrary, but systematically applied scale wdsassses the recovery

of the hindlimb function

Satistics
Results of experiment were analyzed by appropriate statissing the Statistica

for Windows program package (StatSoft).

RESULTS

Calciumincreaseis reduced after injury in hypoglossal motor neurons of PV+/+ mice

Qualitatively a gradual elevation of the intracellular calcigontent in the
axotomized hypoglossal motor neurons of the B6/SJL mice was veigerincreasing
postoperative time relative to the non-operated side, with a tendenmsturn to the
control level by postoperative day 21. In the hypoglossal neurons ofvthie Rnimals,
the calcium content was observed not to be elevated relative tothe! side on any
postoperative day. In the oculomotor neurons of the PV+/+ mice, dimda in the
hypoglossal neurons in these animals, no calcium increase wexgedein the injured
neurons as compared with the intact cells at any time poertta& surgery. In both motor
nuclei, the volume fraction of the EDDs, characterizing theildigton of calcium in the
tissue, was expressed quantitatively. Statistically, tme tilependences of the calcium
levels in the two nuclei in the PV+/+ strain did not differ. Howewtke postoperative
calcium increase in the motor neurons from the B6/SJL mice igasicantly different
from that of the PV+/+ animals.
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MATERIAL AND METHODS

Experimental animals and maintenance of the transgenic colony

To test the “calcium buffer” hypothesis, transgenic mice oaxguressing rat
parvalbumin were developed, bred to homozygosity. Beside the demonstratitbe of
presence of the transgene in the PV+/+ animals by PCR, hypaBlesd spinal motor
neurons, which are devoid of parvalbumin in the wild type mice wereketiglor the

presence of the PV by light microscopic immunocytochemistry.

Axotomy/target deprivation of hypoglossal and oculomotor neurons

Twelve weeks old male B6/SJL- and PV+/+ mice were seldotetthe study. The
animals were assigned for hypoglossal or oculomotor nerve cutreepés. Four animals
were euthanized at 5 time points for both types of surgery andpneressed for electron
microscopic calcium histochemistry study. The hypoglossal neagetransected lateral to
the hyoid bone and a piece of 3-5 mm nerve segment was removed to prevent regenerati
For transection of left oculomotor nerve, animals were enucleatédhe orbits were

cleared of the remaining extraocular muscles and nerve segments.

Axotomy of the sciatic nerve

Twelve weeks old male B6/SJL-, Balb/C- and PV+/+ mice wetectd for the
study. Animals were assigned either for electron microscopic catb@ection study, or to
light microscopic immunocytochemistry, or functional assay stullg. SCiatic nerve was
transected at the mid-thigh, and a small piece (3-5 mm) wasveeimto prevent
reinnervation. In these and in the above experiments the non-operatestrsieeé as an

internal control.

Electron microscopic detection of calcium

The oxalate-pyroantimonate histochemical reaction was used uy ghe
distribution of calcium at subcellular level. The specificitytioé¢ fixation procedure for
calcium was checked by electron spectroscopic imaging (EB&.ré@lative cytoplasmic
and mitochondrial volumes occupied by electron-dense deposits (BizDs)determined

on microscopic prints with a point counting technique.
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Inflammatory reaction can be quantified by systematic sampling and background corrected
segmentation using immunohistochemistry

The acquisition of reliable conclusions from the pattern of thetian products of
immunohistochemical (IHC) procedures is hindered by the need farctnigj judgments,
in view of frequent inconsistencies in staining intensity fronti@ecto section or in
repeated experiments. To diminish this problem, a procedure is geskased on image
analysis and the use of an internal reference area on thenseavhich reduces the
operator input and hence subjectivity, and makes the relative chamdelC staining
intensity in different experiments comparable. The referere iarsituated at a position
of the section which is not affected by the experimental teatinthus, can be used to
specify the baseline of the IHC staining. To compensate for ansthece of variability,
the internal heterogeneity of the object, details are giversg$t@matic random sampling,
which provides numerical data describing the intensity of IHQisigithroughout the
volume to be characterized. The procedure is illustrated by quatitificof microglial

activation after the lesion of the sciatic nerve.

Increased motoneuronal calcium buffer reduceslocal inflammation after acute lesion

The relationship between the increased calcium buffering cgpa€itmotor
neurons and the altered local inflammatory reaction has beenredmithe spinal cord
of PV+/+ and control (B6/SJL and Balb/c) mice after the lesiothefsciatic nerve. The
temporal change of the inflammatory markers has been follow&l idays after the
operation with IHC supplemented with the characterization of tlweeg of the hindlimb
function. Calcium level of the motor neurons was determined at day 7 wiee

inflammatory reaction peaked.

The inflammatory reaction commenced as early as day 1 aftetiopein the spinal cord,
either the MCP1 chemotactic signal, or the altered CD11b exmmassconsidered. These
reactions lasted at least 3 weeks long, however with adiftfelecay time: the decrease of
the release of the MCP1 by the injured motor neurons precededteheation of the
microglial reaction at their vicinity. Nevertheless, the dase of both of these
inflammatory markers was significantly faster in the PV#idice compared to the control

strains.



An important result of the present experiments is — similath& hypoglossal motor
neurons of the PV+/+ mice — that the PV upregulation attenuatech¢hease of the
intracellular calcium after axotomy in the spinal motor neurasswell. The calcium
measurements have been performed at postoperative day 7, atehehiim the calcium
increase in the wild type hypoglossal neurons was significaigher than in those of the

PV+/+ mice.

The reduction of calcium increase in motor neurons is indeed capaldeuwing local
inflammation, furthermore, according to the observed rate of impreweaf the hindlimb

function in these animals in the same period, leads to a faster functional recovery.

DISCUSSION

Therole of calcium and CaBPs in neuronal degeneration

It is well documented, that abnormal and sustained increases ateiifar
calcium induce a series of calcium-dependent enzymatic precegkeh participate in
cellular destruction. CaBPs within the cells are commonly éatcat critical positions: in
the vicinity of plasmalemmal calcium pumps and channels, arounchitbehondria and
endoplasmic reticulum, organelles known to play key roles ff €ignaling and buffering.

Thus, these proteins may slow down the diffusion of calcium ions &waythe influx

regions, or facilitate their recycling into internal storey] ¢hereby reduce the amplitude

of calcium concentration changes in the cytosol. In the presernyt steddecided to assay
the changes in calcium level after injury in motor neurons witaraficially elevated PV
content, and to compare the results obtained from the same populatiamaisnwith a

naturally low PV content in wild-type animals.

Calcium level changes induced by axotomy

In hypoglossal motor neurons of B6/SJL mice, as large as H¢édtium increase
after axotomy was demonstrated, compared to the non-operated conditiicis, was
significantly different from the calcium increase in the ocul@nateurons of the same
animals. In the PV+/+ mice there was no calcium increabereih the hypoglossal- or
oculomotor neurons, providing evidence for that PV upregulation lends arofioctalr-

like” resistance .

In the spinal motor neurons of PV+/+ mice a similarly reducattium level was
demonstrated after injury as in the hypoglossal motor neurons, snggest independent
of the local neuronal environment, PV upregulation indeed contributes tedistance

against calcium increase.

Therole of inflammatory factors in injury of motor neurons

In the spinal cord of the PV+/+ mice a reduced and a fadelvieg inflammatory
reaction could be demonstrated after acute injury compared to tRdIB6iice. These
observations, together with the reduced calcium increase in P¥ifial snotor neurons
suggest that the magnitude of the primary lesion in the motor redetermines the
surrounding microclial activation, and stabilization of the calcium hotasigsin motor

neurons may be indeed protective.

Quantification of the inflammatory markers by light microscopic IHC

With regard to the inflammatory reactions, a computerized methedbkan
developed, based on light microscopic IHC and image analysis, whicblés to
reproducibly quantify the expression of certain inflammatory markéth high precision.

The method has a general applicability.

The results confirm that elevated intracellular calcium buffeuld attenuate both the

intracellular calcium increase (thus calcium-mediated degenerative processes) and the

local inflammatory reactions after acute injury, but leaves open the possibility that such a

buffer may exhaust if the stress endures. Under chronic stresgi@mmsdsuch as in
animals with pathogenic mutations, which start working as eaiily @ero, an alternative

way of reducing calcium levels, based e.g. on special ion channel blockers, igesigges



