mechanism of inflammatory neurodegeneration in eae
Neuronal as well as glial loss is central to the pathology of Multiple Sclerosis and its experimental counterpart, the experimental autoimmune encephalomyelitis (EAE). We studied some the plausible mechanisms of cellular apoptosis in EAE rats. The present study was aimed at:

Study of the generation of inflammatory mediators in the CNS following EAE in rats.

Evaluation of reactive oxygen and nitrogen stress in EAE rat CNS after first acute episode.

Induction of apoptosis in cellular populations mostly affected in EAE.

Effect of the ongoing cellular death on the cholinergic neurons.
Experimentation
Induction of Experimental Autoimmune Encephalomyelitis in Wistar Rats using MOG (35-55) in Complete Freud’s Adjuvant.

Study of the secretion of Th-1 type cytokines in CNS parenchyma using commercial ELISA kits.

Study of the depletion of the antioxidants in the periventricular white matter as a consequence of the generation of oxygen free radicals.

Elevation of the NO following EAE and its reactive metabolites like peroxynitrite after the peroxidase catalyzed oxidation of nitrite.

Immunohistochemical detection of the elevation of the mitochondrial BaX protein.

Finally, induction of apoptosis via the several downstream targets like Caspase-3 and PARP measured using ELISA as per manufacturer protocols.

Immunohistochemical localization of Choline-o-acetyl transferase, the most important enzyme in the acetyl choline synthesis to mark the cholinergic cellular death after EAE.
.

6.3 Introduction
Inflammation is the hallmark of the demylination in Multiple Sclerosis (MS).Enhanced cerebrovascular permeability with marked cellular infiltration especially monocyte derived macrophages and activation of microglia cause the onset of acute multiple sclerosis lesions[1-3,4].These macrophages release many inflammatory mediators including cytokines that are contributing factors of the cell death in neurodegenerative disorders[5, 6].

Cognitive dysfunction affects about half of individuals suffering from MS[7]and difficulties in learning and remembering new information represent the other most common cognitive deficits[8,9].Verbal memory deficits are observed in the progressive form of the disease and visuospatial memory deficits are observed in the relapsing–remitting form[10].

Hippocampus is archicortical cholinergic rich region and acts as a memory device [11] especially sensitive to various insults including inflammation[12].Cellular death in this region can lead to depleted acetylcholine synthesis and can trigger memory deficits.Choline acetyl transferase is the most important enzyme in the acetylcholine synthesis as has been documented to be decreased in the progressive course of M.S which is an indicator of cholinergic cell death[13].Apart from the this, hippocampal atrophy has also been documented in clinical investigations[14].

From all the above evidences, it seems that the inflammatory events degenerate the cholinergic cells. The increased content of myeloperoxidase which is potent catalyst for the oxidation nitric oxide and has been seen to increase in the cerebral cortex of M.S tissue [15].These activated oxidants like metabolites of nitric oxide (NO) may affect the integrity of the membranes and proteins and increase the oxidative stress which can lead to the cellular death and depletion of acetylcholine. This study is an attempt to investigate the peroxidase dependant oxidation of nitric oxide as an alternate mechanism to the exitotoxic neurodegeneration and has not been addressed in the EAE.
Results

8.3.1 EAE enhances Th-1 cytokines in periventricular white matter (PVWM).
Figure 6.1- Th-1 type cytokines (TNF-α and IFN-γ) in periventricular white matter of EAE rats immunized with MOG (35-55) 20 days post induction. A, Estimation of TNF-α in the EAE white matter. B, elevation of IFN-γ in EAE rats. *** P< 0.001

Antigen stimulated organ specific autoimmunity generated by MOG towards CNS recruits several cellular components including macrophages, plasma cells, B-lymphocytes and stimulated T-lymphocytes which are mainly MHC class I restricted CD8+ and MHC class II restricted CD4+ T-lymphocytes. The measurement of Th-1 type cytokines viz. TNF-α and IFN-γ was done to confirm the infiltration of the CD4+ T-lymphocytes in the periventricular white matter due to autoimmune stimulation of T-lymphocytic populations in EAE rats, 20 days post induction. There was almost 150% (P>0.001) increase in the TNF-α activity and equal increase was also noticed in the levels IFN-γ following MOG immunization after first acute episode. The cytokines are pro-inflammatory and their sustenance in this phase suggests that an inflammation doesn’t cessate in the tissues even at the start of the remission phase which extends from 21-30days post induction. Secretion of Th-1 type cytokines from T-lymphocytes is also potentiated by stimulated macrophages and microglial populations, therefore amplifying the proinflammatory response. Moreover, CD8+ cells are response for acute cell death while as presence of CD4+ cells suggests their role in chronicity of the disease which can be mediated by cellular death in chronic plaques.
3.2 EAE enhances peroxidation of lipid and leads to the depletion of cellular antioxidants.
Neuroinflammation induced by antigen (MOG) towards CNS leads to the generation of free radicals directly after activation of microglia and macrophages. These free radicals can lead to the peroxidation of biological membranes and at the same time, deplete the cellular antioxidants. We estimated significantly (P<0.01) higher formation of MDA. Moreover, there was a generalized decrease in non protein thiols (GSH) in periventricular white matter. The enzymatic antioxidants viz, catalase and superoxide dismutase also recorded a parallel decrease following MOG induced EAE after the first acute phase in rats.
Parameter Investigated (Units)

Adjuvant Control

EAE

Lipid Peroxidation (µmoles MDA formed/min/mg protein)(n=6)

2.23 ± 0.466

7.23 ± 1.453*

Reduced Glutathione (µg GSH/gm tissue)(n=6)

0.844 ± 0.056

0.219 ± 0.032***

Catalases (µmol H2o2consumed/min/mg protein)(n=6)

8.04 ± 0.179

3.50 ± 0.221***

Total SODs (nmol formazan formed/minute/mg protein)(n=6)

8.04 ± 0.179

3.50 ± 0.221***

Table 6.1

Table 6.1- Increase in Lipid peroxidation and depletion of non-enzymatic as well as enzymatic antioxidants in rat periventricular white matter 20 days post immunization.*P<0.05 (t=12.23, CNTRL vs EAE) , *** P< 0.001(GSH, t=23.11, Catalases, t=27.12, SODs, t= 34-33).

8.3.3 EAE elevates nitric oxide production.
Neuroinflammation after EAE leads to the formation of reactive nitrogen species apart from reactive oxygen species through several mechanisms which including direct secretion of NO from inflammatory cells. Upregulation of iNOS and NADPH expressing neuronal cells also leads to the formation of excessive NO which has demonstrated to block axonal conduction and prime neurodegeneration. We estimated the primary metabolite of NO, the nitrite in the periventricular white matter. There was a significant (P<0.05) increase in the NO metabolism conforming its direct formation in the tissue after EAE. Increase in the NO can also lead to the formation of several potential cytotoxic reactive nitrogen intermediates and prime neurodegeneration.
Figure 6.2- EAE upregulates NO concentration in periventricular white matter 20 days post induction.

8.3.4 EAE generates peroxynitrite (potential implication of the peroxidase catalyzed oxidation of nitrite).
Recent evidences have confirmed the polymorphonuclear (PMN) infiltration after the EAE in various laboratory animals. These PMNs secrete peroxidases. We estimated significant (P<0.001) elevation in myeloperoxidase (MPO), a direct proof of the PMN infiltration and activation after MOG induced EAE. In event of the increased primary metabolite of NO, the nitrite can be converted into several other potentially toxic nitrogen intermediates such as nitrogen dioxide (No2) and peroxynitrite (ONOO-).There was a significant increase (P<0.001) in the peroxynitrite formation following the first acute episode.
Figure 6.3- Peroxidation catalyzed oxidation of nitrite. A, elevation of PMN secreted MPO in the periventricular tissue after EAE.B, Nitrite oxidizes to peroxynitrite in the EAE periventricular white matter. ***P<0.001, **P<0.01

8.3.5 EAE leads to the elevation of mitochondrial BAX-protein.
Under the prevalent oxidative conditions, the functioning of the mitochondria can be compromised .In order to evaluate if generation of reactive oxygen and nitrogen species can modulate cellular death protein levels , we investigated the expressed of mitochondrial Bax protein. There was a generable remarkable increase in the Bax expression in the EAE brains. However, the frontal cortex showed a higher expression of Bax as compared to the underlying white matter .But the Bax localization was higher in the white matter when compared to the adjuvant injected controls. These changes were associated with the elevation of the toxic metabolite peroxynitrite which is potent in upgrading the cellular death mechanisms by changing the permeability of mitochondrial membranes.
Figure 6.4- Expression of Bcl-2 associated X protein (Bax) in the EAE and adjuvant control brains. A&B, control white matter and cerebral cortex respectively showing very little Bax expression. C& D, elevated expression of the Bax in white matter and cerebral cortex of EAE rats (black arrows).Original magnification 20x.

8.3.6 EAE elevates activity of Caspase-3 and PARP.
Increase in the expression of BaX after EAE suggested permeabilisation of the mitochondrial membranes due to the generation of toxic intermediates like peroxynitrite (ONOO-) in the periventricular as well as the cortex. These results were further elaborated by the study of some downstream targets of cellular apoptosis including measurement of the activity of central executor Caspase-3 and DNA repair enzyme PARP in the cellular lysates.There was a significant increase in the activity of Caspase-3 in the EAE rats when compared with adjuvant controls while, cortex (P<0.01) showed higher increment in comparison to the white matter (P<0.05).A similar trend was seen in the activity of DNA repair enzyme PARP , which showed higher increment in the cortex (P<0.01) as compared to the periventricular white matter (P<0.05).These results suggest higher rate of cellular apoptosis in cortex in comparison to the white matter. The elevation of PARP can lead to the depletion of the cellular energy resources and together with ROS mediated DNA damage can lead to the neuronal cell death. It is worth mentioning here that demyelination being prominent in the white matter; however, cellular death is more prominent in the grey matter.
Figure 6.5- Activities of cellular Caspase-3 and PARP after EAE in Wistar rats. A, Caspase-3 activity in EAE rats in comparison to controls.PARP activity in EAE rats in comparison to controls. **P<0.01(Control vs. Adjuvant)

8.3.7 EAE leads to the degeneration of cholinergic neurons.
In order to assess whether the ongoing cellular death can affect the cholinergic neurons in hippocampus, immunohistochemical studies were carried out on 5-8µm thick serial coronal sections from both the animal groups using a monoclonal antibody against Choline-O-Acetyl Transferase (ChAT). ChAT is an important but not rate limiting enzyme in the biosythesis of neurotransmitter Acetly choline.We noticed a remarkable decrease in the expression of the ChAT in the EAE rats suggesting cholinergic neuronal death after the first acute episode of EAE in Wistar rats. However, there was no specific decrease in the ChAT expression in different regions of hippocampus. These results can explain the verbal as well as spatial memory deficits encountered by the M.S patients.
Figure 6.6- ChAT-immunoreactive neurons (ChAT-ir) in hippocampii of control and EAE rats 20 days post immunization. Notice the remarkable decrease in the ChAT-ir neurons in the hippocampus of the EAE rats. Original magnification 10x.

8.4 Discussion
The evidences showed in this investigation highlight the role of peroxidase dependant activation of nitric oxide and oxidative stress as another possible mechanism for the degeneration of cholinergic neurons in MS.Uptill now many studies have revealed exitotoxic damage/apoptosis as the major cause of hippocampal degeneration [23-24, 25].In M.S inflammation causes disruption of the blood brain barrier [26], harboring of the macrophages and release of inflammatory oxidants as the earliest events.

Figure 6.7- Proposed mechanism of the cellular death following a single injection of MOG (35-55) in wistar rats.

Nitric oxide is an important signaling molecule in central nervous system with diverse roles[27].The elevated nitrite/nitrate ratio in CSF has been postulated to a biological indicator of the neurodegenerative phase of MS[28].After induction of inflammation, the nitric oxide can react with superoxide forming peroxynitrite (ONOO- )[29] and promote the nitrotyrosine formation which has been reported earlier to be elevated during the development of MS lesions[30].Results in this investigation have demonstrated a myeloperoxidase driven activation of nitrite. Latter increased significantly(p<0.05) with other metabolites in the MOG rats that can be another possibility to above said in nitrosylation of proteins and is evident from the increased MPO (p<0.001) being consistent with the earlier findings where MPO levels have been shown to increase in M.S tissue[15] and confirming the existence of the dependence of NO metabolite activation on myeloperoxidase as suggested separately[31].This nitro stress works in conjunction with oxidative stress/environment, as shown by increased lipid peroxidation of biomembranes (p<0.001),reduced glutathione levels (p<0.001) with decrease in other enzymatic antioxidants viz. superoxide dismutases (p< 0.001) and catalase (p<0.01) in the hippocampus of MOG group may lead to the degeneration of cholinergic neurons as mapped by the immunereactivity of ChAT (Fig.4).The latter decreased significantly after MOG injection (50µg) showing consistency with earlier reports[13].The average neurological score in MOG group was 3 as compared to the 0 of Adjuvant controls paralleling the above results.

Present study is an early attempt to understand the mechanisms of hippocampal neurodegeneration other than exitotoxicity in MS and opens a way for potential drug discovery. But the interactions of primary inflammation and target intracellular molecules need to be studied well with better methods to establish this degenerating mechanism.
