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FIG. 1-1 COMMON FORMS OF MS. (A) RELAPSING-REMITTING MS (BLUE) IS THE MOST 
FREQUENTLY SEEN FORM OF MS. THIS OFTEN PROGRESSES INTO A SECONDARY STAGE, 
SECONDARY PROGRESSIVE MS (PURPLE). (B) PRIMARY PROGRESSIVE MS (PINK). (C) 
HIGHLY ACTIVE MS (GREEN), THE NAME GIVEN TO THE POORLY DEFINED SPECTRUM OF 
RAPID ONSET MS SUBTYPES WITH SEVERE DISABILITY AND POTENTIALLY DEATH 
OCCURRING IN A MUCH SHORTER TIME FRAME RELATIVE TO OTHER SUBTYPES. (D) 
PAEDIATRIC ONSET MS SHOWS A SIMILAR PATTERN TO ADULT-ONSET RELAPSING 
REMITTING DISEASE, THOUGH OCCURRING MUCH EARLIER IN LIFE (ORANGE) WHICH 
USUALLY CONVERTS TO SECONDARY PROGRESSIVE MS (RED). ........................................... 1-4 

FIG. 1-2 GM LESION CLASSIFICATIONS. TYPE I (GREEN) OCCUR AT THE BOUNDARY OF WM AND 
GM AND EXTEND INTO BOTH. TYPE II (BLUE) ARE PURELY INTRACORTICAL AND DO NOT 
REACH EITHER PIAL SURFACE OR WM BOUNDARY. TYPE III (YELLOW) LESIONS PRESENT AS 
EXTENSIVE SUBPIAL DEMYELINATION EXTENDING A SHORT WAY INTO THE CORTICAL 
SURFACE. TYPE IV (RED) SPAN THE ENTIRE GM CORTEX REACHING BUT NOT EXTENDING 
INTO THE SUBCORTICAL WM (BO ET AL, 2003). ................................................................... 1-7 

FIG. 1-3 A SAGITTAL VIEW OF AN ADULT MOUSE CEREBELLUM. IMMEDIATELY BENEATH THE 
MENINGEAL SURFACE IS THE ML (GREY), THE BULK OF WHICH IS MADE UP OF THE 
EXPANSIVE DENDRITIC ARBORS OF THE PURKINJE NEURONS LOCATED IMMEDIATELY 
BENEATH IN THE PL (ORANGE). THE LAST LAYER OF THE CEREBELLAR CORTEX, THE GL, SO 
NAMED FOR THE NUMEROUS GRANULAR NEURONS (BLUE). BENEATH THE CEREBELLAR 
CORTEX LIES THE WM (WHITE) WHICH IN TURN SURROUNDS THE DEEP GM, THE DCN 
(YELLOW). ........................................................................................................................... 1-15 

FIG. 1-4 SIMPLIFIED CEREBELLAR CIRCUIT. INPUTS INTO THE CEREBELLUM ENTER THE SUPER, 
MIDDLE OR INFERIOR PEDUNCLES (NOT PICTURED). CLIMBING FIBRES (EMANATING 
EXCLUSIVELY FROM THE INFERIOR OLIVE) PASS THROUGH THE WM AND CONNECT TO 
GRANULAR NEURONS IN THE GL, THAT THEN RELAY INFORMATION THROUGH TO PURKINJE 
NEURONS IN THE PL VIA THEIR DENDRITIC ARBOR IN THE ML. ALL OTHER INPUTS INTO THE 
CEREBELLUM TAKE THE FORM OF MOSSY FIBRES, SO NAMED FOR THEIR EXTENSIVE 
CONNECTIONS THEY MAKE TO A SMALL NUMBER OF PURKINJE NEURONS (USUALLY LESS 
THAN 10). REGARDLESS OF INPUT (CLIMBING OR MOSSY FIBRE), ALL CEREBELLAR CORTICAL 
OUTPUT IS DERIVED FROM THE PURKINJE NEURONS, ALMOST ALL OF WHICH PROJECT TO ONE 
OF THE FOUR DCN (FASTIGIAL, INTERPOSED (EMBOLIFORM AND GLOBOSE) AND DENTATE) 
WHICH IN TURN PROJECT TO TARGETS THROUGHOUT THE BRAIN AND SC. ALTERNATIVELY, 
BOTH CLIMBING AND MOSSY FIBRES ALSO PROJECT DIRECTLY TO THE DEEP CEREBELLAR 
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FIG. 1-5 DEMYELINATION IDENTIFIED USING IHC FOR PLP IN THE MS SC IS REGULARLY SEEN 
OCCURRING FROM THE OUTERMOST EDGE INWARDS (OPEN ARROWS). GM DEMYELINATION 
MAY ALSO OCCUR FROM THE OUTERMOST EDGE NEAR TO SURFACE WM DEMYELINATION, 
THOUGH WM BETWEEN THESE REGIONS MAY BE PRESERVED (CLOSED ARROW HEADS). THIS 
FIGURE WAS ADAPTED FROM ADAPTED FROM FIG. 3 - F AND 3 - G FROM GILMORE ET AL 
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FIG. 2-1 ALL MICE RECEIVE AN INJECTION OF A NEUROANTIGEN EMULSIFIED IN FREUND'S 
ADJUVANT ON THE DAY OF INDUCTION WITH C57BL/6 GIVEN MOG35-55 (RED) AND SJL/J 
GIVEN PLP139-151 (PURPLE) FOR THE NEUROANTIGEN. ALL MICE ALSO RECEIVE AN INJECTION 
OF PERTUSSIS TOXIN (GREEN) GIVEN INTRAPERITONEALLY FOR C57BL/6 AND SJL/J ON THE 
DAY OF INDUCTION (DPI 0) AND A SECOND TWO DAYS LATER (DPI 2). ............................... 2-4 

FIG. 2-2 EAE IS MONITORED USING THE CLINICAL SCORE SYSTEM, A MEASURE OF THE ASCENDING 
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FIG. 2-3 MICE ARE IMMEDIATELY PERFUSED WITH PBS, THEN 4 % (V/V) PARAFORMALDEHYDE 
AFTER ASPHYXIATION WITH CARBON DIOXIDE. AFTER PERFUSION, SOFT TISSUES AND BODY 
ARE PLACED ON A TUBE ROLLER FOR AT LEAST TWO DAYS BEFORE CNS TISSUES ARE 
REMOVED. USING A MATRIX, THE CEREBELLUM IS CUT AWAY FROM THE BRAIN AND THEN 
HALVED IN THE SAGITTAL PLANE. TISSUE FOR WAX SECTIONS WERE THEN PLACED INTO A 
TISSUE PROCESSOR AND EMBEDDED MEDIAL-SAGITTAL SIDE DOWN IN PARAFFIN WAX...... 2-8 

FIG. 2-4 (A) PARAFFIN SECTIONS STAINED WITH CRESYL VIOLET WAS USED TO ESTIMATE NEURON 
NUMBERS (GREEN TICK) IN THE CEREBELLAR DCN. CRESYL VIOLET POSITIVE CELLS IN (B) 
WERE NOT COUNTED DUE TO BEING TOO SMALL OR MISSING A CLEARLY IDENTIFIABLE 
NUCLEUS (RED CROSS). ....................................................................................................... 2-19 

FIG. 2-5 THREE-DIMENSIONAL CEREBELLAR RECONSTRUCTION. (A) LOCATION OF MOUSE 
CEREBELLUM (GREEN) RELATIVE TO REST OF CNS (WHITE). (B) TRACES OF THE 
CEREBELLUM WERE TAKEN FROM THE MOUSE BRAIN ATLAS (FRANKLIN & PAXINOS, 2008). 
(C) THESE TRACES WERE ALIGNED AND (D) USED TO CREATE VECTOR LINES FOR THE
OUTERMOST LAYER (RED), THE GL (BLUE), THE WM (WHITE) AND THE DCN (YELLOW)
USING THE FREE 3-D RENDERING PROGRAM BLENDER (HTTPS://WWW.BLENDER.ORG). (E)
THESE TRACES WERE CONNECTED, AND NON-DESTRUCTIVE MODIFIERS WERE APPLIED
RESULTING IN A 3-D MODEL OF (F) THE CEREBELLAR CORTICAL SURFACE, (G) THE GL, (H)
THE UNDERLYING WM AND (I) THE DCN. .......................................................................... 2-22 

FIG. 3-1 CREATING THE THREE-DIMENSIONAL MAP OF THE MOUSE CEREBELLUM. CEREBELLAR 
TRACES WERE MADE FROM SAGITTAL SECTIONS OF THE MOUSE BRAIN ATLAS (FRANKLIN & 
PAXINOS, 2008) (A). INFLAMMATORY LESIONS ACROSS ALL EXPERIMENTAL MICE USED 
WERE RECORDED ON THESE TRACES BEFORE BEING ALIGNED AND CONNECTED USING THE 
PROGRAM BLENDER (B AND C) TO CREATE A THREE-DIMENSIONAL MAP OF CEREBELLAR 
LESION TOPOGRAPHY IN THE MOUSE. ................................................................................. 3-13 

FIG. 3-2 H&E-STAINED SECTIONS SHOWING REGIONS OF REPRODUCIBLE CEREBELLAR WM 
LESION FORMATION. PROMINENT WM LESIONS ARE FOUND IN REGIONS (A) 0.6 MM, (B) 1.08 
MM AND (C) 1.44 MM LATERALLY FROM THE MIDLINE IN THE SAGITTAL PLANE. BOTH 
C57BL/6 (D-K) AND SJL/J (L-S) MICE SHOW REPRODUCIBLE LESION TOPOGRAPHY 
(ARROWHEADS) IN A NUMBER OF WM REGIONS: (D, H, L, P) BETWEEN FOLDS 8 AND 9 WHERE 
THE MENINGEAL LAYERS REST AGAINST THE WM. (E, I, M, Q); IN WM SURROUNDING THE 
DCN, INFLAMMATION IS SEVERE WHILE THE DCN IS SPARED. (F, N, J, R); MORE ROSTRALLY, 
INFLAMMATION IS SEEN WHERE THE 2ND, 3RD OR 4/5TH FOLD MEET THE BASE OF THE 
CEREBELLUM. WM WITHIN THE NUMEROUS FOLDS PRESENTED MODERATE TO SEVERE 
INFLAMMATION, WITH (G, K, O, S) FOLD 4/5 FREQUENTLY SEEN TO BE INFLAMED. ........... 3-15 

FIG. 3-3 CORTICAL LESIONS ARE MORE SEVERE IN SJL/J MICE. (A, B) IN THE C57BL/6 MOUSE 
STRAIN, INFLAMMATION OF BLOOD VESSELS IS MILD IN THE ML (ARROW HEADS) AND GL 
(ARROWS) RELATIVE TO (C, D) SJL/J. ML - MOLECULAR LAYER, GL - GRANULAR LAYER, 
WM - WHITE MATTER, MEN. - MENINGES. .......................................................................... 3-18 

FIG. 3-4 THE THREE-DIMENSIONAL MODEL USED TO MAP OUT LESION LOCATIONS CAN BE SPLIT 
INTO (A) THE CORTICAL SURFACE, (B) THE GL, (C) THE WM AND (D) THE DCN. LESIONS 
HAVE BEEN RECORDED FOR EACH MOUSE STRAIN WITH A SEPARATE COLOUR USED FOR 
EACH MOUSE (I.E. BLUE, GREEN AND MAGENTA). C57BL/6 MICE SHOWED HIGHER OVERALL 
LESION LOAD AT (E) LOW RELATIVE TO (F) HIGH CS, MOST NOTABLY IN A REGION 
POSTERIOR TO THE DCN, WITHIN THE WM OF FOLD 4/5 AND BETWEEN FOLDS 8/9 
(ARROWHEADS). SEVERE INFLAMMATION WAS OBSERVED IN (G) 1 OUT OF 3 SJL/J LOW CS 
MICE, WITH LITTLE TO NO INFLAMMATION SEEN IN THE OTHER TWO MICE. SIMILAR TO (F) 
C57BL/6 HIGH CS, (H), 2 OUT OF 3 SJL/J HIGH CS MICE HAD A SEVERE LESION LOAD. .... 3-20 

FIG. 3-5 CD3+ T CELL INFILTRATION INTO THE DCN. (A, B, D, E). INDIVIDUAL CD3+ CELLS 
(ARROWS) ARE SEEN IN THE DCN ADJACENT TO NF+ NEURONS IN BOTH STRAINS. (C, F) IN 
BOTH MOUSE STRAINS SEVERE INFLAMMATION (ARROWHEADS) CONSISTING OF CD3+ T 
CELLS WERE SEEN IN WM SURROUNDING, BUT NOT EXTENDING INTO THE NEARBY DCN. 
WM - WHITE MATTER, DCN - DEEP CEREBELLAR NUCLEI. ................................................ 3-22 
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FIG. 3-6 IMAGES AT 5 X MAGNIFICATION IN BOTH C57BL/6 AND SJL/J MOUSE STRAINS SHOW 
IBA1+ STAINING CELLS IN THE DCN AND ADJACENT WM, WHICH IS UPREGULATED IN (B, E) 
LOW CS AND (C, F) HIGH CS MICE RELATIVE TO (A, D) CONTROLS. IMAGES AT 40 X 
MAGNIFICATION (INSET) SHOW REACTIVE MORPHOLOGY OF IBA1+ CELLS IN THE DCN IN 
BOTH STRAINS AT BOTH (B, E) LOW AND (E, F) HIGH CS. NOTE PAUCITY OF GFAP+ STAINING 
IN THE DCN RELATIVE TO SURROUNDING WM. ................................................................. 3-23 

FIG. 3-7 IBA1+ (GREEN; A, C) STAINING CELLS THAT ALSO STAIN FAINTLY FOR TMEM119 (RED; B, 
D, ARROWHEADS) ARE OBSERVED IN THE DCN AND SURROUNDING WM OF C57BL/6 MICE 
SHOWING LOW CEREBELLAR INFLAMMATION. IN MICE SHOWING MORE SEVERE CEREBELLAR 
INFLAMMATION IBA1+ CELLS (E, G) BECOME MORE NUMEROUS AND MACROPHAGE LIKE, 
THOUGH TMEM119 IS MOSTLY ABSENT (G, H). ................................................................. 3-26 

FIG. 3-8 TUNEL+ CELLS WERE SEEN IN BOTH MOUSE STRAINS (A, C) IN THE DCN AND (B, D) THE 
ADJACENT WM. (D-H) TUNEL+ CELLS (ARROWHEADS) RARELY COINCIDED WITH CD3+ 
CELL (ARROWS). (D) DAPI, (E) NF, (F) CD3, (G) TUNEL, (H) MERGED AND INSET. CONTROL 
TISSUES INCLUDED (I) TUMOUR TISSUE, (J) NORMAL MOUSE CEREBELLAR TISSUE TREATED 
WITH DNASE I AND (K) NORMAL MOUSE CEREBELLAR TISSUE. DCN - DEEP CEREBELLAR 
NUCLEI, WM - WHITE MATTER, TUNEL - TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE 
DUTP NICK-END LABELLING, NF - HYPO-PHOSPHORYLATED NEUROFILAMENT. ............... 3-27 

FIG. 3-9 (A) FEWER CRESYL VIOLET STAINED CELLS WERE COUNTED IN BOTH HIGH CS (2.5+) EAE 
GROUPS WITH (ORANGE) LOW CEREBELLAR INFLAMMATION (P < 0.001) AND (RED) HIGH 
CEREBELLAR INFLAMMATION (P < 0.001). (B) REGIONS OF THE FASTIGIAL AND INTERPOSED 
DCN WERE SURVEYED WITH SECTIONS SELECTED AT APPROXIMATED 0.12 MM INTERVALS 
BEGINNING AT 0.60 MM AND ENDING AT 1.32 MM FROM THE MIDLINE IN THE SAGITTAL 
PLANE. A SIGNIFICANT REDUCTION IN CRESYL VIOLET STAINED CELLS WAS SEEN IN THE 
REGIONS CLOSEST TO LARGE REPRODUCIBLE WM INFLAMMATION CORRESPONDING TO A 
REGION BETWEEN 0.84 MM TO 1.32 MM. LOW CEREBELLAR INFLAMMATION (ORANGE); 0.84 
MM P = 0.04, 0.96 MM P = 0.001, 1.08 MM P < 0.001, 1.20 MM P < 0.001, 1.32 MM P = 0.002. 
HIGH CEREBELLAR INFLAMMATION; 0.84 TO 1.32 P < 0.001). STATISTICAL TESTS: (A) ONE-
WAY ANOVA USING DUNNET MULTIPLE COMPARISON TEST; (B) TWO-WAY ANOVA USING 
DUNNET MULTIPLE COMPARISON TEST. N = 6, ERROR BARS REPRESENT 95% CI. ............. 3-29 

FIG. 4-1 DATA FOR ROTAROD PROTOCOL 1. (A) WEIGHT MEASUREMENTS ARE SHOWN AS A 
PERCENTAGE DIFFERENCE FROM AN AVERAGE OF THE FIRST THREE MEASUREMENTS TAKEN 
FOR NORMROTA+ (BLUE), VOROTA+ (GREEN), EAEROTA+ (PURPLE) AND EAEROTA- 
(PINK). (B) AVERAGE CS DATA FOR EAEROTA+ (PURPLE) AND EAEROTA- (PINK). (C) 
AVERAGE GROUP ROTAROD PERFORMANCE RECORDED AS TIME TO FALL OR THREE FULL 
ROTATIONS CLASPING THE ROD IN A ROW. STATISTICAL TESTS: (A) REPEATED MEASURES 
TWO-WAY ANOVA, NO SPHERICITY ASSUMED (GEISSER-GREENHOUSE CORRECTION) USING 
TUKEY MULTIPLE COMPARISON TEST; (B) MANN-WHITNEY TEST WITH MULTIPLE 
COMPARISONS USING HOLM-ŠIDÁK METHOD; (C) REPEATED MEASURES TWO-WAY ANOVA, 
NO SPHERICITY ASSUMED (GEISSER-GREENHOUSE CORRECTION) USING TUKEY MULTIPLE 
COMPARISON TEST. N = 5, ERROR BARS REPRESENT 95% CI, *NORMROTA+ WERE NOT 
INJECTED BUT TRAINING AND ASSESSMENT OCCURRED ON DAYS AS IF THEY HAD BEEN. ... 4-6 

FIG. 4-2 SC INFLAMMATION IN C57BL/6 MICE AT CS 1.5. EVEN AT A LOW CS, LIGHT TO 
MODERATE MENINGEAL INFLAMMATION IS SEEN (ARROW HEADS) AT THE (A, B) CERVICAL 
AND (C, D) THORACIC REGIONS. MORE SEVERE INFLAMMATION IS OBSERVED IN THE 
MENINGES AND UNDERLYING WM AT THE (E, F) LUMBAR AND (G, H) SACRAL REGIONS. ... 4-6 

FIG. 4-3 DATA FOR ROTAROD PROTOCOL 2. (A) WEIGHT WAS MONITORED THROUGHOUT THE 
EXPERIMENT AND PRESENTED AS A PERCENTAGE CHANGE FROM THE AVERAGE OF THE FIRST 
THREE MEASUREMENTS FOR NORMROTA+ (BLUE) AND EAEROTA+ (PURPLE) AND FOR 
EAEROTA- (PINK). (B) COMPARISON OF CS PROGRESSION IN EAEROTA+ (PURPLE) 
RELATIVE TO EAEROTA- (PINK). (C) AVERAGE TIME TO FALL OFF THE ROTAROD WAS 
MEASURED FOR BOTH NORMROTA+ (BLUE) AND EAEROTA+ (PURPLE) MICE. STATISTICAL 
TESTS: (A) REPEATED MEASURES TWO-WAY ANOVA, NO SPHERICITY ASSUMED (GEISSER-
GREENHOUSE CORRECTION) USING TUKEY MULTIPLE COMPARISON TEST; (B) MANN-
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WHITNEY TEST WITH MULTIPLE COMPARISONS USING HOLM-ŠIDÁK METHOD; (C) REPEATED 
MEASURES TWO-WAY ANOVA, NO SPHERICITY ASSUMED (GEISSER-GREENHOUSE 
CORRECTION) USING TUKEY MULTIPLE COMPARISON TEST. N = 5, ERROR BARS REPRESENT 
95% CI, *NORMROTA+ MICE WERE NOT INJECTED BUT TRAINING AND ASSESSMENT 
OCCURRED ON DAYS AS IF THEY HAD BEEN. ......................................................................... 4-9 

FIG. 4-4 DATA FOR ROTAROD PROTOCOL 3. (A) WEIGHT WAS RECORDED FOR NORMROTA+ 
(BLUE), VOROTA+ (GREEN) AND EAEROTA+ (PURPLE) AND EAEROTA- (PINK). (B) CS 
PROGRESSION OVER THE COURSE OF THE EXPERIMENT WAS RECORDED FOR EAEROTA+ 
(PURPLE) AND COMPARED WITH EAEROTA- (PINK). (C) TIME TO FALL WAS TAKEN FOR 
NORMROTA+ (BLUE), VOROTA+ (GREEN) AND EAEROTA+ (PURPLE) MICE AS A MEASURE 
OF ROTAROD PERFORMANCE. STATISTICAL TESTS: (A) MIXED EFFECTS ANALYSIS, NO 
SPHERICITY ASSUMED (GEISSER-GREENHOUSE CORRECTION) USING TUKEY MULTIPLE 
COMPARISON TEST; (B) MANN-WHITNEY TEST WITH MULTIPLE COMPARISONS USING HOLM-
ŠIDÁK METHOD; (C) REPEATED MEASURES TWO-WAY ANOVA, NO SPHERICITY ASSUMED 
(GEISSER-GREENHOUSE CORRECTION) USING TUKEY MULTIPLE COMPARISON TEST. 
NORMROTA+ N = 10, VOROTA+/EAEROTA+/EAEROTA- N = 15, ERROR BARS REPRESENT 
95% CI, *NORMROTA+ MICE WERE NOT INJECTED BUT TRAINING AND ASSESSMENT 
OCCURRED ON DAYS AS IF THEY HAD BEEN. ....................................................................... 4-13 

FIG. 4-5 PROTOCOL 3 DATA FOR EAEROTA+ MICE TAKEN AT CS 0 FOR PRE-CLINICAL ANALYSIS. 
(A) WEIGHT MONITORING DATA FOR VOROTA+ (GREEN) AND EAEROTA+ (PURPLE) MICE
UNDERGOING ROTAROD ASSESSMENT. (B) ROTAROD PERFORMANCE OF VOROTA+ (GREEN)
AND EAEROTA+ (PURPLE) MICE RECORDED AS TIME TO FALL. VOROTA+ N = 3, EAEROTA+
N = 7 UNTIL 11 DPI, N = 4 ON DPI 12. STATISTICAL TESTS: (A) REPEATED MEASURES TWO-
WAY ANOVA, NO SPHERICITY ASSUMED (GEISSER-GREENHOUSE CORRECTION) USING
TUKEY MULTIPLE COMPARISON TEST; (B) REPEATED MEASURES TWO-WAY ANOVA, NO
SPHERICITY ASSUMED (GEISSER-GREENHOUSE CORRECTION) USING TUKEY MULTIPLE
COMPARISON TEST, ERROR BARS REPRESENT 95% CI. ....................................................... 4-15 

FIG. 4-6 PRE-CLINICAL SC SECTIONS FROM C57BL/6 AT DPI 10. NO EVIDENCE OF MENINGEAL OR 
WM INFLAMMATION IS OBSERVED AT EITHER THE (A, B) CERVICAL, (C, D) THORACIC, (E, F) 
LUMBAR OR (G, H) SACRAL REGIONS................................................................................... 4-17 
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Abstract 

Multiple sclerosis (MS) is an autoimmune disorder targeting the central nervous system, 

manifesting principally in young adults. With over 2.8 million affected individuals 

worldwide, this disease is a major health care burden. While a growing number of MS 

therapeutics significantly improve symptoms, almost all are directed against the 

inflammatory component of the disease and have little to no impact on neurodegeneration 

and progressive disability. Neurodegeneration is an early and major pathological process 

in the cerebral and cerebellar cortices and deep grey matter (GM) structures. However, 

cerebellar disease in particular has been understudied in both MS and its experimental 

model experimental autoimmune encephalomyelitis (EAE).  

The aim of this theses is first to identify facets of cerebellar pathology in EAE that may be 

representative of MS pathology and second, to determine whether cerebellar deficits could 

be used as early indicators of candidate drug efficacy. In a time course experiment ranging 

from pre-clinical to severe disease, the cerebellum was investigated via histology, 

immunohistochemistry and performance on the rotarod. Immunopathological approaches 

showed classical white matter inflammatory lesions from the early clinical stage 

surrounding but not entering the deep cerebellar nuclei (DCN). On the other hand, 

disseminated T cells/apoptotic cells, extensive reactive microglia and neuronal loss were 

observed throughout the DCN. To estimate cerebellar deficits several rotarod protocols 

were investigated. However, none showed any significant drop in performance prior to 

clinical onset suggesting that for EAE the rotarod may not be a sufficiently sensitive test 

for early cerebellar dysfunction.  

These studies demonstrate that the DCN in EAE exhibits pathological hallmarks 

reminiscent of those demonstrated in deep GM nuclei in MS. They suggest that the DCN 

is a relevant region to investigate mechanisms underlying progression in MS. However, 



 ix 

more sensitive approaches will need to be developed to use cerebellar deficits in evaluation 

of candidate drug efficacy. 
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 Cerebellar disease in MS and EAE 

Multiple sclerosis (MS) has the dubious honour of being among the most common 

autoimmune and neurodegenerative disorders manifesting during the prime of one's life, 

yet the cause and underlying processes driving neurodegeneration in MS remain unknown. 

Currently it has been proposed that there are three crucial, though broad, factors involved 

in MS susceptibility and development. These include genetic predisposition to MS (most 

prominently HLA related genes), environmental factors (i.e. smoking, Epstein-Barr Virus 

infection, vitamin D levels) and finally a triggering event (i.e. physical/emotional trauma) 

(Didonna & Oksenberg, 2017; Olsson et al, 2017). As the exact cause of MS hasn’t been 

identified a number of models (and subsets thereof) are used to understand and develop 

therapeutics for candidate inflammatory or neurodegenerative processes that are difficult 

to access in the human disease for ethical or other reasons. MS is a complex disease that no 

individual model available to date accurately replicates, however models are critical in 

order to identify and characterise molecular players in the disease process with the aim of 

developing treatments to preserve neural tissue (Lassmann & Bradl, 2017). That no MS 

model accurately portrays the multiple facets of the disease is a valid critique. On the one 

hand, overinterpretation of data from a model that only partially recapitulates the human 

counterpart of the disease has led to unsuccessful therapeutics or problems that an 

individual model had not and possibly could not predict (Baker & Amor, 2014; Baker et al, 

2011). On the other hand, it is due in part to these very models that many of the current 

suite of available therapeutics, as well as others developed in the future, are safely made 

available at all (Ben-Nun et al, 2014; Constantinescu et al, 2011). A second major criticism 

of MS models is that MS is primarily a disease of the brain, while experimental autoimmune 

encephalomyelitis (EAE) most prominently affects the spinal cord (SC). Due to the very 

different structural and neuronal composition, it is argued that a model centred around SC 

pathology may not be the most relevant for neurodegeneration in the brain. To this end, this 
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thesis will explore the cerebellum as an additional region of interest for understanding and 

treating progressive disease in MS. The cerebellum has been underutilised in part due to its 

complexity relative to the easier to access and simple structure of the SC, as well as a history 

of focus on WM pathology that has proved easier to study in animal models. 

 

A brief overview of the pathogenesis of multiple sclerosis 

 While the symptoms of MS are diverse, the broad overarching path the disease takes 

generally fits into a well-described set of subtypes (Klineova & Lublin, 2018). Relapsing 

remitting multiple sclerosis (RRMS) is the most commonly seen form, characterised by 

periods of clinical disease typically coupled with lesions identifiable using magnetic 

resonance imaging (MRI), and an initially MRI silent loss in grey matter (GM) volume 

occurring over many years with similarly subtle impacts on cognitive and motor functions 

(Fig. 1-1a). This global volume loss/neurodegeneration is thought to eventually reach a 

threshold where one's neurological reserve is exhausted from which time permanent 

deficiencies are observed. In many cases, RRMS patients reach a point where they rarely 

experience relapses and remissions, but the progressive component persists. This transition 

from RRMS is termed secondary progressive multiple sclerosis (SPMS; Fig. 1-1a). A less 

common subtype is primary progressive multiple sclerosis (PPMS; Fig. 1-1b), that presents 

as a continuous decline in function in the same manner as SPMS, however patients do not 

normally present with a relapse/remission phase earlier in the disease. Lastly, other rarer 

forms include paediatric multiple sclerosis (PdMS; Fig. 1-1d) with a much more aggressive 

course of disease with an earlier onset (Diaz et al, 2019) and benign MS (not shown) which 

shows very little progression over several decades (Reynders et al, 2017). Much debate has 

been had over how fundamentally different these subtypes are from one another and 

whether MS is closer to an umbrella for several different diseases that result in similar 

pathology akin to a syndrome, where the diversity in genetics, environment and trigger 
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result in one following a number of broad disease paths (Dwyer et al, 2020). For instance, 

when comparing measures of extent and rate of progressive disease between SPMS and 

PPMS the literature reveals more similarities than differences. Though far from a complete 

picture, the similar rate of progression, lesion pathology and clinical disease between the 

two suggests a common driver of disease (Lassmann, 2018). In all its forms, it is this 

progressive aspect that we are currently most unequipped to treat. In the most common 

forms of MS this occurs over a time course of decades giving some time to determine the 

most suitable treatment plan for an individual patient with the goal of preserving as much 

of the neuropil as possible. However, the few treatment options available only appear to 

offer a modest preservation of GM volume over time (Bross et al, 2020). To maximise the 

efficacy of the current treatments available, it stands to reason that the sooner clinicians 

diagnose and prescribe the most effective treatment for an individual patient the greater the 

tissue that is saved. This raises the crucial questions of when does neurodegenerative 

disease begin, and how do we determine an individual patient is on the most appropriate 

treatment plan? In light of a breakthrough, tests more sensitive to neurodegeneration such 

as those associated with balance and cognition are required for both earlier intervention and 

also to swiftly determine whether patients are responsive to the current prescribed 

therapeutic to maximise the amount of time spent with the right treatment.  
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Fig. 1-1 Common forms of MS. (a) Relapsing-remitting MS (blue) is the most frequently seen form 

of MS. This often progresses into a secondary stage, secondary progressive MS (purple). (b) 

Primary progressive MS (pink). (c) Highly active MS (green), the name given to the poorly defined 

spectrum of rapid onset MS subtypes with severe disability and potentially death occurring in a 

much shorter time frame relative to other subtypes. (d) Paediatric onset MS shows a similar 

pattern to adult-onset relapsing remitting disease, though occurring much earlier in life (orange) 

which usually converts to secondary progressive MS (red). 
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Almost all regions of the brain may show disease activity in some form, though not all 

occur in the same individual hence the diversity of symptoms observed across those with 

MS. As with all things MS, a multitude of disease processes have been observed, with some 

unique to certain brain regions with others overlapping white matter (WM) and GM. 

Furthermore, analysis and interpretation of post-mortem histology becomes especially 

complex when one considers that any given patient will present a variety of lesions at a 

variety of developmental stages. The most salient feature is the presence of inflammatory 

lesions in both WM and GM, though significantly more florid and cellular in WM. Broadly, 

WM inflammatory lesions are characterised by infiltration of immune cells including 

monocytes, T cells (predominantly CD8+ Th1 (T helper)) and some B cells resulting in 

extensive demyelination, axonal damage and glial scarring (Arneth, 2020; Arneth, 2019; 

Chu et al, 2018; Voskuhl et al, 2009). In GM, this type of pathology is mainly associated 

with deep GM nuclei (albeit less inflammatory). Lesions may become confluent, especially 

in later stages of the disease but typically a post-capillary venule can be found within the 

confines of the lesion which serves as the main point of entry for the peripheral immune 

system (Kuhlmann et al, 2017). In addition, a diffuse presence of T cells likely associated 

with demyelination and axonal damage which may extend into regions beyond the 

immediate lesion boundary are observed. To varying extents, these are present in all subsets 

of MS, with inflammatory lesions typically associated with relapsing/remitting disease and 

GM atrophy associated with progressive disability. However analysis and interpretation of 

post-mortem histology and gleaning useful information about the disease processes 

involved becomes especially complex when one considers that not only must investigators 

factor in the different lesion types and their development cycles, but that any given patient 

at any given time will present a variety of lesions types at a variety of developmental stages. 

Various groups have attempted create a number of WM lesion classification systems based 

on factors such as lesion morphology, developmental stage, presence or absence of specific 
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immune cell types or components and the presence of specific myelin proteins (Jarius et al, 

2017; Lucchinetti et al, 2000; van der Valk & De Groot, 2000). Among the more recent 

classifications combines the crucial aspects of these into a simple system where lesions are 

termed active (large numbers of microglia/macrophages and T cells present), inactive (very 

few microglia/macrophages and T cells observed) and mixed active/inactive. These can be 

further subdivided into demyelinating or post demyelinating based upon the presence of 

myelin proteins within phagocytes in the lesion (Kuhlmann et al., 2017).  

 

Similar to WM lesions, cortical GM also display heterogeneity. However, contrary to the 

classic WM lesions described above GM lesions are associated with an absence of 

inflammatory cell infiltration though still show severe demyelination, microglial reactivity 

and neurodegeneration. The literature also suggests the existence of a soluble factor, 

produced by B cells often found in the meninges which may drive neurodegeneration and/or 

demyelination directly or potentially via the provocation of microglia into reactivity (Lisak 

et al, 2012). Furthermore, only a fraction of cortical GM lesions are detected with standard 

MRI procedures. Specifically, these are split into four types (Bo et al., 2003; Calabrese et 

al, 2010a; Kidd et al, 1999): Type I appear occurs at the GM/WM boundary in the cortex; 

Type II lesions are purely intracortical surrounding a blood vessel; Type III presents as 

extensive subpial demyelination of the outermost cortical GM layers; Type IV lesions show 

complete demyelination from the pial surface to the WM/GM boundary, though not 

extending into the WM (Fig. 1-2). As an aside, this type of extensive subpial demyelination 

(Type III) has not been observed in diseases other than MS (Junker et al, 2020). Lastly, 

concurrent to the relatively focal pathology described above, a global loss in cerebral and 

cerebellar cortical brain volume is also observed over time. It is argued that this loss of GM 

volume, the mostly untreatable aspect of MS is the "real multiple sclerosis" having the 

greatest contribution to overall disability. However, the disease processes behind this 
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continual loss of neuronal cell bodies and processes that lead to GM volume reduction are 

not understood.  

 

  

Fig. 1-2 GM lesion classifications. Type I (green) occur at the boundary of WM and GM and extend 

into both. Type II (blue) are purely intracortical and do not reach either pial surface or WM 

boundary. Type III (yellow) lesions present as extensive subpial demyelination extending a short 

way into the cortical surface. Type IV (red) span the entire GM cortex reaching but not extending 

into the subcortical WM (Bo et al, 2003). 
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Due to the incredibly long disease duration, end stage pathology being oversampled and 

limited early biopsies it is unclear if the heterogeneity of these lesions is a case of accessing 

them at different stages of development, or whether they're a consequence of the complex 

genetic/immunological/environmental factors resulting in subtly different processes of the 

same disease. The challenges of studying a central nervous system (CNS) disease combined 

with the various unknowns, particularly in the early stages have made developing effective 

therapeutic treatments challenging. In all, therapeutic approaches that appear to mostly 

target mechanisms leading to WM disease as visualised by MRI are generally quite 

successful at reducing lesion burden/frequency in the early stages of RRMS. However, they 

do not appear have a significant impact on preventing cortical volume loss, conversion to 

SPMS and the only approved for treatment of the progressive MS (ocrelizumab) has shown 

a mild at best reduction in the rate of progressive disease. This lack in neuroprotective or 

restorative therapeutics targeted at the progressive neurodegenerative aspect is in part due 

to the difficulty in studying the CNS and to not exacerbate the disease in an already at-risk 

region with invasive procedures. Furthermore, heavy focus has been placed on addressing 

WM disease likely due to its visibility on MRI and in animal models. To improve the 

understanding of 'the real MS', examination of the cerebellum would be beneficial because 

of the evidence in the literature that damage in this CNS region may occur earlier than in 

the cerebral hemispheres (Kutzelnigg et al, 2007) and the association of motor/balance/gait 

symptoms with converting to a progressive disease (Khaleeli et al, 2008; Rzepinski et al, 

2019). 

 

Modelling multiple sclerosis 

The difficulty in determining what is driving the chronic neurodegeneration in MS is in part 

due to the variety of disease processes seen in terms of region (cortical GM, WM and deep 

GM) and lesion subtypes. Furthermore, the earliest stages of MS are either clinically silent 
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or subtle enough to escape notice, meaning that the disease has been progressing for some 

time prior to patient presentation. As mentioned above, due to the sensitivity of the brain 

and how crucial it is to preserve neural tissue, analysis is typically limited to non-invasive 

procedures which provides an incomplete picture of the processes driving the disease. As 

such, most histology done on MS brain tissue is heavily skewed towards post-mortem 

samples where the original pathological mechanisms may be obscured by secondary 

disease processes. To begin to understand the pathogenesis behind the mostly untreatable 

progressive disease (Montalban et al, 2017), three main models and an array of subtypes 

have been developed (Kipp et al, 2017; Lassmann & Bradl, 2017). Broadly, these focus on 

aspects of MS such as autoimmune mechanisms directed at particular myelin components 

(EAE model), an alternate inflammatory model mediated by viral infection of CNS cells 

and immune recognition and destruction (Theiler's murine encephalomyelitis virus model) 

and toxin mediated demyelination in the CNS (cuprizone model) to understand mechanisms 

underlying adult remyelination. While any individual model is not an accurate 

representation of MS in its entirety, each offers its own perspective of pathological 

processes that have been shown to occur in MS. When used with a full understanding of 

the limits of the chosen model they can provide a highly reproducible view of processes 

involved in neuroinflammation.  

 

EAE is one of the most widely used models to investigate the consequences of 

inflammatory demyelination on the surrounding CNS architecture. This model relies on 

initiating an autoimmune response against CNS specific antigenic fragments of 

quantitatively major or minor myelin proteins with the aid of powerful adjuvants such as 

Complete Freund's adjuvant (CFA; mineral oil with powderised, heat inactivated 

Mycobacterium tuberculosis) and Bordetella pertussis toxin to overcome tolerance (Bittner 

et al, 2014). The exact method of induction varies somewhat between laboratories (i.e. 
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where the neuroantigen/CFA emulsion is injected) though this appears to have no impact 

on the disease course. Significant changes to the concentration of the neuroantigen or M. 

tuberculosis however do impact the severity and speed of onset of the EAE, with lower 

concentrations of neuroantigen, M. tuberculosis and B. pertussis toxin producing a less 

aggressive and much longer disease course that may provide insight into pathological 

mechanisms that may take months to materialise, versus higher concentrations of 

neuroantigen/adjuvants that causes a much more aggressive disease that’s much more 

reliable in its timing (Dias et al, 2015; Hasselmann et al, 2017; Miller & Karpus, 2007). 

Common antigenic fragments used include MOG35-55 (myelin oligodendrocyte 

glycoprotein), PLP139-151 (proteolipid protein) and MBP84-104 (myelin basic protein) that are 

used to induce an immune mediated response in mouse strains such as C57Bl/6, SJL/J and 

NOD/Lt (Miller & Karpus, 2007). Curiously, not all antigenic fragments can be used to 

induce EAE in all strains. For example, MOG35-55, a neuroantigen used in C57Bl/6 and 

NOD/Lt cannot be used to induce EAE in SJL/J. The most common combinations include 

C57Bl/6 ~ MOG35-55 resulting in a chronic progressive ascending paralysis with no 

recovery and NOD/Lt ~ MOG35-55 or SJL ~ PLP139-151, which induce a multiphasic disease 

with periods of worsening ascending paralysis coupled with recovery, reminiscent of the 

pattern observed in RRMS. As such, careful consideration to the strain, neuroantigen and 

induction must be given with respect to what aspects of MS the investigator wishes to 

model. 

 

As can be the case when trying to model a disease that spans a period of time that is over 

an order of magnitude greater than the lifespan of the animal used, there are a number of 

issues that one must consider when interpreting the results. For one, the course of MS may 

run several decades depending on the subtype and patient. Slowly progressing models may 

run for over 60 days (Hamilton et al, 2019), but any long-term impact studies in rodents 
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will be limited. Many experiments use EAE models that have an endpoint of under four 

weeks duration. What these may lose in terms of the effect of the more chronic effects of 

neuroinflammation is mitigated in part by the increased reliability in inter-mouse 

progression of disease, especially important if the goal is discovery of preclinical effects. 

Key effector cell types seen as crucial to pathogenesis vary between MS and its models. 

Specifically, active EAE induced using short antigenic fragments (i.e. MOG35-55 or PLP139-

151) relies heavily on the CD4+ Th1 subset to initiate and drive inflammation that is 

supported by local and recruited macrophage populations (Chu et al., 2018; Sonobe et al, 

2007). Whereas cytotoxic CD8+ T cells, a major component of MS pathology (Babbe et al, 

2000), have yet to be shown to have a major pathogenic role in EAE (Saligrama et al, 2019; 

Sonobe et al., 2007). Furthermore, while B cells are involved in antigen presentation in 

short fragment EAE induction, demyelinating autoantibodies are typically only observed 

in EAE induced using the complete extracellular fragment MOG1-125 (Mann et al, 2012). 

However, a major risk factor associated with developing MS is related to the gene HLA-

DRB1 which is critical to protein presentation to CD4+ T cells, one of the main effector 

cell types in EAE. Recent studies have identified cytotoxic CD4+ T cells in MS and EAE 

though the exact role these play is currently unclear (Parnell & Booth, 2017; Peeters et al, 

2017). As briefly touched on above, reactive microglia and macrophages are readily seen 

in both MS and EAE and appear to be crucial effectors of reactive oxygen/nitrogen-based 

damage and demyelination in both WM and GM (Chu et al., 2018; Lassmann & van 

Horssen, 2016). These cells release a multitude of pro-inflammatory cytokines associated 

with cellular stress and death and are key to CNS recruitment of the rest of the immune 

system (Dong & Yong, 2019). Their deleterious effect is highlighted in EAE whereby a 

less aggressive disease course is seen when the pro-inflammatory aspects of 

microglia/macrophages are attenuated (Heppner et al, 2005; Sloka et al, 2013). However, 

there are also crucial reparative functions facilitated by microglia and macrophages such as 
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clearing myelin debris to enable remyelination to occur, release of neurotrophic factors and 

driving anti-inflammatory processes to resolve lesions (Plastini et al, 2020). With new 

technologies advances have been in the separation of macrophage type populations into 

those derived from CNS resident microglia and those from monocytes recruited from the 

periphery (Bennett et al, 2016). Interestingly it appears that microglia derived macrophages 

may be more involved in reparative (i.e. myelin debris clearing) and resolution aspects of 

the inflammatory process while monocyte derived macrophages are crucial to the post 

recruitment inflammatory stage (Yamasaki et al, 2014). Unfortunately this is not so simple 

as microglia ~ good, monocytes ~ bad. Rather, it is likely a strong inflammatory response 

is crucial to efficient removal of antigenic/pathogenic material from the CNS environment 

as is an efficient resolution of said inflammatory environment to enable remyelination and 

axonal/neuronal repair to take place. Due to the prominent role microglia have in EAE, this 

model may prove useful in understanding what processes go awry leading to remyelination 

failure in chronic inflammatory lesions, and the impact microglia and monocyte derived 

macrophages may have on neuronal components of GM and WM over time. 

 

The difference in size between the mouse and human brain is also significant, particularly 

in terms of the relative size and structure of the cerebral and cerebellar cortices as well as 

the expansive regions of WM underlying them. The complexity of the folds the human 

brain as opposed to their absence in the mouse cerebral cortex are of particular significance 

in light of cortical volume loss being an especially crucial measure of the extent of disease 

progress and disability. Furthermore, cortical lesions and demyelination appear to be often 

centred around sulci, especially in the highly infolded regions of the insular cortex 

(Kutzelnigg & Lassmann, 2006). The role that a folded cortex has on MS development is 

as of yet unclear, however it has been suggested that such convolutions in the human cortex 

may either reduce blood flow enabling greater diffusion of peripheral myelinotoxic 
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substances into the surrounding GM, or that the slower blood flow may increase the 

likelihood of rolling/adhering lymphocytes extravasating to initiate lesion formation. To 

this end, one of the criticisms of using EAE is that pathology is predominantly of the SC, 

rather than the brain and cerebral cortex. That is not to say that the SC is free of pathology 

in MS. As non-invasive techniques such as MRI become more sophisticated, SC lesions 

and loss of volume have been observed (Moccia et al, 2019), with one study showing loss 

of spinal cord GM volume greater than that seen in the GM of the brain (Schlaeger et al, 

2014). Regardless, this apparent vulnerability of the MS cerebral cortex extends to the 

cerebellum. In the seminal piece investigating the extent of cerebellar cortical 

demyelination it was found that in PPMS and SPMS patients on average 38.7% of the 

cerebellar cortex was demyelinated, with extreme cases reaching up to 92% (Kutzelnigg et 

al., 2007; Kutzelnigg et al, 2005). This demyelination also strongly correlated with the 

extent of demyelination seen in the cerebral cortex (Kutzelnigg et al., 2007; Kutzelnigg et 

al., 2005). Furthermore, in a study investigating patterns between WM and GM lesions in 

RRMS, a cerebellar pattern was associated with increased future disability/EDSS 

(expanded disability status scale) scores in follow up tests a year later (Muthuraman et al, 

2020; Weinshenker et al, 1991). However, care must be taken when considering the impact 

of infratentorial lesions alone, as brainstem lesions are typically much more impactful than 

other infratentorial structures including the cerebellum (Tintore et al, 2010). WM lesions 

and, importantly, GM volume loss is observed in the EAE cerebellum. In one of the first 

studies measuring GM atrophy in EAE MacKenzie-Graham et al (2006) found progressive 

reduction in cerebellar volume in a longitudinal assessment involving repeated 

measurement over the course of 60 days. This was further expanded on finding a prominent 

volume reduction in the outermost molecular layer (ML) of the cerebellum coinciding with 

a reduction in the number of Purkinje neurons (a major group of large inhibitory neurons 

in the cerebellar cortex) (MacKenzie-Graham et al, 2012; MacKenzie-Graham et al, 2009). 
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In all, these studies were crucial in pushing the concept of modelling major GM disease 

processes in MS such as atrophy and neurodegeneration using the EAE cerebellum. 

 

Cerebellar disease in multiple sclerosis and models 

General structure and function of the cerebellum 

The cerebellum is located just below the occipital lobe at the back and base of the skull. It 

is a highly folded structure densely packed with neurons and consists of several well 

delineated regions (Gruol et al, 2016), namely the ML, Purkinje layer (PL), granular layer 

(GL), WM and deep cerebellar nuclei (DCN; Fig. 1-3). The very outermost layer of the 

cerebellum is almost completely devoid of myelin, consisting of the enormous dendritic 

arbors of the Purkinje neurons projecting from the layer below, excitatory projections from 

granular neurons deeper again that interact with these arbors, as well as a number of 

interneurons within the ML. Beneath this is a monolayer of large inhibitory Purkinje 

neurons. These are especially crucial being the only neurons that project from the cortex. 

Underlying the PL monolayer is the densely packed GL, so called for the many excitatory 

granular neurons that make up the bulk of the cells in this region. Buried deep within the 

convoluted WM consisting of axons to and from the cerebellar cortex is the DCN. As the 

Purkinje neurons are for the cerebellar cortex, the neurons within the DCN are responsible 

for almost all output of the cerebellum and any damage to this structure may lead to large 

swathes of cerebellar cortical processing effectively removed the from the CNS circuit 

(Gruol et al., 2016).  

 

Despite its proximity to the cerebral cortex the cerebellum is actually connected to the 

brainstem via three WM tracts, the cerebellar peduncles (superior, middle and inferior). 

Projections into the cerebellum pass through the superior, middle and inferior peduncles 

along mossy or climbing fibres which project from the pons and spinal cord, and the inferior 
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olive to the cerebellar cortical and deep GM areas. Broadly speaking, information travels 

through the cerebellar WM to the cortex, is processed in the ML and sent from the cortex 

to the DCN via the PL before leaving the cerebellum once again via the superior and inferior 

peduncles (Fig. 1-4).   

Fig. 1-3 A sagittal view of an adult mouse cerebellum. Immediately beneath the meningeal 

surface is the ML (grey), the bulk of which is made up of the expansive dendritic arbors of the 

Purkinje neurons located immediately beneath in the PL (orange). The last layer of the cerebellar 

cortex, the GL, so named for the numerous granular neurons (blue). Beneath the cerebellar 

cortex lies the WM (white) which in turn surrounds the deep GM, the DCN (yellow). 
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Fig. 1-4 Simplified cerebellar circuit. Inputs into the cerebellum enter the super, middle or inferior 

peduncles (not pictured). Climbing fibres (emanating exclusively from the inferior olive) pass 

through the WM and connect to granular neurons in the GL, that then relay information through to 

Purkinje neurons in the PL via their dendritic arbor in the ML. All other inputs into the cerebellum 

take the form of mossy fibres, so named for their extensive connections they make to a small number 

of Purkinje neurons (usually less than 10). Regardless of input (climbing or mossy fibre), all 

cerebellar cortical output is derived from the Purkinje neurons, almost all of which project to one 

of the four DCN (fastigial, interposed (emboliform and globose) and dentate) which in turn project 

to targets throughout the brain and SC. Alternatively, both climbing and mossy fibres also project 

directly to the deep cerebellar nuclei. 
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Cerebellar cortical disease in EAE and MS 

The cerebellum is an established target region of MS pathology and plays a key role in both 

the deterioration of balance and freedom of movement as well as aspects of cognition 

(Parmar et al, 2018). However, it is only recently that more focus is being directed to this 

region of the brain. WM lesions and cortical volume loss have been observed via MRI and 

symptoms of cerebellar pathology such as ataxia and balance can be detected at the time of 

presentation and may offer a more sensitive measure than traditional EDSS scores (Findling 

et al, 2018; Martin et al, 2006; Spain et al, 2014). Focus has mainly been on the cerebellar 

cortical regions due to extensive demyelination and volume loss being observed, not 

dissimilar to that seen in cerebral cortex (Cocozza et al, 2017; Kutzelnigg et al., 2007; 

Kutzelnigg et al., 2005). Non-cortical, deep GM structures in the brain have also been 

implicated in the progression of disease including but not limited to the thalamus, 

hypothalamus, basal ganglia, hippocampus and DCN (Gilmore et al., 2009).  

 

The extent of cortical demyelination seen in the cerebellum varies significantly from patient 

to patient with more extensive cortical demyelination seen in SPMS and PPMS patients 

relative to RRMS (Kutzelnigg et al., 2007). The pattern of demyelination is suggestive of 

a myelinotoxic factor diffusing from the outer meningeal layer, with myelin being lost from 

the outermost areas first in order of supra/infra-PL myelin, GL then WM of the folia and 

arbor vitae (Gilmore et al., 2009). Its currently unclear if GM myelin is more vulnerable to 

whatever factor this may be, that the densely packed unidirectional myelinated axons in the 

WM present a natural diffusion barrier limiting its spread or some other as yet undiscovered 

process is at work. This is most strikingly observed in the SC where the relation between 

WM and GM juxtaposition is reversed (i.e. GM is located deeper inside the SC while the 

WM is present at the outermost edge) (Gilmore et al, 2006; Gilmore et al., 2009). Here we 

see GM demyelination in the regions near surface SC lesions while WM between the 
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GM/SC surface lesion may appear relatively intact (Gilmore et al., 2006; Gilmore et al., 

2009).  

 

  

Fig. 1-5 Demyelination identified using IHC for PLP in the MS SC is regularly seen occurring 

from the outermost edge inwards (open arrows). GM demyelination may also occur from the 

outermost edge near to surface WM demyelination, though WM between these regions may be 

preserved (closed arrow heads). This figure was adapted from adapted from Fig. 3 - F and 3 - G 

from Gilmore et al (2009). 
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However, blood vessels supplying the GM do not anastomose with vessels that supplies the 

surface WM, and any myelinotoxic factor released from these deeper vessels may diffuse 

more freely through the GM than the WM. A further consideration is that because the blood 

brain barrier (BBB) is induced by the local CNS environment (Blanchette & Daneman, 

2015), different regions may result in anatomically and functionally distinct barriers, some 

of which may be more permeable to this predicted soluble factor (Nyul-Toth et al, 2016; 

Wilhelm et al, 2016). Cortical demyelination of the cerebellar cortex has also been 

observed in EAE, albeit far less extensive and complete relative to what is seen in the MS 

cerebellum (Kutzelnigg et al., 2007; MacKenzie-Graham et al., 2006; MacKenzie-Graham 

et al., 2009). That EAE shows a quantifiable but far less extensive and severe pathology 

may be a consequence of the relatively short time frame EAE occurs in relative to MS. 

Alternatively, remyelination efficacy is closely tied to age (Neumann et al, 2019), and while 

aged mice are used in EAE experiments, these are typically the exception rather than the 

rule. As such, recovery may much more rapid in MS models. Whatever the case, a number 

soluble myelinotoxic factors have been put forward (i.e. TNF, reactive nitrogen and oxygen 

species and antibodies) though, thus far no single factor has been identified to be the 

causative agent of demyelination in either MS or EAE. Due to the seemingly syndromic 

nature of MS, a soluble myelinotoxic factor may the convergence point of subtly different 

diseases. 

 

Cortical volume loss as a consequence of dendritic/axonal loss and neurodegeneration is 

one of the strongest correlates of the as of yet untreatable progressive component of MS. 

This process appears to occur for quite some time prior to any sort of detectable symptoms 

being evident until the neurological reserve of the brain is exceeded. While aspects of 

cerebellar disease in MS may be on the more subtle end of the spectrum, cerebellar cortical 

GM loss is detectable both via MRI and physical tests assessing cerebellar function. Due 
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to its convoluted structure consisting of WM surrounding, and itself surrounded by several 

different types of GM (DCN, GL and ML) quantitatively measuring changes in volume has 

proven challenging. Furthermore, the heterogeneity and long time-course of MS, multiple 

subtypes, various MRI modalities used and sometimes limited patient numbers have made 

definitive broad conclusions rare. For instance, despite extensive demyelination there are 

reports of no loss in cortical volume (Ramasamy et al, 2009), no reduction in Purkinje cells 

numbers (Howell et al, 2015) or synaptic density (Howell et al., 2015). Others show 

significant a reduction in volume across major MS subtypes (RRMS, SPMS and PPMS) 

(Calabrese et al, 2010b). Likewise, Purkinje cells numbers or synaptic density do not appear 

to be reduced globally (Howell et al., 2015). However, when Purkinje neurons counts were 

compared between normal appearing cortex, cortex with intracortical lesions/GM 

demyelination leukocortical/juxtacortical lesions, Purkinje numbers were significantly 

reduced in the leukocortical group only (intracortical numbers showed a downward trend 

that did not reach significance). More subtle Purkinje cell abnormalities such as altered 

phosphorylation states of neurofilament proteins have also been observed (Kemp et al, 

2018; Redondo et al, 2015). Similar pathology has been described in EAE with extensive 

disruption of Purkinje dendritic arbors, reduced Purkinje cell numbers and the presence of 

axonal ovoids alongside a global reduction in cerebellar cortical volume (MacKenzie-

Graham et al., 2012; MacKenzie-Graham et al., 2006; MacKenzie-Graham et al., 2009). 

Altered cerebellar protein expression has also been observed. Nav1.8 channel proteins and 

annexin light chain (p11; required for functional channel expression) normally expressed 

in the peripheral nervous system have been detected in Purkinje neurons in both MS and 

EAE which have been found to lead to abnormal firing patterns in EAE (Craner et al, 2003). 

Similarly, reduced expression of mGlut1a and increased expression of mGlut5 receptors 

normally restricted to early development were observed which was also associated with 

altered firing patterns and motor symptoms (Black et al, 2000; Fazio et al, 2008; Shields et 
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al, 2015; Shields et al, 2012). However, motor performance was improved upon treatment 

with an mGlut1a enhancer in EAE. Alongside a loss of cortical volume and Purkinje 

channelopathies are a reduction in the number of the inhibitory interneurons located in the 

ML also likely contributing to the altered firing patterns (Mandolesi et al, 2012). Increased 

numbers of binucleate Purkinje neurons are also observed, which are assumed to be a self-

preservative response seen almost exclusively in this neuron type. Lastly, Purkinje 

knockout models suggest that denervation of the DCN from the PL may result in atrophy 

over time, though the extreme atrophy of the whole cerebellum may impact these results 

somewhat. Damage to the PL is particularly impactful as these are the only projections that 

leave the cerebellar cortex, with almost all projecting to one of the four DCN. 

 

Deep grey matter disease in EAE and MS 

Studies focussed on the DCN in MS patients are even fewer in number than those focussed 

on the cerebellar cortex and usually only limited to the largest of the DCN, the dentate 

nucleus. While some observations have been made, such as the DCN appearing 

hyper/hypointense in T1 (Kasahara et al, 2011; Roccatagliata et al, 2009; Tedeschi et al, 

2016) and T2 weighted images respectively, these results have been found to be more 

related to retention of contrasting agent and age related iron deposition rather than any MS 

related disease process (Bakshi et al, 2001; Maschke et al, 2004; Tjoa et al, 2005) 

Discoveries more relevant to the underlying deep GM pathology in MS have been made at 

the histological level in the dentate nuclei. Specifically, a significant reduction in the 

number of synapses present in both normal appearing and demyelinated dentate nuclei 

compared to healthy controls as well as a significant reduction in the number of neurons in 

the demyelinated dentate nucleus specifically. Furthermore, neuronal soma in the dentate 

nucleus appeared shrunken and chromatic, however this trend did not reach significance 

(Albert et al, 2017). Qualitatively, ionised binding adapter molecule 1 (Iba1) staining 
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macrophages and microglia appeared morphologically more reactive, however there was 

no significant difference in the area staining positive for Iba1 or glia positive for glial 

fibrillary acidic protein (GFAP) (Albert et al., 2017). More detailed confocal and SEM 

analysis revealed free postsynaptic densities opposed to astrocytic processes, while other 

astrocytic processes were positioned in between pre/post synaptic elements resulting in 

wider intercellular clefts (Albert et al., 2017). Synaptic vesicles also appeared 

misaggregated away from the active zone of the synapse with vesicular fusion also being 

observed (Albert et al., 2017). Autophagosomes were also observed containing synaptic 

components suggestive of remodelling (Albert et al., 2017). However, as only one MS 

patient and control were investigated this needs to be further investigated in a broader 

cohort (Albert et al., 2017). Lastly, as the cerebellum shows extensive connections to many 

circuits throughout the brain, Margoni et al (2021) investigated a major projection site from 

the cerebellum, the red nucleus (RN). Margoni et al. (2021) showed a reduction in RN 

volume that correlated strongly with WM lesion volume but appeared to have no relation 

to GM lesion volume, supratentorial lesion volume or cortical thickness. As this study was 

done in RRMS patients with a very short disease duration, this supports the notion of early 

cerebellar disease. Having such early targets with which to track progressive disease, 

atrophy in GM structures to gauge neuron somal and dendritic arbor health and projections 

to other structures for axonal integrity, may improve the speed with which patients find the 

drug most suitable for them in a disease that may require a more personalised approach 

than most. 

 

Summary 

Clinical, MRI and histological evidence of the diverse range of disease processes that make 

up MS are seen in the cerebellum. These begin early and appear to continue throughout the 

lifetime of the patient having a sizable impact on reported quality of life measures of those 
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with MS. Greater focus on developing accurate measures of cerebellar functional capacity 

such as gait analysis, motor coordination and cerebellar associated cognitive function may 

make earlier detection of MS possible increasing the time neuroprotective treatments have 

to preserve as much neural tissue as possible. While current animal models have limited 

cerebral cortical pathology and most studies using them tend to focus on highly 

reproducible and accessible SC pathology, the similar elements of pathology seen in the 

cerebellum may offer useful insights into progressive disease that is currently poorly 

treated. Furthermore, development of tests capable of measuring more subtle changes in 

cerebellar function may also enable faster assessment of patient responsiveness to 

therapeutics in MS, and more subjective and sensitive assessment of efficacy of potential 

therapeutics in EAE. Using an EAE mouse model of MS, this study aims to further support 

the notion that the cerebellum is a valuable region to investigate the diverse forms of 

neuropathology that occur in various GM and WM regions in both MS and EAE. By 

improving our understanding of the processes surrounding neuroinflammation, the effect 

an inflammatory environment has on neural tissue and how tissue of various GM tissues 

respond will improve the efficacy of drugs aiming to protect against neurodegeneration and 

may offer new points of intervention. 
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Hypothesis & Aims 

Clinical disease associated with cerebellar dysfunction is frequently observed in MS and is 

not limited to WM lesions and cortical GM atrophy. The DCN, through which almost all 

cerebellar output must pass is a region that must be better understood in the context of 

neuroinflammation in EAE to guide MS research in treating both cerebellar related 

pathology and preserving neural tissue. This thesis will address the following hypotheses: 

 

 The DCN displays early and significant pathological changes in EAE that are 

hallmarks of deep GM pathology. 

 Use defined markers of astrocytic and macrophage reactivity and of neuron/myelin 

integrity to determine if the local DCN environment has been disrupted. 

 If the local environment appears altered, determine if there is cell death associated 

with this, focusing on the neuronal population. 

 Provide proof of principle for a more rigorous investigation of the DCN pathology 

in EAE and to justify greater attention to this region in MS tissue.  

 

 Early cerebellar damage is more accurately evaluated by the rotarod performance 

test compared with the standard clinical scoring system. 

 Investigate EAE mouse performance on an accelerating rotarod as a means of 

detecting pre-ascending paralysis pathology, particularly that associated with 

cerebellar disease.  

 Evaluate the accelerating rotarod test as a more objective means of assessing EAE 

disease progression compared to the standard clinical score system. 
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 Materials and Methods 

Strains of mice and housing conditions 

C57Bl/6 were bred from breeding pairs purchased from the Animal Resource Centre 

(Canning Vale, WA) and housed in the clean conventional wing of the La Trobe Animal 

Research and Teaching Facility (LARTF; Melbourne, Vic). SJL/J mice were purchased 

from the Animal Resource Centre and housed in the clean conventional wing of The Austin 

Health BioResources Centre (Melbourne, Vic). Up to five mice were housed in open top 

cages with a 12:12 hr day:night cycle at 23 °C, with free access to standard rodent chow 

(Barastoc Rat and Mouse Feed, Ridley AgriProducts, Melbourne, Vic.) and tap water ad 

libitum. Mice displaying ambulatory difficulties were provided with food and water in petri 

dishes on the floor of the cage. 

 

Mice used for experimentation were female, weighed at least 21 g and were of at least 9 

weeks of age. Mice were weighed on the day of induction to ensure that they were of the 

correct weight and are monitored for at least 30 minutes after any procedures were 

performed. All animal experiments were performed in accordance with the National Health 

and Medical Research Council (NHMRC) and La Trobe Animal Ethics Committee 

guidelines under the ethics code AEC 14-53. 

 

EAE Induction 

Prior to induction, the following stock solutions were prepared. 

 

Myelin antigen solution 

Myelin antigen solution (2 mg/mL) was prepared using freeze dried MOG35-55 (ModPep, 

Melbourne, Australia) or PLP139-151 (ModPep) protein made up in phosphate buffered saline 

(PBS; 7.68 mM Na2HPO4, 2.67 mM NaH2PO4, 154 mM NaCl, pH 7.4).  
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Adjuvant preparation 

Finely ground Mycobacterium tuberculosis H37 Ra (M. tuberculosis; 231141, Becton 

Dickinson, Franklin Lakes, NJ, USA) was added to CFA (F5881, Sigma-Aldrich, St Louis, 

MO) to create an adjuvant with a minimum concentration of M. tuberculosis of 4 mg/mL. 

The supplemented adjuvant was stored at 4 °C until use. Prior to use, the adjuvant was 

thoroughly mixed until turbid.  

 

Emulsion 

An EAE induction emulsion was made by mixing equal parts CFA with the relevant neuro-

antigen in PBS and homogenised until the solution became and remained uniformly 

opaque, white and viscous (2 mg/mL M. tuberculosis, 1 mg/mL CNS antigen). A vehicle 

only emulsion was made by mixing equal parts CFA with PBS (2 mg/mL M. tuberculosis). 

Both emulsions were stored on ice until needed and used on the day of preparation. 

 

Pertussis toxin solution 

Pertussis toxin stock solution was prepared from lyopholised B. pertussis toxin (P7208, 

Sigma-Aldrich, Saint Louis, MO, USA) made up to 0.1 mg/mL using PBS and stored at -4 

°C. On the day of induction and 2 days post induction (DPI) pertussis solution was prepared 

by making 3.5 µL of stock solution up to 300 µL with PBS (0.116 mg/mL; 350 ng pertussis 

toxin per injection) per mouse and kept on ice until use. 

 

Induction 

Mice received one subcutaneous injection at day 0 in each inguinal region (two injections 

total). C57Bl/6 were given the myelin antigen solution containing MOG35-55, whilst SJL/J 

were given the solution containing PLP139-151. Vehicle only mice (VO) from all strains were 

given the same vehicle only emulsion. At 0 DPI and at 2 DPI, pertussis solution was 
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administered intraperitoneally (IP; C57Bl/6J and SJL/J) in groups that received either the 

EAE or VO emulsion (Fig. 2-1). Uninjected normal mice were also included as controls 

(Miller & Karpus, 2007). 

 

Mice were weighed and monitored 24 hours post each injection and every other day until 

10 DPI, whereupon monitoring was carried out on a daily basis unless stated otherwise. 

Disease progression was evaluated by observing general behaviour, state of grooming, 

weight loss and by assessing their clinical score (CS). The CS system is used to gauge EAE 

disease progression by assigning a value from CS 0 (normal) to CS 5 (moribund) 

representing the extent of ascending paralysis. The condition shown by the mouse, along 

with the relevant CS is detailed in Fig. 2-2. Upon reaching the endpoint of the experiment, 

mice were asphyxiated by oxygen displacement using carbon dioxide at a rate of 0.5 L/min.  

 

EAE was also monitored in part by assessing performance on the rotarod for mice involved 

in the rotarod testing. 
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Fig. 2-2 EAE is monitored using the clinical 

score system, a measure of the ascending 

paralysis due to inflammation in the spinal 

cord ranging from a score of 0 indicating a 

mouse showing no sign of disease, up to a score 

of 5 indicative of a moribund state. Mice are 

taken at scores ranging from 0 to 3. 

Fig. 2-1 All mice receive an injection of a 

neuroantigen emulsified in Freund's adjuvant 

on the day of induction with C57Bl/6 given 

MOG35-55 (red) and SJL/J given PLP139-151 

(purple) for the neuroantigen. All mice also 

receive an injection of pertussis toxin (green) 

given intraperitoneally for C57Bl/6 and SJL/J 

on the day of induction (DPI 0) and a second 

two days later (DPI 2). 
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Rotarod test 

Mice were brought to the rotarod room and left to acclimate for 20 minutes prior to training 

or testing. For the very first training session mice were placed on the rotarod (47650, Ugo 

Basile, Italy) with the apparatus switched off for 1 minute to provide opportunity for the 

animals to familiarise themselves with the equipment (Fiander et al, 2017). During the 

rotarod training phase mice received three training sessions per day each lasting 300 

seconds with at least 10 minutes rest in between each session for both training and 

experimental phases, after which the mice are returned to their housing unit (Fiander et al., 

2017). Mice that fell before the end of the training session were placed back on the rotarod. 

During the experimental phase mice were left at the bottom until the test ended so as to not 

disturb the mice still on the rotarod. Trials were averaged to get a single measurement of 

time to fall each day.  

 

Protocol 1 

Mice were put through a training phase of two training sessions at DPI -1 and 6 consisting 

of three trials on an accelerating rotarod (5-16, 5-40, 5-40 revolutions per minute (RPM)). 

Testing was performed on DPI 8 and 14 with all three trials at 5-40 RPM (Table 2-1a). 

Mice at DPI 14 that had a CS of 2 or above were not placed on the rotarod due to ethical 

concerns. 

 

Protocol 2 

Mice were trained on the rotarod daily from -4 DPI to DPI 0 (Bernardes & Oliveira, 2017; 

Fiander et al., 2017; Gilli et al, 2016). Training sessions consisted of three identical trials 

per day where the final RPM was increased each day as per Table 2-1b. The experimental 

phase began at 5 DPI which allowed the mice time to recover from induction procedures 

performed on DPI 0 and 2 as evidenced by a return to pre-induction weights. Testing 

continued daily until mice exhibited early evidence of motor symptoms associated with 
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EAE, namely hind limb weakness (clinical score ≥ 1.5)(van den Berg et al, 2016). Over the 

course of the experimental phase, mice underwent three trials per day on an accelerating 

rotarod (5-40 RPM; Table 2-1b)(van den Berg et al., 2016). 

 

Protocol 3 

Identical to protocol 2 except the max speed for the training and testing phase was increased 

to 60 RPM (Table 2-1c). 

 

 

 

 

 

 

  

Table 2-1 Training and experimental speeds (RPM) for mouse rotarod protocols. (a) Protocol 1 

was insufficient in that the mice showed improvement during the testing phase and did not have 

enough points of assessment to determine onset of disease. (b) Protocol 2 did not have a high 

enough top speed to properly assess the maximum capabilities of all mice, (c) therefore the 

maximum RPM was increased from 40 to 60 RPM for Protocol 3. 
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Tissue Collection 

Prior to taking the mice, a stock solution of paraformaldehyde (4 % w/v) in PBS was 

prepared, with 50 mL aliquots stored at -20 °C. After carbon dioxide asphyxiation, mice 

were perfused transcardially with 10 mL of PBS followed by 10 mL of paraformaldehyde 

solution. Soft tissues were then dissected and discarded such that just the head and vertebral 

column remained which were stored in individual 50 mL tubes filled with 

paraformaldehyde and left on a tube roller for at least 48 hours before further dissection. 

The brain was then removed and quartered using a matrix guide (Alto 1 mm acrylic brain 

matrix, Roboz Surgical Instrument Co., Gaithersburg, MD, USA) separating the cerebellum 

from the rest of the brain and also cutting the cerebellum in half in the sagittal plane into 

right and left hemispheres (Fig. 2-3). 

 

Paraffin sections 

Tissue dye (The Davidson Marking System™, Bradley Products Inc., Bloomington, MN, 

USA) was used to mark the sagittal faces of the right and left hemispheres of the 

cerebellum. Dyed tissue was then processed (Leica TP 1020 Leica Biosystems GmbH, 

Wetzlar, Germany) as per Table 2-2, and using a tissue embedder (Leica EG 1150 H), 

embedded medial sagittal side down in paraffin wax (Histotec Pastilles with DMSO, 

1151612504, Merck, Darmstadt, Germany). Each wax block consisted of the sagittal 

sections of three to six mice within the same experimental group as seen in Fig. 2-3. 

Duplicate sections were cut using a microtome (Model No. RM2235, Leica Biosystems) at 

7 µm and collected on positively charged glass slides (SuperFrost Plus®, SF41296SP, 

Menzel Glaser, Braunschweig, Germany). Slides were left to dry overnight before storage 

at room temperature.  
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Fig. 2-3 Mice are immediately perfused with PBS, then 4 % (v/v) paraformaldehyde after 

asphyxiation with carbon dioxide. After perfusion, soft tissues and body are placed on a tube 

roller for at least two days before CNS tissues are removed. Using a matrix, the cerebellum is 

cut away from the brain and then halved in the sagittal plane. Tissue for wax sections were then 

placed into a tissue processor and embedded medial-sagittal side down in paraffin wax. 
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Table 2-2 Cerebellar tissues are prepared for paraffin sectioning using a series of ethanol, 

xylene to dehydrate and then perfused with wax. This is performed using a tissue processor 

(Leica TP 1060) with tissues spending a set time inside each solution or liquid as indicated. 
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Cryostat sections 

After fixation, cerebellar hemispheres for cryosectioning were placed into individual 10 

mL tubes (one tube per mouse) containing a 30 % (w/v) sucrose solution for cryoprotection 

then placed onto a tube roller at room temperature. Cerebellar tissue was left on the tube 

roller for several days until it no they longer floated in the cryoprotectant, with the 

cryoprotectant being replaced daily with fresh solution. Cerebellar tissues were removed 

after the cryoprotectant had fully diffused through the tissue, dried with paper towelling, 

then positioned in cryomolds (4557 Tissue-Tek®, Torrance, CA) with the medial-sagittal 

surface face down. Tissue in the cryomolds was then completely immersed in Optimal 

Cutting Temperature (OCT; 4583, Tissue-Tek®) taking care not to introduce any air 

pockets and left for approximately 5 minutes to ensure the OCT had fully bonded with the 

tissue. To evenly freeze the contents of the cryomold a small beaker was filled with enough 

isopentane to fully submerge the mold and tissue. This was cooled using a second larger 

beaker containing liquid nitrogen with the isopentane stirred until crystals began to form at 

the bottom. Cryomolds were carefully lowered into the almost frozen isopentane to the top 

of the mold, then fully submerged when the OCT has almost completely frozen solid. 

Frozen OCT and tissue were left in the cryomold and stored on dry ice until all tissue had 

been frozen, whereby blocks are stored at -80 °C until sectioning. Sections were cut using 

a cryostat (Leica) at -21 °C at 10 µm and collected on positively charged slides (SuperFrost 

Plus ®) and left to dry for approximately an hour at room temperature before storing at -20 

°C. 

 

Histological Staining  

Paraffin and cryostat sections were stained with Mayer’s haematoxylin (MH; Amber 

Scientific, Midvale, WA, Australia) and eosin (EOA1, Amber scientific) in accordance 

with a progressive staining protocol used in the laboratory detailed in Table 2-3 and Table 
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2-4 respectively. Cresyl violet staining was performed on paraffin sections as detailed in 

Table 2-5.  

 

 

 

 

 

Table 2-3 Paraffin sections are dewaxed and stained with fresh haematoxylin and eosin. *Scott's 

Tap water (20.18 mM KCO3, 166.15 mM MgSO4, pH 8.9), ** Dibutyl phthalate Polystyrene 

Xylene (DPX; Thermo Fisher Scientific). 
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Table 2-5 Cryostat sections are stained with haematoxylin and eosin using a much 

shorter version of the paraffin protocol without dewaxing steps. 

Table 2-4 Paraffin sections stained with cresyl violet were dewaxed, stained and 

mounted as per the above protocol. 
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Table 2-6 Standard protocol for performing IHC on paraffin sections. For frozen 

sections, steps 1-5 relating to dewaxing can be skipped starting at step 7. 



Chapter 2 – Materials and Methods 

 2-14 

Immunochemistry 

Paraffin sections or frozen sections were brought to an aqueous state as detailed in Table 

2-6. Antigen retrieval was performed by boiling in sodium citrate solution (113.93 mM 

Na3C6H5O7, pH 6) for 1 minute (min) and left to cool for 40 min. Slides were then washed 

in PBS 1×5 min and 1×10 min before tissue sections were encircled with a hydrophobic 

barrier pen (PAP pen, Z672548, Sigma-Aldrich). Blocking solution was applied to all 

sections for 40 min (3 % v/v non-immune horse or goat serum, 0.3 % v/v Triton X-100, 

made up in PBS) before being washed off with PBS 1x 5 min and 1 x 10 min. Primary 

antibodies (Table 2-7) were diluted in blocking solution before application to sections and 

left in a humid chamber overnight at 4°C after which they were washed off in PBS-Tween 

0.5 % (v/v) 1 x 5 min and 1 x 10 min. Where appropriate, biotinylated antibodies (Table 

2-8) diluted in blocking solution against the primary were applied for 1 hour at room 

temperature before being washed off with PBS-Tween 0.5 % (v/v) 1 x 5 min and 1 x 10 

min. In a dark room, Alexa-conjugated fluorescent secondary antibodies (Table 2-10) or 

streptavidin-fluorophore conjugates (Table 2-9) were diluted in blocking solution and left 

on the sections for 60 min before being washed with PBS-Tween 0.5 % (v/v) 1 x 5 min and 

1 x 10 min. 

 

When even greater amplification was required, this was performed using a Tyramide 

SuperBoostTM Kit (B40944, Thermo Fisher Scientific, Waltham, MA). Required 

components are made up as prescribed by the included protocols. In brief, prior to primary 

antibody application endogenous peroxidase activity was quenched covering the tissue with 

hydrogen peroxide solution (prepared on day of use, 3 % in dH2O, Component C2) for 60 

min at room temperature in a humid chamber, then washed 3 x 5 min with PBS. Enough 

blocking buffer (Component A) was applied to cover the tissue and left for 60 min in a 

humid chamber at room temperature. Primary antibody diluted in blocking solution was 
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then applied and left to incubate overnight at 2-8 °C in a humid chamber, then rinsed with 

three washes of PBS for 10 min at room temperature. Enough poly-HRP conjugated 

secondary antibody (Component B) to cover the tissue and left overnight at 2-8 °C, then 

washed 3 times with PBS for 10 min at room temperature. Tyramide solution (prepared 

within 2 hours of use) was applied covering the entire tissue section and left to incubate for 

2-10 min depending on required intensity, whereby 100 µL of Reaction Stop Reagent (95 

% ethanol) was applied to end the reaction. Sections were then washed with PBS 3 x 10 

min. 

 

Lastly, 4', 6-diamidino-2-phenylindole (DAPI) in PBS (1:1000), was applied for 5 min 

before briefly rinsing in PBS. Coverslips were applied using fluorescent mounting medium 

(Dako, Santa Clara, CA) with excess media removed and slides left dry for several hours, 

then stored at 4 °C (Table 2-6).  
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Table 2-8 Details of biotinylated antibodies used to enhance the signal of weakly staining primary 

antibodies. 

Table 2-9 Details of streptavidin-fluorophore conjugates used to visualise primary antibody 

staining amplified with the addition of a biotinylated antibody. 

Table 2-7 Details of primary antibodies including target, host, manufacturer, working dilution and 

product code. 
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Table 2-10 Details of secondary antibodies used to visualise primary antibody staining. 
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TUNEL Staining 

Tissue for TUNEL staining was brought to an aqueous state in the same manner as paraffin 

or cryostat sections used for immunohistochemistry (IHC), including antigen retrieval and 

permeabilisation steps. TUNEL staining was performed prior to the addition of primary 

antibodies to visualise other targets. Solutions were prepared as directed by the 

manufacturer's protocol (In Situ Cell Death Detection Kit, Fluorescein, 11684795910, 

Roche Diagnostics GmBH, Mannheim, Germany) producing an Enzyme+Label mix for the 

experimental tissue and a Label-Only mixture to function as a negative control.  

 

Prior to performing the TUNEL assay, two positive controls were prepared where one 

cerebellar section was treated with enough DNase I (approx. 50 µL) to cover the section 

for 15 min at room temperature in a humid box, then removed with three washes of PBS. 

Tumour tissue (4T1) was included as a second positive control untreated with DNase I.  

 

For the TUNEL stain itself, approximately 50 µL of the Enzyme+Label and Label-Only 

solutions were applied to the relevant sections in a carefully sealed humid box for 60 min 

at 37 °C. TUNEL solutions were removed from the tissues with three washes of PBS before 

commencement of blocking steps required for additional antibodies. 

 

Neuronal Counting 

Cerebellar tissue was taken from normal, VO and EAE induced mice and embedded in 

paraffin. Three out of every ten slides (#2/5/8, 12/15/18, etc) were stained with cresyl violet 

as per Table 2-5. Using an Olympus (CH-2, Olympus, Japan) and a USB microscope 

camera (MD500L, AmScope, Irvine CA, USA), images were taken at 10 x magnification 

and stitched together where applicable to get a complete image of the fastigial and 

interposed nuclei. Sagittal images were positioned alongside each other with sections being 
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selected for counting that most accurately aligned with other sections taken from other mice 

(Supp. 3-1). Neurons were manually counted if the soma was intact and larger than 10 µm 

and contained a clear well-defined nucleus, with neurons smaller than 10 µm requiring a 

clearly identifiable axonal/dendritic process to be counted as such (Fig. 2-4). The researcher 

counting the neurons was partially blinded in that they were not involved in all aspects of 

the initial rotarod experiment, tissue collection, histology and imaging. While normal, VO 

and EAE (CS 2.5+) with low cerebellar inflammation groups were broadly 

indistinguishable, the EAE (CS 2.5+) with high cerebellar inflammation group was 

immediately distinguishable due to the large inflammatory lesions surrounding the DCN. 

Regions counted extended from medial edge of the fastigial cerebellar nucleus to the medial 

dorsolateral protuberance. 

 

  

Fig. 2-4 (a) Paraffin sections stained with cresyl violet was used to estimate neuron numbers 

(green tick) in the cerebellar DCN. Cresyl violet positive cells in (b) were not counted due to 

being too small or missing a clearly identifiable nucleus (red cross). 
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Microscopy and imaging 

Brightfield 

Brightfield H&E images were taken using the Nikon Ti Eclipse (Nikon Corporation, 

Chiyoda, Tokyo, Japan) with a DS-Fi2 colour camera (Nikon Corporation) and controlled 

with the software NIS-Elements (Nikon). Images were captured using one of several 

objectives including: 10 x (Plan Fluor DL 10 x/0.30 Air), 20 x (Super Plan Fluor 20 x/0.45 

ELWD ADM [correction collar] Air), 40 x (Super Plan Fluor 40 x/0.60 ELWD ADM 

[correction collar] Air) or 100 x (Plan Apochromat VC Oil) objective, all of which could 

be magnified by a further 1.5 x zoom inbuilt into the microscope. Images were stitched 

together using the NIS elements tile feature where required. 

 

Epifluorescence  

Fluorescently labelled tissue was imaged using the Zeiss AxioObserver Z1 microscope 

(Carl Zeiss International, Oberkochen, Germany) using an Axio Cam MRm monochrome 

camera (Carl Zeiss International) controlled with Zen Blue (Carl Zeiss International). 

Objectives included 10 x (A-Plan 10 x/0.25 Ph1 M27), 20 x (LD Plan-NeoFluar 20 x/0.4 

Corr Ph2 M27), 40 x (LD Plan-NeoFluar 40 x/0.6 Corr Ph2 M27) and 100 x (Plan NeoFluar 

100 x/1.30 Oil M27). 

 

Cerebellar Atlas 

A series of sagittal traces was taken from The Mouse Brain in Stereotactic Coordinates 

(Franklin & Paxinos, 2008) and edited using Adobe Illustrator. These vector lines were 

then imported into the 3-D rendering program Blender (https://www.blender.org). Traces 

of the outer edge of the cerebellum, outer edge of the GL, WM and DCN were used as a 

scaffold to create a model of the multiple layers present within the cerebellum. Using H&E-

stained sections, the location of inflammatory infiltrates was recorded for each mouse. To 

https://www.blender.org/
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create the cerebellum model, Adobe Illustrator was used to transfer all relevant sagittal 

vector paths that made up the sagittal cerebellar series from The Mouse Brain in 

Stereotactic Coordinates (Franklin & Paxinos, 2008). Once imported into Blender, sagittal 

vectors denoting the ML, GL, WM and DCN were moved to their respective planes as per 

the lateral position. Vertical sections were aligned with the underlying grid. Once in 

position, vector paths were converted to meshes and connected to create a 3-D model of the 

outermost layer of the cerebellum, the outermost edge of the GL, the underlying WM and 

the innermost DCN. Non-destructive modifiers were applied to smooth the whole mesh, 

colour layers and make them transparent (Fig. 2-5). To record inflammatory disease, 

paraffin sections (1/10) were stained with H&E with images taken at 6 x magnification and 

stitched together using an inverted bright field colour microscope (Nikon Ti Eclipse). 

Lesions observed were recorded on a series of traces taken from the mouse atlas with each 

mouse being recorded as an individual layer using GIMP (GNU image manipulation 

program, https://www.gimp.org). 

 

Statistics 

Analysis of neuron counts and rotarod data and production of graphs was performed using 

GraphPad Prism (Bit Plane) with findings considered significant if p < 0.05. For any given 

experiment, the number of mice per group and details of the statistical test used is described 

in the corresponding figure legend. 

 

  

https://www.gimp.org/
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Fig. 2-5 Three-dimensional cerebellar reconstruction. (a) Location of mouse cerebellum (green) relative 

to rest of CNS (white). (b) Traces of the cerebellum were taken from the Mouse Brain Atlas (Franklin & 

Paxinos, 2008). (c) These traces were aligned and (d) used to create vector lines for the outermost layer 

(red), the GL (blue), the WM (white) and the DCN (yellow) using the free 3-D rendering program Blender 

(https://www.blender.org). (e) These traces were connected, and non-destructive modifiers were applied 

resulting in a 3-D model of (f) the cerebellar cortical surface, (g) the GL, (h) the underlying WM and (i) 

the DCN. 
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 "Contrasting levels of pathology between the deep cerebellar 

nuclei and adjacent white matter in experimental autoimmune 

encephalomyelitis" 

The following chapter is being prepared as a manuscript submission to a neuropathology 

journal hence there will be some repetition in the contents of this chapter and the rest of the 

thesis. Due to time constrains, some data shown as supplementary data are presented in 

qualitative form only. However, quantification, where required will be completed prior to 

submission of the manuscript. 
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MBP Myelin basic protein 

Men. Meninges 
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PPMS Primary progressive multiple sclerosis 
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Abstract 

The elucidation of grey matter (GM)-specific mechanisms in multiple sclerosis (MS) is key 

to the generation of neuroprotective approaches for this condition. Investigations of post-

mortem MS tissue have identified the cerebellum as a major predilection site for cortical 

pathology, characterized by severe demyelination and significant reduction in Purkinje cell 

density. In parallel, longitudinal studies of cerebellar changes in murine experimental 

autoimmune encephalomyelitis (EAE), the preferred MS model, have revealed remarkable 

similarities in pathological hallmarks between MS and EAE in this region. These include 

demyelination, Purkinje cell loss and significant whole cerebellar volume reduction by late 

disease, thereby validating EAE for providing proof-of-concept for GM-specific 

mechanisms. Surprisingly, these studies have neglected the deep cerebellar nuclei (DCN), 

a functionally significant group of nuclei at the centre of the cerebellum associated with 

relaying information from the cerebellum to the brainstem and thalamus. As a first step to 

the characterisation of pathology in the DCN and functional consequences of such damage, 

we performed spatiotemporal mapping of lesion development in the cerebellum in two EAE 

variants, namely MOG35-55 induced C57Bl/6 mice which exhibit chronic-progressive (CP) 

EAE and PLP139-151 induced SJL/J mice, exhibiting chronic-remitting (CR) EAE. We found 

that although surrounded by florid white matter (WM) inflammation, the DCN remains 

remarkably free from inflammatory infiltration. On the other hand, highly elevated 

microglial reactivity is observed as well as terminal deoxynucleotidyl transferase dUTP 

nick-end labelling (TUNEL)+ activity above that of controls. These hallmarks suggest 

significant functional disturbances in the DCN, independent of inflammatory cell 

infiltration. 

 

Key words: Cerebellum, neuroinflammation, deep cerebellar nuclei (DCN), experimental 

autoimmune encephalomyelitis (EAE), microglial reactivity, multiple sclerosis (MS).  



Chapter 3 – Cerebellar Pathology 

 3-6 

Introduction 

MS is a central nervous system (CNS) autoimmune disorder with a neurodegenerative 

component (Dendrou et al, 2015; Stys et al, 2012; Trapp & Nave, 2008). In its commonest 

form, which accounts for 80-85% of cases, it manifests as a relapsing-remitting disease 

with periods of neurological impairment interrupted by partial or total recovery (Compston 

& Coles, 2002; Goodin, 2014). In the majority of relapsing-remitting MS (RRMS) patients 

the disease evolves into a progressive form without remissions, known as secondary 

progressive MS (SPMS)(Compston & Coles, 2002; Goodin, 2014). The next most common 

form is primary progressive MS (PPMS), affecting about 10% of cases and characterized 

by steady increase in neurological disability from first presentation (Compston & Coles, 

2002; Goodin, 2014). Different pathological processes have been identified in WM and 

GM (Matthews et al, 2016; Prins et al, 2015). In WM, pathology is characterised by 

inflammatory demyelination, associated with reactive gliosis, oligodendrocyte loss and 

axonal degeneration (Lucchinetti et al., 2000; Popescu & Lucchinetti, 2012). WM damage 

can be visualised with magnetic resonance imaging (MRI) (Lucchinetti et al., 2000; 

Popescu & Lucchinetti, 2012). Recent years have witnessed an appreciation of GM 

pathology and it is now clear that GM disease is characterised by significantly less 

inflammation, but extremely severe demyelination and microglial reactivity (Calabrese et 

al., 2010a; Geurts & Barkhof, 2008; Peterson et al, 2001; Pirko et al, 2007; Vercellino et 

al, 2005).  GM damage has been documented in multiple brain regions including the 

cerebral cortex, thalamus, hypothalamus, basal ganglia, hippocampus, cerebellum and 

spinal cord (SC)(Calabrese et al, 2007; Geurts et al, 2007; Gilmore et al., 2009; Kutzelnigg 

et al., 2007; Kutzelnigg et al., 2005; Papadopoulos et al, 2009; Peterson et al., 2001; 

Vercellino et al., 2005) and several studies have reported that severe GM lesions are already 

present in early MS stages when WM pathology is relatively limited (Calabrese et al., 2007; 

Calabrese et al., 2010a; Geurts et al., 2007; Peterson et al., 2001; Pirko et al., 2007). GM 

disease is poorly detectable by MRI, but is associated with atrophy (Filippi et al, 2007; 
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Mahad et al, 2015). Indeed, GM atrophy is more closely linked to overall disability than 

lesion load and is now considered as a better predictor of neurological disability (Mahad et 

al., 2015).  

 

The introduction of more sensitive approaches for the identification of demyelination 

revealed the extent of cortical pathology in the forebrain (Bo et al., 2003; Calabrese et al., 

2007; Lucchinetti et al, 2011; Peterson et al., 2001; Reynolds et al, 2011). Subsequently 

studies of the cerebellum identified the cerebellar cortex as a major predilection site for 

demyelination, with on average 38.7% of cerebellar cortical area, but up to 92%, in 

progressive stage post-mortem tissues. Demyelination occurs in a band-like manner, 

affecting multiple folia (Kutzelnigg et al., 2007; Kutzelnigg et al., 2005). Cortical 

demyelination is independent of WM lesions, with extensive demyelinated regions often 

adjacent to areas free of WM lesions (Kutzelnigg et al., 2007; Kutzelnigg et al., 2005). The 

most extensively characterised function of the cerebellum is movement regulation and the 

modulation of co-ordination and balance. Movement disorder is a common symptom at 

clinical presentation, yet pathological processes underlying cerebellar dysfunction remain 

largely unidentified. In order to gain an insight into cellular mechanisms underlying 

cerebellar cortical atrophy and neurodegeneration, investigators have relied heavily on 

EAE, the most commonly used animal model for MS (Dang et al, 2015; Kipp et al, 2012; 

Robinson et al, 2014). EAE is generated by vaccination against myelin proteins or peptides 

derived from sequences of myelin proteins in susceptible rodent or non-human primate 

species. This results in neuroinflammation and clinical disease, exhibiting a CR, 

monophasic or CP profile depending on the protein/neuropeptide and host combination. 

EAE and MS are distinct diseases, nonetheless it is generally accepted that the different 

EAE variants represent different facets of MS.  
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Classical EAE generally manifests as an ascending paralysis, which is associated with SC 

disease, however, the cerebellum is also a site of disease predilection in the model. In 

genetically modified models, where SC injury is eliminated, ataxia is commonly observed 

showing that cerebellar disease is independent of SC disease (Batoulis et al, 2011). In the 

EAE model, extensive studies based principally on combined MRI and histology, have 

provided much insight into cerebellar degeneration over the disease course (MacKenzie-

Graham et al., 2012; MacKenzie-Graham et al., 2006; MacKenzie-Graham et al., 2009). 

These showed (1) significant whole cerebellar volume reduction by late disease relative to 

matched controls and a correlation between cerebellar cortical atrophy and disease duration 

(MacKenzie-Graham et al., 2006). (2) Cerebellar atrophy was localised to the molecular 

layer (ML) and associated with a significant decrease in Purkinje cell numbers. There was 

a significant association between Purkinje cell loss and atrophy of the ML. However, 

lesions were observed in WM but not GM (MacKenzie-Graham et al., 2012). (3) Finally, 

longitudinal studies beginning at the pre-onset stage showed progressive cerebellar volume 

loss over time and identified regions that were more sensitive to volume loss (MacKenzie-

Graham et al., 2009). These data are important because they validate the use of EAE for 

prospective studies and the identification of prognostic markers.  

 

These studies, however, paid little attention to the DCN, another functionally significant 

region of the cerebellum (Diedrichsen et al, 2011; Dum & Strick, 2003). The DCN consists 

of a group of nuclei at the centre of the cerebellum associated with relaying information 

from the cerebellum to the brainstem and thalamus. These nuclei receive inhibitory 

(GABAergic) inputs from Purkinje neurons in the cerebellar cortex. Most output fibres of 

the cerebellum originate from these nuclei (Dum & Strick, 2003). The objective of this 

study was to identify changes in the DCN to an increasing inflammatory environment over 

the disease trajectory. This was performed in two EAE variants, namely the myelin 
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oligodendrocyte glycoprotein (MOG)-induced C57Bl/6 strain, which exhibits a CP clinical 

profile and the proteolipid protein (PLP)-induced SJL/J, which exhibits CR-EAE (Miller & 

Karpus, 2007). In both variants, the DCN (a) remains free from large scale inflammatory 

infiltration over the whole disease course, but (b) nevertheless exhibits hallmarks of 

neuroinflammation at relatively reduced levels, sufficient to expect functional disturbances.  

 

Experimental Procedures 

Materials 

C57Bl/6 and SJL/J mice were obtained from the Animal Resource Centre (Western 

Australia). MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK) and PLP139-151 

(HSLGKWLGHPDKF) were prepared by ModPep (Melbourne, Vic., Australia) at ≥ 96% 

purity. For the preparation of emulsions, complete Freund’s adjuvant (CFA) was obtained 

from Sigma-Aldrich (Saint Louis, MO, F5881) and Mycobacterium tuberculosis from 

Beckton Dickinson (Franklin Lakes, NJ, 231141). The toxic protein from Bordetella 

pertussis was obtained from Sigma-Aldrich (P7208). For immunohistochemistry (IHC), 

primary antibodies included monoclonal mouse anti-glial fibrillary acidic protein (GFAP) 

from Merck Millipore (Billerica, MA, MAB360), polyclonal rabbit anti-myelin basic 

protein (MBP) from DAKO (Glostrup, Denmark, A0623), mouse monoclonal anti-CD3 

(DAKO, A0452), polyclonal rabbit anti-ionised binding adapter molecule 1 (Iba1) from 

WAKO Chemicals (Richmond, VA, 019-19741); polyclonal goat anti-Iba1 from Novus 

Biologicals (Centennial, CO, NB100-1028SS); monoclonal rabbit anti-TMEM119 from 

abcam (Cambridge, UK, ab209064); monoclonal mouse anti-PLP from Merck Millipore 

(MAB388); and monoclonal mouse anti-hypo-phosphorylated neurofilament (NF) 

(Covance, Princeton, NJ, SMI32R). Secondary antibodies included Alexa 488, Alexa 546, 

Alexa 594 and Alexa 647 conjugated to IgG against the appropriate animal host from 

Invitrogen (Carlsbad, CA). Amplification was achieved using biotinylated horse-anti-
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mouse (Vector Laboratories Inc., Burlingame, CA, BA-2000) and biotinylated goat-anti-

rabbit (Vector Laboratories Inc., BA-1000) alongside streptavidin-Alexa 488 (Invitrogen, 

S11223) and streptavidin-Alexa 555 (Invitrogen, S32355). Nuclei were stained using 4', 6 

diamidino-2-phenylindole (DAPI) from Sigma-Aldrich (D9564). For cryostat sections, 

tissue was embedded using optimum cutting temperature (OCT) compound from Sakura 

Finetek (Torrance, CA, 4583) and coverslips were mounted using fluorescent mounting 

medium from DAKO (S302380). Alto stainless steel 1 mm coronal matrices were obtained 

from AgnTho (Lidingö, Sweden, 69-2175-1). The TUNEL kit was obtained from 

Boehringer Mannheim GmbH (Mannheim, Germany, 11684795910). 

 

Mice and EAE induction 

EAE was induced with MOG35-55 peptide in C57Bl/6 mice (Pham et al, 2009) and with 

PLP139-151 peptide in SJL/J mice (Miller & Karpus, 2007). Female mice only, aged at least 

9 weeks old and weighing a minimum of 21 g were used for experimentation. They were 

housed in the specified pathogen free area of the La Trobe Animal Research and Teaching 

Facility under standard conditions. All animal experiments were performed in accordance 

with the National Health and Medical Research Council regulations and approved by the 

institutional animal ethics committee. EAE was induced by a single subcutaneous injection 

into each inguinal region, of an emulsion containing 100 µg of neuropeptide in 50 µL of 

phosphate buffered saline (PBS; 7.68 mM Na2HPO4, 2.67 mM NaH2PO4, 154 mM NaCl, 

pH 7.4) emulsified in an equal volume of CFA supplemented with 4 mg/mL of M. 

tuberculosis. Immediately following neuropeptide injections, an intraperitoneal injection 

of 350 ng of pertussis toxin in 300 µL of PBS was administered. This was repeated two 

days thereafter (2 days post-injection; DPI). Control animals (vehicle only; VO) received 

the above, except that neuropeptide was substituted with PBS. Mice were weighed on 0, 2, 

7 and 9 DPI, after which weighing was performed daily. Disease progression was 
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monitored using a clinical scoring (CS) system: 0 – no observable disease, 1 – limp tail, 2 

– hind limb weakness, 3 – paralysis of one hind limb, 4 – paralysis of both hind and one 

forelimb, 5 – moribund (Dang et al., 2015). Where intermediate symptoms were observed 

the value of 0.5 was added to the score.  

 

Tissue preparations, histology and immunostaining 

Mice were taken at a low CS (0.5 - 2.0), or high CS (2.5 - 3.5) alongside normal and VO 

mice with a minimum of three mice per group. Animals were killed and transcardially 

perfused first with 10 mL of PBS, followed by 4% w/v paraformaldehyde in PBS. The brain 

was removed and cut into quarters using a brain matrix. The two cerebellar quarters were 

then embedded in either paraffin wax for histological staining with haematoxylin and eosin 

(H&E) or IHC, or OCT for cryostat sectioning and IHC. Sections were cut at 7 µm thick in 

the sagittal plane and H&E staining was performed on 1 out of every 10 slides and used as 

a reference for further IHC staining. For IHC, antigen unmasking was performed using 

citrate solution (113.93 mM Na3C6H5O7, pH 6) prior to blocking for 1 hour (with PBS 

containing 3% horse serum and 0.3% Triton X-100). Incubation with primary antibody was 

performed overnight at 4 °C, followed by incubations with secondary antibodies for 1 hour 

at room temperature. Where required, amplification was achieved using the appropriate 

biotinylated antibody and fluorescent streptavidin conjugate. Finally, 0.001% 4′,6-

diamidino-2′-phenylindole, dihydrochloride (DAPI) in PBS was applied to sections for 5 

min prior to mounting with fluorescent mounting medium (Dako, S3023). TUNEL staining 

was performed as per the manufacturer’s instructions, in combination with anti-CD3 or 

anti-NF protein. Images were captured using the AxioObserver Z1 epifluorescent 

microscope (Zeiss, Oberkochen, Germany) or the Nikon Ti Eclipse inverted microscope 

(Nikon, Minato, Japan) and annotated using the programs Zen Blue (Zeiss), NIS Elements 

(Nikon) and ImageJ (NIH). In all immunostaining experiments n = three per group with 
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triplicate sections. Negative controls included absence of primary antibody or biotinylated 

antibody and normal and VO mice were included in each round. For TUNEL staining, 

positive controls included mouse breast tumour tissue and DNAse I treated normal mouse 

cerebellum.  

 

Mouse Atlas Construction and mapping of lesion topography 

Images of H&E-stained slides were taken at 6 x magnification using a Nikon Ti Eclipse 

inverted microscope (Nikon Corporation, Chiyoda, Tokyo, Japan) and stitched together 

using NIS Elements (Nikon) to give a high-resolution single image of each stained section. 

WM lesions were mapped using GIMP (GNU image manipulation program, 

https://www.gimp.org) onto traces of the mouse cerebellum taken from The Mouse Brain 

in Stereotaxic Coordinates (Franklin & Paxinos, 2008) using Adobe Illustrator and 

compiled using the free rendering program Blender (https://www.blender.org), to produce 

a three-dimensional image in the sagittal plane of the cerebellum (Fig. 3-1). 

 

Neuron counting 

Cerebellar tissue was taken from normal, VO and high CS (2.5+) EAE induced mice and 

embedded in paraffin. Seven cresyl violet stained sections of the fastigial and interposed 

nuclei (Supp. 3-1) were selected from the region between 0.60 mm to 1.32 mm lateral from 

the midline and imaged using an Olympus microscope (CH-2, Olympus, Japan) with a USB 

camera (MD500L, AmScope, Irvine CA, USA) at 10 x magnification. Neurons were 

manually counted by a partially blinded researcher that was not involved with the 

experimentation, handling of tissues or collection of data. 

 

  

https://www.gimp.org/
https://www.blender.org/
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Fig. 3-1 Creating the three-dimensional map of the mouse cerebellum. Cerebellar traces were made 

from sagittal sections of the Mouse Brain Atlas (Franklin & Paxinos, 2008) (a). Inflammatory 

lesions across all experimental mice used were recorded on these traces before being aligned and 

connected using the program Blender (b and c) to create a three-dimensional map of cerebellar 

lesion topography in the mouse. 
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Results 

Similar lesion topography is observed in the cerebellum of C57Bl/6 and SJL/J EAE 

variants.  

It is well established that disease development along the neuraxis is asynchronous in EAE. 

In the commonly used variants, the earliest symptom is optic neuritis, first evident from 10 

- 12 DPI (corresponding approximately to CS 0 to 0.5). This is followed by ambulatory 

difficulties, characteristic of SC inflammation, from 12 - 14 DPI (approximately CS 1.0 to 

2.0) (Kuerten et al, 2008). Subsequently, the disease takes a CR course in PLP139-151 

induced SJL/J mice (Miller & Karpus, 2007), but can exhibit CP, CR, or monophasic 

clinical profiles in C57Bl/6 mice within a single cohort of induced animals (Berard et al, 

2010). Cerebellar inflammation has been documented in both variants, but the 

spatiotemporal pattern of disease evolution in the DCN has been mostly ignored. This was 

achieved in this study by sampling EAE-induced mice at two disease stages, namely CS ≥ 

0.5 ≤ 2.0 (low CS) and ≥ 2.5 ≤ 3.5 (high CS), with VO mice (taken at times corresponding 

to low and high CS in experimental mice) as controls.  

 

MOG35-55 induced cerebellar inflammation in C57Bl/6 mice. 

Locations of reproducible lesion topography are shown in Fig. 3-2a, b, c. Severe cerebellar 

inflammation was already detectable at low CS, manifested by highly inflamed blood 

vessels and medium to large perivascular lesions (Fig. 3-2d, e, f, g). These lesions were 

almost exclusively located in WM, with rare evidence of GM disease activity. We identified 

two defined regions where lesions were reproducibly located in all mice examined. The 

first was the ventrocaudal region, in the 8th and 9th folds (Fig. 3-2d). The salient feature of 

this region is the absence (or extreme thinness) of the cortical layers (ML and GL), resulting 

in apparently direct contact between meninges and WM. From there, lesions appeared to 

spread throughout the ventral WM circumventing, but not penetrating the DCN (Fig. 3-2e). 

These lesions appeared to be limited to the caudal region of the ventral cerebellum, with 
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more rostrally located regions, for example the 3rd fold, exhibiting inflammation less 

frequently (Fig. 3-2f). The other regions reproducibly involved were the WM areas within 

the 4th/5th folds (Fig. 3-2g). Lesions in this region appeared to originate from meningeal 

blood vessels entering the cerebellum from the dorsal aspect. Of interest was the 

observation that while traversing the ML, blood vessels were associated with minimal 

inflammation, but upon reaching the GL the same blood vessels were associated with severe 

inflammation (Fig. 3-3a, b).  

 

Mice at high CS exhibited lesions in the same regions as at low CS. More diffuse 

inflammation was observed, but this inflammation appeared less florid (Fig. 3-2h, i, j, k) 

particularly in the ventrocaudal region between the 8th and 9th folds (compare Fig. 3-2d 

versus Fig. 3-2h) and the WM surrounding the DCN (compare Fig. 3-2e versus Fig. 3-2i). 

The overall lesion load at high CS also appeared less severe than at low CS, suggesting that 

the peak of cerebellar inflammation precedes that of the SC. 

 

  

Fig. 3-2 H&E-stained sections showing regions of reproducible cerebellar WM lesion formation. 

Prominent WM lesions are found in regions (a) 0.6 mm, (b) 1.08 mm and (c) 1.44 mm laterally 

from the midline in the sagittal plane. Both C57Bl/6 (d-k) and SJL/J (l-s) mice show reproducible 

lesion topography (arrowheads) in a number of WM regions: (d, h, l, p) between folds 8 and 9 

where the meningeal layers rest against the WM. (e, i, m, q); In WM surrounding the DCN, 

inflammation is severe while the DCN is spared. (f, n, j, r); More rostrally, inflammation is seen 

where the 2nd, 3rd or 4/5th fold meet the base of the cerebellum. WM within the numerous folds 

presented moderate to severe inflammation, with (g, k, o, s) fold 4/5 frequently seen to be inflamed. 
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PLP139-151 induced cerebellar inflammation in SJL/J mice.  

Using a similar approach, lesion development was mapped in the PLP139-151 induced SJL/J 

variant. Sampling was again performed at low (≥ 0.5 ≤ 2.0) and high (≥ 2.5 ≤ 3.5) CS (n = 

3). In one out of three low CS animals very severe lesions were present (Fig. 3-2l, m, n, o) 

while minimal disease activity was detectable in the other two. At high CS lesions of 

moderate to high severity were identified in two out of three mice (Fig. 3-2p, q, r, s), but 

none in the remaining animal. This suggests an unpredictable timing of lesion development 

in the cerebellum relative to SC, in the SJL/J EAE variant. On the other hand, similarly to 

the C57Bl/6 variant, inflammatory infiltration appeared to originate from between the 8th 

and 9th folds and progress in a caudorostral direction throughout the WM, circumventing 

the DCN (Fig. 3-2l, m, p, q). Lesions were also reproducibly observed in the rostral aspect 

of the cerebellum at the base of the 3rd fold (Fig. 3-2n, r). Other regions where lesions were 

identified included the 4th/5th folds, appearing to originate from the dorsal aspect of the 

cerebellum (Fig. 3-2o, s). In sharp contrast with C57Bl/6 mice, however, GM lesions were 

found in the cortical folds of SJL/J mice within both the ML and GL (Fig. 3-3c, d). 

 

3-D reconstruction of lesion topography in the MOG35-55-C57Bl/6 and PLP139-151-SJL/J 

induced EAE variants. 

3-D reconstruction (Fig. 3-4) was used to demonstrate the relationship between WM 

inflammation and the DCN. Data showed that over the complete disease course in the 

C57Bl/6 mice lesions were almost exclusively identified in WM in every mouse examined 

(Fig. 3-4e, f). In the SJL/J strain some mice did not exhibit cerebellar inflammation despite 

the observation of a CS and lesions were found in both WM and GM (Fig. 3-4g, h). On the 

other hand, lesion topography was remarkably similar in the two mouse strains, but the 

DCN was always spared in every mouse examined.  
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Fig. 3-3 Cortical lesions are more severe in SJL/J mice. (a, b) In the C57Bl/6 mouse strain, 

inflammation of blood vessels is mild in the ML (arrow heads) and GL (arrows) relative to (c, d) SJL/J. 

ML - molecular layer, GL - granular layer, WM - white matter, Men. - meninges. 
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Evidence of hallmarks of neuroinflammation in the DCN, despite lack of overt 

inflammation. 

The highly inflammatory environment surrounding the DCN suggests that despite no 

evidence of inflammatory infiltration, this region is likely to experience severe 

disturbances. Examination of hallmarks of neuroinflammation was performed by 

immunochemical identification of T lymphocyte infiltration, microglial reactivity, axonal 

integrity, stress markers and demyelination. T lymphocyte infiltration was detectable at low 

levels within the DCN of almost all mice examined, irrespective of CS in both EAE variants 

(Fig. 3-5). This was manifested by the presence of single CD3+ T cells dispersed 

throughout the GM, but often in close association with neuronal cell bodies (Fig. 3-5a, b, 

d, e). However, in mice where severe inflammation surrounded the DCN, small collections 

(2-10) of CD3+ T cells were found at the WM to GM demarcation, suggesting that they 

originated from WM inflammation (Fig. 3-5c, f). Large-scale CD3+ T cell infiltration, 

however, was never detectable in the DCN of either EAE variant, either at low or high CS.  

 

  

Fig. 3-4 The three-dimensional model used to map out lesion locations can be split into (a) the 

cortical surface, (b) the GL, (c) the WM and (d) the DCN. Lesions have been recorded for each 

mouse strain with a separate colour used for each mouse (i.e. blue, green and magenta). C57Bl/6 

mice showed higher overall lesion load at (e) low relative to (f) high CS, most notably in a region 

posterior to the DCN, within the WM of fold 4/5 and between folds 8/9 (arrowheads). Severe 

inflammation was observed in (g) 1 out of 3 SJL/J low CS mice, with little to no inflammation seen 

in the other two mice. Similar to (f) C57Bl/6 high CS, (h), 2 out of 3 SJL/J high CS mice had a 

severe lesion load. 
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Surprisingly, Iba1+ macrophage-like reactivity was very pronounced in the DCN of EAE-

induced mice (suggestive of a highly inflammatory environment) relative to controls (Fig. 

3-6a, d). This was true of both EAE variants, where levels of microglial reactivity appeared 

equivalent in the DCN and in the surrounding WM at low (Fig. 3-6b, e) and high CS (Fig. 

3-6c, f). These levels of microglial reactivity, as well as of CD3+ T cells were comparable 

to those detectable in cortical regions (Supp. 3-2). Whether these reactive, Iba1+ 

macrophage like cells are derived from CNS resident microglia or peripheral monocytes is 

unclear. To further investigate this, double staining was performed using Iba1 combined 

with TMEM119, a relatively recently discovered marker of CNS tissue resident microglia 

that is absent on peripheral monocyte derived macrophages (Bennett et al., 2016; Satoh et 

al, 2016). In C57Bl/6 normal, VO and EAE with low cerebellar inflammation groups, Iba1+ 

cells (Fig. 3-7a, c) are positive for TMEM119 (Fig. 3-7b, d). However, as Iba1+ amoeboid-

like cells become more prolific in EAE with high cerebellar inflammation (Fig. 3-7e, g), 

TMEM119 is no longer seen on Iba1+ macrophages (Satoh et al., 2016). Recent studies 

have suggested that TMEM119 may be a marker of homeostasis that is down regulated in 

proinflammatory environments similar to that observed in the C57Bl/6 EAE variant (Fig. 

3-7f, h). As such, while the vast majority of macrophages-like cells are identifiable as 

microglia-derived in stages of lower cerebellar inflammation, the loss of TMEM119 

expression in more florid lesions limits any conclusions as to the proportion of locally and 

peripherally derived macrophages at this time. 

 

Fig. 3-5 CD3+ T cell infiltration into the DCN. (a, b, d, e). Individual CD3+ cells (arrows) are 

seen in the DCN adjacent to NF+ neurons in both strains. (c, f) In both mouse strains severe 

inflammation (arrowheads) consisting of CD3+ T cells were seen in WM surrounding, but not 

extending into the nearby DCN. WM - white matter, DCN - deep cerebellar nuclei. 
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Demyelination in the DCN also proved difficult to assess in both the C57Bl/6 and SJL/J 

variants at low and high CS (Supp. 3-3), because this region is unevenly myelinated in 

normal animals. Therefore, no qualitative difference in myelin levels between these and 

experimental animals could be identified in the DCN. Inflammatory demyelination has 

been found to impair axonal integrity in areas beyond the immediate lesion boundary. NF 

staining was used to assess axonal health in the DCN and surrounding regions near to WM 

lesions aside the DCN. However, axons in the DCN are frequently positive for NF in normal 

mice (Supp. 3-4a, b, c), with no obvious increase in C57Bl/6 EAE variant mice with low 

(Supp. 3-4d, e, f) or high cerebellar inflammation (Supp. 3-4g, h, i), suggesting that this 

marker is not useful in this context. 

 

 

Fig. 3-6 Images at 5 x magnification in both C57Bl/6 and SJL/J mouse strains show Iba1+ staining 

cells in the DCN and adjacent WM, which is upregulated in (b, e) low CS and (c, f) high CS mice 

relative to (a, d) controls. Images at 40 x magnification (inset) show reactive morphology of Iba1+ 

cells in the DCN in both strains at both (b, e) low and (e, f) high CS. Note paucity of GFAP+ 

staining in the DCN relative to surrounding WM. 
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To further explore the effect of the presence of CD3+ cells and the basis of microglial 

reactivity, a TUNEL assay was performed combined with immunostaining with anti-NF 

protein, and in conjunction with anti-CD 3. TUNEL+ cells were detectable within the DCN 

(Fig. 3-8a, c) and adjacent WM (Fig. 3-8b, d) of both mouse strains (C57Bl/6 at low CS, 

SJL/J at high CS) while they were undetectable in control animals. TUNEL+ cells were 

more frequently seen in WM than in the DCN and (Fig. 3-8d-h) occasionally colocalised 

with CD3+ cells, though the identity of TUNEL+ CD3- cells is unknown. Finally, αB-

crystallin, a commonly used marker of neuronal stress (Ousman et al, 2007) was 

investigated to gain further insight into the effect of the changing environment on neuronal 

health. No clear difference was seen with apparently similar numbers of αB-crystallin+ 

cells frequently observed in normal (Supp. 3-5a, b, c), low CS (Supp. 3-5d, e, f) and high 

CS (Supp. 3-5g, h, i) EAE groups. 

 

  

Fig. 3-7 Iba1+ (green; a, c) staining cells that also stain faintly for TMEM119 (red; b, d, 

arrowheads) are observed in the DCN and surrounding WM of C57Bl/6 mice showing low 

cerebellar inflammation. In mice showing more severe cerebellar inflammation Iba1+ cells (e, g) 

become more numerous and macrophage like, though TMEM119 is mostly absent (g, h). 
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Fig. 3-8 TUNEL+ cells were seen in both mouse strains (a, c) in the DCN and (b, d) the adjacent 

WM. (d-h) TUNEL+ cells (arrowheads) rarely coincided with CD3+ cell (arrows). (d) DAPI, (e) 

NF, (f) CD3, (g) TUNEL, (h) merged and inset. Control tissues included (i) tumour tissue, (j) 

normal mouse cerebellar tissue treated with DNAse I and (k) normal mouse cerebellar tissue. 

DCN - deep cerebellar nuclei, WM - white matter, TUNEL - terminal deoxynucleotidyl transferase 

dUTP nick-end labelling, NF - hypo-phosphorylated neurofilament. 
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In view of the difficulties of identifying hallmarks of neuroinflammation using standard 

markers, neuronal populations of the DCN regions closest to inflammatory WM lesions 

were investigated with experimental groups consisting of VO (n = 6) and high CS EAE 

C57Bl/6 mice (CS 2.5+; n = 12). After sectioning and imaging, the high CS EAE cohort 

was then separated into two groups, the first consisting of high CS EAE mice exhibiting 

no/low cerebellar inflammation (n = 6) and a second high CS EAE group showing extensive 

cerebellar inflammation (n = 6). Sections of the DCN near to where inflammation was 

observed (fastigial, and interposed nuclei located between approximately 0.60 mm and 1.32 

mm laterally from the midline in the sagittal plane) were stained with cresyl violet and an 

estimate of the neuronal population made by a blinded researcher from seven sections taken 

at regular intervals in this region (Supp. 3-1). In all, the total number of neurons in these 

regions was found to be significantly less in both low and high cerebellar inflammation 

EAE (CS 2.5+) groups than VO controls (both p < 0.001, Fig. 3-9a). When separated into 

counts per section, the largest contributor to this difference was observed in sections 

containing the interposed nuclei located approximately between 0.84 mm to 1.32 mm for 

both high CS EAE with no/low cerebellar inflammation (0.84 mm p = 0.04, 0.96 mm p = 

0.001, 1.08 mm p < 0.001, 1.20 mm p < 0.001, 1.32 mm p = 0.002, Fig. 3-9b) and high CS 

EAE with extensive cerebellar inflammation (0.84 to 1.32 mm p < 0.001, Fig. 3-9b). 
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a) b)

Fig. 3-9 (a) Fewer cresyl violet stained cells were counted in both high CS (2.5+) EAE groups with (orange) low cerebellar inflammation (p < 0.001) and (red) high 

cerebellar inflammation (p < 0.001). (b) Regions of the fastigial and interposed DCN were surveyed with sections selected at approximated 0.12 mm intervals 

beginning at 0.60 mm and ending at 1.32 mm from the midline in the sagittal plane. A significant reduction in cresyl violet stained cells was seen in the regions closest 

to large reproducible WM inflammation corresponding to a region between 0.84 mm to 1.32 mm. Low cerebellar inflammation (orange); 0.84 mm p = 0.04, 0.96 mm 

p = 0.001, 1.08 mm p < 0.001, 1.20 mm p < 0.001, 1.32 mm p = 0.002. High cerebellar inflammation; 0.84 to 1.32 p < 0.001). Statistical tests: (a) One-way ANOVA 

using Dunnet multiple comparison test; (b) Two-way ANOVA using Dunnet multiple comparison test. n = 6, error bars represent 95% CI. 
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Discussion 

Since work by Kutzelnigg et al. (2007) identified cerebellar cortical demyelination as an 

early and significant pathological feature in MS, investigators have sought to validate the 

EAE model to obtain proof-of-concept for MS pathology of this region. The focus has been 

on the use of imaging approaches in murine variants, (MacKenzie-Graham et al., 2012), 

which have uncovered volume loss in early and late stage disease, preferentially in the 

molecular and Purkinje cell layers and predilection of WM for lesion development. These 

findings bear remarkable similarities with hallmarks of MS cerebellar pathology (Geurts et 

al., 2007). The above investigations, however, have neglected the DCN which is a 

functionally significant region of the cerebellum. Almost all cerebellar cortical projections 

travel to the DCN (mostly originating from inhibitory Purkinje cells) and the DCN is the 

primary source of signals leaving the cerebellum (White & Sillitoe, 2013); hence our 

investigations of these regions in two commonly used murine EAE variants. The variants 

selected (C57Bl/6 or SJL/J EAE) exhibit different clinical profiles (CP or CR) which was 

used to test the generality of the findings. 

 

Spatiotemporal mapping of cerebellar disease revealed both differences and similarities 

between variants. A major difference consisted in the occurrence of GM lesions in SJL/J 

mice, not seen in C57Bl/6 mice. These were located particularly in the ML and GL of SJL/J 

mice where florid lesions were more commonly observed. An additional difference was the 

timing of the peak of cerebellar inflammation relative to SC disease (evaluated in terms of 

CS). Data showed that in C57Bl/6 mice, the peak of cerebellar inflammation preceded that 

of the SC, because the most intense inflammation was detected in low CS mice, while 

inflammation at high CS appeared less intense. However, the above did not appear to be 

the case for SJL/J mice where (a) cerebellar lesions were not detected in all mice and (b) 

there was no relationship between severity of inflammation and disease duration in the 
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cerebellum. This may be related to the fact that the disease exhibits a CR course in the SJL/J 

mice (Miller & Karpus, 2007) and, therefore, if disease develops independently in different 

CNS regions as suggested by this study, there will always be a disconnect between SC and 

cerebellar inflammation. Overall, however, in both variants, the different timing of SC and 

cerebellar disease is consistent with data from genetically modified EAE models.  

 

On the other hand, despite differences in neuroantigen/mouse strain combination, there 

were striking similarities between the two variants in terms of progression of inflammatory 

infiltration and reproducibility of lesion topography. In both variants, in all mice that 

exhibited cerebellar inflammation lesions were observed in the caudal regions (8th and 9th 

folds) as well as in the dorsal aspect (4th/5th folds). Taken together, these observations raise 

the interesting possibility that these regions are associated with higher sensitivity to 

inflammatory infiltration though the nature of this shared predisposition is currently 

unclear. The most interesting common observation was that of apparent resistance of 

inflammatory infiltration in the DCN, whereby in both variants aggressive progression of 

inflammation circumvented, but did not deeply penetrate the DCN. Thus, even where CD3+ 

cells appeared to originate from WM inflammation, infiltration into the DCN was mild. No 

clear pattern to CD3+ cell invasion was apparent, however CD3+ cells were frequently seen 

directly opposed to large neurons within the structure, though whether this is coincidental 

due to the densely packed somal bodies in the DCN is unclear. 

 

This absence of large-scale infiltration was in contrast with the high level of microglial 

reactivity, characterized by increased detectability, highly enlarged cell bodies and complex 

branching, which in both variants appeared equally severe in the DCN and surrounding 

WM. Iba1+ microglia or monocyte derived macrophage reactivity was, however, consistent 

with the presence of single CD3+ cells frequently found in close proximity to neuronal cell 
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bodies and TUNEL+ cells, which were undetectable in controls. TUNEL+ cells were not 

frequently coincident with CD3+ cells, thereby suggesting that dying cells were the 

neuronal and/or glia cells of the DCN and nearby WM. Determination of the functional 

damage to the DCN is outside the scope of this investigation, but evidence of hallmarks of 

neuroinflammation above control levels are suggestive of severe consequences on the 

refinement of cortical cerebellar inputs and their relay. Indeed, this appears to manifest as 

neuronal loss, more pronounced in regions proximal to the sites of highest WM 

inflammation. 

 

While findings were broadly consistent between the variants, several issues bode further 

investigation. While most macrophage-like cells appear to be derived from CNS resident 

microglia as suggested by the presence of TMEM119, this marker was not seen in highly 

the highly inflamed cerebellum. The purinergic receptor, P2RY12 is frequently used to 

distinguish microglia derived macrophages from those of peripheral origin are also 

expressed in homeostatic conditions but is also down regulated during inflammatory 

episodes (Mildner et al, 2017; Zrzavy et al, 2017), whereas the relative expression of CD45 

(high or low) combined with fluorescence activated cell sorting requires tissue 

homogenisation and the loss of regional context. This greatly limits the value of these 

techniques for this region to determine relative contributions to the population of 

macrophage-like cells. Secondly, while markers such as NF and αB-crystallin have been 

useful as a marker of pathology or stress in the EAE SC, high expression in controls make 

their value rather limited in the DCN. Future studies should consider the use of markers 

specific to macrophage-like cell based pathology such as markers of synaptic stripping 

(synapsin I, synaptophysin and PSD-95), presence of reactive oxygen/nitrogen species 

(iNOS, p22-phox and E06), or neuronal stress/damage (APP) that may be mediated by this 

cell type and has been observed in MS DGM tissue (Haider et al, 2014; Zhu et al, 2003; 



Chapter 3 – Cerebellar Pathology 

 3-33 

Ziehn et al, 2010). Lastly, cresyl violet was chosen for its capability to stain the broadest 

swath of neurons in this diverse structure, with results suggesting that nearby WM 

inflammation is associated with a reduced neuronal population. However cresyl violet is 

not a neuron-specific marker and it cannot be ruled out that non-neuronal cells may have 

been unintentionally included in neuronal counts. As such, determining whether a specific 

sub-population of neurons is lost will require the use of a multiplex IHC staining protocol 

or similar technique to separate the approximately six different neuronal populations 

present in the DCN (Uusisaari & Knöpfel, 2013). Recent studies using MS tissue have 

found that specific sub-populations of neurons may be at greater risk from inflammatory 

demyelination (Zoupi et al, 2021) further supporting the individual counting of neuron 

populations. 

 

Conclusions 

This study focused on the DCN but highlights the remarkable resistance of defined 

cerebellar GM regions not only to major inflammatory infiltration, but also to migration of 

inflammatory cells from adjacent WM, despite the absence of physical barriers between 

compartments. Given the reproducibility of lesion topography demonstrated here, the basis 

of the restricted ability of inflammatory cells to progress from WM to DCN should be 

further explored in longitudinal studies, as it would provide valuable insight into the 

development of differential microenvironments in different CNS regions. Furthermore, 

future electron microscopy will likely give some insight as to the impact inflammatory 

processes have on nearby GM that appears relatively normal under standard histological 

techniques as well as the nature of the apparent CD3+/neuron interaction. Since the 

cerebellum is a highly clinically relevant CNS region to MS, this study further supports the 

use of the EAE model for the evaluation of GM-specific therapeutic approaches. 
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Supplementary Figures 
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Supp. 3-1 Cresyl violet stained sagittal cerebellar sections were matched with others before 

selecting sections to count. One such set of matched sections is presented as an example consisting 

of VO controls and high CS EAE mice (CS 2.5+) that were separated into groups dependent on the 

extent of cerebellar inflammation, EAE with no/low inflammation and EAE with high inflammation 

(n = 6). 
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Supp. 3-2 The cerebellar cortex shows similar pathology to the DCN. (a, b) Single CD3+ cells are 

observed in the cerebellar cortex adjacent to NF+ Purkinje neurons in both mouse strains. Both (c) 

low CS and (d) high CS Iba1+ cells exhibit reactive morphology relative to (e) normal controls. 

GL - granular layer, ML - molecular layer, Men. - meninges, NF – hypo-phosphorylated 

neurofilament, GFAP - glial fibrillary acidic protein, Iba1 - ionised binding adapter molecule 1. 

 

Supp. 3-3 Myelin staining in the C57Bl/6 and SJL/J cerebellum. C57Bl/6 and SJL/J (a, e) normal 

and (b, f) VO animals exhibit uneven myelination in the DCN, while WM myelination is abundant. 

(c, d) WM lesions are more florid in C57Bl/6 (arrow heads) at a low CS, however changes in DCN 

myelin are difficult to evaluate due to paucity of myelination in this region even in control animals. 

(g, h) Lesions in the WM adjacent to the DCN is evident (arrow heads) in SJL/J mice, but the DCN 

is difficult to assess as in (c, d). MBP - myelin basic protein, PLP - proteolipid protein, DCN - deep 

cerebellar nuclei. 
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Supp. 3-4 NF (grey) IHC staining in C57Bl/6 mice. NF staining is seen most intensely, though 

highly variable in the DCN in normal C57Bl/6 mice with low but consistent staining in the 

surrounding WM (a, b, c). In high CS EAE (CS 2.5+) mice showing either low cerebellar 

inflammation (d, e, f) or high cerebellar inflammation (g, h, i), NF staining is not significantly 

different to that seen in normal controls. 

Supp. 3-5 αB-Crystallin (green) IHC in C57Bl/6 mice. Cell bodies positive for αB-crystallin are 

frequently seen in the cerebellum in normal (a, b, c), low CS EAE (d, e, f) and high CS (g, h, i) 

groups in and around the DCN with no clear differences between the groups. 
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 Rotarod assessment as a measure of cerebellar disease in 

EAE. 

Introduction 

While the focus of MS pathological investigations has been on the brain because of the 

association of symptoms with cortical atrophy and lesions in the WM, cortical GM and 

deep GM, cerebellar disease also has profound consequences on the quality of life of people 

with MS. EAE however, has been most intensively used to elucidate mechanisms of 

neuroinflammation in the SC due to the predilection of this CNS region for lesion 

development, the relative anatomical simplicity of the SC, ease of access relative to other 

CNS structures supported by the convenience of the CS system to evaluate disease severity 

and progression. Furthermore, as MRI technology improves SC pathology is becoming 

increasingly recognised in MS. On the other hand, cerebellar disease has long been known 

to be of significance in MS but has been grossly understudied relative to brain pathology. 

Approximately 48% of patients with early MS showing impaired balance (Cameron & 

Nilsagard, 2018; Cattaneo et al, 2021) and up to 80% experience some form of ataxia 

throughout the course of the disease (Wilkins, 2017). More recently, the role of the 

cerebellum in cognition in MS has been recognised, particularly with the evidence that 

patients with cerebellar motor dysfunction have a different cognitive profile than those 

without such dysfunction. This evidence is also corroborated by data generated from 

functional MRI and information processing tasks. The precise nature of cerebellar 

involvement in cognition is yet to be determined, however the implications of these findings 

is that early evidence of cerebellar symptoms is suggestive of concurrent onset of disease 

activity in multiple CNS regions (Weier et al, 2015). 

 

As touched on in Chapter 1, a number of pathological hallmarks seen in the cerebellum are 

not dissimilar to those found in the brain such as WM/GM lesions, non-inflammatory 
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cortical demyelination and atrophy. Some of this pathology is believed to long precede 

cortical damage in the brain. As such, studying the development of EAE in the cerebellum 

may shed light on early disease processes that are not investigable in people with MS 

potentially enabling earlier diagnosis, assisting in the development of measures more 

sensitive than the current EDSS scale to quickly gauge patient responsiveness to 

therapeutics as well as providing a more clinically relevant region than the SC to evaluate 

promising drug candidates. 

 

The rotarod performance test is a validated measure of balance and coordination associated 

with cerebellar functionality in rodent species. The key outcome measure is the time taken 

for the mouse to fall (or cling to the rod doing full rotations without moving the feet) from 

a rod that is either accelerating or rotating at a static speed, requiring considerable 

coordination and balance. While patients do not undergo a direct analogue of the rotarod, 

wearable gyroscopic devices are used alongside tests measuring walking time, speed and 

balance and have been linked to GM/WM lesion volume and atrophy (Shanahan et al, 

2017). The rotarod test on mice has been found to be sensitive to physical trauma associated 

with a loss of balance in humans such as a traumatic brain injury, as well as 

pharmacological interference such as inebriation. Furthermore, this test is routinely used to 

investigate potential therapeutics and their impact on the recovery of motor function, 

coordination and balance. 

 

In this study, the rotarod test was applied to determine its suitability to detect pre-clinical 

deficits in balance and coordination and if this was associated with cerebellar disease 

described in Chapter 3. A standard protocol was first evaluated, with refinements made 

thereafter to more accurately determine the point of onset of disease as well as to limit other 

extraneous variables such as learning and ceiling effects.  
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Results 

The rotarod was used to examine the relationship between impaired balance and cerebellar 

pathology identified in Chapter 3. The latency (time to fall from the rotarod) was the main 

outcome measured as the average time mice were able to remain on the rotarod, with the 

aim of identifying the earliest time point over the disease course when a significant 

difference between EAE and controls (normal and VO) was observed. To achieve this, three 

protocols were trialled with optimisations made where needed, relating to frequency of 

training and testing the mice received and the maximum speed the accelerating rod reached. 

Optimisations were made to more accurately determine when a loss in rotarod performance 

could be observed, address concerns that learning effects may mask a drop in functional 

capacity and to address the ceiling effect where maximum performance cannot be properly 

determined (Table 4-1). Furthermore, weight and CS were monitored for EAE mice tested 

on the rotarod and compared with the disease progression of control mice to ensure the 

procedure itself had no effect on the disease course. 

 

 

 

 

 

  

Table 4-1 Summary of details, results and ensuing issues involved in optimising each rotarod 

protocol tested. 
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Protocol 1  

Conditions are described in Chapter 2 - Protocol 1 and Table 4-1. Body weight remained 

steady in normal and VO groups that were rotarod rod assessed (NormRota+ and VORota+ 

respectively) throughout the course of the experiment with no significant change detected 

(Fig. 4-1a). Similarly, both EAE induced mice trained and tested on the rotarod 

(EAERota+) and those that were not (EAERota-) showed significant decrease in weight 

relative to both NormRota+ and VORota+ on DPI 14 as well as the development of 

ascending paralysis (Fig. 4-1a). However, EAERota- mice were found to be significantly 

heavier than EAERota+ at DPI 9 (p = 0.04) suggesting that post induction weight gain may 

be impacted by testing itself or stress resulting from handling. However, training and testing 

phases did not appear to have a significant impact on the disease course of EAE, with 

EAERota+ not showing a significantly different progression in CS relative to the EAERota- 

group (Fig. 4-1b). EAERota- mice do show a trend of earlier onset of disease at DPI 13 but 

this did not reach significance. At DPI 8 all groups (NormRota+, VORota+ and EAERota+) 

showed a comparable performance in time to fall (Fig. 4-1c). When tested again at DPI 14, 

EAERota+ had a significantly worse performance with average time to fall being under 

half that seen in the control groups (NormRota+ and VORota+; both p < 0.001). This drop 

in performance was also verified when comparing average fall time between 8 and 14 DPI 

for EAERota+ (p = 0.002), though the NormRota+ group had an improved average (p = 

0.03). 

 

Overall, we see a drop in rotarod performance in the second (DPI 14) relative to the first 

(DPI 8) day of testing, though this cannot be solely attributed to cerebellar damage due to 

mice also showing signs of ascending paralysis due to SC inflammation (Fig. 4-2). 

Interestingly, a slight improvement is seen in the NormRota+ mice from DPI 8 to 14, 

though this is not seen in the VORota+ group.   
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Fig. 4-1 Data for rotarod protocol 1. (a) Weight measurements are shown as a percentage 

difference from an average of the first three measurements taken for NormRota+ (blue), VORota+ 

(green), EAERota+ (purple) and EAERota- (pink). (b) Average CS data for EAERota+ (purple) and 

EAERota- (pink). (c) Average group rotarod performance recorded as time to fall or three full 

rotations clasping the rod in a row. Statistical tests: (a) Repeated measures two-way ANOVA, no 

sphericity assumed (Geisser-Greenhouse correction) using Tukey multiple comparison test; (b) 

Mann-Whitney test with multiple comparisons using Holm-Šidák method; (c) Repeated measures 

two-way ANOVA, no sphericity assumed (Geisser-Greenhouse correction) using Tukey multiple 

comparison test. n = 5, error bars represent 95% CI, *NormRota+ were not injected but training 

and assessment occurred on days as if they had been. 

Fig. 4-2 SC inflammation in C57Bl/6 mice at CS 1.5. Even at a low CS, light to moderate meningeal 

inflammation is seen (arrow heads) at the (a, b) cervical and (c, d) thoracic regions. More severe 

inflammation is observed in the meninges and underlying WM at the (e, f) lumbar and (g, h) sacral 

regions. 
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Protocol 2 

The second protocol was modified to include an increased number of training days with a 

more gradual increase to maximum RPM to limit learning effects on the results (Chapter 2 

- Protocol 2; Table 4-1)1. Testing frequency was also increased from just two days (DPI 8 

and 14) to daily starting at DPI 5, to provide a more accurate measure of when a drop in 

rotarod performance is first observed. 

 

Both EAERota+ and EAERota- groups showed weight loss alongside onset of clinical 

disease beginning at 12/13 DPI (Fig. 4-3a). However, as with protocol 1, EAERota- showed 

a significantly increased weight gain post induction relative to EAERota+ at DPI 7 (p = 

0.03), though the difference observed at DPI 9 (p = 0.06) and DPI 12 (p = 0.10) did not 

reach significance. As in protocol 1, there did not appear to be any significant difference in 

either day of onset (DPI 11/12) or rate of disease progression in protocol 2 (Fig. 4-3b). 

Surprisingly, rotarod performance between EAERota+ and VORota+ showed no 

significant difference in time to fall despite the EAERota+ beginning to show signs of 

disease (CS 0.5 ~ 1.5) at DPI 11, 12 and 13 (Fig. 4-3c).  

 

While a drop in average rotarod performance was expected alongside onset of ascending 

paralysis, there was no evidence of any loss in performance prior to this time point that may 

be indicative of impending weakness/paralysis. This can be explained in part by the ceiling 

effect observed whereby mice regularly reached the maximum possible time on the rotarod 

when the maximum speed was 40 RPM. This suggests that no accurate upper limit to 

measure peak performance had been reached. Furthermore, removing mice from analysis 

when it was deemed unethical to test them on the rotarod when CS above 1.5 was identified, 

 
1All experiments performed using protocol 2 occurred during a period where mice were living in perpetual 
daylight due to a maintenance error in the LARTF. Despite the expected increase in stress from being in 
constant light, the disease course was not significantly altered relative to standard EAE conditions. 
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combined with outliers in terms of onset and rate of disease make statistical comparisons 

challenging with such small group sizes (n = 5). 

 

  

Fig. 4-3 Data for rotarod protocol 2. (a) Weight was monitored throughout the experiment and 

presented as a percentage change from the average of the first three measurements for 

NormRota+ (blue) and EAERota+ (purple) and for EAERota- (pink). (b) Comparison of CS 

progression in EAERota+ (purple) relative to EAERota- (pink). (c) Average time to fall off the 

rotarod was measured for both NormRota+ (blue) and EAERota+ (purple) mice. Statistical tests: 

(a) Repeated measures two-way ANOVA, no sphericity assumed (Geisser-Greenhouse correction) 

using Tukey multiple comparison test; (b) Mann-Whitney test with multiple comparisons using 

Holm-Šidák method; (c) Repeated measures two-way ANOVA, no sphericity assumed (Geisser-

Greenhouse correction) using Tukey multiple comparison test. n = 5, error bars represent 95% 

CI, *NormRota+ mice were not injected but training and assessment occurred on days as if they 

had been. 



Chapter 4 – Rotarod assessment of EAE 

 4-10 

 

 

 

 

 

 

 

 

 

 

 

  

0 2 5 6 7 8 9 10 11 12 13 14 15 16 17

0

1

2

3

4

Days Post Injection (DPI)

C
li
n

ic
a
l 
S

c
o
re

 (
C

S
)

Clinical Score During Rotarod Assessment (P2)

EAERota+

EAERota-

0 2 7 9 12 13

70

80

90

100

110

Days Post Injection (DPI)*

W
e
ig

h
t 

 (
%

)

Weight (%) During Rotarod Assessment (P2)

NormRota+

EAERota-

EAERota+

 

5 6 7 8 9 10 11 12 13

0

100

200

300

400

Days Post Injection (DPI)*

F
a
ll
 T

im
e
 (

s
e
c
)

Rotarod Performance (P2)

NormRota+

EAERota+

a)

b)

c)



Chapter 4 – Rotarod assessment of EAE 

 4-11 

Protocol 3 

Despite the more extensive training and assessment program coupled with an increased 

max RPM (Protocol 3; Table 4-1), NormRota+ weight remained steady throughout the test 

(Fig. 4-4a). Similar to protocols 1 and 2 (Fig. 4-1a; Fig. 4-3a) EAERota- groups trended 

towards increased weight gain post induction/prior to onset of disease. However, this 

difference was not as high relative to protocol 1 and 2, with significant differences only 

seen between VORota+ on DPI 7 and 9 (p < 0.001) and no significant difference relative 

to EAERota+ (DPI 7 p = 0.10 and DPI 9 p = 0.15). As the ascending paralysis begins on 

DPI 11/12, a loss of weight is seen in the EAERota+ group relative to VORota+. This trend 

begins at DPI 12 (p = 0.06) and continues at DPI 13 and 14 (p < 0.001 for both days). 

Similarly, between VORota+ and EAERota- groups this difference does not reach 

significance immediately (DPI 12 ~ p = 0.16, DPI 13 ~ p < 0.001, DPI 14 ~ p < 0.001), 

possibly as a consequence of the increased post induction/pre-clinical weight gain. No 

significant difference is seen between EAERota+ and EAERota- groups at any time point 

with the post induction weight gain trend at DPI 7 (p = 0.10) not reaching significance. The 

possible increase in stress from the increased maximum speed of rotarod protocol 3 (40 

RPM vs 60 RPM) did not appear to significantly alter the disease course of EAE with no 

significant differences in the onset, rate of progression and maximum CS seen between the 

EAERota+ and EAERota- groups (Fig. 4-4b). In protocol 2 mice from both rotarod tested 

groups (NormRota+ and EAERota+) regularly reached the maximum latency of 300 

seconds (Fig. 4-1c; Fig. 4-3c). With a maximum speed of 60 RPM mice typically reach a 

latency of between 150 and 250 seconds with relatively few incidences of mice reaching 

300 seconds (Fig. 4-4c). When comparing VORota+ and EAERota + groups, no significant 

differences in performance are seen until 12 DPI (p = 0.03) and again at 15 DPI (p = 0.02). 

While this drop in performance is observable from 12 DPI to 15 DPI, as mice reach CS > 

1.5, these mice are no longer placed upon the rotarod leading to reduced numbers per group 

making statistical comparison post-onset challenging.  
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Fig. 4-4 Data for rotarod protocol 3. (a) Weight was recorded for NormRota+ (blue), VORota+ 

(green) and EAERota+ (purple) and EAERota- (pink). (b) CS progression over the course of the 

experiment was recorded for EAERota+ (purple) and compared with EAERota- (pink). (c) Time to 

fall was taken for NormRota+ (blue), VORota+ (green) and EAERota+ (purple) mice as a measure 

of rotarod performance. Statistical tests: (a) Mixed effects analysis, no sphericity assumed (Geisser-

Greenhouse correction) using Tukey multiple comparison test; (b) Mann-Whitney test with multiple 

comparisons using Holm-Šidák method; (c) Repeated measures two-way ANOVA, no sphericity 

assumed (Geisser-Greenhouse correction) using Tukey multiple comparison test. NormRota+ n = 

10, VORota+/EAERota+/EAERota- n = 15, error bars represent 95% CI, *NormRota+ mice were 

not injected but training and assessment occurred on days as if they had been. 
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Pre-clinical rotarod testing using protocol 3 

Previous protocols did not show any drop in rotarod time to fall prior to the onset of 

ascending paralysis. Histology was performed on cerebellar and SC regions to investigate 

whether inflammation was observable in these structures despite rotarod performance being 

indistinguishable from controls. This was performed on DPI 11/12, just prior to first 

observable CS in previous protocols. 

 

Mouse weight and rotarod performance scores were pooled for the EAERota+ groups up 

to and including DPI 11 (n = 7) where 4 mice were taken after rotarod assessment (Fig. 

4-5). The remaining 3 mice were taken on DPI 12 after rotarod assessment. All mice 

showed no signs of ascending paralysis (CS 0) when taken on either 11 or 12 DPI (not 

pictured). Similarly, no significant differences were seen between either VORota+ or 

EAERota+ with rotarod groups with respect to weight changes over the course of the 

experiment (Fig. 4-5a). Fall time remained consistent for the EAERota+ group throughout 

the experiment with the average sitting between 150 - 200 seconds with no significant drop 

in performance seen on the final day (12 DPI; Fig. 4-5b). 

 

This was supported by cerebellar histology performed on mice taken at DPI 11 and 12 with 

no inflammatory lesions observed throughout the cerebellum as assessed by H&E staining 

in all EAERota+ mice (not shown). No obvious inflammation was observed in the SC of 

pre-clinical mice taken at DPI 10 (Fig. 4-6) 
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Fig. 4-5 Protocol 3 data for EAERota+ mice taken at CS 0 for pre-clinical analysis. (a) Weight 

monitoring data for VORota+ (green) and EAERota+ (purple) mice undergoing rotarod 

assessment. (b) Rotarod performance of VORota+ (green) and EAERota+ (purple) mice 

recorded as time to fall. VORota+ n = 3, EAERota+ n = 7 until 11 DPI, n = 4 on DPI 12. 

Statistical tests: (a) Repeated measures two-way ANOVA, no sphericity assumed (Geisser-

Greenhouse correction) using Tukey multiple comparison test; (b) Repeated measures two-way 

ANOVA, no sphericity assumed (Geisser-Greenhouse correction) using Tukey multiple 

comparison test, error bars represent 95% CI. 
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Discussion 

Symptoms of MS regularly include debilities relating to coordination, balance and 

cognition as a result of cerebellar pathology. Furthermore, in the early disease stages these 

often-subtle symptoms may potentially be written off as "having a bad day", whereby the 

patient may not present themselves to a clinic. To improve both treatment of these 

symptoms as well as aiding earlier diagnosis it is important to understand how a similar 

process develops in the EAE cerebellum. In Chapter 3 extensive florid lesions were 

observed very early in the disease process (CS 0.5 ~ 1.5). Given the early and severe 

accumulation of cerebellar pathology identified in C57Bl/6 mice, pre-clinical detection of 

this pathology was attempted using the rotarod test. 

 

Careful attention was paid to standard measures for monitoring EAE, such as changes in 

weight as well as the onset and rate of CS progression, to ensure that alterations in training 

and testing protocols had no effect on disease initiation and development. Stress has been 

shown to alter the immune response producing a more, or less, severe response (Dhabhar, 

2009). Harpaz et al (2013) found that chronic stress in the mouse model of EAE lead to a 

more severe disease course, where sources of stress included isolation, restraint, predator 

odour, cold water and illumination (Harpaz et al., 2013). Studies investigating if a 

substantial stress response occurs due to the extensive handling associated with rotarod 

training and assessment are currently lacking. However as no discernible impact was 

observed in this study it suggests that the conditions associated with rotarod testing in this 

study do not equate to chronic stress in this particular EAE variant. However there was a 

consistent trend of reduced post-induction/pre-clinical score (DPI 7 ~ 10) weight gain in 

Fig. 4-6 Pre-clinical SC sections from C57Bl/6 at DPI 10. No evidence of meningeal or WM 

inflammation is observed at either the (a, b) cervical, (c, d) thoracic, (e, f) lumbar or (g, h) sacral 

regions. 
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the rotarod assessed groups (NormRota+, VORota+, EAERota+) relative to EAERota- 

mice that had not undergone any rotarod testing protocol. While this difference 

occasionally reached significance the actual difference in the weight was marginal and did 

not appear to have an impact on the overall health of the mice. More in-depth measurements 

of stress hormones, lesion number/volume, or combined rotarod testing with a test of 

anxiety-like behaviour such as the elevated plus maze would be of interest to more 

accurately gauge the subtler impacts of using tests requiring significant handling of the 

mice in a disease model that may be sensitive to stress.  

 

Multiple iterations were made to the rotarod protocol used to train and assess the 

performance of the mice. The initial proof of concept (Chapter 2 - Protocol 1; Table 4-1) 

consisted of just two training (DPI -1 and 6) and assessment (DPI 8 and 14) sessions. As 

expected, this was enough to show a drop in performance from a low CS onwards, however 

it was not suitable to detect disease prior to the development of tail weakness/paralysis as 

the second test point typically occurred post recording of a CS. Furthermore, as the 

NormRota+ group was found to improve over the course of just two tests it was deemed 

necessary to provide a less steep learning curve during training and to increase the 

frequency of training (DPI -4 ~ 0) and testing (DPI 5+). Lastly, limits on the highest score 

a mouse should ethically be placed on the rotarod were initially set at CS 2 as the main 

focus was pre-clinical/early disease. In practice, it was found that even at low CS 

correlating to loss of tail tonicity (CS 0.5 ~ CS 1.5), likely unrelated to cerebellar pathology, 

a dramatic impact on rotarod performance was observed with mice frequently falling during 

the setup phase of the assessment when placed on the rotarod at a static speed of 5 RPM 

(data not shown). To address this, the maximum score allowed on the rotarod was reduced 

to CS 1.5 to ensure less unnecessary stress on the animals. 
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The increased training appeared to be successful in eliminating learning effects during the 

assessment phase of protocol 2 (DPI 5+). However this resulted in a ceiling effect whereby 

most mice reached the end of the test without falling off and the first drop in performance 

only occurred after the onset of ascending paralysis became evident. Furthermore, while 

protocol 1 showed a clear drop at the second timepoint, protocol 2 did not. This is believed 

to be in part due to a reduced maximum assessable CS excluding mice that would score 

lower on the test, thus driving up the average time to fall for the group. This effect, as well 

as that of noncompliant mice refusing to be assessed on the rotarod was also compounded 

by low group sizes (n = 5). To address this, a further modification was introduced, whereby 

protocol 3 retained the increased training and assessment frequency from protocol 2, but 

the maximum speed that the accelerating rotarod reached was increased from 5 ~ 40 RPM 

to 5 ~ 60 RPM. Very few mice managed to remain on the rod for the full duration the end 

of the test (300 seconds) giving a clearer view of each group's peak performance. 

Furthermore, the group size was increased (n = 5 to n = 15) to reduce the impact of outliers 

regarding time of disease onset and mice refusing to take the test. Despite these 

improvements, no drop in performance prior to the development of ascending paralysis was 

again evident. While a significant difference between the VORota+ and EAERota+ groups 

time to fall is seen at DPI 12 and 15, this significance is lost at DPI 13 and 14 as a 

consequence of removing mice from analysis that were deemed too sick to take part in the 

test.  

 

In all, while it was found that rotarod training and testing did not appear to have a significant 

impact on the development of EAE, the accelerating rotarod test does not appear to detect 

either histologically silent cerebellar of pre-clinical SC pathology. This is supported by 

other recent EAE studies using a variety of protocols where any drop in time to fall 

inevitably occurs alongside the onset of ascending paralysis (van den Berg et al., 2016). On 
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one hand this may be due to an absence of pre-clinical cerebellar functional impairment, 

meaning that the rotarod has nothing to detect. However, it has been found that small 

electrolytic lesions to the cerebellum, similar in size to a very large inflammatory lesion 

but likely far more deleterious, had no impact on mouse rotarod performance (Stroobants 

et al, 2013). Furthermore, that no drop in performance occurred prior to CS onset was 

surprising as another study in our lab found behavioural changes as early as 9 DPI using 

the elevated plus maze, finding that EAE mice demonstrated more anxiety like behaviour 

relative to VO controls (Kocovski et al, 2019). Though the exact mechanisms are unclear, 

this appears to be related to platelet accumulation and increased expression of TNFα and 

IFNγ in hippocampal GM well before CS onset and, significantly, even CD3+ T cell 

accumulation in the tissue. More detailed IHC, RNA and protein analysis will be required 

to determine whether deep GM pathology like that seen in the EAE hippocampus is present 

in the cerebellar DCN. Lastly, to properly gauge whether MS motor coordination symptoms 

are replicated in the EAE model behavioural and motor coordination tests such as gait 

analysis, which Stroobants et al. (2013) found to be sensitive to electrolytic lesions in the 

cerebellum, are required. 

 

In summary, data presented here fails to support the use of rotarod testing for early detection 

of cerebellar pathology. On the other hand, an accelerating rotarod may offer a more 

objective measure of disease progression, resulting from combined cerebellar and SC 

damage. However, there are ethical concerns associated with testing mice that are showing 

the characteristic ascending paralysis. As mentioned earlier, mice with a moderate CS (CS 

1.5+) had immense difficulty remaining on the rod during the idling phase of the test 

(constant speed of 5 RPM) when the group of mice are being positioned on the rotarod 

before the rod begins to accelerate. In this lab, mice induced according to our standard EAE 

protocol typically reach a CS greater than 1.5, past the point the rotarod could provide any 
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useful information. Furthermore, even with extensive training, daily testing and an accurate 

measure of peak performance a drop-in time to fall does not occur prior to CS 0.5. Coupled 

with the greatly increased time required for training and assessment, routine rotarod testing 

is difficult to justify in this C57Bl/6 variant of EAE. Despite the apparent inability of the 

accelerating rotarod test to detect pre-clinical disease or cerebellar pathology in EAE, its 

objective and parametric nature may still make it a useful tool to more accurately quantify 

smaller improvements in mild EAE models or during therapeutic testing where EAE does 

not progress beyond CS 1.5, thereby providing more accurate estimates than the standard 

CS system. Furthermore, alternate rotarod testing protocols have been trialled such that the 

speed of the rotarod remains static rather than accelerating, where it is argued that this is 

more sensitive and less prone to confounding effects related to fatigue. However it is 

unclear how large an impact fatigue may have had on the reduced time to fall of the EAE 

groups seen in any of the protocols. As this always coincided with CS onset it would be 

difficult to separate test related fatigue from weakness due to EAE. The significance of 

cerebellar symptoms as a reflection of wider early pathology, together with the impact of 

these symptoms on the quality of life of people with MS exhibiting these symptoms 

warrants further study of cerebellar pathology and its evaluation in the EAE model. 
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 Discussion 

Purpose of project 

The EAE model has proven to be a valuable model in understanding inflammatory cascades 

and contributing to the development of successful treatments, particularly those associated 

with WM inflammatory lesions. However, with a greater understanding of how important 

GM disease is in MS, models such as EAE should be used to better understand 

neurodegenerative processes occurring alongside CNS inflammation. For this to happen 

either new models or variants must be developed, or current models used more thoughtfully 

with determine how best to preserved MS GM. To this end, this project sought to: 

 

1) Further characterise cerebellar disease in EAE, focussing particularly on the DCN as a 

region of high functional significance, but which has received little attention to date. 

 

2) Investigate the feasibility of using an accelerating rotarod test to detect pre-CS disease 

in EAE as a non-invasive and quantifiable measure of cerebellar functionality. 

 

Summary of findings 

Neurodegeneration, atrophy, axonal pathology and demyelination have all been observed 

in the MS and EAE cerebellum (Albert et al., 2017; MacKenzie-Graham et al., 2012; 

MacKenzie-Graham et al., 2006; MacKenzie-Graham et al., 2009; Redondo et al., 2015; 

Wilkins, 2017). In this study mild to severe inflammation was seen in the WM surrounding 

the DCN, beginning from CS 1.0 - 1.5. Rather strikingly, florid lesions stop abruptly at the 

perceived border between the WM and DCN, whereby only individual CD3+ cells were 

observed. However, reactive and amoeboid like macrophages of indeterminate origin 

(microglia or monocyte derived) were seen throughout the GM and WM. It appears that 
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these cells are of microglial rather than monocyte origins in early disease, but this 

distinction could not be confirmed as disease progressed. This was coupled with 

unidentified TUNEL+ cells in and around the DCN, only a proportion of which could be 

identified as CD3+ cells and a reduced number of cresyl violet stained cells presumed to 

be neurons in the DCN. The DCN pathology, specifically the isolated T cells coupled with 

an abundance macrophage-like cells seen in the C57Bl/6 EAE variant remarkably shows a 

number of features in common with what is observed in active DGM lesions in MS and 

may prove to be a valuable region in understanding processes driving neurodegeneration 

(Haider et al., 2014). This pathology appears to develop independently of the ascending 

paralysis as a consequence of SC disease, with severe cerebellar inflammation seemingly 

peaking at CS 2.0 and often appearing less florid at experimental endpoint. It is worth 

noting that markers of stress and pathology typically used on SC tissue do not appear useful 

in the cerebellar DCN at a qualitative level due to high levels of αB-crystallin and small 

calibre NF+ axons in normal controls. However, more rigorous quantitative analysis of the 

level of expression of these markers may yet show changes between healthy and inflamed 

tissue. 

 

Rotarod performance did not drop prior to CS onset suggesting that inflammation in the 

cerebellum, though potentially aggressive/rapid, probably does not precede that of the SC. 

This is further supported by pre-CS histology on cerebellar sections at DPI 11/12 where no 

overt inflammation was observed. Recent studies investigating performance on the rotarod 

test in EAE have found that a drop in rotarod latency is associated with ascending paralysis 

and SC pathology. That a drop in performance occurs alongside the onset of a CS with no 

detectable pre-CS drop in performance, while surprising, is also supported here. Unlike 

other studies however, the extensive pre-induction training and higher maximum RPM 

improves the rotarod test by limiting learning effects that would otherwise occur post EAE 
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induction prior to CS onset. This also limits the potential impact on learning capacity that 

may occur as a result of the aggressive induction procedures. Taken together, the sum of 

the data supports the conclusion that cerebellar and SC pathology, although coincident, 

progress independently and therefore tests used to evaluate SC damage are uninformative 

with respect to cerebellar damage. 

 

Limitations and future directions of this study 

In this study we find evidence that the C57Bl/6 and SJL/J EAE variants show deep GM 

like pathology bearing some semblance to that seen in MS. Future studies should focus on 

what detrimental impacts the vast swathes of highly reactive macrophage-like cells have 

on the surrounding GM, the nature of the CD3+ T cell/neuron interactions and how this 

causes a reduction in of neuronal counts in this region. However, this study is not without 

limitations. The DCN is composed a diverse array neuron types and sizes, thus the cresyl 

violet stain was selected due to its broad staining specificity as antibodies routinely used as 

axonal/neuronal markers in other CNS regions were uninformative in the DCN. Due to the 

pilot nature of this study, the lower cost associated with cresyl violet staining was also 

appealing. Cresyl violet does not specifically stain neurons per se however, and other 

abundant cell types within the CNS (specifically oligodendrocytes, astrocytes and 

microglia) may also be stained quite strongly, although great care was taken in this study 

to include only cells with clear neuronal morphology in estimates of neuronal population. 

Ideally, multiplex sequential staining (Bolognesi et al, 2017) would enable a much more 

accurate estimation of the subtly different neuron subtype population (Uusisaari & Knöpfel, 

2013) to determine if: there is indeed a reduction in neuronal numbers; whether this is a 

sub-population specific effect; said reduction is specifically associated with proximity to 

WM lesions or some other factor. Determining the underlying processes driving the 

pathology observed will require a more advanced approach. Application of biopsy punches 
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to precisely dissect out defined CNS regions for subsequent biochemical and molecular 

profiling has been successfully used to quantify mRNA/protein in specific deep GM regions 

of the hippocampus coupled with quantitative IHC for further verification (Kocovski et al., 

2019). This may not be possible in the cerebellum. The DCN, particularly the medial and 

interposed nuclei focussed on in this study are highly convoluted in shape, likely leading 

to the inclusion of surrounding WM alongside the desired DCN material thus contaminating 

the analysis. This would be sismilarly infeasible for cortical studies looking to compare 

responses in the ML and GL. Rather, laser capture microdissection has been used 

effectively to profile the SC environment of both GM and WM separately as well as that of 

individual neurons, which could potentially be used to sample large the appropriate of the 

cerebellum (Orian lab, unpublished data).  

 

In light of recent findings that specific neuronal populations may be more vulnerable to 

inflammation (Zoupi et al., 2021) and that Purkinje neuron loss has been shown to occur in 

regions near to meningeal and/or WM lesions alongside the apparent reduction of neuronal 

numbers seen in the EAE DCN in this study, a similar approach is justified for the DCN 

where regions proximal to WM lesions may be contrasted with those opposing normal 

appearing WM. Outside of directly counting neuron population numbers, significant work 

has been done in investigating cerebellar explants and patterns of excitation/depolarisation 

patterns seen in healthy neurons in the Purkinje layer and the DCN alongside detailed 

records of patient balance/gait measures (Uusisaari & Knopfel, 2010; Uusisaari & Knöpfel, 

2011; Uusisaari et al, 2007; Uusisaari & Knöpfel, 2013). While severe inflammatory 

lesions will undoubtably have an impact on the axonal conduction (seen most dramatically 

during relapsing phases of RRMS), it is quite likely that nearby inflammation leading to 

reactive microglia throughout nearby GM structures will have some impact on neuronal 

signalling dynamics that could provide insight into manifestation of cerebellar tremor and 
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ataxia in MS, as well as deep GM pathology in general. Altered expression of channel or 

receptor proteins such as that which has been observed in Purkinje neurons has been shown 

to lead to altered firing dynamics (Shields et al., 2015; Shields et al., 2012). A similar 

phenomenon may also occur from direct intervention from microglia themselves. Synaptic 

pruning mediated by complement deposition is a regular function of microglia in a healthy 

CNS, though in an inflammatory setting this potentially could become dysregulated. 

Furthermore, it has been found that in the case of distal axonal transection, microglia 

encapsulate dendritic processes of the attached neuron (Chen & Trapp, 2016; Rotterman & 

Alvarez, 2020). The DCN projects to many regions throughout the brain making it 

particularly vulnerable to axonal transection. Tract tracing may offer some insight as to 

whether the extensive Iba1+ reactivity observed is associated with surrounding 

inflammation, if it is functioning as a preservative measure due to distal DCN axon 

transection or, in the case of mixed local and peripherally derived macrophages, both. 

 

In all, the rotarod data showed that even at a low CS, a large drop in performance is 

observed. However the rotarod test does not appear to be useful to detect either localised 

cerebellar damage or pre-CS disease in EAE. An alternative analysis that has been found 

to be effective in detecting rotarod silent cerebellar damage is gait analysis (Stroobants et 

al., 2013). In EAE, gait analysis has been shown to be a more sensitive and statistically 

powerful method of estimating SC disease than the standard CS system. Likewise, other 

movement, coordination and balance tests that may be of value include the balance beam 

(Hoxha et al, 2017) or the wire mesh gridwalk test (Barth & Mody, 2014). A similar 

analysis may be performed the same way the rotarod test was used in this study. Training 

should be begin prior to induction with testing beginning at 5 DPI prior to the onset of 

inflammation and continued daily with a time course of cerebellar tissues taken for 

histology and IHC. However if cerebellar and SC disease develop concurrently the overlap 



Chapter 5 - Discussion 

 5-6 

in the respective structures' control of mobility and balance may mean the movement-

oriented tests listed above will be unable to differentiate the relative contributions of 

cerebellar and SC damage in the same manner as the rotarod test. To address this, rather 

than begin training prior to EAE induction to avoid the impact of inflammation on learning, 

this phenomenon could be taken advantage of to compare the rate of improvement mice 

show between VO and EAE mice, whereby cerebellar inflammation may reduce the rate of 

improvement in the EAE mice. Alternatively, while the best characterised cerebellar 

function is associated with coordination, it also plays a crucial role in eye movements and 

learned blink reflexes. These have been used as a means to detect impaired cerebellar 

function in the earliest stages of MS (Moroso et al, 2017; Moroso et al, 2018; Rampello et 

al, 2011). As mice are afoveate, saccadic based studies in the human cannot be easily 

translated to this model. However cerebellar mutants have been found to have altered eye 

movements (de Zeeuw et al, 1998; van Alphen et al, 2010) and using EAE mice focussing 

on the DPI 7 – onset of CS may reveal changes due to cerebellar damage not influenced by 

SC disease. 

 

Clinical implications 

As pathological changes may occur in almost any region of the brain, the potential array of 

MS symptoms is staggering. This also makes treatment difficult as an individual symptom 

may have multiple causes. A number options have been trialled for MS patients suffering 

from tremor or ataxia, however the cross-sectional nature, at times limited patient 

numbers/single case reports and studies not specifically focussed on MS associated tremor 

have made conclusive findings uncommon. As such, many 

pharmacological/neurochemistry related treatments (isoniazid, levetiracetam, topiramate, 

ondansetron, primidone) have shown improvements in some studies, with no clear benefit 

in others (Makhoul et al, 2020). It is possible that these varied conclusions regarding an 
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individual therapeutics' efficacy are associated with the diverse array of pathologies that 

lead to the development of ataxia and tremor such as disturbances in the proprioceptive, 

vestibular systems or motor cortices (Ashizawa & Xia, 2016). Less ambiguously, 

immunomodulatory agents (natalizumab, alemtuzumab) have also been found to lead to an 

improvement, likely through reduced cerebellar and other ataxia or tremor-related-system 

lesion burden. To improve the drug assessment process an accurate stratification of MS 

patients with respect to their individual symptoms and more importantly, underlying 

pathology, is needed.  

 

Thus far synaptic pathology has been observed in the MS DCN, though sample size in the 

study was quite limited (Albert et al., 2017). Through the use of post-mortem tissue from 

early RRMS through to onset of progressive disease a greater understanding of what is 

driving this synaptic loss and how early this process begins may be obtainable. When 

coupled with detailed a record of patient balance/gait measures this may offer some insight 

as to how cerebellar pathology is associated with ataxia/balance disturbances in life, a 

challenging prospect in human CNS studies. The continual improvements made to both the 

acquisition and image analysis phases of MRI technologies may assist in this endeavour, 

where correlation studies are now investigating the contribution of individual cerebellar 

lobes and the compensatory mechanisms the cerebellum is involved in (Cocozza et al, 

2018). While some studies noted changes in the dentate nuclei under MRI (later found to 

be associated with a high retention of contrasting agent from previous examinations; 

(Roccatagliata et al., 2009; Tedeschi et al., 2016)), few other studies have investigated the 

dentate or other DCN. A comparison of cerebellar and SC tissue integrity in MS patients 

exhibiting impaired balance/gait coupled with routine mobility assessment over several 

years may provide some understanding of the relative contribution of these structures to 

disability. 
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While cerebellar disease may be prominent aspect of some MS disease processes, teasing 

out regional/subsystem specific (i.e. cerebellar) issues from the plethora of disease 

processes typically seen is a challenging prospect. For this, EAE may be used to provide a 

valuable proof of concept for how basic pathology leads to complicated disability in MS, 

and what neuronal populations in the cortical and deep GM structures require the most 

immediate therapeutic intervention.  
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