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Optic Nerve involvement in Experimental Autoimmune Encephalomyelitis to homologous Spinal Cord Homogenate 
immunization in the Dark Agouti rat

Experimental autoimmune encephalomyelitis (EAE) is the most common preclinical model for multiple sclerosis (MS), characterized by inflammation, demyelination, axonal loss and gliosis1. EAE can be actively induced by immunization with several myelin peptides, as well as with CNS-derived tissues, like
spinal cord homogenate (SCH) derivates2. The Dark Agouti (DA) rat strain immunized with SCH develops a protracted and relapsing EAE3. Although motor symptoms have already been studied in this MS model4, little is known about central nervous system damage, in particular what happens in visual
pathways. We will focus our investigation in this district, since visual symptoms are common in MS patients5. In particular, we explored the involvement of visual pathways in SCH-EAE using VEPs, which are reliable biomarkers of neurophysiological dysfunctions affecting optic nerves (ONs)6. In this work,
VEPs were recorded with two different methods, using epidural screw or epidermal cup electrodes. This last procedure showed statistically equivalent latencies compared to the classic epidural-implanted electrodes, avoids surgery and allows longer follow-up studies7. In order to investigate what happens
in later stages of SCH-EAE, the epidermal-recorded rats were monitored for three additional weeks with respect to implanted rats. Together with VEPs, the EAE rats were monitored by checking motor signs. At the end of the study we performed histological analysis of ONs.
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Methods

Clinical assessment of EAE
In implanted EAE rats, the disease onset ranged from 6 to 9 dpi. Total remission was observed in 4 out of 6 rats (66.7%) and occurred between 20 and 32 dpi. Relapses were seen in 3 rats (50%), while EAE signs were chronic in 2 rats (33.3%), persisting until sacrifice (Fig 3A). The totality of implanted EAE
rats showed clinical symptoms between 9 and 19 dpi, whereas the minimal percentage of diseased animals (33.3%) was observed from 32 to 34 dpi (Fig 3B). Considering the mean clinical score of implanted rats (Fig 3C), the first disease peak was detected at 10 dpi. Compared with the first peak of the
disease, the clinical score significantly decreased from 20 to 27 dpi (first remission, 20 dpi: p = .007; 21 and 22 dpi: p < .0001; 23 dpi: p = .007; from 24 to 26 dpi: p < .05), then this reduction was no longer significant at 27 dpi (relapse phase), returning significant from 28 to 34 dpi (second remission, 28 dpi:
p = .019; from 29 to 34 dpi: p < .01). In non-implanted EAE rats, the disease onset ranged from 7 to 11 dpi. Total remission was observed in 4 out of 6 rats (66.7%) and occurred between 22 and 27 dpi. Relapses were seen in 4 rats (66.7%), while EAE signs were chronic in 2 rats (33.3%), enduring until
sacrifice (Fig 4A). The totality of non-implanted EAE rats showed clinical symptoms between 11 and 15 dpi, whereas the minimal percentage of diseased animals (33.3%) was observed from 27 to 56 dpi (Fig 4B). Considering the mean clinical score of non-implanted rats (Fig 4C), the first disease peak was
detected at 13 dpi. With respect to the first peak of the disease, the clinical score significantly decreased at 20 and 21 dpi (first remission, 20 dpi: p = .024; 21 dpi: p = .012), then this reduction was no longer significant from 22 to 25 dpi (relapse phase), returning significant from 26 to 56 dpi (second
remission, 26 dpi: p = .047; from 27 to 56 dpi: p < .01). Notably, the clinical profile of non-implanted rats was not significantly different from implanted animals (p = 0.324).
VEP latency in EAE rats
During each VEP recording session, we succeeded in obtaining a good signal-to-noise ratio, with N1 wave that was clearly distinguishable and measurable in terms of latency both in implanted (Fig 5A) and in non-implanted (Fig 6A) rats. In epidural-recorded EAE rats, mean N1 latencies were significantly
increased at 13 dpi (p = .003), 20 dpi (p = .033), 27 dpi (p = .001) and 34 dpi (p = .0001) compared to epidural-recorded H rats . Moreover, epidural-recorded EAE rats showed a significant delay of N1 latency at 13 dpi (p = .020) and 34 dpi (p = .009) compared to their baseline (Fig 5B). In epidermal-recorded
EAE rats, mean N1 latencies were significantly increased at 14 dpi (p < .0001), 21 dpi (p = .0001), 28 dpi (p = .00098) and 35 dpi (p < .0001) with respect to epidermal-recorded H rats. In addition, epidermal-recorded EAE rats presented a significant delay of N1 latency at 14 dpi (p = .0003), 21 dpi (p = .003),
28 dpi (p = .009) and 35 dpi (p = .001) compared to their baseline (Fig 6B). Interestingly, a remission was noticed at 42 dpi, with N1 latency that was no longer significantly increased (p = .258). This remission phase persisted until 56 dpi, where a significant delay in N1 latency was observed (p = .025).
Histology
At histological examination, H ONs of both implanted (Fig 7A) and non-implanted (Fig 8A) rats showed a regular structure, while EAE ONs of both implanted (Fig 7B) and non-implanted (Fig 8B) rats presented focally damaged areas. In particular, a significant increase of pathological areas was found in EAE
ONs collected from implanted rats compared to H ONs (Fig 7C, p = .046). On the other hand, the quantitative increase of pathological areas found in EAE ONs dissected from non-implanted rats was not significant compared to H ONs (Fig 8C, p = .125).

Animals
Twenty-seven (n = 27) female DA rats, 8 weeks aged, with a body weight of 110-130 g were used in these experiments.
Experimental protocol
Baseline VEPs were recorded through epidural screw or epidermal cup electrodes in 27 DA rats. EAE was induced in 12 rats through injection of rat SCH at the base of the tail. EAE motor symptoms
were assessed daily, while VEPs were recorded once a week for five (Fig 1) or eight weeks (Fig 2) with epidural (n = 14, 6 immunized) and epidermal (n = 13, 6 immunized) electrodes, respectively. At
the end of the study, ON histopathology was performed.
Clinical assessment of EAE rats
Clinical profile was daily followed from 0 to 21 days post immunization (dpi). Clinical score ranged from 0 to 5 (0: no symptoms; 0.5: tail weakness; 1: complete tail paralysis; 1.5: complete tail paralysis
and weakness of the hind limbs 2: complete tail paralysis and pronounced weakness of the hind limbs; 2.5: hind limbs do not support the body weight, but without complete paralysis; 3: complete
paralysis of the hind limbs; 3.5: complete paralysis of the hind limbs and partial paralysis of front paws; 4: complete paralysis of front and hind paws; 5: death due to the severity of the clinical
symptoms.
VEP recording
Flash VEPs from right eyes were recorded under sevoflurane anesthesia (2 - 2.5%) using epidural screw electrodes or 6 mm Ø Ag/Cl cup scalp electrodes over the contralateral primary visual cortex,
with a reference needle electrode inserted in the nose. For each VEP session, the average of 4 waveforms (10 flashes each) was used for measuring the latency (expressed in ms) of N1 from the
complex P1-N1-P2 of flash-VEPs8.
Histology
ONs emerging from right eyes were fixed in 2% buffered glutaraldehyde and post-fixed in 1% osmium tetroxide. After alcohol dehydration, these samples were embedded in Epon (Fluka™). Transverse
sections (0.5–1 pm thick) were stained with toluidine blue and examined by light microscopy. To evaluate ON pathological areas, a quantitative analysis was performed with ImageJ software on 100×
digital images. Damaged areas were manually selected, measured and normalized on the total ON area.
Statistical analysis
Clinical scores were analyzed through Friedman test followed by Dunn post-hoc test. N1 latency mean values from H and EAE groups were compared using two-way ANOVA for repeated measures with
“time” as “within subjects” main factor and “disease” as “between subjects” main factor, followed by LSD post-hoc test. Histological differences between H and EAE ONs were compared using Welch t-
test for heteroscedastic samples. Data were considered significant at p < .05.

Figure 1. Experimental design of the study with epidural-recorded rats.

Our findings confirmed the relapsing-remitting clinical course of the SCH-EAE DA rat model. Importantly, we showed clear ON dysfunctions in SCH-EAE, as VEP latencies were significantly delayed until the fifth week after immunization, along with pathological morphology detectable at histology.

Subsequently, non-invasive VEP recording revealed an improvement of ON function, suggesting an endogenous recovery that could be due to a remyelination process9. Overall, further investigations will be necessary to elucidate the biological mechanisms involving ON demyelination/remyelination in SCH

EAE. Finally, concerning our non-invasive recording method, novel drugs against MS optic neuritis could be tested in preclinical studies with a long-term monitoring of ON functionality. Therefore, the non-invasive VEP recording technique will allow a more accurate evaluation of risks and benefits of

innovative treatments that could bring crucial improvements in MS clinical practice.

Figure 2. Experimental design of the study with epidermal-recorded rats.

Figure 3. A. Graphic representation of individual clinical profile in implanted EAE rats from -1 to 34 dpi. B. Kaplan-Meier curve
representing implanted EAE rats (n = 6) with clinical symptoms. C. Clinical score of implanted EAE rats (n = 6) from 0 to 34 dpi. Asterisks
indicate significant changes compared with the first peak of the disease (10 dpi). *: p < .05; **: p < .01; ***: p < .001. Data are expressed
as mean ± SEM.
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Figure 4. A. Graphic representation of individual clinical profile in non-implanted EAE rats from 0 to 56 dpi. B. Kaplan-Meier curve representing
EAE rats (n = 6) with clinical symptoms. C. Clinical score of non-implanted EAE rats (n = 6) from 0 to 56 dpi. Asterisks indicate significant changes
compared with the first peak of the disease (13 dpi). *: p < .05; **: p < .01. Data are expressed as mean ± SEM.

Figure 5. A. Representative VEP traces recorded with epidural electrodes from a H (dotted line) and an EAE (black line) rat at different
time points, in which the P1-N1-P2 complex is highlighted. B. N1 latency of H (n = 8) and EAE (n = 6) implanted rats measured at
different time points. Hashes indicate the significance level of VEPs measured in EAE rats compared to their baseline (#: p < .05; ###: p <
.001). Asterisks indicate the significance level of VEPs recorded in EAE rats compared to the VEPs measured in H rats at the same time
point (*: p < .05; **: p < .01; ***: p < .001). Data are expressed as mean ± SEM.
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Figure 6. A. Representative VEP traces recorded with epidermal
electrodes from a H (dotted line) and a EAE (black line) rat at different
time points, in which the P1-N1-P2 complex is highlighted. B. N1
latency of H (n = 7) and EAE (n = 6) rats measured at different time
points. Hashes indicate the significance level of VEPs measured in EAE
rats compared to their baseline (#: p < .05; ##: p < .01; ###: p < .001).
Asterisks indicate the significance level of VEPs recorded in EAE rats
compared to the VEPs measured in H rats at the same time point (***:
p < .001; ****: p < .0001). Data are expressed as mean ± SEM.

Figure 7. Transversal semi-thin sections of ONs from H (A) and EAE (B) implanted rats stained with toluidine-blue, with pathological areas surrounded
by black lines (magnification: 100×). C. Quantification of pathological areas from H (n = 5) and EAE (n = 6) ON sections collected from implanted rats
(*: p < .05). Data are expressed as mean ± SEM.

Figure 8. Transversal semi-thin sections of ONs from H (A) and EAE (B) non-implanted rats stained with toluidine-blue, with pathological areas surrounded
by black lines (magnification: 100×). C. Quantification of pathological regions from H (n = 5) and EAE (n = 6) ON sections collected from non-implanted rats.
Data are expressed as mean ± SEM.


