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Diffusion Basis Spectrum Imaging Detects Axonal Loss After Transient Dexamethasone Treatment in Optic Neuritis Mice
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Optic neuritis is a frequent first symptom of multiple sclerosis (MS) for which corticosteroids are a widely employed treatment option. The Optic Neuritis Treatment Trial (ONTT) reported that corticosteroid treatment does not improve long-term visual acuity, although the evolution of underlying pathologies is unclear. In this study, we employed non-invasive diffusion basis spectrum imaging (DBSI)-derived fiber volume to quantify 11% axonal loss 2 months after corticosteroid treatment (vs. baseline) in experimental autoimmune encephalomyelitis mouse optic nerves affected by optic neuritis. Longitudinal DBSI was performed at baseline (before immunization), after a 2-week corticosteroid treatment period, and 1 and 2 months after treatment, followed by histological validation of neuropathology. Pathological metrics employed to assess the optic nerve revealed axonal protection and anti-inflammatory effects of dexamethasone treatment that were transient. Two months after treatment, axonal injury and loss were indistinguishable between PBS- and dexamethasone-treated optic nerves, similar to results of the human ONTT. Our findings in mice further support that corticosteroid treatment alone is not sufficient to prevent eventual axonal loss in ON, and strongly support the potential of DBSI as an in vivo imaging outcome measure to assess optic nerve pathology.
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory demyelinating disease affecting the central nervous system (CNS), including brain, optic nerves, and spinal cord. Anti-inflammation treatment using corticosteroids is often used to suppress relapses. Corticosteroids are thought to shorten duration of MS relapses but not to alter the long-term outcome. Optic neuritis (ON) occurs frequently, often as the initial episode, in MS (Michalski et al., 1981; Gonzalez-Hernandez et al., 2015). Corticosteroids are widely used to treat ON in MS patients (Beck et al., 1993; Bennett et al., 2015) and are also effective in reducing clinical signs of murine experimental autoimmune encephalomyelitis (EAE) (Dustman and Snyder, 1981), an animal model of MS. Corticosteroids have multiple effects, including anti-inflammatory and immunosuppressive effects, reduction of blood–brain barrier (BBB) permeability and alteration of ion channel activity (Levitan et al., 1991; Boumpas et al., 1993; Wust et al., 2008; Myhr and Mellgren, 2009; Coutinho and Chapman, 2011). The seminal Optic Neuritis Treatment Trial (ONTT) reported no long-term functional benefits from either intravenous or oral corticosteroid treatment of acute ON, but did find expedited recovery of visual function (Valberg et al., 1981; Gal et al., 2015). Known adverse effects of corticosteroids in humans are many, including reduced glucose metabolism, cataract formation, joint injury and loss of bone density. Experimentally, several reports have also shown neuronal cell loss in animal models (Diem et al., 2003; Lieberman et al., 2011; Muller et al., 2014). Hence, we have taken a longitudinal and non-invasive imaging assessment of the evolution of optic nerve pathology in murine ON, culminating in histological assessment, to improve the understanding of the impact of corticosteroid treatment.

Magnetic resonance imaging (MRI) plays a vital role in diagnosing and assessing disease progression in people with MS. For instance, contrast-enhanced lesions and chronic T1-weighted hypointensities reflect inflammation, and axonal loss, respectively, but are at best only semi-quantitative (Ge, 2006; Ceccarelli et al., 2012; Llado et al., 2012). Axonal loss is a critical mechanism of irreversible neurological disability (Kornek et al., 2000; Wujek et al., 2002; Medana and Esiri, 2003). A non-invasive biomarker to quantify the extent of axonal loss and residual axon injury would greatly improve the understanding of evolution of injury and help stratify therapies for individual MS. Magnetization transfer ratio (MTR) and N-acetyl aspartate to creatine ratio determined by magnetic resonance spectroscopy (MRS) are usually considered the best imaging biomarkers for myelin and axon integrity, respectively, in people with MS (Davie et al., 1999; Bjartmar et al., 2000; Schmierer et al., 2004). Diffusion-tensor-imaging (DTI)-derived axial diffusivity (AD, also denoted as λ∥) and radial diffusivity (RD, also denoted as λ⊥) have been used to more specifically assess axonal injury, and demyelination. However, the DTI model is confounded by coexisting pathologies such as inflammation and axon loss on AD and RD (Wang et al., 2011b; Chiang et al., 2014). Therefore, we developed diffusion basis spectrum imaging (DBSI) to analyze diffusion-weighted images obtained with multi-direction and multi-b-value schemes. DBSI more accurately detects and quantifies co-existing white-matter pathologies in EAE-affected mice and people with MS (Wang et al., 2007, 2011a, 2014, 2015; Chiang et al., 2014).

Optic neuritis frequently occurs in murine EAE, as seen in people with MS. In the current study, we performed longitudinal DBSI to assess injury progression in the optic nerves of EAE-affected mice undergoing treatment with a widely used corticosteroid, dexamethasone (Dex) (Wust et al., 2008; Coutinho and Chapman, 2011) followed by post-MRI immunohistochemical validation. The study was set up to reflect a typical scenario for human ON, with treatment of individual mice beginning only after signs of reduced visual acuity (VA) and stopping after 2 weeks.



MATERIALS AND METHODS

All experimental procedures involving animals were approved by Washington University Institutional Animal Care and Use Committee (IACUC) and conformed to the NIH Policy on Responsibility for Care and Use of Animals.


Experimental Autoimmune Encephalomyelitis (EAE) Mouse Model

Fifteen 7-week-old, female C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME, United States). Before immunization, mice were housed with 12-h dark/light cycle for 2 weeks. EAE was induced by active immunization with 50 μg MOG35–55 peptide emulsified (1:1) in incomplete Freund’s adjuvant (IFA) and Mycobacterium tuberculosis. Pertussis toxin (300 ng; PTX, List Laboratories, Campbell, CA, United States) was injected intravenously on the day of MOG35–55 immunization and 2 days later (Wang et al., 2007).



Visual Acuity (VA)

Mouse VA was assessed using the Virtual Optometry System (OptoMotry, Cerebral Mechanics, Inc., Canada). Briefly, the virtual rotating columns were projected on the LCD monitors with different spatial frequencies in cycles/degree (c/d). The mouse head movement in response to the virtual column rotations was noted. The spatial frequency was starting from 0.1 c/d with step size of 0.05 c/d until the mouse stopped responding. The VA was defined as the highest spatial frequency to which the mouse responded to the virtual rotating columns. Each mouse was confirmed to have normal VA before immunization. After immunization, daily VA was assessed until VA ≤ 0.25 c/d, our definition for the onset of ON in MOG35–55 EAE mice (Chiang et al., 2014; Lin et al., 2014a,b). The first day of VA ≤ 0.25 c/d both Dex- and PBS-treated group was 13.4 ± 3.7 days post immunization. Upon Dex treatment commencement, VA was performed twice a week and 1 day before MRI scans.



Dexamethasone Administration

When VA ≤ 0.25 c/d, ON-affected mice underwent daily intraperitoneal injection of Dex (3 mg/kg, Sigma Inc., MO, United States) or PBS for 2 weeks. The first day of VA ≤ 0.25 c/d in both Dex and PBS groups was 13.4 ± 3.7 days post immunization. Mice were alternately assigned to receive PBS or Dex until the 9th pair. The last EAE mouse was assigned to PBS group. Daily clinical scores were assessed using a standard 0–5 scoring system (Wang et al., 2014).



Diffusion-Weighted MRI Data Acquisition

Mice were anesthetized for imaging as previously described (Lin et al., 2017). In vivo MRI experiments were performed on a 4.7-T Agilent DirectDriveTM small-animal MRI system (Agilent Technologies, Santa Clara, CA, United States) equipped with a Magnex/Agilent HD imaging gradient coil (Magnex/Agilent, Oxford, United Kingdom) capable of pulsed-gradient strengths of up to 58 G/cm and a gradient rise time ≤ 295 μs. An actively decoupled 1.7-cm receive coil was placed on the top of the mouse head for MR signal reception. The animal holder assembly, including the receive coil was placed inside an 8-cm actively decoupled volume transmit coil. Diffusion-weighted MRI data were acquired with 25-direction diffusion weighting scheme (Batchelor et al., 2003) using a multi-echo spin-echo diffusion-weighted imaging sequence (Tu et al., 2010). The following parameters were used to acquire diffusion-weighted MRI data: TR = 1.5 s, TE = 35 ms, inter-echo delay = 20.7 ms, FOV = 22.5 × 22.5 mm2, matrix size = 192 × 192 (zero-filled to 384 × 384), slice thickness = 0.8 mm, 25 different b-values (max b-value = 2,200 s/mm2), one b = 0 s/mm2, Δ = 18 ms, δ = 6 ms, total scan time = 2 h 4 min (Chiang et al., 2014; Lin et al., 2017). The final target image view was perpendicular to optic nerve and obtained as previously described (Spees et al., 2013; Lin et al., 2014b). A train of two echoes was co-added to form the final MR images to increase accumulated signal-to-noise ratio. Diffusion-weighted MRI was performed four times on each mouse: 2 weeks before immunization (baseline), at the end of 2-week treatment (2 weeks after onset of ON), and 1 and 2 months after stopping treatment (chronic, no longer treated) (Figure 1A).


[image: image]

FIGURE 1. Baseline DBSI prior to active immunization of EAE mice (A). Daily intraperitoneal PBS or dexamethasone injection started at the onset of optic neuritis (i.e., visual acuity (VA) < 0.25 c/d) and continued for 2 weeks. DBSI was performed at the end of the 2-week treatment, with 1- and 2-month follow-ups after the initial scan (A). Dexamethasone-treated eyes exhibited baseline visual acuity (VA) that was significantly higher than PBS-treated eyes during treatment period (B). One and two months after concluding treatment, VA of PBS and dexamethasone groups were significantly lower than their baseline (B). There was no difference between PBS and dexamethasone groups (B). The VA data suggested that dexamethasone treatment could only retain intermittent visual function during treatment period. * indicates p < 0.05, comparing to baseline.




Diffusion Basis Spectrum Imaging (DBSI) and Diffusion Tensor Imaging (DTI)

Data was analyzed with DBSI multi-tensor and conventional DTI single-tensor analysis packages developed in-house with MATLAB (Wang et al., 2011a, 2015). The imaging data were modeled according to Eq. 1:
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The quantities Sk and [image: image] are the signal and b-value of the kth diffusion gradient, NAniso is the number of anisotropic tensors (fiber tracts), Ψik is the angle between the kth diffusion gradient and the principal direction of the ith anisotropic tensor, λ| | i and λ⊥i are the AD and RD of the ith anisotropic tensor, fi is the signal intensity fraction for the ith anisotropic tensor, and a and b are the low and high diffusivity limits for the isotropic diffusion spectrum (reflecting cellularity and edema) f(D). For a coherent fiber bundle like the optic nerve, NAniso = 1. DBSI derived fi represents the density of axons derived from retinal ganglion cells (fiber fraction) in the image voxel, after resolving intra-voxel pathological and structural complications. Based on prior work, DBSI derived λ| | and λ⊥ reflect axon and myelin integrity respectively: ↓λ| | = axonal injury and ↑λ⊥ = demyelination. Our previous experimental findings suggest that the restricted isotropic diffusion fraction reflecting cellularity can be derived by the summation of f(D) at 0 ≤ ADC ≤ 0.6 μm2/ms. The summation of the remaining f(D) at 0.6 < ADC < 3 μm2/ms represents “hindered” isotropic diffusion, which denotes regions of tissue loss, increased inter-axonal space, vasogenic edema and CSF. The summation of f(D) at ADC = 3 μm2/ms represents free water.

Regions of interest (ROI) were manually drawn with ImageJ1 (NIH, United States) at the center of each optic nerve on the diffusion-weighted image (the edge voxel of optic nerve were avoided), which corresponded to the diffusion gradient direction perpendicular to optic nerves, to minimize partial volume effects. ROIs were then transferred to the parametric maps to calculate the mean value for individual DBSI metrics.



ROI for DBSI Fiber Volume

A separate ROI encompassing the whole optic nerve was drawn on cross-sectional images obtained with diffusion weighting gradient direction orthogonal to optic nerve (larger than the ROIs for other DBSI metrics). The ROI included the edge voxel of optic nerve. DBSI-derived fiber volume was calculated from the optic nerve volume (the entire ROI on DWI) multiplied by the corresponding DBSI fiber fraction. The dilution effect of inflammation and surrounding CSF is considered in the fiber volume computation in the manner.



Immunohistochemistry (IHC) of Optic Nerves

Following the final MR examination, mice were perfused with 1% phosphate-buffered saline followed by 4% paraformaldehyde in 1% phosphate-buffered saline. The brain was excised and post-fixed for 24 h before being transferred to 1% phosphate-buffered saline for storage at 4°C. For histological analysis, mouse optic nerves were embedded in 2% agar (Blewitt et al., 1982). The agar block was then embedded in paraffin wax and 5 μm thick transverse slices were sectioned for IHC. Sections were deparaffinized, rehydrated, and then blocked using 1% bovine serum albumin (BSA, Sigma Inc., MO, United States) and 5% normal goat serum solution for 30 min at room temperature to prevent non-specific binding and to increase antibody permeability. Slides were incubated overnight at 4°C with purified anti-neurofilament marker pan axonal cocktail (1:300, SMI-312, BioLegend, United States), or purified anti-neurofilament H (NF-H), phosphorylated antibody (1:300, SMI-31; BioLegend, United States) to stain total axons or only non-injured axons, respectively. Rabbit anti-myelin basic protein (MBP) antibody (1:300, Sigma Inc., MO, United States) was used to stain myelin blobs from breakdown or intact myelin sheaths (Song et al., 2003; Costello et al., 2006b; Urolagin et al., 2012). After rinsing, goat anti-mouse IgG or goat anti-rabbit IgG conjugated Alexa 488 (1:240, Invitrogen, United States) was applied to visualize immunoreactivity of phosphorylated neurofilament and MBP. Finally, slides were covered using Vectashield Mounting Medium with 4′,6-diamidino-2-phenylindole (DAPI, Vector Laboratory, Inc., Burlingame, CA, United States) to stain cell nuclei (Costello et al., 2006b; Wang et al., 2007, 2011a). Images were acquired with a Nikon Eclipse 80i fluorescence microscope equipped with 100 × oil objective and a black-and-white CCD camera with MetaMorph software (Universal Imaging Corporation, Sunnyvale, CA, United States) for entire optic nerve with the montage function.



Histological Data Analysis

The whole field of SMI-31, MBP, and DAPI stained images at 100× magnification was captured with the same fluorescence light intensity and exposure time for each image. All captured images were converted to 8-bit gray scale and analyzed using threshold, edge enhancement, analyze particles and gray level watershed segmentation functions in ImageJ (see text footnote 1, NIH, United States). Nucleus counts were performed by signal intensity threshold on DAPI staining (Lin et al., 2014a,b).



Statistical Analysis

Three PBS-treated EAE mice and one Dex-treated EAE mouse died before the end of the 2-week treatment. Two PBS-treated EAE mice died before the MRI scan at 1 month after treatment. At conclusion of the study, five PBS-treated and seven Dex-treated EAE mice had survived through the final DBSI scan (2 months after treatment) and histologic analysis.

For all the boxplots, whiskers extend to the minimum/maximum and the means are marked as diamonds. VA or MRI measurements were taken on each eye at baseline, end of 2-week treatment, and at 1 and 2 months after treatment. Data were analyzed with a mixed random effects repeated measures model with side, time, treatment, and time by treatment interaction as fixed effects. Degrees of freedom were adjusted with Kenward–Rogers method. A first order auto-regressive covariance structure was used to account for repeated measures. Contrasts were estimated for change from baseline. The associations of histology data with DBSI measurements at 2 months after treatment were analyzed by mixed random effects regression with correlation calculated as the mean of Pearson correlations on left and right sides.



RESULTS


Recovery of Visual Function During Dexamethasone Treatment Period

Visual acuity in Dex-treated eyes were comparable to its baseline (p = 0.1615, Figure 1B) and significantly improved than PBS-treated eyes at the end of 2-week treatment (p = 0.0242, Figure 1B). One and two months after stopping treatment, both Dex- and PBS-treated eyes were significantly lower than their baseline (p < 0.0001, Figure 1B) and no difference between two groups (p = 0.3992 and p = 0.3570 for 1 and 2 months, respectively).



DBSI: Acute Anti-inflammatory Effects of Dexamethasone

Comparing to the baseline (within each treatment group), significantly increased DBSI hindered (elevated by 90% from baseline, p = 0.038, Figure 2B and Table 1) and restricted isotropic (increased by 285% from baseline, p = 0.0074, Figure 2C and Table 1) diffusion fractions were seen in optic nerves at the end of the 2-week PBS treatment (Figure 2). In contrast, moderate but not statistically significantly increased DBSI hindered (28%, p = 0.52, Figure 2B and Table 1) and restricted isotropic (48%, p = 0.46, Figure 2C and Table 1) fractions were seen 2 weeks after the Dex-treatment. The extent of increased hindered isotropic diffusion fraction (putative marker of edema, increased inter-axonal space, or tissue loss) and restricted isotropic diffusion fraction (putative marker of cellularity) was significantly increased at 2 months after Dex- (187%, p = 0.0002 and 174%, p = 0.0071 from baseline, respectively and Table 1) or PBS-treatments (147%, p = 0.0009 and 207%, p = 0.0093 from baseline, respectively and Table 1). With our limited mouse number, none of the DBSI metrics exhibited a statistically significant difference between the two treatment groups at any of the examined time points.
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FIGURE 2. DBSI-derived hindered (putative vasogenic edema marker) and restricted (putative cellularity marker) isotropic diffusion tensor fraction maps (A) from the representative PBS- and dexamethasone-treated mice were compared. Dexamethasone suppressed inflammation, i.e., the putative inflammation markers did not differ from baseline values including hindered (p = 0.51) and restricted (p = 0.46) fractions, at the end of 2-week treatment (B,C). In contrast, hindered (p < 0.05) and restricted (p < 0.05) fractions significantly increased (reflecting prominent inflammation) at the end of 2-week PBS treatment. At 1 and 2 months after cessation of PBS or dexamethasone treatment, hindered (p < 0.05) and restricted (p < 0.05) isotropic diffusion fractions increased compared to baseline (A–C). Summary box plots show that these isotropic diffusion metrics were elevated to similar degree in both PBS- and dexamethasone-treated optic nerves at 1 and 2 months (B,C). The latter suggest the ineffectiveness of dexamethasone after cessation of treatment. There was no statistically significant difference between treatment groups at each matched time point. * indicates p < 0.05, comparing to baseline.



TABLE 1. Group averaged of DTI or DBSI metrics of EAE mice with PBS (n = 7 for baseline and end of treatment, n = 5 for 1 and 2 months after treatment) and dexamethasone (n = 8 for baseline, end of treatment, and 1 month after treatment, n = 7 for 2 months after treatment) treatment.
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DBSI: Delayed Axon/Myelin Injury With Dexamethasone Administration

At the end of 2-week treatments, DBSI λ| | (putative marker of axonal injury) of Dex-treated optic nerves was not decreased compared with the baseline value (p = 0.96, Table 1). DBSI λ| | of PBS-treated optic nerves moderately decreased by 13% from the baseline value although not reaching statistical significance (p = 0.11, Figure 3B and Table 1). Compared to the baseline, DBSI λ⊥ (putative marker of myelination) in PBS-treated optic nerves increased by 41% (p = 0.01, Table 1) while Dex-treated DBSI λ⊥ increased non-significantly by 16% (Figure 3C and Table 1). A moderate but not significant DBSI λ|| decrease was observed in both PBS- and Dex-treated optic nerves at 1 month (decreased by 4% and 2% respectively, Table 1) and 2 months (decreased by 8% and 6% respectively, Table 1) after treatment (Figure 3B). Increased DBSI λ⊥ was seen at 1 month after PBS treatment (increased by 59% from baseline, p = 0.006, Figure 3C and Table 1) but was not significantly increased in Dex-treated optic nerves (increased by 20% from baseline, p = 0.15, Figure 3C and Table 1). A moderate but not significant DBSI λ⊥ increase by 27% from baseline was seen at 2 months after PBS (p = 0.27, Table 1). In contrast, the Dex-treated group had 35% DBSI λ⊥ increase from baseline (p = 0.02, Figure 3C and Table 1). However, DTI λ| | (Figures 4A,B and Table 1) and DBSI λ⊥ (Figures 4A,C and Table 1) results were exaggerated and consistent with the change of DBSI hindered (Figure 2B) and restricted (Figure 2C) fraction, suggesting DTI result might be contaminated inflammatory pathology. In addition, DTI ADC (Figure 4D and Table 1) could not reflect damage in either PBS- or Dex-treated optic nerves.
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FIGURE 3. DBSI-derived axial (λ∥) and radial (λ⊥) diffusivity maps (A) from the same two representative mice as in Figure 2. Optic nerves from the PBS-treated mouse developed axon and myelin injury as revealed by the decreased λ∥ and increased λ⊥ (A). In contrast, optic nerves from the dexamethasone treated mouse were minimally affected, as reflected by the near baseline λ∥ and λ⊥ values at the end of 2-week treatment (A). Box plots of DBSI-derived λ∥ (B) and λ⊥ (C) from the two cohorts of mice revealed that at the end of the 2-week treatment period, DBSI-derived λ∥ decreased by 7% (p = 0.11) in the PBS cohort, while no change was seen in the Dex-treated cohort. DBSI-derived λ⊥ increased by 41% (p < 0.05) and 16% (p = 0.24) in PBS- and Dex-treated EAE mice, respectively, at the end of 2-week treatment. At 1 month after treatment, moderate but not statistically significant DBSI λ∥ decrease was observed in both PBS- and dexamethasone-treated optic nerves comparing to their baseline (decreased by 4% and 2% respectively, B). Significantly elevated DBSI λ⊥ was seen at 1 month after PBS treatment (increased by 59%, p < 0.05, C) but not statistically significant in dexamethasone-treated optic nerves (increased by 20%, p = 0.14, C) comparing to their baseline. Two months after treatment, DBSI λ⊥ increase was apparent at 2 months after ending PBS (increased by 27%, p = 0.28, C) and dexamethasone treatment (increased by 35%, p = 0.02, C) from baseline. There was no statistical difference between treatment groups at each single time point. *Indicates p < 0.05, comparing to baseline.
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FIGURE 4. DTI-derived axial (λ∥) and radial (λ⊥) diffusivity, and ADC maps (A) from the same two representative mice as in Figure 2. PBS-treated optic nerves showed exaggerated DTI λ∥ decrease (B) and DTI λ⊥ increase (C) than DBSI λ∥ (Figure 3B) and DBSI λ⊥ (Figure 3C). DTI-derived ADC showed no difference within or between groups (D). * indicates p < 0.05, comparing to baseline.




Dexamethasone Treatment Failed to Prevent Axonal Loss

Optic nerve DBSI fiber fraction (putative marker of apparent axon density) was decreased in PBS-treated but not Dex-treated mice at the end of the 2-week treatment (decreased from baseline by 12%, p = 0.0008 vs. 1%, p = 0.37 respectively, Figures 5A,B and Table 1). Significant optic nerve volume increase was detected in the PBS-treated optic nerves (increased by 13% from baseline, p = 0.0147, Figure 5C and Table 1) at the end of the 2-week treatment. In contrast, there was no detectable change in nerve volume at any measured time point in Dex-treated optic nerves (decreased by 2% from baseline, p = 0.6232, Figure 5C and Table 1) at the end of 2-week treatment. Comparing to Dex-treated group, significant lower fiber signal fraction was observed at the end of 2-week treatment (p = 0.0381, Figure 5B and Table 1). Meanwhile, significant increased nerve volume was detected at the end of 2-week treatment (p = 0.0012, Figure 5C and Table 1). Significantly lower fiber signal fraction was seen in both PBS- and Dex-treated optic nerves at 2 months after treatment (decreased by 10%, p = 0.0005 and 13%, p < 0.0001 from baseline respectively, Figure 5B and Table 1). There was no difference of fiber fraction (p = 0.858, Figure 5B and Table 1), nerve volume (p = 0.7252, Figure 5C and Table 1), and DBSI-derived fiber volume (p = 0.7096, Figure 5D and Table 1) between PBS- and Dex-treated groups at 2 months after treatment. These results suggest that Dex treatment offers no long-term benefits related to axon preservation.
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FIGURE 5. DBSI fiber signal fraction is the portion of the total diffusion signal within an image voxel that is putative biomarker of axonal density (A). Decreased axonal density from baseline was apparent at all time-points (p < 0.05) after ON onset in the PBS treated mice, and at 1 and 2 months after Dex (p < 0.05) treatment (A, same representative mice of Figures 2, 3). Dexamethasone treatment effectively maintained the baseline fiber signal fraction at 2 weeks after treatment, slightly decreased by ∼10% from baseline without reaching statistical significance at 1 and 2 months afterward (B, p = 0.37). The DBSI “fiber volume” (D) was derived as DBSI anisotropic diffusion fiber signal fraction (B) multiplied by DWI-derived nerve volume (C) to reflect total fiber signal amount without dilution effects from cell inflammation/edema, putatively estimating the extent of axon loss (D). DBSI-derived fiber volume quantifies the severity of axonal loss although not a true volume. At 2 months after treatment, axonal loss was seen in both PBS- and dexamethasone-treated optic nerves, suggesting that dexamethasone was not able to prevent irreversible axonal degeneration. * indicates p < 0.05, comparing to baseline.




Immunohistochemistry (IHC) Staining of Optic Nerve

Comparing IHC of naïve optic nerve (Figures 6A–D), IHC of PBS-treated (Figures 6E–H) and Dex-treated (Figures 6I–L) optic nerves at end of the experiment showed decreased SMI-31 (intact phosphorylated axons) and SMI-312 (intact plus injured axons) staining intensity with irregular distribution of expanded hyper-intense areas due to axonal injury and axonal swelling (white arrows, Figures 6E,G,I,K), which were detected by DBSI fiber signal fraction (Figures 6a,e,i) and DBSI λ∥ (Figures 6c,g,k). Reduced MBP (myelin basic protein) staining intensity and irregular hyper-intense spots (white arrows, Figures 6F,J) resulting from demyelination and possible myelin debris was seen in both PBS- and Dex-treated optic nerves, and the results was consistent with DBSI λ⊥ (Figures 6b,f,j). Increased DAPI counts (number of cell nuclei) was also observed in PBS- and Dex-treated optic nerves (Figures 6H,L) and consistent with DBSI restricted fraction (Figures 6d,h,l). Decreased SMI-312 staining intensity in PBS- and Dex-treated optic nerves were associated with noticeable axonal loss (Figures 6E,I). SMI312 area, MBP fraction, SMI31 counts, and DAPI counts associated with DBSI-derived fiber volume (Figure 7A, directly correlated), DBSI λ⊥ (Figure 7E, inversely correlated), DBSI λ| | (Figure 7I, directly correlated), DBSI restricted isotropic fraction (Figure 7M, inversely correlated), suggesting that DBSI derived pathological metrics revealed the severity of axonal loss, demyelination, axonal injury, and cell infiltration. In this study, the change of DBSI λ⊥ was also associated with SMI312 area (Figure 7B, inversely correlated), SMI31 counts (Figure 7J, inversely correlated), and DAPI counts (Figure 7N, directly correlated). The change of DBSI-derived fiber volume was associated with SMI31 counts (Figure 7K, directly correlated) and DAPI counts (Figure 7O, inversely correlated). The change of DBSI λ| | was associated with MBP (Figure 7D, directly correlated). The change of DBSI restricted fraction was associated with SMI31 (Figure 7L, inversely correlated). Correlations among IHC and DBSI metrics indicate that optic nerve pathologies were inter-dependent reflecting the inter-dependence among inflammation, demyelination, and axonal injury in optic neuritis of EAE mice. IHC scatter plot distributions overlapped between treatment groups at 2 months, suggesting that the 2-week treatment dexamethasone treatment had little impact on long-term optic nerve pathologies. Overall, the data indicate that in vivo findings of DBSI metrics reflected underlying neuropathology.
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FIGURE 6. Representative 100× immunohistochemical staining images of total neurofilament (SMI-312, staining both injured and intact axons, A,E,I), myelin basic protein (MBP, assessing myelin integrity, B,F,J), phosphorylated neurofilament (SMI-31, reflecting intact axons, C,G,K), and 4′, 6-dianidino-2-phenylindole (DAPI, detecting nuclei, D,H,L) from naïve control (row 1), PBS-treated (row 2), and dexamethasone-treated (row 3) optic nerves at end of DBSI time course (2 months after treatment). The corresponding DBSI fiber signal fraction (the total signal of optic nerve tracts, a,e,i), radial diffusivity (λ⊥, myelin integrity of residual optic nerve tracts, b,f,j), axial diffusivity (λ∥, axonal integrity of residual optic nerve tracts, c,g,k) and restricted fraction (cellularity, d,h,l) metrics demonstrate injury patterns of optic nerve. Results here show different degrees of tissue damage in optic nerves from mice with optic neuritis treated with PBS versus dexamethasone. The results are consistent with in vivo DBSI findings that short-term treatment with dexamethasone does not protect optic nerves after the cessation of treatment. Optic nerves developed axonal injury (decreased staining intensity and swollen axons, the white arrows, in SMI-312, MBP and SMI-31 panels), demyelination (decreased staining intensity for MBP), axonal loss (decreased SMI-32 staining intensity and tissue shrinkage), and increased cellularity (increased DAPI staining). White scale bar: 50 μm.
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FIGURE 7. Optic nerve tissues were extracted and prepared for IHC staining after the last imaging time point (2 months post-treatment). The correlations of IHC and DBSI metrics were (A–P) were shown. The IHC biomarkers included SMI-312 area (absolute value of positive staining counts, A–D), MBP area fraction (the ratio of positive staining counts and total tissue area, E–H) and SMI-31 counts (I–L), and DAPI counts (M–P) to reflect severity of axonal loss, demyelination, axonal injury, and cellularity, respectively. Total axonal counts as expected directly correlated with DBSI fiber volume (A) and DBSI-λ| | (D), inversely correlated with DBSI-λ⊥ (direct correlation with myelin integrity) and DBSI restricted diffusion fraction (increased inflammation impact axonal integrity). Similarly, MBP area (myelination integrity) directly corrected with DBSI axonal volume (F) and DBSI-λ| | (H, i.e., axonal integrity impacted myelin integrity), and inversely correlated with DBSI-λ⊥ (E, increased myelination integrity) and DBSI-restricted fraction (G, increased inflammation also damaged myelin). Intact axonal staining (SMI-31) directly correlated with DBSI-λ| | (I) and axonal volume (L), i.e., DBSI axonal integrity markers, and inversely correlated with DBSI-λ⊥ (directly correlated with myelin integrity) and DBSI restricted fraction (L, inflammation damaged myelin integrity). Cellularity (DAPI staining) directly correlated with DBSI restricted fraction (M) and DBSI-λ⊥ (directly correlated with myelin damage), and inversely correlated with DBSI fiber volume (O) and DBSI-λ| | (i.e., inversely correlated with axonal integrity). Results reflect that axonal pathologies in EAE optic nerves are inter-dependent due to the pathological dependence.




DISCUSSION

Diffusion basis spectrum imaging has shown success in modeling non-Gaussian diffusion phenomena with multiple Gaussian functions for biological tissues and environment in MS subjects and EAE mice (Wang et al., 2011a, 2015; Chiang et al., 2014; Lin et al., 2017). In this study, we used DBSI to assess the effects of 2-week Dex treatment on optic nerve integrity in murine ON serially over the subsequent 2 months, with immunohistochemistry at the conclusion of study time course to assess optic nerve neuropathology. A two-sample Student’s t-test of DBSI restricted fraction (putative biomarker for inflammation) was used to estimate the sample size (n = 7) needed to achieve the statistical significance. During the experiment, five PBS-treated EAE mice died at various time points leading to the small sample size for this study. Despite the small cohort size, the longitudinal comparison within individual EAE mice demonstrated the difference between PBS- and Dex-treatments. It is much close to clinical need to design the personal treatment strategy, especially for people with MS (Gajofatto and Benedetti, 2015). Our findings were still consistent with the classic human ONTT trial (Gal et al., 2012), finding that a short course of corticosteroids led to improved visual function in the short-term while it failed to preserve visual function in the long-term (Figure 1B). Histologically, similar degrees of optic nerve axonal injury/loss were observed in both PBS- and Dex-treated mice at 2 months after the 2-week treatment. To the best of our knowledge, this is the first study to non-invasively and longitudinally examine the effects of corticosteroids on the evolution of optic nerve pathologies of ON mice.

Corticosteroids suppress inflammation through inhibiting vascular permeability, suppressing leukocyte emigration into sites of inflammation, and reducing production of inflammatory mediators (Perretti and Ahluwalia, 2000; Coutinho and Chapman, 2011). Although corticosteroids are commonly employed to treat acute inflammation, they have known associated adverse effects, some of which are cumulative (Ohno et al., 1987; Buchman, 2001; Myhr and Mellgren, 2009), limiting its long-term use. Our findings were consistent with ONTT conclusion that no long-tern benefits of steroids for VA improvement. We speculate that timing of treatment commencement may play a critical role in treatment efficacy. Thus, with accurate and non-invasive assessment of optic nerve pathologies using DBSI that is capable of detect subclinical pathologies could improve the treatment efficacy by affording an early treatment before clinical manifestations detectable in MS (Noyes and Weinstock-Guttman, 2013; Kavaliunas et al., 2017). In the current study, we started at 0.1–0.3 mg/kg dexamethasone (Donia et al., 2010) that resulted in inconsistent and limited effects on EAE mice. Our final working dose of dexamethasone for treating ON (10 × clinical dose) is comparable to that used in previous reports to treat optic neuritis of MOG35–55 EAE mice (Wust et al., 2008; Donia et al., 2010). The anti-inflammation effect of Dex seen in the report was also detected in the present study, manifested as the lower restricted isotropic diffusion fraction than PBS-treated EAE mice by comparing to baseline within group.

Axonal loss is believed to be the primary substrate of irreversible neurological disability in MS (van Waesberghe et al., 1999; Bjartmar et al., 2000; Wujek et al., 2002; Van Asseldonk et al., 2006). Optical coherence tomography (OCT) has been increasingly relied upon as a non-invasive biomarker of axonal loss for people with MS (Costello et al., 2006a; Lagreze et al., 2009; Saidha et al., 2015). DTI-derived fractional anisotropy (FA) has also been implied to reflect axonal injury. However, acute inflammation-associated cell infiltration and vasogenic edema might lead to optic nerve swelling. Both DTI and OCT results might be masked by these inflammations associated changes. Our results indicated that DTI λ∥ and λ⊥ was affected by the progression of inflammation overestimating axonal pathologies (Figures 2B,C). Thus, DTI metrics would fail to accurately reflect axonal injury or demyelination in the presence of axonal loss and/or inflammation. In contrast, DBSI not only detects inflammatory pathologies but also reflects axonal injury and demyelination without confounding effects of inflammation. DBSI-derived fiber volume, i.e., DBSI fiber fraction multiplied by optic nerve volume, quantified axonal loss of the optic nerve and spinal cord in the presence of acute inflammation-associated swelling (Lin et al., 2017, 2019). In the present study, DBSI-derived fiber volume reflected histology-detected axonal loss, and non-invasively reflected the failure of dexamethasone to prevent long-term optic nerve axonal loss in living mice.

In the current study, SMI312, MBP, SMI31, and DAPI were used to validate the specificity and sensitivity of DBSI-derived fiber volume, DBSI λ⊥, DBSI λ∥, and DBSI restricted fraction. However, the inter-dependence among IHC biomarkers and DBSI metrics seen in the current study (Figure 7) reflects the potential causal relationships among underlying pathologies of optic neuritis in EAE mice. The results imply that DBSI metrics may not uniquely correlated with the target pathologies since one cannot definitively isolated inter-relationship between metrics. This observation is likely to hold true for all MRI derived biomarkers that are derived based on morphological changes without molecular specificity. For complex pathologies in diseases such as multiple sclerosis, it would be difficult to definitively validate any pathological biomarkers since the underlying pathologies are inter-dependent.

Histological validation of in vivo MRI findings needs to take into account of the evolution of pathologies of MS/EAE to elucidate the potential inter-correlations among coexisting individual pathological components. For example, if at a lesion or normal appearing white matter site where inflammation induces subsequence axonal injury at the same site or in close vicinity, then inflammation and axonal injury would correlate with each other. Under this scenario, an inflammatory marker could correlate with axonal injury or vice versa. Our previous numerous studies on EAE mice and postmortem MS specimens favorably suggest that DBSI-derived pathological metrics are adequate biomarkers of pathologies of axon, myelin, and inflammation origin. However, due to the unspecific nature of MRI biomarkers of white matter injury it would require researchers to be cautious in applying these markers in complex pathologies present in MS/EAE.

In summary, we employed serial DBSI to assess optic nerve pathology longitudinally in living EAE mice. Optic nerve responses to dexamethasone and PBS treatments, showing short-term but not long-term benefits of corticosteroids, which recapitulated observations from the ONTT in ON patients. Upon comparing in vivo DBSI to neuropathology, we demonstrated that DBSI-derived fiber volume can serve as a quantitative biomarker of axonal loss. Measurement of axonal loss is important, as it underpins permanent neurological impairment. The current study provides an important validation of DBSI-derived pathological markers in response to a treatment, and uniquely quantifies axonal loss in vivo.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Washington University Institutional Animal Care and Use Committee (IACUC) and conformed to the NIH Policy on Responsibility for Care and Use of Animals.



AUTHOR CONTRIBUTIONS

T-HL, AC, and S-KS contributed to the concept and experimental design. T-HL, PS, and CS contributed to the protocol and code development. T-HL, JZ, CS, MW, XN, RY, and S-KS contributed to the generation, collection, and analysis of data. T-HL, AC, RY, MW, and S-KS contributed to the manuscript drafting. AC and S-KS contributed to the critical review of the manuscript. T-HL, JZ, CS, MW, PS, XN, RY, AC, and S-KS contributed to the manuscript approval. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported in part by the grants from National Institute of Health R01-NS047592 (S-KS), P01-NS059560 (AC), U01- EY025500 (S-KS), National Multiple Sclerosis Society (NMSS) RG 4549A4/1 (S-KS), RG1701-26617 (S-KS), FG-1507-05315 (T-HL), and Department of Defense Idea Award W81XWH-12-1-0457 (S-KS). The National Natural Science Foundation of China 81971574 (RY), the Guangzhou Science and Technology Project, P.R. China 202002030268 (RY), and Natural Science Foundation of Guangdong Province in China 2018A030313282 (RY). AC was supported in part by the Manny and Rosalyn Rosenthal-Dr. John L. Trotter MS Center Chair in Neuroimmunology of Barnes-Jewish Hospital Foundation.



ACKNOWLEDGMENTS

The authors thank Mr. Bob Mikesell for excellent technical assistance.


FOOTNOTES

1
https://imagej.nih.gov/ij/


REFERENCES

Batchelor, P. G., Atkinson, D., Hill, D. L., Calamante, F., and Connelly, A. (2003). Anisotropic noise propagation in diffusion tensor MRI sampling schemes. Magn. Reson. Med. 49, 1143–1151. doi: 10.1002/mrm.10491

Beck, R. W., Cleary, P. A., Trobe, J. D., Kaufman, D. I., Kupersmith, M. J., Paty, D. W., et al. (1993). The effect of corticosteroids for acute optic neuritis on the subsequent development of multiple sclerosis. the optic neuritis study group. N. Engl. J. Med. 329, 1764–1769.

Bennett, J. L., Nickerson, M., Costello, F., Sergott, R. C., Calkwood, J. C., Galetta, S. L., et al. (2015). Re-evaluating the treatment of acute optic neuritis. J. Neurol. Neurosurg. Psychiatry 86, 799–808.

Bjartmar, C., Kidd, G., Mork, S., Rudick, R., and Trapp, B. D. (2000). Neurological disability correlates with spinal cord axonal loss and reduced N-acetyl aspartate in chronic multiple sclerosis patients. Ann. Neurol. 48, 893–901. doi: 10.1002/1531-8249(200012)48:6<893::aid-ana10>3.0.co;2-b

Blewitt, E. S., Pogmore, T., and Talbot, I. C. (1982). Double embedding in agar/paraffin wax as an aid to orientation of mucosal biopsies. J. Clin. Pathol. 35:365. doi: 10.1136/jcp.35.3.365-b

Boumpas, D. T., Chrousos, G. P., Wilder, R. L., Cupps, T. R., and Balow, J. E. (1993). Glucocorticoid therapy for immune-mediated diseases: basic and clinical correlates. Ann. Intern. Med. 119, 1198–1208. doi: 10.7326/0003-4819-119-12-199312150-00007

Buchman, A. L. (2001). Side effects of corticosteroid therapy. J. Clin. Gastroenterol. 33, 289–294. doi: 10.1097/00004836-200110000-00006

Ceccarelli, A., Bakshi, R., and Neema, M. (2012). MRI in multiple sclerosis: a review of the current literature. Curr. Opin. Neurol. 25, 402–409. doi: 10.1097/wco.0b013e328354f63f

Chiang, C. W., Wang, Y., Sun, P., Lin, T. H., Trinkaus, K., Cross, A. H., et al. (2014). Quantifying white matter tract diffusion parameters in the presence of increased eased extra-fiber cellularity and vasogenic edema. Neuroimage 101, 310–319. doi: 10.1016/j.neuroimage.2014.06.064

Costello, F., Coupland, S., Hodge, W., Lorello, G. R., Koroluk, J., Pan, Y. I., et al. (2006a). Quantifying axonal loss after optic neuritis with optical coherence tomography. Ann. Neurol. 59, 963–969. doi: 10.1002/ana.20851

Costello, F., Coupland, S., Hodge, W., Lorello, G. R., Koroluk, J., Pan, Y. I., et al. (2006b). Quantifying axonal loss after optic neuritis with optical coherence tomography. Ann. Neurol. 59, 963–969. doi: 10.1002/ana.20851

Coutinho, A. E., and Chapman, K. E. (2011). The anti-inflammatory and immunosuppressive effects of glucocorticoids, recent developments and mechanistic insights. Mol. Cell. Endocrinol. 335, 2–13. doi: 10.1016/j.mce.2010.04.005

Davie, C. A., Silver, N. C., Barker, G. J., Tofts, P. S., Thompson, A. J., Mcdonald, W. I., et al. (1999). Does the extent of axonal loss and demyelination from chronic lesions in multiple sclerosis correlate with the clinical subgroup? J. Neurol. Neurosurg. Psychiatry 67, 710–715. doi: 10.1136/jnnp.67.6.710

Diem, R., Hobom, M., Maier, K., Weissert, R., Storch, M. K., Meyer, R., et al. (2003). Methylprednisolone increases neuronal apoptosis during autoimmune CNS inflammation by inhibition of an endogenous neuroprotective pathway. J. Neurosci. 23, 6993–7000. doi: 10.1523/jneurosci.23-18-06993.2003

Donia, M., Mangano, K., Quattrocchi, C., Fagone, P., Signorelli, S., Magro, G., et al. (2010). Specific and strain-independent effects of dexamethasone in the prevention and treatment of experimental autoimmune encephalomyelitis in rodents. Scand. J. Immunol. 72, 396–407. doi: 10.1111/j.1365-3083.2010.02451.x

Dustman, R. E., and Snyder, E. W. (1981). Life-span change in visually evoked potentials at central scalp. Neurobiol. Aging 2, 303–308. doi: 10.1016/0197-4580(81)90039-7

Gajofatto, A., and Benedetti, M. D. (2015). Treatment strategies for multiple sclerosis: when to start, when to change, when to stop? World J. Clin. Cases 3, 545–555. doi: 10.12998/wjcc.v3.i7.545

Gal, R. L., Vedula, S. S., and Beck, R. (2012). Corticosteroids for treating optic neuritis. Cochrane Database. Syst. Rev. 4:CD001430.

Gal, R. L., Vedula, S. S., and Beck, R. (2015). Corticosteroids for treating optic neuritis. Cochrane Database. Syst. Rev. 8:CD001430.

Ge, Y. (2006). Multiple sclerosis: the role of MR imaging. AJNR Am. J. Neuroradiol. 27, 1165–1176.

Gonzalez-Hernandez, J. A., Pita-Alcorta, C., Wolters, C. H., Padron, A., Finale, A., Galan-Garcia, L., et al. (2015). Specificity and sensitivity of visual evoked potentials in the diagnosis of schizophrenia: rethinking VEPs. Schizophr. Res. 166, 231–234. doi: 10.1016/j.schres.2015.05.007

Kavaliunas, A., Manouchehrinia, A., Stawiarz, L., Ramanujam, R., Agholme, J., Hedstrom, A. K., et al. (2017). Importance of early treatment initiation in the clinical course of multiple sclerosis. Mult. Scler. 23, 1233–1240. doi: 10.1177/1352458516675039

Kornek, B., Storch, M. K., Weissert, R., Wallstroem, E., Stefferl, A., Olsson, T., et al. (2000). Multiple sclerosis and chronic autoimmune encephalomyelitis: a comparative quantitative study of axonal injury in active, inactive, and remyelinated lesions. Am. J. Pathol. 157, 267–276.

Lagreze, W. A., Gaggl, M., Weigel, M., Schulte-Monting, J., Buhler, A., Bach, M., et al. (2009). Retrobulbar optic nerve diameter measured by high-speed magnetic resonance imaging as a biomarker for axonal loss in glaucomatous optic atrophy. Invest. Ophthalmol. Vis. Sci. 50, 4223–4228. doi: 10.1167/iovs.08-2683

Levitan, E. S., Hemmick, L. M., Birnberg, N. C., and Kaczmarek, L. K. (1991). Dexamethasone increases potassium channel messenger RNA and activity in clonal pituitary cells. Mol. Endocrinol. 5, 1903–1908. doi: 10.1210/mend-5-12-1903

Lieberman, D. M., Jan, T. A., Ahmad, S. O., and Most, S. P. (2011). Effects of corticosteroids on functional recovery and neuron survival after facial nerve injury in mice. Arch. Facial. Plast. Surg. 13, 117–124.

Lin, T. H., Chiang, C. W., Perez-Torres, C. J., Sun, P., Wallendorf, M., Schmidt, R. E., et al. (2017). Diffusion MRI quantifies early axonal loss in the presence of nerve swelling. J. Neuroinflammation 14:78.

Lin, T. H., Kim, J. H., Perez-Torres, C., Chiang, C. W., Trinkaus, K., Cross, A. H., et al. (2014a). Axonal transport rate decreased at the onset of optic neuritis in EAE mice. Neuroimage 100C, 244–253. doi: 10.1016/j.neuroimage.2014.06.009

Lin, T. H., Spees, W. M., Chiang, C. W., Trinkaus, K., Cross, A. H., and Song, S. K. (2014b). Diffusion fMRI detects white-matter dysfunction in mice with acute optic neuritis. Neurobiol. Dis. 67, 1–8. doi: 10.1016/j.nbd.2014.02.007

Lin, T. H., Sun, P., Hallman, M., Hwang, F. C., Wallendorf, M., Ray, W. Z., et al. (2019). Noninvasive quantification of axonal loss in the presence of tissue swelling in traumatic spinal cord injury mice. J. Neurotrauma. 36, 2308–2315. doi: 10.1089/neu.2018.6016

Llado, X., Oliver, A., Cabezas, M., Freixenet, J., Vilanova, J. C., Quiles, A., et al. (2012). Segmentation of multiple sclerosis lesions in brain MRI: a review of automated approaches. Inform. Sci. 186, 164–185. doi: 10.1016/j.ins.2011.10.011

Medana, I. M., and Esiri, M. M. (2003). Axonal damage: a key predictor of outcome in human CNS diseases. Brain 126, 515–530. doi: 10.1093/brain/awg061

Michalski, A., Radil, T., and Zernicki, B. (1981). Diminution of cortical visually evoked potentials during the following eye-movement in the cat. Acta Neurobiol. Exp. 41, 623–632.

Muller, G. J., Hasseldam, H., Rasmussen, R. S., and Johansen, F. F. (2014). Dexamethasone enhances necrosis-like neuronal death in ischemic rat hippocampus involving mu-calpain activation. Exp. Neurol. 261, 711–719. doi: 10.1016/j.expneurol.2014.08.009

Myhr, K. M., and Mellgren, S. I. (2009). Corticosteroids in the treatment of multiple sclerosis. Acta Neurol. Scand. Suppl. 189, 73–80. doi: 10.1111/j.1600-0404.2009.01213.x

Noyes, K., and Weinstock-Guttman, B. (2013). Impact of diagnosis and early treatment on the course of multiple sclerosis. Am. J. Manag. Care 19, s321–331.

Ohno, R., Hamaguchi, K., Sowa, K., Tanaka, H., and Watanabe, Y. (1987). High-dose intravenous corticosteroids in the treatment of multiple sclerosis. Jpn. J. Med. 26, 212–216. doi: 10.2169/internalmedicine1962.26.212

Perretti, M., and Ahluwalia, A. (2000). The microcirculation and inflammation: site of action for glucocorticoids. Microcirculation 7, 147–161. doi: 10.1111/j.1549-8719.2000.tb00117.x

Saidha, S., Al-Louzi, O., Ratchford, J. N., Bhargava, P., Oh, J., Newsome, S. D., et al. (2015). Optical coherence tomography reflects brain atrophy in multiple sclerosis: a four-year study. Ann. Neurol. 78, 801–813. doi: 10.1002/ana.24487

Schmierer, K., Scaravilli, F., Altmann, D. R., Barker, G. J., and Miller, D. H. (2004). Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain. Ann. Neurol. 56, 407–415. doi: 10.1002/ana.20202

Song, S. K., Sun, S. W., Ju, W. K., Lin, S. J., Cross, A. H., and Neufeld, A. H. (2003). Diffusion tensor imaging detects and differentiates axon and myelin degeneration in mouse optic nerve after retinal ischemia. Neuroimage 20, 1714–1722. doi: 10.1016/j.neuroimage.2003.07.005

Spees, W. M., Lin, T. H., and Song, S. K. (2013). White-matter diffusion fMRI of mouse optic nerve. Neuroimage 65, 209–215. doi: 10.1016/j.neuroimage.2012.10.021

Tu, T. W., Budde, M. D., Quirk, J. D., and Song, K. S. (2010). Using absorption-mode images to improve in vivo DTI quality. Proc. Intl. Soc. Mag. Reson. Med. 18:4001.

Urolagin, S. B., Kotrashetti, S. M., Kale, T. P., and Balihallimath, L. J. (2012). Traumatic optic neuropathy after maxillofacial trauma: a review of 8 cases. J. Oral Maxillofac. Surg. 70, 1123–1130. doi: 10.1016/j.joms.2011.09.045

Valberg, A., Olsen, B. T., and Marthinsen, S. (1981). Peripheral contrast reversal inhibits visually evoked potentials in the fovea. Vis. Res. 21, 947–950. doi: 10.1016/0042-6989(81)90197-8

Van Asseldonk, J. T. H., Van Den Berg, L. H., Kalmijn, S., Van Den Berg-Vos, R. M., Polman, C. H., Wokke, J. H. J., et al. (2006). Axon loss is an important determinant of weakness in multifocal motor neuropathy. J. Neurol. Neurosurg. Psychiatry 77, 743–747. doi: 10.1136/jnnp.2005.064816

van Waesberghe, J. H. T. M., Kamphorst, W., De Groot, C. J. A., Van Walderveen, M. A. A., Castelijns, J. A., Ravid, R., et al. (1999). Axonal loss in multiple sclerosis lesions: magnetic resonance imaging insights into substrates of disability. Ann. Neurol. 46, 747–754. doi: 10.1002/1531-8249(199911)46:5<747::aid-ana10>3.0.co;2-4

Wang, X., Cusick, M. F., Wang, Y., Sun, P., Libbey, J. E., Trinkaus, K., et al. (2014). Diffusion basis spectrum imaging detects and distinguishes coexisting subclinical inflammation, demyelination and axonal injury in experimental autoimmune encephalomyelitis mice. NMR Biomed. 27, 843–852. doi: 10.1002/nbm.3129

Wang, X., Li, X. S., and Wang, W. C. (2007). Transnasal endoscopic optic canal decompression for traumatic optic neuropathy without light reception. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi 42, 625–626.

Wang, Y., Sun, P., Wang, Q., Trinkaus, K., Schmidt, R. E., Naismith, R. T., et al. (2015). Differentiation and quantification of inflammation, demyelination and axon injury or loss in multiple sclerosis. Brain 138, 1223–1238. doi: 10.1093/brain/awv046

Wang, Y., Wang, Q., Haldar, J. P., Yeh, F. C., Xie, M., Sun, P., et al. (2011a). Quantification of increased cellularity during inflammatory demyelination. Brain 134, 3590–3601. doi: 10.1093/brain/awr307

Wang, Y., Wang, Q., Haldar, J. P., Yeh, F. C., Xie, M., Sun, P., et al. (2011b). Quantification of increased cellularity during inflammatory demyelination. Brain J. Neurol. 134, 3590–3601. doi: 10.1093/brain/awr307

Wujek, J. R., Bjartmar, C., Richer, E., Ransohoff, R. M., Yu, M., Tuohy, V. K., et al. (2002). Axon loss in the spinal cord determines permanent neurological disability in an animal model of multiple sclerosis. J. Neuropathol. Exp. Neurol. 61, 23–32. doi: 10.1093/jnen/61.1.23

Wust, S., Van Den Brandt, J., Tischner, D., Kleiman, A., Tuckermann, J. P., Gold, R., et al. (2008). Peripheral T cells are the therapeutic targets of glucocorticoids in experimental autoimmune encephalomyelitis. J. Immunol. 180, 8434–8443. doi: 10.4049/jimmunol.180.12.8434


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Lin, Zhan, Song, Wallendorf, Sun, Niu, Yang, Cross and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-14-592063-i000.jpg





OPS/images/fnins-14-592063-g002.jpg
A Number of nerves at each time point

|SOtl’OQiC ComEonents D Baseline - 1 Month after treatment
: . % : (PBS = 14; Dex = 16) (PBS =10; Dex = 16)
Hindered Fraction Restricted Fraction

End of treatment 1 2 Months after treatment
PBS Dex PBS Dex (PBS = 14; Dex = 16) (PBS = 10; Dex = 14)
: B 0.40
Baseline 5
:'3 * r o
E *
L *
End of | E Vel
Treatment .E
: i
0.00
PBS Dex
1 Month C _ 020
(@)
- *
o * *
(1
2 Months E 0.10 } 2
£ | %
e
0.00 .
PBS Dex





OPS/images/fnins-14-592063-g003.jpg
Number of nerves at each time point
1 Month after treatment

Anisotropic Components [ Baseline .
DBSI A DBSI AL (PBS = 14; Dex = 16) (PBS =10; Dex = 16)
il
| End of treatment D 2 Months after treatment
PBS  Dex (PBS = 14; Dex = 16) (PBS = 10; Dex = 14)
B 2.50

PBS Dex
Baseline
'

Ty Py

DBSI A, (pm?/ms)
2

Endof | JS
Treatment [l
G- 1 ——
— 0.60
72]
kS *
) * *
e o R
< 0.30 $é
0 25 0 0.8 @ f% @ Eﬁ
um?/ms um?/ms -
0.00

PBS Dex





OPS/images/fnins-14-592063-g001.jpg
A 10 ~ 18 days 1 month after 2 month after

~ post- stopping stopping
Day 0 mmunization End of treatment treatment
¢ Treatment
= { 2 Weeks r_ cesas i sesse = >
DB.'S:I Immunization DBS/ DBS/ DBS/
Baseline Mice were
Visual Acuity ~ + Dexamethasone(3mg/kg) perfusion
<0.25c/d + PBS fixed after
Onset of optic in vivo MRI
neuritis
B Mean £ SD
__ 086
B
O Number of eyes at each time point
:?:? 04 D Baseline . 1 Month after treatment
§ (PBS = 14; Dex = 16) (PBS = 10; Dex = 16)
= 02} End of treatment B| 2 Months after treatment
> (PBS = 10; Dex = 16) (PBS = 10; Dex = 14)
=
0 ‘

PBS Dex





OPS/images/fnins-14-592063-e000.jpg
Nuiso 7‘1?,‘
Sc= > fie

i=1

hLi *‘bk‘(*uﬁ’u,\msz Wik
e

.
+[f(D)e |"‘|Ddu (k=1,2,3,..., 25).
J






OPS/images/fnins-14-592063-g006.jpg





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Diffusion Basis Spectrum Imaging Detects Axonal Loss After Transient Dexamethasone Treatment in Optic Neuritis Mice



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Autoimmune Encephalomyelitis (EAE) Mouse Model



		Visual Acuity (VA)



		Dexamethasone Administration



		Diffusion-Weighted MRI Data Acquisition



		Diffusion Basis Spectrum Imaging (DBSI) and Diffusion Tensor Imaging (DTI)



		ROI for DBSI Fiber Volume



		Immunohistochemistry (IHC) of Optic Nerves



		Histological Data Analysis



		Statistical Analysis







		RESULTS



		Recovery of Visual Function During Dexamethasone Treatment Period



		DBSI: Acute Anti-inflammatory Effects of Dexamethasone



		DBSI: Delayed Axon/Myelin Injury With Dexamethasone Administration



		Dexamethasone Treatment Failed to Prevent Axonal Loss



		Immunohistochemistry (IHC) Staining of Optic Nerve







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fnins-14-592063-g007.jpg
A y = 0.118x + 0.001
008 Slope of SE = 0.0249
- )
= .
S 0.04 | © Gy
g © e o
o 0.0 OPBS (n=10)
5 46
% o : . 2 2
0 0.05 0.1 0.15
DBSI fiber volume (mm?)
E y = -0.7665x + 0.3486
04 Slope of SE = 0.1495
c ' OPBS (n=10)
L N
- ©
g RRY:
s e
m 00 e @
= 0 . B
0 25 0.5
DBSI A, (pm?ms)
| y =40114x-45508
Slope of SE = 13653
& 50000
@ *
v .
= 40000 o% "'°°
S 30000 o 3y
o ‘
= 20000 P
= ! ) OPBS (n=10)
g e %
o A A
1 1.5 2
DBSI A, (pm?/ms)
M y = 41120x + 2850
= Slope of SE = 4026
£ 16000
£
# 12000 } ° "
= 8000 o
o I = ® lopssm-ao)i
o ¥00 0%%‘ ‘ ®Dex (n=14)
<
o o 2 L A
0 0.05 0.1 0.15 0.2

DBSI restricted fraction

B y =-0.021x + 0.012
0.08 Slope of SE = 0.0089
& ® OPBS (n=10)
: 0
E .
g 0.04 o .2
s :"00__)
— o o™
™ 8 ®
5 0 A &
0 0.2 0.4 0.6
DBSI A, (um?/ms)
F y = 1.3582x + 0.066
Slope of SE =0.7574
c 04
2 OPBS (n=10)
‘g - looex (n-14)\
= o o 9
® 02 } o om o
g .O &
a PR
E o [ .lw 1
0 0.05 0.1 0.15
DBSI fiber volume (mm?)
J y = -91280x + 47356
. Slope of SE = 26656
* 50000
12 * o OPBS (n=10) F
E 40000 F 0 .o. " ®Dex (n=14) |
3 30000 | o
o A X
o 20000 } © . »
= 10000 | % :‘
0 A A
0 0.2 0.4 0.6
DBSI A, (pm?/ms)
N y = 25592x - 1262
o Slope of SE = 5294
% 16000 |
OPBS (n=10)
é 12000 B
£ 5000 B
- 20
o P
O 4000 °8%e ®
< 0 L
= 0 0.2 0.4 0.6
DBSI A, (um?/ms)

C y = -0.028x + 0.009
Slope of SE = 0.011
«‘g 0.08
OPBS (n=10)
£ &
S P oe%se
o 0.04 } ‘ O
- e o .8
™ ® O
2 & e
7)) 0 e i® .
0 0.05 0.1 0.15 0.2
DBSI restricted fraction
G y = -0.6089x + 0.1908
= ik Slope of SE = 0.2564
.g OPBS (n=10)
§ ® eDex (n=14)
= o o)
S 0.2 ”0‘8’\
a - o ..... .
a o* P -
0 e o
2 o 1 & 1 1 ®
0 0.05 0.1 0.15 0.2
DBSI restricted fraction
K y = 441950x-5077
o 16000 Slope of SE = 71094
- OPBS (n=10)
-g 12000 °
8 soo f % o
© & 0
= 4000 } ® &
‘% QO\.
o A A
0 0.05 0.1 0.15
DBSI fiber volume (mm?)
0 y = -96306x + 11589
Slope of SE = 21205
T 16000 P
:
i 12000 °® ®Deox (n=14)
7]
t 8000 ' -
© 4000 } ® &
o o\,
g o —
0 0.05 0.1 0.15

DBSI fiber volume (mm?)

SMI312 area (mm?) O

ot o
o o
& ®

o

L

MBP area fraction

r

SMI31 counts (#)

v

DAPI counts (#/mm?)

y =0.014x - 0.018

Slope of SE = 0.0039
OPBS (n=10) e o
®Dex (n=14) ? §
&
5 o
odd
o’ e
9 o
0 1 2 3
DBSI A, (um?ms)
y =0.2219x + 0.2305
04 Slope of SE =0.1783
. OPBS (n=10)
° ®Dex (n»14)
000 ©
0.2 | (o) 0?
o o
6%
0 @
o -
0 1 2 3
DBSI A, (pm?/ms)
y = -113142x-30824
Slope of SE = 36280
50000
OPBS (n*10)
wow | 37,
Q.
30000 { - e
o‘ o Y
20000 { ® © :
o ~—
10000 < " 03 ‘0 0
0 v v v
0 0.05 0.1 0.15 0.2
DBSI restricted fraction
y = -9556x + 21824
16000 Slope of SE = 3124
OPBS (n=10
8000 <
0

DBSI A, (um’lms)





OPS/images/fnins-14-592063-g004.jpg
Number of nerves at each time point

Single Tensor Assessment [ Baseline O 1 Month after treatment
* (PBS = 14; Dex = 16) (PBS = 10; Dex = 16)
End of treatment 2 Months after treatment
DTI A, DTI AL DTIADC O (PBS = 14: Dex = 16) M (PBS = 10; Dex = 14)
PBS Dex PBS Dex PBS Dex
B G
Baseline 2.50 0.75
y m * *
£ E *
i € 0.50 & *
End of - =
L = =025 | r @é
Treatment = o
0.50 0.00
PBS Dex PBS Dex

O

-
=
o

DTIADC (pm?ms)
2
k=
I3
~{mEs—
—i-
-
—E—
——

0.60






OPS/images/fnins-14-592063-g005.jpg
Anisotropic Components

Fiber Signal Fraction
PBS Dex

Baseline

End of
Treatment

1 Month

2 Month

1.20

Fiber Signal
Fraction
o
S

Number of nerves at each time point

E] Baseline

(PBS = 14; Dex = 16)

End of treatment
(PBS = 14; Dex = 16)

C
0.16

. 1 Month after treatment
(PBS =10; Dex = 16)

- 2 Months after treatment
(PBS =10; Dex = 14)

p <0.05

-

4 %ﬂ Fieg

p <0.05

Size (mm3)
o
—
=

DWI-derived Nerve

'%%* bt

0.04

PBS Dex

w

15

(mm?)

i
DBSI-derived
Fiber Volume

0.00

i 1

PBS Dex

PBS

Dex






OPS/images/fnins-14-592063-t001.jpg
DTI ADC (um?/ms)

DBSI axial diffusivity (um?2/ms)

DTl axial diffusivity (um?2/ms)

DBSI radial diffusivity (um?2/ms)

DTl radial diffusivity (um?2/ms)

DBSI non-restricted fraction

DBSl restricted fraction

DBSI fiber signal fraction

DWI-derived optic nerve volume (mm3)

DBSl-derived fiber volume (mm?3)

*Indicates p < 0.05, comparing to baseline.

PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone
PBS
Dexamethasone

Baseline

0.74 +0.03
0.73 £0.03
1.88 £0.15
1.86 £ 0.11
1.72 £ 0.25
1.74 £0.12
0.18 & 0.52
0.19 £0.05
0.256 +£0.16
0.21 & 0.04
0.05 £0.04
0.04 &+ 0.04
0.02 & 0.01
0.02 &+ 0.02
0.79 &£ 0.07
0.79 £ 0.05
0.09 £ 0.01
0.10 & 0.01
0.073 £ 0.007
0.078 £ 0.006

End treatment

0.74 £ 0.06
0.74 £0.07
*1.76 £ 0.22
1.86+0.16
*1.49 £ 0.38
1.70 £ 0.22
*0.26 £ 0.09
0.23 +£0.05
0.35 £ 0.11
0.26 + 0.05
*0.09 £0.05
0.05 + 0.04
*0.06 £ 0.05
0.08 +£0.02
*0.70 +£ 0.07
0.79 £ 0.04
0.11 £0.02
0.10 £ 0.01
0.073 £ 0.012
0.075 £ 0.006

1 month

0.74 4+ 0.06
0.71 4+ 0.06
*1.80+0.18
*1.82+£0.18
*1.62 £ 0.21
*1.66 + 0.18
*0.294+0.08
0.23 £0.05
0.35+0.10
0.30 £0.07
*0.09 £0.05
*0.08 £0.07
*0.06 £ 0.05
*0.05 £0.04
*0.73 £ 0.07
0.75 £ 0.09
0.10 & 0.01
0.10 & 0.01
0.071 £ 0.014
0.077 £ 0.014

2 months

0.72 +0.06
0.73 +0.04
*1.738 £0.21
*1.76 £0.10
*1.60 £0.24
*1.49 £0.18
0.23 £0.06
*0.26 £0.08
0.33 £0.06
0.36 +0.11
*0.08 £0.12
*0.12 £0.07
*0.05 £0.05
*0.06 £0.04
*0.71 £0.11
*0.69 £0.10
0.09 £0.02
0.10 £0.03

0.065 £0.013
*0.070 £0.019





OPS/images/cover.jpg
, frontiers
In Neuroscience

Diffusion Basis Spectrum
Imaging Detects Axonal Loss
After Transient Dexamethasone
Treatment in Optic Neuritis Mice









OPS/images/logo.jpg
' frontiers

in Neuroscience





