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Reviewers' comments:  

Reviewer #1 (Remarks to the Author):  

The manuscript by Guglielmetti et al. ” Imaging immunomodulatory treatment responses in 
multiple sclerosis using hyperpolarized 13C metabolic magnetic resonance imaging” 
describes a series of novel MRI experiments performed on a MS mouse model. The paper is 
timely and well written. My only reservation is based on the focus on the paper on BBB 
transport as a main mechanism for the observed results. Why not measure the MCT’s then? I 
recommend a minor revision.  

Minor comments:  

1. The authors claims a few times, that the LDH and PDH flux is a competitive relationship i.e. 
a Pasteur like phenomenon. Please add extend this discussion and add some references to 
support this claim in MS.  
2. Please add the following references and similar papers and discuss in the context of your 
results: DOI: 10.1002/glia.22667  
3. Please add more information on the z-score used. Normally it is used for the single 
metabolites (lactate and pyruvate individually), how does that look? Not sure if the z-scores 
of the ratio is actually different from the conventional pyruvate normalization.  
4. Consider using a consensus nomenclature for the correlations.  
5. The T1 enhanced data has a strong correlation and I wonder what the HP vs T1 correlation 
was?  
6. Was no 13C-bicabonate measured? Please add a comment in the limitation section on this.  
7. What was the spatial resolution in the CSI?  

Reviewer #2 (Remarks to the Author):  

Guglielmetti and collaborators have designed a very interesting approach to effectively 
monitoring the effects of immunomodulators in a preclinical animal model of multiple 
sclerosis (MS). They evaluated cell metabolism with hyperpolarized 13C MR spectroscopy 
(MRS). Many previous data suggest the feasible use of this non-invasive method in humans, 
too.  
The work has been carefully designed and done, the results seem strong and their impact 
would be very relevant in the preclinical and eventually clinical environment of MS, as well as 
other neurological diseases in where dynamics of immunopathological basis should be easily 
monitored.  
Methodologies are OK, including Statistics. The only recommendation of this reviewer for the 
publication of the present work in its current form should be a slightly more detailed 
explanation of the animal model chosen for their work: Why cuprizone-EAE models instead of 
the largely known cuprizone or EAE? They can add this in the section/s that they prefer 
(Introduction, Methods, Discussion) for the better comprehension of a wider audience.  
Reviewer: Fernando de Castro (fdecastro@cajal.csic.es)  



Reply to Reviewers' comments: 
 
Reviewer #1 (Remarks to the Author): 
 
The manuscript by Guglielmetti et al. ” Imaging immunomodulatory treatment responses 
in multiple sclerosis using hyperpolarized 13C metabolic magnetic resonance imaging” 
describes a series of novel MRI experiments performed on a MS mouse model. The paper 
is timely and well written. My only reservation is based on the focus on the paper on BBB 
transport as a main mechanism for the observed results. Why not measure the MCT’s 
then? I recommend a minor revision. 
 
We thank the reviewer for raising this important point and we agree that MCTs may play an 
important role in the observed results. Following the reviewer’s suggestion, we have attempted to 
perform immunofluorescence staining for MCT1 and MCT4 on fixed brain sections. However, we 
did not get consistent and clear stains. Unfortunately, we do not have frozen samples to perform 
western blot analyses as all the tissue was used for LDH and PDH assays. To answer the 
reviewer’s important comment, we thus added the following sentences to discuss our findings in 
relation to MCTs expression. 

Page 15 Lines 313-323: “Monocarboxylate transporters (MCTs), which mediate the 
transport of pyruvate and lactate across the cell membrane, have been shown to be important 
modulators of the hyperpolarized 13C lactate/pyruvate. For instance, high expression of MCT1 
and MCT4 have been linked to increased hyperpolarized 13C lactate/pyruvate in cell lines and in 
tumors1-5. It is therefore possible that changes in MCTs may also play a role in our study. 
Importantly, MCTs expression has been shown to be differentially modulated in MS, and 
increased MCT1 has been noted in microglia, infiltrating macrophages, and astrocytes in active 
lesions6. In addition, MCT4 has been shown to be highly expressed in pro-inflammatory infiltrating 
macrophages in the EAE model7. Here, we did not find association between hyperpolarized 13C 
lactate/pyruvate and GFAP expressing astrocytes, however future studies will investigate whether 
MCTs expression is modulated in different cell types in the CPZ-EAE model, as well as following 
therapies.” 
 
Minor comments: 
 
1. The authors claims a few times, that the LDH and PDH flux is a competitive relationship 
i.e. a Pasteur like phenomenon. Please extend this discussion and add some references 
to support this claim in MS. 
We thank the reviewer for this suggestion and have added the following sentences to the 
discussion. Page 14 Lines 293-295: "One may think as LDH and PDH fluxes as having a 
competitive relationship, i.e. a Pasteur-like effect, which might be linked to hypoxia8,9. However, 
there is no clear demonstration of this phenomenon in MS to date.” 
  
2. Please add the following references and similar papers and discuss in the context of 
your results: DOI: 10.1002/glia.22667 
 
We thank the reviewer for this suggestion and have included this key reference. We now discuss 
our findings in relation to this paper and additional literature (cf. reply to the first comment of the 
reviewer,  Page 15 Lines 313-323). 
 
3. Please add more information on the z-score used. Normally it is used for the single 
metabolites (lactate and pyruvate individually), how does that look? Not sure if the z-
scores of the ratio is actually different from the conventional pyruvate normalization. 



 
We calculated the z-score for the hyperpolarized [1-13C]lactate and [1-13C]pyruvate and described 
how we calculated the z-score in the Methods section (Page 19 Lines 400-404): “[…] the mean µ 
and standard deviation σ of the hyperpolarized [1-13C]pyruvate, [1-13C]lactate and  13C lactate / 
pyruvate ratio from all animals were computed for each individual voxel. Next, the hyperpolarized 
[1-13C]pyruvate, [1-13C]lactate and 13C lactate / pyruvate ratio values (xi) for each animal was 
normalized by converting it to a z-score using the following formula: z = (xi - µ) / σ .” 
 
We did not find any significant differences between the groups for the hyperpolarized [1-
13C]pyruvate z-scores, nor for the hyperpolarized [1-13C]lactate z-scores. However, we noticed a 
trend for an increase hyperpolarized [1-13C]lactate z-score in CPZ-EAE mice compared to control 
mice (p = 0.079). We added the following sentences in the result section and added the 
hyperpolarized [1-13C]pyruvate and [1-13C]lactate z-scores in the Supplementary Figure 1 (see 
below). 
 
(Page 8 Lines 155-157): “We calculated the hyperpolarized [1-13C]pyruvate and [1-13C]lactate z-
scores but did not find any significant differences between groups (Supplementary Figure 1).” 
 

 
Supplementary Figure 1. 13C lactate/pyruvate mean z-score detects therapy responses. 
13C lactate/pyruvate mean z-score color maps overlaid on a representative T2-weighted image for 
the control, CPZ-EAE, CPZ-EAE + DMF and CPZ-EAE + FTY720 groups. Quantitative analyses 
revealed significant increase of the 13C lactate/pyruvate z-score in CPZ-EAE mice compared to 
Control mice. Both DMF and FTY720 showed lower 13C lactate/pyruvate z-score compared to 
untreated CPZ-EAE mice. No significant differences were observed between groups for the 
hyperpolarized [1-13C]pyruvate and [1-13C]lactate z-scores. We noted a trend for an increase 
hyperpolarized [1-13C]lactate z-score in CPZ-EAE mice compared to control mice (p = 0.079). (*p 
≤ 0.05, ****p ≤ 0.0001). 
 
4. Consider using a consensus nomenclature for the correlations.  
 
We have made modified Table 1 accordingly (Page 34). For the analyses carried out using the 
Pearson correlation coefficient we report the Pearson’s r, and the p-value. For the analyses 
carried out using the simple linear regression we report the equation, r2 and p-value. 
We adjusted the text of the result section accordingly (Page 10 Lines 210-216). 



 
5. The T1 enhanced data has a strong correlation and I wonder what the HP vs T1 
correlation was?  
We evaluated the correlation between T1 enhancement volume and HP 13C lactate/pyruvate and 
found a significant correlation (Pearson r=0.54, p = 0.0028). We also evaluated the correlation 
between T1 enhancement volume and HP 13C urea and found no correlation (Pearson r=-0.07, p 
= 0.73). 
We added this outcome in the Results section (Page 10 Lines 210-216) and Table 1 (Page 34): 
“Associations between MR values, disease symptoms and ex vivo measurements were evaluated 
(Table 1). Positive correlations between hyperpolarized 13C lactate/pyruvate and Iba1+ cells (p = 
0.013), PDK1+ cells (p = 0.041), EAE scores (p = 0.0094) and T1 enhancement volume (p = 
0.0028) were observed. A negative correlation between  hyperpolarized 13C lactate/pyruvate and 
PDH activity (p = 0.014) was found. 13C urea did not correlate with any of the parameters 
investigated in the study. T1 enhancement volume values significantly correlated with fibrinogen 
immunostaining (p = 0.027) and EAE scores (p < 0.0001).” 
 
We also discuss this result in the Discussion section. Page 14 Lines 304-307: “Hyperpolarized 
13C lactate/pyruvate was also associated with the EAE score and T1 enhancement volume. 
However, we found that T1 enhancement volume was associated with fibrinogen deposition only, 
indicating that hyperpolarized 13C lactate/pyruvate and T1 enhancement volume might reflect 
different underlying pathological changes.”  
 
 
6. Was no 13C-bicabonate measured? Please add a comment in the limitation section on 
this. 
We were not able to detect 13C bicarbonate. This may be due to short T1 at high field (we use a 
14.1 tesla MR scanner), as well as a low signal to noise ratio of this metabolite in the brain.  
We added the following sentences in the Discussion section. 
Page 15 Lines 324-331: “Prior studies have reported that following injection of hyperpolarized [1-
13C]pyruvate, [1-13C]lactate, 13C bicarbonate, and in some case [1-13C]alanine production may be 
detected in the brain, although it is a matter of debate whether [1-13C]alanine signal may arise 
from the surrounding tissue10-12. In our study, we were not able to detect 13C bicarbonate or [1-
13C]alanine signals, which may be due to short T1 relaxation times at ultra-high field, as well as 
low signal to noise ratio of these metabolites in the brain. Future studies performed at lower field 
would enable us to evaluate changes in 13C bicarbonate production, which may provide a more 
accurate way to evaluate PDH activity.” 
 
7. What was the spatial resolution in the CSI? 
 
The spatial resolution is 3 × 3 × 5 mm. We added this information and the matrix size (8 × 8)  to 
the manuscript page 18 Line 380-381. 
 
 
Reviewer #2 (Remarks to the Author): 
 
Guglielmetti and collaborators have designed a very interesting approach to effectively 
monitoring the effects of immunomodulators in a preclinical animal model of multiple 
sclerosis (MS). They evaluated cell metabolism with hyperpolarized 13C MR spectroscopy 
(MRS). Many previous data suggest the feasible use of this non-invasive method in 
humans, too. The work has been carefully designed and done, the results seem strong and 
their impact would be very relevant in the preclinical and eventually clinical environment 



of MS, as well as other neurological diseases in where dynamics of immunopathological 
basis should be easily monitored. Methodologies are OK, including Statistics. The only 
recommendation of this reviewer for the publication of the present work in its current form 
should be a slightly more detailed explanation of the animal model chosen for their work: 
Why cuprizone-EAE models instead of the largely known cuprizone or EAE? They can add 
this in the section/s that they prefer (Introduction, Methods, Discussion) for the better 
comprehension of a wider audience. 
Reviewer: Fernando de Castro (fdecastro@cajal.csic.es) 
 
We thank Dr. de Castro for his enthusiastic feedback and for highlighting the importance of our 
work in the preclinical, and eventually clinical, environment.  
We have added more information regarding the choice of the animal model in the Introduction 
section of the manuscript (page 5 Lines 82-86).  
“Although the experimental autoimmune encephalomyelitis (EAE) model is the most widely used 
model to study the inflammatory aspects of MS13,14, the pathology mostly affects spinal cord, optic 
nerve and cerebellum, not the whole brain. Therefore, standard EAE is less suitable to validate 
novel imaging methods aiming at visualizing MS pathology in brain lesions. The cuprizone (CPZ) 
model is a well established model15, in which CPZ, a copper chelator, is added to the animal diet 
to induce oligodendrocytes death and demyelination. The location and timing of CPZ-induced 
lesions is highly reproducible, making this model extremely useful to validate imaging tools. 
However, a limitation of this model is that demyelination is not mediated by T cells16, and few T 
cells are present in CPZ-induced lesions. The combined CPZ and EAE (CPZ-EAE) model is a 
relatively recent model of inflammatory demyelination17,18, characterized by reproducible induction 
of wide-spread demyelinated brain lesions that present parenchymal infiltration of T cells, 
increased number of microglia and macrophages, and reactive astrocytes, which are key features 
of MS pathology. Besides recapitulating key cellular aspects of MS in the brain in a reproducible 
manner, the CPZ-EAE model displays spinal cord pathology resulting in physical impairment 
linked to disease progression. Altogether, these features make it an attractive model to investigate 
the potential of hyperpolarized [1-13C]pyruvate to detect pathological changes and to evaluate the 
effect of immunomodulatory treatments.” 
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REVIEWERS' COMMENTS:  

Reviewer #1 (Remarks to the Author):  

No further comments - I support publication in its current form.  

I hope the authors will continue the investigations in this area.  

Reviewer #2 (Remarks to the Author):  

The authors have included now an extense paragraph with a detailed explanation on why they used 

EAE-cuprizone model and not EAE or cuprizone alone.  

Since my point of view, the work could be published, now. 
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