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SUMMARY

For many cancer patients, chemotherapy produces untreatable life-long neurologic effects termed 

chemotherapy-related cognitive impairment (CRCI). We discovered that the chemotherapy 

methotrexate (MTX) adversely affects oxidative metabolism of non-cancerous choroid plexus 

(ChP) cells and the cerebrospinal fluid (CSF). We used a ChP-targeted adeno-associated viral 

vector (AAV) approach in mice to augment CSF levels of the secreted antioxidant SOD3. AAV-

SOD3 gene therapy increased oxidative defense capacity of the CSF and prevented MTX-induced 

lipid peroxidation in the hippocampus. Further, this gene therapy prevented anxiety and deficits 

in short-term learning and memory caused by MTX. MTX-induced oxidative damage to cultured 

human cortical neurons, and analyses of CSF samples from MTX-treated lymphoma patients 

demonstrated that MTX diminishes antioxidant capacity of patient CSF. Collectively, our findings 
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motivate advancement of ChP- and CSF-targeted antioxidative prophylactic measures to relieve 

CRCI.
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INTRODUCTION

The chemotherapeutic and folate analog methotrexate (MTX) is one of very few effective 

drug treatments for cancers in the brain (Moe and Holen, 2000; Yu et al., 2021). 

Unfortunately, neurologic side effects are a major limitation in MTX treatment protocols 

(Gibson and Monje, 2012; Vezmar et al., 2003). Collectively termed chemotherapy-related 

cognitive impairment (CRCI or chemobrain), signs and symptoms of MTX-induced central 

nervous system (CNS) toxicity appear in up to 75% of treated cancer patients (Janelsins 

et al., 2014), and include compromised fine motor abilities (Green et al., 2013), attention 

capacity (Pierson et al., 2016), acute memory impairment (Bisen-Hersh et al., 2013; Dufourg 

et al., 2007; Inaba et al., 2008; Rubnitz et al., 1998; Winick et al., 1992), and permanent 

cognitive deficits (Buizer et al., 2006; Cheung et al., 2016; Ellenberg et al., 2009). As 

continuous improvements in clinical care decrease mortality, these side effects, which 

severely degrade quality of life, have become an increasingly relevant treatment-related issue 

for cancer survivors (Horowitz et al., 2018; Monje et al., 2020).

Mechanisms of MTX toxicity are only beginning to be understood. Recent breakthroughs 

have uncovered persistent dysregulation of oligodendrocytes, astrocytes, and microglia 

(Gibson et al., 2019) that culminates in a loss of adaptive myelination (Geraghty et al., 

2019). These findings are consistent with volumetric changes in sub-cortical structures 

(Moore et al., 2016; Zajac-Spychala et al., 2017). Other cellular target sites have also been 

described, including hippocampal neurogenesis (Naewla et al., 2019; Pereira Dias et al., 

2014; Seigers et al., 2009; Sekeres et al., 2021; Sritawan et al., 2020; Zajac-Spychala et 
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al., 2017). However, the mechanisms underlying CRCI are likely complex as disease course 

and therapeutic regimens vary widely. Some side effects may be unavoidable, especially if 

they arise from the same mechanism of action that targets tumor cells. For MTX, the main 

anti-cancer mechanism of action is based on inhibition of nucleic acid synthesis, which leads 

to death of dividing tumor cells (Wilson et al., 2014) and could affect stem / progenitor cells 

in the brain. A plausible cause of MTX-induced toxicity is oxidative stress, an insidious 

process of accumulating redox damage, which has been observed in several non-neural 

tissues following exposure to MTX (Gunyeli et al., 2021; Mameri et al., 2021), and reported 

in MTX-treated leukemia patients (Dewan et al., 2021). Oxidative stress plays a pivotal role 

in the pathophysiology of many neurologic conditions including those with sequelae similar 

to CRCI, raising the possibility that oxidative stress could potentially provide a handle for 

treating CRCI.

The choroid plexus (ChP) – cerebrospinal fluid (CSF) system delivers important health- and 

growth-promoting factors throughout the brain (Damkier et al., 2013; Fame and Lehtinen, 

2020; Lehtinen et al., 2011; Silva-Vargas et al., 2016), thereby providing an attractive 

therapeutic vehicle for treating CRCI. Indeed, infusion of healthy CSF from young mice can 

restore hippocampal learning and memory in aging mice (Iram et al., 2022). Collectively, 

these findings suggest that the ChP-CSF system, with far-reaching and long-lasting effects 

on the brain throughout life, could be harnessed to counteract the deleterious consequences 

of MTX leading to neurocognitive sequelae of CRCI.

Here, we report that MTX treatment imparts broad metabolic damage to the ChP-

CSF system, including decreased ChP secretion of the antioxidant enzyme extracellular 

superoxide dismutase 3 (SOD3 or EC-SOD) into the CSF. Because healthy CSF protected 

neurons from oxidative stress, we hypothesized that augmenting ChP-SOD3 would reduce 

global neuronal toxicity caused by MTX. Using an adeno-associated viral (AAV) approach, 

ChP-SOD3 overexpression protected the CSF and neuronal tissue (hippocampus) from 

MTX-induced oxidative damage and prevented MTX-induced cognitive impairment. SOD3 

was also reduced in the CSF of MTX-treated patients, alongside increase in levels of 

oxidative imbalance metabolic markers, suggesting that combinatorial treatment strategies 

with antioxidative agents may mitigate MTX-induced toxicity in cancer patients treated with 

MTX.

RESULTS

To assess effects of MTX on brain-wide oxidative metabolism, we optimized CSF 

metabolomics for the detection of oxidative stress-related metabolites (Petrova et al., 2021) 

by liquid chromatography-mass spectrometry (LC-MS). We profiled the metabolome of CSF 

samples from MTX- (75 mg/kg, i.v.) and vehicle-treated mice. As MTX was detectable in 

CSF within 30 minutes (Figure 1A), we performed metabolite profiling of CSF 4, 24, and 

48 hours (h) post MTX administration. We observed significant metabolic changes with the 

strongest effect at 24 h; the 4 h and 48 h samples were more similar to the control than 

to the 24 h time point as represented by the top 15 most changed metabolites (Figure 1B). 

Partial least squares discriminant analysis (PLSDA) analysis revealed a separation of the 

time points on a clear trajectory, with 24 h being the most distant (Figure 1C). A loadings 
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plot revealed oxidized and reduced glutathione as major drivers of this change (Figures 

1D, S1A). GSH is a highly abundant small molecule that serves as a cellular antioxidant 

by buffering reactive oxidative molecules through oxidation and conversion to oxidized 

glutathione (GSSG) (Meister and Anderson, 1983). GSH levels decreased at 24 h and 48 h, 

while GSSG increased at 24 h (Figure 1E, F) thereby decreasing the GSH/GSSG ratio at 

both 24 h (10-fold) and 48 h (2.5-fold) (Figure 1G). Other metabolites unrelated to redox 

homeostasis did not show this trend (Figure S1B). Thus, MTX-induced oxidative stress in 

the CSF was evident by a quantitative alteration in key thiol redox metabolites (Figure 1H).

To test if the oxidative stress signature in CSF could be mediated by the ChP, we assessed 

direct effects of MTX on the ChP. MTX can enter cells through the folate transporters 

Slc19a1 or Slc46a1 and the folate receptors (Folrs) (Warren et al., 1978), and ChP epithelial 

cells express high levels of Slc46a1 and Folr1 (Dani et al., 2021; Grapp et al., 2013; 

Wollack et al., 2008). In an ex vivo ChP preparation (Figure 2A), MTX was taken up by 

the ChP (Figures 2B, 2C, S2A, S2B, S2G) and caused reduction in mitochondrial membrane 

potential (Figures 2D, 2E, S2C, S2D, S2H), elevation of reactive oxygen species (ROS) 

(Figures 2F, 2G, S2E, S2F, S2I), and decreased oxygen consumption and ATP production 

(Figure 2H, 2I, 2J), all indications of impaired oxidative phosphorylation. These data 

demonstrate that in addition to the known damage of MTX on other areas of the brain, 

MTX also causes toxicity to the ChP, thereby potentially escalating MTX toxicity in the 

brain via the CSF.

We next tested the hypothesis that the ChP contributes to an antioxidative environment in 

the CSF by secreting the enzyme SOD3. SOD3 (or EC-SOD) is one of three members of 

the SOD family (SOD1, 2, and 3), which catalyze the conversion of superoxide radicals to 

hydrogen peroxide (Miao and St Clair, 2009). Single cell gene expression analysis revealed 

Sod3 expression predominantly in epithelial and mesenchymal cells at the ChP in each 

ventricle in the brain (Figures 3A, 3B, S3A, S3B). These data, as well as comparative 

expression analyses from the Allen Brain Atlas (Lein et al., 2007) suggest that the ChP is 

a principal source of SOD3 in the brain. However, we found that exposure of the ChP to 

MTX resulted in reduction of Sod3 expression in the ChP (Figure 3D), which is likely the 

cause of its depletion (Figure 3E, 3F) and overall diminished activity (Figure 3G) in the 

CSF following MTX treatment. Taken together, these data suggest that the MTX-induced 

toxicity in the ChP leads to reduced secretion of SOD3 into the CSF and compromises the 

antioxidative defense that is usually provided by the CSF.

In addition to providing nurturing factors for the brain (Fame and Lehtinen, 2020; Lehtinen 

et al., 2011), the ChP is a key reservoir of antioxidants, has the highest activity of the 

antioxidant enzyme glutathione peroxidase (GPx) in the brain (Saudrais et al., 2018), and 

can remove exogenous hydroperoxides from the CSF (Saudrais et al., 2018). However, 

we did not observe decreased ChP expression of GPx4 or the efflux transporter Mrp1/
Abcc1 (Wijnholds et al., 2000) following acute MTX treatment (data not shown). Indeed, 

oxidative stress in neurons is mitigated by fresh CSF from healthy adult rats (Figure 4A). 

Therefore, we hypothesized that widespread oxidative stress induced by MTX throughout 

the brain could be mitigated by boosting ChP antioxidative function and thereby increasing 

availability and activity of antioxidative factors in the CSF.
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To test this idea, we over-expressed Sod3 by transducing embryonic ChP with an adeno-

associated virus (AAV) with tropism for ChP epithelial cells (Jang and Lehtinen, 2022; 

Kaiser et al., 2021; Xu et al., 2021) and encoding human (h) SOD3 (Figure 4B). ChP 

epithelial cells are long-lived cells with limited turnover (Barkho and Monuki, 2015). We 

verified persistent hSOD3 expression in adult ChP (Figures 4C, 4D, S4A–C) and CSF 

(Figures 4E), and enhanced activity of the exogenous hSOD3 in the CSF (Figure 4F).

To test the potential protective activity of the supplemental SOD3 levels on the redox state 

of the CSF of MTX-treated mice, we profiled the CSF of MTX-treated mice by targeted 

metabolomics (Figure 4G). GSH and GSSG were major drivers of the separation between 

control CSF and CSF from hSOD3-overexpressing mice (Figure 4H, 4I), and the changes in 

these metabolites indicated a super-physiologic ratio of GSH/GSSG (Figure 4J–L). Unlike 

the endogenously regulated expression of SOD3, exogenously expressed hSOD3 was not 

down-regulated in the ChP of MTX-treated mice (Figure 4C, S4D), paralleling the effective 

antioxidative capacity of the CSF of hSOD3-overexpressing mice (Figure 4J–L).

SOD3 is a secreted enzyme and although important in the CSF, it is minimally expressed 

by neurons. However, we found that the expression of the antioxidative enzyme GPx was 

reduced in neuronal tissue such as the hippocampus following acute MTX treatment (Figure 

5A–C). It was previously reported that reduced GPx enzymatic activity by superoxide 

occurs following oxidative stress and can further exacerbate the stress (Lubos et al., 2011). 

Accordingly, lipid peroxidation, a marker of oxidative stress (Del Rio et al., 2005), was 

increased in the hippocampus of MTX-treated mice (Figure 5A, 5D). These results align 

with previous reports of the hippocampus as an established site of chemotherapy-induced 

damage (Gibson et al., 2019; Yang et al., 2011).

We therefore tested whether exogenous expression of hSOD3 can function as gene 

therapy and protect the hippocampus from MTX-induced oxidative stress. Indeed, hSOD3 

overexpression mitigated MTX-induced hippocampal toxicity as observed by lack of 

reduction in GPx activity. GPx activity was low at basal state in hSOD3-expressing mice, 

possibly due to the high antioxidant activity of hSOD3 and lessened need for GPx activity 

(Figure 5E, 5F). Furthermore, the oxidative stress marker malondialdehyde (MDA) was not 

elevated by MTX treatment in the hippocampus of mice that overexpressed hSOD3 in their 

ChP (Figure 5G). Taken together, these data demonstrate that the exogenous expression of 

the secreted enzyme SOD3 by the ChP can protect the CSF and hippocampus from oxidative 

damage. These results do not discern whether oxidative neural damage occurs directly, via 

the ChP-CSF axis, or both. However importantly – boosting the antioxidative capacity of the 

CSF mitigated MTX-induced oxidative stress.

Interestingly, we did not observe the usual MTX-induced metabolic indicators of oxidative 

stress in CSF samples from AAV-GFP-injected mice (Figure 4J–L), potentially indicating an 

altered baseline oxidative stress state induced by pre-conditioning the brain with a low level 

of oxidative stress by the AAV approach (Chan et al., 2021). Indeed, differential statistical 

analysis of our metabolomics data demonstrated an effect of GFP expression on both CSF 

of control and MTX-treated mice (Figure S4E, S4F). However, other key metabolites did not 
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change by AAV-GFP transduction (Figure S4G), implying an overall healthy, functional ChP 

and CSF in AAV-transduced mice.

To determine the possible functional benefits of ChP-SOD3 augmentation in MTX-treated 

mice, we assessed cognitive behavior in the context of a chronic MTX treatment paradigm 

(Figure 5H) (Gibson et al., 2019) that more closely approximates the patient treatment 

regimen in the clinical setting. We first confirmed in control experiments that AAV-GFP or 

-SOD3 overexpression did not lead to overt changes in basic mouse laboratory behaviors 

including grip strength and rotarod performance (Figure S5A, B). We then examined the 

behaviors of AAV-GFP- or SOD3-overexpressing mice treated with MTX or vehicle control. 

MTX-treated AAV-GFP mice exhibited increased anxiety as evaluated in the elevated plus 

maze, and this anxiety phenotype was prevented by AAV-SOD3 augmentation (Figures 5I, 

S5C). MTX-treated AAV-GFP mice also exhibited impaired short-term memory function 

in the Y-maze hippocampal learning and memory task (Figure 5J), and importantly, this 

learning and memory deficit was also prevented by AAV-SOD3 augmentation (Figure 

5J). Unexpectedly, we did not observe impaired behaviors in open field or novel object 

recognition tasks following MTX treatment (Figure S5D–F) as previously reported (Gibson 

et al., 2019). All mouse behavior experiments in our present study were performed using 

CD-1 mice, while previous studies have used other strains including C57BL/6 or hybrid 

mice (Geraghty et al., 2019; Gibson et al., 2019). Indeed, we noted in control experiments 

that C57BL/6 mice exhibited heightened sensitivity to MTX treatment compared to 

CD-1 mice. Collectively, these data indicate strain-specific sensitivities to MTX. Genetic 

background and environment are emerging as key features underlying phenotypes for a 

growing number of mouse models of neurologic disease (e.g., (Burberry et al., 2020; Kim 

et al., 2017; Nguyen et al., 2020) and could prove to modify the risk of CRCI in the 

clinical context. We did not observe aberrant inflammation or macrophage activation at 

the ChP following acute or chronic MTX treatment (Figure S5G–I), suggesting that MTX-

induced oxidative stress in the CNS is not solely attributable to immune cell response. Taken 

together, our data demonstrate that ChP-based AAV-SOD3 augmentation protects mice from 

MTX-induced anxiety and short-term memory impairments.

To explore the translational potential of enhancing CSF’s antioxidative capacity for the 

treatment of MTX toxicity, we tested whether MTX induces oxidative stress in human 

cortical neurons generated from induced pluripotent stem cells (iPSCs) (Figure S6A). MTX 

treatment reduced transcription of the intracellular antioxidant enzymes SOD1 and SOD2 
in human neurons (Figure 6A). Importantly, MTX treatment of iPSC neurons elevated ROS 

levels (Figures 6B, S6B) and impaired mitochondrial function (Figures 6C, 6D), implying a 

reduced ability of the cells to cope with the deleterious consequences of MTX. These and 

previous observations demonstrate MTX treatment induces oxidative stress (Gaman et al., 

2016) and reduces SOD-mediated antioxidative capacity in human neurons.

These findings prompted us to measure CSF-SOD3 levels in patients treated with MTX 

to test whether, similar to our findings in mice, human CSF is also lacking this key 

protective antioxidant enzyme. We measured SOD3 levels in CSF samples collected by 

lumbar puncture from eleven patients with CNS lymphoma, prior to and following high 

dose MTX treatment (Figure 6E, 6F, Table S1), as well as from twelve lymphoma-free 
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controls (Table S2). SOD3 levels were reduced in 8 of 11 CSF samples during MTX 

treatment, compared to disease-free controls, which had consistently higher levels of SOD3 

with the exception of one patient (N8) (Figure 6E, 6F). PLSDA analysis of the CSF 

metabolome of lymphoma-free patients, lymphoma patients during active MTX treatment, 

and lymphoma patients at time of treatment recess revealed that samples from lymphoma 

patients during recess in MTX treatment were more similar to the control samples versus 

patients actively being treated with MTX at the time of CSF collection (Figure 6G). 

One metabolite driving the separation between these groups was the homocysteine and 

glutathione precursor cystathionine (Figures 6G, H), which reflects the redox state of 

cells and biofluids (Diwakar and Ravindranath, 2007; McBean, 2017). Indeed, while most 

metabolites were not significantly different between the three groups, metabolites that reflect 

oxidative stress and which we were able to detect in the patients’ CSF, namely cystine and 

cystathionine, were elevated in patients treated with MTX (Figure 6H). Of note, both GSH 

and GSSG were not detected in the human samples, as was somewhat expected due to the 

inability to analyze fresh human CSF samples and the general low abundance of metabolites 

in human compared to mouse CSF (Jaeger et al., 2015). Despite these technical challenges, 

the nucleoside inosine was found to be reduced in the CSF of MTX-treated patients, as 

expected from the mechanism of action of MTX, which inhibits nucleotide synthesis (Figure 

6H) (Wilson et al., 2014). Taken together, these results demonstrate MTX-induced reduced 

SOD expression in human iPSCs, as well as reduced SOD3 availability in the CSF of 

MTX-treated patients, and elevation of metabolic markers of oxidative stress. These data 

indicate a compromised capability of the CSF to reduce ROS toxicity following MTX 

treatment in patients.

DISCUSSION

Our study confirms and extends the widespread notion that MTX causes brain damage via 

widespread oxidative stress, and further demonstrates that MTX-induced oxidative stress at 

the ChP leads to imbalance in redox homeostasis of the CSF. However, our data offer hope 

because they uncover the ChP-CSF axis toxicity mechanism as a potential therapeutic target. 

Our data demonstrate that MTX induces specific patterns of metabolite changes in the ChP 

and CSF of animal models as well as patients, highlighting the importance of SOD3 as a 

key antioxidant. Accordingly, ChP-SOD3 augmentation protects the brain from oxidative 

stress and reduces anxiety and cognitive deficits in MTX-treated mice. Collectively, our 

findings suggest that toxic oxidative stress can be mitigated even in hard-to-reach areas of 

the brain by ameliorating the MTX-induced metabolic shift in the ChP-CSF system. This 

effect could be achieved by ChP-targeted gene therapy or other combinatorial therapies that 

include antioxidants with MTX administration.

These findings are aligned with an emerging understanding of CSF as a critical fluid niche 

throughout life. On the one hand, CSF delivers important health- and growth-promoting 

factors for the developing and adult brain (Chau et al., 2015; Lehtinen et al., 2011; Silva-

Vargas et al., 2016), and young CSF can rejuvenate the aging hippocampus by promoting 

oligodendrocyte progenitor proliferation and differentiation, thereby improving memory 

consolidation (Iram et al., 2022). On the other hand, the ChP and CSF can be hijacked to 
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propagate disease-promoting conditions including inflammation (Cui et al., 2020) and, as 

shown here, diminished antioxidant capacity.

Many CSF factors are secreted by the ChP, but factors can also originate from other cells 

with access to the CSF, including by transcytosis from blood (Fame and Lehtinen, 2020; 

Lun et al., 2015a). Regardless of source, elements that find their way into the CSF can reach 

distant sites throughout the brain. Although the degree to which SOD3 and its downstream 

metabolites penetrate the brain parenchyma remains to be determined, our data show that 

CSF-borne antioxidants must reach the hippocampus in order to have protective effects on 

cognition.

An important consideration for combinatorial therapy is whether adjunct agents would 

interfere with clinical efficacy. It is possible that part of the tumor-inhibitory effect of MTX 

is mediated by its oxidative damage, and that co-administration of an antioxidant together 

with MTX will diminish this therapeutic capacity of MTX. However, SOD3 has been 

suggested to enhance chemotherapeutic effects on tumors in the case of doxorubicin (Mira 

et al., 2018). Given the well-documented primary mechanism of action of MTX as an anti-

cancer drug through nucleotide synthesis inhibition (Wilson et al., 2014), we propose that 

MTX-induced oxidative stress is only a secondary mechanism that hurts fast-proliferating 

cells, while it is a primary cause for toxicity in post-mitotic cells.

Ultimately, the safety, timing, and duration of ChP-targeted therapies will be important 

considerations for eventual translatability in the clinical setting. To date, augmentative 

AAV-based therapeutic approaches have proven remarkably effective for a number of 

neurologic conditions, with demonstrated long-term safety in human clinical trials (Hudry 

and Vandenberghe, 2019; Pasi et al., 2020). In the clinical setting, MTX clears rapidly 

from the CSF (Bratlid and Moe, 1978), and the oxidative markers are transient both in 

mice and patients. However, our experimental data modeling a chronic MTX treatment 

paradigm (Gibson et al., 2019) revealed cognitive deficits that were rescued by augmentative 

ChP-SOD3 expression. These data suggest that although each MTX dose results in acute and 

short-lasting oxidative damage, this oxidative damage accumulates over time with repeated 

treatment and can result in long-lasting cognitive deficits, perhaps warranting sustained 

antioxidant treatment even when chemotherapy is delivered intermittently. Moreover, 

sustained antioxidant delivery via the ChP could favorably impact the course of several 

other chronic diseases that respond to antioxidant therapy such as age-associated neurologic 

disease, movement disorders, and some motor neuron diseases.

MTX, like other cancer therapies, involves a range of cytotoxic mechanisms, and the 

exact mechanism(s) mediating the beneficial effects of CSF-SOD3 gene therapy in a 

murine model system remain to be fully elucidated. MTX is known to impart damage 

and dysfunction to oligo-lineage cells, astrocytes, and microglia (Gibson et al., 2019). As a 

starting point, we found that CSF-SOD3 gene therapy protected the hippocampus from lipid 

peroxidation in CD-1 mice (Figure 5G). Future studies should elucidate whether CSF-SOD3 

gene therapy contributes to myelin plasticity, possibly through signaling.
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The reduction in SOD3 secretion by the MTX-damaged ChP can be mediated by several 

possible mechanisms, such as the inhibition of folate-dependent oxidative balance in ChP 

epithelial cells (Fan et al., 2014). Importantly, our data demonstrate that the metabolic status 

of the ChP-CSF axis both reflects and determines the brain’s ability to withstand oxidative 

stress. Collectively, these findings support the model that the ChP provides a bastion of 

protection against oxidative stress and is likely to be a key determinant of MTX-induced 

toxicity.

MTX is most commonly used for the treatment of pediatric acute lymphoblastic leukemia 

(ALL), in which context it is given intrathecally to prevent and treat CNS involvement of 

the leukemia. In addition to ALL, MTX is currently incorporated in therapeutic protocols 

for pediatric osteosarcoma, and adult CNS lymphoma, leukemia, breast, and lung cancer 

[https://medlineplus.gov/druginfo/]. As such, our results may generalize to several tumor 

types, and co-administration of antioxidants may prove beneficial in other various routes of 

administration. Because MTX-induced toxicity represents a pressing clinical challenge that 

influences thousands of children each year (Dufourg et al., 2007; Inaba et al., 2008; Rubnitz 

et al., 1998; Winick et al., 1992), even moderate improvements in CRCI are anticipated to 

have enormous clinical impact.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Maria K. Lehtinen, 

maria.lehtinen@childrens.harvard.edu.

Materials Availability—No new reagents generated.

Data and Code Availability

1. Data availability: Raw metabolomics data is uploaded to the NIH 

Common Fund’s National Metabolomics Data Repository (NMDR) 

and is available at the Metabolomics Workbench Metabolite Database 

(https://www.metabolomicsworkbench.org/databases/metabolitedatabase.php). 

Accession numbers for the data are: 2023-11-25 - ST001979; ST001978; 

ST001977; ST001976; ST001975; ST001974 - Boston Children’s Hospital, 

Harvard Medical School. Single-cell RNA-seq data is published (Dani et al., 
2021). Microscopy data and original western blots reported in this paper will be 

shared by the lead contact upon request.

2. Code availability: The code used in this manuscript is available at: https://

github.com/LehtinenLab/Jang2022

3. Availability of other source data and any additional information required to 

reanalyze the data reported in this paper is available from the lead contact upon 

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies—All animal studies were performed under the protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) of Boston Children’s Hospital. 

CD-1 mice (timed pregnant and 6–8 weeks, Charles River Laboratories), Cx3cr1-GFP+/− 

(adult mice, Jackson Laboratories), and Sprague Dawley rats (6–8 weeks, Charles River 

Laboratories) were purchased. Male and female animals were used in all experiments. Sex 

is not reported to be associated with toxicity of cancer chemotherapy and therefore was not 

specifically evaluated in these studies. All animals were housed in a 12 h light-dark cycle 

with ad libitum access to food and water.

CSF samples—Mouse CSF was collected by inserting a glass capillary into the cisterna 

magna and processed as described (Lehtinen et al., 2011). It was visually inspected for 

purity, and samples were centrifuged at 10,000 g for 10 min at 4°C prior to immediate 

analysis or storage at −80°C. De-identified human CSF samples from both central nervous 

system (CNS) lymphoma patients and non-chemotherapy-exposed controls were obtained 

under Beth Israel Deaconess Medical Center (BIDMC) Institutional Review Board (IRB)-

approved protocols and analyzed under Boston Children’s Hospital IRB-approved protocols. 

Samples were aliquoted and stored at −80°C until use. We were not powered to determine 

if sex would influence findings of this study. All samples available for this study were 

included in analyses as presented. Clinical information relating to diagnosis and date of 

sample collection is listed in Tables S1 and S2.

Human iPSC and automated imaging platform—Human iPSC-derived cortical 

neurons were prepared by the Human Neuron Core at BCH using a protocol from Südhof 

and colleagues (Zhang et al., 2013) with minor changes (Winden et al., 2019). The 

differentiation protocol was initiated with human iPSCs dissociated into single cells using 

Accutase (Innovative Cell Tech) and seeded onto Geltrex- (Life Technologies) coated plates. 

The iPSCs were then transduced overnight with lentiviruses expressing rtTA-, EGFP-, and 

NGN2 along with polybrene (Sigma). Transduced iPSCs were expanded as colonies before 

being dissociated to single cells by Accutase and plating on Geltrex-coated plates at a 

density of 5 million iPSCs per 10 cm dish to initiate the differentiation. NGN2 expression 

was induced on day 0 using doxycycline (2ug/mL; Millipore) and the growth factors BDNF 

(10ng/mL; Peprotech), NT3 (10ng/mL; Peprotech), and laminin (0.1mg/L; ThermoFisher) 

in N2 media for the first two days. N2 media contains DMEM/F12 with glutamax (Life 

Technologies), N2 (Life Technologies), and nonessential amino acids (Life Technologies). 

On days 1 and 2, puromycin (1ug/mL; InVivoGen) was added to select for transduced 

cells. On days 2–6, cells were fed with BDNF, NT3, laminin, doxycycline, and Ara-C 

(2uM; Sigma Aldrich) in B27 media and half media changes were performed every other 

day until differentiation day 6 when cells were dissociated with papain (Worthington). B27 

media contains Neurobasal-A media (Life Technologies), B27 (Life Technologies), and 

Glutamax (Life Technologies). Following dissociation, cells were plated in neuronal growth 

media with BDNF, NT3 and laminin. Neuronal growth media contains Neurobasal-A media, 

Glutamax, Pen/Strep (Life Technologies), B27, Glucose (Sigma Aldrich), NaHCO3 (Sigma 

Aldrich), and Transferrin (Sigma Aldrich) and was previously conditioned by an astrocyte 

culture to include factors that are released by astrocytes to support neuronal health. To assess 
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ROS production, neurons were plated at a density of 20,000 neurons per well in a PDL 

(100ug/mL; Sigma catalog) and laminin- (5ug/mL) coated 96-well plate (Grenier), treated 

with vehicle or 10 μM MTX for 3 days, and then stained with CellROX Deep Red Reagent 

(5 μM; Life Technologies) for 30 min. Cells were imaged and analyzed using ArrayScan 

XTI (Thermo Fisher Scientific).

METHOD DETAILS

Methotrexate treatment paradigms

Acute paradigm:  CD-1 and Cx3cr1-GFP+/− mice or Sprague Dawley rats were given a 

single intravenous injection of 75 mg/kg MTX (Fisher Scientific) dissolved in 0.9 % NaCl 

(Mountainside Medical) for 24 h or 48 h. MTX was freshly prepared for each experiment. 

MTX in mouse serum or CSF was assessed by MTX ELISA according to the manufacturer’s 

instructions (Enzo Life Sciences). Chronic paradigm: Mice received intraperitoneal (i.p.) 

injections of 100 mg/kg MTX prepared as above at 3, 4, and 5 weeks of age, followed by 

behavioral testing at 9 weeks (Gibson et al., 2019).

Behavior analysis—Adult male and female CD-1 mice were tested in all behavior 

paradigms.

Grip strength: Neuromuscular function was analyzed using grip strength performance. 

Each trial consisted of a mouse gripping the grid with its forelimb. Once the grasp 

was released, maximum force was recorded (Harvard Apparatus). The average of five 

consecutive trials was taken as an index of forelimb grip strength.

Rotarod: Motor coordination and balance was analyzed using rotarod. The experiment 

consisted of two phases: training and testing phase. Training phase: To acclimate the 

movement of the rotarod, the mouse initially underwent a training session (IITC Life 

Science Inc.) during which the rod was maintained at 5 rpm for 5 min. Testing phase: 

On the following day, the mouse was placed on the rod as it accelerated from 5 to 40 rpm 

during the course of 5 min. The latency to fall from the rod was recorded automatically. The 

average of four trials is presented.

Open Field: For social anxiety assessment, the open field test was performed in an arena 

measuring 40 cm2 in which the center area measured 20 cm2 (Kinder Scientific). Each 

mouse explored the arena for 15 min. Video analysis and data acquisition were obtained 

with Noldus Etho-Vision XT video tracking software (version 15.0, Noldus Information 

Technologies) to analyze percent time spent in the center.

Novel object recognition test: Recognition memory was conducted in an opaque white 

open field arena (40 × 60 × 23 cm) and consisted of two phases, a 10 min training phase 

and a 5 min testing phase. During the training phase, the mouse was allowed to freely 

explore two identical objects for 10 min, after which it was returned to the home cage. The 

open field and the objects were cleaned with Clidox to avoid odor-based bias. One clean 

familiar object from the training phase and one clean novel object were placed in the arena. 

10 min after the end of the training phase, each mouse was returned to its open field for a 
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5 min testing phase. The mouse was allowed to freely explore the familiar object and the 

novel object. Both phases were videotaped and scored with EthoVision XT video tracking 

software (version 15.0, Noldus Information Technologies).

Y-maze: Spatial learning memory assessment was conducted using a symmetrical Y-maze 

made of clear plexiglass. Each arm of the Y-maze was 35 cm long and the wall at the end 

of each arm was marked with a different black and white pattern. To reduce anxiety, light in 

the testing room was dimmed to 30 ± 5 lux. The experiment consisted of two phases: a 10 

min training phase followed by a 5 min testing phase. During the training phase, the mouse 

was placed at the end of the start arm, away from the center, facing the wall. The mouse 

was then free to explore two of the maze’s arms, while entry into the third arm was blocked. 

After the training phase, the mouse was returned to its home cage for a 30 min inter-trial 

interval. During the testing phase, the block in the third arm was removed, the mouse was 

placed back in the start arm, and the mouse was then allowed to access all three arms of the 

maze. The maze was cleaned with Clidox to avoid odor-based bias after each session. Video 

analysis and data acquisition were obtained with Noldus Etho-Vision XT video tracking 

software (version 15.0, Noldus Information Technologies) to analyze percent time spent in 

the novel (third) arm.

Elevated plus maze (EPM): Anxiety behavior was analyzed using EPM. The EPM 

apparatus consisted of two open arms (35.5 × 6 cm) and two closed arms (35.5 × 6 cm) 

radiating from a central area (6 × 6 cm) (Med Associates Inc.). At the start of a trial, 

the mouse was placed in the center and allowed to explore the maze for 5 min. Infrared 

light illuminated the arms and the total time spent in each arm was tracked and scored 

using Noldus Etho-Vision XT video tracking software (version 15.0, Noldus Information 

Technologies). The apparatus was cleaned with Clidox to avoid odor-based bias before and 

after each session. The testing room was dimly lit with luminosity of approximately 30 lux.

AAVs—The pAAV-IRES-hrGFP vector was purchased (Agilent Technologies) and 

pcDNA3.1-myc HisA (−) / human SOD3 (myc-his tag at C-terminal) was share by (Ota 

et al., 2016). Virus production and purification were performed by the Viral Core at BCH 

according to standard procedures (Grieger et al., 2006).

In utero i.c.v. injections—Timed pregnant CD-1 mice (E13.5) were anesthetized with 

isoflurane inhalation, and laparotomy was performed. AAV5-CMV-hrGFP or AAV5-CMV-

hSOD3 was delivered into lateral ventricles using fine glass capillary pipettes (Drummond 

Scientific Company) as in (Kaiser et al., 2021; Xu et al., 2021). Meloxicam analgesia was 

used following surgery.

mRNA expression analyses—Total RNA was isolated using RNeasy Micro Kit 

(Qiagen, 74004) and reverse transcribed with iScript™ cDNA synthesis (Bio-Rad, 1708891) 

according to the manufacturer’s instructions. Taqman gene expression probes (Thermo 

Fisher Scientific) were used for qRT-PCR performed on a StepOne Plus (Applied 

Biosystems) instrument. 18S rRNA served as internal control.
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Immunohistochemistry—Animals were perfused with phosphate-buffered vehicle (PBS) 

followed by 4% paraformaldehyde (PFA), dissected, and post-fixed with 4% PFA overnight. 

Following cryoprotection, samples were frozen in OCT and cryosectioned at 14 μm 

thickness. Sections were incubated with blocking buffer (5% goat serum/0.3% triton 

X-100 in PBS) for at least 1 h at room temperature and then incubated with primary 

antibodies in blocking buffer overnight at 4°C (for sections: chicken anti-GFP 1:1000; 

rat anti-CD68 1:200). Following PBS washes, sections were incubated with fluorescent 

secondary antibodies (1:1000; Thermo Fisher Scientific) in blocking buffer for 2 h at room 

temperature. Following PBS washes, sections were incubated with Hoechst (1:5000 in PBS) 

for 10 min before final wash with PBS. Sections were mounted with Fluoromount-G.

Macrophage quantification in brain sections:  Images were obtained with a 20X objective 

using a Zeiss LSM 880 with Fast Airyscan. Images were analyzed using ImageJ. The ChP 

was outlined by hand to determine the perimeter of the structure. Macrophages present on 

the apical side of the ChP, distinguished from those in the stromal space by their anatomical 

position relative to the nuclear staining of the ChP, were counted in each section. The 

“density” of intraventricular macrophages was determined by dividing the number of apical 

macrophages present on the ChP or in the ventricle by the perimeter of the ChP in mm. 

Three images on three separate sections were used and averaged per animal.

ChP whole mount preparation:  Following perfusion, the ChP explants were dissected 

and post-fixed in 4% PFA for an additional 12–15 min. No additional immunostaining 

was performed on AAV-transduced ChP for GFP expression. Hoechst (1:5000 in PBS) was 

applied for 15 min. Explants were washed with PBS prior to mounting flat on slides.

Immunoblotting—Tissues were homogenized using RIPA Lysis and Extraction Buffer 

(Thermo Scientific) containing Halt Protease and Phosphatase Inhibitor Cocktail (Thermo 

Scientific). Equal amounts of protein were loaded and separated by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) on NuPage gels (Invitrogen) and transferred to polyvinylidene 

difluoride membrane (PVDF, Millipore). Membranes were probed with primary antibodies 

and detected by horseradish peroxidase (HRP)-conjugated secondary antibodies and ECL 

Detection Reagent (GE Healthcare).

Ex vivo ChP culture and MTX treatment—Lateral ventricle (LV) and 4th ventricle 

(4V) ChP were dissected and incubated with or without 10 μM MTX in neurobasal medium 

(GIBCO) supplemented with penicillin-streptomycin (100 U/mL penicillin and 100 μg/mL 

streptomycin; GIBCO) and glutamine (2 mM). A dose-response curve (1 nM - 50 μM MTX) 

with human neurons indicated sensitivity at 10 μM MTX (compared to DMSO control), 

matching a prior report (Seigers et al., 2008). Fluorescent MTX (2 μM) was also applied to 

ChP explants (Breen et al., 2004) (Thermo Fisher Scientific).

Flow cytometry analysis—LV and 4V ChP explants were enzymatically digested to 

create a single cell suspension with Liberase TL (100 μg/ml; Roche) for 30 min at 37°C. 

Samples were then triturated and passed through a 100 μm filter. After centrifugation at 

2,000 rpm for 5 min at 4°C, dissociated cells were washed twice in ice cold FACS buffer 

(PBS containing 1% BSA and 2 mM EDTA). To compare the membrane potential between 
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vehicle- or 10 μM MTX-treated ChP, samples were incubated with MitoTracker Deep Red 

(500 nM; Thermo Fisher Scientific) for 20 min. To assess ROS production between vehicle- 

or 10 μM MTX-treated ChP, samples were stained with CellROX Deep Red Reagent (5 μM; 

Life Technologies) for 30 min. Cells were then washed and resuspended in FACS buffer 

followed by immediate analysis via flow cytometery-based FACSVerse (BD Biosciences). 

Data were analyzed using FlowJo software 10.6 (BD Biosciences).

Rat cerebellar granule cell cultures and survival assay—Cerebellar granule 

neurons were prepared from postnatal 6 (P6) rat pups as described (Lehtinen et al., 2006). 

Briefly, after 3 days of culture in vitro, culture medium was changed to contain 20% 

artificial CSF or 20% native, adult rat CSF (Lehtinen et al., 2011). Cells were then treated 

with vehicle or 100 μM H2O2 for 24 h, fixed, counterstained with Hoechst 33342 (Thermo 

Scientific), and scored for survival based on nuclear health as described (Lehtinen et al., 

2006). Cell counts were carried out in a blinded manner, and a minimum of 150 cells were 

counted per experiment.

Seahorse metabolic analysis—For mitochondrial function assays, 10,000 human iPSC-

derived cortical neurons or the posterior leaflet of LV ChP were/was plated in poly-D-

lysine-coated (Sigma-Aldrich) or Cell TAK (Corning)-coated Seahorse assay spheroid wells 

(Agilent Technologies), respectively. Following treatment with vehicle or 10 μM of MTX 

for 2 h at 37°C, oxygen consumption rate (OCR) was measured with the Cell Mito 

Stress Test (Agilent Technologies) with an Agilent Seahorse XFe96 Analyzer (Agilent 

Technologies) according to the manufacturer’s instructions. Data were analyzed using Wave 

software (Agilent Technologies). Data were normalized to DNA content on a per well 

basis, determined by CyQUANT Cell Proliferation Assay (Invitrogen). OCR was used 

to calculate different domains of mitochondrial function metrics by sequentially applying 

oligomycin (ATP synthase inhibitor), FCCP (collapses the proton gradient and disrupts the 

mitochondrial membrane potential) and a mix of antimycin A (complex III inhibitor) and 

rotenone (complex I inhibitor).

Biochemical assays—Relative SOD activity was measured in mouse or rat CSF 

samples using the Superoxide Dismutase Assay Kit (Cayman Chemical) according to the 

manufacturer’s instructions. TBARS Assay (Cayman Chemical) and Glutathione Peroxidase 

Assay (Cayman Chemical) kits were used to measure oxidative stress according to the 

manufacturer’s instructions.

LC-MS-based metabolite profiling—For characterization by mass spectrometry, mouse 

CSF was acquired 4 h, 24 h, and 48 h following a single 75 mg/kg MTX injection 

from 6–8 mice and flash frozen for further analysis. Per condition, 3 μL of CSF was 

extracted by brief sonication in 240 μL 100% methanol, supplemented with isotopically 

labeled internal standards (17 amino acids and reduced glutathione, Cambridge Isotope 

Laboratories, MSK-A2–1.2 and CNLM-6245–10) and 60 μL 20 mM Ellman’s reagent in 

water (Sigma-Aldrich, D8130). After centrifugation for 10 min at maximum speed in a 

benchtop centrifuge (Eppendorf), the cleared supernatant was dried using a nitrogen dryer 

and reconstituted in 30 μL water by brief sonication. Extracted metabolites were spun 
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again, and cleared supernatant was transferred to LC-MS microvials. A small amount 

of each sample was pooled and serially diluted 3- and 10-fold to be used as quality 

controls throughout the run of each batch. Two microliters (equivalent to 0.2 μL of CSF) 

of reconstituted sample were injected into a ZIC-pHILIC 150 × 2.1 mm (5 μm particle 

size) column (EMD Millipore) operated on a Dionex UltiMate 3000 UPLC system (Thermo 

Fisher Scientific). Chromatographic separation was achieved using the following conditions: 

buffer A was acetonitrile; buffer B was 20 mM ammonium carbonate, 0.1% ammonium 

hydroxide. Gradient conditions were: linear gradient from 20% to 80% B; 20–20.5 min: 

from 80% to 20% B; 20.5–28 min: hold at 20% B. The column oven and autosampler tray 

were held at 25°C and 4°C, respectively. MS data acquisition was performed by a QExactive 

benchtop Orbitrap mass spectrometer equipped with an Ion Max source and a HESI II probe 

and was performed in a range of m/z = 70–1,000, with the resolution set at 70,000, the 

AGC target at 1×106, and the maximum injection time (Max IT) at 20 msec. For tSIM 

scans, the resolution was set at 70,000, the AGC target was 1×105, and the max IT was 

100 msec. Relative quantitation of polar metabolites was performed with TraceFinder 4.1 

(Thermo Fisher Scientific) using a 5 ppm mass tolerance and referencing an in-house library 

of chemical standards. Pooled samples and fractional dilutions were prepared as quality 

controls. Metabolites were taken for further analysis only if the correlation between the 

dilution factor and the peak area was >0.95 (high confidence metabolites). Normalization 

for biological material amounts was based on the total integrated peak area values of 

high-confidence metabolites within an experimental batch after normalizing to the averaged 

factor from all mean-centered chromatographic peak areas of isotopically labeled amino acid 

internal standards (Cambridge Isotope Laboratories). The data were log transformed and 

Pareto scaled for MetaboAnalyst-based statistical or pathway analysis (Xia et al., 2015). We 

profiled 200 metabolites, 85 of which were detected in CSF and passed our quality control 

protocol.

Single cell transcriptomics—Mouse embryonic ChP single cell RNA-seq dataset was 

acquired and analyzed in (Dani et al., 2021). Briefly, whole embryonic ChP tissue from each 

ventricle was micro-dissected and digested, and live cells were FACS sorted. Single cells 

(~7,000 cells) were processed through the 10X Genomics Single Cell 3’ platform.

Variable genes were selected by using the method described in (Montoro et al., 2018). 

Briefly, a logistic regression model was fit to the cellular detection fraction as a function 

of total numbers of unique molecular identifiers (UMIs) per cell. Outliers from this curve 

(i.e., genes expressed in fewer cells than expected given the number of UMIs) were genes 

that contained more variance than proportionally expected, and therefore were particularly 

suited for reducing the dimensionality of the dataset. We used a threshold deviance of −0.15 

and determined the variable genes independently for each of three experimental replicates. 

The genes that were at the intersection of these three replicate gene lists (i.e., global 

variable genes) were used for downstream analysis. The expression matrix was restricted to 

the subset of these global variable genes, and then centered and scaled before performing 

principal component analysis (PCA) using Seurat’s RunPCA() function. After PCA, the 

number of significant principal components was determined to be 5 using the elbow method. 
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The data were then visualized as a 2D embedding of the significant principal components 

using t-SNE (Kobak and Berens, 2019) via the RunTSNE() function in Seurat.

Statistics—All statistical analyses were performed with GraphPad Prism 9.2 (GraphPad 

Software). Most analyses were performed using one-way ANOVA with multiple comparison 

(Tukey) or student’s two-tailed unpaired t-test. All statistical analyses used, including exact 

values of n and what n represents are indicated in the corresponding figure legends. Data are 

presented as mean ± S.E.M., and p values < 0.05 were considered significant (*p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CSF of MTX-treated mice is metabolically altered and reflects markers of oxidative 
stress.
(A) Serum (left) and CSF (right) concentrations of MTX were measured 30 min following 

a single MTX dose (75 mg/kg i.v.) by ELISA. n = 7 vehicle (saline), n = 11 MTX. ***P 
< 0.001, ****P < 0.0001. Unpaired t test. (B) Metabolite profiling of CSF by LC-MS 

analysis of vehicle- and MTX-treated mice following 4 h, 24 h, and 48 h MTX exposure. 

Top 15 changed metabolites are shown. The heatmap represents log-transformed, Pareto-

scaled levels of each of the listed metabolites in the four cohorts (4 h, 24 h, and 48 h 

following MTX treatment, and “ctrl”, 48 h post vehicle delivery). (C) PLSDA analysis of 

the metabolomics data. (D) PLSDA loading plot with highlighted metabolites indicating the 

most influential data points located on the outermost areas along the direction of separation 

as identified in the corresponding score plot in C. GSSG – glutathione disulfide, GSH 

– glutathione (measured as a conjugate of glutathione-Ellmans, see Star methods), G – 

guanine, NA – nicotinic acid. Plots were generated by MetaboAnalyst (Chong et al., 2019). 

(E, F, G) Levels of reduced (GSH, E), oxidized (GSSG, F), and the ratio of reduced to 
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oxidized glutathione (GSH/GSSG, G) in mouse CSF treated with vehicle or MTX for 4 h, 

24 h, and 48 h. n = 6 vehicle, n = 8 MTX (all time points). **P < 0.01, ***P < 0.001, ****P 
< 0.0001; NS, not significant. One-way ANOVA test with Benjamini, Krieger, Yukutieli 

FDR. (H) Schematic depicting the change in GSH/GSSG ratio as a consequence of oxidative 

stress. GPx, Glutathione peroxidase. Data represent mean ± SEM.
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Figure 2. MTX treatment induces oxidative stress in the ChP.
(A) A sagittal plane schematic of adult mouse brain depicting the ChP areas dissected for 

culture and downstream analyses ex vivo. Double-headed arrow orients along the anterior 

(A)–posterior (P) axis. (B, C) Flow cytometry analysis of cells from mouse lateral ventricle 

(LV) ChP following incubation with 2 μM fluorescent MTX at the designated time points. 

A representative histogram (B) and mean fluorescence intensity (MFI) of fluorescent MTX 

(C) are shown. n = 3 per group. ***P < 0.001. One-way ANOVA with Tukey’s post hoc 

test. (D, E) MitoTracker Deep Red staining of mouse LV ChP following treatment with 

vehicle or 10 μM MTX for 2 h. Results were analyzed by flow cytometry. A representative 

histogram (D) and mean fluorescence intensity (MFI) of the MitoTracker signal (E) are 

shown. n = 6 per group. ***P < 0.001. Unpaired t test. (F, G) ROS were assessed by 

CellROX staining of mouse LV ChP following incubation with vehicle or 10 μM MTX 

for 4 h. Results were analyzed by flow cytometry. A representative histogram (F) and the 

percent CellROX-positive cells (G) are shown. n = 3 per group. ***P < 0.001. Unpaired 

t test. (H) Schematic depicting assay of mitochondrial function using Agilent Seahorse 

XFe96 test, anterior (A) – posterior (P) axis. (I, J) Mouse LV ChP was analyzed by 

Seahorse following 2 h of vehicle or 10 μM MTX. Cellular oxygen consumption rate 

(OCR) normalized to total DNA content is shown for vehicle (grey dots) or MTX-treated 

Jang et al. Page 24

Neuron. Author manuscript; available in PMC 2023 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(pink dots). Representative time course data (I) and aggregate data (J) are shown. n = 

3 per group. *P < 0.05; NS, not significant. Unpaired t test. Oligo, oligomycin; FCCP, 

carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone; A/R, antimycin A plus rotenone; 

Resp., respiratory. Data represent mean ± SEM.
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Figure 3. MTX treatment reduces ChP expression and CSF levels of SOD3.
(A) Single cell RNAseq analysis in developing ChP (Dani et al., 2021) revealed Sod3 
expression predominantly in epithelial and mesenchymal cells. (B) Regionalized ChP-Sod3 
expression across all ventricles. See also Lun et al., 2015b. (C) Proposed model of MTX-

induced oxidative stress and the key role of SOD family proteins as antioxidants following 

MTX exposure. (D) Sod3 expression quantified by qRT-PCR in LV ChP (left) and fourth 

ventricle (4V) ChP (right) in mice treated with either vehicle or 75 mg/kg MTX for 48 h. n 

= 4 per group. *P < 0.05. Unpaired t test. (E) CSF lysates from vehicle or MTX-treated mice 

were probed with the SOD3 and Albumin antibodies. (F) CSF-SOD3 expression in vehicle 

or MTX-treated mice as quantified by immunoblotting and normalized to Albumin. n = 4 

vehicle, n = 6 MTX. *P < 0.05. Unpaired t test. (G) Relative SOD activity determined by 

colorimetric assay in rat CSF following treatment with either vehicle or 75 mg/kg MTX for 

48 h. n = 6 vehicle, n = 4 MTX. *P < 0.05. Unpaired t test. Data represent mean ± SEM.
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Figure 4. Supplemental ChP-SOD3 expression mitigates MTX-induced oxidative stress in the 
CSF and the hippocampus.
(A) Percent cell death in cerebellar granule neurons cultured in 20% artificial CSF or 20% 

adult, native CSF in basal medium and treated with vehicle or 100 μM H2O2 for 24 h, n = 

3 per group. **P < 0.01 ***P < 0.001. One-way ANOVA with Tukey’s post hoc test. (B) 

Experimental overview for intracerebroventricular (i.c.v.) delivery of AAVs into developing 

brain ventricles at embryonic day (E)13.5. All subsequent experiments were performed 

postnatally in adult mice. (C) Lysates of LV ChP and 4V ChP of mice transduced with 

either AAV-GFP or AAV-hSOD3 and treated with either vehicle or 75 mg/kg MTX for 48 

h were probed with the SOD3 and Vinculin antibodies. (D) Representative tiled image of a 

LV ChP whole mount revealing location of sustained GFP expression near free margin of 

larger domain at 9 weeks of age. (E) CSF lysates of mice transduced with either AAV-GFP 

or AAV-hSOD3 were probed with the SOD3 and Albumin antibodies. Representative blot 

shown, n = 3. (F) Relative SOD activity measured by colorimetric assay in CSF of mice 

Jang et al. Page 27

Neuron. Author manuscript; available in PMC 2023 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expressing either AAV-GFP or AAV-hSOD3. n = 3 vehicle, n = 3 MTX. *P < 0.05. Unpaired 

t test. (G) Metabolite profiling of CSF samples from mice transduced with either AAV-GFP 

or AAV-hSOD3 and treated with vehicle or MTX. Heatmap of top 10 changed metabolites 

in the CSF following MTX treatment is shown. The heatmap represents log-transformed, 

Pareto-scaled levels of each of the listed metabolites in the four conditions. (H) PLSDA 

analysis of the metabolomics data. (I) PLSDA loading depicting the metabolites that dictate 

the cohort distribution in the PLSDA plot with annotated metabolites indicating the data 

points that most influenced the separation of samples presented in the PLSDA. (J-L) Levels 

of reduced (GSH, J), oxidized (GSSG, K), and the ratio of reduced to oxidized glutathione 

(L) in CSF from mice overexpressing GFP or hSOD3 and treated with vehicle or MTX 

for 48 h. All measurements were done by LC-MS. n = 7 GFP + vehicle, n = 7 GFP + 

MTX, n = 4 SOD3 + vehicle, n = 6 SOD3 + MTX. *P < 0.05, ***P < 0.001; NS, not 

significant. One-way ANOVA test with Benjamini, Krieger, Yukutieli FDR. Data represent 

mean ± SEM.
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Figure 5. ChP-SOD3 augmentation therapy prevents MTX-induced oxidative stress and 
cognitive deficits.
(A) Proposed model of MTX-induced oxidative stress and downstream redox pathways. 

(B) Experimental overview of acute MTX paradigm for hippocampal biochemical assays. 

(C) Relative GPx activity was calculated by monitoring NADPH oxidation using cumene 

hydroperoxide as a substrate in the hippocampus of mice treated with vehicle or 75 

mg/kg MTX for 48h. n = 6 per group. **P < 0.01. Unpaired t test. GPx, Glutathione 

peroxidase. (D) Lipid peroxidation was assessed by malondialdehyde (MDA) levels obtained 

by measuring thiobarbituric acid reactive substances (TBARS) in the hippocampus of mice 

following i.v.-delivery of vehicle or 75 mg/kg MTX for 48 h. n = 4 per group. *P < 0.05. 

Unpaired t test. (E) Experimental overview for acute MTX treatment paradigm following 

prophylactic AAV transduction into developing brain. (F) Hippocampal GPx activity in 

MTX-treated mice that prophylactically received AAV-GFP or AAV-hSOD3. n = 10 GFP 

+ vehicle, n = 11 GFP + MTX, n = 8 SOD3 + vehicle, n = 11 SOD3 + MTX. *P < 0.05, 

****P < 0.0001. One-way ANOVA with Tukey’s post hoc test. (G) Hippocampal MDA 

levels reflecting lipid peroxidation in mice treated as in (E and F). N = 7 GFP + vehicle, 

n = 8 GFP + MTX, n = 7 SOD3 + vehicle, n = 7 SOD3 + MTX. **P < 0.01, ***P < 

0.001. One-way ANOVA with Tukey’s post hoc test. (H) Experimental overview for chronic 
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MTX treatment paradigm following prophylactic AAV transduction into developing brain. 

(I) Anxiety behavior was assessed using elevated plus maze as in (H). N = 9 (male = 5, 

female = 4) GFP + vehicle, n = 9 (male = 5, female = 4) GFP + MTX, n = 9 (male = 

4, female = 5) SOD3 + vehicle, n = 9 (male = 4, female = 5) SOD3 + MTX. *P < 0.05; 

NS, not significant. One-way ANOVA with Bonferroni’s post hoc test. (J) Short-term spatial 

learning and memory was assessed using Y-maze as in (H). N = 11 (male = 7, female = 4) 

GFP + vehicle, n = 11 (male = 8, female = 3) GFP + MTX, n = 13 (male = 8, female = 5) 

SOD3 + vehicle, n = 11 (male = 6, female = 5) SOD3 + MTX. *P < 0.05. One-way with 

Tukey’s post hoc test. Data represent mean ± SEM.
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Figure 6. MTX treatment renders human neurons susceptible to oxidative stress, and patient 
CSF reveals reduced SOD availability and altered redox homeostasis during MTX treatment.
(A) Expression levels of SOD1 and SOD2 measured by qRT-PCR in human iPSC-derived 

cortical neurons following vehicle or 10 μM MTX treatment for 24 h. n = 3, *P < 0.05. 

Mann-Whitney. (B) ROS levels were assessed by CellROX staining using ArrayScan in 

human iPSC-derived neurons following 72 h of vehicle or 10 μM MTX treatment. n = 

8 per group. **P < 0.01. Unpaired t test. (C-D) Mitochondrial function of vehicle- (grey 

dots) or MTX-treated (10 μM, pink dots) human iPSC-derived neurons assessed by OCR. 

Representative time course data (C) and aggregate data (D) are shown. n = 4 per group. 

*P < 0.05; NS, not significant. Unpaired t test. (E) Disease-free control CSF lysates (top, 

labeled “N” for non-lymphoma) and 11 cancer patients (middle and bottom, labeled “P” for 

patients) were probed with the SOD3 and Albumin antibodies. See Tables S1 and S2 for 

detailed sample information. (F) Schematic overview of the CSF collection times within the 

treatment regimen of 11 CNS lymphoma patients. Timeline is plotted on the X axis and 
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number of weeks between events are indicated. (G) Metabolite profiling of CSF samples 

from patient groups as in (F). PLSDA loading plot (top) with associated features driving 

group separation by indicated component (bottom) are shown. Data was log-transformed and 

Pareto-scaled. (H) Relative levels of indicated metabolites per patient sample groups. Only 

significant differences are indicated. *P < 0.05, **P < 0.01. Data represent mean ± SEM.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Albumin Cell Signaling Technology Cat# 4929; RRID: AB_2225785

Rat monoclonal anti-CD68 Abcam Cat# ab53444; RRID: AB_869007

Chicken polyclonal anti-GFP Abcam Cat# ab13970; RRID: AB_300798

Mouse monoclonal anti-Superoxide dismutase 3 Abcam Cat# ab80946; RRID: AB_1641091

Rabbit monoclonal anti-Superoxide dismutase 3 Abcam Cat# ab171738

Rabbit monoclonal anti-Vinculin Cell Signaling Technology Cat# 13901; RRID: AB_2728768

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Technology Cat# 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked antibody Cell Signaling Technology Cat#7076; RRID: AB_330924

Hoechst 33342, Trihydrochloride, Trihydrate Thermo Fisher Scientific Cat# H3570

Bacterial and virus strains

AAV2/5-CMV-hrGFP-hGH Boston Children’s Hospital 
viral core, IDDRC

N/A

AAV2/5-CMV-hSOD3-hrGFP-hGH Boston Children’s Hospital 
viral core, IDDRC

N/A

Biological samples

Human CSF Table S1 and S2 N/A

Chemicals, peptides, and recombinant proteins

Methotrexate disodium salt Fisher Scientific Cat# AAJ66364MD

Methotrexate hydrate Sigma-Aldrich Cat# M8407; CAS: 133073-73-1

Methotrexate, fluorescein, triammonium salt Thermo Fisher Scientific Cat# M1198MP

7-amino-actinomycin D (7AAD) Biolegend Cat# 420404

MitoTracker deep red FM Thermo Fisher Scientific Cat# M22426

CellROX deep red Thermo Fisher Scientific Cat# C10422

Neurobasal medium, minus phenol red GIBCO Cat# 12348017

Neurobasal-A Life Technologies Cat# 10888-022

Basal Medium Eagle GIBCO Cat# 21010-046

DMEM/F12 with glutamax Life Technologies Cat# 10565-018

Penicillin/Streptomycin (10,000U/mL) Life Technologies Cat# 15140-122

L-Glutamine GIBCO Cat# 25030081

Glutamax Life Technologies Cat# 35050-061

Glucose Sigma Aldrich Cat# G8769

NaHCO3 Sigma Aldrich Cat# S5761

Transferrin Sigma Aldrich Cat# T3309

N2 Life Technologies Cat# 17502-048

B27 Life Technologies Cat# 35050-044

Doxycycline Millipore Cat# 324385

BDNF Peprotech Cat# 450-02
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REAGENT or RESOURCE SOURCE IDENTIFIER

NT3 Peptrotech Cat# 450-03

Laminin ThermoFisher Cat# 23017-015

Non-essential amino acids Life Technologies Cat# 11140-050

Puromycin InVivogGen Cat# ant-pr-1

10X HBSS GIBCO Cat# 14180-020

1X PBS GIBCO Cat# 10010023

Liberase TL Roche Cat# 5401020001

Accutase Innovative Cell Tech Cat# AT 104-500

DNAse I Roche Cat# 104159

Trypsin Worthington Cat# 3703

Calf serum Hyclone Cat# SH30072.03

Goat serum Jackson Cat# 005000121; RRID: AB_2336990

AraC, Cytosine 1-β-d-arabinofuranoside Millipore Sigma Cat# C1768; CAS: 147-94-4

Polybrene Sigma Cat# TR-1003-5

96-well plate Grenier Cat# 655090

Poly-ornithine Sigma Cat# P2533

Poly-D-lysine Millipore Sigma Cat# P6407; CAS: 27964-99-4

Geltrex Life Technologies Cat# A1413301

Cell TAK Corning Cat# 354240

Paraformaldehyde Millipore Sigma Cat# P6148; CAS: 30525-89-4

OCT compound Fisher Healthcare Cat# 23730571

Fluoromount-G Fisher scientific Cat# OB10001

Triton X-100 Millipore Sigma Cat# T9284; CAS: 9036-19-5

Taqman fast universal PCR master mix Applied Biosystems Cat# 4366072

RIPA lysis and extraction buffer Thermo Scientific Cat# 89900

Halt protease and phosphatase inhibitor cocktail Thermo Scientific Cat# 78400

NuPAGE 4–12% Bis-Tris protein gels Invitrogen Cat# NP0336

NuPAGE LDS sample buffer Invitrogen Cat# NP0007

NuPAGE sample reducing agent Invitrogen Cat# NP0009

GE healthcare Amersham ECL select Fisher Scientific Cat# 45-000-999

Amersham hybond P membranes, PVDF Millipore Sigma Cat# GE10600029

Metabolomics QreSS Standard 1 (labelled) Cambridge Isotope Libraries Item Number: MSK-QRESS1-1

Metabolomics QreSS Standard 2 (labelled) Cambridge Isotope Libraries Item Number: MSK-QRESS2-1

(+)- Sodium L-ascorbate Sigma-Aldrich CAS: 134-03-2

Metabolomics Amino Acid Mix Standard 
(Labeled)

Cambridge Isotope Laboratories Item Number: MSK-A2-1.2

Glutathione (Peptide Purity 95%+) 
(GLYCINE-13C2, 98%+;15N, 96–99%) 90% + 
NET PEPTIDE CNLM-6245-HP-10

Cambridge Isotope 
Laboratories, Inc.

CAS: #:NA, PSO #:19A-0320

Aminopterin Shircks Laboratories Product no. 16. 330

Ellman’s reagent Sigma-Aldrich CAS: 69-78-03
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ammonium Carbonate (LCMS Grade) Sigma-Aldrich CAS: 506-87-6

Ammonium Hydroxide Solution (LCMS Grade) Honeywell / Fluka Cat# 44273-100ML

Acetonitrile (LCMS Grade) Fisher chemical CAS: 75-05-8

Water (LCMS Grade) Fisher chemical CAS: 7732-18-5

Critical commercial assays

Methotrexate ELISA kit Enzo life sciences Cat# 142-0001

Seahorse XF cell mito stress test kit Agilent Technologies Cat# 103015-100

CyQUANT cell proliferation assay Fisher Scientific Cat# C7026

Superoxide dismutase assay kit Cayman chemical Cat# 706002

TBARS assay kit Cayman chemical Cat# 10009055

Glutathione peroxidase assay kit Cayman chemical Cat# 703102

RNeasy micro kit Qiagen Cat# 74004

iScript cDNA synthesis kit Bio-Rad Cat# 1708891

Deposited data

Raw metabolomics data NIH common fund’s national 
metabolomics data repository 
(NMDR)

https://www.metabolomicsworkbench.org/databases/
metabolitedatabase.php

Anti-oxidative metabolism measurement in CSF of 
mice by quantitative LC/MS method to analyze 
effect of MTX on level of antioxidants in mouse 
controls 0–48hrs in CSF and hippocampus.

NIH common fund’s national 
metabolomics data repository 
(NMDR)

ST001974

Anti-oxidation metabolism measurement in mouse 
CSF by quantitative LC/MS method to establish 
MTX effects on mouse metabolism in mouse 
controls 0–48hrs in CSF (repeat of 20200124 ChP-
MTX-Anti-oxidative-study-test)

NIH common fund’s national 
metabolomics data repository 
(NMDR)

ST001975

Anti-oxidative metabolism measurement in mouse 
CSF by quantitative LC/MS method of mouse CSF 
at 24H of MTX treatment, for either control GFP 
or SOD3-overexpressing ChP mice.

NIH common fund’s national 
metabolomics data repository 
(NMDR)

ST001976

Anti-oxidation metabolism measurement in 
mammalian cells and tissues by quantitative 
LC/MS method of human patient/lymphoma 
patient CSF.

NIH common fund’s national 
metabolomics data repository 
(NMDR)

ST001977

Anti-oxidation metabolism measurement in human 
patient CSF by quantitative LC/MS method.

NIH common fund’s national 
metabolomics data repository 
(NMDR)

ST001978

Anti-oxidation metabolism measurement in mouse 
CSF by quantitative LC/MS method.

NIH common fund’s national 
metabolomics data repository 
(NMDR)

ST001979

Experimental models: Cell lines

Primary rat cerebellar granule neurons Lehtinen et al., 2006 N/A

Human iPSC-derived cortical neurons Boston Children’s Hospital 
Human Neuron Core

N/A

Experimental models: Organisms/strains

Rat: Sprague Dawley Charles River Laboratories Cat# 400

Mouse: CD-1 Charles River Laboratories Cat# 022

Mouse: CX3CR-1GFP The Jackson Laboratory Cat# 005582; RRID:IMSR_JAX:005582

Oligonucleotides

Neuron. Author manuscript; available in PMC 2023 October 19.

https://www.metabolomicsworkbench.org/databases/metabolitedatabase.php
https://www.metabolomicsworkbench.org/databases/metabolitedatabase.php


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jang et al. Page 36

REAGENT or RESOURCE SOURCE IDENTIFIER

Eukaryotic 18s rRNA endogenous control (VIC-
MGB probe)

Thermo Fisher Scientific Cat# 4319413E

Mouse SOD3 (FAM-MGB, Assay ID: 
Mm01213380_s1)

Thermo Fisher Scientific Cat# 4453320

Human SOD1 (FAM-MGB, Assay ID: 
Hs00533490_m1)

Thermo Fisher Scientific Cat# 4331182

Human SOD2 (FAM-MGB, Assay ID: 
Hs00167309_m1)

Thermo Fisher Scientific Cat# 4331182

Human SOD3 (FAM-MGB, Assay ID: 
Hs04973910_s1)

Thermo Fisher Scientific Cat# 4453320

Recombinant DNA

pAAV-IRES-HrGFP Agilent Technologies Cat# 240075

pcDNA3.1-myc HisA (−) human SOD3 Ota et al., 2016 N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/, RRID: SCR_002285

Zen Zeiss http://www.zeiss.com

ArrayScan XTI ThermoFisher Scientific http://assets.thermofisher.com

FlowJo software 10.6 BD Biosciences http://www.bdbiosciences.com

Wave software 2.6 Agilent Technologies http://www.agilent.com

GraphPad prism 7.04 GraphPad https://www.graphpad.com/scientific-software/
prism/; GraphPad Prism, RRID: SCR_002798

Tracefinder Peak Analysis Software ThermoFisher Cat# OPTON-31001

Xcalibur Software ThermoFisher Cat# OPTON-30965

Other

Agilent seahorse XFe96 analyzer Agilent Technologies http://www.agilent.com

Pellet pestle cordless motor homogenizer Fisher Scientific Cat# 12-141-362

EMD Millipore ZIC-HILIC (100 × 2.1 mm, 3.5 
um)

EMD Millipore Cat# 150441

Thermo Q Exactive Orbitrap Plus (Mass 
Spectrometer)

ThermoFisher Cat# IQLAAEGAAPFALGMBDK

Vanquish HPLC System ThermoFisher Model # VF-P10-A
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