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Abstract

Central nervous system (CNS)-directed treatment for acute lymphoblastic leukemia, used to prevent disease recurrence in the
brain, is essential for survival. Systemic and intrathecal methotrexate, commonly used for CNS-directed treatment, have been
associated with cognitive problems during and after treatment. The cortex, hippocampus, and caudate putamen, important brain
regions for learning and memory, may be involved in methotrexate-induced brain injury. Objectives of this study were to (I)
quantify neuronal degeneration in selected regions of the cortex, hippocampus, and caudate putamen and (2) measure changes in
the expression of genes with known roles in oxidant defense, apoptosis/inflammation, and protection from injury. Male Sprague
Dawley rats were administered 2 or 4 mg/kg of methotrexate diluted in artificial cerebrospinal fluid (aCSF) or aCSF only into the
left cerebral lateral ventricle. Gene expression changes were measured using customized reverse transcription (RT)? polymerase
chain reaction arrays. The greatest percentage of degenerating neurons in methotrexate-treated animals was in the medial region
of the cortex; percentage of degenerating neurons in the dentate gyrus and cornu ammonis 3 regions of the hippocampus was also
greater in rats treated with methotrexate compared to perfusion and vehicle controls. There was a greater percentage of
degenerating neurons in the inferior cortex of control versus methotrexate-treated animals. Eight genes involved in
protection from injury, oxidant defense, and apoptosis/inflammation were significantly downregulated in different brain regions
of methotrexate-treated rats. To our knowledge, this is the first study to investigate methotrexate-induced injury in selected
brain regions and gene expression changes using a rat model of intraventricular drug administration.
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Cancer affects a significant number of children, with 1 in 330
children diagnosed with cancer before 20 years of age and 1 in
530 young adults between the ages of 20 and 39 being a child-
hood cancer survivor (Ward, DeSantis, Robbins, Kohler, &
Jemal, 2014). The most prevalent cancer among children and
adolescents of less than 15 years of age is acute lymphoblastic
leukemia (ALL). For this type of tumor, the long-term survival
rate approaches 90% (Hunger et al., 2012; Winick, Carroll, &
Hunger, 2004). Central nervous system (CNS)-directed treat-
ment is essential for long-term, disease-free survival because
the brain is a sanctuary site for leukemia cells (Pui, 2003, 2006;
Pui & Evans, 2006) and the primary site of initial relapse
among children with ALL who achieve a bone-marrow remis-
sion. CNS-directed treatment commonly comprises repeated
cycles of intrathecal and intermediate- to high-dose intrave-
nous methotrexate. However, many children experience cogni-
tive and academic problems, including deficits in memory,

attention, processing speed, visual-spatial and fine motor
skills, and math abilities, during and after ALL therapy (Ash-
ford et al., 2010; Buizer, de Sonneville, & Veerman, 2009;
Buizer, de Sonneville, van den Heuvel-Eibrink, & Veerman,
2005; Buizer, De Sonneville, van den Heuvel-Eibrink, Njio-
kiktjien, & Veerman, 2005; Carey et al., 2007; Caron et al.,
2009; Hockenberry et al., 2007, 2015; Kaemingk, Carey,
Moore, Herzer, & Hutter, 2004; Krull et al., 2008; Krull, Hock-
enberry, Miketova, Carey, & Moore, 2013; Montour-Proulx
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etal., 2005; Moore, Hockenberry, & Krull, 2013; Moore, Lupo,
et al., 2015; Waber et al., 1995; Waber & Tarbell, 1997).

Despite compelling evidence for the significant long-term
impact of CNS-directed treatment on cognitive and academic
outcomes, little is known about the mechanisms of injury to
specific brain regions. The cortex, hippocampus, and caudate
putamen are important brain regions for learning and memory
and may be involved in methotrexate-induced brain injury
(DeCoteau & Kesner, 2000; Eichenbaum, 2001, 2004; Fortin,
Agster, & Eichenbaum, 2002; Grahn, Parkinson, & Owen,
2008; Graybiel, 2005; Kesner & Gilbert, 2006; Miyashita,
1993; Rieckmann, Fischer, & Backman, 2010; Schendan,
Searl, Melrose, & Stern, 2003). Knowledge about mechanisms
of methotrexate-induced CNS injury is needed to develop inter-
ventions that will prevent or minimize cellular injury, resulting
in significant cognitive and academic problems for the growing
number of long-term survivors of childhood ALL. To date,
knowledge of methotrexate-induced CNS injury is based pri-
marily on in vitro cell culture studies, preclinical rodent models
of childhood cancer treatment, and a limited number of clinical
or postmortem studies of children after CNS-directed treatment
(Bisen-Hersh, Hineline, & Walker, 2011; Merkle et al., 2000;
Moore et al., 2006; Nagel et al., 2004; Reddick, Glass, Helton,
Langston, Li, et al., 2005; Reddick, Glass, Helton, Langston,
Xiong, et al., 2005; Reddick et al., 2006). Potential mechan-
isms of injury to neural systems include disruption of myelina-
tion (Moleski, 2000), reduced neural-cell proliferation
(Janelsins et al., 2010), increased oxidative stress (Hocken-
berry et al., 2013; Jahovic, Cevik, Sehirli, Yegen, & Sener,
2003; Miketova et al., 2005; I. M. Moore, Gundy, et al.,
2015), apoptosis (Merkle et al., 2000), neuroinflammation, vas-
cular injury, and deficits in DNA repair enzymes (Ahles &
Saykin, 2007; Seigers & Faradell, 2011).

Rodent studies have shown that treatment with methotrexate is
associated with long-lasting subtle and pervasive impairments in
short- and long-term memory neural systems involved in acquisi-
tion, retention, or recall of new information (Seigers & Faradell,
2011; Yanovski et al., 1989). Seigers and colleagues (2009) found a
significant reduction in hippocampal cell proliferation and a
decrease in the thickness of the lateral corpus callosum in adult male
Wistar rats 7 days after treatment with methotrexate. The effects on
cell proliferation were long-lasting (up to 3 weeks), dose dependent,
and associated with impairment in spatial memory (Seigers et al.,
2008). Neural-cell proliferation in the dentate gyrus region of the
hippocampus was reduced in mice following treatment with che-
motherapy that crossed the blood—brain barrier (Janelsins et al.,
2010), and density of synapses in the cornu ammonis 3 (CA3)
region of the hippocampus was decreased in rat pups following
intraperitoneal methotrexate administration (Igarashi, 1989).

In a clinical postmortem study of children with medulloblas-
toma who were treated with cranial radiation and chemotherapy,
Nagel et al. (2004) reported that right and left hippocampal
volumes declined significantly during the first 2 years after diag-
nosis and/or treatment but then gradually returned toward a pos-
itive growth curve. Findings suggest that the treatment disrupted,
but did not destroy, the ability of neural stem cells or precursor

cells to effectively produce hippocampal neurons. Females had a
steeper slope of decline in both right and left hippocampal volumes
than did males, suggesting sex differences in the susceptibility to
the negative effects of radiation and chemotherapy on the hippo-
campus. Since children received both cranial radiation and che-
motherapy, findings cannot be attributed to chemotherapy alone.

In earlier studies, we reported that methotrexate increased both
apoptosis in cultured vascular endothelial cells (Merkle et al.,
2000) and markers of oxidative stress in cerebrospinal fluid (CSF)
samples obtained from children with ALL (Hockenberry et al.,
2013; Miketova et al., 2005; I. M. Moore, Gundy, Pasvogel, et al.,
2014). It is possible that gene expression modifications underlie
chemotherapy-induced brain injury, yet little is known about gene
expression changes that may be important for brain injury, pro-
tection from injury, or cognitive problems. In the present pilot
study, we used a preclinical rodent model of methotrexate-
induced neurologic injury to meet the following objectives: (1)
quantify neuronal degeneration in selected regions of the cortex,
hippocampus, and the caudate putamen and (2) measure changes
in the expression of genes with known roles in oxidative stress/
oxidant defense, apoptosis/inflammation, and protection from
injury before and after treatment with methotrexate.

Material and Method
Animals

We purchased male Sprague Dawley rats at 3 weeks of age
from Harlan (Indianapolis, IN) and housed them in the
American Association for Accreditation of Laboratory Animal
Care (AAALAC)-accredited animal facility at the Southern
Arizona VA Health Care System (SAVAHCS, Tucson, AZ).
The animals were quarantined for 1 week before use, fed ad-lib,
and maintained on a 12/12 hr light/dark schedule. The Institu-
tional Animal Care and Use Committee (IACUC) committees
of the University of Arizona and Southern Arizona VA Health
Care System (SAVAHCS) approved the animal protocols.

Design

We used an experimental design to investigate neuronal degen-
eration and gene expression changes in an animal model of
CNS-directed treatment with methotrexate. Table 1 sum-
marizes the experimental groups. Animals were treated with
either 2 mg/kg or 4 mg/kg of methotrexate or artificial CSF
(aCSF; vehicle control) administered by a catheter surgically
inserted into the left cerebral lateral ventricle and delivered by
an osmotic pump. We left the osmotic pump inserted for an
additional day in each of these groups in order to ensure that all
treatments were delivered. An additional group did not receive
the surgical procedures, but we perfusion fixed the brains to
control for potential fixation artifacts (perfusion control).

Surgical Procedures and Brain Fixation

We provided surgical analgesia with 6 mg/ml acetaminophen
in water bottles 24 hr prior to and for 48 hr after surgery.
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Table 1. Summary of Experimental and Control Groups.

Group® Summary of Procedures®

Perfusion Control No Surgical Procedure

Artificial CSF 3 Days of drug delivery followed by | day with
control osmotic pump only

Methotrexate 3 Days of drug delivery followed by | day with
2 mg/kg osmotic pump only

Methotrexate 3 Days of drug delivery followed by | day with
4 mglkg osmotic pump only

Artificial CSF 4 Days of drug delivery followed by | day with
control osmotic pump only

Methotrexate 4 Days of drug delivery followed by | day with
4 mglkg osmotic pump only

Note. CSF = cerebrospinal fluid.
*For each group, n = 4. ®All brains perfusion fixed.

Animals were anesthetized with isofluorane/oxygen (Hallo-
well EMC Anesthesia Work Station, Pittsfield, MA). Alzet
osmotic pumps (Model 1003D; DURECT Corp., Cupertino,
CA) and brain infusion cannulae (Brain Infusion kit 2; DUR-
ECT Corp.) were filled with methotrexate solution in aCSF.
The cannula was inserted into the left ventricle at 2 mm left of
sagittal suture and 1 mm posterior to coronal suture to a depth
of 3.5 mm and cemented to the skull (Locktite cement). The
osmotic pumps were implanted in a subcutaneous pocket
(midscapular region) and surgical wounds closed. The ani-
mals were allowed to recover, returned to their cage, and
monitored throughout the day.

Depending on treatment group (Table 1), we harvested rat
brains at either 4 or 5 days after initiation of treatment. Rats
were anesthetized as above and heparinized (100 U heparin
intraperitoneally/100 g body weight). Cannula placement was
confirmed by injecting 10 ul of Evan’s blue dye into the
cannula. Presence of dye in all ventricles indicated correct
cannula placement. The animals were exsanguinated by
severing the vena cava. An angiocatheter was inserted into
the left ventricle of the heart, and the brain was retroperfused
at room temperature with 100 ml heparinized phosphate-
buffered saline (PBS) and then with 100 ml of PBS contain-
ing 4% formalin. Perfusion pressure was maintained at 80-90
mm Hg with a sphygmomanometer. After removal, brains
were postfixed with 4% formalin for an additional 16-24 hr
at room temperature. To prepare the brain for paraffin
embedding and histology, we made 2-mm-thick coronal
slices of the entire brain using a rat brain slicer matrix and
stored the slices in PBS at 4°C.

Histology and Microscopy

Sections stained with hematoxylin and eosin were examined
on an inverted microscope (Leica Microsystems type 090-
135.002) set for bright-field observation. Images were cap-
tured following protocols to assure observation and compar-
isons from standardized areas (i.c., superior, medial, and
inferior areas of the cortex) in the sections of the brain using

g

‘Degenerat

Figure |. Healthy and degenerating neurons in dentate gyrus region
of the hippocampus. Hematoxylin and eosin staining of brain samples
from the dentate gyrus region of the hippocampus taken from a con-
trol (healthy neurons) and methotrextate-treated (degenerating neu-
rons) animal. Criteria for assessing neuronal injury were decrease in
cell size with intense staining of cell contents, eosinophilic neurons
due to condensation of mitochondria, and pyknotic nucleus.

a 40x objective and a digital camera (SPOT™; Diagnostic
Instruments, Sterling Heights, MI). Digital files of the cap-
tured images were saved using a standardized labeling system
for identification of rat, right versus left side of brain, slice
and section numbers, and brain area.

Neurons were categorized in the images as healthy versus
degenerating (Figure 1) using ImageJ and an optional analysis
and cell counter tool (National Institutes of Health) in speci-
fied areas defined as a region of interest (ROI) set at 200.08 x
200.08 um (corresponding to 820 x 820 pixels). Images of the
analyzed ROIs with healthy versus degenerating neurons were
also saved and numbers of neurons in each category recorded.
Using the saved analyzed images of the ROIs, we determined
interrater reliability by randomly selecting 10% of the images,
having a second rater reanalyze the ROIs, and determining
correlation coefficients.
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Laser Capture Microdissection (LCM)

Paraffin embedding and tissue sectioning were performed at
the Tissue Acquisition and Cellular/Molecular Analysis
Shared Resource, a University of Arizona Cancer Center core
facility. For gene expression studies, 5-1-thick serial sections
of formalin-fixed, paraffin-embedded (FFPE) brain slices
were cut, skipping 50 U between sections, and mounted on
polyethylene naphthalate membrane—coated glass slides
(Molecular Devices, Sunnyvale, CA). Microtome blades were
cleaned between each tissue slice to prevent cross contamina-
tion of tissue sections with RNA. LCM was performed with an
Arcturus XT microdissection instrument (Molecular Devices)
using a Nikon TE2000 microscope. Tissues were excised
from the dentate gyrus region of the hippocampus, caudate
putamen, and cortex regions and collected on CapSure™
Macro LCM caps (ThermoFisher Scientific, Waltham, MA).
Locations of areas to be cut were based on anatomical land-
marks, and removal (capture) of desired areas was confirmed
by microscopy and documented by digital imaging. The CA3
region of the hippocampus was not included due to the
absence of well-defined anatomical markers.

Microarray Analysis of Gene Expression

Tissue harvested by LCM was deparaffinized and total RNA
extracted using the Qiagen (Germantown, MD) RNeasy FFPE
RNA isolation kit. RNA concentration and purity (260:280
ratio) were determined with a NanoDrop (ThermoFisher Sci-
entific, Waltham, MA) 2000 (Thermo Scientific) spectrophot-
ometer, and samples were stored at —20°C until they were
used. First-strand synthesis and polymerase chain reaction
(PCR) preamplification were performed using the Qiagen
RT? PreAmp complementary DNA Synthesis kit following the
kit instructions. We performed eight preamplification PCR
cycles in an ABI model 2700 thermal cycler. Custom RT? PCR
arrays were purchased from Qiagen that contained primers for
11 genes essential for oxidative stress/oxidant defense, apop-
tosis/inflammation, and injury protection plus three housekeep-
ing gene controls. Table 2 provides a summary of the
functional gene groups, associated gene functions, and house-
keeping genes. Real-time, quantitative PCR was performed
using an ABI model 7500 instrument for 40 PCR cycles, fol-
lowing Qiagen kit instructions. Thermal melting curves were
determined for each well in the array to ensure that a single
amplicon was produced and to rule out primer—dimer forma-
tion. Data were calculated using the AACt method as recom-
mended by Qiagen. We performed data analyses using online
tools provided by the SABiosciences GeneGlobe Data Analysis
Center.

Results
Neuronal Degeneration

Figure 2 presents a summary of the percentage of degenerating
neurons in the dentate gyrus and CA3 regions of the

hippocampus. In the dentate gyrus region of the hippocampus,
the percentage of degenerating neurons was greatest in rats
treated with 4 mg/kg of methotrexate over 3 days and was
significantly greater in those rats than in the perfusion or aCSF
controls and other methotrexate treatment groups. The percent-
age of degenerating neurons in the CA3 region of the hippo-
campus was significantly greater in two methotrexate groups
compared to the perfusion and aCSF controls. As shown in
Figure 3, the percentage of degenerating neurons in the medial
region of the cortex was greater in methotrexate-treated ani-
mals compared to the aCSF control animals. However, there
was no significant difference between experimental and con-
trol groups in the superior cortex. An unexpected finding was
the greater percentage of degenerating neurons in the inferior
cortex of control animals compared to those treated with
methotrexate. The number of degenerating neurons was far
less in the caudate putamen than in the other regions, and
there were no differences among experimental (M = 3.0;
SD = 0.30), perfusion (M = 2.0; SD = 0.30), and aCSF
(M = 2.0; SD = 0.20) control groups in that region.

Gene Expression Changes

Among the four brain regions, 10 genes were significantly or
almost significantly downregulated in the methotrexate group
compared to controls (Table 3). In the caudate putamen, five
genes had significant fold changes. Fibroblast growth factor-1
(Fgfl), which is involved in protection from injury, was the
gene with the greatest fold change. Also significantly down-
regulated in methotrexate-treated animals compared to controls
were two genes involved in oxidant defense (glutamine
cysteine ligase [Gcelc] and heme oxygenase-1 [HmoxI]) and
two genes involved in apoptosis/inflammation (Vcl-2 associ-
ated X protein [Bax] and glial fibrillary acidic protein [Gfap]).
In the medial cortex, three genes had significant fold differ-
ences between methotrexate-treated and control animals:
Manganese superoxide dismutase (Sod2, has a key role in oxi-
dant defense), Bcl-2 associated agonist of cell death (Bad,
involved in regulation of apoptosis), and Fgf7. Only one gene,
Sod2, was significantly downregulated in methotrexate-treated
animals in the dentate gyrus.

Discussion

To our knowledge, the present study is the first to investigate
methotrexate-induced injury in selected brain regions and asso-
ciated gene expression changes using a rat model of intraven-
tricular drug administration. The greatest percentage of
degenerating neurons in methotrexate-treated rats was in the
medial region of the cortex. Bad, Sod2, and Fgfl were all
significantly downregulated in this brain region in
methotrexate-treated animals. Sod2 was also significantly
downregulated in methotrexate-treated rats in the dentate
gyrus, a region of the hippocampus in which there was also a
large percentage of degenerating neurons. Collectively these
findings suggest that genes involved in regulating oxidative
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Table 2. Summary of Functional Gene Groups and Associated Functions.

Gene Groups
and Specific Genes

Abbreviation Gene Functions

Oxidative stress/oxidant defense

Rate-limiting enzyme in glutathione synthesis (Franco, Schoneveld, Pappa, &

Key cellular antioxidant enzyme (Franco et al., 2007); upregulated by oxidative stress

in the hippocampus (Torres, 2012)

Enzyme that reduces damage by superoxide (H. F. Huang, Guo, Cao, Shi, & Xia, 2012)

and upregulated by oxidative stress in hippocampus (Furuta et al., 1995; Rodriguez-
Martinez, Martinez, Espinosa-Garcia, Maldonado, & Rivas-Arancibia, 2013)

Enzyme strongly upregulated by oxidative stress in brain (Guerra et al., 2013)

Proapoptotic member of Bcl-2 family (Engel, Plesnila, Prehn, & Henshall, 201 1); key

role in regulating intrinsic apoptotic signaling (Cheng, Gulbins, & Siemen, 201 1)

Positively regulates cell apoptosis (Dave et al., 201 |; Siemionow, Klimczak, Brzezicki,

Siemionow, & Mclain, 2009)

Marker of CNS inflammation (gliosis; Giovannoni, 2006; Siemionow et al., 2009)

Regulates survival of injured hippocampal neurons (Bernardino et al., 2005; Viviani,

Corsini, Galli, & Marinovich, 1998; Yang, Lindholm, Konishi, Li, & Shen, 2002)

Promotes survival and differentiation of dopaminergic neurons (Deng et al., 2013;

Tan et al., 2014; Wood, McDermott, & Sullivan, 2005), prevents apoptosis of
motor neurons (Brunet et al., 2007; Zhao et al., 2004), and improves cognitive
deficits in old rats (Pertusa et al., 2008)

Astrocyte-derived signal promotes CNS synaptogenesis (Christopherson et al.,

2005; Raju et al., 2014; Xu, Xiao, & Xia, 2010)

Involved in tissue repair and neuroprotection (B. Huang, Krafft, et al., 2012; Tsai,

Shen, Kuo, Cheng, & Chak, 2008)

Cyclosporin-binding protein; accelerates protein folding (Bonefeld, Elfving, &

Wegener, 2008; Harris, Reeves, & Phillips, 2009; Langnaese, John, Schweizer,
Ebmeyer, & Keilhoff, 2008; Marini et al., 2006; Pernot, Dorandeu, Beaup, &
Peinnequin, 2010; Santos & Duarte, 2008)

Central to initiation of RNA transcription; part of the preinitiation complex (Cook,

Vink, Donkin, & van den Heuvel, 2009; Pernot et al., 201 0; Santos & Duarte, 2008)

Plays a phosphate-transfer role in glycolysis and gluconeogenesis; ATP to ADP; ADP

to ATP (Langnaese et al., 2008; Santos & Duarte, 2008)

Glutamine cysteine ligase Gcle
Panayiotidis, 2007)
Glutathione reductase Gsr
Manganese superoxide dismutase Sod2
Heme oxygenase-| Hmox |
Apoptosis/inflammation
Bcl-2-associated X protein Bax
Bcl-2-associated agonist of cell death ~ Bad
Glial fibrillary acidic protein Gfap
Protection from injury
Tumor necrosis factor Tnf
Glial-derived neurotrophic factor Gdnf
Thrombospondin-| Thsd|
Fibroblast growth factor-1 Ffgl
Housekeeping genes (control genes)
Peptidylprolyl isomerase (cyclophilin A) Ppia
TATA-Box binding protein Tbp
Phosphoglycerate kinase | Pgkl
Succinate dehydrogenase subunit A Sdha

Mitochondrial inner membrane protein; participates in the citric acid cycle and the

respiratory chain (Cook et al., 2009; Langnaese et al., 2008)

Note. ADP = adenosine diphosphate; ATP = adenosine triphosphate; CNS = central nervous system.

stress and apoptosis could be involved in neuronal injury and
cognitive dysfunction associated with methotrexate treatment.

The caudate putamen had the fewest number of degenerat-
ing neurons in the methotrexate groups; however, five genes
involved in protection from injury (Fgf1), oxidative stress
(Gclc and Hmox 1), and apoptosis/inflammation (Bax and Gfap)
were significantly downregulated with methotrexate treatment
in this brain region. One possible explanation for this finding is
that the time course for neuronal injury and degeneration in the
caudate putamen in response to treatment is different from that
in the cortex and hippocampus. Future studies are needed to
more closely investigate regional differences in methotrexate-
associated brain injury.

Seigers and colleagues (2008) reported that rats treated with
a single dose of intravenous methotrexate (37.5-300 mg/kg
injected into the tail vein) had a dose-dependent and long-

lasting decrease in hippocampal cell proliferation. Compared
to controls, rats treated with 250 mg/kg of methotrexate also
had impaired spatial memory and novel object recognition.
These investigators did not examine cell death/differentiation
in the caudate putamen. Fardell, Vardy, Logge, and Johnston
(2010) found that rats treated with a single high dose of intra-
peritoneal methotrexate (250 mg/kg) performed significantly
worse than vehicle controls on tasks that required short- and
long-term memory and rule memory, and that these memory
impairments lasted for at least 8§ months after treatment. In CSF
samples obtained from children with ALL during CNS-directed
therapy in prior studies, we found increased activity of caspase
enzymes that initiate (caspase 8 and 9) and induce (caspase 3/7)
apoptosis and increased levels of oxidized phospholipids (I.
Moore, Gundy, Montgomery, et al., 2014; I. M. Moore, Gundy,
Pasvogel, et al., 2015). These findings lend additional support
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Figure 2. Degenerating neurons in the hippocampus by treatment group. The percentage of degenerating neurons for the dentate gyrus and the
cornu ammonis 3 regions are presented by treatment group. Error bars represent standard error. *Significantly more degenerating neurons
than methotrexate 2 mg/kg (3 days), artificial cerebral spinal fluid control (3 days), methotrexate 4 mg/kg (4 + | days), and perfusion control (all
ps < .001). **Significantly more degenerating neurons than methotrexate 4 mg/kg (4 + | days; p = .012). ***Significantly more degenerating

neurons than methotrexate 4 mg/kg (4 + | days; p = .048).
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Figure 3. Degenerating neurons in the cortex by region. The percentage of degenerating neurons by treatment group for the superior, medial,

and inferior regions of the cortex is presented. Error bars represent

standard errors. *Methotrexate 4 mg/kg (4 + | days) significantly more

degenerating neurons than artificial cerebral spinal fluid (aCSF; p = .05) and perfusion control (p = .001); aCSF significantly more degenerating
neurons than perfusion control (p < .001). ®Methotrexate 4 mg/kg (4 + | days) significantly more degenerating neurons than aCSF (p = .003) and
perfusion control (b = .001). “Methotrexate 4 mg/kg (4 + | days) significantly fewer degenerating neurons than aCSF (p = .007) and perfusion
control (p = .001); aCSF significantly more degenerating neurons than perfusion control (p <.001).

for the potential role of oxidative stress and apoptosis in
methotrexate-induced CNS injury.

In our gene expression studies, we found that, among the
brain regions studied, the expression of 10 genes were sig-
nificantly, or near significantly, downregulated with metho-
trexate treatment. It is possible that the downregulation may

have been due to nongene-specific methotrexate inhibition
of RNA synthesis, as investigators have previously reported
in studies with cultured lymphocytes, in which methotrexate
inhibited cytokine messenger RNA synthesis (Goldminz
et al., 2015). However, this possibility seems quite unlikely
in the present study because the majority of the 11 target
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Table 3. Gene Expression Fold Changes in Methotrexate-Treated
Rats Relative to Control Rats by Brain Region.

Gene Symbol Fold Change Significance
Caudate putamen
Fefl —22.997 .006
Gclc —6.364 .004
Hmox|1 —4.418 .027
Bax —3.458 .028
Gfap —9.063 010
Dentate gyrus
Sod2 —1.859 012
Medial cortex
Bad —5.568 .028
Sod2 —2.426 .033
Fefl —6.142 .083
Inferior cortex
Gsr —2.642 .089

Note. Fgfl = fibroblast growth factor-1; Gclc = glutamine cysteine ligase;
Hmox| = heme oxygenase-|; Bax = Bcl-2-associated X protein; Gfap = glial
fibrillary acidic protein; Sod2 = manganese superoxide dismutase; Bad = Bcl-2-
associated agonist of cell death; Gsr = glutathione reductase.

genes that we evaluated in each of four brain regions were
not affected by methotrexate treatment. Rather, the finding
suggests that methotrexate treatment selectively downregu-
lated the genes.

Limitations

Because this was a pilot study of neuronal degeneration and
gene expression changes in an animal model of CNS-directed
treatment with methotrexate, our sample size was only four
rats per group, which limited the statistical power to detect
differences. However, even with our relatively small sample
size, we did find treatment group—dependent increases in neu-
ronal degeneration in all regions except the caudate putamen.
Another limitation is that the doses we selected for these
studies were based on prior studies, in which single doses of
2 and 4 mg/kg were administered intraperitoneally (Schunior,
1994; van der Kogel, 1985). However, children with ALL
receive repeated doses of intrathecal and intravenous metho-
trexate; it is possible that the magnitude of neuronal degen-
eration and gene expression fold changes could be different
following repeated methotrexate treatments than what we
observed with single doses. Finally, the time course of our
experimental design did not allow for measures of learning
and memory. Future studies are needed to determine potential
associations among neuronal degeneration, gene expression
changes, learning, and memory.
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