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ABSTRACT
While the survival rates for cancer have dramatically increased with the use of chemotherapy, substantial numbers of
patients complain of cognitive impairments associated with this treatment. These symptoms are known as “chemobrain”
and include loss of concentration and memory associated with poor work performance. One cause of chemobrain
appears to be a decrease in the neural stem cell proliferation essential for adult hippocampal neurogenesis. This
produces new neurons required for memory consolidation. Neural stem cell proliferation occurs in a stem cell niche
within the sub granular zone (SGZ) of the dentate gyrus. Recent in vivo studies have shown that in the SGZ, neural
stem cells associated with blood vessels survive chemotherapy better than those not in contact with the vasculature.
Our in vitro study tested the effect of Methotrexate (MTX) on dividing neural stem cells and brain endothelial cells
separately and when co-cultured in contact with one another. The results, using MTT assays, show that neural cells
are significantly more sensitive to MTX than endothelial cells. Marked neural cells were then cultured on a mono layer
of either endothelial or non-neural cells (3T3 fibroblasts) and treated with MTX. Co-culture with endothelial cells
offered significant protection from MTX compared with culture with non-neural cells or neural cells on their own. This
in vitro model replicates in vivo observations and can be used to study the protective role of endothelial cells on neural
stem cells. An understanding of this may be used to preserve hippocampal neurogenesis and reduce the incidence of
chemobrain.
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INTRODUCTION
Methotrexate (MTX)
This drug is an antimetabolite and anti-folate drug with a molecular weight of 454.44 g/mol that acts as an anti- proliferative agent by antagonizing the effect of folic acid and the ability to bind to dihydrofolate reductase. Furthermore,
MTX may inhibit thymidylate synthease resulting in a transmythelation of proteins, other mechanism involve its
effect on de novo purine bio-synthesis by inhibiting the enzyme aminoimidazole carboxamidoneucliotide, essential
enzyme involved in purine bio synthesis pathway. MTX is used in the adjuvant and palliative treatment of many malignancies including breast, acute leukemia, lymphomas, osteosarcomas, head and neck tumors and other cancers. In
addition, (MTX) is used in the treatment of other non-malignant diseases such as rheumatoid arthritis and dermatological illnesses like psoriasis [1,2]. MTX is one of the common drugs used in the treatment of breast cancer however
studies have found a number of adverse effects which include memory impairments in patients.
Animal models which have looked at the impact of MTX on cognition have found poor performance in object recognition tasks and conditional emotional response tasks to location and these results indicate that MTX is impairing
spatial memory, a hippocampal dependent function [3]. A number of clinical studies have concluded that patients
treated with weekly low-dose MTX may experience symptoms of headache, dizziness, memory loss and cognitive
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impairments [4-6]. Patients receiving a high-dose of intravenous MTX may suffer from stroke like syndrome and focal
neurological symptoms including aphasia, hemiparesis, encephalopathy and seizures [7,8]. Besides, these symptoms
generally progress days to weeks after starting MTX therapy. Brain imaging using MRI can detect these neurological
changes by showing hyper intense foci on FLAIR and diffusion-weighted sequences [9].
Delayed complications are common with MTX treatment as studies have suggested that patients suffer from symptoms of leukoencephalopathy months to years after receiving intravenous MTX and these symptoms may present
clinically as a slow onset cognitive dysfunction or personality changes [10]. Cranial irradiation therapy combined or
concurrent with MTX has been proved, by brain imaging of these patients, to exacerbate these cognitive deficits and
may progress to severe weaknesses, dementia, loss of consciousness and death. Unfortunately, no effective treatment
had been identified to manage these symptoms, yet in vivo studies had been suggested as a fast and more detailed way
to investigate these symptoms [11].
Animals treated with a combination of MTX and 5 FU suffered from a significant decline in memory and performance
in cognitive tasks [12]. Investigations have shown that rats when treated with MTX as a monotherapy, experience a
decline in behavioral tasks that can be interpreted as deficits in hippocampal and frontal cortex functions. On the other
hand, cognitive deterioration can be correlated with changes in long term potentiation and conduction accompanied
with a reduction in hemogenesis [13-15]. In addition, animals treated with MTX were noticed to have structural and
functional neurological changes demonstrated by imaging techniques. These changes are thought to be equivalent to
4 years increase in ageing [16].
Both in vitro and in vivo studies indicate that many chemotherapeutics including MTX could exert an effect on both
normal and cancer cells. Dividing neural stem and precursor cells are found in the hippocampus and walls of the lateral
ventricle. These are involved in the process of adult neurogenesis and generate new nerve cells in the denate gyrus and
the olfactory system respectively. These cells appear to be a particularly susceptible cell types to chemotherapeutics
[17,18]. MTX may also affect oligodendrocyte precursor cells, which are essential for preserving white matter tracts,
also non dividing mature oligodendrocytes leading to demyelination and changes in conductance [19]. In contrast,
mature astrocytes have been shown to be less affected by chemotherapy drugs [15]. The differences in cell sensitivity
may be associated with cellular variations in mitochondrial respiration or different metabolic pathways within each
cell.
Aims and Objectives
To quantify whether different components of the neurogenic niche-neural stem cells, astrocytes, 3T3 fibroblasts and
endothelial cells show differential sensitivity to MTX
To determine if other cellular components of the neurogenic niche (astrocytes or endothelial cells) are able to protect
neural cells from MTX
An understanding of how neural cells can be protected may enable the development of treatments which would benefit
patients where a decrease in hippocampal neurogenesis caused by MTX is causing cognitive problems
MATERIALS AND METHODS
Growth Media Preparation
RPMI-1640 growth media without supplements, foetal bovine serum (FBS), 200 mM L-glutamine, penicillin G/Streptomycin antibiotics mixture (100 units/ml and gentamycin 25 mg/ml respectively, sodium pyruvate and non-essential
amino acids and vitamins which were obtained in a sterile form. Then 150 ml of RPMI were removed and 10 ml of
FBS were added, then L-glutamine, sodium pyruvate (Sigma life science S8636, Lot RNBD3337), vitamins, non- essential amino acids (Gibco of life technology Ref: 11140-035, Lot 1605380) were added to RPMI and mixed well by
inverting the bottle several times , a small aliquots was taken in a sterilin tube and placed in the incubator as a sterility
check. Then 10 ml penicillin G/Streptomycin antibiotics mixture and 250 µl of gentamycin were added.
Bringing Cell Lines Up from Liquid Nitrogen
Vials of frozen cells stored in nitrogen were defrosted by heating rapidly in a 37°C water bath with gentle shaking the
vial (<1 min). 20 ml of growth medium was added to a 30 ml Universal tube. Before opening the tube, the outside of
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the vial was cleaned with 70% IMS. When the ice crystals melted, the thawed cells were gently pipetted into a 30 ml
centrifuge tube, before centrifuging at approximately 1500 rpm for 5 min. the supernatant was removed without disturbing the cell pellet. 5 ml of medium was added and mixed with the pellet and transferred into the appropriate culture
flask. The growth medium was changed after approximately 24 hours, and the cells were passaged when confluent
(usually after 3 days). Cells removed from frozen storage were grown-up for two passages before use in experimental
studies.
Experimental Preparation of Cell Lines
Cells were cultured in 75 cm2 polystyrene flasks fitted with 0.22 µm filter caps (Nunc) that contained 20 ml of RPMI
growth medium, work field and gloves were sterilized with 70% IMS. Growth medium were removed by aspiration
and cell monolayers were disrupted by the addition of 3ml of 10% trypsin/EDTA in PBS (1 ml EDTA and 9 ml PBS),
after that the flask was incubated at 37°C for 5 minutes. 7 ml of fresh medium were added to the flask, the resulting
suspension was transferred to a sterile 30 ml Universal tube and centrifuged at 150 g for 5 minutes then the supernatant
layer was removed and 3 ml fresh media was added to the pellet, the resulting suspension was transferred to a fresh
cell culture flask with 20 ml fresh growth medium according to the ratio of splitting for different cells.
Immunocytochemistry
Primary astrocytes were plated onto poly L-lysine (100 mg/ml, Sigma Aldrich, USA) coated cover slips and grown until confluent. After aspiration of the growth medium the cells were washed 3 times with PBS and fixed in 4% paraformaldehyde for 5 minutes and again washed with PBS 3 times (5 minutes each). Cultures were blocked with 5% BSA
(Bovine Serum Albumine)+20 µl/ml of goat serum, 0.3 Triton x-100 in PBS for 1 hour then incubated with primary
antibody, polyclonal anti-GFAP, (DAKO) diluted 1:500 with blocking buffer and 100µl of this dilution was added to
each well and incubated overnight 4ºC. Goat anti-rabbit (Biotin) diluted 1:1 with diluents and 100 µl was added to
each well and incubated at 37ºC for 1 hour. After washing with PBS for 3 times the slides were stained with DAPI
(1:1000) for 5 minutes, washed again with PBS/3 times and mounted with DABCO. The slides were seen by Nikon
microscope and SPOT insight camera. Controls in which the primary antibody was omitted had no apparent staining.
MTT Assay
Cells were cultured in 24-well plates (Coaster, USA) overnight at a density of 1 × 105 cell/well) and then exposed
to a different concentration of MTX (2 µM, 5 µM, 7 µM and 10 µM) for 48h. The medium was removed and cells
were treated with 50 μl of MTT (Sigma Aldrich, USA-5 mg/ml in PBS) followed by incubation in 5% CO2 at 37°C
for 30 minutes. 1000ul of DMSO (Sigma Aldrich, USA) were added to stop the reaction, 200 μl aliquots were taken
from each well and transferred into a 96 well plate. The readings were repeated 3 times and the final product of MTT
solubilized formazen was measured by spectrophotometer under the absorbance of 570 nm to conclude the density of
viable cells in each well that is based on the ability of viable cells to reduce a yellow tetrazolium salt metabolically to
purple formazan [20].
Co-culture of N2A Cells on Monolayers of Different Cell Types
3 cell lines were used in this experiment including the mouse neuroblastoma cell line N2A from the Public Health
England Culture Collection [21], human brain micro vascular endothelial cell lines from ScienCell Research Laboratories [22] and mouse fibroblast cell lines 3T3 [23]. Endothelial or 3T3 cell lines were grown in T75 flask then
tripsynised and plated into a 4-well chamber slide (Lab Tek-Nuna) and grown overnight. N2A cells were stained before co-culture using PKH26 red fluorescent cell linker (Sigma Aldrich, USA). Stained single cell suspensions of N2A
were plated on top of confluent endothelial or 3T3 cells at a low density (1 × 104 cell/ml) for 24 hours. Following this
1ml of 2 µM MTX was added to the co culture and incubated for 48 hours. Growth medium was removed and cells
were fixed in 4% paraformaldehyde. Cells were washed with PBS and cell nuclei visualized after staining with DAPI.
Cells were washed with PBS (every 5 minutes)/3 times. The plastic rim was removed and the slides were coversliped
and mounted with DABCO. All slides were viewed using a Nikon EFD-3 fluorescence microscope and photographed
with a Spot Insight QE camera with Spot advanced software (Image Solution Ltd). Fields were selected randomly and
cell counting was done blindly. In each experiment 4 wells were used as N2A, N2A+MTX, N2A co cultured and N2A
co cultured +MTX.
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Statistical Analysis
Data were collected from three or more independent experiments (using different passages of cells) and are expressed
in form of the mean ± S.E.M. Statistical analysis was carried out using Prism (6.0, Graph Pad software, San Diego
California, USA). One way ANOVA and t-tests were used to compare groups. Parametric statistical analysis was used
if the data was checked to be normally distributed (D’ Agostino Pearson omnibus normality test) and Statistical significance was proven at p<0.05.
RESULTS
Immunostaining Analysis of C6 Cells
The astrocyte marker GFAP was immunostained to confirm the phenotype of primary hippocampal cells. Morphologically Long (branched) and short (un-branched) cells were noticed after 2 days cells culture. About 95% of the cells
were stained positive for GFAP and the immunocytochemistry for GFAP showed that the staining evenly distributed
through the cytoplasm of cells. This result confirmed that the primary cells isolated from the hippocampus were astrocytes (Figure 1).
The Sensitivity of Different Cell Types within the Hippocampal Stem Cell Niche to Methotrexate
Different concentrations of MTX were tested on various cell lines within the hippocampal stem cell niche and a nonneural cell line (3T3) for comparison. The cell lines used were C6, N2A, brain endothelial and 3T3 fibroblast. The
concentrations of MTX used were (2, 5, 7 and 10) µm. the effect of MTX on cell lines were measured by MTT assay.
From the results a significant effect of 2 µm MTX was observed on all cell lines. However, the sensitivity differed
between cell types. C6, N2A and 3T3 fibroblasts all showed a substantial sensitivity to MTX with 2 µm MTX reducing
the viability by over 50%. In contrast the endothelial cells that showed significantly more resistance and maintained
viability to at least 80% of untreated cells (Figure 2).
Co-culture of Different Components of the Stem Cell Niche with Neural Cells to Determine if Any Components
can Protect Neural Stem Cells from MTX
From previous results a concentration of 2 µm has a major effect on N2A cells but significantly less effect on endothelial cells. From these results using 2 µm of MTX on co-cultures of N2A cells with endothelial cells should make it
possible to test the role of endothelial cells in protecting N2A from the effect of MTX. Endothelial cells were cultured
as monolayer and marked N2A cells were seeded on to them prior to MTX therapy (Figure 3).
N2A cells showed no significant increase in cell number when cultured on endothelial cells (N2A and N2A+ENDO
groups). As previously shown by MTT assay, the number of N2A cells was considerably decreased when treated with
2 µm MTX (N2A+MTX group). By contrast, N2A cells co cultured with endothelial cells showed significantly better
survival when treated with MTX (N2A+ENDO+MTX and N2A+MTX groups). This suggests that the presence of
endothelial cells has a protective role on N2A cells treated with MTX.
To test if this effect was specific to endothelial cells or a general effect of co-culturing N2A cells with another cell
type, N2A cells were co-cultured with the non-neural 3T3 cell line. In contrast to the results with endothelial cells, co
culture of N2A cells with 3T3 fibroblasts had no significant effect on the viability of N2A cells when treated with 2
µm MTX (Figure 4).

Figure 1 Immunoconformation of C6 glioma phenotype; Immunostaining micrograph showing the expression of GFAP in
primary hippocampus cells monolayer grown on coverslips; Scale bar=20 µm
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Figure 2 Effect of MTX on C6 glioma (A) N2A neuroblastoma (B) 3T3 fibroblast (C) and endothelial (D) cell lines;
Assessed by optical density at 570 nm wavelength (normalized as a proportion of the control (0 µm of MTX) using an
MTT assay; Confluent cells were exposed to a different concentrations of MTX (2, 5, 7 and 10) µm for 48 hours; Data
shown as mean value ± SEM (N= 3 experiments); All were analyzed by One way ANOVA, where p<0.05

Figure 3 Co-culture N2A cells (red) on a monolayer of endothelial cells. Cell nuclei stained with DAPI (blue), N2A cells
marked with PKH26; Scale bar=20 µm

Figure 4 Effect of Endothelial (A) and 3T3 Fibroblasts (B) on the Survival of N2A Cells cultured on single and coculture in presence or absence of (2 µM MTX); Significant protection can be detected in N2a cells from co-culture with
endothelial cells after 48 h of exposure to MTX. In contrast, no protection can be observed in those co-cultured with 3T3
cells; Data shown as mean value ± SEM (N=3 experiments); All were analyzed by one way ANOVA, where p<0.05
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DISCUSSION

This project follows on from the demonstration in vivo that MTX reduces cells proliferation in the SGZ of the dentate
gyrus and this is associated with cognitive impairments [12]. This work on rats showed that proliferating cells in contact with blood vessels in the SGZ appeared to be resistant to chemotherapy and continued to divide after treatment
(Maqbool personal communication). As the decline in hippocampal neurogenesis is one of the most likely causes of
cognitive impairments in patients treated with chemotherapy, an understanding of how proliferating neural stem cells
could be protected might provide a treatment to reduce this effect. In this study we wished to develop an in vitro model
of the interactions between dividing neural cells and other cellular components of the neurogenic niche in terms of
their response to a commonly used chemotherapy agent, MTX which has been associated with cognitive impairments
in patients. To do this we tested the in vitro sensitivity of different cell types found in the neurogenic niche to MTX
and then assessed if co-culture between N2A and other cell types provided protection from MTX.
The Sensitivity of Different Cell Types within the Hippocampal Stem Cell Niche to Methotrexate
The effects of MTX on cell lines within the neurogenic niche were found to differ between cell types. N2A cells
showed a great sensitivity to MTX with the lowest concentration used reducing cell viability to less than 50%
(Figure 2B). This result is consistent with results from in vivo studies where animals treated with MTX showed a reduction in the proliferation of neural stem cells in the SGZ of the hippocampus [3,13]. Animal studies by our research
team have also found that treatment with chemotherapy does not reduce blood vessel density in the dentate gyrus
(Maqbool personal communication). The non- neural 3T3 fibroblast cells were sensitive to chemotherapy as found in
previous studies [4]. The C6 astrocyte cell line was also found to be sensitive to MTX. This was surprising as C6 cells
have been found to be resistant to the chemotherapy agent 5Fluorouracil (5FU) (Entedhar personal communication)
and as such possibly providing a protective role to proliferating neural cells. A range of high and low doses of MTX
were used to determine the effect on C6 cells and at all doses, these cells were found to be highly sensitive to MTX,
in contrast, to the results from 5-FU. This might be an interesting area to explore in future work as these two drugs are
frequently used in combination regimes in breast cancer patients and their use together may exacerbate the cognitive
side effects of treatment [24].
In contrast to the results from C6 cells endothelial cells were more resistant to MTX. This is similar to previous results
by our research group demonstrating their resistance to 5FU (Entedhar personal communication). The relative resistance of endothelial cells makes it possible that they may be able to protect adjacent neural cells from chemotherapy.
This was tested using the proliferating neural cell line N2A cells which we have demonstrated to be sensitive to MTX.
This resistance to MTX comes along side with a study concluded that endothelial cells within coronary arteries were
resistant to high and low dose MTX [25]. All cells viability was measured by MTT assay, and this fluctuation in
cellular sensitivity was thought to be due to the degree of mitochondrial respiration in different cells, though; these
results were in line with recent studies which established that N2A cells were the most affected by chemotherapy [15].
Therefore, endothelial cells were tested as a protective cell model within the neurogenic niche towards N2A cells from
MTX.
Co-Culture of Different Components of Stem Cell Niche with Neural Cells to Determine if Any Components
Protect Neural Stem Cells
Many studies have dealt with the cellular and molecular aspects of stem cells and some have confirmed that cellular interactions play a crucial role in stem cell differentiation and self-renewal by cell division. These interactions maintain
the number and rate of division of stem cells as well as providing the appropriate environment by supplying growth
factors and extracellular matrix molecules which ensure stem cell survival [26,27]. Endothelial cells are a prominent
cellular component of the neurogenic niche and are known to secrete growth factors and extra cellular matrix including heparin sulfate glycosaminoglycan which stimulates neural stem cells [28]. These factors which include VEGF
and BDNF are known to be directly involved in stimulating neurogenesis together with other signaling molecules
[29]. In order to confirm the protective effect of brain endothelial cells against the effects of chemotherapy on N2A
cells, these cells were co-cultured on a mono layer of endothelial cells prior to MTX treatment. The effect of chemotherapy was measured by quantifying N2A survival after 48hrs as compared to a control group of N2A cells treated
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with MTX but not co-cultured with endothelial cells. The results showed that the number of N2A cells which survived
MTX was significantly higher in the co-cultured wells.
As this could be a nonspecific effect of growing N2A cells on a cellular mono layer, the co-culture experiments were
repeated with N2A cells co-cultured with a non-neuronal cell type, 3T3 fibroblasts. Co-culture with 3T3 cells showed
no protection from MTX treatment at all indicating that protection is specific to endothelial cells.
These results build on studies that have found a close relationship between angiogenesis and neurogenesis. Many researchers have suggested that endothelial cells play a significant role in the proliferation of neural stem cells [30] and
approximately 40% of proliferating neural stem cells in the SGZ are in contact with blood vessels. Endothelial cells
have recently been shown in our lab to provide moderate protection to N2A cells from the chemotherapy agent 5-FU
(Entedhar personal communication).
A lot of studies have investigated the deleterious effect of chemotherapy on cognition, but up until know there is little
information about the possible mechanisms behind this and how some neural stem cells are able to continue to proliferate after chemotherapy treatment. The present project has developed a co culture system to examine the interactions
between brain endothelial cells and neural cells. It is possible to hypothesize that the protective nature of endothelial
cells is due to their production of growth factors, one of the most significant being Vascular Endothelial Growth Factor (VEGF). This is mainly secreted by endothelial cells in response to hypoxia and is involved in stimulating angiogenesis by activation of VEGF receptors. These are initiating a receptor tyrosine kinase signaling pathway which is
important in vascular development [31]. It has been suggested that VEGF acts as a neurotropic protein and it has the
ability to produce a neurogenic effect on neural progenitor cells [32]. This indicates that this factor may be associated
with both angiogenesis and neurogenesis and provides a possible mechanism to explain our results.
In the absence of endothelial cells the number of N2A cells was decreased and that might be caused by a lack of VEGF
which may reduce neural cellular differentiation, proliferation and self-renewal [27]. Another possible explanation of
this protection is the ability of endothelial cells to produce many soluble cytokines and chemokines which are thought
to influence cellular interactions and might be essential for the interactions between neurogenesis and angiogenesis.
Wilhelmsson and his group have suggested that cell to cell contact is important for this interaction. This may be via
the notch signaling pathway which uses cell membrane bound receptors and ligands. It is known that notch signaling is
used by both endothelial and neural stem cells and so may be involved in the control of endothelial cells on N2A cells
[33]. Notch signaling plays an important role in the proliferation, maturation and survival of neural stem cells [34].
A further possible explanation for the protection provided by niche cells could be due to the activation of the PTEN
pathway which enables neural stem cells associated with blood vessels to be more resistant to chemotherapy. PTEN
is a phosphatase which acts as a tumor suppressor gene that is involved in the pathophysiology of many malignancies
like head and neck tumors and it is well known to play a significant role in brain development during early embryonic
life [35]. In vivo studies have shown that PTEN knockout mice suffer from cognitive decline due to their inability to
regulate neural stem cell proliferation and development [36]. Moreover, PTEN, P53 double knockout mice exhibit a
reduction in neural stem cell differentiation and self -renewal due to the effect of elevated myc gene expression [37].
Thus PTEN is considered as a key factor in the development of neural stem cells and its expression may be one of the
mechanisms related to endothelial cells induced neurogenesis.
CONCLUSION
The effect of brain endothelial cells on neurogenesis should be investigated more. The mechanism by which these
cells provide cellular protection from MTX is not clearly understood and these interactions may be important in other
aspects of cancer cell biology and response to chemotherapy. As indicated above a number of possible mechanisms
can be suggested for these effects and which include direct cell to cell contact, activation of growth factors or cell
signaling pathway. As many of these can be selectively blocked it should be possible to understand how this protection
operates and if neural stem cells can be selectively protected, this would bring benefit to many patients treated with
chemotherapy and finally reduce the symptoms of chemobrain among cancer survivors.
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