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Abstract

Glioblastoma multiforme (GBM) is one of the deadliest forms of human brain tumors. The
infiltrative pattern of growth of these tumors includes the spread of individual and/or clusters of
tumor cells at some distance from the main tumor mass in parts of the brain protected by an intact
blood-brain-barrier. Pathophysiological studies of GBM could be greatly enhanced by analytical
techniques capable of in situ single-cell resolution measurements of infiltrating tumor cells.
Magnesium homeostasis is an area of active investigation in high grade gliomas. In the present
study, we have used the F98 rat glioma as a model of human GBM and an elemental/isotopic
imaging technique of secondary ion mass spectrometry (SIMS), a CAMECA IMS-3f ion
microscope, for studying Mg distributions with single-cell resolution in freeze-dried brain tissue
cryosections. Quantitative observations were made on tumor cells in the main tumor mass,
contiguous brain tissue, and infiltrating tumor cells in adjacent normal brain. The brain tissue
contained a significantly lower total Mg concentration of 4.70 + 0.93 mmol/Kg wet weight (mean
+ SD) in comparison to 11.64 + 1.96 mmol/Kg wet weight in tumor cells of the main tumor mass
and 10.72 £ 1.76 mmol/Kg wet weight in infiltrating tumor cells (p<0.05). The nucleus of
individual tumor cells contained elevated levels of bound Mg. These observations demonstrate
enhanced Mg-influx and increased binding of Mg in tumor cells and provide strong support for
further investigation of GBMs for altered Mg homeostasis and activation of Mg-transporting
channels as possible therapeutic targets.
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Introduction

Magnesium (Mg) is essential for normal physiological and biochemical functions of the
cells. It is a co-factor for more than 300 enzymes that are specifically involved in nucleic
acid synthesis and energy metabolism, protein synthesis, cell proliferation, transmembrane
ion flux, calcium channel gating, muscle contraction, neuronal activity, cardiac functioning,
and neurotransmitter release [1-3]. Although Mg has long been implicated with cell growth
and transformation [4-6], the understanding of biochemical pathways associated with its
many roles in carcinogenesis is still incomplete and is an area of active research [7-9].
Approximately 5% of intracellular Mg is found in the free ionized form (Mg2*), which can
potentially function as second messenger similar to Ca2* [10]. Alteration in either ionized
and/or bound forms of Mg may have functional consequences leading to a variety of
diseases.

Recent studies have shown that ion channels can regulate many malignant features of tumor
cells such as decreased differentiation and increased migratory and invasive phenotypes (11,
12]. In particular, the TRPM7 channel (transient receptor potential melastatin type 7), which
is permeable to both Mg2* and Ca2*, has been implicated with physiological processes such
as cellular Mg homeostasis [13], neurotransmitter release [14] and pathological conditions
such as atrial fibrillation [15] and cerebral ischemia [16]. Furthermore, TRPM7 has been
reported to play a role in the growth, proliferation, and migration of many different types of
tumor cells, including retinoblastoma [17], leukemia [18], prostate cancer [19], and ductal
adenocarcinoma of the pancreas [20]. The overexpression of TRPM7 in human tissues of
pancreatic ductal carcinoma has been correlated with the tumor grade, Ki67 proliferative
index, and patient survival [20].

In recent studies of high grade gliomas, functional TRPM?7 channels were observed in the
A172 human GBM cell line and cells isolated from human GBMs. The activation of TRPM7
channel has been investigated to better understand the biochemical pathways implicated in
proliferation, migration, and invasion of glioma cells with special emphasis on Ca signaling
[21, 22]. Since TRPM?7 is permeable to both Ca2* and Mg2* ions, and is inhibited by
elevated intracellular Mg2* and Mg.ATP, it has been difficult to distinguish the roles of both
ions in physiological and pathological conditions associated with the function of these
channels [8, 23]. This is further complicated by the fact that in most studies little attention
has been given to the measurement of the total pool of Mg on a single-cell resolution basis,
which may more accurately reflect alterations in cellular Mg homeostasis in pathological
conditions. Such measurements are particularly important for high grade gliomas, which
have an overall median survival time of approximately 15 months after diagnosis [24]. Even
maximal surgical resection cannot remove infiltrating tumor cells that invade normal brain
at varying distances from the main tumor mass. These infiltrating tumor cells are responsible
for the regrowth of the tumor and its subsequent recurrence [25]. Therefore, single-cell
resolution measurements of the total pool of Mg in infiltrating tumor cells in comparison to
the normal brain tissue could provide a valuable tool for assessing alterations in Mg
homeostasis of GBM cells.
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In situ single-cell resolution measurements of total Mg in tissue specimens can be achieved
via high vacuum techniques such as the electron probe [26] and imaging secondary ion mass
spectrometry (SIMS) [27]. SIMS has a distinct advantage for single-cell resolution studies of
Mg, since it can detect parts-per-million concentrations in the imaging mode [28]. In the
present study, we have used the F98 rat glioma model [29] of GBM for SIMS imaging
evaluation of Mg distribution with single-cell resolution in cryogenically prepared tissue
sections. Our observations have demonstrated that infiltrating tumor cells in brain, as well as
those in the main tumor mass, contained approximately a twofold increase in Mg
concentrations compared to surrounding brain tissue. These observations provide strong
support for further investigation of GBMs for alterations in Mg homeostasis.

Materials and Methods

The F98 rat glioma model and sample preparation for histological evaluation and SIMS

analysis

All of the animal studies were carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
under approved protocol by the Institutional Animal Care and Use Committee of The Ohio
State University (IACUC protocol # 2007A0261-R1). The F98 rat glioma (#CRL-2397,
American Type Culture Collection, Manasus, VA) has been used in a wide variety of studies
in experimental neuro-oncology [29]. Its biological behavior and low immunogenicity
resemble that of human high grade gliomas. As described elsewhere [29], the F98 glioma is
composed of a mixed population of spindle-shaped cells, the majority of which have
fusiform nuclei, and a smaller number of polygonal cells with round or oval nuclei. The
tumor extensively invades contiguous normal brain and island of tumor cells can be seen at
varying distances from the main tumor mass, many of which form perivascular clusters.
These properties are best appreciated in permanent, paraffin embedded sections [29], rather
than the frozen sections used in this study.

Male Fisher 344 rats (Charles River Laboratories, Inc., Wilmington, MA) weighing ~200 g
were used in the study. F98 glioma cells (10%) were implanted stereotactically into the right
caudate nucleus of syngeneic Fisher rats. The tissue sampling was performed ~12 days
following implantation. The rats were anesthetized using isoflurane and euthanized. The
brains were removed and the tumors and surrounding brain tissue samples were frozen in the
vapor phase of liquid nitrogen for SIMS analysis to determine Mg distribution with single-
cell resolution. Approximately 4 um thick cryosections were used for optical and SIMS
imaging analysis. Sections for histological examination were mounted on glass slides and
stained with hematoxylin and eosin (H & E). Cryosections for SIMS analysis were sectioned
at —20 to —30 °C and attached to silicon wafers (~1 cm?), which were then freeze-dried and
sputter coated with a 10 A layer of Au/Pd for enhancing their electrical conductivity for
SIMS imaging analyses [30].
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SIMS imaging analysis and quantification of Mg distribution in brain tumor and
surrounding brain tissue at single-cell resolution
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A CAMECA IMS-3f dynamic SIMS ion microscope instrument was used in this study
(CAMECA, France). This instrument was capable of producing isotopic images revealing
gradients of any elements from H to U with a lateral resolution of 500 nm [28]. Since the
analysis in this type of dynamic SIMS instrument is made by gradually sputtering (eroding)
the tissue sample, via primary ion beam bombardment, it is possible to record images of any
number of desired elements from the same region of the sample. The spatial resolution of
500 nm was capable of imaging single tumor cells with subcellular details, including nuclei
of individual cells in brain tumor tissues. Over the course of its use, the SIMS instrument
was upgraded with a primary beam mass filter and a 5f Hall Probe control chassis. The
control systems of the instrument were also upgraded with a Charles Evans and Associates
model PC-1CS Computer Interface system and Windows-based computer. In the present
study, the instrument was operated in the positive secondary ion imaging mode with samples
biased to +4500 V. An O, primary ion beam, accelerated to 10 keV, was focused and
adjusted to a nominal beam current of 150-200 nA with a diameter of ~70 pm when viewed
as a stationary spot at the surface of the sample. The 400-um transfer optics, in conjunction
with a 60-um contrast aperture, was employed for SIMS imaging analyses. The energy
window of the mass spectrometer was centered and set to a maximal value of 130 eV.
Energy and mass filtered secondary ion images were magnified and projected on a single
microchannel plate/phosphor screen detection assembly. The gain of the microchannel plate
was set at 60% of the maximum. SIMS ion images were recorded from the image detection
assembly using a Photometrics CCD CoolSNAP HQ? FireWire Digital Camera capable of
14 bits/pixel image digitization. The image data was transferred from the camera controller
to the PC workstation with a Nikon NIS-Elements Imaging Software for storage and digital
image processing (Princeton Digital Corp., USA). The camera was operated in the 2 x 2
binning mode. In the positive secondary ion detection mode, images of isotopes with masses
12, 23, 24, 39, and 40 revealed the subcellular distribution of positive secondary ions

of 12C, 23Na, 24Mg, 39K, and 4OCa, respectively. High mass resolution analyses confirmed
that mass interferences originating from polyatomic ions and cell matrix components were
negligible, which is in agreement with our previous studies of Mg analysis by dynamic
SIMS [31, 32]. The pixel-by-pixel image quantification of 24Mg* signals was achieved by
using 12C* carbon normalization approach and the relative-sensitivity-factors (RSF)

of 2Mg* to the 12C* tissue matrix signals in the same spatial registration [27, 33]. This
image quantification approach corrected for any variations in primary beam density on the
sample surface and 2*Mg* signal variations in raw SIMS images due to inhomogeneous
microchannel plate response [33]. The Mg concentrations produced from SIMS images of
freeze-dried tissues were converted into estimated wet weight concentrations by assuming
85% water content of tissues.

Statistical analysis

A Minitab Statistical Software was used for statistical analysis of the data using ANOVA. A
p value of less than 0.05 was considered significant.

J Neurooncol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandra et al.

Results

Page 5

The F98 rat glioma provided an ideal model for SIMS imaging studies of Mg distribution in
the main tumor mass, which has an altered blood-brain-barrier (BBB), normal brain tissue,
and infiltrating tumor cells in the brain, which are protected by an intact BBB. In the F98 rat
glioma model, tumor cells almost invariably infiltrate normal brain as individual cells or as
clusters of cells together, referred to here as the tumor satellites. Examples of single-cell
resolution SIMS imaging analyses of Mg distribution in F98 rat glioma are shown in Figs.
1-3 and the details of each figure are discussed below.

An example of SIMS analysis of the main tumor mass of the F98 rat glioma is shown in Fig.
1. The optical image of a H & E stained cryosection illustrates the high density of tumor
cells in the main tumor mass with discernible nuclei (N) of individual cells (Panel A, Fig. 1).
SIMS imaging analysis of the main tumor mass from an adjacent cryosection revealed the
spatial distribution of total concentrations of 24Mg and 4°Ca in positive secondary ion SIMS
images (Panels B & C, Fig. 1). Since the level of brightness within a SIMS image is directly
proportional to the relative ion intensities, the nuclei (N) of tumor cells are discernible in
the 24Mg SIMS ion image (Fig. 1B). In contrast, the 40Ca distribution reveals lower
intensities from nuclear regions, in general, and a few high intensity precipitates of Ca are
plausibly from apoptotic and dead cells (Fig. 1C). Furthermore, since SIMS images are
recorded by the gradual sputtering (erosion) of the sample surface from an adjacent
cryosection, a direct correlation of the density of nuclei between the optical and the 2*Mg*
SIMS image cannot be made. It should be noted that in the optical image the density of
nuclei reflects the entire 4 pm thickness of the tissue section. However, the SIMS 24Mg*
image only reflects the removal of approximately 0.2 um slice of the tissue section eroded
for the recording of the image. The 3°K/23Na ratio from SIMS analyses of these tissues
ranged from 4-9, which is indicative of the lack of a gross redistribution of diffusible
elements during the sample preparation. It should be noted that intracellular total Mg
distribution is much less prone to diffusion artifacts in cryogenic sample preparation due to
the fact that the majority of Mg in the cell is present in a bound form to molecules and the
gradient of free Mg2* between the extracellular and intracellular milieu is minimal in
comparison to other major physiologically relevant cations like Ca%*, K*, and Na*. It should
also be noted that in raw SIMS images, as shown here, the slight dimming of the secondary
ion signals towards the center of SIMS images is due to a typical inhomogeneous response
of the microchannel plate. This inhomogeneous response is accounted for and corrected in
quantitative analysis by SIMS image quantification approach used in this study and
discussed in methods section.

Figure 2 shows an example of SIMS analysis of Mg distribution in a tissue section
containing a portion of the tumor mass and surrounding brain tissue with infiltrating tumor
cells. The optical image from a H & E stained cryosection (Panel A, Fig. 2) illustrates a
portion of the tumor mass (TM) and adjacent brain tissue (BT) containing individual
infiltrating tumor cells (TC). SIMS imaging analysis from an adjacent cryosection revealed a
clear gradient in the 24Mg distribution with higher intensities in the main tumor mass in
comparison to the adjacent brain tissue (Panel B, Fig. 2). Furthermore, the individual
infiltrating tumor cells (TC) in the brain tissue contained higher levels of Mg compared to
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the surrounding brain tissue (Panel B, Fig. 2). A vessel (V), surrounded by individual tumor
cells, is also discernible in the brain tissue region of the 24Mg SIMS image. The SIMS
image of carbon (12C) from the same tissue region shows a near homogeneous distribution
of carbon between the tumor mass and the brain tissue and an obvious lack of carbon matrix
inside the vessel area (Panel C, Fig. 2). The 12C carbon image is used for pixel-by-pixel
registration and quantification of 24Mg SIMS images (see quantitative analysis later).

Infiltrating F98 glioma cells may spread in the brain as individual tumor cells, which can
proliferate to form clusters of tumor cells constituting tumor satellites. Examples of SIMS
analyses of Mg distribution in brain tissue regions containing tumor satellites are shown in
Fig. 3. Histological images of H & E stained cryosections illustrate a tumor satellite (TS) of
approximately 60 um in the diameter in the brain tissue (Panel A, Fig. 3) and a vessel (V)
surrounded by individual tumor cells in the brain tissue (Panel B, Fig. 3). This pattern of
tumor cell infiltration of the brain tissue to form satellite tumors in the F98 glioma are
common features of human GBMs. SIMS imaging of 24Mg distribution from two different
cryosections containing such regions are shown in Fig. 3 (panels C & D). These
observations unequivocally demonstrated gradients of higher Mg in tumor satellites (TS)
and individual infiltrating tumor cells in comparison to the surrounding brain tissue.

Quantitative measurements of total Mg concentrations in the brain tissue, tumor cells in
main tumor mass, and infiltrating tumor cells in the brain, including single tumor cells and
tumor satellites, are listed in Table 1. The F98 tumor cells contained significantly higher
(p<0.05) concentrations of total Mg than the brain tissue. Furthermore, there was no
significant difference in total Mg concentrations in tumor cells of the main tumor mass and
infiltrating tumor cells in normal brain (Table 1). These observations indicate that
infiltrating F98 glioma cells, invading as single cells, can proliferate to form clusters or
satellites, and maintain their higher levels of total Mg concentrations irrespective of the fact
that they are at varying distances from the main tumor mass.

Discussion

The ideal assessment of alterations in Mg homeostasis in carcinogenesis would require in
vivo single-cell resolution measurements of both free Mg2* and total Mg concentrations in
normal and tumor tissues. However, no single technique is currently capable of providing
these two measurements in vivo. Although SIMS cannot be applied to live cell imaging
studies due to its high vacuum conditions, the use of cryogenically-fixed samples provides
an effective in situ measurement of total Mg concentrations.

The present study adds valuable SIMS methodology for the assessment of Mg homeostasis,
based on single-cell resolution quantitative imaging of total Mg in tissue sections. This
could be particularly useful for evaluating high grade gliomas, where infiltration of tumor
cells into surrounding normal brain results in regrowth after surgical resection of the main
tumor mass. Single-cell resolution measurements provide an improvement over
conventional methods of total Mg determination in tumor versus normal tissues via
techniques such as atomic absorption spectroscopy, since homogenization of the tumors
would result in mixing of both necrotic and viable portions of the tumor, as well as
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infiltrating non-neoplastic cells and extracellular fluids, thereby producing inaccuracies in
the measurements. Indeed, inconsistent and often contradictory observations of decreased or
increased levels of Mg in various types of cancers have been reported based on tissue
homogenization methods [34, 35]. Nevertheless, these early studies were valuable in
demonstrating that all cancers cannot be grouped under one category and each type should
be regarded as a separate entity for the regulation of metal concentrations.

The higher concentrations of total Mg in F98 glioma cells observed in our study (Table 1)
complement a previous MRI study in which elevated levels of intracellular free Mg2* were
reported in brain tumors in comparison to the normal brain tissue [36]. Although infiltrating
tumor cells could not be resolved in the MRI study, it provided an invaluable in vivo
observation on the possibility of alterations in Mg homeostasis in brain tumors. It should be
noted that free intracellular Mg2*, which has been estimated to be in the range of 0.2-0.6
mM in human and rodent brain tissues [36—38], only represents a small fraction of the total
Mg in cells. Our observations that tumor cells contained approximately twice the
concentration of total Mg compared to normal brain tissue (~11 Vs 5 mmol/Kg wet weight,
Table 1) indicate the presence of a much larger pool of bound Mg in tumors than can be
reflected only in the increase of free Mg2* species. It is also apparent from our correlative
optical and SIMS analyses that the nuclei of brain tumor cells are the main contributing
structure for enhanced binding of Mg (Figs. 1-3). Increased binding of Mg in the nucleus
was previously reported in human thyroid tumor cells based on the analysis of tissue
cryosections with the electron microprobe [39].

Intracellular Mg binding plays key roles in stabilizing protein structures and negatively
charged phosphate groups of nucleic acids [40]. Alterations in intranuclear Mg
concentrations may have profound effects on the sequence specific DNA binding of basic
leucine zipper (B-ZIP) transcription factors and regulation of gene expression, as observed
in model systems in in vitro studies [41, 42]. The B-ZIP transcription factors mediate a
variety of signaling pathways and certain types of B-ZIP proteins have been identified as
molecular targets of various diseases, including diabetes and cancer [43, 44]. The expression
of B-ZIP transcription factor ATF5 was detected in human GBMs and rat glioma cell lines
[45]. Another role of intranuclear bound Mg may involve in affecting the structure of DNA
itself. At higher concentrations there is an accumulation of Mg binding, which induces non-
B-DNA structures like the Z-DNA [46]. The understanding of biological roles of non-B-
DNA structures in carcinogenesis is an area of active study [47-50].

The present study revealed that infiltrating tumor cells and cells in the main tumor mass
showed comparable increases of total Mg compared to Mg concentration of the normal brain
tissue. This was a very significant observation, since it indicated the inherent nature of
alterations in Mg transport as a characteristic of individual tumor cells (Figs. 2 and 3, Table
1). Due to the very high sensitivity of SIMS and the capability to simultaneously sampling a
large field of view, these images of Mg distribution were obtained within one minute
integration of 24Mg signals (Figs. 1-3). Such a capability is a major strength of SIMS for
unraveling the possible roles of Mg in cancer, and more specifically, high grade gliomas.
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The twofold increase in total Mg in brain tumor cells observed in our study may have been
due to higher metabolic activity and activation of Mg2* and Ca2* transporting channels like
TRPM7 and CNNM3, as observed in various cancers [7-9]. There is growing interest in
understanding the role of TRPM7 overexpression and biochemical pathways implicated with
proliferation, migration, and invasion of many types of cancers such as retinoblastoma [17],
leukemia [18], prostate [19], and adenocarcinoma [20]. Most recently, high grade gliomas
have been investigated for the overexpression of TRPM7 with special emphasis on calcium
signaling [21, 22]. The present study suggests that any evaluation of TRPM7 should also
include the understanding of pathological roles of elevated levels of bound Mg in high grade
gliomas.
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Fig. 1.
SIMS imaging of total Mg and Ca distributions in the main tumor mass of a F98 glioma

bearing rat. The optical image of a H & E stained cryosection illustrates nuclei (N) of
individual cells compacted in the tumor mass (A). The positive secondary ion SIMS images
of 24Mg and 49Ca from an adjacent cryosection demonstrate the spatial distribution of total
magnesium and calcium in the tumor mass (B, C). The image integration times on the CCD
camera for SIMS images of 24Mg* and 49Ca* were 1 min and 2 min, respectively.
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Fig. 2.

SI?\/IS imaging of magnesium and carbon distributions from the brain of a F98 glioma
bearing rat. The optical image of a H & E stained cryosection (panel A) illustrates the
interface between the tumor mass (TM) and the brain tissue (BT) with infiltrating individual
tumor cells (TC). The positive secondary ion SIMS images of 2Mg and 12C from an
adjacent cryosection demonstrate the spatial distribution of total magnesium and carbon in
designated panels (B, C). The tumor mass as well as infiltrating tumor cells in the brain
tissue show higher concentrations of magnesium in comparison to the surrounding brain
tissue (B). A vessel (V) is also discernible in the 24Mg image. The 12C SIMS image reveals
a near homogeneous distribution of carbon throughout the tumor mass and the brain tissue
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with the exception of the interior of the vessel which lacks the carbon matrix (C). The image
integration times on the CCD camera for SIMS images of 24Mg* and 12C* were 1 min and 2
min, respectively.
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Fig. 3.
SIMS analyses of brain from F98 glioma bearing rats. Typical morphological features of

infiltrating tumor cells (TC) and clusters of tumor cells, tumor satellites (TS), in the brain
tissue (BT) are illustrated in optical images of H & E stained cryosections (Panels A & B).
A vessel (V) is surrounded by infiltrating tumor cells in the brain tissue (Panel B). SIMS
imaging analysis of 24Mg distributions from two different cryosections are shown in panels
C and D. The tumor satellites (TS), infiltrating tumor cells (TC) and TC’s surrounding the
vessel (V) reveal higher total magnesium concentrations in comparison to the surrounding
brain tissue (BT). The 24Mg SIMS image, shown in the panel D, also illustrates a portion of
the tumor mass (TM) alongside of a triangular tumor satellite region in the brain tissue with
consistent observations of higher magnesium concentrations in tumor mass, tumor satellites,
and individual infiltrating tumor cells in comparison to the brain tissue. The image
integration times on the CCD camera for 2Mg* SIMS images were 1 min each.
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Table 1

Quantitative SIMS imaging analysis of total magnesium concentrations in F98 rat glioma brain regions. Total
Mg concentrations are expressed in mmol/Kg wet weight units by assuming 85% tissue water content. The
spatially-resolved observations were pooled from quantitative SIMS imaging analysis of tissues from five F98
glioma bearing rats.

Brain Tissue Regions? Total Mg Concentration (mmol/Kg wet weight) (mean + SD)
Normal brain tissue 470 +0.93°
Tumor cells in the main tumor mass 11.64 + 1.96C
Infiltrating tumor cells in the brain tissue 10.72 + 1.76°

a . . . . . . . .
For sampling of tumor cells in the main tumor mass from 24Mg’r SIMS images, 107 regions of interest (ROIs) in the main tumor mass were
selected from 6 SIMS imaging fields. A region of interest in the magnesium image of the main tumor mass was defined as a clump of 5-10
individual cells taken together for SIMS image quantification due to very high density of tumor cells in this region. This approach allowed a large
sampling of the cells in the main tumor mass. For sampling of infiltrating tumor cells in the brain tissue of 24MgJr SIMS images, 115 ROIs were
selected containing individual tumor cells and cells in the tumor satellite regions from 5 SIMS imaging fields. The sampling of brain tissue regions

represented 108 ROIs of 10-15 um2 area from 6 SIMS imaging fields.
b’CTotaI Mg concentrations in tumor cells in the main tumor mass and infiltrating tumor cells in the brain were significantly (p<0.05) higher than

Mg concentration of the brain tissue. The Mg concentration of tumor cells in the main tumor mass was not significantly different from the
infiltrating tumor cells in the brain.
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