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Abstract

Malignant gliomas are devastating tumors, frequently killing those diagnosed in little over a year. 

The profuse infiltration of glioma cells into healthy tissue surrounding the main tumor mass is one 

of the major obstacles limiting the improvement of patient survival. Migration along the abluminal 

side of blood vessels is one of the salient features of glioma cell invasion. Invading glioma cells 

are attracted to the vascular network, in part by the neuro-peptide bradykinin, where glioma cells 

actively modify the gliovascular interface and undergo volumetric alterations to navigate the 

confined space. Critical to these volume modifications is a proposed hydrodynamic model that 

involves the flux of ions in and out of the cell, followed by osmotically obligated water. Ion and 

water channels expressed by the glioma cell are essential in this model of invasion and make 

opportune therapeutic targets. Lastly, there is growing evidence that vascular-associated glioma 

cells are able to control the vascular tone, presumably to free up space for invasion and growth. 

The unique mechanisms that enable perivascular glioma invasion may offer critical targets for 

therapeutic intervention in this devastating disease. Indeed, a chloride channel-blocking peptide 

has already been successfully tested in human clinical trials.
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Introduction

Every year, nearly 25,000 Americans are newly diagnosed with a malignant glioma (Ostrom 

et al. 2015). The World Health Organization (WHO) classifies gliomas on a numeric scale 

with grade III–IV tumors categorized as malignant gliomas, which include anaplastic 

astrocytomas and glioblastomas. Although rare, only occurring in 4–8 per 100,000 people, 

malignant gliomas are devastating to those that are affected (Ostrom et al. 2015). By 5 years 

post-diagnosis, 67 % of patients succumb to their disease (Ostrom et al. 2015). In patients 

diagnosed with a glioblastoma, the prognosis is most dire with a median survival time of 14–
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16 months. This poor outcome is in spite of rigorous therapeutic attempts that include gross 

resection of the tumor mass, if possible, followed by radiation and chemotherapy treatment. 

As it stands today, these therapeutic regimens add mere months to patient survival; thus, 

there is a great need for more effective treatments.

Our cellular, molecular, and genetic understanding of glioma biology has improved 

considerably in recent years. Notably, a consortium of scientists that make up ‘The Cancer 

Genome Atlas (TCGA) Research Network’ was able to classify gliomas based on genetic 

changes that initiate glioma-genesis. Principal among these changes are aberrations in three 

core signaling pathways: the receptor tyrosine kinase-Ras-phosphoinositide 3-kinase (RTK-

RAS-PI3K) signaling pathway and the pathways for cell cycle regulators retinoblastoma 

protein (Rb) and p53 (Cancer Genome Atlas Research Network 2008). Perhaps the most 

striking outcome of the TCGA effort has been to showcase the remarkable heterogeneity of 

these tumors. This heterogeneity—compounded with the presence of a highly intervention-

resistant cancer stem cell population and the therapeutic challenges due to the blood-brain 

barrier (BBB)—understandably makes malignant gliomas very difficult to manage clinically. 

While all of these aspects of malignant glioma biology limit our ability to treat patients, this 

review will chiefly detail another salient feature of malignant gliomas, their aggressive 

invasiveness, and the role that ion channels may play in facilitating this process.

Malignant gliomas are highly invasive

Early attempts to cure patients of solid tumors relied almost exclusively on surgical removal. 

However, aggressively resecting the main tumor mass and taking wide margins in the 

surrounding healthy tissue proved to be curative only in cases of locally contained tumors. 

Thus, early radical surgical attempts that removed an entire brain hemisphere of an 

individual suffering from a malignant glioma merely resulted in recurrence in the remaining 

hemisphere (Dandy 1928). Even today, after substantial improvements in surgical techniques 

have been made, recurrence in patients is almost always inevitable. In most cases recurrence 

is driven by the diffuse migration of glioma cells away from the main tumor mass, allowing 

these cells to be insulated from disease management measures such as surgery and radiation.

Gliomas invade and expand into healthy tissue in a manner that is unlike other malignant 

cancers—rarely using the bloodstream to do so (Beauchesne 2011). Instead, gliomas 

navigate through extracellular routes and are extremely adept at utilizing existing structures 

to guide invasion into the surrounding brain tissue. Neuropathologist Hans-Joachim Scherer 

was the first to describe these routes of invasion, now frequently termed ‘Scherer’s 

structures’ (Scherer 1938). These patterns of glioma cell invasion roughly compartmentalize 

the brain into the parenchyma, the vascular network, white matter tracts, and the 

subarachnoid space. The ability of glioma cells to migrate through these compartments 

varies drastically. For example, invasion through the brain parenchyma is largely restricted 

because of the density of extracellular matrix (ECM) proteins, along with the cell bodies and 

processes of neuronal and glial cells. Although the ECM that constitutes the brain is largely 

devoid of rigid structural proteins, such as collagen and laminin that are found in other 

tissues throughout the body, the parenchyma is still saturated with an organized network of 

ECM proteins (Bellail et al. 2004). The most highly expressed ECM protein in the 
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parenchyma is glycosaminoglycan hyaluronan. Hyaluronan has a high concentration of 

exposed negative charges that attract oppositely charged ions and cause an influx of water 

molecules, providing the brain an overall consistency that is elastic and highly hydrated 

(Bellail et al. 2004). Consequently, this hydration causes the extracellular space to expand to 

a volume that is approximately ten times greater than the hyaluronan matrix alone (Bellail et 

al. 2004). As a whole, the brain parenchyma is extremely tortuous, lacking the space—and 

possibly the ECM proteins—that are most conducive to glioma cell migration.

Ultimately, glioma cells are far more adept at using rigid secondary structures, such as white 

matter tracts and the vascular network, to invade far into the brain tissue. It is unclear 

whether this preference is due to parenchymal spatial constraints, the release of chemo-

attractive molecules from vascular cells, or potentially the components of the niche 

environment around these structures. It is apparent, however, that invading glioma cells 

overwhelmingly associate with blood vessels and white matter tracts, as seen in histological 

sections and animal models that recapitulate the hallmarks of human gliomas (Giese and 

Westphal 1996; Watkins and Sontheimer 2011; Hardee and Zagzag 2012; Watkins et al. 

2014). While invasion does occur via white matter tracts, the focus of this review will be on 

the invasion of glioma cells along existing cerebral blood vessels, modifications of the cells’ 

own shape and volume, and changes imposed on the vasculature by invading cells.

The glioma-vascular relationship and the role of bradykinin

As the most metabolically active organ in the body, the brain is highly vascularized; blood 

vessels can be found reaching within ~50 μm of every neuron present in the brain. The 

carotid and vertebral arteries are the major sources of blood supply for the brain. At the base 

of the brain these arteries merge to form the Circle of Willis, an interconnecting network of 

pial arteries that travel along the surface of the brain. As the pial arteries dive into the brain 

parenchyma, they are surrounded by a relatively large space, the Virchow-Robin space, 

which is continuous with the subarachnoid space of the meninges (Iadecola and Nedergaard 

2007). The Virchow-Robin space, also called the perivascular space, is a fluid-filled 

compartment containing cerebrospinal fluid that comprises the glymphatic system (Jessen et 

al. 2015). The perivascular space disappears as these arteries travel deeper into the 

parenchyma and become almost entirely encased by astrocytic protrusions, called endfeet, 

that are coupled to the vascular basement membrane. The basement membrane that 

encompasses blood vessels is highly specialized, containing many ECM proteins that cannot 

be found anywhere else in the brain parenchyma. Instead, the vascular basement membrane 

contains ECM proteins that are structurally rigid—namely, laminin, collagen IV, heparan 

sulfate proteoglycans agrin and perlecan, and nidogen (Yousif et al. 2013). These ECM 

proteins provide structural and functional integrity to the blood vessel, but may also increase 

glioma cell motility (Ohnishi et al. 1997; Kalluri 2003; Fukushima et al. 2007).

One can therefore argue that glioma cell migration along blood vessels offers two distinct 

advantages: (1) the spacious, fluid-filled perivascular space presents little physical resistance 

and (2) the basement membrane has unique ECM proteins that are amenable to migrating 

glioma cells. Two recent studies sought to quantify the extent to which glioma cells use 

blood vessels during invasion and the underlying mechanism of this association, using a 
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clinically relevant animal model (Montana and Sontheimer 2011; Watkins et al. 2014). 

Watkins et al. found that between 65 and 95 % of all glioma cells xenografted into the brains 

of scid mice eventually associate with blood vessels, but do not have a preference between 

arterial and venous vessels (Watkins et al. 2014). This study also highlighted that glioma 

cells may have a preference for vessels that are less than 7 μm in diameter (capillaries), as 

more than 50 % of glioma cells were found to populate these vessels. However, capillaries 

accounted for close to 50 % of all cerebral vessels analyzed; thus, this preference could be a 

result of the high density of capillaries compared to other vessel types. Regardless, this study 

and those of others (Holash et al. 1999; Zagzag et al. 2000; Winkler et al. 2009; Baker et al. 

2014) demonstrate the high occurrence of glioma cells that are associated with the vascular 

network.

Montana et al., using a brain slice invasion assay, surprisingly found that within four hours, 

close to 90 % of glioma cells populate vessels, even in the absence of blood flow (Montana 

and Sontheimer 2011). Figure 1 also supports these findings, displaying the rapid association 

of glioma cells with laminin-labeled blood vessels within hours. Furthermore, Montana et al. 

showed that glioma cells are attracted to blood vessels by following a chemotactic gradient 

of bradykinin, a peptide released in part by vascular endothelial cells. Bradykinin is 

produced by enzymatic cleavage of high-molecular-weight kininogen by kallikrein and 

binds G protein-coupled receptors B1R and B2R. While B2R is constitutively expressed on a 

number of cell types in the brain—including endothelial cells, neurons, and astrocytes—B1R 

expression is more limited and stimulated during pathological conditions such as 

inflammation, hypoxia, and tissue damage (Golias et al. 2007). Under physiological 

conditions, bradykinin is a mediator of the inflammatory response and can activate 

endothelial cells via B2R, leading to vasodilation of the associated vessel (Dray and Perkins 

1993; Hornig et al. 1997). Glioma cells appear to express B2R exclusively, with expression 

positively correlating with increasing tumor grade (Zhao et al. 2005). Bradykinin signaling 

mediated through B2R has been shown to be essential in the chemotactic association of 

glioma cells with the vasculature, as inhibition of B2R or its genetic elimination leads to the 

failure of glioma cells to associate with blood vessels (Montana and Sontheimer 2011; 

Cuddapah et al. 2013; Seifert and Sontheimer 2014).

Another recent publication examined the cellular effects of bradykinin on glioma cells, 

finding that it mediates an increase in intracellular calcium ( [Ca2+]i ), leading to activation 

of calcium-sensitive ion channels and increased motility (Cuddapah et al. 2013). Building 

upon these findings, another study (Seifert and Sontheimer 2014) found that bradykinin-

induced [Ca2+]i increases caused contraction of the actomyosin cortex, which led to 

membrane deformation or ‘blebbing.’ Subsequent activation of calcium-activated chloride 

and potassium channels was shown to be critical in membrane bleb retraction. Thus, it 

appears that bradykinin not only acts as a chemo-attractant, attracting glioma cells to blood 

vessels, but also arbitrates ion channel activity, which is critical for glioma cell volume 

regulation. This will be discussed in detail later.

These studies clearly point to the significant impact that inhibition of bradykinin signaling 

potentially has on one of the most prominent features of malignant gliomas—their 

invasiveness. A number of B2R antagonists have been developed, including the second-
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generation peptide antagonist HOE-140 (Icatibant, Firazyr) and third-generation antagonist 

MEN16132 (Fasitibant). However, only HOE-140 has been approved for clinical use in 

hereditary angioedema (Baş et al. 2015). No clinical trials for these therapies have been 

initiated for the treatment of malignant gliomas, but with the safety of HOE-140 in humans 

already being explored, the path to clinical utility may be accelerated if shown to be 

efficacious. It is also worth noting that a bradykinin analog, RMP-7, was found to induce 

permeability in tumor-derived blood vessels (Inamura and Black 1994; Nomura et al. 1994). 

This finding spurred several efforts to use RMP-7 in conjunction with chemotherapeutic 

drugs, in the hope that better drug delivery could improve patient survival. While none of 

these attempts have come to fruition in the context of glioma treatment, bradykinin analogs 

like RMP-7 could improve therapeutic drug delivery in other neurological disorders.

The perivascular space and the gliovascular interface

The above section discussed the spatial advantage offered by the perivascular space, but 

neglects the fact that blood vessels are innervated by astrocytic endfeet that terminate on the 

vessel surface. As a result, the vascular surface looks much like an obstacle course for an 

invading glioma cell (Fig. 2). In a healthy adult brain, astrocytic endfeet cover ~99 % of the 

vascular surface (Iadecola and Nedergaard 2007), where they serve many purposes essential 

to brain function. These include maintenance of the BBB, ion and volume regulation, and 

the regulation of blood flow to meet neuronal demands (Abbott et al. 2006; Sofroniew and 

Vinters 2010)—all of which require the astrocytic endfoot to exchange molecules with either 

the vessel itself or the perivascular space surrounding it. At this gliovascular interface, the 

water channel aquaporin 4 (AQP4) is highly expressed and contained at high density in 

orthogonal arrays of particles (OAPs), along with the inwardly rectifying potassium channel 

Kir4.1 (Nagelhus et al. 1999; Wolburg et al. 2011). Both channels play important roles in ion 

and volume regulation and are tethered to the astrocytic endfoot by a plethora of interacting 

proteins (refer to Fig. 2). The most critical of these interactions appears to be the connection 

between the heparin sulfate proteoglycan agrin (a component of the vascular basement 

membrane) and α-dystroglycan (part of the dystrophindystroglycan complex (DDC) within 

the endfoot) (Noell et al. 2007; Camassa et al. 2015). Internally, AQP4 and Kir4.1 are 

sequestered to the astrocytic endfoot by interactions with α-syntrophin, as determined by 

studies in an α-syntrophin-null mouse model (Neely et al. 2001; Bragg et al. 2006). α-

Syntrophin also interacts with one of the dystrophin family proteins, Dp71, and α-

dystrobrevin-1, which collectively link AQP4, Kir4.1, and the DDC to the ECM and 

cytoskeleton of the astrocytic endfoot (refer to Fig. 2) (Waite et al. 2009).

Because of the importance of astrocytic endfeet in vasoregulation and ion homeostasis, any 

insult that can provoke a change in the polarization or anchoring of the endfoot could have 

profound pathological consequences. Therefore, it is not surprising that several neurological 

disorders including temporal lobe epilepsy, stroke, and Alzheimer’s disease have been 

reported to be associated with disturbances of the gliovascular unit (Seifert et al. 2006; 

Kimbrough et al. 2015). Malignant gliomas also exhibit focal breaches in the BBB and 

dysfunctions in gliovascular coupling (Wolburg et al. 2003, 2012; Watkins et al. 2014). 

Watkins et al. demonstrated that as glioma cells migrate along the abluminal side of a blood 

vessel, they dislodge astrocytic endfeet from the vascular surface (Watkins et al. 2014). This 
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also disrupts the ability of astrocytes to control blood vessel tone and causes a focal breach 

in the BBB, presumably by a downregulation of the tight junction proteins zonula 

occludens-1 and claudin-5. The mechanism(s) by which glioma cells dislodge the astrocytic 

endfeet has yet to be determined; however, the matrix metalloproteinase (MMP) family of 

ECM degrading enzymes has long been implicated in ECM remodeling events that occur 

during tumor expansion (Rao et al. 1996; Sawaya et al. 1996; Nakada et al. 2003). 

Furthermore, bradykinin signaling is known to promote the release of MMPs (Hsieh et al. 

2008). It is therefore reasonable to hypothesize that invading glioma cells release MMPs at 

the vascular surface that subsequently remodel the gliovascular interface.

Glioma cell volume changes and perivascular invasion

Even with the removal of astrocytic endfeet from the vessel surface, space surrounding the 

blood vessel is still limited, requiring volume modifications within the glioma cell to 

navigate through this confined area. Ion channels have been suggested to serve an important 

role in the regulation of glioma cell volume. Specifically, channels mediate the flux of ions 

across the cell membrane. This ionic flux is accompanied by a simultaneous movement of 

water, either into or out of the cell, to maintain osmotic equilibrium. Ultimately, the osmotic 

content of the cytoplasm is subject to dynamic changes in response to ionic fluxes. The 

concerted movement of ions and water in glioma cells during migration has been termed the 

hydrodynamic model of glioma cell invasion (Watkins and Sontheimer 2011). It assumes 

that glioma cells migrate in an amoebae-like fashion, where the cytosol is contained in a 

flexible membrane that has the ability to freely flow into narrow spaces. Additionally, in this 

model, the cytoskeleton is believed to play a limited role, allowing for rapid volume changes 

without complex cytoskeletal rearrangements. The idea that gliomas invade using 

hydrodynamic forces is supported by a number of studies (Watkins and Sontheimer 2011, 

2012; Cuddapah et al. 2014; Seifert and Sontheimer 2014) that will be expanded upon 

hereafter.

Hydrodynamic glioma invasion

Under normal physiological conditions cells contain high potassium (K+) and low sodium 

(Na+) ion concentrations, intracellularly. In contrast, the extracellular space is rich in Na+ 

ions but has a limited concentration of K+ ions. Cations are almost exclusively responsible 

for setting the resting membrane potential (RMP) within all cells and are the fluxing ions 

that underlie cellular excitability. The single biologically relevant anion, chloride (Cl−), is 

typically at equilibrium with the membrane potential; hence, in most cells, it is maintained at 

low levels inside and high levels outside the cell. From a simplistic perspective, the cell 

contains a cytosol that is primarily composed of salt (K+Cl−) and water. When a volumetric 

reduction is required, the cell secretes salt and osmotically obligated water will follow, 

resulting in a decrease in cytosolic content or cell shrinkage. Any accumulation of salt 

within the cell achieves the opposite, and the cell will increase in volume. The 

hydrodynamic model posits that invading glioma cells utilize the secretion and reuptake of 

salt to dynamically adjust their volume; refer to Fig. 3. Invading glioma cells effectively 

flow into the available space, occupying it completely.
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For this model to be functional, cells must establish and maintain gradients to move ions 

across the membrane, possess channels to quickly release ions, and have water permeability. 

Moreover, for cell invasion to be directed, channel activity must be coordinated. The 

remainder of this review will discuss transporters and channels that support a hydrodynamic 

model of cell invasion. It is worth noting that this proposed model is consistent with one of 

the early observations by Scherer, who noted that glioma cells assume the shape of the space 

they occupy rather than displaying a unique cell-specific shape (Scherer 1938).

Transporters that establish and maintain ionic gradients

The potassium gradient: the Na+/K+-ATPase and Kir4.1

The Na+/K+-ATPase is the fundamental transporter that establishes the RMP in mammalian 

cells. This transporter requires ATP to pump Na+ against its concentration gradient out of the 

cell in exchange for the import of K+. The activity of this transporter is largely responsible 

for the accumulation of K+ intracellularly, where [K+]i is 100–150 mM compared to [K+]o ~ 

3 mM. This accumulation of K+ sets the RMP between −60 and −90 mV in almost all 

resident brain cells. The Na+/K+-ATPase is essential for cell survival and has been found to 

be involved in a number of other critical cellular mechanisms, such as cell volume regulation 

and signal transduction through the MAPK pathway (Xie and Askari 2002; Blanco 2005). 

There have been a number of studies to suggest that the Na+/K+-ATPase is upregulated in 

malignant cancers, including gliomas (Sakai et al. 2004; Mijatovic et al. 2006; Klatte et al. 

2008; Lefranc et al. 2008; Mathieu et al. 2009). In gliomas, the Na+/K+-ATPase α1 subunit, 

which is responsible for the exchange of Na+ for K+, has been found to be upregulated and 

localized to the plasma membrane (Lefranc et al. 2008; Chen et al. 2014). It is unclear, 

however, what effect this upregulation is playing in glioma biology. One interesting 

hypothesis would be that the excessive expression of Na+/K+-ATPase leads to an 

accumulation of K+ ions far above what is normal for non-excitatory cells. Although, the 

RMP of malignant gliomas is around −40 mV, significantly positive of the potassium 

equilibrium potential (EK+), the high concentration of Cl− present in glioma cells could 

account for this shift. However, additional evidence is needed to support this hypothesis.

A relatively depolarized RMP appears to be a common feature of cancer cells, which tend to 

rest somewhere around −40 mV (Cone 1971). In gliomas, this is likely the case for two 

reasons: limited membrane expression of Kir4.1 (Olsen and Sontheimer 2004) and the 

unusually high expression of a Ca2+/calmodulin-dependent protein kinase II (CaMKII)-

regulated Cl− channel, ClC-3 (discussed in detail later) (Cuddapah and Sontheimer 2010).

Kir4.1 has its highest open probability near the K+ equilibrium potential and is therefore 

ideally suited to set the RMP near the EK+. This is undeniably the case in establishing the 

RMP of non-malignant glial cells (Butt and Kalsi 2006; Olsen and Sontheimer 2008). 

However, in gliomas Kir4.1 is mislocalized to the nucleus, most likely due to a trafficking 

defect (Olsen and Sontheimer 2004). Whether this is by accident or for a purpose is unclear, 

but this does appear to provide a survival advantage to glioma cells since Kir4.1 plays a role 

in suppressing cell division (Higashimori and Sontheimer 2007). Thus, without functional 

Kir4.1, glioma cells are able to progress through unlimited cycles of cell division. The 

absence of Kir4.1 and the high expression of the Na+/K+-ATPase together establish a 
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situation where K+ can be accumulated intracellularly. Although the glioma cell’s RMP 

remains moderately positive of the K+ equilibrium potential, a significant driving force for 

K+ ions to leave the cell upon the opening of K+ channels is still present.

The chloride gradient: Na+/K+/Cl− cotransporter 1

Unlike most cells in the brain, glioma cells accumulate a high intracellular concentration of 

Cl− ions. The [Cl−]i in glioma cells has been measured to be as high as 100 mM (Habela et 

al. 2008). This is in stark contrast to most of the resident cells that make up the adult brain, 

where in mature neurons and oligodendrocytes there is no appreciable Cl− gradient—here, 

[Cl−]i lies between 6 and 10 mM. The intracellular Cl− concentration displayed in glioma 

cells does, however, resemble the [Cl−]i of immature neurons and neural stem cells. In 

immature neurons, Cl− accumulates intracellularly by the activity of the Na+/K+/2Cl− 

cotransporter isoform 1 (NKCC1; SLC12A2). NKCC1 employs the considerable Na+ 

gradient, provided by the Na+/K+-ATPase, to move Cl− ions against their chemical gradient 

into the cell. The activity of NKCC1 in immature neurons leads to a [Cl−]i, which ranges 

from 20 to 140 mM and thus explains the excitatory response of immature neurons to the 

inhibitory neurotransmitter GABA (Owens et al. 1996). As development progresses, the 

sizable Cl− gradient is diminished as the expression of NKCC1 decreases and K+/Cl− 

transporter member 5 (known commonly as KCC2; SLC12A5) expression increases—

effectively causing Cl− to be at electrochemical equilibrium in mature neurons (Ben-Ari 

2002).

NKCC1 is a member of the Na+/K+/Cl− cotransporter family, which comprises one other 

isoform in addition to NKCC1, NKCC2 (SLC12A1). NKCC2 expression is localized to 

renal epithelial cells, where it is essential for regulation of extracellular fluid volume and 

osmolarity (Russell 2000). In contrast, NKCC1 can be found in nearly all cell types, but with 

the highest expression in exocrine glands (Haas and Forbush 2000). As mentioned above, 

NKCC1 has limited expression in the brain during adulthood.

NKCC1 has been found to be the primary mechanism for Cl− accumulation in glioma cells 

(Haas and Sontheimer 2010). Furthermore, NKCC1 was found to be localized to the leading 

edge of migratory glioma cells, and its pharmacological inhibition led to reduced glioma cell 

invasion (Haas and Sontheimer 2010). Analysis of human glioma samples have revealed that 

NKCC1 expression is constitutive and positively correlates with increasing tumor grade 

(Garzon-Muvdi et al. 2012). Activation of NKCC1 is regulated by its phosphorylation status 

established by protein kinase With-No-Lysine Kinase 3 (WNK3) (Haas et al. 2011). WNK3 

activity lies downstream of epidermal growth factor receptor (EGFR) signaling, which is 

aberrant in close to 50 % of gliomas, setting up a feed-forward loop of prolonged NKCC1 

activation. In addition to accumulating Cl−, which mediates volume changes, NKCC1 can 

also facilitate changes in migration speed via interactions with the actin cytoskeleton 

(Garzon-Muvdi et al. 2012). These findings suggest that NKCC1 would be an excellent 

target to inhibit glioma invasion. In fact, the NKCC1 inhibitor bumetanide (trade name 

Bumex), already FDA-approved as a diuretic, has shown promising results in preclinical 

studies (Haas and Sontheimer 2010; Garzon-Muvdi et al. 2012).
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Ion channels that mediate volume changes

Utilizing the potassium gradient: Calcium-activated potassium channels

With the Na+/K+-ATPase amassing a high concentration of K+ ions inside the cell, the 

glioma cell is primed to use this gradient for volumetric changes. First discovered in 1958 by 

Gyorgi Gardos in human erythrocytes, calcium-activated potassium (KCa) channels are a 

heterogeneous family of potassium channels that are unified by their activation in response 

to increases in [Ca2+]i (Gardos 1958). The KCa channel family can be roughly divided into 

three subtypes based on conductance of potassium: ~250pS (KCa1.1, also known as BK), 

20–80pS (KCa3.1 or IK), and 18pS channels (KCa2.1–2.3 or SK1–3) (Latorre et al. 1989). 

These channels have areas of localized expression throughout the body and play roles in a 

variety of important physiological functions, a few of which include: regulation of vascular 

tone, gland secretion, firing of action potentials in neurons, and immune cell migration 

(Schilling et al. 2004; Melvin et al. 2005; Ledoux et al. 2006; Cruse et al. 2006; Bean 2007). 

Early studies suggested that KCa channel expression in the brain was restricted and localized 

to neurons (KCa2.1–2.3) and endothelial cells (KCa1.1); however, more recent studies have 

detailed the expression of all KCa channel subtypes on a wider subset of cells (Schlichter et 

al. 2010; Seidel et al. 2011; Turner and Sontheimer 2014). One recent discovery of particular 

interest is that migrating neuronal precursor cells (NPCs) in the rostral migratory stream 

express and utilize KCa3.1 during migration (Turner and Sontheimer 2014). The selective 

inhibition of KCa3.1 with 1-[(2-chlorophenyl)diphenylmethyl)]-1H-pyrazole (TRAM-34) 

significantly reduced the number of NPCs that successfully reached the olfactory bulb from 

the stem cell niche in the subventricular zone (SVZ). The similarities between the NPCs in 

the SVZ and glioma cells has fueled the hypothesis that these cells initiate tumorigenesis. 

While there is still much debate about the cell type that catalyzes glioma genesis, each of the 

KCa channel subtypes has been shown to be expressed in glioma cells.

There has been extensive characterization of KCa1.1 in gliomas, where a novel KCa1.1 

channel isoform was discovered. This isoform, termed the glioma BK channel or gBK, is the 

result of alternative splicing of the pore-forming α-subunit gene Slo (Liu et al. 2002). The 

gBK channel has enhanced sensitivity to Ca2+ at physiologically relevant [Ca2+]i, conferring 

increased activity in response to relatively small changes in intracellular Ca2+ (Liu et al. 

2002; Ransom et al. 2002). This sensitivity provides survival advantages to the glioma cell, 

such as the abilities to migrate and suppress apoptosis under suboptimal conditions (Weaver 

et al. 2004, 2006).

Although the gBK channel has been well characterized, there are some discrepancies as to 

the abundance at which this channel is expressed in vivo in human gliomas relative to the 

levels seen in in vitro glioma models. A recent study using data from the REpository of 

Molecular BRAin Neoplasia DaTa (REMBRANDT) database looked at the expression 

profiles of KCa channels in biopsied human glioma tissue (Turner et al. 2014). This study 

found that roughly 30 % of glioma patients exhibit overexpression of KCa3.1. Those patients 

with highly expressed KCa3.1 had a significantly shortened survival compared to patients 

with- out overexpression. On the other hand, KCa1.1 was found to be expressed in far fewer 

patients (~10 %), which was not correlated with the survival profile of the patient. Lastly, 
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KCa2.1–2.3 were found to have conflicting correlation to overall patient survival, with the 

expression of different SK subtypes correlating with both increased or decreased patient 

survival. It is apparent that the SK channels need to be studied further to clearly define the 

role they may play in glioma cells. Of all the KCa channels, KCa3.1 has emerged as the 

predominate potassium channel that modulates migration in glioma cells (Cuddapah et al. 

2013; Turner et al. 2014). In these studies, KCa3.1 was found to be present at the leading 

edge of migrating gliomas cells; specific inhibition of the channel with TRAM-34 

significantly impeded migration.

The relatively high expression of KCa3.1 channels in human gliomas (greater than 30 %) and 

their role in cell invasion make them an attractive target in anti-glioma therapy. Furthermore, 

there is recent evidence to suggest that radiation causes an elevation in [Ca2+]i that leads to 

activation of KCa channels, potentially enhancing the migration that shelters glioma cells 

from treatment measures (Steinle et al. 2011; Stegen et al. 2015). Inhibition of KCa3.1 has 

previously been proposed for a number of disorders, particularly sickle cell anemia (Ataga et 

al. 2008). Although the safety of the KCa3.1 inhibitor Senicapoc (ICA-17043) was 

demonstrated in a phase II clinical trial (NCT00040677), the drug failed in efficacy during 

phase III (NCT00294541). It would be interesting to determine whether this drug or 

TRAM-34 would have benefits in glioma treatment, with the added advantage that 

TRAM-34 is able to cross the BBB (D’Alessandro et al. 2013).

Utilizing the Cl− gradient: Calcium-activated chloride channels

Identifying the Cl− channels that are responsible for the efflux of Cl− necessary to catalyze 

the movement of cytosolic water has been difficult because of the limited availability of 

specific inhibitors. Early studies were able to demonstrate the expression of chloride 

channels ClC-2, ClC-3, and ClC-5 in human glioma tissue biopsies (Olsen et al. 2003), 

while in normal brain tissue only ClC-2 is abundantly expressed and functional (Günther et 

al. 1998; Stobrawa et al. 2001). A closer look at the chloride channels that are operational in 

gliomas using genetic knockdown approaches found that selective loss of inwardly 

rectifying Cl− currents occurred with knockdown of ClC-2 and ClC-3 (Olsen et al. 2003). 

No change in the Cl− current occurred upon knockdown of ClC-5. McFerrin and Sontheimer 

further pursued the identification of the observed Cl− currents in glioma cells, finding ClC-3 

expression in lipid-raft domains on invading glioma cell processes (McFerrin and 

Sontheimer 2006). Upon suppression of ClC-3 expression with antisense oligonucleotides, 

the Cl− current was significantly diminished, and the small residual Cl− current was no 

longer sensitive to multi-Cl− channel (including CFTR, ClC-2, and ClC-3) inhibitor 5-

nitro-2-(3-phenylpropylamino) benzoic acid (NPPB). This suggests that ClC-3 is most likely 

the primary mediator of the inwardly rectifying Cl− currents in glioma cells.

Extensive characterization of the role of ClC-3 in glioma invasion has been pursued since 

these initial findings. Ca2+/calmodulin-dependent protein kinase II (CaMKII) was found to 

activate Cl− conductance through ClC-3 in human glioma cells (Cuddapah and Sontheimer 

2010; Cuddapah et al. 2012). This finding links an increase in intra-cellular calcium to 

modulation of ion channel activity. As bradykinin is known to evoke increases in [Ca2+]i, a 

recent study investigated whether ClC-3 is required for brady-kinin-induced chemotaxis 
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(Cuddapah et al. 2013). It was found that both KCa3.1 and ClC-3 colocalized to the invading 

processes of glioma cells, and upon inhibition of either channel, bradykinin-induced 

chemotaxis was abolished. Besides the role that ClC-3 plays in the hydrodynamic model of 

invasion, this channel is also a critical regulator of cell volume changes associated with the 

cell cycle (Habela et al. 2008).

Although the availability of selective inhibitors has hindered the molecular characterization 

of Cl− channels, inhibition of ClC-3 in malignant gliomas has been a surprising success 

story. Chlorotoxin (Cltx, also known as TM-601), a 36-amino-acid peptide isolated from the 

venom of the Israeli desert scorpion (Leiurus quinquestriatus), causes an almost complete 

inhibition of glioma Cl− currents (Ullrich et al. 1998; McFerrin and Sontheimer 2006). 

Moreover, Cltx inhibits glioma cell migration in several in situ invasion models (Soroceanu 

et al. 1999; Lui et al. 2010). Interestingly, Cltx appears not only to bind to ClC-3, but also to 

a complex of MMP-2 and membrane type 1-MMP (MT1-MMP) on the surface of glioma 

cells (Deshane et al. 2003; McFerrin and Sontheimer 2006). It is still unclear whether this 

MMP complex is independent or associated with ClC-3. Regardless, Cltx was found to 

cause internalization of ClC-3 into caveolar rafts after 15 min of application, thus explaining 

the decrease of glioma cell migration with Cltx application (McFerrin and Sontheimer 

2006).

Arguably of more importance is the finding that Cltx binds specifically to human glioma 

cells and not the surrounding healthy brain tissue (Soroceanu et al. 1998, 1999; Lyons et al. 

2002). This selectivity has led to the development of Cltx-derived compounds that have the 

potential to delineate between normal and cancerous tissue during the surgical removal of a 

malignant glioma. Three such compounds have been designed with Cltx coupled to: (1) 

fluorescent indicator Cy5.5 (Veiseh et al. 2007), (2) magnetic resonance imaging (MRI) 

contrast agent gadolinium (Huang et al. 2011), and (3) nanoparticles (Veiseh et al. 2009). 

However, all of these applications still remain in the pre-clinical phase. Intracavitary 

administration of radioactive TM-601 (131I-TM601) in high-grade glioma patients entered 

clinical trial (NCT00040573) in 2002 (Mamelak et al. 2006). Overall, 131I-TM601 was well 

tolerated and, as expected, accumulated in the tumor cavity margin. Late in 2008, a phase III 

trial was approved for 131I-TM601. Results from this trial have yet to be released. 

Altogether, the targeting of Cl− channels for glioma treatment still has a distance to go 

before benefits will reach the patient, but this area of exploration still appears to hold much 

promise.

The movement of water: aquaporins

In the brain, water homeostasis is essential to maintain intracranial pressure (ICP). Any 

disturbance to the brain, be it from trauma, seizure, ischemia, or stroke, has the potential to 

affect ICP. Brain tumors are no exception, with almost all malignant gliomas causing tumor-

associated edema (Stummer 2007). The aquaporin (AQP) family is solely responsible for 

water homeostasis in the brain via expression of AQP channels in fluid interfaces including: 

the subarachnoid space, brain parenchyma, intraventricular compartment, and the 

perivascular space (Badaut et al. 2002). At these interfaces, and in general, AQPs increase 

water permeability 5–50 fold (Verkman and Mitra 2000). The AQP family includes 13 
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known members in mammals. The ‘classic’ aquaporins, those that are believed to act solely 

as water transporters, include AQP 0, 1, 2, 4, and 5 (Rojek et al. 2008). AQP 3, 7, 9, and 10 

are often collectively termed the aquaglyceroporins for their ability to transport water and 

other small uncharged molecules, such as glycerol. Thorough characterization of AQP 6, 8, 

11, and 12 still largely needs to be completed (Rojek et al. 2008).

AQP1 and AQP4 are the main AQPs that facilitate water transport in the brain. In fact, AQP4 

is the most highly expressed AQP in the brain, where it can be found in ependymal cells that 

surround the intraventricular space and in the glial limitans at the perivascular space (refer to 

Fig. 2) (Jung et al. 1994; Badaut et al. 2002). Because of the high concentration of AQP4 

expression in astrocytic endfeet, AQP4 is often used as a marker for an intact glio-vascular 

interface. In the study by Watkins et al., AQP4 expression was no longer found to be 

confined to the astrocytic endfoot, suggesting that the gliovascular interface was disturbed 

(Watkins et al. 2014). While there appears to be a loss of AQP4 expression in the astrocytic 

endfoot during blood vessel co-option, invading glioma cells have been shown to display an 

upregulation of AQPs, including AQP1, 4, and 9 (Saadoun et al. 2002a, b, Warth et al. 2007; 

McCoy and Sontheimer 2007). Furthermore, several studies have found that when AQP 

expression is knocked down via siRNA, glioma cell migration is slowed (McCoy and 

Sontheimer 2007; Ding et al. 2011). This solidifies the role that AQPs play in the 

hydrodynamic model of glioma cell migration. As detailed above, this model of glioma cell 

migration is critically dependent on the expression and function of water channels to 

distribute cytoplasmic water in response to the movement of charged ions across the cell 

membrane.

Therapeutic attempts involving glioma AQPs have largely been unsuccessful (Verkman et al. 

2014). The limited reliability of water permeation assays, combined with the small pore 

diameter of the channel, has made the attempt to find effective inhibitors an up-hill battle. 

Success may be found in large-scale functional screens, however, and the benefits of finding 

selective inhibitors for AQPs would not be limited to gliomas alone, as other neurological 

disease mechanisms, such as stroke, also involve dysfunction of AQPs (Zador et al. 2009).

Glioma vascular regulation: making it all work together

Considerable controversy has surrounded the topic of whether astrocytes and the associated 

Ca2+ signaling cascade are capable of regulating blood vessel tone (Bazargani and Attwell 

2016). However, it now appears that most of the inconsistencies between research groups 

can be equated to limitations in the IP3R2 receptor knockout mouse model and the resulting 

persistence of [Ca2+]i increases in the fine processes of astrocytes (Srinivasan et al. 2015; 

Bazargani and Attwell 2016). Controversies aside, astrocytes are capable of releasing 

vasoactive molecules—such as K+, prostaglandins (PG), epoxyeicosatrienoic acids (EETs), 

and arachidonic acid (AA)—which act on vascular smooth muscle cells (VSMCs) present on 

arterioles (Attwell et al. 2010). While the origins of transient [Ca2+]i changes in astrocytes 

are still under debate, increases in intracellular Ca2+ cause the activation of phospholipase 

A2, which converts membrane phospholipids into AA. AA can be released directly or further 

metabolized within the astrocytes into EETs or PG, which upon release dilate nearby 

arterioles (refer to Fig. 4). Within VSMCs, AA is converted into 20-hydrox-
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yeicosatetraenoic acid (20-HETE), which causes constriction of the associated arteriole. 

Increases in [Ca2+]i can also lead to activation of KCa channels, as detailed extensively 

above. Astrocytes express and localize KCa1.1 in the end-foot domain, where these channels 

appear to be functional and mediate dilation of blood vessels (Paulson and Newman 1987; 

Price et al. 2002; Filosa et al. 2006). Furthermore, there appears to be a switch between 

dilation and constriction depending on the extracellular K+ concentration following astrocyte 

activation (refer to Fig. 4) (Girouard et al. 2010).

Following the observation that glioma cells migrating along blood vessels dislodge 

astrocytic endfeet from the vascular surface, Watkins et al. questioned whether astro-cytes 

could still regulate blood vessel tone (Watkins et al. 2014). Norepinephrine (NE) and trans-

ACPD (t-ACPD) were used to selectively increase [Ca2+]i in astrocytes with and without 

perivascular glioma cells present. Vessel responses were significantly decreased when 

glioma cells were associated with the vasculature compared to areas with intact gliovascular 

units. Conversely, VSMC function was not found to be compromised during perivascular 

glioma cell invasion.

As glioma cells express relatively high levels of KCa channels, it is possible that they could 

assume control of the vasculature in place of the astrocyte. To address this possibility, 

glioma cells were selectively activated with an agonist for protease-activated receptor 1 

(PAR1), which is highly expressed and causes increases in [Ca2+]i in glioma cells. 

Additionally, selective photo-uncaging of Ca2+ in glioma cells was used to investigate vessel 

responses. With these experimental paradigms, vessel-associated glioma cells were found to 

exert control over the vasculature upon stimulation, most likely from the release of K+ from 

KCa1.1 and KCa3.1 channels expressed on the glioma cell. Interestingly, the glioma cells 

caused constriction rather than dilation in the associated vessel. Further studies are needed to 

determine whether KCa channels are the only mediators of the observed vessel response, as 

glioma cells are also known to express enzymes that are part of the AA pathway as well (De 

Armas et al. 2010; Omahen 2011).

The idea that glioma cells are able to modulate vascular tone is somewhat surprising, but 

given the evidence above, it could be a way for glioma cells to modify the vascular niche for 

further invasion and/or tumor expansion. Furthermore, glioma-vascular regulation could be 

the culmination of active efforts on the part of the glioma cell to free up needed space for 

continued invasion. The process first initiated by the chemotactic recruitment of glioma cells 

to blood vessels, followed by displace of obstacles such as astrocytic endfeet, and lastly the 

necessary volumetric changes required to facilitate navigation in the limited space.

Conclusion

Two decades of biophysical studies on malignant gliomas have connected old findings with 

new mechanisms. More specifically, the pathways of glioma invasion first described by 

Scherer and his observation that glioma cells assume the shape of the space they occupy are 

now being explained by our understanding of the mechanisms that govern glioma cell 

migration. A substantial compilation of evidence has proven that glioma cells must 

repurpose ion channels and transporters for the shape adjustments neccesary to fit the narrow 
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spaces available. This research has identified numerous potential therapeutic targets through 

which glioma invasion could be reduced. Whether these findings and their application will 

benefit glioma patients directly has yet to be seen, but several initial pilot studies show great 

promise.
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Fig. 1. 
Rapid association of glioma cells with blood vessels in situ. Glioma cells were implanted 

onto murine brain slices and allowed to invade into the tissue. After the set timepoint the 

slices were fixed, stained for vascular basement membrane component laminin (Sigma- 

Aldrich L9393), and imaged using confocal microscopy. This series of images shows the 

association of glioma cells to the vasculature network within a few hours
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Fig. 2. 
The gliovascular unit. Astrocytic endfeet are tightly anchored to the vascular surface by 

interactions between the dystrophrin-dystroglycan complex (DDC) and proteins that make 

up the basement membrane (refer to insert). Tight and adherens junctions link endothelial 

cells together to form the blood-brain barrier (BBB), while integrins connect the endothelial 

cells to the basement membrane
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Fig. 3. 
The hydrodynamic model of glioma cell invasion. a Glioma cells encounter spatial barriers 

during perivascular invasion. Pro-teolytic enzymes, such as matrix metalloproteinases 

(MMPs), are released from invading glioma cells and degrade components of the basement 

membrane. In addition, glioma cells express ion channels which allow volumetric changes, 

including: Ca2+-activated Cl− and K+ channels (ClCa and KCa channels), aquaporins (AQP), 

G protein-coupled receptors such as bradykinin receptor B2 (B2R), and Na+/K+/Cl− 

cotransporter 1 (NKCC1). b Bradykinin (BK) binds to B2R, leading to an increase in 
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[Ca2+]i. In response, the ClCa and KCa channels open and release Cl− and K+. Obligate water 

flows out of the cell via AQPs, causing a volume decrease that enables the glioma cell to 

squeeze into the small space. c Upon passing a spatial barrier, Cl− and K+ ions are pumped 

back into the cell by NKCC1 and water flows back into the cell
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Fig. 4. 
Astrocytes and glioma cells regulate vascular tone a Astro-cytes regulate vascular tone by 

releasing vasoactive molecules that act on vascular smooth muscle cells (VSCM). The 

generation of these substrates is dependent on astrocyte activation via increased [Ca2+]i. 

Raised [Ca2+]i activates phospholipase A2, which converts membrane phospholipids (PL) 

into arachidonic acid (AA). AA is either released directly or metabolized further into 

prostaglandins (PG) or epox-yeicosatrienoic acids (EETs). In addition, increased [Ca2+]i 

causes activation of KCa channels expressed on the astrocyte, leading to the release of 

potassium (K+). b In the invading glioma cell, K+ release through KCa channels elicits 

changes in vascular tone. Glioma cells could also be releasing other vasoactive molecules, 

such as PGs or EETs, that act on VSMCs
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