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Abstract

In recent years, there have been significant advances in understanding the neuronal influence on 

the biology of solid tumors such as prostate, pancreatic, gastric, and brain cancers. An increasing 

amount of experimental evidence across multiple tumor types strongly suggests the existence of 

bidirectional crosstalk between cancer cells and the neural microenvironment. However, unlike 

cancers affecting many solid organs, brain tumors, namely gliomas, can synaptically integrate into 

neural circuits and thus can exert a greater potential to induce dynamic remodeling of functional 

circuits resulting in long-lasting behavioral changes. The first part of the review describes dynamic 

changes in language, sensory, and motor networks following glioma development and presents 

evidence focused on how different patterns of glioma-induced cortical reorganization may predict 

the degree and time course of functional recovery in brain tumor patients. The second part focuses 

on the network and cellular-level mechanisms underlying glioma-induced cerebral reorganization. 

Finally, oncological and clinical factors influencing glioma-induced network remodeling in glioma 

patients are reviewed.
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1. Central Nervous System Remodeling

Central nervous system (CNS) remodeling builds on the concept of cortical plasticity which 

refers to far reaching changes occurring within the CNS throughout the life of an organism 

in response to internal and external demands. Cerebral plasticity is typically thought to be 

greatest during early brain development. This process is sometimes referred to as “critical 

periods” wherein neural circuits change both structurally and functionally according to 
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a new experience and/or learning stimuli.[1,2] This adaptive neural plasticity that occurs 

throughout the life of an individual is critical to maintain normal neuronal function and 

support cognitive information processing in the mature CNS.[3] Different types of plasticity 

mechanisms, namely synaptogenesis, neurogenesis, and myelin remodeling have been 

demonstrated to underlie the structural and functional-level changes of neural circuits in 

the adult CNS.[4] Similar to the ability of the brain to adapt to a changing environment 

during adolescence and adulthood, the neural plasticity processes occurring as a mechanism 

to compensate for the steady but gradual loss of neurons during aging are significant.[5,6] 

Although reduced when compared with early developmental stages, evidence of neuronal 

network remodeling in adult cancer is mainly derived from preclinical and clinical studies 

of injured CNS where in the surviving neural tissue reacts to brain damage and compensates 

for the injury occurring in different pathological conditions such as stroke, epilepsy and 

brain neoplasms. The goal of this article is to review a contemporary understanding of how 

the nervous system is remodeled by brain cancers and tumor-associated factors. We begin 

with a review of known mechanisms of cortical and subcortical plasticity in the postacute 

setting across CNS diseases. We will then focus on the current understanding of brain 

cancer-induced cortical plasticity.

2. Stroke

Stroke, especially ischemic stroke, is a neurological disorder resulting from a sudden or 

gradual occlusion of blood flow to the brain. Circulatory disturbances and insufficient 

brain perfusion further trigger a complex pathophysiological cascade of biochemical and 

molecular events that are detrimental to neuronal, glial, and endothelial cell function in the 

ischemic brain.[7] The death of mature and progenitor neurons and glia accompanied by 

profound changes in neurovascular coupling and neurotransmission subsequently leads to a 

significant loss of function in the infarcted area as well as in contralateral regions remotely 

connected to the area of tissue damage.[8,9] Consequently, stroke patients often exhibit a 

wide range of motor and cognitive impairments, such as aphasia, delayed working memory, 

and slowed processing speed.[10,11] However, many patients show considerable recovery, 

with the greatest improvement in cognitive and motor task performance occurring within 

the first 3 months after the onset of injury.[12] It is believed that this neurological recovery 

following stroke is attributed to several distinctive, yet overlapping, processes that involve 

structural changes and functional remodeling of the damaged cortex and surrounding areas.
[8] At the structural level, preclinical investigations demonstrate activation of neurogenesis, 

angiogenesis, axonal sprouting, and the formation of new neuronal connections in the peri-

infarct cortical areas following stroke.[13,14] The relevance of these findings in adult human 

is debatable. Furthermore, it remains to be seen whether these mechanisms offer a direct 

functional benefit to patients. Advanced CNS imaging techniques, such as positron emission 

tomography (PET) and functional magnetic resonance imaging (fMRI) have enabled the 

study of functional constituents of stroke recovery in both preclinical and clinical settings. 

Among several mechanisms, stroke-related cortical remodeling is reported as the most 

essential driver of functional recovery in both rodent and nonhuman primate animal models 

as well as in human stroke patients.[15–18]
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3. Epilepsy

Epilepsy is a chronic disorder of electrical excitability characterized by the appearance 

of spontaneous recurrent seizures generated by an imbalance of cerebral excitatory and 

inhibitory synaptic transmissions.[19] Similar to stroke, both preclinical and clinical evidence 

supports dynamic structural and functional changes in cortical activation during and after 

epileptogenesis. Neuronal injury to mature neurons occurring during seizures may trigger 

a series of responses, including the sprouting of new axonal collaterals, increasing the 

number of synaptic connections and neurogenesis in the hippocampal dentate gyrus.[20] The 

cellular and molecular events associated with epilepsy-induced structural synaptic alterations 

further contribute to remodeling of neural circuits that could either reestablish normal 

neuronal functions or aggravate the pathological processes associated with epilepsy.[20,21] 

Importantly, evidence from animal models of epilepsy, demonstrating the ability of newborn 

neurons to mature and integrate into nearby neural circuitries implies the strong propensity 

of changes in the structural connectome to impact functional outcomes and recovery in 

epilepsy patients.[22] Among several CNS imaging techniques employed, fMRI has emerged 

as a widely used tool to investigate the long-range neuronal network remodeling occurring 

in both injured and unaffected hemispheres during seizures and postrecovery. Compared to 

the general population that are strongly left lateralized, patients with epilepsy are reported to 

have reduced predominance of language in their left hemisphere and show a more bilateral 

representation with simultaneous involvement of the contralateral right hemisphere.[23,24] 

Moreover, compared to acute lesions such as stroke and traumatic brain injury, patients 

with epilepsy are presented with language sites spanning over a wide area of left lateral 

cortex, extending well beyond traditional Broca’s and Wernicke’s areas in the dominant 

left hemisphere.[25] However, regardless of this strong evidence of cerebral language 

reorganization occurring in the setting of epilepsy, experimental and clinical studies on 

whether these changes contribute to improved cognitive performance or directly translate to 

clinical functional recovery remain limited.[26]

4. CNS Remodeling in Adult Glioma

In the past few years, there has been growing interest in the study of cancer-nervous system 

interactions, which has laid the foundation for the newly emerging scientific discipline 

of “cancer neuroscience.” Specifically, attention has been paid to the mechanisms by 

which brain cancers, namely low and high-grade gliomas induce structural and functional 

remodeling of the central nervous system and how glioma-induced neuronal network 

remodeling may shape the scope of neurological impairments and functional recovery 

in patients with brain tumors.[27,28] Unlike the sudden, acute, vascular based lesions 

caused by acute stroke and traumatic brain injury, brain cancers are characterized by 

the invasion of neoplastic cells in the brain microenvironment, including non-neoplastic 

neurons and glia. Brain cancers therefore have a great propensity to cause widespread 

changes in how short-range neural circuit and long-range neuronal networks operate. 

Invasive and noninvasive imaging modalities have empowered the study of glioma-

induced cortical neuron reorganization using direct electrocortical stimulation (DES), PET, 

magnetoencephalography (MEG), fMRI, electrocorticography (ECoG), and transcranial 

magnetic stimulation (TMS) (Figure 1).[27,29,30]
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5. Clinical Evidence of Neuroplasticity in Glioma Patients

Unlike other brain pathologies, gliomas represent a unique model system for the study of 

longitudinal changes in brain reorganization and associated neuroplasticity mechanisms.[27] 

One of the initial reports of glioma-induced network plasticity was described by Duffau and 

colleagues in which investigators observed an absence of aphasia in patients with perisylvian 

dominant hemisphere gliomas despite tumor invasion into presumed functional areas such 

as the anterior frontal (Broca’s area) or posterior temporal (Wernicke’s area) lobes.[31–33] 

Equally interestingly, they found that patients exhibited a complete postoperative functional 

recovery even after the total removal of these presumed critical speech and motor areas 

that were traditionally considered to be inoperable.[32,33] The authors concluded that glioma 

invasion of functional areas may activate compensatory mechanisms to preserve normal 

function and that the location of cortical sites supporting neurological function may not be 

rigid but rather change over time in the setting of chronic nonstatic brain injury, in this case 

being diffuse glioma in adults. In agreement with Duffau’s group, several other preoperative 

brain mapping studies reported either mild or no symptoms of aphasia, suggesting that 

patients with glioma exhibit a substantial capacity for cerebral reorganization and that 

the tumor-induced neural compensatory mechanisms could potentially aid in postoperative 

functional recovery.[34,35]

Further evidence of glioma-induced network remodeling was demonstrated in patients who 

underwent repeat craniotomy for glioma resection guided by direct cortical stimulation brain 

mapping. In this study, a neurosurgeon applied a small electric current to the cortex (usually 

1–6 Hz depending on the protocol) while patients completed a cognitive or behavioral task, 

which directly identifies functionally relevant cortical areas based on interpretation of task 

performance. Out of the 18 patients with WHO 2 and 3 diffuse gliomas undergoing repeat 

functional mapping craniotomies at the time of tumor recurrence, six demonstrated a change 

in the functional map between time points. These changes included both motor and language 

cortical sites identified as critical in the first surgery and were no longer found to be 

functionally significant during the second surgery.[36] Interestingly, these patients who lost 

function at the sites that were required for movement or language during the initial surgery 

exhibited no corresponding motor and speech impairments on neurological examination, 

indicating that the motor and language functions were relocated and assigned to a different 

cortical region by the time of the second resection.[36] Similar observations of motor and 

somatosensory cortical plasticity have been made by two independent groups led by Duffau 

and Gibb in diffuse low-grade glioma and glioblastoma patients, respectively, who reported 

a lack of neurological deficit despite the loss of cortical function in the primary motor 

and somatosensory areas in the second operation that were functionally active during the 

first surgery.[37,38] Overall, these findings provide the closest direct causal evidence that 

glioma-induced network reorganization can lead to long-term neuroplastic changes with 

preservation of function.
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6. Neuroplasticity Mechanisms in Glioma

6.1. Network Level

Although the exact structural and functional changes underlying recovery are still 

under investigation, several imaging studies have been performed that describe different 

compensatory changes within either the short-range peritumoral region or long-range distant 

cortical sites (Table 1). Noninvasive imaging such as PET and fMRI have been successfully 

used to uncover compensatory mechanisms as expressed by an altered activation pattern 

in the functional networks either at rest or during language or motor task performance.[39] 

For example, using PET imaging, Thiel et al. investigated language network reorganization 

by administering a verb generation task in a large cohort of low-grade glioma patients 

in comparison to healthy controls.[35] Compared to controls in which activations were 

found predominantly in left Brodmann’s Area (BA)44 and BA45, superior posterior 

temporal gyrus, and right cerebellum, brain tumor patients showed intrahemispheric 

compensatory mechanisms by additionally recruiting distant left frontolateral regions, such 

as BA46, BA47, anterior insula, and left cerebellum during word generation tasks. Similar 

evidence of cortical redistribution of language function to peritumoral sites in brain tumor 

patients has been reported by several other studies.[32,34] PET imaging, however, has the 

known limitation of poor spatial and temporal resolution. Therefore, given that glioma–

neuron interactions alter the excitability of local cortical neurons, Aabedi et al. recently 

demonstrated the extent to which glioma-infiltrated cortex can meaningfully participate 

in neural computations.[40] Using subdural electrocorticography, they demonstrated that 

glioma-infiltrated cortex engaged in synchronous activity during task performance in 

a manner similar to normal-appearing cortex but recruited a diffuse spatial network. 

However, neuronal activation within glioma-infiltrated language areas suffered from a 

loss of information storage capacity (entropy). The result in task performance was that 

glioma-injured cortex may retain the ability to participate in basic cognitive tasks but lose 

computationally demanding and nuanced aspects of cognition.[40] Taken together, these 

results illustrate ipsilateral hemispheric glioma-induced network remodeling.

Questions remained, however, regarding whether glioma-induced remodeling included 

contralateral hemispheric compensation. Thiel et al. demonstrated resting state neuronal 

activation in the right frontolateral nondominant hemisphere in patients with brain 

tumors within the left hemisphere, suggesting involvement of the interhemispheric neural 

compartment to compensate for the increasing demand for speech production in these 

patients.[35] However, this observed nondominant hemisphere activation was associated with 

decreased language performance in patients, implying the limited ability of right-sided 

language area homologues to maintain function and compensate for glioma-induced injury.
[35,41] These findings are in agreement with stroke studies demonstrating that the degree of 

aphasia recovery after brain injury is mainly predicted by the preservation of ipsilesional 

(left hemisphere) language areas and that the activation of the contralateral connections 

may be indicative of incomplete language recovery by the affected dominant hemisphere.
[25,42,43] Nonetheless, it is worth noting that several other studies have demonstrated robust 

compensatory recruitment of right-sided language area homologues in mediating functional 

Krishna and Hervey-Jumper Page 5

Adv Biol (Weinh). Author manuscript; available in PMC 2023 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recovery in patients, and hence the contribution of such reorganization to the preservation of 

language performance still remains ambiguous.[25,26,44,45]

Similar to language network, several studies have demonstrated evidence of plasticity of 

motor activation in brain tumor patients with gliomas inducing large-scale alterations of 

the sensorimotor network at both intra- and interhemispheric levels.[46] The supplementary 

motor area (SMA) is a segment of the premotor cortex that plays an important role in the 

planning or initiation of motor activity, including speech function.[47] Patients with tumors 

invading the dominant hemisphere SMA typically express a disorder called SMA syndrome 

characterized by immediate postoperative motor and speech dysfunctions that recover almost 

completely within a few weeks or months of SMA resection.[47] Acioly et al. studied the 

potential compensatory mechanisms of SMA syndrome and found that postoperative motor 

recovery occurred in parallel with a shift of SMA activation to the opposite hemisphere 

(contralateral to the tumor) together with an increased recruitment of the lateral premotor 

circuitry in the contralesional hemisphere.[48] This finding is in agreement with previous 

functional MRI studies where the degree of contralateral SMA recruitment was associated 

with a faster motor recovery time following surgical SMA resection.[49,50] On the contrary, 

another fMRI study showed that the activation of regions ipsilateral and adjacent to the 

lesioned SMA is essential for functional recovery from SMA syndrome and that the 

recruitment of contralateral healthy SMA offers no additional protective role and rather 

indicates a functional decompensatory effect.[51]

Further evidence of plasticity of the motor cortical network came from patients with primary 

motor cortex tumors.[52] Using intraoperative stimulation mapping, Duffau and colleagues 

described functional reshaping of motor areas that occurred in the interval between two 

consecutive surgeries in a patient with left precentral WHO grade 2 oligodendroglioma.[37] 

Although the patient exhibited no motor neurological impairments, intraoperative electrical 

stimulation showed motor function within the tumor, which resulted in incomplete tumor 

resection during the first surgery. However, at the second operation, motor sites were no 

longer identified in the tumor parenchyma and primary motor areas of the hand showed 

a more posterior location than during the first procedure, suggesting that both pre- and 

postoperative functional plasticity can occur in patients undergoing resection of the brain.
[37] Another study by the same group demonstrated acute reorganization in a patient with 

a left precentral lesion as evidenced by the sudden intrasurgical appearance of additional 

functional sites (for hand and arm movement) in regions of primary motor cortex that 

were functionally silent before tumor resection.[53] Functional compensatory mechanisms 

promoting motor recovery involve the recruitment of a widely distributed motor cortical 

network such as the ipsilateral nonprimary, or contralateral primary and nonprimary motor 

cortices.[54,55] The significant contribution of ipsilateral secondary motor areas, including 

premotor cortex and SMA has been previously reported in well-recovered stroke patients 

and primates with unilateral motor cortex lesion.[8,56] In line with the findings from these 

studies, Bulubas et al. observed a broader spatial representation of motor areas using TMS 

in patients with motor eloquent brain tumors, including the recruitment of superior and 

middle frontal gyri and premotor areas of the lesioned hemisphere.[54] Another recent study 

by the same author, which compared changes in the location of cortical motor network 

of recurrent glioma patients using serial MEG scans acquired before surgery and at tumor 
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relapse, detected a considerable shift of both the ipsi- and contralesional primary motor 

cortices occurring between first and second MEG scan time points.[55] Furthermore, the 

authors observed a direct correlation between ipsilesional activation peak shift and the 

presence of motor impairments and the time period between imaging. Patients with existing 

motor impairments and/or a longer period between imaging demonstrated a higher degree of 

cortical reorganization as evidenced by larger primary motor cortex shifts.[55]

Compared to the extensive work demonstrating dynamic reorganization of brain functional 

areas occurring before, during, and after surgery in patients with infiltrative gliomas, the 

number of studies which examined language and/or motor cortex plasticity in noninfiltrative 

brain tumors such as meningiomas or metastases is limited. Avramescu-Murphy et al. 

studied pre- and postoperative language reorganization in the dominant and nondominant 

hemispheres of glioma and metastasis patients and found that, unlike in gliomas, the 

language activation pattern observed before surgery remained unchanged even 2 years after 

surgery in patients with brain metastasis.[57] They concluded that compared to diffuse 

gliomas, brain metastases infiltrate white matter structures to a lesser extent and are thus less 

likely to produce a widespread destructive effect on the language network.[57] In contrast 

to the absence of post-to-presurgical language reorganization, tumor resection resulted in 

plasticity of motor cortical areas and facilitated restoration of primary motor area function 

and recovery of patients with metastatic brain tumors.[58]

Although meningiomas are the most frequently diagnosed primary CNS tumors, little 

research has been done regarding how meningiomas affect functional networks and 

influence functional outcomes. Using MEG, van Nieuwenhuizen et al. examined the 

resting state functional connectivity of meningioma patients including correlations with 

cognitive performance.[59] They found that compared to other cognitive domains, patients 

showed working memory impairments, which was in turn associated with lower functional 

connectivity in the default mode network (DMN).[59] Given that both meningiomas and 

diffuse low-grade gliomas are slow growing tumors, a more in-depth understanding of the 

underlying network plasticity mechanisms will be critical to ascertain differences in network 

reorganization and functional compensation between these two oncologic entities.

6.2. Cellular Mechanisms of Plasticity

Although there is still no consensus regarding whether ipsilateral or contralateral cortical 

remodeling represents the driving force for functional recovery, collective findings point 

to a hierarchical model of functional compensation in the setting of diffuse glioma 

(Figure 2). As demonstrated in stroke induced remodeling, first, an intrinsic reorganization 

occurs within lesioned language or motor areas—this compensation utilizes eloquent neural 

networks which remain intact within the tumor and typically correlate to a favorable 

functional outcome. Next, when reorganization is insufficient, neural networks that are 

either adjacent to the tumor or even remote to the damaged area in the ipsilesional 

hemisphere are recruited. Finally, if the above two repair mechanisms are still incapable 

of yielding sufficient recovery, the functional control is then transferred to the unaffected 

contralateral hemisphere—this compensation results in maladaptive behavioral responses 

and demonstrates a poor recovery with neurological impairments.[60] Although the above 
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neuroplastic changes have been demonstrated to support behavioral recovery, a mechanistic 

understanding of these processes is incompletely understood in humans. Existing evidence 

on the pathophysiological changes associated with brain lesion-induced cortical plasticity is 

mostly derived from preclinical animal models.

In the healthy brain, redundant functional synapses, which are present throughout the cortex, 

are normally silenced by GABAergic inhibitory interneurons. However, in the event of an 

acute or chronic cortical injury such as stroke, this inhibition is lost and the pre-existing 

latent excitatory connections can be activated to compensate for the injured neurons, thus 

helping to restore normal function.[61] Decreased intracortical inhibition with consequent 

unmasking of redundant excitatory cortical circuits is thought to represent one of the 

primary cellular compensation strategies in glioma-induced neuroplasticity. In support of 

this concept, application of a GABA antagonist to a small region of the primary motor 

cortex in adult rats rapidly elicits new representational patterns in the motor cortex area 

adjacent to the affected region.[62] The authors further demonstrated that a decrease in 

intracortical inhibition and an associated local increase in cortical excitability can unveil 

latent redundant connections and that the balance between excitatory and inhibitory circuits 

is a strong dictator of successful brain reorganization.[62] Similar unmasking processes 

and surgical resection-induced regional hyperexcitability have been demonstrated using 

intracortical mapping in glioma patients. For instance, rapid functional reorganization was 

observed during surgery in the primary motor cortex of glioma patients using intraoperative 

DES mapping.[53] The authors hypothesized that such acute functional reshaping could 

be due to the local increase in cortical excitability induced by surgery, which further 

allows for the unmasking of redundant motor network connections.[53] The same notion of 

decreased intracortical inhibition, more specifically a suppression of transcallosal inhibition, 

has been implicated in the recruitment of contralesional healthy hemisphere in brain tumor 

patients.[60] Prior studies have demonstrated that inhibitory fibers connect the two primary 

motor cortices and that motor activation in one hemisphere suppresses activation of the 

corresponding motor cortex in the contralateral hemisphere. However, in gliomas and other 

brain lesions such as stroke or traumatic injuries that could cause direct damage to the 

primary motor region, this interhemispheric inhibition is lost, which allows for increased 

activation of the pre-existing contralateral connections to compensate for the affected motor 

function.[63]

Another proposed mechanism to explain glioma-induced cortical neuroplasticity, is the 

recruitment of new neural networks from regions that are either adjacent or connected to 

the area of lesion.[64] At a cellular level, the growth of new neural functional connections 

has been demonstrated to be complemented by alterations in synaptic strength via long-term 

potentiation or depression, neuronal excitability, and structural changes including increased 

turnover of dendritic spines, and enhanced neuro-and gliogenesis.[65] In line with this theory, 

increased dendritic loss and associated reduction in neuronal excitability in the peri-infarct 

cortex and adjacent cortical areas have been attributed to the neurological impairments 

observed during the early (hyperacute and acute) stages of stroke in humans and rodent 

models.[18] Interestingly, a genetic or pharmacological blockade of inhibitory GABAergic 

signaling in the peri-infarct region has been shown to restore neuron excitability and 

promote functional plasticity and poststroke recovery in rodent models.[18] While several 
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experimental and clinical studies in stroke research have validated the strong link between 

the formation of new synaptic connections, neurogenesis, and functional recovery, data 

suggesting similar mechanisms in the brain tumor patient population, especially in the 

context of language and motor recovery, are still largely lacking. This may be explained by 

the differences in the kinetics and type of brain injury inflicted by the two pathologies; while 

brain tumors, especially low-grade gliomas, are slow-growing and progressive in nature, 

stroke results in the sudden death of neurons and acute loss of function, which could rapidly 

recruit neurogenic signaling pathways to compensate for injured cortical regions.[66]

Enhanced neuronal excitability and increased functional connectivity between neurons 

is a key cellular feature underlying poststroke plasticity and thus, several drugs that 

positively modulate glutamate-induced AMPAR-gated excitatory synaptic currents, such as 

AMPAkines have been successfully used to improve motor recovery in rodent models.[18] 

Although gliomas are traditionally considered an ablative process, evidence suggests the 

presence of non-neoplastic astrocytes and mature neurons within gliomas interacts with 

neoplastic cells within the tumor. Interestingly, in recent years, an increasing number of 

studies have been published investigating the interaction of brain tumor cells and active 

neurons in the tumor microenvironment and how this interplay alters cortical excitability. 

In contrast to the beneficial role of excitatory neurotransmission in stroke, preclinical 

evidence indicates a cancer-promoting effect of excitatory neuronal activity in malignant 

gliomas wherein increased neuronal activity and hyperexcitability stimulate glioma cell 

proliferation and invasion.[67–69] Nervous system-cancer crosstalk occurs both through 

direct synaptic communication between neurons and malignant glioma cells and neuronal-

activity-dependent secretion of growth factors, such as neuroligin-3 and brain-derived 

neurotrophic factor (BDNF) and cancer cell-derived release of glutamate and glypican-3 in 

the tumor microenvironment (Figure 2).[67–69] Among these factors, BDNF deserves special 

attention because of its established role in promoting myelination, synaptic connectivity, and 

synaptic strength in the normal healthy brain. In health, BDNF regulates synaptic plasticity 

via signaling through its membrane receptor tropomyosin receptor kinase B (TrkB) to recruit 

calcium signaling pathways and promote AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid) receptor trafficking to the postsynaptic neuronal membrane.[70] Interestingly, 

a recent preclinical study demonstrated that BDNF-TrkB signaling also similarly regulates 

the number of malignant synapses formed between neurons and glioma cells and that the 

blockade of neuronal activity-regulated BDNF secretion can significantly decrease glioma 

cell proliferation and growth both in vitro and in vivo.[71] Nervous system activity also 

strongly influences adaptive myelination by regulating oligodendrocyte precursor cell (OPC) 

proliferation and differentiation.[72] Hence, it is possible that in the presence of aberrant 

neuronal activity associated with gliomas, these normal plasticity mechanisms may be 

hijacked to facilitate maladaptive myelination, contributing to aggressive tumor growth, 

network hypersynchrony, and epilepsy progression.[72,73]

Increasing evidence indicates that neurons within the tumor microenvironment can also 

robustly regulate the growth and progression of cancers that metastasize to the brain. 

For example, Chen et al. revealed that metastatic cells from breast and lung carcinomas 

selectively express a cell adhesion molecule called protocadherin-7 to establish gap 

junctions with normal astrocytes and further benefit from the neural microenvironment 
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for enhanced tumor growth and brain metastasis.[74] More interestingly, another group 

which studied breast-to brain metastasis showed that, unlike the direct synaptic interactions 

between presynaptic neurons and postsynaptic glioma cells, metastatic breast cancer cells 

engage in perisynaptic contact with neurons, forming pseudotripartite synapses.[75] Notably, 

they found that in the pseudotripartite configuration, metastatic breast cancer cells express 

high affinity NMDA receptor, which then utilize glutamate secreted by adjacent presynaptic 

neurons to promote breast cancer cell proliferation and invasive tumor growth.[75]

In addition to investigating glioma–neuron interactions, several other groups have examined 

neurovascular responses during glioma progression and found profound disruption of 

neurovascular coupling in tumor-burdened regions and whole-brain functional connectivity.
[76,77] Given this strong preclinical evidence, it is thus possible that glioma cells can 

integrate into the broader neuronal network and influence neural circuit dynamics in 

brain tumor patients. In a recent study, using subdural electrocorticography, Aabedi et al. 

sampled both normal-appearing and glioma-infiltrated cortex during speech production to 

assess the language task-related circuit dynamics of IDH-wild-type glioblastoma patients.
[40] Interestingly, although glioma-infiltrated cortex was found to participate in coordinated 

neural responses during speech production similar to normal-appearing cortex, tumor-

infiltrated brain regions showed a diffuse broader network of atypical cortical regions and 

a decreased ability to encode information when challenged on nuanced aspects of speech 

processing, such as vocalization of mono- versus polysyllabic words.[40] These findings 

demonstrate the retained, albeit reduced, ability of glioma-infiltrated cortex to participate 

in cognitive processing and underscore the functional consequences of glioma-network 

integration on neural circuit dynamics. Further studies are warranted to better understand 

the role of glioma-induced neuronal changes in cognitive impairments and recovery in brain 

cancer and to determine the mechanistic significance of neuron-glioma communication.

Besides the complex interplay occurring with active neurons, neoplastic glioma cells also 

interact with infiltrating immune cells in the tumor microenvironment and create a tumor-

promoting neuroinflammatory niche that acts in favor of the proliferation, invasion, and 

survival of tumor cells.[78] Unlike other neuroinflammatory CNS pathologies like multiple 

sclerosis and encephalitis where the neuro-immune axis is in a hyperactive state, in the 

context of glioma, neoplastic cells secrete a variety of cytokines, chemokines, and growth 

factors into the microenvironment, which actively shifts the neuro-immune axis to an 

immunosuppressive phenotype.[79] However, as the tumor grows and evolves, competent 

immune cells, namely microglia, natural killer cells, as well as reactive astrocytes, release 

proinflammatory mediators, such as transforming growth factor and tumor necrosis factor, 

further exacerbating the inflammatory milieu of the peritumoral microenvironment.[78] 

Importantly, this cellular inflammation has been identified as a key cellular mechanism 

contributing to the cortical network excitability progression in the context of tumor-related 

epilepsy. Specifically, reactive microgliosis accompanied by higher levels of microglial 

infiltration has been found to correlate positively with cortical hyperexcitability and 

tumor progression in preclinical animal models.[80] Apart from the tumor-associated 

inflammatory responses, chemo-and radiation therapy has also been demonstrated to induce 

neuroinflammation and is attributed as a key mechanism underlying the functional network 

connectivity disruption and cognitive decline observed in glioma patients.[81–84]
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Given this strong evidence of tumor-immune interactions, modulation of the immune 

system offers a promising approach to regulate cancer growth and progression. As a result, 

cancer immunotherapies aimed to enhance the endogenous immune response and restore 

immunity in the tumor microenvironment has become an emerging therapeutic option for 

gliomas. Extensive research carried out over the past several years has also demonstrated the 

influence of active neurons on glioma cells and their bidirectional relationship. Therefore, 

various approaches that could target neuron-glioma signaling and disrupt the integration of 

brain cancer into functional circuits opens another growing area of research that allows for 

new developments in the diagnosis and treatment of brain cancers.

7. Oncological and Patient Factors Impacting Glioma-Induced Remodeling 

and Functional Recovery

7.1. Tumor Grade

Among many tumor-related characteristics, tumor-grade has long been considered as a 

significant factor influencing glioma-induced remodeling and functional recovery. It is well 

identified that patients with WHO 2 diffuse low-grade glioma often present with mild 

language and motor impairments, while patients with high-grade glioma typically exhibit 

severe impairments.[27,85] In a recent study, Yuan et al. studied resting-state functional 

connectivity of language networks in low- and high-grade left cerebral glioma patients. 

They found diminished intra- and interhemispheric language network connections in patients 

with high-grade glioma compared with patients with low-grade; moreover, the severity 

of network disruption positively correlated with tumor grade.[86] It is worth noting that 

the high-grade glioma cohort in this study displayed worse language task performance 

relative to low-grade glioma patients even after controlling for tumor location. The authors 

concluded that gliomas, depending on tumor grade, induce different levels of neuroplastic 

responses and that the behavioral impairments seen in high-grade glioma patients may be 

suggestive of poor network reorganization and functional compensation. The difference 

in the extent of functional network disruption and behavioral outcomes caused by low- 

and high-grade gliomas could be explained by differing tumor growth kinetics. While 

rapid infiltration and migration of high-grade gliomas into language or motor areas may 

overwhelm naturally occurring organic remodeling efforts, slow progression of low-grade 

gliomas may permit sufficient time for functional network reorganization, resulting in 

normal or only slightly impaired neurocognitive functions.[27]

7.2. Tumor Location

Similar to tumor grade, location of the brain lesion appears to be another important correlate 

of functional impairment severity and extent of recovery in brain tumor patients. Ghumman 

et al. observed asymmetric responses between left-and right hemispheric tumors on the 

functional connectivity of DMN, while patients with right-sided tumors had no effect 

on DMN activity. Furthermore, individuals with left-sided tumors showed significantly 

reduced connectivity in the resting state network.[87] In another study, Deverdun et al. 

compared patients with left temporal and frontal low-grade gliomas and found that only the 

tumor location in the left temporal lobe overlapping cortical areas of the middle temporal 
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gyrus and underlying white matter was associated with lower task performance.[88] Similar 

findings of behavioral impairments or lack of functional recovery have been reported in 

cases when tumors invade “eloquent” brain regions, affecting subcortical pathways. For 

instance, Smit and colleagues examined diffuse low-grade glioma patients and reported a 

significant correlation between neurological impairments and tumor localization in eloquent 

cortico-subcortical regions as opposed to tumors with strictly cortical location.[89] Besides 

cortical plasticity, subcortical remodeling may also play a critical role in functional recovery 

in the setting of diffuse glioma. However, compared to cortical regions, plasticity of the 

white matter is thought to be limited, and therefore, injury to the subcortical white matter 

tracts could lead to irreversible damage and result in permanent functional deficits. Hence, 

the extent of tumor infiltration of white matter tracts and preservation of white matter 

pathways important for motor and language functions during surgery may predict long-term 

impairments in glioma patients.[90] The concept of glioma-induced myelin plasticity remains 

largely unexplored to date.

Not all cortical areas share the same potential for remodeling in response to glioma-induced 

injury. For instance, using connectivity-based cluster analysis, Herbet et al. described 

the presence of varying neuroplastic potential within the cortical regions of low-grade 

glioma patients.[91] Specifically, primary areas that lacked alternative functional circuits 

for processing sensorimotor information, such as the dorsal part of the precentral gyrus 

(the motor cortex and the underlying corticospinal tract), and the postcentral gyrus (the 

somatosensory cortex) were found to have a low functional compensation index compared 

to other cortical regions.91] Accordingly, tumors invading primary sensory and/or motor 

cortices are more likely to cause permanent behavioral impairments or delayed postoperative 

recovery.[27] Along this line, another potential factor that could influence glioma-induced 

cerebral reorganization is the degree of connectivity between the lesioned brain region 

and its associated functional networks and the type of function affected. Compared to 

sensorimotor cortex, language processing relies on broad dorsal and ventral networks which 

are strongly interconnected. Hence tumor-induced disruption of the language network can 

recruit parallel functional circuits, resulting in more efficient compensation effects and faster 

recovery in aphasic patients.[60]

7.3. Tumor Volume

The association of tumor volume with neurological impairments and recovery in glioma 

patients has been explored by multiple groups. Although incomplete, a number of reports 

have demonstrated minor, or no correlation between tumor volume with the severity of 

neurological symptoms in low-and high-grade glioma patients.[86,88,89] It is worth noting 

that the above studies mainly reported neurological outcomes at the time of radiological 

diagnosis with no further assessment of the influence of preoperative tumor volume on 

function throughout the disease trajectory. Although fewer in number, reports exist on the 

significant effect of preoperative tumor volume on the extent of cortical and subcortical 

remodeling that occurs postsurgically. It was reported that tumor volumes at time of 

the initial surgery was significantly smaller in patients who exhibited a higher degree of 

functional reshaping and postoperative plasticity during the second surgery than those with 

larger tumors.[36]

Krishna and Hervey-Jumper Page 12

Adv Biol (Weinh). Author manuscript; available in PMC 2023 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7.4. Patient-Specific Factors

Besides the above-mentioned tumor-related factors impacting cortical and subcortical 

remodeling, patient factors exist. Patients’ characteristics not necessarily related to the 

clinical condition, such as age, sex, and genetics, can influence functional recovery. 

Although age and gender differences are considered to influence brain plasticity in general, 

majority of the earlier studies failed to demonstrate significant age and sex effects on 

neurological impairments and/or functional recovery in brain tumor patients.[55,85,86,92] 

However, a recent study which investigated a large cohort of patients with left-hemispheric 

diffuse low-and high- grade gliomas found a significant negative correlation between 

age and patients’ language task performance even after controlling for tumor grade.[86] 

Besides influencing plasticity, age is also considered as a significant factor affecting clinical 

outcomes and survival of the glioma population; elderly patients with high-grade gliomas 

are traditionally thought to have a poor prognosis than the younger glioma population. 

Interestingly, one of the earlier studies which compared younger (<65 years) and elderly 

(>65 years) patients with newly diagnosed glioblastoma failed to demonstrate a significant 

age-related effect on progression-free survival and overall survival outcomes between the 

two groups.[93] More importantly, they reported that the above relationship held true only for 

those elderly and younger patient groups who had extensive tumor resection, and compared 

with the younger group, the overall survival was significantly worse for elderly patients who 

underwent tumor biopsy only without any surgical resection.[93] In line with the findings 

from this study, several other groups identified the role of maximal tumor resection as a 

major prognostic factor influencing clinical outcomes and reported no significant differences 

in the functional status and survival times in younger and elderly patients who underwent 

similar extent of resection.[94–96]

Besides age, prior studies have investigated the prognostic roles of racial and socioeconomic 

factors in influencing survival outcomes of glioma patients. Liu et al. analyzed a large-scale 

cancer registry study of glioblastoma patients and found improved overall survival in Asian/

Pacific Islanders, Hispanic Whites, and Blacks compared to Non-Hispanic White patients 

after controlling for tumor, treatment characteristics, and differences in time of symptom 

onset to hospital presentation.[97] With respect to socioeconomic status, a lower median 

household income was associated with a poorer outcome in black patients compared to other 

racial groups. However, this effect was not associated with glioblastoma and was largely 

driven by comorbid conditions such as cardiovascular and respiratory diseases, and other 

nonbrain malignant cancers in the black population.[97] Another study which examined the 

differences in incidence and survival rates of glioma in adults reported similar results with 

a higher tumor incidence (regardless of glioma subtypes) and lower survival rates in non-

Hispanic white patients compared to other racial or ethnic groups.[98] This observed higher 

risk for glioma and poor survival outcomes in non-minority patients could be attributed 

to the differences in environmental exposures as well as different molecular and genetic 

makeup of tumors between races.[99,100] However, further studies are necessary to conclude 

a causal association between the above factors and glioma risk disparities among races and 

ethnicities.
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With respect to genetics, similar to what has been documented in stroke-induced deficits 

and poststroke plasticity research, a number of synaptic plasticity-related genes have 

been suggested to be important to the observed variability in the severity of cognitive 

decline, as well as the rate of recovery, between glioma patients.[101,102] Specifically, 

single-nucleotide polymorphisms in the human genes coding for brain-derived neurotrophic 

factor, dopamine receptor 2, catechol-O-methyltransferase, and apolipoprotein E have been 

reported to significantly alter the neurocognitive performance of brain tumor patients when 

assessed several months after surgery without ongoing chemotherapy as well as increase the 

vulnerability of patients to cognitive and language dysfunction following chemoradiation.
[103,104]

8. Conclusion

Here, we have described evidence of brain tumor-induced CNS remodeling focused 

specifically on cortical remodeling. Although the majority of the reports detailed in this 

paper reinforce our knowledge of glioma-induced functional reorganization, a number of 

pressing unanswered questions remain, including how patient outcomes may benefit from 

effects. Along this line, future work is warranted to uncover whether all forms of CNS 

plasticity are beneficial to the patient and how each pattern of reorganization differentially 

affects functional outcomes throughout the disease trajectory.
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Figure 1. 
Schematic representation of the different imaging modalities-DES, PET, MEG, fMRI, and 

TMS to study glioma-induced cortical reorganization in brain tumor patients.

Krishna and Hervey-Jumper Page 19

Adv Biol (Weinh). Author manuscript; available in PMC 2023 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Schematic representation of the network and cellular-level mechanisms underlying glioma-

induced cerebral reorganization. Left panel demonstrates a hierarchical model of functional 

compensation in the setting of diffuse glioma wherein compensation initially utilizes 

eloquent neural networks which remain intact within the tumor A) or in the peritumoral 

area B) before the recruitment of the unaffected contralateral hemisphere C). Right panel A, 

B) illustrates interaction between nervous system (gray) and cancer cells (red) and neuron-

glioma communication as a key cellular mechanism underlying glioma-induced cortical 

neuroplasticity. C) In addition to the direct neuron-cancer interaction, nervous system also 

influences immune responses and promotes tumor growth and progression via expression 

of cytokines and tumor-associated immune cells (blue) in the tumor microenvironment. D) 

Chemotherapy or radiotherapy may also have significant toxic effect on the nervous system 

and the extent to which therapy-induced neuropathy may modulate nerve-cancer interaction 

and glioma growth needs to be investigated.
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