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The brain within its groove
Runs evenly and true;

But let a splinter swerve,
‘Twere easier for you

To put the water back
When floods have slit the hills,

And scooped a turnpike for themselves,
And blotted out the mills!

-
E. Dickinson
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PrefaCe

Despite the rapidly increasing amount of literature on brain tumor biology, survival for 
brain tumor patients, especially with high-grade tumors, has hardly improved over the 
past decade.

Cancer neuroscience is an upcoming field in neuroscience recognizing the need 
for integrated appraisal of brain tumors in their complex environment, the peritumoral 
brain. In recent years a growing body of research in this field has focused on the interac-
tion between tumor cells and peritumoral neuronal cell populations. This has led to a 
deeper understanding of the intricate mechanisms used by tumor to integrate in and 
benefit from peritumoral neuronal circuitry. In recent years, it was shown that primary 
brain tumors such as glioma but also metastases interact with neurons and use the 
peritumoral landscape to their benefit. Unfortunate sequelae of this interaction are, 
for example, the occurrence of global neurocognitive changes and brain tumor associ-
ated epileptic seizures. As we have entered into the era of personalized medicine, it is 
becoming increasingly important to understand individual aspects of tumors, tumor 
microenvironment and peritumoral cortical functioning to build a comprehensive un-
derstanding of how our current and new therapies can best benefit individual patients.

In this thesis, I have applied analysis of MRI scans, electrophysiological recordings of 
brain tissue from tumor patients and experiments in a mouse model for glioma to study 
different aspects of tumor related seizures and cell- and network-functioning in the peri-
tumoral cortex. How small- and large-scale brain circuitry is altered due to the presence 
of a brain tumor and how tumor associated epileptic seizures affect peritumoral cortex 
is discussed in the first part. The second part of this thesis illustrates how peritumoral 
cortex can be used to aid in fundamental research questions about neuronal properties 
and neuronal functioning in psychiatric disease.

The goal was and remains to provide both clinical and fundamental research with 
new insights into cortical functioning and the effect of brain tumors on the surrounding 
cortex and brain networks. A better understanding of these mechanisms is essential 
to continue in the search for better solutions for brain tumor patients that will allow 
us to interfere earlier and more effectively and thereby improve the outcomes in this 
devastating disease.
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a focus on brain tumors
In the Netherlands, approximately 1400 adult patients each year are diagnosed with 
a primary brain tumor 1. Brain tumors can present in any area of the brain and with a 
wide variety of symptoms. Symptoms are classically divided in 3 categories: increased 
intracranial pressure leading to headache, nausea and vomiting; disturbances in eclectic 
brain activity resulting in epileptic seizures and brain dysfunction either by pressure or 
damage caused by the tumor. The latter may cause temporary or permanent damage to 
the brain, such as loss of sensory and/or motor function, speech disorders and impacted 
higher cerebral functions resulting in altered attention span, personality changes, 
memory loss, and impaired executive functioning. Acute presentation of brain tumors 
is often a combination of sudden onset of epileptic seizures, headaches, nausea and 
vomiting. Often, other tumor-related sequelae may be developing for longer periods of 
time without patients and family being aware. Subacute symptoms can include subtle 
behavioral changes, sensorimotor limitations, as well as cognitive impairments. 

86% of newly diagnosed brain tumors each year (around 1200 tumors in total) are 
identified as malignant brain tumors, the most common type being glioma. The inci-
dence of glioma is increasing over the past 30 years, even when corrected for population 
growth and increasing proportion of elderly population 3. Factors of influence sug-
gested in literature include increasing access to neuroimaging, ionizing radiation and 
air pollution, however causality is not yet established 4. Men and women are affected 
in a 60/40 ratio and the peak of incidence lies between the age of 50 and 75 years 1. 
Approximately 75% of diagnosed gliomas are high grade malignant tumors, also termed 
glioblastomas, which are associated with a poor prognosis. The median survival time at 
time of diagnosis for glioblastoma patients after receiving surgery, radio- and chemo-
therapy is 12-15 months, with less than 20% of patients still alive after 2 years 5,6.  The 
other 25% of gliomas comprise lower grade tumors of astrocytic or oligodendrocytic 
origin. In recent years, through advances in the molecular analysis of glioma, specific 
genetic signatures have been identified that have altered the classification of low- and 
high-grade glial tumors. This modified classification provides a detailed framework that 
now guides treatment for specific subtypes 7. Other types of malignant brain tumors 
include rare tumors such as ependymomas, lymphomas and medulloblastomas and 
medulloblastomas 8. 

Meningioma is the second most common primary brain tumor after glioma. As op-
posed to glioma, meningiomas are predominantly benign tumors originating from the 
membranes covering the brain, the meninges, and comprise about 13-26% of all primary 
brain tumors in the Netherlands 1. Other benign brain tumors are rare and originate from 
brain cells, subcortical nuclei or supportive tissue such as nerve sheath, and include 
chordomas, craniopharyngiomas, gangliocytomas, pineocytomas, pituitary adenomas 
and schwannomas 8.  
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Brain metastasis are classified as secondary brain tumors, as they originate from a 
primary tumor outside the brain. Brain metastases are a frequent neurological complica-
tion occurring in 10-30% of cancer patients, and are especially common in patients with 
melanoma, lung and breast cancer 1. As the improved prognosis of cancer patients leads 
to longer survival and screening methods become more sensitive, it is expected that the 
incidence of brain metastases will further increase the coming years. 

Brain tumors greatly impact every day functioning for patients and require intensive 
treatment regimens often combining surgery, radiotherapy and chemotherapy. Survival 
in glioma depends on various factors, including (but not limited to) molecular subtype, 
patient age and performance status, tumor location and extent of resection that can 
be achieved 9. Especially in low grade glioma, where the median survival ranges from 
5-15 years, neurocognitive functional impairments have major implications for patient 
quality of life 10. In contrast, in high grade glioma and metastasis, median survival is ap-
proximately 12 months. This survival time depends greatly on which treatment patients 
can receive based on their clinical condition. The impact of a tumor on neurocognitive 
functioning status at diagnosis can have severe consequences for the decision if a pa-
tient can receive surgery, adjuvant chemo- and radiotherapy. The possible treatments in 
turn determine the quality of life during the patients’ remaining months of survival 11,12. 
However, both radiotherapy and chemotherapy can also negatively impact cognition 
13,14. Therefore, finding optimal treatment regimens with minimal negative effect on 
cognition and health-related quality of life is of vital importance 13.

Tumor associated seizures 
An incompletely understood but frequently occurring symptom of brain tumors is the 
sudden onset of epileptic seizures. Tumor associated seizures (TAS) are observed in all 
brain tumor types, although the incidence is significantly higher in lower grade tumors 
compared to high grade tumors (Table 1). In patients with low grade glioma, up to 90% 
of patients develop seizures 2. For high grade tumors the incidence varies from 29-60% 
in different series with 2/3 as a presenting symptom and one third of seizures occurring 
in the course of disease progression 2,15. In metastasis, 15 to 30% of patients develop TAS 
16. Tumor features such as volume, histopathological subtype or tumor-markers do not 
predict the development of TAS. Additionally, other features such as presence of edema 
are not associated with risk of developing seizures. Tumor location, however, especially 
for tumors in the frontal, temporal and insular regions and close to functional areas, is 
strongly predictive of seizure occurrence 15,17.

Counterintuitively, presentation of a brain tumor with seizures is associated with 
better prognosis and longer survival, making TAS a favorable prognostic factor. This is 
most likely a secondary phenomenon resulting from early tumor diagnosis and good 
clinical condition at time of discovery in high grade patients. In low-grade glioma, with 
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the presence of the IDH1 mutation in the tumor, 59-74% of patients develop seizures. 
The IDH mutation leads to D-2HG formation, a glutamate analog that is thought to 
promote seizure development 18-21. However, patients with IDH wildtype tumors may 
also develop seizures in 18-34% of cases 22. 

Despite the favorable prognostic value of preoperative seizures, seizure recurrence 
after surgery, radio- or chemotherapy is seen in 50-70% of patients and is associated 
with tumor progression and worse prognosis 23,24. The mechanism behind this phenom-
enon however, remains unclear. 

Pharmacological treatment of TAS with antiepileptic drugs (AEDs) is challenging, 
often requiring multi-drug treatment and frequent dosage alterations 25. This is in part 
a consequence of impaired penetration of antiepileptic drugs in tumor-invaded cortex 
and the result of incomplete knowledge about TAS pathophysiology and lack of specific 
antiepileptic drug treatment. Prophylactic treatment of patients with AEDs is not rec-
ommended, due to the impact of treatment on quality of life, side-effects and possible 
interference with chemotherapeutic treatment 26. Treatment of the underlying tumor is 
often an effective way of attenuating tumor related seizures, suggesting an important 
interaction between epilepsy and tumor 27,28. 

Brain tumors and resulting associated seizures have been shown to decrease neuro-
cognitive functioning, even apart from the negative effect that anti-epileptic drugs may 
have on neurocognitive functions, leading to substantial impact on quality of life for 
brain tumor patients 10.  The effects of tumor on large-scale brain network functioning 
are still largely unknown. Based on neurocognitive studies that demonstrate impaired 
function of networks that far outdistance the local tumor network, comprising functions 
such as information processing speed, psychomotor function, attention, and working 
memory 14,29, the question arises how local tumor growth combined with epileptic focus 
formation impacts local and large-scale networks and structures at a distance. A bet-

central nervous system.

Table 1 - Seizure incidence per tumor type. From Gallagher et al. 2014. (Gallagher, Leach, and Grant 2014). DNET = dysem-
bryoplastic neuroepithelial tumor, CNS = central nervous system.
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ter understanding of the pathogenesis and impact of network disruption is crucial for 
better diagnosis and treatment for the many patients experiencing these tumor related 
seizures and the severe negative impact they have on cognitive functioning and quality 
of life. 

Tumor surgery: a window of opportunity 
Treatment of glioma consists of several therapeutic options. Although gliomas infiltrate 
the surrounding brain, surgical resection is performed aimed at maximal resection of 
tumor tissue; not only of the central solid part, but also of the infiltrating peripheral 
part. The latter creates the challenge of glioma surgery; the borders between tumor and 
healthy brain are difficult to establish during the surgical procedure, causing risk of brain 
damage. In cases where it is safe to perform, supramaximal resection is even desirable 
for better prognosis 30. The volume of tumor that can be removed is limited by factors 
such as location of tumor near eloquent areas, vasculature and cranial nerves. Brain 
surgery has evolved to a safe and well controlled procedure from the beginning of the 
20th century, when the great pioneer Harvey Cushing was the first neurosurgeon who 
performed over 2000 craniotomies (Figure 1). In recent years, several surgical innovative 
tools and procedures have made maximal resection, while sparing surrounding brain 
and brain functions, feasible. Real-time instrument navigation, intraoperative fluores-
cence techniques, electrophysiological neuro-monitoring, and awake surgery all have 
made surgery safer, with the possibility of maximal tumor resection while sparing brain 
functions. Still, in rare cases, resection of the tumor is deemed to have unacceptable 
risks of brain damage. In these cases, an open or needle biopsy is performed to obtain a 
histopathological diagnosis of the tumor tissue to determine further treatment options. 
Following surgery, the majority of patients is subsequently treated with radiotherapy 
combined with chemotherapy, or one of the former, depending on histopathological 
and genetic characteristics of the tumor and performance status of the patient 31. 

In patients with tumor related seizures, surgery is an effective tool to reduce or elimi-
nate seizure burden, resulting in seizure-free rates ranging from 60-80% in both high 
and low-grade tumors 17,23,32. Gross total resection is favored over partial resection with 
regard to seizure outcome  33 and seems especially effective when an extent of tumor 
resection of >80% can be reached 34. Additional epileptic focus removal is currently 
suggested to achieve maximum control of tumor related seizures  35,36. For example, in 
patients with a glioma in the temporal lobe, most epileptic discharges were found to be 
located in the anterior part of the temporal lobe. When resecting the tumor, the anterior 
temporal lobe was additionally resected, this resulted in 93.3% satisfactory seizure con-
trol post-operatively 35. More importantly, recent work shows that post-operative seizure 
control is a significant predictor of survival of glioma patients 37. 
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Furthermore, radiotherapy and chemotherapy both separately have an impact on 
seizure control, resulting in seizure reduction or seizure-freedom in a majority of pa-
tients. For the chemotherapeutic Temozolomide it was shown that seizure attenuation 
and even seizure freedom occurs irrespective of tumor response on MRI, illustrating 
once more the puzzling interaction of tumor and tumor related seizures 38,39. 

Based on these clinical findings, the interplay between tumor and surrounding brain 
has become a topic of investigation assessing changes occurring in the peritumoral 
cortex in relation to tumor biology and the concurrent process of epileptogenesis 26. The 
majority of such studies is performed in mouse models, since human brain tissue is logi-
cally difficult to obtain. However, studying resected human cortical tissue invaded by 

figure 1 – Dr. Harvey Cushing, the founding father of modern neurosurgery, performing a tumor resection at the Peter 
Brent Brigham hospital in Boston, Massachusetts. Cushing greatly improved the outcome of brain tumor surgery over the 
course of his career. Among his many contributions to neurosurgery were the development of new surgical techniques 
such as the use of silver clips to control bleeding in the brain and the use of electrosurgery as depicted here, with which he 
was able to drastically reduce complications of bleeding during intracranial procedures (Harvey Cushing: A Life in Surgery, 
Michael Bliss. University of Toronto Press; 2005; ISBN: 0–8020–8950-X)
Photo by Dr. Walter Willard Boyd 1928-1932.
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tumor cells, provides the opportunity to answer research questions that have only been 
studied in animal models and need verification in a clinically relevant environment. 

As tumor resection is performed in the operating theatre, this provides a window 
of opportunity to obtain tumor and tumor-invaded brain tissue for these clinical and 
fundamental research purposes. In the next section of this introduction, a context will 
be given for the purposes of studying the peritumoral cortex on a microscopic and 
macroscopic scale.

The noble and enigmatic cell of thought
Macroscopically, the cerebrum is made up of two hemispheres divided into four lobes, 
each with specialized functions. The surface of the brain, or cortex, consists of grey mat-
ter containing the cell bodies of neurons and their supporting cells. The cortex is folded 
around gyri and divided by sulci to create a vast surface area. Cortical areas are con-
nected to each other and to distant brain areas such as the deep nuclei by white matter 
tracts; the myelinated endings (axons) of neurons facilitating cell to cell communication. 
Depending on their location, neurons in the cortex form functional units capable of the 
impressive computing power that leads to our everyday functioning. 

Although the brain has been the subject of study for many centuries (even dating 
back to the pyramids in old Egypt where the first written evidence of “brain-talk” was 
found inscribed in hieroglyphs), it was not until the end of the 19th century that a better 
understanding of the anatomy of the human cortex was perceived. Through investiga-
tions and the drawings of Santiago Ramón y Cajal, a Spanish neuro-anatomist and one 
of the founders of modern neuroscience, it was that the organization of cortical layers 
was documented. The cerebral cortex consists of six elaborately and surprisingly orga-
nized layers of cells. The cortical layers are comprised of information transferring cells, 
neurons and their supporting cells, glia. Neurons can be activity enhancing or inhibit-
ing (interneurons), recognizable by their shape and electrochemical composition. The 
excitatory cell type that is essential in most, if not all, of the cortical processing units, is 
the pyramidal cell, which Cajal referred to as “the noble and enigmatic cell of thought” 40. 

The pyramidal cell (Figure 2) is recognizable by its distinct triangular cell body and 
prominent upwardly pointing main branch, or dendrite. In his Neuron Doctrine, which 
led to him being lauded with a Noble Prize, Cajal proposed that the cortex consists of 
many individual neurons that communicate not by making physical contact, but through 
electrochemical signaling in the synaptic cleft 41. Thereby, the signal transmitting unit 
(axon) of one neuron transmits a signal to the receiving dendrite of another neuron. 
Given the complex organization of their dendritic tree that contains a vast amount of 
small dendritic spines receiving synaptic input from other cells, one neuron can receive 
and integrate electrochemical input from many thousands of cells.
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Cortical network functioning is comprised of an intricate balance between excitatory 
pyramidal cell signaling and interneuron mediated inhibition. The most prevalent GAB-
Aergic interneurons are parvalbumin (PV)-, somatostatin (SOM)- or vasoactive intestinal 
peptide (VIP)- positive, all of which respectively form topographically and functionally 
distinct synaptic connections with pyramidal cells and other interneurons to scale signal 
transmission 42,43. To enhance action potential propagation and metabolically supported 
axonal functioning, axons of interneurons are myelinated 44,45. Myelination is the electri-
cal insulating ensheathment of axons by oligodendrocytes enabling fast and efficient 
signal transduction 46. Interestingly, oligodendrocyte precursor cells (OPCs) are seen as 
an important cell of origin for glioma tumorigenesis 47.  

figure 2 – A drawing of individual pyramidal cells in the neocortex, by Santiago Ramón y Cajal (1852-1934). Courtesy of 
the Cajal Institute and the Spanish National Research Council. Accessed through Quanta Magazine.
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During brain development as well as in the healthy adult brain, neuronal activity 
guides neural stem cell proliferation and differentiation, also steering myelination by 
regulating glial precursor cell activity leading to myelin plasticity 48,49. Myelination is 
an activity-dependent process that continues through adulthood and is guided by the 
demands of the neuronal network, including glutamate signaling 50. Almost all axons of 
PV+ interneurons are myelinated, however other neocortical interneuron subtypes do 
not have such regular and dense myelination. Factors associated with myelination of 
axons are based on axonal topography and branch point distance, but remain incom-
pletely understood. 

seizures: a direct interaction between tumor and neurons?
In the context of brain tumors, neuronal cell functioning in peritumoral cortex has been 
a topic of investigation for many decades, culminating into a new research field termed 
cancer neuroscience (Monje et al. 2020). Research in this field has led to a better under-
standing of the peritumoral microenvironment and specifically the intricate interplay 
between neurons and brain tumor cells and the effect of neuronal activity on tumor 
progression (Gillespie and Monje 2018). Already in 1938, evidence was introduced for 
the interaction between neurons and glioma cells through a phenomenon called “peri-
neuronal satellitosis”, a pathophysiological process consisting of tumor cells clustering 
around the neuronal soma that occurs in multiple forms of glioma (Scherer 1938). It 
was also shown that glioma cells utilize neuronal axons to travel to and invade distant 
brain areas. These important findings formed a basis for the further study of brain-tumor 
interactions. 

The development of an epileptic focus is proposed as a slow multifactorial progres-
sive process requiring additive damage to cortical functioning resulting in seizures 
51,52. Next to rearrangement of neuronal networks, (chronic) neuroinflammation is an 
important mechanism contributing to the development of seizures 53,54. In response to 
various stressors in the brain, such as stroke, traumatic brain injury, neurodegeneration, 
but also development of a brain tumor, an inflammatory response occurs starting with 
the activation of microglia, astrocytes but also neurons, and leading to the release of 
inflammatory cytokines such as interleukins, interferons, tumor necrosis factor and TGF-
ß by these cells eventually leading to activation of specific transcription pathways in 
neurons and astrocytes that contribute to increased excitability. Increased excitability in 
response can also again lead to increased inflammation, blood-brain barrier dysfunction 
and cellular damage creating a vicious circle that leaves the cortex prone to seizures 
and structural changes finally leading to the development of an epileptic network 53. 
Consequently, brain tumors lead to a vast inflammatory response in the brain, including 
dysfunctioning of the blood-brain barrier 55, leaving the peritumoral cortex injured and 
again prone to inflammatory changes. However, the exact cellular changes and network 
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adaptations due to inflammation that lead to seizures in the context of a growing tumor 
are still under investigation.

In the context of tumor associated seizures, slower growing tumors, such as low-
grade glioma, present more frequently with epilepsy, possibly due to the longer dura-
tion of tumor progression allowing more time for a developing epileptic network. Early 
work in tumor associated seizures in animal models has demonstrated that the epileptic 
focus, the initiation zone of epileptic activity, is located in para-tumoral regions where 
tumor invades peritumoral cortex 56,57, often forming not one but several seizure foci 
around the tumor. Studies in animal brain slice recordings, human postoperative tissue 
and human intraoperative Electrocorticographic (ECoG) recordings have shown that 
interictal epileptic activity was predominantly found in brain tissue close to the tumor 
border, specifically in peritumoral regions infiltrated by glioma cells 58-62. More recently, 
a study applying intraoperative cortical recordings in brain tumor patients, showed that 
high frequency oscillations (HFOs) were found to be present in peritumoral tissue of 
patients with seizures, and could serve as biomarker of epileptic peritumoral activity 63. 

Although exact cellular mechanisms leading to circuit alterations resulting in the 
development of TAS remain incompletely understood, several mechanisms are thought 
to contribute to the tumor-induced alterations found in peritumoral cortex. Raised lev-
els of glutamate due to non-synaptic glutamate release via the xCT transporter 59,61 and 
impaired glutamate reuptake 64 increase neuronal excitability whereas impaired chlo-
ride homeostasis 58 and loss of interneurons 65 combined with interneuron dysfunction 
caused by degradation of perineuronal nets 66, cause disinhibition of the peritumoral 
network. Further, tumor-infiltrated cortex is affected by the secretion of synaptogenic 
factors by specific astrocyte populations associated with seizure onset 67 and the genetic 
composition of the tumor itself affects susceptibility for development of seizures 68. In 
vivo imaging studies have illustrated a gradual progression of hyperexcitability in the 
peritumoral cortex during tumor growth together with microglial inflammation in early 
stages 69. 

Tumor and cortex – unwanted crosstalk
Experiments using xenografted tumors in immune-incompetent mice have demon-
strated that tumor cells favor enhanced neuronal activity and the resulting excreted 
mitogens by neurons are used for tumor progression and survival 70. What’s more, auto-
crine and paracrine effects of endogenous neurotransmitters aid in glioma progression, 
with glutamate as the most important example 71,72. Tumor cells in glioma are coupled 
through gap junctions forming an electrically synchronized network of cells that is more 
resistant to stressors from the environment 73. Populations of cells within the tumor 
adapt different roles during disease progression and form compartments with varying 
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degrees of synaptogenic driving force, creating specific subpopulations that can lead to 
the occurrence of seizures 47,67,74. 

Most recently, landmark publications have revealed the existence of direct com-
munication pathways between pyramidal cells and tumor cells in both glioma and 
metastasis in the form of neuron-tumor synapses 75,76. It was shown that tumor cells and 
surrounding neurons interact with each other (Figure 3); membrane depolarization of 
glioma cells through enhanced neuronal activity resulted in tumor progression, whereas 
blocking neuronal activity led to inhibited tumor growth and longer survival in mice. 
Given the far-reaching interactions between tumor and surrounding neurons in the 
peritumoral cortex, it seems plausible that peritumoral cortical (dys)functioning might 
also contribute to the occurrence of tumor-associated neurological symptoms, most 
importantly: tumor associated seizures. 

The impact of brain tumor cells on local and global neuronal circuits are still largely 
unknown. Similarly, much debate still exists about the neuronal alterations that con-
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The results described above highlight the relevance 
of specific molecules to glioma biology, but it is unclear 
whether this trend will expand to include other neurotrans-
mitters. For instance, glioma cells also express functional 
serotonin receptors, but whether serotonergic signaling 
impacts glioma cell behavior is less clear.69 One retrospec-
tive study found that increased serotonin levels as a result 
of selective serotonin reuptake inhibitor therapy did not 
impact survival in patients with glioblastoma and comor-
bid depression.70 One important caveat from such studies is 
that in vivo pharmacologic manipulation of neurotransmit-
ter signaling is likely to alter both cell autonomous effects 

neurotransmitter signaling in the glioma microenviron
ment should be an area of concerted research effort.

grade astrocytomas and oligodendrogliomas express func
tional GABAA
signaling is largely unclear, it is notable that higher-grade gli
omas did not express GABAA receptors in that study. In add

failed to exhibit functional GABAA

drocytes,72

to GABA in a similar manner. This raises an interesting and 
unanswered question regarding the role that GABAergic 
interneurons may play in regulating glioma. Elucidating 
the activity of GABA signaling in glioma growth and pro-
gression may therefore reveal additional therapeutic tar-
gets for these incurable diseases.

Both normal glial precursors and glioma cells express 
glutamate receptors.73,74 In addition, nonsynaptic secretion 
of glutamate by glioblastoma cells has been reported in 
vitro75 and further supported by in vivo studies describing 
increased extracellular glutamate levels in brain tissue in 
physical proximity to glioblastomas.76 Glutamate has been 
shown to augment glioblastoma cell survival, growth, and 
migration via calcium influx-mediated activation of PI3K-
Akt signaling through AMPA (alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid)  receptors.74,77,78 In 
line with these observations, elevated glutamate secretion 
from gliomas is positively correlated with tumor growth in 
mammalian models.78 Collectively, nonsynaptic glutamate 
secretion by glioma cells appears to function in an auto-
crine/paracrine fashion in promoting tumor growth, sur-
vival, and progression. Neuronal glutamate release could 
further augment glioma progression, although the extent 
to which neuron-derived glutamate contributes to glioma 
progression—and whether neuronal glutamate release 
would signal in the same way as glioma-derived glutam-
ate—has not yet been tested.

Gliomas Increase Neuronal Activity

Accumulating research now suggests that the influence 
of active neurons on glioma cells may actually represent 

one facet of a bidirectional relationship. For example, glu-
tamate secretion by glioma cells contributes to hyperexcit-
ability of neural circuits in the glioma microenvironment, 
including promotion of seizure activity.79,80 This suggests 
that gliomas may enhance their own growth and pro-
gression not only via direct autocrine/paracrine effects of 
nonsynaptic secreted glutamate, but also by enhancing 
local neuronal activity, thereby resulting in greater release 
of activity-dependent mitogens by other cell types in the 
microenvironment (Fig. 2). This may play a role in the com-
mon, yet functionally enigmatic clinical feature of seizure 
activity among human glioma patients.

Cortical
projection
neuron

glioma-derived
glutamate and
synaptogenic factors

sNLGN3

OPC

Glioma cell

sNLGN3
+

Neurotrophin

Fig. 2 Schematic illustrating a bidirectional relationship between 
normal neural cells and their malignant glioma counterparts. 

-

figure 3 – Illustration of the bidirectional interaction between neuron and tumor.Image shows peritumoral cortical neu-
rons (pyramidal cells, yellow) and oligodendrocyte precursor cells (OPCs, blue) that excrete activity-regulated factors such 
as neuroligin-3 (sNLGN3) and other neurotrophins like BDNF. Glioma cells (green) profit from these factors, resulting in cell 
growth and proliferation. In turn, glioma cells excrete glutamate (an excitatory neurotransmitter) and synaptogenic factors 
(resulting in formation of synapses) between neurons and glioma, resulting in increased excitability of individual neurons 
and peri-tumoral networks.
From: An active role for neurons in glioma progression: making sense of Scherer’s structures. (Gillespie and Monje 2018)
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tribute to ictogenesis in peritumoral cortex and how neuronal functioning is affected 
during gradual formation of seizure foci. A better understanding of neuronal function-
ing in the peritumoral cortex could provide new opportunities for the management of 
seizures. Further unravelling the molecular background of these changes will probably 
aid in predicting which patients will suffer from tumor associated epilepsy and how 
these patients should be treated.

To investigate these questions, we applied sophisticated brain imaging in combina-
tion with human neuronal recordings of peritumoral cortex and validation by mouse 
experiments to study neuronal functioning in the peritumoral brain of patients with 
tumor associated seizures. Additionally, the study of neurons in human cortex provided 
fundamental research with important clinical and experimental opportunities to test 
hypotheses on brain and disease development that have thus far only been studied in 
rodents. 

scope of thesis
This thesis centers on studies of small- and large-scale brain networks and aims at in-
vestigating how local and distant neuronal networks are affected by brain tumors and 
tumor associated seizures.  Simultaneously, peritumoral brain samples and recordings 
are applied to assess essential fundamental research questions, specifically identifying 
alterations in neuronal functioning in bipolar disease and studying interneuron myelina-
tion in human neocortex. 

In Chapter 2, to address the question if and to what extent tumor and tumor related 
seizures affect white matter networks as well as deep brain areas at a distance from 
the tumor, we analyzed MRI (magnetic resonance imaging) scans in a cohort of low-
grade glioma patients undergoing awake surgery. Patients with glioma present with 
a wide range of neurocognitive symptoms, which not always hold relation with the 
exact location of the primary tumor. In this chapter, we use diffusion weighted imaging 
(DWI) analysis to demonstrate that the caudate nucleus, putamen, thalamus and even 
the contralateral cerebellum are affected by the presence of glioma and tumor associ-
ated seizures, indicated by volumetric and diffusion parameter changes. Cortico-striatal 
and cortico-thalamic projections were also found to be affected, providing insight in 
the possible development of a wide range of neurocognitive symptoms in brain tumor 
patients with seizures. 

Chapter 3 identifies the cellular changes in peritumoral cortex underlying the pres-
ence and development of tumor associated seizures. On a microscopic scale, it is known 
that seizure inducing zones are located in the peritumoral cortex and not the tumor 
itself. From other epilepsy syndromes it is known that neuronal functioning of pyramidal 
cells and interneurons is severely impacted, contributing to the development of an 
epileptic network. The question remains what specific changes in neuronal functioning 



Chapter 1  |  Introduction

24

occur in seizure prone peritumoral cortex of brain tumor patients that contribute to 
epileptogenesis. To address this question, I have gathered and studied brain samples 
from more than 120 brain tumor patients with whole-cell patch clamp experiments over 
the course of this PhD. We identified alterations in membrane potential, input resistance, 
action potential properties, and spontaneous network activity, as well as morphological 
alterations in peritumoral pyramidal cells of patients with seizures. Paroxysmal depolar-
izing shift (PDS) complexes predicted the development of post-operative seizures in a 
subset of patients. Simultaneously, we applied a clinically relevant immunocompetent 
mouse model for glioma and characterized the spatiotemporal development of aber-
rant neuronal activity prior to seizure onset. 

Chapter 4 describes an exceptional case where a patient with glioma also had a 
psychiatric history of bipolar disorder. The availability of peritumoral cortex of tumor pa-
tients provides a unique opportunity to study a variety of translational and fundamental 
research questions. Studies in human induced pluripotent stem cells suggest changes 
in neuronal excitability in bipolar disease, especially of the fast after-hyperpolarization 
(fAHP), however this data ideally needs confirmation from neuronal recordings in patient 
material. In this chapter, we investigated if the fAHP and other intrinsic properties are 
affected in neurons from in vivo peritumoral cortex of this bipolar patient. We recorded 
layer 2/3 pyramidal cells and compared the results to recordings from the same brain 
area in a patient without psychiatric disease.  We observed a similar increase in fAHP as 
was seen in in vitro experiments, providing additional support for the hypothesis that 
neuronal excitability is affected in bipolar disorder.

Chapter 5 applies peritumoral cortical samples to study interneuron morphology 
and functioning in human cortex to answer the question what parameters determine 
interneuron myelination in the central nervous system. GABAergic parvalbumin positive 
(PV+) interneurons are the most frequently myelinated interneuron subtype in cerebral 
cortex, but the factors determining myelination remain incompletely understood. In 
this chapter, it was demonstrated in mouse models that enlargement of PV+ interneu-
rons increased myelination, while reducing cell size led to decreased myelination. The 
combination of interbranch distance and local axon caliber was strongly predictive of 
myelination along neocortical interneuron axons. This finding was also demonstrated in 
rarely myelinated SOM+ cells. Quantification of human neocortical interneuron axonal 
myelination confirmed these findings from mouse experiments.

Chapter 6 discusses the findings of this thesis and gives an outlook on future work.



25

referenCes
 1. IKN. Integraal Kankercentrum Nederland: 

Incidentie Hersentumoren.  (Integraal 
Kankercentrum Nederland, https://iknl.nl/
kankersoorten/hersentumoren/registra-
tie/incidentie, 2021).

 2. Gallagher, P., Leach, J.P. & Grant, R. Time 
to focus on brain tumor-related epilepsy 
trials. Neurooncol Pract 1, 123-133 (2014).

 3. Ho, V.K., et al. Changing incidence and 
improved survival of gliomas. Eur J Cancer 
50, 2309-2318 (2014).

 4. Grech, N., et al. Rising Incidence of Glio-
blastoma Multiforme in a Well-Defined 
Population. Cureus 12, e8195 (2020).

 5. Stupp, R., et al. Effects of radiotherapy with 
concomitant and adjuvant temozolomide 
versus radiotherapy alone on survival in 
glioblastoma in a randomised phase III 
study: 5-year analysis of the EORTC-NCIC 
trial. Lancet Oncol 10, 459-466 (2009).

 6. De Witt Hamer, P.C., et al. Between-hospital 
variation in mortality and survival after 
glioblastoma surgery in the Dutch Quality 
Registry for Neuro Surgery. J Neurooncol 
144, 313-323 (2019).

 7. Louis, D.N., et al. cIMPACT-NOW: a practical 
summary of diagnostic points from Round 
1 updates. Brain Pathol 29, 469-472 (2019).

 8. AANS. Brain Tumors.  (American Associa-
tion of Neurological Surgeons, 2021).

 9. Bondy, M.L., et al. Brain tumor epidemiol-
ogy: consensus from the Brain Tumor 
Epidemiology Consortium. Cancer 113, 
1953-1968 (2008).

 10. Taphoorn, M.J. Neurocognitive sequelae in 
the treatment of low-grade gliomas. Semin 
Oncol 30, 45-48 (2003).

 11. Meyers, C.A., Hess, K.R., Yung, W.K. & Levin, 
V.A. Cognitive function as a predictor 
of survival in patients with recurrent 
malignant glioma. J Clin Oncol 18, 646-650 
(2000).

 12. Taphoorn, M.J. & Klein, M. Cognitive defi-
cits in adult patients with brain tumours. 
Lancet Neurol 3, 159-168 (2004).

 13. Klein, M. Neurocognitive functioning in 
adult WHO grade II gliomas: impact of 
old and new treatment modalities. Neuro 
Oncol 14 suppl 4, iv17-24 (2012).

 14. Klein, M., et al. Effect of radiotherapy and 
other treatment-related factors on mid-
term to long-term cognitive sequelae in 
low-grade gliomas: a comparative study. 
Lancet 360, 1361-1368 (2002).

 15. Kerkhof, M. & Vecht, C.J. Seizure character-
istics and prognostic factors of gliomas. 
Epilepsia 54 suppl 9, 12-17 (2013).

 16. Chan, V., Sahgal, A., Egeto, P., Schweizer, T. 
& Das, S. Incidence of seizure in adult pa-
tients with intracranial metastatic disease. 
J Neurooncol 131, 619-624 (2017).

 17. Pallud, J., et al. Epileptic seizures in diffuse 
low-grade gliomas in adults. Brain 137, 
449-462 (2014).

 18. Zhang, C.B., et al. Correlation of IDH1/2 
mutation with clinicopathologic factors 
and prognosis in anaplastic gliomas: a 
report of 203 patients from China. J Cancer 
Res Clin Oncol 140, 45-51 (2014).

 19. Zhong, Z., Wang, Z., Wang, Y., You, G. & Ji-
ang, T. IDH1/2 mutation is associated with 
seizure as an initial symptom in low-grade 
glioma: A report of 311 Chinese adult 
glioma patients. Epilepsy Res 109, 100-105 
(2015).

 20. Kerkhof, M., Benit, C., Duran-Pena, A. & 
Vecht, C.J. Seizures in oligodendroglial 
tumors. CNS Oncol 4, 347-356 (2015).

 21. Berendsen, S., et al. Prognostic relevance 
of epilepsy at presentation in glioblastoma 
patients. Neuro Oncol 18, 700-706 (2016).

 22. Chen, H., et al. Mutant IDH1 and seizures in 
patients with glioma. Neurology 88, 1805-
1813 (2017).

 23. Chang, E.F., et al. Seizure characteristics 
and control following resection in 332 pa-
tients with low-grade gliomas. J Neurosurg 
108, 227-235 (2008).



Chapter 1  |  Introduction

26

 24. Chaichana, K.L., Parker, S.L., Olivi, A. & 
Quinones-Hinojosa, A. Long-term seizure 
outcomes in adult patients undergoing 
primary resection of malignant brain 
astrocytomas. Clinical article. J Neurosurg 
111, 282-292 (2009).

 25. van Breemen, M.S., Wilms, E.B. & Vecht, C.J. 
Epilepsy in patients with brain tumours: 
epidemiology, mechanisms, and manage-
ment. Lancet Neurol 6, 421-430 (2007).

 26. Huberfeld, G. & Vecht, C.J. Seizures and 
gliomas--towards a single therapeutic ap-
proach. Nat Rev Neurol 12, 204-216 (2016).

 27. Koekkoek, J.A., et al. Seizure outcome after 
radiotherapy and chemotherapy in low-
grade glioma patients: a systematic review. 
Neuro Oncol 17, 924-934 (2015).

 28. Ruda, R., et al. Seizure control following 
radiotherapy in patients with diffuse glio-
mas: a retrospective study. Neuro Oncol 15, 
1739-1749 (2013).

 29. Bosma, I., et al. Disturbed functional brain 
networks and neurocognitive function 
in low-grade glioma patients: a graph 
theoretical analysis of resting-state MEG. 
Nonlinear Biomed Phys 3, 9 (2009).

 30. Dimou, J., Beland, B. & Kelly, J. Supramaxi-
mal resection: A systematic review of its 
safety, efficacy and feasibility in glioblas-
toma. J Clin Neurosci 72, 328-334 (2020).

 31. Taal, W., Bromberg, J.E. & van den Bent, 
M.J. Chemotherapy in glioma. CNS Oncol 4, 
179-192 (2015).

 32. Englot, D.J., Chang, E.F. & Vecht, C.J. Epi-
lepsy and brain tumors. Handb Clin Neurol 
134, 267-285 (2016).

 33. Englot, D.J., Berger, M.S., Barbaro, N.M. & 
Chang, E.F. Predictors of seizure freedom 
after resection of supratentorial low-grade 
gliomas. A review. J Neurosurg 115, 240-
244 (2011).

 34. Xu, D.S., et al. An extent of resection 
threshold for seizure freedom in patients 
with low-grade gliomas. J Neurosurg 128, 
1084-1090 (2018).

 35. Yao, P.S., Zheng, S.F., Wang, F., Kang, D.Z. & 
Lin, Y.X. Surgery guided with intraopera-
tive electrocorticography in patients with 
low-grade glioma and refractory seizures. 
J Neurosurg 128, 840-845 (2018).

 36. Borger, V., et al. Seizure outcome in tem-
poral glioblastoma surgery: lobectomy as 
a supratotal resection regime outclasses 
conventional gross-total resection. J Neu-
rooncol 152, 339-346 (2021).

 37. Mazzucchi, E., et al. The persistence of 
seizures after tumor resection negatively 
affects survival in low-grade glioma pa-
tients: a clinical retrospective study. J 
Neurol (2021).

 38. Avila, E.K., et al. Seizure control as a new 
metric in assessing efficacy of tumor treat-
ment in low-grade glioma trials. Neuro 
Oncol 19, 12-21 (2017).

 39. Haggiagi, A. & Avila, E.K. Seizure response 
to temozolomide chemotherapy in 
patients with WHO grade II oligodendro-
glioma: a single-institution descriptive 
study. Neurooncol Pract 6, 203-208 (2019).

 40. DeFelipe, J. Cajal and the discovery of a 
new artistic world: the neuronal forest. 
Prog Brain Res 203, 201-220 (2013).

 41. Glickstein, M. Golgi and Cajal: The neuron 
doctrine and the 100th anniversary of the 
1906 Nobel Prize. Curr Biol 16, R147-151 
(2006).

 42. Bucher, E.A., Collins, J.M., King, A.E., Vickers, 
J.C. & Kirkcaldie, M.T.K. Coherence and 
cognition in the cortex: the fundamental 
role of parvalbumin, myelin, and the peri-
neuronal net. Brain Struct Funct (2021).

 43. Benarroch, E.E. Neocortical interneurons: 
functional diversity and clinical correla-
tions. Neurology 81, 273-280 (2013).

 44. Micheva, K.D., et al. Distinctive Structural 
and Molecular Features of Myelinated In-
hibitory Axons in Human Neocortex. 
eNeuro 5(2018).

 45. Stedehouder, J., et al. Fast-spiking Par-
valbumin Interneurons are Frequently 
Myelinated in the Cerebral Cortex of Mice 



27

and Humans. Cereb Cortex 27, 5001-5013 
(2017).

 46. Simons, M. & Nave, K.A. Oligodendrocytes: 
Myelination and Axonal Support. Cold 
Spring Harb Perspect Biol 8, a020479 (2015).

 47. Laug, D., Glasgow, S.M. & Deneen, B. A 
glial blueprint for gliomagenesis. Nat Rev 
Neurosci 19, 393-403 (2018).

 48. Gibson, E.M., et al. Neuronal activity 
promotes oligodendrogenesis and adap-
tive myelination in the mammalian brain. 
Science 344, 1252304 (2014).

 49. Mitew, S., et al. Pharmacogenetic stimula-
tion of neuronal activity increases my-
elination in an axon-specific manner. Nat 
Commun 9, 306 (2018).

 50. Wake, H., Lee, P.R. & Fields, R.D. Control of 
local protein synthesis and initial events in 
myelination by action potentials. Science 
333, 1647-1651 (2011).

 51. Esclapez, M., Hirsch, J.C., Ben-Ari, Y. & Ber-
nard, C. Newly formed excitatory pathways 
provide a substrate for hyperexcitability 
in experimental temporal lobe epilepsy. J 
Comp Neurol 408, 449-460 (1999).

 52. Vezzani, A., Balosso, S. & Ravizza, T. Neu-
roinflammatory pathways as treatment 
targets and biomarkers in epilepsy. Nat Rev 
Neurol 15, 459-472 (2019).

 53. Vezzani, A., French, J., Bartfai, T. & Baram, 
T.Z. The role of inflammation in epilepsy. 
Nat Rev Neurol 7, 31-40 (2011).

 54. Vezzani, A. Innate immunity and inflam-
mation in temporal lobe epilepsy: new 
emphasis on the role of complement 
activation. Epilepsy Curr 8, 75-77 (2008).

 55. Arvanitis, C.D., Ferraro, G.B. & Jain, R.K. The 
blood-brain barrier and blood-tumour bar-
rier in brain tumours and metastases. Nat 
Rev Cancer 20, 26-41 (2020).

 56. Senner, V., et al. A new neurophysi-
ological/neuropathological ex vivo model 
localizes the origin of glioma-associated 
epileptogenesis in the invasion area. Acta 
Neuropathol 107, 1-7 (2004).

 57. Kohling, R., Senner, V., Paulus, W. & Speck-
mann, E.J. Epileptiform activity preferen-
tially arises outside tumor invasion zone in 
glioma xenotransplants. Neurobiol Dis 22, 
64-75 (2006).

 58. Pallud, J., et al. Cortical GABAergic excita-
tion contributes to epileptic activities 
around human glioma. Sci Transl Med 6, 
244ra289 (2014).

 59. Robert, S.M., et al. SLC7A11 expression is 
associated with seizures and predicts poor 
survival in patients with malignant glioma. 
Sci Transl Med 7, 289ra286 (2015).

 60. Buckingham, S.C. & Robel, S. Glutamate 
and tumor-associated epilepsy: glial cell 
dysfunction in the peritumoral environ-
ment. Neurochem Int 63, 696-701 (2013).

 61. Buckingham, S.C., et al. Glutamate release 
by primary brain tumors induces epileptic 
activity. Nat Med 17, 1269-1274 (2011).

 62. Tran, T.A., et al. Significance of spikes 
recorded on intraoperative electrocorti-
cography in patients with brain tumor and 
epilepsy. Epilepsia 38, 1132-1139 (1997).

 63. Feyissa, A.M., et al. High-frequency oscilla-
tions in awake patients undergoing brain 
tumor-related epilepsy surgery. Neurology 
90, e1119-e1125 (2018).

 64. Ye, Z.C., Rothstein, J.D. & Sontheimer, H. 
Compromised glutamate transport in 
human glioma cells: reduction-mislocal-
ization of sodium-dependent glutamate 
transporters and enhanced activity of 
cystine-glutamate exchange. J Neurosci 
19, 10767-10777 (1999).

 65. Campbell, S.L., et al. GABAergic disinhibi-
tion and impaired KCC2 cotransporter ac-
tivity underlie tumor-associated epilepsy. 
Glia 63, 23-36 (2015).

 66. Tewari, B.P., et al. Perineuronal nets de-
crease membrane capacitance of peritu-
moral fast spiking interneurons in a model 
of epilepsy. Nat Commun 9, 4724 (2018).

 67. John Lin, C.C., et al. Identification of diverse 
astrocyte populations and their malignant 
analogs. Nat Neurosci 20, 396-405 (2017).



Chapter 1  |  Introduction

28

 68. Yu, K., et al. PIK3CA variants selectively 
initiate brain hyperactivity during glioma-
genesis. Nature 578, 166-171 (2020).

 69. Hatcher, A., et al. Pathogenesis of peritu-
moral hyperexcitability in an immunocom-
petent CRISPR-based glioblastoma model. 
J Clin Invest 130, 2286-2300 (2020).

 70. Venkatesh, H.S., et al. Neuronal Activity 
Promotes Glioma Growth through Neuro-
ligin-3 Secretion. Cell 161, 803-816 (2015).

 71. Takano, T., et al. Glutamate release pro-
motes growth of malignant gliomas. Nat 
Med 7, 1010-1015 (2001).

 72. Ishiuchi, S., et al. Blockage of Ca(2+)-
permeable AMPA receptors suppresses 
migration and induces apoptosis in human 
glioblastoma cells. Nat Med 8, 971-978 
(2002).

 73. Osswald, M., et al. Brain tumour cells 
interconnect to a functional and resistant 
network. Nature 528, 93-98 (2015).

 74. Lan, X., et al. Fate mapping of human 
glioblastoma reveals an invariant stem cell 
hierarchy. Nature 549, 227-232 (2017).

 75. Venkataramani, V., et al. Glutamatergic 
synaptic input to glioma cells drives brain 
tumour progression. Nature 573, 532-538 
(2019).

 76. Venkatesh, H.S., et al. Electrical and 
synaptic integration of glioma into neural 
circuits. Nature 573, 539-545 (2019).







2
The impacts of tumor and tumor 
associated epilepsy on subcortical brain 
structures and long-distance connectivity 
in patients with low grade glioma
Frontiers in Neurology 2018 Nov 27; 9: 1004 

Bibi L.J. Bouwen1,2,#, Kay J. Pieterman3,#, Marion Smits3, Clemens M.F. 
Dirven2, Zhenyu Gao1,$,* and Arnaud J.P.E. Vincent2,$

1.  Department of Neuroscience, Erasmus MC, University Medical Center Rotterdam, 
The Netherlands

2.  Department of Neurosurgery, Erasmus MC, University Medical Center 
Rotterdam, The Netherlands

3.  Department of Radiology and Nuclear Medicine, Erasmus MC, University 
Medical Center Rotterdam, The Netherlands



Chapter 2  |  The impacts of tumor and tumor associated epilepsy on subcortical brain structures

32

aBsTraCT 

Low grade gliomas in cerebral cortex often cause symptoms related to higher cerebral 
functions such as attention, memory and executive function before treatment is initi-
ated. Interestingly, focal tumors residing in one cortical region can lead to a diverse 
range of symptoms, indicating that the impact of a tumor is extended to multiple brain 
regions. We hypothesize that the presence of focal glioma in the cerebral cortex leads 
to alterations of distant subcortical areas and essential white matter tracts. In this study, 
we analyzed diffusion tensor imaging scans in glioma patients to study the effect of 
glioma on subcortical gray matter nuclei and long-distance connectivity. We found that 
the caudate nucleus, putamen and thalamus were affected by cortical glioma, display-
ing both volumetric and diffusion alterations. The cerebellar cortex contralateral to the 
tumor side also showed significant volume decrease. Additionally, tractography of the 
cortico-striatal and cortico-thalamic projections shows similar diffusion alterations. 
Tumor associated epilepsy might be an important contributing factor to the found al-
terations. Our findings indeed confirm concurrent structural and connectivity abrasions 
of brain areas distant from brain tumor, and provide insights into the pathogenesis of 
diverse neurological symptoms in glioma patients.   
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InTrODuCTIOn 

Patients with low grade glioma (LGG) can have a long pre-clinical period with various 
subclinical neurological symptoms. Tumor associated epilepsy is the most frequent 
presenting symptom 1 and the occurrence of seizures often leads to early diagnosis. Less 
acute manifestations such as cognitive or behavioral problems, headaches, and small 
motor or sensory limitations are also common and can exist for long periods of time  
before diagnosis is made. Recent studies show that cognitive impairment in glioma 
patients is already present in the majority of patients before initiation of treatment, sug-
gesting a role for glioma as an important cause of neuro-cognitive deficits 2-4. Epilepsy 
and other cognitive symptoms affecting higher cerebral functions such as attention, 
memory, communication, and executive functions can severely affect patients’ daily 
lives, including their neuropsychological wellbeing 5. With median survival ranging from 
5-15 years, depending on many factors like the histological subtype, patient age, initial 
tumor size and tumor growth rate 6-11, LGG patients live for many years after treatment 
and cognitive functioning is one of the key components of their quality of life 12.

Interestingly, the diversity of these symptoms is often seemingly unrelated to tumor 
location and can occur months or years before diagnosis and remain present after tumor 
removal 4. These observations indicate that the impact of a focal tumor can extend into 
multiple functional brain regions. It is therefore possible that the presence of focal 
glioma leads to alterations of distant subcortical areas and essential white matter (WM) 
tracts. Current evidence indicates that LGG affects the local neuronal circuits, causing 
morphological changes in the peri-tumoral cortex and evoking a large immune response 
leading to altered cell functioning in the peri-tumoral micro-environment 13. Beyond the 
local environment, much less is known about the effects of glioma on long-distance con-
nectivity and subcortical structures. LGG is a slow developing process evolving over the 
course of months to years 14-16, providing a large time-frame for subsequent structural 
alterations in distant areas. Most often, tumors are found in the (sub-) cortical regions 
of the frontal and temporal lobes, followed by insular, parietal and occipital tumors 17-20. 
The functional cortical areas of the frontal and temporal cortex (but also parietal and 
occipital cortex) are strongly and reciprocally connected to specific regions of the nuclei 
in the basal ganglia and thalami via distinct cortico-striatal and cortico-thalamic path-
ways 21,22. These pathways are essential for integration and processing of many types of 
cerebral inputs including neuro-cognitive functions 21-24. Whether these connections are 
specifically altered in LGG patients remains to be shown.

Seizures, either focal or generalized tonic-clonic are observed in up to 80% of LGG 
patients 17,25,26. Apart from being a presenting symptom, the recurrence of tumor associ-
ated epilepsy after surgery and subsequent therapies can also be indicative of tumor 
progression 25. Studies in temporal lobe epilepsy demonstrate the presence of diffusion 
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alterations, volumetric changes, and network abnormalities both ipsilateral and contra-
lateral to the epileptic focus. These alterations are found both inside the temporal lobe 
and in extra-temporal structures including the basal ganglia and thalamus and even 
extending into the cerebellum 27-29. A recent study also linked the degree and spread 
of WM abnormalities in temporal lobe epilepsy with mesial temporal sclerosis to the 
occurrence of neurocognitive deficits 30. Whether the tumor associated epilepsy (TAE) 
has any relationship with long-distance connectivity changes in LGG patients is totally 
unknown.

Diffusion-weighted imaging (DWI) is an MRI sequence that can be used to measure 
diffusivity of water molecules in neuronal tissue. By mapping directional motion of wa-
ter molecules within brain tissue, DWI allows quantification of brain microstructure such 
as myelination and axonal density 31, as well as visualization of white matter connectivity 
32,33. In the presence of a malignant process in a (sub-)cortical area, WM tracts, including 
the cortico-striatal and cortico-thalamic tracts, are at risk to become affected by the 
growing tumor and the peri-tumoral cortical micro-environment, leading to damaging 
of these essential pathways 34,35. Therefore, studying the structural alterations caused 
by glioma on long-range connections using DWI could lead to more insight into the 
anatomical substrates of the observed alterations in neurocognitive functioning. 

For this study, we used a database of DWI scans of low grade glioma patients un-
dergoing awake surgery for LGG in eloquent cortical regions. Using the conventional 
T1-weighted sequences and the diffusion-weighted scans we applied an atlas-based ap-
proach and generated segmentations of the cortex, subcortical nuclei, and cerebellum. 
To assess long distance alterations, we analyzed the volumes and diffusion parameters 
of the subcortical gray matter nuclei and the cerebellum. Additionally, we performed 
tractography analysis on the reciprocal cortico-striatal and cortico-thalamic WM projec-
tions. We found alterations in the subcortical nuclei, contralateral cerebellar hemisphere 
and WM tracts ipsilateral to the hemisphere containing the tumor. Additionally, we 
found a clear correlation of tumor associated epilepsy on the found alterations. To 
our knowledge, this is the first study to assess long distance effects and connectivity 
changes in subcortical nuclei and cerebellum in a large cohort of LGG patients. 

MaTerIaLs anD MeThODs

Patients
This study was performed using an MRI database of 106 patients with LGG, scanned 
between 2006 and 2014 in preparation of an awake craniotomy at Erasmus Medical 
Centre Rotterdam, The Netherlands. Exclusion criteria were: insufficient data quality of 
both DWI and T1-weighted scans (visually inspected by 2 independent reviewers in 3 
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orthogonal planes), radiotherapy or previous brain surgery prior to scanning, complica-
tions of LGG that were thought to affect the accuracy of tumor delineation and brain 
segmentation such as hydrocephalus or extensive perifocal edema). Based on these 
exclusion criteria, 82 patients were included for further analysis in this study. 

Pre-surgical work up consists of clinical evaluation by a neurosurgeon and by an 
anesthesiologist. Before awake surgery patients are tested and prepared by a neuro-lin-
guist who is also present during the surgery. Selection of patients for awake craniotomy 
is based on tumor location and grade based on the evaluation of the neurosurgeon 
and a neuro-radiologist. Tumors growing into eloquent cortical areas including but not 
limited to the primary motor and sensory cortices, insula, areas of Broca and Wernicke, 
and the primary visual cortex are resected with an awake surgery to map out and avoid 
resection of eloquent regions during surgery. Data on patient information, tumor loca-
tion, histological tumor type, and occurrence of epilepsy was obtained retrospectively. 
Data on epileptic events was taken from notes from the referring neurologist and the 
neurosurgeon with history of presenting symptoms, seizure-like episodes and seizure 
progression or attenuation during course of the disease. Patients were classified as 
having TAE if they presented with epilepsy as a first symptom, or developed epileptic 
seizures at any time point before the surgery. 

MrI data acquisition and analysis
All patients underwent standard pre-surgical structural MRI (T1 and T2), mostly with 
additional DWI scans in the Erasmus Medical Centre Rotterdam between 2006 and 2014 
on a 3T scanner. DWI data were acquired using a single-shot spin-echo echo-planar 
imaging sequence at 3.0 T (GE Healthcare) with an 8-channel head coil. In general, 
25 noncollinear gradient directions at b = 1000 sec/mm2  and 3 images at b = 0 sec/
mm2  were acquired. The slice thickness was 2.0–3.5 mm, and in-plane resolution was 
1.9–3.4 mm2. Raw diffusion MRI data were transferred to an offline workstation. 

To allow further analysis, T1-weighted scans were evaluated and scored based on 
invasion of or close proximity of tumor to the basal ganglia and thalamus independently 
by two authors. To assess the long distance effects of glioma on deep gray matter nuclei, 
thalamus and cerebellum, only scans with tumors located outside deep gray matter 
(DGM) and thalamus were assessed for volumetric and diffusion alterations. Any scans 
with direct ingrowth into the deep grey matter were excluded, similar for scans with 
edema or large displacement due to tumor reaching into the DGM and thalamus area. 
Scans of patients with tumors located outside subcortical nuclei and without visual 
edema affecting these structures were included, and tumors were semi-automatically 
delineated using ITK snap version 3.2, with manual adjustment post hoc. Tumor seg-
mentations were normalized and registered to MNI space to summarize tumor localiza-
tion in our cohort. Using the whole brain segmentations, separate masks for three main 
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subcortical nuclei caudate nucleus, putamen and thalamus were made and analyzed. 
For cerebellum the WM and the cerebellar cortex were segmented.

Preprocessing of DWI data was performed prior to analysis and included visual 
inspection of raw diffusion MRI data in 3 orthogonal planes. Subsequently, diffusion 
data were corrected for motion-induced distortions, Eddy currents and EPI-induced 
distortions using Explore DTI version 4.8.5 running in Matlab (R2015 The MathWorks 
Inc., Natick, MA) 36. EPI induced deformities of the diffusion data were corrected using 
the T1-weighted images as a reference, and correction for motion-induced outliers was 
robustly performed using the REKINDLE approach, consisting of automatic rejection of 
outlier-corrupted slices 37,38. T1-weighted and DWI data were resampled to 1 mm isotro-
pic resolution and spatially aligned, followed by automatic segmentation of T1-weighted 
images in cortical gray matter and subcortical gray matter structures. Segmentation 
was performed using FSL and Freesurfer 39-41. Segmented T1-weighted images were 
subsequently imported in ExploreDTI to perform a ROI-based analysis based on these 
segmentations. Parameters collected for each anatomical structure were: volume, frac-
tional anisotropy (FA) and median diffusivity (MD). Impact of tumors on the following 
structures was assessed, using contralateral brain areas as internal reference: caudate 
nucleus, putamen, thalamus and cerebellum. For the cases from the HCP database, we 
performed the same segmentation procedures as mentioned above. 

Tractography analysis
For all DWI images of patients with tumors located peripheral from DGM structures and 
thalamus, whole brain tractography was performed using a deterministic tractography 
algorithm. Whole brain tractography was performed using a deterministic tractography 
approach according to the following settings: seedpoint resolution 1 mm isotropic; seed 
FA threshold 0.1; tracking threshold range 0.1-1; angle threshold 30°; step size 1; fiber 
length range 50-500mm. Following whole brain tractography, subcortical structures of 
interest were used as ROI templates to filter tracts passing through these regions out 
of whole brain tractography data. Tumor-side and contralateral side WM tracts of sub-
cortical nuclei were compared in individual patients to evaluate the influence of tumor 
presence on WM connections between cortex and the specific nuclei.  

statistical analysis 
To analyze the effect of tumor associated epilepsy on subcortical nuclei and cerebel-
lum, we compared cases with tumor associated epilepsy to glioma cases with no history 
of epilepsy before or at the time of the scan. Statistical analysis was performed using 
SPSS (IBM SPSS statistics 20 Software). Multiple comparison corrections were performed 
when analyzing the subcortical nuclei, p<0.02 considered significant.
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resuLTs

Clinical information
In total 82 patients were included in this study (for detailed patient information see Table 
1). The mean age of the cohort was 41.1 years (range 19-74) with 62.2% male patients. 
Tumors located in the left hemisphere were more frequent than right sided tumors as 
a result of the selection criteria for awake surgery. Most tumors were situated in the 
frontal, fronto-parietal and temporal regions (Figure 1). Approximately equal numbers 
of oligodendrocytic and astrocytic tumors were present. 58 scans were assessed as a 
tumor location not in close proximity to the deep gray matter or thalamus. In a small 
number of scans either segmentation of T1 data or processing of DWI data failed due 
to insufficient quality of the data. In these cases, subsets of data (T1 or DWI) were not 
further analyzed. Precise numbers of scans used are therefore separately mentioned in 
the results for T1-based ROI analyses and tractography. 

Volume alterations in subcortical nuclei and cerebellum of LGG patients
We first examined the impacts of focal cortical tumor on the size of subcortical structures. 
For this study, we focused on three main subcortical nuclei (caudate nucleus, putamen 
and thalamus), as well as the cerebellar WM and cortex. The volumes of ipsilateral from 
the tumor were compared to the contralateral side of the same patient. The volumes 
of the caudate, putamen, and thalamus ipsilateral to the tumor side were significant 
decreased (Figure 2A, Table 2). In the cerebellum, the cerebellar cortex contralateral to 
the tumor side had a significant reduction of volume compared to the ipsilateral side, 
whereas the size of cerebellar WM was comparable (Figure 2B).

Although we strictly selected the patients in which tumor did not invade the subcor-
tical structures, we could not exclude the possibility that tumor physically compress the 
surrounding tissue, leading to a reduction in size of subcortical nuclei. To analyze the 
effect of tumor size on the volume alterations of nuclei, we determined the correlation 
between tumor size and the change in the ratio of the volume ipsi- versus contralateral 
for the subcortical structures and the cerebellar regions (Figure 2C-G). The volume ratios 
for the putamen and thalamus did not correlate with the tumor size. Analysis of caudate 
nucleus showed a small negative correlation with the size of tumor. Additionally, the 
cerebellar WM and cortex did not show any significant correlation with tumor volume. 
Interestingly, a subgroup of patients had especially low ratio in ipsilateral versus con-
tralateral thalamic volumes (Figure 2E, green group, ipsi-contra ratio <0.8, N = 13, see 
Supplementary Figure 1 for tumor heat maps of this group compared to the rest of the 
cohort). This ratio had no correlation with the tumor size of those patients. Further ex-
ploration showed that this subgroup consists of left-sided tumors located mainly in the 
frontal or fronto-parietal regions. Possibly this specific tumor location severely affected 
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Table 1 – Clinical information

n %

Patients Total number 82 100

Sex Male 51 62,2

Female 31 37,8

Mean age Years 41,1

Range 19-74

Tumor Side Left 58 70,7

Right 24 29,3

Lobe Frontal 34 41,4

Frontotemporal 7 8,6

Temporal 14 17,1

Frontoparietal 14 17,1

Parietal 12 14,6

Occipital 1 1,2

Grade 2 55 67,1

3 27 32,9

Type Oligodendroglioma 25 30,5

Astrocytoma 21 25,6

Mixed oligoastrocytoma 11 13,4

Anaplastic oligodendroglioma 11 13,4

Anaplastic astrocytoma 14 17,1

Close to basal ganglia Yes 24 29,3

No 58 70,7

Epilepsy Diagnosis Yes 57 69,5

No 25 30,5

Type Focal 28 34,1

Generalized 29 35,4

Frequency Once at diagnosis or in surgery 16 19,6

Yearly-monthly 23 28

Weekly-daily 12 14,6

Postoperative seizures/unclear frequency 6 7,3

No epilepsy 25 30,5

Control Presenting symptom Speech problems 3 12

Incidental finding 12 48

Change in behavior 3 12

Headache 6 24

Palsy 1 4

Clinical information of all cases included in the initial database. Total numbers and percentages given. Abbreviations: N = num-
ber.
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the projections to and from somatosensory and supplementary motor areas. Thus clear 
reductions in the volumes of subcortical areas ipsilateral to tumor were observed in 
some LGG patients, which is unlikely to be merely caused by physical compression by 
the cortical tumor.

Diffusion alterations in subcortical nuclei and cerebellum of LGG 
patients
We next examined whether the reduction in volume of subcortical nuclei and cerebellum 
was accompanied by structural alterations in these regions by determining fractional 
anisotropy (FA) and mean diffusivity (MD) of these regions. The caudate nucleus had a 
significantly increased FA value in the side ipsilateral to the tumor (Figure 3A, Table 3). 
This increase in FA value negatively correlate with the volume of caudate nucleus (Figure 
3C), i.e. the patients with higher FA in the ipsilateral side also had a volume loss on the 
same side. For thalamus a similar trend was observed, although not significant. For the 
putamen and thalamus no significant correlation between FA ratio and volume ratio 

figure 1 – subcortical nuclei and cerebellum segmentations and population heat map
3D example images of segmentations projected on a T1 image from a patient. Segmentations used as ROIs for calculations 
of volume and diffusion values. (A) Mid-sagittal view with the left nuclei and left-sided tumor projected onto the T1 image. 
Tumor segmentation is shown in red. Legend for segmented nuclei: light blue = caudate nuclei, pink = putamen, green 
= thalamic nuclei, yellow = hippocampus, aquamarine blue = cerebellar cortex, light gray = cerebellar white matter. (B) a 
transverse section at the level of the temporal poles and cerebellum with right and left-sided subcortical nuclei and cer-
ebellar hemispheres shown. Left and right are indicated with L and R, respectively. (C) nine transverse sections with a heat 
map composed of all tumors used in our analysis projected onto a smoothed cortical template image. Higher prevalence 
is shown in bright yellow, indicating a high number of tumors affecting the cortical region. Color key for heat map shown 
on the far right.
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figure 2 – Volume alterations of subcortical nuclei and cerebellum
(A) Volumes of subcortical nuclei caudate, putamen and thalamus ipsilateral and contralateral to tumor hemisphere. Box 
and whiskers are given, showing the median and 25%-75% percentile with whiskers for the minimum and maximum. The 
ipsilateral hemisphere data is shown in unchecked boxes, checked boxes are contralateral hemisphere. Volume is given in 
mm3. In (B) the volumes for cerebellar WM and cortex are shown. Wilcoxon matched-pairs signed rank tests were used per 
structure. Asterisks indicate significant results. (C-G) Correlation of tumor volume versus the volume ratio (ipsilateral vol-
ume divided by contralateral volume) of subcortical nuclei and cerebellar sub regions. Green triangles in (E) indicate group 
with volume ratio <0.8. Linear regression line with 95% confidence interval shown. Spearman r and p-value are given.
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was observed. In the cerebellum, although no significant differences were observed be-
tween ipsi- and contralateral hemisphere in FA values (Figure 3A), a significant negative 
correlation was observed between volume ratio and FA ratio of ipsi- versus contralateral 
cerebellar cortex (Figure 3F). A decrease in mean diffusivity (MD) was observed in the 
putamen and thalamus ipsilateral to the tumor, but not in caudate and cerebellar re-
gions (Figure 3B). 

Table 2 – Volumes alterations in subcortical nuclei and cerebellum

structure
Ipsilateral 

volume (mm3)
Contralateral 
volume (mm3) P

Pairing
spearman r P

Caudate 4209 ± 951 4346 ± 871 0.02 0.74 <0.001

Putamen 4965 ± 1058 5135 ± 878 0.02 0.81 <0.001

Thalamus 7067 ± 1838 7583 ± 1520 0.01 0.81 <0.001

Cerebellar WM 13549 ± 1818 13388 ± 1750 0.26 0.88 <0.001

Cerebellar cortex 54671 ± 6617 53052 ± 6575 0.02 0.85 <0.001

Mean volumes ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, n=57 
pairs for DGM, n=53 pairs for cerebellum. Wilcoxon matched-pairs signed rank test was used. For each structure the pairing 
Spearman r with significance is given. Abbreviations: WM = white matter.

figure 3 – Diffusion alterations in subcortical nuclei and cerebellum
(A) Fractional anisotropy (FA) values of subcortical nuclei and cerebellar regions ipsilateral and contralateral to tumor hemi-
sphere. (B) Mean diffusivity (MD) values of subcortical nuclei and cerebellar regions ipsi- and contralateral to the tumor. 
Box and whiskers are given, showing the median and 25%-75% percentile with whiskers for the minimum and maximum. 
The ipsilateral hemisphere data is shown in unchecked boxes, checked boxes are contralateral hemisphere. FA and MD are 
in arbitrary units. Wilcoxon matched-pairs signed rank tests were used per structure. Asterisks indicate significant results. 
(C-F) Correlation plots of volume ratios (volume ipsilateral divided by volume contralateral) versus FA ratios (FA ipsilateral 
divided by FA contralateral) of a specific region. Linear regression line with 95% confidence interval shown. Spearman r 
and p-value are given.
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alterations of WM tracts connecting the subcortical nuclei and cortex
Due to the apparent changes in volume and the alterations in diffusion parameters in 
the subcortical nuclei distant from tumor, we reasoned that one of the factors contribut-
ing to these long-distance effects could be altered connections between tumor bearing 
cortex and the affected subcortical nuclei. Therefore, we performed DWI analysis using 
the segmentations of the caudate, putamen and thalamus as seed points for DWI of 
WM tracts connecting the respective nuclei to the cortex (Figure 4A). The volume of 
the tracts ipsilateral and contralateral to the tumor is not significantly different for the 
caudate nucleus and thalamus, whereas the volume of the tracts to/from putamen was 
significantly lower in the ipsilateral side (Figure 4B, see also Table 4). We next analyzed 
the correlations between the volume of subcortical nuclei and the volume of the tracts 
project to these nuclei. Positive trend of correlation for all three nuclei were observed, 
indicating that a decline in ipsilateral volume of the nucleus is associated with a decline 

Table 3 – Diffusion values in subcortical nuclei and cerebellum

structure fa ipsilateral fa contralateral P
Pairing

spearman r P

Caudate 0.247 ± 0.038 0.234 ± 0.036 0.003 0.43 0.001

Putamen 0.274 ± 0.032 0.271 ± 0.029 0.18 0.84 <0.001

Thalamus 0.324 ± 0.036 0.318 ± 0.031 0.04 0.69 <0.001

Cerebellar WM 0.382 ± 0.038 0.383 ± 0.041 0.70 0.92 <0.001

Cerebellar cortex 0.206 ± 0.020 0.210 ± 0.019 0.08 0.76 <0.001

structure MD ipsilateral MD contralateral P
Pairing

spearman r P

Caudate 0.00101 ± 0.00015 0.00104 ± 0.00018 0.04 0.58 <0.001

Putamen 0.00082 ± 9.0e-5 0.00083 ± 9.9e-5 0.006 0.92 <0.001

Thalamus 0.00094 ± 0.00012 0.00098 ± 0.00014 <0.001 0.72 <0.001

Cerebellar WM 0.00081 ± 8.57e-5 0.00081 ± 8.31e-5 0.70 0.92 <0.001

Cerebellar cortex 0.0010 ± 0.00014 0.0010 ± 0.00012 0.19 0.95 <0.001

Mean values ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, n=47 
pairs for DGM, n=46 pairs for cerebellum. Wilcoxon matched-pairs signed rank test was used. For each structure the pairing 
Spearman r with significance is given. Abbreviations: WM = white matter.

Table 4 – Volumes of cortico-striatal and cortico-thalamic white matter tracts

Cortical WM tracts to/
from

Ipsilateral 
volume (mm3)

Contralateral 
volume (mm3) P

Pairing
spearman r P

Caudate 31157 ± 13745 30522 ± 12989 0.14 0.64 <0.001

Putamen 52780 ± 18724 67821 ± 18022 <0.001 0.39 <0.001

Thalamus 61734 ± 18383 60408 ± 16553 0.27 0.84 <0.001

Mean volumes ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, n=67 
pairs for tracts to DGM. Wilcoxon matched-pairs signed rank test was used. For each structure the pairing Spearman r with sig-
nificance is given. Abbreviations: WM = white matter.
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figure 4 – Volumetric and diffusion alterations of cortico-striatal and cortico-thalamic projections
(A1-3) Example images of tractography analysis of cortico-striatal and cortico-thalamic white matter tracts. (A1) Reciprocal 
projections from caudate nucleus to cortex, transverse view. Tumor shown in dark blue, caudate nuclei in light blue, projec-
tions shown in red and purple. (A2) Reciprocal projections from putamen to cortex, tilted transverse view. Tumor shown in 
dark blue, putamen in pink, projections show in red and green. (A3) Reciprocal projections from thalamic nuclei to cortex, 
tilted transverse view. Tumor shown in dark blue, thalamic nuclei in green, projections in yellow and red. (B) Total volumes 
of white matter tract bundles to caudate, putamen and thalamus ipsilateral and contralateral to tumor hemisphere. Box 
and whiskers are given, showing the median and 25%-75% percentile with whiskers for the minimum and maximum. The 
ipsilateral hemisphere data is shown in unchecked boxes, checked boxes are contralateral hemisphere. Volume is given in 
mm3. (C-D) FA and MD values of white matter tract bundles to caudate, putamen and thalamus ipsilateral and contralateral 
to tumor hemisphere. Wilcoxon matched-pairs signed rank tests were used per structure. Asterisks indicate significant 
results. (E,G,I) Correlation plots of volume ratios of respective nuclei (ipsilateral volume divided by contralateral volume) 
versus volume ratio of white matter tracts from nucleus to cortex. (F,H,J) Correlation plots of FA ratios (ipsilateral FA divided 
by contralateral FA) of respective nuclei versus FA ratios of white matter tracts from nucleus to cortex. Linear regression line 
with 95% confidence interval shown. Spearman r and p-value are given.
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in tract size to the nucleus. For putamen and thalamus this relationship were statistically 
significant (Figure 4E,G,I). 

The tracts to the nuclei also showed an increase in the FA value in the cortico-tha-
lamic/thalamo-cortical pathway (Table 5 & Figure 4C). The connections to/from caudate 
and putamen did not display a significant change in FA values. The ipsi-contra FA ratios 
for both caudate and thalamus tracts positively correlated with the FA ratios of their 
targeting subcortical nuclei (Figure 4 F,J). No correlation between the FA ratio of puta-
men tracts and the putamen region was found (Figure 4H). The MD value of the tracts to 
thalamus was also significantly decreased, but no change was observed in the tracts to 
the caudate and putamen (Figure 4D). The observed alterations in volume, FA and MD 
of the long distance tracts to/from putamen and thalamus raise the possibility of a more 
elaborate influence of LGG on large brain networks rather than mere local effects in the 
(sub-)cortical region of the tumor.

The occurrence of tumor associated epilepsy correlates with volumetric 
and diffusion alterations in the subcortical nuclei and cerebellum 
LGG located in eloquent brain regions are associated with a high risk of TAE 42. Indeed, 
a high percentage of patients presented with TAE pre-operatively were present in our 
cohort (Table 1). We thus sought to examine the relationship between long distance 
structural change and TAE. The volumes for the three subcortical nuclei and cerebellum 
were separately analyzed in patients with and without TAE. The volumes of caudate 
nucleus and thalamus ipsilateral to the tumor were significantly decreased in the TAE 
patients (Figure 5A & Table 6), but not in the no-TAE patients. Similarly, the volume of the 
cerebellar cortex contralateral to the tumor side was decreased only in the TAE patient 
group (Figure 5B). The location of tumors cannot account for the difference observed 
between TAE and no-TAE patients. We found a wide spread tumor locations in both 

Table 5 – Diffusion alterations in cortico-striatal and cortico-thalamic white matter tracts

Cortical WM tracts to/from fa ipsilateral fa contralateral P
Pairing

spearman r P

Caudate 0.372 ± 0.048 0.375 ± 0.043 0.76 0.45 0.001

Putamen 0.410 ± 0.069 0.432 ± 0.041 0.03 0.48 0.001

Thalamus 0.417 ± 0.039 0.409 ± 0.038 0.02 0.71 <0.001

Cortical WM tracts to/from MD ipsilateral MD contralateral P
Pairing

spearman r P

Caudate 0.00085 ± 0.0002 0.00082 ± 0.00012 0.40 0.70 <0.001

Putamen 0.00075 ± 0.00018 0.00069 ± 7.95e-5 0.03 0.68 <0.001

Thalamus 0.00076 ± 9.45e-5 0.00079 ± 0.0001 0.003 0.79 <0.001

Mean values ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, n=67 
pairs for tracts to DGM. Wilcoxon matched-pairs signed rank test was used. For each structure the pairing Spearman r with 
significance is given. Abbreviations: WM = white matter.
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figure 5 – Volumetric and diffusion alterations of subcortical nuclei and cerebellum in Tae and no-Tae patients
(A,B) Volumes of subcortical nuclei and cerebellar sub-regions ipsilateral and contralateral to tumor hemisphere. Total 
group is separated into cases with tumor associated epilepsy (TAE) and no-TAE cases, shown in light gray and dark gray 
respectively. Box plots showing the median and 25%-75% percentile with whiskers for the minimum and maximum. The 
ipsilateral hemisphere data is shown in unchecked boxes, checked boxes are contralateral hemisphere. (C,D) FA values of 
subcortical nuclei and cerebellar sub-regions ipsilateral and contralateral to tumor hemisphere, again separated into TAE 
and no-TAE groups. Wilcoxon matched-pairs signed rank tests were used per structure. Asterisks indicate significant results.

Table 6 – Volume alterations in Tae and no-Tae groups in subcortical nuclei and cerebellum

structure
Ipsilateral

volume (mm3)
Contralateral
volume (mm3) P

Pairing
spearman r P

Caudate TAE 4106 ± 1031 4311 ± 937 0.02 0.79 <0.001

Caudate no-TAE 4415 ± 1031 4415 ± 740 0.37 0.61 <0.001

Putamen TAE 5121 ± 859 5306 ± 542 0.03 0.71 <0.001

Putamen no-TAE 4654 ± 1352 4793 ± 1268 0.28 0.90 <0.001

Thalamus TAE 7095 ± 1801 7780 ± 1389 0.01 0.72 <0.001

Thalamus no-TAE 7012 ± 1959 7187 ± 1723 0.35 0.96 <0.001

Cerebellar WM TAE 13705 ± 1730 13348 ± 1682 0.03 0.83 <0.001

Cerebellar WM no-TAE 13187 ± 2017 13482 ± 1954 0.12 0.94 <0.001

Cerebellar cortex TAE 54812 ± 7066 52762 ± 7135 0.01 0.86 <0.001

Cerebellar cortex no-TAE 54345 mm3 (±5637 53721 mm3 (±5197 0.78 0.86 <0.001

Mean volumes ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, for 
tumor associated epilepsy (TAE) group n=38 pairs, for no-TAE group n=19 pairs. For cerebellum: TAE n=37 pairs, no-TAE group 
n=16 pairs. Wilcoxon matched-pairs signed rank test. For each structure the pairing Spearman r with significance is given. Ab-
breviations: WM = white matter, TAE = tumor associated epilepsy.
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groups patients, and no clear difference in the tumor location were found in TAE and no-
TAE patients (Supplementary Figure 2). A contributing factor to the observed difference 
between TAE and no-TAE patients could be a difference in tumor size between groups. 
We analyzed the tumor size in these two groups of patients. The no-TAE groups have a 
smaller average tumor size than the TAE group. However no clear correlations between 
the tumor size and the ipsi/contra ratio of thalamus and putamen were observed in 
TAE and no-TAE groups (Supplementary Figure 3). In TAE patients, a significant relation 
between tumor size and volume ratio was found, which suggests a direct influence of 
tumor sizes on caudate sizes. It is worth mentioning that patients with severely reduced 
thalamus (ipsi/contra ratio <0.8, all TAE patients) have extremely diverse tumor sizes, 

Table 7 – fractional anisotropy alterations in tumor associated epilepsy and no-Tae group in subcortical nuclei 
and cerebellum

structure
fa

ipsilateral
fa

contralateral P
Pairing

spearman r P

Caudate TAE 0.252 ± 0.037 0.234 ± 0.034 <0.001 0.65 <0.001

Caudate no-TAE 0.2243 ± 0.034 0.236 ± 0.043 0.82 0.62 0.04

Putamen TAE 0.277 ± 0.033 0.271 ± 0.030 0.03 0.85 <0.001

Putamen no-TAE 0.259 ± 0.024 0.267 ± 0.023 0.20 0.80 <0.001

Thalamus TAE 0.331 ± 0.034 0.321 ± 0.030 0.02 0.79 <0.001

Thalamus no-TAE 0.296 ± 0.028 0.305 ± 0.033 0.82 0.28 0.23

Cerebellar WM TAE 0.386 ± 0.039 0.387 ± 0.043 0.58 0.92 <0.001

Cerebellar WM no-TAE 0.367 ± 0.029 0.368 ± 0.028 0.73 0.87 0.002

Cerebellar cortex TAE 0.206 ± 0.021 0.211 ± 0.021 0.07 0.80 <0.001

Cerebellar cortex no-TAE 0.208 ± 0.016 0.209 ± 0.012 0.91 0.67 0.03

Mean FA ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, tumor as-
sociated epilepsy (TAE) group n=38 pairs, no-TAE group n=19 pairs. For cerebellum: TAE n=37 pairs, no-TAE group n=16 pairs. 
Wilcoxon matched-pairs signed rank test. For each structure the pairing Spearman r with significance is given. Abbreviations: 
WM = white matter, TAE = tumor associated epilepsy.

Table 8 – Volume alterations of cortico-striatal and cortico-thalamic tracts in Tae and no-Tae groups

Cortical WM 
tracts to/from

Ipsilateral 
volume (mm3)

Contralateral 
volume (mm3) P

Pairing
spearman r P

Caudate TAE 31340 ± 13190 29712 ± 11311 0.13 0.68 <0.001

Caudate no-TAE 30228 ± 16998 34645 ± 19683 0.76 0.39 0.11

Putamen TAE 53477 ± 18693 67291 ± 18372 <0.001 0.49 <0.001

Putamen no-TAE 49230 ± 19376 70520 ± 16665 0.12 -0.1 0.39

Thalamus TAE 60972 ± 18702 59814 ± 15661 0.43 0.84 <0.001

Thalamus no-TAE 65611 ± 16938 63432 ± 21150 0.36 0.89 <0.001

Mean volumes ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, tu-
mor associated epilepsy (TAE) group n=56 pairs, no-TAE group n=11 pairs. Wilcoxon matched-pairs signed rank test. For each 
structure the pairing Spearman r with significance is given. Abbreviations: WM = white matter, TAE = tumor associated epilepsy.
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figure 6 – Volumetric and diffusion alterations of cortico-striatal and cortico-thalamic projections in Tae and no-
Tae patients
(A) Volumes of reciprocal cortico-striatal and cortico-thalamic projections ipsilateral and contralateral to tumor hemi-
sphere. Total group is separated into cases with tumor associated epilepsy (TAE) and no-TAE cases, shown in light gray and 
dark gray respectively. (B) FA values of reciprocal cortico-striatal and cortico-thalamic projections ipsi- and contralateral 
to tumor separated for TAE and no-TAE cases. Box and whiskers are given, showing the median and 25%-75% percentile 
with whiskers for the minimum and maximum. The ipsilateral hemisphere data is shown in unchecked boxes, checked 
boxes are contralateral hemisphere. Wilcoxon matched-pairs signed rank tests were used per structure. Asterisks indicate 
significant results.
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indicating that there is no direct relation between tumor volume and the reduction of 
thalamus in TAE patients.   

With regard to the FA value, a significant change was found also in the caudate and 
thalamus of TAE patients, but not in the no-TAE patient group (Figure 5C & Table 7). The 
FA values of the cerebellar cortex and WM were not different (Figure 5D). Analysis on the 
tracts connecting the subcortical regions to the cortex showed a significant decrease 
in volume of tracts to putamen ipsilateral to the tumor in the TAE group, but not in the 
tracts to caudate and thalamus, similarly to the analysis of the whole cohort (Figure 6A 
compared with Figure 4B, Table 8). For the FA values to these structures, no differences 
between hemispheres were observed (Figure 6, Table 9). To further explore the effect 
of epilepsy on these alterations, we plotted the volume and FA ratio’s per structure 
against the seizure frequency, seizure type and tumor grade. No significant relationship 
between any of these subgroups and the FA and volume alterations was found for both 
the nuclei and the connecting tracts (see Supplementary Figures 4-6).

In conclusion, the structural and connectivity changes in subcortical areas were 
significantly more prevalent in the patients with TAE. Thus our data indicate that LGG pa-
tients with TAE are more likely to show structural and connectivity aberrations in various 
distant brain regions, highlighting the potential correlation between epileptogenesis 
and subcortical structural changes of in LGG patients. 

DIsCussIOn

This study reveals new insights on the impact of low grade glioma and tumor associ-
ated epilepsy on the structural integrity of the subcortical nuclei and cerebellum, as 
well as the cortico-striatal and cortico-thalamic connectivity. Using a large DWI dataset 
exclusively from LGG patients underwent awake surgery, we found structural alterations 

Table 9 – fractional anisotropy alterations of cortico-striatal and cortico-thalamic tracts in Tae and no-Tae group

Cortical WM 
tracts to/from

fa
ipsilateral

fa
contralateral P

Pairing
spearman r P

Caudate TAE 0.376 ± 0.049 0.375 ± 0.041 0.42 0.53 <0.001

Caudate no-TAE 0.350 ± 0.037 0.378 ± 0.058 0.37 0.001 0.49

Putamen TAE 0.416 ± 0.067 0.436 ± 0.039 0.08 0.55 <0.001

Putamen no-TAE 0.379 ± 0.078 0.411 ± 0.042 0.20 -0.17 0.30

Thalamus TAE 0.418 ± 0.041 0.411 ± 0.040 0.04 0.75 <0.001

Thalamus no-TAE 0.412 ± 0.027 0.404 ± 0.027 0.37 0.55 0.04

Mean FA ± standard deviation for ipsilateral hemisphere in relation to the tumor and the contralateral hemisphere, tumor as-
sociated epilepsy (TAE) group n=56 pairs, no-TAE group n=11 pairs. Wilcoxon matched-pairs signed rank test. For each structure 
the pairing Spearman r with significance is given. Abbreviations: WM = white matter, TAE = tumor associated epilepsy.
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ipsilateral from the tumor for both the volume and the DWI parameters of the caudate 
nucleus, the putamen, and thalamus. We found that the cortico-striatal and cortico-
thalamic projections connected to these nuclei ipsilateral to the tumor show altered 
diffusion values. Furthermore, we explored the correlation between tumor associated 
epilepsy to these alterations and found that the patients with TAE are prone to structural 
alterations of the subcortical nuclei.

The volumetric analysis of subcortical nuclei and cerebellum accentuates that on 
the side of the tumor the volume of the striatum and thalamus, is significantly reduced 
compared to the contralateral hemisphere and that the cerebellar cortex contralateral 
to the tumor is affected. This volume reduction suggests that LGG causes damage to the 
large scale brain networks and that both specific subcortical nuclei and the cerebellum 
suffer from some forms of structural and functional alterations because of this effect. We 
found no significant correlation between degree of volume and FA change and tumor 
grade Although it is possible that faster and more invasively growing tumors have more 
impact on these measures, we expect only a limited effect of higher grade phenomena 
such as edema and mass effect on the studied long-distance connections and structures 
far away from the tumor environment. 

Volume decrease of subcortical structures has been described previously in other 
brain diseases such as temporal lobe epilepsy 28,43,44 on the side of the focus, generalized 
tonic-clonic seizure epilepsy 29, juvenile myoclonic epilepsy 45, but also in psychiatric 
disease such as schizophrenia 46 and even in chronic stroke patients 47. Inter-patients 
hemispheric difference in diffusion parameters and volume should be considered, but 
these effects are eliminated in this analysis by the in-patient comparison with the con-
tralateral hemisphere and the presence of both right-sided and left-sided tumors in the 
database. Interestingly, our analysis indicates that the cerebellum, a region far removed 
from the initial tumor site but highly connected through the subcortical nuclei, also 
suffers from volume reduction in the cortex of the contralateral cerebellar hemisphere. 
Related to this finding, a recent report performing resting state functional MRI (rs-fMRI) 
in awake surgery for low grade glioma also demonstrates a hypometabolism occurring 
in the contralesional cerebellar hemisphere directly post-surgery lasting for several 
months after surgery 48. Given our results, it is possible that a change in structural con-
nectivity occurs already before surgery and affects these large-scale brain networks. An 
important additional question is then if these observed changes remain present after 
resection and additional treatment of the glioma; this will have to be determined by 
post-surgical MRI scans both directly after surgery and during follow-up.   

To calibrate our results to a healthy population, we used 60 patients from the Hu-
man Connectome Project. As a control measure for the found volumetric differences, we 
determined if there were any volumetric left-right differences between the subcortical 
nuclei, cerebellum and the cortico-striatal and cortico-thalamic tracts in healthy sub-
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jects. For the subcortical nuclei, we found a larger volume of the left thalamus compared 
to right, for caudate and putamen no significant volumetric differences were found. In 
cerebellum the right cerebellar cortical volume was significantly enlarged compared to 
the left, no difference in white matter volume was observed (Supplemental Figure 7). 
What is important to consider when interpreting this data however, is that these scans 
are from a young population of patients (all under 30 years old) and that the found dif-
ferences are between the left and right hemisphere. Patients with tumor located at both 
left and right sides were included in this study. In our analysis we compared structures 
ipsilateral to the tumor to the contralateral side, which makes direct comparison with 
left/right ratio unfeasible. Furthermore, data from other studies comparing left and right 
nuclei have found either no difference 49-51 or a larger volume of structures in the left 
hemisphere 52,53.

 The cortico-striatal and cortico-thalamic tract analysis resulted in a notable reduc-
tion in the volume of the tracts to/from putamen versus the tracts to/from caudate and 
thalamus, which both seemed to be a lot less affected. One attributing factor to these 
finding could be the anatomical location of the putamen as the most lateral of the sub-
cortical nuclei, being most susceptible to the changes caused by tumor. Furthermore, 
the functional location of the putamen as the recipient of many projections from the 
primary motor and supplementary motor cortex combined with this specific database 
with many tumors located around these eloquent regions could lead to many fibers to 
putamen being affected. In contrast, DWI analysis show that the FA and MD values, both 
indicative of the consistency of tracts, were selectively altered in the thalamic tracts, de-
spite the unaltered thalamic tract volume. The cause for the change in FA and MD values 
remain unknown. Nevertheless, a sharp contrast in the specific alterations between the 
putamen tracts and thalamus tracts suggests complex cellular and circuit mechanisms 
that causes these deficits.   

Given that the volumetric and diffusion alterations remained significant in the 
subgroup of cases with TAE and were not significant in the patients without TAE, our 
research suggests a tight relationship between TAE and structural alternations. A cor-
relation between epilepsy and structural alterations has been reported in patients 
with temporal lobe epilepsy. These alterations are found both inside the temporal lobe 
and in extra-temporal structures including the basal ganglia and thalamus and even 
extending into the cerebellum 27-29. A recent study also illustrated that the spread of 
WM abnormalities correlates with the occurrence of neurocognitive deficits 30. Yet, our 
data does not warrant a causal relation between TAE and structural alterations in LGG 
patients. Future study aiming at illustrating the cause and consequences of TAE will be 
extremely important. Another interesting phenomenon warrants careful interpretation 
since the observed changes in FA and MD especially do not seem to match the find-
ings in DWI studies of primary forms of epilepsy. We found that FA, which measures the 
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directionality of water diffusion within a voxel, ipsilateral to the side of the tumor was 
increased in both the subcortical nuclei and the WM pathways connecting the cortex to 
the nuclei. The MD values decreases in the ipsilateral side to tumor. This is in contrast to 
studies in temporal lobe epilepsy with mesial temporal sclerosis, which demonstrate a 
decrease in FA and a decrease in MD values on the side of the focus 30,54,55. It therefore is 
possible that the mechanism underlying these findings, even though they appear to be 
strongly mediated by the presence of tumor associated epilepsy, is very different from 
the alterations seen in primary epilepsies. 

It remains a question what kind of cellular alterations the FA represents. FA is de-
termined by a combination of axonal density, caliber, and degree of myelination, but 
is also determined by other processes such as microglial function, inflammation and 
tissue architecture 56,57. The possible causes for the observed microstructural changes 
with increased FA and decreased MD must be sought in our current understanding of 
the pathophysiological processes underlying glioma growth. Other studies using DWI to 
study subcortical gray matter and cerebellum in glioma patients are scarce. Miller and 
colleagues found in a group of low grade glioma patients, FA was markedly increased 
in some brain areas further from the tumor 58, which was considered a consequence of 
WM compression. Studies using DWI to investigate both glioma and TAE are even more 
scarce, Wieshmann et al. did find an association between oligodendroglioma proximity 
to the genu of the corpus callosum and the risk of developing generalized seizures over 
focal seizures 59.

Presently, oligodendrocyte precursor cells (OPCs) are being viewed with much inter-
est in relation their role in tumor etiology and are being proposed as a major cell of 
origin for glioma tumorigenesis 60,61. It has recently been shown that glioma cells gener-
ate mitogenic signals to neuronal and oligodendroglial precursor cells and that they use 
the endogenous neuronal activity and secreted mitogens to promote their own survival 
and proliferation 62,63. The proliferation and transformation of OPCs for tumor-induction 
purposes is a long and intricate process during which local neuronal networks and the 
microenvironment are likely to be severely affected and altered. Myelin forming cells in 
the brain are plastic and sensitive to activity-dependent clues, adapting the myelination 
of neurons based on the needs of the environment 64. In glioma, tumor cells are able to 
induce activation of surrounding neurons which leads a situation where higher activ-
ity is favored, resulting in a potential trigger for OPC proliferation and differentiation 
and oligodendrocyte activation, leading to increased myelination of activated axons. 
What is even more intriguing in the perspective of glioma and TAE is the finding that 
initial induction of myelin synthesis is regulated within the OPC process that is driven by 
synaptic vesicular glutamate release 65. Recent work on the pathophysiology of tumor 
associated epilepsy in glioma has indicated the xc

- system as an important survival and 
proliferation system that is used by glioma cells, leading to the simultaneous uptake of 
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cysteine into the glioma cell and the excretion of intracellular glutamate into the peri-
cellular space 66. This creates a high glutamate concentration in the synaptic cleft as well 
as the surrounding peri-tumoral cortex, leading to the induction of hyper-excitation of 
peri-tumoral neurons and eventually to the development of glioma induced epileptic 
seizures 66-68. Based on the previous, the combination of glioma cells and activated 
neurons can in turn trigger OPC differentiation and signal the oligodendrocytes to in-
crease the myelination of active axons. These findings would also support the observed 
preservation of all alterations in the cases with epilepsy, whereas the alterations were no 
longer significant in cases without epilepsy. 

What remains first, is the question whether the observed volumetric and diffusion 
changes are a consequence directly of glioma growth or that they occur due to the sub-
sequent development of TAE. Based on the information in this cohort, we are not able 
to unambiguously address this question. Secondly, we were not able with this database 
to show a significant correlation with seizure frequency, type or a difference in tumor 
grade. This could imply that the observed changes are unrelated to these factors but 
most likely the power of our dataset is still insufficient to address this with enough detail. 
Therefore, new studies are needed to study these long-range connections with a larger 
group of patients with and without TAE. Especially studies are needed that focus on 
combining long-term neurocognitive testing pre- and post-surgery with structural DWI 
analysis. Longitudinal MRI studies following the progression of tumor genesis would 
allow a careful dissection of the causal relation between structural deficits and TAE. Also, 
it is necessary to investigate that when seizures are resolved after successful surgery, 
the diffusion and volumetric alterations remain, and if any values change when seizures 
start again indicating tumor recurrence. 

A pre-existing volume loss in subcortical nuclei and connecting WM tracts could also 
render the brain more vulnerable to resection of cortex so that it has less reserve to 
compensate for cortical injury during surgery. These questions again require long-term 
imaging and neurocognitive testing to determine if there are differences in immediate 
and long-term outcomes for patients with significant volume loss pre-surgery. In this 
retrospective cohort we did not have neurocognitive testing data available for these 
specific tracts to correlate our findings to neuro-cognitive performance. Recently how-
ever, using patients from the same cohort, a study was published on white matter tracts 
involved in language and attention showing a significant relationship between WM 
tract alterations and language and attention performance 69. In the future, an important 
question will be if the degree of subcortical volume loss correlates to the severity of 
neurocognitive deficits, our current database however lacks the outcome data to ad-
dress this question.

Lastly, in light of the ongoing discussion about specifically locating and resecting the 
epileptic focus during glioma surgery 70,71, more studies are also needed to determine 
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the effect of removing the epileptic focus on network structural integrity in this patient 
group. 

COnCLusIOn

Based on our findings from volumetric and diffusion analysis in a cohort of low grade 
glioma patients, glioma has a far-reaching impact on subcortical gray matter nuclei and 
the cerebellum, leading to changes in both volume and diffusion parameters. Tumor as-
sociated epilepsy due to the presence of a LGG is most likely an important contributing 
factor to the observed alterations, although its magnitude cannot be concluded based 
on this data. Our findings support the hypothesis that glioma can lead to impaired 
neuro-cognitive functioning preoperatively by affecting large-scale neuronal networks 
and altering subcortical nuclei and cerebellar regions.
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suPPLeMenTary fIGures

supplementary figure 1 – similar tumor heat maps for low thalamic volume ratios versus rest of the cohort
(A) Heat maps projected on smoothed transverse cortical template images showing tumor masks from the patients with 
very low thalamic volume ratios (N=13). (B) Heat maps of tumors from the rest of the cohort (N=44). Differences in colors 
occur due to higher and lower prevalence. Color key for heat map shown on the far right.
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supplementary figure 2 – Tumor heat maps for control and Tae patients
(A) Heat maps projected on smoothed transverse cortical template images showing tumor masks from all patients with 
tumor associated epilepsy (N=38). (B) Heat maps of tumors from no-TAE patients (N=19). Differences in colors occur due to 
higher and lower prevalence. Color key for heat map shown on the far right.
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supplementary figure 3 – Tumor volume differences in Tae and no-Tae patients
(A) Tumor volumes in mm3 of TAE patients (red) and no-TAE patients (blue). Box and whiskers are given, showing the 
median and 25%-75% percentile with whiskers for the minimum and maximum. In (B-D) the correlation between tumor 
volume and volume ratio (ipsilateral volume divided by contralateral volume) is given for caudate, putamen and thala-
mus respectively. Mann Whitney two-tailed test was used to compare groups. The data is split for TAE (green) and no-TAE 
patients (red). Linear regression line with 95% confidence interval shown per group. Spearman r and p-value are given.
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supplementary figure 4 – Correlation of volume and fa ratios to seizure frequency
Correlations of seizure frequency to volume ratio (1) and FA ratio (2) (ratios calculated by dividing ipsilateral value by 
contralateral value) for both the subcortical nuclei and the cortico-striatal and cortico-thalamic tracts. (A-C) Correlation 
plots of seizure frequency to volume ratio in caudate, putamen and thalamus. (D-F) Correlation plots of seizure frequency 
to FA ratio in caudate, putamen and thalamus. (G-I) Correlation plots of seizure frequency to volume ratio of reciprocal 
cortico-caudate, cortico-putamen, and cortico-thalamic tracts. (J-L) Correlation plots of seizure frequency to FA ratio of 
reciprocal cortico-caudate, cortico-putamen, and cortico-thalamic tracts. Individual values and linear regression line with 
95% confidence interval are displayed. Spearman r and p-value are given for each plot.
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supplementary figure 5 – Correlation of volume and fa ratios to seizure type
Correlations of seizure type to volume ratio (1) and FA ratio (2) (ratios calculated by dividing ipsilateral value by contra-
lateral value) for both the subcortical nuclei and the cortico-striatal and cortico-thalamic tracts. (A-C) Correlation plots 
of seizure type to volume ratio in caudate, putamen and thalamus. (D-F) Correlation plots of seizure type to FA ratio in 
caudate, putamen and thalamus. (G-I) Correlation plots of seizure type to volume ratio of reciprocal cortico-caudate, cor-
tico-putamen, and cortico-thalamic tracts. (J-L) Correlation plots of seizure type to FA ratio of reciprocal cortico-caudate, 
cortico-putamen, and cortico-thalamic tracts. Individual values and linear regression line with 95% confidence interval are 
displayed. Spearman r and p-value are given for each plot.
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supplementary figure 6 – Correlation of volume and fa ratios to tumor grade
Comparison of volume ratio (1) and FA ratio (2) differences by tumor grade (ratios calculated by dividing ipsilateral value 
by contralateral value) for both the subcortical nuclei and the cortico-striatal and cortico-thalamic tracts. (A-C) Compari-
son of volume ratios in grade 2 and 3 tumors in caudate, putamen and thalamus. (D-F) Comparison of FA ratios in grade 2 
and 3 tumors in caudate, putamen and thalamus. (G-I) Comparison of volume ratio of reciprocal cortico-caudate, cortico-
putamen, and cortico-thalamic tracts in grade 2 and 3 tumors. (J-L) Comparison of FA ratio of reciprocal cortico-caudate, 
cortico-putamen, and cortico-thalamic tracts in grade 2 and 3 tumors. Individual values are displayed. Student’s T-test was 
used to compare groups, P-values are given for each plot.
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supplementary figure 7 – Volumetric differences between left and right hemisphere in healthy adults
(A) Volumes of left and right subcortical nuclei caudate, putamen and thalamus are compared. Box and whiskers are given 
showing the median and 25%-75% percentile with whiskers for the minimum and maximum. The left hemisphere data is 
shown in unchecked boxes, checked boxes are right hemisphere volumes. Volume is given in mm3. In (B) the volumes for 
cerebellar WM and cortex are shown. Mann-whitney test used to compare left and right hemisphere for each structure. 
Asterisks indicate significant results. *** P<0.001. WM = white matter, Ctx = cortex.
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aBsTraCT

GABAergic fast-spiking parvalbumin-positive (PV) interneurons are frequently myelin-
ated in the cerebral cortex. However, the factors governing the topography of cortical 
interneuron myelination remain incompletely understood. Here, we report that seg-
mental myelination along neocortical interneuron axons is strongly predicted by the 
joint combination of interbranch distance and local axon caliber. Enlargement of PV+ 
interneurons increased axonal myelination, while reduced cell size led to decreased 
myelination. Next, we considered regular-spiking SOM+ cells, which normally have 
relatively shorter interbranch distances and thinner axon diameters than PV+ cells, 
and are rarely myelinated. Consistent with the importance of axonal morphology for 
guiding interneuron myelination, enlargement of SOM+ cell size dramatically increased 
the frequency of myelinated axonal segments. Lastly, we confirm that these findings 
also extend to human neocortex by quantifying interneuron axonal myelination from ex 
vivo surgical tissue. Together, these findings establish a predictive model of neocortical 
GABAergic interneuron myelination determined by local axonal morphology.
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InTrODuCTIOn

Myelination is the insulating ensheathment of axons by oligodendrocytes to enhance 
action potential propagation and provide metabolic support.1 Recent studies have 
shown that a large fraction of neocortical myelination arises from axons of fast-spiking, 
parvalbumin-positive (PV) interneurons.2,3 Nearly every cortical PV+ interneuron is my-
elinated, and most frequently with a proximally-biased axonal topography consisting 
of short internodes interspersed with branch points.3,4 In contrast, other neocortical 
GABAergic interneuron subtypes are more rarely and sparsely myelinated, raising the 
question of what factors determine this cell type-restricted pattern of neocortical inter-
neuron myelination.

Axonal diameter has been previously demonstrated as an important neuronal fac-
tor influencing myelination. In the peripheral nervous system (PNS), a critical threshold 
of axonal diameter of ~1 µm has been identified, which largely predicts myelination.5 
However in the central nervous system (CNS), the pattern is much less clear. Axons with 
diameters ~200 nm can become myelinated6, while axon diameters as large as ~800 
nm can remain unmyelinated.6 In vitro, oligodendrocytes reliably initiate myelination of 
synthetic nanofibers above a critical diameter of ~300 nm but rarely do so for smaller 
diameters.7–9 The diameter findings appear to extend to grey matter in vivo, where my-
elinated axons < 300 nm are rarely observed.2,9 Moreover, following acute demyelination 
regenerated myelin sheaths often re-establish their pre-morbid pattern of myelination, 
suggesting that intrinsic axonal factors are primary determinants of myelination.10 Fur-
thermore, oligodendrocytes appear to sense axonal diameters in vitro, and adjust their 
internode length based on fiber diameter.8 Taken together, axonal diameter is firmly 
established as an important determinant underlying internode formation. However, in 
contrast to its high predictive validity in the PNS, axonal diameter is only moderately 
predictive of myelination topography in the CNS.

Here we examine the relationship between cortical interneuron myelination and 
axonal morphology in adult mouse prefrontal cortex. We find that the topography of 
myelination along individual PV+ axons is strongly predicted by the joint combination 
of axonal diameter and interbranch distance.  The bivariate model combining axonal 
diameter and interbranch distance was superior to univariate models involving either 
axonal diameter or interbranch distance alone. We further explored the model robust-
ness by implementing bidirectional manipulations of PV+ interneuron size. Enlargement 
of PV+ interneuron size resulting from cell-type specific deletion of Tsc1 increased the 
incidence of myelinated segments. Conversely, reduction of PV+ interneuron size by 
cell-type specific deletion of Ube3a decreased the frequency of myelinated segments. 
Yet notably, in both cases, the joint combination of interbranch distance and local axon 
caliber remained highly predictive of myelin topography. Lastly, we considered regular-
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spiking SOM+ cells, which normally have relatively shorter interbranch distances and 
thinner axon diameters than PV+ cells, and are rarely myelinated. However, enlargement 
of SOM+ cell size by cell type-specific deletion of Tsc1 dramatically increased the fre-
quency of myelinated axonal segments and with a topography accurately predicted by 
the bivariate model. Lastly, we find that interneurons reconstructed from human ex vivo 
surgical tissue also exhibit similar rules governing their axonal myelination. Together, 
these results establish a highly predictive model of neocortical GABAergic interneuron 
myelination topography based on local axonal morphology.

resuLTs

super-resolution imaging of individual fast-spiking, PV+ interneuron 
axons
To examine the relationship between the axonal morphology of PV+ interneurons 
and their myelination, we targeted fluorescent PV+ interneurons in the adult medial 
prefrontal cortex (mPFC) of Pvalb::cre11;Ai1412 mice for whole-cell patch-clamp record-
ing and biocytin filling (n = 8 cells; fig. 1a,b; supplementary Table 1). Recorded cells 
exhibited the fast-spiking pattern associated with PV+ interneurons (fig. 1c). Biocytin-
labeled cells were imaged by confocal microscopy for reconstruction (fig. 1d), followed 
by structured illumination microscopy (SIM) for high-resolution analysis of individual 
axonal segments13 (see Methods; fig. 1-figure supplements 1-3). We systematically 
analyzed PV+ interneuron axonal segments up to the 7th branch order, beyond which 
myelination was rarely observed in this region.3,4 Axon shaft diameter averaged 0.34 ± 
0.01 µm (range 0.16 - 0.98 µm) and decreased with increasing branch order (fig. 1e-g). 
En passant boutons, located primarily on more distal branches (≥5th branch order), aver-
aged 0.71 ± 0.01 µm in diameter (range 0.34 – 1.26 µm; fig. 1h).

PV+ interneuron myelination co-varies with axon morphology
Myelin was visualized by immunolabeling for myelin basic protein (MBP). Consistent 
with previous studies3,4, reconstructed PV+ interneurons consistently exhibited myelina-
tion of their proximal axons (8 out of 8; 100%, fig 2a,c), while distal axonal segments 
remained unmyelinated (fig. 2b,c). Myelination of PV+ interneurons typically extended 
from branch point to branch point (fig. 2c), in which ~84% of myelinated internodes 
had their boundaries within 5 µm of an axonal branch point (fig. 2d). For each recon-
structed interbranch segment, we examined the relationship between the probability 
of segmental myelination and the average axon shaft diameter using receiver operating 
characteristic (ROC) analysis.14 Axon shaft diameter strongly co-varied with myelination, 
with a critical univariate threshold at 334 nm (area under curve, AUC = 0.93; sensitivity = 
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97.2%, specificity = 84.4%), above which internodes were often present and below which 
myelination was rarely observed (fig. 2e-g). However, 30% of interbranch segments 
with axon shaft diameter >334 nm remained incorrectly classified by the univariate ROC 
model (15 of 50 segments), suggesting additional deterministic factors underlying the 
variance in segmental myelination.

We next considered the univariate relationship of interbranch distance with seg-
mental myelination. We found that myelination occurred more frequently along unin-
terrupted interbranch segments greater than 17.4 µm (AUC = 0.79; sensitivity = 97.2%, 
specificity = 60.4%; fig. 2f,g). However, similar to the relationship with axonal diameter, 
a substantial proportion of interbranch segments >17.4 µm were unmyelinated (48%, 
35 of 73 segments).

Therefore, we implemented a bivariate ROC analysis15 to explore whether the inter-
section of interbranch distance and axonal diameter might yield improved estimates of 
segmental myelination. Using a bivariate ROC analysis, the optimal interbranch distance 
and axonal diameter were 13.7 µm and 334 nm, respectively (AUC = 0.99; fig. 2f,g). 
The joint combination of these two thresholds correctly predicted whether 128 of 132 
segments contained an internode (97.0% accuracy), a significant improvement over the 
univariate models (interbranch distance: 70.5% accuracy, Fisher’s Exact Test P < 0.001; 
axonal diameter: 87.9% accuracy, Fisher’s Exact Test P = 0.005). In particular, the bivariate 
model correctly predicted 35 of 36 myelinated internodes (sensitivity = 97.2%), match-
ing that of the univariate predictors (Fisher’s Exact Test P = 0.99). However, the joint 
combination of interbranch distance and axonal diameter also predicted with high ac-
curacy those segments in which myelination was absent (93 of 96 segments, specificity 
= 96.9%), in contrast to the univariate models (Fisher’s Exact Test; axonal diameter: P = 
0.004, interbranch distance: P < 0.001). These findings suggest that the combination of 
interbranch distance and axonal diameter are highly predictive of segmental myelina-
tion along PV+ interneurons.

To independently corroborate the findings from supra-resolution imaging, we uti-
lized electron microscopy (EM) for assessing the morphology and myelination of PV+ 
cell axons. We utilized a genetic labeling method to enhance the electron dense contrast 
of PV+ cell axons by stereotactic injection of a cre-dependent adeno-associated virus 
(AAV2) into the mPFC of Pvalb::cre mice. Virus-transduced Pvalb::cre+ cells expressed 
the EM marker APEX216 fused with membrane-targeted GFP (mGFP-APEX2), permitting 
cell-type specific visualization of labeled PV+ cells in both fluorescence and electron mi-
crographs (fig. 3a-c,e,f). Prior to ultrastructural analysis, we used confocal microscopy 
to confirm that GFP+ neurons resembled PV+ cells morphologically.  We also confirmed 
that nearly all of the virally labeled cells were immunopositive for PV (93.9 ± 1.3%; fig. 
3b-d). We then used APEX2-mediated peroxidase histochemistry to produce intracel-
lular electron dense labeling. PV+ cells were readily detected by their darkened cyto-
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plasmic staining in electron micrographs. This allowed us to identify axonal processes 
belonging to PV+ interneurons, whether myelinated or not (fig. 3e,f). The distributions 
of axon shaft diameter and bouton diameter, and their relationship with axonal branch 
order, were also highly comparable to previous ultrastructural analyses of fast-spiking, 
PV+ interneurons.16,17,18 Consistent with the fluorescence microscopy analysis (fig. 2), 
myelination was observed exclusively around PV+ axonal fibers with shaft diameters 
>330 nm. Mean diameter was significantly larger in myelinated than in unmyelinated 
segments (fig. 3g). Thus, axon morphology strongly predicts myelination of PV+ inter-
neurons using two independent methods.
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figure 1. Super-resolution microscopy of fast-spiking, PV+ interneuron axons. (a) Experimental approach. Biocytin-filled 
fast-spiking PV+ interneurons from mPFC were analyzed using both confocal imaging and structured illumination micros-
copy (SIM) imaging. See also fig. 1-figure supplement 1-3. (b) Maximum projection confocal image of a representative 
biocytin-filled PV+ cell from mPFC layer V (red). Scale bar, 50 µm. (c) Current clamp recording of evoked action potentials. 
Scale bars are 20 mV, 100 pA and 100 ms from top to bottom (right). (d) Full reconstruction of a mPFC layer V PV+ interneu-
ron. Soma and dendrites in black, axon in brown. (e) Representative SIM z-stack projections of PV+ interneuron axonal seg-
ments (top), along with their corresponding FWHM diameter profiles (bottom). White arrowheads indicate measurement 
boundaries. From left to right: First branch order axon initial segment; second branch order unmyelinated axonal segment; 
third branch order myelinated axonal segment; sixth branch order unmyelinated axonal segment featuring multiple en-
passant boutons (indicated by asterisks). Scale bar, 10 µm. (f) Distribution histogram of PV+ interneuron axon shaft diam-
eters, fitted with a Gaussian curve. n = 140 axonal segments/8 cells. (g) Average axon shaft diameter decreases steadily 
over centrifugal branch order. n = 140 segments/8 cells. P < 0.001, one-way ANOVA. (h) Distribution of axonal en passant 
bouton diameters of PV+ interneuron axons, fitted with a Gaussian curve. n = 250 boutons/8 cells. Abbreviations: FWHM, 
full-width half-maximum. I, input current. SIM, structured illumination microscopy. Vm, membrane voltage.
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Bi-directional manipulation of PV+ axon morphology alters myelination
In order to examine the robustness of axonal morphology in predicting PV+ interneuron 
myelination topography, we performed cell-type specific manipulations known to influ-
ence axonal geometry. Deletion of the Tsc1 gene has been previously shown to induce 
enlarged somata of various neuronal cell types across a diversity of brain regions.19–22 
Moreover, the Akt-mTOR pathway, a downstream target of Tsc1, is one of the main regu-
lators of axon caliber.23 Conversely, mice harboring a deletion of Ube3a have recently 
been shown to exhibit smaller neurons24,25 with reduced axonal diameters in corpus 
callosum.26

To obtain PV cell-specific deletions, Pvalb::cre mice were crossed with floxed Tsc1f/f 
mice (PV::TSC1) and floxed Ube3ap/f mice (PV::UBE3A) (fig. 4a; fig. 4-figure supple-
ments 1-2). PV+ cells in adult mPFC of PV::TSC1 mice exhibited a ~50% increase in 
soma size, in accordance with a strong upregulation of pS6235/236, a downstream target 
of mTOR (fig. 4b,c). PV::TSC1 cells showed filopodia-like extensions on their soma and 
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figure 2. PV+ interneuron axon diameter co-varies with myelination. (a) Average SIM z-stack projection of a biocytin-filled 
PV+ interneuron axon (red) along with its myelination (MBP; green arrowhead), centered over a fourth branch order seg-
ment. Note that the relatively thinner axonal segment is unmyelinated (white arrowhead). Scale bar, 5 µm. (b) Average 
SIM z-stack projection of a biocytin-filled PV+ interneuron axon (red) lacking myelination (MBP), centered over a seventh 
branch order segment. Note the frequent en passant boutons and thin axon shaft. (c) Neurolucida reconstruction of an 
mPFC fast-spiking PV+ interneuron axon. Axon in grey, myelinated segments in green. Note the proximal onset of myelin, 
consisting of short internodes interspersed by branch points. (d) Frequency histogram of nearest neighbor distance from 
internodes to branch points. n = 81 segments/5 cells. (e) Average axon segment diameter versus branch order, exclusively 
for segments showing myelination. n = 39 segments/8 cells. P < 0.001, one-way ANOVA. (f) The joint combination of axonal 
diameter and interbranch point distance is highly predictive of segmental myelination. Each circle represents an individual 
axonal segment. Myelinated segments (green) are consistently thicker and longer compared to unmyelinated segments 
(black), with critical thresholds (dotted lines) of 13.4 µm and 334 nm for interbranch distance and diameter, respectively. n 
= 140 segments/8 cells. (g) Receiver-operator characteristic (ROC) curves for interbranch distance (blue) and diameter (red) 
as univariate predictors, as well as the significantly improved joint bivariate prediction (green) of myelination status (P < 
0.001). Diagonal dotted line indicates the non-discrimination reference boundary. Abbreviations: ROC, receiver-operator 
characteristic.
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proximal dendrite, which were not observed in PV::WT cells (fig. 4-figure supplement 
1f). Conversely, PV::UBE3A mice exhibited a ~15% reduction in PV+ interneuron soma 
area (fig. 4b,c). Notably, mPFC PV cell density was similar across PV::UBE3A, PV::TSC1, 
and PV::WT mice (fig. 4-figure supplement 3a-b).

To examine axon caliber, adult PV::TSC1, PV::UBE3A and PV::WT mice received unilat-
eral stereotactic injections in the mPFC of adeno-associated virus (AAV) containing cre-
dependent GFP. Fourteen days later, mice were sacrificed and axons originating from 
GFP+ somata were imaged using SIM (fig. 4d). Since we observed that the diameter 
of the 1st branch order strongly correlated to diameter of consecutive axonal segments 
(Fig. 1), we measured primary axonal diameter at the 1st branch order for GFP-labelled 
cells from PV::TSC1, PV::UBE3A and PV::WT cells as a high-throughput indication of axon 
caliber. Consistent with enlarged somata, this analysis revealed a significantly increased 
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figure 3. APEX2 contrast-enhanced electron microscopy confirms that smaller-diameter axonal segments lack myelina-
tion. (a) Experimental flowchart. Pvalb::cre mice were given unilateral injections into mPFC with AAV2/CAG-flex-mGFP-
APEX2, and sacrificed for confocal and electron microscopy after 7 to 14 days. (b) Confocal image of unilateral PV-specific 
mGFP-APEX2 expression in mPFC (green). White square depicts the region of interest in the prelimbic area. (c) Representa-
tive confocal microscopy image of mGFP-APEX2 fluorescence (green) and its colocalization with PV immunofluorescence 
(red). (d) Quantification of colocalization between mGFP-APEX2+ cells and PV immunofluorescence. 93.9 ± 1.3% of mGFP-
APEX2+ cells expressed PV. n = 2 mice (e-f) Electron microscopy images (14kx) of PV::mGFP-APEX2+ myelinated (e) and 
unmyelinated (f) axons (arrows). Morphological enlargements featuring mitochondria (asterisks) were not included in the 
diameter analysis. (g) PV+ interneuron axonal segments featuring myelination have a larger average diameter (green) than 
unmyelinated axons (black). Unmyelinated: 0.269 ± 0.019 µm, n = 38; myelinated: 0.570 ± 0.045 µm, n = 15. *** P < 0.001. 
Unpaired two-tailed Student’s t-test. Black bars represent mean ± s.e.m.
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primary axonal caliber of PV::TSC1 PV+ cells compared to PV::WT cells (fig. 4e,f). In con-
trast, axons from PV::UBE3A showed a non-significant trend toward decreased primary 
axon caliber compared to PV::WT cells (fig. 4e,f).

We next performed whole-cell electrophysiological recordings of adult mPFC 
PV+ cells combined with biocytin-filling and post hoc MBP immunofluorescence as 
previously described (fig. 5a; fig. 4-figure supplement 4).3,4 Recorded PV+ cells in 
PV::TSC1, PV::UBE3A and PV::WT exhibited fast-spiking firing characteristics, with no 
detectable differences between genotypes (fig. 5b-d; fig. 4-figure supplement 4). 
Confocal imaging followed by proximal axonal reconstructions (fig. 5e-h) revealed that 
all PV::TSC1 cells exhibited axonal myelination (13 of 13 cells; 100%; fig. 5f-i), similar to 
PV::WT cells (10 of 11 cells; 90%) and PV::UBE3A cells (7 of 8 cells; 88%). Tsc1-deficient PV+ 
cells showed increased axonal myelination per cell compared to PV::WT cells (fig. 5j). In-
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figure 4. PV::TSC1 and PV::UBE3A mice exhibit reciprocal alterations of PV+ cell morphology. (a) Overview of mouse 
breeding scheme. (b) Maximum projection confocal image of PV+ somata (red) in PV::UBE3A mice lacking UBE3A (green; 
top), and in PV::TSC1 mice showing high pS6 expression (green, bottom). Higher magnification images are provided in 
fig. 4-figure supplements 1-2. Scale bar, 15 µm. (c) Quantification of PV+ interneuron maximum projection soma area 
from mPFC layers II-V. PV::UBE3A: 92.1 ± 2.7 µm2; n = 58 cells; PV::WT: 104.6 ± 2.5 µm2; n = 109 cells PV::TSC1: 160.2 ± 3.8 
µm2; n = 159 cells; n = 3 mice per group. (d) Experimental procedure. PV::UBE3A, PV::WT and PV::UBE3A were stereotacti-
cally injected with AAV9/CAG-Flex-eGFP in the mPFC and analyzed two weeks later with SIM imaging. (e) Representative 
projection of a SIM z-stack showing primary axon branches (red) originating from transfected GFP+ somata in PV::UBE3A 
and PV::TSC1 mice. White arrowhead indicates location of axon onset. Scale bar, 2 µm. (f) PV+ interneuron axon caliber 
quantifications from mPFC layers II-V. PV::UBE3A: 0.613 ± 0.023 µm; n = 36 axons; PV::WT: 0.665 ± 0.019 µm; n = 46 axons; 
PV::TSC1: pS6+ 0.846 ± 0.034 µm; n = 30 axons; n = 3 mice per group. *** P < 0.001; ** P < 0.01; * P < 0.05. One-way ANOVA 
followed by post hoc Tukey’s test. Black bars represent mean ± s.e.m.
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figure 5. PV::UBE3A and PV::TSC1 mice exhibit bi-directional alterations in PV+ interneuron axonal myelination. (a) Experi-
mental approach. Biocytin-filled fast-spiking PV+ interneurons from each genotype were first analyzed using confocal im-
aging. (b-d) Maximum projection image of a representative biocytin-filled PV+ cell (red, top), a close-up of a biocytin-filled 
somata (red, bottom), with a corresponding fast-spiking action potential train for PV::UBE3A (b), PV::WT (c), and PV::TSC1 
(d). Scale bars are 50 µm (left) and 20 mV, 100 pA and 100 ms from top to bottom (right). (e) Representative SIM z-stack pro-
jection of a biocytin-filled PV+ interneuron axon centered over a 4th order branch (red), demonstrating myelinated (MBP, 
green; green arrowhead) and unmyelinated segments (white arrowhead). Scale bar, 5 µm. (f-h) Proximal axon reconstruc-
tions (grey) including myelinated segments (green) of representative cells from PV::UBE3A (f), PV::WT (g), and PV::TSC1 (h) 
mice. (i) Nearly all PV+ cells exhibit axonal myelination, independent of genotype. (j-l) PV+ cell-specific genetic manipula-
tions bi-directionally alter myelin content (j), internode length (k) and number of internodes per cell (l). (m) The distri-
bution of interbranch distance remains similar across genotypes (P = 0.575, repeated measures ANOVA group x branch 
order interaction). (n) Distance from the soma to the onset of myelination was unaffected by PV+ cell-specific deletion of 
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terestingly, the increase in myelination per cell was associated with both an increase of 
average internode length (fig. 5k) as well as a higher number of internodes per cell (fig. 
5l), but without a change of interbranch distance (fig. 5m). Onset of myelination, mea-
sured as axonal distance from the soma or originating dendrite to the beginning of the 
first internode, was unchanged (fig. 5n). In contrast to PV::TSC1 cells, Ube3a-deficient 
PV+ cells exhibited a decrease in axonal myelination (fig. 5i,j), including both a lower 
number and shorter length of internodes (fig. 5k,l), consistent with their reduced soma 
size. Finally, the initial point of myelin onset from the soma was unchanged in PV::UBE3A 
cells (fig. 5n). Despite these PV cell type-specific alterations in myelination, no robust 
changes were observed in global myelination (fig. 5-figure supplement 1a,b) or CC1+ 
mature oligodendrocyte density (fig. 5-figure supplement 1c,d).

Systematic analysis of individual PV+ interneuron axonal segments in PV::UBE3A and 
PV::TSC1 cells confirmed a similarly strong co-variation between axon morphology and 
segmental myelination as observed in PV::WT mice (fig. 5o-s). ROC analysis of PV::UBE3A 
cells yielded bivariate thresholds of axonal diameter > 332 nm and interbranch distance 
> 14.1 µm (sensitivity = 100%, specificity = 97.5%; AUC = 0.99) (fig. 5p,q). Analogously, 
ROC analysis of the PV::TSC1 cells yielded bivariate thresholds of axonal diameter > 
378 nm and interbranch distance > 18.6 µm (sensitivity = 100%, specificity = 94.6%; 
AUC = 0.99) (fig. 5r,s). Similar to PV::WT, the bivariate model for PV::TSC1 significantly 
improved the prediction accuracy of segmental myelination compared to the univariate 
models (axonal diameter: P = 0.015; interbranch distance: P = 0.027). For PV::UBE3A, 
the bivariate model was a significant improvement over the univariate model based 
on interbranch distance (P = 0.004), but statistically similar to the univariate model for 
axonal diameter (P = 0.500). Together, these findings demonstrate the robustness of the 
joint combination of interbranch distance and axonal diameter for accurately predicting 
the topography of PV+ interneuron myelination in vivo, across a wide range of axonal 
morphologies.

Ube3a or Tsc1. P = 0.589, one-way ANOVA. (o) Experimental approach. Biocytin-filled fast-spiking PV+ interneurons from 
PV::UBE3A and PV::TSC1 mice were analyzed using both confocal and SIM imaging. (p) The joint combination of axonal 
diameter and interbranch point distance is highly predictive of PV::UBE3A cell segmental myelination. Critical thresholds 
(dotted lines) for interbranch distance and axonal diameter were 14.1 µm and 332 nm, respectively. n = 49 segments/3 
cells. Myelinated segments, green circles.  Unmyelinated segments, black circles. (q) Receiver-operator characteristic (ROC) 
curve for PV::UBE3A cells. ROC curves of segmental myelination, comparing univariate models of interbranch distance 
(blue) and axonal diameter (red), and their joint bivariate combination (green). Diagonal dotted line indicates the non-
discrimination reference boundary. (r) The joint combination of axonal diameter and interbranch point distance is highly 
predictive of PV::TSC1 cell segmental myelination. Critical thresholds (dotted lines) for interbranch distance and axonal 
diameter were 18.6 µm and 378 nm, respectively. n = 58 segments/3 cells. Myelinated segments, green circles.  Unmyelin-
ated segments, black circles. (s) ROC curves for PV::TSC1 cells. ROC curves of segmental myelination, comparing univariate 
models of interbranch distance (blue) and axonal diameter (red), and their joint bivariate combination (green). Diagonal 
dotted line indicates the non-discrimination reference boundary.  ***P < 0.001, **P < 0.01, *P < 0.05, n.s. non-significant. 
One-way ANOVA in (j), (k), (l) and (n). Repeated measures ANOVA in (m). Black bars represent mean ± s.e.m. Abbreviations: 
I, input current. ROC, receiver-operator characteristic. Vm, membrane voltage.
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sOM+ and PV+ interneurons adhere to similar myelination rules
Regular spiking, SOM+ interneurons27 have relatively few myelinated internodes along 
their axons in mPFC3 and contribute minimally to total neocortical myelination content.2 
Is this sparse myelination also predicted by their axonal morphology, as we observed 
for PV+ interneurons? Do SOM+ interneuron axons share the thinner shaft diameters or 
more closely spaced branch points of unmyelinated segments of PV+ axons?

To examine this possibility, we performed whole-cell recordings and intracellular 
biocytin-labeling of SOM+ interneurons in mPFC using Sst::cre28,Ai1412 mice (n = 10; fig. 
6a-d; fig. 1-figure supplement 3). The identity of filled cells was further confirmed as 
SOM+ interneurons based upon their characteristic electrophysiological and morpho-
logical features27 (fig. 6c,d; supplementary Table 2; fig. 7-figure supplement 1e). 
Among the 10 reconstructed SOM+ axons, we found only a single myelinated internode 
(fig. 6e-h). Axonal shaft diameter as quantified using SIM averaged 0.303 ± 0.015 µm 
(range 0.222 - 0.561 µm; fig. 6f, fig. 7-figure supplement 1f) and decreased with 
increasing branch order (fig. 6g). Notably, the vast majority of unmyelinated SOM+ 
axonal segments had smaller diameters and/or more closely spaced branch points than 
the threshold values identified among myelinated segments in PV+ interneurons (fig. 
6h inset; dashed line).

Since we identified only a single myelinated segment, we could not reliably deter-
mine critical thresholds for axonal diameter and interbranch distance thresholds among 
wild-type SOM+ interneurons. Notably, however, this single myelinated segment had 
an axonal diameter of 561 nm and interbranch distance of 16.8 µm, which exceeded 
the morphometric thresholds we identified for wildtype PV+ interneurons. Similarly, the 
vast majority of unmyelinated SOM+ interneuron axon segments fell below morpho-
metric thresholds for axonal diameter and/or interbranch distance identified for PV::WT 
cells (79 of 88 segments; 89.8%) (fig. 6h). These data indicate that the myelination rules 
derived from the analysis of PV+ cells may be generalizable to other neocortical inter-
neurons, including SOM+ cells.

Genetic manipulation of sOM+ axon morphology induces de novo 
myelination.
Factors other than axon morphology could explain why SOM+ interneurons are largely 
unmyelinated, such as expression of active inhibitors of myelination.29 We therefore 
asked whether we could induce de novo myelination of SOM+ cells by altering their 
axonal morphology. Using an analogous approach to that we used for PV+ cells, we 
deleted Tsc1 specifically in SOM+ cells by crossing Sst::cre and floxed Tsc1f/f mice. SOM+ 
interneurons identified by post hoc immunolabeling had ~65% larger soma size in 
mPFC compared to WT mice (fig. 7a,b; fig. 7-figure supplement 1). Moreover, cre-
dependent viral labeling of SOM+ cells followed by SIM imaging showed increased axon 
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calibers for SOM::TSC1 cells (1st order branches) compared to WT mice (fig. 7c,d). SOM+ 
cell density was unchanged in the mPFC of SOM::TSC1 mice (fig. 7-figure supplement 
2a,b).

We next performed whole-cell electrophysiological recordings in mPFC SOM+ cells 
combined with biocytin-filling and post hoc MBP immunofluorescence to examine the 
influence of the enlarged morphology on axonal myelination (fig. 7e,f; fig. 1-figure 
supplement 3; fig. 7-figure supplement 1). Recorded SOM::TSC1 cells exhibited 
reduced input resistance and intrinsic excitability, with no changes in single action 
potential characteristics (fig. 7-figure supplement 3).

Confocal microscopy followed by axonal reconstruction showed that whereas 
SOM::WT cells were rarely myelinated (0 out of 6; 0%), which is in line with the Sst::cre,Ai14 
cells, myelination of SOM::TSC1 cells was highly frequent (11 out of 11; 100%; fig. 7f-h). 
Moreover, SOM::TSC1 cells showed corresponding increases in total length of my-
elination (fig. 7i), internode length (fig. 7k), and number of internodes (fig. 7j). Myelin 
onset appeared at 55.8 ± 7.2 µm from the soma (fig. 7n), typically initiating between 
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figure 6. mPFC SOM+ interneurons have subthreshold axonal morphology and are correspondingly unmyelinated. (a) 
Experimental approach. Biocytin-filled regular-spiking SOM+ interneurons from mPFC were analyzed using both confocal 
imaging and SIM imaging. See also fig. 1-figure supplements 1-3. (b) Maximum projection confocal image of a repre-
sentative biocytin-filled SOM+ interneuron (red). Scale bar, 50 µm. (c) SOM+ interneuron recording demonstrating a low 
threshold for AP initiation, spike frequency adaptation, and AP amplitude attenuation. Scale bars are 20 mV, 100 pA and 
100 ms from top to bottom. (d) Neurolucida reconstruction of the SOM+ cell depicted in (b). Soma and dendrite in black, 
axon in brown. Note the tortuous axonal arbor and dendrites. (e) mPFC SOM+ interneurons are rarely myelinated. Repre-
sentative confocal image of a SOM+ interneuron axon (red), centered over a 3rd branch order segment (white arrowhead) 
without myelination (MBP, green; green arrowhead). Scale bar, 10 µm. (f) Frequency histogram of SOM+ interneuron axon 
shaft diameter, fitted with a Gaussian curve. n = 88 axonal segments/6 cells. (g) Axon shaft diameter decreases monotoni-
cally with increasing centrifugal branch order. n = 88 segments/6 cells. P < 0.001, one-way ANOVA. (h) Distribution of axo-
nal segment diameter and interbranch distances for myelinated (green circles) and unmyelinated (black circles) segments. 
n = 88 segments/6 cells. Dotted lines indicate the bivariate thresholds derived from PV::WT interneurons. Abbreviations: I, 
input current. Vm, membrane voltage.
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figure 7. SOM::TSC1+ cells are frequently myelinated. (a) Overview of mouse breeding scheme. (b) SOM::TSC1+ cells have 
enlarged somata. Left: Representative confocal images of SOM+ cells (red) confirm the increased expression of pS6 (green) 
in SOM::TSC1 cells. Higher magnification images in fig. 7-figure supplement 1. Right: SOM+ interneuron maximum pro-
jection soma area from mPFC layers II-V. SOM::WT: 101.8 ± 1.9 µm2, n = 81 cells; SOM::TSC1: 166.4 ± 3.7 µm2, n = 103 cells; 
n = 3 mice per group. *** P < 0.001. Unpaired two-tailed Mann-Whitney U-test. (c) Representative SIM z-stack projection 
images of GFP-labelled SOM+ interneuron axons (red). SOM::WT (top), SOM::TSC1 (bottom). Scale bar, 3 µm. (d). SOM::TSC1 
cells have an increased axonal diameter. SOM::WT: 0.799 ± 0.049 µm, n = 18 cells; SOM::TSC1: 1.407 ± 0.076 µm, n = 17 cells; 
n = 3 mice per group. *** P < 0.001. Unpaired two-tailed Mann-Whitney U-test. (e) Experimental approach. Biocytin-filled 
regular-spiking SOM+ interneurons from mPFC of SOM::WT and SOM::TSC1 mice were analyzed using confocal imaging 
(f) Representative confocal z-stack projection image of a biocytin-filled SOM::TSC1 interneuron axon (red) and myelination 
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the 2nd and 6th branch order. No myelin was identified on more distal axonal segments 
(branch order ≥10). Myelination was found equally on the primary axon and on axon 
collateral branches (fig. 7l). Furthermore, SOM::TSC1 myelination was constrained by 
axonal branch points, in that 87% of internodes began or ended within 5 µm of a branch 
point (fig. 7m).

Analyses of individual axonal segments using SIM along SOM::TSC1 cells revealed a 
similar relationship between myelination and the joint combination of axonal diameter 
and interbranch distance (fig. 7o-q) as found in wildtype PV+ cells (fig. 2f, fig. 5n,o). 
ROC analysis of SOM::TSC1 cells yielded thresholds of axonal diameter > 406 nm and 
interbranch distance > 11.8 µm (sensitivity = 0.95, specificity = 0.90; AUC = 0.94) (fig. 
7p). The bivariate model exhibited a significantly improved the prediction accuracy for 
segmental myelination compared to the univariate models (axonal diameter: P < 0.001, 
interbranch distance: P < 0.001). These findings suggest that axonal morphology, and in 
particular the combination of axonal caliber and interbranch distance, governs the local 
segmental myelination of PV+ and SOM+ neocortical interneurons.

Neocortical SOM+ interneurons are morphologically and electrophysiologically het-
erogeneous.30 Therefore, to further examine the extent of SOM::TSC1 myelination across 
a wider population of cells, we employed SOM-specific sparse viral transduction using 
cre-dependent GFP expression in adult mPFC, followed by MBP immunofluorescence 
(fig. 8a). Although this method precludes electrophysiological confirmation of adapting 
spiking patterns and detailed axonal reconstructions, it provides a higher-throughput 
examination of mPFC SOM+ interneuron myelination. We examined axons originating 
from mPFC layer II-V GFP+ interneuron somata from SOM::WT and SOM::TSC1 mice for 
colocalization with MBP (fig. 8b). Of 26 SOM::WT+ cells examined, 4 (15%) were myelin-
ated (fig. 8c). Conversely, of 50 SOM::TSC1+ cells examined, 46 (92%) were myelinated 

(MBP), centered over a 7th branch order segment. Unmyelinated branch point indicated by white arrowhead. Scale bar = 
10 µm. (g) Neurolucida reconstruction of an mPFC SOM::TSC1 cell. The axon (grey) shows multiple myelinated internodes 
(green) along the main branch. Note the frequent thin, tortuous, and unmyelinated axon collaterals. (h) In contrast to 
SOM::WT cells, all 11 reconstructed SOM::TSC1 cells were myelinated. (i-k) SOM::TSC1 cells exhibit a robust (i) total myelin 
(208.30 ± 33.14 µm), (j) number of internodes (6.97 ± 0.90 µm), and (k) internode length (28.33 ± 1.31 µm). ***P < 0.001, 
Unpaired Student’s two-tailed t-test. SOM::WT: n = 6; SOM::TSC1: n = 11. (l) Myelin segments occur with similar frequency 
on main SOM::TSC1 axon branches and axon collaterals (P = 0.99, Fisher’s Exact Test). (m) Frequency histogram of nearest 
neighbor distance from internodes to branch points. n = 38 segments/4 cells. (n) Distance from the soma or originating 
dendrite to the onset of myelination was measurable only for SOM::TSC1 cells due to the very infrequent myelination of 
SOM::WT cells. (o) Experimental approach. Biocytin-filled regular-spiking SOM+ interneurons from SOM::TSC1 mice were 
analyzed using confocal and SIM imaging. (p) The joint combination of axonal diameter and interbranch point distance 
is highly predictive of PV::TSC1 cell segmental myelination. Critical thresholds (dotted lines) for interbranch distance and 
axonal diameter were 11.8 µm and 406 nm, respectively. n = 86 segments/5 cells. Myelinated segments, green circles.  Un-
myelinated segments, black circles. (q) ROC curves for SOM::TSC1 cells. ROC curves of segmental myelination, comparing 
univariate models of interbranch distance (blue) and axonal diameter (red), and their joint bivariate combination (green). 
Diagonal dotted line indicates the non-discrimination reference boundary. Unpaired Student’s two-tailed t-test in (i), (j) 
and (k). Unpaired two-tailed Mann-Whitney U-test in (b) and (d) owing to non-normality. Black bars represent mean ± 
s.e.m. Abbreviations: ROC, receiver-operator characteristic.
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(P < 0.001; fig. 8c). Consistent with the high proportion of SOM+ cell myelination, the 
mPFC of SOM::TSC1 exhibited a marked increase of global myelination (fig. 8d,e) and a 
higher density of CC1+ mature oligodendrocytes (fig. 8f,g).

Together, these data suggest that axonal morphology is necessary and sufficient to 
govern neocortical interneuron myelination. In particular, we propose that the combina-
tion of interbranch distance and axonal diameter together determine the topographical 
distribution of internodes along the axons of neocortical interneurons.
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figure 8. Extensive axonal myelination of SOM::TSC1 cells. (a) Experimental flowchart. Adult SOM::WT and SOM::TSC1 mice 
were injected with low-titer AAV9 cre-dependent GFP reporter virus in mPFC, and sacrificed 14 days later for MBP immu-
nofluorescence labeling and confocal microscopy. (b) Maximum projection confocal image of a GFP-labelled SOM::TSC1+ 
interneuron showing circumferential MBP expression (green). Scale bar, 5 µm. (c) A high proportion of virally-labelled 
SOM::TSC1 cells exhibited myelination (92.0%, 46 of 50 cells), in contrast to SOM::WT cells (15.4%, 4 of 26 cells) (P < 0.001, 
Fisher’s Exact Test). (d) Representative low-magnification confocal image from mPFC showing the robust increase of my-
elination (MBP, green) in SOM::TSC1 compared to SOM::WT mice. DAPI in white. Scale bar, 100 µm. (e) Quantification of 
MBP+ area in mPFC of SOM::TSC1 mice (18.0 x 106 ± 3.6 x 106  A.U.) compared to SOM::WT mice (57.1 x 106 ± 4.8 x 106 A.U.). 
P < 0.001, Unpaired Student’s two-tailed t-test. (f) Confocal microscopy image showing immunofluorescence of CC1 (cyan) 
and DAPI (white) in adult mPFC of SOM::WT and SOM::TSC1 mice. Scale bar, 100 µm. (g) CC1+ cell density in adult mPFC of 
SOM::TSC1 and SOM::WT mice. P < 0.001, Unpaired Student’s two-tailed t-test. Black bars indicate mean ± s.e.m.
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human neocortical interneurons adhere to similar myelination rules
We next examined whether the above findings in mice also extend to human neocortex. 
Using ex vivo resected tissue from patients undergoing tumor surgery, we performed 
whole-cell electrophysiological recordings (supplementary Table 3) and intracellular 
biocytin labeling with post hoc MBP immunofluorescence of fast-spiking interneurons 
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figure 9. Myelination thresholds extend to fast-spiking interneurons in human cortex. (a) Experimental approach. Biocy-
tin-filled interneurons from human ex vivo resected cortical tissue were analyzed using confocal imaging. (b) Maximum 
projection confocal image of a representative biocytin-filled human fast-spiking interneuron (red). Scale bar, 50 µm. (c) 
Current clamp recording of evoked action potentials of human fast-spiking interneuron. Scale bars are 20 mV, 100 pA 
and 100 ms from top to bottom (right). (d) Full reconstruction of a human fast-spiking interneuron. Soma and dendrites 
in black, axon in brown. (e) Representative SIM z-stack projection image of a PV+ cell (biocytin, red), centered over a my-
elinated (MBP; green) 1st order axonal segment. Note that the myelinated axonal segment (green arrowhead) has a larger 
diameter than the unmyelinated axon segment (white arrowhead). (f) Representative SIM z-stack projection featuring 
an unmyelinated segment of axon (red) centered over the 3rd branch order. Scale bar 10 µm for (e) and (f ). (g) Neurolu-
cida reconstruction of a human fast-spiking interneuron axon. Axon in grey, myelinated segments in green. Since axon 
originated from proximal dendrite, dendrite is also depicted in brown. Note the proximal onset of myelin, consisting of 
short internodes interspersed by branch points. (h) Frequency histogram of nearest neighbor distance from internodes 
to branch points. n = 55 segments/3 cells. (i) Experimental approach. Biocytin-filled interneurons from human ex vivo re-
sected cortical tissue were analyzed using SIM imaging. (j) The joint combination of axonal diameter and interbranch point 
distance is highly predictive of human fast-spiking interneuron segmental myelination. Critical thresholds (dotted lines) 
for interbranch distance and axonal diameter were 13.7 µm and 328 nm, respectively. n = 96 segments/4 cells. Myelinated 
segments, green circles. Unmyelinated segments, black circles. (k) ROC curves for human fast-spiking interneurons. ROC 
curves of segmental myelination, comparing univariate models of interbranch distance (blue) and axonal diameter (red), 
and their joint bivariate combination (green). Diagonal dotted line indicates the non-discrimination reference boundary. 
Abbreviations: ROC, receiver-operator characteristic. I, input current. Vm, membrane voltage
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classified on the basis of morphology and electrophysiology (fig. 9a-e; 4 cells from 4 
donors; see Methods).

Reconstructed human fast-spiking interneurons exhibited a similar total length of 
myelination (432.0 ± 137.9 µm), average internode length (44.7 ± 4.9 µm), and number 
of internodes (9.7 ± 1.9 internodes) as previously described.3 Myelin onset appeared at 
36.2 ± 13.3 µm from the soma, initiating between the 1st (2 out of 4 cells; 50%) and 3rd 
branch order (2 out of 4 cells; 50%). Analogous to mouse interneurons, no myelin was 
identified on more distal axonal segments (branch order ≥10; fig. 9f).

Analyses of individual axonal segments using SIM along human fast-spiking inter-
neurons revealed a similar relationship between myelination and the joint combination 
of axonal diameter and interbranch distance (fig. 9h-j) as found in mouse PV+ cells (fig. 
2f). ROC analysis of human interneurons yielded thresholds of axonal diameter > 328 
nm and interbranch distance > 13.7 µm (sensitivity = 92.5%, specificity = 89.3%; AUC 
= 0.96; fig. 9k). The accuracy of the bivariate model (90.6%, 87 of 96 segments) was 
significantly higher than interbranch distance (66.7%, P < 0.001) but non-significantly 
different from axonal diameter (83.3%, P = 0.198). Together, these findings suggest that 
mouse and human neocortical interneurons follow similar morphological rules guiding 
the topography of axonal myelination.

DIsCussIOn

Fast-spiking, PV-positive interneurons are frequently myelinated in the cerebral cortex, 
and their myelination forms a considerable proportion of cortical myelin.2,3,31 PV+ 
myelination exhibits a proximally-biased topography consisting of short internodes 
interspersed by branch points, whereas more distal axonal segments decorated with 
frequent en passant boutons remain unmyelinated.3,4 Conversely, other interneuron 
subclasses, such as irregularly spiking SOM-positive interneurons, are sparsely myelin-
ated and contribute minimally to the total content of neocortical myelin.3 However, it 
has remained unknown why PV+ interneurons are preferentially myelinated compared 
to other neocortical interneuron subtypes. Here, we have provided evidence suggesting 
that axonal morphology is a strong determinant of the topography of myelination along 
individual axons.

Using single-cell axonal reconstructions, we revealed a high co-variation between 
segmental myelination and the joint combination of interbranch distance (~14 µm) 
and axonal diameter (~330 nm) thresholds. These parameters were remarkably similar 
across two interneuron subtypes (PV vs. SOM) and independent of genetic manipula-
tion of their morphologies. Moreover, our results appear to provide an explanation for 
the proximally-biased topography of PV+ interneuron myelination, in which internodes 
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are consistently present at the first axonal branch order with a declining probability at 
increasing branch orders.3,4 Given that axonal shaft diameter decreases with increasing 
branch order (see fig. 1h, but also 18), distal axonal segments would therefore remain 
unmyelinated by virtue of their thinner axon shafts, despite often retaining supra-
threshold interbranch distances. Differences in axon morphology presumably also ac-
count, at least in part, for the more robust myelination of neocortical PV+ interneurons 
relative to other interneuron subtypes.2,3 However, it remains unknown whether the 
myelination rules revealed here for interneurons extends to neocortical pyramidal cells, 
which also exhibit interspersed unmyelinated segments.32 Prior studies using serial EM 
have identified a ~300 nm threshold of axon diameter for both GABAergic as well as 
non-GABAergic axons, suggesting the morphological parameters could well extend to 
excitatory axons.2

We find here that an uninterrupted interbranch distance of ~14 µm is a strict require-
ment for segmental myelination in both PV+ and SOM+ interneurons. This threshold 
approximates the length of the smallest myelinated internodes found on neocortical 
axons of PV+ interneurons3 and pyramidal neurons32, and more generally across unspeci-
fied cell types in the cerebral cortex.33 Notably, pre-myelination nodal clustering – the 
clustering of voltage-gated sodium channels which later form nodes of Ranvier – exists 
in similar intervals.34 One possibility is that ~14 µm is the minimum biophysical length 
compatible with oligodendrocyte ensheathment.

The functional consequence of cortical interneuron myelination is currently un-
known. Fast-spiking PV+ interneurons have demanding metabolic requirements35. As 
myelination has been established to function critically in providing axonal metabolic 
support36–38, myelination of PV+ interneurons could function by helping to optimize 
axonal energy utilization. Moreover, PV+ interneurons coordinate fast synchronizing 
network activity in the gamma frequency range39, for which segmental interneuron 
myelination could enhance synchronized inhibition through local modulation of action 
potential conduction velocity. This is particularly interesting given recent findings that 
distance-dependent inhibition functions in regulating gamma synchrony.40

Only a small fraction of neocortical myelin localizes along the axons of irregular-
spiking SOM+ interneurons, even though these cells represent ~30% of interneurons.41 
Accordingly, we found that the limited myelination of SOM+ interneurons was highly 
consistent with their generally thinner axon diameter and shorter interbranch distances 
compared to PV+ cells. Enlargement of SOM+ interneurons by cell-type restricted dele-
tion of Tsc1 led to a dramatic increase in the frequency and extent of axonal myelination. 
Notably, this de novo myelination of SOM::TSC1 cells was also accurately predicted by 
the same joint axonal diameter and interbranch distance parameters as identified in 
PV+ interneurons. However, compared to the PV::TSC1 cell manipulation, SOM::TSC1 
mice exhibited a more robust increase of global myelination in the mPFC, which was 



Chapter 5  |  Local axonal morphology guides the topography of interneuron myelination

146

accompanied by an increased number of CC1+ mature oligodendrocytes. One possibil-
ity for this finding is that PV+ cell morphology is already largely optimized for supra-
threshold morphology permissive of myelination, in contrast to SOM+ cells which are 
predominantly unmyelinated under normal conditions and therefore exhibit a greater 
magnitude increase of myelination when their morphology is enlarged by deletion of 
Tsc1. A second non-mutually exclusive possibility is that SOM::TSC1 deletion results in 
additional non-cell autonomous effects that enhance global myelination and recruit-
ment of mature oligodendrocytes.

An important outstanding question is whether the axonal morphology rules of PV+ 
and SST+ interneurons extend to neocortical glutamatergic pyramidal cells.42 Some evi-
dence exists to suggest that analogous morphological thresholds might also extend to 
non-GABAergic cells in the neocortex.2,43 For example, the more frequently myelinated 
first-order axonal segment of PV+ GABAergic axons has a ~2.5-fold larger caliber than 
glutamatergic pyramidal neurons.44 However, the highly discontinuous topography of 
internodes along glutamatergic pyramidal cells also suggests a major influence of factors 
beyond morphology.45 One possibility is that myelination of pyramidal neurons involves 
a combination of attractive and/or repulsive molecular cues, such as neuregulin-ErbB 
signaling46 or glutamatergic signaling47–51, in addition to axonal morphological thresh-
olds.52 Furthermore, a recent study observed that a subset of neocortical oligodendro-
cytes exclusively ensheath GABAergic interneurons, raising the possibility that distinct 
subtypes of oligodendrocytes might have neuronal cell type-specific rules governing 
axonal myelination.53

Myelination of neocortical glutamatergic pyramidal neurons is modulated in vivo 
by experience, as well as direct manipulation of neuronal activity.54 Activity-dependent 
myelination also extends to neocortical PV+ interneurons, a finding associated with con-
cordant alterations in axonal morphology.4 When considered together with the current 
findings, it is therefore possible that neuronal activity-dependent myelination55,56 in the 
cerebral cortex might be mediated by axonal morphological plasticity.

The current studies were focused primarily on locally-projecting GABAergic interneu-
rons in prefrontal cortex. However, several studies have identified long-range GABAergic 
projecting cells including, but not limited to, PV+ and SOM+ subclasses.57–60 The high 
proportion of cerebral cortex PV+ cells exhibiting axonal myelination3 makes it likely 
that long-range PV+ cells are also myelinated. However, due to technical limitations of 
slicing and intracellular biocytin labeling, it was not possible to definitively identify and 
reconstruct long-range GABAergic axons. Thus, the question remains open whether 
long-range GABAergic axons are also frequently myelinated and whether axonal mor-
phology is similarly predictive of their myelination. Moreover, a related issue regards 
whether the present findings acquired in grey matter also extend to white matter, 
especially given regional differences among oligodendrocyte lineage cells.61,62
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Myelination of GABAergic interneurons has been observed in multiple mammalian 
species31. Notably, human neocortical fast-spiking PV+ interneurons appear to have 
more extensive total myelination per cell than is observed in mice.3,43 This raises the pos-
sibility that neocortical interneuron myelination might have a crucial influence on higher 
cognitive function, as well as potentially in the pathophysiology of disorders involving 
CNS myelination impairments, such as multiple sclerosis or schizophrenia.31,48 Therefore, 
it is important to determine the extent to which the morphological determinants of 
interneuron myelination are evolutionarily conserved. Here, we have performed axonal 
reconstructions and determined the topographical distribution of myelin internodes 
along human fast-spiking interneurons from acutely resected ex vivo neocortical tis-
sue. We found that segmental neocortical interneuron myelination conforms to similar 
bivariate morphological thresholds as observed in mouse neocortex, on the basis of 
interbranch distance and axonal diameter, suggesting a species conservation of the 
biophysical constraints on the myelinating function of oligodendrocytes.

In conclusion, we demonstrate that the joint combination of interbranch distance 
and axonal shaft diameter accurately predicts the topography of neocortical interneu-
ron myelination in vivo in both mouse and human.

MeThODs

Mice
All experiments were approved by the Dutch Ethical Committee and in accordance with 
the Institutional Animal Care and Use Committee (IACUC) guidelines. The following 
mouse lines were obtained from Jackson Laboratory:

Pvalbtm1(cre)Arbr/J mice (Pvalb::cre)11

 www.jax.org/strain/008069
Ssttm2.1(cre)Zjh/J (Sst::cre)28

 www.jax.org/strain/013044
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Ai14)
 www.jax.org/strain/01304412

Tsc1tm1Djk/J (Tsc1f/f)
www.jax.org/strain/005680
C57BL/6J (WT)
www.jax.org/strain/000664
Floxed Ube3a mice (Ube3ap+/mf) were described previously.63

All lines were backcrossed for more than 10 generations in C57BL/6J. Reporter lines 
were crossed to obtain heterozygous Pvalb::cre/heterozygous Ai14 (Pvalb::cre,Ai14) and 
heterozygous Sst:cre/heterozygous Ai14 (Sst::cre,Ai14). Mutant lines were crossed to 
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obtain heterozygous Pvalb::cre/homozygous Tsc1/f (PV::TSC1). Heterozygous Pvalb::cre/
heterozygous Ube3ap+/mf (PV::UBE3A) were obtained by crossing male homozygous 
Pvalb::cre with female Ube3ap+/mf. Heterozygous Pvalb::cre mice wildtype littermates for 
the mutant alleles from both breeding lines were used as controls (PV::WT). Both mutant 
lines were viable and healthy, although PV::TSC1 mice developed a severe ataxia during 
development (Video 1). We have occasionally observed spontaneous seizures during 
routine handling in PV::TSC1 but not PV::UBE3A lines. In addition, mutant lines were 
crossed to obtain heterozygous Sst::cre/homozygous Tsc1/f (SOM::TSC1). Heterozygous 
Sst::cre mice wildtype littermates for the mutant alleles from this breeding lines were 
used as controls (SOM::WT). SOM::TSC1 mice did not display any behavioral abnormali-
ties. No spontaneous seizures were observed during routine handling.

For all experiments, mice were used from 8 to 12 weeks of age. Mice were group-
housed and maintained on a 12 h light/dark cycle (lights on 07:00-19:00) with ad libitum 
access to food and water. All experiments were performed during the light phase of the 
cycle.

human Brain Tissue
Infiltrated peri-tumoral neocortical tissue was obtained from 4 patients undergoing tu-
mor resection surgery at the Department of Neurosurgery (Erasmus University Medical 
Center, Rotterdam, The Netherlands). All procedures regarding human tissue were per-
formed with the approval of the Medical Ethical Committee of the Erasmus University 
Medical Center. Written informed consent of each patient was provided in accordance 
with the Helsinki Declaration.

Patient #1 was an 84-year old male who presented with a glioblastoma in the right 
parieto-occipital lobe. He had no significant psychiatric or past medical history, and no 
history of epilepsy or seizures. Patient received no anti-epileptic or cytostatic medica-
tion.

Patient #2 was a 52-year old male who presented with metastases secondary to a 
melanoma in right temporal lobe. He had no significant psychiatric or other notable past 
medical history, and no history of epilepsy or seizures. Patient received no anti-epileptic 
or cytostatic medication.

Patient #3 was a 62-year old male who presented with a right temporal lobe glioblas-
toma. He had no history of seizures, or notable psychiatric or medical history. Patient 
received no anti-epileptic or cytostatic medication.

Patient #4 was a 80-year old male who presented with a glioblastoma in the right 
frontoparietal lobe. He had no significant psychiatric or other notable past medical 
history, no history of epilepsy or seizures, and received no anti-epileptic or cytostatic 
medication.
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Viral Labeling and CnO injections
Adult mouse viral labelling was performed as reported before3, with minor adjustments. 
Specifically, adult PV::TSC1, PV::UBE3A, PV::WT, SOM::TSC1 and SOM::WT were used for 
axon diameter analysis, electrophysiology and single-cell reconstructions. Uncrossed 
heterozygous Pvalb::cre mice were used for PV-specific electron microscopy using 
APEX2.

The following viral vectors were used:
AAV9/CAG-Flex-eGFP (University of Pennsylvania Viral Vector Core).
AAV2/CAG-Flex-mGFP-APEX2 (a gift from M. L. Leyrer and D. M. Berson)[ [Leyrer, M. 

L., Berg, D. J., Briggman, K. L., Berson, D. M. A genetically encoded marker for light- and 
electron-microscopic analysis of neuronal cell types. Program No. 186.12/LLL5. 2016 
Neuroscience Meeting  Planner. San Diego, CA: Society for Neuroscience, 2016. Online.]

Anesthesia was induced using 5% isoflurane (O2 flow of 0.5 L/min), and subsequently 
maintained with 1-2% isoflurane during surgery. Body temperature was maintained at 
37°C. Mice were placed into a custom-made stereotaxic frame using a mouth bar (Stoelt-
ing) for head fixation. Analgesia was provided systemically by subcutaneous Temgesic 
injection (buprenorphine 0.5 mg/kg) and locally by xylocaine spray (100 mg/mL, Astra-
Zeneca) directly applied on the skull. To access the brain, a longitudinal scalp incision 
of ~1 cm length was made to reveal the skull, and a small craniotomy (<1 mm) was 
performed overlying the injection sites at the following coordinates (in mm): mPFC:  
+1.75 bregma, ±0.35 lateral, -1.9 dorsoventral (mm, from brain surface).

Mice used for electrophysiological recordings received 0.5 µL in a ¼ dilution in 0.1 M 
PB. Virus was aspirated in a borosilicate glass micropipette, which was slowly lowered to 
the target site. Virus injection was controlled by an automated syringe pump (infusion 
speed 0.1 µl/min). At the conclusion of the injection, the micropipette was maintained 
in place for 5 min and then slowly withdrawn. The surgical wound was closed with 
skin-glue (Derma+flex). Mice were left to recover for exactly 14 days to allow expression 
of the GFP protein. Importantly, mice were single-housed after surgery until used for 
electrophysiology or perfusion and immunofluorescence processing.

electrophysiology
Mice
Anesthesia was induced using 5% isoflurane and mice were decapitated in ice-cold, 
NMDG-based cutting solution containing (in mM): 93 N-methyl-d-glucamine (NMDG), 
93 HCl, 30 NaHCO3, 25 D-glucose, 20 HEPES, 5 Na-ascorbate, 2 thiourea, 10 MgCl2, 3 
Na-pyruvate, 2.5 KCl, 1.25 NaH2PO4 and 0.5 CaCl2 (300 mOsm, pH 7.4) oxygenated with 
95% O2/5% CO2 before decapitation. After decapitation, the brain was quickly dissected. 
Coronal slices from the frontal cortex (300 μm) were cut with a vibrating slicer (Microm 
HM 650V, Thermo Scientific) and incubated in cutting solution at 37 °C for 5 min., fol-
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lowed by oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid (aCSF) at 37 °C for 15 
min. ACSF contained (in mM) 127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1.25 NaH2PO4, 
1.5 MgSO4 and 1.6 CaCl2. Slices were then allowed to recover at room temperature in the 
dark for at least 1 h before recordings.

In Pvalb::cre;Ai14 and Sst::cre;Ai14 mice, PV+ and SOM+ interneurons respectively 
were visualized by native tdTomato fluorescence using an RFP filter (Semrock, Rochester, 
NY, USA). In PV::TSC1, PV::WT, and PV::UBE3A mice, PV+ interneurons were visualized by 
expression of GFP using a GFP filter (Semrock, Rochester, NY, USA). Similarly, in SOM::TSC1 
and SOM::WT mice, SOM+ interneurons were visualized by expression of eGFP using 
a GFP filter. Whole-cell recordings were made from layer III-V of the prelimbic area of 
the mPFC (between ~200 and 600 µm from midline; see fig. 1-figure supplement 3; 
bregma: +2.10 till +1.54 mm) at between ~20 µm and ~60 µm of the slice surface using 
borosilicate glass pipettes (3.5–5.5 MΩ resistance) with intracellular solution containing 
(in mM) 120 K-gluconate, 10 KCl, 10 HEPES, 10 K-phosphocreatine, 4 ATP-Mg, 0.4 GTP, 
and 5 mg/ml biocytin (pH was adjusted to 7.4 using KOH, and osmolarity measured 
285-290 mOsm).

Recordings were performed in aCSF at near-physiological temperatures (32-33°C) 
using HEKA EPC10 quattro amplifiers and Patchmaster software (40 Hz sampling rate). 
Series resistance was typically <25 MΩ and fully compensated for bridge balance and 
capacitance; recordings in which the series resistance exceeded 25 MΩ were not includ-
ed in the pooled averages. No correction was made for liquid junction potential. Data 
analysis was performed offline using Igor Pro v6 (Wavemetrics). Individual interneurons 
were recorded and filled for at least 20 minutes. In addition, cells were injected at least 
10 times with large depolarizing currents in current clamp mode (500 pA, 5 Hz, 2 s) to 
facilitate biotin diffusion into fine axonal arbors.

Basic physiological characteristics were determined from voltage responses to 
square-wave current pulses of 500 ms duration, ranging from –100 pA to +400 pA, and 
delivered in 20 pA intervals. Input resistance was determined by the slope of the linear 
regression through the voltage-current curve. Sag was determined as the voltage dif-
ference between the lowest voltage response and the steady-state response at the last 
50 ms to a square-wave current pulses of 500 ms duration at –100 pA. Single action 
potential (AP) characteristics were obtained from the first elicited action potential. AP 
threshold was defined as the inflection point at the foot of the regenerative upstroke. AP 
amplitude was defined as the voltage difference between the threshold and peak volt-
age. AP half-width was measured at half of the peak amplitude. AP rise time was quanti-
fied as duration from 10% to 90% of the peak amplitude. The fast after-hyperpolarizing 
potential (fAHP) amplitude was measured as the peak hyperpolarizing deflection from 
AP threshold following AP initiation. AP frequency was determined from the number of 
APs in response to a square-wave current pulse of 500 ms duration.
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Human
Ex vivo recordings of acutely resected frontal cortex were performed as previously 
described3. Non-eloquent overlaying tissue requiring surgical resection was utilized in 
order to access the location of a tumor. Immediately following resection, the tissue block 
was transferred to oxygenated (95% O2/5% CO2) ice-cold artificial cerebrospinal fluid 
(aCSF) containing (in mM) 127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1.25 NaH2PO4, 
1.5 MgSO4 and 1.6 CaCl2 during rapid transport to the laboratory. The time between 
surgical resection and tissue slicing was <10 min. Whole-cell recordings were performed 
similarly to mice as described above.

fluorescence Immunohistochemistry
Mouse
Deep anaesthesia was induced by intraperitoneal injection of pentobarbital, and mice 
were transcardially perfused with saline followed by 4% paraformaldehyde (PFA). Brains 
were dissected and post-fixed in 4% PFA for 2 h at room temperature. Brains were trans-
ferred into 10% sucrose phosphate buffer (PB 0.1 M, pH 7.3) and stored overnight at 4°C. 
Embedding was performed in a 12% gelatin/10% sucrose block, with fixation in 10% 
paraformaldehyde/30% sucrose solution (PB 0.1 M) for 2 h at room temperature and 
immersed in 30% sucrose (PB 0.1 M) at 4°C overnight. Forty micrometer coronal sections 
were collected serially (rostral to caudal) using a freezing microtome (Leica, Wetzlar, Ger-
many; SM 2000R) and stored in 0.1 M PB. Sections were pre-incubated with a blocking 
PBS buffer containing 0.5% Triton X-100 and 10% normal horse serum (NHS; Invitrogen, 
Bleiswijk, The Netherlands) for 1 h at room temperature. Sections were incubated in a 
mixture of primary antibodies in PBS buffer containing 0.4% Triton X-100 and 2% NHS 
for 72 h at 4°C. The following primary antibodies were used:

mouse anti-PV (1:1000, Swant, 235, lot #10-11(F)); RRID:AB_10000343
rabbit anti-PV (1:1000, Swant PV25); RRID:AB_10000344
goat anti-MBP (1:300, Santa Cruz, C-16, sc-13914, lot #F2416); RRID:AB_648798
mouse anti-MBP (1:300, Santa Cruz, F-6, sc-271524); RRID:AB_10655672
mouse anti-Ube3a (1:300, Sigma, 3E5, SAB1404508, lot #G4251-3E5); 

RRID:AB_10740376
rabbit anti-pS6S235/236 (1:300, Cell Signaling Technologies, 2211S, lot #23); 

RRID:AB_331679
goat anti-SOM (1:300, Santa Cruz, D-20, sc-7819, lot #E1915); RRID:AB_2302603
mouse anti-APC [CC1] (1:200, Abcam, ab16794); RRID:AB_443473
Sections were washed with PBS and incubated with corresponding Alexa-conju-

gated secondary antibodies (1:300, Invitrogen) and cyanine dyes (1:300, Sanbio, Uden, 
The Netherlands) in PBS buffer containing 0.4% Triton X-100, 2% NHS for 2-5 h at room 
temperature. Sections were washed with PB 0.1 M and mounted on slides, cover slipped 
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with Vectashield H1000 fluorescent mounting medium (Vector Labs, Peterborough, UK), 
sealed and imaged

Recovery of biocytin-labelled cells following electrophysiological recordings was 
performed as reported before3, with minor alterations. Specifically, 300 µm slices were 
incubated overnight at 4°C in fresh 4% paraformaldehyde (PFA). Slices were exten-
sively rinsed at room temperature in PBS and stained in PBS buffer containing 0.4% 
Triton X-100, 2% normal horse serum (NHS; Invitrogen, Bleiswijk, The Netherlands) and 
streptavidin-conjugated secondary antibody (1:300, Jackson; for PV::cre,Ai14-labelled 
and SOM::cre,Ai14-labelled cells) or streptavidin-Cy3 (1:300; Invitrogen; for GFP-labelled 
cells) overnight at 4°C. Slices were washed with PBS and PB 0.1 M and mounted on 
slides, cover slipped with 150 µl Mowiol (Sigma), sealed, and imaged for their axonal 
morphology (see Confocal Microscopy and analysis). To avoid excessive thinning or 
dehydration of 300 µm sections, cells were mounted, immediately imaged and returned 
to PB 0.1 M directly after imaging.

After full cell imaging, 300 µm slices were extensively washed in PB 0.1 M and in-
cubated overnight at 4°C in 30% sucrose (0.1 M PB). Sections were then carefully recut 
at 40 μm using a freezing microtome (Leica, Wetzlar, Germany; SM 2000R) and stored 
serially in 0.1 M PB at 4°C. Serial 40 µm sections were extensively washed with PBS and 
pre-incubated with a blocking PBS buffer containing 0.5% Triton X-100 and 10% NHS 
for 1 h at room temperature. Sections were incubated in PBS buffer containing 0.4% 
Triton X-100 and 2% NHS for 72 h at 4°C and goat anti-MBP. Then, sections were washed 
with PBS, and incubated with corresponding Alexa-conjugated secondary antibodies 
(1:300, Invitrogen) and cyanine dyes (1:300, Sanbio, Uden, The Netherlands) in PBS buf-
fer containing 0.4% Triton X-100, 2% NHS for 5 h at room temperature. For biocytin, 
streptavidin-A488 (1:300, Jackson) and streptavidin-Cy3 (1:300, Invitrogen) were addi-
tionally used. Sections were washed with PB 0.1M and mounted on slides, cover slipped 
with Vectashield H1000 fluorescent mounting medium (Vector Labs, Peterborough, UK), 
sealed and imaged.

Human Tissue
Three-hundred μm electrophysiology slices with biocytin-labelled cells were incubated 
overnight at 4°C in 4% PFA. Slices were stained with secondary streptavidin-Cy3 (1:300, 
Sanbio, Uden, The Netherlands) in PBS buffer containing 0.5% Triton X-100 and 1% BSA 
for 5 h at room temperature. Next, three-hundred thick images were taken with confo-
cal microscopy (see Confocal Imaging and analysis). Slices were then rinsed at room 
temperature in 0.1 M PB, incubated for 16 h at 4°C in 10% sucrose (0.1 M PB), and over-
night at 4°C in 30% sucrose (0.1 M PB). Forty μm sections were collected serially using a 
freezing microtome (Leica, Wetzlar, Germany; SM 2000R) and stored in 0.1 M PB. Sections 
were extensively washed and pre-incubated with a blocking PBS buffer containing 0.5% 
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Triton X-100 and 5% bovine serum albumin (BSA; Sigma-Aldrich, The Netherlands) for 1 
h at room temperature. Next, sections were incubated in a mixture of primary antibodies 
in PBS buffer containing 0.5% Triton X-100 and 1% BSA for 72 h at 4°C. The following 
primary antibodies were used: mouse anti-MBP (1:300, Santa Cruz, F-6, sc-271524).

Sections were extensively washed with PBS (>2 h), and incubated with corresponding 
Alexa-conjugated secondary antibodies (1:300, Invitrogen), and streptavidin-cyanine 
dyes (1:300, Sanbio, Uden, The Netherlands) in PBS buffer as previously described. Sec-
tions were washed with PB 0.1 M and mounted on slides, cover slipped with Vectashield 
H1000 fluorescent mounting medium (Vector Labs, Peterborough, UK) and sealed.

Confocal Imaging and analysis
Confocal imaging was performed using a Zeiss LSM 700 microscope (Carl Zeiss) equipped 
with Plan-Apochromat 10x/0.45 NA, 40x/1.3 NA (oil immersion) and 63x/1.4 NA (oil im-
mersion) objectives. Alexa405/DAPI, Alexa488, Cy3/mCherry/tdTomato, and Alexa647 
were imaged using excitation wavelengths of 405, 488, 555, and 639, respectively.

Quantification of interneuron-specific deletion of Tsc1 or Ube3a as well as cell size 
analyses were performed in the prelimbic region in both hemispheres of the mPFC 
(bregma: +2.10 till +1.54 mm). We obtained tiled z-stack images (2048 x 2048 pixels) 
at 40x magnification with 1x digital zoom at a step size of 1 μm. Stacks were randomly 
sampled across layers II-V. For quantification of deletion efficiency, immunofluorescent 
somatic co-localization of PV or SOM and pS6S235/236 or Ube3a was manually-counted 
using NIH ImageJ (version 1.41). At least three z-stacks were analyzed per mouse. For 
quantification of cell size, outlines of non-overlapping PV+ or SOM+ cell bodies were 
manually drawn and area and outline were calculated using Measure function of Im-
ageJ. Cells were post hoc divided into pS6+ and pS6- or Ube3a+ and Ube3a- groups and 
compared.

Density of PV+, SOM+ and CC1+ cells were measured in the prelimbic area of the 
mPFC (bregma +2.20 till +1.70) in brain slices obtained from transcardially perfused 
animals. For PV+ cell counts, single plane 3x3 tile scan (1789 x 1789 µm) confocal im-
ages were obtained using the 10x objective with 1x digital zoom. All images captured 
both hemispheres. A 750 x 800 µm counting frame was established bilaterally from the 
midline. Within this counting frame, cells were manually counted utilizing the multi-
point tool (Fiji image analysis software, version 2.0.0). Cell density was calculated in 
standardized 104 µm2 fields of view. SOM+ and CC1+ cell counts were performed using 
single plane 6x3 tile scan (1767 x 896 µm) confocal images capturing both hemispheres, 
with a 20x objective and 1x digital zoom.

Overall myelination in the prelimbic area of the mPFC (bregma +2.20 to +1.70) was 
measured in brain slices obtained from transcardially perfused animals. To capture 
both hemispheres, single plain, 6x3 tile scans (1767 x 896 µm) where made using a 20x 
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objective with 1x digital zoom. MBP+ fluorescent area was quantified by employing the 
particle analysis tool in Fiji image analysis software (version 2.0.0).

Axonal examinations of virally-labelled cells were obtained by 63x magnification with 
1x digital zoom and a step size of 0.5 µm. Cells were randomly sampled from layers II-V 
of the prelimbic area of the mPFC. Examination of occurrence of axonal myelination was 
performed offline using ImageJ. Axons were identified as the thinnest, smoothest, and 
most highly branched processes originating from either the soma or primary dendrite. 
In addition, axons seemed to branch at more obtuse ≥90° angles from one another, 
often turning back toward the soma, whereas dendrites branched at smaller angles 
(<90°), continuing their trajectory away from the soma. Additionally, SOM+ interneuron 
dendrites ubiquitously showed spines, whereas axons did not.

Axonal reconstructions of biocytin-filled cells were obtained at 63x magnification 
with 1x digital zoom and a step size of 0.5 μm. Images were transferred to Neurolucida 
360 software (v2.8; MBF Bioscience) and reconstructed using interactive tracing with 
the Directional Kernels method. Reconstructed soma, axon and myelin segments were 
analyzed with Neurolucida Explorer (MBF Bioscience). All reconstructed PV+ cells had 
a classic basket cell morphology30, for which none had a chandelier cell morphology. 
SOM+ cells predominantly exhibited a Martinotti morphology30 with an axonal arbor 
directed toward layer II-III. All SOM+ interneurons contained dendritic spines, whereas 
none of the PV+ interneurons did, including in any of the mutant lines.

Images for exact locations of all biocytin-filled cells (fig. 1-figure supplement 3) 
were obtained at 10x magnification with 1x digital zoom, and distance from the center 
of the soma till the midline was measured using ImageJ.

Axons were considered to be myelinated when they exhibited at least one MBP-
positive myelinated internode. Axons were considered to be unmyelinated when we 
could not identify a single MBP-positive myelinated internode across the axon up to at 
least the 7th branch order in mice and 10th branch order in human cells. The distance to 
first myelin was defined as the distance along the axon from the soma, or in the case 
of dendrite-originating axons the distance from the originating dendrite, to the initial 
point of MBP immunofluorescence. Myelin segments that exited a slice were removed 
from subsequent analysis. Distance from internodes till consecutive branch points were 
quantified from the center of the branch point till the onset of MBP immunofluorescence. 
Internodes that were not followed by a branch point – followed by another internode or 
an axonal segment that exited the slice – were not taken along for analysis.

No spatial corrections were made for tissue shrinkage.

structured Illumination Microscopy (sIM) and analysis
Imaging was performed using a Zeiss Elyra PS1 system. 3D-SIM data was acquired using 
a 63x/1.4 NA (oil immersion) objective. 488, 561 and 642 100 mW diode lasers were used 
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to excite the fluorophores together with respectively a BP 495-575 + LP 750, BP 570-650 
+ LP 75 or LP 655 emission filter. For 3D-SIM imaging, a grating was present in the light 
path, modulated in 5 phases and 5 rotations, and multiple z-slices with an interval of 110 
nm were recorded on an Andor iXon DU 885, 1002x1004 EMCCD camera. Raw images 
were reconstructed using Zen 2012 software (Zeiss), and analyzed with NIH ImageJ and 
Fiji image analysis software.

To avoid overexposure and induce background minimization, images were taken 
starting from the edge of the soma or dendrite following along the first axonal branch 
order onward. Each axonal segment was imaged individually from branch point till 
the next branch point, with the experimenter blinded to the myelination status of the 
segments. Axonal segments that exited the slice were removed from further analysis. 
Axonal segments that were predominantly oriented in the z-axis (maximum z-range: 
~15-20 µm) were not taken along for further analysis.

For structured branch diameter analysis, images were loaded into Fiji and analyzed 
analogously to previously reported13 using custom-written software. Briefly, an average-
intensity projection was applied on individual axonal segments. A confocal whole-cell 
overview image and full reconstruction were used to track the centrifugal branch order 
of each traced segment. Segments were traced from the center of a branch point along 
the axon till the center of the next branch point using the Simple Neurite Tracer plugin for 
Fiji.64 Traces always followed the centrifugal direction away from the soma. Next, along 
the trace, perpendicular lines of 50 pixels (equals 2 µm) were placed on every pixel (~40 
nm) along the trace. On these perpendicular lines, biotin fluorescence intensity values 
were determined and a Gaussian curve was fitted on the intensity profile. Only fits with 
r2 > 0.9 were included in further analysis, resulting in a loss of approximately ~10% of 
axonal pixel measurements. Subthreshold fits (r2 < 0.9) occurred due to occasional high 
background fluorescence, other processes in close proximity (axons/dendrites), exten-
sive axon curvature, or rare axonal filopodia. Next, from the Gaussian fit the full width at 
half maximum (FWHM) was calculated. Consecutive FHWM values were not averaged, 
and individual pixel FWHM values are provided. Diameter profiles of full axon segments 
(excluding branch points and en passant boutons) were generated and analyzed further. 
Axonal segments that exited the slice before reaching the next branch point would be 
excluded from further analysis. Where applicable, after complete analysis segments 
were divided into unmyelinated and myelinated segments.

For comparative axon diameter analysis of PV+ and SOM+ interneurons in PV::TSC1, 
PV::UBE3A, PV::WT, SOM::TSC1 and SOM::WT, GFP-transduced cells from layers II till V were 
imaged, and the axon diameter of individual cells was determined at the start of the AIS 
at ~3-5 µm from the soma or from the originating dendrite using FWHM measurements 
in Fiji. Similar to the detailed axon segment reconstructions, only measurements with 
fits >0.9 were included in the analysis.
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mGFP-APEX2 Labeling, Electron Microscopy and Image Analysis.
Adult heterozygous Pvalb::cre mice were unilaterally injected (see Viral Labeling) 

with AAV2/CAG-Flex-mGFP-APEX2 in a 0.5 µl bolus undiluted with a titre of 2.93 x 1012 in 
the adult mPFC using the following coordinates:

mPFC: +1.75 from bregma, ±0.35 lateral, -1.9 dorsoventral (mm, from brain surface). 
After 7-14 days, mice were anesthetized by intraperitoneal injection of pentobarbital 
and transcardially perfused with saline followed by ice-cold 4% paraformaldehyde 
(PFA)/1% glutaraldehyde in 0.1M PB. Brains were carefully dissected and post-fixed in 
the same solution overnight at 4°C. The brains were washed extensively in cold 0.1 M PB, 
and 100 µm coronal slices from the frontal cortex (bregma: +2.10 till +1.54 mm) were cut 
on a vibrating slicer (Microm HM 650V, Thermo Scientific). Sections were serially stored 
in cold 0.1M PB and processed for 3-3’-diaminobenzidine (DAB) staining.

Sections were incubated in full concentration DAB (0.1 M PB, 0.66% DAB, 0.033% 
H202) for 6 h at room temperature in the dark. Sections were washed in cold PB and 
post-fixed in cold 2% glutaraldehyde in 0.1 M PB for 2 hours at 4°C. Regions of interest 
were manually cut out and processed for electron microscopy. Samples were post-fixed 
in 1% osmium tetraoxide, dehydrated, and embedded in epoxy resin. Ultrathin sections 
(40-60 nm) were cut on a Leica Ultramicrotome Supercut UCT, contrasted with uranyl 
acetate and lead citrate and analyzed in a Phillips CM100 electron microscopy (Aachen, 
Germany) at 80 kV. Multiple non-overlapping regions were imaged at 14kx and analyzed 
off-line using Fiji image software.

statistical analysis
Statistical analysis was performed using IBM SPSS (version 23). Data sets were analyzed 
using Shapiro-Wilk test for normality. No outlier data were identified or removed. Experi-
ments were designed using sample sizes comparable to previously published studies3,4. 
Masking was used for group allocation, data collection, and data analysis whenever pos-
sible. Data sets with normal distributions were analyzed for significance using unpaired 
Student’s two-tailed t-test or analysis of variance (ANOVA) measures followed by Tukey’s 
post hoc test. Data are expressed as mean ± standard error. Data sets with non-normal 
distributions were analyzed using Mann-Whitney U test or Kruskal-Wallis test with 
Dunn’s adjustment for multiple comparisons.

Receiver operating characteristic (ROC) curves were generated using a custom-
written algorithm to implement univariate14 and bivariate65 methods. Univariate and 
bivariate thresholds were determined at the corresponding points of maximization of 
the Youden’s J statistic15, represented as the sum of the sensitivity and specificity. Area 
under the curve (AUC) values were computed as the integral of the univariate or bivari-
ate ROC curves.



157

Exact P-values values are provided in the text, except when P < 0.001. Significance 
threshold was set at P < 0.05.
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figure 1-figure supplement 2. Axonal diameter analysis. Interbranch axonal diameter was sampled at high spatial fre-
quency from branch point to branch point. This representative example based on fig. 1e, depicts a 3rd order branch seg-
ment. (a) Axonal diameter was measured using the average intensity projection of a z-stack series of SIM images (red). A 
semi-automated, user-guided line was traced from the center of each axonal branch point to the center of the subsequent 
distal branch point (thin white line). Each segment was analyzed in the direction centrifugally oriented from the soma 
along the axon, as indicated by the white arrow. For every consecutive 40 nm of axon, a 50-pixel wide line (~2.0 µm) was 
drawn orthogonally to the tangent line of axonal orientation (white). Scale bar, 5 µm. (b) Along the orthogonals, pixel fluo-
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figure 1-figure supplement 3. Locations of biocytin-filled and reconstructed PV+ and SOM+ cells. (a) Maximum projec-
tion confocal image of a biocytin-filled mPFC SOM+ interneuron (red), with the distance to midline indicated. (b-e) Soma 
locations of Pvalb::cre,Ai14 cells (b), PV::UBE3A, PV::WT, PV::TSC1 cells (c), Sst::cre,Ai14 cells (d), and SOM::WT, SOM::TSC1 
cells (e). Black bars indicate mean ± s.e.m.

rescence intensities were extracted (black diamonds) and a Gaussian line was fitted (grey). Fits with r2 < 0.9 were excluded 
from further analysis. From the Gaussian fit at each consecutive axonal position, the full-width at half-maximum (FWHM) 
was calculated. In this representative example, the FWHM (axonal diameter) = 0.238 µm and r2 = 0.987. (c) Left axis: Axonal 
diameter measurements as a function of centrifugal distance along the axonal segment shown in (a). Right axis: Fit (r2) of 
the Gaussian function along the axonal segment. Black arrows indicate the location of the corresponding fit shown in (b). 
(d) Distribution over branch order of median Gaussian fit (r2) prior to exclusion of points with r2 < 0.9. Individual cells in 
grey, average in black. (e) Goodness of fit (r2) is similar between myelinated and unmyelinated segments. Individual cells in 
grey, average in black. Abbreviations: FWHM, full-with at half-maximum.
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figure 4-figure supplement 1. PV::TSC1 mice exhibit PV-specifi c deletion of Tsc1. (a) Pvalb::cre mice were crossed with 
fl oxed Tsc1f/f to obtain heterozygous Pvalb::cre x homozygous Tsc1-/- mice. In the absence of Tsc1, mTOR signaling is dis-
inhibited leading to excessive S6K activity. (b) Low magnifi cation confocal image from the mPFC showing PV (red) and 
pS6235/236 (green) immunofl uorescence in adult mPFC, confi rming the PV-specifi c increased S6K activity. (c) Maximum pro-
jection confocal image showing increased expression of pS6235/236 (green) in most (arrows) but not all (asterisk) PV+ cells 
(red). Uncropped image from fig. 4b. (d) Corresponding deletion of Tsc1 was observed in 83.8 ± 3.6% of PV+ cells, n = 3 
mice. (e). High magnifi cation confocal image showing a rare instance of an oddly shaped enlarged pS6+ PV::TSC1 cell (red). 
(f) Biocytin-fi lled PV::TSC1 cells (red) show short, thin fi lopodia (white arrowheads) radiating from the enlarged soma. Black 
bars indicate mean ± s.e.m.
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figure 4-figure supplement 2. PV::UBE3A mice exhibit PV+ cell-specifi c deletion of Ube3a. (a) PV-specifi c knockout of 
Ube3a. (b) Low magnifi cation confocal microscopy image showing immunofl uorescence of Ube3a (green) and PV (red) in 
adult mPFC. Note that the remaining non-PV neuronal cell types still retain intact Ube3a expression. Scale bar, 10 µm. (c) 
High magnifi cation confocal image confi rming the absence of Ube3a (green) in most (arrows) but not all (asterisk) PV+ 
cells (red). Uncropped image corresponding to fig. 4b. (d) Ube3a was deleted in 73.6 ± 2.8% of PV+ cells, n = 3 mice. Black 
bars indicate mean ± s.e.m.

PV DAPI Merge

PV::UBE3A

PV::WT

PV::TSC1
PV::U

BE3A

PV::W
T

PV::T
SC1

0.0

0.5

1.0

1.5

2.0
PV

 C
el

l D
en

si
ty

 (p
er

 1
04  µ

m
2 )

Figure 4 - Figure Supplement 3

a b

figure 4-figure supplement 3. PV cell-specifi c mutations of Ube3a or Tsc1 do not alter PV+ cell density in mPFC. (a) Con-
focal microscopy image showing immunofl uorescence of PV (red) and DAPI (white) in adult mPFC for PV::UBE3A, PV::WT, 
and PV::TSC1. Scale bar, 100 µm. (b) Quantifi cation of PV+ cell density. P = 0.780, Kruskal-Wallis test owing to non-normal-
ity. Black bars indicate mean ± s.e.m.



Chapter 5  |  Local axonal morphology guides the topography of interneuron myelination

162

a

Figure 4 - Figure Supplement 4

b c

193

20

64

108

152

ed

PV::U
BE3A

PV::W
T

PV::T
SC1

0

100

200

300

400

500

In
pu

t R
es

is
ta

nc
e 

(M
Ω

)

PV::U
BE3A

PV::W
T

PV::T
SC1

-100

-80

-60

-40

-20

0

A
P 

Th
re

sh
ol

d 
(m

V)

PV::U
BE3A

PV::W
T

PV::T
SC1

-100

-80

-60

-40

-20

0

A
P 

Th
re

sh
ol

d 
(m

V)

PV::U
BE3A

PV::W
T

PV::T
SC1

-100

-80

-60

-40

-20

0

R
es

tin
g 

M
em

br
an

e 
Po

te
nt

ia
l (

m
V)

PV::U
BE3A

PV::W
T

PV::T
SC1

0

20

40

60

80

100

120

A
P 

A
m

pl
itu

de
 (m

V)

PV::U
BE3A

PV::W
T

PV::T
SC1

0

20

40

60

80

100

120

A
P 

A
m

pl
itu

de
 (m

V)

PV::U
BE3A

PV::W
T

PV::T
SC1

-30

-20

-10

0

fA
H

P 
(m

v)

PV::U
BE3A

PV::W
T

PV::T
SC1

-30

-20

-10

0

fA
H

P 
(m

v)

0 100 200 300 400
0

50

100

150

Input Current (pA)

A
P 

Fr
eq

ue
nc

y 
(H

z)

PV::TSC1

PV::WT

PV::UBE3A

PV::U
BE3A

PV::W
T

PV::T
SC1

0.0

0.2

0.4

0.6

0.8

A
P 

R
is

e 
Ti

m
e 

(m
s)

PV::U
BE3A

PV::W
T

PV::T
SC1

0.0

0.2

0.4

0.6

0.8

A
P 

R
is

e 
Ti

m
e 

(m
s)

PV::U
BE3A

PV::W
T

PV::T
SC1

0.0

0.2

0.4

0.6

0.8

A
P 

H
al

f W
id

th
 (m

s)

PV::U
BE3A

PV::W
T

PV::T
SC1

0.0

0.2

0.4

0.6

0.8

A
P 

H
al

f W
id

th
 (m

s)

f g h

i j k l m

First AP

Second AP

figure 4-figure supplement 4. Electrophysiological properties of PV::TSC1, PV::WT, and PV::UBE3A cells. (a) input re-
sistance. P = 0.741. (b) resting membrane potential. P = 0.267. (c) Frequency-current plot, in response to square-wave 
current steps. P = 0.999. PV::WT, n = 14 cells; PV::TSC1, n = 22 cells; PV::UBE3A, n = 16 cells. (d-h) Analysis of the first action 
potential. (d) AP threshold. P = 0.518. (e) AP amplitude. P = 0.410. (f) fast afterhyperpolarization (fAHP) amplitude. P = 
0.160. (g) AP rise time. P = 0.309. (h) AP half-width. P = 0.368. (i-m) Analysis of the first action potential. (i) AP threshold. P 
= 0.696. (j) AP amplitude. P = 0.855. (k) fast afterhyperpolarization (fAHP) amplitude. P = 0.073. (l) AP rise time. P = 0.082. 
(m) AP half-width. P = 0.475. One-way ANOVA in (a), (b), (d), (e), (g), (h), (i), (j), (l), and (m). Mann-Whitney U test in (f) and 
(k). Repeated measures ANOVA in (c). Black bars indicate mean ± s.e.m. Abbreviations: AP, action potential; fAHP, fast af-
terhyperpolarization.
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figure 5-figure supplement 1. Intact global myelination and mature oligodendrocyte density in mPFC of mice with PV 
cell-specific mutations of Ube3a or Tsc1. (a) Confocal microscopy image showing immunofluorescence of MBP (green) and 
DAPI (white) for PV::UBE3A, PV::WT, and PV::TSC1. Scale bar, 100 µm. (b) Quantification of MBP+ area. P = 0.256, Kruskal-
Wallis test owing to non-normality. (c) Confocal microscopy image showing immunofluorescence of CC1+ mature oligo-
dendrocytes (cyan) and DAPI (white) in adult mPFC for PV::UBE3A, PV::WT, and PV::TSC1. Scale bar, 100 µm. (d) CC1+ mature 
oligodendrocyte density. P = 0.950. One-way ANOVA. Black bars indicate mean ± s.e.m.
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figure 7-figure supplement 2. SOM::TSC1 mice have a normal SOM+ cell density in mPFC. (a) Confocal microscopy im-
age showing immunofl uorescence of SOM (red) and DAPI (white) in adult mPFC for SOM::WT, and SOM::TSC1. Scale bar, 
100 µm. (b) SOM+ cell density in mPFC of SOM::TSC1 and SOM::WT mice. P = 0.416, Unpaired two-tailed Student’s t-test. 
Black bars indicate mean ± s.e.m.
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figure 7-figure supplement 1. SOM::TSC1 mice exhibit SOM-specifi c deletions of Tsc1. (a) Sst::cre mice were crossed with 
fl oxed Tsc1f/f  to obtain heterozygous Sst::cre x homozygous Tsc1-/- mice (SOM::TSC1). In the absence of Tsc1, mTOR signal-
ing is disinhibited leading to excessive S6K activity. (b) Maximum projection confocal image showing increased expres-
sion of pS6235/236 (green) in most SOM::TSC1 cells (red). Uncropped image from fig. 7b. (c) Maximum projection confocal 
image showing low expression of pS6235/236 (green) in a minority of SOM::WT cells (red). Uncropped image from fig. 7b. 
(d) Corresponding deletion of Tsc1 was observed in 95.8 ± 2.1% of cells, n = 3 mice. (e) High magnifi cation SIM image of 
a biocytin-fi lled cell confi rming the presence of dendritic spines on SOM+ interneurons. Scale bar, 10 µm. (f) r2 for FWHM 
Gaussian fi ts of SOM+ cell reconstructions. Median Gaussian fi ts (r2) over branch order, prior to exclusion of points with r2 
< 0.9. Individual cells in grey, average in black. Black bars denote means ± s.e.m.
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figure 7-figure supplement 3. Electrophysiological properties of SOM::TSC1 and SOM::WT cells. (a) input resistance. P = 
0.018. (b) sag potential. P = 0.023. (c) resting membrane potential. P = 0.993. (d) AP threshold. P = 0.605. (e) AP amplitude. 
P = 0.994. (f) fast afterhyperpolarization (fAHP) amplitude. P = 0.915. (g) AP rise time. P = 0.639. (h) AP half-width. P = 0.265. 
(i) Frequency-current plot, in response to square-wave current steps. P < 0.001. SOM::WT, n = 6 cells; SOM::TSC1, n = 13 
cells. *P < 0.05 Unpaired two-tailed Student’s t-test in (a) through (f) and (i). Mann-Whitney U test in (h). Repeated mea-
sures ANOVA in (i). Black bars denote means ± s.e.m. Abbreviations: AP, action potential; fAHP, fast afterhyperpolarization.
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supplementary file 1. Electrophysiological properties of PV::Ai14 cells

Pvalb::cre,ai14
average

n = 18
s.e.

Ri (MW) 147.48 12.57

RMP (mV) -71.05 1.32

AP Threshold (mV) -36.44 2.98

AP Amplitude (mV) 77.18 2.57

AP Frequency (Hz) 128.30 5.60

AP Half-width (ms) 0.39 0.02

AP Rise time (ms) 0.19 0.01

fAHP Amplitude (mV) -19.84 0.84

Abbreviations: Ri Input resistance, RMP resting membrane potential, AP action potential, fAHP fast afterhyperpolarization. 
AP frequency determined with 500ms square-wave current pulse at +400 pA. 

supplementary file 2. Electrophysiological properties of SOM::Ai14 cells

Sst::cre,ai14
average

n = 13
s.e.

Ri (MW) 268.05 23.05

Sag (mV) -1.68 0.29

RMP (mV) -67.76 1.88

AP Threshold (mV) -45.71 2.80

AP Amplitude (mV) 88.65 2.84

AP Frequency (Hz) 64.4 2.10

AP Half-width (ms) 0.71 0.03

AP Rise time (ms) 0.25 0.01

fAHP Amplitude (mV) -11.36 1.40

Abbreviations: Ri Input resistance, RMP resting membrane potential, AP action potential, fAHP fast afterhyperpolarization. 
AP frequency determined with 500ms square-wave current pulse at +400 pA. 

supplementary file 3. Electrophysiological properties of human fast-spiking interneurons 

Human FS Interneurons
average

n = 4
s.e.

Ri (MW) 144.58 12.34

RMP (mV) -64.27 1.92

AP Threshold (mV) -42.31 1.28

AP Amplitude (mV) 88.82 1.20

AP Frequency (Hz) 164.00 5.73

AP Half-width (ms) 0.33 0.02

AP Rise time (ms) 0.21 0.01

fAHP Amplitude (mV) -18.81 1.09

Abbreviations: Ri Input resistance, RMP resting membrane potential, AP action potential, fAHP fast afterhyperpolarization. 
AP frequency determined with 500ms square-wave current pulse at +400 pA. FS fast-spiking
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This thesis describes a collection of investigations that look into neuronal and network 
functioning in the peritumoral cerebral cortex at a microscopic and macroscopic scale. 
Using diffusion tensor weighted imaging analysis, we investigated large-scale brain 
networks in low grade glioma and the effects of tumor related seizures on the deep 
nuclei, essential white matter tracts and distant brain areas (Ch. 2). Zooming in on lo-
cal neuronal functioning in the peritumoral cortex of patients with and without tumor 
associated epilepsy, we were able to identify specific intrinsic neuronal adaptations in 
the peritumoral cortex of patients with established tumor associated seizures as well as 
identify potential biomarkers for the development of post-surgical seizures (Ch. 3). Due 
to a unique patient medical history and our extensive database of human tissue that 
was collected during the course of this PhD period, we were able to investigate cellular 
functioning in an exclusive case of a patient with bipolar disorder, comparing cell re-
cordings to a matched patient without psychiatric history (Ch. 4). In Ch. 5 a combination 
of mouse and human recordings of interneurons from cortical tissue revealed that axo-
nal thickness and branching pattern determines myelination in parvalbumin positive 
interneurons, shedding light on a fundamental neurobiological process of interneuron 
myelination in cerebral cortex of rodents and humans. In this chapter a discussion of the 
results of the studies included in this thesis is given.

MrI in brain tumor diagnostics: better informed with network analysis 
and functional outcome 
As the golden standard radiological investigation for suspected brain tumors, MRI has 
a central role in the diagnostic process. Next to its diagnostic value, imaging sequences 
like diffusion weighted imaging (DWI) and functional MRI provide possibilities to study 
the effect of pathological processes in the brain on white and grey matter integrity 
and large brain network functioning and allow for linking this information to clinical 
outcomes. In Chapter 2, we found that in low grade glioma patients a change in volume 
of the ipsilateral striatum and thalamus was seen (Ch 2, figure 2), as well as a lower 
volume of the contralateral cerebellar hemisphere and that the fractional anisotropy 
(FA) and mean diffusivity (MD) values were altered in the caudate nucleus and thalamus, 
suggesting a form of structural alteration in the presence of tumor growth (Ch 2, figure 
3). Interestingly, when split up for patients with and without seizures, the structural and 
volumetric alterations in the nuclei were significant only in patients with tumor associ-
ated epilepsy (Ch 2, figure 5 and 6). These results raise the possibility that the presence 
of seizures can have a mediating effect on structure and volume of the deep nuclei and 
cortico-striatal white matter tracts in tumor patients.

The relationship between structural abnormalities in the white matter and deep nu-
clei to seizures is a topic of intensive investigation 1-3. Since diffusion weighted imaging 
is often performed at diagnosis or even after, little is known about the structural altera-
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tions in large networks during the development of seizures. On the whole, white matter 
changes are seen in all types of epilepsy, with different levels of severity depending on 
the underlying pathology 2,4 and between focal and generalized epilepsy, with more 
pronounced alterations seen in focal epilepsy 1. Findings from temporal lobe epilepsy 
(TLE) indicate that diffusivity changes relate to reduced neurite density (pointing to-
wards axonal loss in white matter and increased extracellular fluid in grey matter), and to 
a lesser extent to altered myelin water fraction 5,6. The basal ganglia have been described 
to display changes in both FA and MD, and also in volume in other epilepsy types such 
as absence seizures 3,7. Studies on tumor related seizures and diffusion abnormalities 
remain scarce, however the changes found in our work appear similar to studies in other 
forms of epilepsy 8. In relation to patient performance, white matter abnormalities are 
associated with clinical and cognitive outcomes in epilepsy, including memory perfor-
mance and age of seizure onset 9.

One caveat of the work in this chapter is the absence of functional patient outcome 
data to link clinical parameters to the volumetric and connectivity changes. Since 
neurocognitive malfunctioning is a known and debilitating symptom in brain tumor 
patients, linking functional outcome to structural investigations is key to identify the 
underlying processes that cause these neurological sequelae 10,11. In future work, it 
would be of interest to link neurocognitive testing before and during surgery in patients 
with and without TAS to high quality diffusion tensor weighted MRI to assess whether 
the networks that are affected by tumors and especially tumor associated epilepsy are 
related to cognitive performance. Ideally, the same networks should be studied after 
tumor removal to study the effect of the extent of tumor removal on structural altera-
tions in distant regions and cognitive performance and potential plasticity of networks 
12. Going one step further, targeted removal of the tumor-related epileptic focus and 
the effect on large scale networks, volume of the deep nuclei, diffusion parameters and 
patient performance will shed light on the added effect of epileptic focus resection. This 
is currently not part of standard clinical practice because it is dificult to define and local-
ize the epileptic focus and often resection may be hampered by presence of eloquent 
brain functions.

fundamental questions in MrI research, imaging biomarkers and 
radiomics 
Diffusion weighted imaging relies on the calculation of diffusion values such as frac-
tional anisotropy (FA) and mean diffusivity within each voxel 13. For FA, it is currently 
incompletely understood what the histological and anatomical features are that deter-
mine this value. The leading theory is that FA is a reflection of myelination as well as the 
volume and number of white matter tracts within voxels, but it may well be affected by 
macrostructural fiber complexity caused by fiber crossing 14-16. As diffusion weighted 
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imaging analysis and especially tractography rely on the reconstruction of white mat-
ter (WM) pathways that have smaller dimensions than the minimum voxel size, each 
voxel contains many different WM tracts, resulting in suboptimal spatial resolution 17. An 
interesting experimental approach to explore the histological features of WM integrity 
as seen on MRI would be to use targeted white matter biopsies during diagnostic biop-
sies for brain tumor patients. Using this approach, the exact location of a biopsy can be 
projected on preoperative scans, including DWI sequences. As biopsies often are per-
formed on tumors in deeper brain areas, WM is inevitably encountered in the trajectory 
of the biopsy and therefore would be minimally invasive to resect. The microstructural 
assessment of brain tissue that can be compared to the exact FA values on DWI, but also 
newer sequences such as NODDI and myelin water fraction at the location of biopsy, 
would provide a biological framework for diffusion weighted imaging parameters 18. 
This would add important knowledge to our understanding of diffusion imaging and 
would fall in line with current radiological advancements, including the development 
of imaging biomarkers for glioma and the emerging field of radiomics1 that facilitate 
diagnosis and follow up of brain tumors 20-23.

neuronal functioning in patients with tumor associated seizures
In Chapter 3, we recorded L2/3 and L5 pyramidal cells and interneurons in the peritu-
moral cortex of brain tumor patients, to study the effect of brain tumor related seizures 
on neuronal functioning. We found that in patients with tumor associated seizures 
(TAS), L2/3 pyramidal cells displayed a depolarized membrane potential combined with 
several other altered intrinsic properties not seen in such cells of patients without TAS 
(Ch 3, figure 1). Further, the spontaneous EPSC frequency and dendritic spine den-
sity count of L2/3 pyramidal cell dendrites were increased (Ch 3, figure 2). We did not 
observe similar changes in L5 pyramidal cells, however given the variability between 
patients and recordings this dataset should be further expanded. In the interneuron 
population, we observed a similar depolarization of membrane potential in TAS patients 
(Ch 3, supplementary figure 3), but no significant change in other intrinsic param-
eters or spontaneous activity. The interneuron dataset was not studied into depth due 
to lower numbers of cells and large variability of interneuron subtypes. However, it has 
been previously reported that disinhibition of the peritumoral cortical network as a 
consequence of impaired interneuron functioning in the superficial neocortical layers 
is an important factor in the pathophysiology of TAS. Early work indicated a change in 
interneuron inhibition in human peritumoral cortex, however these results are based 
on low numbers of cell recordings from 2 patients (Pallud, Le Van Quyen et al. 2014), 
highlighting the need for larger patient numbers to investigate interneuron functioning 
in the PTC. After expansion of the current dataset, subset analysis can be performed in 
the future to assess interneuron electrophysiological and morphological modification in 
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the peritumoral network in more detail and elucidate the contributory role of different 
interneuron subtypes to ictogenesis.

The observed alterations in L2/3 cells are likely the result of tumor-induced changes, 
including network adaptation to increased activity demand, altered glutamate levels, 
and thus far incompletely characterized changes in inhibition (as discussed in Chapter 
3). The found changes in intrinsic properties of peritumoral L2/3 pyramidal cells can in 
part be a result from altered ion concentrations in the extracellular space, since glioma 
cells are known to cause disruption of chloride homeostasis in L2/3 pyramidal cells 
leading to altered excitability 24,25. Additionally, ion channel dysfunction or alteration 
in the pyramidal cell membrane could lead to lowered firing threshold, altered input 
resistance or resting membrane potential as is known from both tumor related seizures 
and other forms of epilepsy 26-28. Genetic pathway analysis by sequencing of peritumoral 
L2/3 neurons should provide more insight into specific mechanisms underlying the 
observed intrinsic cellular changes (see further). Recently, more evidence is accumulat-
ing for the pathophysiological importance of spreading depolarization as a mechanism 
of early epileptogenesis in tumor associated seizures 29,30. Spreading depressions were 
observed during epileptogenesis in a tumor model in mice and are known to cause 
sharp elevation of extracellular glutamate levels  31, but also recruitment of microglia 
32,33. This strong microglial response was also observed in our mouse model (Ch 3, fig-
ure 3) which might contribute to inflammatory processes facilitating lowered seizure 
threshold (see paragraph 6.7).

unraveling the basis of neuron-tumor epileptogenesis
To examine the molecular basis for the change in electrophysiological behavior of peri-
tumoral neuronal populations, single cell and single nucleus sequencing of peritumoral 
cell populations is essential. Unpublished past and ongoing work in our laboratory in-
cludes genomic analysis of the peritumoral cortex. By locating and isolating individual 
neurons from the peritumoral cortex, we have been able to perform single cell sequenc-
ing of pyramidal cells 34. Using this data combined with single nucleus high throughput 
sequencing of cortical neuronal populations 35, we were able to assess the molecular 
pathways that underlie the development of tumor associated seizures in glioma and 
metastasis patients. Additionally, the availability of a glioma mouse model (Ch 3, figure 
3-5), gives the opportunity to study neuronal and glial adaptation in the peritumoral 
cortex at multiple timepoints. This allows molecular pathway analysis over time to 
further map the cascade of events leading to the development of tumor-associated sei-
zures and by this we hope to identify why some brain tumor patients develop seizures 
and others don’t. Using our well-established pipeline for human peritumoral cortex, 
this approach could also provide a way to study other pathology seen in patients with 
brain tumors. For example, in the case of psychiatric disease, molecular analysis of tissue 
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specimens could provide valuable additional information to complement electrophysi-
ological data as seen in Chapter 4.

PDs complexes: future value in tumor associated seizure research
One of the most striking findings in human recordings was the presence of paroxysmal 
depolarizing shift (PDS) complexes in neurons (mostly pyramidal cells, but also inter-
neurons) of patients with seizures. A particularly intriguing finding was PDS complexes 
preceding (and predicting) epileptogenesis in patients without clinically detectable 
seizures before and at time of treatment who developed seizures later on in the course 
of their disease (delayed onset seizure (DOS) patients) (Ch 3, figure 6). Studies in animal 
models of kindling-induced epilepsy have identified the occurrence of PDS complexes, 
individual cellular correlates of inter-ictal activity, starting from the earliest stages of 
ictogenesis, confirming their role as markers of a developing epileptogenic network  
36-39. PDS complexes arise from the dendritic layers 40 and are thought to contribute to 
long-term morphological  as well as functional synaptic changes 41, including the driving 
of activity-dependent gene expression 42 contributing to the development of seizure 
micro-circuits. The mechanisms implicated in the development of PDS complexes are 
reminiscent of many of the contributing factors found to play a role in tumor induced 
seizures, including reduction in GABAergic inhibition (loss of interneurons), altered 
intracellular chloride concentrations through NKCC1 and KCC2 dysfunction, increased 
AMPA-receptor mediated excitatory synaptic currents, upregulation of NMDA receptors, 
altered Ca2+-homeostasis mediated by upregulation of L-type calcium channels (LTCC), 
and formation of reactive oxygen species 43. The strong involvement of LTCC in PDS com-
plex generation is especially interesting in the light of glioma cell proliferation, invasion 
and migration, as recent work has demonstrated that presence of these (but also many 
other) ion channels are negatively correlated with glioma WHO grade 44. A subset of ion 
channels is downregulated in glioblastoma predicting shorter survival but maybe also 
lower seizure susceptibility. Consequently, the ion channels remain present in the lower 
grade tumors, possibly facilitating epileptogenesis. 

Other noteworthy features found in the DOS patients recordings comprise a reduc-
tion of rise slope and decay slope of action potentials that is different from both the 
epileptic and seizure free recordings, indicating a distinct change in intrinsic pyramidal 
cell functioning in this subgroup of patients. Further, compared to seizure free cells 
DOS cells had a decreased afterhyperpolarization, which is associated with altered ionic 
channel functioning and increased excitability 45. Future work is needed for better char-
acterization of the clinical and physiological relevance of these complexes in human 
peritumoral cortex. As we did not find these complexes frequently in our mouse model, 
human cortical recordings are vital for assessing this intriguing phenomenon. Combined 



Chapter 6  |  General Discussion

178

with PDS complexes, these features could potentially in the future be combined into a 
biomarker for epileptogenesis in this specific subset of patients.

Treatment strategies aimed at neuron-tumor interaction
To assess the prognostic relevance of PDS complexes in patients without clinically 
established TAS, there are several lines of research that would aid in translating the clini-
cal impact of this finding. First, combining ad hoc single cell electrophysiology with 
intra-operative electrocorticography (ECoG) to assess whether the presence of PDS 
complexes is associated with intra-operative ECoG changes suggestive of ictogenesis, 
such as high frequency oscillations or cortical spreading depressions 29,46. Second, an 
intriguing option would be to use single cell sequencing of cells with PDS complexes 
and compare them to sequencing data from neurons without PDS complexes. Third, in 
patients where PDS complexes are found, more intensive monitoring during follow-up 
especially with neurophysiological investigations (i.e., EEG) over time could be use-
ful to define early epileptogenic features and make better informed decisions about 
early therapeutic intervention with anti-epileptic drugs (AED). Finally, especially in the 
context of modulating neuron-tumor interaction, early AED treatment is an interesting 
topic that will likely gain more attention the following years 47-50. If EEG would confirm 
early epileptic activity, the choice of treating patients in early stages of seizure develop-
ment could have a two-fold impact, first on reduction of seizures and subsequently a 
positive effect on patient quality of life, and second on the potential inhibition of tumor 
progression by modifying neuron-tumor interaction 51. 

Despite the existence of a range of AED’s which in most types of epilepsy are ef-
fective, tumor associated seizures remain difficult to manage with our currently avail-
able anti-epileptic drugs. Therefore, a better understanding of the development and 
mechanisms underlying TAS may provide vital information for the management of these 
seizures in clinical practice. Several studies have proposed that suppressing neuronal ac-
tivity and thereby neuron-tumor communication through treatment with antiepileptic 
drugs also affects tumor proliferation 48,50,52, although the effect on tumor growth was 
not shown in another model of glioma in mouse 53. The antiepileptic drug Perampanel 
was used in these studies based on the AMPA receptor dependent communication in 
the newly characterized neuron-tumor synapses 50,52. PDS complexes are considered to 
be partly dependent on AMPA-receptor functioning, leading to the intriguing option to 
consider treatment of patients in the pre-epileptic phase, when PDS complexes seem 
most prevalent, to assess the effect on both development of clinical seizures and tumor 
progression. Additionally, Verapamil, an L-type calcium channel blocking AED, can be 
considered in this light. 
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Glioma and epileptogenesis: the role of immune response
The involvement of the immune system in brain tumor biology has been extensively 
studied (Kaneda et al. 2016; Quail et al. 2016). Tumor-associated macrophages regulate 
the response to tumor cells in the tumor microenvironment and their activity is corre-
lated with tumor malignancy and prognosis (Takenaka et al. 2019), with implications for 
treatment. In the context of the pathophysiology of epilepsy, the role of glia as a regula-
tor of ictogenesis is now widely established (Patel et al. 2019). An interesting finding in 
tumor related seizures is that slower growing tumors, such as low-grade gliomas more 
often present with or develop epilepsy during the course of disease than high-grade 
gliomas 54. This phenomenon suggests that time is an important factor in the process 
of developing an epileptic network around a growing tumor. In low-grade glioma, the 
slow growth of the tumor leads to gliosis and chronic inflammation in the peritumoral 
cortex. After time, an epileptic network in peritumoral cortex is formed, resulting in 
multiple peritumoral epileptic foci 46,55,56. In glioma, specific astrocytic populations are 
associated with the emergence of seizures, confirming the interplay and importance 
of glia in ictogenesis 57. As we observed in our mouse model (Ch. 3, figure 3), a strong 
glial response with reactive astrocytes was seen during development of the tumor. A 
similar phenomenon has been described in peritumoral cortex from patients with sei-
zures compared to patients without seizures 58. Future study is needed to unravel the 
contribution of astrocyte adaptation and microglial activation to the development of 
the hyperexcitable network involved in tumor associated seizures. 

The road to (deep) cortical recording and targeted resection: increasing 
accuracy and clinical impact 
Within a glial brain tumor, there is cellular variability caused by the appearance of paral-
lel subsets of malignant tumor cell populations, including different compartments with 
astrocyte-like and oligodendrocyte precursor cell (OPC)-like cells 59,60. Consequently, 
different parts of tumor can exert varying levels of tumor-neuron communication and 
therefore have various contributions to the peritumoral hyperexcitable network. Follow-
ing this, a substantial level of intra- and interpatient variability of neuron-tumor interac-
tion and susceptibility to epileptogenesis should be considered and was also observed 
in our own recordings. For example, in voltage-clamp recordings, sEPSC frequencies 
showed a range of values within patients, varying from very high to normal frequencies 
(Ch 3, fig 2 & supplementary figure 4). Similar observations were made with regard 
to PDS complexes observed in voltage traces. Within one patient, a variable number 
of cells could display these phenomena, and also the number of complexes recorded 
varies greatly between cells. Due to limitations of recording equipment, it remains dif-
ficult to determine the presence and specific distance of neuronal cells to tumor cells. A 
potentially feasible option to test would be to perform tumor resections using Gliolan, 
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a fluorescent marker used intraoperatively as an aid for tumor border identification 61,62, 
and use fluorescent filters on the recording microscope to identify labeled tumor cells 
and determine distance to recorded neurons. 

Based on the results of the experiments in Chapter 3, essential future work will 
be to add intraoperative electrocortical surface and depth recordings of peritumoral 
cortex. The use of intraoperative ECoG recording to locate peritumoral epileptic foci 
and specifically record cells in these regions would be very valuable to increase spatial 
accuracy. ECoG is currently not yet part of standard operative practice and is therefore 
not performed during resection of peritumoral cortex samples. This leads to variability 
between both patient samples and cells recorded in one tissue sample depending on 
their potential involvement in an epileptic network. However interestingly, the found 
changes in intrinsic neuronal functioning appear independent of their contribution 
to a specific ictogenic region as they were not specifically resected from seizure foci, 
suggesting these alterations are a widespread phenomenon occurring throughout the 
peritumoral cortex. 

A recent study combined language functional testing with electrocorticogram 
(ECoG) recordings in brain tumor patients to study functional remodeling of the 
peritumoral networks, finding evidence for functionally connected regions that contain 
glioblastoma cellular subpopulations with synaptogenic and neurotrophic phenotypes 
63. Functional connectivity between tumor and peritumoral cortex was negatively cor-
related with both patient survival and cognitive performance. Potentially, the use of 
ECoG could further improve seizure outcome after tumor surgery 64,65. However, the use 
of ECoG to locate peritumoral seizure locations is not undisputed, as resection of regions 
with interictal spikes was not associated with better seizure outcomes after surgery 66,67 
and also not with better outcome in a cohort of pediatric glioma 67. 

In our recordings of peritumoral cortex in mice with glial tumors, we identified specific 
electrophysiological alterations based on distance to the tumor core (Ch 3, figure 4). 
We observed larger depolarization of membrane potential and firing rates in cells from 
infiltrated and tumor region compared to cells from more distant regions, suggesting 
spatial effects of tumor distance and peritumoral microenvironmental reaction on neu-
ronal functioning. In our mouse model we were not able to pinpoint exact locations of 
ictogenic regions leading to tumor associated seizures, however recent work did identify 
the peritumoral neuronal populations as a starting point for ictogenesis 29. Using ECoG 
recordings during surgery combined with ad hoc network analysis, interconnected cor-
tical regions and regions displaying (inter)ictal activity can be identified 46. Based on this, 
targeted resection of peritumoral seizure tissue and subsequent electrophysiological 
analysis should be a possibility in the near future. High- and low-connectivity tumoral 
regions can be identified and resected (if safe and feasible), and subsequently analyzed 
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with electrophysiological recordings to further identify cellular alterations specific for 
epileptic foci compared to peritumoral cortex not connected to a seizure focus. 

Recently, a Neuropixel depth recording electrode was used to record high resolu-
tion single cell activity in human cortex during brain surgery 68. The recording of single 
cell units in human brain is a developing field leading to high resolution recordings of 
hundreds of cells simultaneously. Combining depth single cell recordings with ECoG, 
neuroimaging and neurocognitive assessment intra and peri-operatively is the ultimate 
goal to further improve spatiotemporal resolution of human brain recordings and 
increase our understanding of human neuronal circuitry in healthy and diseased brain.

recordings in peritumoral cortex of human and mouse: clinical and 
fundamental applications
In Chapter 4 and 5, we have applied brain specimens from surgical patients to study 
fundamental questions about neuronal functioning in psychiatric disease and funda-
mental neuroscience. In Chapter 4 we demonstrate a case of bipolar disorder, in which 
electrophysiological recordings from ex vivo human neocortex are very rare and can be 
used to study how mechanistic findings from recordings in iPSCs and large genomic 
studies extend to human neurons 69-71.  Similarly in Chapter 5, we used human neocorti-
cal fast spiking PV+ interneuron reconstructions to affirm findings of PV+ interneuron 
myelination in mice, since human PV+ interneurons have been shown to exhibit differ-
ent total myelination per cell 72,73. The application of live human brain cells to compare 
to electrophysiological data from postmortem, rodent and pluripotent stem cell (iPSC) 
studies is a useful addition to validate findings in these models and study pathophysiol-
ogy in psychiatric disease. Furthermore, human neurons and iPSCs can be a valuable 
source in the development of new drugs 74. 

During the course of this PhD project, I have developed a research pipeline for 
electrophysiological recordings of human peritumoral cortex, providing a unique 
opportunity to perform electrophysiological recordings from human neurons. Addi-
tionally, I have successfully applied a new mouse model for tumor associated seizures 
(Ch 3, figure 3-5), in which we are able to record from tumor, peritumoral cortex and 
healthy contralateral cortex. Combining human and mouse recordings, we now have 
clinically relevant models to test the effect of antiepileptic drugs, new tumor treatments 
and other substances on neuronal functioning 75. This provides the unique opportunity 
to study AED effects in human and mouse brain (research currently in progress) and 
will result in a better understanding of the functional properties of these drugs and a 
means of adding more biological knowledge of the direct effect of different substances 
on neuronal functioning. Additionally, the current database contains tissue from glial 
tumors, as well as metastases and meningioma. In the future, subgroup analysis will 
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provide more insight into cell electrophysiology of peritumoral neurons in these distinct 
tumor types. 

final remarks and future perspective
To conclude, in the field of cancer neuroscience we are only at the beginning of un-
derstanding how brain tumors such as glioma and metastasis are able to hide in plain 
sight and utilize physiological mechanisms of the peritumoral cortex to aid in tumor 
progression. Ictogenesis is a multifactorial process that, depending on anatomical loca-
tion, composition of local cellular populations and signals from the microenvironment, 
reaches a crucial point for establishment of an epileptogenic neuronal network. Unravel-
ing the underlying molecular, electrophysiological and histological alterations essential 
for this process will aid in better treatment options for tumor associated seizures and 
possibly for the attenuation of tumor growth in the process. 

In the near future, I envision the further development of personalized treatment 
strategies comprising targeted tumor and seizure focus resection which may aid in even 
more effective tumor load reduction, seizure treatment and quality of life. This can be 
achieved by combining detailed pre- (and post-) operative imaging paired with neuro-
cognitive testing and implementation of intra-operative monitoring techniques such 
as ECoG and depth recordings and potentially acute slice physiology in the OR to aid in 
surgical decision making. Depending on these intra-operative and electrophysiological 
findings, this might even lead to early intervention by deciding to start treatment with 
anti-epileptic drugs to prevent the development of post-operative seizures. Addition-
ally, the use of individual genetic expression patterns found in tumor and peritumoral 
cortex will be of great additional value in the future to select the optimal radio- and 
chemotherapeutic approach for each patient. 

What is undisputable in the face of these goals, is that a combination of fundamental 
and clinical research is vital to challenge current beliefs and create inventive research 
projects aimed at swift clinical translation. 



183

referenCes
 1. Slinger G, Sinke MR, Braun KP, Otte WM. 

White matter abnormalities at a regional 
and voxel level in focal and generalized 
epilepsy: A systematic review and meta-
analysis. Neuroimage Clin. 2016;12:902-
909. doi:10.1016/j.nicl.2016.10.025

 2. Hatton SN, Huynh KH, Bonilha L, et al. 
White matter abnormalities across dif-
ferent epilepsy syndromes in adults: an 
ENIGMA-Epilepsy study. Brain. Aug 1 
2020;143(8):2454-2473. doi:10.1093/brain/
awaa200

 3. Yang T, Guo Z, Luo C, et al. White mat-
ter impairment in the basal ganglia-
thalamocortical circuit of drug-naive 
childhood absence epilepsy. Epilepsy Res. 
May 2012;99(3):267-73. doi:10.1016/j.
eplepsyres.2011.12.006

 4. Campos BM, Coan AC, Beltramini GC, et al. 
White matter abnormalities associate with 
type and localization of focal epileptogenic 
lesions. Epilepsia. Jan 2015;56(1):125-32. 
doi:10.1111/epi.12871

 5. Winston GP, Vos SB, Caldairou B, et al. 
Microstructural imaging in temporal lobe 
epilepsy: Diffusion imaging changes relate 
to reduced neurite density. Neuroimage 
Clin. 2020;26:102231. doi:10.1016/j.
nicl.2020.102231

 6. Lemkaddem A, Daducci A, Kunz N, et al. 
Connectivity and tissue microstructural 
alterations in right and left temporal lobe 
epilepsy revealed by diffusion spectrum 
imaging. Neuroimage Clin. 2014;5:349-58. 
doi:10.1016/j.nicl.2014.07.013

 7. Luo C, Xia Y, Li Q, et al. Diffusion and volum-
etry abnormalities in subcortical nuclei of 
patients with absence seizures. Epilepsia. 
Jun 2011;52(6):1092-9. doi:10.1111/j.1528-
1167.2011.03045.x

 8. Peng SJ, Harnod T, Tsai JZ, et al. Evaluation 
of subcortical grey matter abnormalities 
in patients with MRI-negative cortical 
epilepsy determined through structural 

and tensor magnetic resonance imag-
ing. BMC Neurol. May 14 2014;14:104. 
doi:10.1186/1471-2377-14-104

 9. Riley JD, Franklin DL, Choi V, et al. Altered 
white matter integrity in temporal lobe ep-
ilepsy: association with cognitive and clini-
cal profiles. Epilepsia. Apr 2010;51(4):536-
45. doi:10.1111/j.1528-1167.2009.02508.x

 10. Zhang Z, Jin Z, Yang X, et al. Pre-operative 
Neurocognitive Function Was More 
Susceptible to Decline in Isocitrate 
Dehydrogenase Wild-Type Subgroups 
of Lower-Grade Glioma Patients. Front 
Neurol. 2020;11:591615. doi:10.3389/
fneur.2020.591615

 11. Incekara F, Satoer D, Visch-Brink E, Vincent 
A, Smits M. Changes in language white 
matter tract microarchitecture associated 
with cognitive deficits in patients with 
presumed low-grade glioma. J Neurosurg. 
Jun 8 2018:1-9. doi:10.3171/2017.12.
JNS171681

 12. Lazar M, Alexander AL, Thottakara PJ, Badie 
B, Field AS. White matter reorganization 
after surgical resection of brain tumors 
and vascular malformations. AJNR Am J 
Neuroradiol. Jun-Jul 2006;27(6):1258-71. 

 13. O’Donnell LJ, Westin CF. An introduction to 
diffusion tensor image analysis. Neurosurg 
Clin N Am. Apr 2011;22(2):185-96, viii. 
doi:10.1016/j.nec.2010.12.004

 14. Alba-Ferrara LM, de Erausquin GA. What 
does anisotropy measure? Insights from 
increased and decreased anisotropy in se-
lective fiber tracts in schizophrenia. Front 
Integr Neurosci. 2013;7:9. doi:10.3389/
fnint.2013.00009

 15. Riffert TW, Schreiber J, Anwander A, 
Knosche TR. Beyond fractional anisotropy: 
extraction of bundle-specific structural 
metrics from crossing fiber models. Neu-
roimage. Oct 15 2014;100:176-91. 
doi:10.1016/j.neuroimage.2014.06.015

 16. Behrens TE, Berg HJ, Jbabdi S, Rushworth 
MF, Woolrich MW. Probabilistic diffusion 
tractography with multiple fibre orienta-



Chapter 6  |  General Discussion

184

tions: What can we gain? Neuroimage. 
Jan 1 2007;34(1):144-55. doi:10.1016/j.
neuroimage.2006.09.018

 17. Holdsworth SJ, O’Halloran R, Setsompop 
K. The quest for high spatial resolution 
diffusion-weighted imaging of the 
human brain in vivo. NMR Biomed. Apr 
2019;32(4):e4056. doi:10.1002/nbm.4056

 18. Friedrich P, Fraenz C, Schluter C, et al. 
The Relationship Between Axon Density, 
Myelination, and Fractional Anisotropy in 
the Human Corpus Callosum. Cereb Cortex. 
Apr 14 2020;30(4):2042-2056. doi:10.1093/
cercor/bhz221

 19. Aerts HJ, Velazquez ER, Leijenaar RT, 
et al. Decoding tumour phenotype by 
noninvasive imaging using a quantitative 
radiomics approach. Nat Commun. Jun 3 
2014;5:4006. doi:10.1038/ncomms5006

 20. Tian Q, Yan LF, Zhang X, et al. Radiomics 
strategy for glioma grading using texture 
features from multiparametric MRI. J Magn 
Reson Imaging. Dec 2018;48(6):1518-1528. 
doi:10.1002/jmri.26010

 21. Kobayashi K, Miyake M, Takahashi M, 
Hamamoto R. Observing deep radiomics 
for the classification of glioma grades. Sci 
Rep. May 25 2021;11(1):10942. doi:10.1038/
s41598-021-90555-2

 22. Esmaeili M, Stensjoen AL, Berntsen EM, 
Solheim O, Reinertsen I. The Direction of 
Tumour Growth in Glioblastoma Patients. 
Sci Rep. Jan 19 2018;8(1):1199. doi:10.1038/
s41598-018-19420-z

 23. Smits M. MRI biomarkers in neuro-oncolo-
gy. Nat Rev Neurol. Aug 2021;17(8):486-500. 
doi:10.1038/s41582-021-00510-y

 24. Huberfeld G, Vecht CJ. Seizures and 
gliomas--towards a single therapeutic ap-
proach. Nat Rev Neurol. Apr 2016;12(4):204-
16. doi:10.1038/nrneurol.2016.26

 25. Pallud J, Le Van Quyen M, Bielle F, et al. Cor-
tical GABAergic excitation contributes to 
epileptic activities around human glioma. 
Sci Transl Med. Jul 9 2014;6(244):244ra89. 
doi:10.1126/scitranslmed.3008065

 26. Niday Z, Hawkins VE, Soh H, Mulkey DK, 
Tzingounis AV. Epilepsy-Associated KCNQ2 
Channels Regulate Multiple Intrinsic 
Properties of Layer 2/3 Pyramidal Neurons. 
J Neurosci. Jan 18 2017;37(3):576-586. 
doi:10.1523/JNEUROSCI.1425-16.2016

 27. Campbell SL, Robel S, Cuddapah VA, et 
al. GABAergic disinhibition and impaired 
KCC2 cotransporter activity underlie 
tumor-associated epilepsy. Glia. Jan 
2015;63(1):23-36. doi:10.1002/glia.22730

 28. Zhang J, Chen X, Eaton M, et al. Severe 
deficiency of the voltage-gated sodium 
channel NaV1.2 elevates neuronal excit-
ability in adult mice. Cell Rep. Aug 3 
2021;36(5):109495. doi:10.1016/j.cel-
rep.2021.109495

 29. Hatcher A, Yu K, Meyer J, Aiba I, Deneen B, 
Noebels JL. Pathogenesis of peritumoral 
hyperexcitability in an immunocompetent 
CRISPR-based glioblastoma model. J Clin 
Invest. May 1 2020;130(5):2286-2300. 
doi:10.1172/JCI133316

 30. Aiba I, Noebels JL. Kcnq2/Kv7.2 controls 
the threshold and bi-hemispheric sym-
metry of cortical spreading depolarization. 
Brain. Oct 22 2021;144(9):2863-2878. 
doi:10.1093/brain/awab141

 31. Aiba I, Shuttleworth CW. Sustained NMDA 
receptor activation by spreading depo-
larizations can initiate excitotoxic injury 
in metabolically compromised neurons. 
J Physiol. Nov 15 2012;590(22):5877-93. 
doi:10.1113/jphysiol.2012.234476

 32. Takizawa T, Qin T, Lopes de Morais A, et 
al. Non-invasively triggered spreading 
depolarizations induce a rapid pro-inflam-
matory response in cerebral cortex. J Cereb 
Blood Flow Metab. May 2020;40(5):1117-
1131. doi:10.1177/0271678X19859381

 33. Shibata M, Suzuki N. Exploring the role of 
microglia in cortical spreading depression 
in neurological disease. J Cereb Blood 
Flow Metab. Apr 2017;37(4):1182-1191. 
doi:10.1177/0271678X17690537



185

 34. Picelli S, Bjorklund AK, Faridani OR, Sagas-
ser S, Winberg G, Sandberg R. Smart-seq2 
for sensitive full-length transcriptome 
profiling in single cells. Nat Methods. 
Nov 2013;10(11):1096-8. doi:10.1038/
nmeth.2639

 35. Krishnaswami SR, Grindberg RV, Novotny 
M, et al. Using single nuclei for RNA-seq to 
capture the transcriptome of postmortem 
neurons. Nat Protoc. Mar 2016;11(3):499-
524. doi:10.1038/nprot.2016.015

 36. Hellier JL, Patrylo PR, Dou P, Nett M, Rose 
GM, Dudek FE. Assessment of inhibition 
and epileptiform activity in the septal 
dentate gyrus of freely behaving rats dur-
ing the first week after kainate treatment. J 
Neurosci. Nov 15 1999;19(22):10053-64. 

 37. Chauviere L, Doublet T, Ghestem A, et 
al. Changes in interictal spike features 
precede the onset of temporal lobe epi-
lepsy. Ann Neurol. Jun 2012;71(6):805-14. 
doi:10.1002/ana.23549

 38. White A, Williams PA, Hellier JL, Clark S, 
Dudek FE, Staley KJ. EEG spike activity pre-
cedes epilepsy after kainate-induced status 
epilepticus. Epilepsia. Mar 2010;51(3):371-
83. doi:10.1111/j.1528-1167.2009.02339.x

 39. Jones RS, Lambert JD. Synchronous 
discharges in the rat entorhinal cortex 
in vitro: site of initiation and the role of 
excitatory amino acid receptors. Neurosci-
ence. 1990;34(3):657-70. doi:10.1016/0306-
4522(90)90172-z

 40. Schiller Y. Inter-ictal- and ictal-like epileptic 
discharges in the dendritic tree of neocor-
tical pyramidal neurons. J Neurophysiol. 
Dec 2002;88(6):2954-62. doi:10.1152/
jn.00525.2001

 41. Staley KJ, Dudek FE. Interictal spikes and 
epileptogenesis. Epilepsy Curr. Nov-Dec 
2006;6(6):199-202. doi:10.1111/j.1535-
7511.2006.00145.x

 42. Rakhade SN, Shah AK, Agarwal R, Yao B, 
Asano E, Loeb JA. Activity-dependent 
gene expression correlates with in-
terictal spiking in human neocortical 

epilepsy. Epilepsia. 2007;48 Suppl 5:86-95. 
doi:10.1111/j.1528-1167.2007.01294.x

 43. Kubista H, Boehm S, Hotka M. The Parox-
ysmal Depolarization Shift: Reconsidering 
Its Role in Epilepsy, Epileptogenesis and 
Beyond. Int J Mol Sci. Jan 29 2019;20(3)
doi:10.3390/ijms20030577

 44. Wang R, Gurguis CI, Gu W, et al. Ion channel 
gene expression predicts survival in glio-
ma patients. Sci Rep. Aug 3 2015;5:11593. 
doi:10.1038/srep11593

 45. Xiao K, Sun Z, Jin X, et al. ERG3 potassium 
channel-mediated suppression of neuro-
nal intrinsic excitability and prevention 
of seizure generation in mice. J Physiol. 
Oct 2018;596(19):4729-4752. doi:10.1113/
JP275970

 46. Feyissa AM, Worrell GA, Tatum WO, et 
al. High-frequency oscillations in awake 
patients undergoing brain tumor-
related epilepsy surgery. Neurology. Mar 
27 2018;90(13):e1119-e1125. doi:10.1212/
WNL.0000000000005216

 47. Lee CY, Lai HY, Chiu A, Chan SH, Hsiao LP, 
Lee ST. The effects of antiepileptic drugs 
on the growth of glioblastoma cell lines. 
J Neurooncol. May 2016;127(3):445-53. 
doi:10.1007/s11060-016-2056-6

 48. Izumoto S, Miyauchi M, Tasaki T, et al. 
Seizures and Tumor Progression in Glioma 
Patients with Uncontrollable Epilepsy 
Treated with Perampanel. Anticancer Res. 
Jul 2018;38(7):4361-4366. doi:10.21873/
anticanres.12737

 49. Das CM, Aguilera D, Vasquez H, et al. Valpro-
ic acid induces p21 and topoisomerase-II 
(alpha/beta) expression and synergistically 
enhances etoposide cytotoxicity in human 
glioblastoma cell lines. J Neurooncol. Nov 
2007;85(2):159-70. doi:10.1007/s11060-
007-9402-7

 50. Venkatesh HS, Morishita W, Geraghty AC, 
et al. Electrical and synaptic integration 
of glioma into neural circuits. Nature. Sep 
2019;573(7775):539-545. doi:10.1038/
s41586-019-1563-y



Chapter 6  |  General Discussion

186

 51. Avila EK, Chamberlain M, Schiff D, et al. 
Seizure control as a new metric in as-
sessing efficacy of tumor treatment in 
low-grade glioma trials. Neuro Oncol. Jan 
2017;19(1):12-21. doi:10.1093/neuonc/
now190

 52. Venkataramani V, Tanev DI, Strahle C, et 
al. Glutamatergic synaptic input to glioma 
cells drives brain tumour progression. 
Nature. Sep 2019;573(7775):532-538. 
doi:10.1038/s41586-019-1564-x

 53. Mayer J, Kirschstein T, Resch T, et al. 
Perampanel attenuates epileptiform 
phenotype in C6 glioma. Neurosci Lett. 
Jan 10 2020;715:134629. doi:10.1016/j.
neulet.2019.134629

 54. Cowie CJ, Cunningham MO. Peritumoral 
epilepsy: relating form and function for 
surgical success. Epilepsy Behav. Sep 
2014;38:53-61. doi:10.1016/j.ye-
beh.2014.05.009

 55. Kohling R, Senner V, Paulus W, Speck-
mann EJ. Epileptiform activity preferen-
tially arises outside tumor invasion zone 
in glioma xenotransplants. Neurobiol 
Dis. Apr 2006;22(1):64-75. doi:10.1016/j.
nbd.2005.10.001

 56. Senner V, Kohling R, Puttmann-Cyrus S, 
Straub H, Paulus W, Speckmann EJ. A new 
neurophysiological/neuropathological ex 
vivo model localizes the origin of glioma-
associated epileptogenesis in the invasion 
area. Acta Neuropathol. Jan 2004;107(1):1-
7. doi:10.1007/s00401-003-0771-5

 57. John Lin CC, Yu K, Hatcher A, et al. Identi-
fication of diverse astrocyte populations 
and their malignant analogs. Nat Neurosci. 
Mar 2017;20(3):396-405. doi:10.1038/
nn.4493

 58. Berntsson SG, Malmer B, Bondy ML, 
Qu M, Smits A. Tumor-associated 
epilepsy and glioma: Are there com-
mon genetic pathways? Acta Onco-
logica. 2009/01/01 2009;48(7):955-963. 
doi:10.1080/02841860903104145

 59. Laug D, Glasgow SM, Deneen B. A glial 
blueprint for gliomagenesis. Nat Rev Neu-
rosci. Jul 2018;19(7):393-403. doi:10.1038/
s41583-018-0014-3

 60. Lan X, Jorg DJ, Cavalli FMG, et al. Fate map-
ping of human glioblastoma reveals an 
invariant stem cell hierarchy. Nature. Sep 
14 2017;549(7671):227-232. doi:10.1038/
nature23666

 61. Hosmann A, Millesi M, Wadiura LI, et al. 
5-ALA Fluorescence Is a Powerful Prognos-
tic Marker during Surgery of Low-Grade 
Gliomas (WHO Grade II)-Experience at Two 
Specialized Centers. Cancers (Basel). May 21 
2021;13(11)doi:10.3390/cancers13112540

 62. Widhalm G, Kiesel B, Woehrer A, et al. 
5-Aminolevulinic acid induced fluores-
cence is a powerful intraoperative marker 
for precise histopathological grading of 
gliomas with non-significant contrast-en-
hancement. PLoS One. 2013;8(10):e76988. 
doi:10.1371/journal.pone.0076988

 63. Krishna S, Choudhury A, Seo K, et al. 
Glioblastoma remodeling of neural 
circuits in the human brain decreases 
survival. bioRxiv. 2021:2021.02.18.431915. 
doi:10.1101/2021.02.18.431915

 64. Yao PS, Zheng SF, Wang F, Kang DZ, Lin 
YX. Surgery guided with intraoperative 
electrocorticography in patients with 
low-grade glioma and refractory seizures. 
J Neurosurg. Mar 2018;128(3):840-845. 
doi:10.3171/2016.11.JNS161296

 65. Pilcher WH, Silbergeld DL, Berger MS, Oje-
mann GA. Intraoperative electrocorticog-
raphy during tumor resection: impact on 
seizure outcome in patients with ganglio-
gliomas. J Neurosurg. Jun 1993;78(6):891-
902. doi:10.3171/jns.1993.78.6.0891

 66. Lee C, Jeong W, Chung CK. Clinical Rele-
vance of Interictal Spikes in Tumor-Related 
Epilepsy: An Electrocorticographic Study. 
J Epilepsy Res. Dec 2019;9(2):126-133. 
doi:10.14581/jer.19015

 67. Robertson FC, Ullrich NJ, Manley PE, 
Al-Sayegh H, Ma C, Goumnerova LC. The 



187

Impact of Intraoperative Electrocorticog-
raphy on Seizure Outcome After Resection 
of Pediatric Brain Tumors: A Cohort Study. 
Neurosurgery. Sep 1 2019;85(3):375-383. 
doi:10.1093/neuros/nyy342

 68. Paulk AC, Kfir Y, Khanna A, et al. 
Large-scale neural recordings with 
single-cell resolution in human cortex 
using high-density Neuropixels probes. 
bioRxiv. 2021:2021.06.20.449152. 
doi:10.1101/2021.06.20.449152

 69. Stern S, Santos R, Marchetto MC, et al. Neu-
rons derived from patients with bipolar 
disorder divide into intrinsically different 
sub-populations of neurons, predicting 
the patients’ responsiveness to lithium. 
Mol Psychiatry. Jun 2018;23(6):1453-1465. 
doi:10.1038/mp.2016.260

 70. Mertens J, Wang QW, Kim Y, et al. Differen-
tial responses to lithium in hyperexcitable 
neurons from patients with bipolar disor-
der. Nature. Nov 5 2015;527(7576):95-9. 
doi:10.1038/nature15526

 71. Mullins N, Forstner AJ, O’Connell KS, et 
al. Genome-wide association study of 
more than 40,000 bipolar disorder cases 
provides new insights into the underlying 
biology. Nat Genet. Jun 2021;53(6):817-
829. doi:10.1038/s41588-021-00857-4

 72. Stedehouder J, Couey JJ, Brizee D, et al. 
Fast-spiking Parvalbumin Interneurons 
are Frequently Myelinated in the Cerebral 
Cortex of Mice and Humans. Cereb Cortex. 
Oct 1 2017;27(10):5001-5013. doi:10.1093/
cercor/bhx203

 73. Micheva KD, Chang EF, Nana AL, et al. Dis-
tinctive Structural and Molecular Features 
of Myelinated Inhibitory Axons in Human 
Neocortex. eNeuro. Sep-Oct 2018;5(5)
doi:10.1523/ENEURO.0297-18.2018

 74. Ishii T, Ishikawa M, Fujimori K, et al. In 
Vitro Modeling of the Bipolar Disorder 
and Schizophrenia Using Patient-Derived 
Induced Pluripotent Stem Cells with Copy 
Number Variations of PCDH15 and RELN. 

eNeuro. Sep/Oct 2019;6(5)doi:10.1523/
ENEURO.0403-18.2019

 75. Accardi MV, Pugsley MK, Forster R, Troncy 
E, Huang H, Authier S. The emerging role 
of in vitro electrophysiological methods 
in CNS safety pharmacology. J Pharmacol 
Toxicol Methods. Sep-Oct 2016;81:47-59. 
doi:10.1016/j.vascn.2016.03.008

(Endnotes)
1  Radiomics involves the use of quantitative 

imaging features to aid in the decoding of 
different tumor phenotypes 19. A e r t s 
HJ, Velazquez ER, Leijenaar RT, et al. De-
coding tumour phenotype by noninvasive 
imaging using a quantitative radiomics 
approach. Nat Commun. Jun 3 2014;5:4006. 
doi:10.1038/ncomms5006.





7
Summary





191

This thesis describes a collection of investigations on the peritumoral cerebral cortex and 
tumor-related epileptogenic alterations at a macroscopic and microscopic scale. Using 
diffusion tensor weighted imaging analysis, we investigated large-scale brain networks in 
low-grade glioma patients. We studied the effects of glioma and tumor related seizures on 
deep nuclei, essential white matter tracts and distant brain areas (Chapter 2). This analysis 
uncovered far reaching effects, with volumetric and structural aberrations in the deep nu-
clei and contralateral cerebellum combined with altered diffusion values in cortico-striatal 
and cortico-thalamic projections ipsilateral to the tumor. We show that in patients with 
seizures especially, essential white matter tracts and deep nuclei are affected, extending 
into the cerebellum. These findings highlight the potential mediating effect of tumor as-
sociated seizures on deep nuclei and white matter structural integrity and may contribute 
to the wide range of symptoms and neurocognitive sequelae patients experience.

Zooming in on local neuronal functioning, we identified specific intrinsic neuronal 
adaptations in the peritumoral cortex of patients with established tumor associated sei-
zures as well as identify biomarkers for the possible development of post-surgical seizures 
(Chapter 3). We report that L2-3 pyramidal cell functioning and morphology is altered in 
tumor patients with seizures and that the neuronal network is more excitable, suggesting 
adaptation of cortical neuronal functioning in the presence of tumor nearby leading to a 
lowered seizure threshold. Surprisingly, we identified specific cellular properties predicting 
the development of seizures in patients up to months before onset of epileptic activity that 
might serve as a biomarker for epileptogenesis in the future. We apply a clinically relevant 
mouse model for glioma to model seizure related changes in mice. We model the progres-
sion of tumor growth in time and show changes in pyramidal cell function and morphol-
ogy that are similar to human recordings but also show spatiotemporal components.

Making use of available patient information and our extensive database of human 
peritumoral cortical samples that was collected during the course of this PhD period, we 
were able to investigate cellular functioning in an exclusive case of a patient with bipolar 
disorder in Chapter 4. In this patient report we compare cell recordings to a matched 
patient without psychiatric history. We show a similar increase in afterhyperpolarization 
of layer 2-3 pyramidal cells as shown in pluripotent stem cell experiments, suggesting 
this is a relevant change in pyramidal cell physiology in bipolar disease.

In Chapter 5 a combination of mouse and human investigations revealed that axo-
nal thickness and branching pattern determines myelination, answering a fundamental 
question about interneuron myelination in cerebral cortex. It is shown that axonal 
myelination of GABAergic fast-spiking parvalbumin positive interneurons is determined 
by interbranch distance and axon size, a finding that was replicated in regular spiking 
somatostatin positive cells. In human interneurons it was also shown that axon diameter 
and interbranch distance determined myelination, suggesting conservation across spe-
cies of this phenomenon.
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LIsT Of aBBreVIaTIOns

AED = antiepileptic drug
DOS = delayed onset seizures
DWI = diffusion weighted imaging
ECoG = electrocorticogram
EEG = electroencephalogram
FA = fractional anisotropy
IN = interneuron
KCC2 = potassium and chloride transporter member 5 (gene SLC12A5)
L2/3 = layer 2-3 of the cerebral cortex
L5 = layer 5 of the cerebral cortex
LTCC = L-type calcium channels
MD = mean diffusivity
MRI = magnetic resonance imaging
NKCC1 = Na-K-Cl cotransporter (gene SLC12A2)
PC = pyramidal cell
PDS = paroxysmal depolarizing shift
sEPSC = spontaneous excitatory post synaptic current
TAS = tumor associated seizures
TAE = tumor associated epilepsy
WM = white matter
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neDerLanDse saMenVaTTInG

Dit proefschrift beschrijft een collectie van onderzoeken die zich richten op tumor-
gerelateerde epileptogene veranderingen in de peri-tumorale cerebrale cortex op mac-
roscopische en microscopische schaal. Met behulp van diffusie gewogen MRI-analyse 
hebben we grote cerebrale netwerken onderzocht in patiënten met laaggradig glioom. 
We onderzochten de effecten van tumor en tumor-geassocieerde epilepsie (TAE) op de 
diepe kernen, essentiële witte stof banen en brein regio’s op afstand (hoofdstuk 2). Dit 
onderzoek vond verreikende effecten van tumor en tumor-geassocieerde epilepsie, met 
structurele afwijkingen in de diepe kernen en het contralaterale cerebellum, gecom-
bineerd met veranderde diffusiewaarden in de cortico-striatale en cortico-thalamische 
banen ipsilateraal aan de tumor.  We tonen aan dat er specifiek in patiënten met tumor-
geassocieerde epilepsie essentiële witte stof banen en diepe kernen zijn aangedaan, en 
dat deze veranderingen zelfs reiken tot in het cerebellum. Deze bevindingen schijnen 
licht op de gevolgen van tumorgroei en met name tumor-geassocieerde epilepsie voor 
de rest van het brein: structuren op afstand van de tumor zoals de diepe kernen en witte 
stof raken ook beschadigd, wat kan bijdragen aan het brede scala van symptomen en 
veranderingen in neurocognitief functioneren die patiënten vertonen.

hoofdstuk 3 richt zich op lokaal functioneren van neuronen in de peri-tumorale cor-
tex van mensen met een hersentumor en epilepsie. In dit hoofdstuk hebben we speci-
fieke intrinsieke neuronale aanpassingen ontdekt als gevolg van tumor-geassocieerde 
epilepsie. Ook vonden we aanwijzingen dat sommige neuronale aanpassingen kunnen 
fungeren als biomarker voor het ontwikkelen van epileptische insulten in patiënten in 
de toekomst. We rapporteren dat het functioneren en de morfologie van piramidecellen 
in laag 2-3 van de cerebrale cortex veranderd is en dat het neuronale netwerk verhoogd 
prikkelbaar is. Dit suggereert aanpassing van neuronen in de cortex in de aanwezigheid 
van tumor wat leidt tot een verlaagde drempel voor het ontwikkelen van epileptische 
insulten. Verrassend genoeg vonden we aanwijzingen voor cel eigenschappen die het 
ontwikkelen van epileptische insulten konden voorspellen maanden voordat epilep-
tische activiteit zich klinisch bij patiënten manifesteerde. Daarnaast hebben we een 
klinisch relevant muismodel voor glioom gebruikt wat als model kan fungeren voor 
tumor-gerelateerde epileptische veranderingen. We volgden de progressie van tumor-
groei in de tijd en vonden veranderingen in piramidecel functioneren en morfologie 
die vergelijkbaar zijn met de veranderingen die we vonden in cerebrale cortex van 
patiënten. Tevens observeren we in dit model een progressie van veranderingen in de 
tijd en een mogelijke relatie met de afstand tot de tumor.

Gebruik makend van de beschikbare patiënten informatie en onze uitgebreide 
database van peri-tumorale cortex weefsel dat is verzameld gedurende deze promotie 
periode, waren we in staat om cel functioneren te onderzoeken in een unieke casus 
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van een patiënt met bipolaire stoornis. Hierbij hebben we cel metingen in deze patiënt 
vergeleken met metingen van een patiënt zonder psychiatrische voorgeschiedenis in 
hoofdstuk 4. We vonden specifieke veranderingen in cel functioneren die passen bij 
eerder gepubliceerde bevindingen van experimenten in stamcellen. In deze studie 
tonen we eenzelfde toename in na-hyperpolarisatie van laag 2-3 piramidecellen aan als 
werd gezien in pluripotente stamcellen, wat suggereert dat dit een relevante verander-
ing van cel functioneren is bij bipolaire stoornis.

hoofdstuk 5 toont met experimenten in hersenweefsel van muizen en mensen aan 
dat de axonale dikte en het vertakking patroon de mate van myelinisatie bepaalt. Hier-
mee wordt een fundamentele onderzoeksvraag over myelinisatie van interneuronen 
in cerebrale cortex beantwoord. We laten zien dat axonale myelinisatie van GABA-
gemedieerde snel-vurende parvalbumine-positieve interneuronen wordt bepaald door 
afstand tussen aftakkingen en de grootte van het axon. Deze bevinding kon worden be-
vestigd in normaal-vurende somatostatine-positieve interneuronen. In interneuronen 
uit humane peritumorale cortex werd eveneens geobserveerd dat axon diameter en 
de afstand tussen aftakkingen myelinisatie bepaalde, wat suggereert dat dit fenomeen 
behouden blijft tussen verschillende diersoorten.
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Microscopic Image Analysis: From Theory to Practice 2018 0,8

Microsoft Access 2010: Advanced 2019 0,4

scientific meetings & posters

American Epilepsy Society Washington
Poster presentation

2017 1,2

Winter meeting Nederlandse vereniging voor Neurochirurgie
Oral presentation

2017 0,4

Landelijke werkgroep Neuro-oncologie meeting
Oral presentation

2018 0,4

FENS Berlin
Poster presentation

2018 1,2

SFN Chicago 2019 1,2

Teaching

Tutoraat jaar 1 2017 2,0

Neuroanatomie onderwijs Geneeskunde jaar 1-3 2018-2020 6,0

Master klinische technologie colleges 2018-2020 3,0

Neuroanatomie onderwijs Psychologie minor neurowetenschappen 2018-2020 0,5

Neurowetenschappen supervisie van Master student 
onderzoeksproject

2019-2020 8,0

Co-assistenten onderwijs Chirurgische anatomie 2019-2020 4,0

Other

BKO full teaching certification with courses: 2019 3,0

- Teach the teacher 1

- Hoorcollege geven

- Ontwerp van tentamenvragen

- Individuele begeleiding

Female Talent Class Erasmus MC 2019 2,0
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