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Introduction
The invasion of the neocortex by malignant brain tumor cells is 
accompanied by seizures and cognitive impairments that are high-
ly refractory to treatment even after surgical resection, indicating 
persistent hyperexcitability in neuronal networks, yet the timing 
and precise cellular mechanisms driving abnormal cortical syn-
chronization and tumor-related epileptogenesis are unclear. At 
least 40% to 45% of adult patients with glioblastoma multiforme 
(GBM), the most severe form of diffuse glioma (1), experience 
seizures as the presenting clinical sign, and another 10% to 30% 
develop cortical seizures at some point during their disease (2, 
3). This latency demonstrates that surrounding cortical network 
instability is not simply related to either the physical presence of 
malignant cells or distortion due to the expanding structural mass 
effect, but grows according to a sequence of cellular death and 
molecular remodeling in the peritumoral microenvironment that 
is still poorly characterized.

Multiple inherent obstacles complicate the analysis of this 
complex excitability landscape. The irregular anatomical mar-
gins of aggressively invasive high-grade tumor cell clusters 
and remote tumor microislets reflect the heterogeneous stag-
es of cellular and molecular crosstalk between the proliferating 

malignant cells and surrounding brain networks (4). High-grade 
gliomas differ in the pediatric and adult brain (5) and contain 
multiple cellular lineages at various stages of differentiation (6, 
7), including malignant glial subsets enriched in synaptogenic 
markers, suggesting that some tumor cells may promote neosyn-
aptogenesis as a substrate for excitation-inhibition imbalance (8). 
Recent findings show that some, but not all, oncogenic variant 
profiles in mouse models of GBM favor seizures, demonstrating 
that epileptogenesis in the host brain can be determined by tumor 
genetics (9). Of equal importance, tumor proliferation may reflect 
activity-dependent secreted and synaptic signaling in the peritu-
moral microenvironment (10–12), promoting a potentially vicious 
symbiosis between tumor growth and excitability. Finally, if this 
reciprocal relationship applies to most gliomas, tumor epileptoge-
nicity may be linked to the underlying excitability genetics of the 
host brain, although this relationship has not been experimental-
ly explored. Urgent translational research priorities include the 
following: (a) tracing the natural progression of epileptogenesis 
in genetically defined glioma subtypes to pinpoint the time and 
location of seizure onset; (b) isolating mechanisms underlying 
pharmaco-resistant tumor seizures in order to select better drug 
targets; and (c) determining whether early proactive suppression 
of neural circuit hyperexcitability by interfering with these mech-
anisms retards seizure onset and progression.

Until recently, experimental in vivo mouse models of trans-
planted human GBM tumors have been used to isolate molecular 
and cellular mechanisms underlying invasive brain tumor–related 
epilepsy. In these xenograft models, a solitary primary cortical 
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Results
CRISPR-based glioblastoma model exhibits progressive cortical hyper-
excitability, spontaneous seizures, and SD. We studied epileptogene-
sis in a non-xenograft model of human glioma in the immunocom-
petent mouse brain previously described by our group (8). In brief, 
this model relies on IUE of gRNA-expressing vectors that target 
neural stem cells into the cerebral ventricles of mouse fetuses on 
E16.5. Using these vectors, we deleted 3 genes encoding phos-
phatase and tensin homolog (Pten), neurofibromin 1 (Nf1), and 
p53 (Trp53) linked to tumorigenesis in human GBM (23–25), and 
expressed reporter constructs encoding GFP or red fluorescent 
protein (RFP, for in vivo imaging) and the endonuclease Cas9. 
As we previously reported (8), these animals develop reproduc-
ible GFP- or RFP-positive malignant glial tumors, display sponta-
neous behavioral seizures, and show an average survival time of 3 
months on C57BL6/J and CD-1 inbred backgrounds. We surgical-
ly implanted tumor-bearing mice at P28 with 4-lead intracranial 
electrodes and conducted video-EEG recordings on freely behav-
ing animals for 17 to 24 hours every 5 days from P35 to P80 (Figure 
1, A–C). In other animals, cortical surface electrodes were implant-
ed for direct current (DC) recordings to detect possible slow SD 
events (Figure 1D). This prolonged monitoring period provided 
a reliable timeline to assess the emergence of spontaneous elec-
trographic cortical hyperexcitability and epileptiform activity that 
precede the clinical appearance of spontaneous, generalized tonic- 
clonic seizures. In chronic video-EEG recordings (n = 28 mice), 
cortical EEG activity patterns were unaffected until 1.5 months of 
age, and then readily divisible into 2 stages marked by the episodic 
appearance of aberrant cortical spike discharges between P45 and 
P55, followed by generalized electrographic and behavioral motor 
seizures arising between P60 and P80 that correlated with the 
progressive expansion of malignant glioma cells within the neo-
cortex (Figure 1, B and C). Intermittent spike discharges and occa-
sional generalized seizure activity appeared as early as P45, rang-
ing from 0.2 to 29.2 spikes/hour. By P80, surviving mice showed 
steadily abnormal electrographic aberrant spike discharges rang-
ing from 3.7 to 63.6 spikes/hour and intensifying behavioral sei-
zures (0–0.58 seizures/hour) until death. In vivo DC recordings 
of slow potentials directly from the cortical surface in 7 additional 
mice at both early and late stages revealed spontaneous and some-
times recurrent episodes of SD that occurred unilaterally, often 
following a brief EEG hyperactive discharge; more prolonged EEG 
seizures sometimes preceded SD at the later stage (Figure 1D). SD 
waves are pathological events associated with transient neurolog-
ical deficits during migraine aura and acute human brain injuries 
(26, 27) that are absent in the WT mouse brain. SD arises exper-
imentally from profound local metabolic stress (hypoxia, hypo-
glycemia, excess glutamate, and mitochondrial ATP depletion), 
which collapse membrane polarization levels and alter functional 
ionic gradients in neurons and astrocytes (28). Recurrent SD epi-
sodes are linked to prolonged ischemic tissue injury and have been 
shown to drive microglial infiltration in the neocortex and trigger 
seizures in disinhibited networks (18, 29–31).

In vivo calcium GCAMP imaging of seizures and SD in the tumor 
cortex. Although tumors were commonly lateralized to 1 hemi-
sphere at the early stage, possibly due to asymmetry of the elec-
troporation technique and divergent proliferation rates of malig-

tumor is generated by injecting a soluble graft of patient-derived 
tumor cell lines into an immunocompromised host (SCID) adult 
mouse brain. This approach has identified excess glutamate secre-
tion through the glial xCT antiporter (13), along with synaptic dis-
inhibition due to cell death, loss of KCC2 chloride gradients, and 
degradation of perineuronal nets (PNNs) that protect vulnerable 
fast-spiking interneurons (14, 15) as important mechanisms con-
tributing to epileptogenesis. However, tumor-specific immunity 
plays a critical role in the GBM microenvironment and even alters 
therapeutic response biology (16). In SCID mice, although the 
tumor cell lines studied are patient-derived, cultured xenografts 
may lack specific malignant cellular subsets and interactions 
that arise in a developing host brain, and their proliferation in an 
immunocompromised adult cortex may or may not fully recapitu-
late the complex evolution of tumor cell–host neuron interactions 
in the peritumoral microenvironment.

Here we use CRISPR-based in utero electroporation (IUE) 
of deletions in defined human glioma genes to characterize a 
mouse model of GBM in immunocompetent mice that display 
rapid astrocytic progenitor–derived brain tumor growth with 
intracortical invasion, culminating in generalized tonic-clonic 
seizures and early lethality by 3 months of age (8). Using serial 
in vivo monitoring with video EEG, cortical neurophysiology, 
and calcium-activated fluorescent imaging, we visualized the 
tumor-invaded and tumor-free cortex throughout the lifespan 
in this model. We observed a gradual and orderly progression 
of early cortical hyperexcitability followed by the emergence 
of frequent electrographic and behavioral seizures at later dis-
ease stages, validating it as a robust chronic model of glioblas-
toma-related epileptogenesis. We correlated these stages with 
progressive changes of biomarkers in the tumor microenviron-
ment, including neuronal cell death, interneuron loss, PNN deg-
radation, reactive astrocytosis, and elevated glial xCT expression 
with increasing cortical hyperexcitability. The similarity of these 
changes with those identified in xenograft models demonstrated 
that they were driven by malignant glioma invasion rather than 
suppressed innate immunity. We also confirmed the ability of 
sulfasalazine (SAS), an xCT-mediated glutamate release blocker, 
to preemptively control late-stage epileptogenesis. In addition, 
to our knowledge, we have newly identified 2 potentially interre-
lated early abnormalities before the onset of seizures, namely, a 
striking pattern of widespread and persistent microglial infiltra-
tion previously unreported in immunocompromised models, and 
spontaneous episodes of cortical spreading depolarization (SD). 
SD is accompanied by extreme elevation of extracellular gluta-
mate and tissue hypoxia linked to excitotoxicity (17) and microg-
lial recruitment (18, 19), and is therefore a potential biomarker 
of mechanisms contributing to tumor-related epileptogenesis. 
Finally, we showed that genetic reduction of host-intrinsic cor-
tical network excitability by deletion of MapT (tau), a robust epi-
static seizure modifier in inherited models of epilepsy (20, 21) 
and neurodegeneration (22), is also antiepileptogenic in this 
model, thereby identifying a shared role of the host genome in 
tumor-related epileptogenicity, as well as a potential therapeutic 
target and excitability biomarker in the host brain, which could 
be of future utility for stratifying allelic profiles in precision clini-
cal trials of tumor-related epilepsy management.
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um imaging and EEG recording in awake mice (32) after specific 
viral transfection of cortical neurons with AAV synapsin-1–driven 
GCAMP7, we visualized recurrent seizure activity in 2 mice during 
prolonged monitoring sessions at late stages (Figure 2 and Sup-
plemental Video 1; supplemental material available online with 
this article; https://doi.org/10.1172/JCI133316DS1). Although 
1-photon calcium imaging sampled at a 100-Hz frame rate can-
not distinctly capture the fast voltage transients of isolated EEG 
spike discharge activity, we clearly observed strong bilateral cal-
cium activity flashes concurrent with 7 cortical EEG seizures in 3 
mice (Supplemental Video 1). When imaged, spontaneous seizure 

nant glial subsets, both the interictal spike discharge and seizure 
activity detected by EEG were typically bilateral (Figure 1C), likely 
reflecting long-range transcallosal synchronization. In order to 
more precisely resolve the spatiotemporal evolution of seizures 
and slow depolarization events relative to the tumor and peritu-
moral cortical regions, we employed chronic, in vivo widefield 
intracellular calcium imaging in unanesthetized mice to monitor 
the progression of cortical excitability over both hemispheres. 
A second set of mice aged greater than P50 (n = 13) were chron-
ically implanted with a combination of bilateral EEG electrodes 
and a bilateral cranial window. Using simultaneous in vivo calci-

Figure 1. IUE tumor mice exhibited progressive cortical hyperexcitability and generalized tonic-clonic seizures during GBM invasion of the neocortex. 
(A) Embryos were electroporated with 3 defined tumor gene variants at E16.5. Timeline shows steps in EEG monitoring protocol. GFP+ fluorescence in 
whole brain reveals typical end-stage brain tumor. LV, left ventricle; NC, neocortex. (B) Representative sections show GFP+ tumor growth at P35 (before 
onset of EEG abnormalities), P45 to P55 (onset of cortical spiking activity), and P60 to P80 (behavioral seizures, late-stage tumor). (C) Representative 
bilateral frontal and parietal EEG traces during tumor growth. EEG shows normal activity until P35, vigorous interictal spike activity during the early stage 
of tumor emergence (P45–P55), and convulsive seizures (generalized tonic-clonic) during the late stage (P60–P80). Rarely, generalized seizures occurred 
before P55, and spikes may emerge before P45, possibly due to asymmetric tumor invasion. GTCS, generalized tonic-clonic seizures; LF, left frontal lobe; 
RF, right frontal lobe; LP, left parietal lobe; RF, right parietal lobe. (D) Prolonged DC monitoring of cortical surface slow potentials revealed normal signal 
at P35 (left); spontaneous episodes of unilateral SD emerged at the onset of hyperexcitability and can be recurrent events (denoted by arrows; center), or 
occur postictally in mice experiencing generalized seizure activity (arrow, right) at late disease stage.
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gray but not white matter pathways, confining them to the ipsi-
lateral tumor hemisphere (Figure 1D and Supplemental Video 1). 
Prolonged DC recordings from mice with implanted electrodes 
captured 33 SD events in 3 of 7 mice (43%). Spontaneous SDs were 
frequent; the mean SD interval was 5.0 ± 6.1 hours, ranging from 
0 to 9 SDs/hour. These pathological SD events never appeared in 
nontumor control WT mice, and signify excess local cortical levels 
of glutamate release, elevated extracellular potassium, and tran-
sient intracortical tissue hypoxia.

Tumor infiltration of the neocortex induces early peritumoral 
neuronal loss before onset of seizures. We next characterized early- 
through late-stage cytological and molecular markers of disinhi-
bition in the cortex in order to construct a timeline of pathogenic 
changes contributing to epileptogenesis. Studies in xenograft gli-
oma models have implicated peritumoral cell death, glutamate 
excitotoxicity, and loss of fast-spiking parvalbumin (PV) interneu-
rons and PNNs as among the mechanisms leading to disinhibition 
of cortical networks and epileptiform activity when analyzed in an 
established brain tumor 2 weeks after the graft (14, 15, 33). Since 

activation appeared ipsilateral to the tumor and then rapidly gen-
eralized to the contralateral tumor-free cortex (Figure 2, A and B, 
and Supplemental Video 1). The amplitude of the ΔF/F fluores-
cence signal during the seizures was approximately 6 to 8 times 
greater than during baseline cortical activity, and no signals in this 
range were ever observed interictally. Although most seizures ter-
minated with a return to baseline EEG activity, 1 seizure triggered 
SD, as evidenced by a wave of intense intracellular calcium signal 
with a clearly focal onset arising in cortical tissue adjacent to the 
tumor mass, slowly spreading to engulf the majority of the affect-
ed hemisphere (Figure 2C and Supplemental Video 1, same mouse 
with circled brain tumor shown in Figure 2A). The dynamics of 
peritumoral SD spread (2.6 mm/min speed, uniform progression, 
and profound depression of EEG amplitude) were consistent with 
those described in SD waves that spread pathologically in the cor-
tex of mice and humans (26), and the uneven recovery of normal 
calcium activation levels after SD revealed local inhomogene-
ities in the excitability of the peritumoral cortex. SD waves reflect 
extreme levels of neuronal depolarization that propagate through 

Figure 2. In vivo 1-photon imaging of epileptiform activity and SD in tumor animals. (A) Left: Green transparent overlay: in vivo, 1-photon, widefield 
GCaMP7f fluorescence image of the cortical surface of a 3xCr mouse at P70 illuminated using blue light. Average of 1,000 frames (10 seconds). Left X/Right 
X mark locations of 2 cortical leads used to record EEG below. Reference in cerebellum. Grayscale background image shows horizontal section 1 mm below 
brain surface, illuminated using green light for visualization of fluorescent protein–labeled tumor cells (highlighted and circled in red). A/P arrow indicates 
anterior/posterior orientation. L, Lambda. Top panels 1–3: Average ΔF/F fluorescence over 10-second, 12-second, and 2-second periods of GCaMP7f 
fluorescence (focused at 300 μm below cortical surface), respectively. 1: Baseline calcium signal activity several seconds before generalized seizure onset 
(indicated by bar 1 in B). 2: Intense bilateral activation during middle portion of seizure (bar 2 in B). 3: Postictal activity before SD (bar 3 in B). (B) EEG traces 
simultaneously acquired during optical recording of calcium signal (top, left cortex; bottom, right cortex). Black bars above EEG traces indicate time spans 
corresponding to averaged image frames above (sampled at 100 Hz). (C) (Left to right) Evolution of SD wave originating in peritumoral region and moving 
across cortical surface. Beginning of SD event is marked by gray arrow above EEG traces in B. First panel on the left shows extent of the spreading wave 
at time point corresponding to the end of the gray arrow (10.25 seconds after wave first appears). Remaining 3 panels show serial snapshots of wave at 
38.7, 67.15, and 95.6 seconds, respectively, as it spreads and recedes. Note that intense wave (white zone) remained confined to right hemisphere. Video of 
episode in Supplemental Video 1.
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pared with controls, PV+ interneuron loss was equally significant 
in both GFP+ tumor and peritumoral regions (Figure 3, D, F, and 
H, and Table 2). Given the stepwise progression of cortical excit-
ability from a pattern of early intermittent spike discharges to the 
abrupt appearance of spontaneous behavioral seizures, we expect-
ed that peritumoral interneuronal loss could be more significant 
at the late stage, assuming that greater GABAergic disinhibition 
due to cell loss in the margins would contribute to the observed 
severe seizure phenotype. Instead, we found no difference in the 
degree of peritumoral interneuron loss from early to late disease 
time points or in the fractional density (balance of NeuN+/PV+) of 
interneuron loss within the peritumoral margin between onset and 
late-stage animals (Supplemental Figure 1, B and C). These results 
indicate that local cell death at the peritumoral margin caused by 
tumor infiltration into cortical networks is already substantial at 
the onset of EEG-detectable network hyperexcitability, and that 
a majority of cell loss in the tumoral microenvironment actually 
precedes the final excitability progression from aberrant EEG dis-
charges into recurrent seizure activity, implying the subsequent 
recruitment of additional epileptogenic factors.

Microglial inflammation and PNN disruption during epilepto-
genesis. Cellular inflammation is a prime candidate for progressive 
changes in network excitability in the context of tumor-related 
epilepsy, but it is understudied in mouse xenograft models, even 
though SCID mice display a robust cortical microglial population 
(34). Microglial infiltration is enhanced in human glioma (35), and 
may contribute to metastases (5, 36, 37), synaptic stripping (38), 
and increased likelihood of recurrent seizures, justifying its emer-
gence as a therapeutic target (39–41). Peritumoral hyperexcitability 
may be aggravated by tumor cell secretion of extracellular matrix 
degrading proteins (MMPs) that degrade PNN scaffolds, which 
support interneuron function (15); pathologically activated microg-
lia are known contributors to MMP secretion (42). We therefore 

the IUE model features a prolonged time course of proliferating 
tumor cells invading the neocortex, with the progressive appear-
ance of cortical hyperexcitability over a 3- to 6-week period, we 
examined which cytopathological changes were evident in tumor 
mice upon emergence of interictal spike activity (P45–P55) and at 
later disease stages when recurrent generalized seizures become 
frequent (P60–P80). We used immunohistochemistry to examine 
cellular densities labeled by the pan-neuronal marker NeuN and 
the fast-spiking interneuron marker PV on serial coronal brain 
sections. To ensure sample uniformity, we used Scholl analysis to 
quantify cells in 3 specified zones: within the cortical tumor (i.e., 
centered in the main mass of GFP+ cells), in a peritumoral zone 
within a 500-μm radius of the confluent GFP+ tumor edge, and a 
distant site well outside the tumor mass (500 μm or more from the 
border of the peritumoral region in a zone microscopically free of 
GFP+ cells) (Supplemental Figure 1).

At age P35 in IUE tumor mice, no detectable cellular GFP+ 
signal was present in the neocortex under high-power microsco-
py, and there were no differences in the pan-neuronal NeuN+ cell 
number compared with control unelectroporated mice (Figure 
3A). Ten to 20 days later (P45–55), malignant cells had expand-
ed into deeper cortical layers, forming medium-sized colonies of 
GFP+ tumor cells. Concurrent with the onset of cortical hyperex-
citability at this stage, tumor mice exhibited significant NeuN+ 
loss within GFP+ tumor regions, whereas loss in the peritumoral 
margin was not significant compared to the control mice (Figure 
3, A, B, and G, and Table 1). In late-stage-tumor mice experiencing 
generalized seizure activity, we found a similar pattern of NeuN+ 
loss that was statistically significant within the tumor but not peri-
tumoral regions (Figure 3, C and G, and Table 1). Similarly, at onset 
of hyperexcitability, PV+ interneuron loss was significant within 
GFP+ tumor regions but not in peritumoral regions compared to 
controls (Figure 3, E and H, and Table 2). At the late stage, com-

Figure 3. Tumor mice exhibited cortical cell loss at early stage of hyperexcitability before seizures were detected. Representative images and quantifi-
cation of cortical pan-neuronal (NeuN) (A–C), and PV (D–F) interneuron loss. White line indicates local tumor margin demarcating subcortical tumor-rich 
from tumor-poor cortex. Images shown without and with green fluorescent infiltrating tumor cells. (G) Compared with control animals (n = 3), NeuN 
neuronal expression was significantly reduced in tumor cortex at both onset (P = 0.0004, n = 5) and late-stage animals (P = 0.0052, n = 5), but loss in per-
itumoral regions was not significant. (H) PV+ cells were significantly reduced in peritumoral regions at both onset (P = 0.0393, n = 5), and late-stage tumor 
animals (P = 0.0083, n = 5). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 2-way ANOVA with Tukey’s multiple-comparisons 
test. Scale bars: 100 μm.
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analyzed the expression of Iba1, a microglial marker, and Wiste-
ria floribunda agglutinin (WFA), a PNN marker, at onset and late 
stages. Iba1+ cell number was increased approximately 5-fold in the 
peritumoral margin at onset (Figure 4, A, B, and G, and Table 3) 
compared with nontumor controls (Figure 4, A and G, and Supple-
mental Table 1). Iba1+ cell density further increased in the tumor 
margin during the ensuing period (Figure 4, C and G, and Table 
3). Interestingly, the efflorescence of Iba1+ cells was pervasive and 
present even in the contralateral cortex, distant from the principal 
tumor mass and devoid of GFP+ microislets. Although peritumor-
al cortical cell loss was comparable between onset and late stages, 
levels of microglial infiltration correlated positively with the growth 
of hyperexcitability and cortical tumor progression. Iba1+ cells in 
tumoral (Supplemental Figure 2A) and peritumoral (Supplemental 
Figure 2A2) regions assumed a more amoeboid morphology indic-
ative of an activated state compared with microglia in tumor-free 
regions and in control brains, which more frequently resembled 
the resting ramified state (Supplemental Figure 2B), demonstrat-
ing that tumorigenesis in late-stage mice entailed a marked shift 
toward reactive microgliosis.

The microglial infiltration was spatially and temporally asso-
ciated with PNN degradation, as we found a sharp reduction in 
WFA+ cells (Figure 4, D–F) within peritumoral margins compared 
with control tumor-free mice at early and late stages, mirroring the 
loss of PV+ interneurons in these regions. Outside tumor-positive 
regions, there was no significant loss of WFA+ cells in mice at the 
early stage (Figure 4, E and H, and Table 4), but at the late stage, 
the WFA+ cell number was reduced by 15% in the contralateral 
tumor-free cortex, compared with controls (Figure 4H and Table 
4), even without a loss of PV+ interneurons. These results raise 
the possibility that although MMP secretion by tumor cells is one 
candidate mechanism for PNN degradation in regions within the 
tumor, microglial infiltration near and far away from the tumor 
(contralateral cortex) could also contribute to PNN degradation 
and facilitate the transition from peritumoral hyperexcitability to 
generalized seizure activity. Other specific mechanistic relation-
ships remain to be evaluated; for example, we also found evidence 
of moderate reactive astrocytosis at onset and late disease stages 

(Supplemental Figure 4), which has been linked to epileptogenesis 
(43), yet conversely, has been proposed to exert an antiinflamma-
tory influence in the tumoral milieu (44).

Excess glutamate release and xCT expression. Elevated extracel-
lular glutamate is a key contributor to cortical hyperexcitability, 
SD, epileptiform activity, and excitotoxicity (26, 33). Although a 
principal role of glia in glutamate homeostasis involves extracellu-
lar glutamate uptake via Glut1-mediated transport, astrocytes also 
regulate extracellular glutamate release via the cysteine/glutamate 
antiporter system xc-. System xc- activity and expression of the cat-
alytic subunit xCT is elevated in GBM xenograft tissue and leads to 
excess secretion of glutamate into the surrounding cortex, inducing 
spike discharges and lowering the seizure threshold (13). In samples 
of human glioma tissue, high levels of xCT expression correlate 
with increased tumor-associated epilepsy (45, 46), suggesting that 
upregulation of xc- might occur early during epileptogenesis in our 
model. We examined expression of system xc- by comparing xCT 
antibody immunostaining in the WT control cortex, the P55 tumor 
cortex of mice that exhibited aberrant spike activity, and the P80 
tumor cortex of mice with recurrent seizures. We found that the 
intensity of xCT staining was similar in WT and all regions of hyper-
excitable P55 tumor brains (Figure 5, A, B, and D; control = 911.95 ± 
25.65 arbitrary units (AU), n = 3; margin = 930.49 ± 61.53 AU, NS, n = 
3; in tumor = 1078.32 ± 89.69 AU, NS, n = 3; contralateral = 847.20 ± 
65.05 AU, NS, n = 3). However, in P80 tumor brains, xCT expression 
was significantly increased compared with controls and P55 tumor 
animals across all regions, coinciding with seizure onset (Figure 5, 
A, C, and D; late stage: margin = 1362.206 ± 88.96 AU, P = 0.001,  
n = 3; in tumor = 1491.08 ± 68.60 AU, P = 0.002, n = 3; contralateral 
= 1212.79 ± 82.99 AU, P = 0.006, n = 3). This finding is consistent 
with data in the xenograft model demonstrating that elevated xCT 
expression contributes to late-stage seizure activity (15), and further 
confirms that in the IUE model, the cytopathic xCT and microgli-
al inflammatory changes associated with recurrent seizure activity 
appear sequentially at a later time point in the tumor life cycle and 
define late-stage epileptogenesis.

Early chronic SAS administration downregulates seizure activi-
ty. SAS, the FDA-approved drug that blocks xc-, acutely reduces  

Table 1. Quantification of NeuN-positive cells

Average value ± SEM P value (α = 0.05)
Control (n = 3) 521.44 15.16 N/A
Onset (n = 5)
 Margin 431.26 32.71 NS
 In tumor 239.26 23.4 <0.0001
 Contra. 481.77 34.77 NS
Late stage (n = 5)
 Margin 445.77 46.8 NS
 In tumor 296.70 53.9 <0.0001
 Contra. 512.29 20.90 NS

Average values, n, SEM, and P values for immunohistochemical 
quantification of NeuN-positive cell number across cortical regions of 
tumor brains at onset of hyperexcitability and late-stage animals. All P 
values are in comparison to control values listed in the first column of each 
table. Two-way ANOVA with Tukey’s multiple-comparisons test.

 

Table 2. Quantification of parvalbumin-positive cells

Average value ± SEM P value (α = 0.05)
Control (n = 4) 48.194 2.77 N/A
Onset (n = 5)
 Margin 39.27 2.87 0.0393
 In tumor 24.9 4.1 0.0009
 Contra. 50.29 2.06 NS
Late stage (n = 5)
 Margin 36.58 0.7 0.0083
 In tumor 21.63 3.79 0.0003
 Contra. 46.27 2.98 NS

Average values, n, SEM, and P values for immunohistochemical 
quantification of parvalbumin-positive cell number across cortical regions 
of tumor brains at onset of hyperexcitability and late-stage animals. All P 
values are in comparison to control values listed in the first column of each 
table. Two-way ANOVA with Tukey’s multiple-comparisons test.
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established seizure activity both in vitro and in vivo (12). We 
tested whether early treatment with SAS during the hyperex-
citability stage could prevent the transition from intermittent 
cortical discharge activity to recurrent spontaneous seizures, 
using interictal spikes as a measure of hyperexcitability and 
generalized tonic-clonic seizures as a measure of epileptiform 
activity. We implanted tumor mice for intracranial video-EEG 
monitoring at P28 and recorded baseline activity at 24-hour 
intervals every 5 days starting at P35. We administered 200 mg/
kg intraperitoneal injections of SAS twice daily from P55, when 
peritumoral cell loss and interictal spiking were both signifi-
cant, until P80, when all animals experienced seizures, while 
monitoring video EEG every 5 days. Spontaneous seizure activ-
ity in SAS-treated mice decreased during the treatment period, 
whereas it steadily increased over time in control animals treat-
ed with saline (PBS) (Figure 5E; P80, PBS = 2.667 ± 0.715 sei-
zures/24 hours; SAS = 0.667 ± 422 seizures/24 hours; n = 8 per 
group, P < 0.01). Despite its antiseizure effect, SAS treatment 
did not suppress interictal discharges.

Tau deletion reduces interictal spike activity and delays seizure 
prevalence. Finally, we asked whether the intrinsic excitability of 
host cortical networks plays a role in the development of GBM- 
related epilepsy. Human epilepsy risk is highly genetic and the 
broad spectrum of the biological functions of known epilepsy 
genes even overlaps with some known brain cancer genes (47). 
This relationship suggests that an intrinsic increase in cortical net-
work hyperexcitability may serve as yet another factor contribut-
ing to tumor-related epileptogenesis, and is thus a future target for 
clinical management of glioma-related epilepsy.

To test this hypothesis, we examined whether reducing the 
level of network excitability in the host brain influenced glioma- 
related epilepsy progression. Genomic deletion of MapT, the gene 
encoding the microtubule-associated protein tau, is a remarkably 
effective suppressor of cortical network hyperexcitability in vari-
ous monogenic epilepsy and neurodegeneration models (20–22, 
48–50), and there is evidence that MapT-KO neural circuits are 
resistant to elevated extracellular glutamate (51), a key driver of 
epileptiform activity in glioma. We generated IUE tumors in mice 

Figure 4. Tumor mice exhibited increases in microglial activation and PNN degradation that correlated with increased hyperexcitability. Representative 
images and quantification of Iba1+ microglia (A–C and G) and WFA+ cells (D–F and H). Dotted white line indicates local tumor margin demarcating subcor-
tical tumor-rich from tumor-poor cortex. Images shown without and with infiltrating green fluorescent tumor cell signal. (A–C and G) Relative to control 
brain, there was a marked increase in Iba1+ microglia at onset of hyperexcitability. This microglial invasion progressed into the late stage, where, relative to 
onset, Iba1+ cell number was further increased in tumor margin (P = 0.0163), GFP+ tumor (P < 0.0001), and tumor-free (P = 0.0217) regions of cortex. (D–F 
and H) WFA labels PNNs in the CNS. Compared with controls, WFA+ cells (red) were reduced to similar levels in tumor margin (onset, P = 0.0016; late stage 
P = 0.0003) and tumor regions (onset and late stage, P < 0.0001). WFA+ cells were reduced in contralateral tumor-free regions of late-stage animals (P = 
0.0275), but not onset animals. However, WFA+ cell number was not significantly reduced between onset and late stage in any cortical region, including 
tumor-free cortex, and statistical analysis subsequently did not show a significant interaction of disease time point on WFA+ cell number. n = 3 animals  
for all controls, n = 4 animals for onset and late-stage Iba1, n = 3 for onset WFA, n = 4 for late-stage WFA; data presented as mean ± SEM. *P < 0.05,  
**P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-way ANOVA. Scale bars: 100 μm. 
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Discussion
Cognitive impairments and recurring seizures affect up to 80% 
of all patients with diffuse glioma and up to 50% of patients with 
GBM during the course of their disease (52, 53). Although no sin-
gle experimental model recapitulates the full diversity of human 
glioma, insight into the emergence of hyperexcitability and nat-
ural history of epileptogenesis in cortical networks, along with 
the opportunity to link these to specific oncogenic drivers (9), can 
provide a precision, mechanism-based approach to individualized 
medical management of this serious tumor comorbidity. Here 
we show by EEG and cortical imaging of a defined gene variant 
mouse model of GBM that tumor propagation in an immunocom-
petent host reveals a steady progression from cortical hyperex-
citability with spike discharges to the spontaneous appearance 
of tonic-clonic seizures, an aggressive stage reached by 65% of 
hospitalized patients in the final 10 days of life (54). Repeated 
episodes of cortical SD, hitherto unrecognized in brain tumor 
models, were captured; their potential proinflammatory effect 
adds a pathogenic mechanism that may play an amplifying role in 
progressive hyperexcitability. These pathological waves involve 
massive intracellular calcium influx mediated in part by NMDA 
receptor activation that transiently silences neuronal activity 
and briefly impairs the precise coding of high-frequency synaptic 
inputs in recovering neurons (55). SD appearance in brain tumors 
is of clinical relevance and may contribute to common transient 
neurological symptoms including confusional spells, motor defi-
cits, and headache in glioma patients (56).

Sequence of epileptogenesis. The clearly defined excitability pro-
gression in this model allowed us to stage cellular mechanisms 
contributing to epileptogenesis. We found a consistent pattern that 
provides new details and unexpected incongruities in the timing of 
these pathogenic events. At the early stage of cortical hyperexcit-
ability, malignant cell invasion correlated with substantial inter-
neuronal loss and PNN degradation in the peritumoral margin, in 
accordance with findings at 2 weeks after xenograft in SCID mice 
(13–15). Although relative interneuron loss and total neuronal loss 
clearly contribute to cortical spiking at the earliest stage, we found 
little evidence of significant amplification of these 2 peritumor-

on a MapT–/– background to determine whether absence of tau pro-
tein could effectively suppress cortical hyperexcitability biomark-
ers in the GBM model. All tumor mice generated on the MapT+/+ 
(tau WT) background exhibited a significant increase in interictal 
spike activity throughout their lifespan, with most spikes occur-
ring at late disease stages (Figure 6, A and C; P35 WT = 1.3 spikes/
hour ± 0.6, n = 12; P80 WT = 29.29 ± 13.3 spikes/hour, n = 5; P = 
0.001). In contrast, tumor mice generated on the MapT–/– (tau KO) 
background did not show significant increases in spike activity as 
the tumor progressed (Figure 6A; P35 KO = 1.104 ± 0.65 spikes/
hour, n = 12; P80 KO = 1.086 ± 0.703 spikes/hour, n = 5; NS). Both 
tau-WT and tau-KO tumor mice developed generalized seizures 
(Figure 6C), but tau-KO tumor mice exhibited a slower progres-
sion (Figure 6B; WT n = 12, KO n = 12), and seizures were detected 
in only 20% of these mice by P60 compared with 50% in tau WT. 
By P80, only 67% of tau-KO tumor mice had experienced seizures, 
compared with 100% of tau-WT-tumor mice. The delayed appear-
ance of seizures is also reflected in the onset of mortality (Figure 
6D). While overall survival was not clearly prolonged, the earliest 
death in the tau-KO cohort occurred 3 weeks later than the sen-
tinel death in the tau-WT cohort. The range of EEG seizure dis-
charge durations varied in all mice (15–75 seconds), and there was 
no certain difference in either length or pattern between geno-
types. Interestingly, tumor-induced late-stage cell loss was similar 
between both genotypes; at P80 both tau-KO and WT tumor mice 
exhibited similar reductions in NeuN+ cells within peritumoral 
and tumor-positive regions (Figure 7, A and D, and Table 5). PV+ 
cells were reduced by tau deletion within the tumoral and peritu-
moral regions (Figure 7, B and E, and Table 6). In contrast, Iba1+ 
cells were not elevated in tau-KO tumors or peritumoral margins, 
as observed in WT tumor brains (Figure 7, C and F, and Table 7). 
The reduction in peritumoral neuronal microglial expression in 
both tau-KO and WT animals indicates that although absence 
of tau protein does not protect against cortical tumor infiltration 
and cell death, it effectively suppresses network hyperexcitability 
and microgliosis, adding further evidence supporting microglial 
inflammation as a potential contributing factor to this critical peri-
od of epileptogenesis.

Table 3. Quantification of WFA-positive cells

Average value ± SEM P value (α = 0.05)
Control (n = 3) 67 2.94 N/A
Onset (n = 3)
 Margin 36.78 4.78 0.0016
 In tumor 23.074 6.88 <0.0001
 Contra. 57.70 3.08 NS
Late stage (n = 4)
 Margin 34.18 2.42 0.0003
 In tumor 15.67 5.52 <0.0001
 Contra. 46.98 5.56 0.00275

Average values, n, SEM, and P values for immunohistochemical 
quantification of WFA-positive cell number across cortical regions of tumor 
brains at onset of hyperexcitability and late-stage animals. All P values 
are in comparison to control values listed in the first column of each table. 
Two-way ANOVA with Tukey’s multiple-comparisons test.

Table 4. Quantification of Iba1-positive cells

Average value ± SEM P value (α = 0.05)
Control (n = 3) 15 1.5 N/A
Onset (n = 4)
 Margin 78 4.4 0.0008
 In tumor 88.5 11.03 0.0001
 Contra. 31.95 1.98 NS
Late stage (n = 4)
 Margin 118.99 10 <0.0001
 In tumor 174.67 12.5 <0.0001
 Contra. 71.32 13.85 0.0026

Average values, n, SEM, and P values for immunohistochemical 
quantification of Iba1-positive cell number across cortical regions of tumor 
brains at onset of hyperexcitability and late-stage animals. All P values 
are in comparison to control values listed in the first column of each table. 
Two-way ANOVA with Tukey’s multiple-comparisons test.
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may also contribute to the temporal 
delay until this threshold is surpassed. 
In many experimental models, injury 
to the neocortex requires a latency of 
weeks to mature into a chronic epi-
leptogenic focus, which may reflect 
a slow, multifactorial process that 
includes disinhibition, inflammation, 
and neosynaptogenesis (41, 58).

Excess peritumoral extracellular 
glutamate. Along with lost peritu-
moral synaptic inhibition, increased 
extracellular glutamate due to overex-
pression of glial glutamate antiporter 
system xc- has been proposed as an 
important contributor to epilepto-
genesis in tumor-related epilepsy (45, 
46, 59). In our model, peritumoral 
expression of xCT, the catalytic sub-
unit of system xc-, was not significant-
ly increased at the earliest onset of 
hyperexcitability, as indicated by the 
appearance of abnormal EEG spikes, 
but was upregulated in later-stage ani-
mals experiencing seizures. The posi-
tive correlation between xCT expres-
sion and epileptogenesis in our model 
agrees with prior work demonstrating 
a higher seizure incidence in patients 
who have greater expression of system 
xc- (59). We assayed the effect of daily 
SAS administration on seizure activity, 
reported to be effective in modulating 
acute epileptiform activity for specific 
tumor subtypes both in vitro and in 

vivo (13, 60). In agreement with these studies, we found that SAS 
treatment did not acutely block interictal spiking EEG activity; 
however, we found a gradual suppression of generalized seizure 
activity during a 25-day period of continued SAS treatment, further 
emphasizing the importance of exploring SAS’s therapeutic poten-
tial. Although cortical glutamate levels were not measured in this 
study, our evidence further supports the view that changes in xCT 
levels may be instrumental in seizure expression and that reversal 
can contribute to its delayed appearance.

Progressive neuroinflammation. A benefit of the CRISPR-based 
glioma model is that inflammation can be longitudinally studied in 
immunocompetent inbred mouse strains. We correlated changes in 
cortical microgliosis at various stages during progression of hyper-
excitability, finding that microglial infiltration within the neocortex 
coincided with the onset of tumor invasion and steadily increased 
throughout epileptogenesis in regions both near and remote from 
tumor cells. Using Iba1 as a microglial marker, we found that at early 
disease stages, microglial density rose 5-fold, whereas in late-stage 
animals, there was a further 1.5-fold generalized increase in Iba1+ 
microglia across both brain hemispheres. In contrast, the extent of 
interneuron loss and PNNs in the marginal zone present at the onset 
of EEG hyperexcitability did not grow after seizures began.

al mechanisms in the subsequent stage of spontaneous seizure 
activity. Serial coronal sections showed that by the time of seizure 
onset, tumor burden had expanded within the cortex as malig-
nant cells migrated from the initial mass to more distant satellite 
regions, while the fractional loss of interneurons in the margins 
remained relatively constant. Previous studies in the xenograft 
model showed that marginal PV loss was present and might direct-
ly account for the appearance of seizure activity (15); however, here 
we found that peritumoral disinhibition was present far earlier, 
at the onset of interictal spikes, indicating that there is no simple 
relationship between this defect and seizure onset. Over subse-
quent weeks, although the absolute density of peritumoral PV cell 
loss per high-powered field remained fairly constant from early to 
late disease stages, the tumor perimeter steadily expanded, which 
might account for the initiation of seizure activity after disinhibi-
tion reached a critical size or location. This hypothesis is supported 
by experiments showing that focal microapplication of toxins that 
block synaptic GABA release disinhibit neurons but do not cause 
seizures, indicating that network seizure threshold varies according 
to the cytoarchitecture and extent of disinhibition in different cor-
tical regions (57). However, additional pathophysiology, including 
the late-onset upregulation of xCT and inflammation we observed, 

Figure 5. Antibody staining for xCT was increased in late-disease-stage mice, and xCT inhibitor SAS 
downregulated generalized seizure activity. Representative patterns of xCT expression in coronal brain 
sections using specific fluorescent anti-xCT antibody. Compared with nontumor controls (A) ×20 images of 
xCT in control, (B) P55 tumor animals experiencing hyperexcitability, and (C) P80 tumor animals that exhib-
ited generalized seizure activity. (D) Analysis of fluorescence intensity in xCT stained tumor brains showed 
that, compared with controls and with P55 tumor animals, xCT fluorescence intensity was significantly 
increased in peritumoral (P = 0.001), GFP-positive tumor (P = 0.002), and tumor-free regions of cortex (P = 
0.006); N = 3 animals for all regions and time points. Two-way ANOVA with Tukey’s correction for multiple 
comparisons. (E) Blockade of xCT reduces seizures. Tumor mice were administered 200 mg/kg SAS twice 
daily from P55 to P80, while control animals received PBS. Seizure activity monitored in SAS-treated mice 
declined gradually throughout the treatment period, differing significantly from that in untreated tumor lit-
termates (P = 0.028; PBS n = 8, SAS n = 7); mixed-effects ANOVA. *P < 0.05; **P < 0.01. Scale bars: 100 μm.
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brain could affect epilepsy progres-
sion. To this end, we generated IUE 
tumors in a genetically seizure- 
resistant cortex using the tau-KO 
mouse. Deletion of tau significantly 
reduces seizures and mortality in 2 
monogenic channelopathy epilepsy 
models, namely Kcna1 potassium 
channel subunit–deficient (20) and 
Scn1a sodium channel subunit–
deficient mice (21). Tau loss also 
rescues cortical hyperexcitabili-
ty due to GABAergic interneuron 
loss in Aβ overexpression mouse 
models of Alzheimer’s disease (22, 
49, 67–69). The mechanisms link-
ing tau deficiency with network 
excitability are poorly understood, 
but may relate to impaired NMDA 
receptor glutamate sensitivity. Tau-
KO neurons have a reduced NMDA 
receptor–dependent calcium influx 
and show less excitotoxicity in the 
presence of increased extracellu-
lar glutamate (51). It is worth not-
ing that our MapT deletion lines 
remove tau from neurons and glia, 
and therefore the cells critical for 
the protective effect of tau loss is 
still uncertain. We found a differ-
ence in the hyperexcitability profile 

in mice with tumors expressed on either a WT or tau-KO genetic 
background. In tau-WT mice, interictal spike activity gradually 
increased, and remained stable throughout later stages after sei-
zures appeared. In contrast, tau-KO mice showed a lower frequen-
cy of interictal spike activity and no increase until the latest stage. 
Seizure prevalence was reduced in tau-KO-tumor mice, but overall 
lifespan was not longer. Based on interictal spikes as a measure of 
cortical excitability, we found that, as in the epilepsy models, tau-
KO networks are more resistant to hyperexcitability. Fewer KO 
mice experienced seizures at P80 compared with WT mice, even 
in the presence of a steadily expanding glioblastoma. The fact that 
this was not reflected in prolonged survival suggests that the cause 
of death likely depended on tumor-related variables other than sei-
zures, since monitored tumor mice eventually died after prolonged 
periods of flat EEG brain activity likely due to increased intracra-
nial pressure or brainstem spreading depression, as seen in other 
mouse epilepsy models with sudden death (70). The effect of ger-
mline tau loss demonstrates that the host, as well as tumor genetic 
heterogeneity (11), play key roles in tumor-related epileptogenesis. 
Apart from survival, we did not examine the effect of seizure reduc-
tion on tumor cytology or growth due to its widespread infiltration.

In conclusion, we have established a model of WT adult GBM 
in the immunocompetent brain that confirmed reported mecha-
nisms driving peritumoral epilepsy in the immunodeficient brain, 
demonstrated functional dysregulation of glutamate homeostasis 
in the form of spontaneous episodes of spreading depression, and 

PNNs stabilize the function of fast-spiking interneurons, and 
tumor cells secrete PNN-degrading MMPs into the peritumoral 
space, contributing to network hyperexcitability (15). Activated 
microglia also secrete these MMPs and sculpt network excitability 
in multiple brain diseases (61). Here we found that microglial infil-
tration in tumor, peritumoral, and tumor-free regions of the cortex 
in late-stage disease mice correlated positively with PNN degra-
dation in these same regions. Thus, tumor cells may drive MMP 
degradation in regions contiguous with the tumor mass, while a 
lesser degradation of PNNs in regions remote from even isolat-
ed malignant cells may contribute to network hyperexcitability 
across a broader expanse of the tumor-free neocortex. Microglia 
also release MMPs, and it is worth noting that they possess signif-
icant biological and regional heterogeneity (62, 63) and are also 
driven by tumor genetics (64).

Genomic reduction of host brain intrinsic cortical network excit-
ability delays onset of tumor-induced seizures. A newly emerging par-
adigm based on neuron-glia crosstalk has led to important insights 
on how modulation of neuronal activity might affect proliferative 
diseases such as malignant glioma (65, 66). It is likely that the 
mechanisms underlying peritumoral hyperexcitability in glioma 
are recursive, in that greater excitability drives tumor progression, 
and greater tumor progression promotes further hyperexcitabil-
ity. After defining a sequence of peritumoral network alterations 
that contribute to hyperexcitability, we further explored how the 
dynamics of reducing intrinsic network excitability in the host 

Figure 6. Tau deletion in host brain suppressed generalized spikes and seizures. (A) Interictal spike and 
seizure activity sampled over a 17-hour period every 5 days from P35 to P80 in WT and tau-KO tumor mice. WT 
mice exhibited a significant increase in spike activity over the course of disease compared with tau-KO-tumor 
mice (P = 0.0015), 1-way ANOVA, WT n = 11, KO n = 13. (B) Comparison of generalized seizure activity in cohorts 
of WT and tau-KO-tumor mice. WT tumor mice showed progressive increases in seizure activity, with 100% of 
WT tumor mice experiencing seizure by P80 (n = 12). In contrast, tau-KO-tumor mice exhibited seizures, but 
the increase in seizure prevalence was slower than WT tumor animals; by P80 only 67% of tau-KO-tumor mice 
had had a seizure (n = 12). (C) Representative EEG of interictal spikes and seizures in tau-KO and WT mice. (D) 
Kaplan-Meier survival plot of WT (blue) and tau-KO-tumor (red) mice. WT median 73.5 days; n = 12. KO median 
81 days; n = 12. Data are presented as mean ± SEM. *P < 0.05.
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backgrounds (tau+/+, tau+/–, tau–/–) for IUE models. In some studies, 
CD-1 mice were also deleted for tau. Mice of either sex were studied 
for all experiments unless stated otherwise. Mice were housed at 22°C 
with a 12-hour light/dark cycle.

Genotyping
Genomic DNA was isolated from tail clips using DirectPCR Lysis 
Reagent (VWR). Genotype was determined using PCR amplification 
for specific alleles, as described previously for tau (72). PCR products 
were separated in a 1% agarose gel by electrophoresis.

Mouse models of glioma
For germline mutant tumor studies, all mouse gliomas were generat-
ed in the MapT C57BL/6 background. Mice used for SAS studies were 
generated on a CD-1 IGS mouse background. IUEs were performed as 
described previously (7). CRISPR-IUE GBM were generated by electro-
porating the 3 pX33- constructs targeting Pten, Trp53, and Nf1. Guide 
sequences for these CRISPRs were selected from previously published 
sequences (7, 8) and validated in the IUE model. CRISPR-IUE GBM 
constructs were also electroporated with the pGLAST-PBase vector to 
visualize fluorescently labeled tumor cells. CRISPR-IUE tumors were 
harvested at P45 to P80 from male and female mice.

added detailed insight into the timing and pervasive appearance of 
reactive microglia during epileptogenesis. We have confirmed that 
SAS blockade of glial glutamate xCT antiporter reduced seizures 
in an already disinhibited network, and showed that it effectively 
delayed the onset of seizures in this model before they appear. Our 
finding that tau deletion limits the severity of tumor-related epi-
lepsy establishes an important link to NMDA-dependent mecha-
nisms in other inherited forms of epilepsy, and designates MapT 
as a candidate epilepsy suppressor gene for precision genotyping 
of patients with refractory tumor-related seizures.

Methods

Animals
CRISPR mice were generated on CD-1 and C57BL/6 backgrounds 
(The Jackson Laboratory) as described previously (8) and below. 
Tau-KO mice (provided by Michael P. Vitek, Duke University School 
of Medicine, Durham, North Carolina, USA) containing a targeted 
knockout mutation of the MapT gene on chromosome 11 were used 
to generate brain tumor models with suppressed excitability (71). Het-
erozygous MapT mice on a C57BL/6 background (tau+/–) from the lab 
of Michael P. Vitek were crossed to generate offspring of various tau 

Figure 7. Histopathological analysis of tumoral and peritumoral regions in tau-WT- and tau-KO-tumor animals. Representative images of (A) NeuN, (B) 
PV, and (C) Iba1 expression in tumor-burdened cortex of tau-WT and -KO mice. The lower images are the same as the upper, but the tumor GFP channel 
has been removed so that changes in expression within the tumor burden can be more easily seen. The dotted white line demarcates the tumor margin. 
(D) Compared with control brain, NeuN+ cell number was significantly reduced in GFP+ tumor regions of WT (P = 0.0236) but not KO animals. (E) Relative  
to control brain, PV+ cells were significantly reduced in peritumoral margin (WT P = 0.0014, KO P = 0.0385) and GFP+ tumor regions (WT P = 0.012, KO  
P = 0.0385). (F) Increase in Iba1+ cell number was significantly larger in tau-WT-tumor animals compared with tau-KO-tumor animals in both peritumoral 
margin (P = 0.0038) and GFP+ tumor regions (P < 0.0001). NeuN (WT and KO), control n = 3, tumor n = 4. PV (WT and KO) control and tumor n = 4. Iba1 (WT 
and KO) control and tumor n = 3. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ****P < 0.0001 by 2-way ANOVA with Tukey’s multiple- 
comparisons test. Scale bars: 100 μm.
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Immunocytochemistry
Mice were intracardially perfused with PBS followed by chilled 4% 
paraformaldehyde/PBS solution. Brains were removed and immersed 
in 30% sucrose PBS solution for 24 to 28 hours, embedded in OCT 
medium, and frozen. Cryopreserved brains were cut into 30-μm coro-
nal sections using a Leica CM1950 cryostat and the sections mounted 
on charged microscope slides. All immunostaining was done on the 
slide. Before immunolabeling, the tissue border on the slide was cir-
cumscribed with a hydrophobic pen (Immedge, Vector Labs) to con-
fine the staining solution. Slides were incubated in a light-protected 
benchtop humidity chamber and processed for staining.

Sections were first washed 3 times with PBS for 5 minutes each, 
and then blocked with 10% BSA in 0.3% Triton X-100/PBS for 1 hour 
at room temperature. Primary antibodies were incubated overnight 
at 4°C. Primary antibodies used were PV (Novus Biologicals, cata-
log NB120-11427; 1:500), NeuN (MilliporeSigma, catalog MAB377; 
1:800), Iba1 (code 019-19741, Wako Chemicals; 1:1000), and xCT P3 
(astroglial xCT; gift of Thadd Reeder, Zogenix, Inc. Emeryville, Cal-
ifornia, USA; 1:500). Alexa Fluor–labeled secondary antibodies were 
incubated for 1 hour at room temperature (Thermo Fisher Scientific, 
1:500). WFA+ cells were labeled using a modified version of the above 
protocol. After washing and blocking, slides were incubated with bioti-
nylated WFA (Vector Laboratories, catalog B-1355; 1:500) for 2 hours 
at room temperature, incubated for 1 hour at room temperature with 
Alexa Fluor 594–conjugated streptavidin (Thermo Fisher Scientific, 
catalog S32356), and mounted with DAPI after washing 3 times in PBS.

Calcium imaging methods
Animal preparation: EEG and headpost surgery. 3xCr-IUE–injected 
mice of both sexes were anesthetized around P40 (± 5 days) with 5% 
isoflurane. After administration of 5 mg/kg meloxicam, the scalp was 
removed, the skin was glued to the side of the head with Vetbond tissue 
adhesive (3M), and 3 holes were carefully drilled at bregma + 2 mm, 5 
mm left of midline; bregma + 2 mm, 5 mm right of midline (EEG left 
and right channels); and lambda – 3 mm, 3 mm right of midline, using 
a dental drill (Midwest Dental) with a 1/4 FG carbide bit until only a 

In vivo EEG recordings
Mice were anesthetized by isoflurane vaporization pump and surgically 
implanted with bilateral silver wire electrodes (0.005-inch diameter) 
attached to a microminiature connector. EEG wires were inserted into 
the subdural space over the frontal and temporal cortices through cra-
nial burr holes. Mice were allowed to recover for 5 days or longer before 
the study. EEG and behavioral activity in freely behaving mice with food 
and water available ad libitum were analyzed using simultaneous vid-
eo-EEG monitoring (Harmonie software version 6.1c, Stellate Systems). 
All EEG signals were acquired at 200 Hz and filtered using a 0.3-Hz 
high-pass filter, 70-Hz low-pass filter, and a 60-Hz notch filter. Mice 
were recorded in 17- or 24-hour monitoring sessions every 5 days from 5 
to 12 weeks of age. Seizure activity defined by EEG waveform and corre-
sponding video-recorded behavior were quantified by visual inspection. 
Interictal spike (IS) activity defined by EEG waveform during intervals 
between seizures was processed in MATLAB (R2018b, MathWorks, 
Inc.) using an established automated spike counter optimized for pro-
cessing murine EEG data in conjunction with the original creators (72). 
The data were then filtered in MATLAB to ensure that only time-locked 
generalized IS discharges, defined as spikes occurring within 2 millisec-
onds of each other across 2 or more EEG leads, were counted.

In vivo cortical slow depolarization monitoring
During surgery, a pair of silver wires (0.5 mm) were placed bilaterally 
over the dura surface covering the somatosensory cortex (2 mm lat-
eral, –1 mm posterior from bregma), with a third wire over the cere-
bellum for ground. EEG signals were amplified by Bio Amp (ADI) and 
digitized by PowerLab system (ADI). Electrophysiological voltage data 
were acquired at 1 kHz in DC mode.

SAS administration
SAS powder (MilliporeSigma, catalog S0883) was dissolved in 0.1 N 
NaOH at a concentration of 20 mg/mL on a stir plate, with pH adjust-
ed to 7.8. Mice were dosed at 200 mg/kg twice daily via intraperitone-
al injection from P55 to P80. The solution was prepared fresh daily for 
morning and afternoon administration.

Table 5. Quantification of NeuN-positive cells in tau+/+ and tau–/– 
tumor mice

Average value ± SEM P value (α = 0.05) n
Tau WT
 Control 536.08 27.11 N/A 3
 Margin 438.67 59.71 NS 4
 In tumor 314.67 65.63 0.0236 4
 Contra. 499.67 21.49 NS 4
Tau KO
 Control 523.39 21.09 N/A 3
 Margin 490.83 45.36 NS 4
 In tumor 385.75 59.32 NS 4
 Contra. 512.33 19.88 NS 4

Average values, n, SEM, and P values for immunohistochemical 
quantification of NeuN-positive cell number across cortical regions of 
tumor brains in late-stage WT and tau-KO animals. All P values are in 
comparison to control values listed in the first column of each table. Two-
way ANOVA with Tukey’s multiple-comparisons test.

 

Table 6. Quantification of parvalbumin-positive cells in tau+/+ 
and tau–/– tumor mice

Average value ± SEM P value (α = 0.05) n
Tau WT
 Control 49.19 2.02 N/A 4
 Margin 36.25 0.79 0.001 4
 In tumor 23.54 4.22 0.001 4
 Contra. 43.77 2.11 NS 4
Tau KO
 Control 46.22 0.92 N/A 4
 Margin 38.47 3.31 0.038 4
 In tumor 30.64 6.27 0.032 4
 Contra. 44.49 3.86 NS 4

Average values, n, SEM, and P values for immunohistochemical 
quantification of parvalbumin-positive cell number across cortical regions 
of tumor brains in late-stage WT and tau-KO animals. All P values are in 
comparison to control values listed in the first column of each table. Two-
way ANOVA with Tukey’s multiple-comparisons test.
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Plan Apo Lambda ×2, Nikon). Blue illumination light was generated 
by a Xenon arc lamp (Zeiss), guided through a 480/20 excitation fil-
ter. Images were acquired at 100 Hz with 2 × 2 digital binning (1024 
× 1024-pixel resolution) on a Lenovo P920 workstation. EEG signals 
were amplified (HP 0.1 Hz, LP 5 kHz, gain ×100) using a Model 1700 
differential AC amplifier (A-M Systems), digitized with a USB-6211 
multifunction I/O device (National Instruments), and recorded using 
WinEDR freeware (Strathclyde University) at 10 kHz. Pupil size of the 
right eye was illuminated with an IR LED and recorded at 30 Hz with a 
GC660 IR camera (Allied Vision Technologies) using custom MATLAB 
routines. The position and movement of the animal’s head, front paws, 
and frontal parts of the body were monitored and recorded at 30 Hz 
with another IR camera (model SC1280G12N, Thorlabs).

Data visualization. One-photon images were down-sampled (2 × 
2, linear interpolation) in ImageJ (FIJI distribution), and imported into 
MATLAB for motion correction. The corrected TIFF files were loaded 
into FIJI, and substacks were selected for the time periods depicted in 
Figure 2. A median projection of baseline activity was calculated for 
each segment, and the frames in each segment were divided by the 
median projection, generating ΔF/F movie segments. For the panels 
in Figure 2, A and C, these ΔF/F frames were then averaged across 
the respective time segments, and a custom lookup table was applied. 
Unfiltered EEG traces were plotted in MATLAB.

Statistics
PV, NeuN, Iba1, and WFA cell counts. Design-based stereology used to 
quantify staining-positive cell number in cortical regions of tumor-bear-
ing and sham mice was adapted from previous work (14). Sections were 
viewed using a Nikon TE2000-S epifluorescence microscope. Cortex 
and tumor burden were identified on slide-mounted sections. Estimat-
ed total of fluorescent tumor cells was determined using the optical frac-
tionator probe, and all sampling was done under ×10 objective using a 
concentric circle counting frame superimposed on the image. Positively 
stained cells were counted in triplicate sections per slide and averaged 
across slides to obtain an average slide value. Three slides were counted 
per animal, resulting in 3 averaged slide values per animal; each n value 
represents the average of the 3 average slide values. The tumor interior 
was defined as a region of cortex within an area of the highest density of 
confluent GFP-positive tumor cells. The “tumor margin” was defined 
as GFP-positive cells counted in the region up to 500 μm from the con-
fluent tumor edge, taking care to avoid small populations of migrating 
tumor cells. “Outside the tumor margin” was defined as the region 
beyond this 500-μm radius, and was frequently assessed on the side of 
the cortex that had not been invaded by tumor cells, since tumors often 
arise in 1 hemisphere and migrate to the alternate hemisphere over time. 
Cells in control mice were quantified using similar cortical regions in an 
area of the same size and shape as in tumor-burdened cortical sections, 
with the same number of slices counted per animal. Fluorescence inten-
sity was quantified using a 500-μm line plot of fluorescence intensity 
for cortical regions defined as described above using the NIS-Elements 
image acquisition and analysis program. The top 200 peak values of flu-
orescence intensity were taken and averaged for the cortical region of 
each optical section, and 3 optical sections were used from each animal.

P values for EEG recordings were obtained using 1-way ANOVA 
with Tukey’s multiple-comparisons test and mixed-methods ANOVA. 
P values for immunohistochemical analysis were obtained using 2-way 
ANOVA with Sidak’s multiple-comparisons test. P values for the log-

thin bone flap was left above the dura, which was then carefully lift-
ed using a 30-gauge needle. Three Teflon-coated, 0.25-mm diameter 
silver wires (1-mm tip stripped of insulation, beveled, and chlorided) 
were implanted epidurally and attached parallel to the skull surface 
with Vetbond. A custom-made 25-mm diameter aluminum headpost 
was attached permanently on top of the skull surface and the EEG 
wires fixed with dental cement (Lang Dental). Animals were allowed 
to recover and given meloxicam injections for the following 3 days.

Animal preparation: AAV injection. Three to 5 days after the EEG and 
headpost surgery, we injected pGP-AAV-syn-jGCaMP7f-WPRE (Addgene 
plasmid 104488), diluted with sterile saline solution (1:2.25) at 2 depths 
(~350 μm and ~650 μm below dura) in 4 locations per hemisphere: breg-
ma – 3.5 mm, 2.5 mm lateral; bregma – 2 mm, 1 mm lateral; bregma – 2 
mm, 4 mm lateral; and bregma – 0.5 mm, 2.5 mm lateral. Per location and 
depth, approximately 210 nL of virus solution was injected in 23 pulses 
(every 10 seconds) of 9.2 nL each at low speed using a Nanoject II injector 
(Drummond Scientific). The glass injection pipette was kept in place for 5 
minutes before moving locations to aid diffusion of the virus.

Animal preparation: Craniotomy. Two weeks after AAV injection, 
a craniotomy was performed. Skull bone was drilled for 30-second 
intervals, and then cooled with saline solution. A thin strip of the skull 
covering the superior sagittal sinus was thinned but not removed. 
A custom-cut no. 1 cover glass window covering both hemispheres 
(lambda – 1.5 mm posterior to bregma + 1 mm anterior; – 5 mm to + 5 
mm lateral) was implanted using Vetbond and dental cement. Dexa-
methasone (0.5 mg/kg) was injected on the day of the craniotomy and 
for the following 3 days to control inflammation.

Imaging and physiological recording. Mice were typically imaged 
every 4 to 5 days before P70, and every 2 to 3 days thereafter until spon-
taneous seizures occurred. Then imaging was performed every day 
until the animal appeared moribund and was euthanized. The mouse 
was head-fixed and allowed to freely run on top of a custom-built Sty-
rofoam wheel (12 cm diameter), whose rotational speed was recorded 
by a velocity sensor. One-photon image sequences were acquired with 
an Edge 4.2 sCMOS camera (PCO AG), mounted on top of the scan 
head of a Bruker Ultima IV microscope with a ×2 objective lens (CFI 

Table 7. Quantification of Iba1-positive cells in tau+/+ and tau–/– 
tumor mice

Average value SEM (±) P value (α = 0.05) n
Tau WT
 Control 13.69 0.91 N/A 3
 Margin 119.92 14.21 <0.0001 3
 In tumor 172.29 17.42 <0.0001 3
 Contra. 73.11 19.42 0.02 3
Tau KO
 Control 11.55 2.54 N/A 3
 Margin 49.92 11.86 NS 3
 In tumor 62.63 7.12 NS 3
 Contra. 40.44 10.75 NS 3

Average values, n, SEM, and P values for immunohistochemical 
quantification of Iba1-positive cell number across cortical regions of tumor 
brains in late-stage WT and tau-KO animals. All P values are in comparison 
to control values listed in the first column of each table. Two-way ANOVA 
with Tukey’s multiple-comparisons test.
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in vivo SD cortical electrophysiology. JM performed serial in vivo 
GCAMP calcium imaging. BD designed experiments and contrib-
uted scientific direction. JLN designed experiments, supervised 
all research, and cowrote the manuscript with AH.
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