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Glioblastoma (GBM) is the most common and aggressive primary brain
tumor in human adults, with a median survival of approximately 15
months. Recent studies have demonstrated that glioma cells form functional
synapses with neurons and that neuronal activity promotes tumor
progression. Sun et al. (2025) used viral tracing to map the anatomical
connectivity between neurons and patient-derived glioblastoma cells,
identifying brain regions that send synaptic input to the tumor. This study
extends this work by mapping neuronal hyperactivity across the brain in
tumor-bearing mice using c-Fos immunohistochemistry.
Immunocompromised mice received stereotactic injections of patient-
derived glioblastoma organoids (UPO-10072) into the somatosensory
cortex (n=10) or sham surgery with Hibernate A vehicle at the same
coordinates (n=10). Open field testing was conducted at weeks 2 and 4
post-injection. Mice were perfused immediately following the week 4
behavioral session, and brain sections were processed for c-Fos and human
nestin immunostaining. Automated cell quantification was performed using
QuPath following alignment to the Allen Mouse Brain Atlas. Tumor-
bearing mice showed no behavioral differences at week 2 but exhibited
significantly reduced center time at week 4, indicating an anxiety-like
phenotype. Brain-wide c-Fos mapping revealed region-specific changes,
with the amygdala showing significantly increased c-Fos expression in
tumor-bearing mice compared to controls. Most other quantified regions
showed no significant differences between groups. Our findings indicate
that GBM induces increased neuronal activity in the amygdala, which
provides a potential neural correlate for tumor-associated anxiety-like
behavior.
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	Glioblastoma Background
	Huang-Hobbs et al.
	The demonstration that glioma cells form functional synapses prompted Huang-Hobbs et al.’s investigation into whether neuronal activity could influence tumor behavior across long distances within the brain.7 Huang-Hobbs et al. tested this possibility using a mouse model of glioblastoma where tumors were implanted in one hemisphere. They then used chemogenetic tools to selectively activate callosal neurons located in the opposite, tumor-free hemisphere. Contralateral neurons send axonal projections through the corpus callosum to reach the hemisphere containing the tumor. Activation of the distant neurons quickened glioma proliferation and invasion, which demonstrated that the tumor responds to remote neural activity. To identify the mediators of the observed remote influence, they performed high-throughput screening of genes enriched in the population of glioma cells found at the leading edge of tumor invasion. This screen identified several axon guidance molecules. SEMA4F was specified as a key regulator. Contrary to the conventional view of axon guidance molecules as neuronal products, they found that glioma cells themselves express SEMA4F, and that this expression increases in response to neuronal activity. SEMA4F secreted by tumor cells acts locally to remodel synapses in the surrounding brain tissue which shift the balance toward increased excitatory transmission and elevated activity. This creates a self-reinforcing cycle where remote neuronal activity stimulates SEMA4F production in glioma cells, which then amplifies local neuronal activity through synaptic restructuring. Supporting the functional importance of this mechanism, a knockout of SEMA4F in glioma cells reduced both tumor growth and infiltration. Surgical transection of the corpus callosum eliminated the growth-promoting effects of contralateral neuronal activation, also confirming that physical connectivity between hemispheres is required for remote neurons to influence tumor progression. Their experiments established that gliomas integrate into brain-wide neural networks, responding to neurons in their immediate vicinity and also to activity patterns distributed across more distant brain regions.

	Sun et al.
	While the functional consequences of neuronal activity on glioma cells had been established through synaptic and paracrine mechanisms, the comprehensive anatomical architecture underlying these interactions remained incompletely characterized. Sun et al. mapped the connectivity between patient-derived glioblastoma cells and neurons throughout the mouse brain using viral tracing techniques. They transplanted patient-derived glioblastoma organoids that had been genetically engineered to express the TVA receptor and rabies glycoprotein into immunocompromised mice. Following tumor engraftment, they injected EnvA-pseudotyped, replication-incompetent rabies virus engineered to express fluorescent reporters into the tumor mass. The virus selectively infected cells expressing the TVA receptor, ensuring initial infection remained restricted to tumor cells. The brain then underwent trans-monosynaptic retrograde tracing, crossing back across synapses to label neurons that form direct presynaptic connections onto the glioma cells. This approach enabled comprehensive identification of all brain regions sending synaptic input to the glioma. Their analysis concerned patterns spanning both local and long-range connections, including cortical areas and neuromodulatory centers, such as the basal forebrain cholinergic system and dorsal raphe serotonergic neurons. The connectivity profile varied with tumor location, indicating that glioma cells integrate into pre-existing neuronal networks in a manner dependent on location, with different tumor positions exposing cells to different activity. Their research provided the anatomical foundation for understanding how brain-wide neural activity converges onto the tumor microenvironment and established that glioma cells become embedded within structured circuit architecture.

	Krisnha et al.
	Krishna et al. directly tested whether neuron-glioma connectivity influences patient outcomes by measuring functional connectivity and correlating it with survival in both mouse models and human glioblastoma patients. They employed magnetoencephalography with a coherence analysis, a neuroimaging technique that quantifies connectivity between brain regions while reducing the common artifacts from volume conduction. Their approach allowed for a non-invasive measurement of integration between the tumor and the rest of the brain. Using this method, they were able to identify regions within tumors that exhibited high functional connectivity (HFC) versus low functional connectivity (LFC) with the broader neuronal network. They then performed site-directed biopsies during
	surgical resection, sampling tissue specifically from HFC and LFC tumor regions to LFC xenografts. Extending these findings to human patients, they analyzed preoperative magnetoencephalography data from glioblastoma patients and quantified the functional connectivity between each patient's tumor and distributed brain networks. Patients whose tumors exhibited higher functional connectivity showed significantly shorter survival times, even after controlling for other prognostic factors, including age, tumor size, extent of resection, and molecular markers. The concordance between mouse models and human patients established that neuron-glioma functional connectivity has direct clinical relevance for patient outcomes. Their work strengthened the biological and clinical significance of neuron-glioma interactions and suggested that disrupting neuron-glioma communication may represent a promising target for novel therapeutic strategies.

	Research Goal
	The studies described prior established that neurons form functional synapses with glioma cells and that neuronal hyperactivity promotes tumor progression through synaptic and paracrine mechanisms. While these studies have established neuron-glioma synaptic integration and demonstrated elevated neuronal excitability within a GBM-infiltrated cortex specifically, a comprehensive spatial mapping of neuronal hyperactivity has not been done. To address this gap, our study employed immunohistochemical detection of c-Fos, an immediate early gene whose expression acts as a proxy for recent neuronal activity.8 The c-Fos protein is a transcription factor that dimerizes with Jun family proteins to form the AP-1 transcription factor complex, and its expression is rapidly induced following neuronal depolarization and calcium influx through NMDA receptors and voltage-sensitive calcium channels.9 The c-Fos mRNA is detectable within minutes of neuronal activation and peaks approximately 30 to 60 minutes after stimulation, while c-Fos protein levels reach their maximum between one and three hours post-stimulation before gradually declining.10 This makes c-Fos immunostaining a snapshot of neural activity prior to collection of the tissue. This allows for detection at single-cell resolution for quantification of active neurons accurately within specific areas. The primary limitation of c-Fos mapping is the same restriction to a single temporal window, which precludes analysis of activity over time. Additionally, c-Fos expression does not distinguish between excitatory and inhibitory neuron populations and only allows for composite measuring.11
	Sun et al., in mapping the anatomical connectivity between neurons and glioblastoma cells, prompted the objective of this study. The hypothesis was that brain regions identified by Sun et al. as sending synaptic input to glioma cells would exhibit increased neuronal activity. This was tested by comparing c-Fos expression between tumor-bearing and sham-injected control mice across multiple brain regions. Open field testing revealed an anxiety-like phenotype in tumor-bearing mice at four weeks post-injection, characterized by reduced center time. Center time is defined as the extent the mouse spends within a defined region in the center of the field. This behavioral finding directed additional attention to brain structures involved in anxiety processing, including the amygdala, during c-Fos quantification.

	Animals
	Immunocompromised albino juvenile mice were used for all experiments. Mice were randomly assigned to either the tumor group (n=10) or sham control group (n=10). Following surgery, the mice recovered for two weeks before behavioral testing began. (Fig 1)

	Tumor Introduction
	The mice were anesthetized with ketamine (50 μL). Once unresponsive, the mice were secured in a stereotactic frame and maintained on isoflurane. Their eyes were lubricated to prevent drying during the procedure. The surgical site was sterilized with alternating betadine and ethanol. A vertical incision was then made along the midline of the scalp, and 10% hydrogen peroxide was applied to dissolve connective tissue and visualize skull landmarks. The basic coordinates were set using bregma and lambda as landmarks. A Nanoject system was prefilled with mineral oil, then loaded with tumor cell suspension. A small hole was drilled at coordinates targeting the somatosensory cortex. The Nanoject was lowered to the injection site and tumor cells of line 10072 were delivered in four sequential injections totaling 100 μL. Control mice underwent identical procedures with Hibernate A vehicle substituted for tumor cells. The incision was closed with sutures and mice were monitored during recovery.

	Open-Field Behavioral Testing
	Brain Processing
	Image Processing Pipeline
	maximum intensity projection. Brightness and contrast were adjusted for easier alignment. A custom script then standardized image dimensions and converted files to .tif format. Processed images were imported into QuPath (v0.5.1) and loaded into the ABBA plugin (v0.10.4) via Fiji for registration to the Allen Mouse Brain Common Coordinate Framework (CCFv3). Each tissue section underwent affine transformation and was manually assigned to its corresponding anterior-posterior position based on anatomical landmarks. The sections were then warped to its matched atlas reference using multi-point deformation to align its biological structures to atlas-defined regional boundaries. Registered sections were then

	Tumor Engraftment
	Human nestin immunostaining was performed to verify successful engraftment of patient-derived glioblastoma organoids in tumor-injected mice. All mice in the tumor group displayed nestin-positive staining at the injection site, confirming the presence of human tumor cells at four weeks post-implantation. Tumors were centered in the somatosensory cortex at the targeted coordinates, with variable degrees of local infiltration into the surrounding brain parenchyma observed across animals. The extent of tumor spread varied between subjects, although it was functionally consistent. Control mice that received sham injections with Hibernate A vehicle showed complete absence of nestin immunoreactivity, confirming that no human cells were present and that any differences observed between groups could be attributed to tumor presence rather than surgical procedure alone (Fig. 2).

	Anxiety-Like Behavior Emerges by Week 4
	To assess whether tumor presence affected anxiety-related behavior, mice were evaluated using the open field test at two and four weeks post-surgery. This paradigm quantifies an animal's tendency to avoid the exposed center of an arena in favor of the periphery, a behavior indicative of anxiety-like states in rodents. Center time served as the primary dependent measure, with reduced center time reflecting increased anxiety.

	At week 2 post-injection, tumor-bearing and control mice showed no significant difference in center time (p>0.05). Both groups spent comparable amounts of time in the center zone of the arena, suggesting that early-stage tumor development did not produce detectable changes in anxiety-like behavior. By week 4, however, tumor-bearing mice exhibited a marked reduction in center time compared to controls, and this difference reached statistical significance (p<0.05). Tumor mice displayed pronounced thigmotaxis, spending much of the session in the peripheral zone adjacent to the arena walls while avoiding the center.         To determine whether this behavioral change reflected a specific anxiety phenotype rather than general motor impairment or sickness behavior, total distance traveled was analyzed at both timepoints. There was no significant difference in activity between tumor and control groups at either week 2 or week 4 (p>0.05), indicating that tumor-bearing mice retained normal ambulatory capacity. The selective reduction in center time without corresponding changes in overall movement supports the interpretation that tumor-bearing mice developed an anxiety-like phenotype over the four-week period, coinciding with tumor growth and integration into brain tissue (Fig. 3).
	[Fig. 3: Open field behavioral analysis. (a) Representative tracking maps showing mouse movement trajectories in the open field arena for control mice at week 2. (b) Total distance traveled at week 2, control (right) and tumor (left). (c) Time in center zone at 2 weeks, control (right) and tumor (left). (d) Representative tracking maps showing mouse movement trajectories in the open field arena for tumor mice at week 2. (e) Number of crosses to center at week 2, control (right) and tumor (left). (f) Total distance covered in center zone, control (right) and tumor (left). (g) Representative tracking maps showing mouse movement trajectories in the open field arena for control mice at week 4. (h) Total distance traveled at week 4, control (right) and tumor (left). (j) Representative tracking maps showing mouse movement trajectories in the open field arena for tumor mice at week 4. (k) Number of crosses to center at week 4, control (right) and tumor (left). (l) Total distance covered in center zone, control (right) and tumor (left). (m) Representative tracking maps showing mouse movement trajectories in the open field arena for control mice at week 4. ns = not significant; p<0.05.]

	Distinct Activity Between Tumor and Control
	Mapping of c-Fos expression showed distinct differences in activity between tumor and control groups. Control mice displayed c-Fos expression consistent with patterns expected following open field exposure and cage activity. The distribution of c-Fos+ cells in control animals was consistent across subjects and corresponded to regions known to be engaged during exploratory behavior and spatial navigation.          Tumor-bearing mice exhibited an altered distribution of c-Fos expression compared to controls. Importantly, these changes were not uniform across the brain. Some regions showed elevated c-Fos expression in tumor mice, while other areas appeared comparable between groups. The region-specific patterning suggested that tumor presence selectively modulated neuronal activity in particular brain circuits rather than producing a global increase or decrease in neural activation (Fig. 4).

	Regional Quantification Identifies Amygdala Hyperactivity
	To quantify regional differences in neuronal activity between groups, automated cell detection was performed in QuPath using a uniform intensity threshold applied across all samples. The normalized positive percentage of c-Fos signal was calculated for each atlas-defined brain region, and values were compared between tumor and control groups.        Quantitative analysis across multiple brain regions revealed that the amygdala showed the largest and most consistent elevation in c-Fos expression in tumor-bearing mice. The normalized c-Fos+ percentage in the amygdala was significantly greater in the tumor group compared to controls (p<0.05). This finding was consistent across mice and was observed bilaterally, though the data was analyzed with the brain hemispheres parsed separately to assess potential lateralization effects.         In contrast to the amygdala, most other brain regions examined did not show statistically significant differences between tumor and control groups. The regions we quantified included hippocampal subfields, somatosensory and motor cortices, thalamic nuclei, and various posterior brain structures. While some regions showed trends toward increased or decreased c-Fos expression in tumor mice, specifically the somatosensory cortex in the control, these did not reach statistical significance

	at the p<0.05 threshold. The specificity of the amygdala finding suggests that tumor-induced changes in neuronal activity are concentrated in circuits, potentially those most relevant to the behavioral phenotype observed (Fig. 5).
	Brain-wide visualization of c-Fos expression patterns was generated using Brainrender to map the normalized positive percentages onto the Allen CCFv3 atlas. Heatmap representation revealed the regional specificity of tumor-induced changes, with the amygdala prominently highlighted as a site of elevated activity in tumor-bearing animals. This visualization provides a comprehensive overview of the spatial distribution of neuronal activity changes associated with glioblastoma presence (Fig. 6).
	Higher magnification confocal imaging of the amygdala was performed to examine c-Fos expression at cellular resolution. Images acquired at 20× magnification with both DAPI nuclear counterstain and c-Fos immunofluorescence confirmed the presence of elevated c-Fos+ cell density in tumor-bearing mice compared to controls. Individual c-Fos+ nuclei were clearly identifiable, and the increased signal in tumor animals can be seen in representative example sections (Fig. 7).

	Discussion
	The amygdala is the central node in mediating fear and anxiety-related behaviors, and hyperactivity specific to the area has been linked to states of anxiety across species. The co-occurrence of amygdala hyperactivity and increased thigmotaxis in tumor-bearing mice suggests that glioblastoma may drive anxiety, as it may be able to do with other regions, through aberrant activation of limbic circuitry. Whether this represents a direct effect of the tumor-caused signals or an indirect

	consequence of altered signaling from other brain regions, or even a response to other systemic factors associated with the tumor remains to be determined.          These findings extend the prior work characterizing neuron-glioma interactions. Venkatesh et al. demonstrated that neurons form functional glutamatergic synapses onto glioma cells and that neuronal activity promotes tumor proliferation.13 Whereas Sun et al. identified which neurons project to the tumor, our current work addresses which regions exhibit altered activity.14 The combination of anatomical connectivity and functional hyperactivity would support the hypothesis that neuron-glioma synaptic integration produces measurable changes in brain activity patterns and potentially animal behavior.          Anxiety and affective disturbances are prevalent in GBM patients, though their etiology in this population is considered multifactorial and so incompletely understood. Boele et al. reported a  prevalence of anxiety ranging from 24 to 48% in glioma patients assessed by self-reporting, with these symptoms carrying significant impact on quality of life and overall survival.15 The contributing factors are generally understood to include a combination of psychological responses to diagnosis and treatment as well as neurophysiological changes associated with tumor presence and progression. The open field test we used measures thigmotaxis, which is a well-established index of anxiety-like behavior in rodents, and the behavioral difference between tumor-bearing and control mice emerged specifically at week four without corresponding changes in total locomotion, supporting interpretation as an anxiety-like phenotype rather than general sickness behavior or motor impairment. Whether the amygdala hyperactivity observed here contributes to that behavioral phenotype, and whether analogous circuit-level changes are present in human GBM patients with anxiety symptoms, are questions our data raise but cannot resolve. The translational relevance of open field thigmotaxis to clinical anxiety in human patients is limited, and any connection between the mouse findings and the human literature would require direct investigation in patient populations.          Several limitations constrain the interpretation of our findings. Our study used c-Fos, which, first, only captures a single window of neuronal hyperactivity and cannot resolve changes across time, and second, makes distinguishing inhibitory and excitatory neurons impossible. Observing the correlation between amygdala and hyperactivity and anxiety-like behavior does not establish causality, as the hyperactivity may drive the behavioral phenotype, result from it, or arise from a separate factor. The study utilized immunocompromised mice for less omplications with tumor introduction, however the choice may influence tumor
	biology and neural function compared to immunocompetent mice. The sample size, while adequate for detecting the amygdala effect, may have been too small to detect smaller difference in other regions. Additionally, GBM is infiltrative, and tumors spread variably from the injection site across animals. Differences in the eventual tumor location and extent of infiltration could influence which brain regions are affected and may contribute to variability in c-Fos expression across mice. Storing the brain sections free-floating in cryoprotectant makes distinguishing the orientation of hemispheres impossible before mounting, meaning the lateral accuracy of the heatmap could suffer if a specific section was hard to define as flipped or accurately aligned when imaging.   Future research should test whether amygdala hyperactivity drives tumor progression or reflects the disruption caused by the tumor. Specifically, chemogenetic silencing of amygdala neurons would address this directly. If silencing the amygdala reduces both anxiety behavior and tumor growth, this would suggest the amygdala to be of even more interest. Given that Sun et al. identified widespread connectivity from diverse brain regions to glioblastoma cells, the amygdala may contribute to a larger circuit architecture that collectively regulates tumor behavior.         The timing of amygdala hyperactivity relative to anxiety symptoms and tumor growth is also unresolved. Our study captured activity at four weeks when behavioral phenotypes had appeared, but we do not know whether amygdala activation precedes anxiety or develops alongside it. Longitudinal c-Fos mapping at earlier timepoints would show the temporal sequence of events. Week one or two mapping may potentially show which regions activate first during tumor development and whether amygdala hyperactivity predicts subsequent behavioral changes. Beyond the amygdala, using another method of neuronal activity monitoring with a larger sample size may be able to deduce the function effects of glioma-brain synapses more confidently and consistently.
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