
Title: Cell-generated mechanical forces play a role in epileptogenesis after injury 

 

Authors: Laya Dalir1, Svetlana Tatic-Lucic2, Yevgeny Berdichevsky1,2,* 

 

Affiliations: 
1 Department of Bioengineering, Lehigh University, Bethlehem, PA 
2 Department of Electrical and Computer Engineering, Lehigh University, Bethlehem, PA 
* Corresponding author email: berdichevsky@lehigh.edu 

 

Abstract 

Traumatic brain injury (TBI) is associated with a significantly increased risk of epilepsy.  One of 

the consequences of severe TBI is progressive brain atrophy, which is frequently characterized 

by organized tissue retraction. Retraction is an active process synchronized by mechanical 

interactions between surviving cells.   This results in unbalanced mechanical forces acting on 

surviving neurons, potentially activating mechanotransduction and leading to hyperexcitability.  

This novel mechanism of epileptogenesis was examined in organotypic hippocampal cultures, 

which develop spontaneous seizure-like activity in vitro.   Cell-generated forces in this model 

resulted in contraction of hippocampal tissue.  Artificial imbalances in mechanical forces were 

introduced by placing cultured slices on surfaces with adhesive and non-adhesive regions.   This 

modeled disbalance in mechanical forces that may occur in the brain after trauma.  Portions of 

the slices that were not stabilized by substrate adhesion underwent increased contraction and 

compaction, revealing the presence of cell-generated forces capable of shaping tissue geometry.  

Changes in tissue geometry were followed by excitability changes that were specific to 

hippocampal sub-region and orientation of contractile forces relative to pyramidal cell apical-

basal axis.  Results of this study suggest that imbalanced cell-generated forces contribute to 
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development of epilepsy, and that force imbalance may represent a novel mechanism of 

epileptogenesis after trauma. 
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Introduction 

Traumatic brain injury (TBI) is associated with a significantly increased risk of epilepsy 

(Annegers et al., 1998; Karlander et al., 2021; Pease et al., 2022).  Post-injury imaging in 

patients with severe TBI reveals progressive brain atrophy and ventricle enlargement (Bergeson 

et al., 2004; Bigler and Maxwell, 2011), while imaging of animal models of TBI demonstrates 

progressive increase in the volume of the cavity under the impact site (Bramlett and Dietrich, 

2002; Dixon et al., 1999; Pierce et al., 1998). This is accompanied by gradual retraction of 

neighboring brain regions containing surviving neurons (Hall et al., 2005; Thompson et al., 

2005).     Development of posttraumatic epilepsy occurs on a similar time scale as brain tissue 

atrophy and retraction.  Hippocampus is particularly vulnerable to injury after TBI (Bigler et al., 

1997; Maxwell et al., 2003; Wilde et al., 2007), and hippocampal atrophy is associated with 

posttraumatic epileptic focus in the temporal lobe (Gupta et al., 2014; Hudak et al., 2004).   In 

animal models of TBI, regions of the brain neighboring the lesion are characterized by 

hyperexcitability and may contribute to generation of spontaneous seizures (Bragin et al., 2016; 

D’Ambrosio et al., 2004).  These correlations between temporal and spatial features of injury-

related atrophy and the development of epilepsy suggest a potential link between these processes.  

Several mechanisms behind this link, such as injury-related inflammation and network 

reorganization, have been proposed (Hunt et al., 2013; Pease et al., 2024).   Mechanical force 
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imbalance in the atrophying tissue may also play a role, and represent a novel mechanism of 

epileptogenesis after injury.  While atrophy is driven by several cell death mechanisms in 

response to injury (Bramlett and Dietrich, 2015), the retraction of tissue after atrophy may also 

be a result of active cellular processes, but in surviving cells.  Brain tissue retraction occurs in a 

seemingly organized fashion – the edge of retracting tissue is well defined, and moves gradually 

with time.  This suggests that retraction is a synchronized behavior of the surviving cell 

population, resembling an inversion of the tissue expansion that occurs during development due 

to cell proliferation.   Self-organization of healthy tissue is coordinated in part through 

mechanical mechanisms: tension and contraction of individual cells’ cytoskeleton is transmitted 

to neighboring cells through cell-cell and cell-extracellular matrix (ECM) contacts, mediated by 

cadherin and integrin receptors (Laurent et al., 2017).   These mechanisms contribute to tissue 

mechanical properties (Ayad et al., 2019), result in sorting of different types of cells (Athanasiou 

et al., 2013), and play a role in generation of cortical folds (Llinares-Benadero and Borrell, 

2019).   In the developed brain, a mechanical force balance may exist between tension due to 

forces generated by cytoskeletons of neuronal and glial cells, and hydrostatic pressure (Essen, 

1997).  A similar, internally generated force balance, termed mechanical or tensile homeostasis, 

exists in many other tissues (Ingber, 2003; Stamenović and L. Smith, 2020).  The process of 

tissue retraction in the brain may be a response to tissue-scale imbalances in cell-generated 

forces that are caused by cell death after injury.   Dissociated cortical neurons and glial cells 

readily form aggregates which undergo contraction and compaction, demonstrating that these 

cells are capable of generating tissue-scale mechanical forces (Hasan and Berdichevsky, 2021).  

In addition to generating mechanical forces, neurons also respond to externally applied forces via 

a process termed mechanotransduction.    Neurons generate intracellular calcium transients when 
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mechanically stimulated (Duncan et al., 2021; Gaub et al., 2020), and are sensitive to localized 

forces in the low pico Newton range (Falleroni et al., 2022).  Neuronal mechanotransduction 

occurs via several different mechanisms, which include sensation transmitted through 

cytoskeleton tension, mechanosensitive ion channels, or altered transcription in mechanically 

deformed nucleus (Pillai and Franze, 2024).   Transduction of mechanical stimuli leads to 

changes in neuronal firing, suggesting altered excitability (Kasuba et al., 2024).   Regions of 

neuronal aggregates that have experienced the most contraction are characterized by highest 

excitability, demonstrating a link between cell-generated forces and neural activity (Hasan and 

Berdichevsky, 2021).  Taken together, these findings suggest that after traumatic brain injury, 

acute and secondary cell death result in mechanical imbalances that lead to compaction of 

surviving cells and retraction of the surviving tissue.   This in turn mechanically stimulates 

surviving neurons, leading to hyperexcitability.      

In this work, we examine whether ex vivo hippocampal tissue, with organized neurons and glial 

cells and native extracellular matrix, experiences cell-generated mechanical forces that shape the 

tissue and lead to excitability changes.  We used organotypic hippocampal cultures for this study.  

Cultured hippocampus slices survive for 4 or more weeks in vitro.  Slices experience an initial 

wave of cell death in the slice that lasts approximately 3 days after dissection (Berdichevsky et 

al., 2012).  This is followed by appearance of spontaneous seizure-like activity approximately 7-

10 days after dissection (Berdichevsky et al., 2013), and organotypic hippocampal cultures are 

used as an in vitro model of epileptogenesis (Lau et al., 2022; Liu et al., 2019).  We have 

previously observed that organotypic hippocampal cultures thinned and underwent reduction in 

area in the first week in vitro.   This process is likely driven by two linked mechanisms: (1) 

clearance of dead cells from the slice by microglia (Balena et al., 2023), and (2) imbalance in the 
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mechanical forces between surviving cells, causing tissue contraction and retraction of tissue 

edges.  Here, we examine whether tissue contraction is driven by cellular forces, whether 

introduction of further imbalances in cellular forces leads to more tissue contraction, and whether 

these processes alter neuronal excitability. 

 

 

Results 

Natural contraction of organotypic slices. We cultured organotypic hippocampal slices on 

entirely PDL-coated culture dishes to observe the natural morphological changes in the slice over 

time.  Slice area increased from day in vitro (DIV) 0 to 1, as the slice attached to the adhesive 

culture substrate (Supplementary Fig. 1).  Bright-field images captured on days in vitro (DIV) 1, 

3, and 7 reveal further dynamic changes in the size of the slice (Fig. 1A).  Tracking of the 

boundary of the slice (Fig. 1B) shows that significant reduction of the hippocampal culture area 

occurred between DIV 1 and 7, and that area stabilized between DIV 7 and 18 (Fig. 1C).   These 

results are consistent with the presence of contractile forces in hippocampal cells.  

 

Contractile forces are present in hippocampal tissue. Forces exerted by cells can be visualized 

by traction force microscopy (Polacheck and Chen, 2016).  In this technique, cells are placed in 

an ECM gel with embedded beads.   Cellular forces are transmitted to the ECM, and cause 

movement of beads, from which direction and magnitude of cellular forces can be estimated.   To 

demonstrate that hippocampal cells are capable of exerting contractile forces, hippocampal slices 

were embedded in a mixture of Matrigel and fluorescent microbeads (Fig. 2A). Microbeads were 

tracked for two days after the addition of Matrigel. Bead trajectories show predominant 

movement toward the slice confirming the presence of tissue-driven matrix pulling (Fig. 2C). 
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The movement angle of each bead was measured relative to the line connecting its initial 

location to the center of the slice (Fig. 2B). Polar histograms reveal that distribution of beads 

movement angle was centered around  ∠ 0° (Fig. 2D, E).  These results show that cells in the 

slice exerted traction forces on the surrounding gel.  Movement of beads toward the slice 

demonstrates that the forces were contractile.   

 

Accelerated localized contraction in the slice. We varied the location and extent of 

hippocampal slice contraction by selectively eliminating tissue-substrate adhesion. 

Polydimethylsiloxane (PDMS) film was used for patterning the culture substrate coating with the 

cell-substrate adhesion molecule poly-D-lysine (PDL) (Fig. 3A). Different slice configurations 

were tested on the PDL-free areas to enhance contraction in various directions within the slice 

(Fig. 3B-D). We accelerated contraction in intact CA3 along the apical-basal axis (axial) (Fig. 

3B), in lesioned CA3 along and transverse to the apical-basal axis (axial and transverse) (Fig. 

3C), and in subiculum (SUB) transverse to the apical-basal axis (transverse) (Fig. 3D). 

Contraction did not affect the neuronal viability as density of CA3 neurons was not significantly 

different in control and contracted groups (Fig 4A-D). Control slices were cultured on entirely 

PDL-coated dishes. Significant increase in contraction was observed in the contracted group 

compared to the control group across all targets: 52% in intact CA3 (Fig. 3E), 65% in lesioned 

CA3 (Fig. 3F), and 69% in SUB (Fig. 3G).  

 

We cultured another group of slices on entirely PDL-free substrates. These slices exhibited a 

higher rate of contraction compared to control slices, with most PDL-free slices detaching from 

substrate by DIV 5 (Supplementary Fig. 2). We therefore did not use slices on entirely PDL-free 

substrates for further experiments.   
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We then compared the edges of slices cultured on substrates with patterned PDL coating to 

control slices.  Regions of slices that underwent enhanced contraction (contracted group) had 

smoother edges compared to control group (Fig. 3H-J).  Smoothness of tissue edge represents the 

degree of tissue surface tension due to cell compaction (Manning et al., 2010).  Contracted 

regions showed an increase in surface tension at the contracting edge in all three configurations, 

compared to the control group (Fig. 3K-M).  

 

We then examined the effect of contraction on neuronal morphology in CA3.  Contraction 

altered the shape of neuronal nuclei, and a significant decrease in nuclear eccentricity was 

observed in the contracted slices (Fig 4 E-G). 

 

Neuronal activity in axially contracted CA3 (intact). We studied the effect of accelerated 

contraction on different portions of the slice starting with intact CA3 undergoing contraction 

axially (Fig. 5A, B). Neuronal activity was monitored by expressing the Ca2+ indicator 

jRGECO1a (Dana et al., 2016) in neurons in the hippocampal slice culture,  and measuring 

dynamic changes in fluorescence (ΔF/F). Activity was recorded on DIV 8, 13, 16, and 28, and 

seizure and non-seizure activity were analyzed separately.  Area under the curve (AUC) and 

event frequency were calculated for non-seizure activity, revealing no significant differences 

between the contracted and control groups (Fig. 5 C-E). Slices with contracted CA3 tended to 

have lower seizure incidence compared to controls during DIVs 8, 13, and 16. However, on DIV 

28, both groups showed a 100% seizure incidence (Fig. 5F). To compare seizure activity, we 

analyzed seizure amplitude, AUC, and total seizure duration (Fig. 5G). While all these seizure 
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parameters exhibited a decrease in slices with contracted CA3 compared to controls, only the 

decrease in seizure AUC was statistically significant (Fig. 5 H, I, J).  Overall trend was a 

decrease in seizure and non-seizure activity in axially contracted CA3. 

 

Neural activity in axially and transversely contracted CA3 (lesioned). To study the effect of 

contraction in a different direction on neuronal activity, we removed the dentate gyrus (DG) and 

a portion of CA3, as shown in Fig. 6A.    Slices with lesioned CA3 were positioned slices on a 

substrate with patterned PDL to apply contractile forces perpendicular to the apical-basal axis of 

neurons in the pyramidal layer.   In this position, lesioned CA3 also experienced contractile 

forces along the apical-basal axis (Fig. 6A). Six regions of interest (ROI) were selected in CA3 

for analysis of neuronal activity (Fig. 6B). Spontaneous activity was recorded on DIV 13, 18, 

and 20. The AUC of non-seizure activity was significantly higher in contracted slices compared 

to controls in some of the ROIs, while spike frequency trended higher, but was not significantly 

different (Fig. 6 C-E). Total seizure duration significantly decreased in the contracted group on 

DIV 13 but remained unaffected on other DIVs (Fig. 6H). Contracted slices displayed 

significantly higher seizure amplitudes compared to controls in all ROIs in CA3 (Fig. 6F, I), 

while seizure incidence and seizure AUC were not different between the two groups (Fig. 6G, J).  

 

Neural activity in contracted subiculum and DG. We cultured hippocampal slices with 

subiculum and a portion of DG placed on PDL-free region of the substrate (Fig. 7A). We 

recorded neuronal activity in 6 ROIs in subiculum and 1 ROI in DG (Fig. 7B). There was no 

significant difference in AUC of non-seizure activity between contracted and control groups in 

any of the recorded ROIs in subiculum and DG (Fig. 7D, F). Non-seizure event frequency in the 

subiculum of contracted slices was lower but the difference was not statistically significant (Fig. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


7E, Fig. S4). However, there was a significantly lower non-seizure event frequency in the 

contracted compared to control DG (Fig. 7G, Fig. S4). Seizure incidence was not significantly 

different between control cultures and cultures with contracted subiculum and DG (Fig. 7I).  

Seizure AUC was not affected by the contraction in subiculum (Fig. 7K), but significantly 

increased in DG compared to controls (Fig. 7L). In both DG and subiculum, seizure duration was 

comparable and unaffected by contraction (Fig. 7J). Seizure amplitude was significantly lower in 

most subiculum ROIs in contracted slices compared to controls (Fig. 7M), while no apparent 

difference was observed in seizure amplitude in DG (Fig. 7N).  Overall, contraction resulted in 

small or no differences in neuronal activity in DG and subiculum. 

 

Discussion 

Cells generate significant contractile forces through their cytoskeleton and actomyosin activity 

(Heer and Martin, 2017).   These forces are transmitted through cell-cell junctions and cell-ECM 

adhesion points, resulting in tissue-level forces.     Adult, healthy tissues exist in a state of 

mechanical homeostasis, where forces generated by various cells help to stabilize the tissue 

(Stamenović and L. Smith, 2020).  In developing tissue, disbalance in cell-generated forces is 

responsible for processes such as the formation of Drosophila ventral furrow and the folding of 

the neural tube (Heer and Martin, 2017).  In the developing brain, disbalanced mechanical forces 

drive folding of cortical tissue (Garcia et al., 2018).  Disbalances of cell-generated forces during 

development are tightly orchestrated and guided by gene expression, and play an important role 

in tissue morphogenesis (Llinares-Benadero and Borrell, 2019).  In contrast, disturbances in 

mechanical homeostasis occurring after development may have detrimental effects, and have 

been implicated in progression of atherosclerosis and tumor cell proliferation and invasion (Pillai 

and Franze, 2024; Stamenović and L. Smith, 2020).   Atrophy of brain tissue after trauma may 
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result in a disturbance of mechanical homeostasis in the surviving tissue, by perturbing the 

tissue-level balance of cell-generated forces.  In an isolated slice of hippocampus, unbalanced 

tension generated by surviving cells can therefore be expected to produce forces pointing from 

slice periphery to slice center.   Brain tissue is viscoelastic (Chatelin et al., 2010), suggesting that 

it will deform under sustained mechanical stress or tension.   Under conditions of constant 

inward-pointing tension, the slice can be expected to undergo strong contraction – and this 

indeed occurred in our experiments (Fig. S2).  Attachment of the slice to a substrate via poly-D-

lysine introduced an artificial mechanical balance, and significantly reduced slice contraction 

(Fig. S2).    

 

We then carried out experiments to confirm that slice contraction was an active process due to 

cell-generated forces.  Tracking the movement of beads in the matrix surrounding the slice is a 

form of traction force microscopy (TFM).   TFM is used to measure forces generated by 

individual cells or by engineered tissues (Obenaus et al., 2020).   Forces generated by cells via 

cytoskeletal tension are transmitted to the surrounding matrix via integrin-mediated cell-matrix 

adhesions, and cause matrix deformation.  Deformation can then be measured via bead 

displacement, with direction of bead movement indicating presence of tensile (movement of 

beads toward the tissue) or compressive (movement of beads away from the tissue) forces.  

Contractile tissues, such as engineered 3D epithelial tissues, were found to exert significant 

tensile forces, causing deformation of surrounding matrix, and movement of beads toward the 

portion of the tissue undergoing the largest contraction (Gjorevski and Nelson, 2012).  Similar 

movement of beads toward contracting tissue can be observed in Fig. 2, indicating that Matrigel 

matrix is being deformed and pulled toward the slice.  This may be caused by retracting slice 
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edge pulling on the matrix via cell-matrix adhesions, as described above.  An alternative view 

may be that bead movement indicates remodeling of Matrigel matrix by cells within the slice, 

either through secretion of ECM molecules, or through matrix degradation by matrix 

metalloproteases (Beroun et al., 2019; John et al., 2006; Krishnaswamy et al., 2019).    However, 

production of new ECM could be expected to push beads away from the slice, while matrix 

degradation should result in release of beads into the culture medium.  We have not observed 

these processes, and movement of beads toward the slice is consistent with the idea of cells 

within the slice generating tensile forces causing retraction of slice edges, in turn pulling the 

matrix toward the slice. 

 

Our experiments with partial PDL coatings were designed to anchor one portion of the slice on 

PDL-coated region of the substrate, while allowing the portion of the slice above PDL-free 

region to contract freely.  These experiments demonstrated that the contraction of hippocampal 

tissue was an active process shaped by the balance of mechanical forces.   We observed that the 

portion of the slice that experienced the most contraction had well-defined, smooth edges.  This 

effect was reminiscent of the effects of compaction observed in cellular aggregates (Yousafzai 

and Hammer, 2023).   Cells in aggregate generate tensile forces via actomyosin contractily, and 

adhere to each other via cadherins on the cell surface.   Combined effect of cell tension and 

adhesion results in the aggregate assuming a confirmation that minimizes its surface tension – a 

sphere with a smooth surface, with compacted individual cells (Manning et al., 2010).    It 

appears that the portion of the hippocampal slice that experienced tensile forces unbalanced by 

PDL adhesion also underwent compaction, resulting in a smooth, curved tissue border (Fig. 3H-

M).  This suggests that mechanical interactions between hippocampal cells in ex vivo tissue may 
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be governed by similar mechanisms as interactions between cells in aggregates.   Hippocampal 

cells in regions of the slice that underwent retraction and compaction are also likely to have 

experienced significant mechanical force imbalances and morphological deformation.   This 

could in turn lead to hyperexcitability through mechanotransduction pathways. 

 

Mechanotransduction, or conversion of mechanical stimuli into cellular signals, can occur via 

multiple pathways in neurons.  These pathways include initiation of cell signaling cascades via 

force-sensing cytoskeletal proteins, opening of mechanosensitive ion channels, and alteration of 

transcription due to mechanically-induced deformation of nuclear envelope (Pillai and Franze, 

2024).   One or more of these mechanisms may be involved in sensation of unbalanced 

mechanical forces by neurons in the retracted, compacted region of hippocampal slice.  We have 

directly observed deformation of the nuclear envelope of CA3 neurons due to contraction, 

suggesting that this mechanism of mechanotransduction may be responsible for observed 

excitability changes.  Furthermore, deformation of neuronal soma, dendrites, and axons by 

tissue-level retraction and compaction may also alter neuronal excitability.   We found that 

excitability may increase or decrease depending on the orientation of the contractile forces to 

basal-apical axis of CA3 neurons.  This suggests that mechanotransduction through dendrites 

may play a significant role in the effects we have observed.  A limitation of our study is that we 

have not identified the specific mechanotransduction mechanism that links cellular forces to 

changes in excitatability. 

 

Spontaneous seizure-like activity appears in organotypic hippocampal cultures after one to two 

weeks post-isolation.   This reflects the time course of epileptogenesis in this model system.   

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


When compared to the time course of mechanically-driven events described in this work, it 

appears that spontaneous seizures follow slice contraction after a time lag.  Tissue contraction 

may therefore play a role in epileptogenesis.  Organotypic hippocampal cultures are a complex, 

heterogeneous system composed of multiple cell types that include excitatory and inhibitory 

neurons, astrocytes, microglia, and other cells.    Cells respond to the injury of dissection and 

isolation from the rest of the brain by axonal sprouting in neurons (Berdichevsky et al., 2013), 

and inflammatory activation of astrocytes and microglia (Chong et al., 2018; Magalhães et al., 

2018).  These processes: network reorganization due to axon sprouting and formation of 

excessive connectivity, and inflammation-driven effects of glia on neuronal function, may be 

significant contributors to epileptogenesis in organotypic hippocampal cultures.  Mechanically-

driven tissue contraction, and resulting changes in excitability, occur concurrently with sprouting 

and inflammation in this model system.   Experiments where a portion of the slice was placed on 

non-adhesive, PDL-free surface, enabled us to compare slices with a contracting region to 

control slices.  Both experimental groups can be expected to experience inflammation and 

sprouting, but only slices with a contracting region experienced additional cell-generated 

mechanical forces.   This allowed us to isolate mechanically-driven changes in excitability from 

those driven by sprouting and inflammation.  We observed increase in excitability during both 

seizure and non-seizure activity due to cell-generated forces directed orthogonally to apical-basal 

axis of CA3 neurons, but a decrease in excitability during seizure-like activity when forces were 

directed parallel to apical-basal axis of CA3 neurons or orthogonal to apical-basis axis of 

subicular neurons.  These changes occurred in a system where neuronal excitability is also driven 

by network reorganization and inflammation.  It is possible that some of the region-specific 

differences we observed could be due to maximization of excitability by these mechanisms of 
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epileptogenesis.  In other words, excitability in subicular neurons may already be near maximum 

value, making it difficult to observe effects of cell-generated forces on excitability during non-

seizure activity, for example.   Further study in models with reduced intrinsic excitability may 

shed light on this question. 

 

Conclusions. 

We have used cultures of hippocampal slices as a model of disbalance in mechanical forces that 

may occur in the brain after trauma.   We found that cell generated forces in this model result in 

contraction and compaction of hippocampal tissue.  We also found that changes in tissue 

geometry in turn result in excitability changes in a region-specific manner.  Results of 

experiments reported in this study suggest that imbalanced cell-generated forces contribute to 

development of epilepsy, and represent a novel mechanism of epileptogenesis after trauma. 

 

 

Methods 

Slice preparation. Organotypic slices were prepared from the hippocampi of Sprague-Dawley 

rat pups that were dissected on post-natal days 7-8. The McIlwain tissue chopper (Mickle 

Laboratory Eng. Co., Surrey, United Kingdom) was used to chop the hippocampi into slices with 

350 μm width. The slices were cultured on a 35 mm culture-treated petri dish (Thermo Fisher) 

partially or completely coated with 0.5 mg/ml poly-D-lysine (PDL) solution (Sigma Aldrich, Cat 

# P0899) in 0.1M Borate buffer (pH 8.5). The culture medium for the slices consisted of 97.5% 

Neurobasal-A media (Gibco, Cat# 10888-022), 2% B-27 supplement (Gibco, Cat# 17504-044), 

0.25% 200 mM GlutaMAX (Gibco, Cat#35050-061), and 0.3% gentamicin (Gibco, Cat# 15710-

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


064). This medium was added to the slices and replaced every 3-4 days with fresh medium. The 

cultures were incubated at 37°C in environment with 5% CO2 on a rocker. All animal use 

protocols were approved by the Institution Animal Care and Use Committee (IACUC) at Lehigh 

University and were conducted in accordance with the United States Public Health Service 

Policy on Humane Care and Use of Laboratory Animals. 

 

Slice cultures embedded in bead-containing Matrigel.  Fluorescent latex beads with 1 μm 

diameter (Sigma, L4655) were diluted in Neurobasal-A medium at a ratio of 1:2000. Then, 2 μL 

of this solution was mixed with 150 μL of Matrigel (Corning, Cat # 354234) in a microtube on 

ice. After removing the culture medium from slices on DIV 1, 5 μL of Matrigel and beads 

mixture was added on top of the slices and kept at room temperature without medium for 10 

minutes to let the Matrigel gel. The culture medium was then added. To track the movement of 

the beads, fluorescent and bright field images were captured daily using an inverted fluorescence 

microscope (IX73, Olympus) equipped with a CCD camera (Thorlabs) and aligned using the 

registration plugin (Linear stack alignment with SIFT) in Fiji (ImageJ). ImageJ ROI tools were 

used to measure the beads’ movement distance and angle.  

 

PDL patterns and contraction measurement.  Polydimethylsiloxane (PDMS) films were 

prepared by mixing liquid PDMS and the curing agent (Sylgard 184 by Electron Microscopy 

Sciences, Cat # 24236-10) at a 10:1 ratio and baking overnight at 60° C in an oven (Thermo 

Fisher).  Square polydimethylsiloxane (PDMS) structures with an embedded square well were 

cut from the PDMS film.  These PDMS structures were then placed onto the culture substate 

(tissue-culture treated Petri dishes). PDL solution was then poured into the well to coat the 
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exposed dish surface and incubated overnight at 37° C. The dish was then washed, and the 

borders of the PDL-coated area were marked on its surface before detaching the PDMS. The 

PDMS was carefully removed, and organotypic slices were cultured with regions intended to 

have no surface adhesion placed over the PDL-free portions of the substrate. Control slices were 

cultured on dishes entirely coated with PDL. The cultured slices were imaged daily using an 

inverted microscope (CKX41, Olympus) and the area of contracted ROI over PDL-free portion 

of the substrate in contracted slices and same ROI in control slices were measured in ImageJ. 

Slice contraction in the selected ROI was calculated according to the Eq. 1; where A1 is the 

initial ROI area and A6 is the ROI area on DIV 6.  

Contraction = |(A6-A1)/A1|            (1) 

 

Surface tension analysis at the edge of slices. The method is shown in Supplementary Fig. 3. In 

ImageJ, pixel values were extracted along a line perpendicular to the contracting edge of the 

slice. These values were then plotted versus distance along the line. A sigmoid curve was fitted to 

the data using a 4-parameter logistic model in MATLAB curve fitter. R-square values and visual 

inspection was used for goodness-of-fit assessment. R2 > 0.9 was considered acceptable. The 

surface tension was calculated as the inverse of the distance between the maximum and 

minimum values of the fitted sigmoid curves.  

 

Immunohistochemistry, cell counting, and nuclear eccentricity analysis. Cultured slices were 

fixed at DIV 7 in 4% paraformaldehyde (Electron Microscopy Sciences, Cat # 15710) for 2 

hours and subsequently washed and permeabilized in 0.3 % Triton X-100 (Sigma-Aldrich, Cat # 

T8787) in Dulbecco’s phosphate-buffered saline (Sigma-Aldrich, Cat # D8662) on a shaker for 2 
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hours. Following this, the slices were blocked with 10% goat serum (Gibco) overnight at 4° C. 

Anti-NeuN antibody conjugated to Alexa Fluor 555 (Millipore Sigma, Cat # MAB377A5) at a 

1:100 dilution ratio was then added to the samples, which were kept in 4° C for 72 hours on a 

shaker. The stained slices were mounted on a microscope slide using one drop of Fluoro-Gel 

(Electron Microscopy Sciences, Cat # 17985-10). Samples were imaged using a confocal 

microscope (Zeiss LSM 510 META, Germany) with a 20X objective to acquire z stacks at 0.96 

μm intervals. Confocal images were analyzed in Fiji (ImageJ), and cell counting of NeuN-

positive cells in CA3 was performed using Fiji cell counter plugin in a rectangular region of 

fixed size for all slices. 

Nuclei of NeuN-positive cells were identified, and their long and short axes were measured in 

Fiji (ImageJ).   Long axis was defined as the axis bisecting the nucleus with direction closest to 

the normal to the pyramidal layer, while short axis was defined as axis closest to the tangential to 

the pyramidal layer.    Lengths of long (dlong) and short (dshort) axes were used to calculate 

eccentricity for each nucleus using Eq. 2. 

Eccentricity = �| 1 � ������
� ����	

�� |.         (2) 

Calcium imaging. JRGECO1a, a genetically encoded [Ca2+ ] indicator, was expressed under the 

Synapsin promoter by adding  pAAV.Syn.NES-jRGECO1a.WPRE.SV40  (titer ≥ 5×10 9 vg/mL) 

to the culture medium on DIV 1. pAAV.Syn.NES-jRGECO1a.WPRE.SV40 was a gift from 

Douglas Kim & GENIE Project (Addgene plasmid # 100854) (Dana et al., 2016).  

Changes in jRGECO1a fluorescence, corresponding to neural activity, were observed using an 

inverted fluorescence microscope (IX73, Olympus) while the culture dish was placed in a mini-

incubator (Bioscience Tools) supplied with humidified blood gas and maintained at 37° C. 

Fluorescence changes were recorded by a CCD camera (Thorlabs) at 5 frames/sec rate for 20 
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minutes. The mean fluorescence intensity was calculated for each frame within the regions of 

interest (ROIs) in ImageJ. Change in fluorescence was calculated using Eq. 3: 

 
∆�

�
�  ��
����

��
                                                                                                                               (3) 

where F(t) represents the raw mean fluorescence in the ROI, and F0 is the baseline calculated in 

MATLAB employing the asymmetric least square mean smoothing method (Eilers and Boelens, 

2005).  

 

Neural activity analysis. Recorded neural activity was classified into seizure and non-seizure 

categories for analysis. Seizures were manually detected as prolonged paroxysmal events that 

occurred across all regions of interest with at least 10% ΔF/F and lasted at least 10 seconds. The 

seizure incidence was determined by calculating the percentage of cultures within each group 

that exhibited at least one seizure during the 20-minute recording period. Area under the curve 

for the entire signal was calculated and divided by the recording duration. Non-seizure portions 

of the recording (that did not contain seizures or oscillations) were filtered by high-pass 

Butterworth filter using the filtfilt function in MATLAB Signal Processing Toolbox. The filter 

was 4th-order, with cutoff frequencies ranging from 0.05 Hz to 0.25 Hz.  Non-seizure area under 

the curve (AUC) was then calculated by summing the area under the curve of filtered and 

thresholded signal, and dividing it by recording duration. Threshold was determined as 

3*standard deviation of ΔF/F in silent regions. Seizure AUC was determined by summing the 

area under the curve for all identified seizures in a recording, and dividing it by the total 

recording period. Total seizure duration was calculated by summing the duration of all detected 

seizures in a recording divided by the total recording period. We determined the seizure 

amplitude by taking the average peak of all detected seizures in each recording. Non-seizure 
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event frequency was calculated in MATLAB by detecting ΔF/F peaks at various thresholds 

above the noise, and selecting the maximum value as the corresponding frequency.  

 

Statistical analysis  

The distribution of all data sets was tested for normality using Shapiro-Wilk or K-S test.  Two-

sample t-test was used for unpaired data sets and paired t-test was used for a paired data set. Chi-

squared test with Pearson correction was performed to compare the distribution of bead 

movement angles with a uniform distribution. A significance level of 5% was considered for 

determining statistical significance. The Wilcoxon signed-rank test was used to assess statistical 

significance in nuclear eccentricity.  The type and results of statistical analysis are indicated in 

figure legends. 

 

Data availability 

All data supporting the findings of this study are available and will be provided upon request to 

the corresponding author. 

 

Acknowledgments 

All schematic diagrams used in the figures were created with Biorender.com.  

 

Author contributions: CRediT 

LD: Methodology, Investigation, Data curation, Formal analysis, Visualization, Writing – 

original draft, STL: Funding acquisition, Supervision, Writing – review and editing, YB: 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Conceptualization, Methodology, Formal analysis, Project administration, Funding acquisition, 

Supervision, Validation, Writing – original draft. 

 

Funding sources 
 
This research was supported in part by National Institutes of Health/ National Institute of 

Neurological Disorders and Stroke (NIH/NINDS) grant R21/R33 NS096948 and National 

Science Foundation (NSF) NCS grant ECCS 1835278. 

 

Supplementary information 

Supplementary Figures S1 – S4. 

 

 

 

References 

 

Annegers, J.F., Hauser, W.A., Coan, S.P., Rocca, W.A., 1998. A Population-Based Study of 

Seizures after Traumatic Brain Injuries. New England Journal of Medicine 338, 20–24. 

https://doi.org/10.1056/NEJM199801013380104 

Athanasiou, K.A., Eswaramoorthy, R., Hadidi, P., Hu, J.C., 2013. Self-Organization and the Self-

Assembling Process in Tissue Engineering. Annual Review of Biomedical Engineering 

15, 115–136. https://doi.org/10.1146/annurev-bioeng-071812-152423 

Ayad, N.M.E., Kaushik, S., Weaver, V.M., 2019. Tissue mechanics, an important regulator of 

development and disease. Philosophical Transactions of the Royal Society B: Biological 

Sciences 374, 20180215. https://doi.org/10.1098/rstb.2018.0215 

Balena, T., Lillis, K., Rahmati, N., Bahari, F., Dzhala, V., Berdichevsky, E., Staley, K., 2023. A 

Dynamic Balance between Neuronal Death and Clearance in an in Vitro Model of Acute 

Brain Injury. J. Neurosci. 43, 6084–6107. https://doi.org/10.1523/JNEUROSCI.0436-

23.2023 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Berdichevsky, Y., Dryer, A.M., Saponjian, Y., Mahoney, M.M., Pimentel, C.A., Lucini, C.A., 

Usenovic, M., Staley, K.J., 2013. PI3K-Akt Signaling Activates mTOR-Mediated 

Epileptogenesis in Organotypic Hippocampal Culture Model of Post-Traumatic Epilepsy. 

J. Neurosci. 33, 9056–9067. https://doi.org/10.1523/JNEUROSCI.3870-12.2013 

Berdichevsky, Y., Dzhala, V., Mail, M., Staley, K.J., 2012. Interictal spikes, seizures and ictal cell 

death are not necessary for post-traumatic epileptogenesis in vitro. Neurobiology of 

Disease 2, 774–785. https://doi.org/10.1016/j.nbd.2011.11.001 

Bergeson, A.G., Lundin, R., Parkinson, R.B., Tate, D.F., Victoroff, J., Hopkins, R.O., Bigler, 

E.D., 2004. Clinical Rating of Cortical Atrophy and Cognitive Correlates Following 

Traumatic Brain Injury. The Clinical Neuropsychologist 18, 509–520. 

https://doi.org/10.1080/1385404049052414 

Beroun, A., Mitra, S., Michaluk, P., Pijet, B., Stefaniuk, M., Kaczmarek, L., 2019. MMPs in 

learning and memory and neuropsychiatric disorders. Cell. Mol. Life Sci. 76, 3207–3228. 

https://doi.org/10.1007/s00018-019-03180-8 

Bigler, E.D., Blatter, D.D., Anderson, C.V., Johnson, S.C., Gale, S.D., Hopkins, R.O., Burnett, 

B., 1997. Hippocampal volume in normal aging and traumatic brain injury. American 

Journal of Neuroradiology 18, 11–23. 

Bigler, E.D., Maxwell, W.L., 2011. Neuroimaging and neuropathology of TBI. 

NeuroRehabilitation 28, 63–74. https://doi.org/10.3233/NRE-2011-0633 

Bragin, A., Li, L., Almajano, J., Alvarado-Rojas, C., Reid, A.Y., Staba, R.J., Engel Jr., J., 2016. 

Pathologic electrographic changes after experimental traumatic brain injury. Epilepsia 57, 

735–745. https://doi.org/10.1111/epi.13359 

Bramlett, H., Dietrich, D., 2002. Quantitative structural changes in white and gray matter 1 year 

following traumatic brain injury in rats. Acta Neuropathologica 103, 607–614. 

https://doi.org/10.1007/s00401-001-0510-8 

Bramlett, H.M., Dietrich, W.D., 2015. Long-Term Consequences of Traumatic Brain Injury: 

Current Status of Potential Mechanisms of Injury and Neurological Outcomes. Journal of 

Neurotrauma 32, 1834–1848. https://doi.org/10.1089/neu.2014.3352 

Chatelin, S., Constantinesco, A., Willinger, R., 2010. Fifty years of brain tissue mechanical 

testing: From in vitro to in vivo investigations. Biorheology 47, 255–276. 

https://doi.org/10.3233/BIR-2010-0576 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Chong, S.-A., Balosso, S., Vandenplas, C., Szczesny, G., Hanon, E., Claes, K., Van Damme, X., 

Danis, B., Van Eyll, J., Wolff, C., Vezzani, A., Kaminski, R.M., Niespodziany, I., 2018. 

Intrinsic Inflammation Is a Potential Anti-Epileptogenic Target in the Organotypic 

Hippocampal Slice Model. Neurotherapeutics 15, 470–488. 

https://doi.org/10.1007/s13311-018-0607-6 

D’Ambrosio, R., Fairbanks, J.P., Fender, J.S., Born, D.E., Doyle, D.L., Miller, J.W., 2004. 

Post�traumatic epilepsy following fluid percussion injury in the rat. Brain 127, 304–314. 

https://doi.org/10.1093/brain/awh038 

Dana, H., Mohar, B., Sun, Y., Narayan, S., Gordus, A., Hasseman, J.P., Tsegaye, G., Holt, G.T., 

Hu, A., Walpita, D., Patel, R., Macklin, J.J., Bargmann, C.I., Ahrens, M.B., Schreiter, 

E.R., Jayaraman, V., Looger, L.L., Svoboda, K., Kim, D.S., 2016. Sensitive red protein 

calcium indicators for imaging neural activity. eLife 5, e12727. 

https://doi.org/10.7554/eLife.12727 

Dixon, C.E., Kochanek, P.M., Yan, H.Q., Schiding, J.K., Griffith, R.G., Baum, E., Marion, D.W., 

DeKosky, S.T., 1999. One-year study of spatial memory performance, brain morphology, 

and cholinergic markers after moderate controlled cortical impact in rats. J Neurotrauma 

16, 109–122. https://doi.org/10.1089/neu.1999.16.109 

Duncan, J., Sridharan, A., Kumar, S.S., Iradukunda, D., Muthuswamy, J., 2021. Biomechanical 

micromotion at the neural interface modulates intracellular membrane potentialsin vivo. J 

Neural Eng 18. https://doi.org/10.1088/1741-2552/ac0a56 

Eilers, P., Boelens, H., 2005. Baseline Correction with Asymmetric Least Squares Smoothing. 

Unpubl. Manuscr. 

Essen, D.C.V., 1997. A tension-based theory of morphogenesis and compact wiring in the central 

nervous system. Nature 385, 313–318. https://doi.org/10.1038/385313a0 

Falleroni, F., Bocchero, U., Mortal, S., Li, Y., Ye, Z., Cojoc, D., Torre, V., 2022. 

Mechanotransduction in hippocampal neurons operates under localized low picoNewton 

forces. iScience 25. https://doi.org/10.1016/j.isci.2022.103807 

Garcia, K.E., Kroenke, C.D., Bayly, P.V., 2018. Mechanics of cortical folding: stress, growth and 

stability. Philosophical Transactions of the Royal Society B: Biological Sciences 373, 

20170321. https://doi.org/10.1098/rstb.2017.0321 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gaub, B.M., Kasuba, K.C., Mace, E., Strittmatter, T., Laskowski, P.R., Geissler, S.A., 

Hierlemann, A., Fussenegger, M., Roska, B., Müller, D.J., 2020. Neurons differentiate 

magnitude and location of mechanical stimuli. Proceedings of the National Academy of 

Sciences 117, 848–856. https://doi.org/10.1073/pnas.1909933117 

Gjorevski, N., Nelson, C.M., 2012. Mapping of Mechanical Strains and Stresses around 

Quiescent Engineered Three-Dimensional Epithelial Tissues. Biophysical Journal 103, 

152–162. https://doi.org/10.1016/j.bpj.2012.05.048 

Gupta, P.K., Sayed, N., Ding, K., Agostini, M.A., Van Ness, P.C., Yablon, S., Madden, C., 

Mickey, B., D’Ambrosio, R., Diaz-Arrastia, R., 2014. Subtypes of Post-Traumatic 

Epilepsy: Clinical, Electrophysiological, and Imaging Features. Journal of Neurotrauma 

31, 1439–1443. https://doi.org/10.1089/neu.2013.3221 

Hall, E.D., Sullivan, P.G., Gibson, T.R., Pavel, K.M., Thompson, B.M., Scheff, S.W., 2005. 

Spatial and Temporal Characteristics of Neurodegeneration after Controlled Cortical 

Impact in Mice: More than a Focal Brain Injury. Journal of Neurotrauma 22, 252–265. 

https://doi.org/10.1089/neu.2005.22.252 

Hasan, M.F., Berdichevsky, Y., 2021. Neuron and astrocyte aggregation and sorting in three-

dimensional neuronal constructs. Commun Biol 4, 1–16. https://doi.org/10.1038/s42003-

021-02104-2 

Heer, N.C., Martin, A.C., 2017. Tension, contraction and tissue morphogenesis. Development 

144, 4249–4260. https://doi.org/10.1242/dev.151282 

Hudak, A.M., Trivedi, K., Harper, C.R., Booker, K., Caesar, R.R., Agostini, M., Van Ness, P.C., 

Diaz-Arrastia, R., 2004. Evaluation of Seizure-like Episodes in Survivors of Moderate 

and Severe Traumatic Brain Injury. The Journal of Head Trauma Rehabilitation 19, 290. 

Hunt, R.F., Boychuk, J.A., Smith, B.N., 2013. Neural circuit mechanisms of post–traumatic 

epilepsy. Front. Cell. Neurosci. 7. https://doi.org/10.3389/fncel.2013.00089 

Ingber, D.E., 2003. Tensegrity I. Cell structure and hierarchical systems biology. Journal of Cell 

Science 116, 1157–1173. https://doi.org/10.1242/jcs.00359 

John, N., Krügel, H., Frischknecht, R., Smalla, K.-H., Schultz, C., Kreutz, M.R., Gundelfinger, 

E.D., Seidenbecher, C.I., 2006. Brevican-containing perineuronal nets of extracellular 

matrix in dissociated hippocampal primary cultures. Mol Cell Neurosci 31, 774–784. 

https://doi.org/10.1016/j.mcn.2006.01.011 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Karlander, M., Ljungqvist, J., Zelano, J., 2021. Post-traumatic epilepsy in adults: a nationwide 

register-based study. J Neurol Neurosurg Psychiatry 92, 617–621. 

https://doi.org/10.1136/jnnp-2020-325382 

Kasuba, K.C., Buccino, A.P., Bartram, J., Gaub, B.M., Fauser, F.J., Ronchi, S., Kumar, S.S., 

Geissler, S., Nava, M.M., Hierlemann, A., Müller, D.J., 2024. Mechanical stimulation and 

electrophysiological monitoring at subcellular resolution reveals differential 

mechanosensation of neurons within networks. Nat. Nanotechnol. 19, 825–833. 

https://doi.org/10.1038/s41565-024-01609-1 

Krishnaswamy, V.R., Benbenishty, A., Blinder, P., Sagi, I., 2019. Demystifying the extracellular 

matrix and its proteolytic remodeling in the brain: structural and functional insights. Cell 

Mol Life Sci 76, 3229–3248. https://doi.org/10.1007/s00018-019-03182-6 

Lau, L.A., Staley, K.J., Lillis, K.P., 2022. In vitro ictogenesis is stochastic at the single neuron 

level. Brain 145, 531–541. https://doi.org/10.1093/brain/awab312 

Laurent, J., Blin, G., Chatelain, F., Vanneaux, V., Fuchs, A., Larghero, J., Théry, M., 2017. 

Convergence of microengineering and cellular self-organization towards functional tissue 

manufacturing. Nat Biomed Eng 1, 939–956. https://doi.org/10.1038/s41551-017-0166-x 

Liu, J., Schenker, M., Ghiasvand, S., Berdichevsky, Y., 2019. Kinase Inhibitors with 

Antiepileptic Properties Identified with a Novel in Vitro Screening Platform. International 

Journal of Molecular Sciences 20, 2502. https://doi.org/10.3390/ijms20102502 

Llinares-Benadero, C., Borrell, V., 2019. Deconstructing cortical folding: genetic, cellular and 

mechanical determinants. Nat Rev Neurosci 20, 161–176. 

https://doi.org/10.1038/s41583-018-0112-2 

Magalhães, D.M., Pereira, N., Rombo, D.M., Beltrão-Cavacas, C., Sebastião, A.M., Valente, 

C.A., 2018. Ex vivo model of epilepsy in organotypic slices—a new tool for drug 

screening. J Neuroinflammation 15, 203. https://doi.org/10.1186/s12974-018-1225-2 

Manning, M.L., Foty, R.A., Steinberg, M.S., Schoetz, E.-M., 2010. Coaction of intercellular 

adhesion and cortical tension specifies tissue surface tension. Proceedings of the National 

Academy of Sciences 107, 12517–12522. https://doi.org/10.1073/pnas.1003743107 

Maxwell, W.L., Dhillon, K., Harper, L., Espin, J., MacIntosh, T.K., Smith, D.H., Graham, D.I., 

2003. There Is Differential Loss of Pyramidal Cells from the Human Hippocampus with 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Survival after Blunt Head Injury. Journal of Neuropathology & Experimental Neurology 

62, 272–279. https://doi.org/10.1093/jnen/62.3.272 

Obenaus, A.M., Mollica, M.Y., Sniadecki, N.J., 2020. (De)form and Function: Measuring 

Cellular Forces with Deformable Materials and Deformable Structures. Advanced 

Healthcare Materials 9, 1901454. https://doi.org/10.1002/adhm.201901454 

Pease, M., Gonzalez-Martinez, J., Puccio, A., Nwachuku, E., Castellano, J.F., Okonkwo, D.O., 

Elmer, J., 2022. Risk Factors and Incidence of Epilepsy after Severe Traumatic Brain 

Injury. Annals of Neurology 92, 663–669. https://doi.org/10.1002/ana.26443 

Pease, M., Gupta, K., Moshé, S.L., Correa, D.J., Galanopoulou, A.S., Okonkwo, D.O., Gonzalez-

Martinez, J., Shutter, L., Diaz-Arrastia, R., Castellano, J.F., 2024. Insights into 

epileptogenesis from post-traumatic epilepsy. Nat Rev Neurol 20, 298–312. 

https://doi.org/10.1038/s41582-024-00954-y 

Pierce, J.E.S., Smith, D.H., Trojanowski, J.Q., McIntosh, T.K., 1998. Enduring cognitive, 

neurobehavioral and histopathological changes persist for up to one year following severe 

experimental brain injury in rats. Neuroscience 87, 359–369. 

https://doi.org/10.1016/S0306-4522(98)00142-0 

Pillai, E.K., Franze, K., 2024. Mechanics in the nervous system: From development to disease. 

Neuron 112, 342–361. https://doi.org/10.1016/j.neuron.2023.10.005 

Polacheck, W.J., Chen, C.S., 2016. Measuring cell-generated forces: a guide to the available 

tools. Nat Methods 13, 415–423. https://doi.org/10.1038/nmeth.3834 

Stamenović, D., L. Smith, M., 2020. Tensional homeostasis at different length scales. Soft Matter 

16, 6946–6963. https://doi.org/10.1039/D0SM00763C 

Thompson, H.J., Lifshitz, J., Marklund, N., Grady, M.S., Graham, D.I., Hovda, D.A., McIntosh, 

T.K., 2005. Lateral Fluid Percussion Brain Injury: A 15-Year Review and Evaluation. 

Journal of Neurotrauma 22, 42–75. https://doi.org/10.1089/neu.2005.22.42 

Wilde, E.A., Bigler, E.D., Hunter, J.V., Fearing, M.A., Scheibel, R.S., Newsome, M.R., Johnson, 

J.L., Bachevalier, J., Li, X., Levin, H.S., 2007. Hippocampus, amygdala, and basal 

ganglia morphometrics in children after moderate-to-severe traumatic brain injury. 

Developmental Medicine & Child Neurology 49, 294–299. 

https://doi.org/10.1111/j.1469-8749.2007.00294.x 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Yousafzai, M.S., Hammer, J.A., 2023. Using Biosensors to Study Organoids, Spheroids and 

Organs-on-a-Chip: A Mechanobiology Perspective. Biosensors 13, 905. 

https://doi.org/10.3390/bios13100905 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 10, 2025. ; https://doi.org/10.1101/2025.02.09.637325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.09.637325
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figures  

 

 

Fig. 1 Natural contraction of organotypic slices. (A) 

Bright field image of cultured slices on PDL-coated 

surface from DIV 1 to DIV 7 (scale bar 500 µm). (B) 

Boundary of slice from DIV 1 to DIV 7. (C) Calculated 

area of cultured slices (n = 6) from DIV 1 to DIV 18. The 

red solid line and shaded area highlight the mean and 

standard deviation, respectively. Paired t-test was used to 

measure statistical significance (*** p < 0.001, n.s: not 

significant).  
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Fig. 2 Tissue-induced matrix pulling. (A) Schematic of the organotypic slice co-cultured with Matrigel and beads 

mixture. (B) Beads movement angle measurement method. The angle of movement is determined as the angle 

formed between the bead trajectory for each day and the imaginary line represented by the black dashed line 

connecting the bead's initial position to the center of the slice. (C) The top panel displays a 4X bright field image of 

the slice, while panels I-IV depict corresponding sections in the top panel at 10X magnification with beads 

trajectories. Pink color indicates movement from DIV 0 to DIV 1 and yellow from DIV 1 to DIV 2. All scale bars 

in this figure resemble 500 μm. (D), (E) Polar histogram of beads movement angle on day 1 and 2, respectively. 
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The chi-squared goodness-of-fit test was conducted using 15° bins against a uniform distribution (n = 59, p < 

0.001). 
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Fig. 3 Accelerated localized contraction in the slice. (A) Schematic of the PDL-coating step. In this figure, the 

light-yellow color represents the PDL-coated surface, while the light green color represents the PDL-free portion of 

cultrure substrate. Black arrows in B, C, and D indicate contractile force direction. (B) from left to right: 

configuration of slice with intact CA3 on PDL-free portion of the substrate, bright field image of slice on DIV 1, 

bright field image of slice on DIV 6, and force direction relative to pyramidal neurons (axial). Green and yellow 

asterisks in the bright-field images represent PDL-free and PDL-coated portions of the substrate, respectively. (C) 

From left to right: configuration of slice with lesioned CA3 on PDL-free portion of the substrate, bright field image 

of slice on DIV 1, bright field image of slice on DIV 6, axial and transverse force direction. (D) From left to right: 

configuration of slice with subiculum on PDL-free portion of the substrate, bright field image of slice on DIV 1, 

bright field image of slice on DIV 6, and transverse force direction. All scale bars in this figure indicate 500 µm. (E), 

(F), (G) Normalized contraction of the slice in three different configurations: intact CA3 (n = 8 control, n = 7 

contracted), lesioned CA3 (n = 9 control, n = 11 contracted), and SUB (n = 9 control, n = 10 contracted) on PDL-

free portion of the substrate. Insets indicate the type of experiment. (H), (I), (J) Left: brightfield micrographs of 

control (top) and contracting edge (bottom) of the slice in intact CA3 (n = 8 control, n = 9 contracted), lesioned CA3 

(n = 10 control, n = 10 contracted), and SUB (n = 9 control, n = 10 contracted), respectively. Right: schematics show 

slice placement on PDL-free surface in control (top) and contracted (bottom) groups. (K), (L), (M) Computed 

surface tension near the contracting edge of intact CA3, lesioned CA3, and SUB, respectively.  Boxes indicate 

middle 50% range about the median. (two sample t-test: * p < 0.05, ** p < 0.01, *** p < 0.001).  
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Fig. 4 Cell density and morphological changes in contracted CA3 (intact). (A) Representative fluorescence

micrograph of slice undergoing contraction in CA3, which was fixed on DIV 6 and stained with a marker for

neuronal nuclei (NeuN). (B) Enlarged view of CA3 in a control slice (C) Enlarged view of contracted CA3, as

indicated in (A) with a white box. (D) Cell density in control and contracted CA3 (n = 5 per group, two-sample t-

test, n.s.: p = 0.222). (E), (F) Representative micrographs of NeuN staining in CA3 at higher magnification.  In

insets , nuclei with low and high eccentricity are indicated with white and orange dashed lines, respectively. (G)

Nuclear eccentricity of neurons in control and contracted CA3 (n = 250 and 251 nuclei in control and contracted

CA3, respectively, in n = 5 slices per group, Wilcoxon signed-rank test, ***p = 3.51 x 10-37, lines in the plot indicate

medians of each distribution).  
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Fig. 5 Neuronal activity in contracted CA3 (intact). (A) Schematic of slice configuration on the substrate with 

PDL pattern (green color corresponds to PDL-free region). (B) Bright-field image of the slice. White dashed line 

represents the recorded region of interest (ROI) (scale bar indicates 500 μm). (C) Representative examples of non-

seizure neuronal activity from the same region in control and contracted slices. (D) Area under the curve (AUC) of 

non-seizure activity. (E) Event frequency of non-seizure activity. (F) Seizure incidence percentage in control and 

contracted groups on days of recording (n = 3 for both groups). (G) Representative examples of seizure activity from 

the same region in control and contracted slices. Blue solid lines indicate the detected seizures. Green arrows show 

seizure peaks (amplitude). (H) Normalized seizure amplitude in both groups. (I) Normalized seizure AUC in both 

groups (integration of detected seizures activity). (J) Normalized total seizure duration (summation of all detected 

seizure durations during each recording period) for both groups. (two-sample t-test: * p < 0.05, n.s: not significant).  
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Fig. 6 Neuronal activity in contracted CA3 (lesioned). (A) Slice configuration on the substrate with PDL pattern 

(green color corresponds to PDL-free region). (B) Regions of interest for recording activity in CA3 (scale bar 

indicates a distance of 500 μm). (C) Representative examples of non-seizure activity from ROI 1 in control and 

contracted slices. (D) Normalized area under the curve of non-seizure activity in the 6 ROIs. (E)  Normalized event 

frequency of non-seizure activity in the 6 ROIs. (F) Representative examples of seizure activity from ROI 1 in 

control and contracted slices. Blue solid lines indicate the detected seizures. Green arrows show seizure peaks 

(amplitude). (G) Seizure incidence percentage in both groups and all recorded DIVs (n = 10 for both groups). (H) 

Total seizure duration in both groups for DIV of recording (summation of all detected seizure durations during each 

recording period). (I) Normalized seizure amplitude in both groups. (J) Normalized seizure AUC (integration of 

detected seizures activity) for both groups. (two sample t-test: ** p < 0.01, * p < 0.05, n.s: not significant).  
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Fig. 7 Neuronal activity in contracted subiculum and DG. (A) Configuration of the slice with subiculum and a 

portion of DG on the PDL-free region of the substrate (green). (B) Selected ROIs for neuronal activity recording in 

subiculum (white dashed line) and DG (yellow solid line). The scale bar indicates 500 μm. (C) Representative 

examples of non-seizure activity from ROI 1 of subiculum in control and contracted slices. (D) Normalized AUC of 

non-seizure activity in 6 ROIs in subiculum. (E) Normalized event frequency of non-seizure activity along 6 

different ROIs in subiculum. (F) Normalized AUC of non-seizure activity in DG ROI. (G) Normalized event 

frequency of non-seizure in DG ROI. (H) Representative examples of seizure activity from subiculum ROI 1 in 

control and contracted slices. Blue solid lines indicate the detected seizures. Green arrows show seizure peaks 

(amplitude). (I) Seizure incidence percentage in both groups among all recorded DIVs (n = 14 controls, n = 13 

contracted). (J) Total seizure duration in both groups on recorded DIVs (summation of all detected seizure durations 

during the recording period). (K) Normalized seizure AUC (integration of detected seizure activity) in both groups 

in subiculum ROIs. (L) Normalized seizure AUC in both groups in DG ROI. (M) Normalized seizure amplitude for 

both groups from subiculum ROIs. (N) Normalized seizure amplitude for both groups from DG ROI. (two-sample t-

test: * p < 0.05, n.s: not significant).  
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