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Dynamic electrophysiological changes in abnormal brain cavities post-ischemic stroke
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Introduction: Stroke is a global health challenge and the leading cause of long-term disability. While survival rates have improved, effective treatments for post-stroke impairments remain lacking. A novel approach to address this unmet need involves targeting the cavities that develop after ischemic events, referred to as abnormal brain cavities (ABCs), for post-stroke neuromodulation. Despite their potential significance, ABCs have not been systematically studied, creating a gap in understanding their role in recovery and therapeutic strategies. This study represents the first investigation into the electrophysiological properties of ABC walls.

Methods: To explore this, we developed an ABC model in anesthesized rats (male, n = 11) through controlled aspirations of the forelimb area of the motor cortex. We recorded local field potentials (LFPs), event-related potentials (ERP), and spiking activity across various conditions, including healthy, acute, and chronic phases from different anatomical locations of the ABC wall.

Results: Our findings revealed significant effects of both location and condition on oscillatory power across different frequency bands. We observed significant decreases in power across different conditions (p < 0.0001), and this decrease varied in different locations. Similarly, our analysis showed significant effects of location and condition on ERP amplitudes, revealing a marked reduction in the acute phase (p = 0.001), followed by recovery in the chronic phase (p = 0.007). As the condition progressed to the chronic phase, these ERPs had shorter latencies (p < 0.0001). Notably, our results demonstrated that spiking rates remained consistent, across different conditions.

Discussion: This near-normal single-unit activity suggests that the ABC wall has the potential to serve as an effective interface for neuromodulation. Additionally, the significant effects of location on our outcome measures indicates that, location-specific electrophysiologic signatures exist within the ABC wall, which could guide targeted stimulation strategies. Overall, this study underscores the need for further research into stimulation techniques targeting ABCs to facilitate recovery in stroke patients, as the ABC wall presents a promising opportunity for direct access to lesioned brain areas.
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1 Introduction

Stroke remains a pervasive and unresolved global challenge, causing severe impairments and significantly reducing the quality of life for patients and their surroundings (Miller et al., 2010; Donkor, 2018; Benjamin et al., 2019; Tsao et al., 2023). Annually, 12 million people are diagnosed with stroke (Feigin et al., 2021). While stroke-related fatalities have decreased, the aging population is projected to lead to a 27% increase in the number of individuals living with stroke by 2050 (Vos et al., 2020; Feigin et al., 2021). Consequently, substantial resources are being directed toward stroke research and treatment. Electric brain stimulation has proven realtively successful in diseases such as tremor, epilepsy and Parkinson's disease (Salanova et al., 2015; Mahlknecht et al., 2022; Denison and Morrell, 2022). As a result, current stroke research is exploring novel neuromodulation techniques to target the nervous system (e.g., electric stimulation of the vagus nerve, the motor cortex and the spinal cord) as a therapy (Buch et al., 2008; Levy et al., 2016; Dawson et al., 2016; Abbasi et al., 2021; Kimberley et al., 2018). Despite ongoing efforts, stroke impairments remain remarkably resistant to intervention. Clinical trials show that techniques such as repetitive transcranial magnetic stimulation (rTMS) and epidural cortical stimulation are not superior to traditional rehabilitation modalities such as physiotherapy (Hsu et al., 2012; Nowak et al., 2008; Levy et al., 2016). This resistance may primarily stem from a lack of specificity in targeting intricate shifts in neural dynamics within the affected areas (Ting et al., 2021; Ganguly et al., 2022). A more comprehensive understanding of stroke-induced neurophysiological changes will benefit current neuromodulation strategies (Dawson et al., 2024).

A majority of stroke studies primarily focus on broad changes around ischemic lesions at the hemisphere level and have significantly shaped our understanding of the pathology (Leonardi et al., 2022). For example, Ramanathan et al. showed that, after power loss, the regain of low-frequency oscillations in the motor cortex (M1) correlated with recovery (Ramanathan et al., 2018). However, as cerebral infarcts progress beyond the acute phase, they often leave behind cerebrospinal fluid (CSF)—containing lesions or abnormal brain cavities (ABC). This occurs in over 90% of cerebral infarcts (Moreau et al., 2012; Loos et al., 2012). Despite their growing prevalence, our understanding of these ABCs remains limited, likely due to challenges associated with accessing their complex surfaces or walls. In this study, we define the ABC wall as the tissue immediately surrounding the post-stroke cavity. This wall is characterized by gliotic transformation and possibly the presence of preserved neurons. The development of new flexible and highly compliant brain stimulation electrodes finally enable us to investigate ABCs more thoroughly (Zhao et al., 2023a,b; Hong and Lieber, 2019; Chung et al., 2019). Therefore, it is now time to gain deeper insight into the complex post-stroke changes in the ABC wall to better leverage the capabilities of these novel electrodes.

In this study, we aimed to identify the electrophysiological signatures of the ABC wall. We first developed a rat model of an iatrogenic abnormal brain cavity (ABC) by controlled aspiration of the forelimb area of the motor cortex. We then recorded local-field potentials (LFP), event-related potentials (ERP), and single-unit activity from multiple parts of the ABC wall under different conditions (various conditions of the injury). We show that following the injury the ABC wall underwent electrophysiological changes which were specific in time (condition) and space (ABC wall location).



2 Materials and methods


2.1 Animals

All animal work was approved by the KU Leuven Ethical Committee for Animal Experimentation under Belgian legislation (Royal Decree regarding the protection of laboratory animals of 29 May 2013) and European directive (2010/63/EU) (Project number: P124/2011 and P103/2021). We used male Sprague-Dawley (SD) rats (n = 23, 300–350 g; Charles River Laboratories, Germany) that were housed in pairs in a 14/10-h day/night cycle (lights off at 9 PM).



2.2 Experimental design

In this work we aimed to record and track electrophysiological changes resulting from an abnormal brain cavity (ABC). We first generated a functional map of the motor cortex (M1) to guide us in creating the ABC lesion (see Supplementary Figure S1 for details of this experiment). In this paragraph, we sketch the experimental design; further details are given in subsequent method sections. We first trained rats, over a period of 5 days, on a single-pellet reaching task to determine their dominant forelimb over 5 days (see Figures 1A, B) (Whishaw et al., 1992). Two days later, rats were anesthetized and we conducted electrophysiology session one (1), where we recorded from the healthy M1 (healthy condition) using a 32-channel silicon probe. We performed 10 probe penetrations at different M1 locations (see Figure 1C). In each location we recorded spontaneous neural activity and then event related potentials (ERPs) before proceeding to the next location. Following healthy condition recordings, we created the ABC at pre-determined coordinates (see Section 2.4. Motor cortex aspiration; see Figure 1C) and immediately repeated the spontaneous neural and ERP recordings in this acute condition in the same 10 penetration locations. After acute recordings we concluded session one and allowed animals to recover (see Figure 1A for timeline details). In session two (2), which was conducted seven days after session one, we recorded for the chronic condition. To do this we used the same 32-channel silicon probe to perform the same spontaneous and ERP activity recordings at the same penetration locations. At the end of session two rats were perfused for the purpose of histology (see Section 2.7 Perfusion and histology; Supplementary Figure S2).
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FIGURE 1
 Experimental design. (A) Timeline of the experimental procedure. Rats were trained to perform the pellet-reaching task in the first 5 days. We used this training to identify the dominant forelimb on day 5. On day 7, they underwent recording session 1 under ketamine anesthesia. During this session, we first recorded spontaneous neural activity (LFP and spikes) over 3 min and then event-related potential (ERP) over a 1 min period in the healthy motor cortex. We then induced the abnormal brain cavity (lesion) by aspirating parts of the motor cortex. Immediately after induction, recordings were repeated for the acute condition. After a 1 week recovery period, we repeated the recordings for the chronic condition (day 14). (B) Dominant forepaw was determined using a single-pellet reaching task. Rats were food-restricted and trained to retrieve food pellets through a narrow slit, ensuring the engagement of a preferred forelimb. (C) Recordings were performed using a 32-channel silicon probe. Stereotactic coordinates for probe penetrations are indicated on a virtual grid by four different symbols: star (medial), square (lateral), circle (anteroposterior), and diamond (base). Penetrations marked by the same symbol were later grouped as an ABC wall for further analysis. (D) Setup for a recording. Each recording session consisted of a 3 min LFP and spike recording, followed by a 1 min ERP recording. ERPs were elicited using a train of three electrical pulses (10 ms duration at 300 Hz, pulse duration: 100 μs), delivered at 1 Hz for a total of 60 trials. The cathode and anodes were placed in the flexor and extensor muscles of the dominant forepaw via custom-made needle electrodes. This figure is Created in BioRender (Kilic, 2025). (https://BioRender.com/u19amp5).




2.3 Surgery

We anesthetized rats with a ketamine/xylazine mixture (respectively, 100 mg/kg; Nimatek, Dechra, England, and 10 mg/kg; Domitor, Orion Pharma, Finland). We monitored anesthesia levels using the foot pich reflex and breathing rate and maintained anesthesia through regular ketamine/xylazine injections. We placed rats in a stereotactic frame (Stereotaxic-U frame, WPI) and exposed the skull to visualize the skull sutures. For the purpose of recording and creating the ABC we then created a craniotomy (anterior: 4 mm, posterior: −1 mm, lateral: 4.5 mm). To provide perioperative pain care, rats received an injection of lidocaine (1 ml; Xylocaine 2%, Aspen Pharma Trading Limited, Ireland) at incision sites. Furthermore, we administered a dose of meloxicam (2 mg/kg; Metacam, Boehringer Ingelheim, Germany) daily for 3 days post surgery. In non-recovery experiments, rats were either euthanized with an i.p. overdose of sodium pentobarbital (250 mg/kg; Dolethal, Vetoquinol, England) or perfused with intracardial formaldehyde (see Section 2.7. Perfusion and Histology).



2.4 Motor cortex aspiration

On the basis of the functional map (see Supplementary Figure S1), we created an iatrogenic ABC in the motor cortex contralateral to the dominant limb. To do this, we aspirated an area spanning 1.5–3 mm ML, 0.5–3 mm AP (relative to Bregma), and 1.5 mm depth (measured from the pial surface). For the aspiration, we used a 1 mm tipped blunt Fergusson suction cannula (B.Braun Melsungen AG) secured to a stereotactic microdrive and attached to a vacuum pump (HYVAC2, Central Instruments Corporation, USA).



2.5 Electrophysiology setup

Electrophysiological recordings were performed using a single-shank silicon probe with 32 channels spanning 1,550 μm (Model: E32+R-50-S1-L10 NT, Atlas Neuro, Leuven, Belgium). All electrodes on the probe were organized in one column. The probe was slowly lowered at a controlled rate of approximately 2 μm/s to a depth of 1,800 from the pial surface. We inserted a surgical bone screw through the skull to touch the CSF; this served as the recording reference. The entire setup was enclosed within a Faraday cage to reduce electric noise in the recording. Neural signals were amplified ( × 192), digitized (16 bit and 30 kHz sampling rate) and band-pass filtered (0.1–5 kHz) using a 32-channel low-noise amplifier (RHD recording headstage; Intan Technologies LLC, Los Angeles, CA) and the Open Ephys Acquisition Board (http://www.open-ephys.org/). The recordings were visualized using the Open Ephys GUI (https://open-ephys.github.io/gui-docs/) and stored on a hard drive for offline analysis.



2.6 Recording and stimulation

After inserting the recording probe into a target location (see Figure 1C), we first recorded spontaneous neural activity for 3 min. We used this 3 min recording for local field potential (LFP) and spiking analysis. We then proceeded to record event-related potentials (ERP). To induce ERP's we inserted custom-made needle electrodes into the flexor and extensor of the contralateral forelimb (see Figure 1D). We stimulated with biphasic pulses (1 mA, pulse width: 100 μs for each phase) at 300 Hz for a duration of 10 ms. We repeated this stimulation every second for 60 s. This resulted in a train of three pulses which caused a limb movement and a subsequent ERP every second, thereby giving a total of 60 ERP's per recording location. To deliver peripheral electric stimulation, the cathode and anode terminals of a current source (Model 2200; AM Systems, Sequim, WA) were connected to the needle electrodes in the flexor and extensor, respectively. The current source was driven by an analog signal generated by a data acquisition card (NI USB-6216, National Instruments, Austin, TX), which operated at a sampling rate of 30 kHz. The data acquisition card was controlled via a custom-written, Matlab 2021b (MathWorks, Natick, MA) based software. During recordings, anesthesia depth was kept constant by continuously monitoring and assessing respiratory rate and the foot-pinch reflex.



2.7 Perfusion and histology

At the end of the second recording session, rats were intracardially perfused with saline and 4% formaldehyde. Brains were then immersed in 4% formaldehyde (Sigma Aldrich, Merck, Germany) for 24 h. After this, they were embedded in paraffin, and coronal slices (5 μm thick) were cut and stained using the hematoxylin and eosin protocol (see Supplementary Figure S2).



2.8 Data processing and analysis
 
2.8.1 Local field potentials

For LFP analysis we bandpass filtered (0.5–250 Hz) data from the 3 min spontaneous recordings (see Section 2.6 Recording and stimulation) using a zero-phase, second-order Butterworth filter. To compute spectral power, we applied a short-time Fourier transform using a Hann window of five seconds with 50% overlap. Within predefined frequency bands: delta (0.5–4 Hz), theta (4–7 Hz), alpha (7–13 Hz), beta (13–30 Hz), low-gamma (30–60 Hz), and high-gamma (60–90 Hz) the acquired frequency components were averaged to get band power (Berens et al., 2008; Colgin, 2016; Nayak and Anilkumar, 2023). For each penetration location (see Figure 1C) we repeated this procedure for all 32 recording channels. We then averaged the band power (separately for each band) across all 32 channels to get the power for that specific penetration location.



2.8.2 Event-related potentials

For ERP analysis we used a zero-phase, second-order Butterworth filter to bandpass filter (1–300 Hz) the recorded ERP data (see Section 2.6 Recording and stimulation). For each of the 32 recording channels we averaged all 60 epochs to get one channel average. We ensured this channel average centered around zero by subtracting the channel average from each of the 60 ERP's. We then averaged all 32 channel averages to get a grand average ERP which represented that recording location. To determine peak-to-peak amplitude and latency, we first identified the trough within the first 50 ms following stimulation onset. The subsequent ERP peak was then identified within the 50–80 ms window from stimulation onset. The zero to trough amplitude was then calculated as the absolute difference between these two values. We defined latency as the time at which the ERP trough occurred (see Figure 2B).
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FIGURE 2
 Event-related potentials (ERP) across conditions. (A). Top Individual example of an average forelimb movement in response to peripheral electrical stimulation, recorded via an accelerometer. Gray vertical line marks the stimulation onset (time 0); epoch duration is 1 second. Bottom individual grand average ERP waveforms for healthy (blue), acute (orange) and chronic (yellow) conditions (across 60 epochs and 32 channels). (B). Extraction of ERP amplitude and latency An example grand average ERP showing the extraction of the latency (red dot) and the amplitude (vertical line) (amplitude, 287.8 μV and latency, 42 ms) within the 0–50 ms post stimulation window. (C) Mean ERP latency across conditions. (D) Mean ERP amplitude across recording locations and conditions. In (C, D), gray dots represent individual data points; error bars indicate 95% confidence intervals, Significance was assessed using linear-mixed effect models followed by post hoc pairwise comparisons with Tukey correction (12 total). Asterisks indicate significance; **p < 0.01, *** <0.001.




2.8.3 Action potentials

For spike sorting we first bandpass filtered (300–3,000 Hz) the 3 min spontaneous recording (see Section 2.6 Recording and stimulation) using a zero-phase second-order Butterworth filter which we then fed to Spyking Circus (https://spyking-circus.readthedocs.io/en/latest/#). Via a series of automatic steps Spyking Circus detected action potentials and clustered them on the basis of spike features, spike timing as well as spike spatial position (Yger et al., 2018). Following this automatic sorting, we manually curated clusters to get well isolated units. To do this we checked whether cluster waveforms resembled spike waveforms and ensured the cluster had a clear refractory period. We further ensured spike shape had little variability (Hill et al., 2011). We took all clusters that survived this manual curation as putative single units and did not further split them on the basis of waveform characteristics (e.g., fast- and regular-spiking neurons). For each putative single unit, we extracted spike times and then computed its firing rate by dividing the number of spikes over the length of the recording. For statistical analysis all single units were grouped per recording location (one of the ten recording positions).




2.9 Statistics

Our data contains repeated measurements for each animal and recording site separately. This design creates dependence and correlation between some observations. To address this we applied linear and generalized linear mixed models (Yu et al., 2022). We fitted models for LFP power spectral density (PSD), ERP amplitude and latency, as well as spike rate. Before fitting the models, we visually inspected data distributions, performed goodness-of-fit tests, and examined quantile-quantile plots for residuals to ensure model assumptions were met. When necessary, data transformations were applied to improve normality and homoscedasticity.

For PSD, the data were log-transformed for better goodness-of-fit, and we fitted an LMM with condition (healthy, acute, chronic) and location (medial, lateral, base, anteroposterior) as fixed effects and random intercepts for individual animals [Power ~ Condition × Location + (1 | Rat)]. A separate model was fitted for each frequency band. For ERP data, separate LMMs were fitted for amplitude [Amplitude ~ Condition × Location + (1 | Rat)] and latency [Latency ~ Condition × Location + (1 | Rat)] with amplitude values log-transformed to improve normality, while latency remained untransformed. Because spiking data is discrete we used a GLMM. We chose the gamma family distribution based on visual inspection and goodness-of-fit tests. We then used the same fixed and random effects structure as for the LFP and ERP analyses [Spike Rate ~ Condition × Location + (1 | Rat)].

Chi-square tests were performed on all model outputs to assess the significance of fixed effects. Post-hoc comparisons were conducted for three conditions (healthy, acute, chronic) and four locations (medial, lateral, base, anteroposterior), resulting in 12 comparisons. Tukey's honestly significant difference (HSD) test was applied to correct for multiple comparisons across these 12 conditions. All statistical analyses were performed in RStudio [R version: 4.2.3 (2023-03-15); RStudio version: 2023.03.0 + 386, Posit Software, PBC].




3 Results

In this study, we aimed to understand location-specific electrophysiological adaptations within the ABC wall. Using an anesthetized rat model, we induced an iatrogenic ABC and compared neural dynamics across three conditions: pre-lesion (healthy), immediate post-lesion (acute), and late post-lesion (chronic).


3.1 Band power significantly decreases in acute and chronic ABC walls

We used LMM to measure the effect of condition and location on the band power extracted from the 3 min spontaneous recordings. Firstly, our analysis revealed a significant effect of condition on the power of individual frequency bands (see Table 1 for Statistics). Pairwise comparisons showed a significant decrease in band power across all frequencies from healthy to acute conditions (see Table 2 for Statistics). With the exception of the high gamma band (p = 0.06), all bands showed a further decrease in power from the acute to chronic condition (see Table 2 for Statistics) (see Figure 3A).


TABLE 1 Main effects on band power differences.

[image: Table 1]


TABLE 2 Pairwise comparisons of LFP band power by conditions.
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FIGURE 3
 Changes in LFP band power across different locations and conditions. (A) Left Individual example of power spectral density (PSD) across healthy (blue), acute (orange) and chronic (yellow) conditions. Log transformation was used to visualize all frequency bands on a unified scale. Right Normalized change in power (%) relative to healthy condition calculated as (condition-healthy) / healthy * 100. (B) Bar plots show mean power for all frequency band across recording locations and conditions (healthy, acute, chronic). Color coding is consistent across plots, as the legend indicates (top right-panel B). Gray dots represent individual data points; error bars indicate 95% confidence intervals. Significance was assessed using linear mixed-effect models, followed by post-hoc pairwise comparisons with Tukey correction (12 total). Asterisks indicate significance levels: * <0.05, ** <0.01, *** <0.001. (C) Heatmaps show absolute differences [in decibels (dB)] in power between conditions: healthy to acute, acute to chronic, and healthy to chronic. Red shades represent greater power decreases, while blue shades indicate smaller decreases. White areas indicate power increases from acute to chronic. Log transformation was used to enable consistent color representation across conditions.


Our analysis revealed significant effects of condition on band power as well as distinct patterns of power alterations at different locations during various phases of the ABC wall (see Figure 3B). The power decrease from the healthy to acute condition did not show location-specific patterns, whereas the transition from acute to chronic displayed variations that depended on the recording site.Particularly in the lateral wall, band power was preserved in the chronic phase (see Table 2 for statistics), unlike other walls where power continued to decline in the low-frequency bands (delta, theta, and alpha) (see Table 3 for Statistics). We further measured the main effect of location on power, identifying significant differences in the alpha and beta frequency bands (p = 0.04 and p = 0.01, respectively) (see Figure 3C). These results suggest that band power, is differentially modulated across distinct regions of the ABC wall and varies with both the phase and the specific location of the recordings.


TABLE 3 Post hoc comparisons of band power by condition and location.
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3.2 ERP amplitude and latency vary across ABC phases

We investigated changes in the amplitude and latency of ERPs using LMMs. First, we measured the main effect of location and condition on ERP amplitudes. Our results indicate that the condition is a significant predictor of the amplitude of ERP's in the ABC wall (p < 0.0001). Pairwise comparisons revealed significant ERP amplitude differences between the healthy and acute conditions (p = 0.001) as well as the acute and chronic conditions (p = 0.007) (see Figure 2). Notably, ERP amplitudes in healthy and chronic ABC walls did not differ (p = 0.75), suggesting a rebound of ERP amplitude in the chronic phase. In addition to condition, location emerged as a significant factor affecting ERP amplitudes (p < 0.0001). Post-hoc analysis revealed that ERP amplitudes in the lateral wall differed significantly from those in other regions (lateral vs. medial wall p < 0.001; lateral vs. anteroposterior p < 0.001; lateral vs. base p < 0.01). (see Table 4 for Statistics). However, no significant differences were found between locations along the same sagittal plane (see Table 4 for Statistics). These findings suggest that both condition and location play crucial roles in shaping ERP responses, with the lateral wall of the ABC showing distinct amplitude patterns compared to other regions.


TABLE 4 Post Hoc comparisons of ERP amplitudes across locations.
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Second, we assessed the effects of condition and location on the average latency of ERPs. Our LMM analysis identified that condition was a significant predictor of latency variations (p < 0.0001). Pairwise comparisons revealed that ERP latencies were significantly shorter (see Figure 2C); this change only occurred during the transition to the chronic condition [healthy to chronic conditions (p = 0.0001) and acute to chronic conditions (p = 0.02)]. In contrast, no significant latency changes were observed from the healthy to the acute phase (p = 0.27), indicating that latency decrease was a late onset phenomenon. Similarly, location significantly influenced latency (p = 0.01) as the main effect. However, post-hoc comparisons showed no significant differences between specific locations.



3.3 Single-unit firing is preserved in the ABC wall

We investigated the changes in the firing rates of the remaining units in the cavity wall. After spike sorting, we obtained 258 single units from 10 penetrations in 11 rats in healthy conditions, whereas we obtained 135 and 127 single units in the acute and chronic conditions, respectively (see Figures 4A, B). The GLMM revealed that the condition had a significant effect on the spike rate (p < 0.001). Location alone, however, did not significantly affect spike rates (p = 0.1); however, the interaction between condition and location did (p = 0.003). This suggests that some locations may exhibit condition-dependent changes in firing rate that are not evident when considering location as an isolated factor. Notably, however, pairwise comparisons in the post-hoc analysis did not detect significant differences in spike rates during the transitions from healthy to acute or acute to chronic, thereby implying spike rate changes may have been subtle (see Figure 4C).
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FIGURE 4
 Spiking activity across conditions. (A) Individual example of filtered (300–3,000 Hz) neural recordings from healthy, acute and chronic conditions. (B) Autocorrelograms of randomly selected single units in different conditions, illustrating a clear refractory period. (C) Mean spike rate across recording locations (ABC wall) and conditions. Spike rate data were anlayzed using a generalized linear mixed-effect model followed by post hoc pairwise comparisons. Multiple comparisons were corrected by Tukey −12 times. Average spike waveforms for each condition and location are shown as inserts above the bar plots to illustrate typical unit shape. Shading around the waveforms are standard deviation. Gray dots represent individual data points; error bars show 95% confidence intervals. Color code is consistent across panels, as shown top-right.





4 Discussion

As the survival rate of stroke increases, more people live with abnormal brain cavities (ABCs). Until recently, accessing and studying these ABCs was challenging due to limitations in electrode flexibility and material compatibility (Zhao et al., 2023a,b; Hong and Lieber, 2019; Chung et al., 2019). In this study, we conduct the first exploration of the electrophysiological signatures of the ABC wall, thereby paving the way for advancements in electrophysiologically informed ABC wall neuromodulation in the future. We used an anesthetized rat model to investigate changes in local field potentials (LFPs), event-related potentials (ERPs), and spiking activity which enabled us to identify location-specific changes in the ABC wall across conditions.

Three outcomes of our spectral analysis are of note. Firstly, in the acute condition power decreased across the line for all frequency bands and wall locations. Since power reflects the synchronous activity of large neural populations (Gallego-Carracedo et al., 2022; Lindén et al., 2011), this power loss may indicate a dissociation within the motor cortex due to the presence of the ABC (Herreras, 2016). This power reduction was also shown in earlier stroke studies and was correlated with behavioral recovery in rodents (Rabiller et al., 2015; Ramanathan et al., 2018). This similarity of results implies that changes in neural processes can be identified without active behavior. This could be valuable for human application as ABC neurophysiology under anesthesia easily translates to stroke electrophysiology in awake experiments. Secondly, as the injury progressed from the acute to the chronic condition power in the lower bands (delta, theta, alpha) further decreased while in the higher bands (beta, high and low gamma) they stabilized. It is known that, field potentials in higher bands tend to have larger contributions of spiking activity (Buzsáki et al., 2012). As we showed in the results (see Figure 4C and Section 3.3 Single-unit firing is preserved in the ABC wall) and will discuss later on, there was a rebound of spiking activity after a decrease in the acute condition. This implies that where power in lower bands decreased over time, the contribution of spiking activity in higher power bands may have stabilized the power in these bands. Lastly, while power changes in the frequency bands (alpha and beta) were location specific this was not the case for bands below alpha where changes were similar across locations. Lower frequencies can generally carry larger distances than higher frequencies (Herreras, 2016). As a result higher frequency changes in a specific wall are more likely to remain localized whereas lower band changes can more easily become mixed over distances. Notably, alpha and beta band activities are bound to the state of the motor system. During motor dormancy both bands are dominant with beta showing transient bursts. However, upon movement initiation both are suppressed (Fransen et al., 2016; Rule et al., 2018; Feingold et al., 2015). These frequency bands may thus have been particularly vulnerable to the lesion. The location-specific effects may thus reflect the functional specialization of the bands in M1, where distinct regions contribute differently to oscillatory dynamics associated with motor function.

We further investigated the characteristics (amplitude and latency) of generated ERPs to assess ABC-related changes in motor cortex communication with the somatosensory cortex (Hatsopoulos and Suminski, 2011; Kunori and Takashima, 2016; Hishinuma et al., 2019). Compared to the healthy condition ERP amplitudes showed a marked reduction in the acute condition. From the acute to the chronic condition, the amplitudes rebounded, thereby effectively annulling the reduction in the acute condition. Since neurons are directly responsible for ERP generation (Roy et al., 2011), this acute reduction may be the direct result of neuron loss, where fewer neurons contribute to the ERP. Alternatively, connections with ERP-generating regions (e.g., corticocortical or thalamic projections) may have been disrupted (Kunori and Takashima, 2016; An et al., 2014; Fukui et al., 2020). The recovery of the ERP amplitude does imply neuron loss is the more likely explanation. From this perspective, preserved neurons—which were rendered unresponsive (e.g., due to swelling)—recovered and contributed to ERP amplitude rebound. Nevertheless, disrupted projections cannot be ruled out. As we will further argue later, hyperactivity is a common feature of brain damage; this hyperactivity has the potential to mask the effects of connection losses. Notably, ERP latencies were significantly shorter in the chronic condition. A simple recovery of unresponsive neurons alone could not explain this change in ERP latency. However, recovery combined with hyperactivity could explain how an uninhibited cortex would respond much faster than otherwise.

Similarly, spiking activity followed the ERP trend. In acute conditions, the spiking rate was reduced. However, this activity rebounded in the chronic condition. This rebound could be attributed to single units recovering in the seven days before the chronic condition recordings. This trend—which mirrored the ERP—was only obvious in the main analysis and did not survive post-hoc testing. This implies that the effects were more subtle at the single unit level. Importantly, our model necessitated that we removed electrodes in between conditions. As such, we were unable to track single units across conditions; rather, we pooled neural activity together within conditions and locations. Secondly, for our model, we removed the upper cortical layers. Lower cortical layers have higher firing rates (Rostami et al., 2024; Dura-Bernal et al., 2023; Quiquempoix et al., 2018); this, combined with the pooling, means the rebound could be a result of biased sampling where high rate units were overrepresented in the chronic condition as compared to the healthy. However, this biased sampling would also have occurred in the acute condition. Therefore, a plausible explanation of the rebound in spiking as well as in ERP activity is that preserved neurons recovered over the seven-day period between the first and second recording sessions.

Hyperexcitability tends to occur as a response to brain damage. For example, in stroke as well as traumatic brain injury, the balance between excitation and inhibition shifts more toward excitation (Luhmann et al., 1995; Neumann-Haefelin et al., 1995; Qü et al., 1998; Carron et al., 2016; Kim et al., 2014). This implies that excitatory neurons become more dominant in the cortex. Inhibitory neurons are innately more sensitive to deprivation of nutrients and oxygen (Zhang et al., 2008; Wang, 2003; Povysheva et al., 2019). Additionally, their influence on the network could be reduced as a result of a general loss of connections. In this first-ever exploration of the ABC wall, we did not separate single units on the basis of neural identity (e.g., fast- or regular spiking). As the technology to modulate these ABCs further develops, future studies can focus on the excitation-inhibition (E/I) balance question to leverage new insights for more effective neuromodulation.

In the current study, we used an anesthetized rodent model to focus on the walls of the ABC as a potential target for neuromodulation. To this end, we created a model (by aspiration) and tracked changes over a one-week period. This allowed us to create lesions in a consistent and replicable fashion and to record from comparable locations across conditions and subjects. Ischemic strokes cause widespread brain-blood-barrier damage with reperfusion, further exacerbating vascular damage through oxidative stress and inflammation. The vascular damage prompts long-term vascular remodeling over a period of months, which may support recovery (Jickling et al., 2014). This remodeling may be locally disrupted, maladaptive, and can lead to seizures (Dash et al., 2025; Goodman et al., 2023). Furthermore, ischemic stroke triggers robust inflammatory responses leading to secondary neurodegeneration, which extends beyond the lesion site (Jayaraj et al., 2019). Our aspiration model also caused local vascular damage and likely inflammatory responses, however, we did not assess these particular adaptations and note that there are very likely differences in damage caused, vascular remodeling and immune responses compared to an ischemic stroke.

The ketamine anesthetized cortex shows differences from the awake cortex. For example, Schroeder et al. showed that somatosensory integration is inhibited in primates (Schroeder et al., 2016). Further, Ordek et al. analyzed ECOG recordings and showed an increased correlation between neighboring electrodes in rats (Ordek et al., 2013). In the current study, as we recorded under ketamine anesthesia, we may expect differences with awake neural activity. In this study, all recordings were conducted under the same anesthesia. As such, the results between conditions can be compared with one another. Additionally, Dimitriadis et al. found that field potential propagation patterns were unaffected, and Schroeder et al. similarly observed conserved evoked potentials in the somatosensory cortex (Dimitriadis et al., 2014a,b; Schroeder et al., 2016). Our results also matched with some awake ischemic stroke studies. Ramanathan et al. reported that power decreased following stroke and showed rebound, which correlated with behavior (Ramanathan et al., 2018). This implies that, despite differences due to the anesthesia, our model remains valid in the stroke context.
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effects of condition and location in linear mixed-effects models (LMER), applied separately to
local field potential (LEP) power in each frequency band. NS, not significant.





OPS/images/fnins-19-1565255-t002.jpg
Frequency Healthy vs. acute Acute vs. chronic Healthy vs. chronic

bands

p-value 4 SE p-value s p-value
Delta 0.28 0.16 <0.0001 0.96 0.17 <0.0001 1.79 0.17 <0.0001
Theta 0.88 0.14 <0.0001 0.94 0.16 <0.0001 1.82 0.16 <0.0001
Alpha 0.92 0.14 <0.0001 0.76 0.15 <0.0001 1.69 0.14 <0.0001
Beta 0.99 0.15 <0.0001 048 0.17 0.01 148 0.17 <0.0001
Low gamma 0.92 0.14 <0.0001 0.42 0.16 0.02 134 0.16 <0.0001
High gamma 1.02 0.13 <0.0001 035 0.15 NS (0.06) 137 0.15 <0.0001

Estimated marginal means (Est.), standard errors (SE), and p-values are reported for post hoc pairwise comparisons between conditions (Healthy vs. Acute, Acute vs. Chronic, and Healthy vs.
Chronic) following linear mixed-effects models. p-values were adjusted using Tukey’s method for 12 multiple comparisons. NS: not significant.
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L-gamma 113 028 <0.001 029 031 NS (0.61) 143 031 <0.0001
H-gamma 129 027 <0.0001 02 03 NS (0.76) 15 030 <0.0001
Anteroposterior | Delta 078 032 0.04 L11 035 0.01 1.89 035 <0.0001
vl Theta 0.82 03 0.01 113 032 <0.01 1.95 032 <0.0001
Alpha 0.87 029 0.01 0.94 031 0.01 181 031 <0.0001
Beta 0.92 031 0.01 055 033 NS (0.23) 148 034 0.0001
L-gamma 0.87 029 0.01 041 031 NS (0.39) 129 032 <0.001
H-gamma 107 028 <0.001 032 03 NS (0.53) 14 03 <0.0001
Lateral wall Delta 0.98 031 0.01 072 035 NS (0.1) 17 034 <0.0001
Theta 0.88 029 0.01 0.69 032 NS (0.08) 157 032 <0.0001
Alpha 0.82 028 0.01 0.64 031 NS (0.1) 0.46 031 <0.0001
Beta 0.76 03 0.04 061 033 NS (0.17) 137 033 <0.001
L-gamma 072 028 0.03 07 03 NS (0.06) 142 031 0.0001
H-gamma 075 027 0.01 07 03 NS (0.05) 145 03 <0.0001

Estimated marginal means (Est.), standard errors (SE), and p-valus are reported for pairwise comparisons between conditions (Healthy vs. Acute, Acute vs. Chronic, and Healthy vs. Chronic)
across different cortical wall regions (medial, base, anteroposterior, and lateral). p-values were adjusted using Tukey’s method for multiple comparisons (12 total). NS, not significant.
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Contrast (Location vs.

location)

Antero-posterior vs. base —022 | 02 | NS(p=068)
Antero-posterior vs. lateral —091 | 02 | p<0001
Antero-posterior vs. medial 039 | 02 | NS(p=022)
Base vs. lateral —0.68 | 02 p <001
Base vs. medial 0.62 0.2 p <005
Lateral vs. medial 13 0.2 p <0.0001

Estimated marginal means (Est), standard errors (SE), and p-values are reported for

pairwise comparisons of ERP amplitudes across locations. Values represent condition-
adjusted differences derived from an LMM with condition and location as a fixed effect.
p-values were corrected using Tukey’s method for 12 comparisons.
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