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OPEN A high-density multi-electrode

platform examining the effects
of radiation on in vitro cortical
networks

Megan Boucher-Routhier?, Janos Szanto?, Vimoj Nair? & Jean-Philippe Thivierge***

Radiation therapy and stereotactic radiosurgery are common treatments for brain malignancies.
However, the impact of radiation on underlying neuronal circuits is poorly understood. In the
prefrontal cortex (PFC), neurons communicate via action potentials that control cognitive processes,
thus it is important to understand the impact of radiation on these circuits. Here we present a novel
protocol to investigate the effect of radiation on the activity and survival of PFC networks in vitro.
Escalating doses of radiation were applied to PFC slices using a robotic radiosurgery platform at a
standard dose rate of 10 Gy/min. High-density multielectrode array recordings of radiated slices
were collected to capture extracellular activity across 4,096 channels. Radiated slices showed an
increase in firing rate, functional connectivity, and complexity. Graph-theoretic measures of functional
connectivity were altered following radiation. These results were compared to pharmacologically
induced epileptic slices where neural complexity was markedly elevated, and functional connections
were strong but remained spatially focused. Finally, propidium iodide staining revealed a dose-
dependent effect of radiation on apoptosis. These findings provide a novel assay to investigate the
impacts of clinically relevant doses of radiation on brain circuits and highlight the acute effects of
escalating radiation doses on PFC neurons.
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Radiation therapy and stereotactic radiosurgery are increasingly used to treat conditions such as primary and
metastatic brain tumors, trigeminal neuralgia and intractable epilepsy" 2. Despite their widespread use, the
effects of radiation on surviving neuronal networks remain poorly understood®. Radiation can produce brain
injuries that occur on different timescales following treatment. Acute radiation-induced injuries typically occur
within days of radiation, whereas early delayed injuries occur within one to six months post-radiation, and late
delayed injuries occur over 6 months post-radiation® *. Radiation-induced brain injuries have been associated
with several cognitive impairments such as memory, attention, and executive function deficits, as well as reduced
processing speed, which can occasionally progress to dementia®*°. These injuries appear to be dose-dependent,
whereby patients who receive higher doses tend to have worse long-term outcomes®.

Radiation-induced brain injuries are thought to be caused by a combination of cell death and dysfunction in
surviving brain cells. Previous literature examining acute and early delayed effects of radiation has established that
irradiated neurons show significantly increased firing rates*°, changes in synaptic morphology?’, and inhibited
synaptic function and plasticity including deficits in long-term potentiation®®. Larger doses of radiation (> 60 Gy)
in the primary visual cortex of Gottingen minipigs have also shown significant decreases in firing rate 6-months
post-radiation suggesting distinct effects in acute compared to late delayed radiation-induced brain injuries®.

Past research has primarily focused on the impact of radiation on the hippocampus due to its association
with memory impairments. However, more recent work has highlighted the importance of studying other brain
regions such as the prefrontal cortex (PFC). The PFC is a key region of interest because it is responsible for
several important functions including executive function, decision-making, and working memory®. Neurons
located within the PFC communicate with one another and with adjacent sensory, motor, and subcortical regions
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through precisely-timed action potentials that are impacted by radiation therapy* '°. Further, the PFC has close
functional connections with the hippocampus through a direct monosynaptic pathway that originates in the
cornu ammonis 1 (CA1)/subiculum fields of the hippocampus and projects to the prelimbic and medial orbital
areas of the PFC*'!. Thus, the PFC is a major contributor to inter-regional hippocampal communication and a
region of central importance in understanding cognitive impairments following radiation® %

Large-scale, high-density multi-electrode arrays (hd-MEAs) are gaining widespread interest as a tool to moni-
tor brain networks in vitro'. Because of their ability to record from broad networks at high spatial and temporal
resolution, hd-MEAs offer a middle ground between single-cell recordings and very large-scale neural activity
obtained with electrocorticograms or electroencephalograms. State-of-the-art hd-MEAs can monitor thousands
of neurons simultaneously at sufficient temporal resolution to isolate individual action potentials, providing a
rich insight into patterns of network activity during both healthy and altered cortical states'*.

In this work, a novel assay was developed where hd-MEAs were employed to monitor the neuronal activity
of in vitro PFC slices following radiation, with a focus on acute radiation-induced dysfunction. To the best of
our knowledge, this is the first time that any MEA technology has been used to study the impacts of therapeu-
tic doses of radiation on in vitro PFC circuits. Various markers were designed to quantify changes in network
dynamics and apoptosis, including population firing rates, functional connectivity, graph-theoretic measures,
and neural complexity. Comparisons of these markers between radiation and pharmacologically induced epi-
leptiform activity revealed a distinct signature of radiation-induced changes in network function. These results
suggest that hd-MEAs constitute a novel and viable assay to investigate the impact of clinically relevant doses of
radiation'® ' on neuronal dysfunction and apoptosis.

Results

Irradiated brain slices reveal changes in cortical population activity

Neuronal activity recorded on the hd-MEA was characterized by sharp deflections in voltage at individual chan-
nels, indicative of multi-unit spikes amongst clusters of neurons in the vicinity of the electrodes (Fig. 1A). These
deflections were detected by application of a threshold below the mean of the voltage (see "Methods"). The rate
of neural activity at individual channels was computed as the average number of a pronounced increase in firing
rate was observed following PE treatment (mean rate of 2.25 Hz compared to a baseline firing rate of 0.09 Hz,
p=4.9558e—-39). Further work characterizing epileptiform activity in terms of propagating waves can be found
elsewhere!’. These results show that radiation-induced changes in neuronal activity remained markedly lower
than epileptiform activity.

Threshold-crossing events per second and stored as rasters for offline analysis. These rasters revealed an
increase in activity among radiated slices compared to controls (Fig. 1B). A dose of 20 Gy radiation yielded
a statistically reliable increase in mean firing rate compared to sham radiation (Wilcoxon rank sum test,
Pp=2.4546e-27), as did 50 Gy (p=7.2954e-05) and 100 Gy (p =0.0028935). Examples of individual rasters are
shown in Fig. 1C, where individual dots identify the times and channels where these events occurred.

Probing alterations in functional connectivity

Next, we examined functional connectivity amongst cortical neurons by computing correlations between all pairs
of channels on the hd-MEA (Fig. 2A, B). Functional connectivity is indicative of the communication amongst
populations of neurons and is known to fluctuate in disease states'® %221, To facilitate the interpretation of
functional networks, a cut-off of r=0.2 was applied to reject lower correlations amongst pairs of channels.

Two markers of functional connectivity were examined, namely the strength and the number of functional
connections across conditions. The strength of functional connectivity following radiation was higher than con-
trols across all doses of radiation delivered to the PFC slices (Fig. 2C). Functional connections were significantly
stronger than controls for 50 Gy (p =0.0014797) but did not reach statistical significance for 20 Gy (p=0.08826)
or 100 Gy (p=0.16837). Despite variability across conditions, the overall impact of radiation was an increase
in the strength of functional connections across PFC networks, indicative of greater synchronization amongst
neurons.

In radiated slices, the number of functional connections showed a dose-dependent response, with higher
doses yielding more abundant connections than lower doses (Fig. 2D). The number of functional connections
was higher than controls for 20 Gy (p=3.3951e-07), 50 Gy (p=2.2621e-11) and 100 Gy (p=1.9287e-19).
Thus, radiation impacted PFC functional connectivity by increasing the density of connections amongst pairs
of channels on the array.

These results were compared to networks that received PE treatment (Fig. 2B). The mean strength of func-
tional connectivity was markedly higher in PE compared to radiated slices (20 Gy: p=9.543e—14; 50 Gy:
p=1.4247e-13; 100 Gy: p=3.3604e—11), suggesting an increase in synchrony during PE activity. Conversely,
the number of functional connections was lower in PE compared to radiated slices (20 Gy: p=1.3018e—40;
50 Gy: p=2.6966e-39; 100 Gy: p=3.578e—39). The lower number of connections obtained under PE treat-
ment is explained by epileptiform activity yielding functional interactions that are focused on a small group of
neurons within the broader population recorded on the array (Fig. 2B). Indeed, seizure-like events observed
under PE are characterized by a spatially-focused propagation of strong and repeatable patterns of activity'’. In
sum, radiation induced more abundant functional connections amongst PFC neurons. These results are distinct
from epileptiform activity, where strong connections are present but are much sparser due to spatially focused
epileptiform propagation across the array.
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Fig. 1. Neuronal activity in populations of prefrontal cortical neurons. (A) Left, example of PFC slice placement
on the hd-MEA. Right, multiunit spike (identified by an asterisk “*”) extracted from voltage deflections
identified at an individual channel. (B) Mean firing rate of prefrontal cortical neurons across various conditions.
C=control slices for the radiation treatment; BL = baseline in the PE condition; 20-100 Gy =radiation
conditions; EP =epileptiform activity. *indicates statistical significance at p <0.01. (C) Rasters of activity show
spikes across whole populations of neurons following graded doses of radiation or perfusion of pro-epileptiform
solution. Peri-stimulus time histogram underneath each raster shows summated activity using a 500 ms rolling
window.

Graph-theoretic measures of functional networks

Functional networks were further characterized by examining five graph-theoretic metrics, namely modularity,
global efficiency, local efficiency, assortativity, and transitivity*>. The modularity of a network reflects the extent
to which nodes may be divided into non-overlapping modules, where nodes within a module share a high
number of connections. Relative to baseline networks, epileptiform (EP) networks attained lower modularity
(p=8.6735¢-28) (Fig. 3A). A lower dose of radiation (20 Gy) yielded a moderate increase in modularity relative
to controls (p=2.2264e-08), but no effect was found at higher doses (50 Gy and 100 Gy). Hence, epileptiform
activity decreased the modularity of functional networks, but no reliable alteration was found across radiated
networks.

The global efficiency of functional networks computes the average of inverse shortest paths between nodes.
Networks where only a few connections need to be traversed between pairs of nodes have a high global efficiency.
We found high global efficiency in functional networks following radiation (20 Gy: p=1.4813e-20; 50 Gy:
Pp=3.3595e-26; 100 Gy: p=5.9097¢-28) (Fig. 3B). This effect was not replicated in EP networks, where global
efficiency remained low. We reasoned that this result may be due to EP networks occupying a delimited region
on the array (Fig. 2B). To control for this effect, we computed local efficiency, which measures the connections
around individual connected nodes. Local efficiency yielded a significant increase in EP networks relative to
baseline (p=1.4638e—-30), consistent with the idea that EP increases local efficiency around. Individual nodes
participating in epileptiform activity (Fig. 3B). Local efficiency was also increased in radiated networks (20 Gy:
p=1.4651e-08; 50 Gy: p =4.1548e—12; 100 Gy: p=4.8439e—14).
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Fig. 2. Functional connectivity of cortical networks. Radiation (A). Perfusion of a pro-epileptiform (PE)
solution (B). Mean strength (C) and number of functional connections exceeding a pre-defined threshold (D).
Asterisks (“*”) indicate significance at p <0.01 (Wilcoxon rank sum test).
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Fig. 3. Graph-theoretic properties of functional connectivity. Modularity (A), global and local efficiency (B),
assortativity (C), and transitivity (D) were computed across experimental conditions. A cartoon illustration of
each measure is shown above figures.
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Network assortativity determines the extent to which pairs of nodes that are connected together have a
similar number of connections (technically termed the degree of a node) to other nodes in the network. As an
illustration, Fig. 3C shows two nodes that have the same number of connections, and hence high assortativity.
We found a decrease in assortativity in radiated networks (20 Gy: p=6.0098e—16; 50 Gy: p =3.5354e—12; 100 Gy:
Pp=6.4025e—14), but no reliable change for EP networks.

The transitivity of a network measures the extent to which pairs of nodes that are connected together also
share a common neighbor. Visually, functional networks with high transitivity show closed triangles between tri-
ples of nodes (Fig. 3D). We found a moderate decrease in transitivity for radiated slices relative to controls (20 Gy:
P =5.7301e-07; 50 Gy: p=1.6429e—08; 100 Gy: p=1.0579¢e—07). No such effect was reported for EP networks.

Taken together, graph-theoretic measures of functional networks revealed different classes of metrics, where
some metrics are preferentially altered in radiated networks (global efficiency, assortativity, and transitivity),
while others are altered more specifically in EP networks (modularity) or for both radiation and EP (local effi-
ciency). These measures of functional connectivity open a potentially rich field of investigation into network-level
alterations under a variety of neuronal states and conditions.

Global synchronization

To examine alterations in synchronization induced by radiation and PE, we began by temporally averaging
spike rasters using a 500 ms rolling window, then computed the peri-stimulus time histogram (PSTH) by sum-
ming activity across channels. Next, we calculated the correlation between spikes at individual channels and the
PSTH (Fig. 4A). A high correlation is indicative of global synchronization between each neuron and fluctua-
tions in population activity. Overall, high radiation (100 Gy) significantly increased synchronization (Fig. 4B)
(p=0.00022411), but not lower doses (20 Gy: p=0.22818; 50 Gy: p=0.11252). Global synchronization increased
only marginally in EP networks (p =0.018383), for two probable reasons. First, periods of epileptiform activity
are interspersed by intervals of quiescent activity with no marked synchrony'’. Second, epileptiform activity
remained spatially delimited (Fig. 2B), thus limiting global synchronization. Comparable results were obtained
when lowering the rolling window to 250 ms (Fig. 4C). Thus, an increase in global synchronization was obtained
with high radiation doses and did not emerge from lower radiation doses or epileptiform activity.
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Fig. 4. Alterations in global synchronization. (A) Synchronization is computed by the correlation between
spikes at individual channels (top) and the PSTH obtained by summing all neurons in the population after
averaging with a rolling temporal window. (B-C) Mean synchronization across conditions using a rolling
window of 500 ms or 250 ms.
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Dynamical complexity of population activity

The complexity of population activity was examined in both radiated and PE slices, indicative of the number of
factors required to capture the neuronal data?*2*2>2¢ The complexity of radiated slices was higher than controls
across all doses of radiation delivered to PFC (Fig. 5A). Complexity was significantly higher than controls for
20 Gy (p=1.0116e-15), 50 Gy (p=3.316e-20), and 100 Gy (p1.0041e—17). Thus, radiation reliably increased the
complexity of neural data recorded on the hd-MEA

This result was compared to the effect of PE treatment. Relative to baseline activity, slices treated with PE
yielded a marked increase in complexity (p =4.6426e—38) (Fig. 5B). The magnitude of this effect exceeded the
complexity of radiated slices, suggesting that while radiation increased the complexity of neural activity, this
effect was limited compared to the high complexity obtained from epileptiform activity, thus showing that
population activity following radiation is distinct from a regime of PE-induced seizures. Eigenvalue distributions
across experimental conditions further supported this point. In controls and radiated slices, a limited number
of eigenvalues yielded positive values; by comparison, PE activity was characterized by a broad distribution of
eigenvalues spanning at least two orders of magnitude (Fig. 5C).

Together, the above results on firing rates, functional connectivity, and complexity show clear distinctions
between epileptiform and radiation-induced changes in neuronal activity across populations of cortical cells.
While both forms of activity were characterized by an increase in firing rates, radiated slices exhibited different
patterns of functional connectivity and lower complexity than PE-treated slices.

Quantifying cell death following radiation

A subset of slices was stained with PI following radiation or sham radiation (control) conditions (Fig. 6A). The
mean pixel intensity across radiation conditions revealed a trend whereby higher doses resulted in a higher level
of cell death (Fig. 6B). In this way, 20 Gy yielded higher intensity than controls (p = 1.8954e—10), 50 Gy was above
20 Gy (p=4.1943e-12), and 100 Gy above 50 Gy (p =2.426e—12). Thus, cell death was linked to the radiation dose
delivered to PFC neurons. At higher doses, particularly 100 Gy, we observed a clustered spatial arrangement of
pixels with higher intensity, suggesting an area where cellular damage was more pronounced (Fig. 6A, arrow).
Interestingly, this area is in the vicinity of the secondary motor area (M2), a region known to yield increased cell
death following radiation*”?. Limitations of the hd-MEA chips, however, did not allow us to record activity from
slices after imaging, hence it remains an open question whether these areas displayed aberrant neuronal activity.
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Fig. 5. Neuronal complexity of cortical networks. Participation ratio (PR) in radiated slices (A). PR in slices
treated with PE solution (B). Distribution of eigenvalues across experimental conditions (C).
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Fig. 6. Propidium iodide (PI) staining of prefrontal slices following radiation. (A) Representative samples
showing a graded increase in PI intensity with radiation dose. Arrow shows clustering of PI intensity at 100 Gy.
Left panel shows approximate location of secondary motor cortex (M2), Prelimbic cortex (PrL), medial orbital
cortex (MO), ventral orbital cortex (VO), lateral orbital cortex (LO), and dorsolateral orbital cortex (DLO), (B)
Mean Pl intensity (“a.u”: arbitrary units).

Discussion

This study aimed to investigate the neuromodulatory effects of radiation on the firing rate, functional connectiv-
ity, complexity, and survival of PFC cells, and to compare the results with those obtained during epileptiform
activity?”. We found a marked increase in neuronal activity following acute doses of radiation? accompanied
by an increase in complexity, as well as in the density and in some cases the strength of functional connectivity.
Graph theoretic measures of functional connectivity including global efficiency, assortativity, and transitivity
were preferentially altered in radiated networks. Global synchronization was increased in high doses of radiation
(100 Gy). Finally, radiation induced a dose-dependent cell death where damage was selectively localized to areas
surrounding M2, a region particularly vulnerable to radiation damage*” 2.

These results were distinct from epileptiform activity, where complexity was markedly higher, and functional
connections were strong but exhibited a lower density than radiated slices due to the restricted spatial focus
of epileptic seizures. Differences between radiated slices and epileptiform activity highlight clear distinctions
between the effects obtained in these two conditions: while neuronal activity and complexity were elevated in
both radiated and PE slices, functional connections were more widely spread in radiation than under PE treat-
ment. This work proposes a novel assay to test the impact of clinically relevant doses of radiation'> !¢ on neural
dynamics and cellular apoptosis.

Past research has established that firing rate and cross-correlations can increase together®® making it difficult
to separate the two. However, it is worth noting that these two markers do not always increase together. For
instance, during epileptiform activity, firing rates and the mean strength correlations are elevated compared to
radiated slices, yet the density of functional connections was markedly lower. This is explained by the fact that
waves of epileptiform activity occupied a spatially delimited region of the array (Fig. 2B)". In cortical networks,
correlations are modulated by a balance of excitatory and inhibitory synaptic transmission, making them an
intricate marker of activity across broad populations of neurons?'.

Our findings outlined a marked increase in complexity during epileptiform activity, compared to a more
moderate increase in radiated slices relative to controls. These findings can be understood in the following way.
The activity recorded from large groups of neurons exhibits a high degree of redundancy due to the covariation
across many neurons®. Because of this redundancy, neural activity occupies a small area of dynamical space
relative to the total number of activity patterns that could be produced, analogous to consistently rolling a “1”
or “2” with a six-sided dice. The PR aims to measure the size of the area occupied by neural activity, technically
known as the dimensionality of the manifold. This dimensionality reflects the degrees of freedom required to
capture the covariation across neurons* 2> >34 If a single eigenvalue is sufficient to explain all of the variance in
activity, the PR will yield a value of 1. Conversely, if many eigenvalues are required, the PR will approach a value
corresponding to the number of neurons recorded. Our results indicate that both EP and radiation broadens the
manifold of activity, resulting in less repeatable patterns over time.

The effects of radiation on neural dynamics within PFC networks remain to be fully elucidated, with past
literature showing increased firing rates?, changes in synaptic morphology®’, inhibited synaptic function and
disruptions in synaptic plasticity* . To date, however, scant attention has been devoted to intra- or inter-areal
functional connectivity. Further, much of the literature has focused on the effect of radiation on the hippocampus,
leaving a growing need to study the PFC due to its involvement in the hippocampal-PFC pathway. This pathway
is believed to play a key role in the cognitive deficits/impairments experienced following radiation® 27> 3% 3,
Moreover, the PFC has been identified as one of the areas that are most sensitive to radiation?”3% 3.
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Given established links between functional connectivity and cognitive outcomes'*2* %, examining the effects

of radiation on functional connectivity in reduced hd-MEA preparations is of critical importance to understand-
ing the neurophysiological mechanisms of radiation-induced damage and their impact in clinical settings. Our
findings of a dose-dependent disruption in functional connectivity are aligned with human imaging studies
showing altered functional connectivity among regions that receive radiation®> %4> 4!, In turn, higher doses
of radiation are associated with worse long-term cognitive prognoses. Understanding the cellular origins of
functional connectivity in healthy and radiated brain circuits provides a fruitful avenue to develop interventions
that limit radiation-induced cognitive damage.

Because the current study focused on the acute effects of radiation, the timescale of alterations in activity and
functional connectivity following radiation remains limited. In-vitro acute brain slices under standard experi-
mental conditions have a typical lifespan of 6-12 h*2. As a result, this study was limited to a window of only a few
hours post-radiation and could not examine early delayed or late delayed radiation-induced injuries®*. Despite
this limitation, it is reasonable to assume that a majority of the injuries induced by radiosurgery are acute in
nature given that extremely high doses are delivered within a brief time period. These findings are also consist-
ent with previous investigations of the acute effects of radiation on PFC neurons?. Further research on early and
late delayed radiation-induced injuries suggests differential effects based on the timescale following radiation
whereby an initial increase in firing rate is eventually followed by a decrease in activity>°. Similar results have
been reported in human nasopharyngeal carcinoma patients*, showing an acute increase in local activity which
was associated with a decrease in functional connections and higher levels of necrosis in the late-delayed stage.

Further work will be needed to investigate the intracellular mechanisms involved in radiation-induced altera-
tions in neuronal activity, functional connectivity, and cellular apoptosis, as hd-MEAs are restricted to track-
ing extracellular voltage deflections in the vicinity of cells. For example, ionic channel kinetics or patch clamp
experiments may prove fruitful in determining why PFC neurons become hyperexcitable as these mechanisms
are not accessible via hd-MEA recordings. Past research has shown acute downregulation in excitatory NR2A
subunits of the N-methyl-D-aspartate receptors (NMDAR) and increases in inhibitory gamma-aminobutyric
acid receptors (GABARs), leading to changes in synaptic function and inhibiting long-term potentiation®. It
is unclear how these phenomena are linked to broader effects on neuronal networks such as alterations in the
density and strength of functional connections. Simultaneous intra/extracellular recordings, though technically
difficult, may offer insights in this regard***.

Given that hd-MEAs revealed markers of radiation-induced damage in neuronal activity and network interac-
tions, it would be beneficial to examine the potential impact of pharmacological preconditioning in preventing
these alterations. Past research has shown that pre-treating brain slices with memantine, an NMDAR antagonist®
or administering oral doses of epigallocatechin-3-gallate (EGCG), the main polyphenolic compound in green
tea*®, and Quercetin, a flavonoid that is found in several vegetables and fruits*’, can provide neuroprotective
effects against radiation damage.

One limitation of hd-MEA recordings is that it is not logistically possible to deliver fractionated doses of radia-
tion that are used in typical radiation therapy protocols. Although implantable in vivo arrays are available, there
are significant concerns regarding the radiosensitivity of the hd-MEA platform. In addition, the use of anaesthet-
ics during in vivo protocols is known to influence brain activity and alter neuronal functioning*®*, which may
impact recordings. We opted for large single doses of radiation such as those used for stereotactic radiosurgery,
pulsed high-dose-rate brachytherapy and certain hypofractionated palliative treatment protocols'>'®>°. These
doses also provided a benchmark to compare the effects of standard dose rates (5-10 Gy/min) to ultrafast dose
rates (>40 Gy/s) on various markers of neural activity and cell death.

Alternate dose ranges such as those below 20 Gy or above 100 Gy could be employed in future studies to
determine whether the same neural dynamics and dose-dependent cellular apoptosis would be observed. Nota-
bly, doses above 60 Gy have been shown to produce radiation-induced necrosis (radionecrosis) and lesions in
animal models® >'; however, clinical studies have revealed radionecrosis in normal tissues exposed to doses as
low as 12 Gy*>°>**, Similar to these findings, our results revealed that cell death occurred in a dose-dependent
manner beginning at doses as low as 20 Gy. Finally, future studies should examine different regions of the brain
using the methods employed in this study to determine whether there are area-specific impacts of these doses.

In conclusion, hd-MEAs revealed radiation-induced changes in broad networks of the PFC that were char-
acterized by increased firing rates, higher complexity, disrupted functional connectivity, and dose-dependent
apoptosis. These markers were distinct from those observed in hd-MEA recordings of epileptiform activity,
thus showing that radiation does not merely induce an epileptic state. These results point to hd-MEAs as a novel
and promising tool for studying the interactions of clinically relevant doses of radiation and potential targets
for radioprotection.

Methods

Overview of electrophysiological data Collection

A total of 12 acute PFC slices were assigned to either the pro-epileptiform (PE, 2 slices) or radiation (10 slices)
treatment (Fig. 7). This number is common for hd-MEA recordings as the statistical sample size is determined
by the number of electrodes (1 =4,096) that are simultaneously recorded rather than the total number of slices.
Fewer slices were analyzed for the pro-epileptiform treatment given that widespread ictal events constitute rare
occurrences and were obtained from a previously published data set’. Slices receiving the PE treatment were
first recorded at baseline using the hd-MEA, then perfused with the PE solution and recorded again after 20 min.
Slices receiving the radiation treatment were split into control (4 slices) and radiated (6 slices) groups. Escalating
radiation doses of 20 Gy, 50 Gy and 100 Gy were delivered to each of the slices followed by a 45-minute recovery
period. These slices were then either recorded on the hd-MEA or imaged using propidium iodide (PI) staining.
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Fig. 7. Tllustration of the protocol employed to perform radiation, record neural activity, and apply PI staining
to prefrontal cortical slices. A comparison of activity under radiation and PE treatment was performed.

Control slices received sham radiation followed by 45 min of recovery before proceeding to the recording or
imaging step. Together, this platform provides a direct comparison between epileptiform- and radiation-induced
changes in neural activity, as well as an evaluation of dose-dependent apoptosis.

Animals

Data were collected using Sprague Dawley rats of both sexes, aged 14-21 days, purchased from Charles River.
We chose to study juvenile animals as past research has shown that brain slices from juveniles attain higher
survival rates than later developmental stages®. The neurons in juvenile slices are also generally more resistant
to various insults when compared to adult animals, suggesting that the effects reported in the juvenile slices may
be even greater in mature animals®. Another motivating factor for studying juvenile rodents comes from age-
dependent findings in human patients. Past research has shown an age-dependent effect of radiation whereby
younger patients typically experience poorer outcomes than adult patients, thus highlighting the importance of
studying these effects®. These findings have also been replicated in rodent studies*.

Animals were housed in standard housing conditions with cage enrichment and ad libitum access to water
and standard chow. All experiments were carried out in accordance with Canadian Council on Animal Care
Guidelines. All procedures were approved by the University of Ottawa Animal Care and Veterinary Services and
comply with the ARRIVE guidelines.

Acute slice preparation
Animals were deeply anaesthetized using isoflurane (Baxter Corporation) and were subsequently euthanized via
decapitation. The brains of the animals were quickly extracted and submerged into a frozen choline dissection
buffer. The buffer consisted of the following: 119.0 mM choline chloride, 2.5 mM KCl, 4.3 mM MgSO,, 1.0 mM
CaCl,, 1.0 mM NaH,PO,, 1.3 mM sodium ascorbate, 11.0 mM glucose, 26.2 mM NaHCO3, and was perfused
with carbogen (95% O,/5% CO,) for 25 min prior to performing the dissection. The brains were sliced coronally
at a thickness of 300 pm using a Leica VT1000S vibratome. Acute slices containing the PFC were used for all
experiments. Due to the technological limitations of hd-MEA experiments, we were limited to performing a
crude identification of the anatomical regions located within our slices. Given that we were unable to determine
the exact anatomical localization of the slices, our goal was to understand the impact of radiation on PFC net-
works more broadly rather than provide localized effects of radiation on specific regions of the PFC.

Once the slices were collected, they were placed in a recovery chamber filled with a standard artificial cerebro-
spinal fluid (ACSF) consisting of the following: 119.0 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO,, 2.5 mM CaCl,, 1.0
mM NaH,PO,, 11.0 mM glucose, and 26.2 mM NaHCO;. The ACSF was continuously perfused using carbogen
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(95% O,/5% CO,) and maintained at a temperature of 37°C. Following slicing, brain slices were left to recover
for 1 h prior to experiments allowing the ACSF to equilibrate to room temperature.

Radiation

Acute doses of radiation consisting of 20 Gy, 50 Gy, or 100 Gy were administered to a subset of healthy slices
using the robotic radiosurgery platform (Cyberknife’ G4) at a standard dose rate of 10 Gy/min. The use of
non-fractionated doses was selected to serve as a stepping stone for comparing standard dose rates to ultra-fast
delivery methods such as FLASH radiation. These ultra-fast dose rates are several orders of magnitude greater
than those used in conventional RT and have shown promise in maintaining the efficacy of the treatment while
reducing radiation-induced injuries®® ** ¢ 1 ¢2. While acute PFC brain slices were continuously perfused with
carbogen (95% O,/5% CO,) throughout the experiment, perfusion was temporarily halted while radiation doses
were administered (2-10 min depending on the dose). The radiation beam was 60 mm in diameter and slices
were placed in the center of the beam to ensure a homogeneous dose across the entire brain slice. Control slices
were brought over to the same location as the Cyberknife to control for potential mechanical damage during
transport. In addition, the carbogen perfusion was temporarily stopped for ~2-10 min to mimic the experimen-
tal conditions. However, no radiation was delivered to these slices. Distinct slices were employed for radiation
and controls given that hd-MEAs could not be radiated due to potential damage to the chips. The slices in both
conditions were then employed to either record neural activity or were stained with PI to quantify cell death.

Epileptiform activity

We used a pro-epileptiform ACSF (PE-ACSF) containing the following: 120 mM NaCl, 8.5 mM KCl,1.25 mM
NaH2PO4, 0.25 mM MgSO4, 2 mM CaCl2, 24 mM NaHCO3, 10 mM dextrose, and 0.05 mM 4-AP to generate
interictal-like neural activity®. In this condition, baseline recordings were taken from the same slices prior to
the application of PE-ACSF. Following baseline recordings, slices were perfused in PE-ACSF for 20 min and
10-minute recordings of neural activity were collected. The baseline slices differ slightly from the radiation
control slices in that they were not exposed to the same potential mechanical damage caused by transporting
the slices to be irradiated.

Hd-MEA recordings

System Description. Recordings of network-level neural activity were collected using an active pixel sensor hd-
MEA. This hd-MEA used a CMOS-based CCD monolithic chip in which the pixels were modified to detect
changes in electric voltages from electrogenic tissues. The array provided simultaneous recordings from 4,096
electrodes with a sampling frequency of 18 kHz across the entire array. The hd-MEA chips were comprised of
64 x 64 electrodes arranged as a pixel element array whereby each pixel measures 21 x 21 m with an electrode
pitch of 42 m. The active area of the array was 7.22 mm? and had a pixel density of 567 pixels/mm?'* %, Data
were acquired using BrainWave software (3Brain Gmbh, Switzerland) and imported to MATLAB (MathWorks,
Natick) for offline analysis.

Hd-MEA Recording Protocol. A subset of acute PFC slices from each condition were placed on the hd-MEA
chip, held in place by a harp and bathed in standard ACSF that was continuously perfused with carbogen (95%
0,/5% CO,). Slices were maintained at a temperature of 37 °C throughout the recording period. Recordings were
completed in a dark environment to prevent interference from light artefacts. Five minutes of neural activity
was recorded from each slice.

Quantifying Cell Death in Irradiated Brain Slices. A different subset of brain slices (4 slices) from each
dose condition (20, 50, and 100 Gy) and the control condition were subsequently stained using PI (1 mg/mL,
Sigma-Aldrich), a cell death marker that binds to the DNA of neurons with fragmented plasma membranes
but remains membrane impermeable in healthy neurons®. Following a 15-minute application of PI, serial dilu-
tion of the PI-stained ACSF was performed and acute brain slices were imaged using a Zeiss LSM880 confocal
microscope. We quantified cell death based on the mean intensity of images taken from PI-stained slices.

Data Preparation. Data collected from all conditions were initially processed using a second-order bandpass
Butterworth filter in the forward and reverse directions (300-5000 Hz) applied to the raw voltages to remove
high-frequency noise and slowly changing field potentials®®. Artefacts were identified as any timepoint where the
voltages were greater than 1000 uV. Artefacts were subsequently replaced with the mean of the filtered data. Spike
times were then extracted based on their multi-unit activity (MUA) using a voltage-threshold method® whereby
we identified negative signal peaks below a threshold of 5 standard deviations (SD) from the mean of the filtered
signal. To determine our final threshold, we first calculated the mean and SD of the filtered baseline data and then
took the difference between the two as our overall threshold. This final threshold was then applied to voltage data
to identify multi-unit spike times, representing the activity of neurons within the vicinity of individual channels
on the hd-MEA. A sample of the data and a MATLAB tutorial script is available as Supplementary Material.

A known limitation associated with MUAs is the possibility of capturing signal redundancies whereby a single
channel picks up the activity from multiple neurons or a single neuron’s activity is picked up by multiple channels
on the array®” %% Consequently, this method lacks the ground truth necessary to provide single-neuron resolu-
tion data. Despite this, broadband signals can be split into slower components (< 100 Hz) that represent local
field potentials and faster components (300-5000 Hz) that constitute MUA or the sum of activity of the neurons
in the vicinity of a single electrode’®”"7>7%74 ‘While inferential methods can be employed to sort the MUA into
putative single-cell contributions®” %, a ground truth comparison is required to provide accurate spike sorting.
Even in the absence of direct ground truth validation, studies have shown that MUAs capture key properties of
activity in neural circuits and can be used to adequately infer firing rates and correlations amongst neurons”.
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Neuronal Spike Rates. Spike times were employed to generate rasters that represent the activity of entire net-
works across time. Rasters were downsampled from 18 kHz to 1 kHz using non-overlapping temporal bins of
binary data set to “1” in the presence of one or more spikes, or “0” if no spikes were present. We then computed
a peri-stimulus time histogram using a rolling temporal window. A broad window of 500 ms was used as spike
rates were low. Channels without activity were removed from further analyses. Firing rates were assessed using
a Kolmogorov-Smirnov test of normality which revealed non-normal distributions for all conditions (p <0.001).
Past research has also established that cortical firing rate distributions follow a log-normal distribution rather
than a normal distribution”®””. As such, we opted to compare firing rates (Hz) using a non-parametric Wilcoxon
rank sum test (significance level: p=0.01), which assumes independence across samples but relaxes the assump-
tion of Gaussian normality’®. Finally, the use of a non-parametric test on global data distributions ensured that we
did not overemphasize any minor effects that may have been amplified given the substantial number of channels
(n=4,096) that were simultaneously recorded via the hd-MEA.

Functional Connectivity. Data were downsampled from 18 kHz to 1 kHz and a rolling window of 10 ms was
applied prior to computing Pearson correlations. Pearson cross-correlations were computed for each pair of elec-
trodes within the hd-MEA, yielding a 4,096 x 4,096 matrix of interactions. These correlations were subsequently
passed through a threshold of r=0.2 to detect the presence or absence of a functional connection between pairs
of channels, representing the statistical coincidence of multi-unit spikes at these channels. Data were assessed
for normality using a Kolmogorov-Smirnov test followed by a Wilcoxon rank sum test.

Neural Complexity. Spatiotemporal patterns of activity recorded on the hd-MEA were described by their
participation ratio (PR), a measure of neural complexity reflecting the number of factors needed to capture
fluctuations in the data® 3%, The PR of population recordings was computed by first extracting 10 brief time
segments of data (mean duration: 3,811.5 ms, SEM: 145.17) across each experimental condition. The PR of each
segment was computed by eigenspectrum decomposition’, providing ranked eigenvalues 4 1, ... , 4 y where N
denotes the total number of channels on the hd-MEA. Then, the PR was calculated as the first moment of the
eigenspectrum normalized by the second moment,

) \2
(X M)
z VA
If patterns of population activity can be described by a limited number of dimensions, only a portion of

eigenvalues will be positive, resulting in a low PR. However, patterns of activity with higher complexity would
yield a large number of positive eigenvalues and hence a higher PR.

PR = (1)

Data availability

The data described in this study will be made available upon reasonable request to the corresponding author (J.P.
Thivierge, jthivier@uottawa.ca). A Matlab tutorial (dx.doi.org/10.6084/m9.figshare.26789953) and sample data
(dx.doi.org/10.6084/m9.figshare.26597269) are available online as a free resource.
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