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Abstract

This work combines two complementary studies that examine the impact of focal brain
injury on cortical network function. Applying in vivo chronic calcium imaging, we aimed
to understand the circuit-level mechanisms underlying functional reorganization
following stroke. Further, with the development of a novel genetic tool we provide
alternative approaches to better understand cortical functional reorganization that
occurs following cortical spreading depolarization (CSD)

In study I, we investigated how ischemic stroke induces contralateral cortical
suppression, a phenomenon known as diaschisis. We focused on transcallosal
neurons that project from the contralateral hemisphere to the site of infarction and vice
versa. Applying in vivo chronic functional imaging, immunohistochemistry, and
molecular analysis, we identified a progressive hyperactivation of contralateral
transcallosal neurons following stroke, accompanied by a long-term suppression in
their surrounding local circuits. Our data suggest that, while transcallosal neurons
remained structurally intact, their spontaneous activity promoted maladaptive inhibitory
remodeling in the contralateral cortex, resulting in reduced responsiveness to sensory
input and impaired neurovascular coupling. These findings support an active model of
diaschisis in which interhemispheric imbalance is perpetuated by the hyperexcitability

of surviving transcallosal neurons, rather than simply reflecting passive loss of input.

In study Il, we developed and validated the GluTrooper, a ROSA26 knock-in reporter
mouse line expressing the glutamate sensor iGIuSnFR3. In contrast to viral-based
delivery methods, the GluTrooper enabled stable, widespread, and cell-type-specific
expression of iGIuUSNFR3 across cortical and subcortical regions. Widefield glutamate
imaging in awake mice confirmed reliable detection of both spontaneous and evoked
glutamate release, with high signal-to-noise ratio and spatiotemporal resolution. We
applied this tool to characterize glutamate dynamics during CSD, noticing the great
sensitivity of our novel reporter line to enable the observation of interhemispheric
inhibition that occurs following CSD. Together, these studies highlight the maladaptive
mechanisms which the brain undergoes following stroke and CSD. With this work, we
are acquiring a better knowledge of this compensatory mechanisms, and providing a

new tool to better understand their nature.



1 Introduction

1.2 Stroke
1.2.1 Stroke epidemiology

According to several epidemiological studies, stroke is the second leading cause of
death and third cause for disability worldwide [1]. In current projections, an estimated
13.7 million individuals will suffer from a stroke every year with 5.5 million deaths being
recorded [1]. In terms of subtypes, ischemic strokes remain the most prevalent as it
represents the two-thirds of total cases globally [1]. It is also important that the burden
of stroke is not equally shared as it disproportionately impacts low to middle income
countries. This can largely be attributed to the gaps in socioeconomic status along with
limited healthcare infrastructure or access to preventive measures [2, 3]. Germany,
being a high-income country, also reports stroke as one of the leading causes of
mortality. Recent studies have shown that 340,000 stroke cases are reported annually
[4]. The growing population, diabetes and atrial fibrillation also contribute to this
situation in Germany [1]. Furthermore, recent studies suggest that by 2030, the
estimate of people suffering from their first ischemic stroke will reach 10 million

worldwide [5].

p—
'y

39.9-59.4
36.8-39.9
33.5-36.7
30.9-33.4
22.2-30.8

Per 100.000 population

273.1-434.0
251.6-273.0
238.1-251.5
222.5-238.0
142.6-222.4

Per 100.000 population

Fig 1. Distribution of German ischemic stroke cases (on the left) and registered deaths due
to ischemia (on the right) per 100.000 people. Adapted from Hans Belau et al., 2023 [6].
(Licensed under CC BY 4.0.; DOI: 10.1186/s42466-023-00232-0).



The phenomenon of stroke recurrence remains a matter of great concern in Germany
since 7.4% of patients experience a second event within the first year after their first
ischemic stroke [7]. The financial burden of this issue is also considerable, with
average lifetime costs per case estimated to be at €43,000 and an overall cost of
€108.6 billion [8]. Despite the progress in rehabilitation services, access to care
continues to differ between regions in Germany. Lifestyle-related risk factors such as

smoking and physical inactivity still contribute significantly to the stroke incidence [8].

1.2.2 Pathophysiology of ischemic stroke

When blood flow into an intracranial vessel is interrupted, the brain's access to oxygen
and glucose is drastically impaired, leading to severe metabolic dysfunction [9]. As
described in prior studies, the infarct core is subject to irreversible injury, while the
adjacent region, known as the penumbra, retains the potential for functional recovery
due to collateral blood flow which keeps the tissue alive for a limited period of time [10].
Under physiological conditions, neuronal ion gradients are sustained by ATP-
dependent pumps, particularly via the Na*/K*-ATPase pump [11]. However, when ATP
levels drop due to ischemia, these gradients collapse, triggering uncontrolled neuronal
depolarization, excessive neurotransmitter release, and ultimately, excitotoxicity [12,
13]. This pathological depolarization also causes calcium overload within cells, which
initiates damaging cascades involving proteolytic activity and generation of reactive
oxygen species [13]. While neurons in the penumbra maintain limited metabolic
function [14], elevated extracellular glutamate levels from the infarct core can trigger
waves of spreading depolarizations. These waves extend the area of injury by
promoting glutamate-mediated toxicity [15]. As apoptosis proceeds, the penumbra
experiences further disruptions, including nuclear fragmentation, chromatin
condensation, and inflammatory responses [16]. In the chronic phase, typically
beginning around three months after stroke, glial scar formation and tissue remodeling
become prominent features [17, 18]. The glial scar plays a protective role by confining
the damaged area and limiting the risk of further tissue loss or infection [19]. Despite
this, the chronic phase is characterized by minimal regeneration and progressive
neurodegeneration [20]. A hallmark of this stage is Wallerian degeneration, marked by

the gradual breakdown of axons distal to the site of injury [21, 22]. This axonal



disconnection may impair communication between the affected region and distant, yet

interconnected, brain areas, a phenomenon termed diaschisis [23].

1.3. Diaschisis

Diaschisis was introduced for the first time in 1914 by the Russian-swiss
neuropathologist Constantin von Monakow. He described a phenomenon of local brain
damage, with the consequent metabolic and functional deficit in anatomically separate
but functional related areas to the infarct region [24]. This concept highlighted the idea
that stroke-related deficits are not restricted to the damaged region, but also spread to

unaffected areas.

In the early 80s, PET studies have revealed hypoperfusion and hypometabolism in
distant brain regions, especially in areas with strong anatomical connections to the
infarcted area [25-27]. One of the first and well documented manifestations of
diaschisis is the cross cerebellar diaschisis, defined by the reduction of contralateral
cerebellar activity [25]. These studies proved that diaschisis has significant implications
in stroke pathophysiology and that it is not just a theoretical concept. Recent imaging
studies gave a better understanding of the acute and chronic phase of diaschisis.
Reduction in cerebral blood flow and neuronal activity impairment in hub regions such
as thalamus and cerebellum were observed in the acute phases of diaschisis [28, 29].
Ipsilateral thalamic disfunction was observed and documented performing CT
perfusion imaging, emphasizing how focal lesions perturb metabolism in functionally
connected areas [30]. Diaschisis is considered as an indicator of brain malfunction,
however, functional improvement is associated with the resolution of diaschisis [31,
32]. These studies proved that diaschisis can obstacle or promote functional recovery,
highlighting its importance in stroke pathophysiology. Stroke pathophysiology is not
limited to the direct infarct area. Diaschisis is caused primarily by Wallerian
degeneration, an aberrant process characterized by axonal degradation remote from
the site of injury [33]. After stroke, neurons placed in the infarcted region undergo a
cascade of degenerative events that target their connecting white matter fibers tract.
These events are not limited to the ipsilesional hemisphere, but extend to the
contralateral hemisphere through transcallosal fibers [34]. Modern imaging

approaches such as diffusion tensor imaging (DTI), have shown that contralateral



white matter undergoes degeneration following unilateral stroke [34]. These white
matter structural alterations are highly correlated with neurological impairments, such

as motor and cognitive deficits, highlining their crucial role in clinical outcomes [35].

Axonal degeneration promotes calcium-mediated cascades which trigger
mitochondrial dysfunction and cytoskeletal breakdown within distal axons and the
infarct core [36]. Notably, the preservation of contralateral white matter significantly
correlates with a better functional recovery [37, 38]. In contrast, extensive degeneration
of contralateral white matter fibers tract impacts neural reorganization negatively,

interfering with crucial interhemispheric connections [23].

Several studies, involving functional magnetic resonance imaging (fMRI), have shown
changes in contralateral connectivity following unilateral stroke, especially between
homotypic regions [39, 40]. The altered contralateral connectivity is potentially
mediated by the degeneration of transcallosal fibers [41]. Moreover, recent studies
have shown that alterations in contralateral connectivity are confined in “hub” regions,
such as sensorimotor cortex, which show increased local connectivity as a
compensatory mechanism to the lack of interhemispheric signaling [42, 43].
Collectively, these studies showed the complexity of the mechanisms that are involved
during diaschisis. However, diaschisis is a crucial yet poorly understood feature of
stroke pathophysiology, therefore, a better understanding of its underlying cellular and

molecular mechanisms is crucial for improving therapeutic options for stroke patients.



1.3.1 Promising therapies

During the last decade, various therapeutic interventions were employed to promote
recovery in stroke patients, with the choice of therapeutic targets depending on the
time passed from the ischemic event. In fact, acute interventions are manly focused
on resolving the vascular cause through thrombolytic or anticoagulant therapy, post-
acute strategies are more diverse and include molecular, neuromodulatory, and
behavioral approaches. Among the most promising of these is transcranial magnetic
stimulation (rTMS), a non-invasive brain stimulation technique which aims to restore

functional connectivity of the lesioned hemisphere.

o Magnetic field
g

TMS coil

Fig 2. Representation of TMS rehabilitation approach. The generation of the magnetic field is
induced by a magnetic coil that is placed in the proximity of the unaffected hemisphere (on the
left). On the right, combination of excitatory and inhibitory TMS applied respectively on the
affected and unaffected hemisphere. Adapted with permission from Webster et al., 2006 [44]
(License number: 6058700767299) and prepared with Biorender.com.

After stroke, excessive inhibitory input from the unaffected hemisphere can suppress
activity in the lesioned hemisphere, and TMS has been shown to restore this imbalance
either by enhancing excitability in the damaged regions or inhibiting the overactive
contralateral cortex [45, 46]. Compared to transcranial direct current stimulation
(tDCS), TMS offers greater focality and depth of stimulation, making it efficient in
modulating specific cortical circuits involved in interhemispheric inhibition. Functional

improvements following TMS have been documented both acutely and over repeated



sessions, with reports of single-session gains up to 10% and cumulative improvements
of 20—30% in motor evoked potential [47, 48]. In addition to TMS, molecular therapies
addressing neurotransmitter balance [49] and promoting vascular or glial repair [50,
51] have been explored, as well as cell-based approaches such as neural stem cell
transplantation, though the approach remains largely experimental. Behavioral
interventions also play an important role. Notably, constraint-induced movement
therapy (CIMT) was first demonstrated to elicit significant and enduring improvements
in motor function in stroke patients, promoting long-lasting effects on motor function
[52, 53]. These therapies rely on repetition to induce plasticity, a principle supported
by studies showing that training, such as complex motor tasks in rodents can lead to
synaptic and structural reorganization [54-56]. Furthermore, studies showed that
pairing TMS with specific motor or language tasks may enhance reactivation and
facilitate adaptive reorganization, as illustrated by interventions that recruit the
contralesional hemisphere to support recovery in aphasia [57]. The timing of these
interventions is critical, as plasticity mechanisms peak in the subacute phase post-
stroke. Both animal and human studies suggest that initiating therapy around five days
post-injury results in the best outcomes [58-63]. Overall, while various strategies
contribute to post-stroke rehabilitation, TMS holds particular promise due to its unique
capacity to rebalance cortical excitability and modulate maladaptive interhemispheric

communication, offering a powerful tool for promoting recovery after stroke.

However, despite the significant clinical implementation of TMS, the mechanisms by
which it produces therapeutic effects remain to be fully elucidated. In particular, the
chronic functional and structural adaptations of local and transcallosal neurons in the
contralateral hemisphere have not been systematically studied. This gap, precludes a
mechanistic understanding of how TMS modulates interhemispheric circuits and limits
the development of targeted neuromodulatory interventions. The present study aims
to address this critical gap by providing a comprehensive investigation of the structural,
functional, and molecular reorganization that occurs in contralateral local and
transcallosal neurons following stroke. Elucidating the adaptation of these neuronal
populations may offer crucial insights into the mechanisms underlying TMS efficacy
and support the development of more effective, circuit-specific therapeutic strategies

to support functional regeneration after ischemic stroke and other focal brain injuries.
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1.4 Cortical spreading depolarization

Cortical spreading depolarization (CSD) is a neurophysiological event which involves
a propagating wave of depolarization across the cerebral cortex [64]. While performing
his historic experiment in 1944, Aristides Le&o placed electrodes on the surface of a
rabbit cortex and delivered electrical stimulation while recording bipolar

electrocorticogram (ECoG) activity.
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Fig 3. Pioneering experiment conducted by Ledo in 1944, representing the gradual
progression of cortical spreading depression across the implanted cortical electrodes. Adapted
from Ledo et al., 1944 [64]. (License number: 6077020411460)

Instead of the anticipated epileptic discharges, Ledo noted a dramatic suppression of
spontaneous ECoG activity. This suppression began at the point of stimulation and,
following a delay, propagated slowly to adjacent areas, with recovery of activity
following the same spatial trajectory. This event, later termed "cortical spreading
depression,” is a moving wave of cortical silencing that takes approximately 3—6
minutes [65]. The initial observation of CSD conducted by Ledo suggested that this

phenomenon was strictly mediated by the neuronal population. However, in vitro
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studies, involving pharmacological and electrophysiological approaches,
demonstrated also the astrocytic involvement in CSD propagation [66-68]. Moreover,
several studies showed that the progression of CSD actively disturbs membrane
resistance and ionic gradients [69, 70], and it is followed by a biphasic vascular
response characterized by initial oligemia and succeeded by transient hyperemia [71].
Following the passage of the CSD wave, neurons fall into a long-lasting refractory
period due to sustained depolarization above threshold levels [72]. In normal tissue,
CSD does not typically result in cellular damage. However, the role of CSD in
promoting harmful events stays controversial. In fact, some studies suggest that CSD
could trigger effects that worse stroke recovery [73, 74]. In contrast, other studies
indicate that its effect can vary depending on the pathophysiological condition and
could have a neutral or protective effect [75]. After Le&o's discovery, studies aimed to
elucidate the molecular mechanisms of CSD. In 1956, Grafstein proposed the
"potassium hypothesis", whereby neurons release excess K* into the extracellular
space during CSD, thereby reducing excitability [76]. The concentration of extracellular
K* depolarizes adjacent neurons and results in the slow propagation of the
depolarization wave [77]. Later in 1970, van Harreveld and Fifkova shifted the attention
towards neurotransmitter mechanisms and proposed that the release of extracellular
glutamate could be the key mechanism of CSD initiation.

Potassium and glutamate are now considered as the major key players for CSD
initiation [78-81]. Following stroke or brain injury the extracellular K* concentration
raises above the 12 mM due to neuronal depolarization [76, 82-85]. During CSDs,
extracellular K* concentrations may even reach 50 mmol/L [70, 84, 86-89], while
extracellular levels of Na*, CI~, and Ca2* are significantly reduced [82, 90, 91]. Elevated
focal extracellular K* concentrations then promote depolarization of adjacent cells,
facilitating CSD initiation [76, 82]. Glutamate also contributes to CSD propagation;
once released into the extracellular space, it activates NMDA and AMPA receptors,
driving Ca2* influx. Preclinical electrophysiological studies further reveal differential
receptor roles in CSD: repetitive CSDs leave NMDA receptor responsiveness
unaffected but drastically impair AMPA receptors, compromising synaptic efficacy and

long-term potentiation [80].
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1.4.1 Evolving strategies to monitor CSD

Among the most applied methodologies to monitor CSD, electrocorticography (ECoG)
is considered the gold standard, allowing the measurement of slow potential shifts
correlated to neuronal depolarization [92]. Despite its sensitivity, ECoG requires
invasive electrode implantation, limiting its application in longitudinal and minimal
invasive studies. In parallel, electroencephalography (EEG) has been adopted as a
non-invasive method for recording neuronal activity and remains widely employed in
both clinical and pre-clinical settings. However, EEG presents limitations, due to the
filtering effect of the skull and dura mater, which attenuate slow voltage shifts like those
produced by CSD. As a result, to avoid limitations related to signal attenuation and
invasive approaches, increasing attention has been directed toward imaging-based
methodologies that offer both high spatial resolution and the ability to monitor cortical
dynamics with minimal invasiveness. One of those methodologies is the intrinsic
optical signal imaging (I0S) which allows the monitoring of cortical neuronal circuitry
by capturing fluctuations in intrinsic signals [93]. IOS is a widely applied imaging
approach in pre-clinical research, providing crucial insights in cortical connectivity in
physiological [94-96] and pathophysiological conditions [97-101]. IOS monitors
changes in reflected light to measure fluctuations in oxy-, deoxyhemoglobin and
cerebral blood flow [102, 103], promoted by different cellular populations such as
neurons [104, 105] and astrocytes [106]. Due to the different absorption spectra, 540
nm for the oxy- and 660 nm for the deoxyhemoglobin, their fluctuation can be detected
via light absorption [103]. Despite the high sensitivity of ECoG and the minimal
invasiveness of EEG and 10S, these methodologies cannot disentangle specific
aspects of neuronal activity, and therefore provide limited information about synaptic
transmission as ECoG and EEG offer a general overview of bulk cortical excitability,
while IOS monitors cortical responses indirectly through hemodynamic fluctuations.
More recently, widefield imaging using calcium reporter transgenic lines, such as Thy1-
GCaMP6 [107], has provided valuable insights into cortical connectivity under both
physiological [107] and pathophysiological conditions [108]. Its application in the study
of CSD offers significant advantages, combining minimal invasiveness with the ability
to visualize large-scale cortical activity [108]. However, calcium imaging is limited to

monitoring intracellular calcium transients and does not distinguish between excitatory

13



and inhibitory neurotransmission. These limitations have been addressed by the
development of genetically encoded neurotransmitter sensors, such as iGABASnFR
[109], iGluSnFR [110], and GRAB_NE [111], among others. These sensors enable
more precise investigations of synaptic transmission in both physiological [112] and
pathophysiological contexts [113, 114], providing a deeper understanding of neuronal
circuit dynamics. However, so far these sensors, specifically iGIuSnFR, have only been
used to track changes of neuronal transmission in small tissue volumes which do not
allow to draw any conclusion about the brain wide effects of CSDs, which spread over

the entire cortex.

Therefore, one of the aims of the current study was to design and create a novel
transgenic mouse line that expresses the genetically encoded glutamate sensor
iGluSnFR3 in the whole cerebral cortex. Designed to enable minimally invasive,
widefield imaging of cortical glutamate dynamics, this novel genetic tool opens new
opportunities for studying excitatory neurotransmission across a range of experimental
models. Its application to conditions such as stroke and CSD would demonstrate its
potential to reveal how glutamatergic signaling adapts during cortical dysfunction and

recovery.

1.5 Neurons
1.5.1 Morphology and physiology

In 1873, Camillo Golgi developed a technique of silver staining that enabled the
histological investigation of neurons in their entirety [115] . This breakthrough provided
a foundation for Santiago Ramon y Cajal to postulate that the nervous system is
composed by distinct units, crucial for brain function [116]. His proposal later was
termed as the “neuron doctrine” [117, 118] a crucial concept of modern neuroscience.
Currently, with extensive transcriptomic and morphological research, approximately 70

different neuronal types have been identified in the human cortex [119].

Despite differences in their composition, neurons have a common architectural design.
They are composed of a soma that contains the nucleus and controls metabolic
functions; dendrites that manage incoming signals and an axon that transmits electrical
impulses to downstream targets[120, 121]. Communication from neuron to neuron

relies to a great extent on the generation of action potentials, rapid electrical events
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that originate in the proximity of the soma and propagate along the axon. The spikes
are of similar size and shape; their frequency and timing, however, convey specific
information [122]. In order to maintain signal fidelity, action potentials are actively
regenerated as they propagate along the axon. This process comes at considerable
metabolic expense, occupying more than 20% of the brain's overall energy budget
[123, 124]. The majority of synapses rely on chemical transmission, although some
neurons communicate via electrical synapses [125] formed by gap junctions [126, 127].
In chemical synapses [128], the arrival of an action potential at the axonal terminal
causes neurotransmitters to be released into a gap termed synaptic cleft. The
neurotransmitters then interact with postsynaptic receptors, altering the ionic

conductance and membrane potential of the postsynaptic membrane.

While this type of transmission is accompanied by a minor latency, it provides an
opportunity for sophisticated modulation of the neuronal response. The major
neurotransmitters in this case are glutamate [129], GABA [130, 131], and glycine [132].
Each of these neurotransmitters stimulates a distinct group of receptors; for instance,
glutamate stimulates AMPA, NMDA, and kainate receptors [133-137], whereas GABA
binds to GABAA [138] and GABAGs receptors [139-141] and glycine stimulates glycine
receptors [142]. Glutamatergic synapses are excitatory, whereas GABAergic and

glycinergic synapses are inhibitory by causing hyperpolarization.

Different ions, such as Na*, K* and CI~ are crucial for the initiation and propagation of
the action potential. However, Ca?* stands out as a key ion responsible not only for the
modulation of the membrane voltage, but also for neurotransmitter release, thereby

allowing the translation of electrical signals into chemical transmission [143].

The strong involvement of Ca2* in neuronal activation, brought scientist to develop
Genetic Encoded Calcium Indicators (GECI) to measure neuronal activity [144, 145].
Once the presynaptic terminal is depolarized, voltage-gated calcium channels

(VGCCs) open, leading to a rapid increase in intracellular Ca2* concentration [146].
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Fig. 4. Representation of the interaction between Ca2+ and SNARE complex proteins which
promotes the fusion of synaptic vesicles and the consequent release of neurotransmitters in
the extracellular space. Adapted, from Catterall et al., 2008 [147] (License number:
6058700160429) and prepared with Biorender.com.

The raise of Ca2* in the cytosol of the presynaptic button, promotes its interaction with
SNARE proteins, such as synaptotagmin, triggering the fusion of synaptic vesicles with
the pre-synaptic membrane. This process results in the release of neurotransmitters
into the synaptic cleft and transmission of information to the adjacent postsynaptic
spine [143, 148].

The role of Ca?* is not limited to promoting neurotransmitter release from the
presynaptic terminal. In fact, upon binding of neurotransmitters to postsynaptic
receptors, the intracellular Caz* concentration of activated neurons increases from 50—
100 nM to 0.5—1 pM, promoting the efflux of additional Ca?* ions from internal stores,
such as the endoplasmic reticulum (ER) [149, 150]. This phenomenon is triggered by
Ca?* interaction with ryanodine receptors (RyRs) located in the ER membrane [150,
151], thereby promoting synaptic plasticity and learning [152, 153]. In the postsynaptic
terminal, Ca2* plays a different role, promoting dendritic excitability and gene
expression regulation via glutamatergic receptors [154, 155]. The influx of Ca2* into
dendrites [156, 157] can promote long-term potentiation and depression [158-161].
Many studies have shown that, with long-term potentiation, morphological and
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molecular changes occur in neurons, such as an increased number of AMPA
receptors, which facilitate synaptic transmission [162], and an increased number of
spines, therefore promoting excitability and plasticity [163]. Altogether, these functional
and structural adaptations, exert a strong modulation on neuronal network function,

profoundly shaping vital skills such as spatial and associative memory [164].

1.6 Approaches to measure neuronal activity in vivo

The shift from in vitro to in vivo measurements of neuronal activity represents an
important evolution in the field of neuroscience. The groundbreaking approach of
electrophysiology, involving voltage-clamp measurements, developed by Hodgkin and
Huxley in the 50s [165] and refined in the 70s by Neher and Sakmann [166], allowed
the observation of single-channel currents, significantly enhancing our understanding
of cellular physiology [167-173]. However, the limitations of in vitro and ex vivo
measurements in preserving the complex network connectivity of the brain became
increasingly apparent. The need to understand neuronal circuits in their native
environment, with the preservation of blood flow and the three-dimensional
architecture of neuronal networks, facilitated the development of advanced microscopy
methodologies, particularly two-photon microscopy introduced by Denk in 1990 [174].
This, together with the development of calcium-selective indicators [175] (e.g. BAPTA),
and genetically encoded calcium/neurotransmitter sensors, such as GCaMP [176] and
iGluSnFR [110], allowed scientist to gain deeper insights into neuronal activity and

neuronal transmission without affecting the brain’s physiological properties.

1.6.1 Two-photon microscopy

The theoretical foundation of two-photon microscopy was first proposed by Maria
Goeppert-Mayer in her 1931 doctoral thesis [177], where she described the possibility
that two photons could be simultaneously absorbed by a single molecule, resulting in
the emission of energy in a single quantum event. For several decades, this
phenomenon remained purely theoretical, as available light sources could not generate
the high photon densities required for efficient two-photon absorption. It was not until
1961, with the emergence of laser technology, that Kaiser and Garrett experimentally

validated the two-photon effect using a ruby laser [178].
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Despite this early demonstration, the inherently low probability of two-photon
absorption, characterized by absorption cross-sections typically in the range of 107>°
to 107°® cm*-s/photon, rendered the technique impractical for biological imaging until
the development of mode-locked pulsed lasers. These lasers, particularly Ti:Sapphire
systems, can deliver pulses with durations of ~100 femtoseconds, repetition rates
around 80 MHz, and pulse energies in the range of 1-10 nanojoules. This combination
of high peak intensity and moderate average power enabled sufficient photon flux to
induce localized two-photon excitation, without causing significant thermal damage to

biological tissue [179].

In 1990, Denk and colleagues implemented laser-scanning microscopy with two-
photon excitation [174]. In this approach, infrared pulsed lasers are used to excite
fluorophores via simultaneous absorption of two lower-energy photons, typically with
excitation wavelengths between 700-1,050 nm, which are approximately twice the
wavelength required for single-photon excitation. Because the probability of two-
photon absorption scales quadratically with photon density, excitation is confined to a
narrow focal volume, where photon flux is highest [180]. Ti:Sapphire lasers are widely
used in this modality due to their ability to generate ultrashort pulses (~100 fs) with
high repetition rates, making them ideally suited for efficient and localized excitation
[180, 181]. Two-photon microscopy offers several advantages over conventional one-
photon confocal microscopy. Since excitation occurs only at the focal point, there is no
need for a pinhole to reject out-of-focus fluorescence, allowing all emitted light to be
collected. Moreover, scattered emission photons can still contribute to the detected
signal, because the excitation is highly localized [174]. This spatial restriction
minimizes photobleaching and phototoxicity outside the imaging plane [182].
Additionally, the use of longer excitation wavelengths in the near-infrared range allows
for deeper tissue penetration, due to reduced scattering and lower absorption by
biological chromophores [183]. Today, two-photon microscopy is widely employed in
combination with functional imaging techniques, such as calcium imaging and
genetically encoded neurotransmitter sensors, enabling high-resolution observation of

neuronal activity in both in vitro and in vivo preparations [144, 180, 184].
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1.6.2 Calcium imaging

Calcium imaging is a widely employed technique that allows the optical observation of
neuronal activity in real time. Since intracellular Ca2* concentration rapidly increases
during neuronal activation due to the crucial role of calcium in action potential
dynamics, this method allows both qualitative and quantitative measurements of
neuronal activity [145]. These indicators are divided into two main categories:
genetically encoded calcium indicators (GECIs) and synthetic chemical dyes.
Chemical dyes such as Fluo-4 are known for their fast kinetics and have been widely
employed, particularly in ex vivo preparations. However, their lack of cell-type
specificity and the invasiveness of their delivery (e.g. intracortical injections) have
limited their utility in chronic in vivo experiments [144]. GECIs, by contrast, offer various
advantages, including long-term monitoring, genetic targeting for cell-type specific
expression, and minimal invasiveness once expressed. Among these, GCaMP has
emerged as the most commonly used GECIs. First developed by Junichi Nakai in 2001,
GCaMP is a synthetic fusion protein consisting of three domains: a circularly permuted
green fluorescent protein (cpGFP), calmodulin (CaM), and the M13 peptide derived
from myosin light-chain kinase [176].

Action
potential

Fig 6. Schematic showing the GCaMP conformational change and fluorescence
emission upon calcium binding. Adapted from Akerboom et al., 2009 [185] and
prepared with  Biorender.com. (Licensed under CC BY 4.0.; DOIL:
10.1074/jbc.M807657200).
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At low intracellular calcium levels (50-100 nM), GCaMP remains in a minimally
fluorescent state due to cpGFP protonation. Upon neuronal activation, intracellular
Caz* levels rise, leading to CaM-Ca2?* binding. This interaction induces a
conformational shift that brings CaM into closer proximity with the M13 peptide,
promoting the deprotonation of the cpGFP, and its enhanced fluorescence intensity
[186].

The application of GECIs has revolutionized in vivo experimental neuroscience,
enabling the simultaneous visualization of activity across large neuronal populations in
living animals [144, 145]. However, calcium signals must be interpreted with caution,
as Ca?* influx can also occur independently of action potentials, such as through
subthreshold events or receptor-mediated signaling [144]. Furthermore, chronic
expression of GECIs via viral vectors can lead to cytotoxicity, especially at high
expression levels or extended durations of time [187]. Despite these limitations,
GCaMP remains a powerful and reliable tool for probing neuronal network dynamics

with high spatial and temporal resolution [144, 145].

1.6.3 Glutamate measurements

Among the excitatory neurotransmitters in the brain, glutamate is the most prominent,
promoting neuronal activation and plasticity [129]. Once released, glutamate interacts
with postsynaptic NMDA and AMPA receptors [188], triggering the influx of positively
charged ions such as calcium and sodium, thereby facilitating neuronal depolarization
[189].

Over the last decades, the most widely used methodologies to measure
neurotransmitters in living animals have been microdialysis and biochemical sensors.
First conceptualized by Bito in the 60s [190] and refined by Delgado in the 70s [191],
microdialysis became the gold standard for the sampling of neurotransmitters and
neuropeptides in living animals [192-194]. This technique involves the implantation of
a small probe presenting a semi-permeable membrane. Once the probe is inserted in
the targeted brain region, a physiological solution is perfused through the probe,
allowing small molecules, such as glutamate or GABA, to diffuse across the membrane
from the extracellular fluid into the dialysate, which is then collected for subsequent
analysis [195].
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Microdialysis is not limited to detection; it also enables local drug delivery, allowing
researchers to monitor drug effects in living systems [196, 197]. However,
microdialysis presents several disadvantages. First, microdialysis is invasive and
depending on the brain region targeted, probe insertion causes gliosis, which can
reduce membrane efficiency [198, 199]. Moreover, the probe can induce local infection
and inflammation [200]. Another significant drawback is the potential damage to the
blood—brain barrier (BBB), which may confound experimental measurements [201,
202].

Furthermore, a key limitation of microdialysis is that sampling occurs primarily in the
extrasynaptic space. Studies using the sodium channel blocker TTX have shown that
microdialysis measurements of basal extracellular glutamate are largely independent
of neuronal activity, suggesting contamination of the signal from non-neuronal sources
[203-205].

To address the need for more direct measurement of synaptic glutamate release,
researchers developed electrochemical biosensors. These consist of electrodes
coated with glutamate oxidase, which catalyzes the oxidation of glutamate to a-
ketoglutarate and hydrogen peroxide. The latter is detected amperometrically,
producing a current proportional to glutamate concentration [206, 207]. In contrast to
microdialysis, which reflects mostly tonic and extrasynaptic glutamate levels,
microsensors are sensitive to TTX application, allowing for the detection of activity-

dependent glutamate release [207].

Although this technique improved temporal sensitivity, early glutamate microsensors
faced several limitations and required further optimization [208, 209]. In particular,
issues with sensor reproducibility and false-positive signals due to interfering
substances (e.g., ascorbate) presented technical challenges, especially for chronic

experiments [209].

This persistent challenge underscored the need for a more robust and versatile method
of glutamate detection. This need was met by the development of the intensity-based
Glutamate Sensing Fluorescent Reporter (iGluSnFR), introduced by Marvin and
colleagues in 2013 [110], and further refined in 2023 with the release of iGluSnFR3
[210].
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iIGluSnFR3 consists of a circularly permuted enhanced green fluorescent protein
(cpEGFP) fused to a bacterial periplasmic glutamate-binding protein (GItl), anchored
to the neuronal membrane via a PDGFR-derived transmembrane domain [210]. In the
absence of extracellular glutamate, iGIuSNFR3 remains in a resting, weakly fluorescent
state. Upon glutamate binding, conformational changes in Gltl induce a robust increase
in cpEGFP fluorescence, which is proportional to the extracellular glutamate
concentration [110, 210, 211].

The spatial localization of iIGIUSNFR3 is not random. The presence of the PDFGR
peptide promotes membrane targeting with the glutamate-binding domain oriented
extracellularly [210]. Additional anchoring domains, Glycosylphosphatidylinositol (GPI)
and Stargazin (SGZ), further enhance spatial specificity by promoting localization to

postsynaptic terminals [210].

As a result, iGluSnFR3 enables precise measurements of synaptic glutamate release,
facilitating detailed study of synaptic transmission [110, 210]. Earlier versions of
iGluSnFR exhibited relatively slow kinetics, with decay times in the tens of
milliseconds, limiting their ability to capture rapid glutamate dynamics [110, 211]. In
contrast, iGluSNnFR3 demonstrates much faster kinetics, with decay times of 2—4 ms
and rise times around 13 ms, enabling the detection of rapid synaptic events under
both physiological and pathological conditions [184, 211, 212]. Given its improved
spatial and temporal resolution, iGIuSnFR3 is a powerful tool for studying cytotoxicity
and glutamate dysregulation in pathophysiological conditions such as stroke or
traumatic brain injury, including phenomena such as CSD [212].

At present, the expression of iGIluSnFR3 can only be achieved via adeno-associated
viruses (AAV). AAVs offer substantial advantages, including the ability to target specific
brain regions or cell types and to monitor neuronal activity within a relatively short time
after delivery. However, AAV-based approaches also present notable disadvantages.
In particular, AAVs could promote cytotoxicity, disrupt endogenous signaling and
trigger inflammatory responses [213-215]. To avoid these limitations, researchers have
developed transgenic mouse lines that express fluorescent sensors from a defined
genomic locus [107]. Such models provide stable, non-toxic expression across time
and allow for longitudinal studies without the variability or adverse effects associated

with viral vectors [107].
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Despite the widespread adoption of iGIUSNnFR sensors [216-219], no transgenic mouse
lines expressing the iGluSnFR have been developed. To fill this gap, the present work
introduces and characterizes the GluTrooper, a novel glutamate reporter mouse line
that enables the stable and widespread expression of iGluSnFR3. This model allows
for high-resolution, cortex-wide imaging of glutamate dynamics under both
physiological and pathophysiological conditions, offering new avenues to study

excitatory neurotransmission and brain functional reorganization in living animals.
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2 Aims

Despite the clinical efficacy of TMS in post-stroke rehabilitation, its circuit-level
mechanisms remain poorly understood. Importantly, chronic adaptations in
contralateral cortical networks, particularly in local circuits and transcallosal neurons,
have not been systematically mapped in stroke pathophysiology. This gap impedes
the understanding of post-stroke interhemispheric reorganization mechanisms and
limits the development of targeted neuromodulation protocols or the improvement of
the existing strategies. Furthermore, contemporary preclinical methodologies for the
investigation of global cortical circuitry in stroke pathophysiology face significant
limitations. They are confined to assessing neuronal activation via calcium reporter
lines or, when examining neurotransmission, necessitate viral vector-based delivery
systems, limiting the study to a restricted area and can potentially damage the system
due to the side effects of AAVS.

To address this gap, the present thesis aims two main objectives:

1. To understand the molecular mechanisms underlying brain functional
reorganization in stroke pathophysiology, we performed functional, structural,
and molecular analyses of contralateral transcallosal and local circuits across
the acute, subacute, and chronic post-stroke phases. Using longitudinal two-
photon microscopy combined with viral labeling strategies, we monitored these
two distinct contralateral neuronal populations for a period of three months. This
approach aimed to elucidate the mechanisms underlying interhemispheric
reorganization and to open new avenues for improving already existing clinical

applications and to identify critical windows for effective therapeutic intervention.

2. Given the technical limitations in monitoring whole-cortex neurotransmission in
preclinical research, we aimed to develop and characterize the GluTrooper, a
novel transgenic mouse line expressing the genetically-encoded sensor
iIGluSnFR3. With this novel glutamate reporter line, we aimed to circumvents
the limitations associated with AAVs delivery, such as invasive intracortical
injections and potential cytotoxic effects. As the availability of transgenic lines

for studying neurotransmission remains limited, the GluTrooper represents a
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valuable alternative to existing calcium reporter lines, which only reflect
neuronal activation rather than direct synaptic transmission. To demonstrate the
broad utility of this model, we characterized the GluTrooper under both
physiological and pathophysiological conditions, in order to highlight its potential

applications in a wide range of experimental contexts.
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Abstract

Ischemic stroke induces neurological deficits not only by focal tissue damage but also
through effects on distant brain areas not directly affected by ischemia, a process
known as diaschisis. To elucidate the mechanisms underlying diaschisis, we
developed a mouse model of diaschisis by investigating the homotypic cerebral cortex
contralateral to an ischemic infarct. Biochemical and histological data indicate that
deafferented contralateral transcallosal neurons connected to the infracted cerebral
cortex do not undergo cell death but rather exhibit synaptic reorganization towards
hyperexcitability, while contralateral neurons not connected to the infarcted brain
display a shift towards a more inhibitory phenotype within three months after stroke.
On the functional level, longitudinal in vivo CaZ* imaging revealed that transcallosal
neurons become hyperactivated after stroke, thereby inducing a widespread inhibition
in surrounding, local neuronal populations. This process results in a long-lasting
decrease in cortical perfusion, a clinical hallmark of diaschisis. The identification of this
maladaptive process in the contralateral hemisphere may provide new avenues for the

treatment of chronic neuronal dysfunction following focal brain injuries.
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Introduction

Neurons communicate both locally and across distant networks. As a result, the effects
of focal brain injuries, e.g., caused by cerebral ischemia or trauma, extend far beyond
the immediate site of damage. This phenomenon, termed "diaschisis" by Constantin
von Monakow in the early 20th century, manifests as impairment of neurological
function in anatomically distinct but functionally related brain areas?'. Although imaging
studies have documented diaschisis in stroke patients by demonstrating hypoperfusion
and hypometabolism in contralateral brain regions?, the underlying cellular and

molecular mechanisms are only poorly understood.

To study long-range neuronal connections in the cerebral cortex transcallosal neurons
mediating interhemispheric inhibition across the corpus callosum? represent a good
model system*°, but biochemical and functional studies specifically addressing the
effect of a focal injury on distant neuronal populations are largely missing. To fill this
gap, we performed morphological and biochemical analysis and stained contralateral
transcallosal and local neuronal networks genetically and with adeno-associated
viruses and imaged these cells longitudinally for up to three months after cerebral
ischemia by in vivo two-photon microscopy. Our results suggest that neurons losing
their projections due to a distant focal injury do not die but undergo synaptic
reorganization thereby suppressing their local network and causing a phenotype
compatible to diaschisis in patients.
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Results

Experimental stroke leads to contralateral cortical thinning

To investigate whether ischemic stroke affects distant brain areas, i.e. the contralateral
hemisphere, we used MRI to assess atrophy of the brain up to three months after
inducing stroke via filament MCA occlusion, which induces large strokes including the
cerebral cortex and the basal ganglia (fMCAo; Fig. 1A). We observed volume
reductions in both ipsilateral (-32%) and contralateral (-11%) hemispheres (Fig. 1B).
To assess whether these structural changes were driven by brain areas known to be
connected to the contralateral hemisphere through specific pathways, e.g. the cerebral
cortices which are homotypically connected through transcallosal projections, we
measured the thickness of the contralateral cortex following distal MCA occlusion, a
stroke model which induces isolated cortical infarcts (dMCAo, Fig. 1A). Indeed,
isolated cortical infarcts induced a reduction of the homotopic contralateral cortex by
10% (Fig. 1C) suggesting that the loss of ipsilateral projection fields by the ischemic
lesion caused atrophy of the connected contralateral cortex. These findings
demonstrate that ischemic stroke lesions induce structural changes, i.e. atrophy, in the
contralateral hemisphere, thereby providing us with an experimental model to study

diaschisis.

Stroke triggers contralateral neuropil atrophy without neuronal loss

Based on these findings we hypothesized that the contralateral atrophy following
stroke is caused by the loss of neurons due to retrograde degeneration. To test this
hypothesis, we counted neurons in the contralateral barrel cortex, the homotopic
region of the infarct, and examined the size of neuronal somata. We found no
significant changes in neuronal density (Fig. 2A) or distribution of neuronal cell soma
size (Fig. 2B), indicating that no retrograde degeneration occurred and the
contralateral neuronal network was preserved.

Consequently, we hypothesized that the observed contralateral atrophy after stroke
must be caused by a reduction of the volume of the neuropil, which contains axons
and dendrites. Binarization and segmentation of all cellular structures in the homotopic
contralateral cortex allowed us to quantify the neuropil volume (Fig. 2C) and revealed

a 14% reduction in neuropil volume two month after dMCAo (Fig. 2D). These findings
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suggest that contralateral atrophy after stroke does not result from retrograde
degeneration and death of neurons disconnected from their infarcted projection fields,

but rather from changes in the surrounding neuropil.

Ischemia induces corpus callosum atrophy

Based on the conclusions drawn from these data, only contralateral neurons actually
connected to the infarcted hemisphere should be affected by the observed changes.
For the next step we therefore aimed to focus our investigation to this specific neuronal
population. Fist, we labeled all neurons of the cortex contralateral to the infarct by
injecting an adeno-associated virus (AAV) which induced the expression of a green
fluorescent protein under a neuronal promoter (AAV1-hSyn-EGFP; Addgene 37825-
AAV1) into the contralateral barrel cortex (Fig. 3A) and investigated the transcallosal
projections of these specific neurons three months after ischemic stroke. Our analysis
revealed multiple local axonal swellings suggestive of classical axonal dystrophy along
the corpus callosum (Fig. 3B). Consequently, the thickness of the ipsi- and
contralateral corpus callosum was significantly reduced by about 25% after stroke as
compared to sham-operated controls (Fig. 3C). These findings support our hypothesis
that ischemic damage causes disconnection of contralateral transcallosal neurons,
leading to callosal and contralateral cortical atrophy. To investigate contralateral
transcallosal neurons connected to the ischemic lesion more specifically, we labelled
them with GFP by injecting a retrograde AAV (rAAV-CAG-GFP; Addgene 37825-
AAVrg) into the future infarct site one month before ischemia (Fig. 3D). This approach
allowed us to specifically label only those contralateral neurons which indeed projected
into the infarct (Fig. 3E). When investigating these neurons three month after stroke,
we realized that their number was unchanged (data not shown), as well as their soma
size, although some transcallosal neurons appear to be atrophic three months after
stroke (Fig. 3E). These data indicate that neurons of the contralateral hemisphere
sending transcallosal projections into the infarct area could become slightly atrophic

three months after stroke, but otherwise stay alive and may still be functional.
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Excitation-inhibition imbalance in the contralateral cortex following

stroke

In a first step to investigate the functional properties of deafferented transcallosal
contralateral neurons, we determined the inhibitory/excitatory ratio of their synaptic
connections. We specifically identified the dendritic arbor of deafferented transcallosal
contralateral neurons by their GFP expression and quantified the dendritic spines
contacted by excitatory (vGlutl-positive) or inhibitory (Gad65-67-positive) presynaptic
axonal boutons using immunohistochemistry and high-resolution Airyscan confocal
microscopy (Fig. 4A). Disconnected transcallosal neurons of the contralateral
hemisphere showed significantly fewer Gad65-67-positive boutons compared to non-
disconnected neurons three months after stroke (Fig. 4B), while vGlutl-positive
boutons increased (Fig. 4C). The excitatory/inhibitory synapse ratio nearly doubled in
disconnected transcallosal neurons (Fig. 4D), indicating a substantially increased
excitability of these cells after ischemia.

To determine whether the hyperexcitability of disconnected transcallosal neurons
influences the surrounding neuronal network, we quantified inhibitory and excitatory
presynaptic boutons in the homotopic area contralateral to the infarct up to ninety days
post-stroke or sham-surgery (Fig. 4E). Quantification of synaptic markers at one,
seven, fourteen-, and ninety-days post-stroke revealed dynamic changes in synaptic
composition (Fig. 4F, G). At twenty-four hours post-insult, we observed a general loss
of both inhibitory and excitatory synapses, indicative of acute disconnection between
the contralateral and infarcted hemispheres. Synaptic markers normalized by day
seven, followed by a doubling of inhibitory Gad65-67-positive synapses at ninety days
post-stroke (Fig. 4F). Concurrently, vGlutl-positive excitatory synapses decreased by
more than 50% (Fig. 4G). Hence, at ninety days post-ischemia, we observed a
network-wide increase in inhibitory (Gad65-67*) synapses throughout layers II-V of the
contralateral cortex, accompanied by a decrease in excitatory (vGlutl*) synapses.
Changes in synaptic balance were accompanied by alterations in mMRNA expression
of GABA receptor subunits associated with phasic (a1-3 and y2) and tonic (a4-5 and
0) inhibition (Fig. 4H, I). At twenty-four hours post-stroke, both phasic and tonic
subunits decreased in ipsilateral and contralateral hemispheres. By ninety days, phasic

inhibition normalized to sham levels bilaterally, while tonic inhibition increased
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contralaterally (Fig. 51). These data are fully in line with our immunohistochemical data
and suggest that the disconnection and subsequent hyperexcitability of contralateral
transcallosal neurons may trigger a network-wide reorganization towards increased

tonic inhibition in the surrounding neuronal network.

Stroke causes hyperactivation of contralateral transcallosal neurons

To characterize the excitation-inhibition imbalance observed in the contralateral
hemisphere on the functional level, we quantified the activity of transcallosal and local
contralateral neurons by measuring changes of the intracellular calcium concentration
[Ca?*]i using Thyl-GCaMP6s transgenic mice [107] and in vivo multiphoton imaging
(Fig. 5A, left panel). To be able to identify transcallosal neurons, a retrograde AAV
inducing the expression of tdTomato under the ubiquitous CAG promoter (Addgene,
59462-AAVrg) was injected into the prospective stroke area (Fig. 5A, left panel).
Following a two-week recovery period and a two-week training phase to acclimate mice
to the awake imaging setup (Fig. 5A, right panel), we performed baseline imaging. Mice
were then subjected to dMCAo0, and the same regions of interest (ROIs) were tracked
for three months post-ischemia. Cortical neurons were identified by the green
fluorescence of the genetically expressed Ca?* sensor (GCaMP6s) (Fig. 5B, arrow 3),
while double labelling with tdTomato identified transcallosal neurons (Fig. 5B, arrow
1). Using this approach, we observed an obvious increase in the number of
spontaneous calcium transients in transcallosal neurons twenty-one days after stroke
as compared to the baseline recorded in the same mice before stroke. Neurons without
transcallosal connections did not show any changes in spontaneous neuronal activity
(Fig. 5C). Quantification of the data using an investigator-independent script for peak
detection, revealed a more than two-fold increase (+126%) in the number of
spontaneous calcium transients in transcallosal neurons of mice subjected to stroke
as compared to those who underwent sham surgery (Fig. 5D). The amplitude of the
[Ca?*]i events was not changed suggesting that the generation of action potentials was
not affected (Fig. 5E). No changes in spontaneous activity were observed in local
transcallosal neurons, i.e. those cells without transcallosal connections to the infarct

area (Fig. 5F&G). Together with our previous immunohistochemical and biochemical
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findings our functional data clearly indicate that contralateral transcallosal neurons

become hyperactive in the chronic phase after ischemic stroke.

Stroke triggers chronic weakening in contralateral neuronal

response

To understand whether the observed hyperactivity of transcallosal neurons affects the
function of the local neuronal network, we monitored activity-dependent intracellular
Ca2+ transients in transcallosal and local neurons of the hemisphere contralateral to
the ischemic infarct (Fig. 6A). Neuronal activation by whisker stimulation resulted in a
robust increase in the number of Ca transients in the barrel cortex (Fig. 6B) which
lasted for the duration of the stimulation, i.e. 20s (Fig. 6C). Observing the evoked
contralateral neuronal activity, we noticed that whisker stimulation increased the
number of Ca?* transients in the majority of the neurons, however, the response was
significantly diminished over time after stroke (Fig. 6D). Notably, we observed a
progressive weakening in the induced global neuronal response which reached a
highly significant reduction of 36% 2.5 months post-stroke (Fig. 6E). In contrast,
contralateral transcallosal neurons did not exhibit a significant change in activity upon
whisker stimulation as compared to baseline (Fig. 6F). These findings are well in line
with the observed global increase in GAD65-positive synapses in the contralateral
barrel field three months after cerebral ischemia by immunohistochemistry.
Collectively, these findings support the concept that injury to one cerebral hemisphere
induces hyperactivity of transcallosal neurons which then induce global inhibitory
remodeling of local neurons in the contralateral hemisphere. Accordingly, our data
suggest that hyperactive transcallosal neurons are the cellular mechanisms underlying

diaschisis.

Stroke induces chronic impairment of neurovascular coupling in the

contralateral hemisphere

To investigate whether the inhibitory remodeling of the contralateral cortex induces
changes in local cortical perfusion, the main characteristic of diaschisis, we measured
cortical cerebral blood flow (CBF) in response to whisker stimulation by laser speckle

contrast imaging repetitively for up to ninety days post-stroke (Fig. 6A). We generated
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high-resolution heat maps to analyze the spatiotemporal evolution of CBF responses.
At 5 days post-ischemia, the CBF response remained unchanged compared to sham
controls. However, by day 14, neurons in the contralateral barrel field exhibited a
stronger response, aligning with the increased expression of vGlul-positive boutons in
this region. This enhanced response persisted until one-month post-stroke. Strikingly,
at three months post-stroke, whisker stimulation induced a significantly lower CBF
response in the barrel cortex and surrounding areas compared to controls (Fig. 6B) as
also shown by quantitative analysis. These findings support the chronic weakening of
neuronal responses observed in our in vivo calcium imaging data and the
overexpression of GAD65-67 positive synapses observed in the contralateral barrel

field column at ninety days following stroke.
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Discussion

In the present study, we investigated the cellular and molecular mechanisms
underlying diaschisis, the changes occurring in anatomically separate but functionally
related brain areas after ischemic stroke. Using two different experimental models of
cerebral ischemia, we found that ischemic stroke, in the chronic phase, is
characterized by atrophy of the ipsilateral, and the contralateral brain area homotopic
to the infarct. The contralateral atrophy was followed by a reduction in neuronal activity,
mirroring diaschisis observed in stroke patients!. We reveal that the cellular and
molecular substrate of diaschisis is induced by the disconnection of contralateral
transcallosal neurons from their projection area, which then remodel their dendrites
towards hyperexcitability. Our results suggest that both ischemia-induced tissue
damage and remodeling of disconnected transcallosal neurons contribute to functional
deficits after stroke. While some elegant studies have focused on tissue atrophy in the
ischemic hemisphere after stroke or brain injury’, few studies have addressed changes
in distant brain areas, particularly the contralateral hemisphere®°. Our study expands
these observations to the contralateral hemisphere, demonstrating that cortical infarcts
trigger contralateral cortical thinning through the disconnection of transcallosal
neurons. Using viral labeling strategies to mark contralateral transcallosal neurons, we
observed morphological evidence of disconnection, including dystrophy and retraction
bulbs along the corpus callosum up to three months post-stroke, in line with previous
reportstC. Importantly, this disconnection did not result in death of the transcallosal
neurons in the homotopic contralateral cortex, as evidenced by the lack of significant

changes in neuron density or soma size distribution.

Our in vivo calcium imaging experiments provided crucial details into the temporal
dynamics of neuronal activity changes in the contralateral hemisphere. We observed
a chronic elevation in calcium events in disconnected transcallosal neurons, compared
to sham operated animals. This hyperactivation was specific to the transcallosal
population and not observed in the global neuronal population, suggesting that stroke
induces a targeted effect on inter-hemispheric communication pathways. These
findings corroborate recent studies demonstrating that, following a lesion, contralateral
transcallosal neurons undergo hyperactivation due to reduced inhibitory modulation

from the affected hemisphere®®. The observed hyperexcitability was observed not only
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functionally, but also structurally. In fact, we found that ischemic stroke affects
inhibitory input in disconnected transcallosal neurons, as evidenced by an increased
ratio of vGlutl/GADG65-67 on existing synapses three months post-ischemia. This
enhanced presynaptic excitability may have been triggered by decreased contralateral
GABAergic inhibition due to retrograde degeneration of transcallosal neurons
projecting from the infarcted tissue!t'2.0Our calcium imaging data revealed a
progressive weakening in the global neuronal response to whisker stimulation in the
contralateral hemisphere, starting at twenty-one days post-stroke, supporting our post-
mortem quantifications showing an increase in GAD65-positive synapses within the
contralateral barrel field at ninety days post-ischemia. The discrepancy between the
hyperactivation of transcallosal neurons and the weakened response of the global
neuronal population suggests a complex remodeling of the contralateral cortical
network. These findings show a biphasic reorganization underlying diaschisis. Initially,
we observed a period of global contralateral hyperexcitation after stroke, followed by
decreasing activity and even hypoactivation of the contralateral cortex, as assessed
by functional hyperemia at three months post-stroke. This aligns with human data
assessed during the same time window after stroke by fMRI and finger-thumb
opposition task!3, The enhanced activation occurring early after stroke may contribute
to partial symptom resolution through potentiation of uncrossed cortical pathways.
However, also the hyperactive contralateral cortex could inhibit the function of the
damaged cortex!*. This hypothesis has led to therapeutic approaches using inhibitory
neuromodulation in humans!®. The strength of interhemispheric inhibition has been
found to correlate with motor impairment, and reducing contralateral excitability has
been shown to promote hand function recovery'®>. Our results have important
implications for therapeutic approaches to stroke recovery. The biphasic nature of the
contralateral cortex reorganization suggests that inhibition of hyperexcitation may be
therapeutically useful in the first weeks after focal injury. However, months later,
excitation may be the more beneficial approach. This concept is supported by failed
therapeutic attempts with inhibitory drugs in chronic stroke patients®1’. Our current
findings explain why attempts to inhibit contralateral cortex activity and restore

neurological function were not effective after focal brain injury?8.

In conclusion, our study shows that contralesional cortical atrophy following ischemic

stroke results from the remodeling of transcallosal neurons that lose their axonal
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projections. These neurons become hyperexcitable thereby promoting overall
inhibitory remodeling in the surrounding neuronal network. Our findings elucidate the
cellular and molecular basis of diaschisis and emphasize the need for therapeutic
interventions that account for the biphasic temporal profile of post-stroke
reorganization. This approach could potentially alleviate chronic functional

impairments following stroke and other focal brain injuries.
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Methods

Animals

C57BL/6J and Thyl-GCaMP6s mice, aged 2-4 months, were used in this study. The
animals were group-housed (4-5 mice per cage) under specific-pathogen-free
conditions in the animal facility of the Center of Stroke and Dementia Research. Mice
were maintained on a 12/12-hour light/dark cycle at 21 + 1°C with ad libitum access to
standard laboratory chow and water. All experiments were conducted in accordance
with the ARRIVE guidelines and approved by the German National Guidelines for
Animal Protection. Experimenters were blinded to group allocation during data

collection and analysis.

Stroke models

Stroke models were implemented using two distinct procedures: distal middle cerebral
artery occlusion (dMCAo) for permanent focal cerebral ischemia, and filament middle
cerebral artery occlusion (fMCAO) for transient cerebral ischemia. For both procedures,
mice were anesthetized with 4% isoflurane (balanced with 30% O2 and 65% NZ2),
maintained at 1.5-2% isoflurane throughout surgery, and body temperature was kept
at 37°C using a feedback-controlled heating pad. Analgesia (Buprenorphine, 100ug
s.c) was administered 30 minutes pre-surgery. For dMCAo model, the skull was
exposed via skin excision, and a burr hole was drilled in the temporal bone. The middle
cerebral artery was permanently occluded using high-frequency electrocoagulation
forceps. For fMCAO, the left middle cerebral artery was occluded for 60 minutes using
a silicon-coated filament (#701912PK5Re, Doccol), followed by reperfusion. Occlusion
was confirmed by monitoring decreased regional cerebral blood flow with a laser
Doppler probe fixed above the MCA territory. Vital parameters were monitored via
pulse oximeter. Post-procedure care for both models included wound treatment with
Povidone-iodine, suturing, and subcutaneous saline injection (1 ml). Mice were placed
in a 32°C recovery chamber until full motor function returned, then transferred to home
cages with ad libitum access to water and food. Sham surgeries followed identical
procedures without MCA occlusion.

38



Ex vivo MRI imaging

Ex vivo MRI was performed using a 3T nanoScan® PET/MR system (Mediso, Minster,
Germany) equipped with a cryogen-free 3 Tesla magnet (bore size 2350 mm,
>450mT/m maximum gradient) and a 42 mm internal diameter quadrature mouse body
coil. Brains stored in PBS were secured in custom-made holders during scanning.
Coronal T2-weighted images (T2WI1) of the entire cerebrum were acquired using a 2D
fast-spin echo (FSE) sequence with the following parameters: TR/TE = 3000/65.3ms;
17 averages; matrix size = 272 x 272, field of view = 38 mm x 38 mm; resolution 140
X 140 x 660 pms. Stroke lesion areas were identified on T2WI, and ipsilateral and
contralesional hemispheric volumes were manually measured on 12 consecutive
sections using ImageJ software (polygon tool; NIH). Volumes were calculated using
the equation: V = d*(A1/2 + A, + Az + ... + A,/2), where d is the inter-section distance
in mm and A is the measured area. Three-dimensional reconstructions of

representative MRI images were generated using Imaris software.
Brain thickness and neuropil fraction measurements

To assess brain atrophy, we measured the thickness of the contralesional cortex and
corpus callosum at bregma 0, -0.5, and -1.5mm levels in Nissl-stained sections.
Sections were air-dried overnight, incubated for 45 minutes at 60°C in 0.05% Cresyl
fast violet/0.05% acetic acid solution, differentiated through graded alcohols, cleared
in xylene, and coverslipped with DPX. Cortical thickness was evaluated by placing 15
perpendicular lines from white matter to pial surface across the sensorimotor cortex,
including primary visual, primary motor, and lateral entorhinal cortices, using a 5X
objective. Corpus callosum surface area was measured bilaterally at bregma level as
previously described. Measurements were averaged across three sections per animal

for statistical comparisons between groups.

Neuropil fraction, an indirect measure of connectivity, was quantified in layers I/l of
the homotopic region to the lesion. High-resolution images of Nissl-stained sections
were inverted, converted to 8-bit, and binarized using ImageJ software. The non-
stained area, representing neuropil space containing glial and neuronal processes,

was extracted and quantified. Results are expressed as mean cortical thickness (um),
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corpus callosum surface coverage, and neuropil fraction. All analyses were performed
by experimenters blinded to the experimental conditions, and measurements were

averaged across three sections per animal for statistical comparisons.
Cell density and soma size

To assess neuronal density and morphology, we analyzed three coronal brain sections
(bregma 0, -0.5, and -1.5 mm) immunostained for NeuN and counterstained with DAPI.
Four regions of interest per section were delineated in layers Il/lll and V of the
contralesional cortex, homotopic to the lesion site. Neuronal counts were performed
manually identifying NeuN-positive cells. Neuronal soma size was quantified by tracing
cell bodies using ImageJ software (NIH). The frequency distribution of neuronal soma

sizes was subsequently analyzed using Microsoft Excel.
AAVs and stereotactic injections

We used several AAVs for specific labeling and imaging purposes. The following table

summarizes the viral constructs, their injection sites, and their reference:

Viral vector Injection site Reference

AAVrg-CAG-eGFP Ipsilateral hemisphere Addgene: 37825-AAVrg
AAV1-CAG-eGFP Contralateral hemisphere | Addgene: 37825-AAV1
AAVrg-CAG-tdTomato | Ipsilateral hemisphere Addgene: 59462-AAVrg

For all injections, a total volume of 0.5ul of viral suspension (diluted 1:10 in PBS to a
final concentration of 1x10"2 vg/ml) was injected at a rate of 50nl/min using a
Nanoliter 2020 Injector (World Precision Instruments). For contralateral injections, we
used the following coordinates relative to bregma: -1.1 mm rostro-caudal, +3.3 mm
lateral, and -0.25 mm dorsoventral, while for ipsilateral injections: -1.1 mm rostro-
caudal, -3.3 mm lateral, and -0.25 mm dorsoventral. All injections were performed
using pulled glass micropipettes (World Precision Instruments). After each injection,
the micropipette was left in place for 5 minutes to allow for AAVs diffusion before

withdrawal.
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Cortical cranial window implantation

Surgical tools were sterilized in a glass-bead sterilizer (Fine Science Tools) prior to
use. Mice were anesthetized via intraperitoneal injection of medetomidine (0.5 mg/kg),
midazolam (5 mg/kg), and fentanyl (0.05 mg/kg). The animals were then placed on a
heating pad (36°C) with their heads fixed in a stereotactic frame. Eye ointment was
applied to prevent drying (Bepanthen, Bayer). After cleansing the scalp with 70%
ethanol, scalp was excised and the periosteum removed. A 3 mm diameter craniotomy
site over the contralateral barrel cortex was marked and surrounded by a thin layer of
dental acrylic (iBond Self Etch, Heraeus Kulzer), which was hardened with an UV
polymerization lamp (Demi Plus, Kerr). The skull was thinned using a dental drill
(Schick Technikmaster C1, Pluradent), and the bone flap was removed under sterile
PBS.). A 3 mm circular coverslip was secured over the craniotomy with histoacryl
adhesive (Aesculap). The exposed skull was covered with dental acrylic (Tetric
Evoflow Al Fill, Ivoclar Vivadent) and a headplate was attached for following imaging
sessions. Post-surgery, mice received subcutaneous Carprophen (7.5 mg/kg) for
analgesia. Anesthesia was reversed using Atipamezol (2.5 mg/kg), Naloxone (1.2
mg/kg), and Flumazenil (0.5 mg/kg) intraperitoneally. Animals recovered in a 35°C

warming chamber before returning to their home cages.
Immunofluorescence and confocal imaging

Sections were incubated with guinea pig anti-Vesicular glutamate transporter 1
(vGlutl; Millipore AB5905) and rabbit anti-glutamic acid decarboxylase 65/67
(Gad65/67; Sigma G5163) antibodies (both at 1:5000 dilution), followed by Alexa Fluor
647-conjugated donkey anti-guinea pig and Alexa Fluor 488-conjugated donkey anti-
rabbit secondary antibodies (1:1000). Images were acquired using a Zeiss LSM 880
confocal laser scanning microscope equipped with GaAsP and Airyscan detectors,
using EC Plan-Neofluar 40x/1.30 Oil DIC M27 and Plan-Apochromat 100x/1.46 Oil DIC
objectives. Quantification of vGlutl and Gad65/67 puncta was performed in the
homotopic contralesional cortex on three representative sections (bregma 0, -0.5, and
-1.5 mm). Seven regions of interest (30 um z-stack; 42.43 pum width) spanning the full
cortical column from marginal zone to corpus callosum were analyzed per section.

Puncta were counted using the Find Maxima function in FIJI ImageJ software (noise
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tolerance: 15 for vGlutl, 20 for Gad65/67). The average count from three sections per
animal was used for statistical comparisons between groups. Additionally, we manually
quantified vGlutl and Gad65/67 puncta overlapping with GFP-positive spines from
labeled transcallosal neurons in the region homotopic to the lesion.

Real-time PCR

RNA extraction and quantitative RT-PCR analysis were performed to assess GABAA
receptor subunits expression. At specified time points post-stroke, 3 mm diameter
biopsy punches were used to collect tissue from the ipsilateral cortical lesion area and
the homotopic contralesional cortex. Total RNA was isolated using the RNeasy Mini kit
(Qiagen) following the manufacturer's protocol and quantified spectrophotometrically.
DNase I-treated RNA (1000 ng) was reverse transcribed using oligo(dT)12-18 primers
and Superscript Il Reverse Transcriptase (Omniscript First-Strand Synthesis System,
Qiagen). Real-time PCR was performed using the LightCycler QuantiNova SYBR
Green RT-PCR Kit (Qiagen) with 20 ng cDNA template and 20pmol of each primer.
Intron-spanning primers were designed for GABAA receptor subunits mediating phasic
(a1, a2, d) and tonic (a4, a5, y2) inhibition (Table S1). Reactions were run in triplicate
on a Light Cycler 480 Instrument (Roche). Melting curve analysis confirmed PCR
product specificity. Expression levels were calculated using the 2*-AACT method, with
GAPDH as the reference gene. Crossing point (CP) values were averaged from three
independent reactions. Fold changes in expression were determined relative to sham-
operated controls. To obtain overall measures of phasic and tonic inhibition, relative
expression values of subunits mediating each type of inhibition were averaged for each

animal.
In vivo calcium imaging

In vivo calcium imaging was conducted one-month post-cranial window implantation
and AAYV injection using a Leica SP8 DIVE 2-photon microscope equipped with a
tunable and a fixed laser, a 25x water immersion objective (NA 1.0), and a motorized
stage (Scientifica). GCaMP6s and tdTomato were excited at 940 nm and 1045 nm,
respectively, with emission collected at 500-550 nm for GCaMP6s and 600-650 nm for

tdTomato. To minimize phototoxicity, laser power was maintained at approximately
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40mW below the objective. During imaging sessions, awake mice were head-fixed on
a circular imaging platform (Gramophone, Femtonics Ltd). Single-plane time-lapse
series (27.87 Hz) with 512 x 512 pixels per frame were recorded at a depth of 250-300
pm below the cortical surface. Following a 9-minute baseline recording, whisker
stimulation (5 Hz, 80ms duration) was applied for 20 seconds using a Picospritzer
(Parker-Hannifin Corporation). Image processing and subsequent analysis were

performed post-experiment.
Calcium imaging data analysis

Time-lapse acquisitions of GCaMP6s and tdTomato-positive cells were analyzed using
established Python software for calcium imaging data analysis. Videos were initially
denoised using DeeplCAD-RT®® to remove artifacts and enhance signal intensity
changes. Subsequently, motion correction was applied using NoRMCorre?° to mitigate
motion artifacts. Following preprocessing, neuron detection and signal extraction were
performed using Suite2p?L. Distinction between GCaMP6s and tdTomato-positive cells
was done manually using the Suite2p graphical user interface. The extracted AF/F
calcium signals were then deconvolved using FOOPSI algorithm?? to estimate
underlying neural activity and remove additional artifacts. Peak detection was carried
out using SciPy's peak detection module (Python). Neuronal responses after whisker
stimulation were averaged to obtain the bulk response. Bulk response was then
normalized and peak amplitude was detected using Python.
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Laser speckle contrast imaging

We employed laser speckle contrast imaging to monitor cerebral blood flow (CBF)
responses triggered by whisker stimulation in lightly sedated mice. The left whiskers
were stimulated five times (1-2 Hz for 40 seconds, 3-minute intervals) while CBF
responses were recorded in the right somatosensory cortex through a previously
implanted cranial window. A PeriCam PSI High-Resolution Laser Speckle system
acquired images at 44 frames/second, with numerical values generated using PIMSoft
software. Data processing and analysis were performed using custom MATLAB scripts
(R2016b, The MathWorks). A spherical region of interest (ROI) encompassing the
exposed cortex was manually defined. The perfusion signal time-series for each pixel
within the ROI was high-pass filtered (cutoff frequency: 0.004 Hz) using a Chebyshev
Type | filter (order 2) to remove signal drift. Stimulation periods were automatically
detected using Otsu's method and visually verified. To account for potential ramp-like
increases at stimulation onset, the perfusion signal was averaged between 10-30
seconds post-stimulation and normalized to the baseline (average signal 40-10
seconds pre-stimulation). Normalized responses were averaged across stimulation
periods for each animal, then across animals within experimental groups. For inter-
animal comparisons, images were resized to a 120 x 120-pixel matrix.CBF responses
for each 30-second stimulation were normalized to a 20-second pre-stimulation
baseline. Individual and averaged responses for sham and stroke groups were
analyzed. Heat maps were generated for individual animals to better understand
response variations (Fig. S4). Exclusion criteria were implemented due to within-group
variations in sham responses. Datasets were included only if a connected area of
pixels covering at least 5% of the ROI showed a response above 10% of baseline

intensity. One sham animal was excluded due to unrelated signal fluctuations
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Figure 4
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Figure 6
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Figure 7
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Figure legends

Figure 1: Experimental stroke leads to contralateral cortical thinning

(A) Experimental design showing two stroke models to investigate distant brain effects.
Upper: Filament middle cerebral artery occlusion (fMCAo0) inducing large strokes
affecting cerebral cortex and basal ganglia, followed by ex-vivo MRI analysis at 90
days post-stroke. Lower: Distal middle cerebral artery occlusion (dMCAo0) inducing
isolated cortical infarcts, followed by confocal imaging at 60 days post-stroke. (B)
Hemispheric volume measurements following fMCAo showing significant reductions in
both ipsilateral (~32%) and contralateral (~11%) hemispheres compared to naive
controls (n=6 per group; Ordinary one-way ANOVA followed by Tukey's multiple
comparisons test; means + SEM; ****p<0.0001, *p<0.05). (C) Contralateral cortical
thickness measurements following dMCAo demonstrating significant reduction in
dMCAo animals (1010 pym) compared to sham controls (1123 pm) (n=10 per group;
Unpaired t-test; means+SEM; ****p<0.0001).

Figure 2: Stroke triggers contralateral neuropil atrophy without
neuronal loss

A) Schematic overview of the experimental design and region of interest selection.
Representative coronal brain sections from Sham and dMCAo animals show the
ipsilateral (Ipsi) and contralateral (Contra) hemispheres, with red boxes indicating the
analyzed region in the contralateral barrel cortex. Enlarged images show Nissl|-stained
sections and corresponding binarized images used for quantification. Lower panels
illustrate representative binarized images from Sham and dMCAo contralateral cortices
used for neuropil fraction analysis. B) Quantification of neuronal density in the
contralateral barrel cortex shows no significant difference between Sham and dMCAo0
groups (n=7 per group). Unpaired t-test; means+SEM; ns (p=0.9915). C) Distribution
of neuronal soma sizes in the contralateral barrel cortex shows no significant
differences between Sham (n=6) and dMCAo (n=7) groups across all size bins (50—
300 ym? data are presented as mean + SEM; Sidak's multiple comparisons test; all
comparisons not significant; p > 0.05). D) Neuropil fraction analysis reveals a
significant reduction in dMCAo0 animals (61.23%, n=9) compared to Sham controls
(68.59%, n=8). Mean difference: -7.360 + 1.432% (95% CI: -10.41 to -4.307). Unpaired
t-test (t=5.139, df=15); means + SEM; ***p=0.0001.

Figure 3: Ischemia induces corpus callosum atrophy

A) On the left, schematic representation of the first experimental approach, in which
AAV1-CAG-eGFP was injected intracortically into the hemisphere contralateral to the
future infarct site. This allowed for the anterograde labeling of neurons and their
transcallosal axons projecting to the stroke-affected region. On the right, Timeline
summarizing the experimental protocol. B) Representative images showing GFP-
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labeled transcallosal axons in the corpus callosum of sham-operated (top) and dMCAo
(bottom) mice. Dendritic beading, indicative of structural damage, is marked by white
arrows. C) Quantification of the GFP-positive axonal area in the corpus callosum of the
ipsilateral hemisphere in sham (n=9; grey) and dMCAo0 (n=8; orange) mice, as well as
in the contralateral hemisphere of dMCAo0 mice (n=8; teal). Data are presented as
mean = SEM. Statistical analysis was performed using ordinary one-way ANOVA
followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.001. D) On the left,
Schematic of a second viral labeling strategy using a retrograde AAV injected directly
into the future infarct core to specifically label contralateral transcallosal projection
neurons. On the right, Corresponding experimental timeline. E) Representative images
of GFP-labeled contralateral transcallosal neurons in sham (left) and fMCAo (right)
mice. Arrows indicate shrunken soma morphology, suggestive of neuronal atrophy or
degeneration, in the fMCAo0 group. F) Quantification of the soma surface area of
contralateral transcallosal neurons in sham (n=8; grey) and fMCAo0 (n=8; teal) mice.
Data are expressed as mean + SEM. Statistical comparison was performed using
ordinary one-way ANOVA followed by Tukey’s multiple comparisons test.

Figure 4. Excitation-inhibition imbalance in the contralateral cortex
following stroke

A) Contralesional cortical columns in the barrel field 12 weeks post-stroke,
immunolabeled for Vesicular Glutamate Transporter 1 (vGlutl) and Glutamic Acid
Decarboxylase 65/67 (Gad65/67), with magnified Layer 1l/lll views comparing sham
(left) and stroke (right) brains. B) Quantification of Gad65/67 and C) vGlutl puncta
density in cortical columns (n = 7 per group). (D-E) Relative expression of GABAA
receptor subunits mediating tonic (D) and phasic (E) inhibition in ipsilesional peri-infarct
and contralesional homotopic regions (sham controls: dashed line). (F-G) vGlutl (F)
and Gad65/67 (G) puncta density on dendrites of deafferented transcallosal neurons
in contralesional homotopic areas. H) Synaptic Gad65/67-to-vGlutl ratio (n = 8—-9 mice
per group). Data represent mean = SD; analyzed by one-way ANOVA (Bonferroni post-
hoc) and Student’s t-test (*p < 0.05, **p < 0.001, ***p < 0.0001).

Figure 5: Stroke causes hyperactivation of contralateral transcallosal
neurons

A) On the left, Schematic overview of the experimental design and viral vector strategy
used to retrogradely label contralateral transcallosal neurons. On the right, Illustration
of in vivo two-photon imaging in awake, head-fixed mice. On the bottom, timeline of
the experimental schedule, including imaging sessions before and after dAMCAo0. B)
Representative field of view showing GCaMP6s-positive neurons (green), TdTomato-
positive neurons (red), merged channels, and corresponding automated neuron
detection in the same region. C) Representative calcium traces from two neurons co-
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expressing GCaMP6s and TdTomato at baseline and 21 days post-dMCAo0. Note the
increased frequency of calcium transients in TdTomato-positive neurons at 21 days
post-stroke. D) Quantification of calcium event frequency in TdTomato-positive
neurons from sham-operated mice (n = 37 cells) and dMCAo-operated mice (n = 59
cells), normalized to baseline. E) Amplitude of calcium transients in TdTomato-positive
neurons from sham (n = 37 cells) and dMCAo0 mice (n = 59 cells), normalized to
baseline. F) Frequency of calcium events in GCaMP6s-positive neurons from sham-
operated (n = 3 mice) and dMCAo-operated animals (n = 5 mice), normalized to
baseline. G) Amplitude of calcium transients in GCaMP6s-positive neurons,
normalized to baseline. Statistical analyses were performed using mixed-effects
models and Student’s t-test. *p < 0.05.

Figure 6: Stroke triggers chronic weakening in contralateral neuronal
response

A) Schematic representation of the experimental approach, including the sensory
stimulation setup. The air-puff stimulation protocol used to evoke neuronal responses
is shown on the right. B) Representative field of view of neuronal activity (AF/F) before
and during air-puff stimulation. Note the increased fluorescence signal during
stimulation, indicating heightened neuronal activity. C) Raster plot of neuronal calcium
activity corresponding to the field of view shown in (B) (n = 132 cells), illustrating the
temporal dynamics of individual neuronal responses to sensory stimulation. D) Onset
latency plot from a representative mouse showing activation times of individual
neurons across the experimental timeline (Baseline: n = 177 cells; 5d post-dMCAo0: n
= 174 cells; 21d post-dMCAo: n = 177; 91d post-dMCAo: n = 177 cells). E)
Quantification of the amplitude of evoked bulk neuronal responses in TdTomato-
positive neurons from sham-operated (n = 3 mice) and dMCAo-operated (n = 5 mice)
animals. Right: Representative traces of the evoked bulk responses for each group. F)
Quantification of the amplitude of evoked bulk neuronal responses in GCaMP6s-
positive neurons from sham-operated (n = 3 mice) and dMCAo-operated (n = 5 mice)
animals. Right: Corresponding traces illustrating evoked responses in each group.
Statistical analyses were performed using mixed-effects models and Student’s t-test.
p < 0.05.

Figure 7: Stroke induces chronic impairment of neurovascular
coupling in the contralateral hemisphere

A) Schematic representation of the experimental setup, including the application of air-
puff stimulation to the ipsilateral whisker pad and the corresponding stimulation
protocol. On the right, representative images of cortical activity during baseline and
whisker stimulation, illustrating the evoked response. B) Quantification of the average
peak response amplitude across groups. Data are presented as mean + SD. Statistical
comparison was performed using Student’s t-test. p < 0.05. C) Heatmaps showing the
spatial distribution of average responses in stroke and sham groups.
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Abstract

Glutamate, the brain's primary excitatory neurotransmitter, plays a critical role in neural
circuit function, yet monitoring its dynamics in vivo has been limited by the constraints
of viral delivery systems, which can exhibit variable expression and potential toxicity
over time. To address these limitations, we developed a novel ROSA26 knock-in
mouse model engineered for conditional, stable, and longitudinal expression of the
iIGluSnFR3 glutamate sensor (GluTrooper). Through Cre/loxP-mediated conditional
expression, GluTrooper displayed robust and uniform sensor expression in cortical
excitatory neurons when crossed with Emx1-Cre mice, with prominent fluorescence in
the cortex, hippocampus, and olfactory bulb. Importantly, iGIuSNFR3 expression
remained stable across developmental timepoints, enabling reliable longitudinal
investigations. Through multimodal imaging, we demonstrated the versatility of
GluTrooper across spatial scales, from whole-cortex widefield imaging to two-photon
microscopy in awake head-fixed mice. During cortical spreading depolarization, we
captured bilateral glutamate dynamics with high temporal and spatial and identified
contralateral disinhibition, a compensatory phenomenon previously not detectable with
traditional invasive methodologies. The compatibility of our novel reporter line with
diverse Cre-driver lines positions it as a valuable tool for cell type-specific interrogation
of glutamatergic signaling under both physiological and pathophysiological conditions,
offering unprecedented opportunities for chronic, non-invasive monitoring of excitatory

neurotransmission in living brain circuits.
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Introduction

Glutamate is the principal excitatory neurotransmitter in the mammalian central
nervous system, critically shaping the excitatory-inhibitory balance alongside
GABAergic signaling [1-3]. The ability to monitor extracellular glutamate in vivo has
become increasingly valuable for understanding neural circuit function in both
physiological and pathophysiological conditions. Recent advances in genetically
encoded fluorescent sensors, particularly the intensity-based glutamate sensor
iIGIluSnFR, have enabled direct, high-resolution visualization of glutamate dynamics [4-
7]. While adeno-associated virus (AAV)-mediated delivery has been widely adopted
for sensor expression in the brain, it poses several limitations, especially for long-term
studies. AAV-driven expression can increase over time, potentially reaching levels that
induce excitotoxicity and compromise cellular health [8, 9]. In contrast, transgenic
models offer stable and uniform expression, minimizing variability and supporting
longitudinal investigations [8, 10]. To overcome the constraints of viral delivery and
facilitate chronic glutamate imaging, we generated GluTrooper, a knock-in mouse line
expressing iGIuSNFR3 from the ROSA26 locus. By crossing this line with Emx1-Cre
mice [11] (JAX #005628), we achieved pan cortical expression of the sensor in
excitatory neurons located in cortex, hippocampus, and olfactory bulb. GluTrooper
enables reliable in vivo tracking of glutamatergic dynamics across the brain in awake,
head-fixed mice under physiological and pathophysiological conditions, such as

cortical spreading depolarizations.
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Results

Generation of a conditional ROSA26 knock-in mouse for
targeted and longitudinal expression of iGIUSNFR3

To enable the investigation of glutamatergic neurotransmission, we utilized a knock-in
strategy targeting the well-characterized ROSA26 locus, which enables robust
expression of transgenes avoiding the interference of endogenous gene function [12,
13]. The targeting construct included 5' and 3' homology arms (ROSA 5'HA and ROSA
3'HA) flanking the functional elements to ensure precise integration by homologous
recombination (Fig.1A top). The construct contained an AG slice promoter followed by
an FRT-flanked sequence, a ubiquitous CAG promoter to drive high level expression,
and a loxP-flanked puromycin resistance cassette (puroR) acting as a STOP signal in
front of the iGIuSNFR3 coding sequence. The presence of the STOP cassette prevents
the expression of iGIluSNFR3 until Cre-mediated recombination removes the
intervening sequence, making this design critical for achieving conditional expression.
Additional regulatory elements included the Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE) to enhance mRNA stability and
translation efficiency, as well as human growth hormone (hGH) and SV40
polyadenylation signals to ensure proper mRNA processing and stability. The resulting
mouse line, named GluTrooper (ROSA26-CAG-Isl-iGIluSnFR3), carries the iGluSnFR3
transgene in all cells but expresses it only upon concomitant expression of the Cre
recombinase. Genotyping confirmed successful germline transmission and
maintenance of the transgene through multiple generations, establishing a stable line
for experimental use. To achieve whole-cortex expression, mice were crossed with
Emx1-Cre mice [11] (JAX stock #005628) (FiglA bottom and B). Regional analysis
revealed robust iGluSnFR3 intensity levels in the cortex, olfactory bulb, and
hippocampus (Fig. 1C and D). Given the cerebellum's distinct developmental origin
and lack of transcription factor Emx1 [14], it served as an internal control for regional
iIGIuSNFR3 intensity quantification [15]. Sensor fluorescence intensity was prominent
in the somatosensory cortex (Fig. 1E; nearly 8 folds vs Cerebellum), hippocampus (Fig.
1F; 11.20 folds vs Cerebellum) and olfactory bulb (Fig. 1G; nearly 8 folds vs
Cerebellum) compared to cerebellar levels. Importantly, iGIuSnFR3 expression

showed no significant regional variation across developmental timepoints (Fig. 1E-G;
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3 months vs 12 months; >0.05; see also suppl. Fig. 1), making the GluTrooper a unique
tool for mapping glutamatergic neurotransmission in both acute and longitudinal

investigations.

Whole-cortex glutamate dynamics in awake head-fixed mice

To capture cortex-wide glutamate dynamics in vivo, we employed widefield mesoscale
imaging (Fig. 2A top). To disentangle glutamate dynamics from overlapping
hemodynamic responses, we integrated a multispectral illumination approach using a
three-wavelength LED system (Thorlabs; Fig. 2A top), enabling simultaneous detection
of iGluSnFR3 dynamics and relative changes in oxyhemoglobin (AHbO) and
deoxyhemoglobin (AHbR) levels (Fig. 2A bottom). Sensory-evoked glutamate release
was elicited using a 10-second tactile stimulus applied to the left whisker pad via a
custom Arduino-controlled system (Fig. 2A bottom). Glutamate responses were
qguantified in the right primary somatosensory cortex (S1), contralateral to the site of
stimulation, with the corresponding region in the left hemisphere serving as an internal
control. Under baseline conditions, spontaneous rate of glutamate events (Fig. 2B top;
p = 0.88) and amplitude (Fig. 2B bottom; p = 0.30) were comparable between S1
cortices. However, whisker stimulation produced a significant increase in both the rate
of glutamate events (Fig. 2C top; p = 0.001) and their amplitude (Fig. 2C bottom; p =
0.04) in the right S1, confirming stimulus specificity of the observed IGIuSnFR3
dynamics. To further dissect the relationship between neural and vascular activity, we
examined the temporal evolution of iGluSnFR3 alongside AHbO and AHbR across
baseline and stimulated conditions (Fig. 2D-E). Whisker stimulation evoked a robust
increase in iGIuSNFR3 signal (>11%; p = 0.007), alongside with a significant rise in
AHbO (>12%; p = 0.006) and a reciprocal drop in AHbR (<3%; p = 0.006; Fig. 2D-E).
Correlation analyses during spontaneous activity revealed a strong positive
association between glutamate fluctuations and AHbO, and an inverse relationship
with AHDbR (Fig. 2F left); positive and negative correlations that became stronger upon
whisker stimulation (Fig. 2F right). Notably, temporal alignment of signal peaks
demonstrated that glutamate elevations preceded vascular changes, with iGIuSnFR3
reaching its maximum ~0.56 s after stimulation onset, followed by AHbO and AHbR
peaks at 2.83 s and 2.94 s, respectively (Fig. 2G), indicating that the observed

glutamate dynamics, are temporally and mechanistically distinct from hemodynamic
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signals. These results demonstrate the applicability of the GluTrooper for monitoring
whole-brain glutamate dynamics in awake, head-fixed mice, offering a direct measure

of excitatory neurotransmission and its correlation with vascular dynamics.

In vivo dual imaging of interhemispheric neurovascular

coupling during cortical spreading depolarization

After assessing glutamate dynamics in spontaneous and evoked conditions, we
utilized our novel glutamate reporter line for the observation of cortical spreading
depolarizations [16] (CSDs), an aberrant wave of cortical excitation that occurs during
migraine aura and following stroke [17-19] and brain injury [20-23]. Under light
anesthesia, mice were subjected to an acute cranial window over the occipital cortex,
followed by careful removal of the dura. A 1M KCI- solution was then topically applied
to the exposed cortical surface to induce the initiation of CSD in the left hemisphere
and its spatiotemporal progression was captured across multiple timepoints (Fig. 3A).
Spatiotemporal glutamate dynamics during CSD were quantified using three
homotopic regions of interest (ROIs) distributed along the caudal—rostral axis in both
hemispheres (Fig. 3B). Upon KCI- application, the CSD propagated across the left
hemisphere triggering a >1000% AF/F increase in iGluSnFR3 in all ROIs (Fig. 3C-D;
Baseline vs CSD). Notably, elevated glutamate levels were also detected in
contralateral ROIs as the wave progressed, with the strongest increase emerging in
the most frontal ROI (>50% of iGIuSNnFR3 % AF/F; Fig. 3E-F) suggesting a bilateral
response. Spatiotemporal analysis of the CSD revealed that the wave of depolarization
crossed the left hemisphere with a velocity of 3.63 mm/min (Fig. 3G), and a larger area
under the curve compared to the glutamate dynamics observed in the right hemisphere
(Fig. 3H; p = 0.0009). To assess concurrent cerebral hemodynamic changes, we
simultaneously measured AHbO and AHDbR in the same bilateral ROIs across three
distinct phases: Before CSD, CSD onset, and post-CSD (Fig. 3I). In the ipsilateral
hemisphere, AHbO significantly increased post-CSD (Fig. 3J; p = 0.001), consistent
with the transient hyperemic response and perfusion-driven oxygen delivery following
CSDs described in previous studies [24] , while AHbR did not show significant changes
across the different phases (Fig. 3K). In contrast, the contralateral hemisphere
exhibited no significant changes in AHbO or AHDbR, suggesting that absolute
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hemodynamic alterations were largely confined to the affected hemisphere (Fig. 3L-
M). Together, these findings underscore the utility of our novel reporter line for real-
time, dual-modality imaging of excitatory neurotransmission and vascular dynamics
during CSD. Most importantly, this approach provides a more direct, non-invasive
assessment of neurovascular coupling under pathophysiological conditions, offering a

viable alternative to traditional invasive methodologies.

GluTrooper enables non-invasive observation of

contralateral glutamatergic disinhibition

Following our observation of widespread glutamate dynamics during spreading
depolarization, we aimed to determine whether the GluTrooper could enable
monitoring of contralateral disinhibition, a phenomenon that occurs following stroke
and brain injury due to an unbalance of the interhemispheric inhibitory loop [25, 26].
To investigate this phenomenon, we selected two regions of interest in the center of
each hemisphere (Fig. A) and continuously observed iGluSnFR3 fluorescence before
and after CSD induction in both hemispheres. Analysis of the left hemisphere revealed
distinct changes in glutamate dynamics following CSD (Fig. 4B). Quantitative and
qualitative analysis showed a significant reduction in the amplitude of glutamate events
(Fig. 4C left; p = 0.03) as well as their rate (Fig. 4C right; p = 0.01). These results are
in line with the extensive literature focused on CSD, representing the strong long-
lasting cellular depression that follows this phenomenon [16, 27-29]. In contrast, the
contralateral hemisphere exhibited a markedly different response profile (Fig. 4D).
Post-CSD, event amplitudes remained stable (Fig. 4E right; p = 0.43), however, we
observed a significant increase in the rate of glutamate events following CSD (Fig. 4E
left; p = 0.01), indicative of contralateral disinhibition [30]. These findings demonstrate
the great sensitivity of the GluTrooper in capturing interhemispheric compensations
that traditionally required invasive electrophysiological techniques such as EEG.
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In vivo two-photon observation of glutamate dynamics

To observe changes in glutamate with high spatial resolution, we performed two-
photon microscopy in awake, head-fixed mice. Mice received a cranial window over
the right barrel cortex (Fig. 5A) and functional in vivo two-photon microscopy was
performed two weeks later (Fig. 5A). During baseline and following air-puff stimulation
to the left whisker pad, we observed distinct fluorescent patches within the field of view,
corresponding to regions of glutamate release (Fig. 5B). Example traces from
individual patches showed positive changes in fluorescence intensity following sensory
stimulation (Fig. 5C). Spatiotemporal analysis, across detected patches, revealed a
robust increase in iGIuSNnFR3 AF/F upon stimulation (Fig. 5D-E). Frequency
distribution analysis indicated that most iGIuSnFR3 %AF/F values were distributed
around 6% (Fig. 5). Statistical comparison of pooled data from all animals and ROIs
confirmed a significant increase in iGluSNFR3 %AF/F during stimulation compared to
baseline periods (90 detected patches; Baseline vs Peak p<0.0001; n ROIs = 90, Fig.
5G). These findings highlight the versatility of our novel reporter line for multimodal
investigation of glutamate dynamics across different spatial scales, facilitating
longitudinal studies of glutamate signaling in vivo.
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Discussion

The present study introduces the GluTrooper, a novel ROSA26 knock-in model
enabling conditional, robust, and longitudinal expression of the iGIuSnFR3 glutamate
sensor under the ubiquitous CAG promoter. By crossing with Emx1-Cre mice, we
achieved strong expression of iGIUSNFR3 in the cerebral cortex, the hippocampus, and
the olfactory bulb; no expression was observed in the cerebellum, confirming the
specificity and efficacy of our genetic approach [15]. Importantly, we found no
significant developmental variation in iIGIUSNFR3 intensity, indicating that the
GluTrooper supports consistent glutamate monitoring across diverse brain areas and
throughout adulthood. The consistent expression across ages is a key advantage,
enabling reliable longitudinal monitoring of glutamate dynamics. Functionally, we
demonstrated the utility of GluTrooper in capturing whole-cortex glutamate dynamics
in awake, head-fixed mice. Sensory-evoked stimulation elicited significant modulation
in both the rate and amplitude of glutamate events in the contralateral primary
somatosensory cortex. By employing multispectral illumination, we simultaneously
observed AHbO and AHbR levels, observing that glutamate elevations precede
vascular responses with a temporal dissociation of ~ 2.3 seconds, confirming the
physiological relevance of the observed glutamate dynamics [31].

The versatility of the GluTrooper was further demonstrated under pathophysiological
conditions, that is CSD, where we observed bilateral fluctuations in IGIuSnFR3
fluorescence, highlighting the model’s ability to measure widespread glutamatergic
neurotransmission. Thanks to the pan-cortical expression of the sensor, we were able
to detect bilateral spontaneous glutamate fluctuations both before and after CSD, with
a notable increase in contralateral glutamate activity. Remarkably, these
compensatory interhemispheric events, which previously required invasive techniques
to be observed, can now be monitored non-invasively.

Finally, we confirmed the compatibility of the line with two-photon microscopy,
achieving high spatial and temporal resolution of glutamate release in response to
sensory stimulation. Distinct iGluSnFR3 fluctuations were observed in localized
patches, and statistical analysis confirmed robust increases in iGIuSNnFR3 % AF/F
upon sensory stimulation. The GluTrooper enables the visualization of glutamate
dynamics across multiple imaging modalities, facilitating the investigation of

glutamatergic signaling from large-scale brain networks down to subcellular
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microdomains. Taking advantage of the Cre/lox recombination system, the GluTrooper
can be crossed with a wide array of Cre-driver lines, permitting cell type-specific
interrogation of glutamate dynamics under both physiological and pathophysiological

conditions in acute and, most importantly, longitudinal investigations.

Material and methods

Immunohistochemistry

Mice were deeply anesthetized and transcardially perfused with ice-cold 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer. Brains were post-fixed in the same
fixative for 24 hours at 4°C, then 100 uym sagittal slices where prepared using a Leica
vibratome (Leica Biosystems, Germany). Sections were incubated with primary
antibody (goat anti-GFP; Thermo Fisher Scientific, #600-101-215M) diluted in blocking
solution overnight at 4°C to observe iGluSnFR3-expressing cells. After three PBS-T
(0.05% Tween 20) washes, tissue was incubated with species-matched Alexa Fluor
488-conjugated secondary antibody (donkey anti-goat IgG (H+L); Thermo Fisher
Scientific, #A-11055) diluted 1:500 in PBS-T and DAPI (Invitrogen, #D1306; 1:1000).

Then, slices were washed 3 times for 20 minutes each prior to mounting.

Confocal microscopy

Confocal imaging was performed using a Leica Stellaris 5 system (Leica
Microsystems, Wetzlar, Germany) equipped with 40x (NA 1.30) and 63x (NA 1.40) oil-
immersion objectives. Z-stacks were acquired at 2,048 x 2,048-pixel resolution with
0.65 um z-intervals. Four neuroanatomically distinct regions (somatosensory cortex,
hippocampus, olfactory bulb, and cerebellum) were systematically imaged in both 3-
and 12-month-old cohorts to evaluate age-dependent expression profiles. Post-
acquisition processing utilized Leica LAS X software (v3.7.4, Leica Microsystems) to
generate maximum intensity projections from raw z-stacks. For cross-regional
comparisons, cerebellar iGIuSNnFR3 signals served as an internal control due to its lack
of transcriptional factor Emx1. Comparison of fluorescence intensity between the

different regions and age was done using Scikit-image (Python).
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Chronic widefield window implantation

Multimodal widefield imaging was performed to simultaneously monitor extracellular
glutamate dynamics and intrinsic optical signals (I0S) reflecting cortical
hemodynamics, using a custom-built mesoscale imaging system. Cranial window
preparation was conducted three days prior to imaging sessions. Animals were
anesthetized with isoflurane (5% for induction, 2% for maintenance) in a gas mixture
of 70% nitrous oxide and 30% oxygen, and positioned in a prone orientation in a
stereotaxic frame (Stoelting). After removal of scalp and connective tissue, the skull
was coated with a thin layer of transparent dental cement (Parkell C&B Superbond). A
curved crystal glass coverslip (LabMaker) was then affixed over the intact skull using
the same cement, and a custom head-fixation frame was attached around the window.

Animals recovered for a minimum of 48 hours before imaging.

Awake widefield mesoscale imaging and sensory stimulation

Mice were briefly anesthetized with 4% isoflurane to allow head fixation onto a
Gramophone-style holder (Femtonics) using the custom head frame. Sensory
stimulation was delivered to the left whisker pad using a custom-built, Arduino-
controlled whisker stimulator oscillating vertically at 2 Hz. Each session included a 4-
minute habituation period followed by a 4-minute imaging protocol consisting of a 50-
second baseline and four stimulation blocks (10 s stimulation, 20 s rest), concluding
with a final rest period. Infrared video was recorded concurrently using a Basler
camera. To prevent visual interference from the imaging system, a 3D-printed eye
shield was placed over the animal’'s eyes. Following video correction and AF/F
extraction from the selected regions of interest, signals were analyzed using SciPy
(Python). The left and right somatosensory cortices were identified using the Allen
Brain Atlas (reference) as reference. After baseline correction, glutamate events were
detected by calculating the mean trace and applying a threshold of 1.5 standard
deviations to ensure that only true fluctuations were considered as events. Event
detection was performed using SciPy, and statistical differences in detected peaks
during baseline and stimulation in both somatosensory cortices were compared using
GraphPad Prism. Bulk changes in AiGIluSnFR3, AHbO, and AHbR were assessed by
comparing the 10 seconds before and after stimulation onset. The time to peak of these

bulk changes was measured from the initiation of stimulation to the peak of the signals.
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Cortical Spreading Depolarization

To observe CSD, mice were administered medetomidine (0.05 mg/kg, i.p.) five minutes
prior to induction with 5% isoflurane delivered in a gas mixture of 70% nitrous oxide
and 30% oxygen. After 1 minute, animals were placed in a stereotaxic frame, and
isoflurane was gradually reduced to 1.5% for 140 seconds, followed by 0.75% for an
additional 2 minutes to achieve a stable anesthetic state suitable for imaging. A small
craniotomy was performed approximately one hour prior to imaging, positioned caudo-
laterally to the primary imaging window, and filled with sterile phosphate-buffered
saline (PBS). Following a 2-minute baseline period, CSD was induced by replacing the
PBS with 1M KCl for 10 seconds, after which PBS was promptly reintroduced. Imaging
continued for an additional 10 minutes, resulting in a total recording time of 12 minutes.
Successful induction of CSD was verified through intrinsic optical signal (I10S)
monitoring. Immediately after imaging, animals were sacrificed. To quantify changes
in glutamate dynamics, the mean AiGIuSnFR3, AHbO, and AHbR signal from all
defined regions of interest was calculated and compared between the baseline and

CSD periods using GraphPad Prism.

Pre-processing of widefield imaging data analysis

All image processing and analyses were performed using MATLAB (Mathworks,
R2016b), with additional custom scripts written in Python (version 3.11.3) for extended
analyses and visualization tasks. Briefly, acquired images underwent motion correction
and alignment, background fluorescence subtraction, and normalization of
fluorescence signals to the mean intensity across each recording for individual pixels
(AF/F).

Chronic cranial window implantation

Before surgery, all instruments were sterilized using a glass-bead sterilizer (Fine
Science Tools). Mice were anesthetized via intraperitoneal injection of a mixture
containing medetomidine (0.5 mg/kg), midazolam (5 mg/kg), and fentanyl (0.05
mg/kg). Once anesthetized, animals were placed on a heating pad maintained at 37 °C,
and their heads were secured in a stereotactic frame. To protect the eyes from drying,
ophthalmic ointment was applied. The scalp was disinfected with 70% ethanol and
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incised to expose the skull. The periosteum was gently removed with a scalpel. A4 mm
diameter craniotomy was outlined above the somatosensory cortex using a biopsy
punch. To stabilize the surrounding skull area, a thin layer of dental adhesive (iBond
Self Etch, Heraeus Kulzer) was applied and cured using an LED polymerization lamp
(Demi Plus, Kerr). A dental drill (Schick Technikmaster C1, Pluradent) was then used
to thin the bone along the marked region. After moistening the area with sterile
phosphate-buffered saline, the bone flap was carefully lifted with forceps.

A circular glass coverslip (4 mm diameter) was placed over the craniotomy and
secured to the skull using histoacryl adhesive (Aesculap). The remaining exposed skull
was coated with dental acrylic (Tetric Evoflow Al Fill, lvoclar Vivadent), and a custom-
made head-post was affixed adjacent to the window to allow for stable head fixation
during later imaging sessions. Upon completion of the procedure, mice were given a
subcutaneous injection of the analgesic carprofen (7.5 mg/kg body weight). Anesthesia
was then reversed with intraperitoneal administration of atipamezole (2.5 mg/kg),
naloxone (1.2 mg/kg), and flumazenil (0.5 mg/kg). Animals were placed in a warming
chamber set at 35 °C and monitored until full recovery. In vivo imaging experiments

began two to three weeks after surgery.

In vivo Two-Photon microscopy

Two-photon glutamate imaging was performed two weeks following cranial window
implantation to allow for complete tissue recovery. Experiments were conducted using
an Atlas two-photon microscope (Femtonics) equipped with a Chameleon Ultra tunable
laser (Coherent) and a 16x water immersion objective (Nikon, NA 0.8). The iGIuSnFR3
sensor was excited at 940 nm with fluorescence emission collected between 500-550
nm. Laser power was carefully maintained at approximately 40 mW below the objective
to prevent tissue damage. Awake mice were positioned on a circular head-fixation
platform (Gramophone, Femtonics Ltd) and allowed to habituate for 10 minutes prior
to recording. Time-lapse imaging was acquired at 10 Hz with 512 x 512-pixel resolution
at cortical depths of 150-200 um below the surface. Each recording session began with
a 1-minute baseline period, followed by controlled whisker stimulation delivered via
Picospritzer (Parker-Hannifin Corporation) at 5 Hz frequency with 80 ms pulse duration
for 10 seconds. All image processing and quantitative analyses were conducted post

imaging acquisition.
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Two-photon glutamate imaging analysis

Motion correction was first performed using the NoRMCorre algorithm [32] to reduce
movement-related artifacts in the imaging data. After stabilization, time-lapse
sequences were imported into Fiji, where regions of interest corresponding to
glutamate-release areas were manually identified and fluorescence traces were
extracted from each patch. For each labeled region, changes in AF/F glutamate levels
were quantified by comparing the five seconds preceding stimulation with the peak
detected during whisker stimulation. All statistical analyses were conducted using
GraphPad Prism to assess differences in glutamate dynamics between experimental

conditions.
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Figure 3
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Figure 5
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Figure legends
Figure 1

A) Schematic illustrating the genetic design of the GluTrooper mouse line (top) and the
resulting construct following crossbreeding with Emx1-Cre mice (bottom). B)
Representative sagittal brain section showing widespread, pan-cortical expression of
iIGluSnFR3. C) Representative images from four distinct brain regions: olfactory bulb,
somatosensory cortex, hippocampus, and cerebellum (Top Scale bars = Olfactory
bulb: 20 um; Somatosensory cortex: 80 um; Hippocampus: 80 um; Cerebellum: 80 um.
Bottom Scale bars: all scale bars = 10 um). Note the lack of iGIluSnFR3 expression in
the Cerebellum due to lack of transcription factor Emx1. D) Schematic overview of the
brain slicing strategy (top) and the four analyzed brain regions (bottom). E-G)
Quantification of iGIuSNFR3 fluorescence intensity in the somatosensory cortex,
hippocampus, and olfactory bulb, using the cerebellum as an internal control. Data are
presented as fold-change in signal intensity relative to cerebellar levels (n = 3 mice per
group). All data are displayed as median and the interquartile range (25th to 75th
percentiles), whiskers reach to the minimum and maximum values of the distribution.
Schematic illustrations are created with BioRender.com. No significant differences
were observed between age groups (Somatosensory cortex: p = 0.78; Hippocampus:
p = 0.69; Olfactory bulb: p = 0.85; Student’s t-test).

Figure 2

A) Schematic of the widefield imaging setup and experimental paradigm (left panel),
with a representative widefield fluorescence image highlighting the bilateral
somatosensory cortex (S1) regions of interest (right panel). B) Quantification of
spontaneous iGluSnFR3 transient frequency (peaks/min, top panel; p = 0.88) and
amplitude (bottom panel, p = 0.30) in left vs. right S1 cortices. C) Stimulation-evoked
responses: iGluSnFR3 transient frequency (peaks/min, top panel, p = 0.0001) and
amplitude (bottom panel, p = 0.04) in bilateral S1 during sensory stimulation. D)
Simultaneous recording of glutamate release (iGIuSnFR3 %AF/F), hemodynamic
responses (AHbO = oxygenated hemoglobin; AHbR = deoxygenated hemoglobin), and
stimulus timeline following stimulation onset. E) iGIluSnFR3 signaling intensity and
hemodynamic parameters during prestimulus baseline vs. active stimulation periods
(iGIuSNFR3 %AF/F: p = 0.007; AHbO: p = 0.006; AHbR: p = 0.006). F) Correlation
matrix of iGluSnFR3, AHbO, and AHbR during baseline and stimulation, showing
increased coupling between glutamate and hemodynamic signals during stimulation
(see color scale for z-score values). G) Time to peak of iGIuSnFR3 %AF/F, AHbO and
AHDbR from stimulation onset (iGluSnFR3 vs AHbO: p = <0.0001; iGluSnFR3 vs AHbR:
p = <0.0001). B-C-E-G: Data are displayed as median and the interquartile range (25th
to 75th percentiles), whiskers reach to the minimum and maximum values of the
distribution. D: Data are presented as mean + 95% confidence interval. Statistical
analysis by Student's t-test, z-score calculation and One-Way ANOVA followed by
Dunn’s post-hoc test.
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Figure 3

A) Representative image series of the progression of the CSD in the left hemisphere.
B) Schematic of bilateral regions of interest (ROIs) and KCI application site (top);
representative iGIuSnFR3 traces from the selected ROI (bottom). C) Glutamate
dynamics (%AF/F iGIuSnFR3) in the left ROI aligned to CSD onset. D) Comparison of
mean iGluSnFR3 %AF/F in the left ROI during baseline (B) and CSD (ROI1 and 3: p
<0.0001; ROI2: p = 0.0001). E) Glutamate dynamics in the right ROI aligned to CSD
onset. F) Comparison of mean iGluSnFR3 %AF/F in the right ROI during baseline and
CSD (ROI1: p = 0.13; ROI2: p = 0.007; ROI3: p = 0.009). G) Quantification of CSD
propagation velocity. H) Area under the curve (AUC) of glutamate transients in bilateral
ROI2 (left vs right: p = 0.0009). 1) Schematic of bilateral ROIs (left) and definition of
three CSD phases (right). J-K) Quantification of AHbO (J) and AHbR (K) across CSD
phases in the left hemisphere (For AHbO, Pre-CSD vs Post-CSD: p = 0.001; Onset-
CSD vs Post-CSD: p < 0.0001; For AHbR, Onset-CSD vs Post-CSD: p = 0.004). L-M)
Quantification of AHbO (L) and AHbR (M) across CSD phases in the right hemisphere
(For AHbO, all comparisons: p > 0.05; For AHbR, all comparisons: p > 0.05). C-E: C-
G: Data are presented as mean + 95% confidence interval. D-F-G-H-J-K-L-M: data are
displayed as median and interquartile range (25th—75th percentiles), whiskers reach
to the minimum and maximum values of the distribution (n = 6 mice). Statistical
analysis: D, F, H—Student’s t-test; J, K, L, M: one-way ANOVA with Dunn’s post hoc
test.

Figure 4

A) Schematic representing the selected bilateral region of interest. B) Representative
CSD from the left ROI (on the top) with zooming on before and after CSD (on the
bottom). C) Amplitude of detected glutamate events before and after CSD (on the left,
p = 0.03) and number of detected peaks/min (on the right, p = 0.62). D) Representative
CSD from the right ROI (on the top) with zooming on before and after CSD (on the
bottom). E) Amplitude of detected glutamate events before and after CSD on the right
ROI (on the left, p = 0.40) and number of detected peaks/min (on the right, p = 0.03).
All data are displayed as median and interquartile range (25th—75th percentiles),
whiskers reach to the minimum and maximum values of the distribution; n = 6 mice.
Statistical analysis: C, E) Student’s t-test

Figure 5

A) Experimental setup schematic and stimulation paradigm. B) Representative
fluorescence field of view during baseline (left) and active stimulation (right). C)
Example ROI (top) with corresponding iGluSnFR3 %AF/F dynamics during stimulation
(bottom). D) Rastermap of all detected ROIs color-coded by iGIluSnFR3 %AF/F
intensity in an exemplary mouse. E-F) Distribution of iGIuSnFR3 response magnitudes
during stimulation (E) and across the entire experiment. F). Comparison of iGIuSnFR3
%AF/F between baseline and peak response periods (p < 0.0001; Student’s t-test). E:
Data are presented as mean + SD; G: Data are displayed as median and the
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interquartile range (25th to 75th percentiles), whiskers reach to the minimum and
maximum values of the distribution
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Supplementary figures
Suppl. Figure 1
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Supplementary figure legend
Supplementary figure 1

Representative images of 4 different brain regions (Hippocampus,
olfactory bulb, Somatosensory cortex and Cerebellum) at two different

developmental stages: 3 and 12 months.
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4. Discussion

4.1 Study |I: Stroke leads to chronic contralateral neuronal
suppression

4.1.2 Main findings of the study

Our findings provide novel insights into the mechanisms by which ischemic stroke
exerts its effects on distant, functionally connected brain regions, leading to the
phenomenon known as diaschisis. While traditional views have emphasized diaschisis
as a passive consequence of disrupted input to structurally intact areas, our data
suggest a far more active and dynamic reorganization of neural circuits in the
contralateral hemisphere over a period of three months. Specifically, we identify
contralateral transcallosal neurons, those that project to the infarcted hemisphere, as
a key cellular substrate of diaschisis. Ninety days post-ischemic injury, these neurons
do not undergo retrograde degeneration, as one might expect from classical
deafferentation models, but instead exhibit morphological preservation and even show

chronic functional hyperactivity.

The sustained number of transcallosal neurons suggests that they remain viable and
capable of contributing to network function. Notably, this hyperactivation emerges by
21 days post-ischemia and coincides with a pronounced shift in the excitatory-inhibitory
balance of the contralesional cortex, evident at ninety days post-stroke.
Immunohistochemical analyses revealed that, three months post stroke, disconnected
transcallosal neurons displayed a decreased number of inhibitory synapses and an
increase in excitatory synapses, culminating in a nearly two-fold increase in the
excitation/inhibition ratio. This synaptic remodeling aligns with previous observations
in models of cortical plasticity and injury, where deafferented neurons undergo

homeostatic synaptic scaling to compensate for lost input [220].

However, rather than restoring balance, our data suggest that this compensation
becomes maladaptive. Functionally, this is evidenced by the marked increase in
spontaneous calcium transients observed specifically in transcallosal neurons from
three weeks post-stroke operation, while neighboring local neurons remained
functionally stable for the entire longitudinal investigation. The selective nature of this

hyperexcitability strongly implicates the loss of callosal input as a driving factor, rather
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than a generalized cortical response to stroke. The hyperactive state of transcallosal
neurons appears to exert downstream effects on their local network, promoting a

widespread shift toward inhibition.

Over the course of three months post-stroke, we observed a progressive increase in
GADG65-67+ inhibitory synapses throughout layers II-V of the contralateral barrel
cortex, accompanied by a substantial decrease in vGlutl+ synapses. These network-
level changes suggest that hyperactive transcallosal neurons may drive inhibitory
remodeling via activity-dependent mechanisms, possibly involving interneuron
recruitment or long-term changes in synaptic transmission. This hypothesis is further
supported by the molecular analysis which showed increased expression of GABAA
receptor subunits mediating tonic inhibition, which has been linked to long-term
suppression of cortical excitability in other injury models [221]. Functionally, this
remodeling translates to a progressive decline in the responsiveness of the

contralateral cortex to sensory stimulation.

Longitudinal calcium imaging revealed a gradual attenuation of whisker-evoked
responses in local neurons of the contralateral barrel field, beginning twenty-one days
post-stroke and reaching a significant 36% reduction by seventy-seven days. In
contrast, transcallosal neurons did not exhibit this stimulus-induced suppression,
maintaining consistent sensory-evoked responses throughout the entire experimental
timeline. This dissociation highlights the paradoxical nature of diaschisis: while certain
neurons become hyperexcitable in response to lost input, their downstream influence
suppresses normal stimulus-driven activity in the surrounding network. Notably, this
functional inhibition mirrors findings in stroke patients, where diaschisis is

characterized by hypometabolism and hypoperfusion in structurally intact areas [23].

Indeed, our data suggest that impaired neurovascular coupling may be one of the
terminal outcomes of this maladaptive circuit remodeling. Using laser speckle contrast
imaging, we found that the CBF response to whisker stimulation was initially intact but
declined significantly three months post-stroke, mirroring the functional and structural

alterations described above.

This finding suggests that inhibitory remodeling not only impairs neural responsiveness

but also disrupts the neurovascular mechanisms required for functional perfusion.
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Chronic hypoperfusion of the contralateral cortex may further exacerbate neural
dysfunction, contributing to the sustained nature of diaschisis and its resistance to
spontaneous recovery. Collectively, our data support a model in which diaschisis is not
merely a passive reflection of lost input but an active, self-perpetuating state of network
imbalance triggered by the maladaptive remodeling of transcallosal neurons to

deafferentation.

These findings build on previous studies demonstrating that transcallosal projections
play a critical role in interhemispheric inhibition [222-224]. Our identification of
transcallosal hyperexcitability as a key driver of diaschisis opens the door to new
therapeutic strategies aimed at restoring excitatory-inhibitory balance in the intact
hemisphere. Potential approaches might include modulation of tonic GABAergic
signaling, targeted neuromodulation of transcallosal circuits, or activity-dependent
plasticity-based rehabilitation protocols. In conclusion, our study provides a
comprehensive mechanistic framework for understanding diaschisis at the cellular,
synaptic, and functional levels. By focusing on the role of transcallosal neurons, we
reveal a novel pathway by which distant effects of stroke can lead to chronic cortical
dysfunction, and suggest that targeting these maladaptive changes may offer new

avenues for improving long-term outcomes in stroke patients.

4.1.3 Limitations of the study

While our study provides important insights into the mechanisms of diaschisis and
transcallosal remodeling after stroke, several limitations must be considered when
interpreting these findings. First, although our approach enabled cell-type-specific
identification of transcallosal neurons using a retrograde viral labelling strategy, we
cannot entirely exclude the possibility of missed transcallosal cells.

In fact, although we carefully restricted viral injections to the future infarct core and
confirmed accurate targeting through histological analysis, AAVs cannot label 100% of
the targeted cell population. As a result, some transcallosal neurons may have
remained unlabeled and we may have miscategorized neurons when imaging their
activity in the contralateral hemisphere. Future studies using intersectional genetic
labeling strategies may help refine the specificity of this population and allow for
dissection of projection subtypes. Although the anatomical and temporal progression
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strongly suggests that hyperactive transcallosal neurons contribute to downstream
inhibition of the contralateral cortex, we did not perform network manipulations, such
as optogenetics or chemogenetics inhibition/activation of these neuronal population,
thus being able to directly test this hypothesis. Without such interventions, it remains
possible that different cell populations could influence the excitatory-inhibitory
unbalance we observed in the contralesional hemisphere. Incorporating circuit-level
manipulations in future work would strengthen the mechanistic conclusions of this

study.

Furthermore, our interpretation of functional inhibition is based largely on calcium
imaging readouts and immunohistochemical quantification of inhibitory synapses and
GABA receptor subunits. While these are well-established proxies for neuronal activity

and inhibitory remodeling, they are inherently indirect.

Calcium indicators such as GCaMP6s have limitations in detecting subthreshold
synaptic activity or tonic inhibition, which is particularly relevant in the context of altered
GABAA receptor expression [225]. Furthermore, although we observed increased
expression of GABAAa receptor subunits associated with tonic inhibition, we did not
directly measure GABA levels, tonic currents, or miniature inhibitory postsynaptic
currents [225].

Electrophysiological validation of these changes would provide a more direct measure
of functional inhibition and could distinguish between synaptic and extra-synaptic forms
of GABAergic transmission. Similarly, our observation of impaired neurovascular
coupling was inferred from bulk CBF responses using laser speckle imaging. The
combination of two-photon imaging of vascular dynamics or oxygen-sensitive probes
could clarify whether capillary-level responses or oxygen extraction are also disrupted

in parallel with the observed neuronal suppression.

A further limitation lies in the spatial resolution and coverage of our imaging techniques.
While we performed longitudinal two-photon calcium imaging in an identified
population of neurons and combined this with widefield measurements of CBF, both

approaches are constrained in different ways:

Two-photon microscopy allows for single-cell resolution but is limited to small fields of

view and cortical layers. As a result, we may have overlooked deeper-layer
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contributions or more diffuse changes across widespread cortical regions. On the other
hand, widefield imaging of CBF provides better spatial coverage but lacks cell-type
specificity. An integrated mesoscale approach, using widefield calcium imaging in
transgenic mice such as Thyl-GCaMP6s [107], could provide a better understanding
of the spatiotemporal dynamics in the contralesional hemisphere. Moreover, while our
study focused on transcallosal glutamatergic neurons and their influence on local
excitatory and inhibitory populations, we did not directly assess the role of other
projection systems or interneuron subtypes in mediating diaschisis. For example,
thalamocortical projections also undergo compensatory or maladaptive changes post-

stroke, potentially influencing cortical responsiveness and recovery [226].

Similarly, interneuron subtypes such as parvalbumin-, somatostatin-, or vasoactive
intestinal peptide (VIP)-expressing cells were not examined in this study but are likely
to play distinct roles in shaping cortical excitability and inhibitory balance [227-229].
Expanding the cellular scope in future investigations will provide further insight into the
circuit-level alterations contributing to diaschisis. Additionally, the behavioral relevance
of our findings remains an important avenue for future research. While we observed
robust structural and functional changes in the contralesional hemisphere, their direct

link to behavioral impairments or recovery trajectories has yet to be established.

4.2 Study II: A novel glutamate reporter line for whole-brain monitoring of
glutamate dynamics
4.2.1 Main findings of the study

In this study, we generated GluTrooper, a novel ROSA26 knock-in mouse model
designed for Cre-dependent expression of the genetically encoded glutamate sensor
iGluSnFR3 [184, 210, 230, 231]. This line provides stable, long-term, and spatially
controlled labeling of glutamatergic neurons throughout the cortex and subcortical
regions, enabling the longitudinal study of excitatory neurotransmission under both
physiological and pathophysiological conditions. Traditional methods of glutamate
imaging have largely relied on viral vector-based delivery of sensors such as iGIluSnFR

[184, 210], which, although effective, often result in inconsistent expression levels,
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limited spatial spread, and cytotoxic effects due to high overexpression in a subset of
neurons [107, 232].

By leveraging the ROSA26 locus and the strong, ubiquitous CAG promoter, the
GluTrooper overcomes these limitations, offering a robust, reproducible, and non-toxic
alternative for brain-wide glutamate imaging. Crossing our novel reporter line with
Emx1-Cre mice, we observed efficient recombination and expression across the
cortex, as well as in the hippocampus and olfactory bulb [233, 234]. The stability of
sensor expression over time further enhances the utility of this model for chronic
imaging paradigms, including longitudinal monitoring of synaptic function, learning, and
plasticity. To validate the functionality of our novel glutamate reporter line, we
employed widefield glutamate imaging in awake, head-fixed mice.

We confirmed that iGIuSnFR3 expression was sufficiently bright and stable to permit
high signal-to-noise recordings of both spontaneous and evoked glutamatergic
dynamics. In the barrel cortex, sensory stimulation reliably evoked glutamate transients
with high temporal precision and regional specificity. These recordings also revealed
a tight coupling between cortical activation and glutamate release, reinforcing the
validity of this sensor for monitoring neuronal output rather than general network

excitability.

During our experimental approaches, we observed that glutamate transients
temporally preceded hemodynamic responses, including changes in oxy- and deoxy-
hemoglobin (AHbO and AHbR), highlighting the value of using direct optical sensors
of neurotransmitter release, like iIGIuSNFR3, in disentangling the timing and
directionality of neurovascular coupling. It also opens up new doors for investigating
the role of excitatory signaling in regulating vascular responses under physiological

and pathophysiological conditions.

Beyond physiological validation, we tested our novel reporter line in the context of
cortical spreading depolarization, a hallmark of several neurological conditions
including stroke, traumatic brain injury, and migraine [235]. Using three different LEDs,
we were able to simultaneously track glutamate dynamics and hemodynamic

responses across the cortex of both hemispheres. We identified three distinct phases,
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baseline, CSD onset, and post-CSD, and extracted glutamate and vascular dynamics

from holotypic regions of interest in both hemispheres.

As expected, CSD evoked a pronounced increase in glutamate concentration in the
ipsilateral cortex, coupled with a complex hemodynamic response characterized by an
initial hypoperfusion followed by delayed hyperemia. Moreover, following the
observation of spontaneous glutamate dynamics before and post- CSD, we quantified
a significant increase in the frequency of spontaneous contralateral glutamate events

during the post-CSD phase.

This data shows the sensitivity of our novel glutamate reporter line in observing
contralateral disinhibition, a phenomenon that can be triggered by unilateral lesion or
brain injury [224, 236]. The ability to observe this phenomenon non-invasively, through
direct imaging of glutamate release, provides a unique window into interhemispheric
network dynamics during cortical perturbations. It also raises important questions
about the role of contralateral plasticity in recovery or maladaptation following focal

insults.

Taken together, our findings establish our novel glutamate reporter line as a reliable,
flexible, and scalable tool for investigating glutamatergic signaling in vivo. This model
enables chronic, high-fidelity imaging of glutamate transients across a wide range of
spatial and temporal scales, overcoming many of the technical limitations inherent to

viral delivery methods.

By allowing for longitudinal monitoring of cortical function, sensory processing, and
interhemispheric communication, GluTrooper opens new opportunities for studying
circuit-level excitatory dynamics under both physiological and pathophysiological
conditions. Moreover, its compatibility with various Cre-driver lines makes it as a
valuable tool for future studies focused on specific cell types or brain regions, further

expanding our knowledge in neuroscience research.
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4.2.2 Measuring extracellular glutamate

A major strength of our study lies in the development and characterization of a
transgenic mouse line with Cre-dependent expression of the glutamate sensor
iIGluSnFR3, offering key advantages over traditional adeno-associated virus (AAV)-
based delivery systems. While AAVs are widely used for in vivo expression of
genetically encoded sensors due to their flexibility, ease of use, and cell-type specificity
when combined with Cre driver lines or specific promoters, they present several

notable limitations that can compromise long-term imaging studies [107, 232].

A major limitation of AAV-based approaches is the variability in transduction efficiency,
which can differ markedly across brain regions, cell types, and even within a single
injection site. The number of viral genome copies taken up per cell is also difficult to
control, often resulting in spatial gradients of expression, higher near the injection site
and diminishing with distance. Additionally, not all cell types are equally susceptible to
AAV transduction, leading to potential biases in cell-type representation. These factors
can produce uneven sensor expression across animals or between hemispheres,
complicating both group-level comparisons and longitudinal studies. Moreover, AAV-
mediated expression is typically restricted to a focal region surrounding the injection
site, limiting its utility for widefield or mesoscopic imaging of distributed networks. In
contrast, Cre-dependent transgenic strategies enable broader and more uniform
expression in genetically defined cell populations, offering more comprehensive

coverage for circuit-level investigations.

In the case of our novel glutamate reporter line crossed with Emx1-Cre, this results in
pan-cortical expression in glutamatergic neurons, enabling whole-cortex observation
of glutamate dynamics without the need for multiple injections or extensive surgical

manipulations.

This is particularly advantageous for bilateral comparisons or chronic imaging over
extended time periods, where AAV-based approaches may be limited by variability in

expression levels and potential overexpression artifacts.

Moreover, AAV injection procedures carry their own risks, including local inflammation,
tissue damage, or variability in depth targeting, which may confound experimental

interpretations. By avoiding intracranial injections altogether, the v provides a cleaner
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and more reproducible platform for studying both physiological and pathological
glutamate dynamics. Finally, while AAVs provide some degree of flexibility in tuning
expression levels via promoter selection or vector design, this often comes at the cost
of complex vector construction or inconsistent results: High expression levels can lead
to sensor overloading, substrate buffering effects, or saturation, while low expression

levels may compromise signal detection.

Transgenic strategies, particularly those involving single-copy insertion at well-
characterized loci like ROSA26, offer tighter control over expression, reducing the risk
of toxicity or signaling disruption [237]. Importantly, by leveraging a standardized
genetic background and a consistent recombination strategy, the GluTrooper supports
longitudinal, reproducible studies and can be easily combined with other transgenic
tools (e.g., reporters, activity modulators, or disease models), offering a high degree

of experimental flexibility.

While AAVs remain valuable for acute or region-specific manipulations, transgenic
approaches are superior for long-term, whole-brain functional imaging with minimal
variability and maximum reproducibility, features that are essential for advancing the
field toward robust, and physiologically accurate models to study neuronal

transmission.

4.2.3 Limitations of the study

While our novel reporter line provides a robust and versatile platform for the

observation of glutamate dynamics, several limitations should be considered:

First, although the Cre-dependent design allows for targeted expression of iGIUSNFRS3,
the time required to breed animals is longer than what is required to obtain viral
expression following intracortical injection. Second, the uniform and widespread
expression driven by the CAG promoter may dilute spatial contrast in densely
interconnected networks, complicating interpretation in areas where fine spatial

resolution of glutamate dynamics is critical.

Another consideration is the biological impact of long-term iGIuSnFR expression,
particularly under conditions of chronic imaging or repeated stimulation. Although we
did not observe cytotoxicity or altered neuronal responses in widefield or two-photon
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imaging, subtle alterations in synaptic physiology or glutamate uptake cannot be fully
excluded. Previous studies have suggested that glutamate sensors can alter glutamate
clearance or buffering, especially at high expression levels [238]. The knock-in design
of the GluTrooper mitigates this risk by driving moderate, consistent expression levels,
yet future studies should directly assess synaptic function and plasticity in labeled

versus unlabeled neurons to rule out undesired aberrant processes.

Furthermore, while iGIuSnFR3 provides improved kinetics and signal-to-noise ratios
compared to earlier generations, it still reports bulk glutamate release and does not
distinguishe between vesicular and non-vesicular synaptic release [238]. Thus, while
GluTrooper is well-suited for monitoring population-level or mesoscale glutamatergic
activity, it is less optimal for dissecting fine-scale synaptic mechanisms or circuit motifs

without complementary techniques.

Furthermore, while we demonstrated the utility of the GluTrooper in both physiological
and pathophysiological conditions, our study did not explore cell-type-specific
contributions to the observed dynamics. For instance, while glutamate transients are
assumed to originate from pyramidal neurons in Emx1-Cre mice, astrocytic glutamate
release and uptake, as well as modulatory input from thalamic or subcortical
projections, may also contribute to the observed signals. Without cell-type specific
markers, it remains challenging to distinguish the origin of specific glutamate events.
Therefore, while the GluTrooper is a powerful tool for the observation of glutamate
dynamics, it should ideally be used in conjunction with complementary techniques,
such as optogenetics or chemogenetics in order to fully understand the complexity of

excitatory signaling in the brain.

4.3. Future directions

This thesis focuses on the observation of interhemispheric inhibition in stroke and CSD

pathophysiology via calcium and glutamate imaging.

Study I. provides a better understanding of the molecular mechanisms underlying
diaschisis. However, considering the limitations we mentioned before, the combination
of retrograde AAVs with Cre-dependent reporters would enable the identification of

transcallosal neurons while distinguishing subpopulations and their diverse functional
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role. Moreover, future studies with optogenetics and chemogenetics modulation will be
needed in order to better understand the involvement of the transcallosal population in
promoting chronic contralateral neuronal suppression. Furthermore,
electrophysiological measurements will provide a deeper knowledge on the inhibitory
remodeling observed in our calcium imaging and immunohistochemical data. Finally,
expanding the cellular focus to include thalamocortical projections and different
interneuron subtypes, would reveal how parallel circuits coordinate post-stroke

excitability shift in the contralateral hemisphere.

Study Il. centers on the development and characterization of the GluTrooper, a novel
transgenic glutamate reporter line that enables longitudinal, pan-cortical expression
and allows the observation of whole-brain glutamate dynamics. This model overcomes
key limitations of viral delivery, offering consistent and reproducible imaging suitable
for longitudinal studies. Future research will benefit from crossing the floxed
GluTrooper line with cell-type-specific Cre drivers, such as those targeting astrocytes,
to resolve glutamatergic signaling within distinct neural populations under both
physiological and pathological conditions. Additionally, combining live glutamate
imaging with structural markers will help clarify the cellular origins of observed
transients. As the field continues to advance, the future introduction of iGluSnFR4
[239], which enables single-vesicle sensitivity, presents an exciting opportunity for the
investigation of synaptic glutamate dynamics. Incorporating such next-generation
sensors in future studies could further expand our understanding of glutamate

signaling at unprecedented resolution.
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