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SUMMARY

Emerging evidence indicates that a baseline level of controlled innate immune signaling is
required to support proper brain function. However, little is known about the function of most
innate immune pathways in homeostatic neurobiology. Here, we report a role for astrocyte-
dependent inflammasome signaling in regulating hippocampal plasticity. Inflammasomes are
multiprotein complexes that promote caspase-1-mediated interleukin (IL)-1 and IL-18 production
in response to pathogens and tissue damage. We observed that inflammasome complex formation
was regularly detected under homeostasis in hippocampal astrocytes and that its assembly

is dynamically regulated in response to learning and regional activity. Conditional ablation

of caspase-1 in astrocytes limited hyperexcitability in an acute seizure model and impacted
hippocampal plasticity via modulation of synaptic protein density, neuronal activity, and
perineuronal net coverage. Caspase-1 and IL-18 regulated hippocampal 1L-33 production and
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related plasticity. These findings reveal a homeostatic function for astrocyte inflammasome
activity in regulating hippocampal physiology in health and disease.

In brief

The function of immune pathways in homeostatic neurobiology remains underexplored. Zengeler
et al. find that the inflammasome complex, typically associated with immune responses, is
involved in memory-related and seizure processes in the adult murine brain. These findings

shed light on systems that could be impacted in several neurologic disease states involving
inflammasome dysfunction or therapeutic targeting.
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INTRODUCTION

Precise control over synaptic connections underlies the capability of neurons to modify
circuit processing throughout the lifetime of an organism. A given experience activates

and induces dynamic modification in hippocampal physiology, imparting this brain region
with the ability to encode experiences as memories. Consequently, impaired hippocampal
synaptic plasticity is associated with deficits in memory storage and has been linked to

a myriad of neurologic disease states such as Alzheimer’s disease and dementia. On the
other hand, hyperactivation of hippocampal circuitry also contributes to seizures, which are
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debilitating neurological events characterized by excessive neuronal activity and involuntary
movements.

Immune signaling in the brain has received growing attention as a major contributor

to various forms of neurological disease. Emerging evidence indicates that immune
molecules and pathways can also be exploited to support physiologic brain development
and function.1=4 For example, the alarmin interleukin (IL)-33 is typically released upon cell
damage and acts in a pro-inflammatory manner in infection, allergy, and cancer.® Yet, 1L-33
is also necessary for hippocampal synaptic plasticity.®8 Despite growing appreciation for
this dichotomous role of 1L-33, little is currently known about the molecular pathways that
regulate hippocampal IL-33 levels.

The inflammasome is a multiprotein signaling complex, assembled following detection of
intracellular danger signals, that contributes to innate immune responses.®-11 Inflammasome
assembly canonically leads to cleavage and release of pro-in-flammatory cytokines such

as IL-1B and 1L-18 as well as cell lysis, together constituting pyroptotic cell death.12:13

The inflammasome has more recently been recognized to contribute to immune activation

in sterile contexts within the central nervous system (CNS), including neurodegenerative
diseases, stroke, depression, and more.14-17 Inflammasome-associated cytokines including
IL-1B and IL-18 have also been shown to modulate hippocampal long-term potentiation
(LTP) and correlate with hippocampal hyperexcitability in epilepsy.18-23

In this study, we report that the inflammasome is activated in the healthy adult brain and
contributes to homeostatic CNS cell function. We find that astrocyte-specific caspase-1
blockade impacts multiple measures of hippocampal plasticity including transcriptional
landscape, synaptic protein density, neuronal activity, perineuronal net (PNN) abundance,
and IL-33 production. Leveraging the ability of the inflammasome to modulate neuronal
activity, we find that astrocyte-specific deletion of caspase-1 protects mice from severe
hippocampal hyperexcitability-driven seizures. These findings reveal an important role for
astrocyte-intrinsic inflammasome signaling in modulating hippocampal biology in both
healthy and hyperexcitable contexts.

Inflammasome-associated ASC speck formation is dynamically regulated in the healthy

adult brain

Canonically, the inflammasome consists of a cytosolic innate immune sensor and caspase-1
which oligomerize with an adaptor bridging molecule, ASC, upon obligate ligand
recognition by the sensor.%-11 The ASCCitrine reporter mouse provides for 7 situ localization
of active inflammasome assembly, as diffuse ASC becomes aggregated into bright ASC
specks upon oligomerization into multimeric complexes.24 We noticed the presence of ASC
specks throughout the brain in healthy adult mice (Figure 1A). ASC specks were highly
concentrated within the hippocampus, cerebellum, and cortex, with lower but still substantial
numbers distributed throughout the brain including the nucleus accumbens, substantia nigra,
and olfactory bulb (Figures 1B and 1C).
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Inflammasomes come in a variety of subtypes, providing a platform to sense a broad
spectrum of intracellular danger signals.9-11 Sensors bridged to an effector caspase
(typically, caspase-1) in this manner then trigger caspase autocatalytic cleavage.®11 We
wondered which, if any, inflalmmasome sensors were expressed in the adult mouse brain
under homeostatic conditions. We found that the sensors AIM2, NLRP1, NLRP2, and
NLRP3 were all present in lysates from microdissected hippocampus, cerebellum, and
cortex of wild-type (WT) mice (Figures S1A and S1B). Sensor expression corresponded
with ASC dimerization and caspase-1 cleavage in these three brain regions (Figures 1D and
1E).

The most well-known inflammasome targets include cytokines, such as pro-IL-1p and
pro-1L-18, which require cleavage to elicit their pro-inflammatory signaling properties.®-11
We noted the presence of both pro-1L-1p and pro-IL-18 in hippocampus, cerebellum, and
cortex lysates, but we only detected the cleaved active signaling version of IL-18, and we did
not detect cleaved IL-1p (Figures 1D and 1E). Notably, caspase-1 and IL-18 concentrations
were highest in the hippocampus, consistent with our ASC speck imaging findings (Figures
1A-1C).

Inflammasomes can also cleave gasdermin-D (GSDMD), of which the N-terminal fragment
can self-oligomerize creating pores in the plasma membrane that can cause cell lysis.2> We
noted the presence of canonical full-length GSDMD exclusively in the cerebellum of adult
WT mice (Figures S1A and S1B). While we failed to see canonical 53 kDa GSDMD in
either the hippocampus or cortex, we did note the presence of larger 75 kDa bands across
all three regions assessed, in addition to a very large 150 kDa band in the cerebellum alone
(Figures S1A and S1B). Yet, cleaved 29 kDa GSDMD was not detected in any of the regions
assessed. These findings suggest that there might be a non-canonical role of GSDMD in

the cerebellum and that there is a lack of baseline hippocampal GSDMD engagement.
Inflammasome assembly is typically associated with activation of the transcription factor
nuclear factor xB (NF-xB) which promotes sensor and cytokine expression.26 We observed
phosphorylation of NF-xB and its regulator, IxBa, in adult WT mice brain lysates (Figures
S1A and S1B).

A number of CNS cell activity stimuli, including ATP, extracellular Ca2*, reactive

oxygen species (ROS) production, and K* fluxes, are known to modulate inflammasome
activation.1427 We therefore postulated that one influence of homeostatic CNS
inflammasome assembly could be cell activity. To address this question, we turned to an ex
vivo system to track inflammasome assembly by ASC fluorescence (Figure 1F). We plated
primary ASCCitrine CNS cells and measured relative fluorescence over time in response

to CaCl,, which is known to induce calcium-related activity broadly across multiple CNS
cell types.28-31 Non-treated (NT) cells served as a negative control. As a positive control,
we treated cells with etoposide, which has been shown to trigger inflammasome activation
in CNS cells.32 We observed that etoposide treatment induced a rapid increase in ASC
fluorescence indicative of inflammasome assembly in our ex vivo setup (Figure S1C). In
contrast, ASCCitrine flyorescence was significantly reduced after 1 h of CaCl, exposure
(Figures 1G and 1H). Reduced inflammasome assembly continued in this manner out to 6
h of continuous CaCl, treatment (Figures 1G and 1H). Assembly was reduced over 50%

Immunity. Author manuscript; available in PMC 2025 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zengeler et al.

Page 5

during this time frame (Figure 1H). We next wondered whether this effect was reversible.
To test this, we washed out CaCl; after the 6 h window and found that ASC fluorescence
recovered to pre-treatment levels (Figure 1G, time 18 h). While etoposide may induce
irreversible inflammasome assembly and cell death as previously reported in CNS cells,32
our findings suggest that cell activation with CaCl, can lead to reversible inflammasome
dampening in CNS cells.

We next sought to further investigate the connection between CNS cell activity and
inflammasome assembly in an /n vivo physiologic setting. Given the high density of ASC
specks observed in the hippocampus at homeostasis (Figures 1A-1C), we wondered whether
engagement of this brain region would modulate inflammasome assembly. Environmental
enrichment (EE) is well characterized to activate hippocampal neurons and promote synaptic
plasticity.33-38 We found that exposing ASCCitrine mice to EE significantly attenuated
hippocampal ASC speck numbers (Figures 11 and 1J). This phenomenon of reduced
inflammasome assembly occurred after just 48 h of EE and persisted out to a full week

of EE (Figure S1D).

EE also reduced whole brain gene expression of the inflammasome sensor A/rp3and
cytokine //16 (Figure S1E). We noted that this phenomenon was accompanied by a reduction
in markers of gliosis including IBA1 (Figures S1F and S1G), GFAP (Figures S1H and S1lI),
and S100p (Figures S1J and S1K) in the hippocampus. Moreover, inflammasome assembly
was coordinately lowered across hippocampal subregions in response to EE (Figure S1L).
Hippocampal aging is also known to diminish synapse numbers, synaptic plasticity, and
learning and memory function.3940 As opposed to EE, we found that hippocampal ASC
speck numbers increased with age (Figures 1K, 1L, S1M, and S1N). This increase in
inflammasome assembly with age was also noted in the cerebellum (Figures S10 and S1P).

We next sought to assess the involvement of inflammasome assembly in the hippocampus

as it directly relates to the processes of learning and memory. To this end, we utilized the
Morris water maze (MWM) in which mice learn to locate an escape platform submerged
beneath opaque water using spatial cues. We trained ASCCitrine mice on this hippocampus-
dependent spatial learning task and then assessed memory using a probe trial in which the
platform is removed. Control ASCCitine mice underwent the same protocol including swim
trials in the pool with spatial cues but without any hidden platform to guide learning. Mice
were harvested after 2 days of training (“learn” group) or after the probe trial (“recall” group
for those trained with the hidden platform or “swim” group for controls) (Figure 1M). We
found that spatial task learning and escape location recall both significantly reduced ASC
speck numbers relative to controls (Figures 1N and 10). Notably, this effect was unique to
the hippocampus, the key region engaged in this spatial task, as cerebellum numbers of ASC
specks were unchanged after spatial memory recall (Figures S1Q and S1R). These results
reveal that active engagement of the hippocampus in a learning or memory recall task is
sufficient to dampen inflammasome assembly.

Finally, we wondered whether modulation of inflammasome assembly via brain region
engagement was a phenomenon specific to the hippocampus. To this end, we leveraged the
cerebellum-dependent motor learning rotarod task in which mice are trained to run on a
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rotating rod over consecutive trials (Figures S1S-S1U). We found that motor engagement
alone after just a single trial significantly dampened inflammasome assembly in the
cerebellum, while motor memory recall significantly increased ASC speck numbers (Figures
S1V and S1W). These data point toward activity-related inflammasome modulation in

the cerebellum that is likely distinct from the processes engaged in the hippocampus.
Altogether, we uncovered that inflammasome assembly is dynamically regulated in the adult
brain in response to environmental perturbations.

Blocking inflammasome function alters hippocampal plasticity

We next sought to more functionally assess whether inflammasome activation influences
hippocampal physiology. Neurons compete for integration into memory networks and

are preferentially recruited into these mnemonic traces based on their relative activity
levels, with more active neurons typically winning.#? Network sparsity is thought to
correlate with sharpened memory, as non-specific neuronal activation worsens memory
recall.#1-43 We initially wondered whether inflammasome signaling directly impacts
neuronal activity. To test this, we leveraged c-FosCe-ERT2 | S| -tdTomato mice (denoted

as TRAP2;tdTomato hereafter) in which activated neurons can be fluorescently marked in a
time-controlled manner. Given that caspase-1 is a central effector component of the majority
of inflammasomes, we chose to inhibit caspase-1 to block downstream target cleavage using
the blood-brain barrier penetrant caspase-1 inhibitor, VX765.44:45

We injected TRAP2;tdTomato mice with VX765 or vehicle as a control prior to tamoxifen
administration, and then exposed these mice to a novel EE to induce hippocampal neuronal
activity in a physiological manner (Figure 2A). As expected, 48 h EE exposure induced
hippocampal neuron activity that was fluorescently trapped in TRAP2;tdTomato mice
(Figure 2B). Trapped tdTomato+ cells appeared neuronal by morphology and did not
colocalize with GFAP, which stains hippocampal astrocytes at baseline (Figure S2A).
VX765 treatment significantly reduced hippocampal tdTomato+ trapped signal (Figures 2B
and 2C) corresponding to fewer trapped neurons (Figures 2B and 2D) compared with vehicle
controls. This effect extended to other regions involved in hippocampal circuitry, including
the subiculum and cortical regions (Figures S2B-S2D). Thus, we find that blocking
inflammasome activation is sufficient to dampen physiologic neuronal activity. These data
paired with our previous findings that cell activity can influence inflammasome assembly
in CNS cells (Figures 1F-1H) suggest that cell activity and inflammasome assembly might
exist in a feedback loop.

Neuronal synaptic plasticity, encompassing synaptic rearrangement and stabilization
following a stimulus, is an obligatory process allowing for the formation of new neuronal
connections during memory formation.6-48 We next queried whether the abundance of
synaptic structures may be affected by the inflammasome. The Thy1YFP reporter mouse
allows for the assessment of neuronal morphology by virtue of its sparse labeling of
neurons throughout the brain. We treated adult Thy1YFP mice with VX765 or vehicle
control and then assessed synaptic spine density. We found that mice treated with VX765
had a significantly higher density of spines in both the hippocampus (Figures 2E and 2F)
and cortex (Figures 2G and 2H). Given the increase in post-synaptic spines, we wondered
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whether presynaptic terminals were coordinately impacted by caspase-1 inhibition. We
found a significant increase in the presynaptic protein synaptophysin in hippocampal

lysates from VVX765-treated mice (Figures 21 and 2J). We confirmed this result through
immunohistochemistry in which we observed significantly more synaptophysin puncta in the
CAL hippocampal subregion of VVX765-treated mice (Figures 2K and 2L).

Finally, we sought to further investigate the characteristics of synapses impacted by blocking
inflammasome function. The glutamate transporter VGLUTL is present in presynaptic
terminals and is argued to also be functional in astrocytes at glutamatergic synapses.9-51
We found that hippocampal VGLUT1 was heightened in VVX765-treated mice (Figures 21
and 2M). Inspired by our findings that blocking caspase-1 attenuated neuronal activity,

we assessed hippocampal GABAaRal, a receptor enriched on post-synaptic inhibitory
terminals. We found a significant enrichment for GABAARa1 in mice treated with VX765
(Figures 21 and 2N). These collective results illustrate that blocking inflammasome activity
can alter aspects of synaptic structures in the hippocampus.

Inflammasome activity in astrocytes regulates hippocampal plasticity

Inflammasome activation has primarily been witnessed in peripheral immune cells in
response to pathogens.?19 Similarly, states of sterile CNS pathology have also been linked
to inflammasome activation in the brain-resident immune cells, microglia.1*15 We next
sought to determine the cellular location of inflammasomes in the homeostatic adult
hippocampus and cerebellum. Assembled inflammasomes in the hippocampus were found
primarily in astrocytes (GFAP+ cells) rather than microglia (IBA1+ cells; Figures 3A, 3B,
S2E, and S2F). These ASC+ GFAP+ cells were bona fide astrocytes, rather than neural
precursors, as confirmed by colocalization using the astrocyte marker S1008 (Figure S2G).
We also confirmed that this localization was not purely a product of the ASCCitrine reporter
line by using an antibody against ASC in WT mice (Figure S2H). Using this ASC antibody,
we also noticed assembled inflammasomes within some Thy1+ neurons, though to a much
lesser extent than that of astrocytes (Figures S2H-S2J).

Meanwhile in the cerebellum, ASC specks were predominantly found in the soma and
dendrites of Calbindin+ Purkinje cells (Figure S2K). We noted that Purkinje cells in the
healthy cerebellum also expressed the inflammasome cleavage target GSDMD (Figure
S2K), tracking with our western blot findings (Figures S1A and S1B). In all, these data
reveal that baseline inflammasome assembly in the adult brain is cell-type specific in a
regional manner.

Throughout our studies, we observed variation in the size and morphology of ASC specks

in ASCCitrine mice. In the hippocampus, ASC specks appeared as smaller prototypical
specks, mid-sized “splotch-like” formations, and larger “spindle-like” structures (Figures
S2L and S2M). Each of these variations were found inside CA1 astrocytes (Figure S2N).
Inflammasome-initiated active cytokine release and cell lysis constitutes a pro-inflammatory
type of cell death known as pyroptosis.12:13 Therefore, we next sought to evaluate whether
astrocytes in inflammasome-rich regions were dying. We conducted the TUNEL assay and
propidium iodide (PI) staining in concert with visualizing ASC specks but failed to witness
any cells, including astrocytes, that were positive for these cell death markers in the healthy
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adult hippocampus (Figures S3A-S3F). Notably, ESCRT-I1I-mediated membrane repair
can both limit and uncouple events downstream of inflammasome activation to ultimately
allow for cytokine release without cell death.52-55 We speculate that astrocytes activating
the inflammasome are able to avoid pyroptosis while still engaging other inflammasome
signaling pathways, such as active cytokine release.

We decided to further investigate the involvement of inflammasomes in hippocampal
astrocytes, given the sensitivity of hippocampal inflammasomes to physiological
environmental alterations (Figures 11-10) and involvement in neuronal plasticity (Figure 2).
To functionally probe the importance of astrocyte inflammasome activation, we generated
Casp1f/fl: Aldh111Cre-ERTZ mice (hereafter referred to as Casp12Ast). We fed tamoxifen food
to Casp12Ast and Cre-negative littermate control mice (hereafter referred to as Casp1¢0nt)
upon weaning to genetically ablate caspase-1 function following neurodevelopment in adult
astrocytes. Mice were then returned to regular food for the remainder of the experiment. We
confirmed astrocyte-specific loss of Casp expression in these animals (Figures S3G and
S3H).

We wondered whether the increase in synaptic marker density resulting from widespread
caspase-1 inhibition (Figures 2E—2N) was cell intrinsic to neurons or whether it could

be a downstream consequence of inflammasome activation within astrocytes. Thus, we
assessed hippocampal synaptic markers in our Casp124St mice. In line with our findings
from caspase-1-inhibitor-treated mice, synaptophysin was significantly increased, and we
observed a trend toward increased VGLUT1 alongside significantly increased GABAaRal
protein in Casp124st mice compared with controls by western blot (Figures 3C-3F). These
immunoblot findings were further confirmed by immunohistochemistry (Figures 3G, 3H,
S3l, and S3J). We also noted that the number of colocalized puncta between presynaptic/
astrocytic VGLUTL1 with post-synaptic Homer-1 was increased upon caspase-1 ablation in
astrocytes (Figures 31 and 3J) concomitant with an increase in Homer-1 alone (Figures S3K
and S3L). These results together suggest that some synaptic markers can be regulated by
astrocyte inflammasome activity.

Whether these changes to hippocampal synapses driven by astrocyte caspase-1 is sufficient
to alter neuron network activity remained a question. To interrogate this, we stained for

the immediate-early gene c-Fos, which is substantially upregulated following the induction
of neuron activity. In line with our pharmacologic studies (Figures 2A-2D), we observed

a significant decrease in c-Fos+ cell numbers in the hippocampus of Casp124St mice
compared with controls (Figures 3K and 3L). The majority of the c-Fos+ hippocampal
cells in these experiments were neurons rather than astrocytes (Figure S3M).

We wondered why neuronal activity was decreased upon blocking inflammasome function
even though we observed a seeming increase in synaptic abundance, which might suggest
potentiated hippocampal drive. To more definitively assess hippocampal neuronal function
in our Casp124st mice, we conducted slice electrophysiology in these animals and Cre-
negative littermate controls. We performed patch-clamp electrophysiology recordings of
CA1 pyramidal neurons and noted a significant attenuation of intrinsic firing upon loss

of astrocyte caspase-1 (Figures 3M and 3N). Neurons from Casp124st mice exhibited
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progressive action potential failure at current injection steps between 400 and 600 pA
(Figures 3M and 3N). Analysis of membrane and action potential properties revealed no
difference in the membrane or action potential properties of CA1 pyramidal neurons (Table
S1). These data suggest that caspase-1 activity in astrocytes is required to achieve proper
neuronal firing in the hippocampus.

Caspase-1 signaling in hippocampal astrocytes influences memory-related gene

expression

We next wondered how inflammasomes within astrocytes could support neuronal physiology
in the hippocampus on a more mechanistic level. To explore this, we first decided to take an
unbiased approach by conducting single-cell RNA sequencing (SCRNA-seq) of hippocampi
pooled from Casp124st mice and Cre-negative controls (7= 3 mice per group). After quality
control and filtering, 28,308 total cells were used for downstream analysis. T-distributed
stochastic neighbor embedding (tSNE) clustering revealed 16 distinct cell populations
distributed across both genotypes (Figures 4A and S3N). We identified each cell cluster
using top cluster-enriched genes and cell-specific markers and found that large populations
of astrocytes, oligodendrocytes, and microglia were recovered among other cell types in
both groups (Figures 4A and S30-S3Q).

We first conducted a pseudobulk differential expression analysis (DEA) on all cells

and found 166 differentially expressed genes (DEGs) between Casp1¢°M and Casp12Ast
hippocampi (Figure S3R). We noticed that many of these DEGs were related to learning and
memory, including Jun, Fos, Snap25, Npy, and Mbp. This was reflected in Gene Ontology
(GO) pathway analysis conducted on upregulated and downregulated genes. Genes related to
synaptic compartments and the myelin sheath (Figure 4B) that corresponded with memory-
related pathways such as “learning,” “synaptic signaling,” “cognition,” and “neurogenesis”
(Figure 4C) were all upregulated. We noted downregulation of the transcription factor AP-1
complex (Figure 4B), which verified our functional studies that c-Fos protein was reduced in
Casp1284st hippocampi (Figures 3K and 3L). We also found the reduction in AP-1 complex
notable given that the inflammasome-derived cytokines IL-1p and IL-18 are known to drive
AP-1 complex transcription.>8

We next examined each major cluster to reveal cell-type-specific changes following the loss
of caspase-1 in astrocytes. The 11,408 astrocytes were subclustered and labeled via pathway
analyses and manual investigation of cluster-enriched genes. The largest subclusters were
homeostatic and synaptogenesis-promoting astrocytes and smaller subclusters expressed
plasticity-related genes and markers of subventricular zone astrocytes (Figures S4A-S4C).
Every astrocyte subcluster was found in both experimental groups with only a moderate shift
away from synaptogenic into homeostatic astrocytes occurring in Casp124st hippocampi
(Figure S4B).

Within astrocytes, we identified 82 genes to be significantly differentially expressed between
Casp124st and control cells (Figure S4D) and pathways related to metabolic responses

and cell differentiation were found to be downregulated (Figure S4E). We examined the
relative enrichment of DEGs distributed across each astrocyte subcluster and observed no
particular coalescence upon a specific subcluster (Figure S4F). We wondered whether the
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decrease in metabolism-related gene expression would alter astrocyte activity. While total
cell and astrocyte numbers were unchanged (Figures S4G-S4l) as well as the total coverage
of GFAP (Figures S4G and S4J), we did note increased coverage of S100p in Casp12Ast
mice (Figures S4K and S4L). Altogether, these transcriptional and histologic findings reveal
that astrocytes largely tolerate the loss of caspase-1 across these baseline measures. We
speculate that the changes to hippocampal physiology observed after astrocyte caspase-1
ablation may largely stem from post-transcriptional processes within astrocytes, for instance,
caspase-1-dependent cytokine activation and release.

We also sought to determine whether astrocyte caspase-1 deficiency impacted gene
expression in other hippocampal cell types. We found a number of DEGs within microglia,
as well as a few in oligodendrocytes, endothelial cells, and choroid plexus cells (Figures
S4M-S4U). These data collectively demonstrate a coordinated transcriptional response by
many hippocampal cell types dependent upon astrocyte caspase-1 that could influence
memory-related processes.

Inflammasome signaling in astrocytes modulates hippocampal function, neurogenesis,
and PNN formation

Given that caspase-1 blockade was sufficient to alter multiple aspects of hippocampal
plasticity, we next sought to functionally probe the importance of astrocyte inflammasomes
on mouse behavior. To this end, we conducted fear conditioning and then repeatedly
conducted recall tests to assess long-term memory persistence (Figure 4D). We found

that Casp124St mice froze significantly less than controls over consecutive context testing
(Figure 4E). When assessed at a remote time point, control mice still identified the

trained context as fearful compared with a novel context (Figures 4F and 4G). Meanwhile,
Casp124st mice froze equally within contexts (Figures 4F and 4G), indicating that Casp12Ast
mice are no longer able to distinguish the feared context from a novel context and may

have an impairment in long-term spatial memory persistence. Importantly, these behavioral
changes were unrelated to locomotion or anxiety-relate behavior (Figures SSA-S5D). These
long-term memaory impairments are consistent with our observation of inflammasome
assembly in homeostatic physiologic states (Figures 1A-1E) as it lends to the concept that
some baseline inflammasome activity contributes to normal brain function.

The production and integration of newborn neurons into hippocampal circuitry in adulthood
contributes to plasticity in this region.57:58 Our scRNA-seq pathway analyses uncovered an
up-regulation of genes related to neurogenesis in the hippocampus upon astrocyte-specific
caspase-1 deletion (Figure 4C). Moreover, inflammasome-derived IL-1 family cytokines
are well documented to influence neurogenesis.®® During hippocampal neurogenesis, neural
progenitor cells in the dentate gyrus (DG) subregion are marked by doublecortin (DCX)
expression.0.61 We found that DCX coverage was increased in Casp124st mice across

the entire DG (Figures 4H and 4l). This effect was not solely driven by an increase in

cell proliferation per se, as we found equivalent numbers Ki67+ proliferating cells in the
DG in Casp124st and Casp1°Mt mice (Figures S5E and S5F). Experimentally increasing
neurogenesis improves pattern separation and degrades existing information2.63; thus, our
DCX data are consistent with the increased rate of forgetting observed in our Casp12Ast
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mice. Adult-born young neurons can activate inhibitory GABAergic circuitry, which is
thought to promote neural ensemble sparsity and improve pattern separation.52:64-66 We also
observed increased GABAsRa1 in Casp124st animals (Figures 3E and 3F); therefore, we
postulate that more immature neurons in our Casp124st mice could be one contributor to the
reduced hippocampal neuron activity observed in these animals.

We next wondered what might contribute to the increased penetrance of synaptic markers
observed upon caspase-1 blockade (Figures 2E-2L and 3C-3J). It has been well documented
that the extracellular matrix (ECM), of which PNNSs constitute a subset, is modulated
following a learning experience to allow for remodeling of synapses to encode the
experience as a memory.57-69 We assessed hippocampal PNN coverage in Casp12Ast

mice using Wisteria floribunda agglutinin (WFA) staining, a well-characterized method

to fluorescently label N-acetylglucosamine components of PNNs. We found significantly
reduced PNN coverage in the hippocampal CA1 region of Casp124st mice when compared
with controls (Figures 4J and 4K). These collective findings were not associated with a
change in total neuron coverage (Figures S5G and S5H). We speculate that reduced coverage
of PNNs in Casp124st mice could provide one mechanism by which the increase in synaptic
terminals in these mice might occur.

Microglia are known to influence ECM stability; therefore, we next wondered whether

the loss of caspase-1 in astrocytes impacted microglial activity.”%-72 We found no change

in expression of core microglia markers IBA1 and P2RY 12 (Figures S51-S5K). Yet, the
phagolysosome marker CD68 was significantly heightened, corresponding to a greater
number of CD68+ puncta within microglia following deletion of caspase-1 in astrocytes
(Figures S5L-S5N). These findings suggest that microglial phagocytic activity might be
impacted by astrocyte-intrinsic inflammasome activity and that this might contribute to
some of the other hippocampal plasticity changes. In all, our findings indicate that astrocyte-
dependent caspase-1 signaling can modulate multiple processes that are associated with
hippocampal plasticity including neurogenesis and PNNSs.

Astrocyte-intrinsic caspase-1 signaling modulates IL-33-related plasticity in the
hippocampus

Recent studies have begun to uncover instrumental roles for the alarmin molecule 1L-33

in hippocampal plasticity.8: Hippocampal neurons primed for plasticity are enriched

in IL-33, and this cytokine instructs microglial engulfment of the ECM allowing for
synapse rearrangement in the adult hippocampus.8 Given that we observed changes to
synaptic markers, ECM abundance, and microglial phagolysosome activity upon deletion of
caspase-1 in astrocytes, we wondered whether some of these changes might coalesce upon
IL-33. We found that astrocyte-specific loss of caspase-1 significantly elevated hippocampal
IL-33 expression by both total coverage and fluorescence intensity (Figures 5A-5C).

Published studies indicate that IL-33 can be produced by both hippocampal neurons and
astrocytes.8:8 We wondered whether astrocyte-specific caspase-1 deletion caused astrocytes
themselves to increase 1L-33 production or caused external modulation of neurons to
produce more IL-33. To address this, we stained for IL-33 alongside the astrocyte marker
SOX9 and neuronal marker MAP2 in Casp124st mice and Casp1¢°™ controls (Figure
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5A). We noted that all nuclear 1L-33 staining colocalized with nuclear SOX9 in the adult
hippocampus and that diffuse IL-33 staining was within MAP2 neuronal projections (Figure
5A). We quantified colocalized areas and found that 1L-33 was significantly increased in
both astrocytes (SOX9+ area; Figures 5A and 5D) and neurons (MAP2+ area; Figures 5A
and 5E) in Casp124st mice compared with controls. We found no change in the number of
SOX9+ cells or MAP2 coverage between groups (Figures SS50-S5R).

As an additional approach to verify cell-intrinsic production of IL-33 and address potential
IL-33 protein transfer between cells, we assessed neuronal and astrocytic transcriptional
expression of //33. To this end, we sorted neurons and astrocytes from the brains of adult
Casp124st and Casp1°Mt mice using magnetic-activated cell sorting (MACS) and then
conducted gPCR on each cell fraction. We confirmed appropriate isolation by expression
of canonical markers, S/c1a2and Rbfox3, in astrocyte and neuron fractions, respectively,
as compared with the negative flow-through (Figures S5S and S5T). Published work has
identified that adult hippocampal astrocytes express the //33aisoform while neurons express
the //33b6 isoform, each of which results in the same IL-33 protein but are expressed from
alternate promoters.8 We confirmed these findings in our own sorting experiments (Figures
S5U and S5V) and then assessed the relative expression of the respective enriched isoform
in astrocyte and neuron fractions. We found that upon astrocyte-specific loss of caspase-1,
astrocytes significantly upregulate //33a (Figure 5F) and neurons significantly upregulate
1133b transcription (Figure 5G).

We wondered whether physiologic production of IL-33 from astrocytes might function
similarly to neurons whereby it modulates spine density.8 In addition, we were also curious
to evaluate whether astrocyte-intrinsic IL-33 production might contribute to some of the
caspase-1-related hippocampal plasticity changes. To address these questions, we generated
astrocyte-specific 1L-33 conditional knockout mice (11337/f: Aldh111Ce-ERT2 mice, hereafter
referred to as 1133245t and Cre-negative control littermates (hereafter referred to as 1133¢0),
We fed these mice tamoxifen food upon weaning to induce astrocyte 1L-33 deficiency
(verified by immunohistochemistry; Figures S6A-S6D) and then returned them to regular
food for the remainder of experiments. We first assessed the relative overlap of the synaptic
markers VGLUT1 and Homer-1 in the CA1 of 1133245t mice compared with 1133%°" mice
and found a reduction in the number of colocalized puncta upon IL-33 ablation in astrocytes
(Figures 5H and 51). Meanwhile, we found no change in CA1 coverage of Synapsinl/2 or
Homer-1 (Figures SBE-S6H). These findings reveal that astrocyte-intrinsic IL-33 increases
glutamatergic synapse protein at baseline.

Neurons that are enriched in IL-33 also have higher expression of c-Fos, indicating that
IL-33 is correlated with cell-intrinsic activity.2 We found that a cell-extrinsic source of
IL-33 also contributes to neuronal activity as our 113324t mice harbored increased CA1
c-Fos+ cell numbers compared with controls (Figures 5J and 5K). This finding suggests that
astrocyte-specific 1L-33 reduces the number of c-Fos+ neurons at baseline, opposite to the
effects of neuron-derived IL-33,8 which reveals a system of balance between each cellular
IL-33 source. We also noted increased WFA coverage in the hippocampus of 1133245t mice
(Figures 5L and 5M) without impacting IBA1 coverage (Figures S61 and S6J). Collectively,
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these data are consistent with the concept that heightened astrocyte 1L-33 production might
contribute to restrained neuronal activity and PNN coverage in our Casp12Ast mice.

While loss of caspase-1 in astrocytes drove I1L-33 production and was associated with
increased synapse density, reduced neuronal activity, and diminished PNN coverage, we find
that the loss of IL-33 in astrocytes has the exact opposing effects. These data argue that
astrocyte-specific 1L-33 could be one modulator of hippocampal physiology downstream

of caspase-1. Given published findings that neuronal IL-33 contributes to hippocampal
synaptic plasticity and ECM dynamics,® we imagine that neuron-derived IL-33 alongside
astrocyte-generated IL-33 both contribute to the altered hippocampal plasticity seen with
astrocyte-specific caspase-1 deletion.

IL-18 dampens IL-33 release and can be modulated by neuronal activity in the
hippocampus

We next wondered what downstream inflammasome effector molecule might be responsible
for the effects of caspase-1 on hippocampal plasticity in our model. Given that we detected
cleaved IL-18 but not IL-1p in hippocampal lysates from adult WT mice (Figures 1D

and 1E), we turned our attention to exploring a potential downstream role for IL-18 in

our model. We found significantly higher IL-18 concentration in the hippocampus and
cerebellum compared with the cortex of adult mice (Figure 5N), which is consistent with
the higher ASC speck density and IL-18 cleavage observed in these regions (Figures 1A—
1E). Upon mining our scRNA-seq data, we noted that of all the IL-1 signaling transcripts
expressed in astrocytes and neurons in our dataset, //Z8and //33 expression were the most
pronounced (Figure S6K). Compared with all other cell types, the average expression of
/118 was highest in the astrocyte cluster (Figures S6L—-S6N). To further probe the potential
for an inflammasome signaling axis in the adult hippocampus, we conducted gPCR on
sorted astrocytes and neurons from adult mice. We found that //Z8was significantly enriched
in astrocytes (Figures 50 and S60), whereas //18r1 was enriched in neurons (Figures 5P
and S6P). We also noted //Zb enrichment in astrocytes (Figure S6Q). Notably, published
studies find that exogenous IL-18 can influence LTP and synaptic plasticity.22:23 Given

this knowledge paired with the potential for an astrocyte IL-18 to neuron IL-18R axis, we
decided to further probe IL-18 function in the adult hippocampus.

We first wondered whether IL-18 could restrain IL-33 production in the hippocampus.

To this end, we isolated hippocampi from adult mice and treated primary slices for ex

vivo study (Figure 5Q). We found that IL-18 alone was sufficient to reduce IL-33 in the
hippocampus in a dose-dependent manner compared with NT control slices (Figure 5R).
We also measured supernatant IL-33 concentrations and found that slices incubated with
IL-18 released significantly less IL-33 compared with controls (Figure 5S), suggesting that
IL-18 can restrain IL-33 release. Moreover, we observed that this result was dependent
upon neuron-intrinsic 1L-33 as hippocampi from neuron-specific //33 conditionally deleted
animals (1133f/fl:Cam-k2aCre-ERT2 mice, hereafter referred to as 11332Neur) released similar
amounts of 1L-33 when treated with IL-18 as when left untreated (Figure 5S).

In our initial studies, we found that prolonged induction of neural cell activity continually
suppresses inflammasome assembly and that a return to baseline activity reverses this
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effect (Figures 1F-1H). We also found that EE and MWM, tasks that are beneficial

for long-term memory function, dampened inflammasome assembly in the hippocampus
(Figures 11, 1J, and 1M-10). Thus, we wondered whether the induction of physiologic
neuronal activity restrains 1L-18 production. To test this, we incubated hippocampus slices
with modulators of neuronal activity, including forskolin (FSK) and glutamate (Figure 5Q).
We found that inducing hippocampal activity with both FSK and glutamate significantly
reduced hippocampal IL-18 concentrations compared with NT slices (Figures 5T and

5U). In summary, we find that the inflammasome-derived cytokine I1L-18 is sufficient to
dampen hippocampal IL-33 release and that induction of neuronal cell activity can restrain
hippocampal IL-18 production.

Inflammasome activation propagates seizure progression

Inflammation can contribute to bouts of neuronal hyperactivity, the primary cause of
seizures, as well as be a consequence of such.”3 The pro-inflammatory 1L-1 cytokine family
is consistently linked to many forms of epilepsy, a disorder diagnosed as having two or
more seizures over one’s life.18.73 For instance, circulating IL-18 is increased in patients
with epilepsy,1® and astrocytes have been reported to heighten IL-18 production in a mouse
seizure model.20 Excessive 1L-1f production is also thought to contribute to seizure-evoked
excitotoxicity.”* Our findings that caspase-1 blockade can diminish hippocampal activity
inspired us to investigate whether targeting the inflammasome could be an effective method
to dampen pathologic neuronal hyperactivity during seizure. To test this, we used a kainic
acid (KA) model in which seizures are caused by neuronal hyperexcitability driven by
glutamate receptor agonism, particularly in the hippocampus.’®76

We injected WT and caspase-1/-11-deficient (referred to as Casp1~/~) mice with KA

to induce seizure activity and scored seizure severity using a modified Racine scale.””
Consistent with published studies,” we found that Casp1~~ mice were largely protected
from severe seizures compared with WT controls (Figures 6A-6D). While 83% of control
animals exhibited significant seizure activity following KA injection, only 44% of Casp1~/
~ animals reached this level of seizure activity. Caspl~~ mice had dramatically lower
seizure severity over the course of scoring (Figure 6A), although the time to reach seizure
onset was not impacted (Figure 6B). Indeed, Casp1~/~ mice spent markedly reduced time
seizing during this scoring period compared with controls (Figure 6C) and were completely
protected from seizure-induced death (Figure 6D).

These results confirm the importance of caspase-1 in seizure propagation. Yet, the CNS
cell type harboring these pathogenic inflammasomes remained unknown. To address

this, we generated mice deficient for caspase-1 in defined CNS cell types and assessed
relative seizure severity in these animals. We first explored a role for microglial-specific
caspase-1 deletion in our model, as microglia have been most frequently implicated

in inflammasome-driven neurological diseases. However, we observed no appreciable
differences in seizure severity, onset, duration, or survival following caspase-1 deletion

in microglia (Casp1f/f:Cx3cr1Cre or Casp12ME mice) when compared with Cre-negative
Casp1f/fl littermate controls (Casp1¢°™: Figures S6R—-S6U). We then speculated that
pathogenic inflammasome activation in a hyperexcitable seizure context could be driven by
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neurons themselves. We therefore turned to neuron-specific caspase-1 conditional knockout
mice, Casp1f/fl:SynapsinCre (Casp12SY") and respective Cre-negative Casp1/fl littermate
controls (Casp1¢°™). Opposite to full-body caspase-1-deficient mice, which were protected
from severe seizures (Figures 6A-6D), we found that mice lacking caspase-1 specifically

in neurons were slightly more susceptible to KA-induced seizures (Figures S6V-S6Y).
These collective findings reveal that caspase-1 likely does not act in microglia or neurons to
propagate seizures in our model.

Astrocytes are vitally important in neurotransmitter reuptake and recycling and also play
key roles in buffering ion concentrations around synapses,’879 placing astrocytes in an
optimal position to regulate neuronal hyperexcitability. To explore this, we leveraged our
Casp124st mice and subjected these animals to KA seizure experiments alongside respective
Casp1¢ont controls. Here, we found that KA-treated Casp124St mice had significantly lower
seizure scores, took longer to begin seizing, and spent less time seizing compared with
controls (Figures 6E-6G). Moreover, seizures were less lethal to Casp124st mice than
Casp1ont Jittermate controls (Figure 6H). Taken together, our studies demonstrate that
astrocyte-specific inflammasome activation can contribute to seizure propagation. These
findings are in line with our homeostatic studies showing that blockade of caspase-1
signaling in astrocytes reduces physiologic neuronal activity and collectively illustrate the
importance of astrocyte-dependent inflammasome signaling in maintaining hippocampal

physiology.

DISCUSSION

Findings from these studies identify an unexpected function for inflammasome signaling

in regulating astrocyte-neuron communication and underlying hippocampal plasticity. We
observed environmentally modulated inflammasome assembly in the homeostatic adult brain
and that hippocampal astrocytes harbor ASC specks. Functionally, pharmacologic inhibition
of caspase-1 or genetic deletion specifically in astrocytes was sufficient to promote an
increase in synaptic protein abundance and to modulate neuron activity. We found that

loss of caspase-1 in astrocytes alters plasticity-related gene expression, neurogenesis, PNN
coverage, and promoted IL-33 production. Mechanistically, IL-33 from both astrocytes

and neurons could modulate many of these plasticity-related effects, and the inflammasome-
derived cytokine IL-18 was sufficient to reduce hippocampal IL-33 release. We finally
leveraged the ability of caspase-1 to regulate neuronal activity to reduce seizure severity.

While it is well appreciated that aberrant activation of the innate immune system can

cause brain pathology and neurological disease progression, there is also an emerging body
of literature demonstrating that controlled immune signaling is needed to support healthy
brain function. As such, a delicate middle ground of inflammatory signaling in the brain

is needed to maintain a balanced homeostatic state. We propose that astrocyte-dependent
inflammasome activation acts as a double-edged sword for hippocampal plasticity. On

one edge of the sword, the inflammasome appears to curb hippocampal plasticity.

The inflammasome and its products (namely, caspase-1, and 1L-18) are detrimental

to hippocampal neurogenesis, synaptic markers, and I1L-33 expression. Modulation of

the environment in a way that is positive for hippocampal plasticity correlated with
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reduced inflammasome assembly. Given these findings, we were left speculating why the
inflammasome is activated at all in the homeostatic hippocampus. We find one answer on
the other edge of the sword: that astrocyte caspase-1 is necessary for proper hippocampal
activity. We find that blocking inflammasome activity in astrocytes ultimately accelerates
forgetting. Our collective results suggest that a balance in inflammasome activity underlies
proper hippocampal function.

Blockade of astrocyte inflammasome activation might offer a promising therapeutic strategy
to mitigate hippocampal hyperexcitability across several neurologic disease states. We
postulate that neuronal activity can act as a switch for inflammasome activity, in which
moderate activity turns inflammasome activity down while excessive neuronal activation,
which underlies seizures, can instead trigger pathological inflammasome activity. We
speculate that the downstream mediators of hippocampal inflammasome activation could
also differ depending on the context. Take, for example, the possibility that 1L-18 could
modulate plasticity-related mechanisms at the steady state, whereas IL-1f or another
mediator could instigate pathogenic firing in the context of seizures.

While our studies reveal that astrocyte-dependent inflammasome signaling and 1L-18
provide a potential mechanism by which IL-33 release is regulated in the adult brain to
modulate hippocampal plasticity, future work is needed to define the full spectrum of ways
through which inflammasome signaling can impact astrocyte biology and hippocampal
physiology under homeostasis. A single mouse astrocyte can be in contact with several
neuronal soma, about 600 dendrites, and around 100,000 synapses.&0 As such, astrocytes
are known to control synapse formation, maintenance, and elimination.81 How the
inflammasome fits into this picture of astrocyte-mediated synapse control will remain an
area for future investigation.

It will also be important in future studies to delineate the full spectrum of inflammasome
sensors that are involved in coordinating hippocampal caspase-1 activation under
homeostasis. Given that a large array of inflammasome activators are known to be

present in the brain under steady-state conditions (e.g., ATP, extracellular Ca?*, ROS
production, K* fluxes, etc.), multiple distinct inflammasome sensors are likely involved

in orchestrating hippocampal caspase-1 activation. Moreover, it is feasible that other
inflammasome-generated downstream factors such as IL-1 can also independently influence
hippocampal physiology.

The findings in this study are notable as they contribute to our knowledge of the mechanisms
underlying astrocyte biology and neuronal plasticity. The inflammasome has been a center
point of interest as a druggable target for many neurologic disease states, including
neurodegenerative disease, epilepsy, stroke, and others.1® Our work lends to the processes
downstream of caspase-1 that might be impacted in these endeavors, including PNN
plasticity, synaptic protein abundance, and neuronal activity. Thus, these data may inform
therapeutic strategies to treat neurologic diseases associated with perturbed inflammasome
activation.
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Limitations of the study

We have shown changes to various readouts of hippocampal plasticity following modulation
of caspase-1 activity, including that deletion of caspase-1 in adult astrocytes is sufficient

to alter intrinsic neuronal firing. Yet, it remains unclear whether the changes in synaptic
protein relative abundance following caspase-1 blockade directly contribute to functional
changes in synaptic excitatory and/or inhibitory activity. Additional electrophysiological
studies should be conducted in the future to assess steady state and evoked synaptic activity
in the hippocampus following manipulation of inflammasome components.

We find protection from severe seizures following caspase-1 deletion in an acute KA model.
Yet, this is a pre-clinical mouse model with several limitations. Epilepsy constitutes at least
two unprovoked seizures that occur more than 24 h apart. Since we did not follow mice

after the end of the acute KA-induced seizure, we are limited in this study to extend these
findings to reoccurring seizures in the context of epilepsy. The seizures triggered in our KA
model are driven by glutamate receptor agonism, which is a simplification of the complex
disease states that might trigger seizures, which can include epilepsy, infection, traumatic
head injury, stroke, cardiovascular events, or neurodegeneration. Additional studies are
needed in other pre-clinical animal models of seizure and epilepsy to more thoroughly assess
the downstream impacts of caspase-1 blockade on hippocampal hyperexcitability.

RESOURCE AVAILABILITY

Lead contact

All information and requests for further resources and reagents should be directed to and
will be fulfilled by the lead contact, John Lukens (jrl7n@virginia.edu).

Materials availability

All requests for resources and reagents should be directed to and will be fulfilled by the lead
contact. This study did not generate new unique reagents.

Data and code availability

All data are available from the lead contact upon request. Raw data from the scRNA-seq
study (barcodes, features, and matrix files) are publicly available for download (Mendeley
Data: https://data.mendeley.com/datasets/fwtcf2ybbn/1). All code used for bioinformatics
analysis is deposited publicly (Zenodo: https://doi.org/10.5281/zenodo.15035203 and
GitHub: https://github.com/LukensLab/Casp1Aldhll1-scRNAseq).

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice: All mouse experiments were performed in accordance with the relevant guidelines
and regulations of the University of Virginia and approved by the University of Virginia
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Animal Care and Use Committee. Mice were housed in specific pathogen-free conditions
under standard 12-hr light/dark cycle conditions in rooms equipped with control for
temperature (21 + 1.5°C) and humidity (50 £ 10%). Adult age-matched mice were assigned
to experimental groups. Unless age is explicitly noted, mice were assessed beginning at
8-weeks of age. Unless sex is otherwise noted in the figure legend, male and female

mice were included for all studies and data was analyzed first separated by sex to check

for any significant sex differences before combining. Wild type C57BL/6J (WT; strain
#000664), ASCCItrne (strain #030744),24 Thy1YFP (strain #003782),85:86 5xFAD (strain
#034848),87 and Casp1~/~ (strain #016621)88 were obtained from The Jackson Laboratory.
TRAP2;tdTomato mice were a generous gift from J. Kipnis which were generated by
crossing Fos2A-ICreERT2 (strain #030323)8990 with Lox-Stop-Lox-CAG-tdTomato (strain
#007914)%1 mice originally from The Jackson Laboratory. Casp1f/fl were generously
provided by R. Flavell®2 and mice were crossed to Aldh111C¢-ERTZ (strain #031008)93
obtained from The Jackson Laboratory to generate Casp1/f: Aldh111€e-ERT2 mice (denoted
Casp18Asty and Cre-negative littermate controls (denoted Casp1nt). Casp1f/fl were also
crossed to Synapsin©'® mice (strain #003966)%4 obtained from The Jackson Laboratory

to generate Casp1f/fl:SynapsinC'e mice (denoted Casp12SY"), or to Cx3cr1Cr mice (strain
#025524)82 obtained from The Jackson Laboratory to generate Casp1f/fl:Cx3cr1€r mice
(denoted Casp12MC) and respective Cre-negative littermate controls (denoted Casp1°nt).
11337/ were generously provided by R. Sharma and crossed to Aldh111€€-ERT2 mice (strain
#031008)93 obtained from The Jackson Laboratory to generate 1133f/fl: Aldh1]1Cre-ERT2
mice (denoted 11332A5t) or and Camk2aC"e-ERT2 mice (strain #012362)°1 obtained from
The Jackson Laboratory to generate 1133f/fl:Camk2aCre-ERT2 mice (denoted 11332Neur) and
respective Cre-negative littermate controls (denoted Casp1¢°™). Upon weaning, Casp12Ast,
Casp1ont ||330Ast 1133ANeur and [133¢0t mice were fed tamoxifen diet (Envigo Teklad
#TD.130858) ad /ibitum for two weeks and then returned to normal chow for the remainder
of experimentation.

Caspase-1 inhibitor treatment: Mice were injected i.p. with the caspase-1 inhibitor
VX765 (Apex Bio, A8238) prepared 6.25 mg/ml in 25% DMSO or vehicle (25% DMSO) as
a control. 8-12-week old TRAP2;tdTomato (Fos2A-ICreERT2 | gxStop-Lox-CAG-tdTomato)
mice were injected i.p. with 50 mg/kg VX765 or vehicle control, left to rest for 10 min, and
then injected with 150 mg/kg tamoxifen (Millipore Sigma, T5648) in corn oil. After 30 min,
mice were placed into an enriched environment for 48 hrs. Mice were then perfused and
brains were harvested (see “Tissue collection”). Thy1YFP mice received i.p. injections of 30
mg/kg VX765 or vehicle control 3x/week (Mondays, Wednesdays, and Fridays) beginning
two-weeks prior to behavioral testing and continuing for the entirety of experimentation. All
mice were always weighed prior to injection.

Environmental enrichment: Mice were brought into a separate room and placed into
and enriched environment (EE; rat cages with crushed corn cob bedding) or left in their
home cages (11 x 7 x 6 inch mouse cages with crushed corn cob bedding) in the vivarium
as a control. ASCCitine \WT, and TRAP2;tdTomato mice were EE housed for 48 hrs or

1 wk under standard 12-hr light/dark cycle conditions in rooms equipped with control for
temperature (21 + 1.5°C) and humidity (50 = 10%). EE housing conditions consisted of a
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mix of colored igloos (Bio-Serv #K3570, #K3327), crawl balls (Bio-Serv #K3329, #K3330),
and tunnels (Bio-Serv #K3322, #K3323) with ad /ibitum access to standard chow and

water. Mice were euthanized, perfused, and brains harvested immediately following all EE
treatments (see “Tissue collection”).

Seizure induction: Seizures were induced in 6-week-old WT, Casp1~/~, Casp14Syn
(alongside Casp1¢°Mt littermates), and Casp12MG (alongside Casp1°M littermates) by i.p.
injection of 24 mg/kg kainic acid (KA; Tocris, #7065) in 1x PBS. Seizures were induced in
6-week-old Casp124st (alongside Casp1oM littermates) by i.p. injection of 16 mg/kg KA.
Seizing mice were scored every 5 min for 2 hrs post injection using a modified Racine
scale, as follows: 0 = normal activity, 1 = immobility, 2 = rigid posture and raised tail, 3 =
forelimb clonus (seizure onset), 4 = forelimb and hindlimb clonus with rearing and falling,
5 = continuous stage four often with lying down, 6 = intense seizures with jumping (seizure
spells), 7 = death. Once a mouse scored a 1 it was never scored back to 0. Once a mouse
scored a 4 it was never scored below a 3 again. Once a mouse scored a 7 it was scored at 7
for the remainder of the experiment.

METHOD DETAILS

Behavior analysis: All behavior experiments were performed between 8 am and 5

pm in a blinded fashion. Mice were transported from their home vivarium room to the
behavior core and allowed 20 minutes to habituate before beginning each test. All training
apparatuses were cleaned with 70% ethanol before and after each mouse was tested.

Morris water maze: Spatial learning and memory were engaged using the Morris water
maze. A white plastic pool (1 m in diameter) contained water kept at 22 + 2°C and made
opaque with non-toxic white tempura paint. A hidden platform (10 cm in diameter) was
placed 1 cm below the water surface. Four distinct visual cues within each quadrant were
placed equally spaced around the walls of the pool. A dim light source evenly illuminated
the test room.

The training phase of this task consisted of four 60 s trials per day for four days, and the
probe trial consisted of a single 60 s trial in which the hidden platform was removed from
the pool. If the mouse was unable to locate the platform within the trial time allotted, then
it was manually placed onto the platform. Mice were allowed 2 min to sit on the platform
following the very first training trial, and 5 s to sit on the platform for every trial afterwards.
Mice were removed from the pool, dried, and returned to their home cages set upon heating
pads between each trial on training days. At least 30 min was given between each training
trial. All trials were tracked and scored using an overhead camera and video monitoring
software (Ethovision XT Noldus).

ASCCitrine mice were harvested immediately following the fourth trial on training day

2 or immediately following the probe trial on day 5 (see “Tissue collection™). Control
ASCCitrine mice for these experiments underwent identical testing procedures except without
any hidden platform within the pool during the entire training phase. Swim-only control
mice were harvested immediately following the probe trial on day 5.
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Rotarod: Gross motor function and motor learning were engaged on the rotarod. The
rotarod apparatus consists of five separate compartments on a rotating rod (MED Associates
Inc, ENV-575M). Each mouse was placed onto the rod at a speed of 4 rpm. The rod
accelerated from 4 rpm to 40 rpm over the span of 5 min. Each mouse was allowed to walk
on the rotating rod until one of the three trial endpoints was reached: falling off to disrupt
a laser at the base, 5 rotations hanging on the rod without ambulating, or elapsing 6 min

of testing. Three trials were performed with at least 30 min between each trial for three
consecutive days. ASCCitrine mice underwent an additional memory probe trial four days
later (day 7) in which mice were made to run on the rotarod for 6 min total. Mice that fell
off were placed back on the rotating rod continually after successive falls until 6 min had
elapsed from the start of the recall trial. Casp124st and Casp1°" mice did not undergo this
memory recall probe trial. Latency to fall and rotarod speed at fall were recorded by the
rotarod-controlling software (rotarod version 1.4.1, MED Associates Inc).

For the rotarod task using ASCCitrine mice, animals were harvested immediately following
the first trial on training day 1 (“Activation” group), immediately following the third trial

on day 2 (“Learn” group), or immediately following a single memory probe trial on day

7 (“Recall” group; see “Tissue collection”). Control ASCCitine mice for these experiments
(“Home” group) were not brought into the testing room and were harvested immediately
from their home cages upon removal from the vivarium. Casp124st and Casp1°" mice were
harvested at the end of all behavioral testing.

Open field: General locomotion, exploratory, and anxiety-related behaviors were assessed
using the open field test. The opaque white Plexiglass test arenas (35 x 35 cm?) were evenly
illuminated. Mice were placed into the center of the arena and allowed to explore for 10 min.
All trials were tracked and scored using an overhead camera and video monitoring software
(Ethovision XT Noldus). A central square (20 x 20 cm?) was demarcated to quantify time
spent in the center.

Elevated plus maze: Exploratory and anxiety-related behaviors were assessed using the
elevated plus maze. The maze consisted of two open arms (uncovered, 35 x 6 cm?) and two
closed arms (20 cm tall opaque black Plexiglass, 35 x 6 cm?) extending from a common
center square, elevated 121 cm above the floor. Mice were placed onto the opaque white
Plexiglass floor in the center facing a closed arm, and then allowed to explore the entire
raised platform for 5 min. All trials were tracked and scored using an overhead camera and
video monitoring software (Ethovision XT Noldus).

Fear conditioning memory persistence testing: Spatial memory retention was assessed
using a fear conditioning paradigm. The training chamber (MED Associates Inc) consisted
of an arena (28 x 21 x 22 cm) with clear plexiglass walls and a floor made of 18 stainless
steel rods (4 mm in diameter) spaced 1.5 cm apart and wired to a shock generator. The
chamber was kept inside a sound-proof box which was evenly lit with a white, fluorescent
light and supplied with background noise.

For fear conditioning training, mice were placed into the center of the arena and allowed
to habituate for 3 min. Mice then received three pairs of cue-aversive stimuli over 3 min
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consisting of tone (18 s, 5 kHz, 75 dB) with shock (2 s, 5 mA) pairings separated by 40 s
inter-trial-intervals. Mice were assessed in a context test on subsequent testing days (24 hr,
3wk, 7wk, and 11 wk). During these contextual fear conditioning tests, mice were placed
into the center of the arena as it appeared during the training session and allowed to explore
freely for 3 min. No tone or shock were presented during these sessions.

Mice were kept in their home cages in the vivarium without any additional behavioral
interventions during the entirety of this 11 wk testing period. After the final 11 wk context
test, mice were exposed to a novel environment in which the arena was altered in appearance
such that black-and-white striped paper was placed over the walls, a white plastic insert
covered the floor, and the chamber was scented with vanilla. Mice were placed into the
center of this arena and allowed to explore this novel context for 3 min. Percent freezing in
this novel environment was quantified to compare to trained context-specific freezing.

All trials were tracked and scored using an overhead camera and video monitoring software
(Ethovision XT Noldus). Percent freezing was calculated as the cumulative time immobile
divided by the total test time (180 s), multiplied by 100. The discrimination index was
calculated as (A—B)/(A+B), where A = [% freezing in the trained context] and B = [%
freezing in the novel context], where 1 indicates full relative immobility in the familiar
context and —1 indicates full relative immobility in the novel context.

Tissue collection: Mice were euthanized by CO5 asphyxiation and cervical dislocation,
then transcardially perfused with 20 ml ice cold 1x PBS and brains were harvested. For all
experiments involving immunohistochemistry, western blotting, ELISA, and qPCR, brains
were cut down the midline, and the right hemisphere was optionally microdissected to
remove the hippocampus which were flash-frozen on dry ice. Microdissected samples

and half-brain right hemispheres were stored at —80°C until downstream processing

for protein or RNA extraction. The left hemisphere was kept intact for downstream
immunohistochemistry and drop-fixed in 4% PFA on ice, then stored overnight at 4°C.
The following day, PFA was decanted, brains were washed in 1x PBS, and then 10 ml of
30% sucrose was added. Brains were kept in 30% sucrose at 4°C until sinking to the bottom
of the container (at least 48 hrs) at which point they were prepped for cryosectioning (see
“Brain sample preparation”).

Brain sample preparation: Drop-fixed half-brains sufficiently dehydrated in 30%
sucrose (see “Tissue collection”) were washed with 1x PBS and frozen in Tissue-Tek

OCT compound (Sakura #4583). Frozen blocks were sectioned at 40 um using a

cryostat (Leica) and sections were stored in 0.05% sodium azide in 1x PBS at 4°C

for downstream immunohistochemistry (see “Immunofluorescence”). Flash-frozen half-
brains or microdissected brain regions were minimally thawed on ice and mechanically
homogenized in Tissue Protein Extraction Reagent (T-PER; Thermo Fisher, 78510)
containing phosphatase inhibitor cocktail PhosSTOP (Roche, 04906845001) and protease
inhibitor cocktail cOmplete (Roche, 11873580001). Half-brains or half-hippocampi were
homogenized in 500 pl or 200 pl of this TPER cocktail, respectively. 50 pl of these slurries
were then added to Trizol (500 pl for half-brains or 250 pl for half-hippocampi; Life
Technologies, 15596018) and stored at —80°C until further use (see “RNA isolation, cDNA
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synthesis, qPCR”). The remainder of the slurries were then spun down at 16,000 rpm for 10
minutes and the soluble supernatants were collected and stored at —80°C until further use
(see “Western blotting” and “ELISA”).

Fluorescence tracking in primary CNS cells: Fresh brains were isolated from

adult ASCCitine mice and were briefly placed in HBSS +Ca +Mg on ice before being
transferred into 5 ml enzymatic buffer (HBSS +Ca +Mg supplemented with 4 U/ml papain
(Worthington Biochemical, LS003127) and 50 U/ml DNase | (Roche, 10104159001)) at
room temperature. Samples were triturated with a 5 ml pipette and incubated for 15 min at
37°C. Samples were triturated with a 1 ml pipette and then returned for 37°C for another 15
min incubation. This was repeated once more, for a total of 45 min at 37°C and 3 trituration
steps. The resulting single cell suspension was passed through a 70 um cell strainer followed
by 20 ml dissociation buffer (DMEM/F12 supplemented with 10% FBS, 0.1% GlutaMAX,
and 0.1% antibiotic-antimycotic). Cells were spun down at 1500 rpm for 5 min at 4°C,
washed in 1x PBS, and then spun down again at 1500 rpm for 5 min at 4°C. The resulting
cell pellet was resuspended in 1 ml 37% isotonic Percoll (Cytiva, 17-0891-02) and then 12
ml 37% isotonic Percoll was added. Samples were spun down on this Percoll gradient at
2000 rpm for 12 min with no brake at room temperature. The myelin debris and remaining
supernatants were aspirated, and the final cell pellet was resuspended in enough FACS buffer
(1x PBS with 0.2% 1 M EDTA and 0.2% BSA) to plate 12 wells per mouse brain (ex. 2.4
ml total for 200 pl per well). Cells were spun down at 1500 rpm for 5 min at 4°C in a flat
bottom plate and then baseline ASCCitrine flyorescence was read on a BioTek Cytation 5
Cell Imaging Multimode Reader (Aligent). Treatment conditions (no treatment, 2 mM CaCl,
(BioVision, B1010-100), or 100 pM etoposide (Millipore Sigma, E1383)) in FACS buffer
were added to the wells and fluorescence was read every hour for 6 hrs. Cells were then
spun down at 1500 rpm for 5 min at 4°C, the plate was flicked to remove buffer, and then
fresh FACS buffer was added overnight. Fluorescence was read again in the morning (18 hrs
post-treatment) after overnight washout.

Hippocampus isolation and ex vivo treatments: Brains were isolated from adult
mice and hippocampi were immediately microdissected, cut in half sagittally, and then

held in warm plating media (Neurobasal-A media (Thermo Fisher, 10888022), 2% B27
(Thermo Fisher, 17504044), 0.1% GlutaMAX (Thermo Fisher, 35050061), 0.1% antibiotic-
antimycotic (Thermo Fisher, 15240096)). Treatment conditions (no treatment, NT; 30 or
60 uM forskolin (FSK; Tocris, 1099); 50, 100, or 1000 uM glutamate (prepared from
L-glutamic acid (Millipore Sigma, G1251) with 1 M HCI (Fisher Scientific, A144-212); 1,
100, or 500 ng/ml 1L-18 (Fisher Scientific, #KMC0181)) in plating media were added to
the wells. Samples were incubated at 37°C for 30 min or 2 hrs, and then supernatants were
collected and hippocampi were flash frozen all for storage at —80°C.

Electrophysiology recordings: Preparation of acute brain slices for electrophysiology
experiments was modified from standard protocols previously described.®>-97 Eight-to-
twelve-week-old Casp124st and Casp1¢°™ mice were anesthetized with isoflurane and
decapitated. The brains were rapidly removed and kept in chilled artificial cerebrospinal
fluid (ACSF) at 4°C containing (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH,POy4, 2 CaCl,, 1
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MgCl,, 0.5 L-ascorbic acid, 10 glucose, 25 NaHCO3, and 2 Na-pyruvate (osmolarity 310
mOsm). Slices were continuously oxygenated with 95% O, and 5% CO» throughout the
preparation. Coronal brain sections at 300 um were prepared using a Leica Microsystems
VT1200 vibratome. Slices were collected and placed in ACSF warmed to 37°C for 30
minutes and then kept at room temperature for up to 5 hours.

Patch-clamp recordings: Brain slices were placed in a chamber superfused (~2 ml/min)
with continuously oxygenated recording solution warmed to 32 = 1°C. Pyramidal CAl
neurons were identified by video microscopy based on hippocampus morphology. Whole-
cell electrophysiology recordings were performed using a Multiclamp 700B amplifier with
signals digitized by a Digidata 1550B digitizer. Currents were amplified, lowpass-filtered
at 2 kHz, and sampled at 35 kHz. Borosilicate electrodes were fabricated using a Brown-
Flaming puller (model P1000, Sutter Instruments) to have pipette resistances between 2.5
and 4.5 mQ. Current-clamp recordings of neuronal excitability were collected in ACSF
solution identical to that used for preparation of brain slices. The internal solution contained
the following (in mM): 120 K-gluconate, 10 NaCl, 2 MgCls,, 0.5 K2 EGTA, 10 HEPES,

4 ATP-Nay, and 0.3 GTP-Na, pH 7.2 (osmolarity 290 mOsm). Intrinsic excitability was
assessed using methods adapted from those previously described.%%:91 Briefly, resting
membrane potential was manually recorded from the neuron at rest. Current ramps from 0 to
400 pA over 4 seconds were used to calculate passive membrane and action potential (AP)
properties, including threshold, upstroke and downstroke velocity, which are the maximum
and minimum slopes on the AP, respectively; amplitude, which was defined as the voltage
range between AP peak and threshold; APDsq, which is the duration of the AP at the
midpoint between threshold and peak. AP frequency—current relationships were determined
using 1-second current injections from —40 to 600 pA. Spikes were only counted if AP
overshoot was >0 mV and amplitude was >20 mV. Input resistance was calculated from the
—20 pA pulse. Analysis of electrophysiological data was performed in a blinded manner.

Magnetic-activated cell sorting: For isolation of astrocytes alone from Casp124st and
Casp1°°" mice, fresh whole brains held in HBSS on ice were dissociated using a Papain
Dissociation System (Worthington, LK003150) according to manufacturer’s instructions
with some modifications. Briefly, tissue was transferred into the Papain Solution (EBSS
with 20 U/ml papain and 0.005% DNAse) and triturated gently using a 5 ml serologic
pipette. The mixture was incubated at 37°C on a shaker for 30 min in which it was triturated
gently every 10 min (3x). The cloudy cell solution was then filtered through a 70 um cell
strainer and spun down at room temperature at 300 g for 5 min. The resulting cell pellet was
resuspended in the Inhibitor Solution (EBSS with papain/ovomucoid inhibitor solution and
DNAse). This cell solution was then layered atop fresh Inhibitor Solution and centrifuged
at 70 g for 6 min at room temperature. The supernatant containing debris was discarded,
and the remaining cell pellet was resuspended in 160 ul 1x MACS buffer (Miltenyi Biotec,
130-0910376) in 1x PBS.

Astrocytes were positively selected using ACSA2 magnetic microbeads (Miltenyi Biotec,
130-097-678) according to manufacturer’s instructions with some modifications. Briefly,
the cell suspension was incubated with 40 pl FcR-blocking reagent for 25 min at 4°C. Then,
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40 ul anti-ACSA2 magnetic microbeads were added, mixed well, and allowed to incubate
for 15 min at 4°C. Cells were washed by adding 1 ml 1x MACS buffer and centrifuged

at 300 g for 10 min at 4°C. Supernatants were aspirated and the remaining cell pellet

was resuspended in 500 pl 1x MACS buffer. LS columns (Miltenyi Biotec, 130-042-401)
and a QuadroMACS magnet (Miltenyi Biotec, 130-091-051) were used to positively select
for ACSA2+ cells. Positive and negative fractions were spun down at 300 g for 10 min

at 4°C. ACSA2+ and ACSA- pellets were then resuspended in 200 pl or 500 pl Trizol
reagent, respectively, for downstream RNA extraction (see “RNA isolation, cDNA synthesis,
gPCR”).

For isolation of neurons and astrocytes together from Casp124st and Casp1¢°™ mice, fresh
whole brains held in HBSS on ice were dissociated using a neural tissue dissociation

kit (Miltenyi, 130-094-802) according to manufacturer’s instructions. Briefly, brains were
washed in 1x PBS and then placed in 6 ml 1x PBS. Brains were triturated gently using a

5 ml serologic pipette, tissue was allowed to settle, and then the supernatant was carefully
removed. 1960 pul enzyme mix 1 was added and then samples were incubated for 15 min at
37°C on a shaker. 30 ul enzyme mix 2 was added and then tissue was dissociated carefully
using a 1 mL pipette. Samples were incubated for 10 min at 37°C on a shaker and then 15
ul enzyme mix 2 was added. Tissue was again dissociated carefully using a 1 ml pipette. The
cloudy cell solution was then filtered through a 70 pm cell strainer followed immediately by
10 ml 0.5% BSA in 1x PBS. Samples were spun down at room temperature at 300 g for 5
min. Supernatants were carefully aspirated and the cell pellets were resuspended in 160 pl
1x MACS buffer.

Neurons were negatively selected using an adult neuron isolation kit (Miltenyi, 130—
126-603) according to manufacturer’s directions. Briefly, the cell suspension was incubated
with 40 pl adult non-neuronal cell biotin antibody cocktail for 5 min at 4°C. Cells were
washed in 1 ml 1x MACS buffer and then spun down for 10 min at 4°C. Cells were
resuspended in 160 pl 1x MACS buffer and then incubated with 40 pl anti-biotin microbeads
for 10 min at 4°C. 500 pl 1x MACS buffer was added and then samples were immediately
subject to magnetic separation. LS columns and a QuadroMACS magnet were used to
negatively select for neuronal cells. Positive and negative fractions were spun down at 300
g for 10 min at 4°C, washed once with 1 ml 1x MACS buffer, and then spun at 300 g

for 10 min at 4°C. The positive fraction (non-neuronal cells) was resuspended in 160 pl

1x MACS buffer and the negative fraction was resuspended in 200 ul Trizol reagent and
stored at —80°C. The positive (non-neuronal) fraction was then subject to astrocyte sorting
using ACSA2 magnetic microbeads exactly as previously described. Positive and negative
fractions were spun down at 300 g for 10 min at 4°C. ACSA2+ and ACSA2- pellets

were then resuspended in 200 pl Trizol reagent and stored at —80°C for downstream RNA
extraction (see “RNA isolation, cDNA synthesis, gPCR”).

Immunofluorescence: Brain sections stored in PBS with 0.05% sodium azide were
blocked for 1 hr at room temperature in blocking solution (2% donkey serum, 1%

BSA, 0.1% Triton-X, 0.05% Tween-20 in 1x PBS). Sections were then incubated with
primary antibodies diluted in the blocking solution overnight at 4°C. The following
antibodies were used: Aldh1l1 (E712Q, Cell Signaling, 1:500), ASC (AL177, AdiopoGen,
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1:300), Calbindin (D-28K, Millipore Sigma, 1:1000), CD68 (FA-11, BioRad, 1:1000),
cFos (ab190289, Abcam, 1:1000), GFAP (2.2B10, Thermo Fisher, 1:1000), GSDMD
(ab209845, Abcam, 1:1000), Homer-1 (160 003, Synaptic Systems, 1:500), IBA1 (ab5076,
Abcam, 1:300), IL-33 (AF3626, R&D, 1:100), Ki67 (606-5698-82, ThermoFisher, 1:100),
MAP2 (M13 #13-1500, Thermo Fisher, 1:500), NeuN (MAB377, Millipore Sigma,

1:500), P2RY 12 (AS-55043A, AnaSpec, 1:300), S100p (15146-1-AP, Proteintech, 1:500),
SOX9 (EPR14335-78, Abcam, 1:500), Synapsinl/2 (106 004, Synaptic Systems, 1:1000),
Synaptophysin (ab32594, Abcam, 1:1000), Synaptophysin (ab16659, Abcam, 1:300),
VGLUT1 (135 511, Synaptic Systems, 1:500), and WFA (B-1355-2, Vector Laboratories,
1:500). Samples were washed for 10 min three times with 0.5% Tween-20 in 1x PBS at
room temperature. Then, samples were incubated with secondary antibodies diluted in the
blocking solution for 2 hrs at room temperature. Matched donkey Alexa Fluor-488, —568,
-594, —647 anti-rabbit, -goat, -mouse, -rat, and -streptavidin antibodies were used (Thermo
Fisher, 1:1000). Samples were washed again for 10 min three times with 0.5% Tween-20 in
1x PBS at room temperature and then incubated with DAPI (Millipore Sigma, 1:1000) in 1x
PBS for 10 min at room temperature.

For sections stained with NeuroTrace, secondary antibody staining was completed as well as
final wash steps. Then, sections were washed once with 0.1% Triton-X in 1x PBS for 10 min
and then twice in 1x PBS for 5 min all at room temperature. Sections were incubated with
NeuroTrace 500/525 (N21480, Thermo Scientific, 1:100) diluted in 1x PBS for 20 min at
room temperature. Sections were removed from this stain and then washed once with 0.1%
Triton-X in 1x PBS for 10 min and then once in 1x PBS for 2 hr at room temperature.
Following this last wash step, DAPI counterstaining was conducted as usual prior to section
mounting.

For sections stained by TUNEL, secondary antibody staining was completed as well as

final wash steps prior to staining according to the manufacturer’s protocol (Millipore Sigma,
11684795910). Briefly, sections were washed twice with 1x PBS at room temperature and
then incubated with 100 pl TUNEL reaction mixture for 60 min at 37°C on a shaker in the
dark. Sections were then washed three times with 1x PBS at room temperature. Following
this last wash step, DAPI counterstaining was conducted as usual prior to section mounting.

For sections stained with PI, secondary antibody staining was completed as well as final
wash steps prior to staining according to the manufacturer’s protocol (Thermo Fisher,
P1304MP). Briefly, sections were equilibrated in 2x SSC (Millipore Sigma, S6639) prior to
incubation in DNase-free RNase (100 pg/ml in 2x SSC; Roche, 11119915001) for 30 min at
37°C on a shaker in the dark. Sections were then washed three times for 1 min in 2x SSC at
room temperature. Sections were equilibrated in 2x SSC prior to staining with P1 (10 pg/ml
in 2x SSC) for 10 min at room temperature. Sections were finally washed twice in 2x SSC
at room temperature. Following this last wash step, DAPI counterstaining was conducted as
usual prior to section mounting.

All staining and washing steps were always performed on a rocker. Samples were stored in
1x PBS prior to mounting on slides with ProLong Gold anti-fade mountant (Thermo Fisher,
P36930) with coverslips. Slides were stored in the dark at 4°C. Images were acquired using
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LAS AF software (Leica microsystems) on a Leica TCS SP8 confocal microscope or Leica
Stellaris confocal microscope. Images were analyzed using Fiji and Imaris (9.9.1) software.

Reconstruction of neuronal spines: All hippocampus images were acquired in the
CAL region and all cortex images were acquired in approximately the somatosensory and
somatomotor cortices. Thy1YFP expression is selective for layer V pyramidal neurons in the
cortex and pyramidal neurons in the CAL, thus, these neuron subtypes were included in

the spine density quantifications. Apical segments of the labeled neurons were selected for
analysis in the CA1, while no particular segments were selected for in cortical cells. Thus,
the spine density calculation is an approximate average across all types of dendrite segments
within this region. At least 5 process segments per FOV were analyzed, and all segments in
3 FOVs per mouse per brain region were averaged.

Imaris software (9.9.1) was utilized to create 3D reconstructions of the Thy1YFP dendritic
segments using the Filaments tool. The following settings were used for all reconstructions:
Autopath (no loops) algorithm, Diameter Calculate = true, Dendrite Starting Point Diameter
= Manually set by experimenter, Dendrite Seed Point Diameter = Manually set by
experimenter, Dendrite Starting Point Threshold Low = Automatic, Dendrite Starting Point
Threshold High = Automatic, Dendrite Seed Point Threshold = Automatic, Diameter
around Starting Point(s) to remove Seed Points = Manually set by experimenter, Remove
Disconnected Segments = false, Remove Disconnected Segments Smooth Width = Manually
set by experimenter, Remove Disconnected Segments Background Subtraction = false,
Dendrite Diameter Threshold = Automatic, Dendrite Diameter Algorithm = Distance Map,
Spine Seed Point Diameter = 0.400 pm, Spine Maximum Length = 2.00 um, Spine Allow
Branch Spines = false, Spine Seed Point Threshold = Manually set by experimenter, Spine
Diameter Threshold = Automatic, Spine Diameter Algorithm = Distance Map.

The experimenter was blind to treatment groups during Filament reconstruction and data
analysis. Specific dendrite calculation values were exported to Excel, statistics calculated in
R, and data were plotted in Prism.

RNA isolation, cDNA synthesis, qPCR: Brain samples or primary cells stored in
TRIzol (see “Brain sample preparation” and “Magnetic activated cell sorting™) were thawed
on ice and vortexed. 100 ul of chloroform (Fisher Scientific, BP1145-1) was added, and
then samples were thoroughly vortex and incubated at room temperature for 5 min. Samples
were spun down at 14,000 rpm at 4°C for 15 min. The clear aqueous top layer was collected
into a clean tube and then an equal volume of isopropanol (~400 pl; Sigma, 19516) was
added then vortexed vigorously. Samples were then incubated at room temperature for 10
min and spun down at 12,000 rpm at 4°C for 5 min. The resulting RNA pellet was then
washed twice using 1 ml of 70% ethanol in RNAse-/DNAse-free water and spun down

at 14,000 rpm at 4°C for 5 min between washes. The resulting RNA pellet was air dried

at room temperature and finally resuspended in 10-30 pl of DNAse-/RNAse-free water.
Samples were stored at —80°C prior to cDNA synthesis. RNA quality and quantity were
evaluated using NanoDrop 2000 Spectrophotometer (Thermo Scientific).
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Isolated RNA was converted to cDNA using a Sensifast cDNA Synthesis kit (Bioline,
B10-65054). Gene expression levels for all genes (except for //33aand //33b)

were determined using Tagman Gene Expression Assay primer/probe mix (Thermo

Fisher), Sensifast Probe No-ROX kit (Bioline, BIO-86005), and a CFX384 Real-Time

PCR System (BioRad, 1855484). All kits were used according to manufacturer’s
instructions. The following primers (Thermo Fisher Scientific) were used: Aim2
(Mm01295720_m1), Caspl (Mm00438023_m1; exons 1-3), Caspl (Mm01243908 m1,;
exons 7-9), //16 (Mm00434228_m1), Gapdh (Mm99999915 g1), //18 (Mm00434226_m1),
/118r1 (MmO00515178_m1), Nirp3 (Mm00840904_m1), Pycard (Mm00445747_gl), Rbfox3
(MmO01248781_m1), and S/cia?2(Mm01275814_m1). Relative gene expression levels to
Gapdh were calculated using the delta-delta Ct method.

For assessing //33aand //33b gene expression levels, custom

primers were synthesized from Integrated DNA Technologies for

the following sequences: //33a, F: GCTGCAGAAGGGAGAAATCACG;

11334, R: GGAGTTGGAATACTTCATTCTAGGTCTCAT; //33b,

F: GGCTCACTGCAGGAAAGTACAGCA,; /133b, R:
GGAGTTGGAATACTTCATTCTAGGTCTCAT. Reactions were made using Sensifast
SYBR No-ROX kit (Meridian Bioscience, BIO-98020) and a CFX384 Real-Time PCR
System according to manufacturer’s instructions. Relative gene expression levels to Actin
were calculated using the delta-delta Ct method.

Single cell RNA-sequencing: Casp1¢ and Casp124st mice (14-week-old female
littermates across two litters) were euthanized by CO, asphyxiation and then transcardially
perfused with 20 ml ice cold 1x PBS and brains were immediately harvested. The entire
hippocampus from the right hemisphere was isolated and placed into 4 ml enzyme solution
(master buffer containing 200 U of papain per brain (Worthington Biochemical, LS003127)
and 0.5 mM EDTA (Research Products International, E14000-500.0)) on ice. The master
buffer contained 1x EBSS (Millipore Sigma, E7510), 0.46% glucose (Millipore Sigma,
G8769), and 26 mM NaHCO3 (Millipore Sigma, S6014) in diH,0. 125 U/ml DNAse |
(Roche, 10104159001) was added fresh to the master buffer on the day of procedure. Six
total mice were harvested, and three hippocampi per group were pooled to yield two final
samples (Casp1°™ and Casp124st). Pooled hippocampus samples were incubated for 40
min at 37°C in the described enzyme solution with the tissue being agitated every 10 min.
Samples were then washed three times with 3 ml 1x low-ovomucoid solution in master
buffer (10x low-ovomucoid stock solution contained 15 mg/ml of BSA (Fisher Scientific,
BP1600-100) and 15 mg/ml of ovomucoid (Worthington Biochemical, LS003087) adjusted
to pH 7.4 using NaOH). Tissue was carefully triturated with a 1 ml pipette and non-
homogenized tissue was allowed to settle. Trituration was repeated twice more in this way
until most of the tissue became dissociated. Samples were then transferred into clean tubes
and 2 ml high-ovomucoid solution in master buffer (10x high-ovomucoid stock solution
contained 30 mg/ml of BSA and 30 mg/ml of ovomucoid adjusted to pH 7.4 using NaOH)
was carefully pipetted into the bottom of the tube. Samples were spun down at 300 g for

5 min at 4°C and then pellets were resuspended in 5 ml 1x PBS. The cell suspension was
passed through a 20 pm Nitex mesh filter, and then spun down at 300 g for 5 min at 4°C.
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The resulting pellet was resuspended in 500 pl 1x PBS containing 0.05% BSA and once
again spun down at 300 g for 5 min at 4°C.

A dead cell removal cleanup (Miltenyi Biotec, 130-090-101) was then conducted on the
single cell suspension according to the manufacturer’s protocol. Briefly, samples were
resuspended in 100 pl dead cell microbeads and incubated for 15 min at room temperature.
LS columns (Miltenyi Biotec, 130-042-401) were washed with 3 ml 1x binding buffer on a
magnet stand (MACS MultiStand, Miltenyi Biotec, 130-042-303; fitted with QuadroMACS
Separator, Miltenyi Biotec, 130-091-051). 400 ul 1x binding buffer was added to the cell/
bead suspension and then applied to the column on the magnet. Columns were washed four
times with 3 ml 1x binding buffer. The live cell flow-through was collected and then spun
down at 300 g for 5-min at 4°C. The remaining pellet was resuspended in 500 pul 1x PBS
containing 0.05% BSA for cell counting. Cells were spun down and finally resuspended in
50 pl 1x PBS containing 0.05% BSA for library preparation.

Library preparation was conducted by the University of Virginia Genome Analysis and
Technology core (GATC) as previously reported.%8:99 Briefly, approximately 10,000 cells
per sample were processed for library preparation using NGS NSQ2K kit P3 100 cycle

v3 and NGS MiSeq kit 300 cycle Nano kits (Illumina) according to validated standard
operating procedures established by the GATC (RRID:SCR_018883). The raw sequencing
reads (FASTQ files) were aligned to the Genome Research Consortium (GRC) mm10 mouse
genome build using Cell Ranger.

R (4.3.2 GUI 1.80 Big Sur ARM build) in RStudio (2023.09.1+494). was used for all
downstream analyses. Seurat was used for filtering out low-quality cells, normalization of
the data, tSNE clustering, determination of cluster defining markers, and in preparation

of some plots. Low-quality cells were excluded in an initial quality control (QC) step

by removing cells with low reads (nUMI >= 400), cells with low genes per cell (nGene

>= 350), and cells expressing more than 5,000 unique genes (nGene <= 5000) in effort

to remove doublets and triplets. Cells with transcriptomes that were more than 10%
mitochondrial-derived (mitoratio < 0.1) were removed and cells with low complexity
(log10GenesPerUMI > 0.80) were also removed. After these QC and filtered steps, 10,444
Casp1%nt cells and 17,864 Casp124st cells remained for all downstream analyses. Cell
populations were manually assigned using published literature of population-enriched
markers. Differential gene expression analysis was performed for all cells and within each
cell cluster using the ZINB-WaVE (v1.24.0) and DESeq?2 (v1.42.0) packages. Significantly
downregulated and upregulated genes were assayed using GProfiler (https://biit.cs.ut.ee/
gprofiler/gost) to generate GO terms. Analyses were performed and plots were generated
in RStudio using the following packages: BiocManager, Seurat, dplyr, tidyverse, ggplot2,
Matrix, scales, cowplot, RCurl, ggridges, magrittr, patchwork, ggraph, clustree, metap,
limma, DESeq2, EnhancedVolcano, RColorBrewer, sctransform, openxlsx, zinbwave, scran.

Western blotting: Soluble brain sample homogenates (see “Brain sample preparation”)
were diluted in 1x PBS. Protein concentration was determined according to a standard curve
using Pierce 600 nm Protein Assay Reagent (Thermo Fisher, 22—660). Laemelli Sample
Buffer (Bio-Rad, #1610747) was added at 1x to 20, 40 or 100 pg protein lysates per
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sample and heated to 95°C for 5 min. Samples were loaded onto a 4-20% Mini-PROTEAN
TGX Stain-Free Protein Gel (Bio-Rad, #4568093) and run at 120 V for 1 hr using
Mini-PROTEAN Tetra Cell (Bio-Rad, 1658004) in 1x Tris/Glycine/SDS Buffer (Bio-Rad,
#1610732). Proteins were then transferred onto a Trans-Blot Turbo Midi 0.2 ym PVDF
membrane (Bio-Rad, #1704157) for 21 min using a Trans-Blot Turbo Transfer System
(Bio-Rad, #1704150) set to “2 mini gels” of “mixed MW”.

Membranes were blocked for 1 hr at room temperature using blocking solution (50%
SuperBlock T20 TBS Blocking buffer (Thermo Scientific, #37536), 50% BSA block

(5% BSA + 0.05% Tween-20 in 1x TBS)). Membranes were then stained overnight at

4°C in primary antibodies diluted in blocking solution. The following antibodies were
used: AIM2 (12948S, Cell Signaling, 1:500), ASC (AG25B0006C100, AdipoGen, 1:500),
caspase-1 (AG-20B-0042-C100, AdipoGen, 1:500), B-Tubulin (9F3 #5346, Cell Signaling,
1:1000), GABARa1 (N95/35, Antibodies Inc, 1:500), GSDMD (126-138, Millipore
Sigma, 1:500), IxBa (9242L, Cell Signaling, 1:500), IL-1p (12507S, Cell Signaling, 1:500),
IL-18 (54943S, Cell Signaling, 1:500), P-NFxB (3033S, Cell Signaling, 1:500), P-1xBa
(2859L, Cell Signaling, 1:500), NFxB (8242S, Cell Signaling, 1:500), NLRP1 (12256—
1-AP, Proteintech, 1:500), NLRP2 (15182-1-AP, Proteintech, 1:500), NLRP3 (151018,
Cell Signaling, 1:500), Synaptophysin (ab32594, Abcam, 1;1000), and VGLUT1 (135 511,
Synaptic Systems, 1:500). Membranes were then washed for 5 min four times with 1x
TBS-T (0.05% Tween-20 in 1x TBS), and then incubated with secondary antibodies diluted
in blocking solution for 45 min at room temperature. Matched anti-rabbit (Cell Signaling,
7074P2, 1:5000) or anti-mouse (Cell Signaling, 7076S, 1:5000) HRP secondary antibodies
were used. Membranes were then washed for four times with 1x TBS-T over the course

of 1-2 hrs. Membranes were coated in SuperSignal West Pico PLUS Chemiluminescent
Substrate solution prepared according to manufacturer’s instructions (Thermo Scientific,
#34580) for 5 min in the dark prior to imaging. Stained membranes were imaged on a
ChemiDoc MP Imaging System (Bio-Rad, #12003154). Protein levels were quantified using
Fiji. Membranes were stored in 1x TBS-T at 4°C.

For re-blotting, stained membranes were stripped for 10 min at room temperature using
Restore PLUS Western Blot Stripping Buffer (Thermo Fisher, #46430). Membranes were
then washed with 1x TBS and then blocked for 1 hr at room temperature using blocking
solution. The staining procedure followed from this step.

ELISA: IL-18 protein concentrations in homogenized hippocampus, cerebellum, and
cortex samples were determined using an IL-18 ELISA kit (Thermo Fisher, BMS618-3).
IL-33 protein concentrations in homogenized hippocampus samples or supernatants were
determined using an IL-33 ELISA kit (Thermo Fisher, BMS6025). Frozen microdissected
brain regions were thawed on ice and then mechanically homogenized in TPER cocktail
(Tissue Protein Extraction Reagent T-PER (Thermo Fisher, 78510) containing phosphatase
inhibitor cocktail PhosSTOP (Roche, 04906845001) and protease inhibitor cocktail
cOmplete (Roche, 11873580001); 200 pl for hippocampus samples or 500 pl for cerebellum
and cortex samples). Slurries were then spun down at 16,000 rpm for 10 min and the soluble
supernatants were collected. Protein concentration was determined according to a standard
curve using Pierce 600 nm Protein Assay Reagent (Thermo Fisher, 22-660). IL-18 or IL-33
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ELISAs were conducted on 50 pl undiluted hippocampal soluble extracts or 50 ul undiluted
media supernatants according to the manufacturer’s instructions. The plate was read on an
Epoch microplate spectrophotometer (Agilent) at 405 nm. IL-18 levels were normalized to
total protein loaded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics: Sample sizes were chosen on the basis of standard power calculations (with

a = 0.05 and power of 0.8). Statistical tests for RNA-seq analyses were conducted using

R (4.3.2 GUI 1.80 Big Sur ARM build) in RStudio (2023.09.1+494). All patch-clamp
electrophysiology data were analyzed using custom MATLAB scripts or ClampFit 11.2.
For electrophysiology data, all statistical comparisons were made using the appropriate
test in Prism (GraphPad, 9.5.0). Membrane, action potential properties, and amplitude data
underwent descriptive statistics followed by normality and lognormality test using gaussian
distribution. Data were assessed form normality using the D’ Agostino-Pearson omnibus
normality test, Anderson-Darling test, Shapiro-Wilk test, and Kolmogorov-Smirnov test
with Dallal-Wilkinson-Lillie for P values. Data were tested for outliers using the ROUT
method, and statistical outliers were not included in data analysis. Initial testing was
followed by Tukey’s test when the gaussian distribution was parametric using a t-test with
Welch’s correction, and a Kolmogorov-Smirnov test to compare cumulative distributions
when nonparametric. For immunofluorescence data, all statistical comparisons were made
using linear mixed effects modeling using R (4.3.2 GUI 1.80 Big Sur ARM build) in
RStudio (2023.09.1+494). The immunofluorescence data have a nested structure in which
3-9 images were taken per mouse; therefore, the data were analyzed using a linear mixed
effects model that can take into account the number of images as well as the number of
mice for each measure. This method avoided pseudoreplication (in the case of using only
the image datapoints) as well as loss of precision and variability (in the case of only using
mouse average values). For all other analyses, Prism software (GraphPad, 10.1.0) was used
to calculate mean and S.E.M. values and to conduct statistical significance testing. The
following tests were used: unpaired Student’s t test, multiple unpaired Student’s t tests, one-
sample t test with Wilcoxon test against zero, mixed effects analysis, mixed effects analysis
with Sidak’s multiple comparisons test, mixed effects analysis with uncorrected Fisher’s
least significant difference test, one-way ANOVA with Tukey’s multiple comparisons test,
two-way ANOVA, two-way ANOVA with Sidak’s multiple comparisons test, and Gehan-
Breslow-Wilcoxon test. P values less than 0.05 were considered significant. *P < 0.05, **P
<0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Inflammasome activation is dynamically regulated in the healthy adult brain
Astrocyte-specific inflammasome activity alters hippocampal plasticity

Astrocyte-derived caspase-1 and IL-18 modulate hippocampal IL-33
production

Astrocyte-intrinsic inflammasome signaling propagates seizure progression

Immunity. Author manuscript; available in PMC 2025 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zengeler et al.

Page 38

{d i
RN E—
Cortex— oﬂ—g
Nucleus accumbenstl—,—%
Substantia nigra —T}—é—! o
Offactory bulb-{_2p
0 20 40 60 80 Hippofampus
#ASC specks / mm?
KDa Hippocampus Cerebellum Cortex
- [T PR e ] Asc & \
450 D EN SO WD O WD W0 W8 e e ws | FL Caspase-1 4
— —
PN T 1. ] | Cleaved Caspase-1 =* % -
o-[WHNE BETE S0 GFue ASC  isotebran Geneatosinge _Pltecells,  Montor fuarescence
= cell suspension  apply treatments
24w 5 FLIL-18
18 | - ——— - Cleaved IL-18 H Cerebellum
55— O - o - —— o o9 o @ | B-TubUIN G —
1500 80004 T
E 8
8
. 6000
_~ M Hippocampus o ﬂ 1000
= [ Cerebellum 53 o
& o 2 4000
< [J Cortex o3 <
Z 100 I 25 s00 =
s o
= E -3 2000
[ s
£ 50 € o
g 00— Qo — o
& 00 1.0 20 30 40 50 60 180 [ Nocells
ASC Caspase-1Caspase-1 IL-1p  IL18  IL18 Time (hr) B No treatment
Fulllength Cleaved Fulllength Cleaved £ cacl,
I Hippocampus J Home EE K Hippocampus L Young

® 2 N
& 8 oS

#ASC specks / mm?2
s o
5 3

N
o S

- Training = Test
4 Day Day2 Day Day 4 Day5
D 4xuials | dxtrials | 4xtials | 4xtrials S Tx trial +
Hidden x trials No platform £
platform LS
4 Learn Recall £
Wascome o . 8
b 2 Swimming - Test &
Da Day2 y Day 4 Day 5 Q
axtrials | axtials | dxtrials | 4xtrials T 1x trial 2
No platform No platform I+
v som CA1
swim Y

Swim Leamn Recall

Figure 1. Inflammasome activation is dynamically regulated in the adult brain
(A) Representative brain section from an adult ASCC"e mouse. ASC specks are

represented by green dots generated using Imaris software.

(B) Quantification of ASC speck density by brain region in adult ASCCitrine mice.

(C) Representative images of inflammasome activation in the hippocampus (top),
cerebellum (middle), and cortex (bottom) from an adult ASCCiri"e mouse. Insets show
magnification.

(D and E) Engagement of inflammasome signaling in the adult brain assessed by western
blot on microdissected hippocampus, cerebellum, and cortex WT lysates.

(D) Representative blots. FL, full length.

(E) Quantification of relative protein abundance. Signal mean fluorescence intensity (MFI)
was measured across all bands (in arbitrary units [a.u.]) then percent of total signal was
calculated for each band (= 4).
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(F-H) Citrine fluorescence in primary ASCCitrine CNS cells in response to CaCl, (2 mM)
applied for 6 h. Treatment was washed out overnight and fluorescence read again at 18 h.
(F) Experimental design. (G) ASCCitrine flyorescence over time normalized to background
signal. The gray box indicates the treatment window. (H) Area under the curve (AUC) of
ASCCitrine flyorescence from 0 to 6 h. Data combined from 4 to 6 wells per group.

(1-L) ASCCitrine mice (8-12 weeks old) were exposed to an EE for 48 h (I and J) or left to
age (K and L). Control mice were left in their home cages. (I and K) Quantification of the
number of ASC specks over the entire hippocampus. (J and L) Representative CA1 images.
(M-0) Adult (8-12 weeks old) ASCCitrine mice were trained on the MWM and brains were
harvested immediately following 2 days of training (learn group) or after the probe trial
(recall group). Mice that underwent the same treatment but without a hidden platform were
used as controls and harvested following the probe trial (swim group). (M) Experimental
design. (N) Quantification of the number of ASC specks over the entire hippocampus.

(O) Representative CA1 images. Violin plots represent quantification per image and dots
represent average data per an individual mouse. Error bars represent mean + SEM. Statistical
significance calculated by mixed effects analysis (G), one-way ANOVA with Tukey’s
multiple comparisons test (H), or using linear mixed effects modeling (I, K, and N). *p
<0.05, **p<0.01, ***p< 0.001, ****p< 0.0001. See also Figure S1.
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Figure 2. Caspase-1 inhibition alters neuronal plasticity
(A-D) Adult TRAP2;tdTomato mice were injected intraperitoneal (i.p.) with 50 mg/kg

VX765 or vehicle control, left to rest for 10 min, and then injected with 150 mg/kg
tamoxifen. After 30 min, mice were placed into an EE for 48 h, followed by brain harvesting
for immunofluorescence. (A) Experimental design. (B-D) Hippocampal trapped tdTomato
analysis. (B) Representative images. Quantification of the percent area of total hippocampal
coverage of tdTomato+ area (C) and total count of tdTomato+ neurons (D).

(E-N) Adult Thy1YFP mice were treated with 30 mg/kg VX765 or vehicle control by i.p.
injection 3x/week until harvesting. (E-H) Neuronal spines in the hippocampus (Hp; E and
F) and cortex (Cx; G and H) of vehicle- or VX765-treated mice were 3D reconstructed using
Imaris software. (E and G) Quantification of average spine density (number of spines per 10
um). (F and H) Representative images and 3D renderings. (I, J, M, and N) Synaptophysin,
VGLUT1, and GABARal protein assessed by western blot on hippocampal lysates

from vehicle- or VX765-treated mice. (1) Representative blots. Quantification of MFI of
synaptophysin (J), VGLUT1 (M), and GABAaRal (N) normalized to percent of the control
samples for each blot. (K and L) Immunohistochemistry of synaptophysin in hippocampal
CALl. (K) Representative images. (L) Quantification of the number of synaptophysin puncta
per field of view (FOV). Violin plots represent quantification per image and dots represent
average data per an individual mouse. Error bars represent mean + SEM. Statistical
significance calculated using linear mixed effects modeling (C-E, G, and L) or by unpaired
Student’s t test (J, M, and N). *p < 0.05, **p < 0.01. See also Figure S2.
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Figure 3. Astrocyte-specific inflammasome activity influences neuronal plasticity
(A and B) Inflammasome cell-type localization in the hippocampus of ASCCitrine mjce,

(A) Representative images. Images to the right show distinct colocalized channels within
the area of the dotted box to the left. White arrows point to ASC specks. (B) Pie chart
depicting the relative presence of ASC specks within astrocytes (GFAP+ cells) compared
with microglia (IBA1+ cells) divided by the total number of ASC specks in a FOV. 3-5

FOVs analyzed per mouse (/7= 3 mice).

(C-L) Brains were harvested from Casp124st and Casp1¢°™ mice at 4-6 months of age for
western blot on hippocampal lysates (C—F) and hippocampal CA1 immunohistochemistry
(G-L). Quantification of MFI of synaptophysin (C), VGLUT1 (D), and GABAaRal (E)
normalized to percent of the control samples for each blot. (F) Representative blots. (G)
Representative images and (H) quantification of the percent area of synaptophysin coverage
per FOV. () Representative images and (J) quantification of the number of VGLUT1 and
Homer-1 puncta colocalized per FOV. (K) Representative images from hippocampal DG and
(L) quantification of the total number of c-Fos+ puncta per hippocampus.

(M and N) Whole-cell electrophysiology recordings were conducted in slices from male
mice (8-12 weeks) in Casp1¢M (=11, 5) and Casp124st (n=9, 3) CA1 neurons (/7=

cells, animals). (M) Average number of action potentials elicited relative to current injection
steps. (N) Representative traces of neuronal firing at 400 and 600 pA current injections for
Casp1nt (top) and Casp12Ast (bottom) CA1 neurons. Violin plots represent quantification
per image and dots represent average data per an individual mouse (C-E, H, J, and L) or the
average of all mice per group (M). Error bars represent mean + SEM. Statistical significance
calculated by unpaired Student’s t test (C—E), linear mixed effects modeling (H, J, and L), or
Kolmogorov-Smirnov test (M). *p < 0.05, **p < 0.01, ****p < 0.001. See also Figures S2

and S3.
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Figure 4. Caspase-1 signaling in astrocytes regulates hippocampal function, neurogenesis, and
PNNs

(A-C) Hippocampi from Casp12Ast and Casp1¢°" mice (7= 3 per group) were harvested

at 14 weeks of age for sScRNA-seq. (A) tSNE plot representing the cell types retrieved

from Casp1¢°™ and Casp124st hippocampi. BAMSs, border-associated macrophages; OPCs,
oligodendrocyte progenitor cells; CP cells, choroid plexus cells. (B and C) Bar charts
representing select GO terms collected from upregulated and downregulated genes between
all hippocampal cells. (B) Cellular component and (C) biologic process GO terms.

(D-G) Memory function assessed in adult Casp124st and Casp1¢°™ mice using a fear
conditioning memory persistence paradigm. (D) Experimental design. (E) Percent time spent
immobile (freezing) during the context test assessed on consecutive test sessions. (F and G)
At the 11-week test session, mice were also exposed to a novel, untrained context. (F) The
percent time spent immobile (freezing) during the exposure to the trained (“fearful”) context
compared with the untrained (“novel”) context. (G) Memory discrimination between trained
and novel contexts.

(H-K) Brains of Casp124st and Casp1°°" mice were harvested at 4-6 months of age for
immunohistochemistry. (H) Representative images and (1) quantification of the percent area
of DCX coverage in hippocampal DG. (J) Representative images and (K) quantification of
the percent area of WFA coverage in hippocampal CA1. Violin plots represent quantification
per image and dots represent average data per an individual mouse (F, G, I, and K) or the
average of all mice per group (E). Error bars represent mean + SEM. Statistical significance
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calculated by mixed effects analysis with Sidak’s multiple comparisons test (E), two-way
ANOVA with Sidak’s multiple comparisons test (F), one-sample t test with Wilcoxon test
against zero (G), or linear mixed effects modeling (I and K). *p< 0.05, **p < 0.01, ***p <
0.001, ns = not significant. See also Figures S3-S5.
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Figure 5. Astrocyte inflammasome signaling modulates I1L-33-related hippocampal plasticity
Brains were harvested from Casp18Ast, 1338Ast [|33ANeur and respective Cre-negative

littermate controls (Casp1¢°Mt and 1133¢0" at 4-6 months of age.

(A-E) Relative 1L-33 protein in astrocytes (SOX9+ cells) and neurons (MAP2+ cells)

in hippocampal CA1 of Casp1¢°" and Casp124st mice by immunohistochemistry. (A)
Representative images. Quantification of (B) percent area coverage and (C) MFI of IL-33
signal per FOV. Quantification of 1L-33 within thresholded SOX9+ (D) or MAP2+ (E) area
plotted as a percent of total 1L-33 signal per FOV.

(F and G) //33transcriptional expression in Casp12Ast and Casp1¢° mice relative to Gapah.
(F) Expression of //33ain sorted astrocytes. (G) Expression of //33b in sorted neurons.
(H-M) Immunohistochemistry in hippocampal CA1 of 113324st and 1133¢°" mice. (H)
Representative images and (1) quantification of the number of colocalized VGLUT1 and
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Homer-1 puncta per FOV. (J) Representative images and (K) quantification of the total
number of c-Fos+ puncta per FOV. (L) Representative images and (M) quantification of
WFA percent area coverage per FOV.

(N) Relative 1L-18 concentration by ELISA in microdissected hippocampus, cerebellum,
and cortex lysates from adult WT mice.

(O and P) Relative expression of //18(0) and //18r1 (P) in sorted neurons and astrocytes
from Casp1¢°" mice (O: astrocyte /7= 7, neuron /1= 7; P: astrocyte /7= 7, neuron /1= 3).
(Q-U) Primary halved hippocampi isolated from Casp1¢°" mice (R, T, and U) or 133ANeur
and 1133 mice (S) exposed to treatments then homogenized for 1L-33 (R and S)

or IL-18 (T and U) ELISA. (Q) Experimental design. (R) Hippocampal lysate I1L-33
concentration under increasing IL-18 (1, 100, or 500 ng/mL) treatments applied for 30
min. (S) Supernatant IL-33 concentration after 2 h treatment with 100 ng/mL 1L-18. (T
and U) Relative IL-18 concentration normalized to total protein per hippocampus slice
under increasing forskolin (FSK; 30 or 60 uM; T) or glutamate (50, 100, or 1,000 uM; U)
concentrations. Violin plots represent quantification per image and dots represent average
data per an individual mouse. Error bars represent mean + SEM. Statistical significance
calculated using linear mixed effects modeling (B-E, I, K, and M), unpaired Student’s t test
(F, G, O, and P), one-way ANOVA with Tukey’s multiple comparisons test (N), one-way
ANOVA with Dunnett’s multiple comparisons test (R, T, and U), or mixed effects analysis
with uncorrected Fisher’s least significant difference test (S). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. See also Figures S5 and S6.
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Mice (6 weeks old) were injected i.p. with KA and then scored for 2 h using a modified

Racine seizure scale.

(A-D) Male and female WT (7= 65) and Casp1~/~ (7= 18) mice were injected with 24

mg/kg KA.

(E-H) Casp1%o™ (= 17) and Casp124st (7=17) mice were injected with 16 mg/kg KA.

(A and E) Seizure activity scored every 5 min.

(B and F) Time to seizure onset (Racine score 3) for mice that actively seized during the 2 h

scoring time.

(C and G) Time spent seizing represented by sum of time from reaching Racine score of 4

until end of scoring period.

(D and H) Survival curve. Data combined from at least three independent experiments. Each
data point represents the average of every mouse within the group (A and E). Error bars
indicate mean + SEM. Statistical significance calculated by two-way ANOVA (A and E),
unpaired Student’s t test (B, C, F, and G), or Gehan-Breslow-Wilcoxon test (D and H). *p<

0.05, ***p< 0.001, ****p < 0.0001. See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Aldh111 (clone E712Q) Cell Signaling Cat# 85828; RRID:AB_3065208

Rabbit polyclonal anti-ASC (clone AL177) AdipoGen Cat# AG-25B-0006-C100;
RRID:AB_2490442

Rabbit polyclonal anti-Calbindin (clone D-28K) Millipore Sigma Cat# PC253L; RRID:AB_213554

Rat monoclonal anti-CD68 (clone FA-11) BioRad Cat# MCA1957T; RRID:AB_2074849

Rabbit polyclonal anti-c-Fos Abcam Cat# ab190289; RRID:AB_2737414

Rat monoclonal anti-GFAP (clone 2.2B10) Invitrogen Cat# 13-0300: RRID:AB_86543

Rabbit monoclonal anti-GSDMD (clone EPR19828) Abcam Cat# ab209845; RRID:AB_2783550

Rabbit polyclonal anti-Homer-1 Synaptic Systems Cat# 160 003; RRID:AB_887730

Goat polyclonal anti-lbal Abcam Cat# ab5076; RRID:AB_2224402

Goat polyclonal anti-1L-33

Rat monoclonal anti-Ki67 Alexa Fluor 660 (clone SolA15)
Mouse monoclonal anti-MAP2 (clone M13)

Mouse monoclonal anti-NeuN biotin-conjugated (clone A60)
Rabbit polyclonal anti-P2RY 12

Rabbit polyclonal anti-S1008

Rabbit monoclonal anti-SOX9 (clone EPR14335-78)
Guinea pig polyclonal anti-Synapsin1/2

Rabbit polyclonal anti-Synaptophysin

Rabbit monoclonal anti-Synaptophysin (clone SP11)
Mouse monoclonal anti-VGLUT1 (clone 317G6)

Rabbit monoclonal anti-AIM2 (clone D5X7K)

Mouse monoclonal anti-Caspase-1 (Casper-1)

Rabbit monoclonal anti-B-Tubulin HRP Conjugate (clone 9F3)
Mouse monoclonal anti-GABAxRal (clone N95/35)

Rabbit polyclonal anti-GSDMD (clone 126-138)

Rabbit polyclonal anti-IxBa

Rabbit monoclonal anti-1L-1p (clone D3H1Z)

Rabbit monoclonal anti-1L-18 (clone D2F3B)

Rabbit monoclonal anti-Phospho-NF-xB p65 (Ser536) (clone
93H1)

Rabbit monoclonal anti-Phospho-IxBa (Ser32) (clone 14D4)
Rabbit monoclonal anti-NF-xB p65 (clone D14E12)

Rabbit polyclonal anti-NLRP1

Rabbit polyclonal anti-NLRP2

Rabbit monoclonal anti-NLRP3 (clone D4D8T)

Anti-rabbit IgG HRP-linked

Anti-mouse 1gG HRP-linked

R&D Systems
Invitrogen
Invitrogen
Millipore Sigma
AnaSpec
Proteintech
Abcam

Synaptic Systems
Abcam

Abcam

Synaptic Systems
Cell Signaling
AdipoGen

Cell Signaling
Antibodies Inc
Millipore Sigma
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling

Cell Signaling
Cell Signaling
Proteintech

Proteintech

Cell Signaling
Cell Signaling
Cell Signaling

Cat# AF3626: RRID:AB_884269
Cat# 606-5698-82; RRID:AB_2896286
Cat# 13-1500; RRID:AB_2533001
Cat# MAB377B; RRID:AB_177621
Cat# AS-55043A; RRID:AB_2298886
Cat# 15146-1-AP; RRID:AB_2254244
Cat# ab185966: RRID:AB_2728660
Cat# 106 004; RRID:AB_1106784
Cat# ab32594; RRID:AB_778204
Cat# ab16659; RRID:AB_443419
Cat# 135 511; RRID:AB_887879

Cat# 12948S; RRID:AB_2798067

Cat# AG-20B-0042-C100;
RRID:AB_2490248

Cat# 5346; RRID:AB_1950376
Cat# 75-136; RRID:AB_2108811
Cat# G7422; RRID:AB_1850381
Cat# 92421 ; RRID:AB_331623
Cat# 12507S; RRID:AB_2721117
Cat# 54943S; RRID:AB_2909592
Cat# 3033S; RRID:AB_331284

Cat# 2859L; RRID:AB_561111

Cat# 8242S; RRID:AB_10859369
Cat# 12256-1-AP; RRID:AB_2298504
Cat# 15182-1-AP; RRID:AB_2298531
Cat# 15101S; RRID:AB_2722591
Cat# 7074P2; RRID:AB_2099233
Cat# 7076S; RRID:AB_330924
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

VX-765, Caspase-1 Inhibitor Apex Bio Cat# A8238
Tamoxifen Millipore Sigma Cat# T5648

Kainic acid Tocris Cati# 7065
Tissue-Tek OCT compound Sakura Cat# 4583

Tissue Protein Extraction Reagent Thermo Fisher Cat# 78510
PhosSTOP Phosphatase Inhibitor Cocktail Roche Cat# 04906845001
cOmplete EDTA-Free Protease Inhibitor Cocktail Roche Cat# 11873580001
TRIzol Life Technologies Cat# 15596018
Papain Worthington Biochemical ~ Cat# LS003127
DNase | Roche Cat# 10104159001
Percoll Cytevia Cat# 17-0891-02
CaCl, BioVision Cat# B1010-100
Etoposide Millipore Sigma Cat# E1383
Forskolin Tocris Cat# 1099
L-Glutamic acid Millipore Sigma Cat# G1251

1L-18

MACS BSA Stock Solution

Wisteria Floribunda Lectin, Biotinylated
NeuroTrace 500/525 Fluorescent Nissl Stain
Propidium lodide

SSC Buffer 20x Concentrate

RNase, DNase-free

ProLong Gold Antifade Mountant
Ovomucoid, Trypsin Inhibitor

Pierce 660 nm Protein Assay Reagent

4x Laemelli Sample Buffer

SuperBlock T20 TBS Blocking Buffer
SuperSignal West Pico PLUS Chemiluminescent Substrate
Restore PLUS Western Blot Stripping Buffer

Fisher Scientific
Miltenyi Biotec
Vector Laboratories
Invitrogen
Invitrogen
Millipore Sigma
Roche

Invitrogen

Worthington Biochemical

Thermo Fisher
Bio-Rad

Thermo Fisher
Thermo Fisher

Thermo Fisher

Cat# KMC0181
Cat# 130-0910376
Cat# B-1355-2
Cat# N21480
Cat# P1304MP
Cat# S6639

Cat# 11119915001
Cat# P36930

Cat# L.S003087
Cat# 22-660

Cat# 1610747
Cat# 37536

Cat# 34580

Cat# 46430

Critical commercial assays

Anti-ACSA2 MicroBead Kit, Mouse

Neural Tissue Dissociation Kit — Postnatal Neurons
Adult Neuron Isolation Kit, Mouse

In Situ, Cell Death Detection Kit, Fluorescein
SensiFAST cDNA Synthesis Kit

SensiFAST Probe No-ROX Kit

SensiFAST SYBR No-ROX Kit

Primers for Aim2, TagMan gene expression assay

Primers for Caspl, TagMan gene expression assay
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Miltenyi Biotec
Millipore Sigma
Meridian Bioscience
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Thermo Fisher

Thermo Fisher
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Primers for Caspl, TagMan gene expression assay
Primers for Gapadh, TagMan gene expression assay
Primers for //1b, TagMan gene expression assay
Primers for /18 TagMan gene expression assay
Primers for //18r1, TagMan gene expression assay
Primers for NV/rp3, TagMan gene expression assay
Primers for Pycard, TagMan gene expression assay
Primers for Rbfox3, TagMan gene expression assay
Primers for S/cZ1aZ2, TagMan gene expression assay
Dead Cell Removal Kit

Mouse IL-18 ELISA Kit

Mouse IL-33 ELISA Kit

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Miltenyi Biotec
Thermo Fisher

Thermo Fisher

Cat# Mm01243908_m1
Cat# Mm99999915_g1
Cat# Mm00434228_m1
Cat# Mm00434226_m1
Cat# Mm00515178_m1
Cat# Mm00515178_m1
Cat# Mm00445747_g1
Cat# Mm01248781_m1
Cat# Mm01275814_m1
Cat# 130-090-101

Cat# BMS618-3

Cat# BMS6025

Deposited data

Raw data from the scRNA-seq study (barcodes, features, and
matrix files)

All code used for bioinformatics analysis

All code used for bioinformatics analysis

Mendeley

Zenodo

GitHub

https://doi.org/10.17632/fwtcf2ybbn.1

doi: 10.5281/zenodo.15035204
https://github.com/LukensLab/

CasplAldhll1-scRNAseq

Experimental models: Organisms/strains

C57BL/6J

B6.Cg-Gt(ROSA)26Sortm1.1 (CAG-Pycard/mCitrine*,-
CD2*)Dtg/J

B6.Cg-Tg(Thy1-YFP)HJrs/J

B6.Cg-Tg(APPSwFILon, PSEN1*M146L*L286V)6799Vas/
Mmjax

B6N.129S2-Casp1tm1FIv/]

STOCK Fostm2.1(icre/ERT2)Luo/]

B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

Casp1fl/fl
B6N.FVB-Tg(Aldh1l1-cre/ERT2)1Khakh/J

B6.Cg-Tg(Synl-cre)671Jxm/J
B6J.B6N(Cg)-Cx3crltml.1(cre)dung/d

133fi/fi
B6;129S6-Tg(Camk2a-cre/ERT2)1Aibs/J

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

Case et al 82

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

R Sharma
The Jackson Laboratory

JAX Stock no. 000664;
RRID:IMSR_JAX:000664

JAX Stock no. 030744;
RRID:IMSR_JAX:030744

JAX Stock no. 003782;
RRID:IMSR_JAX:003782

JAX Stock no. 034848;
RRID:IMSR_JAX_034848

JAX Stock no. 016621;
RRID:IMSR_JAX:016621

JAX Stock no. 030323;
RRID:IMSR_JAX:030323

JAX Stock no. 007914;
RRID:IMSR_JAX:007914

N/A

JAX Stock no. 031008;
RRID:IMSR_JAX:031008

JAX Stock no. 003966;
RRID:IMSR_JAX:003966

JAX Stock no. 025524;
RRID:IMSR_JAX:025524

N/A

JAX Stock no. 012362;
RRID:IMDR_JAX:012362

Oligonucleotides
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

1133a primers, SYBR Green gene expression assay

1133a primers, SYBR Green gene expression assay

F:
GCTGCAGAAGGGAG
AAATCACG,

R:
GGAGTTGGAATACTT
CATTCTAGGTCTCAT

F:
GGCTCACTGCAGGAA
AGTACAGCA,

R:
GGAGTTGGAATACTT
CATTCTAGGTCTCAT

N/A

N/A

Software and algorithms

Ethovision XT
Rotarod (1.4.1)

LAS X

Fiji

Imaris (9.9.1)

MATLAB

ClampFit (11.2)

Cell Ranger

R (4.3.2 GUI 1.80 Big Sur ARM build)

RStudio (2023.09.1+494).
ZINB-WaVE (v1.24.0)

DESeq2 (v1.42.0)

Seurat

EnhancedVolcano

limma

scran

BiocManager, dplyr, tidyverse, ggplot2, Matrix, scales, cowplot,
RCurl, ggridges, magrittr, patchwork, ggraph, clustree, metap,

RColorBrewer, sctransform, openxlsx

Noldus
MED Associates Inc

Leica Microsystems
N/A

Oxford Instruments

MathWorks
Molecular Devices
10x Genomics
N/A

N/A
N/A

N/A
Butler et al.83; Stuart et
a|'84
N/A
N/A

N/A

The Comprehensive R
Archive Network

https://noldus.com/ethovision-xt

https://med-associates.com/product/rota-
rod-2-software/

https://www.leica-microsystems.com/
products/microscope-software/p/leica-las-x-
Is/

https://imagej.net/software/fiji/downloads
https://imaris.oxinst.com/packages

https://www.mathworks.com/products/
matlab.html

https://www.moleculardevices.com/products/
axon-patch-clamp-system

https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/
installation

https://www.r-project.org/
https://posit.co/products/open-source/rstudio/

https://www.bioconductor.org/packages/
release/bioc/html/zinbwave.html

https://www.bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://satijalab.org/seurat/

https://www.bioconductor.org/packages/
release/bioc/html/EnhancedVolcano.html

https://www.bioconductor.org/packages/
release/bioc/html/limma.html

https://www.bioconductor.org/packages/
release/bioc/html/scran.html

https://cran.r-project.org/

GProfiler N/A https://biit.cs.ut.ee/gprofiler/gost
Prism (10.1.0) GraphPad https://www.graphpad.com/
Other

Tamoxifen mouse chow Envigo Teklad Cat# TD.130858

Colored igloos Bio-Serv Cat# K3570, K3327
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https://noldus.com/ethovision-xt
https://med-associates.com/product/rota-rod-2-software/
https://med-associates.com/product/rota-rod-2-software/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://imagej.net/software/fiji/downloads
https://imaris.oxinst.com/packages
https://www.mathworks.com/products/matlab.html
https://www.mathworks.com/products/matlab.html
https://www.moleculardevices.com/products/axon-patch-clamp-system
https://www.moleculardevices.com/products/axon-patch-clamp-system
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
https://www.r-project.org/
https://posit.co/products/open-source/rstudio/
https://www.bioconductor.org/packages/release/bioc/html/zinbwave.html
https://www.bioconductor.org/packages/release/bioc/html/zinbwave.html
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://satijalab.org/seurat/
https://www.bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html
https://www.bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html
https://www.bioconductor.org/packages/release/bioc/html/limma.html
https://www.bioconductor.org/packages/release/bioc/html/limma.html
https://www.bioconductor.org/packages/release/bioc/html/scran.html
https://www.bioconductor.org/packages/release/bioc/html/scran.html
https://cran.r-project.org/
https://biit.cs.ut.ee/gprofiler/gost
https://www.graphpad.com/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny
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REAGENT or RESOURCE SOURCE IDENTIFIER
Crawl balls Bio-Serv Cat# K3329, K3330
Tunnels Bio-Serv Cat# K3322, K3323
LS Columns Miltenyi Biotec Cat# 130-042-401
MACS MultiStand Miltenyi Biotec Cat# 130-042-303
QuadroMACS Separator Miltenyi Biotec Cat# 130-091-051
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