1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nature. Author manuscript; available in PMC 2021 January 07.

-, HHS Public Access
«

Published in final edited form as:
Nature. 2020 April ; 580(7805): 647-652. doi:10.1038/s41586-020-2174-3.

AIM2 inflammasome surveillance of DNA damage shapes
neurodevelopment

Catherine R. Lammert!:2, Elizabeth L. Frostl, Calli E. Bellingerl, Ashley C. Boltel:3:4 Celia
A. McKeel, Mariah E. Hurtl, Matt J. Paysourl, Hannah E. Ennerfeltl:2, John R. Lukens1:2*

1Center for Brain Immunology and Glia (BIG), Department of Neuroscience, School of Medicine,
University of Virginia, Charlottesville, VA 22908, USA.

2Neuroscience Graduate Program, School of Medicine, University of Virginia, Charlottesville, VA
22908, USA.

3Medical Scientist Training Program, School of Medicine, University of Virginia, Charlottesville, VA
22908, USA.

4lmmunology Training Program, School of Medicine, University of Virginia, Charlottesville, VA
22908, USA.

Abstract

Neurodevelopment is characterized by rapid rates of neural cell proliferation and differentiation
followed by a period of massive cell death where over half of all recently generated brain cells are
pruned back. Large amounts of DNA damage, cellular debris, and byproducts of cellular stress are
generated during these neurodevelopmental events, all of which can potentially activate immune
signaling. How the immune response to this collateral damage influences brain maturation and
function currently remains poorly understood. Here we show that the AIM2 inflammasome
contributes to proper brain development and that disruptions in this immune sensor of genotoxic
stress lead to behavioral abnormalities. The AIM2 inflammasome has been most extensively
studied in the context of infection, where its activation in response to double-stranded DNA
(dsDNA) is known to trigger cytokine production as well as a Gasdermin-D-mediated form of cell
death commonly referred to as pyroptosisi~. We observe pronounced AIM2 inflammasome
activation in neurodevelopment and find that defects in this DNA damage surveillance sensor
result in anxiety-related behaviors. We further show that the AIM2 inflammasome contributes to
central nervous system (CNS) homeostasis specifically through its regulation of the cell death
executioner Gasdermin-D, and not via its involvement in IL-1 and/or 1L-18 production. Consistent
with a role for this sensor of genomic stress in the purging of genetically compromised CNS cells,
we find that defective AIM2 inflammasome signaling results in decreased neural cell death both in
response to DNA damage-inducing agents and during neurodevelopment. Moreover, we report that

"Correspondence should be addressed to: John R. Lukens, Department of Neuroscience, Center for Brain Immunology and Glia,
University of Virginia, 409 Lane Road, MR4- 6154, Charlottesville VA 22908, Tel: 434-984-7782, Fax: 434-982-4380,
Jrl7n@virginia.edu.

Contributions

C.R.L. and J.R.L. designed the study; C.R.L., E.L.F,, C.E.B., A.C.B.,C.AM., M.E.H., MJ.P, H.E.E., and J.R.L. performed
experiments; C.R.L. and J.R.L. analyzed data and wrote the manuscript; J.R.L. oversaw the project.

Competing Interests
The authors declare no competing financial interests



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lammert et al. Page 2

disruptions in DNA damage surveillance by the AIM2 inflammasome lead to excessive DNA
damage accumulation in neurons as well as increased numbers of neurons that incorporate into the
adult brain. Our findings identify the inflammasome as a critical player in establishing a properly
formed CNS through its role in the removal of genetically compromised cells.
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Here we asked whether the damage signals generated during neurodevelopment trigger
activation of the innate immune response and, if so, how this immune activation shapes
neurodevelopment and behavior. The high levels of replicative stress and cell death that
occur during brain maturation are known to generate a number of damage/danger signals
such as DNA damage, ATP, and mitochondrial stress, all of which are capable of triggering
inflammasome activation. Inflammasomes are multiprotein complexes that generally consist
of an intracellular receptor such as NLRP3 or AIM2, the adaptor protein ASC, and the
enzyme Caspase-1. Formation of this innate immune signaling platform coordinates
Caspase-1 activation which can subsequently promote IL-1 and IL-18 production, as well as
a Gasdermin-D-mediated form of cell death commonly referred to as pyroptosis.

ASC specks form in neurodevelopment

Since both cytokine production and cell death have been shown to be pivotal modulators of
neurodevelopment®14, along with the fact that key inflammasome components are highly
expressed during developmental time points (Extended Data Fig. 1a—c), we were interested
in determining if inflammasome activation influences brain maturation and CNS function.
We first asked if inflammasome activation is observed during neurodevelopment. To test
this, we utilized ASC reporter mice to track the development of ASC specks, which is a
prototypical marker of inflammasome activation®. When we looked in the developing brain
at postnatal day 5 (p5), a time point characterized by high levels of DNA damage and cell
death16:17, we observed surprisingly high levels of ASC speck formation throughout the
brain (Fig. 1a—b and Extended Data Fig. 2a). In comparison, we were barely able to detect
any ASC specks in fully matured lymphoid organs such as the lymph nodes (LNs) (Fig. 1b
and Extended Data Fig. 2b—c).

Inflfammasomes influence behavior

We next wanted to assess the importance of inflammasome activation in setting up a
properly functioning CNS. To accomplish this, we performed a battery of behavioral tests on
Caspase-1/11-deficient mice (also referred to as /ce™~ mice ). We found that genetic ablation
of the inflammasome results in profound anxiety-like behaviors in the elevated plus maze
and in open field testing (Fig. 1c—g). More specifically, we observed that /ce™~ mice spent
significantly less time exploring the open arm of the elevated plus maze (Fig. 1c—d).
Moreover, in open field testing, /ce™~ mice explored the center significantly less than WT
mice, urinated more frequently, and produced more fecal pellets (Fig. 1le—g and Extended
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Data Fig. 3a—b). To ensure that impaired vision and/or locomotor activity did not underlie
the poor performance of inflammasome-deficient mice in our behavioral tests, we evaluated
their ability to find a visible escape platform in the Morris water maze (MWM). In these
studies, deletion of the inflammasome was not found to negatively impact the ability of mice
to reach the visual platform indicating that neither impaired vision nor motor deficits likely
contribute to the differences in performance seen in our elevated plus and open field tests
(Fig. 1h). Genetic ablation of inflammasome signaling in Caspase-1/11-deficient mice also
did not result in global behavioral abnormalities as /ce”~ mice were found to perform
normally in the tail suspension and sucrose preference tests (Extended data Fig. 3c—d), both
of which are commonly used to assess depressive behaviors. Collectively these results
indicate that impaired inflammasome activation leads to behavioral abnormalities that
include the development of pronounced anxiety-like behaviors.

The immune system is equipped with a repertoire of intracellular receptors that enable the
host to coordinate inflammasome activation in response to a diverse array of pathogens and
endogenous damage/danger signals. We first turned our attention to a potential role for
NLRP3 in our model, as NLRP3 is known to incite inflammasome activation in response to
a diverse array of damage/danger-associated molecular patterns (DAMPS) that are likely
generated during normal brain maturation (e.g., ATP, damaged mitochondria, reactive
oxygen species, etc.)4. To our initial surprise, we found that A/;p3~~ mice performed similar
to WT mice in the elevated plus maze, open field, visual platform test, and depressive assays
(Fig.1 c-h, Extended Data Fig. 3). These results suggest that NLRP3 is not coordinating the
inflammasome activation needed to prevent the development of anxiety-like behaviors in
mice.

The AIM2 inflammasome impacts behavior

Maintenance of genomic integrity is essential for CNS health and mounting evidence
suggests that inability to control genotoxic stress centrally contributes to a number of
neurodevelopmental, psychiatric, and neurodegenerative disorders!®19, In the majority of
cases, DNA damage is quickly remediated by repair pathways. However, DNA insults can
persist as a result of unsuccessful repair attempts and/or impaired DNA damage
removal?0:21, Recent studies conducted in peripheral immune cells have shown that sensing
of DNA damage by AIM2 can trigger inflammasome activation?2. In addition, emerging
work has described roles for AIM2 in models of CNS injury?324 and also has begun to
characterize how deletion of AIM2 can alter neuronal morphology and influence behavior2°.
However, it still remains to be determined whether the AIM2 inflammasome is activated
during neurodevelopment and, if so, how this impacts brain maturation and behavior. When
we tested AIM2-deficient mice for anxiety-like behaviors we found that A2~ mice
phenocopied /ce™~ mice and displayed anxiety-like behaviors in both the elevated plus maze
and the open field test (Fig. 1c-g, Extended Data Fig. 3a-b). Like /ce™~ mice, AIM2-
deficient mice reached the visual platform in the MWM in similar times as their WT
controls (Fig. 1h) and performed normally in both the tail suspension and sucrose preference
tests (Extended Data Fig. 3c—d).

Nature. Author manuscript; available in PMC 2021 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lammert et al. Page 4

DNA damage and AIM2 promote ASC specks

Since key AIM2 inflammasome-associated genes are abundantly expressed during
neurodevelopment (Extended Data Fig. 1) and dsDNA is known to activate AIM2, we were
next interested in elucidating whether the DNA damage that normally arises during
neurodevelopment can trigger AIM2 inflammasome activation in the developing brain. As a
first approach, we explored if the inflammasome activation observed during
neurodevelopment occurs in close proximity to cells harboring DNA damage. To this end,
we evaluated the spatial localization of ASC specks in relation to cells that co-stain for the
DNA damage markers yH2AX and 53BP1. Many of the ASC specks formed in the
developing brain were identified to be in the vicinity of cells that co-stained for the DNA
damage markers yH2AX and 53BP1 (Extended Data Fig. 4a). Moreover, we found that the
bulk of this inflammasome activation at p5 in neurodevelopment is dependent on AIM2
surveillance, as genetic abrogation of AIM2 greatly decreased the number of ASC specks
detected in the developing cerebellum (Fig. 1i—j). To further interrogate whether the AIM2
inflammasome can be activated in the developing brain in response to DNA damage, we
induced overt DNA damage at p5 in the brains of WT and AlM2-deficient mice by exposing
them to ionizing radiation (IR). We found that exposure to ionizing radiation results in
increased expression of DNA damage markers in WT mice (i.e. yH2AX staining) and that
this corresponds with concomitant increases in inflammasome activation (ASC speck
formation) (Extended Data Fig. 4b—e). We observed a corresponding increase in yH2AX
staining in ionizing radiation-treated AIM2-deficient mice (Extended Data Fig. 4b—c).
However, ASC speck formation was substantially blunted in the absence of AIM2 (Extended
Data Fig. 4d—e). Taken together, these findings suggest that AIM2 inflammasome activation
occurs during neurodevelopment likely in response to DNA damage and that disruptions in
this pathway can lead to behavioral abnormalities.

Gasdermin-D shapes behavior

Inflammasome activation can lead to IL-1 and IL-18 secretion, as well as a Gasdermin-D-
mediated form of cell death, both of which can potentially impact neurodevelopment and
behavior. Cytokines have been shown to be pivotal modulators of neurodevelopment, CNS
function, and behavior®8:8-10_In particular, the inflammasome-derived cytokines IL-1 and
IL-18 have been reported to have especially prominent effects on the CNS®8-10, Therefore,
we were interested in discerning whether the observed behavioral abnormalities in AIM2
inflammasome-deficient mice were caused by disruptions in AIM2 inflammasome-mediated
production of IL-1 and/or IL-18. Surprisingly, abrogation of IL-1 or IL-18 signaling were
not found to promote anxiety-related phenotypes (Fig. 2a—b, Extended Data Fig. 5a—c). To
interrogate whether IL-1 and IL-18 can play compensatory roles in shaping behavior, we
also evaluated anxiety-related phenotypes in mice that lack MY D88, which is an essential
adaptor molecule required for both IL-1R and IL-18R signaling. However, abrogation of
MY D88 signaling was not observed to influence performance in tests measuring anxiety-
related behaviors (Fig. 2a—b, Extended Data Fig. 5a—e).

In addition to orchestrating IL-1 and IL-18 production, AIM2 inflammasome activation can
also incite a Gasdermin-D-mediated form of cell death. To explore the role that Gasdermin-
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D plays in driving anxiety-like phenotypes, we assessed the performance of Gasdermin-D
knockout mice in the elevated plus maze. Similar to /ce™~and Aim2~~ mice (Fig. 1c—d),
Gasdermin-D-deficient mice spent less time exploring the open arm of the elevated plus
maze (Fig. 2c—d). Caspase-11, like Caspase-1, is also to known to orchestrate Gasdermin-D
activation through noncanonical inflammasome signaling28. Nevertheless, Caspase-11-
deficient mice were found to perform similarly to WT mice in both elevated-plus maze and
open field testing (Fig. 2c—d, Extended Data Fig. 5f-h). Taken together, these results suggest
that the behavioral abnormalities observed in AIM2 inflammasome-deficient mice are likely
not due to defects in Caspase-1-mediated production of IL-1 and/or 1L-18, but rather result
from impaired Gasdermin-D signaling.

AIM2 coordinates neural cell death

It is believed that upwards of half of all neural cells are eliminated during
neurodevelopment!L. This process of neural cell pruning plays beneficial roles in the
sculpting of strong connections in the brain and, consistent with this idea, disruptions in
CNS cell death during development have been shown to cause neurological
dysfunctionl1-14, Neuronal dieback is thought to occur solely through apoptotic cell death;
however, this requires revisiting with the recent discovery of other forms of programmed cell
death that include pyroptosis, necroptosis, and autophagic cell death?”. Given our data
indicating that the cell death executioner Gasdermin-D and the DNA damage sensor AIM2
both play key roles in limiting neurological dysfunction, we speculated that AIM2
inflammasome-induced cell death may help to prevent genetically compromised cells from
being incorporated into the mature brain. To explore this possibility, we first evaluated if
AIM2 inflammasome signaling is involved in CNS cell turnover in response to endogenous
DNA damage. To this end, mixed cortical neural cells from WT, Aim27=, Ice”!~, and
Gsdma'~ mice were either transfected with dsDNA (PolydA:dT) as a positive control or
treated with ionizing radiation or the topoisomerase Il inhibitor, etoposide, to induce
endogenous DNA damage. We detected a substantial reduction in DNA damage-induced cell
death in CNS cells lacking AIM2, Caspase-1/11, or Gasdermin-D (Fig. 3a—b, Extended Data
Fig. 6a-b).

To investigate whether the AIM2 inflammasome plays a role in coordinating neural cell
dieback /in vivo, we evaluated cell death in the cerebellum of WT and AIM2 inflammasome-
deficient mice at p5, as this region of the brain has been previously reported to undergo
DNA damage-induced cell death at this timepoint in neurodevelopment6:17, We find that
genetic ablation of AIM2 leads to reduced levels of cell death as indicated by a decrease in
TUNEL and propidium iodide (P1)-positive cell staining in the cerebellums of p5 Aim27~
mice (Fig. 3¢, Extended Data Fig. 7a—c). A reduction in cell death was also seen in
Casp1/117~ and Gsdmad™" p5 cerebellums, indicating that the AIM2 inflammasome and
Gasdermin-D are involved in orchestrating cell death at p5 in the developing brain (Fig. 3c,
Extended Data Fig. 7a). Notably, disruptions in AIM2 inflammasome signaling were not
found to completely abrogate levels of CNS cell death at this timepoint, suggesting that
other forms of cell death including apoptosis are also contributing to CNS cell pruning in
AIM2 inflammasome-deficient mice. To further test our working model, which proposes that
AIM2 inflammasome signaling coordinates the removal of DNA damage harboring CNS
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cells, we induced overt DNA damage in the developing brains of WT and AIM2-deficient
mice by exposing them to ionizing radiation. We found that exposure to ionizing radiation
results in increased TUNEL staining in WT and AimZ2~~ mice; however, IR-induced cell
death was substantially blunted in the absence of AIM2 (Extended Data Fig. 7d—e€). These
findings suggest that AIM2 is capable of executing cell death in response to IR-driven DNA
damage.

AIM2 limits DNA damage levels in the CNS

If the AIM2 inflammasome does indeed function in the purging of genetically compromised
cells from the brain, we would then expect that disruptions in this pathway would cause
greater incorporation of cells into the adult brain as well as increased levels of DNA damage.
Consistent with this idea, we observed increased numbers of calbindin®™ Purkinje neurons in
the brains of mice lacking either AIM2, Caspase-1/11, or Gasdermin-D (Fig. 3d, Extended
Data Fig. 8). Furthermore, we also detected markedly enhanced staining of the DNA damage
marker yH2AX in the brains of Aim27~ mice (Fig. 3e-h). This increase in DNA damage
was seen throughout the brain including in regions that have been linked to fear and anxiety,
such as the amygdala (Fig. 3g—h). We also examined levels of DNA damage in the adult
cortex using single-cell gel electrophoresis (‘comet assay’). These studies confirmed our
previous yH2AX results and showed that deficits in AIM2 lead to substantially increased
DNA damage accumulation as indicated by the higher comet tail moment in the brains of
AlIM2-deficient mice (Fig. 3i—j). Likewise, we also observed increased levels of yH2AX
staining in brains of /ce”~ and Gsadmad™~ mice (Fig. 3k). Although the nature and timing of
these dsDNA breaks remains to be determined, it is evident that deficits in AIM2
inflammasome signaling result in elevated accumulation of DNA damage in the brain.
Collectively, these findings suggest that the AIM2 inflammasome and Gasdermin-D aid in
the removal of DNA damage harboring cells from the brain.

CNS-derived inflammasomes shape behavior

Mounting evidence suggests that immune activation in the periphery can have profound
effects on brain maturation and behavior28, Therefore, it is feasible that inflammasome
signaling can shape behavior and neurodevelopment both through its local actions in the
brain and also via its functions in the periphery. To investigate this in greater detail, we first
sought to identify what CNS-derived cell types express AimZ2 during neurodevelopment.
Using fluorescent in situ hybridization, we found that A/imZ2is appreciably expressed by
microglia, astrocytes, and neurons in the developing brain (Extended Data Fig. 9a—b).
Microglia are the innate immune sentinels of the brain and recent work suggests that
microglia-coordinated innate immune responses can greatly impact brain development and
function2®. To our surprise, we found that deletion of Caspase-1 in CX3CR1-expressing
cells, which includes microglia, does not result in the development of anxiety-related
behaviors in either the open field or elevated plus maze tests (Extended Data Fig. 10a—c). In
contrast, we found that conditional ablation of Caspase-1 from Nestin-expressing CNS cells
(i.e. neurons, astrocytes, and oligodendrocyte lineage cells) in CaspZ™V Nestir°™ mice leads
to anxiety-related behaviors and the accumulation of DNA damage in the brain (Fig. 4a—Q).
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These data indicate a specific role for Caspase-1 within the CNS in driving the observed
behavioral phenotypes and preventing DNA damage accumulation.

Discussion

Methods

Mice

Our results underscore how deficits in the immune response to DNA insults can lead to
impaired CNS development and neurological disease. The long-lived nature of neurons and
glia, coupled with their exposure to high levels of replicative stress during
neurodevelopment, makes the CNS especially vulnerable to DNA damage-induced
dysfunction and pathology8-30, Yet, how the brain protects itself from genotoxic stress
remains incompletely understood. Here we demonstrate that DNA damage surveillance by
the AIM2 inflammasome is required for normal brain development and function. We found
that the AIM2 inflammasome and downstream Gasdermin-D-mediated cell death contribute
to the elimination of genetically compromised CNS cells. Furthermore, we report that
disruptions in this pathway lead to the development of anxiety-related behaviors, DNA
damage accumulation in the CNS, and increased numbers of neurons in the adult brain
(Extended Data Fig. 10d). It is commonly assumed that CNS dieback relies solely on
apoptosis as a cell death pathway to remove unwanted cells. Yet, this assumption was made
at a time when it was thought that there were only two forms of cell death (i.e. apoptosis and
necrosis). Our findings demonstrating decreased CNS cell pruning and greater incorporation
of neurons into the brains of Gasdermin-D-deficient mice implicate the involvement of
another form of cell death, namely pyroptosis, in the sculpting of the brain. Further
elucidation of the functional consequence of DNA damage sensing by the innate immune
system may offer novel strategies to treat a wide range of neurological disorders that are
perpetuated by genotoxic stress.

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 Animal
Care and Use Committee. Wild-type (WT) C57BL/6, Aim2=3, Casp1/117!~ (1ce”)3L,
Nirp31=32 Mya8g =33, 111771=34, 1118r7-35, R26-CAG-ASC-citrinelS, Casp117/736,
CaspIVfI37 NestirFre38 and Cx3cr1€7%39 mice were obtained from The Jackson Laboratory.
Gsdma™~ mice were generously provided by Vishva Dixit26. Mice were housed and
behavior was conducted in specific pathogen-free conditions under standard 12 h light/dark
cycle conditions in rooms equipped with control for temperature (21 + 1.5°C) and humidity
(50 £ 10%).

Immunocytochemistry

Immunofluorescence: Adult male mice were perfused with 4% paraformaldehyde in
PBS. The brains were removed and fixed in 4% paraformaldehyde in phosphate buffered
saline (PBS) overnight at 4 °C. After dehydration in 30% sucrose, 30 um sagittal sections
were obtained using a Leica CM1950 cryostat (Leica). Sections were permeabilized with
blocking solution containing 0.4% Triton X-100, 2% donkey serum, and 1% bovine serum
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albumin (BSA) in PBS for 1 h at room temperature and then incubated with primary
antibodies overnight at 4°C. Primary antibodies were diluted as follows: anti-GFAP
(Invitrogen, 13-0300, 1:500), anti-calbindin (Sigma, C9848, 1:1,000), anti-yH2AX (abcam,
ab11174, 1:1,000), anti-53bp1 (abcam, ab21083, 1:1,000). The following day, sections were
incubated with fluorescently conjugated secondary antibodies (Invitrogen) for 2 hrs at room
temperature, and mounted in ProLong Gold antifade reagent (Invitrogen). Images of stained
brain sections were acquired using a confocal microscope (Leica TCS SP8) and analyzed
using ImageJ software. ASC visualization was accomplished using 488 nm detectors. 2-3
sections from each individual mouse were analyzed and averages were used for data
analysis.

TUNEL Assay

Cell death was measured /n vivo using a TUNEL assay (Roche, 11 684 795 910) according
to manufacturer’s instructions. Briefly, p5 brains were perfused with PBS followed by 4%
PFA and then drop fixed in 4% PFA for 24 hrs. After dehydration in 30% sucrose, 30 um
sagittal sections were obtained using a Leica CM1950 cryostat (Leica). Sections were
permeabilized with blocking solution containing 0.4% Triton X-100, 2% donkey serum, and
1% bovine serum albumin (BSA) in PBS for 1 h at room temperature and then incubated
with primary antibodies overnight at 4°C and secondary antibodies for 2 hrs at room temp.
Sections were mounted and allowed to dry on a slide before 50 pL of the TUNEL reaction
mixture was added to each section. Slides were then incubated in a humidified atmosphere
for 60 min at +37°C in the dark. Slides were then rinsed 3x with 1x PBS and then analyzed
under a fluorescence microscope using a 488nm laser. 2—3 sections from each individual
mouse were analyzed and averages were used for data analysis.

Comet Assay

The comet assay was performed using the Oxiselect Comet Assay Kit (Cell-Biolabs Inc.)
according to the manufacturer’s instructions with minor modifications. Slides were coated in
low melting agarose the night before the assay and left to dry overnight. Cells were added to
the top of agarose-coated slides followed by immediate placement of a cover slip to ensure
an even and flat distribution of cells on the slide.

Mixed Neuron/Glia Culture

Mixed CNS culture was performed according to a previously established protocol with
minor modifications#C. All cell culture plates were pre-coated with Poly-D-Lysine before
seeding. PO pups were euthanized and the brain was placed into cold Neuron-Glia dissection
buffer. After removal of the meninges, the cortex was detached and placed in a 50 mL
conical with cold Neuron-Glia dissection buffer. The cortices were triturated into a single
cell suspension using serological pipette and 3 x 10° cells were plated per well in a 24-well
plate. Cells were cultured for 10-14 days before treatment, with media changes every 2—-3
days.
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dsDNA Stimulations

After 10-14 days in culture, cells were stimulated +/- lipopolysaccharide (LPS) (0.5 pg/mL)
in stimulation media containing Iscove’s Modified Dulbecco’s Medium (Gibco), 1%
Penicillin/Strepomycin, 10% fetal bovine serum, 1% L-Glutamine, and 50 UM 2-beta-
mercaptoethanol for 4 hrs at 37°C. After 4 hrs, cells were given additional stimuli to induce/
mimic dsDNA breaks.

Etoposide (abcam, ab120227): A 100 mM stock was prepared in DMSO according to
the manufacturer’s instructions and diluted to a final concentration of 20 uM or 100 uM in
stimulation media. Cells were treated with +/— etoposide and incubated overnight at 37°C

and supernatants were collected the following morning for additional assays.

lonizing Radiation: Cells were exposed to 40 Gy for 20 min and incubated overnight at
37°C. Supernatants were collected the following morning for additional assays.

P5 mice were exposed to 14 Gy ionizing radiation and then returned to their home cage for 6
hrs. After 6 hrs, brain tissue was harvested for immunofluorescence and TUNEL staining.

PolydA:dT: Mixed glia cells were transfected with +/- polydA.dT using lipofectamine
2000 reagent (Invitrogen, 11668-030) according to the manufacturer’s instructions and
incubated overnight at 37°C. Supernatants were collected the following morning for
additional assays.

Cytotoxicity
LDH release was measured using the CytoTox96 Non-Radioactive Cytotoxicity Assay
(Promega, G1780) according to the manufacturer’s instructions. Maximum LDH release
control for each plate was generated using Lysis Solution.

RNA in situ Hybridization (ISH)

Brains from p5 pups were formalin fixed for 48 hrs, embedded in paraffin, and cut into 5 pm
sections. In situ hybridization was carried out according to the manufacturer’s instructions
(Affymetrix, QVT0012). Probes recognizing A/im2 RNA (NM_001013779) were
multiplexed with probes recognizing RNA expressed in neurons (Rbfox3, NM_001039167),
microglia (A/fZ, NM_019467), and astrocytes (Gfap, NM_010277). Ubiquitin (Ubc,
NM_019639) was used as a positive control.

Behavioral Testing

All behavioral testing was performed according to previously established behavioral
methodologies. Behavioral experiments were carried out during daylight hours in a blinded
fashion. All behavior was carried out using adult male mice (8-12 weeks old).

Elevated Plus Maze

Anxiety was assessed using an elevated plus maze. The elevated plus maze was comprised
of two open arms (35 x 6 cm?) and two closed arms (35 x 6 cm2) with black plexiglass walls
(20 cm in height) that extended from a common central platform (8 x 6 cm?). The apparatus
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was constructed from polypropylene and Plexiglas (white floor, black walls) and elevated to
a height of (121 cm) above floor level. Mice were individually placed on the center square,
facing an open arm, and allowed to freely explore the apparatus for 5 min. Activity was
measured by a computer-assisted TopScan optical animal activity system (version 3.0).

Open Field Testing

Spontaneous locomotor activity and anxiety was assessed in an open field test. The open
field consists of a square arena (40 x 40 cm?) with white Plexiglas walls and floor, evenly
illuminated. All mice were individually placed in the upper left corner of the open field and
left undisturbed to explore the arena over a 10 min session. Activity was measured by a
computer-assisted TopScan optical animal activity system (version 3.0). Bouts into and time
spent in a central square (15 x 15 cm?) of the open field were automatically recorded as
center bouts and center time, respectively. After the 10 min open field exploration, mice
were returned to their home cage and number of urine stains and fecal pellets in the field
were counted.

Sucrose Preference

Depression-associated behaviors were assessed by measuring sucrose preference. Mice were
given access to both untreated water and 2% sucrose water for 3 days. To prevent possible
effects of side-preference in drinking behavior, the position of the bottles in the cage was
alternated every other day. No previous food or water deprivation was applied before the
test.

Escape Behavior

Modified tail suspension test was used to measure escape behavior. Mice were raised by
their tail 30 cm into the air and assessed for escape behavior. Mice were monitored until they
became immobile.

Visual Platform Test

Visual performance was assessed using a visual platform in the Morris Water Maze. Mice
were placed in clear water with a visible white platform and performance was evaluated as
time spent reaching the platform.

Statistics and reproducibility

All statistical analyses were performed using GraphPad Prism. Statistical significance was
calculated by unpaired two-tailed Student’s #test, one-way analysis of variance (ANOVA)
with Tukey’s post hoc tests or two-way ANOVA with Tukey’s post hoc tests. P-values <0.05
were considered significant. Sample size was chosen on the basis of similar previous
studies®25, and not on statistical methods to predetermine sample size. All mouse
experiments and data quantification were done in a blinded and randomized fashion.
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Data Availability

Source Data for Figs. 1-4 and Extended Data Figs. 1, 3—7, and 9-10 containing raw data for
all experiments, are provided with the paper. All other data are available from the
corresponding author upon request.

Extended Data
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Extended Data Figure 1. Molecular components of the AIM 2 inflammasome ar e abundantly
expressed in the brain during neurodevelopment.

(a-c) Brains from (a) p5 and (b) p21 WT mice were evaluated for the mRNA expression of
inflammasome component genes (red) Caspl (p5 =4, p21 n=2), Aim2 (p5 n=3, p21 n=2),
and Gsdmd (p5 =3, p21 n=2) using RNA scope. (c) Quantification of Caspl (p5 =4, p21
nm=2), Aim2 (p5 n=3, p21 n=2), and Gsamd (p5 =3, p21 n~=2) MRNA puncta in the
hippocampus per 40X image; from 1 experiment. Error bars depict mean = s.e.m. 77values
refer to biological replicates.
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a

b C
ﬁ
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DAPI

Extended Data Figure 2. ASC speck formation routinely occursin the developing brain but is
rarein maturelymph nodes under steady-state conditions.

(a) 10X sagittal image of ASC speck formation (green) in the brain of p5 ASC-Citrine
reporter mice. ASC specks are detected throughout the brain using a 40X objective including
in the (i) cerebellum, (ii) midbrain, (iii) hippocampus, and (iv) thalamus. Representative
images from 3 independent experiments with similar results. (b-c) Adult (8-12 weeks old)
ASC-citrine reporter mice were evaluated for peripheral inflammasome activation based on
(b) ASC speck formation (green) in the deep cervical lymph node (DCLN) using confocal
microscopy with a 10X objective. (c) Arrow shows zoomed in image of ASC speck (green)
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formed in DCLN. Representative images from 2 independent experiments with similar
results.
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Extended Data Figure 3. Lack of AIM2 inflammasome signaling resultsin an increasein anxiety-
related behaviors but not depressive-related behaviors.

Adult (8-12 weeks old) WT, /ce™~, AimZ™~, and Nlrp3”~~mice were assessed for
behavioral abnormalities. (a) Number of urinations (WT =26, /ce™~ =17, Nlrp3™~ n=11,
Aim2™~ n=24; from 3 independent experiments) and (b) number of fecal pellets (WT =20,
lce™~ =17, NIrp3™~ n=11, Aim2™~ n=21; from 3 independent experiments) were
measured during 10 minutes of open field-testing. Depressive behaviors were evaluated in
adult male mice using the (c) tail suspension test for escape behavior (WT =19, /ce™~
=10, Nirp3™~ =5, Aim2™~ n=14; from 2 independent experiments) and (d) sucrose
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preference test (WT =3, lce™~ =3, Aim2™~ n=4; from 1 independent experiment). All 7
values refer to the number of mice used. Error bars depict mean * s.e.m. Statistics calculated
by one-way ANOVA with Tukey’s post hoc tests.
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Extended Data Figure 4

Extended Data Figure 4. ASC specksform in responseto DNA damage in the developing brain.
(a) Brains from p5 WT mice were evaluated for localization of ASC specks (green) in

relation to DAPI* nuclei (blue) harboring DNA damage (yH2AX (red), 53BP1 (grey)) in the
cerebellum. (i, ii) Zoomed in regions of 40X images showing ASC specks formed in close
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proximity to nuclei harboring DNA damage. Representative images from 4 mice with
similar results from 1 experiment. Differences in nuclei size likely reflect specific stages in
replication, DNA repair, differentiation, or cell death the individual cells are in as well as
differences seen across CNS cell types. (b-e) Postnatal day 5 (p5) WT and Aim2/~ mice
received either control treatment or 14 Grays (14 Gy) of ionizing radiation (IR) to induce
DNA damage. Brains were harvested 6 hrs later and then immunostaining was conducted to
measure DNA damage induction (H2AX staining) and inflammasome activation (ASC
speck formation) in the cerebellum. (b) Representative 20X cerebellar images of yH2AX
staining; from 2 independent experiments with similar results. (c) Quantification of yH2AX
staining in the cerebellum (Untreated: WT =3, Aim2™'~ n=3; IR treated: WT =8, Aim2~!~
=8; from 2 independent experiments). (d) Representative 20X cerebellar images of ASC
speck formation; from 2 independent experiments with similar results. (e) Quantification of
ASC speck formation in the cerebellum (Untreated: WT =7, Aim2~/~ n=5; IR treated: WT
=6, Aim2™'~ n=8; from 2 independent experiments). All 77values refer to the number of
mice used. Error bars depict mean + s.e.m. Statistics calculated by unpaired two-tailed
Student’s #test.
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Extended Data Figure 5. Anxiety phenotypes do not develop in micethat lack IL-1R, IL-18R,
MYD88, or Caspase-11.
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All behavioral testing was conducted on adult (8-12 weeks old) mice. (a-c) Behaviors for
anxiety were evaluated by (a) bouts into and (b) time spent in the center of the open field
arena with (c) total distance traveled (WT =11, //1r”~ n=19, I18r~~ n=22, Myd88~"~
n=12; from 3 independent experiments). (d) Anxiety-related behaviors were assessed in WT
and Myd88~~ mice using the elevated plus maze. Representative heat maps from 4
independent experiments with similar results depicting path of travel through open arms (o)
and closed arms of the maze. (e) Representative heat maps from 4 independent experiments
with similar results of the path traveled by adult WT and Myd88~~ mice in the open field
arena. (f-h) Quantification of (f) bouts into and (g) time in center of the open field arena with
(h) distance traveled (WT =14, Casp11™~ n=10; from 2 independent experiments). All 77
values refer to the number of mice used. Error bars depict mean * s.e.m. Statistical analysis
by (a-c) one-way ANOVA with Tukey’s post hoc tests or (f-h) unpaired two-tailed Student’s
ttest showed no statistically significant differences.
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Extended Data Figure 6. Genetic ablation of the AIM2 inflammasome or Gasder min-D in CNS
cellslimits cell death in responseto DNA insults.

Mixed neural cultures were generated from postnatal day 0 (p0) WT, /ce™~, Aim2™~, and
Gsdmd™~ mice. (a) Mixed neural cell cultures were left untreated to test for baseline
differences in cytotoxicity (WT 7=5, lce™~ =5, Aim2~/~ n=5, and Gsamad™~ n=2). (b)
Mixed neural cell cultures were primed with LPS for 4 hrs followed by transfection with
PolydA:dT (WT r=4, lce™”~ =4, Aim2™~ n=4, and Gsdmad™~ n=4). Cell death was
measured by LDH release after overnight stimulation. Representative data from 3
independent experiments. All 77 values refer to biological replicates from one representative
experiment. Error bars depict mean * s.e.m. Statistics calculated by one-way ANOVA with
Tukey’s post hoc tests.

Nature. Author manuscript; available in PMC 2021 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lammert et al.

a

Page 17

DAPI P
=3
»
WT Aim2* N\
e N\
c 5000~ 0.0015
3 4000 3o
&  » 30004 3%
(] A
S 2000- 0.
|
m i o | [EE)
z 10007 5035 i
> 5007
w+ 4001 °°
T 300{ o
o 200- "
¢ Wi

WT Aim27- WT Aim2”-
Untreated 14 Gy IR

DAPI

Extended Data Figure 7. AIM 2 contributesto CNS cell death during neurodevelopment and in
responsetoionizing radiation.
(a) Representative 20X images from p5 WT, /ce™~, Aim2™~, and Gsdmad™~ mice showing

TUNEL™ cells (green) in the cerebellum. Images are representative from 2 independent
experiments with similar results. (b) Representative images of additional markers of cell
death (propidium iodide (P1), grey) in p5 WT and Aim2™~ mice. (c) Quantification of PI*
cells in the cerebellum of p5 WT /=4 and Aim2”~ n=4 mice; from 1 independent
experiment. (d-e) p5 WT and Aim2~~ mice received either control treatment or 14 Grays
(14 Gy) of ionizing radiation (IR) to induce DNA damage. Brains were harvested 6 hrs later
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and then TUNEL assay staining was conducted on cerebellar sections to evaluate cell death.
(d) Representative 20X images showing TUNEL staining in the cerebellum of untreated and
irradiated p5 WT and Aim2~~ mice; from 3 independent experiments with similar results.
(e) Quantification of number of TUNEL™ cells in the cerebellums of untreated and irradiated
WT (/=11 untreated; /=9 IR) and Aim2~~ (=9 untreated; 7=8 IR) mice; from 3
independent experiments. All 7values refer to the number of mice used. Error bars depict
mean + s.e.m. Statistics calculated by unpaired two-tailed Student’s #test.

Ice™”

DAPI GFAP

Extended Data Figure 8. Lack of AIM2 inflammasome componentsincreases the number of
Purkinje neuronsthat areincor porated into the adult brain.

Representative 20X images of cerebellums from adult (8-12 weeks old) WT, /ce™~,
Aim2~~, and Gsdma™~ mice showing an increase in number of Purkinje cells (calbindin*
cells) in mice lacking inflammasome components. Representative images from 3
independent experiments with similar results.
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Extended Data Figure 9. Aim2 is expressed by neurons, astrocytes, and microgliain the
developing brain.

Brains from p5 WT mice (/7=3; from 1 experiment) were evaluated for expression of Aim2
using RNA scope. (a) Images showing co-expression of AimZ2(green) and CNS cell-specific
genes Rbfox3. NeuN (red), Gfap: GFAP (red), and A/fI: Ibal (red) in the hippocampus. (b)
Quantification showing percentage of CNS cells in 40X images that are positive for AimZ2.

Error bars depict mean + s.e.m. nvalues refer to biological replicates.
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Extended Data Figure 10. Deletion of Caspase-1 in CX3CR1-expressing cellsdoes not result in
the development of anxiety-related behaviors.

Adult (8-12 weeks old) Casp1™" i=10 and Casp1™""Cx3cr1€ n=11 mice were evaluated
for anxiety-related behaviors using (a) time in open arms and (b) distance traveled in the
elevated plus maze along with (c) total bouts into the center of the open field arena; from 2
independent experiments. All 77 values refer to the number of mice used. (d) Schematic of
the proposed role that DNA damage surveillance by the AIM2 inflammasome plays in
neurodevelopment. Error bars depict mean + s.e.m. Statistical analysis by unpaired two-
tailed Student’s #test showed no statistically significant differences.
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Figure 1. Inflammasome activation occursin the CNS during neur odevelopment and disruption
of the AIM2 inflammasomeresultsin anxiety-related behaviors.

(a) Brains from postnatal day 5 (p5) ASC-Citrine reporter mice were analyzed for the
presence of ASC specks (green). Representative images from 3 independent experiments
with similar results. (b) Number of ASC specks formed in the brain at p5 (#=7; from 3
independent experiments) and the adult (8—-16 weeks old) deep cervical lymph nodes
(DCLN) (r7=4; representative data from 2 independent experiments). (c-h) Wild-type (WT),
Ice!=, NIrp3 =, and AimZ™'~ mice (8—12 weeks old) were assessed for behavioral
abnormalities. (c-g) Anxiety behaviors were assessed using the elevated plus maze and the
open field test. (c) Representative elevated plus maze heat maps; open arms (0); from 6
independent experiments with similar results. (d) Quantification of time spent in the open
arms of the elevated plus maze (WT n=14, Ice™~ =14, Nlrp3™”~ =16, Aim2~~ n=15; from
3 independent experiments). (e) Representative open field arena heat maps; from 6
independent experiments with similar results. (f-g) Quantification of (f) bouts into and (g)
time spent in the center of the open field arena (WT n=22, Ice™~ n=14, Nirp3™~ n=15,
Aim2~~ n=29; from 5 independent experiments). (h) Visual platform test of the Morris
water maze (WT n=9, Ice”~ =10, Nlrp3”~ =7, Aim2~~ n=T; from 2 independent
experiments). (i-j) Cerebellar ASC speck formation in p5 WT and Aim2~~ mice. (i)
Representative images from 2 independent experiments with similar results. (j)
Quantification of cerebellar ASC speck formation in WT 7=3 and Aim2™'~ n=3 mice;
representative data from 2 independent experiments. All 77values refer to the number of
mice used. Error bars depict mean + s.e.m. Statistics calculated by unpaired two-tailed
Student’s #test (b,j) or one-way ANOVA with Tukey’s post hoc tests (d,f,g,h).
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Figure 2. Lack of Gasdermin-D activation drives anxiety-like behaviorsin mice.
(a-d) Anxiety-related behaviors were assessed in adult (8-12 weeks old) WT, //17/~, //18r

1=, Myd88!=, Gsdmd =, and Casp11~'~ mice using the elevated plus maze. (a-b)
Quantification of (a) time spent in the open arms (0) and (b) distance traveled (WT n=21,
117~ =19, 118r”~ n=22, Myd88~'~ n=16; from 4 independent experiments). (c) Time
spent in the open arms of the elevated plus maze and (d) total distance traveled during
testing (WT /=24, Gsdmd™~ =14, Casp11~~ n=10; from 2 independent experiments). All
nvalues refer to the number of mice used. Error bars depict mean * s.e.m. Statistics
calculated by one-way ANOVA with Tukey’s post hoc tests.
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Figure 3. Activation of the AIM 2 inflammasome in response to DNA damage coordinates CNS
cell death and limits the accumulation of DNA damage in the brain.

(a-b) Postnatal day 0 (p0) mixed neural cultures were primed with LPS for 4 hrs followed by
overnight treatment with either (a) 40 Gy ionizing radiation (WT =5, lce™~ =5, Aim2™/~
=4, and Gsdma™~ r=5) or (b) 100 pM etoposide (WT =4, Ice™~ =3, Aim2™~ n=4, and
Gsamad™~ n=4). Cell death was measured by LDH release. Representative data from 3
independent experiments. (c) Quantification of cerebellar TUNEL staining in p5 mice (WT
=10, Ice™~ =6, Aim2™~ =12, and Gsdma™~ n=5 mice; from 3 independent
experiments). (d) Enumeration of cerebellar calbindin* Purkinje neurons in adult (8-12
weeks old) mice (WT =8, lce”~ =6, Aim2~/~ =10, and Gsdmd~~ =8 mice; from 3
independent experiments). (e-f) Adult brains were evaluated for levels of DNA damage
(YH2AX, green). (e) Representative images from 3 independent experiments with similar
results. (f) Quantification of yH2AX staining in adult mice (WT n=11, Aim2~~ n=11; from
3 independent experiments). (g-h) Adult brains were evaluated for yH2AX staining in
NeuN-expressing neurons in the amygdala. (g) Representative images from 2 independent
experiments with similar results. (h) Enumeration of yH2AX puncta in the amygdala (WT
=3, Aim2™~ n=3; representative data from 2 independent experiments). (i-j) DNA damage
was evaluated in the cortex of 10-week-old WT and AimZ2~~ mice by comet assay. (i)
Representative images of single cell electrophoresis gels from 3 independent experiments
with similar results. (j) Quantification of percent DNA in tail (WT 7=38, Aim2™~ n=120;
from 3 independent experiments). (k) Quantification of yH2AX staining in sagittal brain
sections from WT n=4, /ce™~ n=4, and Gsdmd™~ =4 mice; from 2 independent
experiments. Error bars depict mean + s.e.m. Statistics calculated by (a-d,k) one-way
ANOVA with Tukey’s post hoc tests and (f,h,j) unpaired two-tailed Student’s #4test. (a-b,j) n
values refer to biological replicates from representative experiments. (c-d,f,h,k) nvalues
refer to the number of mice used.
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Figure 4. CNS-specific deletion of Caspase-1 resultsin anxiety-like behaviorsand DNA damage
accumulation in the brain.

(a-e) Anxiety-associated behaviors were assessed in adult (8-12 weeks old) Casp1™ and
Casp1™fNestin©e mice. (a) Representative heat maps of the path mice traveled in the open
field arena; from 3 independent experiments with similar results. (b) Quantification of bouts
into the center of the open field arena (Casp1™" n=14, Casp1™Nestinc" n=16; from 3
independent experiments). (c) Representative heat maps depicting path of travel through
open arms (0) and closed arms of the elevated plus maze; from 4 independent experiments
with similar results. (d) Quantification of time spent in the open arms of the elevated plus
maze and (e) time in the hub (Casp1™ n=20, Casp1™fNestin©" n=18; from 4 independent
experiments). (f-g) Adult brains were evaluated for levels of DNA damage (yH2AX, green)
in NeuN-expressing neurons. (f) Representative cortex images from 2 independent
experiments with similar results. (g) Quantification of yH2AX staining in cortical brain
sections (Casp1™" n=6 and Casp1™Nestin"® n=8; from 2 independent experiments). All 7
values refer to the number of mice used. Error bars depict mean * s.e.m. Statistics calculated
by unpaired two-tailed Student’s #test.
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