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Mechanical impact-induced primary injury after traumatic brain injury (TBI) leads to acute microglial pro-inflammatory acti-
vation and consequently mediates neurodegeneration, which is a major secondary brain injury mechanism. However, the
detailed pathologic cascades have not been fully elucidated, partially because of the pathologic complexity in animal TBI
models. Although there are several in vitro TBI models, none of them closely mimic post-TBI microglial activation. In the
present study, we aimed to establish an in vitro TBI model, specifically reconstituting the pro-inflammatory activation and
associated neurodegeneration following TBI. We proposed three sets of experiments. First, we established a needle scratch
injured neuron-induced microglial activation and neurodegeneration in vitro model of TBI. Second, we compared microglial
pro-inflammatory cytokines profiles between the in vitro TBI model and TBI in male mice. Additionally, we validated the
role of injured neurons-derived damage-associated molecular patterns in amplifying microglial pro-inflammatory pathways
using the in vitro TBI model. Third, we applied the in vitro model for the first time to characterize the cellular metabolic
profile of needle scratch injured-neuron-activated microglia, and define the role of metabolic reprogramming in mediating
pro-inflammatory microglial activation and mediated neurodegeneration. Our results showed that we successfully established
a novel in vitro TBI model, which closely mimics primary neuronal injury-triggered microglial pro-inflammatory activation
and mediated neurodegeneration after TBI. This in vitro model provides an advanced and highly translational platform for
dissecting interactions in the pathologic processes of neuronal injury-microglial activation-neuronal degeneration cascade,
and elucidating the detailed underlying cellular and molecular insights after TBI.
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Microglial activation is a key component of acute neuroinflammation that leads to neurodegeneration and long-term neuro-
logic outcome deficits after TBI. However, it is not feasible to truly dissect primary neuronal injury-induced microglia activa-
tion, and consequently mediated neurodegeneration in vivo. Furthermore, there is currently lacking of in vitro TBI models
closely mimicking the TBI primary injury-mediated microglial activation. In this study, we successfully established and vali-
dated a novel in vitro TBI model of microglial activation, and for the first time, characterized the cellular metabolic profile of
microglia in this model. This novel microglial activation in vitro TBI model will help in elucidating microglial inflammatory
activation and consequently associated neurodegeneration after TBI. /
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death of neurons, the most vulnerable cells in the brain, and pro-
gressing to various secondary brain damage mechanisms, partic-
ularly acute neuroinflammation (Schimmel et al., 2017). It is well
demonstrated that microglial activation plays a crucial role in
TBI-induced neuroinflammation (Donat et al., 2017; Witcher et
al., 2021). Microglia are the brain resident immune cells and are
activated rapidly by the potent inflammatory stimuli from the
primary damaged neurons-released danger-associated molecular
patterns (DAMPs) (Jassam et al., 2017). Consequently, the acti-
vated microglia release noxious substances, including pro-in-
flammatory cytokines, ROS, nitrogen species, and excitatory
neurotransmitters, which cause subsequent neurodegeneration
and exacerbate secondary brain damage (Alam et al., 2020;
Isakharov and Butler, 2020). Therefore, targeting the early
pro-inflammatory activation of microglia to inhibit second-
ary damage after TBI has been proposed as a therapeutic strat-
egy (Henry et al., 2020; Bray et al., 2022). However, detailed
underlying molecular mechanisms remain poorly understood,
partially because of the complex and interactive multiple pathoge-
netic/pathologic factors involved (Simon et al., 2017). Utilization
of a simple in vitro culture TBI model is one of the common ex-
perimental approaches to dissect specific pathogenic/pathologic
factors or pathways of specific cell types or between cells (Wu et
al, 2021).

In vitro models have been recognized as necessary approaches
to investigate the complex physiological and pathophysiological
mechanisms after TBI (Xiong et al., 2013). However, in vitro TBI
modeling approaches that are capable of mimicking the patho-
physiological mechanisms underlying post-TBI microglial acti-
vation-mediated neurodegeneration are still lacking. A recent
systematic review paper has summarized that stretch, blast,
compression, scratch, shear, and fluid percussion injury are
the most commonly used mechanical force in in vitro mod-
els of TBI (Wu et al., 2021). Among these mechanical inju-
ries, the needle scratch or transection has been proposed to
study secondary injury mechanisms, including glial activa-
tion, and is a representative model of penetrating (open-
head) brain injuries (Morrison et al., 2011; Kumaria, 2017).
Therefore, in this study, the needle scratch of neurons is used
to mimic the primary neuronal injury of TBI. Considering
that injured neuronal-released factors are the major stimula-
tors responsible for the early microglial activation (Jassam et
al., 2017), it is of significance to establish the neuron-microglia
coculture system to investigate the neuronal injury-induced
microglial activation, and the activation-mediated neurodegen-
eration in vitro.

In this study, we newly developed and validated an in vitro
TBI model of microglial activation, in which: (1) neurons were
first subjected to needle-scratch neuronal injury; (2) injured neu-
rons and microglia were cocultured in monolayers of the differ-
ent chambers of the coculture system to activate microglia; and
(3) reactive microglia were further used to model neurotoxicity
with naive neurons. We also applied this in vitro TBI model to
validate and elucidate the role of two injured DAMPs (Wofford
et al,, 2019), including ATP and HMGBI, in triggering pro-
inflammatory pathways that were well defined in microglia
of TBI, and compare the pro-inflammatory profile of acti-
vated microglia between this in vitro TBI model and in vivo
TBI mouse model. Moreover, for the first time, we character-
ize the metabolic profile of activated microglia in this in vitro
model of TBI using comprehensive cellular metabolic analy-
sis approaches. Moreover, by using this in vitro model of
TBI, we defined and elucidated the roles of glycolysis in
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controlling post-TBI microglial activation and associated
neurodegeneration. We believe this in vitro TBI model pro-
vides a powerful tool to investigate the underlying cellular
and molecular mechanisms of pro-inflammatory microglial
activation and its associated neurodegeneration following
TBI.

Materials and Methods

Ethics approval and consent to participate

All animal experiments were conducted following a protocol approved by
the Institutional Animal Care and Use Commiittee of the Tulane University
School of Medicine (#916, January 17, 2020) under the National Institutes
of Health’s Guide for the care and use of laboratory animals.

Culture of primary mouse neurons and microglia

WT C57/BL6] female and male mice (9 weeks old) were purchased from
The Jackson Laboratory and used for breeding. All animal studies were
performed according to the protocol approved by the Tulane University
School of Medicine under the National Institutes of Health’s Guide for
the care and use of laboratory animals.

Primary mouse cortical neuronal cultures were prepared from the
cortex of embryonic day 15 (E15) obtained from the pregnant C57BL/6
female mouse as we described previously (Yu et al., 2013; Liu et al,
2018). After removing the meninges, the cortical tissue was dissected
and trypsinized with 0.05% trypsin-EDTA for 15min at 37°C, followed
by centrifugation at 1000 rpm for 5min. Cell pellets were resuspended
into DMEM plus 10% FBS and mechanically triturated. The mixed cells
were filtered through a 40 wm nylon mesh cell strainer (Fisher Scientific,
catalog #501960596) and plated onto poly-D-lysine (Sigma)-coated plates
with or without coverslips (round cover glass, #1.5 thickness, 10 mm, 100
pack, Fisher Scientific, catalog #NC1272767) at a density of 3 x 10° cells/
ml and cultured in a humidified (5% CO,, 37°C) incubator overnight.
Following 16 h of incubation, the media was replaced with neurobasal
complete medium (neuron basal A medium [NBA], supplemented with
2% B27, 0.3 mm L-glutamine, and 100 ug/ml penicillin/streptomycin).
Thereafter, half of the NBA was changed every 3d. NBA was replaced
with B27 reduced minus antioxidant medium (NBA minus AQO, 2% B27,
and 0.3 mum glutamine) before needle scratch injury.

Microglia cultures were prepared from cerebral cortices of postnatal
0 or 1 (PO or P1) mice pups with a mild trypsinization method, which
exhibited a more quiescent phenotype compared with microglia isolated
by shaking, as we described previously (Lin et al., 2017). After removing
the meninges, cortical tissues were digested with 0.05% trypsin-EDTA
for 15min at 37°C, followed by centrifugation at 1000 rpm for 1 min.
The supernatant was removed, and DMEM/F12 with 10% FBS was added
for mechanical trituration. The mixed cortical cells were filtered with a 70
um nylon mesh cell strainer (Fisher Scientific, catalog #501960596) and
plated on noncoated plastic 6-well plates at proper density (cortical cells
from two heads were plated into one plate) in DMEM/F12 with 10% FBS.
The media was completely replaced every 2-3d. After culture for 14d,
mixed cell cultures were mildly trypsinized with a diluted trypsin solution
(0.05% trypsin-EDTA diluted 1:1 in DMEM/F12) for 20-30 min to detach
an intact layer of cells. The remaining microglia were further cultured in
fresh DMEM/F12 with 10% FBS overnight to allow them to recover to
resting conditions. Subsequently, the microglia were harvested by trypsini-
zation with 0.05% trypsin-EDTA for 2 min, followed by centrifugation at
1000 rpm for 5min, and further resuspended in DMEM/F12 complete
medium or Neurobasal A medium (without AO, plus 2% B27 and 0.3 mm
glutamine); in our experience, the first passage of microglia from each 6-
well plate of mixed glia from 2 pups will yield ~3-5 x 10° cells.

Needle scratch injury model in cultured neurons

The neuron needle scratch insult was used to mimic the primary me-
chanical injury of TBI as we and other groups previously described with
slight modification (X. Wang et al., 2002; Bae et al., 2018). Briefly, pri-
mary mouse cortical neurons were manually scratched using a sterile
pipette tip (Corning 0.5-10 pil, 4901) to produce a linear tear across the
culture well. In each well of 6-well and 12-well culture plates, 11 x 11
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scratches and 6 x 6 scratches were respectively induced, producing a 3
mm grid. Cultures were incubated without a change of the medium.
Nonscratched cells were used as control. The cultures were returned to
the incubator for indicated time points.

Microglial activation in neuron and microglia coculture

The in vitro neuronal and microglia coculture model of TBI was modi-
fied based on an in vitro model of ischemic penumbra-microglial acti-
vation (Kaushal and Schlichter, 2008). There are three stages to this
experimental paradigm (see Fig. 14).

Stage 1. This initial stage was designed to create a needle scratch
injury in primary mouse cortical neurons, as neurons are the most vul-
nerable brain cells for the primary injury after TBI (Frankowski et al.,
2022), and injured neurons can rapidly release DAMPs, including ATP
and HMGBI1 (Wofford et al., 2019), to trigger pro-inflammatory acti-
vation (Weber et al., 2015). Primary mouse cortical neurons on days 7-
8 were cultured at a humidified (5% CO,, 37°C) incubator overnight,
followed by the needle scratch procedure.

Stage 2. This second stage was designed to assess neuronal needle
scratch injury-induced microglial activation. Coculturing of neurons
and microglia was performed as described previously (Roque and
Costa, 2017). Primary mouse microglia (2 x 10> cells per insert of
12-well inserts or 8 x 10° cells per insert of 6-well inserts) were cul-
tured in the transwell upper permeable insert (3-um-diameter
pores, Corning, REF3402 or REF3414) with or without 10 mm cov-
erslips (for immunostaining of primary mouse microglia). The
original DMEM/F12 media (with 10% FBS) for the primary mouse
microglia was gradually replaced with the NBA medium (supple-
ment with 2% B-27 minus AO) with a ratio change over slowly
(50:50, 25:75, 0:100) to allow the cells to acclimate to the difference
in nutrient content and remain in a relative resting condition. After
48 h, the primary mouse microglia in inserts were then placed onto the
culture wells of the needle scratched-primary cortical neurons to be
activated for 6 or 24 h. To test the effect of the needle scratch-injured
neurons in triggering pro-inflammatory activation of the cocultured
microglia, we examined NLRP3 and NF«B activation, as well as mRNA
levels of pro-inflammatory cytokines IL-1, IL-6, and TNFa, while
HMGBI (100 ng/ml) or LPS (100 ng/ml) was added into the top chamber
above the naive neurons, and HMGBI or LPS effects were tested as posi-
tive controls of inflammatory activators (Gao et al., 2011). Experimental
compounds, such as TAK242 (1 um), A804598 (10 um), or 3PO (10
pm), were then added into the upper permeable insert of the pri-
mary mouse microglia.

Stage 3. The final stage sought to determine whether the microglia
stimulated by scratched neurons developed a neurotoxic phenotype.
Activated microglia in the transwell upper permeable inserts were
placed on the top of naive neurons for 48 h to induce neurotoxicity.

Cell viability assay

Cell viability of neurons was measured by MTT reduction assays accord-
ing to the manufacturer’s protocol, as we described previously (Liu et al.,
2018). Briefly, neurons were treated with fresh DMEM containing MTT
for 4 h in a cell culture incubator. The medium was subsequently aspi-
rated, and formazan crystals were dissolved by DMSO. The absorbance
at 570 nm was measured by using a microplate reader (SpectraMax M5,
Molecular Devices).

LDH release assay

Cell injury was analyzed by measuring LDH release from the me-
dium collected at time points ranging from 1 to 24 h after injury
using the LDH-Cytotoxicity Assay Kit (BioVision) according to
the manufacturer’s instructions. The optical density at 490 nm was
measured using a microplate reader (SpectraMax M5, Molecular
Devices).

Extracellular ATP measurement

A luciferin/luciferase assay (ENLITEN ATP Assay System Bioluminescence
Detection Kit, Promega) was performed to quantitate levels of extracel-
lular ATP in the medium of the neuron culture. Briefly, the medium
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was collected at indicated time points after needle scratch injury and
centrifuged at 4°C, 1000 x g for 10 min to remove debris, and filtered
with 0.22 um pore size Millex Filters (Millipore). ATP levels were ana-
lyzed immediately after the above procedure; 100 ul of the media was
mixed with 100 ul of luciferin/luciferase reagent dissolved in dilution
buffer, and chemiluminescence values (RLU) were measured with a
microplate reader (SpectraMax M5, Molecular Devices).

ELISA

HMGBI levels in the media of neuronal cultures and serum at indicated
time points were detected by mouse ELISA using the HMGB1 RTU
ELISA kit (MyBioSource, MBS459874) following the manufacturer’s
protocol at indicated time points. The samples were centrifuged at
2000 rpm for 15 min at 4°C to remove debris, and the supernatant was
collected. Standard curves were generated using purified rHMGBI.
The absorbance was measured at 450 nm with a microplate reader
(SpectraMax M5, Molecular Devices).

Controlled cortical impact (CCI) models in mice

The CCI model was created as we previously described with a slight
modification (Cheng et al.,, 2021a; Liu et al., 2021). Briefly, male
mice (10-12 weeks old, 25-30 g) were anesthetized using 2% isoflur-
ane (Anaquest) in 70% N,O and 30% O, with a Fluotec 3 vaporizer
(Colonial Medical) and fixed into a stereotaxic apparatus with a gas
anesthesia mask. The scalp was opened to expose the skull, and a 5
mm craniotomy was made on the left cerebral hemisphere between
the bregma and the A using a portable trephine drill (Fine Science
Tools). CCI was subsequently established by a pneumatically con-
trolled impactor device (TBI-0310) with a 3 mm flat-tip impounder
(4.5 m/s impact velocity, 0.65 mm impact depth, and 500 ms dura-
tion). Immediately following injury, the injured region was sutured,
and mice were allowed to recover in the cages. The duration of the
entire surgical procedure was ~8min. Sham control mice were
sutured after craniotomy without cortical impact. At 1 h after TBI,
mice were intraperitoneally injected with vehicle or 3PO (50 mg/kg,
dissolved in 10% Tween-80, 10% DMSO, and 80% saline) (Cao et al.,
2019).

Brain microglia isolation

At 24 h after TBI, microglia from the ipsilateral hemisphere were isolated
by Percoll gradient and centrifugation steps as described previously with
slight modification, which showed that the purity of microglia isolated
was >90% (de Haas et al., 2007; Wohleb et al.,, 2011). Briefly, the brain
tissue is first homogenized through a 40 um strainer with cold PBS on
ice, followed by centrifugation at 4°C, 700 x g for 10 min. The pellet was
subsequently resuspended with 3.5 ml of ice-cold 75% Percoll, which
was then overlaid with 5 ml of ice-cold 25% Percoll; 3 ml ice-cold
1x PBS was then added to the 25% Percoll layer. The density gradi-
ent was then centrifuged at 4°C, 800 x g for 25 min (acceleration=1,
deacceleration =0), whereupon the myelin was removed, and the
interphase containing the microglial layer was collected. Isolated
cell suspension was washed and then labeled with CD11b immuno-
magnetic beads and magnetically separated to further purify for
microglia (MojoSort Mouse CD11b Selection Kit, catalog #480110).
Cells were washed with cold 1x PBS and centrifuged at 4°C, 700 x g
for 10 min; cells suspension was snap-frozen in liquid nitrogen and
stored at —80°C before use.

Cytokine proteome profiler array

The inflammatory cytokines in brain microglia or primary microglia
were analyzed using the Mouse Cytokine Proteome Profiler Array Panel
A kit (R&D Systems) according to the manufacturer’s specifications as
we described previously (Liu et al., 2021). Briefly, the array membranes
were blocked with 1x blocking buffer, while 80 ug microglia lysate was
incubated for 1 h at room temperature with the supplied cytokine array
panel A antibody cocktail. The array membranes were incubated with
the lysate-antibody mixtures overnight at 4°C on a platform shaker and
washed, and further incubated with streptavidin-HPR in a blocking
buffer for 30 min at room temperature before mixing with the Chemi
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Figure 1.  Establishment of the in vitro TB1 model of microglial activation. A, Schematic representation of neuron-microglia coculture TB1 model. The cortical neurons were needle scratched
at Stage 1, and the microglia inserts were placed above the NSNs and cocultured at Stage 2, and the activated microglial cells on inserts were placed on the top of the naive neuron and cocul-
tured at Stage 3. B, Representative images of NSNs, MTT reduction of neurons after needle scratch injury. n=4. Student's t test, t =13.07, p << 0.001 versus no scratch. Data are mean =
SEM. ***p < 0.001 versus no scratch. €, LDH release in the medium of NSN was determined. n = 4. One-way ANOVA with Bonferroni post hoc test. s 1) = 40.95, p << 0.0001. 1 h versus 0 h:
t=0.9130, p > 0.9999; 2 h versus 0 h: t = 2.137, p=0.2328; 6 h versus 0 h: t = 4.304, p=0.0021; 12 h versus 0 h: t = 7.926, p << 0.0001; 24 h versus 0 h: t = 11.70, p << 0.0001. Data
are mean == SEM. **p << 0.01, ***p < 0.001 versus 0 h. D, Representative inverted contrast and immunofluorescent staining of IBA1 and NLRP3 in primary cultured microglia cocultured with
naive neurons (CM), primary cultured microglia cocultured with needle scratched neurons (NCAM), or primary cultured microglia cocultured with naive neurons (CM) and treated with HMGB1
(100 ng/ml) or LPS (100 ng/ml) for 24 h. Scale bar, 25 um. E, Representative Western blotting analysis of NLRP3, p-P65, and P65 protein levels in NCAM or (M with or without treatment with
HMGB1 or LPS. 3-actin served as an equal loading control. n=4. One-way ANOVA with Bonferroni post hoc test. NLRP3: F3 15 = 34.96, p << 0.0001. NCAM versus CM: t = 7.933, p << 0.0001;
(M+HMGBT versus CM: t = 2.695, p = 0.0478; (M+LPS versus C(M: t = 8.693, p << 0.0001; p-P65: (3.1 = 12.31, p = 0.0006. NCAM versus CM: t = 4.868, p=0.0012; (M+HMGB1 versus CM:
t = 2.693, p=0.0486; (M+LPS versus C(M: t = 5.481, p = 0.0004. Data are mean = SEM. *p << 0.05, **p << 0.01 versus (M. For the original images of Western blotting analysis of NLRP3,
p-P65, P65, and 3 -actin in Figure 1, also see Extended Data Figure 1-1. F, qRT-PCR analysis of mRNA levels of /-113, /-6, and TNFcx in NCAM or (M with or without treatment with HMGB1 or
LPS. One-way ANOVA with Bonferroni post hoc test. IL-1/3: F4.15) = 147.8, p << 0.0001. CM versus PBS: t = 0.2658, p > 0.9999; NCAM versus PBS: t = 7.616, p << 0.0001; C(M+HMGB1 versus
(M: t = 2.986, p = 0.0369; (M+LPS versus CM: t = 20.68, p << 0.0001; IL-6: Fi415) = 34.00, p=0.0002. (M versus PBS: t = 0.1303, p > 0.9999; NCAM versus PBS: t = 3.254, p = 0.0346;
(M+HMGBT versus CM: t = 2.9014, p = 0.0433; C(M+LPS versus CM: ¢ = 7.083, p = 0.0001; TNFc: 415 = 17.48, p << 0.0001. CM versus PBS: ¢ = 0.2120, p > 0.9999; NCAM versus PBS: ¢ =
3.841, p = 0.0064; (M+HMGBT versus (M: ¢ = 2.731, p = 0.0278; (M+LPS versus CM: t = 7.055, p << 0.0001. Data are mean = SEM. *p << 0.05, **p << 0.01, ***p << 0.001 versus PBS. G,
Representative images of cortical neurons that were transfected with pEGFP-C1 vector for 24 h, followed by coculture with NCAM for another 48 h. Scale bar, 50 wm. H, Total dendritic complexity
was analyzed using Image) software loaded with the Sholl analysis plug-in, and the simple neurite tracer analysis plug-in. The number of total dendritic intersections and lengths were quantified.
n=28 neurons per group. Student’s ¢ test, Sum of total dendritic intersections: t=3.998, p=0.0013 versus CM. Dendritic length: t=7.179, p << 0.0001 versus CM. Data are mean =+ SEM.
**p < 0.01, ***p < 0.001 versus (M. I, Cell viability was determined by MTT assay. n = 5. Student’s ¢ test, t = 6.821, p=0.0001 versus CM. Data are mean == SEM. ***p < 0.001 versus (M.
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reagent mix. Images were then captured with Bio-Rad ChemiDocTM MP
Imaging System. Image] was used to quantify and determine spot density.

qRT-PCR

qRT-PCR was performed as we described previously with slight
modification (Liu et al., 2021). Briefly, total RNA from isolated
brain microglia and primary mouse microglia was isolated with the
miRNeasy micro kit (QIAGEN) according to the manufacturer’s
instruction and quantified by a DS-11 spectrophotometer (DeNovix).
c¢DNA was prepared from 0.5 ug of total RNA using QuantiTect Rev
Transcription Kit (QIAGEN). qRT-PCR was performed using TagMan
Fast Advanced Master Mix (Applied Biosystems) in a QS3 real-time
PCR system (Applied Biosystems). The TagMan probes used in the study
were as follows: Mm00443258_m1 (TNFa), Mm00434228_m1 (IL-18),
Mm01210732_m1 (IL-6), MmO00441242_m1 (CCL2), MmO00445235_m1
(CXCL10), Mm00445553_m1 (CXCL12), and Mm01545399_m1 (HPRT).
qRT-PCR was conducted in triplicate, and the relative expression of
target genes (fold change) was determined using the 27" method
with normalization to HPRT.

Western blotting

Western blotting was performed as we previously described (Liu et al.,
2021). After coculture with scratched neurons, microglia in the inserts of
the transwell chambers were washed with 1x PBS, and their proteins
were prepared with 1xcell lysis buffer (Cell Signaling) supplemented
with protease inhibitors (Fisher Scientific). The resulting protein con-
centrations were quantified with the Pierce BCA Protein Assays (Fisher
Scientific); 20 ug of microglial proteins was then mixed with NuPAGE
Sample Reducing Agent (Fisher Scientific) and Protein Sample Loading
Buffer (Fisher Scientific) before denaturing in 75°C heating block for
10 min. The denatured proteins were loaded and separated with 4%-12%
NuPAGE gel (Fisher Scientific) and transferred onto the PVDF mem-
brane. The membrane was then blocked with 5% (w/v) fat-free milk in
TBST (TBS with 0.1% Tween-20) for 60 min at room temperature,
followed by incubation overnight at 4°C with the following primary
antibodies: NLRP3 mouse antibody (1:1000, AG-20B-0014-C100),
p65 antibody (1:1000, Cell Signaling, 8242s), Phospho-p65 antibody
(1:1000, Cell Signaling, 3033s), and S -actin antibody (1:3000, Sigma,
A5441). The PVDF membrane was further washed with TBST and
incubated with IRDye 800CW goat anti-Rabbit (1:10,000, LI-COR
Biosciences, #926-32211) or Goat anti-Mouse IgG StarBright Blue
700 (1:10,000, Bio-Rad, #12004159) secondary antibodies for 1 h at
room temperature. After washing with TBST, the images were cap-
tured with Bio-Rad ChemiDocTM MP Imaging System.

Immunofluorescent staining

Immunofluorescent staining was performed as we previously described
(Liu et al., 2021). The mice were killed and perfused transcardially with
30 ml of ice-cold PBS and 4% PFA. The brains were removed and fixed
overnight in 4% PFA and then transferred into 30% sucrose in 0.1 m
PBS, pH 74, for 2 d. Brain sections were then sliced into 16-pum-thick
coronal sections with a Leica cryostat (Leica, CM1950). Subsequently,
brain sections were blocked with 5% BSA in PBS with 0.1% Triton X-
100 at room temperature for 1 h. For immunofluorescence staining of
cells, primary mouse microglia (2 x 10° cells) were plated in 10 mm cov-
erslips, which were placed into the transwell inserts of 6-well plates at
Stage 2 of the microglia-neuron coculture model. Cell cultures processed
for immunofluorescent staining were fixed with 4% PFA in PBS for
15min and permeabilized with blocking buffer (containing 1% FBS,
0.1% Triton X-100 in PBS) for 1 h. Brain sections or cells were incubated
at 4°C overnight with IBA1 rabbit antibody (1:250, Wako, 019-19741),
NLRP3 goat antibody (1:250, Abcam, ab4207), followed by incubation
with secondary antibody conjugated to fluorescein (Goat anti-Rabbit
IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, AlexaFluor
Plus 594, 1:250, Fisher Scientific, A-11037; Donkey anti-Goat IgG
(H + L) Cross-Adsorbed Secondary Antibody, AlexaFluor-488, 1:250,
Fisher Scientific, A-11055) for 1 h at room temperature. Sections were
washed with PBS and mounted using Vectashield with DAPI (Vector
Laboratories, H-1200-10). Fluorescent images were acquired using a
Nikon Ts2R FL microscope (Nikon).
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Measurement of glycolytic stress by Seahorse XFe24 analyzer

Seahorse glycolytic stress analyses were performed as described previ-
ously (Sakamuri et al., 2022). To perform Seahorse extracellular acidifi-
cation rate (ECAR) analyses of primary mouse microglia or isolated
brain microglia, 1 x 10° cells were seeded into each well of the Seahorse
XFe24 culture plates and cultured at a 37°C incubator. The cell media
was replaced with Seahorse XF Base Medium containing 2 mm L-gluta-
mine and incubated for 45min at 37°C without CO,. Seahorse XF
Glycolysis Stress Test Kit (catalog #103020-100) was used, and the assay
drugs, including glucose (100 mm, 56 pl), oligomycin (10 um, 62 pl), and
2-DG (500 mwm, 69 pl), were loaded into port A, B, and C of the cartridge.
The cartridge was loaded into the Seahorse XFe24 Analyzer for calibra-
tion. After calibration, ECAR was measured.

Targeted metabolite analyses and in vitro metabolic tracing
Primary mouse microglia cocultured with needle-scratched neurons
(NSNs) were rapidly washed with warm PBS and cultured in either
glucose-free DMEM, supplemented with 25 mum of U-'*C-glucose
(Cambridge Isotopes, CLM-1396) for 15 min (Yuan et al.,, 2019), or
glutamine free DMEM, supplemented with 4 mm of U-">C-gluta-
mine (Cambridge Isotopes, CLM-1822-H) for 30 min (C. Yang et
al., 2014; Yuan et al,, 2019). Cells were subsequently washed with
ice-cold PBS, and polar metabolites were extracted with methanol-
chloroform phase separation (2 ml methanol, 2 ml water, and 4 ml
chloroform) as described previously (van Gastel et al., 2020). The
sample in the top phase was dried under nitrogen flow, and analyzed
by HPLC and High-Resolution Mass Spectrometry and Tandem
Mass Spectrometry (LC-MS/MS) at the Harvard Center for Mass
Spectrometry; 5l of sample or standard was injected into a ZIC-
pHILIC peek-coated column (150 mm x 2.1 mm, 5 um particles,
maintained at 40°C, Sigma Aldrich). Buffer A was 20 mM ammo-
nium carbonate, 0.1% ammonium hydroxide in water, and Buffer B
was 97% acetonitrile in water. The LC program was as follows: start-
ing at 99% B, to 40% B for 17 min, then to 0% B for 10 min, main-
tained at 0% B for 5min, then back to 99% B for 4min, and
re-equilibrated at 99% B for 11 min. For targeted analyses, a stand-
ard mix of 1 um for each compound of interest was prepared and
run after each sample to confirm retention times. Metabolite meas-
urements were normalized to the internal 13C/15N-labeled amino
acid standard. Targeted metabolites were analyzed by MetaboAnalyst
5.0 (http://www.metaboanalyst.ca/), and metabolite concentration
changes were presented as a clustered heatmap (Pang et al., 2021).
Quantification of U-"C-metabolites was performed using Tracefinder
(version 4.1, Fisher Scientific) (Yuan et al., 2019). The combined
extracted ion chromatogram for all m/z corresponding to all isotopo-
logues for each compound was plotted, and the corresponding peak
area was integrated. The total combined concentration of all isotopo-
logues for each compound was calculated using the area divided by the
area of the IS and using the standard curves. The internal standard
used for each compound was the labeled amino acid with strong ioni-
zation in the same ion mode and the closest retention time with each
compound to quantify.

Plasmid transfection

Primary mouse cortical neurons on glass coverslips in 6-well plate
on days 6-7 after seeding were transfected with pEGFP-C1 vector
using Lipofectamine 3000 following the manufacturer’s protocol as
we described previously (Liu et al., 2018). Briefly, a DNA-P3000 mix
was prepared by diluting 2.0 ug of pEGFP-C1 vector in 125 ul of
Opti-MEM I Reduced Serum Media (Fisher Scientific), followed by
adding 5 ul of P3000. Meanwhile, Lipofectamine 3000 mix was pre-
pared by adding 3.75 ul of Lipofectamine 3000 into 125 ul of Opti-
MEM I Reduced Serum Media. The DNA-P3000 mix was then
added to the tube of Lipofectamine 3000 mix and incubated for
10 min at room temperature. Next, the DNA-lipid complex was
added to the primary mouse cortical neurons with the NBA (2%
B27, minus AO). After culturing for 2 h, the medium was replaced
with a fresh NBA, and transfected neurons were cultured for 2 d.
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Simple neurite tracer analysis and Sholl analysis

For assessment of neuron morphology and neuronal complexity, pPEGFP-
Cl vector-transfected neurons were observed and captured by a Nikon
Ts2R FL microscope (Nikon). For quantitative analyses, observers were
blinded to the experimental groups. Dendritic complexity analysis was per-
formed with Image] software loaded with the Sholl analysis plug-in, while
the dendritic length was analyzed by Image] software loaded with the simple
neurite tracer analysis plug-in as described previously (McNair et al., 2010).

Statistical analysis

All data were expressed as mean * SEM for at least three independently
repeated experiments. Statistical analyses for measurements between two
groups were determined by Student’s ¢ test, and multiple groups were
determined by one-way or two-way ANOVA, followed by the Bonferroni
post hoc test. All statistical analyses were conducted using GraphPad
Prism 7 software (GraphPad Software). p < 0.05 was considered statisti-
cally significant. All statistics are reported in the figure legends.

Results

Establishment of the in vitro TBI model of microglial
activation

Neuronal needle scratch injury induces microglial activation

In the first set of experiments, we established in vitro TBI model
of microglial activation following the three stages (Fig. 1A). The first
stage established a primary mechanical neuronal injury in primary
cultured mouse cortical neurons, the neuronal needle scratch injury
model as we previously described (X. Wang et al., 2002). The needle
scratch injury directly induced 24.1% neuronal cell death examined
with MTT production assay at 2 h after needle scratch (Fig. 1B), fol-
lowed by 12.3%, 21.1%, and 31.6% progressive neurotoxicity at 6,
12, and 24 h after needle scratch, respectively (Fig. 1C).

The second stage used the needle scratch-injured neuron
cultures (NSNs) to trigger a pro-inflammatory activation by
coculturing the injured neurons with primary cultured mouse
microglia. Immediately after the needle scratch procedure, the
naive microglia (cultured with transwell insert) were moved
onto the wells of the injured neuronal cultures, and cocultured
for 24 h (Fig. 1A). Sister cultures of microglial cells treated
with HMGBI or LPS served as positive controls of inflamma-
tory activation (Fig. 1D; Extended Data Fig. 1-1). Our results
showed that after 24 h cocultured, NSN-induced microglia
(NCAM) displayed an amoeboid morphology with visible
deramification and enlarged cell bodies, which is similar to
the morphologic alterations under exposures with HMGBL1 or
LPS. Microglia cultured with control normal neurons (CM)
displayed a typical ramified morphology (Fig. 1D). Moreover,
microglia cocultured with injured neurons displayed signifi-
cant increases in protein levels of inflammasome component
NLRP3 and NF«B activation marker p-p65 (Fig. 1E), as well
as increased mRNA levels of pro-inflammatory cytokines IL-
1B, IL-6, and TNF« (Fig. 1F), which were also observed in naive
neuron cocultured microglia exposed by HMGBI and LPS (Fig.
1E,F). These inflammatory activation responses of microglia
cocultured with injured neurons were consistent with cultured
microglia treated with positive control stimulators, including
HMGBL1 and LPS, suggesting a pro-inflammatory phenotype.

Activated microglial cells induce neurodegeneration

The third stage used the activated microglia to induce neuronal
toxicity. Activated microglia (cultured with transwell insert) were
moved into the wells of naive primary neuronal cell cultures. After
48 h, we observed a significantly lower dendritic intersection
number (Fig. 1G,H) and decreased neurite lengths for the
cocultured naive neurons (Fig. 1G,H). Moreover, the MTT
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assay showed that coculture significantly induces neurotoxic-
ity (Fig. 1I), demonstrating the successful establishment of the
in vitro TBI model of pro-inflammatory activation of micro-
glia, which can trigger neurodegeneration.

Comparable pro-inflammatory gene profiling of the in vitro
TBI model of microglial activation with the brain microglia
of TBI mice

To evaluate the newly established in vitro TBI model of micro-
glial activation, we compared the pro-inflammatory profiles
between two microglial cell groups, including activated micro-
glia at 24 h after cocultured with the needle scratch-injured
neurons in vitro (Fig. 2A) and isolating brain microglia at 24 h
after TBI in mice (Fig. 2B). Cytokine array (with a capacity of
detecting 40 mouse cytokines and chemokines) results showed
elevation of 19 pro-inflammatory cytokines and chemokines
in the in vitro activated microglia, and 22 in brain isolated
microglia of TBI mice, compared with their normal controls.
Notably, 15 elevated cytokines and chemokines overlapped
from the in vitro (Fig. 2C) and in vivo (Fig. 2D) derived micro-
glia, including IL-1¢, IL-13, IL-1re, IL-2, IL-16, IL-23, CXCL10,
CXCL1, CCL2, CCL3, CXCL2, CCL5, CXCL12, TIMP-1, and
TNFq, although the relative fold changes of some pro-inflamma-
tory cytokines in the two models are not comparable (Extended
Data Fig. 2-1). qRT-PCR further validated these observations in
NCAM (Extended Data Fig. 2-2) and TBI microglia (Extended
Data Fig. 2-3). Moreover, immunostaining analysis of NLRP3
inflammasome, a biomarker of pro-inflammatory activated micro-
glia after TBI [40], demonstrated that NLRP3 was robustly induced
in the in vitro microglial activation TBI model (Fig. 1D,E) and in
the brain microglia at 24 h after TBI (Extended Data Fig. 2-4).
These results demonstrate that the early pro-inflammatory profile
of microglia activation in our newly established in vitro TBI model
is similar to the activated microglia after TBI in mice.

Validation and definition of the role of the neuronal death-
derived DAMPs in the in vitro TBI model of microglial
activation

In the second set of experiments, we applied this in vitro TBI
model to validate the role of two neuronal death-derived DAMPs,
including ATP and HMGB], in triggering pro-inflammatory acti-
vation (Weber et al., 2015). As expected, we observed that needle
scratches increased the release of ATP (Fig. 3A) and HMGBI (Fig.
3B) from the injured neurons. Next, we determined the effect
of P2X7R antagonist (A804598) and TLR4 specific inhibitor
(TAK242) on ATP and HMGB1-mediated microglial activa-
tion by quantitative examinations of NF«xB activation, NLRP3
inflammasome, and pro-inflammatory cytokine production (Fig.
3C). The results showed that TAK242 or A804598 exposure sig-
nificantly attenuate needle scratch neuronal injury-induced
NEkB (p-P65) levels (Fig. 3D; Extended Data Fig. 1-1), NLRP3
expression (Fig. 3D,E; Extended Data Fig. 1-1), and pro-inflam-
matory cytokine mRNA expression, including TNFa, IL-6, and
IL-1B3 (Fig. 3F) in the activated microglia. TAK242 or A804598
exposure has no effect on pro-inflammatory cytokines expres-
sion and viability (Extended Data Fig. 3-1) of the naive neuron-
cocultured microglia (CM). To exclude the anti-inflammatory
effects of TAK242 or A804598 on microglia not through acting
on injured neurons in the coculture model system, we also col-
lected the media of needle scratch-injured neurons at 24 h after
injury and transferred to naive microglia cultures with or with-
out the addition of A804598 or TAK242, for another 24 h. As
expected, the collected medium from injured neurons significantly
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Figure 2.  The effect of NSN and TB1 on microglia pro-inflammatory profiles. A, Scheme for preparing NCAM to analyze pro-inflammatory profile. B, Scheme for preparing brain microglia to

analyze pro-inflammatory profile. C, Representative cytokines profile array and quantitative analysis in NCAM at 24 h after coculture with NSN. n=3. Student’s ¢ test. B11, B12: CCL11, p =
0.025; B13, B14: sICAM1, p = 0.033; B17, B18: IL-1ex, p = 0.03; B19, B20: IL-13, p=0.004; B21, B22: IL-1ra, p = 0.039; B23, B24: IL-2, p = 0.018; (7, (8: IL-6, p=0.007; C17, (18: IL-16,
p=0.013; 21, (22: IL-23, p=0.004; D1, D2: CXCL10, p < 0.0001; D5, D6: CXCL1, p = 0.004; D9, D10: CCL2, p = 0.003; D15, D16: CCL3, p << 0.0001; D17, D18: CCL4, p = 0.036; D19, D20:
(XCL2, p=0.031; D21, D22: CCL5, p = 0.003; D23, D24: CXCL12, p = 0.007; E3, E4: TIMP-1, p = 0.002; E5, E6: TNFex, p = 0.006. Data are mean == SEM. *p << 0.05. For the analysis of the rela-
tive fold change of pro-inflammatory cytokines in NCAM and TB1-activated microglia, see Extended Data Figure 2-1. For validating the effect of NSN coculture on microglial pro-inflammatory
cytokine expression, see Extended Data Figure 2-2. D, Representative cytokines profile array and quantitative analysis in isolated brain microglia at 24 h after TB1. n=3. Student’s t test. B3,
B4: (5/(5a, p = 0.023; B13, B14: sICAM1, p = 0.018; B17, B18: IL-1a, p=0.008; B19, B20: IL-18, p=0.011; B21, B22: IL-Tra, p =0.006; B23, B24: IL-2, p =0.006; C17, C18: IL-16,
p=10.012; 21, (22: IL-23, p=10.002; D1, D2: CXCL10, p < 0.0001; D5, D6: CXCL1, p=10.013; D9, D10: CCL2, p=0.026; D15, D16: CCL3, p=0.017; D19, D20: CXCL2, p = 0.017; D21, D22:
(CL5, p=0.011; D23, D24: (XCL12, p=0.041; E3, E4: TIMP-1, p = 0.001; E5, E6: TNFcy, p =0.046. E7, E8: TMEM-1, p = 0.02. Data are mean = SEM. *p << 0.05. For validating of the effect of
TB1 on microglial pro-inflammatory cytokines expression, see Extended Data Figure 2-3. For determining the effect of TB1 on microglial NLRP3 activation, see Extended Data Figure 2-4.

elevated IL-13, IL-6, and TNFa mRNA levels of microglial cultures
but was significantly attenuated by A804598 or TAK242, respec-
tively, demonstrating the direct actions of A804598 or TAK242 on
the microglial cells (Extended Data Fig. 3-2). Together, this in vitro
TBI model validates the key role of neuronal death-derived DAMPs
in mediating microglial activation.

Microglial metabolic profiling in the in vitro TBI model of
microglial activation

Next, by using this newly established in vitro TBI model,
we further characterized the metabolic profile of microglia

and elucidated the role of metabolic reprogramming in
mediating their pro-inflammatory activation and associated
neurodegeneration.

Needle scratch-injured neuron cultures elevate cellular metabo-
lites of glycolysis and TCA cycle metabolism of the cocultured
microglia in the in vitro TBI model

We first analyzed the metabolic profile of the in vitro acti-
vated microglia by LC-MS/MS-based quantification of tar-
geted intracellular metabolites. Notably, activated microglial
cells, sampled at 6 h after coculture with the injured neurons
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Figure 3.  ATP/P2X7R and HMGB1/TLR4 signaling mediated NSN-induced pro-inflammatory microglial activation. A, Extracellular ATP (eATP) levels in the medium of NSNs were determined
by extracellular ATP assay at the indicated time point. n = 3. One-way ANOVA with Bonferroni post hoc test. F7 15) = 7.057, p=0.0006. 0.5 h versus 0 h: t=3.855, p =0.001;1 h versus 0 h:
t=3.055, p=10.049; 2 h versus 0 h: t = 4.513, p=0.0025; 4 h versus 0 h: t = 6.075, p << 0.0001; 6 h versus 0 h: t = 5.375, p << 0.0001; 12 h versus 0 h: t = 5.12, p << 0.0001; 24 h versus
0 h: t = 3.713, p=0.0132. Data are mean = SEM. *p << 0.05, **p << 0.01, ***p < 0.001 versus 0 h. B, HMGB1 protein levels in the medium of NSN were determined by HMGB1 ELISA at
the indicated time point. n = 4. One-way ANOVA with Bonferroni post hoc test. (s 15 = 24.22, p << 0.0001. 1 h versus 0 h: t =2.5755, p =0.043; 2 h versus 0 h: t =3.236, p=0.023; 6 h ver-
sus 0 h: t = 4.660, p=0.001; 12 h versus 0 h: t = 7.346, p << 0.0001; 24 h versus 0 h: t = 8.73, p << 0.0001. Data are mean = SEM. *p << 0.05, **p << 0.01, ***p << 0.001 versus 0 h. C,
Scheme for treating NCAM with TAK242 (1 zum) or A804598 (10 rum) (resting microglia were pretreated with TAK242 or A804598 for 1 h before coculture, and NCAM was further treated with
TAK242 or A804598 for 24 h). D, Representative Western blotting analysis of NLRP3, p-P65, and P65 protein levels in NCAM with or without treatment with TAK242 or A804598. 3 -actin
served as an equal loading control. n = 4. One-way ANOVA with Bonferroni post hoc test. NLRP3: (3 15) = 19.02, p << 0.0001. NCAM versus CM: ¢ = 7.231, p << 0.0001; NCAM+TAK242 versus
NCAM: t = 5.491, p=0.001; NCAM+A804598 versus NCAM: t = 4.485, p =0.0045. Data are mean = SEM. p-P65: F(3 15 = 22.96, p << 0.0001. NCAM versus CM: t = 8.213, p << 0.0001;
NCAM-+TAK242 versus NCAM: t = 5.119, p = 0.0015; NCAM-+A804598 versus NCAM: t = 4.685, p =0.0033. Data are mean = SEM. ***p << 0.001 compared with (M. *p < 0.01 compared
with NCAM. For the original images of Western blotting analysis of NLRP3, p-P65, P65, and [3-actin in Figure 3D; see also Extended Data Figure 1-1. E, Representative immunofluorescent
staining of NLRP3 and IBA1 in NCAM with or without treatment with TAK242 or A804598. Scale bar, 25 um. F, qRT-PCR analysis of mRNA levels of /L-1/3, IL-6, and TNFcx in NCAM with or
without treatment with TAK242 or A804598. n = 4. One-way ANOVA with Bonferroni post hoc test. IL-183: f315 = 20.10, p << 0.0001. NCAM versus CM: ¢ = 7.391, p << 0.0001; NCAM-+TAK242
versus NCAM: t = 5.760, p << 0.0001; NCAM+A804598 versus NCAM: t = 4.377, p=0.0054; IL-6: (315 = 10.31, p=10.0012. NCAM versus CM: ¢ = 5.465, p = 0.0009; NCAM+TAK242 versus
NCAM: t = 3.608, p = 0.0215; NCAM+A804598 versus NCAM: ¢ = 3.189, p = 0.0467; TNFar: F3.17 = 31.53, p << 0.0001. NCAM versus (M: t = 9.270, p << 0.0001; NCAM+TAK242 versus NCAM:
t = 6.942, p < 0.0001; NCAM+A804598 versus NCAM: t = 4.381, p = 0.0254. Data are mean = SEM. ***p << 0,001 compared with (M. *p << 0.05, #p < 0.01, #p < 0.001 compared with
NCAM. For determining the effect of TAK242 and A804598 on naive-neuron cocultured microglial pro-inflammatory cytokines and viability, see Extended Data Figure 3-1. For determining the effect
of NSN conditional medium on P2X7R and TLR4 signaling-mediated pro-inflammatory cytokines expression in microglia, see Extended Data Figure 3-2.

(Fig. 4A), exhibited a significant increase of glycolytic inter- ~ particularly more pronounced for citrate and aconitate (Fig.
mediates, including lactate, pyruvate, 3-phosphoglycerate,  4B). These results indicated that the microglia cocultured
and phosphoenolpyruvate (Fig. 4B). Additionally, there was ~ with NSNs triggered increases in both cellular glycolysis and
a dramatic increase in intracellular TCA cycle metabolites,  mitochondrial TCA cycle activity.
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p>>09999 (M + 3); t = 2421, p = 0.1392 (M + 4); t = 3.228, p = 0.0170 (M + 5); t = 0.000, p > 0.9999 (M + 6); a-KG: F(535) = 9.797, p << 0.0001. NCAM versus CM: t = 0.5214,
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Needle scratch-injured neuron cultures increase glucose-derived
glycolysis and TCA cycle fragmentation of the cocultured micro-
glia in the in vitro TBI model

We further analyzed the metabolic flux of glucose through the TCA
cycle using a U-">C-glucose tracer (Fig. 4C). Our experimental
results showed significant increases in the U-""C-glucose-derived
fructose-1,6-bisphosphate M + 6 isotopologue, 3-phosphoglycerate
M + 3 isotopologue, and lactate M + 3 isotopologue (Fig. 4D),
demonstrating an increased glycolytic flux in the NCAM.
Moreover, we also analyzed glucose-derived oxidative TCA
cycle flux in the activated microglia by determining isotopologues
of citrate, @-KG, and malate. We found an increase of U-">C-glu-
cose-derived M + 2 isotopologues of citrate and a-KG, but no sig-
nificant effect on the malate M + 2 isotopologue was detected
(Fig. 4E), indicating an increase of glucose-derived oxidative TCA
cycle flux, but there was a truncated TCA cycle that might occur
at the downstream of a-KG of the activated microglia.

Needle scratch-injured neuron cultures promote glutaminolysis
and glutamine reductive metabolism of the cocultured microglia
in the in vitro TBI model

We also analyzed the metabolic flux of glutamine with U-'*C-
glutamine tracer in microglia at 6 h after cocultured with the
injured neuron cultures (Fig. 4F). We observed that the produc-
tion of the U-">C-glutamine-derived M + 5 isotopologues of
a-KG was significantly increased, suggesting elevated glutami-
nolysis in NCAM. Moreover, M + 4 isotopologues of citrate and
malate, and M + 3 isotopologue of a-KG and glutamate were
not significantly changed, suggesting that NSN coculture has no
significant effect on glutamine-derived oxidative metabolism of
the TCA cycle in microglia (Fig. 4G). However, there were signif-
icant increases of U-">C-glutamine-derived M + 5 isotopologues
of citrate, and M + 3 isotopologues of malate, suggesting an
increase in glutamine-dependent reductive carboxylation of a-KG
(reductive IDH flux) in NCAM (Fig. 4G). Last, analysis of relative
fluxes determined an increase in reductive IDH flux, while the oxi-
dative TCA cycle flux and cycling through the TCA cycle were not
altered (Fig. 4H). These results suggested a significant increase in
glutamine reductive metabolism in the NCAM.

Microglial glycolysis elevation leads to the pro-inflammatory
activation of microglia and the activation-associated
neurodegeneration in the in vitro TBI model

Cellular glycolysis elevation leads to the pro-inflammatory
activation of microglia in the in vitro and in vivo TBI model

Our earlier experiments identified metabolic shifts in the acute
phase of activated microglia, such as the elevation of glycolysis.
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p>>09999 (M + 0); t = 2.085, p=0.2651 (M + 1); t = 1.216, p > 0.9999 (M + 2); t =
1912, p = 03834 (M +3); t = 0.5214, p>0.9999 (M + 4); t = 6.256, p << 0.0001
(M + 5); malate: fs30) = 2.679, p=0.0507. NCAM versus CM: t = 0.5244, p > 0.9999
(M+0); ¢t =1.049, p>09999 M+ 1); t = 1223, p>09999 M+ 2); t = 2.797,
p=00446 (M+3); t = 0.1748, p>0.9999 (M + 4); glutamate: Fi535 = 5.669,
p=0.0006. NCAM versus CM: t = 3.036, p = 0.0266 (M + 0); t = 0.3795, p > 0.9999
(M+1); t = 03795 p>0.9999 (M + 2); t = 1.138, p>0.9999 (M + 3); t = 03795,
p>0.9999 (M + 4); t = 4174, p = 0.0011 (M + 5). Data are mean = SEM. *p < 0.05,
*¥p < 0.01, ***p << 0.001 versus CM. H, Determination of relative reductive IDH flux based
on U-"C-glutamine labeling: ratio of M5 citrate/M5 glutamate; determination of oxidative
TCA cydle activity based on U-"C-glutamine labeling: ratio of M4 citrate/M5 glutamate;
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cycling through TCA cycle: t=1569, p = 0.1677 versus (M. Data are mean * SEM.
*¥*p < 0.05 versus (M.
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To determine the functional consequences of this shift, we
applied pharmacological approaches to test whether block-
ing glycolysis elevation can inhibit microglial pro-inflam-
matory activation and alter their functional phenotype in
our newly established model.

Activated microglia cells were treated with or without a selec-
tive glycolysis inhibitor 3PO (10 um) for 6 h (Fig. 5A), Seahorse
glycolytic stress assays showed that NSN conditional medium
significantly triggered glycolysis elevation in microglia; how-
ever, 3PO attenuated the increased glycolysis activity (Fig.
5B). Subsequently, microglia cells were cocultured with NSN
and treated with 3PO (10 um) for 24 h (Fig. 5C) significantly
inhibited their pro-inflammatory activation, reflected by re-
duced NFkB activation (Fig. 5D; Extended Data Fig. 1-1)
and NLRP3 inflammasome activation (Fig. 5D,E; Extended
Data Fig. 1-1). The microglial pro-inflammatory activation
inhibition of 3PO was further validated by the detected de-
creases of mRNA expression of pro-inflammatory cytokines
IL-18, IL-6, and TNF« (Fig. 5F). 3PO treatment can attenu-
ate pro-inflammatory cytokines expression IL-13 and TNF«
but does not affect the viability (Extended Data Fig. 3-1) of
the naive neuron-cocultured microglia (CM), supporting the
key role of glycolysis in controlling pro-inflammatory cyto-
kine production in microglia.

Interestingly, we also observed that inhibition of TLR4
by TAK242 attenuated glycolysis activity in the conditional
medium-transfer experiment (Extended Data Fig. 5-1). These
results demonstrate that the metabolic shift toward increased
glycolysis leads to the pro-inflammatory activation of NCAM.
To further validate the role of glycolysis in controlling pro-
inflammatory activation of brain microglia, 3PO or vehicle
was administrated into the CCI model, and glycolysis of
brain microglia collected at 4 h after TBI was examined. We
observed significantly increased glycolysis and glycolysis
capacity in isolated brain microglia, but 3PO can significantly
attenuate TBI-induced glycolysis in isolated brain microglia
(Extended Data Fig. 5-2). Consistently, 3PO administration
significantly reduced the mRNA levels of pro-inflammatory
cytokines, including IL-6, IL-13, and TNFa (Extended Data
Fig. 5-3). Together, these data suggested that cellular glycoly-
sis elevation leads to the pro-inflammatory activation of
microglia in the in vitro and in vivo TBI model.

Cellular glycolysis elevation leads to the microglial pro-inflam-
matory activation-associated neurodegeneration in the in vitro
TBI model

It has been proposed that the early pro-inflammatory activation
of microglia after TBI causes neurodegeneration (Donat et al.,
2017), but whether the metabolic shift-derived microglial pro-
inflammatory activation contributes to the direct neurotoxicity
of the nearby neurons has not been defined. In this experiment,
at Stage 3 of the in vitro model, NCAMs with or without 3PO
exposures were transferred into cultures of pEGF-C1 transfected
naive neurons for 48 h (Fig. 5G). The pEGFP-C1 transfected
neurons (Fig. 5H) were captured by fluorescent microscope and
analyzed by Image] software loaded with Sholl analysis and sim-
ple neurite tracer analysis (Fig. 5I). The results showed that
NCAM treated with 3PO significantly increased dendritic inter-
sections and length (Fig. 5]) and significantly reduced NCAM-
mediated neurotoxicity of primary cultured neurons compared
with NSN-activated microglia alone (Fig. 5K). Collectively, these
results suggest that the microglial metabolic shift toward cellular
glycolysis elevation is a key pathogenic mechanism in controlling
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Figure 5.  Glycolysis promotes activation of NCAM and inhibition of glycolysis in NCAM attenuates NCAM-induced neuronal injury. A, Scheme for cell treatment to analyze glycolysis of NSN
conditioning medium-activated microglia. B, ECAR of NCAM treated with 3P0 (10 wm) for 6 h after sequential addition of glucose (Glu), oligomycin (Oligo), and 2-DG. n = 4. Two-way ANOVA
with Bonferroni post hoc test. F(427) = 6.305, p = 0.001. Glycolysis: NCAM versus CM: ¢ = 5557, p << 0.001; NCAM + 3P0 versus NCAM: t = 5.274, p << 0.007; glycolytic capacity: NCAM versus
(M: t = 11.21, p < 0.001; NCAM + 3P0 versus NCAM: t = 9.715, p << 0.001; glycolytic reserve: NCAM versus CM: t = 5.653, p << 0.001; NCAM + 3P0 versus NCAM: t = 4.442, p < 0.001.
Data are mean == SEM. ***p << 0,001 versus CM. “*p << 0.001 compared with NCAM. For determining the effect of P2X7R and TLR4 signaling on glycolysis in microglia treated with NSN con-
ditional medium, see Extended Data Figure 5-1. For determining the effect of 3P0 on glycolysis in microglia after TB1, see Extended Data Figure 5-2. €, Scheme for cell treatment to measure
the pro-inflammatory profile of NCAM. D, Representative gel images of Western blotting analysis of NLRP3, p65, and p-P65 in NCAM, which were treated with 3P0 (10 m) for 24 h. B-Actin
served as an equal loading control. n= 4. One-way ANOVA with Bonferroni post hoc test. NLRP3: F(5.q) = 17.89, p=0.0007. NCAM versus CM: t = 5.499, p = 0.0011; NCAM + 3P0 versus
NCAM: t = 4.789, p = 0.0030; p-p65: Fp.q = 11.71, p=0.0031. NCAM versus CM: t = 4.739, p = 0.0032; NCAM + 3P0 versus NCAM: t = 3.221, p = 0.0314. Data are mean = SEM.
*%p < 0,01 versus (M. *p < 0.05, *p << 0.01 versus NCAM. For the original images of Wester blotting analysis of NLRP3, p-P65, P65, and /3-actin in Figure 50, see also Extended Data
Figure 1-1. E, Representative coimmunostaining of IBAT and NLRP3 in NCAM, which were treated with 3P0 (10 wm) for 24 h. Scale bar, 25 um. F, qRT-PCR analysis of mRNA levels of IL-113,
IL-6, and TNFa in NCAM, which were treated with 3P0 (10 wm) for 24 h. n= 4. One-way ANOVA with Bonferroni post hoc test. IL-18: Fpq = 14.31, p=0.0016. NCAM versus CM: ¢ =
5.069, p = 0.0020; NCAM + 3P0 versus NCAM: t = 4.013, p = 0.0092; IL-6: F5 9y = 16.58, p << 0.001. NCAM versus CM: ¢ = 5.561, p = 0.001; NCAM + 3P0 versus NCAM: t = 4.072, p =
0.008; TNFar: Fip )= 18.21, p << 0.001. NCAM versus (M: ¢ = 5.731, p << 0.001; NCAM + 3P0 versus NCAM: ¢ = 4.502, p = 0.004. Data are mean = SEM. **p <<0.01, ***p << 0.001 versus
(M. #p < 0.05 versus NCAM. For determining the effect of 3P0 on naive-neuron cocultured microglial pro-inflammatory cytokines and viability, see Extended Data Figure 3-1. For determining
the effect of 3P0 on pro-inflammatory cytokine expression in microglia after TB1, see Extended Data Figure 5-3. G, Scheme for neurite analysis and MTT analysis of neurons after coculturing
with NCAM with or without treatment of 3P0 (10 wm). H, Naive cortical neurons were transfected with pEGFP-C1 vector for 24 h, followed by coculture with NCAM on inserts for 48 h. Images
are representative photographs of GFP-transfected neurons. Scale bar, 50 m. I, Total dendritic complexity was analyzed using ImageJ software loaded with the Sholl analysis plug-in and the
simple neurite tracer analysis plug-in. J, The number of total dendritic intersections and lengths were quantified. n =8 neurons per group. Student’s ¢ test. Sum of total dendritic intersections:
t=4.611, p=0.0004 versus NCAM; dendritic length: t =3.226, p = 0.0061 versus NCAM. Data are mean = SEM. **p << 0.01 compared with NCAM. K, Cell viability was determined by MTT
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the inflammatory phenotype of microglia, which also functions
in mediating neurotoxicity in the in vitro TBI model of micro-
glial activation.

Discussion

In this study, we successfully established a novel in vitro model
of microglial activation in TBIL By applying this in vitro model,
we validated that its pro-inflammatory gene expression pro-
file is similar to the in vivo post-TBI microglial pro-inflam-
matory activation. We also characterized metabolic profiles
of the pro-inflammatory activated microglia, and defined
the role of elevated glycolysis in mediating microglial pro-
inflammatory activation and associated neurodegeneration.
We believe this newly established in vitro model provides a
novel and highly translational platform for investigations of
primary neuronal injury-induced acute microglial activa-
tion and the activation-associated neurodegeneration after
TBI.

Although stretch, blast, compression, scratch, shear and fluid
percussion injury are the most commonly used mechanical force
on the cultured neurons or vascular endothelial cells as in in vitro
models of TBI (Wu et al., 2021) and oxygen/glucose deprivation
were also used as an in vitro TBI model of vascular endothelial
cell injury (Salvador et al., 2015), an in vitro TBI model to closely
mimic microglial pro-inflammatory activation and associated
neurodegeneration is still lacking. Therefore, the present study
aimed to establish a new in vitro TBI model of microglial activa-
tion. Our model is different from other existing TBI in vitro
models in (1) we used primary neuron and microglial cocultures;
(2) we used needle scratch injury to mimic primary mechanical
brain injury; (3) the injured neuronal cultures serve as post-TBI
environmental conditions to trigger cocultured microglial activa-
tion; and (4) microglial function in mediating neurodegeneration
can be also tested in the new model. Through pro-inflammatory
cytokines array, we detected increases of some pro-inflammatory
cytokines of both the microglia in in vitro and in vivo TBI model,
suggesting that the in vitro microglial activation model has cer-
tain transparency for the in vivo microglial activation after TBI.
However, there are some different cytokine expression patterns
between the two models, indicating the fact that the in vitro
model cannot completely replicate the in vivo microglial activa-
tion responses after TBI. Indeed, it is impossible to make a sim-
ple in vitro or in vivo model to truly mimic the complex
pathophysiology of TBI. It is worth noting that heterogeneity is
the key feature of human TBI (Covington and Duff, 2021); the
currently available animal TBI models can only partially recap-
ture some aspects of human TBI pathophysiology (Namjoshi et
al.,, 2014). Furthermore, microglial activation after TBI is com-
plex and dynamic (G. Wang et al., 2013; Gottlieb et al., 2022). In
our in vitro TBI model of neuron-microglia coculture system,
the neurons were first subjected to needle-scratched injury,
which may mostly mimic contusion with moderate/severe TBI
(Morrison et al., 2011; Kumaria, 2017). One advantage afforded
by this new in vitro model is that different primary injury models
could be incorporated to investigate corresponding injury-asso-
ciated TBI pathophysiology. For example, needle scratch injury
of neurons could be replaced by shear injury, stretch injury, or
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compression injury, etc. Moreover, the injury severity of neuron
cultures can also be well controlled.

Next, we evaluated this newly established in vitro model
by determining the effect of neuronal-released ATP and
HMGBI, which are two of the most studied DAMPs and
were initially released by the injured neurons (Wofford et al.,
2019). Moreover, it has been proposed that ATP or HMGBI
can directly cause microglial activation via the receptors
P2X7R (Davalos et al., 2005) or TLR4 (Simon et al., 2018),
respectively, after TBI. However, this remains to be further
elucidated. By using the new in vitro model, we found that
the released extracellular ATP and HMGBI1 from NSN can
trigger the pro-inflammatory activation of microglia, and
P2X7R antagonist (A804598) or TLR4 specific inhibitor (TAK242)
exerts inhibitory roles in NSN-induced microglial pro-inflam-
matory activation. These results demonstrate that ATP/
P2X7R and HMGB1/TLR4 signaling axes play key roles in
the in vitro TBI model of microglial activation and provide
experimental evidence that the primary neuronal injury-
released ATP and HMGBI trigger the early pro-inflamma-
tory activation of brain microglial after TBI. Therefore, this
newly established in vitro TBI model enables us to better
define and elucidate the specific roles and signaling mecha-
nisms in conjunction with specific genetic and pharmaco-
logical approaches.

Microglial metabolic reprogramming has been proposed as
the convergence point of pathways and mechanisms underlying
the pro-inflammatory activation of microglia (Bernier et al,
2020a; S. Yang et al., 2021). However, the alterations of microglia
cellular metabolism and its consequences after neurologic disor-
ders, including TBI, remain poorly known (Shi et al., 2020). The
major reason is the lack of analytical approaches for the cellular
metabolic profile of the single-cell population in the brain. In
this in vitro TBI model, for the first time, we applied comprehen-
sive metabolic analysis approaches, including LC-MS/MS-based
metabolomics, isotope tracing, and Seahorse analyzer. We found
that injured neuron cultures lead to a metabolic shift of microglia
toward increases in glycolysis, glutaminolysis, and glutamine
reductive metabolism, which is consistent with the in vivo
observation that activated microglia increased utilization of
glucose and glutamine (Bernier et al., 2020b). Moreover, we
demonstrated that the pro-inflammatory-activated NCAM
exhibit an increased truncated TCA cycle that might occur
downstream of @-KG in this in vitro model. Earlier studies
reported that the truncated TCA cycle is an important char-
acteristic of activated dendritic cells (DCs) and macrophages
(Martinez-Reyes and Chandel, 2020). In the truncated TCA
cycle, glycolysis or glutaminolysis-derived citrate can exit the
mitochondria to cytosol, where citrate can be cleaved to ox-
aloacetate and acetyl-CoA. The cytosolic acetyl-CoA can
further contribute to fatty acid synthesis and protein acety-
lation, both of which contribute to immune cell activation
(Williams and O’Neill, 2018). Therefore, our new findings
suggest that the truncated TCA cycle, accompanied by increased
glycolysis and glutaminolysis, may lead to citrate accumulation
and activation of NCAM. However, the roles and molecular
mechanisms of glycolysis, glutaminolysis, and truncated TCA
cycle on modulating microglial activation and function need to
be elucidated in both this in vitro TBI model and in vivo TBI in
the future.

Although it has been suggested that glycolysis is increased in
microglia after TBI (Shi et al., 2020), and inhibition of glycolysis
can ameliorate microglial activation-related neuroinflammatory
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diseases (Cheng et al.,, 2021b), whether inhibition of glycolysis
can attenuate microglia pro-inflammatory activation and medi-
ated neurodegeneration in TBI remains unclear. By using this
new in vitro model, we tested the effects of glycolysis inhibitor
3PO, further validated and defined the crucial role of glycolysis
elevation in promoting microglial pro-inflammatory activation
and mediated neurodegeneration. Interestingly, we found that
TLR4 inhibitor TAK242 treatment also significantly attenuates
NSN-induced glycolysis in microglia, which is consistent with
previous observations (Lauterbach et al., 2019) that TLR4 is a
key receptor in eliciting aerobic glycolysis, indicating that glycol-
ysis could be a central hub for connecting pro-inflammatory
receptors to downstream signaling pathways. Importantly, our
experimental findings also suggest that inhibiting the glycolytic
increase of TBI-activated microglia may be a potential thera-
peutic avenue to restrict activation-mediated neurodegener-
ation after TBI; this notion is supported by a recent study
reporting that glycolytic inhibitor 2-DG significantly inhibited
neuronal injury induced by microglial conditioned media
(Cheng et al., 2021b). Therefore, we believe that this in vitro
TBI model of microglial activation is an advantageous tool for
testing cellular metabolic disturbance-induced microglial acti-
vation and mediated neurodegeneration.

We are aware that there are several caveats. First, this in vitro
model involves neuron-microglia cocultures, but they are not
physically contacted between neurons and microglia, which may
limit testing the role of microglial phagocytosis on injured
neurons after TBI. Second, this new in vitro model may not
be applicable to mimic all different types of TBI. The com-
plexity of injuries and associated underlying mechanisms of
TBI makes it difficult for a single in vitro model to be repre-
sentative of all facets of the injury response (Enriquez and
Bullock, 2004; Raghupathi, 2004). Third, the pro-inflamma-
tory response of NCAM in in vitro TBI model still needed
to be further investigated and detailed; it would be very in-
formative to compare the cytokine/chemokine profiles between
NCAM, microglia from TBI brains, and HMGBI1 or LPS-acti-
vated microglia to confirm that the NCAM has a cytokine/che-
mobkine profile closer to microglia from TBI brains. Fourth, the
comprehensive comparison of metabolic profile between NCAM
and TBI microglia would be helpful to further evaluate the in
vitro model of TBI. We will further determine the metabolic
profile of microglia, and validated whether microglial glycol-
ysis plays a key role in controlling microglial activation and
mediated secondary neuronal injury in the CCI model in our
next study. Fifth, although the excess pro-inflammatory acti-
vation of microglia is neurotoxic (Polazzi and Contestabile,
2002), microglia also execute crucial functions toward limiting
brain injury and neuro-repair (Jassam et al., 2017). However, this
in vitro model is suited for investigating the role of activated
microglia in mediating neuronal recovery/regeneration. Exploring
the important neuroprotective aspects of microglial func-
tion is worthy of establishing a new specific in vitro model
by altering this existing platform.

In summary, this in vitro TBI model provides an advanced
and highly translational platform for dissecting cellular in-
teractions in the pathologic processes of primary neuronal
injury-microglial activation-neuronal degeneration cascade,
and elucidating the detailed underlying cellular and molecu-
lar insights after TBI.

In conclusion, we newly established, characterized, and
applied a microglial activation in vitro TBI model for studying
neuroinflammation-associated secondary injury mechanisms
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after TBIL. This in vitro model can be used to dissect the effect
of damaged neurons on microglial activation, and the specific
role of the reactive microglia in mediating neurodegeneration.
This in vitro model would be a powerful tool to investigate the
underlying metabolic and molecular mechanisms which con-
tribute to the microglial proinflammatory activation-derived
progressive secondary injury mechanisms following TBI.
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