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Traumatic brain injury is an important risk factor for development of Alzheimer’s disease and dementia.
Unfortunately, no effective therapies are currently available for prevention and treatment of the traumatic brain in-
jury-induced Alzheimer’s disease-like neurodegenerative disease. This is largely due to our limited understanding of
the mechanisms underlying traumatic brain injury-induced neuropathology. Previous studies showed that pharma-
cological inhibition of monoacylglycerol lipase, a key enzyme degrading the endocannabinoid 2-arachidonoylglycerol,
attenuates traumatic brain injury-induced neuropathology. However, the mechanism responsible for the neuropro-
tective effects produced by inhibition of monoacylglycerol lipase in traumatic brain injury remains unclear.
Here we first show that genetic deletion of monoacylglycerol lipase reduces neuropathology and averts synaptic and
cognitive declines in mice exposed to repeated mild closed head injury. Surprisingly, these neuroprotective effects re-
sult primarily from inhibition of 2-arachidonoylglycerol metabolism in astrocytes, rather than in neurons. Single-cell
RNA-sequencing data reveal that astrocytic monoacylglycerol lipase knockout mice display greater resilience to trau-
matic brain injury-induced changes in expression of genes associated with inflammation or maintenance of brain
homeostasis in astrocytes and microglia. The monoacylglycerol lipase inactivation-produced neuroprotection is abro-
gated by deletion of the cannabinoid receptor-1 or by adeno-associated virus vector-mediated silencing of astrocytic
peroxisome proliferator-activated receptor-c. This is further supported by the fact that overexpression of peroxisome
proliferator-activated receptor-c in astrocytes prevents traumatic brain injury-induced neuropathology and impair-
ments in spatial learning and memory.
Our results reveal a previously undefined cell type-specific role of 2-arachidonoylglycerol metabolism and signalling
pathways in traumatic brain injury-induced neuropathology, suggesting that enhanced 2-arachidonoylglycerol sig-
nalling in astrocytes is responsible for the monoacylglycerol lipase inactivation-produced alleviation of neuropathol-
ogy and deficits in synaptic and cognitive functions in traumatic brain injury.
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Introduction
Traumatic brain injury (TBI) resulting from external physical
forces that cause damage to the brain is a serious worldwide public
health problem. The severity of a TBI may range from mild to mod-
erate to severe. Mild TBI, which includes concussion/subconcus-
sion, accounts for �80% of all TBIs seen in the clinic.1,2 Repeated
mild brain injury may lead to neurodegenerative disease.2,3 The
features of the clinical symptoms and neuropathological changes
in TBI are similar to those seen in Alzheimer’s disease,4–7 suggest-
ing a close link between TBI and Alzheimer’s disease.8,9

Unfortunately, no effective therapies are currently available for
prevention and treatment of TBI-induced Alzheimer’s disease-like
neurodegenerative disease.4,10 This is largely due to our limited
understanding of the mechanisms underlying TBI-induced
neuropathology.

The endocannabinoid system, which consists of endocannabi-
noids, endocannabinoid receptors (CB1R and CB2R) that are tar-
geted by D9-tetrahydrocannabinol (the primary psychoactive
ingredient in marijuana), the enzymes that synthesize and de-
grade endocannabinoids, and transporters, is involved in a variety
of physiological, pharmacological, and pathological processes. 2-
Arachidonoylglycerol (2-AG), which is primarily synthesized from
diacylglycerol by diacylglycerol lipases (DAGLa and b), is the most
abundant endogenous cannabinoid displaying anti-inflammatory
and neuroprotective properties in response to proinflammatory,
excitotoxic and mechanical insults.11–15 Earlier studies showed
that 2-AG is neuroprotective against closed head injury (CHI) and
attenuates TBI-induced neuropathology,11 indicating that 2-AG is
an important endogenous signalling mediator made ‘on demand’
that maintains brain homeostasis against harmful insults.
However, 2-AG is a bioactive lipid mediator and is rapidly degraded
upon its formation by several enzymes, including monoacylgly-
cerol lipase (MAGL), a/b hydrolase domain-containing protein 6
and 12 (ABHD6/12), and cyclooxygenase-2 (COX-2). Although these
enzymes are capable of degrading 2-AG, it has been estimated that
85% of 2-AG in the brain is hydrolysed by MAGL.16,17 The immedi-
ate metabolite of 2-AG is arachidonic acid, a precursor of both
prostaglandins and leukotrienes catalysed through the enzymes
COX-1/2 and arachidonate 5-lipoxygenase (LOX), respectively.
Prostaglandins (i.e. PGE2) and leukotrienes appear to be proinflam-
matory mediators in neurodegenerative diseases.18,19 This sug-
gests that inactivation of MAGL, by enhancing anti-inflammatory
and neuroprotective 2-AG signalling while reducing proinflamma-
tory and neurotoxic eicosanoid levels, could be a promising strat-
egy as a therapy for inflammatory and neurodegenerative
diseases.19,20 Indeed, previous studies show that pharmacological
inhibition of MAGL resolves neuroinflammation and attenuates
neuropathology as well as improves synaptic and cognitive func-
tions in several animal models for brain disorders, including
Alzheimer’s disease, amyotrophic lateral sclerosis, epilepsy, mul-
tiple sclerosis and Parkinson’s disease.12,20–24 The results from

several recent studies provide further evidence that pharmaco-
logical inhibition of MAGL decreases neuropathological changes
and improves synaptic plasticity, spatial learning and memory fol-
lowing mild TBI.25–28 However, the mechanisms by which pharma-
cological inactivation of MAGL exhibits neuroprotective effects in
TBI are largely unclear.

Here we show that global deletion of MAGL significantly
reduces neuroinflammation, neurodegeneration, TAR DNA-bind-
ing protein 43 (TDP-43) overproduction and phosphorylated tau (p-
tau), and prevents synaptic and cognitive declines in animals
exposed to repeated mild CHI (mCHI). These neuroprotective
effects by global deletion of MAGL apparently result from inhib-
ition of 2-AG metabolism in astrocytes, as the protective effects
occur primarily in mice lacking MAGL in astrocytes, rather than in
neurons. Single-cell RNA-sequencing (scRNA-seq) data reveal that
astrocytic MAGL knockout mice exhibit resilience to TBI-induced
changes in expression of genes associated with inflammation in
astrocytes and microglia. Because the pharmacological MAGL in-
hibition-produced protective effects are diminished in mice defi-
cient in CB1R, it is likely that the MAGL inactivation-produced
beneficial effects are a result of enhanced 2-AG signalling. In add-
ition, we provide evidence that neuroprotection by inactivation of
astrocytic MAGL in TBI is primarily mediated via astrocytic 2-AG
and downstream peroxisome proliferator-activated receptor-c
(PPARc) signalling that inhibits nuclear factor-jB (NF-jB). Our
results reveal a previously unidentified cell type-specific role of 2-
AG metabolism and signalling pathways in TBI-induced neuro-
pathology and synaptic and cognitive declines, suggesting that
augmentation of 2-AG signalling in astrocytes promotes functional
recovery from TBI.

Materials and methods
Animals

Mgllflox/flox mice were generated by the Texas A&M Institute for
Genomic Medicine (Supplementary Figs 1 and 2A). A detailed de-
scription of generation of cell type-specific MAGL knockout mice is
provided in the Supplementary material. The protocol for injection
of 4-nitrophenyl-4-[bis(1,3-benzodioxol-5-yl)(hydroxy)methyl]pi-
peridine-1-carboxylate (JZL184) was the same as described previ-
ously12,22,25,29 (Supplementary Fig. 2C).

Cell culture

Primary hippocampal neurons (astroglial cells 5 2%) from em-
bryos [embryonic Day 18 (E18)] and astrocytes (astrocytes 4 95%)
from postnatal Day 4–5 (P4–5) pups of wild-type, total MAGL knock-
out (tKO), neuronal MAGL knockout (nKO) and astrocytic MAGL
knockout (aKO) were cultured as described previously13,22,30–32

(Supplementary material).
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Repeated mild closed head injury

Induction of repeated mCHI with three impacts in mice was
the same as described previously25 (Supplementary material and
Supplementary Fig. 2).

Hippocampal slice preparation

Hippocampal slices were prepared from mice as described previ-
ously12,22,30,32 (Supplementary material).

Electrophysiological recordings

Long-term potentiation at CA3–CA1 synapses was recorded as
described previously12,22,25,30,32 (Supplementary material).

Western blots

Expression of proteins in brain tissues by western blot assay
was detected as described previously12,13,22,25,30 (Supplementary
material).

Reverse transcription and real-time polymerase
chain reaction

RNA expression of Magl, I1b, Il6, tumor necrosis factor a (Tnfa) and
vimentin (Vim) in brain tissues was detected as described
previously22,25 (Supplementary material).

Immunohistochemistry

Immunofluorescence analysis was performed to assess amyloid
precursor protein (APP), MAGL, TDP-43, p-tau, Iba1 and GFAP in
coronal brain sections as described previously12,22,25,30

(Supplementary material).

Histochemistry

Degenerating neurons were detected using Fluoro-JadeVR C as
described previously12,25 (Supplementary material).

Luciferase activity assay

PPARc activity was assessed in NG108-15 cells transfected with
pCMX-Gal-LBD-mPPARc and TK-MH100x4-luc vectors, as described
previously22 (Supplementary material).

Single-cell RNA sequencing

10x Genomics’ scRNA-seq technology was used to detect expres-
sion of genes in Mglllox/lox-non cre (wild-type), nKO, and aKO mice
that received three impacts. Detailed single-cell suspension prep-
aration, scRNA-seq library preparation, sequencing and data ana-
lysis are provided in the Supplementary material.

Morris water maze

The classic Morris water maze test was used to assess spatial
learning and memory, as described previously12,22,24,25,30

(Supplementary material).

Adeno-associated viruses injection

Wild-type or aKO mice at 2 months of age were stereotaxically
injected with adeno-associated viruses (AAV) AAV5-GFAP-eGFP-
m-PPARc-shRNAmir(2), AAV5-GFAP-h-PPARc-FLAG-WPRE or
AAV5-GFAP-eGFP control vectors, as described previously.22,32

Mice received repeated mCHI 30 days following AAV injections and

all assessments were made 30 days after TBI (Supplementary ma-
terial and Supplementary Fig. 2D).

Liquid chromatography/mass spectrometry

The content of 2-AG in brain tissues from wild-type, tKO, nKO and
aKO mice were detected using liquid-chromatography–tandem
mass spectrometry, as described previously33 (Supplementary
material).

Experimental design

The experimental study design and procedures and protocols are
provided in Supplementary Fig. 2.

Data analysis

Results are presented as mean ± standard error of the mean (SEM).
Unless stated otherwise, one or two-way ANOVA followed by post
hoc tests were used for statistical comparison when appropriate.
Differences were considered significant when P5 0.05.

Data availability

The data supporting the findings of this manuscript are available
from the corresponding authors upon request. The scRNA-seq
data have been deposited in the NCBI Gene Expression Omnibus
under accession number GSE178226.

Results
Generation and characterization of MAGL
conditional knockout mice

Previous studies shown that pharmacological inhibition of MAGL
with JZL184 alleviates TBI-induced neuropathology.25–27 To deter-
mine whether genetic deletion of MAGL reduces TBI-induced
neuropathology similar to pharmacological inhibition,25–27 and
whether the MAGL-inactivation-produced neuroprotective effects
in TBI are cell type-specific, in collaboration with the Texas A&M
Institute for Genomic Medicine, we created Mgll flox/flox mice using
the strategy shown in Supplementary Figs 1 and 2A. We used these
mice to generate cell type-specific MAGL knockout mice, including
tKO, nKO and aKO MAGL knockout mouse lines (Supplementary
material We did not generate microglial MAGL knockout mice for
the present study because MAGL in microglial cells does not play a
significant role in degrading 2-AG. As demonstrated previously,
the amount of 2-AG generated in microglial cells contributes an in-
significant proportion of 2-AG to the overall 2-AG pool in the brain,
and deletion of MAGL in microglial cells does not alter the brain 2-
AG content,34 suggesting that MAGL in microglial cells may not
play an important role in degrading 2-AG. This assumption was
confirmed by a recent study where it was shown that 2-AG in
microglial cells is primarily hydrolysed by ABHD12.35

Selective deletion of MAGL in tKO, nKO and aKO mice was first
verified by immunoblot in vitro. As shown in Supplementary Fig.
3A, expression of MAGL was not detectable in cultured hippocam-
pal neurons from tKO and nKO mice, but was seen in cultured hip-
pocampal neurons from wild-type and aKO mice. Similarly,
expression of MAGL was not detectable in cultured astrocytes from
tKO and aKO mice, but was detected in cultured astrocytes from
wild-type and nKO mice. These results indicate that MAGL was
conditionally deleted. The cell type-specific deletion of MAGL was
further confirmed in vivo by immunoblot (Supplementary Fig. 3B),
quantitative polymerase chain reaction (qPCR; Supplementary Fig.
3C) and immunostaining (Supplementary Fig. 3D–F). In addition,
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viously in cell type-specific MAGL knockout mice.34 No obvious de-
velopmental abnormalities or locomotor deficits were observed in
the various MAGL knockout mice at ages (2–3 months) used in the
present study (Supplementary Fig. 3G).

Inactivation of MAGL in astrocytes reduces
neuroinflammation following repeated mild closed
head injury

To determine whether genetic deletion of MAGL reduces TBI-
induced neuropathology, we used a mouse model of repeated
mCHI with three impacts at 24-h intervals (Supplementary Fig. 2B),
as described previously.25 Neuroinflammation is one of the im-
portant neuropathological hallmarks in TBI,10,36 and contributes to
secondary brain damage following the primary mechanical injury.
To determine whether genetic inactivation of MAGL prevents TBI-
induced neuroinflammation, we first assessed mRNA expression
of proinflammatory factors, including Vim and cytokines (Il1b, Il6
and Tnfa), in the brain ipsilateral to the impact using qPCR analysis
24 h after the last impact. In addition, we assessed gliosis in the
brain (reactive astrocytes and microglial cells) 30 days after the
first impact. We found that expression of Il1b, Il6, Tnfa and Vim was
robustly increased in both the cortex and hippocampus of wild-
type animals that received three impacts as compared with wild-
type-sham controls (Fig. 1A). The TBI-induced expression of these
proinflammatory factors was significantly decreased in tKO and
aKO mice, but less so in nKO mice, indicating that augmentation
of 2-AG signalling in astrocytes is critically important in resolving
TBI-triggered neuroinflammation. This finding was further sup-
ported by the results from immunostaining data which showed
that TBI-increased immunoreactivity of Ib1a, a microglial marker,
and GFAP, an astrocytic marker, was significantly reduced in tKO
and aKO mice 30 days after TBI, but was only slightly or not
reduced in nKO mice (Fig. 1B and C). These results suggest that
anti-inflammatory effects produced by pharmacological or global
genetic inactivation of MAGL in TBI result largely from limiting 2-
AG metabolism in astrocytes, rather than in neurons.

Inhibition of 2-AG metabolism in astrocytes
strengthens resilience to TBI-induced changes in
expression of genes involved in inflammation

Because neuroinflammation is a key role in secondary brain injury
following primary mechanical injury, and astrocytes and microglia
are the primary players in neuroinflammation, we used the 10x
Genomics Chromium scRNA-seq technology to assess expression
of genes in astrocytes and microglia from wild-type, nKO and aKO
mice that received three mCHI. Aqp4, Gja1, Slc1a2 and Gpr37l1 were
used as specific cell markers for identification of astrocytes, while
Aif1, Itgam, Csf1r and Tmem119 were used as specific cell markers
for microglia. The numbers of astrocytes and microglia were
assessed as shown in Supplementary Table 3. Figure 2A shows t-
distributed stochastic neighbour embedding (t-SNE) plots of astro-
cytic and microglial cell clusters from wild-type, aKO and nKO
mice. We found that TBI resulted in up- or downregulation of a sig-
nificant number of genes in astrocytes and microglia from wild-
type and nKO mice, but fewer from aKO mice (Fig. 2B).
Importantly, TBI resulted in upregulation of genes involved in in-
flammation and downregulation of genes associated with anti-in-
flammatory responses, or associated with maintenance of brain
homeostasis in wild-type and nKO mice, whereas effects in aKO
mice are minor (Fig. 2C–E and Supplementary Fig. 4). In addition,
gene ontology analysis of differentially expressed genes showed
that more genes involved in immune and inflammatory signalling

pathways were upregulated in astrocytes and microglia in wild-
type and nKO mice than in aKO mice (Supplementary Figs 5 and 6).
The scRNA-seq data suggest that inhibition of 2-AG metabolism in
astrocytes renders the brain more resilient to TBI-induced changes
in expression of genes involved in neuroinflammation.

TBI-induced neuropathology is prevented by
selective inactivation of MAGL in astrocytes

Aggregation of TDP-43 and hyperphosphorylated tau (p-tau) are
hallmarks of TBI-induced neuropathology.5,7,10,37 We demon-
strated previously that pharmacological inhibition of MAGL signifi-
cantly reduces TDP-43 expression and p-tau in TBI animals.25 To
determine whether genetic deletion of MAGL also prevents TBI-
induced TDP-43 overproduction and p-tau, we assessed TDP-43
and p-tau-T181 (p-tau) in wild-type, tKO, nKO and aKO mice
30 days after the first impact. We found that repeated mCHI ro-
bustly elevated TDP-43 and p-tau in wild-type mice, but not in tKO
and aKO mice (Fig. 3A and B). Surprisingly, production of TDP-43
and p-tau were significantly elevated in nKO mice following TBI,
similar to wild-type mice. To determine whether TBI increases tau
phosphorylation at additional phosphorylation sites, we assessed
p-tau-Ser202, p-tau-Thr231, p-tau-Ser396 and p-tau-Ser404 in the
hippocampus of wild-type, tKO, nKO and aKO mice that received
impacts. We found that TBI resulted in significant increases in p-
tau Ser202, Thr231, Ser396 and Ser404 in wild-type and nKO mice,
but not in tKO and aKO (Supplementary Fig. 7). These results indi-
cate that 2-AG degradation in astrocytes plays an important role in
TBI-induced TDP-43 overproduction and tau phosphorylation at
multiple sites, and that limiting 2-AG metabolism by inactivation
of MAGL in astrocytes prevents TBI-induced neuropathological
changes.

Diffuse axonal injury has been recognized as one of the most
common and important pathological features of TBI.38 Expression
of APP is increased following TBI.7,10,25,37 APP is not only a precur-
sor of amyloid-b, but is also an important marker for diffuse axon-
al injury after TBI.39 To determine whether genetic deletion of
MAGL ameliorates TBI-induced axonal injury, we assessed APP in
the brain 30 days after three impacts. We found that production of
APP in the cortex and hippocampus was significantly elevated in
wild-type and nKO mice that received impacts, but not in tKO and
aKO mice (Fig. 4A). The signal for APP immunoreactivity in wild-
type and nKO mice, but not in tKO and aKO mice, was enhanced
not only in the cell bodies, but also in the alveus, where the axons
of CA1 pyramidal neurons are located. These results suggest that
limiting astrocytic 2-AG degradation prevents TBI-induced axonal
injury.

Neurodegeneration is one of the important neuropathological
features in TBI. We previously demonstrated that the number of
degenerating neurons after TBI is significantly decreased in ani-
mals treated with JZL184, a potent MAGL inhibitor.25 To determine
whether knockout of MAGL also reduces neurodegeneration after
TBI, we assessed Fluoro-JadeVR C (a neurodegenerating marker)-
positive neurons in the brains of animals expose to repeated
mCHI. We found that repeated mCHI markedly increased the num-
ber of Fluoro-JadeVR C-positive neurons in the cortex and hippo-
campus in wild-type mice assessed 30 days after the impacts
(Fig. 4B). As expected, the number of Fluoro-JadeVR C-positive neu-
rons was significantly reduced in MAGL knockout mice. Although
the number of degenerating neurons was also decreased in nKO
mice, the magnitude of the decrease in nKO mice was much less
than in tKO or aKO mice. These data suggest that reduced neuro-
degeneration produced by pharmacological inhibition or global de-
letion of MAGL inactivation following TBI largely results from
inhibition of 2-AG metabolism in astrocytes.
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MAGL inactivation in astrocytes prevents
TBI-induced deteriorations of synaptic and cognitive
functions

The long-term consequences of repeated mCHI are synaptic and
cognitive declines, which eventually lead to dementia. To deter-
mine whether inhibition of 2-AG degradation by genetic deletion
of MAGL prevents TBI-induced impairments in long-term synaptic
plasticity, learning and memory, we assessed long-term potenti-
ation at hippocampal Schaffer collateral synapses using electro-
physiological recordings. Assays were conducted 30 days after the
first TBI impact. We found that repeated mCHI significantly
impaired hippocampal long-term potentiation in wild-type mice
(Fig. 5A and B). However, TBI-induced impairments in long-term
synaptic plasticity were averted in tKO and aKO mice, but not in

nKO mice. We used the Morris water maze test to assess spatial
learning and memory. In comparison to wild-type mice, TBI-
induced deficits in spatial learning and memory were prevented in
tKO and aKO mice, but not in nKO mice (Fig. 5C and D and
Supplementary Fig. 8). Unexpectedly, sham nKO mice displayed
impaired spatial learning and memory (Fig. 5C and D), suggesting
that proper 2-AG degradation in neurons is required for
normal cognitive function. We also noted that the TBI-induced
impairments in learning and memory were completely absent in
aKO mice, but not in tkO mice (Fig. 5C and D). This may be
because inactivation of neuronal MAGL in tKO mice worsens per-
formance in the Morris water maze test. Our data provide evidence
that confining 2-AG metabolism by inactivation of MAGL in astro-
cytes maintains homeostasis of brain function following brain
injury.

Figure 1 Inactivation of MAGL in astrocytes suppresses TBI-induced neuroinflammation. (A) TBI-increased expression of proinflammatory factors
vimentin and cytokines is alleviated by inactivation of MAGL in astrocytes. The experimental protocols for TBI induction and assessments are pro-
vided in Supplementary Fig. 2B. Expression of proinflammatory vimentin (Vim) and cytokines Il1b, Il6 and Tnfa (IL-1b, IL-6, TNFa) in the ipsilateral cor-
tex (CTX) and hippocampus (Hippo) was analysed in wild-type (WT), tKO, nKO and aKO mice 24 h after three impacts. Data are means ± SEM.
**P5 0.01, ***P5 0.001 compared with WT-sham, §§P5 0.01, §§§P5 0.001 compared with WT-TBI (ANOVA with Fisher’s PLSD post hoc test, n = 7–12 ani-
mals/group). (B) Immunoreactivity of Iba1 (microglial marker) in the ipsilateral cortex, hippocampal CA1 and dentate gyrus (DG) was imaged in wild-
type, tKO, nKO and aKO mice 30 days after the first TBI. Scale bars = 40 lm. Data are means ± SEM. ***P5 0.001 compared with WT-sham; §§P5 0.01,
§§§P5 0.001 compared with WT-TBI (ANOVA with Bonferroni post hoc test, n = 5 animals/group). (C) Immunostaining analysis of reactivity of GFAP
(astrocytic marker) in the ipsilateral cortex, CA1 and dentate gyrus of wild-type, tKO, nKO and aKO mice. Scale bars = 40 lm. Data are means ± SEM.
**P5 0.01, ***P5 0.001 compared with WT-sham; §§§P5 0.01 compared with WT-TBI (ANOVA with Bonferroni post hoc test, n = 5 animals/group).
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Figure 2 TBI-induced changes in expression of genes involved in inflammatory responses in astrocytes and microglia. (A) Visualization of the scRNA-
seq data using t-SNE embedding. (B) Volcano plots for TBI-induced up- and downregulated genes in astrocytes and microglia from wild-type (WT),
aKO and nKO mice (TBI versus sham). (C) Heat maps of differentially expressed genes in astrocytes and microglia in wild-type, aKO and nKO mice
(TBI versus sham). (D) Violin plots of a few representative genes that are significantly up- or downregulated in astrocytes resulting from TBI in wild-
type, nKO and aKO mice. The Wilcoxon rank sum test was used for statistical significance. (E) Violin plots of a few representative genes that are sig-
nificantly up- or downregulated in microglia resulting from TBI in wild-type, nKO and aKO mice.

M. Hu et al.184 | BRAIN 2022: 145; 179–193



Disruption of 2-AG metabolism in astrocytes
prevents TBI-reduced expression of glutamate
receptor subunits

We previously demonstrated that repeated mCHI leads to downre-
gulation of expression of glutamate receptor subunits, which are
key components for excitatory synaptic transmission and
plasticity, and that pharmacological inhibition of MAGL prevents
TBI-induced downregulation of these subunits.25 We predicted

that knockout of MAGL should prevent TBI-induced deterioration
in expression of the glutamate receptor subunits. We found that
TBI resulted in robust downregulation of AMPA receptor subunits,
including GluA1 and GluA2 and NMDA receptor subunits, includ-
ing GluN1, GluN2A and GluN2B, in the hippocampus of wild-type
mice 30 days after impacts (Fig. 5E–G). However, TBI-induced
downregulation of these subunits was significantly attenuated in
tKO and aKO mice, but not in nKO mice (Fig. 5E–G). We also
observed that expression of GluA1 and GluA2 was significantly

Figure 3 TBI-induced TDP-43 overproduction and tau phosphorylation are mitigated by inactivation of MAGL in astrocytes, but not in neurons.
(A) Western blot analysis of TDP-43, and p-tau-T181 (p-tau) in the hippocampus of wild-type (WT), tKO, nKO and aKO mice 30 days after the first im-
pact. Data are means ± SEM. **P5 0.01 compared with WT-sham; §§P5 0.01, §§§P5 0.001 compared with WT-TBI; ##P5 0.01 compared with nKO-sham
(ANOVA with Fisher’s PLSD post hoc test, n = 5–7 animals/group). (B) Immunostaining analysis of TDP-43 and p-tau in the brain [cortex (CTX), CA1 and
dentate gyrus (DG)] of wild-type, tKO, nKO and aKO mice 30 days after the first injury. Immunoreactivity signals of TDP-43 or p-tau were normalized
to WT-sham. Scale bars = 40 lm. ***P5 0.001, compared with WT-sham; §P5 0.05, §§§P5 0.001 compared with WT-TBI; ###P5 0.001 compared with
nKO-sham (ANOVA with Bonferroni post hoc test, n = 5 animals/group).
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reduced in sham nKO mice compared with sham wild-type mice
(Fig. 5F). This may underlie the impaired spatial learning and
memory in nKO mice as shown in Fig. 5C and D. These results sug-
gest that inhibition of 2-AG metabolism in astrocytes prevents
TBI-induced synaptic and cognitive declines by maintaining the
integrity of excitatory glutamatergic synapses.

Expression of MAGL is elevated in astrocytes

The data presented above indicate that 2-AG metabolism in astro-
cytes promotes TBI-induced neuropathology and synaptic and
cognitive declines. We hypothesized that TBI may accelerate deg-
radation of 2-AG by elevating expression of MAGL in astrocytes,
which in turn promotes neuroinflammatory responses and

Figure 4 Inactivation of MAGL in astrocytes prevents TBI-induced axonal injury and neurodegeneration. (A) TBI-induced axonal injury is diminished
in aKO mice, but not in nKO mice. Immunostaining analysis of APP (axonal injury marker) in the cortex (CTX) and CA1 of wild-type, tKO, nKO and
aKO mice 30 days after the first impact. Scale bars = 40 lm. Data are means ± SEM. ***P5 0.001, compared with WT-sham; §§§P5 0.001 compared with
WT-TBI (ANOVA with Bonferroni post hoc test, n = 5 animals/group). (B) TBI-induced neurodegeneration is attenuated by genetic inactivation of
MAGL. Fluoro-JadeVR C (FJC, a specific marker for degenerating neurons)-positive cells in the ipsilateral cortex and hippocampus were detected 30 days
after the first impact. Data are means ± SEM. *P5 0.05, ***P5 0.001 compared with WT-sham; §P5 0.05, §§P5 0.01, §§§P5 0.001 compared with WT-TBI
(ANOVA with Bonferroni post hoc test, n = 5 animals/group). Scale bars = 40 lm.
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neuropathological changes. To test this hypothesis, we assessed
expression of MAGL following TBI in wild-type mice. We found
that expression of MAGL in the brain was elevated following TBI

(Supplementary Fig. 9A). As the samples extracted from the homo-
genized brain tissue for immunoblot analysis contain all types of
cells, we asked whether the increased expression of MAGL resulted

Figure 5 Selective inactivation of MAGL in astrocytes prevents TBI-induced synaptic and cognitive declines. (A) Long-term potentiation recordings at
hippocampal Shaffer-collateral synapses 30 days after the first injury. (B) Mean values of the potentiation of field excitatory postsynaptic potentials
(fEPSPs) averaged from 56 to 60 min following high-frequency stimulation (HFS). Data are means ± SEM. ***P5 0.001 compared with WT-Sham;
§§P5 0.001 compared with WT-TBI; ##P5 0.001 compared with nKO-sham (ANOVA with Bonferroni post hoc test, n = 10–12 slices/4–5 animals). (C)
Spatial learning and memory were assessed using the Morris water maze test 30 days after the first injury. Data are means ± SEM. **P5 0.01,
***P5 0.001 (ANOVA repeated measures with Bonferroni post hoc test, n = wild-type mice: 22 sham and 16 TBI; tKO mice: 16 sham and 18 TBI; nKO
mice: 18 sham and 18 TBI; and aKO mice: 14 sham and 18 TBI). (D) The probe test was conducted 24 h following 7 days of learning acquisition training.
Data are means ± SEM. *P5 0.05, **P5 0.01 compared with WT-sham; §§P5 0.01 compared with WT-TBI; ##P5 0.01 compared with nKO-sham
(ANOVA with Bonferroni post hoc test). The number of animals in each groups the same as in C. (E–G) TBI-induced downregulation of glutamate recep-
tor subunits is attenuated in aKO, but not in nKO mice. Immunoblot analysis of glutamate receptor subunits in the hippocampus of wild-type and
tKO mice, wild-type and nKO and wild-type and aKO mice that received sham or three impacts. The analysis was performed 30 days after the first in-
jury. Data are means ± SEM. *P5 0.05, **P5 0.01 compared with WT-sham, §P5 0.05, §§P5 0.01 compared with WT-TBI; #P5 0.05, ##P5 0.01 compared
with nKO-sham (ANOVA with Fisher’s PLSD test post hoc test, n = 3–5 animals/group).
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primarily from an increase in astrocytes following TBI. To this end,
we used double immunostaining to detect expression of MAGL in
astrocytes, and observed that expression of MAGL in GFAP-positive
astrocytes was significantly elevated (Supplementary Fig. 9B). In
light of these findings, we assessed brain 2-AG by mass spectrom-
etry analysis in cell type-specific MAGL knockout mice. We found
that the 2-AG content was increased more than 7-fold in tKO mice,
5-fold in nKO mice and about 2-fold in aKO mice under the control
condition, suggesting that a large proportion of 2-AG in the brain
was metabolized by MAGL in neurons (Supplementary Fig. 9C).
These data are consistent with previous reports.34 However, no
significant changes in the levels of brain 2-AG between sham and
TBI in each genotype were detected 24 h after TBI (Supplementary
Fig. 9C). This might be due to the relatively small amount of 2-AG
produced in astrocytes that contributes to the overall 2-AG pool in
the brain.34

MAGL inactivation-alleviated neuropathology and
cognitive decline are mediated via CB1R

The data shown above indicate that genetic deletion of MAGL in
astrocytes mitigates TBI-induced neuropathology and prevents
synaptic and cognitive declines, similar to effects of JZL184, as
reported previously.25 However, it remains unclear whether the
beneficial effects produced by inactivation of astrocytic MAGL in
TBI are mediated via enhanced 2-AG signalling and its down-
stream mediators CB1R or CB2R. To determine whether CB1R
mediates MAGL inactivation-produced neuroprotective effects,
CB1R knockout mice were intraperitoneally injected with JZL184
(10 mg/kg) or vehicle 30 min after each impact and then once a day
for four consecutive days (total seven injections), as described pre-
viously25 (Supplementary Fig. 2C). While JZL184 prevented TBI-
induced neuropathology and cognitive impairments in wild-type
mice (Fig. 6A and B), similar to previous observations,25 we found
that, in CB1R knockout mice exposed to TBI, JZL184 failed to avert
TBI-induced impairments of spatial learning and memory and
neuropathological changes, including TDP-43, p-tau and synaptic
marker PSD-95 (Fig. 6C and D). These results indicate that MAGL
inactivation-produced neuroprotective effects against TBI resulted
primarily from augmentation of 2-AG signalling, which activates
downstream CB1R-mediated signalling pathways.

PPARc in astrocytes mediates 2-AG-produced
neuroprotective effects in TBI

Previous studies showed that neuroprotective effects of 2-AG in
TBI are mediated via CB1R.11,40 Our present study also showed that
the protective effects produced by pharmacological inhibition of
MAGL in TBI are mediated via CB1R, shown by the fact that the
effects were abolished in CB1R knockout mice (Fig. 6). However, no
studies have been conducted to decipher downstream signalling
pathways mediating beneficial effects in TBI resulting from MAGL
inactivation in astrocytes. Our previous studies demonstrated that
anti-inflammatory effects induced by 2-AG signalling are mediated
through stimulating activity and expression of PPARc, which
inhibits activity of NF-jB, an important transcription factor regu-
lating expression of genes involved in inflammation.15,19,22

Because an interplay between PPARc and NF-jB plays an import-
ant role in controlling of neuroinflammation in the CNS,41–43 we
postulated that PPARc acts downstream of CB1R in mediating neu-
roprotective effects in TBI resulting from MAGL inactivation in
astrocytes. To test this idea, we first assessed whether 2-AG
increases in PPARc activity, and whether the activity could be
blocked by CB1R and PPARc antagonists. We also used 15d-PGJ2,
an endogenous PPARc agonist, as a positive control. We found that

2-AG robustly elevated PPARc luciferase activity, and that the ele-
vation was blocked by rimonabant, a potent and selective CB1R an-
tagonist, or by GW9662, a PPARc antagonist (Fig. 7A). However,
induction of PPARc luciferase activity by 15d-PGJ2 was not blocked
by rimonabant, but was blocked by GW9662. These results indicate
that the increase in PPARc activity stimulated by 2-AG was medi-
ated via CB1R. Next, we determined whether TBI causes downre-
gulation of PPARc and increases phosphorylation of NF-jB (p-NF-
jB), and whether these effects are revoked by augmentation of 2-
AG signalling through pharmacological inhibition of MAGL. We
found that TBI resulted in a decrease in hippocampal expression
of PPARc and an increase in p-NF-jB in wild-type mice (Fig. 7B).
However, these changes were diminished or attenuated by JZL184,
suggesting that enhancement of 2-AG signalling mitigates TBI-
induced downregulation of PPARc, resulting in upregulation of p-
NF-jB. As predicted, these effects of JZL184 on PPARc and p-NF-jB
were not seen in CB1KO mice (Fig. 7C).

To confirm that MAGL inactivation resulted in the observed
changes in PPARc and p-NF-jB in TBI, we assessed PPARc and p-
NF-jB in MAGL knockout mice. We observed that repeated mCHI
significantly reduced hippocampal expression of PPARc and
increased p-NF-jB in wild-type mice. However, TBI-induced de-
crease in PPARc and increase in NF-jB were attenuated in tKO and
aKO mice, but not in nKO mice (Fig. 7D). These results indicate that
2-AG degradation in astrocytes promotes TBI-induced neuropatho-
logical changes by downregulation of PPARc and upregulation of
p-NF-jB, suggesting that augmentation of 2-AG signalling in astro-
cytes, rather than in neurons, prevents these TBI-induced
changes.

If PPARc in astrocytes is an important downstream signalling
molecule in neuroprotective effects mediated by 2-AG-CB1R in TBI,
then knockdown of PPARc in aKO mice should eliminate or attenu-
ate the protective effects against brain trauma. To test this hypoth-
esis, we used the AAV vector-mediated gene silencing technique
to specifically knock down astrocytic PPARc in aKO mice. AAV5-
GFAP-eGFP-m-PPARc-shRNA or AAV5-GFAP-eGFP-control vectors
were stereotaxically injected into the hippocampus of aKO mice
30 days prior to TBI impacts and assessments were conducted
30 days after TBI (Supplementary Figs 2D, 10A and B). While there
were no significant changes in TDP-43, p-tau or p-NF-jB between
sham and TBI in aKO mice that received AAV control vectors, there
were significant increases in TDP-43, p-tau and p-NF-jB after TBI
in aKO mice that received AAV-PPARc-shRNA vectors (Fig. 7E).
Similarly, TBI did not significantly reduce PSD-95 in aKO mice
injected with AA control vector (Fig. 7E). However, expression of
PSD-95 was significantly reduced in aKO mice injected with AAV-
PPARc-shRNA vectors. Importantly, alleviation of TBI-induced def-
icits in spatial learning and memory in aKO mice was abolished by
silencing of PPARc in astrocytes (Fig. 7F). These results indicate
that neuroprotective effects in TBI produced by inactivation of
MAGL in astrocytes are likely mediated through 2-AG-CB1R-PPARc

signalling.
To confirm PPARc as a signalling molecule that mediates bene-

ficial effects in TBI produced by astrocytic 2-AG signalling, we used
AAV5-GFAP-h-PPARc-FLAG-WPRE vectors to overexpress human
PPARc in astrocytes of wild-type mice that received repeated mCHI
(Supplementary Figs 2D and 10C). We found that while TBI signifi-
cantly increased TDP-43, p-tau and p-NF-jB and decreased PSD-95,
in wild-type mice treated with AAV control vectors, neuropatho-
logical changes induced by TBI were mitigated in wild-type mice
overexpressing PPARc in astrocytes (Fig. 7G). Of significance, over-
expression of PPARc in astrocytes prevented TBI-induced cognitive
decline in wild-type mice (Fig. 7H). Our data provide evidence that
PPARc functions as an important downstream signalling molecule
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of 2-AG and CB1R in mediating the beneficial effects of astrocytic
MAGL inactivation in TBI (Supplementary Fig. 11).

Discussion
Based on a 2015 Centers for Disease Control and Prevention report,
the number of new cases of TBI in the USA is �2.8 million annual-
ly. It is estimated that there are 5.3 million individuals living with
a TBI-related disability. Clinically, the majority of mild TBI cases
result from a closed head injury.1,2 Repeated mild TBI from mul-
tiple concussions or subconcussions may lead to Alzheimer’s dis-
ease-like neuropathological changes, suggesting that TBI is a

significant risk factor for development of AD and dementia.2,10,37,44

Therefore, it is imperative to understand the mechanisms that
contribute to TBI-induced Alzheimer’s disease-like neurodegener-
ative disease.

In the present study, we show that genetic deletion of MAGL
mitigated TBI-induced neuroinflammation, TDP-43 overproduc-
tion, phosphorylated tau and neurodegeneration, and prevents
downregulation of glutamate receptor subunits and deficits in
long-term synaptic plasticity, learning and memory in mice
exposed to repeated mCHI, similar to effects produced by pharma-
cological inhibition of MAGL.25–27 The neuroprotective effects of
global deletion of MAGL apparently result from inhibition of 2-AG

Figure 6 CB1 receptors mediate MAGL inactivation-produced alleviation of neuropathology and cognitive decline in TBI. (A) Assessment of spatial
learning and memory in wild-type mice that received three impacts. The dosing regimen of JZL184 injection and the experimental protocols are pro-
vided in Supplementary Fig. 2C. Data are means ± SEM. ***P5 0.001 (ANOVA repeated measures with Bonferroni post hoc test, n = 10–12 animals/
group). The probe test was conducted 24 h following 7 days of invisible platform training. Data are means ± SEM. *P5 0.05, **P5 0.01 compared with
WT-sham-Veh, §P5 0.05 compared with WT-TBI-Veh (ANOVA with Bonferroni post hoc test). (B) Immunoblot analysis of TDP-43, p-tau and PSD-95 ex-
pression in the hippocampus of wild-type mice 30 days after TBI. Data are means ± SEM. *P5 0.05, **P5 0.01, ***P5 0.001 compared with WT-sham-
Veh, §§P5 0.01 compared with WT-TBI-Veh (ANOVA with Fisher’s PLSD test post hoc test, n = 3–4 animals/group). (C) Assessment of spatial learning
and memory in CB1R knockout mice that received impacts. Data are means ± SEM. ***P5 0.001 (ANOVA repeated measures with Bonferroni post hoc
test, n = 11–14 animals/group). The probe test was conducted 24 h following 7 days of invisible platform training. Data are means ± SEM. *P5 0.05,
**P5 0.01 with CB1KO-sham-Veh (ANOVA with Bonferroni post hoc test). (D) Immunoblot analysis of TDP-43, p-tau and PSD-95 expression in the
hippocampus of CB1KO mice 30 days after TBI. Data are means ± SEM. **P5 0.01, ***P5 0.001 compared with CB1KO-sham-Veh (ANOVA with Fisher’s
PLSD test post hoc test, n = 3–4 animals/group).
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Figure 7 PPARc in astrocytes mediates the MAGL inactivation-produced neuroprotective effects in TBI. (A) PPARc luciferase reporter activity in
NG108-15 cells transfected with pCMX-Gal-LBD-mPPARc and TK-MH100x4-luc vectors in the presence of 2-AG (10mM), 15d-PGJ2 (10mM) with and
without rimonabant (RIM, 1 mM) or GW9662 (GW, 1mM). Luciferase activity values were normalized to the level of b-galactosidase activity. Data are
means ± SEM. **P5 0.01, ***P5 0.001, compared with the vehicle control; §§§P5 0.001 compared with 2-AG; ###P5 0.001 compared with 15d-PGJ2;
†††P5 0.001 compared with 15d-PGJ2-RIM (ANOVA with Fisher’s PLSD test post hoc test, n = 3–4/group). (B) TBI-induced downregulation of PPARc and
upregulation of p-NF-jB in the hippocampus are attenuated by pharmacological inhibition of MAGL with JZL184 (10 mg/kg) in wild-type (WT) mice.
The data are means ± SEM. *P5 0.05, **P5 0.01, ***P5 0.001, compared with the WT-sham-Veh; §P5 0.05, §§P5 0.01 compared with WT-TBI-Veh. (C)
Immunoblot analysis of hippocampal expression of PPARc and p-NF-jB in CB1R knockout mice that received JZL184 (10 mg/kg, i.p.). The analysis was
performed 30 days after the first impact. ***P5 0.001 compared with CB1KO-sham-Veh (ANOVA with Fisher’s PLSD test post hoc test, n = 3–4 animals/
group). (D) Immunoblot analysis of hippocampal expression of PPARc and p-NF-jB in wild-type, tKO, nKO and aKO mice. Data are means ± SEM.
**P5 0.01, ***P5 0.001 compared with WT-sham, §P5 0.05, §§P5 0.01 compared with WT-TBI, ##P5 0.01, ###P5 0.001 compared with nKO-sham
(ANOVA with Fisher’s PLSD test post hoc test, n = 3–4 animals/group). (E) Effects of astrocytic PPARc silencing on TBI-induced neuropathology in aKO
mice. AAV5-GFAP-eGFP-m-PPARc-shRNAmir vectors or AAV5-GFAP-eGFP control vectors were injected into the left side of hippocampus in aKO mice
30 days prior to TBI (Supplementary Fig. 2D). All the assessments were made 30 days after the impacts. Immunoblot analysis of TDP-43, p-tau, p-NF-
jB and PSD-95 in the hippocampus of aKO mice 30 days after TBI. The data are means ± SEM. **P5 0.01 compared with AAV-Con-sham; §§P5 0.01
compared with AAV-Con-TBI; ##P5 0.01 compared with AAV-shRNA-sham (ANOVA with Fisher’s PLSD test post hoc test, n = 3–4 animals/group). (F)
Silencing of astrocytic PPARc in TBI-induced changes of spatial learning and memory in aKO mice injected with AAV5-GFAP-eGFP-PPARc-shRNA or
AAV5 control vectors. The Morris water maze test was conducted 30 days after the first injury. Data are means ± SEM. **P5 0.01 (ANOVA repeated
measures with Bonferroni post hoc test, n = 8–11 animals/group). The probe test was conducted 24 h following 7 days of invisible platform training.
Data are means ± SEM. **P5 0.01, compared with AAV-Con-sham; §§P5 0.01 compared with AAV-Con-TBI; ##P5 0.01 compared with AAV-shRNA-
sham (ANOVA with Bonferroni post hoc test). (G) Effects of astrocytic PPARc overexpression on TBI-induced neuropathology in wild-type mice. AAV5-
GFAP-h-PPARc-FALG-WPRE vectors or AAV5-GFAP control vectors were injected into the left side of hippocampus in wild-type mice 30 prior to TBI
(Supplementary Fig. 2D). Immunoblot analysis of TDP-43, p-tau, p-NF-jB, and PSD-95 in the hippocampus of wild-type mice 30 days after TBI. Data
are means ± SEM. *P5 0.05, **P5 0.01 compared with AAV-Con-sham; §P5 0.05, §§P5 0.01 compared with AAV-Con-TBI; #P5 0.05 compared with
AAV-PPARc-sham (ANOVA with Fisher’s PLSD test post hoc test, n = 3–4 animals/group). (H) Overexpression of astrocytic PPARc in TBI-induced
changes in spatial learning and memory in wild-type mice injected with AAV5-GFAP-h-PPARc-FALG-WPRE or AAV5-GFAP control vectors. Data are
means ± SEM. ***P5 0.001 (ANOVA repeated measures with Bonferroni post hoc test, n = 10–14 animals/group). The probe test was conducted 24 h fol-
lowing 7 days of invisible platform training. Data are means ± SEM. **P5 0.01 compared with AAV-Con-sham; §P5 0.05, §§P5 0.01 compared with
AAV-Con-TBI (ANOVA with Bonferroni post hoc test, n = 10–14 animals/group).
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metabolism in astrocytes, as the protective effects occurred pri-
marily in mice lacking MAGL in astrocytes, rather than in neurons.
Analysis by scRNA-seq also showed that following TBI, significant
numbers of genes were up- or downregulated in astrocytes and
microglia from wild-type and nKO mice, but this effect was not ap-
parent in astrocytes and microglia from aKO mice. In particular,
TBI-induced upregulation of genes involved in inflammation and
downregulation of genes involved in anti-inflammatory responses
were greater in wild-type and nKO mice than in aKO mice, suggest-
ing that limiting 2-AG metabolism in astrocytes strengthens resili-
ence of the brain to TBI. Our results clearly show that the
beneficial effects produced by inactivation of MAGL were the result
of enhanced 2-AG signalling in astrocytes because these effects
are revoked in CB1R knockout mice. We also show that PPARc is a
downstream signalling molecule of 2-AG and CB1R. This is sup-
ported by evidence showing that silencing of PPARc in astrocytes
eliminates the protective effects against TBI in aKO mice. This is
further confirmed by the fact that overexpression of human PPARc

in astrocytes averts TBI-induced neuropathological changes and
cognitive decline in wild-type mice. In addition, we observed that
selective inactivation of MAGL in neurons caused downregulation
of glutamate AMPA receptor subunits and resulted in impairments
in spatial learning and memory in sham mice, suggesting that
proper 2-AG metabolism in neurons is important for normal cogni-
tive function. Our study reveals a previously undefined cell type-
specific role of 2-AG metabolism in TBI-induced neuropathology,
synaptic and cognitive deficits and signalling pathways that medi-
ate beneficial effects resulting from inactivation of MAGL in astro-
cytes (Supplementary Fig. 11).

Endocannabinoids are produced naturally in the body. 2-AG is
the most abundant endocannabinoid displaying anti-inflamma-
tory and neuroprotective properties.11,13–15,45 Previous studies
showed that inhibition of 2-AG metabolism by pharmacological or
genetic inactivation of MAGL, which augments 2-AG signalling and
reduces 2-AG metabolites, reduces neuroinflammation and neuro-
pathology and improves synaptic and cognitive functions in sev-
eral animal models of disease.12,21–23,25–28,46 Panikashvili et al.11,45

first reported 2-AG as a neuroprotective mediator in TBI. We and
others also demonstrated that pharmacological inhibition of
MAGL decreases neuroinflammation and neuropathology and
improves neurobehavioural function and blood–brain barrier in-
tegrity as well as synaptic and cognitive functions following mild
TBI.25–27 However, it remains unclear whether genetic deletion of
MAGL prevents TBI-induced neuropathological changes. In par-
ticular, no information is available as to the role of 2-AG metabol-
ism in specific cell types plays in promoting TBI-induced
neuropathological changes. In the present study, we first show
that genetic deletion of MAGL and pharmacological inhibition of
MAGL produce similar neuroprotective effects. Surprisingly, allevi-
ation of TBI-induced neuropathology and synaptic and cognitive
declines occur primarily in aKO mice, but not in nKO mice, even
though the amount of 2-AG in the brain of nKO mice is higher than
in aKO mice (Supplementary Fig. 9C), suggesting that 2-AG metab-
olism in promoting TBI-induced neuropathology and synaptic and
cognitive declines is cell type-specific.

Neuroinflammation is a critical factor in neuropathogenesis
following TBI,3,10 suggesting that resolving or attenuating neuroin-
flammation may prevent long-term sequelae of TBI. Activated
astrocytes are an important player in neuroinflammation as they
release cytokines and chemokines in response to harmful insults,
which in turn promote inflammatory responses in microglial
cells.47–52 Our qPCR and immunohistochemical data show that TBI
induced expression of proinflammatory cytokines and reactivity of
astrocytes and microglia in wild-type mice. The TBI-induced neu-
roinflammatory responses were mitigated in tKO and aKO mice,

but not in nKO mice, indicating an important role of astrocytic 2-
AG metabolism in promoting TBI-induced neuropathology. Data
from scRNA-seq provide further evidence that upregulation of
genes involved in neuroinflammation and downregulation of
genes associated with anti-inflammation or maintenance of CNS
homeostasis were greater in wild-type and nKO mice than in aKO
mice following TBI. For example, expression of Gfap, Vim, Stat3,
Ccl2, Spp1 and Cxcl10 in astrocytes and Ccl2, Ccl3, Ccl4, Ccl7, Ifitm2,
Spp1, Ccl12 and Ptgs2 in microglia were robustly upregulated in
wild-type and nKO mice following TBI, but expression of these
genes was not significantly changed or was less upregulated in
aKO mice. In contrast, expression of Gjb6, Cntfr, Mfge8, Fgfr3, Ntsr2
and Pdgfrb in astrocytes and Cx3cr1, Tmem119, Selplg, P2ry12, P2ry13
and Cd86 in microglia was significantly downregulated in wild-
type and nKO mice after TBI, but was not changed or was less
downregulated in aKO mice. Our observations indicate that
restraining 2-AG metabolism in astrocytes enhances resilience to
brain trauma by suppressing TBI-induced upregulation of genes
associated with inflammation, and preventing TBI-induced down-
regulation of genes with anti-inflammatory properties or mainten-
ance of brain homeostasis. In particular, changes in expression of
genes in both astrocytes and microglia, and reduction of reactivity
of astrocytes and microglia, suggest that resolving inflammatory
responses in astrocytes by inactivation of astrocytic MAGL is cap-
able of curbing inflammatory responses in microglia.

MAGL hydrolyses 2-AG to arachidonic acid, a precursor of pros-
taglandins and leukotrienes. Prostaglandins and leukotrienes are
proinflammatory and neurotoxic mediators in neurodegenerative
diseases.18 It has been demonstrated previously that inflammatory
prostaglandins either in vitro or in vivo are largely derived from 2-
AG in astrocytes, rather than in neurons.34 This may be one of the
mechanisms underlying anti-inflammatory and neuroprotective
effects produced by inactivation of astrocytic MAGL in TBI.
However, in the present study, we provide evidence that neuropro-
tective effects produced by pharmacological inhibition of MAGL
are mediated via CB1R, indicating that the protective effects from
inactivation of MAGL in TBI largely result from 2-AG-mediated sig-
nalling. As demonstrated previously, 2-AG is capable of activating
PPARc, and induces CB1R-dependent and independent anti-in-
flammatory and neuroprotective effects in response to proinflam-
matory insults in experimental models and in Alzheimer’s disease
neuropathology.15,22 In the present study, we provide further evi-
dence that PPARc luciferase activity induced by 2-AG is blocked by
CB1R or PPARc antagonists, suggesting that PPARc is a down-
stream signalling mediator of CB1R.15,22,53 Importantly, we
observed that TBI suppresses expression of PPARc in wild-type
mice, and that the suppression is reversed by inhibition of 2-AG
metabolism in astrocytes, but not in neurons. Silencing of PPARc

in astrocytes diminishes both neuroprotective effects and im-
provement of cognitive function in aKO mice exposed to repeated
mCHI. In contrast, overexpression of human PPARc in astrocytes
prevents TBI-induced neuropathology and cognitive decline in
wild-type mice. These results provide evidence of the important
role of astrocytic PPARc in mediating 2-AG-produced neuroprotec-
tive effects in TBI. The anti-inflammatory and neuroprotective
effects of PPARc are likely mediated through interactions with the
transcription factor, NF-jB, resulting in inhibition of NF-jB activity
and transcription of genes involved in inflammation.15,22,54 This
conclusion warrants further investigation.

As reported previously, administration of 2-AG attenuates TBI-
induced neuropathological changes.11 The anti-inflammatory and
neuroprotective effects of 2-AG signalling suggest that augmenta-
tion of 2-AG signalling might provide a therapeutic approach amel-
iorating neuropathological changes in neurodegenerative
diseases. Indeed, it has been proposed that MAGL is a promising
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therapeutic target for neuroinflammatory and neurodegenerative
diseases.12,20,55,56 However, we observed in the present study that
deletion of MAGL in neurons did not prevent TBI-induced neuro-
pathological changes or deterioration in learning and memory; in-
stead, sham nKO mice displayed reduced expression of AMPA
glutamate receptor subunits and impaired spatial learning and
memory. These results suggest that proper 2-AG degradation in
neurons is important for maintaining the integrity of cognitive
function and that global inactivation of MAGL might result in
some undesirable adverse effects as a consequence of disruption
of 2-AG metabolism in neurons. In contrast, inactivation of MAGL
in astrocytes to prevent 2-AG degradation would likely achieve
better anti-inflammatory and neuroprotective effects in TBI, while
avoiding potential unwanted effects induced by inactivation of
MAGL in neurons. As observed in the present study, expression of
MAGL in astrocytes is elevated following TBI. Although no signifi-
cant changes in the 2-AG content were detected in the brains of
TBI animals, elevated expression of MAGL suggests that 2-AG
degradation in astrocytes is likely accelerated following TBI.

Accumulated information indicates that TBI is an important
risk factor for development of Alzheimer’s disease-like neurodege-
nerative disease and dementia. Unfortunately, no effective thera-
pies are currently available to treat or prevent TBI-induced
neuropathology and cognitive decline. The data presented in this
report reveal a previously undefined cell type-specific role of 2-AG
metabolism and CB1R-PPARc-mediated signalling pathways in
TBI-induced neuropathology, and synaptic and cognitive deficits,
suggesting that augmentation of 2-AG or PPARc signalling in astro-
cytes may provide a promising therapeutic approach for prevent-
ing or treating TBI-induced Alzheimer’s disease-like
neurodegenerative disease.
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