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 W
hy do neurons die in neurode-
generative disease? Despite dec-
ades of research, this question 
remains a fundamental and un-
solved mystery of neurobiology. 
One clue came when 19th-century 

scientists noticed that astrocytes, cells that 
normally support the health of neurons, 
dramatically change morphology after neu-
ronal damage (1), a response termed “re-
active astrogliosis.” Almost 150 years later, 
researchers found that astrocytes become 
actively neurotoxic in mouse models of 
amyotrophic lateral sclerosis (ALS) (2, 3), 
hinting that reactive astrocytes might play 
an important role in neurodegeneration. 

Despite this evidence, researchers have 
been historically hampered by a lack of 
tools to determine how astrocytes become 
reactive and drive neuronal death (4). To 
unravel the mysterious connection between 
astrocytes and neurodegeneration, my col-
leagues and I have pioneered methods to 
track and prevent astrocyte reactivity and 
uncovered a mechanism underlying astro-
cyte-mediated toxicity.

To better understand what reactive as-
trocytes do, we first sought to determine 
what factors make nonreactive astrocytes 
become reactive. We characterized the gene 
expression profile of reactive astrocytes in 
vivo and screened for molecules that could 
replicate this reactivity signature (5, 6). We 
found that the cytokines interleukin-1a 
(IL-1a), tumor necrosis factor–a (TNFa), 
and complement component 1q (C1q) to-
gether are able to instruct astrocytes to 
become reactive. To test this model in vivo, 
we generated a triple-knockout mouse lack-
ing IL-1a, TNFa, and C1q and found that 
the reactive-astrocyte response after neu-
ronal injury was eliminated. Importantly, 
this molecular cascade is highly conserved 
in humans: We discovered a marker of this 
type of reactive astrocyte in our mouse 
models and observed that the same marker 
was substantially up-regulated in brain tis-
sue from patients with Alzheimer’s disease, 
Parkinson’s disease, ALS, and multiple scle-
rosis (5, 7). Through these experiments, 
we revealed a molecular mechanism that 

drives reactive astrogliosis in diverse hu-
man diseases and established genetic tools 
to investigate the influence of astrocytes on 
disease pathogenesis.

Next, we asked what role reactive astro-
cytes play in disease and injury. We started 
with a simple mouse model of axonal injury. 
Retinal ganglion cells (RGCs) are neurons 
that project from the eye into the brain, 
and acutely injuring RGC axons leads to the 
death of these neurons. Surprisingly, our tri-
ple-knockout mice that lack the reactive as-
trocyte response were completely resistant 
to this injury, and none of their RGCs died 
after axon damage (8). This demonstrated 
that factors that drive reactive astrocyte for-
mation also drive neurodegeneration after 
acute injury and that loss of these factors 
prevents neuronal death. 

We then explored a mouse model of glau-
coma in which elevated intraocular pres-
sure leads to progressive RGC death. Just 
as in acute injury, inactivating the factors 
that induce reactive astrocytes prevented 
the death of neurons in this chronic in-
jury model (8). Further, morphological and 
electrophysiological analysis of surviving 
neurons revealed that they retained elec-
trical responses to light stimulation and 
dendritic targeting in the retina. Together, 
these results raise hope that damaged neu-
rons could be reincorporated into their en-
dogenous neural circuits and, in the case of 
glaucoma, restore vision (8).

Finally, we tested the role of astrocytes in 
a mouse model of ALS. By inhibiting reactive 
astrocytes using our triple-knockout strat-
egy in the SOD1G93A mouse model of ALS, we 
slowed the progression of motor impairment 
and extended the overall life span of the mice 
by more than 50% (9). This result represents 
one of the longest preservations of life span 
ever reported in SOD1G93A mice. Combined 
with our data in mouse models of acute and 
chronic injury, this protection highlights as-
trocytes as drivers of neurodegeneration and 
could propel therapeutic strategies that tar-
get reactive astrogliosis.

Once we knew that astrocytes were in-
volved in the brain’s response to acute in-
jury and neurodegeneration, we wondered 
what mechanism they used to drive neu-
ronal death. Our first clue was that media 
conditioned by reactive astrocytes, but not 
by nonreactive astrocytes, was actively toxic 
to neurons (2, 3, 5). This effect indicated 
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that reactive astrocytes were secreting 
something that could kill neurons. To iden-
tify this factor, we biochemically fraction-
ated reactive astrocyte–conditioned media 
and identified candidate toxic proteins by 
mass spectrometry (10). Unexpectedly, all 
toxic fractions contained apolipoprotein E 
(ApoE) and apolipoprotein J (ApoJ). ApoE 
and ApoJ normally shuttle lipids between 
cells in structures called lipoparticles, and 
mutations in these genes are known to in-
crease the risk of developing Alzheimer’s 
disease. Notably, using antibodies to deplete 
ApoE- and ApoJ-containing lipoparticles 
from reactive-astrocyte media blocked tox-
icity. Although ApoE- and ApoJ-containing 
lipoparticles appeared to be required for 
astrocytes to kill neurons, additional ex-
periments suggested that the lipoproteins 
themselves were not toxic. Instead, our data 
suggested that the toxic factor was a lipid 
carried within these lipoparticles.

What, then, is the lipid responsible for 
astrocyte toxicity? We performed mass 
spectrometry to compare lipids secreted 
by reactive versus control astrocytes and 
found an increase in abundance of long-
chain saturated free fatty acids and phos-
phatidylcholines. These lipids are normally 
present at very low levels in the cell and 
can induce a form of cell death known as 
lipoapoptosis. To our surprise, we found 
that these lipids are largely responsible for 
astrocyte toxicity—we could kill neurons in 
vitro with long-chain saturated lipids and 
could prevent astrocyte toxicity by elimi-
nating mediators of lipoapoptosis. We then 
inactivated an enzyme required for the syn-
thesis of toxic long-chain lipids specifically 
in astrocytes in mice and showed that it re-
duced the death of RGCs after axon injury, 
establishing the same mechanism of lipid-
mediated neuronal death in vivo.

Through this work, we developed tools 
to track and inhibit reactive astrogliosis, a 
common feature of neurodegeneration. We 
used these tools to reveal that reactive as-
trocytes drive neuronal death and disease 
progression in mouse models of acute in-
jury and neurodegenerative disease. Finally, 
we discovered a long-sought-after and unex-
pected mechanism—the secretion of a lipid 
rather than a protein—by which astrocytes 
can kill neurons. These findings highlight 
that reactive astrocytes and the secretion of 
toxic lipids are powerful mediators of neu-
rodegeneration in vitro and in vivo and are 
promising targets for future therapies. j
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