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asoccurs, for example, in response toLPS.

More work on this lipid code in innate im-

mune signaling could provide important

new insights into the precise role of lipid

metabolic reprogramming in innate immu-

nity. Probing this frontier further could

well give rise to new approaches to boost

host defense against pathogens.
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Neuroinflammation is being increasingly recognized as a potential mediator of cognitive impair-
ments in various neurological conditions. Habbas et al. demonstrate that the pro-inflammatory
cytokine tumor necrosis factor alpha signals through astrocytes to alter synaptic transmission
and impair cognition in a mouse model of multiple sclerosis.
Inflammation of the CNS is a common

feature of nearly all neurological disorders

and insults. It is characterizedbyactivation

of CNS glial cells and often invasion of pe-

ripheral immune cells into the CNS. These

cells release a storm of pro-inflammatory

cytokines intended to promote immuno-

logical responsesor further recruit immune

cells to eliminate a perceived threat but

frequently have negative consequences.

In thedemyelinatingdisordermultiplescle-

rosis (MS), invading autoreactive periph-

eral immune cells destroy myelin, the lipid

insulation around neuronal axons that fa-

cilitates rapidactionpotential propagation.

Motor and sensory deficits are the most

common symptoms of MS, though pa-

tients also often suffer from cognitive im-

pairments. In fact, cognitive impairments

are common to many neuroinflammatory

neurological conditions, including Alz-

heimer’s disease, Parkinson’s disease,

and HIV-associated neurocognitive disor-
ders (Peterson and Toborek, 2014) to

name a few. This begs the question: does

neuroinflammationcontribute to thecogni-

tive impairments that arise in these condi-

tions? A growing body of evidence sug-

gests that this may in fact be the case.

One pro-inflammatory cytokine, tumor ne-

crosis factor alpha (TNFa), is elevated in

MS and other neuroinflammatory neuro-

logical conditions (McCoy and Tansey,

2008) and has been implicated in cognitive

alterations (Yirmiya and Goshen, 2011).

But until now, there has been no demon-

stration of a mechanism by which this

cytokine could affect cognition. In this

issue of Cell, Habbas et al. (2015) demon-

strate that TNFa signals through astro-

cytes to alter synaptic strength in the hip-

pocampal formation and contribute to

contextual memory deficits observed in a

rodent model of MS.

Habbas et al. (2015) investigate the

electrophysiological effects of TNFa on
the entorhinal cortex-dentate gyrus (EC-

DG) synapse in a slice preparation of

mouse hippocampal formation, the brain

structure responsible for memory forma-

tion and spatial navigation. They find

that temporary application of TNFa at

pathological levels—but not at lower

levels—induces a sustained increase in

the frequency of presynaptic vesicular

release from entorhinal cortical axons,

measured as an increase in the frequency

of miniature excitatory postsynaptic cur-

rents (mEPSCs) in dentate gyrus granule

cells. How might this synaptic alteration

be occurring? The same group previously

demonstrated that high levels of extracel-

lular TNFa can trigger release of the con-

ventional neurotransmitter glutamate

from astrocytes (Santello et al., 2011)

and that astrocytic glutamate acts on pre-

synaptic NMDA glutamate receptors to

increase the frequency of presynaptic ve-

sicular release (Jourdain et al., 2007).
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Figure 1. TNFa Acting through Astrocytes Modifies Synapses and Cognition
(A) AT-EAE mice have deficits in a contextual fear conditioning task, as measured by reduced freezing
upon return to a previously aversive context.
(B) Habbas et al. (2015) propose a mechanism for this deficit in which elevated hippocampal TNFa signals
through TNFR1 on astrocytes, inducing astrocytic release of glutamate that acts on presynaptic NMDA
receptors of entorhinal cortical axons. This results in an increased frequency of presynaptic vesicular
release, as measured by increased frequency of mEPSCs in dentate gyrus granule cells.
Habbas et al. (2015) show that patholog-

ical TNFa exerts its effects through this

pathway. By blocking presynaptic

NMDA receptors, they prevent the

TNFa-induced increase in mEPSC fre-

quency. To assess the involvement of as-

trocytes, the authors knock out tumor ne-

crosis factor receptor 1 (TNFR1) in all cell

types and re-express it only in astrocytes.

As expected, TNFa fails to alter synaptic

properties in TNFR1 global knockout

mice. However, re-expression of the re-

ceptor in astrocytes restores the effect.

Could this mechanism be contributing

to cognitive impairment in disease? To

model disease-associated cognitive defi-

cits, Habbas et al. (2015) use a mouse

model of MS, adoptive transfer experi-

mental autoimmune encephalomyelitis

(AT-EAE), which is induced through in-

jection of CD4+ T cells reactive against

myelin proteins. In EAE, cognitive deficits,

including spatial memory deficits, are

detectable prior to detection of the motor

deficits and demyelination that charac-
terize this model (Acharjee et al., 2013),

suggesting that the mechanism for cogni-

tive impairment may be distinct from

motor pathology. Habbas et al. (2015)

similarly find that presymptomatic AT-

EAE mice are impaired in contextual fear

conditioning, a hippocampal-dependent

contextual learning and memory task.

In this task, mice are first taught to

associate receiving an electric shock

with an arena (context). To evaluate mem-

oryof this contextual association,miceare

returned to the same arena the following

day and their fear levels are assessed, as

measured by time spent freezing. Indica-

tive of a deficit in contextual memory,

AT-EAE mice spend less time freezing.

In congruence with their hypothesis,

Habbas et al. (2015) observe elevated hip-

pocampal TNFa levels in AT-EAE mice

and a significant increase in mEPSC fre-

quency at EC-DG synapses, comparable

to that caused by acute application of

pathological levels of TNFa in slice prepa-

ration. Demonstrating that TNFa signaling
Cell 163, De
through astrocytes is causative, Habbas

et al. (2015) show that AT-EAE does not

affect mEPSC frequency in mice lacking

TNFR1 globally. However, re-expressing

TNFR1 in astrocytes restores this synap-

tic effect of AT-EAE. This synaptic alter-

ation also requires presynaptic NMDA

receptors; blocking these receptors dur-

ing AT-EAE induction prevents any in-

crease in mEPSC frequency. What about

cognition? Remarkably, the authors find

that TNFR1 expression in astrocytes

alone is sufficient to impair AT-EAE mice

in contextual fear conditioning as com-

pared to AT-EAE mice lacking TNFR1

globally.

The findings of Habbas et al. (2015)

clearly demonstrate that TNFa signaling

through astrocytes mediates both synap-

tic and cognitive changes in AT-EAE,

providing the first potential mechanism

for how TNFamay be mediating cognitive

changes in disease conditions (see

Figure 1 for a model of this mechanism).

Still, the incidences of the synaptic and

behavioral changes observed are correla-

tive. Future studies should assess how

increasing frequency of vesicular release

at EC-DG synapses could alter hippo-

campal-dependent contextual learning

and memory.

While neuroinflammation has been

implicated not only in the pathogenesis

of various neurological conditions but

also in associated cognitive impairments,

in many instances, its role in disease is

not completely clear. Neuroinflammation

seems to have a dichotomous role,

providing benefits in some circumstances

and acting as a detriment in others. Seem-

ingly counterproductively, in mouse

models of MS, neuroinflammation con-

tributes to demyelination, yet the remyeli-

nation of demyelinated axons requires

neuroinflammation (Wee Yong, 2010).

Thus, treatments aiming to dampen neu-

roinflammation in its entirety may have

adverse side effects. This highlights the

virtue of the work of Habbas et al. (2015)

in identifying the downstream mecha-

nisms of how neuroinflammation may

contribute to cognitive deficits, providing

the opportunity to therapeutically target

these mechanisms in isolation.

The authors concentrate on contextual

learning and memory and the brain area

responsible for this cognitive ability, but

TNFa signaling through astrocytes could
cember 17, 2015 ª2015 Elsevier Inc. 1575



have various effects throughout the brain.

How might TNFa signaling through astro-

cytes affect synaptic physiology or dis-

ease pathology of AT-EAE in other brain

regions? Does the same mechanism

apply to other areas? It would not be sur-

prising if TNFa could exert differential

effects on astrocytes in diverse brain

areas given recent developments in our

understanding of astrocyte heterogene-

ity. Like neurons, astrocytes in different

brain regions exhibit heterogeneous mor-

phologies and functions (Oberheim et al.,

2012). This will be important to ascertain

prior to developing therapies targeting

this mechanism.

Astrocytes are widely accepted as

crucial supporters of synaptic function

and synapse formation. However, this

study adds to an emerging body of work

pointing to a potential but contentious

role for astrocytes in synaptic plasticity

and cognition (Haydon and Nedergaard,

2015). Like with any mechanism in dis-

ease, one wonders if studying the mal-
1576 Cell 163, December 17, 2015 ª2015 Els
functioning system can provide insights

intonormal system functioning. This group

previously showed that physiological

levels of TNFa are required for astrocytes

to release glutamate and subsequently

alter synapses in response to activation

of astrocyticpurinergic receptors (Santello

et al., 2011), demonstrating a role for TNFa

and astrocytes at healthy synapses. How

TNFa signaling through astrocytes might

affect cognition in healthy brains is an

exciting future direction.
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