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rugations are that they add a valuable tool
for measuring the local ring properties:
Although the ring’s self-gravity has no role
in exciting or maintaining the corrugations,
the local nodal regression rate due to Saturn’s oblateness increases by the extra gravity of ring particles. Hedman et al. verify
this feeble effect and obtain a new estimate
of the C ring’s surface density. Concerning
the dynamical evolution of the outer solar
system, the amount of cometary debris is

probably larger than previously anticipated.
The rings, with their enormous surface area,
thus provide an effective ﬂypaper detector
for interplanetary debris.
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CELL BIOLOGY

The innate immune system of multicellular
animals is regulated by the nervous system.
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Ancient Neurons Regulate Immunity
Kevin J. Tracey
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T

he most evolutionarily ancient type
of immunity, called “innate,” exists
in all living multicellular species.
When exposed to pathogens or cellular damage, cells of an organism’s innate immune
system activate responses that coordinate
defense against the insult, and enhance the
repair of tissue injury. There is a modern-day
cost associated with these processes, however, because innate mechanisms can damage normal tissue and organs, potentially killing the host. Human life is a balance between
dual threats of insufficient innate immune
responses—which would allow pathogens to
prevail—and overabundant innate immune
responses—which would kill or impair
directly. What has been the key to maintaining this balance throughout years of mammalian evolution? On page 729 of this issue, Sun
et al. (1) report that neurons in a nematode
worm can regulate innate immunity, a mechanism dating back to the early origins of the
nervous system itself.
Research on the pathophysiology of
infection in the late 20th century revealed
that molecules produced by the innate
immune system, not pathogens, account
for the major physiological, metabolic, and
pathological responses to infection in mammals. Cytokines and other molecules were
associated with the signs and symptoms of
infection, ranging from fever, anorexia, and
fatigue, to lethal shock and tissue injury. By
understanding the “cytokine theory of disease,” it became possible to develop highly
selective drugs that neutralize cytokines and
experimentally modify the pathophysiology
of infection (2). This same approach subFeinstein Institute for Medical Research, Manhasset, NY
11030, USA. E-mail: kjtracey@nshs.edu

sequently revolutionized the treatment of
inﬂammatory disease in humans with other,
noninfectious, but inﬂammatory conditions.
Today, millions of patients with arthritis,
colitis, and other inﬂammatory syndromes
have beneﬁted from therapy with cytokineblocking agents.
These advances also underscored the
importance in understanding mechanisms
that control innate immunity and restrain it
from injuring the host. Early work focused
on soluble factors that control innate
immune responses by inhibiting the synthesis or action of cytokines. This “protective
mediator” list grew to include glucocorticoid
hormones, soluble cytokine receptor fragments, and other anti-inﬂammatory factors

(3). More unexpected, however, were later
ﬁndings that information propagated in neurons controls the magnitude of the mammalian innate immune response. Action potentials traveling in the vagus nerve to the spleen
and other organs culminate in the release of
acetylcholine, an evolutionarily ancient molecule that effectively inhibits cytokine production by innate immune cells. The cytokine-blocking mechanism requires signal
transduction through α7 nicotinic acetylcholine receptors expressed on macrophages
and other cytokine-producing immune cells
(4). Signals generated via this neural circuit
tonically suppress innate immunity, because
lesions in this pathway enhance the innate
immune response to pathogens and injury
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Innate innervation. Infection of C. elegans with a pathogen stimulates the innate immune response and
activates the synthesis of new proteins, potentially causing the accumulation of unfolded proteins in host
cells. To restore protein homeostasis, the unfolded protein response is activated. ASH and ASI sensory neurons
negatively regulate the innate immune response to infection by blocking the unfolded protein response in
nonneuronal cells. The OCTR-1 receptor in the sensory neurons is required for this effect.
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(5). It may be possible to use this inhibitory
pathway to therapeutic advantage, because
selective electrical stimulation of the vagus
nerve inhibits the production of tumor necrosis factor, interleukin-1 and other cytokines,
and prevents the pathology associated with
arthritis, colitis, ischemic tissue injury, and
other syndromes in experimental models.
Sun et al. reveal that neural control of
innate immunity in mammals is present in
Caenorhabditis elegans, one of the simplest
organisms with a nervous system. This indicates that the regulatory mechanism dates
back to the origins of the nervous system. C.
elegans is a soil nematode, ~1 mm in length,
that feeds on bacteria in decaying vegetable
matter. Its nervous system consists of only
302 sensory neurons, motor neurons, and
interneurons. The neurotransmitters include
acetylcholine and γ-aminobutyric acid, which
facilitate locomotion and pathogen avoidance.
The authors found that worms lacking a cell
surface receptor called OCTR-1 in two types
of neurons exhibit substantially improved
survival against the bacterial pathogen Pseudomonas aeruginosa. These neurons—the
“ASH” and “ASI” sensory neurons—extend
processes into an opening at the anterior end
of the worm, where they are exposed to the
environment. The protection was observed
in the presence of living, but not dead bacteria, indicating that these neurons inhibit the
innate immune response to bacterial pathogens. The protection was not attributed to
enhanced pathogen avoidance, or pathogen
accumulation. Rather, the neurons targeted,
in nonneuronal cells, the molecular basis of

the unfolded protein response, a mechanism
that regulates organellar (endoplasmic reticulum) accumulation of unfolded proteins during periods of heightened protein synthesis,
as in infection. Together, these results show
that the tonic output of innate immunity is
negatively regulated by signals originating in ASH and ASI sensory neurons in the
worm (see the ﬁgure). Hence, in worms, as
in mammals, the innate immune system is
not autonomous; it is innervated. Additional
work is needed in the worm model of Sun et
al. to determine the nature of the signals that
activate OCTR-1, a putative catecholamine
receptor, in sensory neurons. Further work
should also reveal how the sensory neurons
regulate the unfolded protein response pathway in nonneuronal cells.
How might such a neural controlling
system operate, and what are the possible
therapeutic implications? A general principle in physiology is that innervation of a
system enables reﬂex control mechanisms
to provide a regulatory framework that can
ﬁne tune responses over time and space. The
inﬂammatory reﬂex, a prototypical circuit in
mammals, is activated by exposure to pathogens or injury and modulates the innate
immune response (5). Neurons express Tolllike receptors and cytokine receptors, which
detect the presence of pathogens (and perhaps damaged tissue as well) and cytokines,
respectively (6, 7). This activates action
potentials that ascend to the central nervous
system, which in turn sends efferent signals out to the immune system to dampen
the responses. Such circuits provide control

precision and integration not possible with
diffuse, humoral control systems. Thus, the
innate immune system is both the origin of
signals that are converted to action potentials in the sensory arc, and it is the target of
signals descending in the motor arc (5).
We have learned much about the efferent
pathways controlling innate immunity, and
there is now great interest in understanding
more about how inﬂammatory and injurious
factors activate the afferent input into this
immunological and neurological system.
Understanding these mechanisms as a function of “top-down” neurological regulatory
processes—that is, as immune responses
that are the result of action potentials originating in neurons—should stimulate the
identiﬁcation of new molecular targets and
the development of therapeutic alternatives.
From worms to humans, there is a consistent
evolutionary theme that the immune system
detects changes in the environment, and its
actions modify the behavior of the animal.
The loop is closed by reﬂex signals originating in the nervous system that modify innate
immune responses to maintain homeostasis.
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CHEMISTRY

Designing the Next Generation of
Chemical Separation Membranes

New materials can be prepared as membranes
that may allow their performance to beat
long-standing limits.

Douglas L. Gin and Richard D. Noble

S

ynthetic membranes are used in many
separation processes, from industrialscale ones—such as separating atmospheric gases for medical and industrial
use, and removing salt from seawater—to
smaller-scale processes in chemical synthesis
and puriﬁcation. Membranes are commonly
solid materials, such as polymers, that have
good mechanical stability and can be readDepartment of Chemical and Biological Engineering, University of Colorado, Boulder, CO 80309–0424, USA. E-mail:
douglas.gin@colorado.edu
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ily processed into high–surface area, defectfree, thin ﬁlms. These features are critical
for obtaining not only good chemical separation but also high throughput. Membranebased chemical separations can have advantages over other methods—they can take less
energy than distillation or liquefaction, use
less space than absorbent materials, and operate in a continuous mode. In some cases, such
as CO2 separations for CO2 capture, their
performance must be improved. We discuss
how membranes work, and some notable new
approaches for improving their performance.

Membranes work by forming a barrier
between two phases (e.g., salt water and
fresh water) that restricts the movement of
some molecules while letting others through
(1). Separation is driven by a difference in
concentration or pressure (or both) across
the membrane—pressurization is the main
energy input. Membranes are either dense
or porous, depending on how the molecules
move across the barrier. In dense membranes,
molecules dissolve into the material and diffuse through it (1). The product of a molecule’s solubility and diffusivity is its perme-
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