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Neurobiologists and immunologists study concepts often signified with identical terminology. Scientists in
both fields study a structure known as the synapse, and each group analyzes a subject called memory. Is this a
quirk of human language, or are there real similarities between these two physiological systems? Not only are
the linguistic concepts expressed in the words “synapse” and “memory” shared between the fields, but the actual
molecules of physiologic importance in one system play parallel roles in the other: complement, the major his-
tocompatibility molecules, and even “neuro”-transmitters all have major impacts on health and on disease in
both the brain and the immune system. Not only are the same molecules found in diverse roles in each system,
but we have learned that there is real “hard-wired” crosstalk between nerves and lymphoid organs. This issue
of the JCI highlights some of the lessons learned from experts who are working at this scintillating intersection

between immunology and neuroscience.

A few of us have the treasured opportunity to work at the inter-
face of neuroscience and immunology. The nervous system and
the immune system have distinctly different anatomic structures
populated by very different cell types, yet the goals of each system
have much in common. Both the nervous and immune systems
are sensory: they sense changes in the environment and provide
integrated responses that allow for survival. Just as the retina can
be triggered by a few photons, the T cell receptor can signal with
engagement of a single molecule and can form an immune syn-
apse with engagement of as few as ten molecules (1). Both the ner-
vous system and the immune system are also effectors: each sys-
tem comprises efferent connections that masterfully orchestrate
a response to what is sensed. Then there are the shared concepts
between these two systems: we have neural synapses that integrate
the strength of electrical signals between ensembles of neurons,
allowing for processing of information from neural nets. Likewise,
the immune system, using an architecture with some similarity to
the neural synapse, integrates inputs from a variety of cell types
with its own synapse on phagocytes, T cells, B cells, and NK cells.

The intersections between the brain and the immune system
are even more astonishing: some of the classic neurotransmitters,
such as the quintessential inhibitory molecule for neural synapses,
GABA, also have an inhibitory function on immune synapses. And
the most well-known molecules of the immune system are active
within the nervous system: both the classical complement cascade
and MHC molecules play stunning roles in axonal guidance and
synaptic elimination (refs. 2, 3, and Figure 1).

These overlaps make “pathway analysis,” a favorite tool of
systems biologists and bioinformaticians, the target of a rude
trick: molecules do not know whether they are in the “neuro-
biology club” or the “immunology club.” Molecules have their
own language: chemistry! We scientists who use pathway analysis
describe molecules with words, but molecules are the essence of
chemistry and our language can mask their actual roles. The cor-
rect language for neurobiology and immunology is not English
or French or Spanish or Russian. The operative language is chem-
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istry. So although we tend to think that complement and the
MHC molecules are immunological, we should remember that
this is a historical illusion that was shaped because we learned
about their roles in immunity first, before we realized that they
also play a remarkable partin the nervous system (2, 3). The illu-
sion arose because we think in language and live creating our
histories, while molecules engage in chemistry using a language
of their own and without a history as we humans know it. The
chemistry for both MHC and complement is congruent in the
immune system and the nervous system, and this is true for a
wide range of other molecules.

Neurological and immunological synapses

In the first review in this series, Michael Dustin describes the inte-
gration of multiple stimulatory and inhibitory signals (4), which
is a feature of synapses in the nervous and immune systems. In the
immune synapse, submicron-sized microclusters transmit these
signals in a manner similar to that of the neural synapse. Also pres-
ent in both synapse types are N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) proteins that are involved
in the delivery of vesicles (5). As in the neural synapse, this process
in the T cell synapse is sensitive to one of the quintessential neu-
rotoxins, tetanus toxin (6). Here too, we observe that not only do
immune and neural synapses have much in common in their func-
tional design, but that there is a striking confluence of molecules
involved in the physiology of both systems. SNAREs, neurotrans-
mitters, and MHC molecules modulate formation and function
of neurological and immune synapses. The well-known inhibi-
tory transmitter of the nervous system, GABA, induces inhibitory
cascades in T cells. Patch clamping of immune cells subjected to
puffs and pulses of GABA delivered from a microelectrode reveals
inward currents similar to what are seen in hippocampal neurons
(7). Molecules of the class I MHC negatively regulate density of
synapses in the cortex of the brain (8).

The immune system is actually hard wired to the nervous system
via neuroimmune synapses. The most profound manifestation of
this is innate immunity signals to the brain via cytokines, such
as IL-1, in the febrile response, which is marked by temperature
elevation accompanied by effects on appetite and arousal, mani-
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Shared concepts of the immune and nervous systems. The immune and nervous systems are both physically linked, as demonstrated by
innervation of the spleen and other lymphoid organs, and share a common construction. Many signaling entities, such as the MHC molecules,
complement, and GABA are active in both systems, and the similar physical makeup of immune and neurological synapses suggests that they

both derive from a shared ancestral cellular connection.

fested by anorexia and somnolence. The nervous system is wired
to immune cells in the reticuloendothelial system. Blockade of
cholinergic signals via the vagus nerve can avert septic shock in
animal models. There is a hard-wired cholinergic circuit involving
the vagus nerve and splenic lymphoid tissue (9).

Memory

Another similarity shared between the nervous and immune sys-
tems is the concept of memory. Immunological memory is stun-
ning: we gain lifelong immunity to many infections and immuni-
zations that occur in childhood. Upon reexposure to an infection
or to a “booster” vaccine, memory responses are detectable within
hours, and T cells and plasmablasts are at work with life-saving
rapidity to produce effective neutralizing immune responses
(10). Long-term neurological memory is comparably durable to
this lifelong immunological memory. However, immune memory
degrades; herpes zoster can appear in one’s sixth decade and after,
representing a loss of immune memory of childhood varicella
infection. Fortunately, we can greatly reduce the consequences of
this loss of immune memory with a varicella zoster vaccination at
age 60. When neurological memory fails as we age, there are many
potential causes, but the most prevalent reason is a neurodegen-
erative condition known as Alzheimer disease.

From two articles in this series — Czirr et al. and Ransohoff et al.
(11, 12) — we learn that the innate immune system plays a major
role in the process of neurodegeneration, seen in Alzheimer disease
and other forms of dementia. Again, molecules that are well known
in one system — such as complement — are also potent mediators
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of the formation and elimination of synapses in the other. The role
of complement components in the Alzheimer brain awaits eluci-
dation, but there is a high likelihood that complement deposits
in the Alzheimer brain play a major role in the maintenance and
elimination of synapses in the degenerating conditions leading to
loss of memory. We should also note that well-known molecules
in Alzheimer disease, such as amyloid precursor protein and its
peptides, are present in damaged axons in other diseases such as
multiple sclerosis, in which neurological memory is largely intact.
These proteins may have Janus faces, conferring damage in one
disease while playing a guardian role in another (13). One of the
exciting directions in research on Alzheimer disease is the poten-
tial for a vaccine to amyloid 3 (14). Just as a vaccine to varicella
zoster can help the immune system recognize and fight an extrin-
sic pathogen, a vaccine to amyloid f could help the body recognize
and fight an endogenous pathogenic molecule (14).

The immune privilege of the nervous system

Three of the pieces in this series deal with the concept that the
brain, behind the blood-brain barrier, has no classic immune sys-
tem as we know it (11, 12, 15). However, the innate and adaptive
immune systems can penetrate this barrier during inflammation.
There is also substantial evidence that the innate and adaptive
arms of the immune system are involved in routine surveillance
of the brain to guard against infection. Our experiences with HIV
and with drugs that block migration of lymphocytes into the brain
reveal that opportunistic infections can arise with alarming fre-
quency if we impair the components of innate and adaptive immu-
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nity (16). Incidence of the viral encephalitis known as progressive
multifocal leukoencephalopathy (PML) in patients treated for
relapsing remitting multiple sclerosis with the monoclonal anti-
body natalizumab, an antibody that binds a4 integrin, is remark-
able (17): over one per 400 individuals with relapsing remitting MS
develop PML, when treated with natalizumab for more than two
years, if they have antibodies to the John Cunningham virus, the
polyoma virus causing PML. Clearly, inhibiting immune surveil-
lance of the brain is deleterious (16, 17).

The adaptive immune system targets the nervous system in many
diseases. In neuromyelitis optica, the immune system recognizes a
water channel, AQP-4, on astrocytes. In Sydenham’s chorea, a sugar
on streptococcus is targeted, and the disease ensues following a
group A strep infection. These antibodies recognize a cognate struc-
ture in the basal ganglia of the brain (15, 18, 19). In an article in this
series, Alyssa Nylander and David Hafler describe the numerous
adaptive immune responses to components of the myelin sheath as
well as to inducible molecules such as the small heat shock protein
aB-crystallin (20). Remarkably, many of the genes that predispose
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to MS susceptibility are those that govern both innate and adaptive
immune responses, including the MHC, IL-2R, and IL-7R.

The articles in this Review series are from scientists who are
working at the intersection of immunology and neuroscience, and
they reveal many impressive intersections of these two systems. We
can marvel at the many common design features and even the use
of the same molecular components to accomplish the very diverse
tasks of the brain in contrast with the immune system.
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