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ecules flows from the meninges into the 
space surrounding the brain’s vascula-
ture. As the arteries pulse with each beat 
of an animal’s heart, the blood vessels 
expand, and the CSF is pushed through 
water channels in the astrocyte feet and 
then into the brain.9 The reverse flow 
also takes place: CSF that has entered 
the brain and mixed with the extracel-
lular, or interstitial, fluid—and that now 
carries waste proteins ready for clear-
ance—is pressed back through astrocytes 
into the space surrounding the blood 
vessels. “Maiken showed this very, very 
elegantly,” Kipnis says. It completely 
overthrew the dogma that the brain is 
immune privileged, he says. 

Earlier this year, Andrew Yang of 
Stanford University and colleagues 
extended this finding to specifically show 
that cytokines released from T cells in the 
blood can also reach the brains of mice. 
The researchers extracted blood from 
the animals, separated out plasma pro-
teins, labeled them with a fluorescent tag, 
then injected them back into the blood-
streams of the mice they came from. In 
healthy young adult mice, lots of the flu-
orescently tagged proteins crossed the 
BBB to enter the interstitial fluid in the 
brain.10 “This finding suggests that a wide 
variety of neural functions . . . could be 
modulated by systemic protein signals,” 
Roeben Munji and Richard Daneman of 
the University of California, San Diego, 
wrote in a commentary accompanying 
Yang’s study.

Cytokines in the meninges or possi-
bly even in the blood might not have to 
enter the brain at all to affect the central 
nervous system, according to Brombach-
er’s studies. IL-13 and other cell signal-
ing molecules in the CSF or blood could 
interact with astrocytes at the BBB or at 
the perimeter of the brain. In cultured 
astrocytes, treatment with IL-13 spurred 
the production of BDNF and triggered 
the production of glial fibrillary acidic 
protein (GFAP), an indication that neu-
ral connections are undergoing rewiring. 
Ribot’s study on IL-17 also showed that 
the cytokine could spur mice’s astrocytes 
to release BDNF into the brain. Both 

1        The meninges’ innermost layer, the pia mater, lines the perimeter of the brain, 
separating neural tissue from the surrounding fluid and tissue. But gaps in the thin, 
fibrous tissue allow blood vessels to extend deep into the brain. 

2        Along blood vessels in the brain, a tightly packed layer of endothelial cells, 
along with projections, or “feet,” from astrocytes collectively make up the blood-
brain barrier, which prevents blood from entering the organ. But CSF that sits in the 
space between the pia mater and upper layers of the meninges flows down around 
the endothelium-lined blood vessels.

3        As arteries pulse with each beat from the heart, CSF pushes into the astrocyte 
feet through AQP4 water channels. This CSF can carry signals from the immune 
system such as cytokines IL-17, IL-4, and interferon gamma that may also talk 
directly with neurons.

4      Cytokines can also trigger astrocytes to release molecules such as brain-derived 
neurotrophic factor (BDNF), influencing learning, memory, and sociality.

5      Once in the brain, the CSF mixes with extracellular fluid from neuronal tissue, 
sweeping up cellular waste excreted along with any toxins, pathogen-derived anti-
gens, and debris formed as part of normal neural rewiring. This fluid is then pushed 
out of the brain through astrocyte feet into the perivascular space, where it can 
interact with gamma delta T cells. Those T cells may then respond by releasing 
cytokines such as IL-17 that can move right back into the brain, although this has yet 
to be shown.

6      The CSF is then channeled to the lymphatic vessels in the meninges and 
flushed to lymph nodes in the neck, where more T cells are waiting to scan the 
fluid and respond.

IMMUNE-NEURAL CROSSTALK
Several routes exist for immune cells and neurons to communicate, though T cells rarely come in direct contact with neural 
tissue. This communication can happen as cerebrospinal fluid (CSF) flows from the space surrounding blood vessels deep in 
the brain into neural tissue and back out again. As an animal learns new information, changing neural circuits can release 
signals to which the immune system responds. The immune system in the meninges, the spongy membranes that sepa-
rate neural tissue from the skull, also monitors CSF coming from the brain for signs of infection or injury.
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