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Cells in the brain collectively known as ‘glia’ 
(Greek for ‘glue’) were once thought to only 
support and nourish neurons. Glial cells—
which make up more than half of the brain’s 
volume and outnumber neurons by about ten 
to one—are what David Meaney, associate 
director of the University of Pennsylvania’s 
Center for Brain Injury and Repair,  refers to 
as the brain’s “silent majority.”

But, as Meaney explains, these cells are 
anything but silent when the brain suffers a 
traumatic blow: glial cells undergo a rapid 
and fascinating transformation after brain 
trauma. Star-shaped glial cells known as 

astrocytes, which have fibrous appendages 
that extend to synapses, thicken like scabs to 
reseal the blood-brain barrier and prevent 
potentially fatal infections. At the same 
time, these reactive astrocytes retract their 
connections to the synapses and expunge 
chemicals that are toxic to neurons.

“It’s unclear why reactive glia function to 
both help and harm the human brain,” says 
Meaney, a 43-year-old former football player 
who became interested in brain injury as a 
biomedical engineering undergraduate at 
Rensselaer Polytechnic Institute and later 
worked with automotive companies to test 

existing air bag design and predict the risk of 
brain injury after motor vehicle crashes.

He is currently working to minimize the 
negative effects of glial cells and exploit the 
positive ones. Currently, no drug has yet 
proven effective at reversing brain damage 
or even dampening the harmful effects of 
reactive astrocytes after any severity of head 
injury—ranging from major trauma to mild 
concussions. But Meaney says previous 
medications that failed in clinical trials 
focused mainly on neurons, and he “can’t 
help but be excited about the new drug 
targets on glia.”

For many years, textbooks portrayed nerve communication as a straightforward process in which a signal simply 
hopped from one cell to the next. This traditional view also cast cells known as glia as passive bystanders to the 
signaling action between neurons. But scientists increasingly regard glia as influential third players in the space 
where signals pass between neurons, a space they have termed the ‘tripartite synapse’. On the basis of this concept, 
some have begun to study the involvement of glia in nervous system disorders and to develop therapeutic compounds 
that target these cells. David Gruber reports.
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The discovery of ‘nerve putty’
Rudolf Virchow, a 24-year-old German medical 
doctor, first described glia cells from slides of 
postmortem brain in 1846. He coined them 
‘nervenkitt’, roughly translated as nerve putty. 

After 14 years of examination, Virchow 
became convinced that this ‘putty’ was serving 
more important aspects of brain function. At a 
series of lectures in Berlin, he tried to sway the 
scientific community to take a closer look at 
glia. He asserted that “it is extremely important 
to have a knowledge of that substance which 
lies between the nervous parts, holds them 
together and gives the whole its form.” By this 
time, Virchow was a leading scientific figure, 
thanks in part to his insights into the role of 
white cells in leukemia and to his proposing 
the then radical idea that all cells come from 
preexisting cells. But, regardless, few scientists 
heeded Virchow’s plea to study glia.

In the late nineteenth century, staining 
techniques that selectively highlighted neurons 
lured scientists toward these cells—and away 
from glia. And the detailed drawings of 
neurons produced by the Spanish scientist 
Santiago Ramón y Cajal only served to focus 
more attention on neurons.

It took some time for glia to get back into the 
picture. In the 1950s, anatomists began noticing 
that astrocytes are less prevalent in the nervous 
systems of more primitive creatures than 
higher-order animals. In a leech, for example, 
a single astrocyte services about 25 neurons on 
average, whereas in humans there are roughly 
three astroc ytes for every two neurons (Trends 
Neurosci. 26, 523–530; 2003). This observation 
led to the hypothesis that sophisticated brains 
require more astrocytes and to speculation that 
people with an abundance of these cells possess 
higher intelligence.

In the early 1980s, Marian Diamond, 
a neuroanatomist at the University of 
California–Berkeley learned the location of 
Albert Einstein’s preserved brain and hoped to 
examine the glia of a genius. Einstein’s brain 
was in the possession of Thomas Harvey, who 
took the brain, without authorization, after 
conducting Einstein’s autopsy in 1955. 

After years of corresponding with Harvey, 
Diamond finally convinced him to send a few 
sugar cube–sized samples to her laboratory. 
Diamond found that compared to 11 other 
male cortices, Einstein’s had significantly 
more glia than neurons in a region called left 
area 39, known to influence reading, writing 
and forming calculations (Exp. Neurol. 88, 
198–204; 1985).

However, seven years later, a Japanese 
group challenged these results, suggesting that 
Einstein possibly suffered a childhood brain 
injury that resulted in glia scaring, or‘gliosis’, 

in that specific area (Med. Hypotheses 37, 119–
122; 1992).

Glia with a starring role
Although the examination of Einstein’s glia 
was perhaps a false lead, other interesting 
observations of glia emerged as scientists 
paid them more attention. For instance, pure 
mammalian neuronal cells are notoriously 
difficult to maintain in the lab dish. Yet, when 
glia are added to the culture, neuronal activity 
increases nearly 100-fold.

In 1994, two high-profile findings heightened 
the buzz about a type of star-shaped glia known 
as astrocytes. The first discovery came from 
Maiken Nedergaard, then an assistant professor 
of neurosurgery at Cornell University Medical 
College in New York. Using newly available 
fluorescent dyes that flashed in the presence of 
calcium, she discovered that astrocytes increase 
calcium levels in neurons (Science 263, 1768–
1771; 1994). Because calcium triggers neurons 
to release signaling chemicals, the discovery 

hinted that astrocytes could affect neuronal 
function.

Nedergaard repeated the experiment time 
and again. “I was shocked to find something 
so opposite to what I learned in neuroscience 
textbooks,” says Nedergaard, who published 
the finding alone but now runs a 35-person 
laboratory at the University of Rochester’s 
Center for Translational Neuromedicine. 
“Astrocytes were considered just passive 
housekeepers,” she adds. “This showed that the 
housekeeper could talk back to their boss and 
perhaps influence his actions.”

Three months later, Philip Haydon and 
his colleagues reported that a primary 
neurotransmitter, glutamate, mediates 
astrocyte to neuron signaling (Nature 369, 
744–747; 1994). “It was a completely accidental 
discovery,” recalls Haydon, who is currently 
head of the neuroscience department at Tufts 
University School of Medicine in Boston. At the 
time, his team was looking at how glutamate is 
released from neurons in response to pain.
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Picturing neuronal cells: Ramon y Cajal drew these cells more than a hundred years ago
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“It appeared that glutamate was being 
released from what was thought to be a dish 
of dead neurons,” says Haydon. A closer 
examination revealed that the dish contained 
both glia and neurons. As the astrocytes were 
the only living cells in the dish, the team 
deduced that these glial cells must have been 
releasing the glutamate. Haydon has since 
published many papers describing functions 
of glia, including a very recent study that links 
astrocytes to sleep regulation, potentially paving 
the way to new targets for sleep medications 
(Neuron 61, 213–219; 2009).

The question of glutamate release from 
astrocytes has proven quite controversial.

Ben Barres, professor of neurobiology and 
developmental biology at Stanford University 
School of Medicine, feels skeptical about this 
particular detail. “It flies in the face of 50 years 
of neurochemistry for astrocytes to release 
glutamate,” says Barres. “It has not yet been 
conclusively proven. But what is agreed upon 
is that astrocytes release all sorts of interesting 
signals that influence the brain in profoundly 
meaningful ways.”

The tripartite synapse
The term synapse typically refers to the space 
where signals get relayed from one neuron 
to the next. Haydon says he coined the term 
‘tripartite synapse’ in 1999 to include glia along 
with the presynaptic and postsynaptic parts of 
the two neurons involved (Trends Neurosci. 22, 
208–215; 1999). “Like with a disorder, people 
don’t recognize it until it has a name,” says 
Haydon, who called a lab meeting to discuss 
possible names and recalls “thumbing through 

the pages of a thesaurus” until he found the 
right term.

The tripartite synapse is an attempt to focus 
attention on the possible interactions between 
synaptic elements that are dependent on glia. 
Haydon often compares the relationship 
of neurons to glia to that of a Formula One 
Ferrari to its highly trained pit crew. “Without 
the glia, the neurons are almost completely 
helpless,” says Haydon. “A souped-up race car 
is not going anywhere if is has a flat tire.”

Until recently, Haydon’s group was based 
at the University of Pennsylvania, near David 
Meaney’s laboratory. The two teams are 
currently collaborating on projects looking at 

how to heal brain injury by targeting glia.
Earlier studies have suggested that brain 

damage from head injury is related to the 
stretching of brain tissue during the traumatic 
blow. To mimic this on a cellular level, Meaney 
grew neurons on a flexible membrane. He then 
stretched the membrane and the cells on it at 
different speeds to determine how far they 
extend before calcium levels rise in the cells. 
(Increased calcium concentrations activate a 
set of calcium-sensitive proteins that release 
neurotransmitters.)

The stretch test showed that the neurons  
release calcium into neighboring cells when 
the film was stretched by five percent within 
20 milliseconds (Ann. Biomed. Eng. 32, 
1546–1558; 2004). In January, Meaney and his 
collaborators published results suggesting that 
this also applies to astrocytes (J. Neurotrauma, 
doi:10.1089/neu.2008-0727; 2009)

During an injury, the reactive astrocytes are 
likely to release chemicals haphazardly around 
the sides of synapses, known as the extrasynaptic 
region. Under normal synaptic firing, these 
regions are not activated by neurons, but 
when they are the brain knows something 
is wrong and begins the process of gliosis. In 
their quest to find a way to treat brain trauma, 
Meaney’s group noticed a target on astrocytes 
that seemed somewhat promising, the receptor 
P2Y1. Blocking this receptor in the brain with a 
compound called MRS2179 stops a cascade that 
ultimately activates the extrasynaptic portion 
of the synapse, which normally induces a 
harmful response (J. Neurotrauma, doi:10.1089/
neu.2008–0727; 2009).

Meaney is now working to inject the drug 
directly into mice to see whether it protects 
them from brain trauma. “The early signs 
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Glued to astrocytes: Philip Haydon explores glutamate release from glia

In the shadows: The neurons pictured here are supported by glia
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seem good, based on memory scores, learning 
ability and the amount of cell death in their 
hippocampus [brain region],” Meaney says. 
He cautions, however, that MRS2179 is 
problematic, as it has to be injected into the 
brain. The compound cannot be delivered 
intravenously because it also activates receptors 
in the heart that control blood pressure. 
Meaney remains optimistic that more selective 
compounds and better delivery methods are on 
the horizon. “Glia provide a totally new target, 
which opens up lots of exciting possibilities,” 
he notes.

Beyond astrocytes
Despite the fact that Ben Barres remains 
skeptical about the release of glutamate from 
astrocytes, he is one of the most ardent believers 
in the importance of glia. In a recent review 
article, Barres said that if we want to keep 
neurons from dying or misbehaving, we must 
understand how glia save neurons (Neuron 60, 
430–440; 2008). As a case in point, he noted 
that over a thousand drug trials for stroke have 
failed, with most of them targeting neurons.

Barres’s lab has recently been setting its sights 
on another type of glial cell—oligodendrocytes. 
These cells are responsible for providing the 
insulating coating, called myelin, around 
neurons. When myelin degrades, neurons 
become exposed, leading to neurological 
dysfunctions such as multiple sclerosis and 
possibly even depression, schizophrenia and 
bipolar disorder (Mol. Psychiatry 10, 309–322; 
2005). Barres’s group discovered a promising 
enzyme that triggers rapid remyelination in 
a culture dish, the first demonstration that 
neurons can be tricked into recoating with 
myelin (Neuron 60, 555–569; 2008).

Barres is collaborating with the Myelin 
Repair Foundation, led by Scott Johnson, an 
entrepreneur with multiple sclerosis, who 
has funded over $17 million in glia research, 
mainly in oligodendrocytes, which he sees 
as “underappreciated and understudied.” 
The foundation has currently assembled 
a multidisciplinary team of scientists to 
determine whether the enzyme Barres’s 
team discovered can prompt remyelination 
in animals. If it does, the Myelin Repair 
Foundation hopes to eventually conduct a drug 
to trial in subjects with multiple sclerosis. 

Meanwhile, Linda Watkins, a professor of 
psychology at the University of Colorado–
Boulder, is concentrating on a receptor that 
is only found on microglia, a type of glia that 
acts as the brain immune system. Watkins says 
a specific receptor on the microglia, known as 
Toll-like receptor 4 (TLR4), “sits at the crux of 
neuropathic pain.” Once activated by either 
tissue damage or, strangely, analgesic drugs such 

as morphine, TLR4 releases proinflammatory 
cytokines that result in increased sensitivity 
to pain. Watkins is currently studying a drug 
called naloxone, which seems to block TLR4, 
thereby allowing opiates to work better in rats 
(Eur. J. Neurosci. 28, 20–29; 2008).

And in the case of amyotrophic lateral 
sclerosis (ALS), a progressive neurodegenerative 
disease caused by the deterioration of motor 
neurons, astrocytes seem to produce decreased 
amounts of a protein called EAAT2. “Without 
this protein, the neurons die,” says Jeffrey 
Rothstein, director of the Robert Packard 
Center for ALS Research at Johns Hopkins 
University in Maryland. In 2005, his group 
showed that certain antibiotics increase 
production of the rodent equivalent of EAAT2 
(Nature 433, 73–77; 2005). A US National 
Institutes of Health–sponsored human 
trial is underway to see whether a penicillin 
derivative, cestriaxone, turns on the switch to 

make EAAT2 protein and help individuals with 
ALS. Rothstein and his collaborators have also 
shown that transplants of astrocyte precursors 
slowed the progression of an ALS-like disorder 
in rats (Nat. Neurosci. 11, 1294–1301; 2008). 
They hope that a similar approach based on 
stem cells might one day work in humans.

These studies represent a dramatic shift from 
what Cajal, the grandfather of neuroscience, 
presciently noted as a prejudice against glia. 
In 1899, he stated that relegating glia as “a 
passive weft for merely filling and support 
[…] constitutes the main obstacle that the 
researcher needs to remove.” It has taken some 
time for the field to overcome this obstacle, but 
scientists no longer seem stuck on the idea that 
glial cells are merely glue.

David F. Gruber is a science writer and 
assistant professor of biology at City 

University of New York, Baruch College.

Targeting treatments: David Meaney (left) investigates possible drugs that influence astrocytes

Wrapping it up: Targeting Oligodendrocytes, which cover nerve fibres, could treat MS
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