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It is common knowledge among neuro
scientists today that the brain’s frontal lobe, 
which is involved in many complex human 

behaviours, continues to develop throughout 
adolescence and into early adulthood. But in 
1983, the idea of such protracted brain devel
opment was, in the words of the psychiatrist 
Irwin Feinberg, “a newly emerging theme”1. 
That year, he published the hypothesis1 that 
schizophrenia is caused by defects in a par
ticular aspect of adolescent brain development. 
Genomic studies are now beginning to shed 
longawaited light on the mechanisms that 
might underlie such a process.

Among the earliest contributions to this 
emerging field was a landmark 1979 study by 
the neuroscientist Peter Huttenlocher. Using 
electron microscopy, Huttenlocher imaged 
and counted the connections, called synapses, 
between neurons in slices of the frontal lobe 
from individuals ranging in age from newborn 
to 90 years old. Unexpectedly, he found that a 
drastic reduction occurred in the number of 
synapses between infancy and adulthood2. At 
the time, Feinberg was studying sleep patterns 
during human development and ageing. The 
changes detailed in Huttenlocher’s report were 
strikingly similar to a phenomenon Feinberg 
had observed to occur during the second dec
ade of life — a steep reduction in the amplitude 
of waves of brain activity during dreamless 
sleep, as measured using a technique called 
electroencephalography (EEG)3. 

Taking this information together with the 
propensity for symptoms of schizophrenia to 
emerge in patients’ late teens and early twen
ties4, Feinberg boldly speculated that the three 
phenomena might be linked. According to his 
hypothesis, normal changes in synapse num
bers or organization, determined by genetic 
programs of synaptic pruning in the ado
lescent brain, could reduce the amplitude of 
sleep EEG waveforms. Disturbances of these 
programs (causing either too much or too 
little pruning) might produce or contribute 

to the symptoms of schizophrenia.
Feinberg had been considering the relation

ship between brain structure and function 
since the early 1960s, and recalls sitting in the 
office of his then mentor, Jean Piaget, a pio
neer in the field of cognitive development, 
and “raising the possibility that maybe part 
of [cognitive] development was based on 
biological changes in the brain. He went on 
with the conversation as though I had not 
said anything”. Twenty years later, neuro
scientists reacted similarly to his hypothesis 
on pruning and schizophrenia, with Feinberg 

describing the initial response in an interview 
last year as “totally indifferent” (see go.nature.
com/2cohqjx). 

Indeed, a major hole in Huttenlocher’s 
analysis remained a sticking point for years. 
Owing to the difficulty of obtaining samples, 
and the painstaking analysis involved, his 
study included only one adolescent. Although 
data from primates revealed similar postnatal 
synaptic pruning (for a review, see ref. 5), it 
was not until 1997 that additional human data 
supporting this phenomenon became available 
from a handful of adolescent brains6. In 2011, 
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Pruning hypothesis comes of age
The idea that disrupted pruning of neuronal connections in the brain during adolescence is a cause of schizophrenia was 
proposed in 1983. This proved prescient, as subsequent imaging, genetic and molecular research has shown.
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Figure 1 | Photomicrographs of neurons in the human brain. a, A neuron from a healthy brain is 
dotted with structures called dendritic spines (seen in the zoomedin image). Spine numbers can be 
used as a proxy for the number of synaptic connections a neuron receives from other neurons (not 
visible). Scale bar in main image, 30 µm; in zoomedin image, 20 µm. b, There are fewer spines, and so 
synapses, in the brain of a person who has schizophrenia. Scale bar, 15 µm. (Figure adapted from ref. 8.)
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5 more samples from individuals between 
10 and 22 years old were finally added to the 
literature7. 

As researchers were working to fill this 
gap in the data on normal development, at 
least two groups were looking for — and, at 
the turn of the twentyfirst century, found 
— signs of aberrant pruning in the brains of 
people with schizophrenia8,9 (Fig. 1). Using a 
staining technique that enabled them to count 
the number of neuronal structures called 
dendritic spines that receive certain synaptic 
inputs, these researchers provided evidence 
that synapse densities in brain regions involved 
in higher cognition are lower in affected than 
in unaffected people. 

Subsequently, the development of non
invasive brainimaging techniques made the 
analysis of both healthy brain development 
and psychiatric disorders much easier. One 
imaging study10 confirmed that the volume 
of grey matter (the brain tissue that generally 
contains synapses) in the temporal and frontal 
lobes increases during early childhood and 
then decreases over the course of adolescence. 
These changes are consistent with the pruning 
of neuronal processes and synapses in adoles
cence. Another study11 revealed that atrisk 
individuals who go on to develop psychosis  
exhibit an accelerated rate of greymatter loss 
in the frontal lobe compared with those who 
do not. Evidence to support Feinberg’s hypoth
esis was gradually growing.

More recently, the hypothesis has been 
strengthened, thanks to the genomics revolu
tion. Studies12,13 of tens of thousands of people 
with schizophrenia have identified genetic 
variants associated with an increased risk of 
the disease. By far the strongest signal has 
been found in a portion of chromosome 6 that 
contains hundreds of genes related to immu
nity, making it hard to pinpoint individual risk 
genes. But in 2016, analyses of brain and DNA 
samples from affected and unaffected individ
uals enabled geneticists to pick out variation in 
one gene in the region, that encoding comple
ment component 4 (C4), as partly responsible 
for schizophrenia risk14.

This work revealed that different variants 
of the C4 gene produce different levels of the 
protein it encodes, and that higher C4 expres
sion is correlated with a higher risk of schizo
phrenia. Independently of this work, our 
group and others have shown that the immune 
signalling cascade of which the C4 protein is a 
part, called the complement cascade, instructs 
the brain’s immune cells to prune synapses 
during development in mice (Fig. 2)15,16. How 
this pruning mechanism relates to schizophre
nia risk or age of onset, or to normal adoles
cent changes in brain activity during sleep, is 
an exciting and active area of investigation. 
Precisely how and where in the human brain 
C4 is targeted to synapses, whether particular 
synapses or circuits are more or less vulner
able to complementmediated pruning, and 

which of these mechanisms are most relevant 
to specific symptoms of schizophrenia, remain 
unknown.

Other gene variants associated with 
schizophrenia risk are scattered throughout 
the genome, implicating a variety of other 
synaptic proteins13. Thus, synaptic pruning is 
likely to be disrupted through different mecha
nisms in different patients. New tools are now 
enabling us to better understand this vari
ability. For instance, methods for converting 
human stem or skin cells into brain cells and 
3D ‘minibrains’ allow us to probe synapse 
development and pruning using living patients’ 
own cells, or cells engineered to harbour risk 
variants. In addition, genomeediting tools 
such as CRISPR–Cas could be used to gener
ate new primate models of frontallobe synapse 
development and psychiatric disorders. 

One could charitably interpret the initial 
resistance to Feinberg’s pruning hypothesis 
as tacit recognition that, at that time, such 
hypotheses could only be pure, untestable 
speculation. Indeed, Feinberg himself wrote, 
“The probability of guessing correctly the 
brain mechanisms causing schizophrenia 
is, with our limited knowledge, vanishingly 
small”1. And yet, although we are just begin
ning to understand the molecular processes 
underlying his hypothesis, evidence is now 
accumulating that Feinberg might — at least 
in part — have done just that. ■
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Figure 2 | A growing understanding of 
brain rewiring in adolescence. a, In 1979, 
an analysis of synapse numbers in the frontal 
lobe at different ages revealed a dramatic 
decrease in synapses during adolescence2. Sleep 
brainwave amplitudes follow a similar pattern3. 
Furthermore, symptoms of schizophrenia 
typically emerge in adolescence4. In 1983, 
these facts together led the psychiatrist Irwin 
Feinberg, who was studying sleep, to propose1 
that defects in adolescent pruning of synapses 
might be a cause of schizophrenia. b, In the 
past decade, molecular and genetic studies12–16 
have provided evidence that this pruning defect 
involves genes of the complement signalling 
cascade. During normal development, 
brainresident immune cells called microglia 
engulf and prune synapses that are tagged by 
complement proteins. Higher expression  of 
one complement gene, C4, is associated with a 
higher risk of schizophrenia, perhaps because 
of higher pruning levels.
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