
Scientists around the world were captivated 
when it was first shown that cells known 
as pluripotent stem cells, derived from 
skin, could be coaxed to develop into com-
plex 3D neural tissues1,2. These rudimen-
tary in vitro formations, commonly called 
organoids, ushered in a new era of human 
brain research3,4. Protocols now exist to gen-
erate organoids resembling many parts of 
the brain5, but a major obstacle is that neu-
ral organoid tissues fail to mature properly 
in vitro. Revah et al.6 report on page 319 that 
they have overcome this obstacle by trans-
planting the tissue into the developing cortex 
of a rat.  Crucially, these transplanted human 
neural tissues influence host behaviour — a 
property that takes our ability to study human 
brain development, evolution and disease into 
uncharted territory.

The mature human brain is exquisitely com-
plex, so new methods are needed to bring neu-
ral organoid technologies to the point at which 
their neuronal circuits and the behaviours that 
they induce can be interrogated. But this is not 
yet possible in vitro, because human brain orga-
noids lack bodies to connect to and control.

The transfer of developing human cells and 

organoids into animals (xenografting) can 
overcome this hurdle, by providing physio-
logical support systems to the maturing cells 
and tissues. This approach has enabled cellu-
lar and morphological maturation of human 
intestinal organoids in rodents in a way that 
closely mimics normal development7,8. It has 
also shown that human neural progenitor cells 
can mature and establish neural connections 
between human and host cells in the rodent 
brain while maintaining human-specific 
features9,10. In addition, grafting intact, com-
plex human cortical organoids into the adult 
mouse brain has enabled these organoids to 
be vascularized (providing enhanced nutrient 
flow), and to be infiltrated by cell types that 
are not typically present in organoids, such as 
brain-specific immune cells called microglia11.

These studies demonstrate that functional 
connections between human and host neurons 
can form in vivo, providing an inroad to study-
ing mature neuron functions and behaviour. 
However, grafting developing neural tissue into 
the adult brain presents a mismatch in timing, 
because the host’s adult circuitry has already 
been established. ‘Late to the party’ neurons 
might have difficulty establishing themselves 

in the pre-existing circuitry to the extent 
required to regulate behaviour. By contrast, 
xenografting the developing human neural 
tissue into a juvenile rat could enable human 
neurons to be incorporated into circuits as 
they develop.

Revah et al. directed the differentiation of 
human stem cells into developing cortical 
tissues. They then transferred these human 
organoids into the cortex of juvenile rats that 
lacked a functional immune system, ensuring 
that the human tissue would not be rejected by 
the host. The timing of organoid grafting is of 
note: the authors chose a time point in the rats’ 
development at which the brain’s neuronal 
circuits are not yet fully formed, providing 
a window for the human neurons to develop 
and engage with the host’s developing neu-
ronal circuits. Engraftment efficiency was high 
(more than 80%), as was host survival after a 
year (more than 70%).

The researchers found that the tissue archi-
tecture in the engrafted organoid did not 
accurately replicate that of a normal human 
brain. For instance, the organoids did not adopt 
the layered structure seen in the human cortex, 
and lacked some cell types. None theless, the 
neurons in the organoids were much larger, 
more elaborate and more highly connected 
than is typically observed in organoids in 
culture. Gene-expression measurements cor-
roborate enhanced maturation compared with 
counterpart organoids left in vitro.

Next, Revah et al. used their system to study 
the effects of disease-associated genetic muta-
tions on mature neurons. They grew cortical 
organoids from stem cells of people who had 
Timothy syndrome — a disease whose neuro-
developmental symptoms are caused by the 
mutation of a gene encoding the calcium-ion 
channel protein Cav1.2. This protein, which 
modulates the electrical potential across cell 
membranes, controls diverse cell behaviours. 
The authors found that the neurons from these 
organoids had less elaborate morphologies 
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Human tissue resembling the brain’s cortex can be grown from 
stem cells in vitro. Transplanting this tissue into a developing 
rat cortex enables it to mature, integrate into neuronal circuits 
and influence behaviour. See p.319

Figure 1 | Modelling human brain function in rats. 3D structures called cortical 
organoids that resemble brain tissues can be grown in vitro from human stem 
cells. Revah et al.6 grew cortical organoids that were genetically engineered such 
that their neurons expressed a protein called channelrhodopsin that triggers 
cell activation in response to blue light. The authors engrafted the organoids 
into the developing cortex of rats that were between 3 and 7 days old, and left 

them to grow for at least 140 days. Neurons in the engrafted tissue were large and 
mature-looking, and projected to other regions of the animals’ brains to connect 
and form circuits with the native rat neurons. Applying blue light during a reward-
training task revealed that activation of human neurons caused the rats to lick for 
a water reward, showing that the human tissue had integrated with the rat tissue 
at circuit level and was modulating animal behaviour.
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than did engrafted neurons from control orga-
noids, as well as different synaptic connections 
with other neurons and modified electrical 
activity. These characteristics of Timothy 
syndrome can be explored only in matured 
transplanted tissues.

Perhaps the biggest advance in the study 
comes from the demonstration that the 
human neurons extended axonal projections 
into the rat brain tissue, and formed synapses 
with rat neurons. Furthermore, Revah and 
colleagues showed — using a technique called 
optogenetics — that the human neurons could 
influence the animals’ behaviour. In optoge-
netics,  neurons are genetically engineered 
to express light- sensitive proteins called 
 channelrhodopsins. Blue light activates 
these proteins, and so activates the neuron 
that expresses them. The authors used this 
approach to stimulate human neurons in rats 
that were being trained to lick a spout to get 
a water reward. They found that stimulating 
the neurons prompted the rat to lick, whereas 
red light or application of blue light to rats that 
had not received the transplant did not. Thus, 
the human neurons are involved in the rats’ 
reward–response learning process (Fig. 1).

Human neurons are different from those of 
all other species, and discrepancies in the rate 
at which rat and human neurons develop will 
limit how well human-to-rodent xenografts can 
mirror human brain function. Nevertheless, the 
ability to produce mature human neural tissues 
that integrate with their host at the circuit level 
provides exciting opportunities for studying 
the development and basic biology of human 
neural circuitry, as well as representing a new 
system for testing therapies for human neuro-
logical diseases.

A future area of research could be to incorpo-
rate other parts of the human brain into devel-
oping rats (both cortical and striatal  tissues, 
for instance), to achieve more- complex human 
circuitry. However, these experiments pose 
key ethical questions — related, for instance, 
to how such research should be overseen, 
and to the procurement of human biomate-
rials and donor consent. Other factors to take 
into account include the potential of the work 
to lead to therapies for human diseases, and 
the benefits in terms of reducing the overall 
amount of animal research needed to find such 
therapies. Finally, crucial questions surround 
whether an organoid can have consciousness 
and moral status. Active discourse between 
researchers, bioethicists, regulators and the 
public are required to develop frameworks and 
boundaries for research that uses organoids 
to model the circuitry of the human brain12,13.
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Carbohydrates not only are a biochemical 
source of energy, but also have key roles in 
biological-signal transmission, cell recog-
nition and as structural components of living 
organisms1. Naturally occurring carbo hydrates 
are often structurally undefined — they consist 
of mixtures of molecules, com plicating studies 
of their biological activity. Structurally well- 
defined carbohydrates (which consist of just 
one type of molecule) are therefore in great 
demand for biological studies, but have 
been difficult to synth esize, especially when 
the molecules are large. Writing in Nature 
Synthesis, Yao et al.2 report an impressive solu-
tion to this long-standing problem: an auto-
mated carbohydrate synth esizer that greatly 
streamlines the preparation of large carbo-
hydrates in solution by reducing the number 
of steps in which intermediate compounds 
must be isolated.

Composed of building blocks known as 
monosaccharides, carbohydrates are one of 
the four most important families of substances 
that make up complex organisms, along with 
nucleic acids, proteins and lipids. But, unlike 
nucleic acids and proteins, which are linear 
polymers, each monosaccharide can con-
nect to any one of several positions on other 
mono saccharides. Carbohydrates produced 
by biological systems therefore inevitably have 
structural variation, making it hard to obtain 
structurally well-defined carbohydrates from 
natural sources. 

This problem can, in principle, be overcome 
by synthesizing carbohydrates. However, 
conventional approaches for doing this have 
been limited to molecules with no more than 

about 100 monosaccharides3, because they 
involve many manual steps, such as diffi-
cult isolations of inter mediate compounds 
(Fig. 1a). Automated systems for carbo hydrate 
synthesis have been reported, including 
enzyme-mediated methods4,5 and electro-
chemical assembly in solution6, but have been 
unable to produce carbo hydrates containing 
more than about 150 monosaccharides7.

Yao and colleagues have now solved this 
problem. Their automated solution-phase 
synthesizer has three key sections: the synth-
esis system, an online monitoring system 
(consisting of sensors that track the progress of 
reactions) and control software that allows the 
hardware to be programmed. In the synth esis 
system, a reactor is equipped with a magnetic 
stirrer and thermostatic controls (which can 
vary the reaction temperature between –80 °C 
and 100 °C). A lamp is also provided to enable 
visible-light-induced reactions, which offer 
a ‘green’, sustainable approach for carbo-
hydrate synthesis8. An automatic injector 
system controls the delivery of the reactants, 
reagents and solvents to the reactor, using a 
self-correcting algorithm to carry out accu-
rate injections of up to 18 different reaction 
components. This system cleans itself using 
fresh solvent between injections, to prevent 
cross-contamination of the solution-carrying 
channels.

The process of constructing carbohy-
drates on the synthesizer is similar to play-
ing the classic video game Snake. In the 
game, players direct the eponymous reptile 
to pick up food — the more food it eats, the 
longer it grows. Similarly, users of Yao and 
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Efforts to probe the biological functions of carbohydrates 
have long been limited by the lack of such molecules with 
well-defined structures. An automated carbohydrate 
synthesizer has been developed that could remedy this.
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