
models, apart from NLLB-200 (ref. 8). The data 
set has already been leveraged to create new 
collections of low-resource languages that can 
be used to test machine-learning models’ com-
prehension of different languages9 or their 
ability to categorize text by topic7.

The NLLB-200 model was trained on three 
types of data: publicly available data from the 
Internet; a high-quality ‘seed’ data set compris-
ing around 6,000 sentences in 39 languages 
for which resources are exceptionally lack-
ing; and data consisting of pairs of sentences 
and their translations that were mined from 
web archives. Obtaining high-quality mined 
data is challenging, and the authors did so 
by developing a tool based on Flores-200 to 
categorize sentences by language. They then 
built a multilingual sentence encoder to map 
out a space in which closely related sentences 
are positioned near one another. For example, 
‘I love you’ in English would be close to its Ger-
man translation ‘Ich liebe dich’. The NLLB team 
used this space to create a large set of sentence 
pairs with which to train the model.

The authors’ approach to training the model 
was based on the ‘mixture of experts’ tech-
nique. The basic idea is to break a problem 
down into several separate tasks that can be 
tackled by different models (‘experts’). For 
translation, this approach has the advantage 
that some experts can be applied to whole lan-
guage groups. Languages that are in the same 
family (for example, Benue–Congo languages, 
which are used across most of sub-Saharan 
Africa) or that share a similar script (such as 
Devanagari, which is used for Sanskrit, Hindi 
and other northern Indian languages) are 
highly similar in their choice of experts. This 
approach therefore helps to reduce the effects 
of the curse of multilinguality.

The NLLB-200 model currently supports 
71 more languages than does Google Trans-
late, and it provides translations of reasonable 
quality with several low-resource languages. 
However, the quality of these translations is still 
much worse than those involving high-resource 
languages. It is therefore crucial for the NLLB 
team to continue to work with the communities 
that use low-resource languages to encourage 
the creation of high-quality translation data — 
even a few thousand translations can provide 
a considerable improvement10,11.

Finally, LLMs could be used to translate 
very-low-resource languages with even fewer 
data than are available for the languages repre-
sented in Flores-200. However, achieving this 
will require further work: a model cannot learn 
to translate a new language if it is trained on 
only 100 sentence pairs. A new generation of 
LLMs might offer a blueprint, having demon-
strated the ability to leverage basic linguistic 
resources, such as grammar books, to acquire 
language with almost-human proficiency12,13. 
Perhaps more importantly, how can such 
resources be scaled up to encompass — and be 

inclusive of — the many thousands of languages 
in the world? Challenges remain, but the NLLB 
team’s success is a step in the right direction.

David I. Adelani is in the Department of 
Computer Science, University College London 
Centre for Artificial intelligence, London WC1V 
6BH, UK; in the School of Computer Science, 
McGill University, Montreal, Quebec, Canada, 
and at Mila — Quebec AI Institute, Montreal, 
Quebec, Canada. 
e-mail: david.adelani@mila.quebec

1.	 NLLB Team. Nature 630, 841–846 (2024).
2.	 Bahdanau, D., Cho, K. & Bengio, Y. Preprint at arXiv 

https://doi.org/10.48550/arXiv.1409.0473 (2014).
3.	 Sennrich, R., Haddow, B. & Birch, A. Proc. 54th Annu. 

Meet. Assoc. Comput. Linguist. (Vol. 1: Long Papers), 
1715–1725 (2016).

4.	 Vaswani, A. et al. Adv. Neural Inf. Process. Syst. 30, 
6000–6010 (2017).

5.	 Conneau, A. et al. Proc. 58th Annu. Meet. Assoc. Comput. 
Linguist. 8440–8451 (2020).

6.	 Goyal, N. et al. Trans. Assoc. Comput. Linguist. 10, 
522–538 (2022).

7.	 Adelani, D. I. et al. Preprint at arXiv 
https://doi.org/10.48550/arXiv.2309.07445 (2024).

8.	 Robinson, N., Ogayo, P., Mortensen, D. R. & Neubig, G. 
Proc. Eighth Conf. Mach. Transl. 392–418 (2023).

9.	 Bandarkar, L. et al. Preprint at arXiv 
https://doi.org/10.48550/arXiv.2308.16884 (2023).

10.	 Adelani, D. et al. Proc. 2022 Conf. North Am. Chapter 
Assoc. Comput. Linguist. Hum. Lang. Technol. 3053–3070 
(2022).

11.	 Maillard, J. et al. Proc. 61st Annu. Meet. Assoc. Comput. 
Linguist. (Vol. 1: Long Papers) 2740–2756 (2023).

12.	 Reid, M. et al. Preprint at arXiv https://doi.org/10.48550/
arXiv.2403.05530 (2024).

13.	 Zhang, K. et al. Preprint at arXiv https://doi.org/10.48550/
arXiv.2402.18025 (2024).

The author declares no competing interests.
This article was published online on 5 June 2024.

Touch is a fundamental sense that permeates 
all aspects of our lives, from the gentle caress 
of a loved one to the firm grip of a handshake. 
The sensation of touch arises from a variety 
of touch-sensing neurons that are dispersed 
throughout human skin and help us to experi-
ence and navigate the world. Although touch is 
at the core of sexual encounters, the form, func-
tion and physiology of sensory structures in 
the genital organs that mediate intimate touch 
have remained largely unknown. On page 926, 
Qi et al.1 reveal that clusters of neurons called 
Krause corpuscles, nestled in the genitalia 
of male and female mice, are responsible for 
sensing vibration and light touch, and play a 
central part in sexual behaviours.

The touch-sensing neuron corpuscle com-
plex consists of an insulated sensory neuron 
that innervates a fluid-filled sac of Schwann 
cells (a type of supporting cell), giving the 
appearance of a long dangling wire inserted 
into a light bulb. A common feature of these 
corpuscle structures is their ability to sense 
pressure and vibrations across a range of 
frequencies. Vibratory oscillations in the order 
of tens to hundreds of vibrations per second 
cause indentations of the corpuscles, and this 
movement opens a mechanically gated ion 
channel protein called Piezo2 on the surface 

of the sensory neuron. This stimulates the neu-
ron and triggers a cascade of electrical activity 
from the periphery all the way to the spinal 
cord and brain.

The sensory corpuscles of the genitalia were 
first identified in humans more than 160 years 
ago2; they have subsequently been identi-
fied and studied in the sex organs of other 
mammals, including rodents. The Krause 
corpuscle is much less studied than its cor-
puscle cousins — called Pacinian, Meissner 
and Ruffini corpuscles — which are located in 
places such as the fingers, allowing humans to 
detect textures and shapes3,4. A comprehen-
sive understanding of how Krause corpuscles 
sense vibrations, as well as their physiological 
tuning properties and their roles in behaviour, 
has eluded the field of neurobiology for more 
than a century.

Building on their expertise in using molec-
ular and genetic tools to label neuronal sub-
types5, Qi and colleagues sought to explore 
the structure and identity of Krause corpus-
cles in the sexual organs of mice (Fig. 1). Their 
discoveries highlight the clitoris as a sensory 
marvel: it has 15 times more Krause corpus-
cles than the penis, but, interestingly, the 
structures are absent from the vagina. These 
findings beg the question of how individual 
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structures in female sexual organs drive sex-
ual pleasure, and whether females are able to 
experience a much richer sensory spectrum 
than are males.

In their examination of the morphology 
of Krause corpuscles in mice, the authors 
discovered striking similarities with those in 
humans. They observed a remarkable diver-
sity of shapes and sizes, with some corpuscles 
resembling spheres and others having a cylin-
drical form. Furthermore, Qi and colleagues 
identified two distinct neuronal subtypes that 
make up the Krause corpuscles of the penis 
and clitoris. These neurons end their journey 
in the spinal cord at a spot that is separate from 
where surrounding skin neurons terminate, 
and that is close to the ‘spinal ejaculation gen-
erator’, the control centre for the ejaculation 
reflex6. This discovery raises the question: how 
do signals from the genitalia trigger circuits 
between the spinal cord and the brain to gen-
erate sexual reflexes?

Next, the authors addressed the function 
of Krause corpuscles. They used genetic tools 
that allowed them to assess neuronal activity 
in a live animal using electrophysiology and 
calcium imaging. They mechanically ‘tickled’ 
the neurons of the clitoris and penis using a 
range of vibration frequencies, and found that 
the neurons were optimally activated by gentle 
vibrations that had frequencies in the range of 
40–80 hertz. These are the same frequencies 
that are generated during intimate skin-to-skin 
contact. Intriguingly, neurons in the clitoris 
were the most sensitive.

To establish a molecular basis for the 
mechanical sensitivity of Krause corpuscles, 

the authors demonstrated that these neu-
rons express the ion channel Piezo2. This is 
a notable observation because it aligns with 
the established function of this ion channel 
in other sensory neurons and mechanosen-
sitive tissues, and reinforces its key role in 
mechanosensation7. Nevertheless, further 
‘loss-of-function’ experiments in which the 
activity of Piezo2 is disrupted will be needed 
to definitively confirm that it is the channel 
responsible for mechanosensation in Krause 
corpuscles.

To evaluate sexual reflexes, Qi and col-
leagues activated Krause corpuscles either 
mechanically or optically by shining light 
on neurons expressing a light-sensitive ion 
channel. Activation of Krause corpuscles in 
the penis resulted in erection, and activation 
in the clitoris resulted in vaginal contraction, a 
proxy for arousal. Researchers also examined 
natural sexual behaviours by allowing mice 
that lacked Krause corpuscles to mate while 
monitoring them with cameras. Male mice 
lacking these structures showed unchanged 
libido (sexual drive) but their sexual perfor-
mance was compromised: they penetrated 
females less frequently and for shorter dura-
tions, and were less likely to ejaculate com-
pared with normal male mice. By contrast, 
females lacking these structures were less 
receptive to intercourse than were normal 
female mice, and they permitted fewer and 
shorter penetrations.

The sexual impact of Krause corpuscle 
loss is notably different between the sexes in 
mice. Although males still initiate intercourse, 
females are less receptive to it. In the initial 

stages of courtship, males rely on olfactory 
cues, whereas genital touch might be essen-
tial for females8. It is possible that, when male 
mice sniff the genitals of females, they are 
activating Krause corpuscles and enhancing 
female receptivity. The authors also saw that 
the sexual behaviour of virgin female mice 
was normal even if the animals lacked Krause 
corpuscles, suggesting that previous sexual 
experiences that repeatedly activate Krause 
corpuscles could alter brain circuits that con-
trol reward, thus affecting a female’s receptiv-
ity to intercourse.

Although Krause corpuscles are primarily 
formed by two neuronal subtypes, the 
authors identified a diverse array of other 
subtypes in the clitoris, penis and surround-
ing skin. This cellular diversity suggests that 
these neurons might be sensitive to other sen-
sations such as pressure and warmth, which 
are generated during skin-to-skin contact in 
sexual intercourse. Understanding how the 
signals that originate in sexual organs are 
transmitted, integrated in the spinal cord and 
ultimately relayed to the brain is essential for 
deciphering sexual behaviours.

Qi and colleagues’ explorations have fasci-
nating implications for how we understand 
our own intimate biology. Their discoveries 
not only pique our curiosity, but also shine 
a light on a severely underfunded field that 
has remained in the shadows. In our view, it 
is baffling that the sexual pleasure industry, 
which is worth billions of dollars, operates 
with a relatively limited scientific understand-
ing while igniting discomfort in public con-
versations. As researchers delve deeper into 
decoding the mechanisms of sexual pleasure, 
they are also elevating the dialogue around 
human intimacy to a level that makes discus-
sions of human sexuality as comfortable as 
any other health topic.
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Figure 1 | Sensory structures in the genitalia of mice detect vibration and are essential for normal 
sexual behaviour.  a, Krause corpuscles are clusters of sensory neurons wrapped in supporting Schwann 
cells and surrounded by a capsule of connective tissue. They are found in several tissues, including the 
genitalia of mice and humans, but their role has been a mystery. Qi et al.1 find that these structures are 
sensitive to vibration frequencies that would be expected during intimate skin-to-skin contact. This is 
probably mediated by a mechanically sensitive ion channel called Piezo2, the activation of which results 
in electric signals (action potentials) being sent along the neuron’s axon to the spinal cord. b, In mice, 
Krause corpuscles densely populate the genitalia, but are about 15 times more dense in the clitoris than in 
the penis (measured in corpuscles per cubic millimetre, mm3). Female mice lacking Krause corpuscles are 
less receptive to intercourse, whereas male mice have a normal sexual drive (libido) but a reduced sexual 
performance, suggesting that sensory signals mediated by Krause corpuscles are important for sexual 
behaviour in mice — and possibly in humans.
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