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SUMMARY

Twitching, an abundant and spontaneous infant behavior and a defining feature of rapid eye movement (REM) 
sleep, supports development of the sensorimotor system. For unknown reasons, twitching persists into 
adulthood. Whereas infantile twitches are distributed across all body parts, adult twitching appears to occur 
more selectively in those appendages used for active sensing, such as elephant trunks, rat whiskers, pig 
snouts, and raccoon hands. Notably, these specialized appendages also have disproportionately large rep-

resentations in sensorimotor cortex, a phenomenon known as cortical magnification. We propose that active 
sensing and cortical magnification — or, more broadly, neural magnification — helps to explain the persis-

tence of twitching in adults. These associations between twitching, active sensing, and neural magnification 
are likely a subcategory of a broader need to maintain and update vital sensorimotor functions. We contex-

tualize this proposal within an evolutionary–developmental framework, with the functions of twitching shifting 
across the lifespans of diverse species, including invertebrates that lack a cerebral cortex. This comprehen-

sive theory of twitching may yield new insights into sleep-dependent processes that support the develop-

ment, calibration, maintenance, and repair of neuroplastic systems across the animal kingdom, and perhaps 
even inspire new therapeutic approaches for humans after limb amputation, stroke, or other injuries.

Introduction

Spontaneous neural activity occurs throughout the developing 

nervous system 1 . Although only a portion of that activity pro-

duces behavior, most behavior in fetuses and neonates is spon-

taneous, that is, it occurs in the absence of any discernible 

external stimuli 2,3 . In addition to spontaneous movements during 

wake, spontaneous behavior occurs abundantly during rapid 

eye movement (REM, or active) sleep in the form of discrete 

twitches across the body 4,5 . In early life, when REM sleep is 

the predominant behavioral state, twitches are unique in trig-

gering spatiotemporally precise activity throughout the sensori-

motor system; consequently, they function as a primary driver 

of activity-dependent development 4,6 . For good reason, then, it 

is generally assumed that twitching is only functionally significant 

during the neonatal period. However, casual observations of 

adult animals indicate that twitching continues to occur — often 

with surprising intensity — during REM sleep. Here we ask: why 

does twitching persist into adulthood?

To answer this question, one might cite the longstanding view

that twitching during sleep is merely a by-product of dreams 7,8 .

According to this perspective, dream-related motor commands 

can sometimes ‘leak’ through an REM-sleep system that normally 

inhibits movement. This interpretation shaped the field for de-

cades and slowed progress in understanding the functional role 

of twitching, despite early studies of its neural basis 9–13 . By

reconsidering the long-dominant notion that dreams occur in 

isolation from sensory input and motor output — a concept 

referred to as ‘cranial envatment’ — twitches and other aspects 

of motor control during sleep are inspiring new insights into the na-

ture of dream experiences 14 . Moreover, even among those who 

view dreams as products of a brain isolated from the body, 

dreams and their associated neural processes have been pro-

posed as opportunities to optimize internal models (e.g., Hobson 

and Friston 15 ). These theoretical connections gain further credi-

bility from empirical evidence linking twitching to the development

of internal models 16–19 .

As to the mystery of why twitching persists into adulthood, a 

potential answer materialized as we reviewed videos of twitching 

in vertebrate and invertebrate species across the lifespan. Pat-

terns emerged that suggested a new integrative framework link-

ing the developmental significance of twitching with its expres-

sion in adults 20 . Central to this framework are two distinct but 

complementary phenomena — active sensing and cortical 

magnification — that shape how animals perceive and interact 

with their environment.

Active sensing and cortical magnification: the 

foundation for a new perspective on adult twitching 

Eyes saccade, whiskers whisk, fingers probe. Sensations are 

gathered, not simply absorbed. Active sensing captures this
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process of moving a sensor to shape how sensory information 

is received and perceived 21–23 . In many species, active 

sensing demands extraordinarily fast and precise processing, 

and it often involves exotic appendages — such as elephant 

trunks — that are morphologically and functionally unique to 

the species.

Active sensing places enormous computational demands on 

the nervous system to ensure that the effects of self-motion on 

sensation are considered. Tracking the movements of a mobile 

sensor requires sensory input from its muscles (i.e., propriocep-

tion) and that the brain informs itself when issuing motor com-

mands (using motor copies, or corollary discharges). Internal 

models enable an animal to predict where its sensors are in 

space and respond appropriately to salient stimuli in the environ-

ment. For example, when a rat uses its whiskers to navigate and 

identify objects in the dark, it continuously integrates self-motion 

information from its whiskers, snout, head, and body with the 

tactile information arising from each whisker as it contacts

real-world objects 24 .

In addition to providing behaviorally relevant information to the 

animal, active sensors typically have higher receptor densities 

than other parts of the body. Together, high receptor densities 

and behavioral relevance contribute to the disproportionate rep-

resentation of active sensors in primary somatosensory and mo-

tor cortex (S1 and M1, respectively), a phenomenon called
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Figure 1. Relations between cortical 
magnification in adult humans and rats in 
relation to body-part twitching during REM 
sleep in early development.

(A) Left: cortical magnification of the hands and 
fingers (red) in S1 of adult humans. Right: pro-

portion of twitches in the hands and fingers in 
relation to twitching in other body parts in pre-

mature human infants at 34–35 weeks gestational 
age and in full-term infants at 6 months postnatal 
age. Human and brain drawings adapted from 
scidraw.io. Twitching data from Christiansen 
et al. 157 and Sokoloff et al. 158 . (B) Left: cortical 
magnification of the whiskers (red) in barrel S1 of 
adult rats. Right: proportion of whisker twitches in 
relation to twitching in other body parts in rats at 
12 and 24 days of age. Rat drawing adapted from 
scidraw.io. Twitching data from Reid et al. 31 . Hu-

man body (by Zane Mitrevica), human brain and 
rat body (by Antonis Asiminas) redrawn from Sci-

draw.io (CC BY 4.0).

cortical magnification 25,26 . Using stan-

dard brain-mapping techniques, re-

searchers can assess the relative amount 

of tissue in sensorimotor cortex devoted

to each part of the body. When active

sensors like human fingers and rat whis-

kers are mapped, their cortical represen-

tations reveal that they are magnified far 

beyond their actual size (Figure 1). Thus, 

those body parts that are used for active 

sensing typically have magnified cortical 

representations.

As we reviewed videos of twitching in 

sleeping adult mammals, we noticed 

that the appendages that seem to twitch the most tend to be

those that are used for active sensing and are cortically magni-

fied. Our observations led us to hypothesize that twitching re-

flects a sleep-dependent system that maintains and calibrates 

the diverse active sensors that adorn the animal kingdom — 

from ordinary fingers to the unique elephant trunk.

Central to our hypothesis is the notion that just as REM sleep

likely has different functions across the lifespan 27 , we should 

expect the same of a sleep component like twitching. Accord-

ingly, given the prevalence of REM sleep in early life and the 

abundance of twitch-related neural activity, it is reasonable 

that twitching would play a critical role in the activity-dependent 

development, refinement, and maintenance of cortical — and 

subcortical — maps 4,6 . Later in life, twitching may promote the 

development of new functions within each limb, as occurs in 

those species (e.g., humans and other primates) that attain inde-

pendent use of the fingers for grasping and manipulating ob-

jects. An additional role for twitching arises when animals 

develop cerebellar-dependent internal models that enable 

movements that are so complex, fast, and precise that reliance 

on sensory feedback for corrective control is infeasible due to 

inherent time delays 16–19 . Finally, throughout adulthood as ani-

mals learn to use their bodies in new ways and adapt to new cir-

cumstances (e.g., weight loss, limb amputation, and stroke), 

they must update sensorimotor maps and recalibrate internal
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models. In such circumstances, the ability to recruit a plasticity-

promoting mechanism like twitching may be critical.

Twitching in adults and its relation to active sensing and 

neural magnification

Our understanding of the spatiotemporal patterning of twitching 

across the body comes from a relatively few detailed studies in 

infant and adult rats and humans 5,17,28,29 . Developmentally, the 

rate and patterning of twitching change substantially with age. 

Whereas twitches in early life are distributed broadly across 

bouts of REM sleep and across body parts, with age they 

increasingly concentrate into brief bursts within a select set of 

body parts. For example, in preterm human infants at 34– 

35 weeks gestational age, twitching is initially distributed across 

the entirety of each arm and leg, but in full-term infants at

6 months of age, twitching is largely focused on hands and fin-

gers 5 (Figure 1A). Similarly, in rats over the first postnatal 

week, twitching is distributed across all four limbs 28,30 , but be-

tween 12 and 24 days of age, twitching of the limbs and tail de-

creases as whisker twitching increases 17,31 (Figure 1B).

Thus, twitching seems to persist in those body parts that, in 

adults, are active sensors and whose neural representations 

are magnified. However, detailed assessments of twitching 

across the body do not exist for adult humans or rats — or, for 

that matter, the adults of any species. Thus, to bolster our hy-

pothesis that adult twitching persists selectively in active sen-

sors, we collected videos of twitching in the adults of diverse 

species: from published sleep studies, colleagues and friends, 

public websites (e.g., YouTube), and user-created online com-

munities (e.g., Reddit).

Although videos collected from public domains are a rich and 

unique source of information, it is important to note their limita-

tions: These videos are often very brief, they may show only a 

portion of the body, and they typically lack contextual information 

about the age and health of the animals and the environmental 

conditions in which they were filmed. The individuals recording 

these videos may have inherent biases that lead them, for 

example, to focus on the face. In addition, it is usually necessary 

to rely on limited information to infer a subject’s behavioral state. 

Nonetheless, even with these limitations, videos of sleeping adult 

animals are often remarkably informative.

For many species, only one or two brief videos of sleeping 

adults exist, although even the briefest of videos can provide 

proof-of-concept evidence. For a few species, especially 

domesticated ones that live closely with humans, there is plenti-

ful evidence. In many of these videos, beyond the expression of 

twitching, other behavioral evidence of REM sleep is clear, 

including a relaxed body posture with limbs resting on the sur-

face, closed eyes (although animals often sleep with their eyes 

open, sometimes revealing rapid eye movements), and irregular 

respiration. Occasionally, snoring can be heard.

Below, we describe video evidence of adult twitching across 

mammalian species and relate these patterns to the sensory or 

motor specializations of body parts (all video sources can be 

found in Table S1, published with this article online). Most of 

the evidence presented here relates to magnification in S1 

because it has been more widely investigated than M1 or 

subcortical structures. Across taxa, a pattern emerges: the 

structures that engage in active sensing or fine manipulation —

and those with magnified neural representations — appear to 

be those that twitch most prominently during REM sleep. 

Whisker-based tactile specialists

Many mammals rely on mobile whiskers to actively sample their 

environment, and in species that whisk — such as rats, mice, 

chinchillas, and opossums 24,32 — these appendages are sup-

ported by a specialized musculature that enables independent 

movement (in contrast, many primates and carnivores have 

prominent whiskers, but with limited mobility) 33,34 . Whisking in-

volves rapid, coordinated forward (protraction) and backward 

(retraction) movement of the long whiskers on the snout (macro-

vibrissae) and is a classic form of active sensing. In whisking ro-

dents, including rats, the somatosensory ‘barrel cortex’ is highly 

magnified, with each whisker mapped to a cortical barrel that 

mirrors the snout’s layout 35 . In adult rats, the whisker represen-

tation is the most expanded region of S1 36 (Figure 1B), and this 

magnification appears early in development 37 . Importantly, 

cortical barrels are not synonymous with whisking: opossums 

whisk without barrels, whereas guinea pigs have barrels but do 

not whisk 24,38 , suggesting that the evolution of independent 

whisker control — rather than barrel architecture itself — may 

be central to this specialization.

Across available videos, whisker twitching is especially prom-

inent during REM sleep in whisking species. Adult rats show 

intense bouts of collective and individual whisker movements, 

with comparatively fewer twitches elsewhere on the body 

(External Video 1); chinchillas display a similar pattern (External 

Video 2), and work in mice during REM sleep provides additional 

support 39–41 . These observations raise the possibility that spe-

cies that possess the capacity to twitch individual whiskers in 

early life 42 retain that capacity into adulthood in service of cali-

brating and maintaining this exquisite active-sensing system. 

Species that rely on short, dense microvibrissae rather than 

mobile macrovibrissae, such as capybaras, provide an informa-

tive contrast. Capybaras are large South American rodents that 

exhibit cortical magnification of the perioral region used for fine 

tactile discrimination 43 but they neither whisk 44 nor possess bar-

rels 38 . The enhanced perioral discrimination may support their 

semi-aquatic lifestyle that includes the selection of high-quality 

grasses and other plant material 45 . During REM sleep, their 

most frequent twitches involve the lips and surrounding perioral 

area rather than their large limbs, macrovibrissae, or pinnae 

(External Video 3) — once again linking twitching to a sensory 

specialization.

Non-whisker tactile specialists

Several species have evolved highly mobile, densely innervated 

rostral structures used for tactile exploration. Pigs, for example, 

have a flexible, muscular snout (rostrum) equipped with roughly 

900 microvibrissae. The microvibrissae are innervated by 80,000 

trigeminal axons projecting to millions of cortical neurons, 

yielding a disproportionately large representation in S1 46,47 

(Figure 2A). As we would predict from such a highly magnified 

structure, sleeping pigs display conspicuous twitching of the 

snout during sleep (External Video 4).

The platypus provides another example of extreme cortical 

magnification. Its bill, equipped with a high density of mechano-

receptors and electroreceptors, accounts for approximately 

90% of S1 and large regions of other sensory cortical areas 25,48 

(Figure 2B). Platypuses use their bill to guide them toward small
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invertebrate prey in the water at night when the eyes, ears, and 

nostrils are shut 49 . These animals are very difficult to observe 

during sleep, but one study reported very high rates of REM

sleep and associated twitching of the bill and head 50 (External

Video 5). Thus, despite their evolutionary distance and distinct 

lifestyles, pigs and platypuses show similar associations be-

tween tactile specialization and twitching of the associated 

body parts.

The star-nosed mole possesses perhaps the most uniquely 

specialized tactile organ on a snout, sporting 11 pairs of finger-

like appendages. All 11 pairs are magnified in S1, but one 

pair — the one nearest the mouth that is called the ‘tactile 

fovea’ — is more magnified than the others 51 . Unfortunately, to 

our knowledge, no videos of sleeping star-nosed moles exist, 

but we predict that sleeping adults will show abundant twitching 

of the star’s appendages, especially the pair comprising the 

tactile fovea. The forelimb claws of this digging species are 

also oversized and cortically magnified, and so we predict that 

they will also exhibit prominent twitching.

Manipulative appendages

Many mammals possess specialized appendages adapted for 

grasping, probing, or digging. Raccoons exemplify fine manual 

specialization, and their hands and fingers show marked cortical 

magnification 52,53 (Figure 2C). Like primates, raccoons employ 

visually guided reaching and grasp food and other objects be-

tween their fingers, but their lack of extensive digital manipula-

tion and reliance on bimanual use of their forepaws are typical 

of carnivores 54 . Videos of sleeping raccoons show clear twitches 

of the hands and fingers, with fewer twitches occurring in other 

body parts (External Video 6).

Elephants famously possess a unique and highly specialized 

manipulative appendage. The trunk is a muscular hydrostat 55 — 

a non-skeletal structure like the mammalian tongue, the star of
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Figure 2. Magnification of the 
representations in adult S1 for specialized 
appendages in four mammalian species.

The specialized appendage and its magnified S1 
representation are shown in red for (A) the pig’s 
rostrum, (B) the platypus’s bill, (C) the raccoon’s 
hand (and fingers), and (D) the naked mole rat’s 
teeth (incisors). S1’s representations of other body 
parts are also shown (grey). Cortical image in (A) 
adapted from Craner and Ray 47 with additional 
data from Sauleau et al. 159 . Cortical images in 
(B–D) adapted from Krubitzer and Dooley 141 . An-

imal drawings by Jacob Horton. Pig brain adapted 
from Craner and Ray 47 with permission by John 
Wiley and Sons. Platypus, raccoon, and naked 
mole rat brains adapted from Krubitzer and Doo-

ley 141 (CC BY 3.0).

star-nosed moles, and cephalopod arms

— that provides extraordinary power and

dexterity for grasping and manipulating

objects, including food. The tip, or ‘finger’, 

of the trunk is specialized in both African 

and Asian elephants 56 , with greater dex-

terity in the former 57 . The trunk and finger

have a highly complex system of mus-

cles 58 and is densely innervated by three 

types of tactile sensors 59,60 . Although 

cortical magnification of the trunk has not been demonstrated 

directly, it is strongly suggested by the enormous trigeminal 

nerve serving the trunk 61 and by the magnified representation 

of the finger in the principal trigeminal sensory nucleus in 

the brainstem 62 . Also, the elephant’s disproportionately large 

cerebellum — containing 97.5% of the brain’s neurons — likely re-

flects the trunk’s unique motor and sensory demands 63,64 .

Consistent with these specializations, twitching of the trunk 

was observed in Asian elephants, as well as in the legs, tail, and 

ears, but the movements were not quantified 65 . A video of a 

sleeping Indian elephant shows trunk twitching, especially near 

the tip (External Video 7).

Aardvarks are insectivores and expert diggers who use their 

oversized forelimb claws to search for food and dig extensive 

tunnel systems 66 . We did not find published research on cortical 

representations in aardvarks. However, consistent with our other 

observations, prominent twitching occurs in the claws, including 

twitches of individual digits (External Video 8).

Echolocating and flying mammals: bats

Bats provide a distinct class of specializations linked to flight and 

echolocation. Across both microchiropterans (echolocating in-

sectivores) and megachiropterans (primarily frugivores that 

largely navigate using vision and smell), roughly 20% of S1 is 

devoted to the wings 67 . Species that rely heavily on acoustic 

cues, such as the microchiropteran ghost bat, also show 

enlarged cortical representations of the pinnae 68 (the external 

projections of ears), and videos of a microchiropteran fringe-lip-

ped bat show REM twitching of the large pinnae and wings 

(External Video 9). In contrast, Egyptian fruit bats — unique in us-

ing tongue clicks for echolocation — display extraordinary 

cortical magnification of the tongue 69 (41% of S1 and 44% of 

M1); however, although tongue twitching in this species is plau-

sible, it has not yet been documented.
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Tooth-digging mammals: naked mole rats

The subterranean naked mole rat provides another striking 

example of anatomical specialization. These small omnivores 

use their enlarged, externally protruding upper and lower inci-

sors not only for feeding but also for digging, manipulating ob-

jects, and relocating young 70 . The lower incisors are uniquely 

capable of independent movement because the two halves of 

the lower jaw are flexibly articulated. Remarkably, one-third of 

their somatosensory cortex represents these incisors 26,71 

(Figure 2D). Consistent with this specialization, a video of 

sleeping naked mole rats shows a brief but clear instance of in-

dependent lower-incisor twitching, driven by muscles in the 

lower jaw (External Video 10).

Twitching beyond active sensing and neural 

magnification

As striking as the associations are among twitching, active 

sensing, and neural magnification, they may be a subcategory 

of a broader phenomenon linking twitching with less special-

ized forms of species-typical behavior. For example, in ferrets, 

mapping studies have focused on representations of the fore-

limbs and digits, but evidence of magnification is lacking 72–74 .

Like other burrow-dwelling members of the weasel family, fer-

rets are prodigious diggers with elongated bodies and short 

forepaws. Digging is a complex naturalistic behavior that un-

doubtedly requires complex sensorimotor integration, and 

videos of sleeping ferrets consistently show long periods of 

intense forelimb twitching, including twitches of the paws and
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Figure 3. A comparative framework for 
understanding the relations between 
twitching and active sensing in mammals.

Schematic illustration in five mammalian species 
of how twitching of specialized appendages dur-

ing sleep (green) relates in an iterative way to the 
use of those appendages for active sensing during 
wake (purple). See text for discussion. Animal 
drawings by Jacob Horton.

digits, with seemingly lower rates of 

twitching in the hindlimbs (External 

Video 11).

Similar to ferrets, when horses lie down 

to sleep (which they must do to enter REM 

sleep) they show vigorous movements of 

the legs (External Video 12). Leg twitching 

in these animals may support the mainte-

nance of the precise timing and coordina-

tion required for quadrupedal locomo-

tion 75 , a requirement shared by all 

mobile species but especially those carni-

vores and ungulates that are particularly 

fast or agile.

In cats, there is some evidence of magni-

fication of the forepaws, including the 

digits, and face 73,74,76 , and dogs appear 

to show similar patterns of representa-

tion 76,77 . Videos of twitching cats (External 

Video 13) and dogs (External Video 14) 

reveal movements of the forepaws, includ-

ing digits, as well as hind legs and face. 

These less-exotic — even ordinary — examples of twitching 

suggest that it plays a role in maintaining spinal and brain circuits 

that subserve locomotion, digging, and other relatively generic 

behaviors using non-specialized limbs. Indeed, computational 

models that incorporate twitch-like activity and Hebbian learning 

demonstrate that twitching is sufficient to self-organize basic 

spinal reflex circuits and that, with supraspinal modulation, a di-

versity of locomotor patterns are produced 78 . As these authors 

noted, twitch-like activity could be effective for maintaining these 

sensorimotor circuits across the lifespan and even adapting to

morphological changes.

Summary

Across these diverse species, a consistent pattern emerges: the 

body parts involved in active sensing or fine manipulation — and

that exhibit magnified neural representations — seem to twitch 

most frequently and selectively during REM sleep (Figure 3). 

Whether the specialization involves whiskers, snouts, hands,

trunks, or wings, twitching expresses the sensorimotor priorities 

of each species. However, as the examples of ferrets, horses, 

dogs, and cats suggest, these priorities are not limited to active 

sensing; in such animals, twitching may reflect a broader func-

tional imperative to maintain and update any sensorimotor sys-

tem that requires high-fidelity control. Thus, at this early stage 

of understanding — especially given the absence of systematic, 

quantified analyses of twitching in adults — we should err on the 

side of caution and remain open to considering a variety of func-

tional roles. Clearly, systematic investigations of species with
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different morphologies, behaviors, and ecologies will be needed 

to identify the rules governing the expression of twitching across 

species.

Twitching and neuroplasticity in humans and other 

primates across the lifespan

In contrast with what is known about twitching in human infants 5 

(Figure 1A), relatively little is known about the rate and patterning 

of twitching in human adults. Two studies documented the rate 

of finger twitching 79,80 , and several others documented the 

occurrence of twitching primarily in facial muscles 81–83 . If twitch-

ing of the fingers and face are indeed more prevalent than in 

other body parts, that would align with their cortical magnifica-

tion 84,85 . It would be especially interesting to know whether facial 

twitches, particularly of the lips but also — if they occur — of the 

tongue and other structures specialized for speech, are related 

to the cortical magnification of speech-related areas in the cor-

tex, including Broca’s area 25 .

In macaques, the cortical mapping of individual fingers is 

refined over the first two years 86 . We predict that such refine-

ment will mirror developmental increases in the twitching of indi-

vidual fingers, as the discreteness of twitching makes it ideally 

suited to decorrelating sensory input arising from each finger. 

The significance of decorrelation seems to persist into adult-

hood: researchers reversibly fused the third and fourth digits of 

adult owl monkeys and then, months later, mapped their so-

matosensory cortex 87 . Remarkably, fusing of the two digits pro-

duced homologous fusing of their cortical representations, a 

phenomenon that was attributed to the increased temporal cor-

relation during wake of the sensory information arising from the 

now-fused digits. However, it may be that twitching during sleep 

also contributes to this form of neuroplasticity.

There are other aspects of finger and toe twitching that provide 

insight into the role twitching plays in developmental and expe-

rience-dependent neuroplasticity. When animals are born with 

missing limbs, they become proficient in the use of their remain-

ing limbs in ways that are atypical for the species. The process 

that makes this dynamic organization possible reflects the 

inherent plasticity of developing systems 88 . Such species-atyp-

ical individuals offer opportunities to probe the relations among 

anomalous bodies and their neural representations. For 

example, humans without arms develop the ability to use their 

feet and toes the way most humans use their hands and fingers. 

When the cortical map of the toes was assessed in expert foot 

painters, it exhibited finger-like, individuated somatosensory 

representations 89 ; in contrast, amputation of the arms in adults 

does not yield individuated toe representations 90 . Because the 

toes of expert foot painters are enhanced active sensors, we pre-

dict that such individuals exhibit toe twitching as infants that per-

sists into adulthood. Further, we propose that the expression of 

toe twitching in human infants (Figure 1A) contributes to the 

developmental plasticity that makes expert foot use possible. 

Perhaps the early expression of toe twitching is a vestige of 

the evolutionary history of primates and their ability to use feet 

for grasping 91 . In fact, even in human infants, reaching for ob-

jects with feet emerges before reaching with hands 92 .

Although rapid eye movements (REMs) are a defining feature 

of REM sleep in mammals and birds, their functional significance 

has been investigated most often in human and non-human

primates. In human adults, REMs are the most prominent of all 

sleep-related movements. Although REMs are generally treated 

separately from twitches, an argument can be made that REMs 

and twitches are homologous 6 . Indeed, one early hypothesis 

posited that REMs serve to establish neural pathways involved 

in the development and evolution of coordinated eye movements

for binocular vision 93 .

Compelling evidence of a role for REMs in visuomotor plasticity 

was provided by a study in which human adults wore prisms dur-

ing the day that severely restricted the visual field to 5 degrees,

thereby forcing a decrease in the range of eye movements 94 .

Then, at night, subjects exhibited increased REMs during sleep 

without showing changes in the amount of sleep per se; over sub-

sequent nights, the high rate of REMs steadily declined. Other 

studies in humans 95 and monkeys 96 used behavioral paradigms 

to alter wake-related eye movements and reported complemen-

tary changes in the production of REMs during sleep. Such find-

ings suggest that REMs — and twitches more broadly — are re-

cruited in adults to promote sensorimotor adaptation.

The neural mechanisms related to the production and 

processing of twitches

The available evidence indicates that the cerebral cortex does not 

produce twitches in infants 17,30 or adults 10–12 . Accordingly, the 

brainstem is the primary source of motor control for twitching. In 

both infant rats 97 and adult cats 10,12 , the red nucleus (RN) and 

its associated rubrospinal tract have received the bulk of the 

attention, but the reticulospinal and vestibulospinal tracts also 

contribute significantly 9,11,98,99 . The rubrospinal tract is evolution-

arily ancient 100–102 : It is found in cartilaginous fish (e.g., rays) that 

diverged from the mammalian lineage more than 400 million years 

ago, and it evolved with the evolution of appendages such as 

limbs, wings, and fins. In addition to the spinal cord, the RN also 

projects to the facial motor nucleus 103,104 and thus can drive 

facial, including whisker, twitching.

The RN is part of a larger group of midbrain motor structures 

within the mesodiencephalic junction (MDJ), including the nu-

cleus of Darkshewitsch, the interstitial nucleus of Cajal, and the 

nucleus of Bechterew 105 . Of particular interest here is the pro-

posal that the various MDJ nuclei are selectively enlarged de-

pending on the specialized appendages of a given species 106 .

For example, in elephants, the nucleus of Darkshewitsch is 

enlarged and appears to be specifically involved in dexterous 

movements of the trunk. Such observations raise the possibility 

that the twitching of specialized appendages in early develop-

ment is differentially controlled by MDJ nuclei in a species-spe-

cific manner.

Beyond driving movement, the RN and associated structures 

are a source of corollary discharge to the developing cerebellar 

system 16–19 . In adults, that system compares corollary discharge 

with actual sensory feedback to minimize ‘sensory prediction er-

rors’ to enable the calibration of internal models of move-

ment 107,108 . Because twitches are discrete motor events gener-

ated against a backdrop of muscle atonia, they function as 

biological ‘test pulses’ for associating motor commands with 

sensory feedback in a low-noise environment 4 . Thus, twitches 

are ideally suited to both developing internal models in infants 

and calibrating them in adults, although the latter possibility 

has yet to be tested.
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Finally, it should be noted that many of the specialized append-

ages that twitch in adult animals — whiskers, trunk, snout, lips, 

pinnae, and eyes — are located on the face and head. That loca-

tion is noteworthy as the muscles that control those appendages 

are not used for postural support and do not exhibit the REM-

sleep ‘paralysis’ that characterizes that state 109,110 . In contrast, 

neck and limb muscles are inhibited during REM sleep, as is 

the muscle that controls the lower jaw; thus, sleep paralysis 

spans the spinal and cranial motor systems. However, as should 

now be clear, sleep paralysis does not prevent limb twitching in 

many adult mammals. Thus, although twitches were once ex-

plained as epiphenomena of dream-related motor commands 

‘leaking through’ a barrier of muscle inhibition 111 , our view is 

that twitches are products of a system in which motor commands

are coordinated to occur against a backdrop of low muscle tone 8 .

Twitching beyond mammals

Much of what we have written thus far about sleep and twitching 

in mammals applies to other vertebrates, especially birds, and to 

invertebrates such as flies and cephalopods. These non-

mammalian species — with their different body plans and neural 

architectures — afford opportunities to test the generality of our 

hypotheses regarding the functional significance of twitching. As 

with mammals, sleep predominates in early life across non-

mammalian species 112 . Leaving aside questions regarding the 

presence of distinct REM and non-REM sleep in such spe-

cies 113 , there is a clear abundance of sleep in developing birds,

fish, flies, and worms 114 .

Spontaneous movements are ubiquitous in early development 

across the animal kingdom 3,115,116 . For example, spontaneous 

movements in flies begin in the larval stage 117 and continue as 

sleep-related twitches in young adults 118 ; the larval movements

are implicated in the development of early neural circuits 119,120 .

Similarly, newly hatched jumping spiders twitch their limbs and 

retinal tubes during sleep 121 . Among vertebrates, the observa-

tion of spontaneous movements in fish, amphibians, and reptiles 

inspired the designation of the associated state as rapid-body-

movement (RBM) sleep, a primordial expression of what will later 

in development be designated as REM sleep in mammals and

birds 116 .

There is evidence in birds that twitching persists into adulthood. 

For example, during REM sleep, pigeons exhibit REMs along with 

twitching of the head and bill 122,123 . As with the manipulative ap-

pendages of raccoons and elephants, bill twitching in birds may 

reflect how the bill is used to grasp and manipulate food and other

items, similar to how humans use their thumb and index finger 124 .

More surprising is that the pigeon’s iris exhibits state-dependent 

activity: during relaxed wakefulness and non-REM sleep, the pupil 

is dilated, but during REM sleep it constricts and dilates in rapid 

bursts, which led the discoverers of this phenomenon to call 

them ‘rapid iris movements’ (RIMs) 122 . RIMs do not occur in mam-

mals, which makes sense given that the mammalian iris is 

composed of smooth muscle; however, the iris of birds is uniquely 

composed of striated (skeletal) muscle, which raises the possibil-

ity of active control. Although it has not been established that birds 

use the iris for communication or to enhance vision in certain con-

texts (e.g., social interactions), the co-occurrence of RIMs with a 

striated iris suggests that these unique pupillary events are homol-

ogous with other forms of twitching.

There is no compelling evidence of twitching in any adult spe-

cies of reptile, amphibian, or fish (Box 1); one recent study failed 

to detect limb or tail twitching in seven lizard species across the 

main squamate orders and suborders 125 . In contrast, in adult in-

vertebrates there is antennal and tarsal twitching in honey-

bees 126 and ‘rapid antennal movements’ (RAMs) in fire ants 127 .

But the most spectacular evidence of invertebrate twitching dur-

ing sleep is found in cephalopods.

Cephalopods such as octopuses and cuttlefish use their eight 

arms — cuttlefish also have an extra pair of tentacles — in com-

plex ways to move, capture prey, and manipulate objects 128–131 .

As muscular hydrostats, arms require complex control mecha-

nisms to manage the immense degrees of freedom that such ap-

pendages entail. Unlike mammals, cephalopods rely on neural 

mechanisms embedded within the arms themselves for much 

of their control, with the brain able to generate complex move-

ment patterns 128,129 . In addition, feedforward control strategies 

are used to generate ballistic movements that do not rely on 

slow, delayed sensory feedback, indicative of internal models 

similar to those in mammals. Unlike mammals, however, there 

is no evidence of somatotopic organization of the arms in the oc-

topus’s brain, perhaps due to the high degree of neural auton-

omy within each of the arms 129 .

Given the sensorimotor complexity of cuttlefish and octopus 

behavior, we might expect twitching to occur in these animals — 

and it does. In cuttlefish before and after hatching, bursts of move-

ments are evident in the arms and head that occur at irregular in-

tervals but at high rates, with twitching persisting into adulthood 

but at lower rates, reminiscent of the mammalian pattern 132 . In 

adult cuttlefish and octopuses (External Video 15), twitches of 

the arms, suckers, and eyes are accompanied by extraordinary 

displays of phasic-color changes produced by chromatophores,

which are pigment-containing sacs controlled by muscle 133–135 .

The phasic activity of sleeping cephalopods presents a conun-

drum for those seeking a straightforward account of the brain cir-

cuitry that produces twitches or, indeed, a straightforward evolu-

tionary account of REM sleep itself. On one hand, at least some 

cephalopod features of sleep seem homologous with REM sleep 

in mammals. On the other hand, how are we to understand the 

presence of twitching and other phasic components of REM 

sleep in invertebrates but their seeming absence in fish, amphib-

ians, and reptiles? One path out of this conundrum is to consider 

the possibility that twitching has evolved multiple times across 

diverse species as a mechanism for building and maintaining 

flexible and adaptive sensorimotor systems. The presence of 

arm twitching in cephalopods supports such a possibility. 

So, too, does the fact that roboticists have exploited the unique 

attributes of twitching to produce behavior that is more 

flexible and adaptive than when the robot’s behavior is hard 

coded 4,78,136 . Thus, twitching provides a broadly applicable en-

gineering solution to problems shared by complex sensorimotor

systems 137 .

Conclusions and future directions

The concept of sensory and motor ‘maps’ emerged in the late 

19th century and matured in the 1930s and 1940s with the

work of Penfield, Adrian, Woolsey, and others 46,76,138,139 .

Although Penfield is credited with the introduction of the ‘motor 

homunculus’ based on his work with human patients, what
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stands out from this early work is the interest in mapping cortical 

representations across diverse mammalian species. In the de-

cades that followed, although the concept of cortical maps 

took hold and shaped neuroscientific thinking, it has had some 

critics 140 . Regardless, the evolutionary and developmental fea-

tures of cortical magnification highlight its intimate connection 

with body parts that play significant roles in the behavior of indi-

viduals and the life histories of species 25,26,141 , including roles in 

active sensing.

Twitching may play a critical role in the process of magnifying 

the neural representations of active sensors in early develop-

ment and maintaining their optimal function throughout life. 

Although cortical magnification has received the greatest atten-

tion, the process of magnifying the representations of special 

body parts begins in subcortical structures, including the brain-

stem and thalamus. For example, the rodent whisker system 

comprises barrels in the cortex, barreloids in the thalamus, and 

barrelettes in the principal trigeminal sensory nucleus 142 . The

Box 1. Might twitching help urodele amphibians learn to use regenerating limbs?

Urodele amphibians, including axolotls and salamanders, have the capacity to regenerate lost or injured limbs, thus recruiting in 

adults a developmental process that occurs when they are embryos 155,156 . Although several invertebrates such as starfish, pla-

narians, and some crustaceans can regenerate complex appendages, urodeles are unique among vertebrates in fully regenerating 

functional limbs in adulthood. This regenerative capability has intrigued researchers for many decades, in part because of the 

promise of recreating it in human amputees. Understandably, research in this domain has focused on the molecular mechanisms 

that enable regeneration.

What remains unexplored, however, is how the limb is functionally integrated with the adult nervous system. One clue regarding 

that process is that nerve fibers at the site of the wound contribute to regeneration, with the number of nerves at the wound site 

correlating with the size of the regenerated limb 160 . Whereas experimental manipulations that enhance nerve abundance results in

larger regenerated limbs, partial or complete denervation limits growth, suggesting that nerves are active regulators of limb size 160 .

Also, urodele limb regeneration goes through a ‘tiny limb’ stage characterized by rapid nerve-dependent growth. Such findings 

suggest that the central nervous system plays an active role in limb regeneration.

Little is known about the emergence of behavior in regenerating limbs, but early development provides clues. Amphibian embryos 

produce spontaneous movements that begin as uncoordinated bursts before functional swimming behaviors emerge 161 . These 

embryonic movements may be homologous to the limb twitches that characterize REM sleep in mammals 113 . Although limb 

twitching has not been observed in most amphibians, including the tiger salamander, it has been reported in one species of 

frog 161 ; perhaps twitching would be more prominent in tadpoles during metamorphosis as they sprout legs and become froglets. 

A possible developmental role for twitching in embryos raises the possibility that it is recruited in adults to promote the integration 

of regenerating limbs with spinal and brain circuits.
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principal trigeminal sensory nucleus is also the site of magnified 

representations of the elephant’s trunk finger 62 and the star of 

the star-nosed mole 143 . In addition, somatosensory magnifica-

tion occurs in subcortical structures outside the core sensory-

processing stream, including the superior colliculus 144,145 .

Thus, cortical magnification should be viewed as only one aspect 

of a system in which body parts with heightened behavioral sig-

nificance are overrepresented.

The components of active sensing emerge and integrate over 

development. For example, in rats, the ability to perform true 

whisking does not begin until 11 days of age 146 . Similarly, rats 

are born with sealed eyelids and immobile eyes, and the eyes 

only begin to move during the second postnatal week 147 . And 

it is not until three weeks of age in rats that the cerebellum can

compute precise internal models of movement 17 . The early

emergence of whisker twitches 42 and rapid eye movements 

and the contributions of twitching to the development of internal 

models 16–19 suggest multiple roles for twitching in the develop-

ment of active sensing. It is not difficult to see how such roles 

could persist into adulthood, but with an emphasis on mainte-

nance and calibration.

Compelling evidence that such maintenance mechanisms 

persist into adulthood is provided by recent studies of the 

head-direction system. In adult mice during REM sleep, 

REMs accurately predict shifts in ‘virtual’ heading decoded

from thalamic activity 148 . These shifts in virtual heading appear 

to be driven by motor commands originating in the superior col-

liculus; unilateral silencing of the colliculus alters the virtual

heading exhibited during REM sleep 149 . These findings demon-

strate that internal models and neural representations remain 

active and mutable during REM sleep in adults, driven by spe-

cific motor commands. Just as collicular activity updates the 

brain’s internal compass via corollary discharge, twitching likely 

recruits both corollary discharge and associated sensory feed-

back to calibrate sensorimotor maps and internal models, as it 

is known to do in early life 6 . A similar process may also occur in

sleeping adult songbirds in which fictive song production at 

night — comprising activation of the syringeal muscles but

without the production of sound — may provide opportunities 

for maintaining the integrity of the songs produced during the

day 150,151.

Beyond the maintenance of existing representations, these 

mechanisms may also support the acquisition of new ones. Real-

izing that potential will require systematic investigations of twitch-

ing across the body and across the lifespan in a diversity of spe-

cies to quantitatively assess the associations among twitching, 

active sensing, and neural representations. Such investigations 

should assess whether developmental changes in the twitching 

of special appendages track the developmental magnification of 

their representations, and whether twitching of those appendages 

persists into adulthood. By studying motor learning in adults, we 

can begin to ask whether twitches are recruited to support the 

acquisition, consolidation, and automatization of new skills, 

including human athletic and musical expertise.

Finally, our perspective also extends to repair: twitching may 

be recruited in adult nervous systems after amputation, stroke, 

or other injuries, a possibility that seems plausible given the re-

mapping that takes place in adult humans 152 and owl mon-

keys 87 after fusing adjacent fingers. Taking inspiration from

studies in adult rats 153,154 , it may be possible to promote recov-

ery of function in humans by faithfully mimicking twitch-like ac-

tivity using invasive (i.e., implanted electrodes) or noninvasive

(i.e., transcranial ultrasound) brainstem stimulation 155,156 ,

particularly during periods of REM sleep. Thus, we hope the 

ideas offered here will spark innovative approaches to unravel-

ing the enduring mystery of why twitching continues beyond 

development, and why it manifests in such a distinctive manner 

and form.
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