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Abstract 40 
Over the past 70 years, neuroscience has gained a deep understanding of how the cerebellum 41 
supports basic motor functions. Anatomical, clinical, and neuroimaging studies, however, have 42 
also firmly established that the cerebellum plays an important role in cognition. Even though this 43 
topic has received considerable attention, we still do not know the exact nature of this 44 
contribution. Here we review known facts about how the cerebellum contributes to cognition and 45 
identify roadblocks that have prevented the development of a unified theory. Addressing these 46 
key questions should help the field develop testable, falsifiable hypotheses that are needed for 47 
solving this intriguing question. 48 

Main text 49 

Introduction  50 
The cerebellum is a brain structure full of contradictions. On the one hand, we know a lot about 51 
its anatomy, circuitry, and plasticity mechanisms. Indeed, for more than 50 years we have had a 52 
compelling theory of how the cerebellum learns, a theory that, in broad strokes, has stood the 53 
test of time remarkably well. Despite this wealth of insight, however, we still lack a concise 54 
answer to the seemingly simple question: What does the cerebellum actually do?  55 

In the human brain, approximately 40 million axons leave the neocortex through the 56 
cerebral peduncles [1], and most of these send collaterals to the pontine nuclei, which then give 57 
rise to mossy fibers (Fig. 1a). In the cerebellar cortex, these mossy fibers synapse onto 50 58 
billion granule cells, which make up more than half the neurons in the human brain [2]. The 59 
axons of granule cells, the parallel fibers, then connect to Purkinje cells (Fig. 1b), the output 60 
neurons of the cerebellar cortex. In the human, each Purkinje cell receives ~1,000,000 parallel-61 
fiber synapses. Purkinje cells have a high spontaneous firing rate (50-70 Hz) and tonically inhibit 62 
the downstream cerebellar nuclei.  63 

Purkinje cells are also innervated by one, or sometime two [3] climbing fibers, which 64 
originate in the inferior olive and which fire at relatively low rates (0-3Hz). Despite its relative 65 
sparseness, the climbing fiber input acts as a strong plasticity signal that modifies parallel-fiber-66 
to-Purkinje cell synapses [4]. This and other plasticity sites create a circuit, in which each 67 
Purkinje cell learns to predict its climbing fiber input from the concurrent high-dimensional 68 
activity patterns of its parallel fibers. The firing rate of the Purkinje cell then goes down, 69 
releasing the inhibition of the deep cerebellar nuclei cells, which then start to fire vigorously. The 70 
prediction is usually well-timed, anticipating the climbing fiber input by tens to hundreds of 71 
milliseconds. Cells in the cerebellar nuclei then project to the inferior olive, other subcortical 72 
nuclei, recurrently back to the cerebellar cortex [5], and, most prevalent in the human, to the 73 
neocortex via the thalamus. In summary, the cerebellum looks like a high-capacity learning 74 
engine that can provide a precisely timed predictive signal learned from a very high-dimensional 75 
input.  76 

This basic idea of how the local cerebellar circuit learns and predicts was formulated by 77 
Marr [6], Albus [7], and Ito [8], and has evolved into a well-established theory [9]. Among other 78 
functions, this framework can successfully explain many of the basic phenomena seen in 79 
cerebellar contributions to sensorimotor tasks like eye-blink conditioning [10], adaptation of the 80 
vestibular-ocular reflex, and modulation of smooth-pursuit eye movements [11,12].   81 



DIEDRICHSEN AND MCDOUGLE   

 

3 

 82 

 83 
Figure 1. (A) Schematic diagram of the neocortical-cerebellar circuit, with pontine nuclei providing mossy 84 
fiber input, and the inferior olive climbing fiber input to the cerebellar cortex. The output is sent back to the 85 
neocortex via cerebellar nuclei and thalamus. (B) Wiring diagram of the local circuitry within the 86 
cerebellum. Excitatory synapses are shown as triangles, inhibitory synapses as circles. We note that for 87 
simplicity this schematic is leaving out additional potentially important connections, such as projections 88 
from the cerebellar nuclei onto granule cells [5,71].  89 

Cerebellar function in cognition   90 
Even though the most salient symptoms of cerebellar damage or degeneration in adulthood are 91 
the disruption of the smooth coordination of movement [13], the majority of the human 92 
cerebellum is likely not concerned with motor control but instead contributes to a wide range of 93 
cognitive functions. Leiner, Leiner, and Dow [14] first suggested that the disproportional 94 
expansion of the lateral cerebellum and the dentate cerebellar nuclei in human brain evolution 95 
(see text box 1) is due to its contributions to cognition. Since then, it has been shown that many 96 
cerebellar regions receive input from [15] and deliver output to [16,17] non-motor areas in 97 
parietal, prefrontal, temporal, and parahippocampal cortex. Indeed, it has been argued that the 98 
different cerebellar regions form closed and largely separated loops with many neocortical areas 99 
that are not directly implicated in motor control [18]. Consistent with these anatomical 100 
observations, patients with cerebellar damage sometimes do not demonstrate significant motor 101 
deficits, but instead (or additionally) exhibit a range of cognitive symptoms [19–21] that, while 102 
often more subtle than motor problems, are nonetheless replicable and robust. Moreover, 103 
functional neuroimaging studies have shown that the cerebellum reliably activates during most 104 
cognitive tasks [22–25]. Systematic mapping studies have revealed a detailed map of the 105 
functional specialization of the human cerebellum (Fig. 2a), with different subregions engaged in 106 
functions such as action observation, verbal and spatial working memory, executive functioning, 107 
language, social cognition, and even imagination [26].  108 

But how does the cerebellum contribute to all these disparate cognitive functions? One 109 
enduring mystery is whether the cerebellum performs algorithmically similar computations 110 
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across motor and cognitive domains (a so-called “universal cerebellar transform”), or whether it 111 
plays distinct computational roles across different domains. Moreover, linking these algorithmic 112 
level questions to the circuit architecture of the cerebellum remains a difficult but critical task.   113 

A Universal Cerebellar Transform? 114 
The local micro-circuit of the cerebellar cortex is, relative to the neocortex, quite homogenous 115 
across functional regions. This has led to the tempting idea that the cerebellum performs a 116 
uniform computational function within each cortical-cerebellar loop. In essence, it has been 117 
suggested that cognitive areas in the cerebellum modulate the activity of cortical association 118 
areas to allow for ‘coordinated’ cognitive processes, in the same way that the motor areas of the 119 
cerebellum modulate activity in primary motor cortex to allow for coordinated movements [27].  120 

Despite the intuitive appeal of this idea, very little progress has been made to identify 121 
what this universal function may be. The main hurdle has been to develop theories that are 122 
formalized concretely enough to generate testable empirical predictions. In other brain regions, 123 
such as the hippocampus, formal functional theories are starting to be developed. For example, 124 
the computational framework of grid cell coding has been successfully applied not only to 125 
navigation tasks in physical spaces, but also to cognitive tasks in conceptual spaces [28,29].  126 

Why has it been so difficult to achieve something similar for the cerebellar circuit? One 127 
possible answer is that the question “what is the function of the cerebellum?” does have not 128 
have a more concrete answer than the question “what is the function of the neocortex?”. Indeed, 129 
there is increasing evidence for differentiation in the microcircuitry across the cerebellum [30]. 130 
Furthermore, different cerebellar regions interact with cortical areas using potentially different 131 
patterns of connectivity, such that the way the cerebellum influences cortical function may be 132 
quite different across different cortical-cerebellar loops [31,32].  133 

If this is true, then a more productive approach may be to investigate the contribution of 134 
the cerebellum in each of the cortico-cerebellar loops separately first, without a priori assuming 135 
that it serves the same function as in the neighboring loop. If there truly is a shared 136 
computational principle that characterizes the cerebellar contribution across all these loops, it 137 
will emerge with the data. In the remainder of the paper, we attempt to outline what specific 138 
questions need to be resolved for each cortico-cerebellar loop to make concrete progress in 139 
characterizing cerebellar function.  140 

How is the cerebellum connected to other brain regions? 141 
If the basic element of our investigation is the cortico-cerebellar loop, then we first need to 142 
identify them. In the rodent and monkey brain, viral tracing techniques [17] are able to precisely 143 
map multi-synaptic connections. Since these techniques are not available in the human brain, 144 
most of what we know about cortico-cerebellar connectivity has been indirectly inferred from the 145 
correlations of functional magnetic resonance imaging (fMRI) signals between the neocortex 146 
and the cerebellum. Most studies of this type are based on resting-state data, starting with the 147 
seminal work by Buckner et al. [33]. After subdividing the neocortex into distinct resting-state 148 
networks, the authors generated a functional map of the cerebellum by assigning each 149 
cerebellar voxel to the cortical network it was most correlated with. Later work replicated the 150 
main features of this basic connectivity pattern using both resting-state [34,35] and task-based 151 
activity maps [26,36]. Given that the cerebellar BOLD signal is likely to mostly reflect mossy 152 



DIEDRICHSEN AND MCDOUGLE   

 

5 

fiber inputs (and local processing of those inputs in the granule cell layer), but not the activity of 153 
the output of the cerebellar cortex [37], we hypothesize that the fMRI correlations are 154 
predominantly shaped by projections from neocortex to cerebellum, rather than revealing much 155 
about the projections from the cerebellum back to the neocortex. 156 

 157 
Figure 2. (A) Functional parcellation displayed on a flattened representation of the human cerebellar 158 
cortex [26]. The color assigned to each parcel is a representation of the activation profile across many 159 
different cognitive and motor tasks. Green and bluish areas activate for movements of different body parts 160 
(M1-M4) and for action observation (A1-A3). Red areas (D1-D4) for working memory and executive 161 
function and yellow areas (S1-S5) for social and language functions. (B) Closed-loop connectivity 162 
between the hand area of primary motor cortex (M1) and the superior and inferior hand motor region (M3) 163 
in the contralateral cerebellum. (C) Convergence of frontal and parietal cortical areas onto a spatial 164 
working memory region (D1) in the contralateral cerebellum. From fMRI analysis it remains unclear which 165 
cortical areas this region projects back to (dashed line).  166 
 167 
 Across different connectivity models, several clear insights have emerged. First, most of 168 
the cerebellar input arises from the contralateral cerebral hemisphere, consistent with the 169 
crossing of mossy fibers originating from the pontine nuclei, with a more modest degree of 170 
uncrossed input. Second, while nearly all cortical areas appear to be functionally connected to 171 
the cerebellum, there are considerable differences in the proportions of the cerebellum vs. the 172 
neocortex that are occupied by each cortico-cerebellar loop. For example, the cerebellar 173 
contributions to visual networks appear to be disproportionally small, whereas the size of the 174 
regions dedicated to executive functions (i.e., the fronto-parietal network) is disproportionally 175 
large [26,33,34]. Surprisingly, the size of motor-related regions in the cerebellum roughly 176 
matches their relative size in the neocortex. Third, a single cortical area often connects to 177 
multiple spatially non-contiguous regions of the cerebellum: For example, primary motor cortex 178 
is connected both with the superior (lobules V, VI) and inferior (lobules VIII) hand representation 179 
in the cerebellum (M3, Fig. 2b), and the default-mode network appears to be connected to 3 180 
distinct sub-regions in the cerebellum (S3 in crus I, crus II, lobule IX) [26,38,39]. Finally, it has 181 
been suggested that there is substantial convergence of multiple cortical areas onto the same 182 
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cerebellar region, and that this convergence is especially pronounced in the so-called ‘cognitive 183 
areas’ of crus I and crus II (Fig. 2c, [36]). There is also evidence from tracing studies in the 184 
mouse that suggest that each cerebellar area projects back to multiple cortical areas [40]. It is 185 
therefore possible that the synchronized cerebellar input to these neocortical regions changes 186 
the coherence of neuronal activity between them [41]. In this way, the cerebellum may help to 187 
coordinate the communication between distal pairs of cortical regions, rather than fine-tuning 188 
neural dynamics within a single region.  189 
 In general, accurate connectivity models between the cerebellum and the rest of the 190 
brain are an essential tool if we want to understand the role of the cerebellum across domains, 191 
as these models tell us which brain regions provide input to - and receive output from - each 192 
specific cerebellar area. This knowledge is essential, because it allows us to analyze the neural 193 
activity in each cerebellar region in the context of the neural activity measured in other regions 194 
within the same cortico-cerebellar loop. Time delays and changes in representation of 195 
information can provide insights into the computations that occur at each stage of the loop. For 196 
functional imaging in humans, we now have task-invariant connectivity models that make 197 
quantitative and testable predictions about the amount and exact pattern of cerebellar activity, 198 
based solely on the neocortical data for same tasks [26,36]. Deviations from such predictions 199 
indicate the that cerebellar fMRI activity is not just a linear function of its inputs, but rather 200 
suggest task-dependent gating or transformation of those inputs, providing potentially critical 201 
insights into specific cerebellar functions [42].  202 

How is information coded in the granule cell layer? 203 
One special characteristic of the cerebellar circuit is the massive information expansion in the 204 
granule cell layer.  Each single mossy fiber contacts tens to hundreds of granule cells, and each 205 
granule cell integrates input from 4-5 mossy fibers, often coming from different sources. Even if 206 
the mossy-fiber to granule cell connectivity was entirely random, the vast numbers of granule 207 
cells and the diversity of synaptic characteristics [43] ensure a powerful non-linear expansion of 208 
the original input, which is well-suited for learning complex functions [44,45] – that is, for 209 
performing pattern separation. This feature was the central tenet of Marr’s original formulation of 210 
why the cerebellum may be a powerful learning machine, and has been further developed in 211 
recent papers [46,47].  212 
 Given that it is difficult to record from isolated granule cells (which are very small and 213 
tightly packed), direct tests of this idea have been missing until very recently. While an initial 214 
study showed negative findings [48], we are only now seeing the first direct evidence that the 215 
granule cell layer may indeed perform a computation akin to non-linear function expansion. 216 
These recent results indicate that the granule cell layer code is indeed high-dimensional [49], 217 
and that it is sparse while also combining information from multiple modalities in a non-linear 218 
fashion [50]. Nonetheless, the exact characteristics of the granule cell population code are only 219 
now beginning to be revealed.  220 

What might the cerebellar information expansion achieve for cognitive functions? One 221 
possibility is that information processing in the mossy-fiber layer is especially useful to learn 222 
precise non-linear functions of time using a rich set of temporal basis functions [46,51]. This has 223 
been extensively demonstrated in basic sensorimotor tasks, such as eyeblink conditioning. In 224 
this paradigm, the conditioned stimulus (e.g., auditory tone) activates the mossy fiber, followed 225 
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by an unconditioned stimulus (an airpuff to the eye), which in turn activates climbing fibers. In 226 
this context, the granule cell layer creates a distributed temporal code through the diverse 227 
response dynamics of individual granule cells. This allows Purkinje cells to learn the exact 228 
parallel-fiber pattern that precedes the climbing fiber input, thereby building up a temporally 229 
precise prediction of when the air puff will occur [47].  230 

Where in the cognitive domain do temporally precise predictions matter? While many 231 
cognitive processes seem to occur at slower timescales, there are examples in language 232 
comprehension and during social interactions, where the exact timing of stimuli matters. For 233 
example, genuine smiles are returned with a median latency of 750ms [52], and it is possible 234 
that the cerebellum is involved in the production and perception of such precisely timed 235 
behaviors. To test this idea, characterizing the importance of the temporal dimension across 236 
cognitive and social tasks and probing the cerebellar involvement in them will be the next critical 237 
step. It should also be noted, however, that some behaviors that rely on the cerebellar circuit do 238 
not seem to require accurate timing [53–55], suggesting that the non-linear function expansion 239 
may also be used for non-temporal information.   240 

What information is carried by climbing fibers in cognitive tasks?  241 
Climbing fibers provide the main teaching signals that shape the output of the cerebellar cortex, 242 
the firing rate of Purkinje cells. Across different sensorimotor tasks, it has been important to 243 
understand what information climbing fibers convey, as it provides insights about what the 244 
cerebellar circuit tries to learn or to predict. In most motor tasks, climbing fibers appear to 245 
convey information about motor errors, which then the cerebellar learning mechanism can help 246 
to compensate for. What do we know about climbing fiber signals in cognitive tasks?  247 

Recent work in reward learning tasks has greatly expanded traditional conceptions of 248 
climbing fiber signals. In one influential study, Heffley et al. [56] designed a task that required 249 
rodents to learn, via reward feedback, novel sensorimotor associations between abstract visual 250 
stimuli and actions. Climbing fibers appeared to convey task-specific predictions about reward 251 
outcomes rather than signaling motor errors. The types of climbing fiber signals were diverse, 252 
reflecting events like reward prediction errors, unexpected rewards, and reward omissions. 253 
These and similar findings – both in rodents and non-human primates – suggest that cerebellar 254 
climbing fibers flexibly encodes abstract, task-specific variables and contingencies, not only 255 
motor errors. 256 

Furthermore, climbing fiber signals often convey unsigned reward prediction errors (i.e., 257 
surprise) rather than signed signals. They also do not always distinguish between the sensory 258 
cues that differentially predict reward, even when the animal differentiates those cues 259 
behaviorally [57]. Therefore, these signals do not fit well with the notion that climbing fibers carry 260 
a specific and signed prediction error that can be used as a teaching signal for supervised 261 
learning. Thus, further work is needed to better understand the role of climbing fiber signals, by 262 
studying a wider range of cognitive tasks in rodents and non-human primates. 263 

However, some cerebellar functional domains - such as language [58] - will be difficult or 264 
impossible to study in animal models. In these cases, it is even less clear what information is 265 
carried by climbing fibers. Therefore, it is also essential to develop improved techniques of 266 
measuring inferior olive activity using non-invasive methods in humans. Despite a few 267 
encouraging reports [59–61], fMRI of the inferior olive remains extremely difficult given the 268 
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reduced signal-to-noise ratio, spatial distortions, and artifacts induced by the cardiac cycle [62]. 269 
Solving these problems and demonstrating reliable, spatially specific activity within the inferior 270 
olive across different domains would be a great step forward in understanding the role of the 271 
cerebellum in cognitive tasks: The nature of the climbing fiber input will inform us about what the 272 
cerebellar circuitry is trying to learn.  273 

How does cerebellum modulate neural dynamics in the neocortex? 274 
Cerebellar output contributes to cognitive functions by modulating the dynamics of recurrent 275 
activity in the neocortex via modulation of the thalamus. If there is a common principle of 276 
cerebellar function across domains, it must be found in how it affects thalamo-cortical activity 277 
dynamics. To glean insights into this process, several labs have started to apply temporally 278 
precise perturbations of cerebellar activity while measuring the resulting influence on behavior 279 
and cortical activity. For example, a study in mice [63] showed that cerebellar output to the 280 
anterior lateral motor area (a neocortical premotor structure) is essential for sustaining the 281 
preparatory neural signals associated with motor planning. Delay-period motor planning could 282 
be causally disrupted by perturbing cerebellar output, without interfering with the execution of 283 
movements. Similar results were also found in a task that required the accumulation of sensory 284 
evidence to guide perceptual decision making [64]. These results indicate that cerebellar output 285 
may be important for the maintenance and dynamic updating of neocortical representations of 286 
abstract internal goals or decision variables.  287 
 Superficially, a role in maintaining cortical representations that evolve at a relatively slow 288 
time scale does not fit well with the idea that the cerebellum is critical for regulating the precise 289 
temporal dynamics necessary for many motor behaviors [46,47]. Observing the influence of 290 
cerebellar disruption on thalamo-cortical activity across a wider range of tasks will be critical for 291 
identifying whether there is a common dynamic motive across cerebellar-cortical loops, or if the 292 
temporal constraints on cerebellar contributions are in fact looser than commonly believed.  293 

What is the cerebellum’s role in cognitive development?   294 
Perinatal lesions to the cerebellum have profound impact on motor, language, and cognitive 295 
development [65,66] and dramatically increase the likelihood of an autism diagnosis [67]. The 296 
resection of parts of the cerebellum during childhood can cause a complete or partial cessation 297 
of speech, a symptom called cerebellar mutism [68]. Importantly, equivalent lesions in adulthood 298 
do not cause similar symptoms, or if they do, lead to much milder deficits. These facts contrast 299 
directly with what is observed for lesions of the neocortex; for example, early lesions to 300 
language-related regions can lead to substantial reorganization and recovery of function, 301 
whereas the same lesion in adulthood leads to lasting deficits.  302 

These observations have led to the idea that the cerebellum helps to ‘set up’ neocortical 303 
circuits underlying cognition in development [67]. If the cerebellum is lesioned during this critical 304 
period, development is delayed – however, once the neocortical regions have been established, 305 
the same cerebellar circuit may not be necessary anymore. This idea has also been extended to 306 
the ageing brain. Here the cerebellum may play a neuroprotective role – for example, it may 307 
help to reorganize cortical circuits to compensate for tissue loss in the earlier stages of 308 
dementia [69].  309 
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While compelling, this idea is unlikely to provide a complete characterization of 310 
cerebellar function in general. Lesions to cerebellar motor areas lead to profound ataxia both in 311 
children [68] and adults – indicating that the cerebellum sometimes provides functions that 312 
cannot easily be replaced by a well-trained neocortex.   313 

Concluding remarks 314 
Despite a wealth of knowledge about the cerebellar circuit itself, a general theory of how the 315 
cerebellum contributes to both cognition and motor control has remained elusive. In this paper 316 
we argue that cerebellar output may contribute to function in different ways depending on the 317 
system it is embedded in. This makes it necessary to study different cortico-cerebellar loops, 318 
especially those involved in cognitive function, without the a priori assumption that the results 319 
will generalize across loops directly.  320 
 Taking a systems-level view also implies that it will be difficult to understand the 321 
contributions of the cerebellum to cognition before we have better models of how cognitive 322 
functions arise from the neuronal dynamics across different cortical regions. A possible recipe 323 
for scientific progress involves three necessary steps: First, for a cerebellar region of interest, 324 
we need to characterize the sources of inputs and the targets of outputs, both in the thalamus 325 
and neocortex. Secondly, it will be important to record activity in as many brain areas in this 326 
loop as possible and see how they relate to one another and to the task of interests, and how 327 
information is manipulated across the loop. Finally, targeted perturbations in selected structures 328 
with simultaneous recordings in others will provide the critical data to disambiguate between 329 
different network models. While this all sounds extremely ambitious, technological advances in 330 
recording and stimulation are finally bringing such studies into reach [70].  331 

Given these new data, what will a theory of cerebellar function in cognition finally look 332 
like? One key element will be to build biologically constrained computational models of 333 
cerebellar circuit function (for a recent example, see [42]). These models may be built by fitting 334 
neural data from sensorimotor task, but the cerebellar circuit could then be recombined with a 335 
model of cortical association areas. It will be enlightening to see to what degree the function of 336 
the same circuitry changes when embedded in a system with different task representations and 337 
neural dynamics. Ultimately, such models should be able make specific predictions about the 338 
influence (or non-influence) of cerebellar disruptions onto cognitive tasks that can then be tested 339 
directly. Theory driven studies like this would be one sign of significant progress.   340 
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Text Box: What do seals, elephants, bats, crows, and humans have in common?  341 
The genetic blueprint for a fully developed cerebellum appeared first in jawed fish and is 342 
common to all vertebrates descending from this common ancestor [72]. From then on, there 343 
was a tendency of the cerebellum to enlarge in proportion with the rest of the brain. However, 344 
for some species the overall cerebellum has enlarged to an unusual degree, for example for 345 
weakly electric fishes (Mormyridae [73]), elephants [74], bats [75], crows and other large-346 
brained birds [75]. Other species show a specific enlargement of the cerebellar hemispheres 347 
over the vermis, as for example in seals (pinnipeds), dolphins (cetaceans [76]), and apes 348 
(including humans [77]). Importantly, these adaptations cannot be traced to a common ancestor 349 
but appear on unconnected branches of the evolutionary tree. This suggests that at multiple 350 
times in evolutionary history there existed selective pressures for which a large cerebellum 351 
provided a competitive solution and increased fitness. What problem the cerebellar circuit was 352 
able to solve in each case, however, appears to vary widely across the animal kingdom, and 353 
includes functions such as electric sensing, echo location, vocal learning, complex social 354 
behavior, control of a flexible trunk, skilled object manipulation (with beak or hand), and, 355 
especially in humans, higher cognitive functions. Why did these functions (and not others) 356 
depend on a large cerebellum? For example, what is special about the control of a flexible trunk 357 
that has led to cerebellar enlargement in elephants and weakly electric (or elephant) fish in 358 
parallel? How did a creature like an octopus solve a similar biomechanical problem of controlling 359 
its arms without a cerebellum? Studies of distantly related animals that show similar behavioral 360 
adaptations associated with the use of increased cerebellar territory may provide insight into the 361 
computational characteristics of problems that the cerebellar circuit is especially good at solving. 362 
From evolutionary history we know that the answer to this question cannot be a simple one and 363 
must account for an astounding variety of behaviors.  364 
 365 

References  366 
1.  Tomasch J. The numerical capacity of the human cortico-pontocerebellar system. Brain 367 

Res. 1969;13: 476–484. 368 

2.  Azevedo FA, Carvalho LR, Grinberg LT, Farfel JM, Ferretti RE, Leite RE, et al. Equal 369 
numbers of neuronal and nonneuronal cells make the human brain an isometrically scaled-370 
up primate brain. J Comp Neurol. 2009;513: 532–541. 371 

3.  Busch SE, Hansel C. Non-allometric expansion and enhanced compartmentalization of 372 
Purkinje cell dendrites in the human cerebellum. Elife. 2025;14. doi:10.7554/eLife.105013 373 

4.  Silva NT, Ramírez-Buriticá J, Pritchett DL, Carey MR. Climbing fibers provide essential 374 
instructive signals for associative learning. Nat Neurosci. 2024;27: 940–951. 375 

5.  Houck BD, Person AL. Cerebellar loops: a review of the nucleocortical pathway. 376 
Cerebellum. 2014;13: 378–385. 377 

6.  Marr D. A theory of cerebellar cortex. J Physiol. 1969;202: 437–470. 378 

7.  Albus JS. A theory of cerebellar function. Math Biosci. 1971;10: 25–61. 379 



DIEDRICHSEN AND MCDOUGLE   

 

11 

8.  Ito M. Experimental verification of Marr-Albus’ plasticity assumption for the cerebellum. Acta 380 
Biol Acad Sci Hung. 1982;33: 189–199. 381 

9.  Kawato M, Ohmae S, Hoang H, Sanger T. 50 years since the Marr, Ito, and albus models 382 
of the cerebellum. Neuroscience. 2021;462: 151–174. 383 

10.  Medina JF, Nores WL, Ohyama T, Mauk MD. Mechanisms of cerebellar learning suggested 384 
by eyelid conditioning. Curr Opin Neurobiol. 2000;10: 717–724. 385 

11.  Lisberger SG. The neural basis for learning of simple motor skills. Science. 1988;242: 728–386 
735. 387 

12.  Medina JF, Lisberger SG. Links from complex spikes to local plasticity and motor learning 388 
in the cerebellum of awake-behaving monkeys. Nat Neurosci. 2008;11: 1185–1192. 389 

13.  Holmes G. The cerebellum of man. Brain. 1939;62: 1–30. 390 

14.  Leiner HC, Leiner AL, Dow RS. Does the cerebellum contribute to mental skills? Behav 391 
Neurosci. 1986;100: 443–454. 392 

15.  Schmahmann JD, Pandya DN. The cerebrocerebellar system. In: Schahmann JD, editor. 393 
The cerebellum and cognition. San Diego, CA: Academic Press; 1997. pp. 31–55. 394 

16.  Dum RP, Strick PL. An unfolded map of the cerebellar dentate nucleus and its projections 395 
to the cerebral cortex. J Neurophysiol. 2003;89: 634–639. 396 

17.  Kelly RM, Strick PL. Cerebellar loops with motor cortex and prefrontal cortex of a 397 
nonhuman primate. J Neurosci. 2003;23: 8432–8444. 398 

18.  Middleton FA, Strick PL. Basal ganglia and cerebellar loops: motor and cognitive circuits. 399 
Brain Res Brain Res Rev. 2000;31: 236–50. 400 

19.  Kansal K, Yang Z, Fishman AM, Sair HI, Ying SH, Jedynak BM, et al. Structural cerebellar 401 
correlates of cognitive and motor dysfunctions in cerebellar degeneration. Brain. 2017;140: 402 
707–720. 403 

20.  Schmahmann JD, Sherman JC. The cerebellar cognitive affective syndrome. Brain. 404 
1998;121: 561–579. 405 

21.  Tedesco AM, Chiricozzi FR, Clausi S, Lupo M, Molinari M, Leggio MG. The cerebellar 406 
cognitive profile. Brain. 2011;134: 3672–3686. 407 

22.  Stoodley CJ, Schmahmann JD. Functional topography in the human cerebellum: a meta-408 
analysis of neuroimaging studies. Neuroimage. 2009;44: 489–501. 409 

23.  Stoodley CJ, Valera EM, Schmahmann JD. Functional topography of the cerebellum for 410 
motor and cognitive tasks: an fMRI study. Neuroimage. 2012;59: 1560–1570. 411 

24.  King M, Hernandez-Castillo CR, Poldrack RA, Ivry RB, Diedrichsen J. Functional 412 
boundaries in the human cerebellum revealed by a multi-domain task battery. Nat Neurosci. 413 
2019;22: 1371–1378. 414 



DIEDRICHSEN AND MCDOUGLE   

 

12 

25.  Petersen SE, Fox PT, Posner MI, Mintun M, et al. Positron emission tomographic studies of 415 
the processing of single words. J Cogn Neurosci. 1989;1: 153–170. 416 

26.  Nettekoven C, Zhi D, Shahshahani L, Pinho AL, Saadon-Grosman N, Buckner RL, et al. A 417 
hierarchical atlas of the human cerebellum for functional precision mapping. Nat Commun. 418 
2024;15: 8376. 419 

27.  Schmahmann JD. The cerebellum and cognition. Neurosci Lett. 2019;688: 62–75. 420 

28.  Whittington JCR, Muller TH, Mark S, Chen G, Barry C, Burgess N, et al. The Tolman-421 
Eichenbaum machine: Unifying space and relational memory through generalization in the 422 
hippocampal formation. Cell. 2020;183: 1249-1263.e23. 423 

29.  Eichenbaum H, Cohen NJ. Can we reconcile the declarative memory and spatial navigation 424 
views on hippocampal function? Neuron. 2014;83: 764–770. 425 

30.  De Zeeuw CI, Lisberger SG, Raymond JL. Diversity and dynamism in the cerebellum. Nat 426 
Neurosci. 2021;24: 160–167. 427 

31.  de Xivry J-JO, Diedrichsen J. Diversity of the nature of input and output signals in the 428 
cerebellum suggests a diversity of function. Curr Opin Behav Sci. 2024;57: 101386. 429 

32.  Diedrichsen J, King M, Hernandez-Castillo C, Sereno M, Ivry RB. Universal Transform or 430 
Multiple Functionality? Understanding the Contribution of the Human Cerebellum across 431 
Task Domains. Neuron. 2019;102: 918–928. 432 

33.  Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BT. The organization of the human 433 
cerebellum estimated by intrinsic functional connectivity. J Neurophysiol. 2011;106: 2322–434 
2345. 435 

34.  Marek S, Siegel JS, Gordon EM, Raut RV, Gratton C, Newbold DJ, et al. Spatial and 436 
Temporal Organization of the Individual Human Cerebellum. Neuron. 2018;100: 977-437 
993.e7. 438 

35.  Ji JL, Spronk M, Kulkarni K, Repovš G, Anticevic A, Cole MW. Mapping the human brain’s 439 
cortical-subcortical functional network organization. Neuroimage. 2019;185: 35–57. 440 

36.  King M, Shahshahani L, Ivry RB, Diedrichsen J. A task-general connectivity model reveals 441 
variation in convergence of cortical inputs to functional regions of the cerebellum. Elife. 442 
2023;12. doi:10.7554/eLife.81511 443 

37.  Diedrichsen, J. Shahshahani, L. Husain, I. Ivry, R. B. I. Making sense of the cerebellar 444 
BOLD signal. In: Brain, Data, and Science [Internet]. 2024. Available: 445 
https://diedrichsenlab.org/BrainDataScience/cerebellar_bloodflow 446 

38.  Guell X, Gabrieli JDE, Schmahmann JD. Triple representation of language, working 447 
memory, social and emotion processing in the cerebellum: convergent evidence from task 448 
and seed-based resting-state fMRI analyses in a single large cohort. Neuroimage. 449 
2018;172: 437–449. 450 

39.  Guell X, Schmahmann JD, Gabrieli JDE, Ghosh SS. Functional gradients of the 451 
cerebellum. Elife. 2018;7. doi:10.7554/eLife.36652 452 



DIEDRICHSEN AND MCDOUGLE   

 

13 

40.  Pisano TJ, Dhanerawala ZM, Kislin M, Bakshinskaya D, Engel EA, Hansen EJ, et al. 453 
Homologous organization of cerebellar pathways to sensory, motor, and associative 454 
forebrain. Cell Rep. 2021;36: 109721. 455 

41.  Popa D, Spolidoro M, Proville RD, Guyon N, Belliveau L, Léna C. Functional role of the 456 
cerebellum in gamma-band synchronization of the sensory and motor cortices. J Neurosci. 457 
2013;33: 6552–6556. 458 

42.  Shahshahani L, King M, Nettekoven C, Ivry RB, Diedrichsen J. Selective recruitment of the 459 
cerebellum evidenced by task-dependent gating of inputs. Elife. 2024;13. 460 
doi:10.7554/eLife.96386 461 

43.  Chabrol FP, Arenz A, Wiechert MT, Margrie TW, DiGregorio DA. Synaptic diversity enables 462 
temporal coding of coincident multisensory inputs in single neurons. Nat Neurosci. 2015;18: 463 
718–727. 464 

44.  Muscinelli SP, Wagner MJ, Litwin-Kumar A. Optimal routing to cerebellum-like structures. 465 
Nat Neurosci. 2023;26: 1630–1641. 466 

45.  Xie M, Muscinelli SP, Decker Harris K, Litwin-Kumar A. Task-dependent optimal 467 
representations for cerebellar learning. Elife. 2023;12. doi:10.7554/eLife.82914 468 

46.  Herzfeld DJ, Lisberger SG. Neural circuit mechanisms to transform cerebellar population 469 
dynamics for motor control in monkeys. bioRxiv. 2025. doi:10.1101/2025.02.21.639459 470 

47.  Barri A, Wiechert MT, Jazayeri M, DiGregorio DA. Synaptic basis of a sub-second 471 
representation of time in a neural circuit model. Nat Commun. 2022;13: 7902. 472 

48.  Wagner MJ, Kim TH, Kadmon J, Nguyen ND, Ganguli S, Schnitzer MJ, et al. Shared 473 
Cortex-Cerebellum Dynamics in the Execution and Learning of a Motor Task. Cell. 2019. 474 
doi:10.1016/j.cell.2019.02.019 475 

49.  Lanore F, Cayco-Gajic NA, Gurnani H, Coyle D, Silver RA. Cerebellar granule cell axons 476 
support high-dimensional representations. Nat Neurosci. 2021;24: 1142–1150. 477 

50.  Fleming EA, Field GD, Tadross MR, Hull C. Local synaptic inhibition mediates cerebellar 478 
granule cell pattern separation and enables learned sensorimotor associations. Nat 479 
Neurosci. 2024;27: 689–701. 480 

51.  Ivry RBB, Spencer RMM, Zelaznik HNN, Diedrichsen J. The cerebellum and event timing. 481 
Ann N Y Acad Sci. 2002;978: 302–17. 482 

52.  Heerey EA, Crossley HM. Predictive and reactive mechanisms in smile reciprocity. Psychol 483 
Sci. 2013;24: 1446–1455. 484 

53.  Low AYT, Goldstein N, Gaunt JR, Huang K-P, Zainolabidin N, Yip AKK, et al. Reverse-485 
translational identification of a cerebellar satiation network. Nature. 2021;600: 269–273. 486 

54.  Mishra I, Feng B, Basu B, Brown AM, Kim LH, Lin T, et al. The cerebellum modulates thirst. 487 
Nat Neurosci. 2024;27: 1745–1757. 488 

55.  Chen C, Niehaus JK, Dinc F, Huang KL, Barnette AL, Tassou A, et al. Neural circuit basis 489 
of placebo pain relief. Nature. 2024;632: 1092–1100. 490 



DIEDRICHSEN AND MCDOUGLE   

 

14 

56.  Heffley W, Song EY, Xu Z, Taylor BN, Hughes MA, McKinney A, et al. Coordinated 491 
cerebellar climbing fiber activity signals learned sensorimotor predictions. Nat Neurosci. 492 
2018;21: 1431–1441. 493 

57.  Vignali C, Mutersbaugh M, Hull C. Cerebellar climbing fibers signal flexible, rapidly adapting 494 
reward predictions. bioRxiv. 2024. doi:10.1101/2024.10.09.617467 495 

58.  Casto C, Small H, Poliak M, Tuckute G, Lipkin B, Wolna A, et al. The cerebellar 496 
components of the human language network. bioRxiv. 2025. 497 
doi:10.1101/2025.04.14.645351 498 

59.  Xu D, Liu T, Ashe J, Bushara KO. Role of the olivo-cerebellar system in timing. J Neurosci. 499 
2006;26: 5990–5995. 500 

60.  Liu T, Xu D, Ashe J, Bushara K. Specificity of inferior olive response to stimulus timing. J 501 
Neurophysiol. 2008;100: 1557–1561. 502 

61.  Mundorf A, Rice LC, Peterburs J, Desmond JE. Dynamic inferior olive activation in a 503 
cognitive task: an fMRI study. Brain Struct Funct. 2025;230: 72. 504 

62.  Diedrichsen J, Verstynen T, Schlerf J, Wiestler T. Advances in functional imaging of the 505 
human cerebellum. Curr Opin Neurol. 2010;23: 382–387. 506 

63.  Gao Z, Davis C, Thomas AM, Economo MN, Abrego AM, Svoboda K, et al. A cortico-507 
cerebellar loop for motor planning. Nature. 2018;563: 113–116. 508 

64.  Deverett B, Koay SA, Oostland M, Wang SS-H. Cerebellar involvement in an evidence-509 
accumulation decision-making task. Elife. 2018;7. doi:10.7554/eLife.36781 510 

65.  Limperopoulos C, Bassan H, Gauvreau K, Robertson RL Jr, Sullivan NR, Benson CB, et al. 511 
Does cerebellar injury in premature infants contribute to the high prevalence of long-term 512 
cognitive, learning, and behavioral disability in survivors? Pediatrics. 2007;120: 584–593. 513 

66.  Palmis S, Easson K, Devenyi G, Gilbert G, Saint-Martin C, Chakravarty MM, et al. 514 
Similarities and differences in cerebellar alterations between youth born preterm and youth 515 
born with congenital heart disease. Sci Rep. 2025;15: 10420. 516 

67.  Wang SS-H, Kloth AD, Badura A. The cerebellum, sensitive periods, and autism. Neuron. 517 
2014;83: 518–532. 518 

68.  Khan RB, Patay Z, Klimo P, Huang J, Kumar R, Boop FA, et al. Clinical features, neurologic 519 
recovery, and risk factors of postoperative posterior fossa syndrome and delayed recovery: 520 
a prospective study. Neuro Oncol. 2021;23: 1586–1596. 521 

69.  d’Oleire Uquillas F, Sefik E, Seidlitz J, Merriman J, Zhang V, Cohen JD, et al. A protective 522 
role for the cerebellum in cognitive aging. bioRxiv. 2024. doi:10.1101/2024.10.15.618102 523 

70.  Lemke SM, Appaqaq S, Guo J-Z, Hantman AW. Selective coupling and decoupling 524 
coordinate distributed brain networks for precise action. bioRxiv. 2025. 525 
doi:10.1101/2025.10.19.683309 526 



DIEDRICHSEN AND MCDOUGLE   

 

15 

71.  Houck BD, Person AL. Cerebellar premotor output neurons collateralize to innervate the 527 
cerebellar cortex: Collateral pathway in mouse cerebellum. J Comp Neurol. 2015;523: 528 
2254–2271. 529 

72.  Hibi M, Matsuda K, Takeuchi M, Shimizu T, Murakami Y. Evolutionary mechanisms that 530 
generate morphology and neural-circuit diversity of the cerebellum. Dev Growth Differ. 531 
2017;59: 228–243. 532 

73.  Schumacher EL, Carlson BA. Convergent mosaic brain evolution is associated with the 533 
evolution of novel electrosensory systems in teleost fishes. Elife. 2022;11. 534 
doi:10.7554/eLife.74159 535 

74.  Maseko BC, Spocter MA, Haagensen M, Manger PR. Elephants have relatively the largest 536 
cerebellum size of mammals. Anat Rec (Hoboken). 2012;295: 661–672. 537 

75.  Sultan F, Glickstein M. The cerebellum: Comparative and animal studies. Cerebellum. 538 
2007;6: 168–176. 539 

76.  Muller AS, Montgomery SH. Co-evolution of cerebral and cerebellar expansion in 540 
cetaceans. J Evol Biol. 2019;32: 1418–1431. 541 

77.  Smaers JB, Turner AH, Gómez-Robles A, Sherwood CC. A cerebellar substrate for 542 
cognition evolved multiple times independently in mammals. Elife. 2018;7: e35696. 543 


