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A Comparative View of Cerebellar 
Morphology and Diversity in Fishes

Benjamin W. Lindsey

Abstract Fish represent the most diverse vertebrate class. Through evolutionary 
time and habitat adaptations, bony and cartilaginous fishes have taken up nearly 
every aquatic environment of the globe imaginable. These factors have uniquely 
shaped brain growth, morphology, and even the appearance of functional specializa-
tions. The mature cerebellum of different fish lineages is largely reflective of these 
pressures, providing an unprecedented opportunity to study how this structure has 
become specialized and has diverged in morphology compared with other verte-
brate groups. At a functional level, accumulating evidence points toward a multifac-
eted role of the fish cerebellum, involved in diverse processes such as movement, 
cognition and emotion, and sensory-motor learning. While early cerebellar develop-
ment appears to be largely conserved across vertebrates, including fish, numerous 
features set these species apart, making them fascinating models to better under-
stand neurodevelopment and environmental pressures. The goal of this chapter is to 
provide an overview of the distinctive features that characterize the cerebellar archi-
tecture of major fish lineages.
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 Introduction

Fish represent the most diverse vertebrate class [39], having adapted to nearly every 
aquatic habitat possible and representing the most phylogenetically ancient verte-
brate lineages. This makes extant fish species tremendously attractive to study the 
evolution of brain development and specialization. In many cases, lifestyle special-
izations are reflected by changes in the morphology of brain structures over ontog-
eny that are coupled with the environment and functional needs [40]. This is equally 
true of the fish cerebellum that has maintained a basic organizational plan similar to 
that of their land relatives [34], but this has also been modified by environmental 
factors as a consequence of major fish radiations. Representing basal vertebrates [7, 
67], Chondrichthyes (sharks and rays) and Osteichthyes (bony fish), which addi-
tionally include Sarcopterygians (lobe-finned fish) and Actinopterygians (ray-finned 
fish), serve as extremely valuable models to study the evolution of cerebellar devel-
opment (see Fig. 1). Comparative neuroanatomical investigations of the cerebellum 
between different major fish lineages as well as tetrapods can provide a rich under-
standing of the evolution of the cerebellar structure–function relationship.

The cerebellum of fishes displays by far the most structural variation compared 
to any other vertebrate class [44]. With this in mind, the overarching goal of this 
chapter is to highlight how such diversity in structure has arisen and how the cere-
bellar architecture of fishes has over time deviated or been to some extent remod-
eled, from the fundamental vertebrate cerebellar organizational plan. This review is 
by no way meant to be exhaustive but rather to provide an overview, as several 
excellent in-depth reviews investigating cerebellar development and diversity in 
fishes have been previously published [34, 57, 66, 67, 72, 74, 93]. Across major 
groups of fishes, most of our current-day knowledge arises from in-depth studies of 

Fig. 1 Cladogram showing the relationship between major groups of fishes
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the teleost cerebellum—considered to represent the foundational cytoarchitectural 
form of the fish cerebellum [67]. This neuroanatomical blueprint provides us with a 
morphological reference map as we consider deviations from this plan as a result of 
divergent radiations or habitat and behavioral specializations.

In an attempt to put into perspective the extensive literature on the fish cerebel-
lum that has spanned over a century, this chapter is organized into three sections. 
First, I describe the common cerebellar developmental plan observed from studies 
in teleosts and how the morphology of the mature cerebellum compares to that of 
other vertebrates. Second, I will provide direct examples of how the cerebellum has 
diversified across major fish lineages and the role of the environment in shaping the 
mature cerebellum. Finally, this chapter comes to a close by briefly discussing the 
lifelong neurogenesis present in the cerebellum of many fish species, opening the 
door to exciting opportunities to explore the function of these cells using a combina-
tion of traditional and modern-day experimental approaches. It is my hope that by 
the end of this chapter readers gain a more robust comparative understanding of the 
cerebellar architecture of fish from development to adult.

 Development of the Fish Cerebellum and Its 
Structural Organization

Similar to other vertebrates, fish share a highly conserved cerebellar developmental 
plan. Pioneering comparative work by R.  Nieuwenhuys [67] has shown that the 
origins of the vertebrate cerebellum are commonly derived from the rostral rhomb-
encephalon where two bilaterally symmetrical anlages (i.e., also known as embry-
onic domains or territories) are dorsally situated. As embryonic development 
proceeds, these domains fuse in the midline plane. Meanwhile, the rhomboid fossa 
widens and the angle between the cerebellar territories and two sides increases 
eventually leading to the fused halves of the cerebellar primordium producing a 
transverse-oriented plate-like structure [67]. In rodent models, a similar process has 
been described whereby the rostrocaudal axis of the cerebellar anlage undergoes a 
90° rotation to then become the mediolateral axis [76]. The formation of this plate 
and subsequent growth are driven by early waves of neurogenesis that give rise to 
the different types of cerebellar neurons that will populate the mature structure. A 
tightly regulated sequence of progenitor activity arising from two distinct germinal 
zones, the ventricular zone and upper rhombic lip, are responsible for producing 
final neuronal subtypes (reviewed in Carletti and Rossi [13], Kaslin and Brand 
[34]). Comparative work across model vertebrates has revealed, however, slight 
deviations in the expansion of the cerebellum and the migration pattern of early 
progenitors [12].

Molecular and genetic characterization of cerebellar development in vertebrates 
shows that the initial phase of midbrain and cerebellar development commonly 
depends on the isthmic organizer situated at the midbrain–hindbrain boundary. 
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While the finer nuances of this process are beyond the scope of this chapter, excel-
lent reviews have shown that a complex cascade of molecularly driven temporospa-
tial events controls early cerebellar specification, including key pathways such as 
Fibroblast Growth Factor and Wnt, along with a host of transcriptional factors; 
importantly otx and gbx [34, 54, 86, 88, 91]. These in turn lead to the establishment 
of distinct cerebellar territories and provide cues to specify the later cytoarchitecture 
of the mature cerebellum. To date, this process in fishes has been best described in 
the zebrafish (Danio rerio) model, owing to the high amenability of transparent 
embryos and rapid development to larval stages ([33, 37, 91]; reviewed in [34]).

Of all jawed vertebrates, fish, along with birds and mammals, maintain the larg-
est adult cerebelli and display the most pronounced structural diversity [68]. With 
the exception of Cyclostomes (also known as Agnathans; hagfish and lamprey), the 
cerebellum is characterized by a major lobe, the centrally located corpus cerebelli, 
and two bilateral lobes, known as the auricles (flocculus in tetrapods; also known as 
the vestibulocerebellum; [2]). The auricle is considered a specialized domain of the 
corpus primarily receiving vestibular input [34]. In fish, it is commonly known as 
the eminentia granularis [37]. This cerebellar architecture holds true across most 
fish lineages, but in many instances can be further complemented by the addition of 
cerebelloid structures that enhance species function, behavior, and specialization.

Our early understanding of the cerebellum of fishes has arisen primarily from 
detailed descriptions of teleost fishes [67]. Teleostei is one of four superorders of the 
subclass Actinopterygii that also include the superorders Palaeoniscoidei, the 
Chondrostei, and the Holostei. Collectively, these superorders comprise more than 
30,000 fish species, although most modern-day bony fish belong to Teleostei. Thus, 
in many cases, deviations in the cerebellar plan across fishes are contrasted with the 
basic teleost morphology and structural design. As mentioned above, the teleost 
cerebellum shares numerous traits with other vertebrate classes, but at the gross 
anatomical level, obvious differences are found. Specifically, these include an 
absence of cerebellar nuclei and well-defined foliations, as seen in the neocerebel-
lum of mammals [28], and the development of a rostral protrusion termed the val-
vula cerebelli [57], not found in a number of other vertebrates.

The cerebellum of teleost fish and the large majority of fish species is defined by 
three major structures: the valvula cerebelli, the corpus cerebelli, and the vestibulo-
lateral lobe ([21, 58, 90]; see Fig. 2). The valvula cerebelli is the rostral-most struc-
ture of the cerebellum, a structure absent in Cyclostomes, Chondrichthii (sharks and 
rays), and Crossopterygii (ceolacanth; [45]). The valvula projects rostrally as a 
pouch-like structure [67] into the midbrain ventricle below the superficially located 
optic tectum. Across species, the valvula cerebelli is variable both in size and shape 
and in some species can also include a lateral domain [21]. Extreme examples of 
this variation are illustrated by the extraordinary expansion of the valvula cerebelli 
in Mormyridae where it has hypertrophied to become a superficial structure that 
covers the entire surface area of the brain (further described in section “Morphological 
Diversity of the Fish Cerebellum”; [22, 78, 80, 82]). Studies show that the valvula 
cerebelli receives much of its primary input from the tertiary lateral line system, the 
tractus mesencephalon-cerebellaris posterior [67]. In Mormyrid fish, this tertiary 
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Fig. 2 Schematic representation of differences in cerebellar morphology in reference to the basic 
teleost cerebellar architectural plan (center). (a) Mormyrids display an extreme enlargement of the 
valvula cerebelli that projects over top of the optic tectum. (b) Teleosts specialized to a medium 
depth in the water column show an enlarged cerebellum and optic tectum. (c) Sharks demonstrate 
an increased degree of foliation of the corpus cerebelli, with this structure projecting over the optic 
tectum. A valvula cerebelli is absent. (d) Lamprey (jawless vertebrate) lacks a true cerebellum. In 
(a–d), precerebellar and cerebelloid structures are not shown; gray indicates a simplified view of 
the medulla oblongata and spinal cord. TeO optic tectum, Va valvula cerebelli, CCe corpus cere-
belli, Au auricles (eminentia granularis in teleosts), LCa caudal lobe of the cerebellum

input is defined by electrosensory projections arising from the lateral toral nucleus 
of the midbrain [60]. However, evidence for direct lateral line input from the ante-
rior lateral nerve has also been reported [89].

The central portion of the cerebellum consists of the corpus cerebelli, the only 
portion of the cerebellum visible at the external brain surface of most teleosts [57]. 
It is considered a tubular structure projecting either rostrally or caudally in different 
teleost species and is connected to the rhombencephalon by a short stalk, the pedun-
cle [74]. This structure is functionally distinct from the caudal lobe, or vestibulolat-
eral lobe, as its afferent input is not related to the acousticolateral system. In the 
zebrafish, a species that has been studied in considerable detail with regard to cer-
ebellar development [34, 36, 37], the cerebellar corpus includes only a single folia 
and reveals the stereotypical anterior extension, the valvula cerebelli [34].

The caudal-most structure of the cerebellum is known as the vestibulolateral lobe 
[57, 74], considered homologous to the tetrapod vestibulocerebellum. The vestibu-
lolateral lobe of fishes is composed of the eminentia granularis and caudal lobe. For 
many years, there has been debate as to whether the eminentia granularis in teleosts 
is equivalent to the auricles of tetrapods [27] or whether the auricles and the granu-
lar eminences are truly different structures [75]. Most recently, the former 
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hypothesis has been supported that this structure is homologous to the auricle of 
other vertebrates [90]. The vestibulolateral lobe is currently understood to have a 
strong connection with the central lateral line sensory region.

Histologically, the teleostean cerebellar cortex demonstrates much less orga-
nized lamination compared to the more rigid trilaminar cortex of tetropods [57]. 
The mammalian cerebellum is characterized by three layers that form the cerebellar 
cortex, including the outer molecular layer with few resident neuronal somas, a 
monolayer of conspicuous Purkinje cells, and a deep granular layer consisting of a 
large proportion of small granule cells (reviewed in [18]). This well-defined laminar 
organization has generally been shown to carry over to nonmammalian vertebrates 
with the exception of fish and Cyclostomes [44]. These characteristic zones of the 
cerebellar cortex and their respective cell types are considerably more variable 
across fish species [57, 74]. To this end, Purkinje cells can be found in the molecular 
layer, while granule cells can be observed lateral to the Purkinje cell layer. Notably, 
in teleosts, basket cells are absent [93]; therefore, inhibitory feedback loops are only 
created by Golgi and stellate cells. In addition, eurydendroid cells appear to further 
replace deep cerebellar nuclei of other vertebrates [26, 31]. In terms of branching, 
the dendritic tree of Purkinje cells in fishes is more complex than in amphibians and 
reptiles, but never as extensive as demonstrated in mammals [74]. In teleosts, the 
proximal, smooth part of the dendritic tree, which contains the receptive surface for 
climbing fibers, does not penetrate the molecular layer as seen in mammals. This 
has been best shown in mormyrid teleosts but is thought to be common across tele-
ost species.

A final trait that sets teleosts apart from many of their land-dwelling relatives is 
the presence of additional precerebellar and cerebelloid structures. Precerebellar 
nuclei are neuronal nuclei that extend most of their projections to the cerebellum 
and therefore are intimately associated with the cerebellum. These structures appear 
to be unique to fishes. Examination of precerebellar structures in zebrafish shows 
the existence of two precerebellar nuclei, the nucleus valvula lateralis, and the 
nucleus paracommissuralis (reviewed in [34]). Specifically, the nucleus valvula 
lateralis is found in the tegmentum of the midbrain beneath the cerebellar corpus, 
with its main efferent target being granule cells in the corpus cerebelli and valvulae 
cerebelli. Conversely, the nucleus paracommissuralis is located in the midbrain and 
receives input from telencephalon while sending major output to the cerebellum and 
torus longitudinalis [11, 84].

Unlike precerebellar structures, cerebelloid structures are defined by having a 
similar architecture and organization as the cerebellum (i.e., cerebellar-like) but are 
spatially separate [55]. To date, a number of cerebelloid structures have been identi-
fied in aquatic vertebrates, largely fishes, including structures such as the medial 
(i.e., MON; processes lateral line input) and dorsal (i.e., DON; processes input from 
electroreceptors) octavolateral nucleus, and electrosensory lobes in advanced bony 
fishes possessing an electrosensory system [4]. However, across all mammals, with 
the exception of monotremes, the dorsal cochlear nucleus is also considered a cer-
ebelloid structure [4]. Similar to the classic role of the cerebellum in processing 
sensory–motor input [10], the cerebelloid structures of fishes also process sensory 
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signals, receive input from the periphery to the deep layers, and parallel fiber input 
to the molecular layer. Two cerebelloid structures are observed in fishes, including 
the cerebellar crest and torus longitudinalis. The cerebellar crest is a layer of parallel 
fibers that cover the lateral line primary sensory brain stem region, originating from 
a bilateral mass of granule cells caudal to the cerebellar lobe termed the granular 
eminence [44, 67]. Likewise, the torus longitudinalis is a paired ridge of granule 
cells located along the medial boundary of the tectum that projects parallel fibers to 
the surface of the midbrain tectum in the marginal layer [55, 57]. The torus receives 
input from the valvula cerebelli and is present exclusively in actinopterygian fishes. 
Both the cerebellar crest cells and torus longitudinalis are defined by unidirectional 
parallel fibers [57].

Zebrafish provide an excellent example of how in some fish species, the defini-
tion of cerebelloid structures can be extended to include a collection of associated 
structures forming a functional unit or system [34]. In this species, two cerebelloid 
systems are present. First, in the hindbrain, the medial octavolateral nucleus, along 
with the eminentia granularis, and the cerebellar crest (crista cerebellaris) are con-
sidered to form a cerebelloid system. Here, Purkinje-like cells in the medial octavol-
ateral nucleus extend their apical dendrites to the molecular layer of the cerebellar 
crest. The cerebellar crest is a molecular fiber layer continuous with the most caudal 
aspect of the corpus cerebelli. Second, the torus longitudinalis coupled with the 
midbrain optic tectum forms a second cerebelloid system in zebrafish. Interestingly, 
in this context, the fiber-rich superficial marginal layer in the optic tectum has been 
suggested to act as the molecular layer—with the marginal layer receiving parallel 
fibers from the torus longitudinalis. It is currently hypothesized that the circuit 
formed between the torus longitudinalis and optic tectum aids in regulating and 
predicting visuomotor response given that granule cells in the torus longitudinalis 
respond to visual stimuli as well as to stimuli that evoke eye movements [24, 73]. A 
more detailed discussion of cerebelloid structures and their proposed function in 
anamniotes and mammals can be found in work by Bell [4], Bell et  al. [5], and 
Devor [16].

 Morphological Diversity of the Fish Cerebellum

Across jawed vertebrates, marked variation in the developed cerebellum exists as a 
consequence of evolutionary lineages and habitat adaptations. A best example of 
this is seen by the spectrum of cerebellar size and foliation across amniotes (rep-
tiles, birds, mammals) and anamniotes (fish, amphibians). Only birds and mammals 
demonstrate the extensive foliation seen at the gross anatomical level, which drasti-
cally enlarges the cerebellum of these animals. Rather, fish display considerably 
developed cerebellums, albeit non-foliated, whereas this structure is much smaller 
in amphibians and reptiles [57]. However, an incredible feat unique to fish is the 
impressive level of cerebellar diversity that has been shaped by both evolution and 
environment. Comparative studies relating fish brain growth with neuroecological 
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specializations illustrate the impressive “evolutionary plasticity” of brain structures 
and their ability to become optimized in accordance with the behavioral require-
ments of the species. In other instances, evolutionary time leading to lineage diver-
gence is likely the mechanism at play that drives cerebellar remodeling. By 
surveying the morphological variation of the cerebellum across representative fish 
models and lineages (see Fig. 2), new clues regarding how these structural adapta-
tions have come about and their functional role can be explored.

The first true cerebellum of jawed vertebrates is thought to have arisen in carti-
laginous fishes [93]. Interestingly, the developmental form of the cerebellum of 
sharks and rays mirrors that of adult Cyclostomes—characterized by a simple plate- 
like structure. Notably, only recently has it been confirmed that Agnathans do not 
possess a traditional cerebellum, but instead cerebelloid structures, including the 
DON and the MON [93]. As cerebellar development progresses in cartilaginous 
fishes, a more elaborate cerebellum can be observed. Bilaterally, a rostrolaterally 
directed lengthening and outpocketing of the caudolateral parts of the cerebellar 
territory give rise to the paired auricles. At the same time, a dorsally directed evagi-
nation of the rostromedial parts of the cerebellar plate forms the corpus cerebelli 
[67]. The dorsally situated, unpaired, corpus cerebelli ventrally encloses the large 
ventricular cavity. Meanwhile, the dorsal aspect extends rostrally over the roof of 
the midbrain and caudally over the lower lip, a band of nervous tissue laterally con-
tinuous with the upper leaf of the auricles [67].

In many species of cartilaginous fishes, considerable variation exists in the size 
and degree of foliation (i.e., wall infolding) of the corpus cerebelli (reviewed in 
[92]). The presence of varying degrees of cerebellar foliation in chondrichthyans is 
a feature rarely seen in most populations of teleosts. Early comparative studies of 
sharks and rays of different sizes have revealed that transverse grooves of different 
depths can be conspicuously detected on the surface of the corpus as a result of 
foliation [85]. Smaller species display a very shallow groove, while in larger bodied 
species deeper grooves and additional sulci subdivide the corpus into multiple lobes. 
Across vertebrate taxa, increased foliation is thought to accommodate an increase in 
cerebellar surface area [79]. This in turn allows for an increase in Purkinje cell num-
bers, thereby enhancing cerebellar processing capacity and facilitating the complex-
ity of cerebellar-dependent functions and behaviors [32, 81, 87]. Histologically, the 
chondrichthyan cerebellum demonstrates walls with four distinct cell layers: the 
fiber zone, the granular layer, the layer of Purkinje cells, and finally the molecular 
layer [67]. Chondrichthyes further feature two cerebelloid structures, including the 
DON and the MON that join bilateral auricles at the hindbrain [66].

The most primitive bony fishes, namely the Sarcopterygians, further provide an 
excellent example of how cerebellar diversity closely aligns with major fish radia-
tions. Sarcopterygians are only represented by the sole surviving Crossopterygian, 
the coelacanth (Latimeria), and six extant species of lungfishes worldwide. Studies 
of Latimeria show that its cerebellum can be seen as a well-developed, dome-shaped 
structure [93], defined by a dorsal evagination of the corpus cerebelli and very large 
auricles [61, 62]. The impressive size of the auricles is proposed to have developed 
in conjunction with the highly differentiated lateral line system in this species. The 
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lateral line system is a sensory system present along the body wall of most fish spe-
cies composed of thousands of neuromast cells that function to sense hydrodynamic 
input regarding relative movements between the body and the surrounding aquatic 
environment [9, 64]. Within the corpus, distinct molecular, Purkinje, and granular 
cell layers are well organized, a feature uncommon across most modern-day tele-
osts. Purkinje cells, however, show less laminar organization in the lateral auricles.

Compared to most other groups of fish, the cerebellum of lungfishes is relatively 
small and has been considered to be more closely related to that of amphibians [93]. 
The African lungfish (Protopterus) is defined by larger paired auricles that overhang 
the lateral sides of the midbrain, but only a modest sized corpus cerebelli. By con-
trast, the Australian lungfish (Neoceratodus) features smaller auricles but a larger 
corpus cerebelli, compared to its African relative [29]. However, in both species of 
dipnoan, a reasonable degree of lamination can be observed representing the three 
characteristic cerebellar layers: the molecular, the Purkinje, and the granular [67]. 
Both the coelacanth and lungfish lack an anterior protruding valvula cerebelli, char-
acteristic of teleosts.

Sampling across fish species provides valuable insight regarding the intersection 
between brain growth, habitat specialization, and structural diversity. Within the 
wild, studies have shown that the species environment can impose selection pres-
sure on specific regions of the brain, and some excellent examples come from struc-
tural modifications of the cerebellum. Some of the best-studied species demonstrating 
this evolutionary adaptation come from populations of African cichlids [94]. 
However, in some extreme cases, unprecedented enlargements of the cerebellum 
have also been observed in distinct groups of fishes as they take on new sensory 
processing modalities. Most notably, this attribute belongs to electric fishes, such as 
gymnotiformes and mormyrids, where the cerebellum has largely outgrown the rest 
of the brain. The role of the environment in shaping structure-specific brain mor-
phology and the behavior processes of fishes has received considerable attention 
over the years. For example, in both bony and cartilaginous fishes, relative enlarge-
ment of the cerebellum has been associated with locomotor behaviors, habitat com-
plexity, swimming speed and agility for prey capture, proprioception, and the 
acquisition of sensory input [30, 92]. Conversely, the presence of a small cerebel-
lum appears to be a predictor of lower activity levels and a close association with the 
substrate in fishes [71].

The independent radiations of African cichlids by far provide one of the most 
accessible, natural experimental datasets as to how habitat stratification impinges 
upon brain morphology. In all three East African Great Lakes, feeding strategy and 
microhabitat utilization have been shown to correlate strongly with individual brain 
structures [30]. Focusing on cerebellar size, it was reported that this structure was 
considerably enlarged in populations living at medium depths in the water column. 
This demonstrated that cerebellar morphology was more influenced by microhabitat 
use rather than feeding type, at least in this population [40]. By contrast, studies of 
the Antarctic icefish (Notothenoidae; [17]), a perciform relative of cichlids, revealed 
that the eminentia granularis and crista cerebellaris functionally involved in sensing 
olfaction and acoustic-lateralis input demonstrated most variability in morphology 
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across the 32 species examined. These two studies highlight that these related yet 
isolated populations can display disparate morphological adaptations to their unique 
environment in order to presumably increase fitness.

This section would not be complete without mention of the extreme cerebellar 
adaptation in electric-sensing fishes, including Mormyriformes, Gymnotiformes, 
Siluriformes, and Xenomystinae [93]. These groups are defined by and are unique 
among ray-finned fishes as having evolved electroreception. Best studied is the 
gigantocerebellum of the mormyrid. From an evolutionary standpoint, passive elec-
trosensing using ampullary electroreceptors arose first in osteoglossomorph fishes, 
permitting the detection of external bioelectric fields [14]. Mormyroids became the 
first species to evolve electric organs and tuberous electroreceptors, allowing for 
functional electrolocation and communication [80]. Impressively, the cerebellum of 
mormyrids accounts for nearly 1% to the total body weight of these fishes [59], 
largely due to the outgrowth of the anterior valvula cerebelli, completely covering 
the dorsal aspect of the brain [57].

While one might expect extreme differences in the cerebellar neuroanatomical 
blueprint of mormyrid fishes, with the exception of its conspicuously larger valvula 
cerebelli compared with other teleosts, it generally follows the same morphological 
organization [57]. A clear valvula, corpus, and caudal lobe can be observed, but 
unlike other teleosts, additional subdivisions are present. As reviewed by Meek 
[57], the valvula includes the valvula strictiori sensu, but also the lobus transitorius 
and lobe C1. Of particular note, the corpus cerebelli is distinguished by three addi-
tional lobes: C2 and C3 directed rostrally, and C4 directed caudally. Finally, the cau-
dal lobe is differentiated into both the anterior part (connecting to the mechanosensory 
lateral line lobe) and the posterior part (connecting to the electrosensory lateral line 
lobe) [6]. Extrinsic connections of mormyrid cerebellum are in line with that of 
other teleostean cerebella, showing well-defined eurydendroid or giant cells that 
project to premotor regions [56, 69, 70], along with a highly differentiated precer-
ebellar nucleus lateralis valvulae.

 Neurogenesis and Lifelong Cerebellar Development in Fishes

The majority of this chapter has focused on the variation in the adult cerebellar form 
that accompanies major groups of cartilaginous and bony fishes. In the last 20 years, 
however, studies of teleost fishes, in particular, have illustrated that cerebellar 
growth can persist into later life stages as species age. To date, this has not been 
observed in sharks and rays, although few studies have been performed in these 
groups. This capacity is made possible as a result of the process of adult neurogen-
esis, whereby resident neural stem cells in domains of the postnatal brain known as 
“stem cell niches” continue to generate newborn neurons [95]. Nevertheless, even 
in mainstream teleost fish models like the zebrafish, it would appear that the degree 
of brain-wide structural growth and neural stem cell activity shows a sharp decline 
in older fish [19, 51], suggesting that continuous growth may not be indefinite. 
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Comparing the relationship between neural stem cell activity and brain growth with 
aging in the cerebellum of relatively short-lived (e.g., zebrafish ~3 years) and long- 
lived species such as the sturgeon (~50–80  years) would provide exciting new 
insight in this field.

Adult neurogenesis is considerably more limited across the mature neuro-axis of 
the brain in amniotes, but of the small sampling of bony fishes thus far appears to be 
a highly conserved, widespread trait [23, 46, 97]. In representative teleosts, such as 
the zebrafish, greater than 16 major domains show constitutively active neural stem 
cell proliferation that functions to generate de novo neurons [1, 25, 47]. However, 
upwards of 100 neurogenic sites can be detected [95, 98]. This is in stark contrast to 
the two main adult neural stem cell niches found in mammals, limited to the subven-
tricular zone of the forebrain and subgranular zone of the hippocampus [63]. In 
teleosts, although a large number of these stem cell niches border the brain ventri-
cles, exceptions to this rule exist, such as in the cerebellum where throughout life 
neuro-epithelial-like stem and progenitor cells proliferate at the upper rhombic lip 
[34]. Importantly, this high neurogenic capacity displayed by zebrafish is mirrored 
by an equally impressive neuro-regenerative capacity, including the cerebellum [3, 
35, 38, 41, 43, 50–52]. Conclusive evidence for ongoing adult cerebellar neurogen-
esis has been demonstrated not only in the zebrafish, but the goldfish (Carassius 
auratus; [15]), cichlids (Astatotilapia burtoni; [53]), killifish (Nothobranhius 
furzeri; [83]), medaka (Oryzias latipes; [42]), and electric brown ghost knifefish 
(Apteronotus leptorhynchus; [96]). In mammals, evidence for spontaneous adult 
neurogenesis in the cerebellum of rabbits has been documented, though this appears 
to be exclusive to lagamorphs [20].

An outstanding question that remains in the field of teleost adult neurogenesis is 
why neurogenesis persists beyond embryonic or early developmental stages. In 
many fish species, structure-specific neurogenesis can be linked to the mode of 
growth. Most, but not all, teleost fishes are governed by indeterminate growth [65]; 
thus, the body, including the central nervous system, continues to add more cells as 
the species enlarges. This has been demonstrated in species of goldfish for many 
years. In the brown ghost knifefish, governed by indeterminate growth and consid-
ered a model of negligible senescence, 75% of all mitotically active cells in the 
mature brain are located in the cerebellum [96]. In this species, proliferative activity 
is seen in narrow stripes at the midline of the corpus cerebelli and valvula cerebelli, 
their neuroanatomical boundaries, and in the eminentia granularis. Similarly, in the 
zebrafish, the cerebellum proportionally grows more than other major brain struc-
tures over the juvenile stage (30–90 days post-fertilization), while the body of the 
cerebellum housing granule cells demonstrates remarkable growth throughout 
life [34].

Interestingly, recent studies in the zebrafish have illustrated that this species is 
characterized by determinate rather than indeterminate growth [8]. This is more 
reflective of growth limitations seen in amniotes. Nevertheless, this raises the ques-
tion of why constitutive proliferation is necessary in structures such as the cerebel-
lum throughout life. In-depth studies by Kaslin and colleagues [34, 36, 37] have 
shown that proliferative activity of stem and progenitor populations of the 
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cerebellum decline following juvenile development (up to 3 months), but in adult-
hood those derived from the upper rhombic lip continue to produce granule cells. To 
this end, following the juvenile stage, no Purkinje or eurydendroid cells are newly 
generated. This diminished degree of post-embryonic neurogenesis in the cerebel-
lum aligns with a near plateau in zebrafish growth as compared to its close relative, 
the Giant Danio [8]. It also raises the possibility that these newly generated cells 
merely aid in maintaining homeostasis by replacing those that undergo cell death. It 
remains to be seen in models of determinate or indeterminate growth whether these 
adult stem and progenitor populations of the cerebellum are capable of characteris-
tic responses to environmental input, such as sensory or motor stimuli, that have 
been shown in other stem cell niches of the adult zebrafish brain [48, 49].

 Closing Remarks

The primary goal of this chapter has been to provide a general survey of the diver-
sity of the fish cerebellum and how this structure contrasts many of the features seen 
in other vertebrate classes. While embryonic development of the fish cerebellum 
appears highly conserved with its land relatives, the appearance of new cerebellar 
structures, such as the valvula cerebelli, in addition to precerebellar and cerebelloid 
structures, highlights important phylogenetic differences across jawed vertebrates. 
Even across the small sampling of fishes discussed in this chapter, the manner by 
which the interplay between evolutionary time, lineage divergence, and habitat spe-
cialization orchestrate the morphology of the mature fish cerebellum is evident. 
What is more, in the adult cerebellum of teleosts, the existence of ongoing cell 
proliferation and neurogenesis raises exciting questions regarding cerebellar func-
tion, plasticity, and lifelong structural maintenance.

Moving forward, taking advantage of newer, more tractable laboratory models to 
study cerebellar ontogeny will unlock yet another level of understanding regarding 
this structure from a developmental and genetic perspective. For example, the tiny 
transparent Danionella translucida, no more than ~15 mm in adult size, has emerged 
as an exciting new model in the neurosciences [77]. With many of the same features 
as the zebrafish, but offering a smaller adult size, the opportunity to perform live in 
vivo imaging of cerebellar growth from fertilization to maturity has arrived. 
Blending traditional neuroanatomical methods along with new cutting-edge models 
and molecular tools to study cerebellar development, diversity, and plasticity across 
fish models offers an exciting future to advance the field of cerebellar 
neurodevelopment.

B. W. Lindsey



167

References

1. Adolf B, Chapouton P, Lam CS, Topp S, Tanhauser, Strahle U, et al. Conserved and acquired 
features of adult neurogenesis in the zebrafish telencephalon. Dev Biol. 2006;295:278–93. 
https://doi.org/10.1016/j.ydbio.2006.03.023.

2. Altman J, Bayer SA. Development of the cerebellar system: in relation to its evolution, struc-
ture, and functions. Boca Raton: CRC Press; 1997.

3. Baumgart EV, Barbosa JS, Bally-Cuif L, Götz M, Ninkovic J. Stab wound injury of the zebraf-
ish telencephalon: a model for comparative analysis of reactive gliosis. Glia. 2012;60:343–57. 
https://doi.org/10.1002/glia.22269.

4. Bell CC. Evolution of cerebellum-like structures. Brain Behav Evol. 2002;59(5–6):312–26. 
https://doi.org/10.1159/000063567.

5. Bell CC, Han V, Sawtell NB.  Cerebellum-like structures and their implications for cer-
ebellar function. Annu Rev Neurosci. 2008;31:1–24. https://doi.org/10.1146/annurev.
neuro.30.051606.094225.

6. Bell CC, Szabo. Electroreception in mormyrid fish: central anatomy. In: Bullock TB, 
Heiligenberg W, editors. Electroreception. New York: Wiley; 1986. p. 375–421.

7. Betancur-R R, Wiley EO, Arratia G, Acero A, Bailly N, Miya M, et al. Phylogentic classifica-
tion of bony fishes. BMC Evol Biol. 2017;17:162. https://doi.org/10.1186/s12862- 017- 0958- 3.

8. Biga PR, Goetz FW. Zebrafish and giant danio models for muscle growth: determinate vs. 
indeterminate growth as determined by morphometric analysis. Am J Phys Regul Integr Comp 
Phys. 2006;291:R1327–37. https://doi.org/10.1152/ajpregu.00905.2005.

9. Bleckmann H, Zelick R. Lateral line system of fish. Integr Zool. 2009;4:13–25. https://doi.
org/10.1111/j.1749- 4877.2008.00131.x.

10. Buckner RL. The cerebellum and cognitive function: 25 years of insight from anatomy and 
neuroimaging. Neuron. 2013;80(3):807–15. https://doi.org/10.1016/j.neuron.2013.10.044.

11. Butler AB, Hodos W. Comparative vertebrate neuroanatomy. 2nd ed. New York: Wiley; 2005.
12. Butts T, Green MJ, Wingate RJT. Development of the cerebellum: simple steps to make a ‘little 

brain’. Development. 2014;141:4031–41. https://doi.org/10.1242/dev.106559.
13. Carletti B, Rossi F. Neurogenesis in the cerebellum. Neuroscientist. 2008;14:91. https://doi.

org/10.1177/1073858407304629.
14. Carlson BA, Arnegard ME. Neural innovations and the diversification of African weakly elec-

tric fishes. Commun Integr Biol. 2011;4:720–5. https://doi.org/10.4161/cib.17483.
15. Delgado LM, Schmachtenberg O. Neurogenesis in the adult goldfish cerebellum. Anat Rec. 

2011;294:11–5. https://doi.org/10.1002/ar.21291.
16. Devor A.  Is the cerebellum like cerebellar-like structures? Brain Res. 2000;34(3):149–56. 

https://doi.org/10.1016/s0165- 0173(00)00045- x.
17. Eastman JT, Lannoo MJ. Diversification of brain morphology in Antarctic notothenioid fishes: 

basic descriptions and ecological considerations. J Morphol. 1995;223:47–83. https://doi.
org/10.1002/jmor.1052230107.

18. Eccles J, Ito M, Szentagothai J. The cerebellum as a neuronal machine. Berlin/Heidelberg: 
Springer; 1967.

19. Edelmann K, Glashauser L, Sprungala S, Hesl B, Fritschle M, Ninkovic J, et al. Increased 
radial glia quiescence, decreased reactivation upon injury and unaltered neuroblast behav-
ior underlie decreased neurogenesis in the aging zebrafish telencephalon. J Comp Neurol. 
2013;521:3099–115. https://doi.org/10.1002/cne.23347.

20. Feliciano DM, Bordey A, Bonfanti L. Noncanonical sites of adult neurogenesis in the mam-
malian brain. Cold Spring Harb Perspect Biol. 2015;7:a018846. https://doi.org/10.1101/csh-
perspect.a018846.

21. Finger TE. Organization of the teleost cerebellum. In: Northcutt RG, Davis RE, editors. Fish 
neurobiology. Ann Arbor: University of Michigan Press; 1983. p. 262–84.

22. Franz V. Das Mormyridenhirn. Zool Jb. 1911;32:465492.

A Comparative View of Cerebellar Morphology and Diversity in Fishes

https://doi.org/10.1016/j.ydbio.2006.03.023
https://doi.org/10.1002/glia.22269
https://doi.org/10.1159/000063567
https://doi.org/10.1146/annurev.neuro.30.051606.094225
https://doi.org/10.1146/annurev.neuro.30.051606.094225
https://doi.org/10.1186/s12862-017-0958-3
https://doi.org/10.1152/ajpregu.00905.2005
https://doi.org/10.1111/j.1749-4877.2008.00131.x
https://doi.org/10.1111/j.1749-4877.2008.00131.x
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1242/dev.106559
https://doi.org/10.1177/1073858407304629
https://doi.org/10.1177/1073858407304629
https://doi.org/10.4161/cib.17483
https://doi.org/10.1002/ar.21291
https://doi.org/10.1016/s0165-0173(00)00045-x
https://doi.org/10.1002/jmor.1052230107
https://doi.org/10.1002/jmor.1052230107
https://doi.org/10.1002/cne.23347
https://doi.org/10.1101/cshperspect.a018846
https://doi.org/10.1101/cshperspect.a018846


168

23. Ganz J, Brand M. Adult neurogenesis in fish. Cold Spring Harb Perspect Biol. 2016; https://
doi.org/10.1101/cshperspect.a019018.

24. Gibbs MA, Northmore DP.  The role of torus longitudinalis in equilibrium orientation 
measured with the dorsal light reflex. Brain Behav Evol. 1996;48(3):115–20. https://doi.
org/10.1159/000113190.

25. Grandel H, Kaslin J, Ganz J, Wenzel I, Brand M.  Neural stem cells and neurogenesis in 
the adult zebrafish brain: origin, proliferation dynamics, migration and cell fate. Dev Biol. 
2006;295:263–77. https://doi.org/10.1016/j.ydbio.2006.03.040.

26. Han VZ, Meek J, Campbell HR, Bell CC. Cell morphology and circuitry in the central lobes 
of the mormyrid cerebellum. J Comp Neurol. 2006;497:309–25. https://doi.org/10.1002/
cne.20983.

27. Herrick CJ. Origin and evolution of the cerebellum. Arch Neurol Psychiatr. 1924;11:621–52.
28. Hibi M, Matsuda K, Takeuchi M, Shimizu T, Murakami Y.  Evolutionary mechanisms that 

generate morphology and neural-circuit diversity of the cerebellum. Develop Growth Differ. 
2017;59:228–43. https://doi.org/10.1111/dgd.12349.

29. Holmgren N, van der Horst CJ. Contribution to the morphology of the brain of Ceratodus. Acta 
Zool. 1925;6:59–165.

30. Huber R, van Staaden MJ, Kaufman LS, Liem KF. Microhabitat use, trophic patterns, and the 
evolution of brain structure in African Cichlids. Brain Behav Evol. 1997;50:167–82. https://
doi.org/10.1159/000113330.

31. Ikenaga T. Teleost fish. In: Manto M, Gruol DL, Schmahmann J, Koibuchi N, Rossi F, edi-
tors. Handbook of the cerebellum and cerebellar disorders. Dordrecht: Springer; 2013. 
p. 1463e1480.

32. Iwaniuk AN, Hurd PL, Wylie DR. Comparative morphology of the avian cerebellum: II Size of 
folia. Brain Behav Evol. 2007;69:196–219. https://doi.org/10.1159/000096987.

33. Kani S, Bae Y-K, Shimizu T, Tanabe K, Satou C, Parsons MJ, et al. Proneural gene-linked neu-
rogenesis in zebrafish cerebellum. Dev Biol. 2010;343(1-2):1–17. https://doi.org/10.1016/j.
ydbio.2010.03.024.

34. Kaslin J, Brand M. Cerebellar development and neurogenesis in zebrafish. In: Manto M, Gruol 
D, Schmahmann J, Koibuchi N, Sillitoe R, editors. Handbook of the cerebellum and cerebellar 
disorders. Cham: Springer; 2020. https://doi.org/10.1007/978- 3- 319- 97911- 3_63- 2.

35. Kaslin J, Ganz J, Brand M. Proliferation, neurogenesis and regeneration in the non- mammalian 
vertebrate brain. Phil Trans R Soc B Biol Sci. 2008;363:101–22. https://doi.org/10.1098/
rstb.2006.2015.

36. Kaslin J, Ganz J, Geffarth M, Grandel H, Hans S, Brand M. Stem cells in the adult zebrafish cer-
ebellum: initiation and maintenance of a novel stem cell niche. J Neurosci. 2009;29:6142–53. 
https://doi.org/10.1523/JNEUROSCI.0072- 09.2009.

37. Kaslin J, Kroehne V, Benato F, Argenton F, Brand M. Development and specification of cer-
ebellar stem and progenitor cells in zebrafish: from embryo to adult. Neural Dev. 2013;8:1–15. 
https://doi.org/10.1186/1749- 8104- 8- 9.

38. Kaslin J, Kroehne V, Ganz J, Hans S, Brand M. Distinct roles of neuroepithelial-like and radial 
glial-like progenitor cells in cerebellar regeneration. Development. 2017;144:1462–71. https://
doi.org/10.1242/dev.144907.

39. Kotrschal K, Palzenberger M. Neuroecology of cyprinids: comparative, quantitative histology 
reveals diverse brain patterns. Environ Biol Fish. 1992;33:135–52. https://doi.org/10.1007/
BF00002560.

40. Kotrschal K, van Staaden MJ, Huber R. Fish brains: evolution and environmental relation-
ships. Rev Fish Biol Fish. 1998;8:373–408. https://doi.org/10.1023/A:1008839605380.

41. Kroehne V, Freudenreich D, Hans S, Kaslin J, Brand M. Regeneration of the adult zebrafish 
brain from neurogenic radial glial-type progenitors. Development. 2011;138:4831–41. https://
doi.org/10.1242/dev.072587.

B. W. Lindsey

https://doi.org/10.1101/cshperspect.a019018
https://doi.org/10.1101/cshperspect.a019018
https://doi.org/10.1159/000113190
https://doi.org/10.1159/000113190
https://doi.org/10.1016/j.ydbio.2006.03.040
https://doi.org/10.1002/cne.20983
https://doi.org/10.1002/cne.20983
https://doi.org/10.1111/dgd.12349
https://doi.org/10.1159/000113330
https://doi.org/10.1159/000113330
https://doi.org/10.1159/000096987
https://doi.org/10.1016/j.ydbio.2010.03.024
https://doi.org/10.1016/j.ydbio.2010.03.024
https://doi.org/10.1007/978-3-319-97911-3_63-2
https://doi.org/10.1098/rstb.2006.2015
https://doi.org/10.1098/rstb.2006.2015
https://doi.org/10.1523/JNEUROSCI.0072-09.2009
https://doi.org/10.1186/1749-8104-8-9
https://doi.org/10.1242/dev.144907
https://doi.org/10.1242/dev.144907
https://doi.org/10.1007/BF00002560
https://doi.org/10.1007/BF00002560
https://doi.org/10.1023/A:1008839605380
https://doi.org/10.1242/dev.072587
https://doi.org/10.1242/dev.072587


169

42. Kuroyanagi Y, Okuyama T, Suehiro Y, Imada H, Shimado A, Naruse K, et al. Proliferation 
zones in adult medaka (Oryzias latipes) brain. Brain Res. 2010;1323:33–40. https://doi.
org/10.1016/j.brainres.2010.01.045.

43. Kyritsis N, Kizil C, Zocher S, Kroehne V, Kaslin J, Freudenreich D, et al. Acute inflamma-
tion initiates the regenerative response in the adult zebrafish brain. Science. 2012;338:1353–6. 
https://doi.org/10.1126/science.1228773.

44. Larsell O.  The cerebellum: from myxinoids through birds. Minnesota: The University of 
Minnesota Press; 1967.

45. Lemire M. Etude architectonique du rhombencephale de Latimeria chalumnae Smith (pois-
son, crossopterygian, coalacanthide). Bull Mus Natl Hist Nat Paris Ser. 1971;3(2):41–96.

46. Lindsey BW, Tropepe V.  A comparative framework for understanding the biological prin-
cipals of adult neurogenesis. Prog Neurobiol. 2006;80:281–307. https://doi.org/10.1016/j.
pneurobio.2006.11.007.

47. Lindsey BW, Darabie A, Tropepe V.  The cellular composition of neurogenic periventricu-
lar zones in the adult zebfafish forebrain. J Comp Neurol. 2012:5202275–316. https://doi.
org/10.1002/cne.23065.

48. Lindsey BW, Tropepe V. Changes in the social environment induce neurogenic plasticity pre-
dominantly in niches residing in sensory structures of the zebrafish brain independently of 
cortisol levels. Dev Neurobiol. 2014;74(11):1053–77. https://doi.org/10.1002/dneu.22183.

49. Lindsey BW, Di Donato S, Kaslin J, Tropepe V. Sensory-specific modulation of adult neuro-
genesis in sensory structures is associated with the type of stem cell present in the neurogenic 
niche of the zebrafish brain. Eur J Neurosci. 2014;40(11):3591–607. https://doi.org/10.1111/
ejn.12729.

50. Lindsey BW, Hall ZJ, Heuze A, Joly J-S, Tropepe V, Kaslin J. The role of neuro-epithelial- 
like and radial-glial stem and progenitor cells in development, plasticity, and repair. Prog 
Neurobiol. 2018a;170:99–114. https://doi.org/10.1016/j.pneurobio.2018.06.004.

51. Lindsey BW, Douek AM, Loosli F, Kaslin J. A whole brain staining, embedding, and clearing 
pipeline for adult zebrafish to visualize cell proliferation and morphology in 3-dimensions. 
Front Neurosci. 2018b;11(750) https://doi.org/10.3389/fnins.2017.00750.

52. Lindsey BW, Aitken GE, Tang JK, Khabooshan M, Douek AM, Vandestadt C, et al. Midbrain 
tectal stem cells display diverse regenerative capacities in zebrafish. Sci Rep. 2019;9:4420. 
https://doi.org/10.1038/s41598- 019- 40734- z.

53. Maruska KP, Carpenter RE, Fernald RD. Characterization of cell proliferation throughout the 
brain of the African cichlid fish Astatotilapia burtoni and its regulation by social status. J 
Comp Neurol. 2012;520:3471–91. https://doi.org/10.1002/cne.23100.

54. Marzban H, Del Bigio MR, Alizadeh J, Ghavami S, Zachariah RM, Rastegar M.  Cellular 
commitment in thedeveloping cerebellum. Frontiers in Cellular Neuroscience. 2015;8:1–26. 
https://doi.org/10.3389/fncel.2014.00450

55. Meek J. Functional anatomy of the tectum mesencephali of the goldfish. An explorative analy-
sis of the functional implications of the laminar structural organization of the tectum. Brain 
Res. 1983;287(3):247–97. https://doi.org/10.1016/0165- 0173(83)90008- 5.

56. Meek J, Nieuwenhuys R. Afferent and efferent connections of cerebellar lobe C3 of the mor-
myrid fish Gnasthonemus petersi: an HRP study. J Comp Neurol. 1986;245(3):342–58. https://
doi.org/10.1002/cne.902450305.

57. Meek J. Comparative aspects of cerebellar organization. From mormyrids to mammals. Eur J 
Morphol. 1992;30(1):37–51.

58. Meek J. Holosteans and teleosts. In: Nieuwenhuys R, Ten Donkelaar HJ, Nicholson C, editors. 
The central nervous system of vertebrates. Berlin: Springer; 1998. p. 759–937.

59. Meek J, Nieuwenhuys R.  Palisade pattern of mormyrid Purkinje cells: a correlated light 
and electron microscopic study. J Comp Neurol. 1991;306:156–92. https://doi.org/10.1002/
cne.903060111.

A Comparative View of Cerebellar Morphology and Diversity in Fishes

https://doi.org/10.1016/j.brainres.2010.01.045
https://doi.org/10.1016/j.brainres.2010.01.045
https://doi.org/10.1126/science.1228773
https://doi.org/10.1016/j.pneurobio.2006.11.007
https://doi.org/10.1016/j.pneurobio.2006.11.007
https://doi.org/10.1002/cne.23065
https://doi.org/10.1002/cne.23065
https://doi.org/10.1002/dneu.22183
https://doi.org/10.1111/ejn.12729
https://doi.org/10.1111/ejn.12729
https://doi.org/10.1016/j.pneurobio.2018.06.004
https://doi.org/10.3389/fnins.2017.00750
https://doi.org/10.1038/s41598-019-40734-z
https://doi.org/10.1002/cne.23100
https://doi.org/10.3389/fncel.2014.00450
https://doi.org/10.1016/0165-0173(83)90008-5
https://doi.org/10.1002/cne.902450305
https://doi.org/10.1002/cne.902450305
https://doi.org/10.1002/cne.903060111
https://doi.org/10.1002/cne.903060111


170

60. Meek J, Yang JY, Han VZ, Bell CC. Morphological analysis of the mormyrid cerebellum using 
immunohistochemistry with emphasis on the unusual neuronal organization of the valvula. J 
Comp Neurol. 2008;519(4):396–421. https://doi.org/10.1002/cne.21809.

61. Millot J, Anthony J. Considerations preliminaires sur le squelette axial et le systeme nerveux 
central de Latimeria chalumnae Smith. Mkm Inst Sci Madagascar. 1956;11:167–88.

62. Millot J, Anthony J. Anatomie de Latimeria chalumnae, vol. 2. Paris: Centre National de la 
Recherche Scientifique; 1965.

63. Ming GL, Song H. Adult neurogenesis in the mammalian brain: significant answers and sig-
nificant questions. Neuron. 2011;70:687–702. https://doi.org/10.1016/j.neuron.2011.05.001.

64. Mogdans J. Sensory ecology of the fish lateral-line system: morphological and physiological 
adaptations for the perception of hydrodynamic stimuli. J Fish Biol. 2019;95:53–72. https://
doi.org/10.1111/jfb.13966.

65. Mommsen TP. Growth and metabolism. Boca Raton: CRC; 1998.
66. Montgomery JC, Bodznick D, Yopak KE. The cerebellum and cerebellum-like structures of car-

tilaginous fishes. Brain Behav Evol. 2012;80(2):152–65. https://doi.org/10.1159/000339868.
67. Nieuwenhuys R.  Comparative anatomy of the cerebellum. In: Fox C, Snider R, editors. 

Progress in brain research, vol. 25. Amsterdam: Elsevier; 1967. p. 1–93.
68. Nieuwenhuys R, Ten Donkelaar HJ, Nicholson C, editors. The central nervous system of ver-

tebrates. Berlin: Springer; 1998.
69. Nieuwenhuys R, Nicholson C. A survey of the general morphology, the fiber connections, and 

the possible functional significance of the gigantocerebellum of Mormyrid fishes. In: Llinas 
R, editor. Neurobiology of cerebellar evolution and development. Chicago: American Medical 
Association; 1969. p. 107–34.

70. Nieuwenhuys R, Pouwels E, Smulders-Kersten E.  The neuronal organization of cerebel-
lar lobe C1 in the mormyrid fish Gnathonemus petersii (teleostei). Z Anat Entwickl-Gesch. 
1974;144:315–36.

71. Northcutt RG. Brain variation and phylogenetic trends in elasmobranch fishes. J Exp Zool. 
1989;Suppl. 2:83–100. https://doi.org/10.1002/jez.1402520410.

72. Northcutt G. Understanding vertebrate brain evolution. Integr Comp Biol. 2002;42:743–56. 
https://doi.org/10.1093/icb/42.4.743.

73. Northmore DP, Williams B, Vanegas H. The teleostean torus longitudinalis: responses related 
to eye movements, visuotopic mapping, and functional relations with the optic tectum. J Comp 
Physiol A. 1983;150:39–50.

74. Paul DH.  The cerebellum of fishes: a comparative neurophysiological and neuroana-
tomical review. Adv Comp Physiol Biochem. 1982;8:111–75. https://doi.org/10.1016/ 
b978- 0- 12- 011508- 2.50011- 3.

75. Pearson AA. The acustico-lateral cneters and the cerebellum, with fiber connections, of fishes. 
J Comp Neurol. 1936;65:201–64.

76. Sgaier SK, Millet S, Villanueva MP, Berenshteyn CS, Joyner AL. Morphogenetic and cellular 
movements that shape the mouse cerebellum: Insights from genetic fate mapping. Neuron. 
2005;45:27–40. https://doi.org/10.1016/j.neuron.2004.12.021.

77. Schulze L, Henninger J, Kadobianksyi M, Chaigne T, Faustino AI, Hakiy N, et al. Transparent 
Danionella translucida as a genetically tractable vertebrate brain model. Nat Methods. 
2018;15:977–83. https://doi.org/10.1038/s41592- 018- 0144- 6.

78. Shi Z, Zhang Y, Meek J, Qiao J, Han VZ. The neuronal organization of a unique cerebellar 
specialization: The valvula cerebelli of a mormyrid fish. J Comp Neurol. 2008;509(5):449–73. 
https://doi.org/10.1002/cne.21735.

79. Striedter G. Principles of brain evolution. Sunderland: Sinauer Associates; 2005.
80. Sukhum KV, Shen J, Carlson BA. Extreme enlargement of the cerebellum in a clade of tele-

ost fishes that evolved a novel active sensory system. Curr Biol. 2018;28:1–7. https://doi.
org/10.1016/j.cub.2018.10.038.

81. Sultan F, Glickstein M.  The cerebellum: comparative and animal studies. Cerebellum. 
2007;6:168–76. https://doi.org/10.1080/14734220701332486.

B. W. Lindsey

https://doi.org/10.1002/cne.21809
https://doi.org/10.1016/j.neuron.2011.05.001
https://doi.org/10.1111/jfb.13966
https://doi.org/10.1111/jfb.13966
https://doi.org/10.1159/000339868
https://doi.org/10.1002/jez.1402520410
https://doi.org/10.1093/icb/42.4.743
https://doi.org/10.1016/b978-0-12-011508-2.50011-3
https://doi.org/10.1016/b978-0-12-011508-2.50011-3
https://doi.org/10.1016/j.neuron.2004.12.021
https://doi.org/10.1038/s41592-018-0144-6
https://doi.org/10.1002/cne.21735
https://doi.org/10.1016/j.cub.2018.10.038
https://doi.org/10.1016/j.cub.2018.10.038
https://doi.org/10.1080/14734220701332486


171

82. Suzuki N.  A contribution to the study of the mormyrid cerebellum. Annot Zool Jap. 
1932;13:503–24.

83. Tozzini ET, Baumgart M, Battistoni G, Cellerino A.  Adult neurogenesis in the short-lived 
teleost Nothobranchius furzeri: localization of neurogenic niches, molecular characterizing 
and effects of aging. Aging Cell. 2012;11:241–51. https://doi.org/10.1111/j.1474- 9726.2011
.00781.x.

84. Volkmann K, Chen YY, Harris MP, Wullimann MF, Koster RW. The zebrafish cerebellar upper 
rhombic lip generates tegmental hindbrain nuclei by long-distance migration in an evolution-
ary conserved manner. J Comp Neurol. 2010;518(14):2794–817. https://doi.org/10.1002/
cne.22364.

85. Voorhoeve JJ.  Over den bouw van de kleine hersenen der plagiostomen. Thesis. 1917; 
Amsterdam. p. 88.

86. Wang VY, Zoghbi HY.  Genetic regulation of cerebellar development. Nat Rev Neurosci. 
2001;10:484–91. https://doi.org/10.1038/35081558.

87. Welker WI. The significance of foliation and fissuration of cerebellar cortex. The cerebellar 
folium as a fundamental unit of sensorimotor integration. Arch Ital Biol. 1990;128:870–109.

88. Wingate RJT.  The rhombic lip and early cerebellar development. Curr Opin Neurobiol. 
2001;11:82–8. https://doi.org/10.1016/s0959- 4388(00)00177- x.

89. Wullimann MF, Meyer DL, Northcutt RG. The visually related posterior pretectal nucleus in 
the non-percomorph teleost Osteoglossum bicirrhosum projects to the hypothalamus: a DiI 
study. J Comp Neurol. 1991;312:415–35. https://doi.org/10.1002/cne.903120309.

90. Wullimann MF. The central nervous system. In: Evans DH, Claiborne JB, editors. Physiology 
of fishes, vol. II. Boca Raton: CRC Press; 1997.

91. Wullimann MF, Mueller T, Distel M, Babaryka A, Grothe B, Koster RW. The long adventurous 
journey of rhombic lip cells in jawed vertebrates: a comparative developmental analysis. Front 
Neuroanat. 2011:5. https://doi.org/10.3389/fnana.2011.00027.

92. Yopak KE. Neuroecology of cartilaginous fishes: the functional implications of brain scaling. J 
Fish Biol. 2012;80:1968–2023. https://doi.org/10.1111/j.1095- 8649.2012.03254.x.

93. Yopak KE, Pakan JMP, Wylie D.  The cerebellum of nonmammalian vertebrates. In: 
Evolutionary neuroscience. 2nd ed. New York: Elsevier; 2020. p. 247–59.

94. York RA, Byrne AL, Abdilleh K, Patil C, Steelman T, Finger TE, et al. Behavior evolution con-
tributes to hindbrain diversification among Lake Malawi cichlid fish. Sci Rep. 2019;9:19994. 
https://doi.org/10.1038/s41598- 019- 55894- 1.

95. Zupanc GKH. Adult neurogenesis in the central nervous system of teleost fish: from stem cells 
to function and evolution. J Exp Biol. 2021:224. https://doi.org/10.1242/jeb.226357.

96. Zupanc GKH, Horschke I.  Proliferation zones in the brain of adult gymnotiform fish: A 
quantitative mapping study. J Comp Neurol. 1995;353:213–33. https://doi.org/10.1002/
cne.903530205.

97. Zupanc GKH.  A comparative approach towards the understanding of adult neurogenesis. 
Brain Behav Evol. 2001;58(5):246–9. https://doi.org/10.1159/000057568.

98. Zupanc GKH, Hinsch K, Gage FH. Proliferation, migration, and neuronal differentiation, and 
long-term survival of new cells in the adult zebrafish brain. J Comp Neurol. 2005;488:290–319. 
https://doi.org/10.1002/cne.20571.

A Comparative View of Cerebellar Morphology and Diversity in Fishes

https://doi.org/10.1111/j.1474-9726.2011.00781.x
https://doi.org/10.1111/j.1474-9726.2011.00781.x
https://doi.org/10.1002/cne.22364
https://doi.org/10.1002/cne.22364
https://doi.org/10.1038/35081558
https://doi.org/10.1016/s0959-4388(00)00177-x
https://doi.org/10.1002/cne.903120309
https://doi.org/10.3389/fnana.2011.00027
https://doi.org/10.1111/j.1095-8649.2012.03254.x
https://doi.org/10.1038/s41598-019-55894-1
https://doi.org/10.1242/jeb.226357
https://doi.org/10.1002/cne.903530205
https://doi.org/10.1002/cne.903530205
https://doi.org/10.1159/000057568
https://doi.org/10.1002/cne.20571

	A Comparative View of Cerebellar Morphology and Diversity in Fishes
	Introduction
	Development of the Fish Cerebellum and Its Structural Organization
	Morphological Diversity of the Fish Cerebellum
	Neurogenesis and Lifelong Cerebellar Development in Fishes
	Closing Remarks

	References




