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Summary 21 

A complex brain is central to the success of backboned animals. However, direct evidence 22 

bearing on vertebrate brain evolution comes almost exclusively from extant species, leaving 23 

substantial knowledge gaps. Although rare, soft-tissue preservation in fossils can yield unique 24 

insights on patterns of neuroanatomical evolution. Paleontological evidence from an 25 

exceptionally preserved Pennsylvanian (ca. 318 Ma) actinopterygian, Coccocephalus, calls into 26 

question prior interpretations of ancestral actinopterygian brain conditions. However, ordering 27 

and timing of major evolutionary innovations such as an everted telencephalon, modified 28 

meningeal tissues, and hypothalamic inferior lobes remain unclear. Here we report two distinct 29 

actinopterygian morphotypes from the latest Carboniferous-earliest Permian (~299 Ma) of Brazil 30 

that show extensive soft-tissue preservation of brains, cranial nerves, eyes and potential 31 

cardiovascular tissues. These fossils corroborate inferences drawn from Coccocephalus, while 32 

adding new information about neuroanatomical evolution. Skeletal features indicate that one of 33 

these Brazilian morphotypes is more closely related to living actinopterygians than the other, 34 

which is also reflected in soft-tissue features. Significantly, the more crownward morphotype 35 

shows a key neuroanatomical feature of extant actinopterygians–an everted telencephalon–that 36 

is absent in the other morphotype and Coccocephalus. All preserved Paleozoic actinopterygian 37 

brains show broad similarities including an invaginated cerebellum, hypothalamus inferior lobes, 38 

and a small forebrain. In each case, preserved brains are substantially smaller than the 39 

enclosing cranial chamber. The neuroanatomical similarities shared by this grade of Permo-40 

Carboniferous actinopterygians reflect probable primitive conditions for actinopterygians, 41 

providing a revised model for interpreting brain evolution in a major branch of the vertebrate tree 42 

of life. 43 

 44 

Introduction 45 

The vertebrate brain is specialized and distinct from that of other animal groups1. Jawed 46 

vertebrates (gnathostomes) show broad conservation of major brain regions1,2, but there is wide 47 

structural and developmental variation within the group3 generally ascribed to differences in 48 

ecology and behavior. Among living gnathostomes, the roughly 30,000 species of ray-finned 49 

(actinopterygian) fishes display many neuroanatomical innovations1,4 with profound variation in 50 

the size of brain regions across lineages1,5,6. This diversity of brains mirrors the variety of ray-51 

finned fishes as a whole, reflecting over 350 million years of evolution in a range of aquatic 52 

habitats7,8.  53 
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Extant animals provide abundant information about brain structure, but important gaps in 54 

our understanding remain. First, the vast majority of living ray-finned fishes belong to Teleostei, 55 

which contains roughly 98% of all extant actinopterygian species7. Crown teleosts are 56 

geologically young, first appearing in the fossil record9,10 roughly 200 million years after the 57 

origin of crown actinopterygians and nearly 300 million years after ray-finned fishes diverged 58 

from their lobe-finned sister lineage9. Non-teleost actinopterygians provide critical details about 59 

neuroanatomical evolution deeper in the ray-finned fish tree, but these depauperate groups 60 

often display highly specialized morphologies. Given that early-diverging living ray-finned fishes 61 

are highly specialized7,11,12 there are standing questions on the order and timing of important 62 

morphological innovations such as telencephalic eversion, bulging of the cerebellum, and the 63 

development of hypothalamus inferior lobes and modified tela choroidea tissues. Second, while 64 

actinopterygians have a rich fossil record, few fossils provide evidence for patterns of brain 65 

evolution. Cranial endocasts generally represent the only evidence bearing on the 66 

neuroanatomy of extinct species, but the constraints they provide are indirect. Furthermore, 67 

there is evidence from several vertebrate lineages that endocasts have a varying degree of fit to 68 

brain anatomy13–16 and thus neuroanatomical evidence derived directly from fossil endocasts 69 

should be considered with care. 70 

The recent description of a fossil brain in a late Carboniferous ray-finned fish17, combined with 71 

earlier reports of a comparable preservation in a contemporary chondrichthyan18,19, suggests 72 

that fossilized neuroanatomy might be more common than widely assumed. However, the 73 

absence of additional extinct comparators limits the impact of these known examples. Here we 74 

report new instances of three-dimensional preservation of brains and other soft tissues in ray-75 

finned fishes from the early Permian (Cisuralian, ~298.9-272.9 Ma) Lontras Shale of Brazil, a 76 

deposit regarded as a Konservat-Lagerstätte20. Two distinct actinopterygian morphotypes, 77 

differentiated by osteological structure, preserve brains, eyes, and other soft tissues. These 78 

specimens challenge interpretations of the evolutionary timing and sequence of innovations in 79 

the ray-finned fish brain, illustrating the significance of three-dimensionally preserved soft 80 

tissues for comparative studies. 81 

   82 

Results 83 

Lontras Shale ray-finned fishes.  84 

The Lontras Shale comprises dark, laminated shales that preserve compressed but 85 

essentially complete, articulated specimens20,21. Sideritic concretions within these shales 86 

contain three-dimensionally preserved skulls22. Specimens preserved within concretions show 87 
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two distinct taphonomic modes: one where skulls are fully perfused with matrix, and a second 88 

where matrix infill within the skull is absent. Micro-computed tomography (μCT) of concretions 89 

encompassing both taphonomic modes reveals skeletal anatomy plus soft-tissue structures 90 

within and around the braincase and optic capsules. Two different ray-finned fish morphotypes, 91 

distinguished on the basis of major osteological traits across the mandibular, hyoid, and 92 

branchial arches, as well as the braincase (Figure 1), show soft-tissue preservation. For each of 93 

these features, Morphotype I shows a derived state relative to Morphotype II based on 94 

comparison with well-preserved Late Devonian taxa that branch from the actinopterygian 95 

stem23. Osteological data suggests that Morphotype I is closely related to more crownward 96 

forms (e.g., the Triassic ✝Australosomus), while CP 584 resembles more stemward taxa from 97 

the Devonian and Carboniferous. Taken together with ✝Coccocephalus wildi, these three 98 

examples appear to represent a grade on the actinopterygian stem. 99 

Each morphotype is represented by multiple specimens (see START Methods). 100 

However, most of our account focuses on two specimens: CP 065 for Morphotype I and CP 584 101 

for Morphotype II (Figure 1, Figure S1).  Specimens from this unit show two distinct taphonomic 102 

types (complete infill of the cranial cavity by matrix; and dissolution of matrix within the cranial 103 

cavity). Although the  specimens chosen to represent each morphotype here (CP 065 and CP 104 

584) are preserved in different modes, additional specimens from both morphotypes encompass 105 

these two preservation types. Additional specimens (CP 1343, CP 6573) are too incomplete to 106 

be assigned to a morphotype but display partial soft-tissue preservation. Precise taxonomic 107 

assessment of these two morphotypes is challenging. Previously described taxa from the 108 

Lontras Shale are, like many Paleozoic actinopterygians, based on poor type material21,22 that 109 

do not permit us to either assign the morphotypes to existing taxa or alternatively propose new 110 

ones. We therefore leave our specimens in open nomenclature pending revision of the Lontras 111 

actinopterygian fauna. 112 

 113 

Comparative anatomy of fossil morphotypes.  114 

The two fossil morphotypes can be differentiated on the basis of osteological features, some of 115 

which indicate that these morphotypes are likely affiliated with different parts of the 116 

actinopterygian stem. Morphotype I is distinguished by bearing two ceratohyal ossifications 117 

(anterior and posterior), a dorsomesial process on the palatoquadrate for articulation with the 118 

braincase without a notch or foramen, large and posterodorsally directed uncinate processes of 119 
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the epibranchials, a fossa bridgei that is constrained above the level of the inner ear, and a 120 

common midline canal for the olfactory nerves.  Morphotype II, on the other hand, shows a 121 

single ceratohyal ossification, a semilunar notch on the palatoquadrate marking the 122 

basipterygoid articulation, small and dorsally directed uncinate processes of the epibranchials, a 123 

wide and well-developed fossa bridgei that extends from the level of the posterodorsal 124 

fontanelle to the level of the anterodorsal fontanelle, and paired canals for the olfactory nerves. 125 

All the conditions found in Morphotype I are in agreement with a more crownward placement 126 

relative to both Morphotype II and Coccocephalus wildi, based on information from well-127 

preserved Late Devonian and Triassic taxa23–25. Additionally, these two morphotypes differ in 128 

several additional traits of more ambiguous polarity including parasphenoid geometry in lateral 129 

view (curved dorsally in Morphotype I versus horizontal in Morphotype II), size and shape of the 130 

anterodorsal fontanelle (large and oval in Morphotype I, smaller and slit-like in Morphotype II), 131 

and proportions of the skeletal labyrinth (external semicircular canal anteroposteriorly long with 132 

anterior and posterior limbs at an obtuse angle in Morphotype I compared to Morphotype II) 133 

 134 

Fossil brain anatomy.  135 

The brain occupies a small portion of the endocranial cavity in both morphotypes, in agreement 136 

with ✝Coccocephalus17 and contrary to widespread assumptions26–28. It appears more closely 137 

associated with the endocranial wall in specimens of Morphotype I due to the preservation of 138 

possible meningeal tissues, which appears to be absent in Morphotype II/CP 584, although this 139 

could be due to preservation (Figures 2-3). Both morphotypes show clear division of the 140 

forebrain, midbrain, and hindbrain, with the midbrain representing the largest division. Cranial 141 

nerves from all three regions reaching foramina on the endocranial wall. The gross anatomy of 142 

these fossil brains generally corresponds with that of both extant ray-finned fishes1 and the older 143 

stem actinopterygian ✝Coccocephalus wildi17.  144 

 145 

Morphotype I.  Small, poorly preserved olfactory bulbs fused into a single median structure lie 146 

anteroventral to the telencephalon (ob, Figure 3). The small telencephalon (te, Figure 3) shows 147 

indications of eversion, indicated by its V-shaped cross-section (Fig. S9). A pair of 148 

asymmetrically diverging structures extends toward the roof of the telencephalic region of the 149 

endocast, possibly representing anterior cerebral veins (acv, Figure 3; main choroidal veins of 150 

ref.29). 151 
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The mesencephalon is well-preserved (Figure 3), with the optic tectum represented as a 152 

sheet surrounding the mesencephalic ventricles (Figure S6). In dorsal view, the optic tectum 153 

forms diverging elliptical lobes. There is no evidence of a protrusion associated with the torus 154 

lateralis on the lateroventral wall of the diencephalon and intraventricular projections associated 155 

with a torus longitudinalis or torus semicircularis are not apparent (Figure S2, me), although we 156 

cannot rule out that these were present, but of limited size. We cannot identify a cerebral 157 

aqueduct connecting the mesencephalic ventricles to the more posterior fourth ventricle. A small 158 

internal cavity of the brain lies ventral to the fourth ventricle. This might be the extrameningeal 159 

space connected to the infundibulum (Figure S6). Small bumps posterior to the mesencephalon 160 

that seem to coalesce represent the cerebellum or corpus cerebelli (Figure 3, Figure S2). The 161 

posterior part of the hindbrain is a long stalk of circular cross-section, comprising the 162 

myelencephalon and spinal cord (sc, Figure 3, Figure S2). 163 

 The hypophysis emerges from the ventralmost portion of the diencephalon 164 

(hypothalamus) and extends ventrally towards the hypophyseal chamber of the neurocranium. 165 

The distal end of the hypophysis bears a small well-differentiated adenohypophysis (adh, Figure 166 

3) that lies dorsal to the parasphenoid. The hypothalamus is elongated with large hypothalamic 167 

inferior lobes (hil, Figure 3).  168 

 Cranial nerves are partially visible on both sides of the brain. A single thin, poorly 169 

preserved olfactory nerve (I) extends into the olfactory canal of the endocavity. The 170 

mesencephalon bears an expansion representing the roots of the optic nerves (II; optic 171 

chiasma). At the level of the posteriormost portion of the mesencephalic bulbs, the 172 

rhombencephalon bears a nucleus that divides into three separate nerves. These appear to be, 173 

from anterior to posterior: the main motor branch of the trigeminal nerve (V), a posterior branch 174 

of the facial nerve (VII), and the octavolateralis (VIII) complex. Only two branches of the latter 175 

complex are well preserved: one interpreted as the anterior branch of the octavolateralis (aVII) 176 

nerve; and a second, posteroventrally directed towards the saccular chamber, interpreted as 177 

representing the posterior branch of the octavolateralis (pVII). Other branches are too poorly 178 

preserved to identify. The vagus nerve (X, Figure 3, Figure S2) extends from the hindbrain and 179 

exits the neurocranium through the otico-occipital fissure (Figure 2). It divides into anteriorly- 180 

and posteriorly-directed branches, which are here identified as branchial and visceral rami, 181 

respectively.  182 

A thin sheet, closely associated with the internal surface of the endocavity, surrounds 183 

the brain (mix, Figure 3, Figure S2). It is best developed at the diencephalon-mesencephalon 184 

interface and above the rhombencephalon. The membrane connects laterally to the body of the 185 
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brain, dorsal to most nerve roots, and appears to represent meningeal tissue related to the 186 

diencephalic and rhombencephalic tela choroidea. 187 

 188 

Morphotype II Brain anatomy for Morphotype II is less clear than for Morphotype I. The poorly 189 

preserved telencephalon consists of the left telencephalic bulb (te, Figure 3) and appears to be 190 

evaginated, as it is bilobate in cross-section (Figure S1-2). The expanded area of the optic 191 

chiasma lies ventral to the telencephalon, immediately posterior to the median optic nerve 192 

foramen. The mesencephalon shows similar proportions to Morphotype I (CP 065), but 193 

distortion of the mesencephalic ventricles in this specimen suggests taphonomic shrinkage or 194 

compression (me, Figure S1-2). Another specimen attributable to Morphotype II (CP 508) shows 195 

well-developed mesencephalic ventricles (Figure S2). A possible infundibulum extends more 196 

posteriorly than in Morphotype I. The cerebellum bears paired lobes that do not seem to 197 

coalesce (Figure 3).  Anterodorsal and lateral bands suspend the brain within the endocranial 198 

chamber (lil, lit, Figure 3), representing possible ligaments (cf. Polypterus30).  199 

The mesencephalon shows clearly defined–but taphonomically compressed–200 

mesencephalic bulbs forming the optic tectum (Figure S1). Thin separation marking the 201 

ventricular wall indicates that ventricles were present in life (Figure S1), but they cannot be 202 

reconstructed. The optic nerve (II) lies ventral to the mesencephalic bulbs. A small protrusion 203 

that could be the origin of the oculomotor nerve (III) is apparent on the right side of the brain 204 

near the optic chiasma. 205 

A clearly defined crista cerebellaris (cr; Figure 3) extends from the posteriormost portion 206 

of the mesencephalic region towards the spinal cord. Small concavities posterior to the 207 

mesencephalic bulbs represent the corpus cerebelli, which appears to be invaginated (Figure 208 

S6). The rhombencephalic region of the brain shows the expanded nuclei of the trigeminal 209 

nerve (V) and hyomandibular trunk of the anteroventral lateral line and facial nerves (AV + VIIhy; 210 

Figure 3). These display an arrangement like Morphotype I, although they are more robust and 211 

occupy a more posterior position in Morphotype II. A nodule-like structure, likely formed 212 

from  taphonomic torsion of the spinal cord, lies posterior to these nuclei. The robust spinal cord 213 

extends to reach the foramen magnum. The vagus and accessory spinal nerves are not 214 

preserved. 215 

A large soft-tissue structure overlies the spinal cord and extends laterally towards the 216 

lateral cranial canal (Figure S5). We consider this structure homologous to the myelencephalic 217 

gland of chondrosteans and holosteans17,31. 218 

 219 
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Additional specimens 220 

Other specimens show similar structures to the examples described above, but are less well 221 

preserved and do not generally provide additional information on brain anatomy. These include 222 

examples of Morphotype I (CP.V 4364, CP.V 7053, CP.V 7227) and Morphotype II (CP 084, CP 223 

577).  224 

 225 

Other preserved soft tissues 226 

Apart from the brains, other soft tissues are apparent to varying degrees (Figures 4-5, Figures 227 

S3-5. Many specimens preserve eye lenses (Morphotype I: CP 065, CP.V 4364; Morphotype II: 228 

CP 084, CP 508), with some showing more extensive preservation of other features. In CP 084, 229 

a thin sheet of tissue embraces the mesial half of the eye lens (Figure 5), likely representing the 230 

sclera and retina (Figure 4B, 5B). The mesial face of this sheet bears tuberous structure 231 

corresponding to the optic nerve. CP 4364 shows scleral tissue dissociated from the displaced 232 

eye lens, but attached to the brain via a robust optic nerve tract. Some specimens show 233 

possible evidence of extrinsic eye muscles (Figure S3). 234 

 235 

Gill filaments are well preserved in several specimens (Morphotype I: CP 065; Morphotype II: 236 

CP 084; and indeterminate: CP 1343, CP 6573). The gill filaments are short and robust in both 237 

morphotypes, attaching to the lateral margin of the elongate ceratobranchials. Some filaments 238 

show the area of attachment to the branchial arch in detail (Figure S4). 239 

 240 

Putative cardiovascular elements are poorly preserved in all specimens, with fragments of blood 241 

vessels observed in a small number of specimens (Morphotype I: CP 4346, Morphotype II: CP 242 

084, CP 584). However, these do not provide any valuable anatomical information (Figure S5 A-243 

C). 244 

 245 

Discussion 246 

Placement and polarity of brain character changes.  247 

 248 

Given the osteological variation and polarity of these characters described above, we interpret 249 

these two Brazilian morphotypes to form a grade on the actinopterygian stem together with 250 

Coccocephalus (Figure 6). Thus, these fossils provide insights on the polarity of important 251 

neuroanatomical changes along the actinopterygian stem.  252 

 253 
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Telencephalon eversion versus evagination. In Morphotype I, the telencephalon displays a 254 

dorsolateral expansion and ventral compression towards the area of the optic chiasma, resulting 255 

in a V-shaped structure in cross-section (Figure S2). This resembles the everted telencephalon 256 

geometry of all extant ray-finned fishes. Morphotype II (e.g. CP 584) and ✝Coccocephalus17, 257 

show a contrasting anatomical condition. In cross-section, the telencephalon of these taxa forms 258 

a symmetrical bulge with a central cavity but lacking a ventral compression (Figure S1-2). This 259 

is similar to the structure in living sarcopterygians and chondrichthyans, and so is interpreted 260 

here as representing a plesiomorphic evaginated telencephalon. We therefore place 261 

telencephalic eversion as a feature emerging crownward of ✝Coccocephalus but stemward of 262 

CP 065 (Figure 6). More information from late Paleozoic fossil brains will be essential for better 263 

understanding the timing of origin of the everted condition found in living ray-finned fishes, but 264 

current information points to a late Paleozoic origin for the development of this condition. 265 

 266 

Hypothalamus inferior lobes. The presence of a hypothalamus inferior lobe in some specimens 267 

challenges the current hypothesis of character polarity. Since a hypothalamus inferior lobe is 268 

absent in the earliest diverging lineage of crown ray-finned fishes (i.e., cladistians) it was 269 

assumed to be a derived feature of actinopterans (crown ray-finned fishes excluding 270 

Cladistia32,33). However, its presence in some of the Brazilian specimens, as well as in the older 271 

✝Coccocephalus, challenges this hypothesis. Conditions in these probable stem 272 

actinopterygians imply the absence of the hypothalamus inferior lobe in cladistians is a reversal 273 

within that lineage rather than retention of a primitive arrangement. The apparent absence of a 274 

hypothalamus inferior lobe in some of the Brazilian specimens (e.g. CP 584) is likely due to 275 

taphonomy and compression of the soft-tissue against the endocranial wall. Future work should 276 

investigate the relationship between the actinopterygian hypothalamus inferior lobe and other 277 

hypothalamic projections in lobe-finned fishes and chondrichthyans. This is essential to 278 

determine if these independently emerged in several lineages or if instead hypothalamic ventral 279 

projections are primitive for crown gnathostomes. 280 

 281 

Intraventricular projections. Extant actinopterans show well-differentiated intraventricular 282 

projections (torus longitudinalis, torus semicircularis) within the second ventricle. These are 283 

unique to the group1. Cladistians are unique among living ray-finned fishes in lacking a torus 284 

longitudinalis and torus semicircularis1,34. All known Permo-Carboniferous actinopterygian brains 285 

lack evidence for these intraventricular projections, with all examples showing a homogeneous 286 
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ventricular margin. Thus, we confirm these intraventricular projections are a derived 287 

characteristic of actinopterans. 288 

 289 

Meningeal tissues. Aspects of brain suspension within the endocranial cavity are poorly 290 

documented among ray-finned fishes. Bjerring30 described intracranial ligaments supporting the 291 

brain of Polypterus senegalus, while other extant actinopterygians seem to have a well-developed 292 

meningeal tissue that suspends the brain within the neurocranial endocavity (Figueroa, pers. 293 

obs.). The Brazilian fossils show both conditions, with Morphotype I bearing a well-developed 294 

meningeal tissue above the hindbrain and forebrain while Morphotype II lacks any evidence of 295 

meningeal tissue but shows ligament-like structures connecting the brain to the endocranial wall. 296 

However, it is possible that the absence of a meningeal tissue in Morphotype II is taphonomic, as 297 

the main specimen that our description focuses on (CP 584) is preserved without matrix infill 298 

within the braincase. Thus, meningeal tissue could have been lost either during fossilization or 299 

during dissolution and loss of the matrix infill or. The meningeal tissue preserved in Morphotype I 300 

(CP 065) differs from the brain tissue as it is a very delicate and thin sheet of tissue that attaches 301 

to the laterodorsal margins of the brain and expands dorsally following the shape of the 302 

endocranial cavity. 303 

Meningeal tissues with associated hematopoietic organs are present in non-teleost ray-finned 304 

fishes excluding cladistians. Past work suggested that similar organs would be present in 305 

Paleozoic ray-finned fishes based on the presence of an enlarged area octavolateralis and lateral 306 

diverticula near the posterior semicircular canal (referred to as the lateral cranial canal) in some 307 

fossils34. A large mass dorsal to the rhombencephalon of Morphotype II (CP 584) is consistent 308 

with a myelencephalic gland (Figure S5). This structure is boomerang-shaped in dorsal view and 309 

extends laterally towards the lateral cranial canal. The geometry and position of this structure 310 

matches the myelencephalic gland of Lepisosteus35. Identification of a myelencephalic gland in 311 

Morphotype II supports past inferences of its presence in early ray-finned fishes. Its lateral 312 

extension is consistent with the well-developed lateral cranial canal found in many Paleozoic ray-313 

finned fishes and early neopterygians8,34,36. Pattern suggests the myelencephalic gland of 314 

Lepisosteus might more closely resemble the plesiomorphic condition, with the tube-shaped gland 315 

of chondrosteans and Amia being derived. A myelencephalic gland is absent in Coccocephalus, 316 

CP 065 and Polypterus, which all share a robust rhombencephalic tela choroidea modified as a 317 

cisterna spinobulbaris, following the interpretation from Jarvik34. We cautiously suggest the 318 

myelencephalic gland arose deep on the actinopterygian stem, with independent variations 319 
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arising within the crown (Figure 6). This agrees with the wide variability of shape and connectivity 320 

of the myelencephalic gland in extant taxa31. 321 

  322 

Anterior cerebral vein. The anterior cerebral vein emerges at the level of the posterior end of the 323 

orbit and arches dorsomesially above the telencephalon29,37. In ray-finned fishes, this vein tends 324 

to be well-developed during embryonic and larval stages but is sometimes absent in adults37. 325 

Allis38 notes that although the anterior cerebral vein is not noticeable in adult specimens of 326 

Amia, the paired foramina through which it would pass remain present posterodorsal on the 327 

optic capsule wall. In Paleozoic ray-finned fishes (e.g., ✝Mimipiscis, ✝Mesopoma) the canal for 328 

the anterior cerebral vein is unpaired and asymmetrical above the telencephalic region of the 329 

endocranial cavity26,39,40. In some Devonian sarcopterygians (e.g., ✝Eusthenopteron) paired 330 

canals are present, but these lay more anterior at the proximal end of the olfactory tracts34, 331 

while in others (e.g., ✝Gogonasus andrewsae) there is a single median canal41. Morphotype I 332 

(acv, Figure 2) and ✝Coccocephalus show paired but asymmetrical anterior cerebral veins that 333 

connect to the velum transversum and the orbital sinus before exiting the brain towards the left 334 

side of the skull. The asymmetry and position of these veins is consistent with the canal 335 

described in Paleozoic ray-finned fishes. However, the presence of two veins in the fossil 336 

specimens indicates that the single canal present in Paleozoic forms held two branches of this 337 

vein, which in turn agrees with the presence of paired anterior cerebral veins in living ray-finned 338 

fishes. 339 

 340 

Future directions in paleoneurology.  341 

The field of paleoneurology has advanced since its early days42–44 through the study of 342 

endocasts as proxy for brain anatomy in several vertebrate groups26,27,45 and two-dimensional 343 

imprints of nerve tissue in some invertebrates46,47. However, endocast data remains limited in 344 

providing an external model of the brain at best2 and only loose constraints on morphology in 345 

taxa where the volume of the brain is small in comparison to that of the endocavity48,49. Three-346 

dimensional preservation of neural soft-tissue structures discovered in fossil fishes by past 347 

studies18 and expanded upon here suggests further tomographic surveys of vertebrates are 348 

likely to yield additional examples. Geological context for each of these cases is broadly similar, 349 

with fossil skulls preserved in three-dimensions within concretions. Several Paleozoic and early 350 
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Mesozoic sites yield three-dimensional heads of actinopterygians within concretions25,28,50–52, 351 

and we are optimistic that further tomographic surveys of this material will yield additional 352 

instances of soft tissue preservation. As investigation of other fossils expands the dataset of 353 

fossil brains, it might be possible to discern which taphonomic or environmental aspects tend to 354 

covary with the preservation of neuroanatomy. This, in turn, can be used to identify material that 355 

is most likely to yield soft-tissue structures. Even modest amounts of information on ancient 356 

brain anatomy in other branches of the actinopterygian phylogeny–including deeper parts of the 357 

actinopterygian stem, the actinopteran stem, and the teleost stem–could provide important new 358 

evidence on patterns of neuroanatomical evolution in ray-finned fishes. Examples from other 359 

fish lineages have also shown potential for extensive soft-tissue preservation and variation in 360 

mode of preservation depending on the type of tissue and position within the body18,53,54. Our 361 

results suggest that information from fossil soft tissues can have an impact on our 362 

understanding of the evolution of deeply branching lineages,helping to identify patterns of 363 

morphological change that would be otherwise impossible to interpret only from extant taxa.  364 

The fossils described herein challenge current interpretations of the origin and timing of 365 

important morphological innovations, especially within the forebrain. This highlights biases that 366 

might arise from reconstructing the phylogenetic history of important morphological innovations 367 

based solely on extant species. We expect that with the inclusion of more information on soft 368 

tissue anatomy of early vertebrates—gathered from exceptional soft-tissue preservation—we 369 

will be able to better understand not only the placement of fossil taxa in relation to the crown, 370 

but also revise soft-tissue features of living lineages and determine how far back in geologic 371 

time many of these putative synapomorphies of extant clades emerged. 372 

 373 
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 391 

Figure legends. 392 

Figure 1. Comparison of two morphotypes of actinopterygian fishes from the Lontras 393 

Shale, Brazil. Morphotypes differentiated on the basis of osteological traits, showing 394 

neurocranium (top), endocast (middle) and hyobranchial apparatus (bottom). c.I, olfactory tract, 395 

chy, ceratohyal, fbr, fossa bridgei, hsc, horizontal semicircular canal, psp, parasphenoid, un.p, 396 

uncinate processes. Panels not to scale. See also Figures S1-S6. 397 

 398 

Figure 2. Brain and neurocranial morphology in Permian actinopterygian fishes. 399 

Neurocranium partially removed to show position of brain within the endocavity. Morphotype I 400 

(CP 065) and Morphotype II (CP 584) in dorsal (top) and left lateral (bottom) views. Light beige 401 

= braincase, dark beige = sliced braincase plane, red = brain, orange = meningeal tissue. 402 

a.amp, anterior ampulla, a.ce, auricula cerebelli, adf, anterodorsal fontanelle, c.I, olfactory tract, 403 

fm, foramen magnum, hsc, horizontal semicircular canal, me.c, mesencephalic chamber, occ.f, 404 

occipital fissure, oct, area octavolateralis, oto, otolith, p.amp, posterior ampulla, pdf, 405 

posterodorsal fontanelle, pmy, posterior myodome, psc, posterior semicircular canal, te.c, 406 

telencephalic chamber, vc, vestibular chamber. Scale bar = 5 mm for both morphotypes. See 407 

also Figures S1, S2, S5, S6. 408 

 409 

Figure 3. Brain morphology in Permian actinopterygian fishes. Morphotype I (CP 065)  and 410 

Morphotype II (CP 584) in dorsal (top) and left-lateral (bottom) view. Line drawings are 411 

interpretative schemes based on renders. Red = brain, orange = meningeal tissue. 4v, fourth 412 

ventricle, acv, anterior cerebral vein, adh, adenohypophysis, ce, cerebellum, cr, crista 413 

cerebellaris, hil, hypothamus inferor lobe, hyp, hypophysis, lil, longitudinal ligament, lit, 414 

transverse ligament, me, mesencephalon, mix, meninx, ob, olfactory bulb, occ, occipital nerves, 415 

opt, optic chiasma, sc, spinal cord, te, telencephalon, I, olfactory nerve, III, oculomotor nerve, V, 416 
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trigeminal nerve, Vmd, mandibular branch of trigeminal, Vmx, maxillary branch of trigeminal, VII, 417 

facial nerve, aVII, anterior branch of facial nerve, aVIII, anterior branch of octavolateralis nerve, 418 

pVII, posterior branch of octavolateralis nerve, IX, glossopharyngeal nerve, X, vagus nerve, Xbr, 419 

branchial branch of vagus nerve, Xv, visceral branch of vagus nerve. Scale bar = 5 mm for both 420 

morphotypes. See also Figures S1, S2, S5, S6 421 

 422 

Figure 4. In situ three-dimensional soft tissues preserved of specimens of Morphotype II. 423 

(A) Render of CP 507 showing the brain (red) and eye lenses (gray). (B) Render of the cranium 424 

of CP 084 in right-lateral view showing eye soft-tissue. Scale bar = 10 mm. See also Figures 425 

S1-S6. 426 

 427 

Figure 5. Eye morphology in fossil and extant actinopterygians. (A-C) Morphotype II (CP 428 

084), (D-F) Polypterus senegalus (UMMZ 195008). (A,D) μCT sagittal section through eye, 429 

(B,E) render of right eye in lateral view, (C-F) render of right eye in mesial view. arm, anterior 430 

rectus muscle, dom, dorsal obliquus muscle, drm, dorsal rectus muscle, len, lens, prm, posterior 431 

rectus muscle, ret, retina, scl, sclera, vom, ventral obliquus muscle, vrm, ventral rectus muscle, 432 

II, optic nerve. Scale bar = 10 mm. See also Figure S3. 433 

 434 

Figure 6. Schematic representation of ray-finned fish brain evolution. a, corpus cerebelli (0 435 

= evaginated; 1 = invaginated; illustrated by sagittal sections through idealized hindbrain), b, 436 

modified rhombencephalic meningeal tissue (0 = myelencephalic gland; 1 = cisterna 437 

spinobulbaris; illustrated by sagittal sections through idealized hindbrain and spinal cord), c, 438 

telencephalon (0 = evaginated, 1 = everted; illustrated by axial sections through idealized 439 

telencephalon), d, hypothalamus inferior lobes (0 = present; 1 = absent; illustrated by axial 440 

sections through idealized diencephalon). Taxon silhouettes obtained from PhyloPic 441 

(https://www.phylopic.org/). Extant taxa brain diagrams based on Nieuwenhuys et al1. 442 

 443 

STAR Methods 444 

 445 

Resource availability 446 

Lead contact. Information inquiries and resource requests should be sent to the lead author 447 

Rodrigo T. Figueroa (rtfiguer@umich.edu) 448 

Material availability. Specimens come from the Lontras Shale strata, within the uppermost 449 

Campo Mourão Formation of the Paraná Basin, Brazil. Specimens were collected at the 450 



15 

‘campáleo’ outcrop in the south of the city of Mafra, state of Santa Catarina, and are deposited 451 

in the paleontological collection of the Centro Paleontológico da Universidade do Contestado 452 

(CENPALEO-UnC). 453 

Data and code availability. Field and collection data are available at the Centro Paleontologico 454 

da Universidade do Contestado, Mafra, Santa Catarina, Brazil. Analyzed specimen data is 455 

available on Zenodo at 10.5281/zenodo.10552528. 456 

 457 

Experimental model and subject details 458 

Geological setting. Specimens derive from the Lontras Shale sub-section of the Campo 459 

Mourão Formation in the Paraná Basin, Brazil. The age of the Lontras Shale unit is estimated 460 

between the latest Carboniferous and earliest Permian based on both radiometric dating and 461 

biostratigraphy47–51. The Lontras Shale is a stratigraphic marker within the Paraná Basin that is 462 

related to a maximum marine flooding event52. The lithology, stratigraphy and paleobiota of the 463 

Lontras Shale suggest deposition in a restricted marine setting, such as a fjord53. Specimens 464 

analyzed here are preserved in three dimensions and within sideritic concretions22. Preservation 465 

of specimens varies as in a few examples (e.g. CP 065, CP 508, CP.V 4364) sediment is found 466 

within the fossilized skulls, while in others (e.g. CP 577, CP 584) sediment within the fossil 467 

seems to have been lost during diagenetic and post-diagenetic processes. In one specimen 468 

(CP.V 7053) the sediment within the skull seems to have been recrystallized. 469 

Fossil material. All fossil specimens analyzed in this work (CP 065, CP.V 4364, CP.V 7053, 470 

CP.V 7227, CP 084, CP 508, CP 577, CP 584) were collected in the late Carboniferous to Early 471 

Permian Campo Mourão Formation in the surroundings of the city of Mafra, Santa Catarina, 472 

Brazil. Morphotype I: CP 065, CP.V 4364, CP.V 7053, CP.V 7227; Morphotype II: CP 084, CP 473 

508, CP 577, CP 584 474 

Extant species material. This study contains data acquired from ethanol preserved specimens 475 

from the University of Michigan Museum of Zoology collection. Figured specimens of Polypterus 476 

senegalus (UMMZ 195008), Amia calva (UMMZ 160805, UMMZ, 235291) and Lepisosteus 477 

ocelatus (UMMZ 196974). 478 

 479 

Methods details 480 

Specimen Visualization. The fossil specimens were scanned with the Nikon XT H 225 ST 481 

scanner of the CTEES facility in the Department of Earth and Environmental Sciences, 482 

University of Michigan. Detailed scan parameters can be found in Table S1. Segmentation of 483 
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the resulting data was completed in Mimics 25.0 (Materialise, Leuven, Belgium) and further 484 

imaging of the obtained .ply 3D models was done in Blender 4.054. Comparative extant species 485 

Iodine enhanced μCT data was collected following the guidelines described in Kolmann et al.55 486 

 487 

Quantification and statistical analysis. No statistical analyses were performed for this work. 488 
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Hi g hli g ht s  

•  S oft -ti s s u e pr e s er v ati o n i s f o u n d i n l at e P al e o z oi c r a y-fi n n e d fi s h e s fr o m Br a zil  

•  Br ai n a n at o m y di ff er s a m o n g f o s sil t a x a  

•  O n e of t h e s e f o s sil s r e pr e s e nt s t h e ol d e st e vi d e n c e of a n e v ert e d t el e n c e p h al o n  

•  T h e f o s sil t a x a  b e ar a  m o s ai c of ‘ pri miti v e’ a n d ‘ d eri v e d’ c h ar a ct er s  

 

 

e T O C bl ur b:  

Fi g u er o a et al . s h o w t h at s oft-ti s s u e pr e s er v ati o n i n f o s sil r a y-fi n n e d fi s h e s i s i nf or m ati v e 

f or i nt er pr eti n g e v ol uti o n of n e ur o a n at o m y. U si n g X- r a y mi cr o-t o m o gr a p h y, t h e y fi n d  k e y  

di ff er e n c e s i n br ai n m or p h ol o g y a m o n g e xti n ct  t a x a. T h e s e f o s sil s i n di c at e a m or e c o m pl e x 

e v ol uti o n ar y hi st or y f or r a y -fi n n e d fi s h br ai n s t h a n pr e vi o u sl y a nti ci p at e d.  















 
Figure S1. Anatomical correspondence between brains in Paleozoic actinopterygians and Amia, 
Related to Figure 2. (A) axial sections from μCT, beginning with more anterior sections. (B) render of the 

brain of Amia showing approximate position of sections.  Abbreviations: tel, telencephalon, mes, 

mesencephalon, ce, cerebellar corpus, V, trigeminal nerve, mye, myelencephalon. 



 
 

 

 



Figure S2. Additional brain material, related to Figures 1-3. (A-C) CP.V 4364 (Morphotype I) in (A) 
dorsal, (B) left-lateral and (C) right-lateral views; and (D-E) CP 508 (Morphotype II) in (D) dorsal and (E) 
ventral views.(F-I) μCT sections (F) CP 065, (G) CP.V 4364, (H) CP 7053, (I) CP 7053. hil, hypothalamus 
inferior lobe, hyp, hypophysis, me, mesencephalon, mix, meninx, nc, neurocranium, opt, optic chiasma, 
rh, rhombencephalon, sc, spinal cord, te, telencephalon, II, optic nerve, III, oculomotor nerve, VI, 
abducens nerve, V-VII, trigeminofacial nucleus, IX, glossopharyngeal nerve, X, vagus nerve. Scale bars = 
5 mm. 
  



 
Figure S3. Rectus eye muscle attachment ligament within the posterior myodome of CP 584 
(Morphotype II), Related to Figure 5. (A) render of neurocranium (gray) and attachment ligament (red); 

(B) axial section from μCT showing the attachment ligament (arrow). Scale bar = 5 mm. 

  



 
Figure S4. Comparison of gill filaments and lamellae in Permian actinopterygians and Amia sp, 
Related to Figure 4. Based on parasagittal sections derived from μCT scans. (A-B) Morphotype I (A, CP 

065, B, CP 7053). (C-D) Morphotype II (CP 084). E-F, Amia (UMMZ 160805). Arrows indicate gill 

filaments. Not to scale. 

  



 



Figure S5. Cardiovascular elements preserved in Permian actinopterygians (Morphotype I), 
Related to Figure 2. (A) Transverse cross-section through the neurocranium of CP 065 showing the jugal 

vein (arrow); (B) Horizontal section through the neurocranium of CP 4364  showing the jugal vein (arrow); 

(C) Sagittal section through the skull of CP 065 showing putative heart tissue preservation (arrows). (D-F) 

Renders of brains (red) and myelencephalic tissue (orange) in dorsal view. (D) ✝Coccocephalus, (E) CP 

584 (Morphotype II), (F) Lepisosteus oculatus (UMMZ 196974). (A-C) not to scale, Scale bar = 5 mm (D-

E) and 10 mm (F). 

  



 
Figure S6. Parasagittal μCT sections through the head of Morphotype I, Related to Figure 1. (A) 

highlighting the brain (B). ce, cerebellum, exm, extrameningeal space, me, mesencephalon, me.v, 

mesencephalic ventricle, mix, meningeal tissue. Scale bar = 5 mm (A); Scale bar = 2 mm (B). 

 



 
Table S1. μCT scan parameters used for fossil actinopterygians from the Lontras Shale, 
Related to STAR Methods. 
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