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18  Abstract

19  Environmental perturbation can drive the evolution of behavior and associated changes in
20 brain structure and function. The generation of computationally-derived whole-brain
21 atlases have provided insight into neural connectivity associated with behavior in many
22  model systems. However, these approaches have not been used to study the evolution of
23 brain structure in vertebrates. The Mexican tetra, A. mexicanus, comprises river-dwelling
24 surface fish and multiple independently evolved populations of blind cavefish, providing a
25 unique opportunity to identify neuroanatomical and functional differences associated with
26  behavioral evolution. We employed intact brain imaging and image registration on 684
27 larval fish to generate neuroanatomical atlases of surface fish and three different cave
28 populations. Analyses of brain regions and neural circuits associated with behavioral
29 regulation identified convergence on hypothalamic expansion, as well as changes in
30 transmitter systems including elevated numbers of catecholamine and hypocretin neurons
31 in cavefish populations. To define evolutionarily-derived changes in brain function, we
32 performed whole brain activity mapping associated with feeding and sleep. Feeding
33 evoked neural activity in different sensory processing centers in surface and cavefish. We
34 also identified multiple brain regions with sleep-associated activity across all four
35 populations, including the rostral zone of the hypothalamus and tegmentum. Together,
36 these atlases represent the first comparative brain-wide study of intraspecies variation in
37 a vertebrate model, and provide a resource for studying the neural basis underlying
38 behavioral evolution.
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40 Introduction

41 Brain function and behavior are influenced by evolutionary history and ecological
42 environment [1,2]. Robust differences in gross anatomy, neural connectivity, and gene
43  expression have been associated with the evolution of behavaior in closely related species
44  [3-5]. Most studies employing comparative anatomy have focused on a small number of
45 brain regions, limiting insight into large-scale changes in brain structure and function. The
46 recent generation of computationally-derived whole brain atlases and connectomes has
47 provided an increased understanding of how neural circuits function [6-8]. These
48 resources have largely been limited to a select number of genetically accessible model
49 organisms, and have not been applied to a diverse set of models commonly used to study
50 trait evolution. The generation of whole-brain atlases in closely related species, or even
51 independent populations of the same species has potential to provide insight into the
52 principles governing the evolution of brain structure and neural circuit connectivity
53 associated with behavioral diversity.

54

55 The Mexican tetra, Astyanax mexicanus, comprises eyed surface fish that inhabit rivers
56 throughout Mexico and at least 29 populations of cavefish in the San Luis Potosi region of
57 northeast Mexico [9,10]. Within the past 1 million years, multiple colonizations of caves by
58 eyed surface ancestors has yielded independent cave populations that are geographically
59 and hydrologically isolated from one another [11-14]. Cave populations of A. mexicanus
60 have evolved numerous behavioral changes, including sleep loss, reduced social
61 behaviors, wide-spread changes in sensory processing, and alterations in foraging
62 behavior [17-21]. While trait evolution in cavefish has been studied for over a century,
63 our understanding of brain evolution is largely limited to anatomical changes in a few brain
64 regions including reduced size of the optic tectum and hypothalamic expansion in cavefish

65 populations [15,16]. Despite the long-standing focus on characterizing differences in
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66 behavior and morphology between cave populations, surprisingly little is known about the
67 brain anatomy and neural circuits associated with these behavioral changes in cave
68 populations.

69

70  Sleep and feeding are two homeostatically regulated behaviors that are essential for many
71 aspects of biological function [22—25]. These behaviors interact at the genetic and neural
72  circuit levels, and loss of sleep is associated with metabolism-related disorders [26,27].
73 Although little is known about the genetic and evolutionary basis of these differences, it is
74  hypothesized that the need for sleep is reduced in animals with greater foraging demands
75 [28,29]. We have previously identified the convergent evolution of sleep loss in multiple
76  cavefish populations on sleep loss, cavefish displaying as much as an 80% reduction in
77 sleep duration compared to surface fish counterparts [30]. In addition, feeding behavior
78  differs dramatically between surface fish and cavefish. These differences include changes
79 in the sensory modalities used to identify and capture prey in larval and adult fish, and
80 hyperphagia in multiple adult cavefish populations [17,19,21]. Identifying the neural
81 changes associated with the evolution of sleep and feeding behaviors may provide insight
82 into fundamental principles governing the evolution of neural circuits and brain function.
83

84 Recently, the use of image registration to generate high-resolution reference brains has
85 been used to map neural circuits in many model systems, from invertebrates through
86 mammals [31-35]. In the zebrafish, multiple brain atlases have been developed that map
87 neural circuits and putative connectivity between behaviorally relevant neurons
88 [6,8,33,36]. These resources have provided unparalleled insight into brain function, but
89 this approach has not been applied to study how evolution shapes brain development and
90 function. Like zebrafish, larval A. mexicanus are transparent and amenable to whole-brain

91 imaging in intact fish [37,38]. In this study, we combined morphometric analysis, imaging
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92  of neural circuits, and whole-brain activity imaging to generate standard brains for river-
93 dwelling surface fish and three independently evolved populations of cavefish. Using these
94 reference brains, we quantified volume of defined brain regions and specific neuronal
95 populations that contribute to sleep and feeding. We also mapped patterns of neuronal
96 activity to the reference brain atlas to generate a brain-wide map of activity differences in
97 waking, feeding, and sleeping fish using phospho-ERK labeling [6]. Together, these
98 studies are the first comparative brain-wide analyses identifying differences in brain
99 anatomy and function between populations with highly divergent behaviors.

100

101 Results

102 Behavioral and neuroanatomical evolution in larval A. mexicanus

103 To compare brain anatomy across independently evolved populations of A. mexicanus,
104 we performed whole-brain confocal imaging in surface fish and Tinaja, Molino, and
105 Pachén cavefish populations (Fig 1A). We first sought to determine whether differences
106 in sleep and feeding phenotypes were present across all three cavefish populations at 6
107  days post-fertilization (dpf) when the fish are transparent, and their brains are accessible
108 to intact whole-brain imaging. In agreement with previous findings at different
109 developmental stages [39,40], sleep is reduced across all three cave populations relative
110 to surface fish (Fig 1B). The reduction in sleep is due to decreases in both total sleep bout
111  number and average bout duration (and Fig S1). We previously found that the strike angle
112 associated with prey-capture is increased in Pachon cavefish, likely due to an increased
113 reliance on the lateral line in foraging behavior [17]. To test whether these evolved
114 differences in prey capture are present in fish from other cave-dwelling populations, we
115 measured strike angle in two other populations of cavefish. Strike angle was increased in

116 Pachén and Tinaja, while Molino did not differ from relative to surface fish (Fig 1C).


https://doi.org/10.1101/832543
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/832543; this version posted November 6, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

117 Therefore, multiple independently evolved populations of cavefish have convergently
118 evolved differences in sleep and feeding behaviors that manifest as early as at 6 dpf.

119

120 To characterize differences in brain anatomy between A. mexicanus populations, we
121 quantified the size of individual brain regions within each A. mexicanus population.
122 Immunostaining for total extracellular signal-regulated kinase (tERK) has been
123 established in zebrafish as a method for labeling broad anatomical regions within the
124  central nervous system [6]. At 6 dpf, we immunolabeled larvae for tERK and obtained
125 whole-mount confocal images through the entire brain. tERK signal was detected
126  throughout the brain in all A. mexicanus populations tested (Fig S2A), confirming that
127 tERK immunostaining also serves as a broad neuroanatomical marker in A. mexicanus.
128 Total brain volume did not differ between surface fish and fish from the three cave
129 populations (Fig S2B). We therefore quantified the size of individual brain regions,
130 normalized to the volume of the entire brain. Volumetric quantification revealed
131 convergence on changes in the major brain subdivisions that are established during
132 neurodevelopment across all three cave populations relative to surface fish. The
133 rhombenchephalon and the diencephalon were expanded and the mesencephalon was
134 reduced in fish from all three cave populations relative to surface fish (Fig 1D,E, Fig S3
135 and Table S1). These observations suggest that broad changes in brain structure are

136 shared across independently-evolved cavefish populations.
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137

138  Figure 1. Behavioral and neuroanatomical evolution in larval A. mexicanus. A. Bright-field
139 images of 6 dpf A. mexicanus: surface (top) and three cave-adapted populations: Molino (second
140  from top), Pachon (second from bottom), and Tinaja (bottom). Scale bar, 500 um. B. Total sleep
141  over 24 hrin 6 dpf surface and cave populations (one-way ANOVA, F=51.53, P<0.0001, Dunnett’s
142 multiple comparison test to Surface: Molino, p<0.0001 Pachon, p<0.0001, Tinaja, p<0.0001). C.
143 Feeding angle in larval A. mexicanus. Each population is shown while orienting to prey (0 ms) and
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144 then immediately after striking prey (20 ms) (one-way ANOVA, F=5.09, P=0.003, Dunnett’s multiple
145  comparison to surface fish: Molino, p>0.56, Pachon, p<0.02, Tinaja, p<0.03). D. Anatomical
146  segmentation of developmental regions in 6dpf brains using tERK antibody staining: telencephalon
147  (green), diencephalon (magenta), mesencephalon (cyan), rhombencephalon (red), spine (blue).
148  Scale bar = 300 um. E. Quantifications of developmental regions segmentations normalized to
149 whole brain size. All posthoc test were carried out comparing cavefish to surface fish.
150 Telencephalon, (1-way ANOVA, F=0.845, P>0.47, Molino, p>0.46, Pachon, p>0.35, Tinaja,
151 p>0.68). Diencephalon, (1-way ANOVA, F=3.567, P<0.03, Molino, p<0.03, Pachon, p<0.02, Tinaja,
152  p<0.05). Mesencephalon, (1-way ANOVA, F=26.72, P<0.0001; Molino, p<0.001, Pachon, p<0.001,
153 Tinaja, p<0.001). Rhombencephalon, (1-way ANOVA, F=15.15, P<0.001; Molino, p<0.01, Pachon,
154  p<0.001, Tinaja, p<0.001) F. Volumetric projections of nuclei within telencephalon, including
155  subpallium (orange), and pallium (light green) scale bar denotes 100 um. G. Volumetric projections
156  of nuclei in diencephalon, including pineal gland (light red), habenula (pink), pre optic hypothalamus
157  (purple), rostral zone of the hypothalamus (green), intermediate zone of the hypothalamus (blue),
158 diffuse nucleus of the hypothalamus (yellow), and pituitary complex (dark blue). Scale bar denote
159 100 um H. Volumetric projections of nuclei within the mesencephalon. Optic tectum (blue), and
160  optic neuropil (light green). Scale bar denotes 200 um. I. Volumetric projections of nuclei within the
161  rhombencephalon, showing cerebellum (red), and locus coeruleus (green). Scale bar denotes 200
162 pm. J-K. Quantifications of segmentations in F—I. For detailed information and statistics about all
163  regions, see Table 1. N>12 for all sleep behavior, n>25 for all strike angle, and n>10 for all
164  neuroanatomical segmentations.

166 To determine if there are changes in the size of brain regions that may be associated with
167 evolved behavioral differences, we quantified 13 additional brain regions, including the
168 tectum, cerebellum, pallium, and four regions of the hypothalamus (Fig 1F-K and Table
169 S1, Fig S4, Movie S1, and Movie S2) in accordance with previously described
170  nomenclature [7]. Consistent with previous reports , the optic tectum and neuropil were
171 reduced, and the total hypothalamus volume was enlarged in all three cavefish
172 populations [15,41,42]. The increase in hypothalamus volume was due to an enlargement
173  of rostral and intermediate zones of the hypothalamus, with no differences between
174 surface fish and cavefish populations in the volume of the diffuse nucleus of the
175 hypothalamus (Fig 1K, Fig S4). The volume of the pineal gland, a region associated with
176  secretion of sleep-promoting melatonin, was significantly reduced in all three populations
177  of cavefish (Fig 1K, Fig S4), raising the possibility that these changes are associated with
178 loss of sleep and circadian regulation of activity in cavefish [39,43]. In addition, volume
179 of the habenular nuclei that regulate stress were reduced in all three cavefish populations,

180 demonstrating a potential neuroanatomical mechanism underlying blunted response to
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181 stress in cavefish (Fig 1K, Fig S4) [44]. While many of the evolved changes in brain
182 anatomy we identified were shared between cave populations, we also observed
183 differences between individuals from different cave populations. For example, the preoptic
184 hypothalamus was reduced only in Molino cavefish, whereas the size of the locus
185 coeruleus was significantly reduced in Molino and Pachén (Fig 1J and Fig S4). Together,
186 these data suggest that cavefish from different populations have repeatedly evolved many
187 of the same neuroanatomical changes in behaviorally-relevant brain regions.

188

189 Neural circuitry associated with sleep and feeding

190 The circuitry underlying sleep/wake regulation is highly conserved across vertebrate
191 species [45,46]. Studies in zebrafish have identified a central wake-promoting role for the
192 catecholamines dopamine and norepinephrine, and hypothalamic neurons expressing
193 hypocretin/orexin (Hcrt) that consolidate wakefulness [47-50]. We previously reported
194 that functional differences in B-adrenergic and HCRT signaling contribute to sleep loss in
195 Pachén cavefish [18,51], but the role of these signaling pathways in sleep regulation, and
196 the neuroanatomy of catecholamine and HCRT neurons has not been characterized in
197 other populations of cavefish. To determine whether specific classes of catecholamine
198 neurons differ between A. mexicanus populations, we immunolabeled brains for tyrosine
199 hydroxylase (TH), and quantified TH+ neurons throughout the brain (Fig 2A). The number
200 of TH+ neurons in the locus coeruleus, a highly conserved wake-promoting region, did not
201 differ between any of the A. mexicanus populations we examined (Fig 2B). TH+ neurons
202  were more abundant in the telencephalon of both the Pachén and Tinaja populations, but
203 the number of neurons in the telencephalon did not differ between Molino and surface fish
204 (Fig 2C). Furthermore, the number of TH+ cells in the pretectal area of the brain was
205 significantly reduced in all cavefish populations (Fig 2D), and hypothalamic TH+ neurons

206 were more abundant in all three populations of cavefish than in surface fish (Fig 2E).
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207  Finally, in the medial octavolateralis nucleus, a primary integration site of lateral line
208 afferents, TH+ cell number was significantly greater in Molino and Pachén than in surface
209 fish, but did not differ significantly between Tinaja and surface fish (Fig 2F, Fig S5).
210 Together, these findings reveal that evolved differences in the number of neurons
211 expressing TH can be independently regulated among distinct brain regions. In zebrafish,
212 hcrt-expressing neurons localize to the rostral zone and pre-optic area of the
213  hypothalamus and these neurons localized to similar regions across all A. mexicanus

214  populations [50,52,53].
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216 Figure 2. Whole-brain imaging of circuits associated with sleep and feeding. A. Whole-brain
217  volumetric reconstructions of confocal imaging with anti-tERK (white) and anti-TH (green) for
218 surface, Molino, Pachdn, and Tinaja cavefish, with dorsal (Left) and sagittal (Right) views. Scale
219  bar, 250 ym. B-F Numbers of cells expressing TH in distinct regions of the brain B. TH+ cell
220 quantification in the locus coeruleus (1-way ANOVA, F=0.509, P>0.68, Molino, p>0.64, Pachon,
221 p>0.54, Tinaja, p>0.83). C. TH+ cell number in the telencephalon (1-way ANOVA, F=18.87,
222 P<0.001; Molino, p>0.66, Pachon, p<0.001, Tinaja, p<0.001). D. Quantification of pretectal TH+
223 neuron cells (1-way ANOVA, F=35.19, P<0.001; Molino, p<0.001, Pachon p<0.001, Tinaja,
224 p<0.001). E. Number of TH+ cells in hypothalamus (1-way ANOVA, F=20.16, P<0.001; Molino,
225  p<0.001, Pachon, p<0.001, Tinaja, p<0.001) f. TH+ cell number in the in the medial octavolateralis
226  nucleus (1-way ANOVA, F=9.532, P<0.001; Molino, p<0.001, Pachon, p<0.002, Tinaja, p> 0.44)
227  G. Whole-brain volumetric reconstructions of confocal imaging with anti-tERK (white) and anti-a-
228 MSH (green) for four populations of A. mexicanus. Scale bar, 300 um. H. Single-plane view of the
229  o-MSH (green) cell cluster in the pituitary complex in surface fish and Molino, Pachén, and Tinaja
230 cavefish. Scale bar denotes 50 um. I. Total number of cells expressing a-MSH in pituitary complex
231  J. Mean fluorescence intensity a-MSH+ individual cells from i. All comparisons were carried with
232  n>8 and all posthoc tests compared cavefish to surface fish. N>8 for all measurements.

233 In all three cave populations, HCRT neurons were more abundant in both of these brain
234  regions (Fig S6A-C), and the HCRT signal per cell was significantly elevated compared to
235 surface fish (Fig S6D). A descending pathway along the midline that connects the midbrain
236 to the spine stained strongly for HCRT in all cavefish populations, but not in surface fish
237 (Fig S6E). In surface fish, and all three cavefish populations, HCRT-immunoreactive fibers
238 localized to the locus coeruleus, as well as the lateral and intermediate zone of the
239 hypothalamus, with ascending projections into the telencephalon (Fig S6E).

240

241 To determine whether cavefish evolved differences in neuropeptides that regulate feeding
242 behavior, we examined the neuroanatomy of several conserved neuropeptides that
243  regulate appetite. Genetic variants in the melanocortin receptor MC4R have been
244 implicated in the regulation of feeding in diverse species, including A. mexicanus [19]. The
245 neuropeptide a-melanocyte—stimulating hormone (a-MSH) antagonizes MC4R to inhibit
246 feeding [54], and we identified an antibody that selectively label a-MSH neurons based on
247  its known expression pattern. Immunostaining for a-MSH in surface fish is similar to that
248 in zebrafish, predominantly labeling neurons in the pituitary complex with projections that

249  ramify throughout the hypothalamus (Fig 2G) [55]. The number of a-MSH+ neurons was

11
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250 significantly reduced in both Molino and Pachdén cavefish but did not differ between Tinaja
251 and surface fish (Fig 2H). We identified differences in signal from a-MSH projections in a
252 number of brain regions, including higher immunoreactivity in the cerebellum of surface
253 fish than in all cavefish populations (Fig S7). In addition, the intensity of a-MSH signal
254  from ascending projections that run laterally along the rostral zone of the hypothalamus
255 into the forebrain was reduced in Pach6n and Molino cavefish relative to surface fish (Fig
256 S7), and the intensity of labeling within the tectum was reduced in all three cavefish
257 populations. Together, the number of a-MSH neurons are reduced in the multiple cavefish
258 populations, but not Tinaja, revealing differences in the evolution of feeding circuits.

259

260 The neuropeptide agouti-related protein (AgRP) opposes a-MSH signaling and functions
261 as aninverse agonist of MC4R [54]. We found that AGRP localizes to the hypothalamus
262 in surface fish and in all three populations of cavefish (Fig S8A), consistent with its
263 expression in zebrafish [56], AQRP+ cells were more abundant in all three populations of
264 cavefish than in surface fish (Fig S8B); in addition, the fluorescence intensity per cell was
265 significantly higher in all populations of cavefish compared to surface (Fig S8C), indicating
266 an increased number of AGRP+ cells and an increase in neuropeptide synthesis in cave
267 populations. The projections of AQRP neurons shared many similarities with those of a-
268 MSH neurons: AgRP+ fibers ran laterally in the medial hypothalamus cell bundle, with
269 ascending fibers in the telencephalon forebrain bundle apparent in all populations (Fig
270 S8D). We identified several significant differences in projections between populations,
271 including tracts that connected the diffuse nucleus of the hypothalamus to the hindbrain in
272  all three cavefish populations but were absent in surface fish (Fig S8D). Taken together,
273 these findings are consistent with the adaptation of cavefish to a limited food environment
274 and suggest changes in feeding circuitry that may underlie differences in prey-seeking

275 behavior.

12
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276

277 Brain atlas reveals altered landscape of neural activity

278 The robust differences in behavior and neuroanatomy raise the possibility that brain
279 activity differs between A. mexicanus populations. In zebrafish, phosphorylated ERK
280 (pERK) accurately reflects neuronal activity with temporal resolution on the order of
281 minutes [6]. To establish baseline differences in neural activity among A. mexicanus
282 populations, we performed whole-mount immunostaining for pERK and tERK. A.
283 mexicanus do not require food in their first week of life, and we collected non-fed fish
284 between zeitgeber time (ZT) 4-6 (Where ZT 0 is the start of lights on (Fig 3A)). To assist
285 in localizing pERK signal to distinct brain regions across multiple animals, we generated
286 a common reference brain for each population using image registration (Fig S9A). To
287 confirm accuracy of image registrations we implemented Jaccard image similarity
288 analysis, which measures the volume of intersection between a registered brain and the
289 template. This technique yielded a Jaccard index of 0.67 for surface, 0.71 for Molino, 0.69
290 for Pachon, and 0.70 for Tinaja, indicating that the registration algorithm was of high
291 quality and that there was no significant variability among the populations (Fig S9B S
292 Movie 3). Image registration revealed robust alignment of TH+ neurons in the locus
293  coeruleus across populations of A. mexicanus, providing an average 3-dimensional
294 positioning error of 5.6 um in surface, 6.4 um in Molino, 5.8 um in Pachén, and 6.3 um in
295 Tinaja, comparable to published values in the zebrafish brain atlas [6] (Fig S9C,E). We
296 then expanded the brain atlas to include all imaging data described above, including the
297 sleep/wake regulating neurons expressing hcrt and tyrosine hydroxlase and the regulators
298 of food consumption a-msh and agrp. We were able to generate a standard brain for four
299 A. mexicanus populations, enabling us to directly examine markers of neural activity and

300 defined neural populations within a single brain (Fig S9, S Movie 4).
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302 Figure 3: Whole-brain pERK neural activity imaging reveals altered landscape of brain
303 activity. A. Average pERK activity maps overlaid onto standard brains with segmentations in major
304 brain subdivisions in the indicated population of A. mexicanus. Scale bar denotes 200 ym. B.
305  Principal component analysis of whole-brain neural activity in the brain of free-swimming fish. PC1
306 (one-way ANOVA, F=8.019, P<0.001; Dunnett post hoc, Molino, p<0.003, Pachon, p<0.001,
307 Tinaja, p>0.95). PC2 (one-way ANOVA, F=8.786, P=0.0001; Dunnett post hoc, Molino, p<0.001;
308 Pachon, p<0.05, Tinaja, p=0.001). Percentages indicate the amount of variance in neural activity
309 explained by each PC. C. Maximum-intensity projections of mean pERK signal in medial
310 hypothalamus. Scale bar denotes 100 um D. Quantification of pERK signal in rostral zone of the
311 hypothalamus. (one-way ANOVA, F=4.69, P<0.01; Molino, p<0.01, Pachén, p<0.04, Tinaja,
312  p>=0.95). E. Maximum-intensity projections of pERK signal in habenula. Scale bar denotes 100
313 um. f. Quantification of pERK activity in the habenula (1-way ANVOA, F=4.16, P=0.012; Molino,
314  p=0.99, Pachon, p=0.018, Tinaja, p<0.02). G. Maximum-intensity projections of pERK signal in the
315 pallium. Scale bar denotes 100 um H. Quantification of pallial neural activity (1-way ANOVA,
316 F=6.18, P=0.001; Molino, p<0.001, Pachoén, p<0.03, Tinaja, p<0.04). N>10 for all pERK activity
317 mapping.

319 Next, we performed principal component analysis (PCA) on pERK/AERK imaging data to
320 determine if distinct whole brain neural activity profiles have evolved in populations of A.
321 mexicanus. The fish used in this experiment were actively moving prior to sample

322  collection, and therefore considered to be awake. The PCA revealed distinctive clustering
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323 patterns of neural activity in each population. For example, Molino cavefish formed a
324  cluster that was distinct from surface fish in both the first and second principal components
325 (PC1 and PC2), whereas Pachon formed unique a cluster shifted to the right from surface
326 fish in PC1 (Fig 3B). Tinaja cavefish formed a cluster below surface fish in PC2. PCA
327 variable analysis revealed the candidate regions most strongly associated with altered
328 neural activity in each principal component, including the rostral zone of the hypothalamus
329 in PC1 (Fig S10A,B) and pallium and habenula in PC2 (Fig S10C). Collectively, PCA of
330 pERKAERK imaging from free-swimming A. mexicanus revealed distinct evolved patterns
331 of neural activity within principal component space, suggesting cave-adapted fish have
332 unique neural activity profiles compared to evolutionarily older surface fish.

333

334  To further characterize differences in neural activity among populations, we quantified the
335 level of pERK activity in specific regions identified by PCA. As the rostral zone is thought
336 to be homologous to the lateral hypothalamus in mammals, that serves as a critical
337 regulator of both sleep and feeding behavior [57,58], we speculated that activity within this
338 region might differ between cavefish populations. Indeed, we observed a significant
339 increase in pERK activity in rostral zone of the hypothalamus in Molino and Pachon
340 cavefish populations relative to surface fish, but no differences between surface fish and
341 Tinaja (Fig 3C-D). Furthermore, neural activity in the habenula, a region involved in stress
342 response [59,60], was significantly reduced relative to surface fish in Pachén and Tinaja ,
343 but unaltered? in Molino (Fig 3E-F). Finally, activity within the pallium, an area analogous
344  to the mammalian amygdala and hippocampus that has been associated with emotion,
345 motivation, and recently sleep regulation in zebrafish [61,62], was significantly reduced in
346 all populations of cavefish relative to surface fish (Fig 3G-H). We also quantified activity in

347 12 additional brain regions (Fig S11, Table 3). Together, this analysis reveals changes in
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348 brain regions associated with behaviors that have diverged between surface fish and
349 cavefish.

350

351 Neural activity associated with feeding behavior

352 To determine how brain activity differs during a multi-modal sensory behavior, we
353 quantified the effects of feeding on neural activity. To this end, we compared brain-wide
354 pERK levels in fish fed Artemia for 10 minutes that had not been fed and were freely
355 moving prior to sacrifice (Fig 4A). We applied PCA to whole-brain activity patterns to
356 determine whether feeding would create unique activity signatures in each population.
357 Pachén and Tinaja cavefish formed distinct clusters in PC1 relative to surface fish,
358 suggesting that they have evolved distinct neural activity patterns associated with feeding.
359 By contrast, the evolutionarily younger Molino cavefish did not significantly differ from
360 surface fish in either PC1 or PC2 (Fig 4B). PCA analysis revealed that brain regions
361 clustered tightly in either PC1 (areas with differing responses among the populations) or
362 PC2 (areas that exhibited variance among populations) (Fig S13A,B). The diffuse nucleus
363 of the hypothalamus, was identified as the most significant variable in PC2, suggesting
364 the hypothalamus integrates multimodal sensory inputs, which are activated by feeding in

365 all populations (Fig S13C).
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367 Figure 4: pERK neural activity during feeding reveals sensory transformation in cavefish
368 and convergence on hypothalamic circuitry. A. Average whole-brain pERK activity patterns
369 registered to standard brains (white) in non-feeding fish (green) and fish undergoing a 10-minute
370 feeding assay (magenta). Scale bar is 200 um. B. PCA of whole-brain activity (reflected by pERK
371 signal) in fish undergoing 10-minute feeding assay PC1 explained 27.53% of the variability of the
372  brain activity (1-way ANOVA, F=6.652, P=0.001, Molino, p>0.40, Pachon, p<0.03, Tinaja, p<0.001).
373  There were no statistical differences between populations? along PC2, which explained 18.80% of
374  the variability. C. Maximum-intensity projection of pERK neural activity in medial octavolateralis
375 nucleus activity (MON) for non-fed (green) and fed (magenta) fish. Scale bar denotes 50 um. D.
376 Quantitation of the change in pERK activity in the MON during feeding (one-way ANOVA, F=22.14,
377 P<0.001; Molino, Pachén, Tinaja p<0.001). E. Maximum-intensity projection of pERK activity in the
378 optic tectum of non-fed (green) and feeding (magenta) fish Scale bar denotes 200 um F.
379 Quantification of change in pERK activity in the optic tectum during feeding (one-way ANOVA,
380 F=6.13, P=0.002; Molino, p>0.02, Pachon, p<0.001, Tinaja, p>0.04). G. Maximum- intensity
381 projection of pERK activity in the diffuse nucleus of the hypothalamus of non-fed (green) and
382 feeding (magenta) fish. Scale bar depicts 100 um. H. Quantification of change in pERK activity in
383 the MON during feeding (1-way ANOVA, F=1.43, P=0.24; Molino, p>0.91, Pachon, p>0.33, Tinaja,
384 p>0.8). N>10 for all feeding pERK neural activity.

386 All cavefish populations exhibited a significant increase in medial octavolateralis nucleus
387 activity following feeding behavior, whereas surface fish exhibited a reduction, suggesting

388 opposing polarities of medial octavolateralis nucleus activity during feeding between
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389 surface fish and all three cavefish populations (Fig 4C-D). Surface fish, like zebrafish, use
390 visual cues to orient relative to prey. pERK level (i.e., neural activity) in the optic tectum
391 was significantly higher in surface fish than in all three cavefish, suggesting that the tectum
392 is not an input for feeding-associated behavior in cave populations of A. mexicanus (Fig
393 4E-F). Finally, feeding induced a robust increase in neural activity in the diffuse nucleus
394 of the hypothalamus across all populations (Fig 4G-H), suggesting that this nucleus
395 integrates multiple sensory modalities during feeding. Together, these findings highlight
396 the evolution of brain-wide changes feeding behavior across multiple cave-adapted
397 populations of A. mexicanus.

398

399 Evolution of sleep-associated neural activity

400 Mapping brain activity during sleep in cavefish is difficult because individuals from these
401 populations sleep for limited periods. However, the small size and relatively permeable
402 blood brain barrier of A. mexicanus allows for measuring the effects of drugs on sleep
403 regulation, similar to approaches for whole-brain imaging of sleep previously used in
404 zebrafish [51,61,63]. Therefore, to directly compare brain activity in sleeping surface fish
405 and cavefish, we pharmacologically induced sleep in all populations of cavefish.
406 Previously, we showed that moderate concentrations of [-adrenergic antagonist
407 propranolol and HCRT receptor inhibitor EMPA restore sleep to Pachédn cavefish without
408 affecting sleep in surface fish, suggesting enhanced sensitivity to inhibitors of [3-
409 adrenergic and HCRT signaling [44,51]. The effects of these agents on neural activity
410 and in additional cave populations is unknown.

411

412 Treatment with B-adrenergic antagonist propranolol and the HCRT receptor inhibitor

413 EMPA restored sleep in all three cavefish populations, suggesting conserved signaling
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414 pathways contribute to sleep loss in independently-evolved cavefish populations (Fig 5A).
415 Both drugs increased sleep bout length and bout number, without affecting waking activity,
416 suggesting that the elevation of sleep is not due to lethargy (Fig S14). To determine
417 whether the two drugs act induce similar or distinct changes in neural activity, we
418 compared neural activity between awake DMSO-treated fish and sleeping fish treated with
419 EMPA or propranolol (Fig 5B). Both EMPA and propranolol-treated sleeping surface fish
420 and cavefish exhibited an overall reduction in neural activity compared to awake fish,
421 similar to what was recently reported for drug-treated sleeping zebrafish (data not shown)
422 [61]. In all populations, the results of PCA significantly differed between asleep/drug
423 treated and and awake/DMSO treated fish, suggesting that pERK is a robust marker for
424  detecting neural activity differences in a sleep-like state in A. mexicanus (Fig S15A).

425

426 Next, we sought to determine whether drug-treated fish in a sleep-like state converged
427 upon shared or independent patterns of neural activity in each population. PCA analysis
428 of EMPA-treated sleeping fish revealed that surface and Molino cavefish clustered tightly
429 together, whereas Pachon cavefish formed a separate cluster in PC2 and Tinaja formed
430 a separate cluster to the right in PC1 (Fig 5C). Variable analysis derived from PCA
431 revealed that the main regions driving the changes along PC1 in Tinaja were in the
432 telencephalon, including the pallium and subpallium, while the most significant variables
433  for Pachon in PC2 were in the diencephalon, including several known sleep centers of the
434  brain, such as the rostral zone and preoptic area of the hypothalamus (Fig S15B-D).
435 Propranolol treatment also resulted in unique neural activity profiles across populations of
436 A. mexicanus, with Molino and Pachon forming clusters of sleep-associated activity
437 distinct both surface fish and Tinaja cavefish in PC1 (Fig 5D). PCA variable analysis
438 revealed several highly-associated brain regions for both Propranolol and EMPA sleep

439 conditions. These included regions that have been implicated in zebrafish or mammalian
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440 sleep regulation include the rostral zone and preoptic areas of the hypothalamus, and the
441 locus coeruleus, indicating that shared regions of neural activity may be associated with
442  sleep in A. mexicanus (Fig S15B-G).
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444  Figure 5: Whole-brain activity imaging of sleep-like state reveals heterogenous neural
445 signatures. A. Quantification of 24 hour sleep recording with control DMSO (green) EMPA
446 (magenta) and Propranolol (yellow) treatments (2-way ANOVA, F=34.50, P<0.001; Surface EMPA,
447  P=0.894, Surface Propranolol, p<0.42, Molino EMPA, p<0.02, Molino Propranolol, p<0.01, Pachon
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448 EMPA, p=0.011, Pachon Propranolol, p<0.001, Tinaja EMPA, p<0.001, Tinaja Propranolol,
449  p=0.034) B. Average whole-brain neural activity for surface, Molino, Pachén, and Tinaja cavefish
450 under treatment with (waking) DMSO (green), (sleeping) EMPA (magenta), or (sleeping)
451  propranolol (yellow). Scale bar denotes 200 um. C. PCA of neural activity in fish treated with EMPA.
452  PC1 explains 29.17% of the PCA variance (1-way ANOVA, F=16.75, P<0.001; Molino, p>0.56,
453  Pachon, p>0.96, Tinaja, p<0.001). PC2 explains 22.78% of the variance (1-way ANOVA, F=0.849,
454  P>0.47; Molino, p>0.84, Pachon, p>0.74, Tinaja, p>0.90). D. PCA of neural activity in sleeping fish
455 treated with propranolol PC1 explains 31.94% of the variation (1-way ANOVA, F=7.475, P<0.001;
456 Molino, p<0.02, Pachén, p<0.05, Tinaja, p>0.61). PC2 explains 18.60% of the neural activity
457  variation (1-way ANOVA, F=2.03, P=0.131; Molino, p=0.435, Pachon, p=0.579, Tinaja, p=0.921).
458 E. Single confocal plane view of average neural activity in preoptic area of the hypothalamus in
459 awake DMSO (green) and sleeping EMPA (magenta) and sleeping propranolol (yellow). Scale bar
460 denotes 100 um. F. Quantification of the change in pERK neural activity in preoptic area of the
461 hypothalamus in sleeping vs. waking fish (2-way ANOVA, F=6.959, P<0.001. For EMPA treatment:
462 Molino, p>0.34, Pachon, p<0.001, Tinaja,p> 0.95; For propranolol treatment: Molino, p<0.02,
463  Pachon, p<0.001, Tinaja, p<0.001). G. 20um projection of hindbrain area containing TH+ locus
464  coeruleus neurons (white circles) with average neural activity of awake DMSO (green) and sleeping
465 EMPA- (magenta) or -propranolol-treated fish (yellow). Scale bar denotes 50 ym H. Quantification
466 of the change in pERK signal (2-way ANOVA, F=1.71, P=0.124. EMPA: Molino, p=0.1, Pachon,
467 p=0.743, Tinaja, p=0.727; For propranolol treatment: Molino, p>0.97, Pachon, p>0.99, Tinaja,p>
468 0.99). N>10 for all pERK neural activity quantification, N>18 for all sleep behavior experiments.

470 We next quantified the changes in pERK activity in sleeping/drug-treated fish relative to
471 waking DMSO-treated fish in different brain regions. In mammals, preoptic regions of the
472 hypothalamus promote sleep [64]. Activity in the preoptic hypothalamus was robustly
473 elevated in sleeping surface fish but was reduced or unchanged in all sleeping cavefish
474 populations, revealing the presence of differentially evolved sleep signatures between
475 surface and cave forms (Fig 5 E-F). In mammals and zebrafish, the locus coeruleus
476 promotes wakefulness and receives inputs from wake-promoting HCRT neurons [47,65].
477 We observed a significant reduction in neural activity in locus coeruleus TH+ neurons in
478 all cave populations treated with either drug (Fig 5G-H). In sleeping fish, pERK activity
479 was robustly elevated in a large area of the tegmentum, a sleep-promoting area in both
480 mammals and zebrafish [59,66]. In all populations, treatment with EMPA and propranolol
481 increased tegmentum activity during sleep relative to DMSO-treated fish (Fig S16). In
482 addition, activity was reduced during sleep across surface and all three cavefish
483 populations in the rostral zone of the hypothalamus, a region containing HCRT neurons

484 (Fig S16). Activity during sleep in numerous other regions, including the pallium,
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485 subpallium, intermediate zone of the hypothalamus, and cerebellum, differed among
486 cavefish populations (Fig S16). Together, these results demonstrate unique activity
487 signatures associated with sleep-like states across different A. mexicanus populations.

488
489 Discussion

490 In this study, we used whole-brain imaging in fixed samples of independently evolved
491 populations of A. mexicanus, an evolutionary model in which the cave and surface forms
492  exhibit significant differences in complex behaviors, including sleep and feeding. Our
493 systematic approach has revealed evolved alterations in neuronal organization at several
494  levels, including morphology, circuitry, and neural activity. This work provides a basis for
495 investigating the mechanisms by which evolution has altered brain morphology, and how
496 these morphological changes are related to changes in behavior. In addition, our atlas will
497 facilitate an unbiased examination of the relationship between the function and anatomy
498 of different brain regions, as well as their relationship to the ecologies of each of the four
499  populations studied.

500

501 Feeding behavior induced broad changes in brain activity across all four A. mexicanus
502 populations, and likely activates brain regions associated with sensory processing, satiety,
503 and motivation. While we identified differences in strike angle in two of the three
504  populations of cavefish studied, it is possible that differences in brain activity or feeding-
505 associated neurons are related to other aspects of feeding such as overall consumption,
506 orvibration attraction behavior that emerge later in development. The evolution of sensory
507 systems is particularly prominent in cavefish , including intrapopulation differences vision,
508 mechanosensation, taste, and smell, in the regulation of behavior [67—-70]. The
509 identification of differences in anatomy and activity of numerous brain regions associated

510 with the processing of sensory information, including the optic tectum and the medial
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511 octavolateralis nucleus, which receives information from the lateral line. Both of these
512 regions were differentially active between surface and cavefish during feeding, suggesting
513 that the two forms rely in different sensory modalities, or that these modalities are
514 differentially processed.

515

516 We examined the effects of sleep-promoting drugs on brain activity in multiple A.
517 mexicanus populations.. To date, sleep in A. mexicanus larvae and adults has been
518 defined largely based on canonical methodology from zebrafish, which uses behavioral
519 criteria such as quiescence and arousal threshold to define sleep [39,40]. Recently, neural
520 correlates of non-REM and REM sleep have been found in zebrafish using fluorescence-
521 based polysomnography [61]. These studies localized synchronous activity associated
522  with sleep to the dorsal pallium, raising the possibility that this region is analogous to the
523 mammalian cortex [61]. Although the pERK imaging method used in this study does not
524 have the temporal resolution to detect such events, we identified differences in neural
525  activity within the dorsal pallium between A. mexicanus populations. The implementation
526 of genetically encoded Ca? sensors in A. mexicanus will allow for greater temporal
527 resolution of the differences in neural activity identified in this study, providing an
528 opportunity to define sleep based on neural synchrony, similarly to methods commonly
529 used in mammals.

530

531 The generation of whole-brain morphometric brain atlases enables localization of
532 neuroanatomical regions associated with different behaviors [6,8,33]. To date, whole-
533 brain atlases have been generated in fruit flies, zebrafish, and mice, allowing brains from
534 different individuals or whole-brain Ca?* imaging to be mapped onto a single standard
535 brain [6,8,33,35,36,71-73]. The generation of these brain atlases in A. mexicanus

536 represent the first use of whole-brain morphometrics to compare brain anatomy between
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537 different populations. This approach could be applied in model systems, including
538 zebrafish and fruit flies, to identify differences in neuroanatomy between independent
539 strains. For example, many behaviors differ between laboratory strains of zebrafish
540 including stress, schooling, and feeding, [74—76], and in Drosophila, sleep and feeding
541 behaviors differ among inbred populations [77,78]. The generation of brain atlases for
542 individual populations may provide insights into the neural mechanisms underlying these
543  behavioral differences.

544

545 The development of a functional brain atlas in A. mexicanus will facilitate future efforts to
546 better understand how evolution of the brain has led to behavioral divergence. Using
547 individuals of the same species with a span of behavioral alterations will allow for direct
548 interrogation of genotype—phenotype interactions; previously, such interactions have been
549 difficult to parse by comparative approaches due to the relatively large phylogenetic
550 divergences in other systems and the lack of functional tools. Isolated A. mexicanus
551 populations represent diverse members of the same species, which is genetically
552 amenable to transgenesis and mutagenesis techniques including the Tol2 transposase
553 system and CRISPR/Cas9 engineering [38,79,80]. The brain atlas could be used as an
554 anatomical marker to align whole-brain GCaMP imaging at a cellular resolution. The
555 development of a functional brain atlas in A. mexicanus will facilitate future efforts to better
556 understand how evolution of the brain has led to behavioral divergence. Isolated A.
557 mexicanus populations represent diverse members of a single species, which is
558 genetically amenable to transgenesis and mutagenesis techniques including the Tol2
559 transposase system and CRISPR/Cas9 engineering [38,79,80]. Here, our analyses in A.
560 mexicanus is reliant on manual segmentation of brain regions, and our quantification
561 consisted of 18 brain regions. In zebrafish, automated analysis, aided in part by increased

562 resolution afforded by transgenic lines has allowed for segmentation into hundreds

24


https://doi.org/10.1101/832543
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/832543; this version posted November 6, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

563 different brain structures [6—8]. The application of this technology, in combination with the
564 use of genetically expressed anatomical marker, such as pan-neuronally expressed
565 GCaMP has potential to compare the evolution of over 200 brain regions between
566 populations.

567

568 Taken together these studies identify large scale differences between surface fish and
569 cavefish populations of A. mexicanus, as well as between different populations or
570 cavefish. This represents the first whole-brain anatomical brain atlas comparing
571 intraspecies differences in brain structure and function. This resources has potential to
572  provide information about the fundamental principles guiding the relationship between the
573 evolution of brain function and behavior, as well as the contributions of naturally occurring
574 variation in brain function that underlies behavioral differences between individuals.

575

576
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577 Materials and Methods

578

579 Fish care

580 Animal husbandry was carried out as previously described [38,81] and all protocols were
581 approved by the IACUC of Florida Atlantic University. Adult breeding fish were housed in
582  the university core fish facilities at a water temperature of 21+1°C. Lights were maintained
583 ona14:10 light-dark cycle throughout all experiments. Daylight intensity was between 25-
584 40 Lux for both rearing and behavioral experiments. After nighttime breeding, larval fish
585 were raised in an incubator at 23°C until 6 dpf to ensure consistent development. Fish
586 were not fed until 6 dpf, and unless noted, fish were not in the fed state when sacrificed
587 forimaging.

588

589 Sleep behavior

590 Sleep behavior was assayed as previously described in [18]. Briefly, 6 dpf fish were
591 individually housed in 24 well tissue-culture plates (Cat. No 662-102, CellStar) and
592 acclimated for 18-24 hours before the beginning of the experiment at ZTO. Fish were
593 recorded at 15 frames per second (fps) using a USB webcam equipped with a zoom lens
594 and an IR-pass filter. Videos were saved as .avi files using the VirtualDub software, and
595 then processed using the EthoVision XT (v12) behavioral profiling software. Raw
596 locomotor data was exported as Unicode text, and then processed by custom-written code
597 to calculate sleep parameters.

598

599 Quantification of prey capture

600 At 6 dpf, larval fish were individually placed into circular wells with a diameter of 16 mm
601 and a depth of 3 mm. After an acclimation period of 2 minutes, approximately 30 brine

602 shrimp (Artemia salina) of the first instar stage were added to the well, and prey capture
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603  behavior was recorded from above at 100 fps for a period of 2 minutes. Recordings were
604 acquired using a USB 3.0 camera (Grasshopper3, FLIR Systems) fitted with a zoom lens
605 (75-mm DG Series Fixed Focal Length Lens, Edmund Optics Worldwide) and recorded
606 with FlyCapture2 software (v2.11.3.163, FLIR Systems). To quantify prey capture
607 dynamics, the angle of prey capture (strike angle) was measured for all successful feeding
608 events in the 2-minute recording interval using the native “Angle” tool in ImageJ (NIH,
609 v.1.51). All measurements were made in the frame prior to initiation of movement towards
610 the prey. Strike angle was defined as the angle between the line segment extending down
611 the fish's midline and terminating parallel with the pectoral fins, and the line segment
612 extending from this point to the center of the prey. Measurements of each strike were
613 averaged to calculate the mean strike angle for that individual, and any recording with
614 fewer than three feeding events was excluded from analysis.

615

616 Quantification of brain activity during feeding behavior

617 Fish at 6 dpf were individually placed in 24-well plates (Cat. No 662-102, CellStar). After
618 the fish were left undisturbed for 1 hour, approximately 30 brine shrimp were added to
619 each well, and the fish were allowed to feed for 10 minutes. Fish were then immediately
620 fixed in a 4% PFA solution and immunostained. Prior to immunostaining, feeding was
621 visually confirmed based on the presence of brine shrimp in the gut of the fish.

622

623 Pharmacology

624  All drug treatments were approved by the Florida Atlantic University IACUC committee
625 (Protocols A15-32 and A16-04). For behavioral recording experiments, all fish were placed
626 into individual wells of a 24-well plate and allowed to acclimate overnight before the
627 beginning of the experiment. At ZTO, fish were treated with either solvent control, 0.1%

628 DMSO, or freshly prepared propranolol (Sigma-Aldrich) or EMPA (Tocris Biosciences).
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629 Both drugs were dissolved in 100% DMSO, and then diluted to final concentrations of
630 0.1% DMSO and 30 uM propranolol or 100 uM EMPA.. Behavior was then recorded for 24
631 hours across light-dark phases. For imaging experiments, all fish were treated with
632 solvent, 0.1% DMSO, or freshly prepared propranolol or EMPA dissolved in DMSO. Fish
633 were monitored from ZT2—ZT4 for bouts of inactivity associated with sleep (>60 seconds).
634 Fish were sacrificed for imaging if they displayed a bout of inactivity of > 120 seconds.
635 Control DMSO fish were sacrificed for imaging at any time after undergoing a swim bout
636  during the 2-hour assay. Data are presented as DMSO (waking) and propranolol or EMPA
637 (sleep-like) to characterize whole-brain activity under these unique conditions.

638

639 Immunohistochemistry

640 Briefly, 6 dpf fish were strained through a plastic mesh sieve and then dropped into ice-
641 cold 4% paraformaldehyde to kill them quickly before pERK activity resulting from sacrifice
642 could be detected. The fish were fixed overnight, rinsed (here and below, rinses were in
643  0.3% PBT, performed three times for 15 minutes each), treated with 150 mM Tris-HCI (pH
644 9.0) for 15 minutes at 70°C, rinsed, incubated for 30 minutes on ice in 0.05% trypsin-
645 EDTA, rinsed, placed in 3% H;O. with 1% KOH for 15 minutes at RT to bleach
646 pigmentation, and rinsed a final time. Fish were then placed in 0.3% PBT containing 2%
647 DMSO, 1% BSA, and primary antibody at the indicated dilution: mouse anti-tERK (1:500),
648 rabbit anti-pERK (1:500), rabbit anti-HCRT (1:500), rabbit anti-TH (1:500), sheep anti-a-
649 MSH (1:5000), or rabbit anti-Agrp (1:400). Secondary antibodies were as follows: Alexa
650 Fluor 488—conjugated anti-sheep Igg H+L, Alexa Fluor 488—-conjugated anti-rabbit Igg
651 H+L, and Alexa Fluor 561—conjugated anti-mouse Igg2a. See Table 2 for a complete list
652 of concentrations and product numbers. Special care was taken when fish were being
653 imaged for pERK, which is a fast indicator of neuronal activity; larval fish were sacrificed

654  as quickly and consistently as possible and then processed essentially as described in [6].
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655 Image acquisition and analysis

656 All images were procured on a Nikon A1 upright confocal microscope equipped with a
657 motorized piezo x-y-z stage and controlled by the Nikon Elements software. Fish were
658 mounted dorsal side up in 2% low—melting temperature agarose (Sigma A9414) on a
659 microscope slide (Fisher 12-518-101) in a glass-bottomed chamber. Individual fish were
660 held in 100-150 pL agarose. A tiling function was used to image the entire brain and
661 imaged were stitched together both images with a 15% overlap on the x-y plane. All
662 images were acquired at 2-um steps. Cell counts and intensity were quantified using the
663  Nikon Elements software (4.5). Individual regions of interest (ROIs) were drawn over each
664 detected cell. Mean intensity was calculated by subtracting background intensity,
665 extracting the entire stack signal into Excel, and then restricting the quantified signal to
666 ROls matching the cells. To segregate neuronal populations within anatomical regions,
667 brains were registered and overlaid with the label field. Cells within specific nuclei were
668 then quantified within that region.

669

670 Morphometric analysis

671 All morphometric image analysis was performed using the FEI Amira software. Confocal
672 stacks were imported into Fiji/lmagedJ (1.52), then imported to Amira (6.2.1). A mask was
673 applied to include only neural tissue in the field of view. Brain regions were then manually
674 segmented using the “lasso tool” with automatic edge detection. A developmental map
675 was created that included the main divisions of the brain, including spine,
676 rhombencephalon, mesencephalon, diencephalon, and telencephalon. These large
677 divisions were segmented with tERK antibody, which defines physical divisions between
678 regions. This result was saved as a label field for both the template brains, as well as for
679 each animal that was segmented. A second anatomical map of smaller nuclei was

680 generated, including cerebellum, optic tectum, optic neuropil, habenula, pineal gland,
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681 rostral zone of the hypothalamus, diffuse nucleus of the hypothalamus, intermediate zone
682 of the hypothalamus, pre-optic nucleus, pallium, sub pallium, and pituitary complex. For
683 the template brain of each population, six different cell markers (anti-tERK, anti-TH, anti-
684 HCRT, anti-aMSH, anti-AgRP, and anti-pERK) were used to guide segmentation of
685 regions by expression pattern. The template maps for each population were then used to
686 guide all other segmentations. The material statistics, containing all raw data regarding
687 sizes and locations of regions, were then exported, and percent of brain volume was
688 calculated for each region. Data was analyzed in MATLAB (2019b) or GraphPad (v8) and
689 visualized by ranking regions by size and graphing in a MATLAB ribbon plot. Statistical
690 differences in region size were determined by performing one-way ANOVA with a Dunnett
691 post-hoc test to detect changes in region volume across populations.

692

693 Image registration

694 A template brain for each population of A. mexicanus was imaged using tERK
695 immunological stain to label all neural tissue. The voxel size for the template was 0.61x
696 0.61 x 2 ym?® (x x y x z). The template and transformation brains were loaded into Amira,
697 and the “Register images” module was loaded. The transformation model included 12
698 degrees of freedom to account for ridged, isotropic, anisotropic, and shearing
699 transformations. The outside threshold was set to 0.8. A correlation metric was used as
700 the model for the transformations. A histogram filter was applied between 100-4095 to
701 remove dark background pixels from the transformation calculation, which significantly
702  reduced registration time. The coarsest resampling rate was set to either 16 x 14 x 6 or
703 14 x 16 x 6 depending on the reference brain used, and “ignore finest resolution” was
704 unchecked to increase registration accuracy. Population averages of each antibody stain

705 were generated by loading registered stacks into Amira and selecting the “average
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706 volumes” module. A single image stack was then made to represent the average
707  expression pattern of three to ten individuals for each antibody stain from each population.
708

709 pERK activity mapping

710  All analyses were performed in FlJl/Imaged, Amira, and Matlab. After registration, the
711 pERK channel was divided by the tERK channel. Histogram restoration was performed to
712 restore the original span of pixels acquired on the confocal. A gaussian filter was then
713  applied to smooth pixels, with pixels saturation set to 70% of the maximum pixel intensity
714 and cut at 5% of the peak lowest pixel intensity to delete background noise, similar to
715  previous analysis in zebrafish [6]. This range of pixels generated a cell mask of pERK-
716  positive cells and removed background from quantitative analysis (Fig 3S3). Individual
717 image stacks were quantified by extracting all voxels and determining the mean signal of
718  voxels per anatomical region denoted within the template brains.

719

720  Principal component analysis

721 Using Principal Component Analysis (PCA), we can consider each
722 individual as a coordinate in a space whose axes are linearly-independent combinations
723  of regional brain activity ranked according to total inter-individual variance of their activity
724  as characterized by pERK expression. We find that the first two principal components (PC)
725 capture 47.3%-58% of all activity variance across brains, and given the exploratory nature
726  of this work, we are satisfied to begin here, especially considering the otherwise less
727 comprehensible task of quantifying these to higher order, which is beyond the scope of
728 this work. We thus transform the eighteen-dimensional activity space into just two-
729 dimensions where each PC (dimension) comprises a combination of brain regions
730 grouped by their alignment (correlation) with each other and ranked according to the

731  magnitude of their variance. Principal component analysis was performed in R and XL Stat.
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732 All pERK voxels were isolated by brain regions, including developmental regions, as well
733 as all smaller regions, resulting in 20 different components for the PCA. The first two
734 components accounted for between 47.3% - 58% of the total variability across all brains.
735 Statistical differences between populations by PCA were detected using a 1-way ANOVA
736  with posthoc analysis.

737

738 Generation of brain atlas

739  The standard brain for each population was generated by registering all brains with tERK
740 to a tERK+ template brain, with a separate template for each population. Each brain
741 represents a unique transformation to align to the template. Thus, individual brains were
742  registered, and then the transformation matrix generated by the tERK channel was applied
743  to the second channel, which imaged the protein of interest. Briefly, the steps in Amira
744 were as follows. Population averages for each protein marker were calculated from
745 between 3 and 18 fish. To generate the average, the “average volumes” module was
746 loaded, and then the transformed stacks were loaded, with the resultant single image
747  representing the average of all images processed. This was performed for each population
748 for HCRT, TH, AgRP, a-MSH, and pERK for baseline conditions and feeding or drug
749  treatments. Each of these average stacks were saved to represent the average expression
750  pattern for that protein for each population. If any expression outside the brain was present
751 in a stack, it was excluded by generating a mask to delete it from view.

752
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936 Supplemental Figures:

937 Supplementary figure 1: Quantification of sleep architecture in individual A.
938 mexicanus populations. A. Waking activity did not vary significantly among the four
939 populations of A. mexicanus (1-way ANOVA, F=0.518, P=0.672; Molino, p>0.61, Pachon,
940 p>0.99, Tinaja, p>0.81). B. All cave populations have converged upon significant
941 increases in total locomotion per 24 hours relative to surface fish (1-way ANOVA, F=13.45,
942 P<0.001; Molino, Pachén, Tinaja, p<0.001). C. Average sleep bout duration was
943  significantly reduced in all populations of cavefish compared to surface fish (1-way
944  ANOVA, F=35.82, P<0.001; Molino, Pachén, Tinaja, p<0.001). D. Sum of bout number
945 was significantly reduced in all cave populations relative to surface fish (1-way ANOVA,
946 F=22.01, p<0.001; Molino, Pachén, Tinaja, p<0.001).

947

948 Supplementary figure 2: Whole brain size does not differ among populations of A.
949 mexicanus. A. Whole-brain confocal scans of tERK antibody signal. Each population is
950 depicted in dorsal (left) and sagittal (right) aspects. Scale bar denotes 300 um. B.
951 Quantification of whole-brain scans revealed no significant difference among populations
952 in brain size (1-way ANOVA, F=0.869, P=0.46; Molino, p>0.69, Pachon, p>0.27, Tinaja,
953 p>0.59).

954

955 Supplementary figure 3: Evolution of neural developmental regions. A. Volumetric
956 projection of diencephalon (magenta). B. Convergence of expanded diencephalon in
957 cavefish populations (1-way ANOVA, F=3.56, P=0.02; Molino, p<0.02, Pachén, p<0.01,
958 Tinaja, p<0.04). C. Volumetric projection of mesencephalon (cyan). D. Reduction of
959 mesencephalon in all cavefish populations (1-way ANOVA, F=26.72, p<0.001; Molino,
960 Pachén, Tinaja, p<0.001). E. Volumetric projection of rhombencephalon (red). F.
961 Rhombencephalon is expanded in cavefish relative to surface fish (1-way ANOVA,
962 F=15.15, p<0.001; Molino, p<0.01, Pachoén, p<0.001, Tinaja, p<0.001). G. Volumetric
963 projection of telencephalon (green). H. Telencephalon size did not significantly differ
964 among A. mexicanus populations (1-way ANOVA, F=0.845, P=0.47; Molino, p>0.42
965 Pachon, p>0.35 Tinaja, p>0.68). Scale bar for all images is 300 ym.

966

967 Supplementary figure 4: Evaluation of neuroanatomical morphology in A.
968 mexicanus. Change in size of each region (as a percentage of the whole brain) relative
969 to surface fish. See Table 1 for details and statistics.

970

971

972 Supplementary figure 5: Neuroanatomical characterization of the TH circuitry.
973 Close-up views of cell clusters within nuclei across the brain in surface, Molino, Pachén,
974 and Tinaja. Left, locus coeruleus; second from left, telencephalon; middle, hypothalamus;
975 second from right, pretectum; right, medial octavolateralis nucleus.

976

977 Supplementary figure 6: Convergent evolution of HCRT in cave-dwelling A.
978 mexicanus. A. Whole-brain volumetric projections of tERK (white) and hypocretin (green).
979  Scale bar, 300 um. B. Quantification of hypocretin cells in rostral zone of the hypothalamus
980 in 6-day old fish reveals a convergence of enhanced HCRT in all cave populations relative
981 to surface fish (1-way ANOVA, F=22.5, P<0.01; Molino, Pachodn, Tinaja, p<0.001). C.
982 Preoptic hypothalamus HCRT cluster was significantly larger in cave-adapted populations
983 than in surface fish (1-way ANOVA, F=9.21, P<0.001; Molino, Pachon, Tinaja, p<0.001).
984 D. Fluorescence intensity per HCRT cell was higher in cavefish in both rostral zone of the
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985 hypothalamus preoptic hypothalamus (1-way ANOVA, F=20.69, P<0.001; Molino,

986 Pachon, Tinaja, p<0.001).

987

988 Supplementary figure 7: Reduced number of a-MSH neurons in cavefish. Single-

989 plane views of confocal scans showing tERK (white) and a-MSH staining across the brain

990 of 6-dpf A. mexicanus. Left panel: the cerebellum exhibits greater immunoreactivity in

991 surface fish than in all populations of cavefish. Second from left: hindbrain expression was

992 largely the same across all populations of A. mexicanus. Second from right: optic neuropil

993 was highly immunoreactive in surface fish, with lower expression in all cave populations.

994 Right: telencephalon was highly immunoreactive to MSH in surface and Tinaja, but not in

995  Molino or Pachon.

996

997 Supplementary figure 8: Increased number of AgRP neurons in cavefish. A. Whole-

998 brain volumetric projections of tERK (white) and AgRP (green). Scale bar, 300 uym. B.

999  Quantification of AgRP+ cells in the pituitary complex reveals a convergence on higher
1000 numbers of cells in all populations of cavefish relative to surface fish (1-way ANOVA
1001 F=11.18, P<0.001; Molino, p<0.02, Pachodn, p<0.02, Tinaja, p<0.001). C. Fluorescence
1002 intensity did not differ among populations of cavefish or surface fish (1-way ANOVA,
1003 F=0.88, P=0.46; Molino, p>0.82, Pachén, p>0.70, Tinaja, p>0.97). D. Single-plane
1004 confocal views of AQRP expression in the ventral hypothalamus, showing immunoreactive
1005 fibers in the hypothalamic and forebrain bundles (left). In the medial plane of the
1006 hypothalamus, signal was intense in the diffuse nucleus of the hypothalamus in Molino
1007 and Pachon, but not in surface or Tinaja (middle). All cave populations exhibited intense
1008 IR expression at the midline through the hindbrain. No such expression was observed in
1009  surface fish (right).
1010
1011
1012 Supplementary figure 9: Image registration in A. mexicanus brains. A. Examples of
1013  brains before (top) and after (bottom) alignment to the template brain (green) and
1014 transformed brain (green) for four populations of A. mexicanus. B. Jaccard image similarity
1015 analysis detected no differences in registration quality across populations. (1-way ANOVA,
1016 F=0.02, P=0.99). C. Registrations applied to an anatomical label (anti-TH). Left panel
1017 shows TH staining in locus coeruleus for three fish, each colored differently. Right panel
1018 shows population average of TH+ expression in locus coeruleus from 10 fish. D.
1019 Registered labels were combined together to create the standard brain and applied to
1020  morphological neuroanatomy. Means of six different labels and five different segmented
1021 areas are shown. E. Mean distance error of registered TH+ cells in the locus coeruleus
1022  was quantified for all populations. Error did not differ significantly across populations (1-
1023  way ANOVA, F=2.27, P=0.09).
1024
1025 Supplementary figure 10: Variable analysis for anatomical contributions to PC1 and
1026 PC2. A. Variable vectors revealed a spread of regions affecting both PC1 along the x-axis
1027 and PC2 along the y-axis. B. Top five variables that contribute to PC1, including
1028 rhombencephalon, diencephalon, locus coeruleus, rostral zone of the hypothalamus, and
1029 preoptic region of the hypothalamus. These five regions contribute to 55.09% of the
1030 variability in PC1. C. Top regions for variation in PC2, including the telencephalon, optic
1031 tectum, habenula, pallium, and subpallium. Together, these regions contribute 66.31% of
1032  the variation in PC2.
1033
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1034 Supplementary figure 11: Quantification of neural activity in developmental
1035 divisions of the brain. A. Max intensity projection of pERK activity in the telencephalon.
1036 B. Reduced forebrain activity in cave-adapted populations (1-way ANOVA, F=4.78,
1037 P=0.005" Molino, p<0.003, Pachon, p=0.06, Tinaja, p<0.01) C. Max intensity projection of
1038 diencephalon pERK activity. D. Quantification of pERK in diencephalon (1-way ANOVA,
1039 F=7.51, P<0.001; Molino, p<0.03, Pachon, p<0.03, Tinaja, p=0.2). E. Max intensity
1040 projections of neural activity measured by pERK in the mesencephalon. F. Quantification
1041 of mesencephalon neural activity (1-way ANOVA, F=2.61, P=0.063; Molino, p>0.13,
1042  Pachén, p>0.99, Tinaja, p>0.86) G. Rhombencephalon pERK activity by max projection.
1043  H. Quantification of neural activity in hindbrain (1-way ANOVA, F=3.82, P>0.01; Molino,
1044 p>0.28, Pachon, p>0.08, Tinaja, p>0.69). Scale bar denotes 200 um for all images.

1045

1046 Supplementary figure 12: Pipeline for pERK quantification for whole-brain activity
1047 mapping. A. Top left panel: single plane confocal scan with tERK (white) and pERK
1048 (green). Top right panel: pERK/AERK with brain mask applied after registration to the
1049 template brain. Bottom left: application of cell mask; blue represents cells that were kept
1050 for the activity map that were statistically significantly different from background. Bottom
1051 right: Activity map (green) applied to the template brain (white). B. pERK/tERK ratio
1052 histograms for all basal free-swimming fish. Cell mask was generated for each individual
1053  fish by applying a 5% cutoff from the peak of the histogram.

1054

1055 Supplemental figure 13: PCA and variable analysis for feeding brain activity. A.
1056 Loading plot. B. PC1. C. PC2

1057

1058 Supplementary figure 14: Sleep architecture for Propranolol and EMPA treatments.
1059 A. Waking activity is not altered by drug treatments (2-way ANOVA, F=1.43, P>0.2) B.
1060  Average bout duration was altered by EMPA and Propranolol treatment in A. mexicanus
1061 (2-way ANOVA, F=20.04, P<0.001; EMPA: Surface, p>0.82, Molino, p>0.02, Pachon,
1062 p>0.04, Tinaja, p>0.03. Propranolol: Surface, Molino, p>0.03, Pachon, p>0.001, Tinaja,
1063 p>0.12) C. Total sleep bout number was altered by both EMPA and Propranolol treatments
1064 (2-way ANOVA, F=48.77, P<0.001; EMPA, Surface, p>0.85 Molino, p>0.04 Pachon,
1065 p>0.02 Tinaja, p>0.07. Propranolol: Surface, p>0.94 Molino, p>0.02 Pachén, >0.001
1066 Tinaja, p>0.01).

1067

1068 Supplementary figure 15: PCA and Variable analysis for anatomical contributions
1069 to PC1 and PC2 during drug treatments. A. Loading plot for EMPA treatment B. Top
1070 anatomical regions from variables in PC1 for EMPA treatment C. Top neuroanatomical
1071 regions for PC2 in EMPA treatment D. Loading plot for Propranolol treatment. E. Top
1072  neuroanatomical regions for PC1 in Propranolol treatment F. Top neuroanatomical regions
1073  for PC2 during Propranolol treatment.

1074

1075 Supplementary figure 16: Regions with sleep-associated changes in neural activity.
1076  A. Rostral zone of the hypothalamus (2-way ANOVA, F=2.24, P<0.04; EMPA: Molino,
1077 p>0.99, Pachon, p>0.61, Tinaja, p>0.94. Propranolol: Molino, p>0.99, Pachén, p>0.99,
1078 Tinaja, p>0.99) B. Tegmental area (2-way ANOVA, F=0.38, P>0.91; EMPA: Molino,
1079 p>0.93, Pachon, p>0.99, Tinaja, p>0.92. Propranolol: Molino, p>0.99, Pachén, p>0.99,
1080 Tinaja, p>0.98 C. Pallium (2-way ANOVA, F=2.24, P<0.04; EMPA: Molino, p>0.99,
1081 Pachén, p>0.61, Tinaja, p>0.94. Propranolol: Molino, p>0.99, Pachén, p>0.99, Tinaja,
1082  p>0.99). D. Subpallium (2-way ANOVA, F=10.01, P<0.001; EMPA: Molino, p>0.99,
1083  Pachon, p>0.99, Tinaja, p<0.001. Propranolol: Molino, p>0.99, Pachén, p>0.76, Tinaja,
1084 p>0.55) E. Intermediate hypothalamus (2-way ANOVA, F=4.00, P<0.001; EMPA: Molino,
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1085 p<0.02, Pachdén, p>0.001, Tinaja, p>0.01. Propranolol: Molino, p>0.95, Pachén, p>0.24,
1086 Tinaja, p>0.05). F. Optic tectum (2-way ANOVA, F=8.55, P<0.001; EMPA: Molino, p>0.99,
1087 Pachon, p>0.99, Tinaja, p>0.89. Propranolol: Molino, p>0.04, Pachon, p<0.001, Tinaja,
1088 p>0.99).

1089

1090

1091 Supplemental Video 1: Representative neuroanatomical segmentations through whole
1092  brain.

1093

1094 Supplemental Video 2: Three-dimensional reconstructions of neuroanatomical
1095 segmentations for surface, Molino, Pachoén, and Tinaja fish. tERK antibody was used to
1096 visualize neural tissue. Colors denote anatomical regions, which were labelled
1097 computationally.

1098

1099 Supplemental Video 3: Example stacks showing transformed brains (magenta) and
1100 template brains (green).

1101

1102 Supplemental video 4: Standard brain for each population of A. mexicanus. Neural tissue
1103 s visualized with tERK antibody (white). Anti-TH (green) anti-HCRT (magenta) anti-AgRP
1104 (red) anti-MSH (cyan). Average pERK activity during basal conditions in orange.

1105

1106 Supplemental video 5: Basal whole brain activity throughout whole brain. pERK
1107 activity is shown in green, registered onto template brains (white).

1108

1109 Supplemental video 6: Whole-brain activity during non-fed and fed conditions.
1110 pERK neural activity for non-fed (green) and fed (magenta) aligned to reference brains in
1111 tERK (white) for each population.

1112

1113 Supplemental Video 7: Whole-brain activity during drug-induced sleep. Neural
1114 activity associated aking DMSO (green) and sleeping EMPA (magenta) and Propranolol
1115 (yellow)

1116

1117 Supplemental Table 1. List of sesgmented regions with sizes and statistics.

1118 Supplemental Table 2: Antibodies used with concentrations and part numbers

1119 Supplemental Table 3: Basal pERK/tERK neural activity during basal conditions

1120 Supplemental Table 4: Neural activity measured with pERK/AERK activity during feeding.
1121 Supplemental Table 5: pERK quantification in all segmented brain regions during drug
1122  treatments.

1123
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