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regions that are associated with nonvisual sensory perception, motor control,
endocrine release, and attention. These differences included significant increases
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terior tuberculum, and locus coeruleus. These increases in modulation by dopa-
mine and noradrenaline likely indicate changes in behavioral control that underlie
adaptations to the cave environment.
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1 | INTRODUCTION

Foraging strategies often reflect an interaction between the abun-
dance of food resources and predators. For example, cave habitats
generally have low resource availability and few predators (Fernandes
et al., 2016; Howarth, 1993; Jeffery, 2005). As a result, animals that
live in caves spend more time foraging and have reduced sensitivity to
predatory cues compared to species in surface environments, which
generally have higher resource abundance and greater risk of preda-
tion (Brown, 1999; Duboué et al., 2011; Espinasa et al., 2014; Gilles-
pie & Caraco, 1987; Howarth, 1993; Protas et al., 2008; Wilkens &
Huppop, 1986; Yoshizawa et al., 2010).

Both foraging and predator avoidance behaviors are regulated
by catecholamine systems in the brain (Bjérklund & Dunnett, 2007;
Duboué et al., 2011; Rosen, 2017: Deslauriers et al., 2019). Cate-
cholamines, such as dopamine (DA) and noradrenaline (NA), are pri-
marily involved in the selection of behavioral responses to
environmental stimuli (Chakravarthy et al., 2010; Wright &
Panksepp, 2014). Catecholaminergic signaling mediates the selection
of behavior by potentiating the perception of rewarding or stressful
stimuli (Calabresi et al., 2007; Poschel & Ninteman, 1963;
Prokopova, 2010; Schultz, 1998). These stimuli can include external
cues, such as food or predator detection, but may also involve
homeostatic cues, such as hunger or pain. Interestingly, the subse-
quent behavior induced by these stimuli can, in turn, be rewarding,
such as the successful consumption of food (Calabresi et al., 2007,
Schultz, 1998). This results in the potentiation of the rewarding
response via the action of catecholamines on neurons of motor con-
trol systems in the central nervous system (Aou et al., 1983). By
potentiating both the stimulus perception and behavioral response
circuitry that results in rewarding outcomes, catecholaminergic mod-
ulation can reinforce behaviors suited for survival in a given environ-
ment (Wright & Panksepp, 2014).

To investigate the role of catecholamines in the regulation of
foraging behaviors and responses to potential predatory cues, we
examined the brains of the teleost fish Astyanax mexicanus, a species
that is experiencing allopatric speciation in recently invaded cave
habitats (Fumey et al., 2018). Surface and cave Astyanax have signifi-
cantly different behaviors related to the abundance of resources and
predators (Duboué et al., 2011; 2012; Elliott, 2015; Hinaux et al.,
2015; Keene et al., 2015; Protas et al., 2008; Rétaux et al., 2015;
Salin et al, 2010; Schemmel, 1967; 1974; 1980; Yoshizawa
et al., 2010; 2012). For example, blind cave Astyanax continuously
search for food whereas surface Astyanax both exhibit diurnal
changes in foraging activity and use a sit-and-wait strategy in which
movement is dramatically increased in the presence of food cues
(Jaggard et al., 2017; 2018; Romero et al., 2003; Salin et al., 2010).
Surface Astyanax exhibit escape responses to novel stimuli as a
mechanism for avoiding predation, whereas cave Astyanax actively
investigate novel stimuli (Keene et al., 2015; Yoshizawa et al., 2010).
This active investigation is believed to occur because of the lack of
predators in the cave habitat (Keene et al, 2015; Yoshizawa
etal,, 2010).

To compare the catecholamine systems in surface and cave Asty-
anax brains, we examined differences in tyrosine hydroxylase immu-
noreactivity. Tyrosine hydroxylase (TH) is the rate limiting enzyme in
the biosynthesis of the catecholamine neuromodulators of the central
nervous system, DA and NA (Candy & Collet, 2005 ). We found that
TH immunoreactive (THir) somata in the brains of cave Astyanax are
significantly larger size than in surface Astyanax in the olfactory bulb
(OB), the medial olfactory tract (MOT), the anterior and parvocellular
preoptic nuclei (PPa, PPp), the suprachiasmatic nucleus (SCN), the
posterior tuberculum (periventricular nucleus: TPp; paraventricular
organ: PVO adjacent), and the locus coeruleus (LC). The sizes of THir
labeled somata in the intermediate nucleus of the subpallium (Vi), ven-
tromedial thalamic nucleus (VM), and the posterior tuberal nucleus
(PTN) were not significantly different between surface and cave
forms. Further, we found THir fibers within the optic tectum (TeO),
tertiary gustatory nucleus (TGN) and tract (TGT), hypothalamus, and
other nuclei in both forms. In the secondary gustatory nucleus (SGN),

we only observed THir fibers in cave Astyanax.

2 | METHODS

21 | Animals

'Our study used nonbreeding male and female adult specimens
(approximately 1 year old) of surface and Pachén cave Astyanax
(standard lengths of 4.3-5.1 cm, n = 20). Our initial breeding popu-
lation was obtained from the Jefferey lab stock in 2015 and off-
spring were raised under a 12-hr light-dark cycle and fed once
daily. All animal husbandry and experimental procedures were
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of Rutgers University Newark and follow
guidelines for animal care and use established by the National
Research Council and Society for Neuroscience. NJIT is under
Rutgers IACUC oversight.

2.2 | Tissue preparation

We euthanized fish via immersion in tricaine methanesulfonate salt
(MS-222, 10 g/L). We immediately fixed the brains by transcardial
perfusion of cold heparinized saline (0.9% sodium chloride with hepa-
rin (20 units/ml) followed by 10% neutral buffered formalin (3.7%
formaldehyde; MilliporeSigma HT501128). We removed the heads
and continued fixation for 4-6 hr in the formalin solution. We trans-
ferred the brains into a sucrose solution (30% sucrose in 0.1 M phos-
phate buffered saline, PBS) overnight at 4°C. The following day, we
removed the brains from the skull and returned them to the sucrose
solution at 4°C. We cut each brain into 20 pm thick sections using a
cryostat (ThermoFisher HM525NX) set to —20°C and mounted sec-
tions on positively charged glass slides (ThermoScientific 12460S).
Sections were either processed the following day or stored at —20°C

for up to 1 week.
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2.3 | Immunohistochemistry

We washed the slides in 0.1 M PBS twice for 10 min and blocked
(0.2% fetal bovine serum, 0.3% Tween 20, 10% normal goat serum in
0.1 M PBS) for 2 hr at room temperature. We incubated the sections
in primary antibody (TH monoclonal mouse antibody, RRID:
AB_2201528) diluted 1:500 in incubation buffer (0.2% FBS, 0.3%
Tween 20 in 0.1 M PBS) overnight at 4°C. The following morning, we
washed the sections three times for 10 min with 0.1 M PBS and 0.1%
Tween20 (PBSTween) and incubated with Alexa Fluor 594 conjugated
anti-mouse secondary antibody (abcam, ab150116) diluted 1:500 in
blocking solution for 2 hr at room temperature. We then washed
three times for 10 min with PBSTween. Finally, we counterstained
with DAPI (1:5,000) for 30 min and washed three times for 10 min
with 0.1 M PBS before mounting with 90% glycerol in phosphate
buffer.

Imaging: We used a confocal microscope (Leica SP8) with excita-
tion at 405 nm and 552 nm to capture immunofluorescent images.
We took scans of full sections with a 20x dry objective lenses. We
also took higher resolution scans using 40x and 63x oil immersion
objective lenses. We processed images using Leica LAS X confocal
software (RRID: SCR_013673). We also imaged sections using an
epifluorescent microscope (Olympus PX50) at 40x magnification
equipped with an OMAX 18.0MP camera controlled by ToupView
software (RRID: SCR_017998).

We used two strategies for visualization of the fluorescent mate-
rial. We visually scanned the original THir image, which included the
full range of relative signal brightness captured by the microscope.
This was compared to a grayscale image with far greater contrast,
almost black and white. This new thresholded image emphasized dim
signal, which was useful for locating some lightly stained fiber tracts
and sparsely distributed THir cells. Finally, we incorporated the DAPI
signal to help determine the boundaries of brain areas. This can be
seen in the photomicrographs: on the right are combined THir and
DAPI images highlighting the relative densities of THir staining and
Nissl staining. On the left are high contrast reflected greyscale images
of the same material that highlights the weakly THir stained areas at
the cost of reducing visual perception of relative density of THir

labeling.

2.4 | Quantification

We sectioned five surface and five cavefish brains in the coronal
plane. We measured the diameters of THir somata from the axon hill-
ock to the farthest point of the soma through the nucleus using FlJI
(Schindelin et al., 2012; RRID: SCR_002285). We measured THir
somata from both epifluorescent images and confocal reconstructions.
We performed Student's t tests using R (R Core Team, 2017; RRID:
SCR_001905) on log normalized measurements between Astyanax
forms by brain nucleus and between brain nuclei of the same form.
We used ggplot2 to generate plots in R (R Core Team, 2017;
Wickham, 2016).
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3 | RESULTS

3.1 | External morphology

There were differences in external morphology of brain structures in
surface and cave Astyanax. These differences included the shapes and
sizes of the olfactory bulb (OB), telencephalon, optic tectum (TeO),
hypothalamus, and cerebellum.

The OB in surface Astyanax appeared small and triangular
shaped whereas the OB in cave Astyanax appeared relatively large
and ellipsoid shaped (Figure 1a,b). The dorsal edge of the pallium
(dorsal telencephalic area; D) in surface Astyanax was dome shaped
but had rostro-caudal ridges in cave Astyanax (Figure 1c-f). Fur-
ther, there is a lateral bulge along the edge of the subpallium (ven-
tral telencephalic area; V) in cave Astyanax but not surface
Astyanax (Figure 1c-f). As expected, optic areas including the TeO,
torus longitudinalis (TL), and telencephalic ventricle (TeV) were
dramatically smaller in cave Astyanax than in surface Astyanax
(Figures 2 and 3). The dorsal edges of the TeO were dome shaped
in both Astyanax forms, but extended farther laterally in surface
Astyanax. At the level of the posterior tuberculum and caudally, TL

appeared in the TeV ventral to medial TeO in surface Astyanax

FIGURE 1 Coronal sections of the telencephalon of cave (left
column) and surface (right column) Astyanax showing THir staining
(right and left hemispheres) and DAPI (blue, right hemisphere). Top
row is most rostral and bottom caudal. THir images on both sides
were generated from the same original image but shown in high
contrast on the left to emphasize the distribution of immunoreactivity
(see Section 2 for more details)
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FIGURE 2 Diencephalon and mesencephalon of cave (left
column) and surface (right column) Astyanax showing THir labeling
(grayscale images and green) and DAPI (blue) in coronal sections. Top
row is rostral, bottom caudal

(Figures 2d,f and 3b,d). The TL is reduced in size and appears fur-
ther caudal in cave Astyanax, starting at the level of the com-
missura tecti (Ctect; Figure 3a). The TeV is dramatically reduced in
cave Astyanax (Figure 3c).

In contrast, the hypothalamus of cave Astyanax appeared rela-
tively larger than in surface Astyanax (Figure 3). Further, the volume
of the hypothalamus is shifted rostrally in cave Astyanax, probably
due to the atrophy of tectal areas in these fish. This can be seen by
comparing the locations of the inferior lobe of the hypothalamus
(IL) between the cave and surface forms (Figure 3a-f). The extensions
of the Ilird ventricle, the posterior (PR) and lateral recesses (LR),
appear larger, with a greater density of cells in Hc/Hd (caudal and dor-
sal zones of the periventricular hypothalamus) in the cave form
(Figure 3c,d).

The cerebellum also differed in external morphology between
Astyanax. Similar to the dorsal edge of the pallium, the rostral cerebel-
lum was smooth, and dome shaped in surface Astyanax and exhibited
rostral caudal ridges in the cave Astyanax (Figure 4a-d). The caudal
cerebellum, however, was roughly spherical with ridges in surface
Asytanax (Figure 4f) but was ellipsoid shaped with smoother edges in

cave Astyanax (Figure 4e).

3.2 | THir somata and fibers

We found THir somata and fibers in the OB, the telencephalon (MOT,
Vi), the preoptic area (PPa, PPp, the ventromedial and ventrolateral
thalamic nuclei (VM, VL), posterior tuberculum (TPp, PVO adjacent),
and locus coeruleus (LC) in both Astyanax forms. We found no THir
somata in the rhombencephalon caudal to LC, but we did not examine
the brain caudal to the end of the cerebellum. THir somata had signifi-
cantly (see below) larger diameters in cave Astyanax in the OB, MOT,
PPa, PPp, SCN, VL, TPp, and LC.

THir fibers appeared in and around THir somata as well as
within brain regions without THir stained cell bodies. THir fibers
ran from the OB through the rostrocaudal extent of the telenceph-
alon, from the subpallium (V) to the posterior zone of D (Dp), with
contralateral projections through the ventral telencephalic commis-
sure (Cant; Figure 5). THir fibers also lay in the preoptic region,
ventral thalamus, pretectum, and in layered bands within the TeO.
We also found THir fibers in the gustatory regions of the posterior
tuberculum, TS, the hypothalamus, and rhombencephalon.

3.2.1 | Olfactory bulb

THir somata were spherical and small (<10 pm) in the OB of both sur-
face and cave forms. Somata were relatively less dense in the center
of the ICL, with a greater density of cells along its periphery
(Figures 1a,b and 6a,b). The greatest density of cells appeared dorsally
on the border of the external cell layer (ECL; Figure 6a,b). Although
the mean diameters of cells of OB THir somata are similar, the diame-
ters in cave Astyanax (mean diameter 6.7 + 1.2 um; N = 3,369) were
nevertheless significantly larger (t test; p-value <.001) than in surface
Astyanax (mean diameter: 6.5 + 1.1 pm; N = 3,083; Figure 6c). The
largest (>12.5) diameter THir somata only appeared in cave Astyanax
and may represent a THir population within the OB that is not present
in surface Astyanax. Under this assumption, we performed a second
comparison of only the smaller (<12.5 pm) OB THir somata diameter
distributions between Astyanax forms. Even with the removal of this
group of larger cells, OB THir somata remained significantly larger
(t test; p-value <.001) in diameter in the cave Astyanax (mean diameter
6.7 = 1.1 pm; N = 3,359) than in the surface Astyanax (mean diameter
6.5 +1.1 um; N =2,971). As such, whether the OB THir somata in
cave Astyanax represent one population or two, they are still signifi-
cantly larger in diameter than in surface Astyanax.

THir somata in the Astyanax OB resemble those of short-axon
cells, also called DA preglomerular interneurons neurons (Bundschuh,
Zhu, Schirer, & Friedrich, 2012) and juxtaglomerular cells (Fuller,
Yettaw, & Byrd, 2006), described in the zebrafish OB (Olivares &
Schmachtenberg, 2019). These cells represent an intriguing avenue
for future research into the differences in morphology, transmitter
expression, and function across teleostean species (Alonso
et al., 1989; Edwards & Michel, 2002; Honkanen & Ekstrom, 1990;
Sas, Maler, & Tinner, 1990) and compared to those in mammals
(Kiyokage et al., 2010; Kosaka & Kosaka, 2005, 2011).
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FIGURE 3 Coronal sections of cave
(left column) and surface (right column)
Astyanax showing THir staining (right and
left hemispheres) and DAPI (blue, right
hemisphere). Top row is most rostral and
bottom caudal

THir fibers in the OB appeared in the ECL and GL, with increasing
fiber density at the periphery and lower density labeling in the ICL
(Figure 6a,b). THir OB fibers may include projections from neurons in
the ICL and ECL, as most axons appear to project toward the periph-
ery (Figures 1a,b and 6a,b). THir OB fibers also likely included projec-
tions from other THir brain nuclei, as a bright fiber tract connects the

OB to THir fibers of the ventral telencephalon (Figure 5).

3.2.2 | Telencephalon

The medial olfactory tract (MOT; Biechl et al., 2017; Von Bartheld,
Meyer, Fiebig, & Ebbesson, 1984) contained small (<12 pm), spherical
THir soma in both surface and cave forms. These cells lay lateral to

the ventral nucleus of the subpallium (Vv) and extended dorso-

THE JOURNAL OF COMPARATIVE NEUROLOGY

laterally along the nucleus (Figure 6d,e). In surface Astyanax the MOT
appeared as a thin arc (Figure 6ée), whereas in cave Astyanax the MOT
appeared wider and longer (Figure 6d). MOT THir somata were signifi-
cantly larger (t test; p-value <.001) in cave Astyanax (mean diameter
7.6 £1.1 pm; N =86) than in surface Astyanax (mean diameter
6.4 +1.2 pym; N = 199; Figure 6f). THir fibers both overlapped the
region of MOT with THir somata and extended medially in both
forms. A few fibers also appeared within Vv and are likely projections
from MOT (Figure 6d,e).

The lateral olfactory tract (LOT; Von Bartheld et al., 1984; Biechl
et al., 2017) contained THir fibers but not somata (Figure 6d,e). The
LOT is visually distinct in coronal sections, separated by a thin
(~10-100 pm wide) gap. In the surface Astyanax this gap in staining
appeared broader than in cave Astyanax (Figures 1c,d and 6d,e). The

fibers of LOT appeared to project from the central subpallium into
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Dp. The LOT fibers in surface Astyanax extended into Dp obliquely
while the LOT fibers of the cave Astyanax appeared to extend almost
horizontally into Dp and dorsally from Dp into the lateral region of D
(D) in cave Astyanax (Figure 1c,d).

THir fiber projections in the telencephalon appeared throughout
its rostrocaudal extent and were often associated with THir somata.
For example, the THir fibers that connect the OB to Dp can be seen
in an orthogonal band running from the ventral subpallium to the pal-
lium (Figure 5a,b).

The intermediate nucleus of the subpallium (Vi; Biechl

et al,, 2017) contained sparsely distributed, small (<10 pm), spherical

FIGURE 4 Coronal sections of the
rhombencephalon of cave (left column)
and surface (right column). Astyanax
showing THir staining (right and left
hemispheres) and DAPI (blue, right
hemisphere). Top row is most rostral and
bottom caudal

THir somata. Vi lay caudal to the telencephalic commissures
(Figure 5a) and centrally along the pallial-subpallial boundary
(Figure 1ef). THir somata appeared just dorsal and medial to the
nucleus taeniae (NT; Figure 1e,f) among the lateral forebrain bundle
(LFB; Figure 6g,h). Vi THir somata were not significantly different in
diameter between surface (6.9 + 1.3 um; N = 64) and cave Astyanax
(6.8 + 1.5 pm; N = 61; Figure 6i).

Vi THir somata were almost indistinguishable among a dense
band of THir fibers that extended along the length of the pallial/sub-
pallial boundary, from Vp (postcommissural nucleus of V) to Dp

(Figure 1e,f). In surface Astyanax, this band of THir extended in a thick
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FIGURE 5 Sagittal (a, b) and horizontal (c) sections of the
telencephalon of cave (c) and surface (a, b) Astyanax showing THir
(green) and DAPI (blue) staining

horizontal band across the central telencephalon (Figure 1f). The THir
fiber band was smaller in cave Astyanax and traveled more obliquely
from Vp to Vi before curving to project toward Dp horizontally. There
were also fibers that appear to originate in Vi and Dp that extended

dorsally into the pallium in cave Astyanax (Figure 1e).

3.2.3 | Preoptic area

The anterior region of the parvocellular preoptic nucleus contained
THir somata in both fish forms (Figure 1e,f). These nuclei extend later-
ally and dorsally from below the third ventricle in the hypothalamus in
an arc that turned back toward the midline (Figure 6j,k). PPa THir
somata lay ventral and medial to the THir somata in Vi (Figure 1e,f)
and ran rostrocaudally along the ventral edge of the subpallium up to
the caudal boundary of the telencephalon (Figure 7c). Dense clusters

of PPa THir somata lay along the midline at the ventral edge of the

THE JOURNAL OF COMPARATIVE NEUROLOGY

preoptic area. There were also cells farther dorsally along the midline
that appeared in lower densities (Figure 6jk). PPa THir somata had
significantly larger (t test; p-value <.001) diameters in cave Astyanax
(mean diameter 11.0 + 2.4 pm; N = 364) than in surface Astyanax
(mean diameter 9.3 + 2.6 pm; N = 541; Figure 6l).

PPa THir fibers appeared to project dorsal-caudally toward the
thalamus. In the coronal plane, this manifested as dense lines of THir
fibers along the medial and lateral borders of the preoptic area with
bands of THir fibers running between in an almost ladder-like forma-
tion (Figure 6j,k). The medial line of PPa THir fibers coalesced into the
lateral band of THir fibers extending from Vp to Dp, but appeared to
terminate in NT, just ventral to Dp (Figure 1e,f).

PPp THir somata appeared near the dorsal edge of the optic tract
and can be differentiated from PPa as a smaller (p-value <.001) less
dense cell population in both Astyanax forms (Figure 7c). PPp THir
somata lay along the diencephalic ventricle (Div; Figure 8a,b) between
the ventral thalamus (VT) and suprachiasmatic nucleus (SCN;
Figure 9¢) and continued ventral caudally into the medial diencepha-
lon in a sparse band of cells (Figure 7a). PPp THir somata had signifi-
cantly larger (t test; p-value <.001) diameters in cave Astyanax (mean
diameter 8.3 + 1.2 pm; N = 101) than in surface Astyanax (mean diam-
eter 7.8 £ 1.2 um; N = 117; Figure 8c). Rostrocaudally, PPp THir fibers
appeared in a ventral caudal projecting band from the dorsal edge of
the optic tract through the diencephalon and were spaced apart and
individually discernable rather than intertwined in a dense band
(Figure 7a).

SCN THir somata appeared just caudal to the transition from PPa
to PPp and continue in a rostrocaudal band immediately dorsal to the
optic chiasm and ventral to PPp (Figure 7a). Spherical SCN THir
somata lay both near the ventricle as well as more laterally along the
ventral border of the preoptic region (Figure 8a,b). SCN THir somata
had significantly larger (t test; p-value <.01) diameters in cave Astya-
nax (mean diameter 9.5 + 2.3 um; N = 26) than in surface Astyanax
(mean diameter 7.9 + 1.2 um; N = 54; Figure 8d). SCN THir fibers pro-
jected ventrally to coalesce into a bright band of intertwined fibers
that ran above the optic tract in the rostrocaudal axis (Figure 7a).

3.24 | Ventral thalamus

THir somata in the ventral thalamus (VT) lay dorsal to PPp (Figure 7a).
VT consisted of two populations of THir somata, the ventral medial
(VM) and ventral lateral thalamic nuclei (VL). VM THir somata lay
along the ventricle, while VL THir somata lay lateral to the VM popu-
lation with a discernable gap between the two cell populations
(Figure 9a-c). VL THir somata were significantly larger than VM THir
somata for both Astyanax forms (t test; p-value <.001). VM THir
somata diameters were not statistically different (t test; p-value = .37)
between cave (7.0 1.5 pym; N =79) and surface Astyanax
(7.1 £ 1.3 pm; N = 295; Figure 9d). VL THir somata had significantly
larger (t test; p-value <.001) diameters in cave Astyanax (8.9 + 2.1 pm;
N =83) than in surface Astyanax (7.7 £ 1.4 pm; N = 96; Figure 9e).
Both VM and VL sent THir fiber projections laterally, forming a single
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thick band that terminated just dorsal to the lateral preglomerular
nucleus (PGI; Figure 2c,d). The tertiary gustatory nucleus (TGN) also
showed THir fibers in cave, but not surface Astyanax (Figure 2ef).
THir somata in the periventricular pretectal nucleus (PPr) formed
a densely packed cell cluster dorsal to VM and VL (Figure 2c,d) and
ventral to the posterior commissure (Cpost; Figure 10a,b). PPr THir
somata appeared in a densely packed cell cluster along the ventricle
(Figure 10a,b). A few PPr THir somata also lay slightly laterally along
Cpost (Figure 10b). PPr THir somata diameters were not statistically
different (t test; p-value = .33) between cave (mean diameter
82 +1.6 pm; N =189) and surface Astyanax (mean diameter
8.0 + 1.5 pm; N = 270; Figure 10c). PPr THir somata sent projections
dorsal to the fasciculus retroflexus (FR; Figure 10a,b) toward the optic
tectum (TeO; Figure 2¢,d). PPr THir fibers also traveled along the ven-
tral border of the TeO before joining dorsally projecting THir fibers

FIGURE 6 THir (green) and DAPI
(blue) stained coronal sections of cave
(left; a, d,g, j) and surface (right; b, e, h, k)
Astyanax. THir labeled somata had
significantly larger (p-value <.001)
diameters in cave Astyanax than in
surface Astyanax in the olfactory bulb
(OB; a-c), medial olfactory tract (MOT;
d-f), and anterior parvocellular preoptic
nucleus (PPa; j, k) but not in the
intermediate nucleus of the ventral
telencephalic area (Vi; g-i). The box
plots in the right column (c, f, i, I) show
the distributions of THir somata
diameters of cave (pink) and surface
(blue) Astyanax for that row. Black dots
are the mean diameter, middle white
line is the median, limits of the colored
box indicate quartiles, and vertical white
lines extend to the minimum and
maximum diameters. The inset in

(c) shows the distribution of OB THir
somata diameters of cave (pink) and
surface (blue) Astyanax. Dotted line is
the threshold for separation of two
populations of neurons in cavefish

VT at the lateral edge of the thalamus (Figure 2c,d). THir fibers were
also evident within TeO in thin layered bands in both Astyanax forms
(Figure 11a).

3.25 | Posterior tuberculum

THir somata in the posterior tuberculum began at the caudal edge of
the THir VT neurons (Figures 2c,d and 9a,b). In this region, THir
somata in the periventricular nucleus of the posterior tuberculum
(TPp) were spherical and larger (t test; p-value <.001) than THir VT
cells (Figure 9a,b). Further caudally, TPp THir somata were even larger
(t test; p-value <.001) and pear shaped (Figure 10d,e). These mag-
nocellular cells continued ventrocaudally through the tuberal region

dorsal and lateral to the paraventricular organ (PVO; Rink &
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FIGURE 7 Spatial relations of somata and fibers in sagittal
sections with THir (green) and DAPI (blue) staining. (a) Ventral
thalamus (VT) and preoptic area of surface Astyanax (posterior
parvocellular preoptic nucleus—PPp and suprachiasmatic nucleus—
SCN). (b) Periventricular nucleus of the posterior tuberculum of
surface Astyanax. (c) Anterior (PPa) and posterior (PPp) regions of
the parvocellular reoptic nucleus of cave Astyanax. (d) Magnocellular
Type 2 neurons of the posterior tuberculum, adjacent to the
periventricular ventral organ (PVO) of surface Astyanax

Waullimann 2001; Figure 10g,h). Following the nomenclature used by
Rink and Wullimann (2001), we have designated the smaller (<25 um),
more rostral TPp cell bodies as Type 1 neurons and the more caudal
and larger (<45 pm) pear shaped TPp and PVO adjacent cell bodies as
Type 2 neurons.

Spherical TPp Type 1 THir somata resembled those of the ventral
thalamus. In the coronal plane, THir somata lined the ventricle and
axon hillocks tapered in the lateral direction (Figure 9a,b). TPp Type
1 THir somata diameters were significantly larger (t test; p-value
<.001) in cave Astyanax (mean diameter 13.8 = 3.5 um; N = 61) than
in surface Astyanax (mean diameter 8.3 + 1.5 um; N = 50; Figure 9f).
Fiber projections from TPp Type 1 THir somata appeared to join those
of VT as they coalesced into a laterally projecting fiber tract. Unlike
VT, the more ventral position of TPp Type 1 THir somata sent this
fiber tract in a dome shaped arc (Figure 2c,d). Together, the VT and
TPp Type 1 THir fiber tracts encircled the median forebrain bundle
(MFB; Figure 9a,b).

Magnocellular pear shaped TPp Type 2 THir somata lay directly
ventral and caudal to the Type 1 cells along the ventricle (Figure 7b).
TPp Type 2 THir somata had significantly larger (t test; p-value <.001)
diameters in cave Astyanax (mean diameter 34.0 + 6.2 pm; N = 35)
than in surface Astyanax (mean diameter 21.7 +7.0 pm; N = 35;

Figure 10f). Type 2 THir somata had relatively tick axons and sent
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FIGURE 8 THir labeling in the posterior parvocellular preoptic
nucleus (PPp) and suprachiasmatic nucleus (SCN). Images of cave

(a) and surface (b) Astyanax show THir (green) and DAPI (blue)
immunoreactivity. The box plots (c, d) show that diameters of the THir
somata were significantly larger (p < .01) in the cave form in both PPp
(c) and SCN (d). Black dots are the mean diameter, middle white line is
the median, limits of the colored box indicate quartiles, and vertical
white lines extend to the minimum and maximum diameters

projections in lateral tracts that encircled the MFB (Figure 10d,e) to
converge near the THir fibers of the tertiary gustatory nucleus (TGN;
Figure 2ef).

We also found THir fibers in the lateral hypothalamic nucleus
(LH) and IL, ventral to TPp Type 2 THir somata. Fibers from LH
appeared to move along the lateral border of the hypothalamus into
IL. IL THir fibers also appeared to meet the ventral edge of tertiary
gustatory tract (TGT), near where THir somata in the posterior
tuberculum appeared to project (Figure 2e,f).

Magnocellular THir somata also lay adjacent to PVO and ventral
caudal to the magnocellular THir somata of TPp (Figure 3a,b). These
THir Type 2 cells were significantly smaller (t test; p-value <.001) than
those of TPp in both Astyanax forms, which led us to represent them
separately than the TPp Type 2 population, although they may be one
contiguous population (Forlano, Kim, Krzyminska, & Sisneros, 2014).
PVO adjacent THir somata lay both lateral and ventral to the borders
of PVO (Figure 10g,h) and were significantly larger (t test; p-value
<.001) in cave Astyanax (mean diameter of 22.8 +8.5 pm; N = 67)
than in surface Astyanax (mean diameter of 15.4 +5.5 ym; N = 48;
Figure 10i). These cells also had a distinctive semicircle projection pat-
tern that opened lateral to PVO (Figure 10gh). These projections
appeared to travel dorsally and laterally in the coronal plane and cau-

dally in dorsal and ventral tracks in the sagittal plane (Figure 7d).
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FIGURE 9 THir labeling in the ventromedial thalamic nucleus (VM), ventrolateral thalamic nucleus (VL), and Type 1 neurons of the
periventricular nucleus of the posterior tuberculum (TPp). Images of cave (a) and surface (b, c) Astyanax show THir (green) and DAPI (blue)
immunoreactivity. The box plots (d-f) show THir somata distributions that were significantly larger (p < .001) in the cave form in both VL and TPp
Type 1 neurons, but not in VM. Black dots are the mean diameter, middle white line is the median, limits of the colored box indicate quartiles, and

vertical white lines extend to the minimum and maximum diameters

A group of small (<12 pm), spherical THir somata in PTN (Baeuml,
Biechl, & Waullimann, 2019) lay caudal to the PVO adjacent mag-
nocellular cells and dorsal to PR (Figure 3c,d). Although densest medi-
ally, PTN THir somata were also scattered farther laterally
(Figure 12a,b). Medial PTN THir somata lay primarily just dorsal to Hc,
but a few cells also lay as far dorsal as the dorsal edge of LR
(Figure 3c,d). PTN THir somata diameters were not significantly differ-
ent (t test; p-value = .35) between cave (mean diameter 8.0 + 1.9 pm;
N = 187) and surface Astyanax (mean diameter 7.8 + 1.4 um; N = 83;
Figure 12c). PTN THir fibers projected laterally past Hc as well as dor-
sally, medial to THir fibers in the TGT. PTN THir fibers formed a dense
column the width of Hc along the medial hypothalamus (Figure 3c,d).

THir fibers were also evident in TS (Figure 3c,d).

3.26 | Rhombencephalon

THir cells lay in the locus coeruleus (LC). These were magnocellular
(<40 pm), ellipsoid shaped somata ventral and lateral to the griseum
centrale (GC; Figure 3g,h). LC THir somata were not numerous but
were significantly larger in diameter (t test; p-value <.001) in cave
Astyanax (mean diameter 22.5 + 5.6 um; N = 68) than in surface Astya-
nax (mean diameter 19.1 + 4.5 um; N = 43; Figure 12f). The fibers

from LC THir somata appeared sparse and thick and sent projections
laterally and rostrocaudally, ventral to the THir somata (Figures 11b,e
and 12d,e). THir somata rostral to LC are likely dopaminergic, whereas
somata in the LC and further caudal are noradrenergic (Ma, 1997).
We also found THir fibers in the tectobulbar tracts (TTB, TTBc,
TTBr; Figures 3e-h and 4a,b) throughout the rhombencephalon and in
the interpeduncular nucleus (IPN; Figure 3e,f), GC (Figures 3g,h and
11b,e; Figure 12d,e), the superior raphe (SR; Figures 3g,h), and the cere-
bellum (Figure 4). In the cave Astyanax, we found THir fibers in the sec-
ondary gustatory nucleus (SGN), that were not apparent in surface
Astyanax (Figure 4a,b). Finally, we found THir fibers in the magnocellular
octaval nucleus (MON), the secondary octaval population (SO), the eight
cranial nerve (VIII), and the secondary gustatory tract (SGT) as well as

along the ventral edge of the rhombencephalon (Figure 4c-f).

4 | DISCUSSION

We characterized differences in TH immunoreactivity between sur-
face (ancestral) and cave (derived) forms of Astyanax. THir somata in
cave Astyanax had significantly larger diameters than surface Astyanax
in the OB, MOT, PPa, PPp, SCN, VL, TPp, adjacent to PVO, and
LC. The diameters of THir somata in Vi, VM, PPr, and PTN were not
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FIGURE 10 THir(green)and
DAPI (blue) stained coronal sections
of cave (left; a, d, g) and surface (right;
b, e, h) Astyanax. THir labeled somata
had significantly larger (p < .001)
diameters in cave Astyanax in the
magnocellular pear shaped (Type 2)
cells of the periventricular nucleus of
the posterior tuberculum (TPp; df)
and adjacent to the paraventricular
organ (PVO; g-i), but not in the
periventricular pretectal nucleus (PPr;
a-c). The box plots in the right
column (c, f, i) show the distributions
of THir somata diameters of cave
(pink) and surface (blue) Astyanax for
that row. Black dots are the mean
diameter, middle white line is the
median, limits of the colored box
indicate quartiles, and vertical white
lines extend to the minimum and
maximum diameters

FIGURE 11 Spatial relations of somata and fibers in horizontal
sections with THir (green) and DAPI (blue) staining in cave Astyanax.
(a) Optic tectum. (b) Locus coeruleus (LC) and griseum centrale (GC)

significantly between forms. THir fibers were found in each region
with THir somata. THir fibers also appeared in TeO, PGI, LH, IL, Ts,
TTB, IPN, SR, MON, VI, and SGT. Importantly, we saw THir fibers in
TGN and SGN in cave Astyanax but not surface fish.

Increases in the size of catecholaminergic neurons in cave Astya-

nax occurred in brain areas associated with nonvisual sensory
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systems. Catecholaminergic modulation of these areas contributes to
finding food in the absence of visual cues, the regulation of attention
and locomotor activity, and energy homeostasis. It is likely that
increases in the size of these neurons are correlated with increases in
catecholaminergic signaling, which would result in changes in behav-
ioral responsivity. Indeed, these findings are consistent with the
hypothesis that adaptations to life in caves includes changes in behav-
ioral control.

Generations before the emergence of the stereotypical suites of
complex morphological adaptations to life in caves emerge, such as
the loss of visual systems and pigmentation, animals may make behav-
ioral changes that increase survival and reproduction in the absence
of visual cues and a reduction or elimination of predation (Hinaux
et al., 2015; Ghahramani et al., 2018). Changes to catecholaminergic
systems, which affect the selection and strength of behavioral
responses, may be a critical substrate for these sorts of behavioral
modifications. For example, escape responses to unexpected sensory
stimuli can be effective at reducing predation rates. However, escape
responses are both energetically costly and incur opportunity costs
when feeding. Increases in catecholaminergic signaling may increase
inhibition of unnecessary fear responses, thereby reducing energetic

and opportunity costs.
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FIGURE 12 THir (green) and DAPI (blue) stained coronal sections of cave (left; a, d) and surface (right; b, €) Astyanax. THir labeled somata
had significantly larger (p < .001) diameters in cave Astyanax in the locus coeruleus (LC; d-f), but not in the posterior tuberal nucleus (PTN; a-c).
The box plots in the right column (c, f) show the distributions of THir somata diameters of cave (pink) and surface (blue) Astyanax for that row.
Black dots are the mean diameter, middle white line is the median, limits of the colored box indicate quartiles, and vertical white lines extend to

the minimum and maximum diameters

4.1 | Catecholamines in teleosts

The pattern of THir neuron staining in the Astyanax brain is consistent
with reports in other teleost fishes. Conserved regions of THir include
the olfactory bulb, basal telencephalon, preoptic, pretectal, tuberal,
and rhombenclephalic areas (Brinon et al., 1998; Ekstrom et al., 1990;
Filippi et al., 2009; Forlano et al., 2014; Goebrecht et al., 2014;
Hornby & Piekut, 1990; Ma, 1994a; 1994b; 1997; 2003; Manso
et al., 1993; Meek & Joosten, 1993; Rink & Wullimann, 2001, 2002;
Rodriguez-Gomez et al., 2000; Sas et al., 1990). For a review of THir
reactivity in bony fishes see Meek (1994).

4.2 | Catecholaminergic adaptation to life in caves

Brain regions in cave Astyanax with larger THir somata than their sur-
face cousins are involved in the regulation of responses to behavioral
cues that can affect survival in caves. For example, the olfactory and
gustatory systems are sensory modalities that can be critical for life
without visual cues (Espinasa et al., 2014; Hinaux et al., 2016;
Kasumyan & Marusov, 2015; 2018; Menuet et al., 2007; Moore &
Crimaldi, 2004). These chemosensory modalities are enhanced in cave
Astyanax (Boudriot et al., 2001; Hinaux et al, 2016; Shiriagin &

Korsching, 2018; Varatharasan et al., 2009; Yamamoto et al., 2009),
and we show increased catecholaminergic innervation compared to
the surface Astyanax.

In the olfactory system, we found larger THir somata in the OB
and MOT. These areas also send olfactory information to Vv and Dp,
which are reported to be homologues of the mammalian olfactory
cortex and septal area, respectively (Rink & Woullimann, 2004;
Scharer et al., 2012). In the gustatory system (Folgueira et al., 2003;
Rink & Waullimann, 1998; Wullimann, 1998), we found larger THir
somata in PPp in cave Astyanax. We also observed THir fibers in the
SGN and TGN that did not appear in surface Astyanax. In these
systems, increases in catecholamine signaling may enhance
chemosensory discrimination through lateral inhibition (Kermen
et al., 2013).

We observed increased catecholaminergic innervation in brain
areas that are involved in associative learning and motor control
(Scotto-Lomassese et al., 2003). Increases in THir in the OB may aug-
ment memory association to odorants through noradrenergic signaling
(Ma, 1994b; Satou et al., 2006). Further, larger THir somata in the MOT
in cave Astyanax may correspond to changes in the higher order
processing in the forebrain (Von Bartheld et al., 1984). Increased cate-
cholaminergic modulation of Dp has been shown to enhance odor

memory (Scharer et al, 2012), while increased modulation of Vv
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mediates behavioral responses to particular odorants (Yaksi et al.,
2009). Finally, increased inhibition of Vi, believed to be a homologue of
the medial amygdala (Biechl et al., 2017), by larger TPp Type 2 neurons
in cavefish may both suppress escape behaviors to novel stimuli and
increase exploratory behaviors via modulation of motor systems in the
hindbrain (Canteras et al., 1995; Dielenberg et al, 2001; Forlano
et al, 2014; 2017; Keshavarzi et al., 2014; LeDoux, 2012; McGregor
et al, 2004; Nakano et al., 1987; Scalia & Winans, 1975; Tay
etal., 2011).

In contrast, we did not observe differences in THir labeling in
brain areas that are involved in the processing of visual information,
except for VL and SCN. Despite the loss of vision in cave Astyanax,
these fish nevertheless exhibit catecholaminergic modulation in visual
nuclei (VM, PPr; Ekstrém, 1984; Northcutt & Butler, 1991;
Northcutt & Woullimann, 1988). This result might be inhibitory
(Perelmuter et al., 2019). However, catecholaminergic modulation of
visual regions is more likely misleading, as the loss of THir staining
due to reduced visual inputs may be offset by increased THir staining
related to the modulation of other sensory modalities that are
processed in the same brain areas, such as the TeO (Voneida &
Fish, 1984). Consider VL, a visual nucleus (Ekstréom, 1984; Northcutt &
Waullimann, 1988; Northcutt & Butler, 1991) in which we observed
enlarged THir somata in cave Astyanax. VL also projects to the
endohypothalamic tract, and we believe that the increase in the size
of these cells may be related to changes in the regulation of endocrine
release in the HPA axis (Tay et al., 2011). The larger diameter THir
somata in SCN may decrease circadian activity cycles in cave Astyanax
(Beale et al., 2013; Duboué et al., 2011).

Increased catecholamines in the brains of cave Astyanax may
modulate stress responses through its effects on the HPA axis
(Adinoff et al., 2005; Gordon, 1958). For example, PPa activity, which
has larger diameter THir somata in cavefish, inhibits endocrine release
from the pituitary via DA signaling (Fontaine et al., 2015). Stress
responses may also be reduced by activity in VL, Type 2 TPp, and
PVO adjacent cells. Each of these areas sends projections to the
endohypothalamic tract (Tay et al., 2011) and have larger THir neu-
rons in cave Astyanax. These areas may inhibit, for example, cortico-
tropin release. A decrease in corticotropin levels is associated with
reduction of stress responses to predatory sensory signals, such as

flight or freezing behaviors (Xu et al., 2019).
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