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Abstract

Islet-1 (Isl1) is one of the most conserved transcription factors in the evolution of

vertebrates, due to its continuing involvement in such important functions as the dif-

ferentiation of motoneurons, among other essential roles in cell fate in the forebrain.

Although its functions are thought to be similar in all vertebrates, the knowledge

about the conservation of its expression pattern in the central nervous system goes as

far as teleosts, leaving the basal groups of actinopterygian fishes overlooked, despite

their important phylogenetic position. In order to assess the extent of its conservation

among vertebrates, we studied its expression pattern in the central nervous system of

selected nonteleost actinopterygian fishes. By means of immunohistochemical tech-

niques, we analyzed the Isl1 expression in the brain, spinal cord, and sensory ganglia

of the cranial nerves of young adult specimens of the cladistian species Polypterus

senegalus and Erpetoichthys calabaricus, the chondrostean Acipenser ruthenus, and the

holostean Lepisosteus oculatus. We also detected the presence of the transcription

factorOrthopedia and the enzymes tyrosine hydroxylase (TH) and choline acetyltrans-

ferase (ChAT) to better locate all the immunoreactive structures in the different brain

areas and to reveal the possible coexpression with Isl1. Numerous conserved fea-
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tures in the expression pattern of Isl1 were observed in these groups of fishes, such

as populations of cells in the subpallial nuclei, preoptic area, subparaventricular and

tuberal hypothalamic regions, prethalamus, epiphysis, cranialmotor nuclei and sensory

ganglia of the cranial nerves, and the ventral horn of the spinal cord. Double labeling

of TH and Isl1 was observed in cells of the preoptic area, the subparaventricular and

tuberal hypothalamic regions, and the prethalamus, while virtually all motoneurons in

the hindbrain and the spinal cord coexpressed ChAT and Isl1. Altogether, these results

show the high degree of conservation of the expression pattern of the transcription

factor Isl1, not only among fish, but in the subsequent evolution of vertebrates.

KEYWORDS

brain evolution, ChAT, epiphysis, immunohistofluorescence, islet-1,motoneurons,Otp, segmental
organization, TH

1 INTRODUCTION

Islet-1 (Isl1), an LIM-homeodomain family member, is one of the most

conserved transcription factors analyzed in the brain of many groups

of vertebrates. Among its important functions in vertebrates, it has a

well-known role in the development and survival of spinal motoneu-

rons (Ericson et al., 1992; Liang et al., 2011; Pfaff et al., 1996) and

forebrain cholinergic neurons (Cho et al., 2014), but its expression is

not restricted to this type of cells. In the forebrain, it is implicated in

the striatal phenotype acquisition and neural differentiation (Lu et al.,

2014; Wang & Liu, 2001), the development of the striatonigral path-

way (Ehrman et al., 2013), and the hypothalamic nucleation (Lee et al.,

2016; Nasif et al., 2015). Because of the conserved presence of Isl1

in specific domains in the forebrain of all vertebrates studied, it has

been used extensively to better regionalize this structure (fish: Baeuml

et al., 2019; González et al., 2014; López et al., 2022; Schredelseker

& Driever, 2020; anamniote sarcopterygians: Domínguez et al., 2013,

2014, 2015; Moreno & González, 2007; Moreno et al., 2008, 2018;

reptiles: Moreno et al., 2012; mammals: Lee et al., 2016; Wang & Liu,

2001). Thus, the conserved pattern of expression of Isl1 in the adult

brain of vertebrates studied allows the comparison between different

groups (González et al., 2014; Moreno et al., 2018). Consequently, due

to the maintenance of its roles along the evolution of vertebrates, it is

presumed to be shared among vertebrates.

Among the vertebrate groups whose pattern of Isl1 expression

in the brain has not yet been completely described, nonteleost

actinopterygian fishes stand out distinctly, leaving a gap in the com-

prehension of brain genoarchitecture evolution. Despite the relevant

evolutionary importance of these groups (Figure 1), teleosts have

been the subject of most of the comparative studies of the central

nervous system (CNS) in fish, relegating themore basal groups to a sec-

ond place. This situation implies a scarcity of genoarchitectonic data,

without which the regionalization of the brain cannot be fully under-

stood. Although the extant teleosts are themost numerous and diverse

group not only among actinopterygian fishes, but also among verte-

brates, in past geological eras the situation regarding the other groups

of ray-finned fishes was not as imbalanced. Nowadays, nonteleost

actinopterygian fishes comprise threemodest groups: cladistian, chon-

drostean, and holostean fishes. The former one consists of 14 species

belonging to the genera Polypterus and Erpetoichthys; chondrosteans

comprise the families Acipenseridae (sturgeons, 25 species in four

genera) and Polyodontidae (paddlefish, two species in two genera),

and holosteans are distributed in the orders Lepisosteiformes (seven

species in the genera Lepisosteus andAtractosteus) andAmiiformes (one

species, Amia calva; data from fishbase.org).

Consequently, in order to achieve a better knowledge of brain

regionalization in these basal groups of vertebrates, in this compara-

tive study we analyze and discuss the expression pattern of Isl1 and

the specific locations of these cell groups in the brain of representa-

tive species of nonteleost actinopterygian fish groups: the cladistian

Polypterus senegalus and Erpetoichthys calabaricus (commonly known as

Senegal bichir and reedfish, respectively), the chondrostean Acipenser

ruthenus (commonly known as sterlet), and the holostean Lepisosteus

oculatus (commonly knownas gar; seeTable1). Additionally, for abetter

comprehension of the phenotype and the location of the cell groups in

the different brain areas, we combined the detection of Isl1 with that

of the proteins tyrosine hydroxylase (the rate-limiting enzyme of all

catecholamines; TH), choline acetyltransferase (acetylcholine synthe-

sis enzyme; ChAT), and the transcription factor Orthopedia (Otp). The

results were interpreted within the prosomeric paradigm (Puelles &

Rubenstein, 2003, 2015), which allowed us to identify putative homol-

ogous subdivisions in thebrain anddiscuss the results consideringearly

prosomeric brain evolution in basal actinopterygians.

2 MATERIALS AND METHODS

2.1 Western blotting analysis

We used two Isl1 antibodies, but since the epitope sequence of the

antibody 40.2D6 is included in that of the antibody 39.4D5 (see
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LOZANO ET AL. 3

F IGURE 1 Cladogram showingmain phylogenetic relationships of jawed vertebrates (Gnathostomata) with respect to the geologic eras of
Earth. Animal silhouette images were obtained from phylopic.org (credits toMilton Tan andMaija Karala).

TABLE 1 Number of animals (N) and species used in the present study

Group of fish Species Length N

Cladistia Polypterus senegalus (P.s)—Senegal bichir 10–15 cm 6

Erpetoichthys calabaricus (E.c)—reedfish 25–30 cm 5

Chondrostei Acipenser ruthenus (A.r)—sterlet 20–25 cm 5

Holostei Lepisosteus oculatus (L.o)—spotted gar 11–15 cm 6

Table 2), we performed western blotting analyses for the latter, using

two specimens of each species of fish used in the study, in addition

to the rat (Figure 2). After the animals were deeply anesthetized, the

brains were quickly removed and mechanically homogenized in an

equal buffer volume (5 mM ethylenediaminetetraacetic acid [EDTA],

50 mM Tris pH 8, 150 mM NaCl, 10% glycerol, 1% Nonidet P40,

0.1% SDS; Roche, Mannheim, Germany) supplemented with protease

and phosphatase inhibitors (50 µg/mL phenylmethylsulfonyl fluoride

and SIGMAFAST™ Protease Inhibitor Tablets [#S8820] [AEBSF: 4 mM;

EDTA: 2 mM; Bestatin: 260 µM; E-64: 28 µM; Leupeptin: 2 µM;

Aprotinin: 0.6 µM], all from Sigma–Aldrich Merck KGaA, Darmstadt,

Germany). Samples of the supernatants, containing in each case 50 µg
of protein, were applied in each lane of a 12% polyacrylamide (#161-

0801; Bio-Rad Laboratories, Inc., Hercules, CA, USA) gel and separated

by sodium dodecyl sulfate polyacrylamide gel electrophoresis with a

Mini-Protean system (Bio-Rad). The samples of rat (Rattus norvegicus;

R.n) and Xenopus laevis (X.l) brains and molecular weight standards

(Precision Plus Protein Kaleidoscope Standards, Bio-Rad) were run

in other lanes. The separated samples in the gel were then trans-

ferred to a nitrocellulose membrane (Bio-Rad). Nonspecific binding

F IGURE 2 Western blot identification of protein bands for the
mouse anti-Islet-1 (Islet1m) antibody in Lepisosteus oculatus (L.o),
Acipenser ruthenus (A.r), Polypterus senegalus (P.s), Erpetoichthys
calabaricus (E.c), Xenopus laevis (X.l), and Rattus norvegicus (R.n). Single
bands around 39 KDa are comparable with the bands stained for the
Xenopus and rat brain extracts. Standardmolecular weight (Mw) is
represented on the left of the photograph.
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TABLE 2 Primary antibodies used in the study

Name Immunogen Commercial supplier Dilution

Islet-1 Amino acids 178–349 at the

C-terminus of rat Islet-1 protein

Monoclonal mouse anti-Isl1; Hybridoma

Bank, code number 39.4D5.

1:500

RRID: AB_2314683

Islet-1 Amino acids 247–349 at the

C-terminus of rat Islet-1 protein

Monoclonal mouse anti-Isl1; Hybridoma

Bank, code number 40.2D6.

1:500

RRID: AB_528315

Otp Amino acid sequence RKALEHTVS of

the C-terminus of Otp protein

Polyclonal rabbit anti-Otp; Pikcell

Laboratories, Amsterdam, The

Netherlands.

1:500

RRID: AB_2315023

ChAT Human placental choline

acetyltransferase

Polyclonal goat anti-ChAT;Merck-Millipore,

code number AB144P.

1:100

RRID: AB_207951

TH Protein purified from rat

pheochromocytoma

Polyclonal rabbit anti-TH;Merck-Millipore,

code number AB152.

1:1000

RRID: AB_390204

sites were blocked by incubation in WestVision Block and Diluent

solution (SP-7000; Vector, Newark, CA, USA) for 2 h at room temper-

ature. Subsequently, the membrane was incubated overnight at 4◦C in

a mixture of Tris-NaCl buffer (TBS) containing 0.1% Tween-20, 20%

WestVision Block, and diluent solution with the corresponding anti-

body (dilutions specified in Table 2). After rinsing in TBS, the blots

were incubated with horseradish peroxidase-coupled secondary goat

anti-mouse antiserum (diluted 1:50,000; Jackson Immuno Research

Laboratories, Inc., West Grove, PA, USA) for 2 h at room tempera-

ture. Finally, immunoreactive bands were detected using an enhanced

chemiluminescence system (ECL, Amersham Pharmacia Biotech, Little

Chalfont, Buckinghamshire, UK).

The western blot analyses for the rest of antibodies used in the

study had been performed previously (López et al., 2013, 2019, 2022).

2.2 Animals and tissue preparation

Young adult animals of representative species of the main groups of

nonteleost actinopterygian fishes were used (the cladistians Polypterus

senegalus and Erpetoichthys senegalus, the chondrostean Acipenser

ruthenus, and the holostean Lepisosteus oculatus; see Table 1). The

animals were purchased from authorized commercial supplier DNAT

Ecosistemas (Madrid, Spain). This original research was developed

according to the regulations and laws established by the European

Union (2010/63/EU) and Spain (Royal Decree 118/2021) for the care

and handling of animals in research, and after the approval of the

Complutense University to perform the experiments described below.

After the animals were deeply anesthetized by immersion in 0.1%

tricaine methanesulfonate solution (MS222, pH 7.4; Sigma-Aldrich

Merck KGaA, Darmstadt, Germany), each one was perfused transcar-

dially with 150–200mL of 4% paraformaldehyde in a 0.1M phosphate

buffer (PB, pH 7.4). The brain and the rostral spinal cordwere removed

and stored for 2–3 h in the same fixative solution. Subsequently, they

were cryoprotected in a solution of 30% sucrose in PB for 6 h at 4◦C,

after which they were embedded in a solution of 20% gelatin with

30% sucrose in PB, and the blocks obtained were stored overnight in a

3.7% formaldehyde solution at 4◦C. Finally, those blocks were cut on a

freezing microtome at 40-µm thickness in transverse or sagittal plane,

collecting and rinsing the sections in cold PB.

2.3 Immunohistochemistry

We used two antibodies against Isl1 protein to reveal its brain expres-

sion pattern (see Table 2 for specifications). Single immunodetections

of Isl1 were conducted on the free-floating sections as follows: first

incubations for 48 h at 4◦C with primary mouse anti-Isl1 antibody

and second incubations for 90 min at room temperature with Alexa

488-conjugated goat anti-mouse (1:300, Invitrogen. Thermo Fisher

Scientific, A11029).

In addition, in order to situate correctly the Isl1-immunoreactive

(Isl1-ir) cells in the different brain areas and assess the possible colo-

calization with other markers, we performed double immunolabeling

experiments combining the anti-Isl1 with antibodies against TH, ChAT,

or Otp (see Table 2 for specifications). The abovementioned two-step

protocol was applied, using for the second detection combinations of

the same secondary antibody and Alexa 594-conjugated goat anti-

rabbit (1:300, Invitrogen. Thermo Fisher Scientific, A11012) or Alexa

594-conjugated donkey anti-goat (1:300, Invitrogen. Thermo Fisher

Scientific, A11058).

In all cases, antibodies were diluted in PB containing 0.5% Triton X-

100. After the immunohistochemical steps, the sections were rinsed

and mounted on glass slides, which were then coverslipped with a

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25484 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



LOZANO ET AL. 5

T
A
B
L
E
3

Lo
ca
liz
at
io
n
o
fs
in
gl
e
Is
l1
-,
T
H
-,
an
d
C
h
A
T
-i
r
ce
lls
,i
n
ad

d
it
io
n
to

d
o
u
b
le
-l
ab

el
ed

ce
lls

(D
L)
,i
n
th
e
b
ra
in
o
fa
ct
in
o
p
te
ry
gi
an

fi
sh
es

(+
,p
re
se
n
ce

o
fi
m
m
u
n
o
re
ac
ti
ve

ce
lls
;–
,a
b
se
n
ce

o
f

im
m
u
n
o
re
ac
ti
ve

ce
lls
;?
,l
ac
k
o
fd

at
a;
*,
sc
at
te
re
d
m
an

tl
e
ce
lls
,l
ik
el
y
fr
o
m
ad

ja
ce
n
t
d
o
m
ai
n
s;
+
1
,p
re
se
n
ce

o
fd

o
u
b
le
la
b
el
ed

ce
lls

fo
r
Is
l1
an
d
T
H
;+

2
,p
re
se
n
ce

o
fd

o
u
b
le
la
b
el
ed

ce
lls

fo
r
Is
l1
an
d
C
h
A
T
)

C
la
d
is
ti
a

C
h
o
n
d
ro
st
ei

H
o
lo
st
ei

Te
le
o
st
ei

Is
l1

T
H

C
h
A
T

D
L

Is
l1

T
H

C
h
A
T

D
L

Is
l1

T
H

C
h
A
T

D
L

Is
l1

T
H

C
h
A
T

D
L

Te
le
n
ce
p
h
al
o
n

O
lf
ac
to
ry

b
u
lb

-
+

–
–

–
+

–
–

–
+

–
–

–
+

–
–

P
al
lia
lr
eg
io
n
s

–
–

–
–

–
+

–
–

–
–

–
–

–
–

–
–

Su
b
p
al
lia
lr
eg
io
n
s

+
+

–
–

+
+

–
–

+
+

+
–

+
+

+
–

P
re
o
p
ti
c
ar
ea

+
+

–
+
1

+
+

–
+
1

+
+

–
+
1

+
+

+
+
1

H
yp

o
th
al
am

u
s

P
ar
av
en

tr
ic
u
la
r
ar
ea

+
*

–
+

–
+
*

–
+

–
+
*

–
+

–
+

+
+

–

Su
b
p
ar
av
en

tr
ic
u
la
r
ar
ea

+
+

+
+
1

+
+

+
+
1

+
+

+
+
1

+
+

+
+
1

Tu
b
er
al
re
gi
o
n

+
+

–
+
1

+
+

–
+
1

+
+

–
+
1

+
+

–
–

M
am

ill
ar
y
re
gi
o
n

–
+

–
–

–
+

–
–

–
+

–
–

–
+

–
–

D
ie
n
ce
p
h
al
o
n

P
re
th
al
am

u
s

+
+

–
+
1

+
+

–
+
1

+
+

–
+
1

+
+

–
+
1

P
o
st
er
io
r
tu
b
er
cl
e

–
+

–
–

+
+

–
–

–
+

–
–

+
+

–
+
1

T
h
al
am

u
s

–
–

–
–

–
–

+
–

–
–

–
–

+
–

–
–

H
ab

en
u
la

–
–

+
–

–
–

+
–

–
–

+
–

–
–

–
–

E
p
ip
hy
si
s

+
–

–
–

+
–

–
–

+
–

–
–

–
–

–
–

P
re
te
ct
u
m

–
+

–
–

–
+

–
–

–
+

–
–

–
+

–
–

B
ra
in
st
em

O
p
ti
c
te
ct
u
m

–
–

+
–

–
–

–
–

–
–

+
–

–
–

+
–

To
ru
s
se
m
ic
ir
cu
la
ri
s

–
–

+
–

–
–

+
–

–
–

–
–

–
–

–
–

M
es
en

ce
p
h
al
ic
tr
ig
em

in
al
n
u
cl
eu

s
+

–
–

–
+

–
–

–
+

–
–

–
?

?
?

?

R
et
ic
u
la
r
fo
rm

at
io
n

–
–

+
–

–
–

+
–

–
–

+
–

+
–

–
–

C
ra
n
ia
ln
er
ve

m
o
to
r
n
u
cl
ei

+
–

+
+
2

+
–

+
+
2

+
–

+
+
2

+
–

+
+
2

Sp
in
al
co
rd

Sp
in
al
m
o
to
n
eu

ro
n
s

+
–

+
+
2

+
–

+
+
2

+
–

+
+
2

+
–

+
+
2

N
ot
e:
A
p
ar
t
fr
o
m
th
e
p
re
se
n
t
re
su
lt
s,
d
at
a
o
fT

H
an

d
C
h
A
T
ex
p
re
ss
io
n
p
at
te
rn
s
w
er
e
o
b
ta
in
ed

fr
o
m
A
d
ri
o
et

al
.(
2
0
0
0
,2
0
0
2
),
B
ae
u
m
le
t
al
.(
2
0
1
9
),
Ló

p
ez

et
al
.(
2
0
1
3
,2
0
1
9
),
Lo
za
n
o
et

al
.(
2
0
1
9
),
an

d
M
o
ro
n
a
et

al
.

(2
0
1
3
).

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25484 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 LOZANO ET AL.

fluorescence mounting medium containing 1.5-µg/mL 4′,6-diamidino-

2-phenylindole for DNA counterstaining (UltraCruz, SC-24941, Santa

Cruz, Dallas, TX, USA; or Vectashield, H-1500-10, Vector Laboratories,

Inc., Newark, CA, USA).

2.4 Controls and specificity of the antibodies

The suitability and specificity of the antibodies used in the present

study have been widely tested by western blot analysis previously by

our laboratory in different species of several groups of fishes (González

et al., 2014; López et al., 2013, 2019, 2022; Lozano et al., 2019;

Morona et al., 2013). In addition, the controls for the immunohisto-

chemical reaction included (1) controls in which either the primary or

the secondary antibody was omitted and (2) preabsorption of the pri-

mary antibodies with synthetic peptides. In all controls, no labeling

appeared.

2.5 Evaluation and presentation of the results

The localization of the Isl1-ir cell populations detected in the present

study was framed within the neuromeric model (Puelles & Rubenstein,

2003, 2015), adapted for the brains of nonteleost actinopterygian

fishes, and is summarized in sagittal schematic drawings of the three

groups of fishes (Figures 3a, 4a, and 5a). The distribution of the Isl1-ir

cells in the brains was thoroughly analyzed and the patterns of label-

ing were charted in transverse schematic drawings of the brain of

Polypterus (as a representative species of basal actinopterygian fishes),

from rostral to caudal levels (Figures 3b–w, 4b–p, and 5b–p). The sec-

tions were examined with an Olympus BX51 microscope (Olympus,

Hamburg, Germany) equipped with a digital camera (Olympus DP74),

with which representative photomicrographs of brain regions with sig-

nificant labeling were taken and presented in Figures 6–10. Contrast

andbrightnesswere adapted inAdobePhotoshop (AdobeSystems, San

Jose, CA, USA), and photomicrographs were arranged in figures with

Canvas XDraw (Canvas GFX).

The nomenclature used is essentially the same followed in previ-

ous studies of the brain in nonteleost actinopterygian fishes (González

et al., 2014; Jiménez et al., 2020; López & González, 2014; López et al.,

2013, 2014, 2016, 2017, 2019, 2022; Lozano et al., 2018, 2019, 2020;

Morona et al., 2013).

3 RESULTS

The pattern of immunoreactivity shown by both Isl1 antibodies was

equivalent and remained consistent in all animals belonging to the

same species. The relation of the brain regions where Isl1 immunore-

activity was found in each group of fish can be consulted in Table 3.

The main cell groups labeled in our study were schematically repre-

sented in lateral view of the brains of the three groups of fishes studied

(Figures 3a, 4a, and 5a). Additionally, the general distribution of Isl1-ir

neurons in the brain of P. senegalus (selected as representative species

of basal actinopterygian fishes) was schematically illustrated in a series

of rostrocaudal transverse sections in Figures 3b–w, 4b–p, and 5b–p,

with their approximate levels indicated in the sagittal scheme. Selected

photomicrographs showed the cells with immunoreactive nuclei in

Figures 6–10, representing both single- and double-labeled (for Isl1

and TH, Otp, or ChAT) sections of the brains of the three groups of

fishes. Unless otherwise indicated in the description of the results,

the anatomical indications of expression are assumed to have been

detected in all the species studied, although in some specific regions

illustrative images of all of them are not presented, for practical

reasons.

3.1 Neuroanatomical distribution

3.1.1 Forebrain

Neither the olfactory bulbs nor the pallium of nonteleost actinoptery-

gian fishes showed Isl1-ir cells. However, the subpallium of the

three groups of fishes housed conspicuous populations of cells

extending over almost the entire rostrocaudal extent of this domain

(Figures 3b–e, 4b–d, and 5b–d). Both the dorsal and the ventral nuclei

of the ventral telencephalic area (Vd and Vv, respectively) showed

prominent populations of densely packed cells surrounding the ven-

tricular zone (Figure 4a–d), with a gap of labeling in the caudal part

of Vv (see sagittal views in Figures 3a, 4a, 5a, 6h, and 9c). Scattered

cells were situated in the ‘nother nucleus of the ventral telencephalic

area (Vn; Figure 6b–d) and the lateral part of the ventral telencephalic

area (VL; Figure 6b). No colocalization was observed between Isl1 and

TH in any population of the ventral telencephalic area (Figure 6b). At

more caudal telencephalic levels, labeled cells in the supracommissural

and posterior nuclei of the ventral telencephalic area (Vs and Vp) were

scarce (Figures 3d,e, 4c,d, and 5c,d), in contrast to the profuse Otp

population identified at this level. In addition, no double-labeled cells

were detected (Figure 6g,h). The preoptic area (POA) of the three fish

groups exhibited an intensepresenceof Isl1 around thepreoptic recess

(Figures 3d, 4d, 5c, and 6e–h). Some of the Isl1-ir cells of the POAwere

TH-ir, revealing its cerebrospinal fluid-contacting nature (see arrow-

heads and asterisks in Figure 6f). Although some overlapping could be

observed between Isl1 and Otp cells in the POA, no colocalization was

detected (Figure 6e,g,h).

In the alar hypothalamus, some scattered labeled cells were

observed in themantle zone of the paraventricular region (Figures 3e,f,

4e, 5d, and 6h), although the bulk of the labeling was found within

the subparaventricular region, specifically in the suprachiasmatic

nucleus (Figures 3f,g, 4e,f, 5d,e, 6h, and 7a–g). All species studied pre-

sented colocalization of Isl1 and TH in some of the cells of this area

(Figure 7c–f). Otp-ir cells, likely from the adjacent paraventricular

region, appeared to penetrate into this area, occupying the lateral por-

tion of the mantle zone, and overlapping with the Isl1 population, but

no actual colocalization was detected (Figure 7b,g). The tuberal region

(Tu), within the basal hypothalamus, presented the most prominent
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LOZANO ET AL. 7

F IGURE 3 Diagrams of a sagittal view (a) and rostrocaudal transverse sections (b–w) through the brain of Polypterus senegalus at the levels
indicated in the sagittal scheme, showing the location of the Isl1 cell populations. Isl1-ir cell nuclei are represented as green circles. For
abbreviations, see the abbreviations list. Scale bars= 1mm.
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8 LOZANO ET AL.

F IGURE 3 Continued

population of Isl1-ir cells of the brain of nonteleost actinopterygian

fishes (Figures 3a,h–m, 4a,g–j, 5a,f–i, and 8a–d,g,h). This numerous cell

group was located periventricularly, along the rostrocaudal extent of

the Tu (see sagittal view in Figure 9c). Virtually all the CSF-contacting

TH-ir cells of the rostral (ventral in classical view) part of the Tu of

the sterlet were doubly labeled with Isl1 (see arrowheads and aster-

isks in Figure 8c), while in all the species studied a limited degree

of colocalization was observed in the caudal tuberal (retrotuberal)

region (Figure 8a,b), in a population already defined in cladistian and

holostean fishes by the dopaminergic labeling (López et al., 2019;

Lozano et al., 2019). The mamillary hypothalamic region, evidenced by

the Otp labeling, was devoid of Isl1 immunoreactivity in all fish groups

studied (Figures 3k, 4i, 5h, and 8d).

Following the segmental model (Puelles & Rubenstein, 2003, 2015),

the diencephalon is divided into three prosomeres: p1, whose alar

region contains the pretectum; p2, with the thalamus, the habenula,

and the epiphysis in its alar portion; and p3, with the prethalamus

(alar) and the posterior tubercle (basal). All species studied pre-

sented a striking group of Isl1-ir cells in the prethalamus, where they

formed a densely packed population (Figures 3h, 4g,h, 5f,g, and 8a,b,e).

Some of these cells were also catecholaminergic (see arrowheads in

Figure 8b,e,f,i). Additionally, some scattered Isl1-ir cells were observed

in the posterior tubercle of the sterlet, whereas this basal region of

p3 of cladistians and holosteans was devoid of labeling (Figure 8g–i).

Another remarkable population of labeled cells was observed in the

epiphysis of all species analyzed, especially noticeable in the sterlet due

to its long tubular appearance (Figures 3h, 4g, 5e, and 8j,k).

3.1.2 Brainstem

Within the alar rostral mesencephalon, all species of nonteleost

actinopterygian fishes studied presented Isl1 immunoreactivity in the

large ganglion cells of the mesencephalic nucleus of the trigeminal

nerve (Figures 3j, 4j, 5f, and 9a,b). In basal mesencephalic territo-

ries, another population was observed in the oculomotor nucleus

(III), where all its large motoneurons were Isl1-ir, as evidenced by its

colocalization with ChAT (Figures 3l, 4j, 5h, and 9d).

In the rhombencephalon, which is divided in rhombomeres (r0-r8)

following the neuromeric model, all the cholinergic neurons of the

motor nuclei (trochlear nucleus, in the isthmic region or r0; trigem-

inal motor nucleus, in r2 and r3; abducens nucleus, in r5; facial

motor nucleus, in r6; glossopharyngeal motor nucleus, in r7; and vagal

motor nucleus, in r8) were Isl1-ir (Figures 3m–v, 4k–o, 5i–o, 9c,e–g,

and 10a–c). In contrast to chondrostean and holostean fishes, cladis-

tians possess a peculiar and unique group of cholinergic neurons in

the midline of r8, the nucleus medianus magnocellularis (Kenemans,

1980; López et al., 2013), whose neurons coexpress Isl1 (Figures 3a,s,t
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LOZANO ET AL. 9

F IGURE 4 Diagrams of a sagittal view (a) and rostrocaudal transverse sections (b–p) through the brain of Acipenser ruthenus at the levels
indicated in the sagittal scheme, showing the location of the Isl1 cell populations. Isl1-ir cell nuclei are represented as green circles. For
abbreviations, see the abbreviations list. Scale bars= 1mm.
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10 LOZANO ET AL.

F IGURE 5 Diagrams of a sagittal view (a) and rostrocaudal transverse sections (b–w) through the brain of Lepisosteus oculatus at the levels
indicated in the sagittal scheme, showing the location of the Isl1 cell populations. Isl1-ir cell nuclei are represented as green circles. For
abbreviations, see the abbreviations list. Scale bars= 1mm.

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25484 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



LOZANO ET AL. 11

F IGURE 5 Continued

and 10c). Additionally, themost caudally located cholinergic cell group,

the spino-occipital nucleus (so), presented Isl1 immunoreactivity as

well (Figures 3u, 4o, 5o, and 10b). No other cell groups in the reticu-

lar formation or other alar rhombencephalic populations showed Isl1

immunoreactivity.

In addition to the motor nuclei of the CNS, the sensory ganglia of

the cranial nerves V, VII, IX, and X of nonteleost actinopterygian fishes

housed populations of Isl1-ir cells, together with the terminal nerve

ganglion cells (gt), situated in the ventralmost aspect of the olfactory

nerve (Figure 10d–g).

3.1.3 Spinal cord

Finally, the long column of cholinergicmotoneurons in the ventral horn

of the spinal cord was doubly labeled with Isl1 and ChAT antibodies

(Figures 3v,w, 4p, 5p, and 10h), whereas the dorsal horn of the spinal

gray was devoid of Isl1 labeling.

4 DISCUSSION

The present study constitutes the first complete neuroanatomical

description of the Isl1 expression pattern and its relationships with

the cholinergic and catecholaminergic systems, in the brain of all

main groups of nonteleost actinopterygian fishes. The high degree

of conservation among the sequence of the Isl1 protein, from basal

actinopterygian fishes to mammals, has already been demonstrated

(see López et al., 2022), in line with the present results, where the

expression pattern detected is comparable to that described in the rest

of vertebrates. In this section, we discuss the similarities between the

groups of fishes studied and compare their brain expression pattern

with that of other groups of vertebrates. In general, the Isl1 expression

pattern of all species studied was uniform and consistent, with some

distinctive features that will be addressed below.

Unfortunately, the scarcity of material of Amia calva (the only

species of the order Amiiformes within holostean fishes), due to the

extreme difficulty of obtaining specimens in Europe, has prevented us

from including it in the present study. Nevertheless, the analysis of

partial data from our laboratory of the Isl1 expression pattern in the

forebrain of A. calva did not yield any significant discrepancies with

Lepisosteus oculatus and the results described for the rest of fishes

considered in the present study (González et al., 2014).

4.1 Forebrain

Although the olfactory bulbs and the pallial areas lacked Isl1 label-

ing, the subpallial expression of Isl1 is one of the most conserved

traits in vertebrate evolution. Including agnathans, in which Isl1 is

expressed in cells of the striatal component (Sugahara et al., 2011),

all anamniote and amniote vertebrates studied show Isl1 in differ-

ent subpallial territories (Abellán & Medina, 2009; González et al.,

2014; Moreno & González, 2007; Moreno et al., 2008, 2018; Wang

& Liu, 2001), in a similar way to actinopterygian fishes (Baeuml et al.,

2019; González et al., 2014; present results). The Isl1 expression pat-

tern, along with that of other transcription factors, and the knowledge

of the neurochemistry and hodology of the subpallial populations in

teleosts (Rink & Wullimann, 2001, 2004) allow the comparison of the

actinopterygian subpallial nuclei Vd and Vv, and the striatum and sep-

tum of tetrapods, respectively (González et al., 2014; Moreno et al.,

2018). In particular, the caudal Vv would most likely correspond to
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12 LOZANO ET AL.

F IGURE 6 Photomicrographs of transverse (a–g) and sagittal (h) single- and double-labeled sections through the telencephalon of Polypterus
senegalus (P.s; b, h), Erpetoichthys calabaricus (E.c; a, g), Acipenser ruthenus (A.r; d, f), and Lepisosteus oculatus (L.o; c, e), showing the locations of Isl1
(green fluorescence) andOtp or TH (red fluorescence) immunoreactivity. The species is indicated on the upper left corner of each photograph, and
themarkers on the upper right corner. In the sagittal section (h), the rostrocaudal and dorsoventral axes are indicated on the lower right corner.
(a–d) Isl1 cell populations in the ventral telencephalic area of nonteleost actinopterygian fishes, combinedwith TH in panel (b). (e–g) Isl1 andOtp
(e, g) or TH (f) cell populations in the preoptic area; arrowheads in panel (f) point to double-labeled cells, and asterisks highlight the contacts of
these cells with the cerebrospinal fluid. (h) Sagittal view of the caudal telencephalon and alar hypothalamus of Polypterus senegaluswith labeling for
Isl1 andOtp. Scale bars= 200 µm (a–d, g, h) and 100 µm (e, f).
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LOZANO ET AL. 13

F IGURE 7 Photomicrographs of transverse (b–e, g) and sagittal (a, f) double-labeled sections through the alar hypothalamus of Polypterus
senegalus (P.s; a–d), Acipenser ruthenus (A.r; e), and Lepisosteus oculatus (L.o; f, g), showing the locations of Isl1 (green fluorescence) andOtp or TH
(red fluorescence) immunoreactivity. The species is indicated on the upper left corner of each photograph, and themarkers on the upper right
corner. In the sagittal sections (a, f), the rostrocaudal and dorsoventral axis are indicated on the lower right corner. (a, b) Isl1 andOtp labeling in a
sagittal view of the forebrain andmidbrain of Polypterus senegalus (a), showing the level of the transverse section in panel (b). (c, d) Codistribution
and certain degree of colocalization of Isl1-ir and TH-ir cells in the subparaventricular hypothalamic region; arrowheads in panel (d) point to
double-labeled cells; panel (d) is a magnification of panel (c). (e) Detail of the subparaventricular region of Acipenser ruthenus, showing Isl1 and TH
cell populations (arrowheads point to some of the double-labeled cells). (f) Isl1 and TH labeling in a sagittal view of the forebrain of Lepisosteus
oculatus. (g) Detail of the subparaventricular region, showing the differential expression of Isl1 andOtp. Scale bars= 500 µm (a, f), 200 µm (c), and
100 µm (b, d, e, g).
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14 LOZANO ET AL.

F IGURE 8 Photomicrographs of transverse (a–i, k) and sagittal (j) single- and double-labeled sections through the basal hypothalamus and
diencephalon of Polypterus senegalus (P.s; a, b, j), Acipenser ruthenus (A.r; c, f, i), and Lepisosteus oculatus (L.o; d, e, h, k), showing the locations of Isl1
(green fluorescence) andOtp or TH (red fluorescence) immunoreactivity. The species is indicated on the upper left corner of each photograph, and
themarkers on the upper right corner. In the sagittal section (j), the rostrocaudal and dorsoventral axes are indicated on the right part of the image.
(a, b) Populations of Isl1 and TH cells in the tuberal and prethalamic regions; panel (b) is a magnification of panel (a); arrowheads point to
double-labeled cells in the retrotuberal area and the prethalamus. (c) Isl1 and TH immunoreactivity in the tuberal hypothalamus of Acipenser
ruthenus, where white arrowheads point to double-labeled cells, empty arrowheads point to processes from these double-labeled cells, and
asterisks highlight the contacting processes of these cells with the cerebrospinal fluid. (d) Different populations of Isl1 andOtp cells in the tuberal
andmamillary hypothalamic regions. (e, f) Details of cells in the prethalamus doubly labeled with Isl1 and TH antibodies in Lepisosteus oculatus (e)
and Acipenser ruthenus (f); arrowheads point to double-labeled cells. (g, h) Conspicuous Isl1 cell population in the tuberal region, separated from the
catecholaminergic cell group of the posterior tubercle in Polypterus senegalus (g) and Lepisosteus oculatus (h). (i) Detail of Isl1-ir and TH-ir cells in the
prethalamus and posterior tubercle of Acipenser ruthenus; arrowheads point to double-labeled cells. (j, k) Population of Isl1 cells in the tubular
shaped epiphysis. Scale bars= 200 µm (a, d, g, h, j), 100 µm (b, e, f, i), and 50 µm (c, k).
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LOZANO ET AL. 15

F IGURE 9 Photomicrographs of transverse (a, b, d–g) and sagittal (c) single- and double-labeled sections through the brainstem of Polypterus
senegalus (P.s; b, c, g) and Acipenser ruthenus (A.r; a, d–f), showing the locations of Isl1 (green fluorescence) and ChAT (red fluorescence)
immunoreactivity. The species is indicated on the upper left corner of each photograph, and themarkers on the upper right corner. In the sagittal
section (c), the rostrocaudal and dorsoventral axes are indicated on the right part of the image. (a, b) Isl1-ir ganglion cells of themesencephalic
nucleus of the trigeminal nerve in the rostral mesencephalon. (c) Sagittal view of the entire brain of Polypterus senegalus. (d–g) Cholinergic
motoneurons of the oculomotor (d), trochlear (e), trigeminal (f), and abducens and facial (g) motor nuclei; note that all motoneurons are doubly
labeled with Isl1 and ChAT. Scale bars= 1mm (c), 200 µm (a, f), 100 µm (b, c, e), and 50 µm (d).

the pallidal area that massively expresses the transcription factor

Nkx2.1 (González et al., 2014). The caudal part of Vd may be related

to the central amygdala, due to the consistent Isl1 expression (present

results), already observed in lungfish and amphibians (López et al.,

2020; Moreno et al., 2008, 2018), in addition to the nitrergic label-

ing previously described in both holostean and cladistian fishes (López

et al., 2016, 2017). The slighter Isl1 expression in Vs–Vp, together

with the presence of Otp (present results), leads to its identification

as medial amygdala (Braford, 2009; Moreno et al., 2018; Moreno &

González, 2007), likely corresponding to the posterior and dorsal por-
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16 LOZANO ET AL.

F IGURE 10 Photomicrographs of transverse (a–c, g, h) and sagittal (d–f) single- and double-labeled sections of Isl1 (green fluorescence) and
ChAT (red fluorescence) immunoreactivity in the caudal brainstem, sensory ganglia, and spinal cord of Lepisosteus oculatus (L.o; a, h), Acipenser
ruthenus (A.r; b), Erpetoichthys calabaricus (E.c; d–f), and Polypterus senegalus (P.s; g). The species is indicated in the upper left corner of each
photograph, and themarkers on the upper right corner. In the sagittal sections (d–f), the rostrocaudal and dorsoventral axes are indicated on the
lower part (d) or the right part (e, f) of the image. (a–c) Cholinergic motoneurons of the glossopharyngeal (a), vagal and spino-occipital (b) motor
nuclei, and the nucleus medianusmagnocellularis (c). (d–f) Terminal nerve ganglion cells labeled for Isl1, situated ventrally to the olfactory bulb;
panel (e) is a magnification of panel (d); panel (f) is a magnification of panel (e). (g) Population of Isl1-ir cells in the vagal nerve ganglion, in the caudal
rhombencephalon. (h)Motoneurons in the ventral horn of the spinal cord. Note that all motoneurons in panels (a–c) and (h) are doubly labeledwith
Isl1 and ChAT. Scale bars= 500 µm (d), 200 µm (c, e, g), and 100 µm (a, b, f, h).

tions of the medial amygdala in zebrafish (Biechl et al., 2017; Porter &

Mueller, 2020).

Similarly, the Isl1 labeling in the POA is also a feature conserved

in all vertebrates studied, from actinopterygian fishes (Baeuml et al.,

2019; Ganz et al., 2012; present results) to lungfish (López et al., 2020;

Moreno et al., 2018), amphibians (Domínguez et al., 2013; Moreno

et al., 2008), reptiles (Moreno et al., 2012, 2018), birds (Abellán&Med-

ina, 2009), and mammals (Davis et al., 2004; Elshatory & Gan, 2008).

The double labeling of Isl1 and TH found in the present study in some

preoptic cells has also been observed in zebrafish (Baeuml et al., 2019)
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and Xenopus laevis (Moreno et al., 2008), constituting thus a shared

feature between anamniote vertebrates.

Following the prosomeric model, the hypothalamus of vertebrates

is divided in an alar portion, which includes the paraventricular and

subparaventricular regions, and a basal portion, with the tuberal and

mamillary regions (Puelles & Rubenstein, 2015). The Isl1 labeling

observed in the present study in the subparaventricular region of

nonteleost actinopterygian fishes has also been reported in teleosts

(Baeuml et al., 2019), lungfish and amphibians (Domínguez et al., 2013,

2015; Moreno et al., 2008, 2018), reptiles (Moreno et al., 2012, 2018),

birds (Abellán & Medina, 2009), and mammals (Puelles, Martínez-de-

la-Torre, Bardet, et al., 2012), highlighting the conservation of this

feature in vertebrates, as well as the absence of Isl1 in the paraven-

tricular region (see Discussion in Domínguez et al., 2015). Additionally,

the presence of cells that express both Isl1 and TH in this region

has been previously described in zebrafish (mentioned as the pos-

terior parvocellular preoptic nucleus, but in a dorsal position to the

suprachiasmatic nucleus, constituting thus part of the subparaventric-

ular region; Baeuml et al., 2019) and X. laevis (Moreno et al., 2008). In

the basal hypothalamus, in turn, the prominent expression of Isl1 in

the Tu of the fishes studied is also widely conserved in the evolution of

vertebrates. It has been observed in lamprey embryos (Sugahara et al.,

2011), in several tuberal hypothalamic nuclei of zebrafish (Baeuml

et al., 2019; Schredelseker & Driever, 2020), in the tuberal hypotha-

lamus of lungfish, amphibians, and reptiles (Domínguez et al., 2015;

Moreno et al., 2018), and in the arcuate nucleus of birds and mam-

mals (Lee et al., 2016; Nasif et al., 2015; Place et al., 2022). It has

been demonstrated that Isl1 is essential not only for the differen-

tiation of the proopiomelanocortin (POMC) neurons of the arcuate

nucleus, but for their maintenance and survival in adult chicken and

mouse (Lee et al., 2016; Nasif et al., 2015; Place et al., 2022). In

addition to that, in mammals, Isl1 is also closely involved in the fate

of somatostatin, neuropeptide-Y (NPY), agouti-related neuropeptide

(AgRP), and growth hormone-releasing hormone (GHRH) cells in the

arcuate nucleus, being also basic for their survival and for the expres-

sion of AgRP and GHRH (Alvarez-Bolado, 2019). This could also be

the case of fish, since populations of cells expressing some of these

neuropeptides, including NPY, POMC, and AgRP, have been described

in salmon in the hypothalamic lateral tuberal nucleus, the putative

homolog to the mammalian arcuate nucleus (Norland et al., 2022).

We have observed the expression of NPY in neurons of the Tu of

cladistian and holostean fishes in previous works (López et al., 2014;

Lozano et al., 2018), and the presence of somatostatin, NPY, GHRH,

and POMC, among other neuropeptides, has been reported in the

hypothalamus of the Chinese sturgeon (Xie et al., 2022). Finally in

the basal hypothalamus, the double labeling of Isl1 and TH, observed

in some cells of the tuberal hypothalamus of nonteleost actinoptery-

gian fishes, has not been reported in teleost fishes (Baeuml et al.,

2019), or in any other vertebrate studied, being an exclusive fea-

ture of these groups of fishes. In contrast, the mamillary region is

devoid of Isl1 cells in all vertebrates studied and constitutes a dis-

tinctive and highly conserved feature in the basal hypothalamus of

vertebrates.

Within the diencephalon, and in addition to the groups of fishes

studied in the present work, the prethalamic population of Isl1-ir cells

has also been described in the teleost zebrafish (Baeuml et al., 2019;

Filippi et al., 2012; Lin et al., 2020), and in the sarcopterygian lungfish

(López et al., 2020; Moreno et al., 2018). Among tetrapods, it has also

been observed in amphibians (Domínguez et al., 2014; Moreno et al.,

2008, 2018), reptiles (Domínguez et al., 2015;Moreno et al., 2012), and

mammals (Andrews et al., 2003; Ehrman et al., 2013), representing a

highly conserved feature. The role of Isl1 in these prethalamic cells has

been related to the determination of the dopaminergic phenotype in

zebrafish andmouse (Andrews et al., 2003; Filippi et al., 2012), likely as

in the present models, in which double Isl1/TH prethalamic cells have

been observed (present results).

Only the sterlet housed a small Isl1-ir cell population in the poste-

rior tubercle, a feature also observed in zebrafish (Baeuml et al., 2019).

The dopaminergic group of the posterior tubercle of actinopterygian

fisheswould correspond to the diencephalic component of themesodi-

encephalic dopaminergic complex present in lungfishes and tetrapods

(González et al., 1994; López & González, 2017; López et al., 2019;

Lozano et al., 2019;Wullimann, 2022). The object of the present study

is the expression of Isl1 in adult specimens, but nevertheless we can-

not exclude the Isl1 expression in the posterior tubercle during brain

development or its possible role in the acquisition of the dopaminergic

phenotype in this region.

In addition to the prethalamic group, the diencephalon houses

another conserved population of Isl1-ir cells in the epiphysis or pineal

gland, although its presence has not yet been demonstrated in all

groups of vertebrates, probably due to the difficulty of obtaining sam-

ples of this region in the dorsalmost part of the diencephalic prosomere

2. However, this population has been described in the amphioxus

(Jackman et al., 2000), lamprey (Sugahara et al., 2011), zebrafish (Inoue

et al., 1994; Korzh et al., 1993; Lin et al., 2020), chicken (Zhang et al.,

2006), and mammals like the pig and the rat (Thor et al., 1991; Zhang

et al., 2018). Strikingly, the absence of Isl1 labeling in the epiphysis

has also been reported in zebrafish (Baeuml et al., 2019), although it

may be due to the use of a particular Isl1-GFP (green fluorescence pro-

tein) transgenic line of zebrafish (Higashijima et al., 2000). In fact, this

transgenic zebrafish was developed specifically to show expression of

GFP in cranial nerve motoneurons; the plasmid was generated with

the Isl1 promoter and the gene encoding a modified GFP, plus a par-

ticular enhancer that was capable, at least, of driving the expression in

the rhombencephalic motoneurons, losing thus the expression in some

regions like the epiphysis or the sensory ganglia of the trigeminal nerve

(Higashijima et al., 2000). Apart from that, some studies have proved

that Isl1 is required for the development of pinealocytes and for the

synthesis of melatonin (Zhang et al., 2006, 2018).

4.2 Brainstem

Regarding the mesencephalon, few studies consider the presence of

the mesencephalic nucleus of the trigeminal nerve, and fewer discuss

the possible Isl1 immunoreactivity of its cells, although it has been
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demonstrated in chicken and mouse (Hunter et al., 2001; Lipovsek

et al., 2017; Sun et al., 2008), proving the expression of the transcrip-

tion factor during the development of these cells in gnathostomes and

its further maintenance.

The expression of Isl1 in the neurons of the cranial motor nuclei

(the oculomotor nucleus in thebasalmesencephalon, and the trochlear,

trigeminal, abducens, facial, glossopharyngeal, and vagal motor nuclei

in the rhombencephalon) is one of the most conserved features in

the evolution of vertebrates. Not only has it been demonstrated in

tetrapods (Kim et al., 2015, 2016; Liang et al., 2011; Pfaff et al., 1996;

Puelles, Martínez-de-la-Torre, Watson, et al., 2012; Thor et al., 1991),

but also in actinopterygian fishes (Baeuml et al., 2019; Higashijima

et al., 2000; Inoue et al., 1994; present results), agnathans (Sugahara

et al., 2011), and even in the amphioxus (Jackman et al., 2000). Apart

from the mentioned cranial nerve motoneurons, in actinopterygian

fishes the presence of Isl1 has also beendescribed in the neurons of the

spino-occipital nucleus (Baeuml et al., 2019; present results). Hence,

Isl1 is essential for the generation and differentiation of the cholinergic

motoneurons of the cranial nerve nuclei in vertebrates (Ericson et al.,

1992; Hobert & Westphal, 2000; Pfaff et al., 1996). Of note, the cells

of the peculiar nucleus medianus magnocellularis, only found in medial

locations of the caudal rhombencephalon of cladistian fishes, may pos-

sibly constitute a motor nucleus, based on the combined expression of

Isl1 and ChAT and its position in the basal rhombencephalon (López

et al., 2013; present results).

In turn, the expression of Isl1 in the cells of the sensory ganglia

of the cranial nerves observed in the animal models of this study has

been previously addressed in zebrafish and mouse (Dykes et al., 2011;

Liang et al., 2011; Sato et al., 2015; Sun et al., 2008; Uemura et al.,

2005), while its presence has also been described in the terminal nerve

ganglion in actinopterygian fishes, chicken, and mouse (Aguillon et al.,

2018; Palaniappan et al., 2019; Taroc et al., 2020; present results).

4.3 Spinal cord

As in the case of the neurons of the cranialmotor nuclei, the expression

of Isl1 in the cholinergic motoneurons of the ventral horn of the spinal

cord is highly conserved in all vertebrates studied, from actinoptery-

gian fishes (Baeuml et al., 2019; Inoueet al., 1994; Stil &Drapeau, 2016;

present results) to chicken (Kimet al., 2015; Kobayashi et al., 2013) and

mouse (Cho et al., 2014; Thaler et al., 2004; Thor et al., 1991). It seems

that Isl1 controls the cholinergic neuronal identity in the spinal cord, at

least, by forming ahexamerwith Lhx3 that binds to cholinergic pathway

genes in charge of the synthesis of characteristic enzymes and trans-

porters, determining thus the motor phenotype (Cho et al., 2014; Lee

et al., 2012; Seo et al., 2015).

5 CONCLUDING REMARKS

The present study constitutes the first complete and comprehen-

sive neuroanatomical description of the Isl1 expression pattern in

the CNS of representative species of the three groups of nonteleost

actinopterygian fishes, that is, cladistian, chondrostean, and holostean

fishes. With it we fill the relevant gap of current data regarding the

distribution of this transcription factor in the CNS of fish. In order to

interpret its distribution pattern in these groups of fishes, we followed

the neuromericmodel, ratified formost vertebrates (forebrain: Puelles

& Rubenstein, 2003, 2015; brainstem: Gilland & Baker, 1993; Aroca &

Puelles, 2005; Straka et al., 2006), as we did previously for lungfish,

amphibians, and reptiles (Domínguez et al., 2015; Moreno et al., 2008,

2018). Using this as a basis, the comparative analysis of the Isl1 expres-

sion pattern led us to assess the evolution of its distribution in the CNS

of vertebrates. Among nonteleost actinopterygian fishes, no differ-

ences were observed in the expression pattern, apart from the minor

labeling in the posterior tubercle of the sterlet and the unique nucleus

medianus magnocellularis, only present in cladistian fishes. Compared

to other groups of vertebrates, similarities in the Isl1 expression

were detected in the subpallial nuclei (striatum, septum, central amyg-

dala, and medial amygdala), POA, subparaventricular region, tuberal

hypothalamic region, prethalamus, epiphysis, cranial motor nuclei,

sensory ganglia of the cranial nerves (including the mesencephalic

nucleus of the trigeminal nerve), and the spinal motoneurons, prov-

ing thus the generalized conservation of the Isl1 expression pattern in

vertebrates.

AUTHOR CONTRIBUTIONS

All authors had full access to all the data in the study and take responsi-

bility for the integrity of the data and the accuracy of the data analysis.

Jesús M. López and Daniel Lozano devised the study and performed

the immunofluorescence experiments, complemented by Sara Jiménez

andAdriánChinarro. RuthMorona conducted thewesternblotting and

collaborated in the immunofluorescence experiments. Daniel Lozano

wrote the article and designed the figures, all of which were fur-

ther supplemented by Jesús M. López and Nerea Moreno. All authors

approved the article.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The authors confirm that the data supporting the findings of

this study are available within the article (figures and Support-

ing Information). In addition, the raw data that support the find-

ings of this study are available on request from the corresponding

author.

ORCID

Ruth Morona https://orcid.org/0000-0002-6474-8515

JesúsM. López https://orcid.org/0000-0002-9829-6350

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/cne.25484.

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25484 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-6474-8515
https://orcid.org/0000-0002-6474-8515
https://orcid.org/0000-0002-9829-6350
https://orcid.org/0000-0002-9829-6350
https://publons.com/publon/10.1002/cne.25484
https://publons.com/publon/10.1002/cne.25484


LOZANO ET AL. 19

REFERENCES

Abellán, A., &Medina, L. (2009). Subdivisions and derivatives of the chicken

subpallium based on expression of LIM and other regulatory genes

and markers of neuron subpopulations during development. Journal
of Comparative Neurology, 515, 465–501. https://doi.org/10.1002/cne.
22083

Adrio, F., Anadón, R., & Rodríguez-Moldes, I. (2000). Distribution of choline

acetyltransferase (ChAT) immunoreactivity in the central nervous sys-

tem of a chondrostean, the siberian sturgeon (Acipenser baeri). Journal
of Comparative Neurology, 426, 602–621. https://doi.org/10.1002/1096-
9861(20001030)426:4(602::aid-cne8)3.0.co;2-7

Adrio, F., Anadón, R., & Rodríguez-Moldes, I. (2002). Distribution of tyrosine

hydroxylase (TH) and dopamine beta-hydroxylase (DBH) immunore-

activity in the central nervous system of two chondrostean fishes

(Acipenser baeri and Huso huso). Journal of Comparative Neurology, 448,
280–297. https://doi.org/10.1002/cne.10256

Aguillon, R., Batut, J., Subramanian, A., Madelaine, R., Dufourcq, P., Schilling,

T. F., & Blader, P. (2018). Cell-type heterogeneity in the early zebrafish

olfactory epithelium is generated from progenitors within preplacodal

ectoderm. eLife, 7, e32041. https://doi.org/10.7554/eLife.32041
Alvarez-Bolado, G. (2019). Development of neuroendocrine neurons in the

mammalian hypothalamus. Cell and Tissue Research, 375, 23–39. https://
doi.org/10.1007/s00441-018-2859-1

Andrews, G. L., Yun, K., Rubenstein, J. L., & Mastick, G. S. (2003). Dlx tran-

scription factors regulate differentiation of dopaminergic neurons of

the ventral thalamus.Molecular and Cellular Neurosciences, 23, 107–120.
https://doi.org/10.1016/s1044-7431(03)00016-2

Aroca, P., & Puelles, L. (2005). Postulated boundaries and differential fate

in the developing rostral hindbrain. Brain Research, 49, 179–190. https://
doi.org/10.1016/j.brainresrev.2004.12.031

Baeuml, S. W., Biechl, D., & Wullimann, M. F. (2019). Adult islet1 expres-

sion outlines ventralized derivatives along zebrafish neuraxis. Frontiers
in Neuroanatomy, 13, 19. https://doi.org/10.3389/fnana.2019.00019

Biechl, D., Tietje, K., Ryu, S., Grothe, B., Gerlach, G., & Wullimann, M. F.

(2017). Identification of accessory olfactory system and medial amyg-

dala in the zebrafish. Scientific Reports, 7, 44295. https://doi.org/10.
1038/srep44295

Braford, M. R., Jr (2009). Stalking the everted telencephalon: Comparisons

of forebrain organization in basal ray-finned fishes and teleosts. Brain,
Behavior and Evolution, 74, 56–76. https://doi.org/10.1159/000229013

Cho, H. H., Cargnin, F., Kim, Y., Lee, B., Kwon, R. J., Nam, H., Shen, R.,

Barnes, A. P., Lee, J. W., Lee, S., & Lee, S. K. (2014). Isl1 directly controls a

cholinergic neuronal identity in the developing forebrain and spinal cord

by forming cell type-specific complexes. PLoS Genetics, 10, e1004280.
https://doi.org/10.1371/journal.pgen.1004280

Davis, A. M., Seney, M. L., Walker, H. J., & Tobet, S. A. (2004). Differential

colocalization of Islet-1 and estrogen receptor alpha in the murine pre-

optic area and hypothalamus during development. Endocrinology, 145,
360–366. https://doi.org/10.1210/en.2003-0996

Domínguez, L., González, A., & Moreno, N. (2014). Characterization of

the hypothalamus of Xenopus laevis during development. II. The basal

regions. Journal of Comparative Neurology, 522, 1102–1131. https://doi.
org/10.1002/cne.23471

Domínguez, L., González, A., &Moreno, N. (2015). Patterns of hypothalamic

regionalization in amphibians and reptiles: Common traits revealed by a

genoarchitectonic approach. Frontiers in Neuroanatomy, 9, 3. https://doi.
org/10.3389/fnana.2015.00003

Domínguez, L., Morona, R., González, A., & Moreno, N. (2013). Characteri-

zation of the hypothalamus of Xenopus laevis during development. I. The

alar regions. Journal of Comparative Neurology, 521, 725–759. https://doi.
org/10.1002/cne.23222

Dufour, H. D., Chettouh, Z., Deyts, C., de Rosa, R., Goridis, C., Joly, J. S., &

Brunet, J. F. (2006). Precraniate origin of cranial motoneurons. Proceed-
ings of theNational Academyof Sciences of theUnited States of America,103,
8727–8732. https://doi.org/10.1073/pnas.0600805103

Dykes, I. M., Tempest, L., Lee, S. I., & Turner, E. E. (2011). Brn3a and Islet1

act epistatically to regulate the gene expression program of sensory dif-

ferentiation. Journal of Neuroscience, 31, 9789–9799. https://doi.org/10.
1523/JNEUROSCI.0901-11.2011

Edgar, R. C. (2021). High-accuracy alignment ensembles enable unbiased

assessments of sequence homology and phylogeny. bioRxiv, https://doi.
org/10.1101/2021.06.20.449169

Ehrman, L. A., Mu, X., Waclaw, R. R., Yoshida, Y., Vorhees, C. V., Klein, W. H.,

& Campbell, K. (2013). The LIM homeobox gene Isl1 is required for the

correct development of the striatonigral pathway in the mouse. Proceed-
ings of theNational Academyof Sciences of theUnited States of America,110,
E4026–E4035. https://doi.org/10.1073/pnas.1308275110

Elshatory, Y., & Gan, L. (2008). The LIM-homeobox gene Islet-1 is required

for the development of restricted forebrain cholinergic neurons. Journal
of Neuroscience, 28, 3291–3297. https://doi.org/10.1523/JNEUROSCI.

5730-07.2008

Ericson, J., Thor, S., Edlund, T., Jessell, T.M., &Yamada, T. (1992). Early stages

of motor neuron differentiation revealed by expression of homeobox

gene Islet-1. Science, 256, 1555–1560. https://doi.org/10.1126/science.
1350865

Filippi, A., Jainok, C., & Driever, W. (2012). Analysis of transcriptional codes

for zebrafish dopaminergic neurons reveals essential functions of Arx

and Isl1 in prethalamic dopaminergic neuron development. Develop-
mental Biology, 369, 133–149. https://doi.org/10.1016/j.ydbio.2012.06.
010

Ganz, J., Kaslin, J., Freudenreich, D., Machate, A., Geffarth, M., & Brand,

M. (2012). Subdivisions of the adult zebrafish subpallium by molecular

marker analysis. Journal of Comparative Neurology,520, 633–655. https://
doi.org/10.1002/cne.22757

Gilland, E., & Baker, R. (1993). Conservation of neuroepithelial

and mesodermal segments in the embryonic vertebrate head.

Acta Anatomica, 148, 110–123. https://doi.org/10.1159/00014

7530

González, A., Morona, R., Moreno, N., Bandín, S., & López, J. M. (2014).

Identification of striatal and pallidal regions in the subpallium of anam-

niotes. Brain, Behavior and Evolution, 83, 93–103. https://doi.org/10.
1159/000357754

González, A., Muñoz, M., Muñoz, A., Marin, O., & Smeets, W. J. (1994). On

the basal ganglia of amphibians: Dopaminergic mesostriatal projections.

European Journal of Morphology, 32, 271–274.
Higashijima, S., Hotta, Y., & Okamoto, H. (2000). Visualization of cranial

motor neurons in live transgenic zebrafish expressing green fluores-

cent protein under the control of the Islet-1 promoter/enhancer. Journal
of Neuroscience, 20, 206–218. https://doi.org/10.1523/JNEUROSCI.20-

01-00206.2000

Hobert, O., & Westphal, H. (2000). Functions of LIM-homeobox genes.

Trends in Genetics, 16, 75–83. https://doi.org/10.1016/s0168-9525(99)
01883-1

Hunter, E., Begbie, J., Mason, I., & Graham, A. (2001). Early development

of the mesencephalic trigeminal nucleus. Developmental Dynamics, 222,
484–493. https://doi.org/10.1002/dvdy.1197

Inoue, A., Takahashi, M., Hatta, K., Hotta, Y., & Okamoto, H. (1994).

Developmental regulation of islet-1 mRNA expression during neuronal

differentiation in embryonic zebrafish. Developmental Dynamics, 199,
1–11. https://doi.org/10.1002/aja.1001990102

Jackman, W. R., Langeland, J. A., & Kimmel, C. B. (2000). islet reveals seg-

mentation in the amphioxus hindbrain homolog. Developmental Biology,
220, 16–26. https://doi.org/10.1006/dbio.2000.9630

Jiménez, S., López, J. M., Lozano, D., Morona, R., González, A., & Moreno,

N. (2020). Analysis of pallial/cortical interneurons in key vertebrate

models of Testudines, Anurans and Polypteriform fishes. Brain Struc-
ture & Function, 225, 2239–2269. https://doi.org/10.1007/s00429-020-
02123-5

Kenemans, P. (1980). On the structural plan of the brain stem (Thesis).

University of Nijmegen.

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25484 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/cne.22083
https://doi.org/10.1002/cne.22083
https://doi.org/10.1002/1096-9861(20001030)426:4(602::aid-cne8)3.0.co;2-7
https://doi.org/10.1002/1096-9861(20001030)426:4(602::aid-cne8)3.0.co;2-7
https://doi.org/10.1002/cne.10256
https://doi.org/10.7554/eLife.32041
https://doi.org/10.1007/s00441-018-2859-1
https://doi.org/10.1007/s00441-018-2859-1
https://doi.org/10.1016/s1044-7431(03)00016-2
https://doi.org/10.1016/j.brainresrev.2004.12.031
https://doi.org/10.1016/j.brainresrev.2004.12.031
https://doi.org/10.3389/fnana.2019.00019
https://doi.org/10.1038/srep44295
https://doi.org/10.1038/srep44295
https://doi.org/10.1159/000229013
https://doi.org/10.1371/journal.pgen.1004280
https://doi.org/10.1210/en.2003-0996
https://doi.org/10.1002/cne.23471
https://doi.org/10.1002/cne.23471
https://doi.org/10.3389/fnana.2015.00003
https://doi.org/10.3389/fnana.2015.00003
https://doi.org/10.1002/cne.23222
https://doi.org/10.1002/cne.23222
https://doi.org/10.1073/pnas.0600805103
https://doi.org/10.1523/JNEUROSCI.0901-11.2011
https://doi.org/10.1523/JNEUROSCI.0901-11.2011
https://doi.org/10.1101/2021.06.20.449169
https://doi.org/10.1101/2021.06.20.449169
https://doi.org/10.1073/pnas.1308275110
https://doi.org/10.1523/JNEUROSCI.5730-07.2008
https://doi.org/10.1523/JNEUROSCI.5730-07.2008
https://doi.org/10.1126/science.1350865
https://doi.org/10.1126/science.1350865
https://doi.org/10.1016/j.ydbio.2012.06.010
https://doi.org/10.1016/j.ydbio.2012.06.010
https://doi.org/10.1002/cne.22757
https://doi.org/10.1002/cne.22757
https://doi.org/10.1159/000147530
https://doi.org/10.1159/000147530
https://doi.org/10.1159/000357754
https://doi.org/10.1159/000357754
https://doi.org/10.1523/JNEUROSCI.20-01-00206.2000
https://doi.org/10.1523/JNEUROSCI.20-01-00206.2000
https://doi.org/10.1016/s0168-9525(99)01883-1
https://doi.org/10.1016/s0168-9525(99)01883-1
https://doi.org/10.1002/dvdy.1197
https://doi.org/10.1002/aja.1001990102
https://doi.org/10.1006/dbio.2000.9630
https://doi.org/10.1007/s00429-020-02123-5
https://doi.org/10.1007/s00429-020-02123-5


20 LOZANO ET AL.

Kim, K. T., Kim, N., Kim, H. K., Lee, H., Gruner, H. N., Gergics, P., Park, C.,

Mastick, G. S., Park, H. C., & Song, M. R. (2016). ISL1-based LIM com-

plexes control Slit2 transcription in developing cranial motor neurons.

Scientific Reports, 6, 36491. https://doi.org/10.1038/srep36491
Kim,N., Park, C., Jeong, Y., & Song,M. R. (2015). Functional diversification of

motor neuron-specific Isl1 enhancers during evolution.PLoSGenetics,11,
e1005560. https://doi.org/10.1371/journal.pgen.1005560

Kobayashi, N., Homma, S., Okada, T., Masuda, T., Sato, N., Nishiyama,

K., Sakuma, C., Shimada, T., & Yaginuma, H. (2013). Elucidation of

target muscle and detailed development of dorsal motor neurons in

chick embryo spinal cord. Journal of Comparative Neurology, 521(13),
2987–3002. https://doi.org/10.1002/cne.23326

Korzh, V., Edlund, T., & Thor, S. (1993). Zebrafish primary neurons initiate

expression of the LIM homeodomain protein Isl-1 at the end of gastru-

lation. Development, 118, 417–425. https://doi.org/10.1242/dev.118.2.
417

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A.,

McWilliam, H., Valentin, F., Wallace, I. M., Wilm, A., Lopez, R., Thompson,

J. D., Gibson, T. J., & Higgins, D. G. (2007). Clustal W and Clustal

X version 2.0. Bioinformatics, 23, 2947–2948. https://doi.org/10.1093/
bioinformatics/btm404

Lee, B., Lee, S., Lee, S. K., & Lee, J. W. (2016). The LIM-homeobox tran-

scription factor Isl1 plays crucial roles in the development of multiple

arcuate nucleus neurons.Development,143, 3763–3773. https://doi.org/
10.1242/dev.133967

Lee, S., Cuvillier, J. M., Lee, B., Shen, R., Lee, J. W., & Lee, S. K. (2012). Fusion

protein Isl1-Lhx3 specifies motor neuron fate by inducing motor neuron

genes and concomitantly suppressing the interneuron programs. Pro-
ceedings of the National Academy of Sciences of the United States of America,
109, 3383–3388. https://doi.org/10.1073/pnas.1114515109

Liang, X., Song, M. R., Xu, Z., Lanuza, G. M., Liu, Y., Zhuang, T., Chen, Y., Pfaff,

S. L., Evans, S. M., & Sun, Y. (2011). Isl1 is required for multiple aspects

of motor neuron development. Molecular and Cellular Neurosciences, 47,
215–222. https://doi.org/10.1016/j.mcn.2011.04.007

Lin, Y. C., Wu, C. Y., Hu, C. H., Pai, T. W., Chen, Y. R., & Wang, W. D. (2020).

Integrated hypoxia signaling and oxidative stress in developmental neu-

rotoxicity of benzo[a]pyrene in zebrafish embryos. Antioxidants, 9, 731.
https://doi.org/10.3390/antiox9080731

Lipovsek,M., Ledderose, J., Butts, T., Lafont, T., Kiecker, C.,Wizenmann, A., &

Graham,A. (2017). The emergence ofmesencephalic trigeminal neurons.

Neural Development,12, 11. https://doi.org/10.1186/s13064-017-0088-
z

López, J. M., & González, A. (2014). Organization of the serotonergic

system in the central nervous system of two basal actinopterygian

fishes: The Cladistians Polypterus senegalus and Erpetoichthys calabaricus.
Brain, Behavior and Evolution, 83, 54–76. https://doi.org/10.1159/00035
8266

López, J. M., & González, A. (2017). Organization of the catecholaminergic

systems in the brain of lungfishes, the closest living relatives of ter-

restrial vertebrates. Journal of Comparative Neurology, 525, 3083–3109.
https://doi.org/10.1002/cne.24266

López, J. M., Jiménez, S., Morona, R., Lozano, D., & Moreno, N. (2022). Anal-

ysis of Islet-1, Nkx2.1, Pax6, and Orthopedia in the forebrain of the

sturgeon Acipenser ruthenus identifies conserved prosomeric character-

istics. Journal of Comparative Neurology, 530, 834–855. https://doi.org/
10.1002/cne.25249

López, J. M., Lozano, D., Morales, L., & González, A. (2017). Pattern of nitr-

ergic neuronal system organization in the brain of two holostean fishes

(Actinopterygii: Ginglymodi). Brain, Behavior and Evolution, 89, 117–152.
https://doi.org/10.1159/000455964

López, J. M., Lozano, D., Morona, R., & González, A. (2016). Organization

of the nitrergic neuronal system in the primitive bony fishes Polypterus
senegalus and Erpetoichthys calabaricus (Actinopterygii: Cladistia). Journal
of Comparative Neurology,524, 1770–1804. https://doi.org/10.1002/cne.
23922

López, J. M., Lozano, D., Morona, R., & González, A. (2019). Organization

of the catecholaminergic systems in two basal actinopterygian fishes,

Polypterus senegalus and Erpetoichthys calabaricus (Actinopterygii: Cladis-
tia). Journal of Comparative Neurology, 527, 437–461. https://doi.org/10.
1002/cne.24548

López, J. M., Morona, R., Moreno, N., Lozano, D., Jiménez, S., & González,

A. (2020). Pax6 expression highlights regional organization in the adult

brain of lungfishes, the closest living relatives of land vertebrates. Journal
of Comparative Neurology, 528, 135–159. https://doi.org/10.1002/cne.
24744

López, J. M., Perlado, J., Morona, R., Northcutt, R. G., & González, A.

(2013). Neuroanatomical organization of the cholinergic system in the

central nervous system of a basal actinopterygian fish, the senegal

bichir Polypterus senegalus. Journal of Comparative Neurology, 521, 24–49.
https://doi.org/10.1002/cne.23155

López, J. M., Sanz-Morello, B., & González, A. (2014). Organization of the

orexin/hypocretin system in the brain of two basal actinopterygian

fishes, the cladistians Polypterus senegalus and Erpetoichthys calabaricus.
Peptides, 61, 23–37. https://doi.org/10.1016/j.peptides.2014.08.011

Lozano, D., González, A., & López, J. M. (2018). Organization of the

orexin/hypocretin system in the brain of holostean fishes: Assess-

ment of possible relationships with monoamines and neuropeptide Y.

Brain, Behavior and Evolution, 91, 228–251. https://doi.org/10.1159/
000490172

Lozano, D., González, A., & López, J. M. (2020). Neuroanatomical distri-

bution of the serotonergic system in the brain and retina of holostean

fishes, the sister group to teleosts. Brain, Behavior and Evolution, 95(1),
25–44. https://doi.org/10.1159/000505473

Lozano, D., Morona, R., González, A., & López, J. M. (2019). Comparative

analysis of the organization of the catecholaminergic systems in the

brain of holostean fishes (Actinopterygii/Neopterygii). Brain, Behavior
and Evolution, 93, 206–235. https://doi.org/10.1159/000503769

Lu, K. M., Evans, S. M., Hirano, S., & Liu, F. C. (2014). Dual role for Islet-1 in

promoting striatonigral and repressing striatopallidal genetic programs

to specify striatonigral cell identity. Proceedings of the National Academy
of Sciences of the United States of America, 111, E168–E177. https://doi.
org/10.1073/pnas.1319138111

Moreno, N., Domínguez, L., Morona, R., & González, A. (2012). Subdivisions

of the turtle Pseudemys scripta hypothalamus based on the expres-

sion of regulatory genes and neuronal markers. Journal of Comparative
Neurology, 520, 453–478. https://doi.org/10.1002/cne.22762

Moreno, N., Domínguez, L., Rétaux, S., & González, A. (2008). Islet1 as

a marker of subdivisions and cell types in the developing forebrain

of Xenopus. Neuroscience, 154, 1423–1439. https://doi.org/10.1016/j.
neuroscience.2008.04.029

Moreno, N., & González, A. (2007). Regionalization of the telencephalon in

urodele amphibians and its bearing on the identification of the amyg-

daloid complex. Frontiers in Neuroanatomy, 1, 1. https://doi.org/10.3389/
neuro.05.001.2007

Moreno, N., López, J. M., Morona, R., Lozano, D., Jiménez, S., & González, A.

(2018). Comparative analysis ofNkx2.1 and Islet-1 expression in urodele

amphibians and lungfishes highlights the pattern of forebrain organiza-

tion in early tetrapods. Frontiers in Neuroanatomy, 12, 42. https://doi.org/
10.3389/fnana.2018.00042

Morona, R., López, J. M., Northcutt, R. G., & González, A. (2013). Compara-

tive analysis of the organization of the cholinergic system in the brains

of two holostean fishes, the Florida gar Lepisosteus platyrhincus and the

bowfinAmia calva.Brain, Behavior and Evolution,81, 109–142. https://doi.
org/10.1159/000347111

Nasif, S., de Souza, F. S., González, L. E., Yamashita, M., Orquera, D. P., Low,

M. J., & Rubinstein, M. (2015). Islet 1 specifies the identity of hypotha-

lamic melanocortin neurons and is critical for normal food intake and

adiposity in adulthood. Proceedings of the National Academy of Sciences
of the United States of America, 112, E1861–E1870. https://doi.org/10.
1073/pnas.1500672112

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25484 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/srep36491
https://doi.org/10.1371/journal.pgen.1005560
https://doi.org/10.1002/cne.23326
https://doi.org/10.1242/dev.118.2.417
https://doi.org/10.1242/dev.118.2.417
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1242/dev.133967
https://doi.org/10.1242/dev.133967
https://doi.org/10.1073/pnas.1114515109
https://doi.org/10.1016/j.mcn.2011.04.007
https://doi.org/10.3390/antiox9080731
https://doi.org/10.1186/s13064-017-0088-z
https://doi.org/10.1186/s13064-017-0088-z
https://doi.org/10.1159/000358266
https://doi.org/10.1159/000358266
https://doi.org/10.1002/cne.24266
https://doi.org/10.1002/cne.25249
https://doi.org/10.1002/cne.25249
https://doi.org/10.1159/000455964
https://doi.org/10.1002/cne.23922
https://doi.org/10.1002/cne.23922
https://doi.org/10.1002/cne.24548
https://doi.org/10.1002/cne.24548
https://doi.org/10.1002/cne.24744
https://doi.org/10.1002/cne.24744
https://doi.org/10.1002/cne.23155
https://doi.org/10.1016/j.peptides.2014.08.011
https://doi.org/10.1159/000490172
https://doi.org/10.1159/000490172
https://doi.org/10.1159/000505473
https://doi.org/10.1159/000503769
https://doi.org/10.1073/pnas.1319138111
https://doi.org/10.1073/pnas.1319138111
https://doi.org/10.1002/cne.22762
https://doi.org/10.1016/j.neuroscience.2008.04.029
https://doi.org/10.1016/j.neuroscience.2008.04.029
https://doi.org/10.3389/neuro.05.001.2007
https://doi.org/10.3389/neuro.05.001.2007
https://doi.org/10.3389/fnana.2018.00042
https://doi.org/10.3389/fnana.2018.00042
https://doi.org/10.1159/000347111
https://doi.org/10.1159/000347111
https://doi.org/10.1073/pnas.1500672112
https://doi.org/10.1073/pnas.1500672112


LOZANO ET AL. 21

Norland, S., Eilertsen, M., Rønnestad, I., Helvik, J. V., & Gomes, A. S. (2022).

Mapping key neuropeptides involved in the melanocortin system in

Atlantic salmon (Salmo salar) brain. Journal of Comparative Neurology,
531(1), 89–115. https://doi.org/10.1002/cne.25415

Palaniappan, T. K., Slekiene, L., Gunhaga, L., & Patthey, C. (2019).

Extensive apoptosis during the formation of the terminal nerve

ganglion by olfactory placode-derived cells with distinct molecular

markers. Differentiation, 110, 8–16. https://doi.org/10.1016/j.diff.2019.
09.003

Pfaff, S. L., Mendelsohn, M., Stewart, C. L., Edlund, T., & Jessell, T. M. (1996).

Requirement for LIM homeobox gene Isl1 in motor neuron generation

reveals a motor neuron-dependent step in interneuron differentiation.

Cell, 84, 309–320. https://doi.org/10.1016/s0092-8674(00)80985-x
Place, E., Manning, E., Kim, D. W., Kinjo, A., Nakamura, G., & Ohyama, K.

(2022). SHH and Notch regulate SOX9+ progenitors to govern arcuate

POMC neurogenesis. Frontiers in Neuroscience, 16, 855288. https://doi.
org/10.3389/fnins.2022.855288

Porter, B. A., &Mueller, T. (2020). The zebrafish amygdaloid complex - Func-

tional groundplan,molecular delineation, and everted topology.Frontiers
in Neuroscience, 14, 608. https://doi.org/10.3389/fnins.2020.00608

Puelles, L., Martínez-de-la-Torre,M., Bardet, S., & Rubenstein, J. L. R. (2012).

Hypothalamus. In C. Watson, G. Paxinos, & L. Puelles (Eds.), The mouse
central nervous system (pp. 221–312). Academic Press. https://doi.org/10.

1016/B978-0-12-369497-3.10008-1

Puelles, E., Martínez-de-la-Torre, M., Watson, C., & Puelles, L. (2012). Mid-

brain. In C. Watson, G. Paxinos, & L. Puelles (Eds.), The mouse central
nervous system (pp. 337–359). Academic Press. https://doi.org/10.1016/

B978-0-12-369497-3.10010-X

Puelles, L., & Rubenstein, J. L. (2003). Forebrain gene expression domains

and theevolvingprosomericmodel.Trends inNeurosciences,26, 469–476.
https://doi.org/10.1016/S0166-2236(03)00234-0

Puelles, L., & Rubenstein, J. L. (2015). A new scenario of hypothalamic

organization: Rationale of new hypotheses introduced in the updated

prosomeric model. Frontiers in Neuroanatomy, 9, 27. https://doi.org/10.
3389/fnana.2015.00027

Rink, E., & Wullimann, M. F. (2001). The teleostean (zebrafish) dopaminer-

gic system ascending to the subpallium (striatum) is located in the basal

diencephalon (posterior tuberculum). Brain Research, 889, 316–330.
https://doi.org/10.1016/s0006-8993(00)03174-7

Rink, E., & Wullimann, M. F. (2004). Connections of the ventral telen-

cephalon (subpallium) in the zebrafish (Danio rerio). Brain Research, 1011,
206–220. https://doi.org/10.1016/j.brainres.2004.03.027

Sato, S., Yajima, H., Furuta, Y., Ikeda, K., & Kawakami, K. (2015). Activation of

Six1 expression in vertebrate sensory neurons. PLoSONE, 10, e0136666.
https://doi.org/10.1371/journal.pone.0136666

Schredelseker, T., & Driever, W. (2020). Conserved genoarchitecture of the

basal hypothalamus in zebrafish embryos. Frontiers in Neuroanatomy, 14,
3. https://doi.org/10.3389/fnana.2020.00003

Seo, S. Y., Lee, B., & Lee, S. (2015). Critical roles of the LIM domains of Lhx3

in recruiting coactivators to themotor neuron-specifying Isl1-Lhx3 com-

plex. Molecular and Cellular Biology, 35, 3579–3589. https://doi.org/10.
1128/MCB.00335-15

Stil, A., & Drapeau, P. (2016). Neuronal labeling patterns in the spinal cord

of adult transgenic Zebrafish. Developmental Neurobiology, 76, 642–660.
https://doi.org/10.1002/dneu.22350

Straka, H., Baker, R., & Gilland, E. (2006). Preservation of segmental hind-

brain organization in adult frogs. Journal of Comparative Neurology, 494,
228–245. https://doi.org/10.1002/cne.20801

Sugahara, F., Aota, S., Kuraku, S., Murakami, Y., Takio-Ogawa, Y., Hirano, S., &

Kuratani, S. (2011). Involvement of Hedgehog and FGF signalling in the

lamprey telencephalon: Evolution of regionalization and dorsoventral

patterning of the vertebrate forebrain. Development, 138, 1217–1226.
https://doi.org/10.1242/dev.059360

Sun, Y., Dykes, I. M., Liang, X., Eng, S. R., Evans, S. M., & Turner, E. E. (2008). A

central role for Islet1 in sensoryneurondevelopment linking sensory and

spinal gene regulatory programs. Nature Neuroscience, 11, 1283–1293.
https://doi.org/10.1038/nn.2209

Taroc, E., Katreddi, R. R., & Forni, P. E. (2020). Identifying Isl1 genetic

lineage in the developing olfactory system and in GnRH-1 neurons.

Frontiers in Physiology, 11, 601923. https://doi.org/10.3389/fphys.2020.
601923

Thaler, J. P., Koo, S. J., Kania, A., Lettieri, K., Andrews, S., Cox, C., Jessell, T.M.,

& Pfaff, S. L. (2004). A postmitotic role for Isl-class LIM homeodomain

proteins in the assignment of visceral spinal motor neuron identity.

Neuron,41, 337–350. https://doi.org/10.1016/s0896-6273(04)00011-x
Thor, S., Ericson, J., Brännström, T., & Edlund, T. (1991). The homeodomain

LIM protein Isl-1 is expressed in subsets of neurons and endocrine

cells in the adult rat.Neuron, 7, 881–889. https://doi.org/10.1016/0896-
6273(91)90334-v

Uemura, O., Okada, Y., Ando, H., Guedj, M., Higashijima, S., Shimazaki, T.,

Chino, N., Okano, H., & Okamoto, H. (2005). Comparative functional

genomics revealed conservation and diversification of three enhancers

of the isl1 gene formotor and sensory neuron-specific expression.Devel-
opmental Biology, 278, 587–606. https://doi.org/10.1016/j.ydbio.2004.
11.031

Wang, H. F., & Liu, F. C. (2001). Developmental restriction of the LIM home-

odomain transcription factor Islet-1 expression to cholinergic neurons in

the rat striatum. Neuroscience, 103, 999–1016. https://doi.org/10.1016/
s0306-4522(00)00590-x

Wullimann, M. F. (2022). The neuromeric/prosomeric model in teleost fish

neurobiology.Brain, Behavior and Evolution,97, 336–360. https://doi.org/
10.1159/000525607

Xie, Y., Xiao, K., Cai, T., Shi, X., Zhou, L., Du, H., Yang, J., & Hu, G. (2022).

Neuropeptides and hormones in hypothalamus-pituitary axis of Chinese

sturgeon (Acipenser sinensis).General and Comparative Endocrinology, 330,
114135. https://doi.org/10.1016/j.ygcen.2022.114135

Zhang, J., Qiu, J., Zhou, Y.,Wang, Y., Li, H., Zhang, T., Jiang, Y., Gou, K., &Cui, S.

(2018). LIM homeobox transcription factor Isl1 is required formelatonin

synthesis in the pig pineal gland. Journal of Pineal Research, 65, e12481.
https://doi.org/10.1111/jpi.12481

Zhang, J. H., Liu, J. L., Wu, Y. J., & Cui, S. (2006). LIM homeodomain pro-

teins Islet-1 and Lim-3 expressions in the developing pineal gland of

chick embryo by immunohistochemistry. Journal of Pineal Research, 41,
247–254. https://doi.org/10.1111/j.1600-079X.2006.00363.x

How to cite this article: Lozano, D., Moreno, N., Jiménez, S.,

Chinarro, A., Morona, R., & López, J. M. (2023). Distribution of

the transcription factor islet-1 in the central nervous system of

nonteleost actinopterygian fish: Relationship with cholinergic

and catecholaminergic systems. Journal of Comparative

Neurology, 1–21. https://doi.org/10.1002/cne.25484

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25484 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/cne.25415
https://doi.org/10.1016/j.diff.2019.09.003
https://doi.org/10.1016/j.diff.2019.09.003
https://doi.org/10.1016/s0092-8674(00)80985-x
https://doi.org/10.3389/fnins.2022.855288
https://doi.org/10.3389/fnins.2022.855288
https://doi.org/10.3389/fnins.2020.00608
https://doi.org/10.1016/B978-0-12-369497-3.10008-1
https://doi.org/10.1016/B978-0-12-369497-3.10008-1
https://doi.org/10.1016/B978-0-12-369497-3.10010-X
https://doi.org/10.1016/B978-0-12-369497-3.10010-X
https://doi.org/10.1016/S0166-2236(03)00234-0
https://doi.org/10.3389/fnana.2015.00027
https://doi.org/10.3389/fnana.2015.00027
https://doi.org/10.1016/s0006-8993(00)03174-7
https://doi.org/10.1016/j.brainres.2004.03.027
https://doi.org/10.1371/journal.pone.0136666
https://doi.org/10.3389/fnana.2020.00003
https://doi.org/10.1128/MCB.00335-15
https://doi.org/10.1128/MCB.00335-15
https://doi.org/10.1002/dneu.22350
https://doi.org/10.1002/cne.20801
https://doi.org/10.1242/dev.059360
https://doi.org/10.1038/nn.2209
https://doi.org/10.3389/fphys.2020.601923
https://doi.org/10.3389/fphys.2020.601923
https://doi.org/10.1016/s0896-6273(04)00011-x
https://doi.org/10.1016/0896-6273(91)90334-v
https://doi.org/10.1016/0896-6273(91)90334-v
https://doi.org/10.1016/j.ydbio.2004.11.031
https://doi.org/10.1016/j.ydbio.2004.11.031
https://doi.org/10.1016/s0306-4522(00)00590-x
https://doi.org/10.1016/s0306-4522(00)00590-x
https://doi.org/10.1159/000525607
https://doi.org/10.1159/000525607
https://doi.org/10.1016/j.ygcen.2022.114135
https://doi.org/10.1111/jpi.12481
https://doi.org/10.1111/j.1600-079X.2006.00363.x
https://doi.org/10.1002/cne.25484

	Distribution of the transcription factor islet-1 in the central nervous system of nonteleost actinopterygian fish: Relationship with cholinergic and catecholaminergic systems
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Western blotting analysis
	2.2 | Animals and tissue preparation
	2.3 | Immunohistochemistry
	2.4 | Controls and specificity of the antibodies
	2.5 | Evaluation and presentation of the results

	3 | RESULTS
	3.1 | Neuroanatomical distribution
	3.1.1 | Forebrain
	3.1.2 | Brainstem
	3.1.3 | Spinal cord


	4 | DISCUSSION
	4.1 | Forebrain
	4.2 | Brainstem
	4.3 | Spinal cord

	5 | CONCLUDING REMARKS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES


