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1 | INTRODUCTION

The neuronal protein p17/RC3/neurogranin was initially purified and
sequenced from bovine brain extracts (p17; Baudier et al., 1989, 1991)
and, almost in parallel, identified based on the analysis of cDNA clones
that showed differential expression between rat forebrain and cere-
bellum (RC3; Watson et al., 1990). Shortly after, Deloulme et al. (1991)
showed that p17 and RC3 were the same protein, named neurogranin
(Nrgn). This 78 amino acids peptide contains a consensus IQ-motif that
has at least a binding domain for calmodulin (CaM) (Baudier et al., 1989,
1991; Deloulme et al., 1991; Prichard et al., 1999) and a serine site
for protein kinase C (PKC) phosphorylation (Baudier et al., 1991). The
distribution of neurogranin in the rodent forebrain has been shown
based on in situ hybridization and immunohistochemistry, in partic-
ular, in neurons of the cortex and hippocampus, striatum, amygdala,
subthalamus, and hypothalamus, with high expression in postsynaptic
structures (dendrites, somas) (Represa et al., 1990; Watson et al., 1990,
1992). Various studies have revealed that nonphosphorylated neuro-
granin appears to regulate neuronal activity via postsynaptic binding to
the Ca2* free form of CaM, modulating phosphorylation of proteins by
CaZ*/CaM-dependent PKCs and resulting in synaptic plasticity (Diez-
Guerra, 2010; Slemmon et al., 2000; Zhong & Gerges, 2012). A well-
characterized effect is long-term potentiation (LTP) induction, which
requires the activation of NMDA receptors and an increase in the CaZ*+
concentration within dendritic spines (Zhong & Gerges, 2012). Neuro-
granin appears involved in higher neural processing such as learning,
adaptation and memory formation (Zhong et al., 2015). Several studies
also suggested a potential relation of neurogranin with neurodegener-
ative processes (see Xiang et al., 2020).

Zebrafish (Danio rerio) is a major model vertebrate for studies of
developmental biology, including brain development, pharmacology,
and neurobiology (Barros et al., 2008; Cassar et al., 2020; Eisen, 1991;
Fulwiler & Gilbert, 1991; Schmidt et al., 2013). Adult zebrafish is also
an important model for adult neuroanatomy, including a number of
cytoarchitectonic and neurochemical studies (Barreiro-Iglesias et al.,
2013; Castro et al., 2006a, 2006b, 2009; Kaslin & Panula, 2001; Kim
et al., 2004; Mathieu et al., 2002; Mueller & Guo, 2009; Mueller et al.,
2004; Wullimann et al., 1996; K. Yamamoto et al., 2010, Yamamoto
etal.,2011) as well as hodological studies (Folgueira et al., 2020; Rink &
Waullimann, 2004; Turner et al.,, 2016; Yanez et al., 2017, 2018, 2021).
Whereas the expression of different neurotransmitters (e.g., serotonin,
dopamine, histamine, GABA, glycine), neurotransmitter-synthesizing
enzymes (e.g., GAD, TH1, TH2, ChAT), and neuropeptides (e.g., GHRH,

as in cerebrospinal fluid-contacting cells associated with the hypothalamic recesses,
which exhibited high neurogranin-like immunoreactivity. Together, these results reveal
important differences with the patterns reported in mammals, suggesting divergent
evolution from the common ancestor.

Danio rerio, neurogranin, protein kinase C, RC3, teleost, zebrafish

NPY) were the subject of various studies, regulatory proteins such
as neurogranin have not been studied in the adult zebrafish brain.
Thus, here we analyze in silico the sequences of the three neurogranin
peptides predicted in zebrafish and compare them with those of other
vertebrates. Western blot analysis, using a commercial neurogranin
antiserum, confirms the presence of three “neurogranin-like” (Nrgn-
like) peptides in zebrafish brain extracts, likely to be the products from
paralog genes nrgna and nrgnb (Gémez et al., 2012; Wong et al., 2009;
Zada et al., 2014). By immunohistochemical methods with the same
antiserum, we describe the distribution of Nrgn-like immunoreactivity
in the adult brain, olfactory organ, retina, and taste buds, showing that
the expression is cell-type specific. Our results reveal some important
differences between the distribution patterns reported in zebrafish
and mammals, suggesting divergent evolution of the neurogranin sys-
tems of ray-finned fishes and land vertebrates from the last common

ancestor.

2 | MATERIAL AND METHODS

2.1 | Animals

Wild-type zebrafish adults (Danio rerio) were kept in standard con-
ditions (Alestrém et al., 2020) at 28.0 + 1.0°C and 14 h light/10 h
dark periods. Fish were fed a mixture of dry flakes and Artemia sp.
twice a day. All procedures were carried out following the Spanish
Royal Decree 53/2013 and the European Union Directive 2010/63/EU
regarding the protection of animals used for scientific research pur-

poses.

2.2 | Neurogranin sequence analysis

Protein sequences for reedfish (bichir; Erpetoichthys calabaricus),
zebrafish (D. rerio), Atlantic salmon (Salmo salar), spotted green puffer-
fish (Tetraodon nigroviridis), coelacanth (Latimeria chalumnae), xeno-
pus (Xenopus tropicalis), green anole (Anolis carolinensis), easter brown
snake (Pseudonaja textilis), zebrafinch (Taeniopygia guttata), platypus
(Ornithorhynchus anatinus), rat (Rattus norvegicus) and human (Homo
sapiens) neurogranins were obtained from Uniprot (www.uniprot.org)
or Ensembl (https://www.ensembl.org/index.html) (Table 1). Protein
sequences were aligned using NCBI Blastp (NIH; https://blast.ncbi.nlm.
nih.gov/Blast.cgi) with the simplest adjustment (“composition-based
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TABLE 1 Protein sequence identifiers for neurogranin in several vertebrates

Species
Reedfish (Erpetoichthys calabricus)

Zebrafish (Danio rerio)

Atlantic salmon (Salmo salar)

Spotted green pufferfish (Tetraodon nigroviridis)
Coelacanth (Latimeria chalumnae)

Xenopus (Xenopus tropicalis)

Green anole (Anolis carolinensis)

Easter brown snake (Pseudonaja textilis)
Zebrafinch (Taeniopygia guttata)

Platypus (Ornithorhynchus anatinus)

Rat (Rattus norvegicus)

Human (Homo sapiens)
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Sequence identifier Length (aa)
Ensembl-ENSECRT00000017376.1 74
UniProtKB-F6NQC4 (F6NQC4_DANRE) 60
UniprotkKB-F8W4I3 (F8W413_DANRE) 68
UniProtKB-B7TWQ3 (B7TWQ3_DANRE) 92
UniProtKB-A1L278 (A1L278_DANRE) 188
UniProtKB-B5XEB8 (BSXEB8_SALSA) 94
UniProtKB-H3BZWS5 (H3BZW5_TETNG 84
UniProtKB - H3ACE7 (H3ACE7_LATCH) 75
Ensembl-ENSXETG00000028009 495
Ensembl-ENSACAG00000025439 62
Ensembl-ENSPTXP00000015095 71
Ensembl-ENSTGUPO0000034709 124
Ensembl-ENSOANP00000054267 73
UniProtKB-Q04940 (NEUG_RAT) 78
UniProtKB - Q92686 (NEUG_HUMAN) 78

Neurogranin sequence identifiers and lengths (number of amino acids: aa) were taken from UniProt and Emsembl databases.

statistics”; Schaffer et al., 2001). Fully conserved amino acids (aa) were
marked with an asterisk (*), groups of strongly similar properties with a
colon (:), and weakly similar properties with periods (.). The IQ domain
(20 aa; AAAAKIQASFRGHMARKKIK) was annotated manually follow-
ing the sequence described by Prichard et al. (1999).

2.3 | Western blot assay

Brains (80 mg) and spleens (10 mg) of five adult zebrafish were mechan-
ically homogenized separately in lysis buffer solution (pH 7.6) contain-
ing 50 mM Tris, 5 mM EDTA, 5 mM 2-mercaptoethanol, 150 mM NaCl,
and a complete protease inhibitor (Thermo Scientific™, PI88266). The
homogenized tissues were then centrifuged at 4°C (12,000 rpm; 5 min).
Proteins and peptides in the supernatant were centrifuged again for
40 min in the same conditions. Finally, supernatant of this fraction was
collected, and total protein concentrations were determined using the
Protein Assay Dye Reagent Concentrate (Bio-Rad, #5000006). Super-
natants were aliquoted and stored at —20°C until further used.

After defrosting the aliquots, proteins and peptides were denatured
for 5 min at 90°C and separated by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE). For this, 10-20 ug of pro-
tein in 4x sample buffer (Sigma-Aldrich, G2526) was applied to each
lane of a 16% polyacrylamide gel. A standard molecular weight marker
(Spectra Multicolor Broad Range Protein Ladder 10-260 kDa; Ther-
moFisher Scientific, Product #SM26634) was also included in an addi-
tional lane. A constant electric current of 100 V was then applied
to the gel for 2 h (Mini-Protean Il PAGE system, Bio-Rad, Richond,
CA, USA). Homogenates of Wistar rat (R. norvegicus) and gray mullet
(Chelon labrosus) brains, prepared for previous studies (Lamas et al.,
2007), were subjected to identical protocol. Separated proteins and

peptides were then electroblotted onto a nitrocellulose membrane
(0.2 um pore size; Bio-Rad 162-0146, #G5961143) at 100 V for
1h.

For immunoblotting, nonspecific binding sites were blocked by
incubation in 5% milk powder in 0.01 M saline phosphate buffer (PBS;
0.14 M NaCl, pH 7.4) with 0.2% Tween-20 (PBS-MT) overnight at 4°C.
Then, membranes were incubated with anti-Nrgn antiserum (Rab-
bit Anti-Neurogranin Polyclonal Antibody, Chemicon, AB5620, Lot
#3091673) in PBS-MT (1:1000 dilution) overnight at 4°C. According
to the supplier, this antibody was generated in rabbits against the
complete sequence of recombinant rat neurogranin. Next, membranes
were washed three times (10 min each) in PBS-MT and then incubated
for 1.5 h at room temperature with goat-anti-rabbit IgG antibody
conjugated to horseradish peroxidase (Sigma Aldrich, A9169, Lot
#023M4757, 1:800 dilution) in PBS-MT. After three rinses in PBS-MT,
antibody bindings were visualized by incubation in diaminobenzidine
(Sigma-Aldrich, 077K36641) with 0.001 % hydrogen peroxide in PBS
for 5-10 min at room temperature, intensified with 0.03 % cobalt

chloride.

2.4 | Immunohistochemistry

For immunohistochemical assays, nine adult zebrafish were euthanized
in 0.1% ethyl 3-aminobenzoate methanesulfonate (MS-222) and next
perfused with 4% paraformaldehyde (PFA) in PBS. After perfusion,
brains, retinas, olfactory organs, and one oral barbel were dissected
out and postfixed overnight in the same fixative at room temperature.
Then, samples were rinsed in PBS and kept at 4°C until use.

For immunocytochemistry in cryosections, brains and retinas were
cryoprotected in 30% sucrose in phosphate buffer (PB; 0.1 M pH 7.4)
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overnight at 4°C. Then, brains, olfactory organs, and retinas were
embedded in Tissue-TEK OCT medium (Sakura Finetek, Torrance, CA,
USA) and frozen by immersion in liquid nitrogen-cooled methyl butane.
Blocks were stored at —20°C until sectioning in a cryostat (transverse
sections; 12 um thick). In order to perform the immunostaining, sec-
tions were first incubated in 0.2% sodium borohydride in PBS (30 min).
Nonspecific binding sites were blocked by incubating sections in 10%
normal goat serum (Sigma Aldrich, G6767-19B409) in 0.5% Triton-X-
100 in 0.1 M PBS (PBST; pH 7.4) for 1 h. Sections were then incu-
bated overnight at 4°C with the neurogranin antiserum (Rabbit Anti-
Neurogranin Polyclonal Antibody, Chemicon, AB5620, Lot#3091673,
1:500-1:750 dilution). For immunofluorescence, samples were incu-
bated with Alexa Fluor 488-coupled goat anti-rabbit 1gG antibody
(Sigma Aldrich, A11008, 1:500 dilution) for 1 h at room temperature.
Slides were mounted using 50% glycerol in PB.

For immunofluorescence in vibratome sections, fixed brains and
retinas were embedded in 3% agarose and sectioned using a vibratome
(Vibroslice, Campden Instruments, UK; 50-60 um thick). Then, trans-
verse sections were transferred to small Eppendorf tubes and stored
overnight in 100% methanol at —20°C. Sections were rehydrated,
washed three times (5 min each) in PBST, permeabilized with pro-
teinase K in PBS (20 min; Sigma Aldrich, P2308), and then postfixed
with 4% PFA (20 min). After three washes in PBST (10 min each), sec-
tions were incubated with 10% normal goat serum (Sigma Aldrich,
G6767-19B409) in PBST for 1 h. Then, sections were incubated with
the primary antibody solution (Rabbit Anti-Neurogranin Polyclonal
Antibody; Chemicon, AB5620, Lot#3091673, 1:500 dilution) for 3
days at 4°C. After, sections were washed four times (30 min each)
and incubated with Alexa Fluor 488-coupled goat anti-rabbit antibody
(Sigma Aldrich, A11008, 1:500 dilution) overnight at 4°C. Sections
were washed in PBST (30 min) and mounted on gelatinized slides with
50% glycerol in PB for imaging. The oral barbel of an adult zebrafish and
the trunk of two specimens of 5 days old were also processed in toto in
a similar way as the vibratome sections.

As complementary material, paraffin sections of two additional
adult zebrafish were also used for double immunolabeling against neu-
rogranin and zebrin Il monoclonal antibody (hybridoma supernatant
from Prof. Hawkes, dilution 1:100; see also Lannoo et al., 1991a,
1991b).

Sections of adult zebrafish brains and retinas were analyzed with
an Epifluorescence microscope (Nikon Eclipse 90i) coupled to Olym-
pus DP71 digital camera. The maxillary barbel was also imaged using
a laser scanning confocal microscope Nikon A1R equipped with Nikon
Plan Fluor 20x (0.50 NA) objective lens.

3 | RESULTS

3.1 | Comparative sequence analysis of the
neurogranin polypeptide

Zebrafish have two neurogranin paralog genes: nrgna (ZFIN ID: ZDB-
GENE-090710-4; Zada et al., 2014) and nrgnb (ZFIN ID: ZDB-GENE-

(2)
Tetraodon .
Nrgna-92  Nrgnb-188 ) .. Salmo salar Rattus norvegicus
nigroviridis
Nrgna-60 100 % 82.14% 8333 % 83.02% 66.67 %
Nrgna-92 - 82.14% 8333% 83.02% 68.09 %
Nrgnb-188 - - 8197 % 8191% 80.65 %
(b) 1Q domain
Erpetoichthys calabricus MDCSSEDCNKQQD- EEVLDIPLDDPEANKAAAKIQA [S] FRGHMTRKKIKS 48
Danio rerio (Nrgn-60 aa) ~MDCRNEGC 104(6 a8
Danio rerio (Nrgn-92 aa) ~ SNFTKLSSPTAMDCRNEGC 1046 80
Danio rerio (Nrgn-188 aa) ----------- MDCHIEEC! 1IQA|G 49
Salmo salar HIEEC 108[6 kP a9
Tetraodon nigroviridis ~ --------~--I -MDCHNEDC: IQA|G 49
Latimeria chalumnae ~ ---------- RCRNKEETCTKLD- -KDILDIPLDDPDANAAAAKTQA | N [ FRGHMTRKKIKE a8
Xenopus tropicalis VLEHEDRSNL EEALDIPL 104|6 a72
Anolis carolinensis  ~---—---| MDCCNEGACTKLD- - EDILDIPLDDPDANAAAAKIQA| S | FRGHMTRKKIKG a8
Pseudonaja textilis ~ ------------ IFCCNSCTKLD- -EDILDIPLDDPDANAAAAKTQA| S | FRGHMTRKKIKG 46
iopygia guttata TKLD--EDILDIPL 10A(s K6 99
Ornithorhynchus anatinus - ESACSKPD- -DDILDIPLI 10A[s IK a3
Rattus norvegicus - - - ~MDCCTESACSKPD- -DDILDIPLDDPGANAAAAKTQA | S | FRGHMARKKTKS a8
Homo sapiens - - -MDCCTENACSKPD - -DDILDIPLDDPGANAAAAKTQA | | FRGHMARKKIKS a8

FIGURE 1 (a)Results of NCBI Blastp showing amino acid identity
(%) of full-length sequences of neurogranin from rat (R. norvegicus),
spotted green pufferfish (T. nigroviridis), Atlantic salmon (S. salar), and
zebrafish (D. rerio) variants a (derived from nrgna > Nrgna-60 and
Nrgna-92) and variant b (nrgnb > Nrgnb-188). (b) Alignment of
neurogranin sequences containing IQ domain between organisms.
Right column indicates the position of the last amino acid shown in the
selected portion of the whole sequence. Twenty-five amino acids were
fully conserved (*), six amino acids were strongly similar (:) and only
two amino acids were weakly similar (.). IQ domain is highly conserved
in all sequences [16 (*), 2 (), and 1 (.)]. Serine (S) located in position 36
(outlined box) in basal actinopterigyans (E. calabaricus), reptiles, birds,
and mammals, is substituted by glycine (G) in teleosts and X. tropicalis,
and by asparagine (N) in sarcopterygii (L. chalumnae)

070112-1912; spal7 in Gémez et al., 2012; “neurogranin-similar”
in Wong et al., 2009) located in chromosomes 5 and 15, respec-
tively. From these two genes, four peptides of different lengths
have been predicted based on evidence at a transcript or sequence
level: (a) from nrgna, three isoforms of 60 aa (sequence identi-
fier: UniProtKB-F6NQC4), 68 aa (UniprotKB-F8W4I3), and 92 aa
(UniProtkB-B7TWQ3); (b) from nrgnb, a peptide of 188 aa (UniProtKB-
A1L278). The transcript for the 68 aa peptide seems to be susceptible
to “nonsense-mediated decay” (see Emsembl), so it is not likely to be
translated (Karousis & Miihlemann, 2019). Thus, the two neurogranin
genes in zebrafish seem to translate into three peptides, referred to
here onwards as Nrgna-60, Nrgna-92, and Nrgnb-188.

The alignment of the deduced zebrafish neurogranin sequences
(Nrgna-60, Nrgna-92, and Nrgnb-188) with homolog sequences in
other species is shown in Figure 1. Overall, zebrafish neurogranin
sequences show a high degree of conservation (Figure 1a), with Nrgnb-
188 having the highest identity with the rat. Manual annotation
showed that all zebrafish predicted peptides contain an IQ domain with
over 80% amino acid identity (Figure 1b).

We compared the 1Q domain of zebrafish with that of other species
of actinopterygians (Erpetoichthys calabricus, S. salar, and T. nigroviridis),
sarcopterygians (L. chalumnae), amphibian (X. tropicalis), reptiles (A. car-
olinensis and P. textilis), bird (T. guttata), and mammals (O. anatinus,
R. norvegicus, and H. sapiens). This showed differences in position 36,
which is phosphorylated by PKC in mammals (Baudier et al., 1991;
Diez-Guerra, 2010; Dominguez-Gonzalez et al., 2007; Gerendasy &
Sutcliffe, 1997; Huang et al., 1993; Koob et al., 2014; Yang et al., 2015).
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FIGURE 2 Western blot results for the different protein
homogenates employed from zebrafish (ZF and S), Wistar rat (Rat) and
gray mullet (Mu). Two zebrafish brain extracts (ZF1 and ZF3) show
three Nrgn-ir bands of about 13, 20 and 37 kDa. Note the absence of
the 37-kDa band in the zebrafish brain extract lacking the
telencephalic lobes (ZF2). In zebrafish spleen homogenate (S), no
Nrgn-ir bands were observed. Immunoblotting with
anti-Nrgn-antiserum was also analyzed in parallel in brain extracts of
Wistar rat (R. norvegicus) and gray mullet (Mu; C. labrosus)

A glycine (G) is present in this position in teleosts and Xenopus, while
an asparagine (N) is present in Latimeria and a serine (S) in cladistians
(basal actinopterygians), reptiles, birds, and mammals (Figure 1b).

3.2 | Western blot analysis

We investigated the specificity of the neurogranin primary antibody
used in this study by western blot analysis with brain homogenates of
adult zebrafish, rat and gray mullet (Figure 2). In addition, zebrafish
spleen homogenates were also used (Figure 2). In the rat lane (Ra),
we observed a band of around 14 kDa that matches results from pre-
vious studies (Baudier et al., 1989, 1991; Represa et al., 1990; Wat-
son et al.,, 1990, 1992). In the case of the zebrafish brain, our results
revealed three different bands of approximately 13, 20 and 37 kDa
in two homogenates (ZF1 and ZF3). Based on their predicted molecu-
lar mass and neurogranin behavior in SDS-PAGE (Baudier et al., 1989,
1991, Coggins et al., 1993; Deloulme et al., 1991; Diez-Guerra, 2010;
Tejero-Diez et al., 1999), these three bands seem to correspond to the
three polypeptides of 60 aa, 92 aa, and 188 aa predicted for zebrafish.
One brain homogenate (ZF2), which did not contain the telencephalon,
did not reveal the 37-kDa band. In zebrafish spleen homogenate (S), we
did not observe any labeled band. Similar to zebrafish, we also observed
three bands of about 12, 19, and 39 kDa in the gray mullet protein
extract (Mu) (Figure 2). Our results indicate that the primary antibody
used here, raised against rat neurogranin, cross-reacts with zebrafish,

and gray mullet neurogranin or “Nrgn-like” proteins.
3.3 | Neurogranin expression in the brain and
Sensory organs

In the adult zebrafish, the presence of Nrgn-like immunoreactivity was

studied in an entire oral barbel and sections of the olfactory organ,

THE JOURNAL OF COMPARATIVE NEUROLOGY

FIGURE 3 (a-d) Nrgn-like distribution in the surface of a barbel
(a), skin (b), the olfactory organ (c) and the retina (e, f). (a) Nrgn-like
immunoreactivity in the apical region of sensory cells in taste buds
(arrowheads); detailed in the inset. (b) Transverse section of two
Nrgn-like immunoreactive taste buds (arrowheads) at the dorsal
surface of the head. Arrow points to apical microvilli. (c) Transverse
section of the olfactory rosette showing Nrgn-like-ir in cell bodies
(arrowheads) and apical dendrites (arrows) of olfactory receptor cells.
Note the very low immunoreactivity in the olfactory axon bundles
(open arrows). (d) Detail of a supraorbital canal neuromast showing
weak Nrgn-like immunoreaction in hair cells (arrowheads). (e) Vertical
section of the retina showing Nrgn-like-ir cell bodies (arrowhead),
puncta (black arrows) and comma-like structures (white arrows). (f)
Oblique section through the retina showing Nrgn-like-ir cell bodies in
the INL (arrowheads) and details of the Nrgn-like-ir puncta arranged in
aring pattern around the base of the inner segment of photoreceptors
(black arrows). For abbreviations, see the list. Scale bars: 100 um (a-c),
50 um (b,d), 25 um (e-f), and 10 um (inset in a)

retina and brain. We observed immunoreactivity mainly located in the
cytosol of cell bodies, sometimes extending along thick dendrites, but
also in fiber bundles and axon terminals (Figures 3-8). In the brain,
all positive cells were putatively identified as neurons, whereas the
ependymoglia (the most abundant and easily identifiable macroglial
cell type in zebrafish and other teleosts) was always Nrgn-like neg-
ative. Since no experiment with double labeling of neurogranin with
oligodendrocyte markers was performed, we cannot rule out the

possibility that some cells were oligodendrocytes, although positive
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(a-p) Schematic drawings of transverse sections of the zebrafish brain from rostral (a) to caudal (p) showing on the left the

Nrgn-like-ir cell bodies (big dots), neuronal processes and tracts (thin lines and small dots), while on the right the annotations of different nuclei
and tracts. The levels of the sections are indicated by lines in the lateral diagram of the brain on the left. For abbreviations, see the list. Scale bar for

sections: 200 um (a-p)

cells were lacking in the major white matter tracts where oligodendro-
cytes typically abound in teleosts (Diaz-Regueira & Anadon, 1998). In
one specimen, grainy fluorescence was observed in some endothelial

cells (not shown).

3.3.1 | Chemosensory organs

Nrgn-like immunoreactive (-ir) cell bodies were observed in taste buds
of the oral barbel and in the olfactory organ of the adult zebrafish. Taste
buds in zebrafish are distributed in the mouth and oropharyngeal cavi-
ties and the skin of the head, lips, oral barbels, and other regions of the
body (Hansen et al., 2002). Of all these, we analyzed only the maxil-
lary barbels present in a sexually mature fish. We observed Nrgn-like
immunoreactivity in apical dendrites of some taste cells (6-10 cells in
each taste bud) (Figure 3a,b).

In the olfactory organ, goblet cells located peripherally in the
non sensory epithelium of the olfactory lamellae appeared intensely
immunolabeled. In the sensory epithelium, weak Nrgn-like immunore-
activity was observed in bipolar cell bodies located at basal and inter-
mediate levels, and in some apical dendrites. In addition, very low
immunoreactivity was observed in axon bundles of the olfactory nerve

coursing under the epithelium (Figure 3c).

3.3.2 | Mechanosensory organs

Although a search was made only along the head of the adult zebrafish,
Nrgn-like-ir cells were observed in hair cells of cranial canal neuro-
mast (Figure 3d). No Nrgn-like immunoreactive superficial neuromasts
of the lateral line could be confirmed in the 5-day-old larvae analyzed

in toto.
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(a-i) Photomicrographs of transverse sections of the olfactory bulb (a-d), telencephalic lobes (e-h) and preoptic area (i) of the

zebrafish brain showing Nrgn-like-ir cell bodies (arrowheads) and fibers (arrows). Medial is to the right. (a) General view of a vibratome section of
the olfactory bulb showing Nrgn-like-ir fibers in the glomerular layer. (b) Detail of an olfactory glomerulus showing Nrgn-like-ir fibers. (c) Detail of
a cryostat section showing Nrgn-like-ir cell bodies in the glomerular layer. (d) Detail of Nrgn-like-ir granule cells. (€) General view of a telencephalic
lobe at the rostral level. (f) Vibratome section of a telencephalic lobe at precommissural level. (g) Detail of a vibratome section showing Nrgn-like-ir
cell bodies. Note the absence of labeled cell bodies in the DIv and Dc. (h) Vibratome section through the subpallium showing positive cell bodies in
Vd and V. (i) Detail of positive cell bodies in the anterior parvocellular preoptic region (Ppa). Asterisk, ventricle. For abbreviations, see the list.

Scale bars: 200 um (e-f), 100 um (a, g-h), 50 um (b,c, i), and 20 um (d)

3.3.3 | Retina

In the adult retina, Nrgn-like-ir cells were identified as bipolar,
amacrine and ganglion cells (Figure 3e). In these cells, Nrgn-like
immunoreactivity seems to be located in the cytosol, labeling the whole
cell. Nrgn-like-ir bipolar cells showed a characteristic morphology: a
fusiform cell body extending a thick apical dendrite that branches in
the outer plexiform layer and a thin axon that branches in the inner
plexiform layer (IPL) (Connaughton et al., 2004). By their morphology,
most of these cells probably correspond to rod bipolar cells. Cells iden-
tified as amacrine neurons showed weakly labeled round cell bodies
located in the proximal tier of the inner nuclear layer (INL). A number
of ganglion cell somas were faintly labeled in the ganglion cell layer,
although no immunoreaction could be observed in the optic fiber layer.

At the level of the outer limiting membrane, we observed aggregates

of 7-12 brightly fluorescent puncta that are arranged in a round pat-
tern, located at the base of the myoid of the inner segment of the
short-single ultraviolet-wavelength sensitive cones (UV cones) of the
adult retina (see Robinson et al., 1993; Salbreux et al., 2012; Takechi
et al., 2003). Furthermore, barrels of comma-like structures were also
labeled associated with the base of the inner segment of long outer
cones (Figure 3f).

3.34 | Brain

Telencephalon, preoptic area, and hypothalamus (secondary
prosencephalon)

In the olfactory bulbs, Nrgn-like immunoreactivity was observed

mostly in olfactory fibers located in the dorsal and ventrolateral
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FIGURE 6

(a-f) Vibratome (a-c, e-f) and cryostat (d) cross sections of the zebrafish brain through the hypothalamus (a,b) and diencephalon

(c-f), showing Nrgn-like-ir labeled cell bodies (arrowheads) and processes (arrows). Medial is to the right. (a) Section through the rostral
hypothalamic region showing lightly labeled Nrgn-like-ir cell bodies in the NAT. (b) Detail of the lateral inferior lobe showing immunopositive cells
in the torus lateralis (TLa), diffuse nucleus (DiL) and around the lateral recess (LR). (c) Detail of Nrgn-like-ir immunoreaction in the posterior lobe.
(d) Section showing immunoreactive cell bodies in the nucleus rostrolateralis (RL). (e) Section through the thalamus. (f) Detail of the pretectal area.
Asterisk, ventricle. For abbreviations, see the list. Scale bars: 100 um (b,c, e-f), 50 um (a,d)

glomeruli (Figures 4a and 5a,b). In some cryostat sections, some Nrgn-
like-ir round cell bodies were also seen at the margin of the olfactory
bulb among the immunoreactive processes (Figure 5c). Occasionally,
larger positive somas were also observed within the glomerular layer.
Also in cryostat sections, cytoplasmic Nrgn-like immunoreaction was
observed in a number of small cells of the granular layer (Figures 4a
and 5d).

In the pallium (dorsal telencephalic area, D) (Figures 4b,c and 5e-h),
Nrgn-like-ir cell bodies were mostly observed in the periventricular
region, but also sparsely distributed in deeper areas of the dorsal (Dd)
and lateral (DI) zones and, but not exclusively, in the ventral area of the
medial zone (Dm). In cryostat sections, no positive cells were observed
in the posterior zone of D (Dp), although it was traversed by Nrgn-like-
ir bundles of the lateral telencephalic tract. In addition, at the level of
the anterior commissure, Nrgn-like positive cell bodies and fibers were
also observed in the central zone of D (Dc). Note that these zebrafish
pallial zones correspond to those described in Yafez et al. (2021).

In the subpallium (ventral telencephalic area, V) (Figures 4b,c
and 5f-h), some Nrgn-like-ir perikarya were observed in the dorsal
(Vd) and central (Vc) nuclei, as well as a few faintly labeled cells dor-

sally in the ventral nucleus (Vv). At precommissural levels, Nrgn-like-ir

fiber bundles mainly originating from Dd converge in the lateral telen-
cephalic tract, which courses along the lateral margin of subpallium. In
the same region, a few Nrgn-like-ir cells were observed in the lateral
nucleus of V (VI). At commissural levels, Nrgn-like-ir fibers of the lateral
forebrain bundle decussate at the anterior commissure (ca) (Figure 4c).

In the preoptic area, Nrgn-like immunoreactivity was seen in many
cells located periventricularly in the anterior part of the parvocellu-
lar preoptic nucleus (Ppa) and also deeper in some larger neurons that
send their processes laterally (Figures 4c and 5i). Occasional Nrgn-like-
ir cells were also observed in the magnocellular preoptic nucleus (Ppm).
A few Nrgn-like-ir cells could be also observed in the suprachiasmatic
nucleus (Figure 4d).

In the hypothalamus, abundant Nrgn-like-ir cell bodies displaying
cerebrospinal fluid-contacting (CSF-c) morphology were observed in
the paraventricular organ (Pvo) and posterior recess organ (Figures 4f,g
and 6c). Moreover, a dense mat of Nrgn-positive fibers is closely asso-
ciated with these organs, probably formed by the axons of these cells.
Nrgn-like-ir cells were also observed in the anterior tuberal nucleus
(NAT) and the ventral (Hv) and dorsal (Hd) nuclei of the periventricular
hypothalamus (Figures 4e,f and 5a,c). Scattered Nrgn-like-ir cell bod-

ies could also be observed mainly in the torus lateralis (TLa), and the
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FIGURE 7

(a-c) Photomicrographs of transverse sections through the mesencephalon of the zebrafish showing Nrgn-like-ir immunoreaction

in cell bodies (arrowheads) and processes (arrows). (a) Cross section through the OT showing immunoreactive cell bodies (arrowheads). Note the
SMis crowded with immunoreactive dendritic branches. (b) Transverse vibratome section through the mesencephalic tegmentum. The midline is
to the right. (c) Detail of Nrgn-like-ir axonal endings (arrows) in the NLV. For abbreviations, see the list. Scale bars: 200 um (b), 50 um (a), 20 um (c)

diffuse (DiL) and central (CiL) nuclei of the hypothalamic inferior lobes
(Figures 4e-i and 6a-c). A few positive cell bodies were seen in the
region of the tertiary gustatory nucleus (TGN) proper sense of Yanez
etal. (2017) (Figures 4 g and 6b) (see the Discussion).

Diencephalon
In the dorsal (alar) region of the diencephalon, some Nrgn-like-ir fibers
and a few periventricular cell bodies were located in the prethalamus
(Pth; formerly ventral thalamus) (Figures 4d-f and 6d,e). The nucleus
rostrolateralis (RL), considered epithalamic by Saidel (2013), showed
many Nrgn-like-ir cell bodies and fibers (Figures 4d and 6d). In the epi-
thalamus, many positive cell bodies were observed along the pineal
tract and in the parapineal organ (not shown). In the habenulae (Hb),
a few faintly Nrgn-like-ir cell bodies were scattered in the ventral
nucleus (Figure 4d.e). In the thalamus (Th; formerly dorsal thalamus),
Nrgn-like-ir cells were located in the anterior (A) and dorsal poste-
rior thalamic nuclei (Figures 4d-f and 6d-f). In the pretectal area, the
parvocellular superficial pretectal nucleus (PSp) showed a number of
Nrgn-like-ir fibers, whereas the accessory pretectal nucleus (APN) and
magnocellular superficial (PSm) pretectal nuclei showed some Nrgn-
like-ir cell bodies. The posterior pretectal nucleus (PO) showed both
Nrgn-like-ir cell bodies and fibers (Figures 4d-f and 6f).

In the ventral (basal) diencephalic region, some Nrgn-like-ir cell bod-
ies were observed in the ventral part of the periventricular nucleus
of the posterior tubercle (TPp), the medial preglomerular nucleus

(PGm), and a few periventricular Nrgn-like-ir cell bodies in the poste-

rior tuberal nucleus (Figures 4e-h and éb,c). In addition, both the lat-
eral (Ifb) and the medial (mfb) forebrain bundles showed Nrgn-like-ir
fibers (Figures 4c-f, 5e,f, and ée,f). Caudally, a few cell bodies were
faintly immunostained in the nucleus of the medial longitudinal fascicle
(Figure 4h).

Mesencephalon

In the alar region of the mesencephalon, numerous Nrgn-like-ir cell
bodies were observed in the optic tectum (OT), and in lesser propor-
tion in the torus semicircularis (TS) (Figures 4e-j and 7a,b). In the
OT, many round or piriform cell bodies were found in the stratum
periventriculare (SPV), which appeared organized in two separated
depths (Figure 7a): (1) one periventricular band of four to six rows of
pale Nrgn-like-ir cell bodies and (2) another apical thinner band of one
to three rows of more intensely stained cell bodies next to the stratum
album centrale (SAC). Most neurons of the latter band showed a long
apical radial dendrite and likely correspond to type XIV cells of Meek
and Schellart (1978). In addition, some Nrgn-like-ir cell bodies were
observed in the stratum fibrosum griseum superficiale (SFGS), a few in
the stratum griseum centrale (SGC), and occasionally in the SAC. The
cell bodies of the SGC and SFGS are round or fusiform, with a thick
apical dendrite branching profusely in the stratum marginale (SM).
Thus, these cells appear to correspond with pyramidal cells (Laufer
& Vanegas, 1974; Vanegas et al., 1974) or type | cells of Meek and
Schellart (1978). Nrgn-like-ir fibers were distributed in the stratum
opticum, in the SFGS, and three sublaminae in the SGC (Figure 7a). No



RESEAR

1578 svsrm?:qyu‘nnasclzuc[ ALBA-GONZALEZ ET AL.
AR WILEY

THE JOURNAL OF COMPARATIVE NEUROLOGY

FIGURE 8 (a-m)Photomicrographs of transverse sections of the zebrafish rhombencephalon showing Nrgn-like-ir cell bodies (arrowheads)
and processes (arrows). Medial is to the right except in (d). (a,b) Nrgn-like-ir in Purkinje cells in the medial division of the valvula (a, b) and corpus (b)
of the cerebellum. Only in the cerebellar valvula (Vcb) the apical dendrites of these cells (arrows) can be well observed. (c) Detail of the NI and the
secondary gustatory-visceral nucleus (SGVN) showing intensely and lightly labeled immunoreactive cell bodies, respectively. (d) Detail of the
interpeduncular nucleus (Ip). (e) Nrgn-like-ir neurons in the sensory nucleus of the trigeminal nerve (STN) and dorsal to the sensory root entrance
of the trigeminal nerve (nV). (f) General view of a cryostat section at the level of the octaval nerve (VIII) entrance. Note the high amount of
Nrgn-like-ir dendrites in the CC and the Nrgn-like-ir in two fiber bundles, the secondary gustatory tract (sgt) and the bundle at the ventrolateral
margin of the tegmentum (thick arrow). (g) Vibratome cross section showing a detail of the Nrgn-like-ir cells of the MON. (h) Vibratome section
showing a discrete group of Nrgn-like-ir cells close to the Mauthner cell. (i) Nrgn-like-ir cells (arrowheads) in the caudal octavolateral region and
the viscerosensory lobes (IX, VI1). Note the Nrgn-like-ir dendrites of the CON (arrows) entering the CC. (j) Detail of the vagal lobe showing
Nrgn-like-ir cell bodies mostly at its periphery. (k) Vibratome cross section at the level of the inferior reticular formation showing
immunoreactivity in a large reticular cell and a couple of small cells. Note also the sgt intensely labeled. () Detail of Nrgn-like-ir cell bodies in the 0.
(m) Section at the level of the commissural nucleus of Cajal (nC). Asterisk, ventricle. For abbreviations, see the list. Scale bars: 500 um (f), 200 um (k,
m), 100 um (a,b,e, i,j), 50 um (c,d, g,h),and20 um (I)
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Nrgn-like immunoreactivity was observed in the torus longitudinalis
(TLo), located along the medial border of the OT.

In the TS, most Nrgn-like-ir cell bodies were observed in a periven-
tricular location (Figure 7b). Nrgn-like-ir tracts reach the TS running
between the OT and the tegmentum.

In the basal mesencephalon, Nrgn-like immunoreactivity was
observed mainly in fiber tracts. Light immunoreactivity was also seenin
cell bodies of the oculomotor nucleus (nlll) region (Figures 4i and 7b).
However, no immunoreactivity was seen in the oculomotor nerve root
or the medial longitudinal fascicle. In the precerebellar lateral valvular
nucleus (NLV), thick Nrgn-like-ir fiber endings, at least some of them
showing a cup- or basket-shaped morphology, were observed around
cells of this nucleus (Figures 4h and 7b,c). Based on present results,
part of these fibers may come from the ipsilateral hypothalamic lobe,
as loose bundles of Nrgn-like-ir fibers were observed connecting the
lateral lobes of the hypothalamus and the mesencephalic tegmentum
(Figures 4i and 7b). Moreover, Nrgn-like-ir fibers were observed in the
lateral lemniscus (ll), the torobulbar tracts, the isthmo-pretectal tract
(tip) of Yanez et al. (2017) (see the Discussion), and in the tectobulbaris
rectus (tbr) and cruciatus (tbc) tracts (Figures 4 g and 7b) that course

caudally.

Rhombencephalon

In the cerebellum, very intense Nrgn-like immunoreactivity was
observed in large cell bodies of the medial (Vam) and lateral (Val)
divisions of the cerebellar valvula (Vcb) (Figures 4 g-1, 7b, and 8a-e).
However, only in the medial valvula the characteristic thick dendrites
of Purkinje cells, branching into the molecular layer, were clearly
immunostained (Figures 7h-j and 8a,b). In the cerebellar corpus (Ccb),
fairly numerous large cell bodies also showed Nrgn-like immunoflu-
orescence (Figures 4i-k and 8b). Double immunostaining against the
specific Purkinje cell marker “zebrin 11" (see Bae et al., 2009) and
neurogranin confirmed colocalization of both markers in many cells,
indicating that they were Purkinje cells. In the absence of double
immunostaining experiments with markers for eurydendroid cells,
we cannot rule out the possibility of neurogranin expression in these
cells. In the rostral part of the cerebellar corpus of one specimen, small
cell bodies, sparsely distributed mainly in the molecular and granule
layer, were also lightly immunostained, but the cell type could not be
identified (Figure 8b).

At the rostral rhombencephalic tegmentum, numerous immunore-
active cell bodies were observed dorsally in the nucleus isthmi (NI) and
some zones of the secondary gustatory/visceral nucleus (SGVN), as
well as many fibers crossing the gustatory commissure (cg) (Figures 4]
and 8c). In the ventral midline, the interpeduncular nucleus (Ip) also
showed some immunoreactive cell bodies and a few immunoreactive
fibers mainly in the dorsal neuropil (Figures 4i and 8d). Nrgn-like-ir
cell bodies were also sparsely distributed in the superior reticular
formation, the central gray (gr) and the raphe (r) (Figure 4j). Some
Nrgn-like-ir fibers were seen in the secondary gustatory tract (sgt)
and also crossing the midline through the rhombencephalic ventral
commissure (cven) (Figures 4k and 8e). At this level, Nrgn-like positive

fiber bundles appeared at the margin of the ventromedial and the

THE JOURNAL OF COMPARATIVE NEUROLOGY

ventrolateral tegmentum, likely the tectobulbaris rectus (tbr) and
cruciatus (tbc) tracts (Figure 4i-j).

At the level of entrance of the trigeminal nerve (nV), many Nrgn-like
positive cell bodies were observed in two groups: (1) a group located
just dorsal to the sensory trigeminal nerve root entrance and ventral to
the cerebellar eminentia granularis and (2) another group located near
the ventrolateral border of the fourth ventricle and that likely corre-
sponds with the principal sensory trigeminal nucleus (STN) (Figures 4k
and 8e). Related to a small immunoreactive bundle coursing at the
ventrolateral margin of the tegmentum (apparently continuous with
the torobulbar tract described above), immunopositive fibers appear
to course in the trigeminal area and to the lateral lemniscus (Fig-
ures 4k and 8e). Sparser Nrgn-like-ir fibers innervate the ventromedial
tegmentum and cross in the rhombencephalic ventral commissure
(Figures 4k and 8e).

At the level of the octaval nerve entrance, the medial octavolat-
eral nucleus (MON) showed Nrgn-like-ir crest cells extending thick api-
cal dendrites to the overlying cerebellar crest (CC), which is continu-
ous with the molecular layer of the cerebellum (Figures 4l,m and 8fg).
Basal dendrites of these cells form a dense plexus within the nucleus
among crest cell bodies (Figure 8g). A group of small Nrgn-like-ir cell
bodies was also seen close to the lateral dendrite of the giant Mauth-
ner cell (M) (Figures 4l and 8h). Caudally, some Nrgn-like-ir cell bodies
were observed in the facial (LVII), glossopharyngeal (LIX) and vagal (LX)
lobes, and afew in the commissural nucleus of Cajal (nC) (Figures 4 m-o
and 8i,j). Most of the Nrgn-like-ir neurons of the LX were pear-shaped
cells located in the cortex of the lobe and with conspicuous processes
directed radially to the core region (Figure 8j). Vagal lobes appeared
bilaterally related to positive fibers coursing in the commissural tract
(arcuate fibers) (Figure 4n). Furthermore, compact Nrgn-like-ir fiber
bundles arising from the facial and vagal lobes entered the ipsilat-
eral sgt (Figure 8k). In the caudal rhombencephalon, immunoreactive
cell bodies were observed in tegmental regions, both in the interme-
diate reticular formation and in the inferior olive (10) (Figures 4l-n
and 8i-m). At the transition with the spinal cord, numerous Nrgn-like-
ir cell bodies and fibers were seen in the medial funicular nucleus
(Figures 4o,p and 8m).

4 | DISCUSSION

4.1 | Neurogranin-like peptides in zebrafish

Our western blot results seem to confirm the expression of three
neurogranin peptides in zebrafish, as predicted based on gene and
transcript sequences. SDS-PAGE protein separation and western
blot analysis showed three different bands of approximately 13, 20
and 37 kDa, which likely correspond to the three neurogranin pep-
tides, Nrgna-60, Nrgna-92, and Nrgnb-188, predicted from zebrafish
sequences. Two of these peptides (Nrgna-60 and Nrgna-92) would
be translated from nrgna, while the third larger peptide Nrgnb-188
would be so from nrgnb. The molecular weights for these peptides

deduced from the amino acid sequences are almost half (6.9, 10.6,
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20.9 kDa) of those showed in the SDS-PAGE/western blot, but this
apparent discrepancy has also been shown for rat neurogranin and
neuromodulin (Baudier et al., 1991; Huang et al., 1993; Represa et al.,
1990; Watson et al., 1990). We also ruled out the possibility that the
three bands observed were the result of neurogranin dimerization
and/or oligomerization, as this is prevented by using a reducing agent
(Baudier et al., 1991; Wu et al., 2003). Interestingly, the other teleost
included in the analysis, the gray mullet, also showed three bands of
similar molecular weights to those in zebrafish.

Our protein sequence analysis showed that zebrafish Nrgna-60 and
Nrgna-92 have a higher identity with rat neurogranin than Nrgnb-
188. It has been shown that nrgnb is related to vascular development
and hematopoiesis (Gomez et al., 2012; Wong et al., 2009), being also
referred to as “sperm auto antigen 17” (spal7; Gémez et al., 2012).
However, nrgnb shows much less identity with rat spa17 (UniProtKB
- Q9Z1K2-spal7) than with rat neurogranin (46.15% and 61.54%,
respectively).

Analysis of the 1Q domain among different species (Clayton et al.,
2009; present results) showed a glycine substitution in teleosts,
instead of the serine (Ser) present in cladistia and tetrapods (apart from
Xenopus). The presence of this Ser in the bichir (E. calabaricus), a repre-
sentative of the basal actinopterygii and sister lineage of all other ray-
finned fish, suggests the derived character of the glycine substitution
observed in teleosts. Phosphorylation of neurogranin by PKC has been
shown to occur precisely in this serine located in the IQ domain (Ser36)
in mammals (Gerendasy et al., 1994, 1995). Likely because of the func-
tional role of this serine, it has been conserved in various species of
mammals including prototherians, reptiles and birds (Baudier et al.,
1989, 1991; Clayton et al., 2009; Deloulme et al., 1991; Gerendasy
et al,, 1994; Piosik et al., 1995; Watson et al., 1990; present results).
Mammalian variant proteins in which Ser36 was substituted for other
amino acids vary in their biochemical properties and failed to serve as
a substrate for PKC phosphorylation (Gerendasy et al., 1995; Watson
etal.,, 1996), not being the case for other proteins of the family (calpac-
itin proteins) (Slemmon et al., 1996). The glycine (Gly) substitution in
teleosts could not only affect PKC phosphorylation but also its alpha-
helical structure and affinity for calmodulin (Gerendasy et al., 1994).
Thus, further biochemical studies will be necessary to determine how
the Ser36 > Gly substitution in teleosts affects neurogranin struc-
ture and molecular interactions. Despite the Ser36 > Gly substitution,
the teleostean IQ domain conserves the arginine in position 38, which
seems to have an essential role in the 1Q domain-calmodulin inter-
action (Kumar et al., 2013). This interaction is also possible because
the 1Q domain in zebrafish conserved most of the crucial amino acids
involved init (133, F37,R38,H40,M41, R43,K44, K45, and K47; Kumar
etal., 2013).

4.2 | Neurogranin immunohistochemistry
Our results indicate that Nrgn-like immunoreactivity is widely dis-
tributed in neurons of the brain and cells of sensory systems of the

adult zebrafish. Based on cell morphologies and location, it seems that

immunoreactivity in the brain is observed in neurons. The ependy-
moglia, the most abundant and easily identifiable macroglial cell type
in zebrafish and other teleosts (Diaz-Regueira & Anadon, 1998), was
always Nrgn-like negative. Although neurogranin expression in other
glial cells cannot be ruled out without additional experiments, positive
cells were lacking in the major white matter tracts where oligoden-
drocytes typically abound in teleosts (Diaz-Regueira & Anadon, 1998),
which strongly suggests that these cells do not express this peptide in
adult zebrafish. Since neurogranins are present in sensory organs and
most brain systems (i.e., sensory, motor, integrative), they must have a
basic function, not determined by cell type or structure. This basic role
is compatible with previous studies showing that neurogranin may play
roles in the regulation of synaptic plasticity (Li et al., 2020; Zhong et al.,
2011; Zhong & Gerges, 2020), likely by favoring LTP over long-term
depression (Zhong & Gerges, 2020). The exact mechanism by which
this regulation is achieved is still under investigation (Li et al., 2020;
Zhong et al., 2011; Zhong & Gerges, 2020). We observe that there are
three Nrgn-like peptides in zebrafish and mullet, which could medi-
ate different functions in specific cell types and brain regions through
interaction with particular signaling pathways. Further studies will be
needed to clarify this point, analyzing the expression of each specific
peptide.

Although very broadly distributed, we do observe that neurogranins
show expression in specific cell types in the brain, as we will discuss in

the following paragraphs.

421 | Distribution of Nrgn-like immunoreactivity in
sensory organs

Neurogranin immunoreactivity was observed in cells of sensory struc-
tures such as the gustatory, the olfactory and the visual systems of
the adult zebrafish. In our literature searchs, we found no mention of
neurogranin expression in these sensory organs. In zebrafish, barbels
with taste buds develop in the juvenile stage, at least 1 month after the
appearance of the other taste buds in the body surface and oropha-
ryngeal cavity (Hansen et al., 2002). The distribution of neurogranin
immunofluorescence observed in barbel taste buds suggests that at
least the cells with a single large microvillus express neurogranin. These
cells correspond with the light taste bud cells described based on elec-
tron microscopy (Hansen et al., 2002).

In the olfactory organ, bipolar neurons with perikarya in the mid-
dle of the sensory epithelium are the most common Nrgn-like positive
cells, but the subtype(s) of sensory neuron (ciliary, microvillous, crypt:
see Gayoso et al., 2011, 2012) was not assessed.

In the retina of adult zebrafish, we observed Nrgn-like immunore-
activity mainly in bipolar cells but also some photoreceptors, amacrine
and ganglion cells. Different types of bipolar cells were described based
on morphology, connections and neurochemical features in zebrafish
and other cyprinids (Connaughton et al., 2004; Li et al., 2012; Marc &
Cameron, 2001; Sherry & Yazulla, 1993). PKC, which may use neuro-
granin as substrate (Baudier et al., 1991), was described by immuno-

cytochemical techniques in bipolar cells of the vertebrate retina,
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including cyprinids (Caminos et al., 2000; Yazulla & Studholme, 2001),
which are likely to correspond to ON-bipolar cells (Haug et al., 2019).
Based on shape and location, the PKC-ir bipolar cells described by
these authors resemble the Nrgn-like-ir bipolar cells described here.
Whereas PKC immunoreactivity intensely labels bipolar cell termi-
nals in three sublaminae of the IPL (Nevin et al., 2008), only weak
immunoreactivity against neurogranin was observed in the IPL, sug-

gesting it has a postsynaptic location in these bipolar cells.

4.2.2 | Distribution of Nrgn-like immunoreactivity in
the zebrafish brain

Studies on the general distribution of neurogranin in the brain are lim-
ited to a few in mammals (Represa et al., 1990), lacking data in non-
mammalian species. Here, we report that Nrgn-like immunoreactivity
is expressed in numerous brain regions of zebrafish, extending from the
olfactory bulb to the hindbrain. The pattern observed presents numer-
ous differences with that reported in mammals (discussed below) and,
as far as we are aware, represents the first description in a nonmam-
malian vertebrate.

In the olfactory bulb, occasional immunoreactive cell bodies (likely
periglomerular cells) were observed among positive fibers of the
glomerular layer. However, most Nrgn-like expression in the bulbs
appears in axon terminals of a part of the glomeruli, suggesting a presy-
naptic distribution of this protein. The almost absence of positive fibers
in the olfactory tracts and the main pallial olfactory target (Dp; Gayoso
etal,2011,2012; Yanezetal.,2021) suggests that secondary olfactory
projections do not use neurogranin. Neurogranin expression has been
described in a subpopulation of GABAergic granule cells of the main
and accessory olfactory bulbs of the mouse but not in mitral cells (Grib-
audo et al., 2009). GABA expression has also been demonstrated in
granule cells of the olfactory bulb in zebrafish (Kim et al., 2004; Mueller
& Guo, 2009), in which we also observe Nrgn-like expression.

Our results showed that Nrgn-like-ir cell bodies are present in most
areas of the pallium of adult zebrafish, although with slight differences
in their intensity of immunoreaction. Strong expression of the nrgn
gene in the dorsal telencephalon was also observed in 6-day-old lar-
vae (Zada et al., 2014). In this regard, expression in zebrafish is sim-
ilar to the cortex of mammals (neocortex and hippocampus), which
expresses neurogranin in numerous principal neurons (Represa et al.,
1990; Singec et al., 2004). Neurogranin has been related to synaptic
plasticity and learning in higher brain regions (Diez-Guerra, 2010; Pak
et al., 2000; Zhong et al., 2009, 2015), but to date no functional stud-
ies have been performed in zebrafish. The dorsal (Dd) and some sub-
divisions of the medial area of D (Dm) showed the highest intensity of
immunoreaction at pre- and postcommissural levels, as some cells of
the central area (Dc). Most authors consider areas of the actinoptery-
gian pallium homologous to the mammalian hippocampus (Dld), neo-
cortex (Dc), and pallial amygdala (Dm), although it is still a matter of
debate (Folgueira et al., 2004b, 2012; Ganz et al., 2014; Nieuwenhuys,
2009; Northcutt, 2008, 2011; Porter & Mueller, 2020; Wullimann &
Mueller, 2004; N. Yamamoto et al., 2007; K. Yamamoto et al., 2017;
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Yanez et al.,, 2021). Interestingly, Dm and DI are involved in different
learning tasks in carps (Portavella et al., 2002, 2004), which suggests
that the Nrgn-like abundance in these regions may be related to adap-
tation in learning circuits. On the other hand, the olfactory pallium (Dp)
in zebrafish is devoid of Nrgn-like-ir cells and fibers, which is unlike the
abundance in the pyriform cortex, the mammalian homologous olfac-
tory region (Alvarez-Bolado et al., 1996; Gribaudo et al., 2009; Represa
et al.,, 1990). Unlike in mammals, where immunoreactivity is located in
dendrites and somas (Singec et al., 2004), bundles of Nrgn-like positive
fibers coming from Dd and other D areas coursed in the lateral and the
medial telencephalic tracts, and can be followed caudally to tuberculo-
hypothalamic levels. In the mammalian cortex, neurogranin is consid-
ered part of the postsynaptic molecular networks (Zhong et al., 2015).
Inteleosts, it is possible that neurogranins may act both in postsynaptic
and presynaptic processes, as reported in the mammalian spinal cord
(Houben et al., 2000). To elucidate the possible presynaptic or postsy-
naptic roles of each of the zebrafish neurogranins in different circuits,
it would be necessary to analyze separately their brain distribution,
which was not possible with the method used here.

In the zebrafish subpallium, Nrgn-like immunoreactivity was
observed in some cell bodies of several subdivisions at precommissural
(Vv, Vd, Vc) and commissural (Vs) levels. Following the proposed
homologies between the tetrapod subpallium and the noneverted
ventral area of the telencephalon of teleosts (Folgueira et al., 2004a;
Ganz et al.,, 2012; Northcutt, 1995; Rink & Wullimann, 2004), Nrgn-ir
cells are mainly distributed in the striatum and pallidum homologs.
These regions are part of the basal ganglia and show neurogranin
expression in the rat (Represa et al., 1990). Neurogranin is involved in
the regulation of sensory-motor responses via cortico-striatal circuits
(Sullivan et al., 2019), but these circuits have not been analyzed in
detail in zebrafish.

The hypothalamus and diencephalic regions (prethalamus, tha-
lamus, posterior tubercle and pretectum) have some nuclei with
Nrgn-like-ir cells. Noteworthy, we observed a number of neurogranin
positive cells in the nucleus rostrolateralis, whose neurochemistry
and organization have been poorly characterized. This nucleus is
considered an epithalamic visual center present in a discrete number
of actinopterygians, including zebrafish (Butler & Saidel, 2003; Saidel,
2013; Saidel & Butler, 1997). Nrgn-like immunoreactivity is also
expressed intensely in some thalamic, pretectal and preglomerular
nuclei that are considered relay centers between major sensory
systems and the pallium or other major systems (Yanez et al., 2018).
However, the rat diencephalon shows very poor neurogranin immuno-
labeling (Represa et al., 1990), representing a major difference with
results in zebrafish.

It is noteworthy the presence of numerous Nrgn-like-ir neurons
with CSF-contacting morphology, in the hypothalamic paraventricular
organ and the posterior recess organ (Hc of Wullimann et al., 1996;
posterior part of the paraventricular organ of Kaslin & Panula, 2001).
These circumventricular organs also show numerous monoaminer-
gic CSF-contacting neurons (Kaslin & Panula, 2001; Xavier et al.,
2017; K. Yamamoto et al., 2010). We observed an Nrgn-positive mat

of fibers associated with these organs that strongly resemble the
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monoaminergic tracts reported with histofluorescence, which relate
all the hypothalamic circumventricular organs of teleosts (see Gémez-
Segade et al., 1989). Immunochemical studies show CSF-contacting
neurons of hypothalamic circumventricular organs of teleosts having
perikarya with a simple bipolar appearance, but transmission electron
microscopy reveals that the apical region of the cell dendrites, includ-
ing the supraventricular part, receives a surprising number of synaptic
contacts, forming together a complex intraventricular mat of processes
(Gomez-Segade et al., 1989). This may explain the Nrgn-like expression
in dendrites of these cells, which are actually postsynaptic to a number
of thin intraventricular axons.

The OT is a multisensory integrative midbrain center in zebrafish
and other nonmammalian vertebrates, involved in visually guided
behavior and being homologous to the mammalian superior collicu-
lus (Meek & Nieuwenhuys, 1998). In zebrafish, Nrgn-like-ir perikarya
are abundant in different tectal layers, mostly in the SPV, but also
in the SAC, SGC and SFGS. This is in contrast with the poor expres-
sion of neurogranin in the rodent’s superior colliculus (Represa et al.,
1990). These differences may stress that the retinotectal pathway is
less important than the retinogeniculate pathway in the visual behav-
ior of these rodents, that is, the shift toward the visual telencephalon
for different tasks performed by the OT in fishes (Knudsen, 2020).
The apical dendrites from SGC and SFGS neurons can occasionally
extend to the SM of the OT, which is part of a cerebellum-like circuit
that receives parallel fibers from the TLo (Bell et al., 2008; Folgueira
et al., 2020). This tectal parallel fiber system is Nrgn-like negative, as
it is the case of parallel fibers in the cerebellum (see below). In the
midbrain, too, many Nrgn-like-ir cell bodies and fibers were located
in the TS, the homologous of the mammalian inferior colliculus. It
is involved in processing mechanosensory information (octaval, lat-
eral line and trigeminal) in nonelectroreceptive teleosts (McCormick
& Hernandez, 1996; N. Yamamoto et al., 2010). In the rat, the infe-
rior colliculus also shows some neurogranin expression (Represa et al.,
1990).

A notable difference between our results with neurogranin and
those in mammals (Represa et al., 1990) is the presence of this
protein in numerous hindbrain structures of zebrafish (interpedun-
cular nucleus, NI, cerebellum and cerebellum-like structures, gusta-
tory/visceral sensory nuclei, etc.). This is also supported by in situ
hybridization studies that reveal abundant nrgn gene expression in
the hindbrain of 6-day-old zebrafish larvae (Zada et al., 2014). In the
interpeduncular nucleus (Ip), neurogranin expression was observed in
cell bodies and fibers, mainly in the dorsal neuropil. The high proportion
of Nrgn-like positive structures in the dorsal plexus is related to the
asymmetrical innervation from the habenulae and probably with the
plasticity of fear responses and other behaviors (Agetsuma et al., 2010;
Cherng et al., 2020). No expression of neurogranin has been reported
in the Ip of mammals (Represa et al., 1990), which indicates differential
adaptation roles.

In teleosts, the cerebellum consists of three main regions: the
cerebellar valvula, the corpus cerebelli and the vestibulolateralis
lobe (Meek & Nieuwenhuys, 1998; Nieuwenhuys, 1967). In the adult

zebrafish, Nrgn-like immunoreactivity was observed mainly in Purkinje

cells, although their dendritic arbors of these cells were only evident in
the medial division of the cerebellar valvula. In this cerebellar region,
Purkinje cell dendrites extend in the molecular layer in a pattern similar
to that in mammals (Miyamura & Nakayasu, 2001). Zebrafish Purkinje
cells use GABA as neurotransmitter and express parvalbumin7 and
zebrin Il (Bae et al., 2009; Delgado & Schmachtenberg, 2008; Lannoo
et al., 1991b). In teleosts, most Purkinje cells project onto neighbor
efferent neurons, the eurydendroid cells, which are glutamatergic
and calretinin positive (Bae et al., 2009; Castro et al., 2006b; lkenaga
et al, 2005, 2006a; Murakami & Morita, 1987). Without labeling
experiments with markers of eurydendroid cells and neurogranin,
we cannot rule out the possibility that some eurydendroid cells also
express neurogranin. Results in the zebrafish cerebellum are similar
to adult songbirds, in which high neurogranin expression was also
described in Purkinje cells (Clayton et al., 2009). In the adult mam-
malian cerebellum, neurogranin is strongly expressed by inhibitory
cells, mostly in a subpopulation of Golgi cells in rodents and, during
development, in some bands of Purkinje cells (Larouche et al., 2006;
Simat et al., 2007; White & Sillitoe, 2013). In monkeys, neurogranin is
also expressed in the excitatory brush cells (Singec et al., 2004). With
regard to the major precerebellar centers of zebrafish, the IO contains
Nrgn-like-ir neurons, while the NLV shows Nrgn-like immunoreactivity
in the characteristic cup-shaped afferents embracing the neurons of
the nucleus (Yang et al., 2004). These results suggest that neurogranins
are implicated presynaptically in the NLV and postsynaptically in
Purkinje cells, pretectum, and 10.

Prominent Nrgn-like immunoreactivity is also observed in the char-
acteristic crest cells of the MON, which are the principal cells of this
nucleus, which receives primary mechanosensory fibers from the lat-
eral line nerves (see Fame et al., 2006; McCormick & Hernandez, 1996;
Meek & Nieuwenhuys, 1998). Crest cells are Purkinje-like complex
neurons with apical dendrites that extend in the CC and synapse with
parallel fibers arising from the cerebellar eminentia granularis (Diaz &
Anadon, 1989; Meredith, 1984). Cerebellar Purkinje cells and MON
crest cells also share expression of the GABAergic markers genes (gad1
and gad2), parvalbumin?7 (Bae et al., 2009) and, some of them, also the
Nrgn positivity in apical dendrites.

The primary and secondary centers of the gustatory and general
visceral sensory system are highly specialized in some teleosts, as
cyprinids and silurids (Finger, 2009; lkenaga et al., 2009; Yanez et al.,
2017). We found that Nrgn-like-ir cell bodies were abundant in the
facial, glossopharyngeal and vagal lobes (primary centers), the sec-
ondary gustatory/visceral centers (SGVN), and also in the so-called
TGN proper by us (Yanez et al., 2017). Note that this TGN nucleus does
not correspond to the TGN of Wullimann et al. (1996), which does not
receive TGN fibers at all (see Yanez et al., 2017). If the TGN proper is
the homolog of the big carp TGN, however, needs to be assessed with
other molecular markers. In the goldfish vagal lobe, NMDA glutamate
receptors facilitate short-term amplification of bursts of inputs coming
from the vagal nerve (Smeraski et al., 1999), and calcium-binding pro-
teins and channels are abundant (lkenaga et al., 2006b). The abundance
of Nrgn-like immunoreactivity in taste centers in zebrafish suggests

that neurogranin may be implicated in plasticity and adaptation in taste
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processing. These results in zebrafish are in contrast with results in the
rat indicating that the hindbrain mostly lacks neurogranin expression
(Represa et al., 1990).

5 | CONCLUSIONS

Database analysis indicates the presence of three neurogranin pep-
tides in zebrafish with a conserved 1Q domain that differs from that
in mammals and birds in a serine to glycine substitution in position
36, which is phosphorylated by PKC. Thus comparison with Nrgn
in amniotes suggests possible differences in the regulation by PKC
between actinopterygians and land vertebrates. Western blots of
protein extracts from zebrafish brain using a specific anti-neurogranin
antiserum revealed three protein bands, in good agreement with
predictions from database analysis. Since the antibody used binds to
the three neurogranin peptides, immunohistochemical results do not
allow to differentiate the distribution of the individual peptides in the
brain. In our immunohistochemical analysis, we have studied the brain
and some sensory organs (barbel taste buds, neuromasts, olfactory
rosette and retina) revealing positive cell bodies in all these structures.
Positive cells in the barbel taste buds appear to be sensory taste cells,
while in the other places examined positivity was observed in neurons,
and the expression was cell-type specific. In the retina, the most
conspicuous positive cells are bipolar neurons, probably rod bipolar
cells. In the brain, we observed immunopositive neuronal populations
in all major brain regions (telencephalon, preoptic area, hypothalamus,
diencephalon, mesencephalon and rhombencephalon, including the
cerebellum), a more extended distribution than that reported in mam-
mals. Interestingly, in several brain regions the dendrites, cell bodies
and axon terminal of neurons were immunopositive. This suggests
that neurogranins may play both presynaptic and postsynaptic roles
in zebrafish. Most Nrgn-like immunoreactive neurons were found
either in primary sensory centers (viscerosensory column, MON) or in
highly integrative centers (such as the pallium and subpallium, OT, and
cerebellum). This may suggest that neurogranins are mainly expressed
in centers with complex synaptic circuitry in zebrafish. However, there
are exceptions, as some apparently simple neuronal populations, as
the positive CSF-contacting cells associated with the hypothalamic
recesses, exhibited high Nrgn-like immunoreactivity. Together, these
results reveal some important differences with the patterns reported
in mammals, suggesting divergent evolution from an early common

ancestor.
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