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ABSTRACT

Adult fish exhibit a strong neurogenic capacity due to the persistence of radial glial cells. In zebrafish, radial
glial cells display well-established markers such as the estrogen-synthesizing enzyme (AroB) and the brain
lipid binding protein (Blbp), which is known to strongly bind omega-3 polyunsaturated fatty acids such as
docosahexaenoic acid (DHA). While Blpb is mainly described in the telencephalon of adult zebrafish, its
expression in the remaining regions of the brain is poorly documented. The present study was designed to
further investigate Blbp expression in the brain, its co-expression with AroB, and its link with radial glial cells
proliferation in zebrafish. We generated a complete and detailed mapping of Blbp expression in the whole
brain and show its complete co-expression with AroB, except in some tectal and hypothalamic regions. By
performing PCNA and Blbp immunohisto-chemistry on cyp19a1b-GFP (AroB-GFP) fish, we also demonstrated
preferential Blbp expression in proliferative radial glial cells in almost all regions studied. To our knowledge,
this is the first complete and detailed mapping of Blbp-expressing cells showing strong association between
Blbp and radial glial cell proliferation in the adult brain of fish. Given that zebrafish is now recognized
models for studying neurogenesis and brain repair, our data provide detailed characterization of Blbp in the
entire brain and open up a broad field of research investigating the role of omega-3 polyunsaturated fatty
acids in neural stem cell activity in fish.

1. Introduction

Brain lipid binding protein (Blbp) is a fatty acid binding protein
but its exact functions are poorly understood. It is believed to play a
key role in lipid storage, membrane synthesis, energy production
via lipid transport to the mitochondria, cholesterol metabolism and
cell signaling. Its role in cell signaling is thought to involve pairing
of fatty acids and transcription factors, such as members of the
peroxisome proliferator-activated receptor family (PPAR) (Krelin
et al, 2007). During brain development in rats, Blbp is detected
in the nucleus and cytoplasm of radial glia in both the embryonic
ventricular zone and in Bergmann glia of the postnatal cerebellum.
Its expression correlates with neuronal differentiation notably in
the postnatal cerebellum, the embryonic spinal cord, and the ce-
rebral cortex (Feng et al., 1994). In adult mice, Blbp is also expressed

in radial glia-like cells in the dentate gyrus of the hippocampus, in
Bergman glia in the cerebellum (Kurtz et al., 1994) and in almost all
astrocytes or astrocyte-like cells of the subventricular zone
(Hartfuss et al, 2001). Similarly, in adult bird brains, Blbp is
detected in telencephalic and cerebellar radial glial cells as well as
in astrocytes (Rousselot et al., 1997). Binding affinity assays strongly
suggested that in the central nervous system, docosahexaenoic acid
(DHA; 22:6 (w-3)) is the ligand for Blbp in the central nervous
system (Xu et al, 1996). DHA is the most abundant omega-3
polyunsaturated fatty acids and is essential for appropriate retinal
and neural development. Moreover, several studies suggest that
DHA has protective role in the brain against age-related disorders
and neurodegenerative diseases such as Alzheimer's (Cole et al,,
2010; Crawford et al., 2013; Hoffman et al., 2009). DHA can be
locally metabolized in the organism to generate newly described
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lipids such as resolvins and neuroprotectins, autacoids with po-
tential anti-inflammatory properties, (Gronert, 2008). Knock-out
(KO) experiments have shown that Blbp disrupted mice display
emotional and behavioral disturbances, including anxiety (Owada
et al., 2006). In their work, Owada et al. (2006) did not observe
any abnormality at the level of tissue organization and glial
morphology in the cerebral and cerebellar cortex, the hippocampus
or the hypothalamus in embryonic and mature KO animals. How-
ever, more recent data indicate that Blbp and DHA are involved in
neurogenic processes, such as neural stem cell maintenance, pro-
liferation and differentiation (Boneva et al., 2011; Matsumata et al.,
2012; Schnell et al,, 2014; Watanabe et al., 2007), suggesting that
DHA and Blbp are indeed important factors for brain development
and neurogenesis.

Adult neurogenesis is a complex and multistep process regu-
lated by intrinsic and extrinsic factors (Hsieh, 2012). Among these
factors, hormones, notably estrogens, exert pleiotropic actions to
modulate several aspects of neurogenesis such as proliferation,
neuronal differentiation and survival (Brock et al., 2010; Diotel
et al, 2013; Galea et al., 2006, 2008; Garcia-Segura, 2008). These
estrogens are obtained through the conversion of C19 androgens by
the enzyme cytochrome P450 aromatase (aromatase). Aromatase is
expressed by numerous tissues, including gonads and brain of all
vertebrates species studied so far (Simpson et al, 1994). Very
interestingly, in contrast to mammals, the brains of adult fish
exhibit an exceptionally strong neurogenic and aromatase activity
in different regions such as the telencephalon, the preoptic area and
also the hypothalamus (Diotel et al., 2010a; Goncalves et al., 2008;
Kah etal., 2009; Pasmanik and Callard, 1985; Pellegrini et al., 2013;
Timmers et al., 1987), suggesting the strong link between estrogen
synthesis and neurogenesis (Diotel et al., 2013). The high level of
aromatase activity in the fish brain is driven by the intense tran-
scription of the cyp19alb gene coding for aromatase B (AroB)
(Diotel et al.,, 2010a; Lassiter and Linney, 2007; Mouriec et al., 2009;
Pellegrini et al., 2015, 2005; Tong et al., 2009). While in mammals
aromatase expression is mainly observed in neurons and in reactive
astrocytes following injury (Garcia-Segura, 2008; Garcia-Segura
et al, 1999), AroB in fish is expressed only in radial glia, specific
cells that behaves as neural stem cells (Diotel et al., 2010a; Forlano
et al, 2001; Mouriec et al., 2008; Pellegrini et al., 2005, 2007, 2013;
Tong et al, 2009). Radial glial cells have been relatively well-
characterized in the fish brain and particularly in the telenceph-
alon. First, radial glial cells are localized in the ventricular layers
and exhibit a typical morphology characterized by a small cell body
localized in the ventricular layers, with one short process extending
towards the ventricle and a long process crossing the brain pa-
renchyma to contact the pial surface with end feet, similar to
mammals (Bentivoglio and Mazzarello, 1999; Rakic, 1978). Second,
a number of immunohistochemical markers have confirmed the
identity of radial glial cells in zebrafish. Among these are Blbp
(brain lipid binding protein), gfap (glial fibrillary acidic protein),
S100pB (5100 calcium binding protein B), cxcr4 (C-X-C chemokine
receptor type 4), id1 (inhibitor of DNA binding 1, a transcription
regulator) and also the estrogen-synthesizing enzyme, aromatase B
(AroB), encoded by the cyp19a1b gene (Dinarello, 2012; Diotel etal.,
2010b; Diotel et al.,, 2015; Marz et al,, 2010; Menuet et al., 2005;
Rodriguez Viales et al.,, 2015; Tong et al., 2009). Although some
studies reported the expression of Blbp in radial glial cells in the
brain of adult zebrafish (Adolf et al., 2006; Edelmann et al., 2013;
Marz et al, 2010), they mainly focus on Blbp expression in the
telencephalon, leaving other brain regions relatively unexplored
(Adolf et al., 2006; Edelmann et al., 2013; Marz et al., 2010).

Numerous genes were duplicated in teleost fish following the
genomic duplication that occurred between 320 and 350 million
years ago (Glasauer and Neuhauss, 2014; Steinke et al., 2006).

Among those, Blbp gene was also duplicated into fabp7a and b in
zebrafish. Fabp7a is strongly expressed in the brain of adult
zebrafish as shown by RT-PCR experiments (Liu et al., 2004, 2003).
In situ hybridization experiments further showed that fapb7a is
strongly expressed in the telencephalic ventricular zone and in the
periglomerular grey zone of the optic tectum (Adolf et al., 2006; Ito
et al,, 2010). Thus, the fabpZ7a isoform appears to be the main gene
transcribed in the adult zebrafish brain.

Blbp expression was also described in glial cells from adult
zebrafish cerebellum (Kaslin et al, 2009). However, given the real
lack of data concerning Blbp expression in the whole brain of adult
zebrafish, we first investigated the detailed distribution of Blbp-
positive cells in the entire adult brain using an already character-
ized antibody. Next, we compared Blbp expression with AroB one, a
well-recognized marker of radial glial cells in fish, using a
cyp19a1b-GFP transgenic zebrafish line that fully recapitulates AroB
protein expression in the brain (Tong et al., 2009). Finally, given the
high number of neurogenic hotspots described in the brain of adult
zebrafish, we examined if radial glial cell proliferation was prefer-
entially associated with Blbp expression and/or with AroB.

2. Results
2.1. Blbp is expressed in radial glia in the whole brain

Blbp was previously shown to label radial glial cells in adult
zebrafish and larvae (Adolf et al., 2006; Diotel et al., 2010b; Marz
et al, 2010; Tong et al., 2009). To complete the pattern of Blbp
expression previously described in the adult telencephalon, we
decided to further document its expression by performing immu-
nohistochemistry in the whole brain of adult male and female
zebrafish (Figs. 1—4). Our analysis of Blbp expression in the brain of
adult zebrafish will be described according to the rostro-caudal
axis, from the olfactory bulbs/telencephalon junction, to the
telencephalon, the diencephalon, the mes- and metencephalon.

At the junction between the olfactory bulbs and the telen-
cephalon, Blbp-positive cells were observed in the ventricular layer
(Figs. 1A, 2B and 4A), and extend processes toward the pial surface
(Fig. 1A, D, F and H, see arrows).

In the telencephalon, Blbp-expressing radial glial cells were
detected along the ventricular layer of the ventral and dorsal nuclei
of the ventral telencephalon (Vv and Vd, Figs. 1B, 2E and 4B), the
ventricle of the dorsomedian and dorsolateral telencephalon (Dm
and D], Figs. 1B—D, 2H and 4B and C), as well as in the ventricular
layer of the dorsal and posterior zone of the dorsal telencephalic
area (Dd and Dp, Figs. 1B, D and 4C). We also noticed a ventricular
strip devoid of Blbp staining, at the junction between the Vv and the
Vd (Fig. 1B, asterisks). A lack of Blbp expression was previously
documented in this region corresponding to a highly proliferative
area called the rostral migratory stream (RMS). This regions is
devoid of radial glial cells but contains committed progenitors called
neuroblasts (Madrz et al., 2010). More caudally in the telencephalon,
ventricular cells in the postcommissural nucleus of the ventricular
telencephalic area (Vp) also express Blbp (Figs. 1D and 4C).

In the anterior part of the diencephalon, Blbp expression was
detected in radial glial cells of the anterior (PPa) and posterior (PPp)
nuclei of the preoptic area (Figs. 1D, E, 4C and D) and in the thalamus
(A, Fig. 4E). In the anterior, mediobasal and caudal part of the hy-
pothalamus (Hv and Hc) (Figs. 1E H, 2N, 3E, H and 4E—G), numerous
Blbp-positive radial glial cells were detected and extend long cyto-
plasmic processes to the periphery of the brain where they accu-
mulate at the pial surface (Fig. 1F and H, see arrows). In the dorsal
zone of the periventricular hypothalamus, radial glial cells sur-
rounding the lateral and posterior recess (LR and PR) of the caudal
hypothalamus exhibit strong Blbp staining (Figs. 1H, 3E and H).
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In the mesencephalon, ventricular cells of the periventricular
pretectal nucleus (PPv) and of the periglomerular gray zone of the
optictectum (TeO) alsodisplay Blbp staining (Fig.1G, 1, ], 3K and 4F—H.
In the TeO, radial glial processes are clearly visible at higher magni-
fication (Fig. 1], see arrowhead). Blbp labeling was also detected at the
periphery of the torus longitudinalis (TL, Fig. 1G and I).

In the metencephalon, blbp staining was also observed at the
periphery of the valvula cerebelli (VCe) and more weakly in the
cerebellum (CCe) (Fig. 11, K, 3K and 4G—1I). It is also observed at the
border of the torus semi-circularis and numerous fibers were
detected through the nucleus of the medial longitudinal fascicle
(NMLF), extending along the vascular lacuna of area postrema (Vas)
as shown in Fig. 11. More caudally, Blbp was detected in cells sur-
rounding the rhombencephalic ventricle (RV) until the end of the
medulla oblongata (Fig. 1K and L). In all these regions, Blbp was not
co-expressed with the nuclear neuronal marker HuC/D such as
shown in the subpallium (Fig. IM—0). We also did not observe any
obvious differences in Blbp distribution according to sex.

2.2. Blbp and cyp19a1b-GFP expression in radial glial cells: co-
expression and heterogeneity

As previously mentioned, Aromatase B, the product of the
cyp19a1b gene, is a well-characterized marker of radial glia in the
brain of zebrafish. In order to study the co-expression of Blbp and
AroB in radial glia, we performed Blbp immunohistochemistry on
a cyp19a1b-GFP transgenic zebrafish line (Figs. 2—4). This trans-
genic line was previously shown to fully recapitulate AroB
expression (Tong et al.,, 2009). We observed the co-expression of
Blbp with cyp19a1b-GFP positive radial glia in the main ventricular
regions of the brain (Figs. 2 and 4). For instance, in the anterior
part of the brain, Blbp and ¢yp19a1b-GFP were co-expressed in
radial glial cells of the dorsal telencephalic area (D) at the junction
between the olfactory bulbs and the telencephalon (Fig. 2A—C and
4A). Such a co-expression was also observed in the whole telen-
cephalon, notably in the Vv, Vd, Dm and DI (Fig. 2D—I and 4B and
C). In the diencephalon, we noticed that radial glia co-express both
cyp19a1b-GFP and Blbp in the preoptic area (Fig. 4C and F), in the
periventricular nucleus of the posterior tuberculum (TPp, Fig. 2]—L
and 4E and F) and also in the anterior part of the hypothalamus
(Fig. 2M—0 and 4E). Interestingly, radial glial cells of the PPv
strongly displayed Blbp staining while cyp19a1b-GFP is not or only
barely expressed by few cells (Fig. 3A—C — see arrows — and
Fig. 4F). In the dorsal zone of the mediobasal hypothalamus, where
the lateral recess (LR) starts to open, dichotomy also appeared
between Blbp and c¢yp19a1b-GFP expression (Fig. 3D—F). At this
level, only a few cells were GFP-positive while numerous Blbp-
expressing radial glial cells were observed surrounding the
ventricle (Fig. 3D—F, see arrows). Some cells were double labeled
(Fig. 3D—F, see arrowheads). However, the strength of these
regional differences depends on the rostro-caudal level (Fig. 4F).
Such discrepancies in protein expression were also detected more
caudally where the LR is well individualized and visualized

(Fig. 3G-I1). Thus, among radial glia lining the external part of the
LR, we observed a higher number of Blbp-positive cells compared
to GFP-expressing cells (Fig. 3G—1 — see arrows — and Fig. 4G). In
conftrast, radial glial cells lining the inner part of the LR mainly co-
expressed both markers (Fig. 3G—I, see arrowheads). Differences
were also noticed in radial glia of the periglomerular gray zone of
the optic tectum where radial glial cells were more numerous and
displayed a stronger staining for Blbp than for cyp19alb-GFP.
Similarly, we detected Blbp-positive structures in the NMLF and
the valvula of the cerebellum while no GFP was observed (Fig. 3]-L
and Fig. 4G and H).

2.3. Radial glia proliferation: is there a preferential link with blbp
andfor AroB expression?

In order to determine possible or preferential association be-
tween Blbp and/or AroB expression in proliferative radial glial
cells, we performed PCNA and Blbp immunohistochemistry on
cyp19a1b-GFP transgenic line and focused on different neurogenic
regions of the brain (Fig. 5, Table 1). In order to avoid potential
differences associated to sex and ages, we only used 6 females of
the same age. As illustrated in Fig. 5, we observed proliferative
cells in the dorsomedian telencephalon that are Blbp-positive
only (Fig. 5, A1 and B1), cyp19a1b-GFP-positive only (Fig. 5, A2
and B2), cyp19a1b-GFP and Blbp-positive (Fig. 5, A3 and B3) and
others that were neither cyp19a1b-GFP nor Blbp-positive (Fig. 5A,
A4 and B4). This latest cell type is not radial glia but correspond to
further committed precursors as previously described (Marz et al.,
2010). Interestingly, there was a significantly higher proportion of
PCNA-positive radial glial cells that co-expressed both markers in
all the regions studied (54.9% for PPp, 55.4% for Hd LR, 55.6% for
DI, 61.2% for Vd, 66.6% for Vv, 68.6% for Dm, 79.9% for Vs, 81.8% for
PPa, 85.4% for Vp, see Fig. 5C and D and Table 1), except in the
thalamus and the PPv where respectively 75.1% and 90.4% of
proliferative radial glial cells expressed only Blbp. Thus, in all
brain areas studied except for the dorsal regions of the periven-
tricular hypothalamus (Hd LR, Fig. 5G and Table 1), the remaining
proliferative cells that do not co-express both markers were
mainly Blbp-positive while only few cells displayed only
cyp19a1b-GFP staining (1.2% for Vv, 0.7% for Vd, 1.4%—5.3% for PPa,
0% for Vs, 5.8% for Vp, 1.7% for Dm, 0.92% for DI, 14.3% for PPp).
Indeed, there are significantly more PCNA-positive radial glia
expressing only Blbp, except for in the PPa, PPp and the Vp (Fig. 5
and Table 1).

Indeed, 75.1% and 90.4% of PCNA-positive radial glial cells
expressed only Blbp in the thalamus and PPv respectively, while
the remaining cells mainly co-expressed Blbp and cyp19a1b-GFP.
Only rare proliferative radial glial cells express only cyp19a1b-GFP
(Fig. 5E and F and Table 1). In contrast, in the Hd LR where the
lateral recesses start to open, the distribution of Blbp and
cyp19a1b-GFP in proliferative radial glia is changed. Around 55%
of PCNA-positive radial glial cells co-expressed cyp19a1b-GFP and
Blbp, followed by 34% that only express cyp19a1b-GFP and 10%

Fig. 1. Blbp distribution in the brain of adult zebrafish. A—L: Blbp (red) immunohistochemistry on paraffin brain sections of adult zebrafish. DAPI counterstaining (blue) allows the
visualization of cell nuclei Blbp staining is detected in radial glial cells along the ventricular layers of the dorsal telencephalic area at the junction with the olfactory bulbs (A), in the
ventral and dorsal nuclei of the ventral telencephalon, and in the dorsomedian, the dorsolateral, the dorsal and the posterior zone of the dorsal telencephalic area (B—D). In the RMS
region (see asterisks in B), no Blbp staining was detected. Blbp-positive radial glial cells are also observed in the preoptic area and the hypothalamus (D—F). Strong Blbp staining is
notably observed in cells surrounding the lateral and posterior recess of the hypothalamus (H). Radial glial cells from the periglomerular gray zone of the optic tectum are also
positive for Blbp and extend long cytoplasmic process to the periphery of the brain (G and |, see arrowheads in ]), in the periventricular pretectal nucleus (G). Blbp staining around
the torus longitudinalis, the torus semicircularis, in the nucleus of the medial longitudinal fascicle (NMLF) and along the vascular lacuna of area postrema (Vas) correspond to Blbp-
positive fibers (G and I). Few positive cells are observed in the valvula of the cerebellum and the cerebellum (I and K) and lining the rhombencephalic ventricle (K—L). Arrowheads
highlight some long radial cytoplasmic processes crossing the brain parenchyma to reach the periphery of the brain (C F and ]). Arrows show the end of radial glial process at the
pial surface (A, D, F and H). M—0: Blbp (red) and HuC/D (green, neuronal marker) double immunohistochemistry reveals that Blbp is not expressed in mature neurons. Arrowheads
indicate Blbp positive radial glial cells that do not express the HuC/D neuronal marker. Bar: 16 pm (E, ], M, N and 0); 50 pm (C, F, G and L); 100 pm (A, B, D, H, I and K).
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Fig. 2. cyp19alb-GFP and Blbp co-expression in the brain of adult zebrafish. A—0: Blbp (red) immunohistochemistry on cyp19a1b-GFP (green) transgenic zebrafish line shows that
most radial glial cells co-express Blbp and GFP. Co-expression is obvious at the junction between the telencephalon and the olfactory bulbs (A—C), in the subpallium (D—F), and in
the pallium (G—I). In the anterior part of the periventricular nucleus of the posterior tuberculum, GFP and Blbp are co-expressed (J—L) as well as in the anterior region of the
hypothalamus (M—0). Arrows point to radial glial processes co-expressing GFP and Blbp, while arrowheads highlight co-expression in soma. Bar: 25 pm (D—0); 100 pm (A—C).

only stained for Blbp (Fig. 5G). This region is the only one to show
a significantly higher number of proliferative radial glia
expressing at least cyp19alb-GFP compared to Blbp alone
(Table 1).

Taken together, these data show that proliferative radial glial
cells express at least Blbp in all the neurogenic regions studied
(except Hd LR) and that proliferation is strongly and signifi-
cantly associated with this marker. Indeed, in the D], Dm, Vd, Vv
and Vs proliferative radial glial cells expressed at least Blbp
(99.1% for DI; 98.3% for Dm; 99.3% for Vd; 98.8% for Vv and 100%

for Vs), while only 56.5%—79.9% expressed at least AroB (56.5%
for DI; 70.3% for Dm; 61.9% for Vd; 67.8% for Vv and 79.9% for
Vs), that is significantly different (Table 1). The large difference
in the thalamus and the PPv are likely due to the low number of
cyp19a1b-GFP radial glia compared to Blbp-positive cells (Fig. 5E
and F and Table 1). Interestingly, we observed more proliferative
radial glial cells around the LR expressing cyp19a1b-GFP than
Blbp (89.9% Vs 65.5%, respectively). To conclude, in most cere-
bral regions studied (Vv, Vd, PPa, Vs, Vp, Dm, DI, PPp, Hd LR)
proliferative radial glia mainly co-expressed cyp19a1b-GFP/Blbp.
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Fig. 3. cyp19alb-GFP and Blbp show differences of expression in more caudal regions of the brain of adult zebrafish. A—L: Blbp (red) immunochistochemistry on cyp19alb-GFP
(green) transgenic zebrafish line show discrepancies in expression of AroB and Blbp markers. In the pretectal periventricular nucleus, radial glia mainly expresses Blbp while
the transgene is only expressed in few cells (A—C). In the dorsal zone of the periventricular hypothalamus, radial glial cells surrounding the lateral recess of the hypothalamus
exhibit heterogeneous expression of both markers (D—I). When the lateral recess starts to open (D—F), numerous radial glial cell express Blbp along the LR, while GFP is rarely
expressed. In more caudal sections, radial glial cells of the medial part of the LR nucleus exhibit GFP and Blbp staining (arrowheads in G-1), and the “external” ones mainly express
Blbp and not GFP (arrows in G-I). Blbp staining is observed around the torus semicircularis and in numerous radial glial cells from the optic tectum. In contrast, GFP is almost not

detected (J-L). Bar: 25 pm (G-I); 50 pm (A-Fand J-L).

In some regions, dividing glial cells expressed Blbp only and
more rarely, radial glial dividing cells expressed solely cyp19a1b-
GFP.

3. Discussion

3.1. Blbp is widely expressed in radial glial cells acting as neural
progenitors

This study is the first to generate a detailed and complete
mapping of Blbp expression in radial glial cells of the adult zebra-
fish brain, adding significantly to previous work (Adolf et al., 2006;
Marz et al,, 2010; Tong et al., 2009). The identity of Blbp-expressing
cells was confirmed (1) by cell morphology and reinforced (2) by
co-expression with AroB, a well characterized marker of radial glia
in zebrafish, using a cyp19a1b-GFP line (Figs. 2—4) and also (3) by
the absence of co-expression with the HuC/D neuronal marker
(Fig. 1IM—0). However, given the two Blbp isoforms in fish, we

cannot exclude fabp7b protein detection by immunochistochemistry
due to cross-reaction of the antibody between fabp7a and fabp7b.
Briefly, Blbp-positive radial glial cells were detected in the telen-
cephalon (subpallium and pallium), the diencephalon, and in the
mes- and metencephalon. The expression of Blbp in radial glial
cells, acting as neural progenitors, is in line with to what has pre-
viously been described in rodents and humans during the devel-
opment and the neonatal period (Anthony et al., 2005; Hartfuss
et al., 2001; Hebsgaard et al., 2009; Kurtz et al., 1994; Li et al,
2011; Murrell et al, 2005; Podgornyi and Aleksandrova, 2009),
and in the brain of adult mammals (Hebsgaard et al., 2009; Marko
et al., 2011; Steiner et al., 2006; Takahashi and Yamanaka, 2006),
birds (Rousselot et al., 1997) and amphibians (D'Amico et al,, 2011).
In the hippocampus of adult monkeys, Blbp is expressed in neural
progenitors but not in newly generated neurons expressing PSA-
NCAM (polysialylated neuronal cell adhesion molecule) (Boneva
et al., 2011). Similarly, in the RMS of zebrafish, neuroblasts ex-
press PSA-NCAM but not radial glial markers (Marz et al., 2010).



Fig. 4. Schematic distribution of cyp19a1b-GFP[Blbp co-expressing radial glial cells and Blbp-expressing radial glial cells in the whole brain of adult zebrafish (adapted from
Waullimann et al, 1996). The left hemisphere provides the anatomical regions of the zebrafish brain. The black lines schematized in the right hemisphere correspond to radial glia
that co-expresses GFP and Blbp and extend long radial glial process through the brain. Red lines correspond to radial glial cells that mainly express Blbp and not GFP (or only barely).
Note that in the anterior part of the brain (A—E), most radial glial cells co-express both markers. However, in posterior part of the brain, differences in GFP and Blbp expression are
more obvious, notably at the level of the optic tectum, the cerebellum and the nucleus of the lateral recess (F—I). In A, the red line highlighting the periphery of the glomerular layer
(GL) of the olfactory bulbs corresponds to a strong labeling of end feet at the pial surface. Bar: 350 pm.

Thus, Blbp expression appears to be mostly associated to radial glia
and less to committed precursors (neuroblasts) in mammals and
fish.

We also reported Blbp expression in the periglomerular grey
zone of the optic tectum as previously shown for fabp7a (Ito et al,,
2010). We observed weak Blbp staining in the cerebellum, probably
in Bergmann glia, a specific type of radial glia shown to express
Blbp in mammals and birds and more recently in zebrafish (Boneva
et al,, 2011; Feng et al,, 1994; Feng and Heintz, 1995; Kaslin et al.,
2009; Kurtz et al., 1994; Rousselot et al., 1997). Interestingly, two

different populations of glial cells were previously reported in adult
zebrafish cerebellum, including one with radial glia phenotype
(Kaslin et al,, 2009). Taken together, these data show that Blbp
expression in radial glia is evolutionarily conserved and suggest key
roles for Blbp, DHA and possibly lipid-derived autacoids in brain
development stem cell activity.

3.2. Radial glial cells are not a homogeneous population

In this work, we also observed that the distribution of Blbp-
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Fig. 5. Quantification of Blbp and cyp19ai1b-GFP (AroB) expression in proliferative radial glial cells in different neurogenic regions. A: Blbp (blue) and PCNA (red) staining on
cyp19alb-GFP (green) transgenic zebrafish line in the dorsomedian telencephalon. Proliferative cells (PCNA) can be Blbp-positive (inset 1), GFP-positive (inset 2), Blbp/GFP-positive
(inset 3) or Blbp/GFP-negative (inset 4). The double negative group has been previously proposed to correspond to further committed precursors suggested to be neuroblasts (Marz
et al., 2010). B: Columns 1,2, 3 and 4 corresponds to the respective insets in A for each channel. In 1, asterisks point to a proliferative cells displaying Blbp staining but not GFP. In 2,
asterisks highlight a proliferative cells displaying GFP staining but not Blbp. In 3, asterisks show a proliferative cell displaying both GFP and Blbp staining, and neither staining in 4.
C-G: In each region of interest, proliferative (PCNA) radial glial cells were checked for the expression of Blbp and cyp19a1b-GFP (AroB). Counting was performed on 6 adult female
zebrafish (n = 6), on 325 cells for the Vv, 270 for the Vd, 205 for the A, 158 for the PPv, 185 for the He Div and 205 for the nucleus of the LR. The selected regions correspond to the
zebrafish brain atlas (Wullimann et al., 1996) section level number 71 for the Vv and Vd; 131 for the A; 168 for the PPv and the Hd LR. Statistical analysis was performed using one-
way ANOVA. Error bars correspond to standard errors (n = 6 zebrafish). * 0,01 < p < 0,05; * 0,01 < p < 0,0001; **p < 0,0001.

positive and Aro-B expressing (or cyp19a1b-GFP) radial glial cells is
similar (Menuet et al., 2005; Pellegrini et al., 2007; Tong et al,,
2009). Our data support previous conclusions from studies
focusing on the telencephalon (Diotel et al., 2010a, 2010b; Marz
et al, 2010). We showed that radial glial cells co-express both
markers in the telencephalon, the diencephalon, and the mes- and
metencephalon. However, obvious regional differences were
observed between cyp19a1b-GFP and Blbp expression notably in
the thalamus, the optic tectum and in cells surrounding the lateral
recess (Figs. 3 and 4). These differences are not due to transgene
leaking as cyp19a1b-GFP transgenic fish line fully recapitulates
endogenous AroB as previously reported (Tong et al., 2009 and data
not shown), and was partially reported in zebrafish for AroB, Blbp
and cxcr4, a chemokine receptor (Diotel et al., 2010b).

Such a radial glia heterogeneity was previously described in
mammals and is currently not completely understood (Pinto and
Gotz, 2007). This heterogeneity could stem from the distinct
neurogenic versus gliogenic properties, proliferation rate (long-

term and short-term self-renewing) or also distinct regenerative
properties (Barry et al., 2014; Tack et al., 2012).

3.3. Proliferation is preferentially associated with certain markers
according to the niche

We also looked for a potential difference in AroB or Blbp
expression in proliferative radial glial cells. Our results clearly show
that Blbp expression is preferentially and significantly more asso-
ciated with radial glia proliferation in regions displaying strong
cyp19a1b-GFP and Blbp co-expression (i.e.: A, DI, Dm, Vd, Vv, Vs,
PPv). There was no preferential expression associated with prolif-
eration in the preoptic area and the Vp, while cyp19a1b-GFP ap-
pears to be preferentially associated with proliferation of radial glia
in the dorsal zone of the periventricular hypothalamus where the
LR starts to open. Significantly more proliferative radial glia express
at least cyp19a1b-GFP compared to Blbp (89.9% Vs. 65.5%; Table 1
and Fig. 5G), suggesting potential differences in the regulation of



Table 1

Expression and statistical analysis of cypa19a1b-GFP and/or Blbp-positive proliferative radial glial cells in different brain regions.

Zebrafish Brain % of proliferative radial glia expressing:

ANOVA (p-value)

% of proliferative radial glia expressing:

brain atlas regions ' "o 1} "Crp (yp19a1b-GFP Blbp only

Cyp19a1b-GFP/Blbp Cyp19alb-GFP/Blbp Cyp19alb-GFP Cyp19alb-GFP Blbp

Student's t-test

level and Blbp only vs. Cyp19alb-GFP  vs. Blbp vs. Blbp Cyp19aib-GFP vs.
Blbp (p-value)

71 Vv 666(+8.1)  12(£07)  32.2(+85) <0.0001 0.0038 0.0072 67.8 98.8 0.0066

71 vd 612(+7.7)  07(£07)  38.1(+8.1) <0.0001 0.0272 0.0016 61.9 99.3 0.0018

92 Ppa  929(+45)  14(x12) 5.7 (+4.4) <0.0001 <0.0001 NS 943 986 NS

98 PPa  818(+688)  53(£3.1)  12.94(x47) <0.0001 <0.0001 NS 87.1 947 NS

92 Vs 79.9 (+4) 0(+0) 20.1(+4) <0.0001 <0.0001 0.0002 79.9 100.0 0.0003

98 vp 854 (+55)  5.80 (+43) 8.8(+34) <0.0001 <0.0001 NS 91.2 942 NS

114 Dm  686(+35)  17(x19)  29.7(+37) <0.0001 <0.0001 <0.0001 70.4 98.3 <0.0001

114 DI 55.6(+52) 092(+07)  43.5(«5) <0.0001 0.0392 <0.0001 56.5 99.1 <0.0001

121/125 PPp  549(«72) 143(+66)  30.8(<8)  0.0007 0.0225 NS 69.2 857 NS

131 A 249 (+69) 0(+0) 75.1(+66) 0.0079 <0.0001 <0.0001 207 83.6 0006

158 PPV 89(+32)  07(<08)  90.4(+3)  0.0262 <0.0001 <0.0001 9.7 99.3  <0.0001

168 Hd (LR) 554 (+35) 345(+55)  10.1(x44) 0.0027 <0.0001 0.0008 89,9 65,5 0.0035

The two first columns provide the brain nuclei and regions studied according to the section levels from the zebrafish brain atlas (Wullimann et al,, 1996). Columns 3, 4 and 5
correspond to the percentage of proliferative radial glial cells expressing either cyp19a1b-GFP|Blbp, cyp19a1b-GFP only or Blbp only. Standard errors are provided in brackets
(n = 6 zebrafish). Columns 6, 7 and 8 correspond to one-way ANOVA performed on column 3, 4 and 5 (as in Fig. 5). Columns 9 and 10 provide the % of proliferative radial glial
cells expressing at least cyp19a1b-GFP (columns 3 and 4) or at least Blbp (columns 3 and 5). Statistical analysis (Student’s t-test) was performed in order to know if one marker
was preferentially associated with proliferation of radial glial cells (p-value are provided in column 11). A p-value greater than 0.05 was considered as statistically non-

significant (NS).

the neurogenic niche activity. Although one can argue that some
radial glial cells could be Blbp and cyp19a1b-GFP double-negative,
leading to over-estimation of our measurements, the detailed
studies on radial glial cells in zebrafish confirm the consistent co-
expression of markers (Baulieu and Schumacher, 2000; Diotel
et al, 2010b; Lindsey et al., 2012; Marz et al., 2010), and such
support the conclusion that our quantifications are not
overestimated.

3.4. Blbp, DHA and estrogens: links with neurogenesis

During embryogenesis in rats, the preferential association of
Blbp with proliferative zone is of particular interest as Blbp is
downstream of the neurogenic transcription factor Pax6 and en-
hances cell proliferation (Arai et al., 2005). New reports also suggest
an involvement of Blbp in neurogenesis in the SVZ and in the
dentate gyrus of rodents (Marko et al, 2011; Matsumata et al,,
2012; Schnell et al., 2014; Watanabe et al., 2007). Other data ob-
tained in adult monkeys show an up-regulation of Blbp in the
hippocampus of post-ischemic brains compared to controls and
suggest that Blbp is part of the molecular machinery regulating the
activity of the neurogenic niche by providing fatty acids to pro-
genitor cells (Boneva et al,, 2011). Blbp was also reported to be
positively involved in proliferation and invasion of human glio-
blastoma (Chen et al, 2007). Blbp ligand, DHA, is an omega-3
polyunsaturated fatty acid essential for proper brain development
and functioning (Crawford et al, 2013; Hoffman et al., 2009;
Janssen and Kiliaan, 2014). Mice fed with DHA and other n-3
polyunsaturated fatty acids show better exploratory behavior and
spatial memory but display decreased neurogenesis in the hippo-
campus, while in rats DHA does not affect hippocampal cell pro-
liferation and positively impacts neuronal production and/or
survival (Janssen et al, 2015; Tokuda et al, 2014). These data
strongly suggest important roles for Blbp and DHA in neurogenesis
and behavior that deserve further investigation. Interestingly,
several studies suggest a link between hormones, especially es-
trogens, and DHA levels in the brain. For instance, DHA levels are
higher in women than in men, and among women, those taking
oral contraceptive pills display higher DHA concentrations (Giltay
et al, 2004). Similar sex differences and hormonal influences
were also observed in rats and correlated with ovarian hormones
(McNamara et al., 2009). Interestingly, the brains of embryonic and

adult zebrafish express elovi4a that codes for the fatty acid elongase
4, an enzyme involved in DHA synthesis (Monroig et al., 2010) and
suggest that DHA can be locally synthesized from precursors in the
brain of fish. This observation needs to be linked to the capacity of
the zebrafish brain to synthesize estrogens de novo (Diotel et al,,
2011a, 2011b). In the brain, estrogens exert various effects on
stem cell and neuronal activities by modulating proliferation of
neural progenitors (Brock et al, 2010; Galea, 2008; Martinez-
Cerdeno et al., 2006), neuronal migration and differentiation,
brain plasticity (Brinton, 2009; Fan et al., 2006; Murashov et al,,
2004; Wang et al., 2003), as well as cell survival (Garcia-Segura,
2008; Hill et al., 2009; Wang et al., 2001). In adult zebrafish, 17p-
estradiol was shown to regulate brain proliferation, migration and
survival (Coumailleau et al., 2015; Diotel et al., 2013; Makantasi and
Dermon, 2014; Pellegrini et al., 2015). Given that radial glial cells
appear to be targeted by estrogens (Coumailleau et al., 2015; Diotel
etal., 2011b; Menuetet al., 2005; Pellegrini et al., 2015, 2013), AroB-
positive radial glial cells could affect their own activity as well as
that of their neighbors by producing estrogens in an autocrine and/
or paracrine manner. Consequently, it is likely that estrogen, Blbp
and its ligand could modulate neurogenesis in a combinatory
manner.

Taken together these data suggest key roles for Blbp, and its
ligand DHA in stem cell activity and neurogenesis. Further in-
vestigations using Blbp vivo-morpholino and over-expression
techniques could provide important inside on the roles of Blbp
and its ligand in homeostatic and reparative neurogenesis in fish.

3.5. Conclusions

To conclude, we provide a detailed mapping of Blbp in the whole
brain of adult zebrafish, showing Blbp co-expression with the radial
glia marker AroB and radial glial cell heterogeneity. Interestingly,
proliferative radial glial cells are preferentially associated with Blbp
expression in most brain regions, suggesting key roles for this
binding protein and its ligand in stem cell activity and brain func-
tions. Given (1) the continuous growth of Teleost fish during their
lifespan, (2) the maintenance of brain embryonic properties in
adult fish (Diotel et al,, 2010a) and (3) the importance of DHA for
brain development, these results identify Blbp and DHA as poten-
tial factors mediating some aspects of brain homeostasis and
functions during adulthood in zebrafish.



4. Experimental procedure
4.1. Animals and ethics

This work was approved by the ethics committee CREEA
(Comité Rennais d'Ethique en matiére d'Expérimentation Animale).
Zebrafish were housed, handled, and sacrificed in accordance with
the European Union regulations concerning the protection of
experimental animals. Three to six month-old male and female
sexually mature wild-type (Danio rerio, AB strain) and cyp19ailb-
GFP transgenic zebrafish (Tong et al., 2009) were housed in the
zebrafish facility of the IFR 140 (INRA SCRIBE, Rennes) and main-
tained under standard conditions of temperature (28.5 °C) and
photoperiod (14-h light/10-h). Fish were anesthetized with Tricaine
(MS-222; Sigma—Aldrich; REF: A5040) and sacrificed using an
overdose of anesthetic. Next, brains were partially dissected and
fixed over night at 4 °C in 4% paraformaldehyde (4% PFA) in saline
phosphate buffer (PBS, pH 7.4). The next day, brains were extracted
and fixed at 4 °C in 4% PFA-PBS, before paraffin embedding.

4.2, Primary antibodies

A rabbit polyclonal antibody raised against the ~15kD rat/mouse
Blbp was used (1:2000; Chemicon Intemational Serological Com-
pany; REF: AB9558; RRID: AB_2314014). The specificity of this
antibody was previously assessed in zebrafish by Western Blotting
(Diotel et al., 2010b) and was identified as a marker of radial glial
cells.

A mouse monoclonal antibody raised against the PCNA (prolif-
erative cell nuclear antigen) was used for detecting proliferative
cells (1:100; Clone PC10; Dako, Glostrup, Denmark; REF: M0879;
RRID: AB_2160651). This antibody reacts with proliferating cells in
vertebrate species, including zebrafish (Marz et al., 2010; Pellegrini
et al., 2007).

Post-mitotic neurons were identified with a mouse monoclonal
antibody raised against the human nuclear protein HuC/D (1:20;
Clone 16A11; Molecular Probes, Eugen, OR; REF: A21271; RRID:
AB_221448). The specificity of this antibody was tested by the
supplier, and the anti-HuC/D was previously used in zebrafish
(Pellegrini et al., 2007).

4.3. Immunohistochemistry

For Blbp mapping, immunohistochemistry was performed on
paraffin brain sections (6 pm) prepared with a microtome (Microm
HM 355 S). Sections were deparaffinised in xylene, rehydrated
through graded ethanol (100—-30%), rinsed twice in PBS (pH 7.4)
followed by antigen retrieval in sodium citrate buffer (pH 6; 80 °C)
for 30 min. Slides were rinsed twice in 0.2% Triton PBS (PBS-T) and
non-specific binding was blocked in PBS-T containing 1% milk
powder for 45 min at room temperature. Finally, sections were
incubated over night at room temperature in a humidified chamber
with the appropriate first antibodies diluted in PBS containing 0.5%
milk powder. The next day, the sections were washed several times
in PBS-T and incubated with Alexa Fluor® goat anti-rabbit 594
(1:200; Invitrogen Molecular probes, Eugene, OR, REF: A-11037;
RRID: AB_10561549) for 1h30 at room temperature in a dark and
humidified chamber. After three washes in PBS-T, slides were
mounted with the antifading medium Vectashield (Vector) con-
taining 4,6-diamino-2-phenylindole (DAPI), to visualize cell nuclei.
Blbp mapping was performed on three male and three female adult
zebrafish.

For Blbp staining on cyp19al1b-GFP zebrafish line, antigen
retrieval was performed in a sodium citrate buffer (pH 7.1; 64 °C)
for 1h15 in order to preserve GFP fluorescence.

For double Blbp and PCNA immunohistochemistry on cyp19aib-
GFP zebrafish line, antigen retrieval was performed in a sodium
citrate buffer (pH 7.1; 64 °C) for 1h15 and Blbp antibody was
detected using a biotinylated goat anti-rabbit IgG (1/1500; Vector's
lab, REF: BA-1000; RRID: AB_2313606) and revealed by an AMCA-
streptavidin complex (1/500; Vector's lab; REF: SA-5008; RRI-
D:AB_2336103). PCNA antibody was revealed with Alexa fluor®
goat anti-mouse 594 (1:200; Invitrogen Molecular probes, Eugene,
OR, REF: A-11005; RRID: AB_10561507).

4.4. Microscopy

Observations were performed on an epifluorescence microscope
Olympus Provis equipped with a DP71 digital camera or with a
Zeiss Apotome. Images were saved in “TIFF’ format with Analysis
software to allow image stacking.

4.5. Statistical analysis of cyp19a1b-GFP (AroB) and blbp
expression in proliferative radial glial cells

For each brain nucleus or region, identified according the
Zebrafish brain Atlas from Wullimann (Wullimann et al., 1996),
counting was performed on three successive sections of 6 adult
female zebrafish. Counting was performed by two different ex-
perimenters who obtained similar data that were averaged. Sta-
tistical analysis was performed using ANOVA or Student's t-test. A
p-value below 0.05 was considered statistically significant.

4.6. Nomenclature

The nomenclature for brain nuclei and regions is according to
that established in the zebrafish atlas by Wullimann and colleagues
(Wullimann et al., 1996).

Abbreviations of anatomical terms used in this study according
to Wullimann atlas [84].

A, anterior thalamic nucleus;

PN, accessory pretectal nucleus;

ATN, anterior tuberal nucleus;

CCe, corpus cerebelli;

Chab, habenular commissure;

Chor, horizontal commissure;

CM, corpus mamillare;

CP, central posterior thalamic nucleus;

CPN, central pretectal nucleus;

Cpop, postoptic commissure;

Cpost, posterior commissure;

D, dorsal telencephalic area;

Dc, central zone of dorsal telencephalic area;
Dd, dorsal zone of dorsal telencephalic area;
DiV, diencephalic ventricle;

D], lateral zone of dorsal telencephalic area;
Dm, medial zone of dorsal telencephalic area;
DOT, dorsomedial optic tract;

Dp, posterior zone of dorsal telencephalic area;
DP, dorsal posterior thalamic nucleus;

DTN, dorsal tegmental nucleus;

ECL, external cellular layer of olfactory bulb;
EG, eminentia granularis;

ENv, entopendoncular nucleus, ventral part;
FR, fasciculus retroflexus;

GL, glomerular layer of olfactory bulb;

Had, dorsal habenular nucleus;

Hav, ventral habenular nucleus;

Hc, caudal zone of periventricular hypothalamus;



Hd, dorsal zone of periventricular hypothalamus;
Hyv, ventral zone of periventricular hypothalamus;
ICL, internal cellular layer of olfactory bulb;

IL, inferior lobe;

LH, lateral hypothalamic nucleus;

LLF: lateral longitudinal fascicle;

LR, lateral recess of diencephalic nucleus;

MLF, medial longitudinal fascicle;

NIiI, oculomotor nucleus;

NMLF, nucleus of medial longitudinal fascicle;
NLV, nucleus lateralis valvulae;

PG, preglomerular nucleus;

PGa, anterior preglomerular nucleus;

PG], lateral preglomerular nucleus;

Pit, pituitary;

PO, posterior pretectal nucleus;

PPa, parvocellular preoptic nucleus, anterior part;
PPp, parvocellular preoptic nucleus, posterior part;
PR, posterior recess of diencephalic ventricle;
PSp, parvocellular superficial pretectal nucleus;
PTN, posterior tuberal nucleus;

PPv, periventricular pretectal nucleus;

R, rostrolateral nucleus;

RF, reticular formation;

RV: rhombencephalic ventricle;

SC, suprachiasmatic nucleus;

S0, secondary octaval population;

TeO, tectum opticum;

TL, torus longitudinalis;

TLa, torus lateralis;

TPp, periventricular nucleus of posterior tuberculum;
TS, torus semicircularis;

V, ventral telencephalic area;

V3, third ventricle;

V11, sensory root of the facial nerve;

VIII, octaval nerve;

VCe, valvula cerebelli;

Vd, dorsal nucleus of ventral telencephalic area;
VL, ventrolateral thalamic nucleus;

VM, ventromedial thalamic nucleus;

VOT, ventrolateral optic tract;

Vp, postcommissural nucleus of ventral telencephalic area;
Vv, ventral nucleus of dorsal telencephalic area;
ZL, zona limitans.
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