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Abstract

Olfaction is fundamental for sensing environmental chemicals and has obvious adaptive
advantages. In fish, the peripheral olfactory organ is composed of lamellae in which the
olfactory mucosa contains three main categories of olfactory sensory neurons (OSNs): ciliated
(cOSNs), microvillous (mOSNs), and crypt cells. We studied the appearance of these different
OSNs during development of Poecilia reticulata, given its growing use as animal model
system. We performed immunohistochemical detection of molecular markers specific for the
different OSNs, carrying out image analyses for marked-cell counting and measuring optical
density. P. reticulata olfactory organ did not show change in size during the first weeks of life.
The proliferative activity increased at the onset of secondary sexual characters, remaining high
until sexual maturity. Then it decreased in both sexes, but with a recovery in females, probably
in relation to their almost double body growth, compared to males. The density of both cOSNs
and mOSNs remained constant throughout development, probably due to conserved functions
already active in the fry, independently of the sex. The density of calretinin-positive crypt cells
decreased progressively until sexual maturity, whereas the increased density of calretinin-
negative crypt cell fraction, prevailing in later developmental stages, indicated their probable

involvement in reproductive activities.

Keywords: olfactory epithelium, olfactory sensory neurons, crypt cells, calretinin; G 4 oy,

PCNA, guppy, immunohistochemistry, image analysis
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Introduction

Olfaction is a phylogenetically ancient sense that has a very important role in animal life, being
fundamentally related to food research and reproductive behavior (Zeiske et al., 1992).
Vertebrates develop an olfactory system that detects odorants and pheromones through their
interaction with specialized cell surface receptors on olfactory sensory neurons (OSNs).
Olfaction is a form of chemosensation and sensing environmental chemicals has obvious
adaptive advantages, thus it is not surprising that a diversity of chemosensory systems has
evolved in animals (Poncelet & Shimeld, 2020).

The main types of fish olfactory sensory neurons (OSNs), common to all other vertebrates, are
bipolar neurons with dendritic processes that reach the surface of the olfactory epithelium,
where they originate olfactory terminal knobs bearing apical differentiations: cilia in ciliated
OSNs (cOSNs) and microvilli in microvillous OSNs (mOSNs) (Riddle & Oakley, 1991; Hansen
& Zeiske, 1998; Farbman, 2000). Ciliated olfactory sensory neurons (cOSNs) and microvillous
olfactory sensory neurons (mOSNs) also differ in location of their cell bodies and length of
their dendrites (Morita & Finger, 1998; Hamdani & Deving, 2007). Ciliated OSNs and mOSNs
have sensitivities to partially overlapping odorant categories, but project into distinct regions
of the olfactory bulb, related to different functions (Hansen et al., 2003; Hamdani & Dgving,
2007; Braubach et al., 2012; Bazaes et al., 2013). Other than OSNs, the olfactory epithelium
contains other cell types, such as sustentacular cells and basal stem cells.

Fish, in addition to the previously described OSN, also possess a third ovoid-shaped OSN type,
the crypt cell (actinopterygian fish, Hansen et al., 1997; Hansen & Finger, 2000; cartilaginous
fish, Ferrando et al., 2006, 2007). Crypt cells are located in the upper third of the olfactory
epithelium and their apical pole facing the nasal cavity carries both cilia and microvilli. Their

axonal projection patterns in the glomerular layer of the olfactory bulb are uneven among
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species: in Ictalurus puncatus and Carassius Carassius crypt neuron terminals are localized to
the ventral region, suggesting a possible association with pheromone perception and
reproductive behavior (Hansen et al. 2003; Weltzien et al., 2003; Hamdani & Deving, 2006).
On the other hand, in Danio rerio, crypt cells seem to project to one (Ahuja et al., 2013) or two
(Braubach et al., 2012; Gayoso et al., 2012) dorsomedial glomeruli supposed to be connected
with the medial olfactory tract, that is assumed to convey pheromone detection as well as alarm
response (Ahuja et al., 2013). It is also controversial which odorants crypt cells respond to
(Hamdani & Deving, 2006; Schmachtenberg, 2006; Hamdani et al., 2008; Vielma et al., 2008),
so their function remains unclear. Other two OSN subtypes have been described: kappe cells
and pear-shaped neurons (Ahuja et al., 2014; Wakisaka et al., 2017), but they have not currently
been described in fish other than zebrafish and it is not sure if they can actually be defined as
separate OSN types.

The peripheral olfactory organ of fish has a great variability in size, shape and organization in
olfactory lamellae (Yamamoto, 1982; Hansen & Zielinski, 2005). With regard to the structure
of the peripheral olfactory organ, fish can be distinguished into macrosmatic and microsmatic
species (Lazzari et al., 2013). Poecilia reticulata, for example, possesses a small olfactory
cavity containing a single olfactory lamella, therefore it is considered a typical representative
of microsmatic fish (Lazzari et al., 2007).

Fish OSNs are directly exposed to environmental water and any substances it contains, toxicants
included. Alterations in olfaction can affect fish behavior and survival with possible ecological
and socio-economic consequences. P. reticulata has become an important model organism for
developmental, ecological and toxicological studies (Kinnberg & Toft., 2003; Bettini et al.,
2006; Antunes et al., 2017; Souza Trigueiro et al., 2021; Milani et al., 2022), and the acquisition
of new information on the development and organization of the olfactory epithelium in this fish

will allow us to extend and strengthen its use as model (Bettini et al., 2012, 2016, 2017).
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Previously in our laboratory, we analyzed in adult P. reticulata both the histological and
ultrastructural organizations of the peripheral olfactory organ (Lazzari et al., 2007), and the
distribution of some molecular markers in the olfactory epithelium (Bettini et al., 2009).
Particular attention was paid to crypt cells whose antigenic response in adults distinguished two
subpopulations, supporting the possibility that crypt cells are functionally less uniform as
supposed (Bettini et al., 2017). Our studies on the development of OSN populations in P.

reticulata have been so far limited to a subpopulation of crypt cells erypt-ecel-subpepulation

(Bettini et al., 2012). The aim of this work is to study the dynamics of the populations of cOSNs,
mOSNs, and a subpopulation of previously unexamined crypt cells, from fish birth to

adulthood.
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Materials and Methods

Animal care and breeding

Adult (older than 6months) P. reticulata (Peters, 1859) of both sexes were purchased locally
from Coral Aquarium, Bologna, Italy, acclimated in laboratory conditions using separate
aquaria for each sex containing a 1:2 mixture of dechlorinated tap water and distilled water at
27 °C in a 12/12 h light/dark cycle, and fed twice daily with commercial flake food. After 10
days, females were allowed to mate with males, at a ratio of 3:1 to reduce stressful conditions.
In the following weeks, aquaria were daily monitored for pregnant females, that were isolated
in tanks at the same conditions of aquaria and let give birth. All procedures conformed to the
guidelines of European Communities Council Directive (86/609/CEE), the current Italian
legislation regarding the use and care of animals, and the guidelines issued by the US National
Institutes of Health. The Ethic-Scientific Committee of the University of Bologna also approved
this study (protocol no. 17/79/2014).

Fry collection and tissue sampling

Newborn individuals were isolated immediately after birth in 5 L tanks and sacrificed at
established time points (7, 14, 21, 45 and 90 days safter hatching). We included in the
experiment also adult guppies (about 6-month-old). Fish were previously anesthetized with
0.1% 3-aminobenzoic acid ethyl ester (MS-222, Sigma Chemical, St. Louis, MO, USA) and
immersion fixed in a modified Bouin’s solution (saturated aqueous solution of picric acid and
formalin at a ratio of 3:1) for 24 h. Heads from adult guppies were analogously collected and
processed, after removal of dorsal cranial vault to facilitate fixation. All samples were washed
several times in 0.1 M sodium phosphate buffer, pH 7.4, and decalcified in 10%
ethylenediaminetetraacetic acid (EDTA, Fluka, Buchs, SG, CH) in the same buffer for 1-7 days,
depending on specimen age and mineralization. Specimens were finally embedded in Paraplast

plus (Sherwood Medical, St. Louis, MO, USA; melting point 55-57°C), frontally sectioned (5
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um) with Leica 2145 microtome (Leica Microsystems, Milan, IT) and mounted on silanized
slides, two sections/slide. Sections of gonads were stained with Hematoxylin and Eosin to
determine sex of guppy fry and sexual development.

Immunohistochemistry

Serial sections were selected for immunohistochemistry. Following stereological methods,
every 10™ pair of sections a disector was sampled (Bettini et al., 2009, 2012). Slides from 10
fish (5 males and 5 females) for each time point were processed. Sections were deparaffinized,

rehydrated and immersed in 1% H,0O; (Sigma Chemical, St Louis, MO, USA) for 20 min at RT

to quench endogenous peroxidase. Then antigen retrieval was performed with microwave
treatment at 750 W for 10 min in citrate buffer at pH 6.0. Non-specific binding was blocked
with 10% normal goat serum (NGS; Vector Laboratories, Burlingame, CA, USA) and 1%
bovine serum agglutinin (BSA; Sigma Chemical;-StLeuis; MO-USA), before incubation in
primary antibodies overnight at 4 °C. Then sections were washed and further incubated in
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:100; Vector Laboratories) for
polyclonal primary antibodies and goat anti-mouse IgG (1:100; A4416; Sigma) for monoclonal
primary antibody. Finally, the immunoreaction was visualized with 0.1% 3,3-diaminobenzidine
substrate (DAB; Sigma Chemical). Sections from zebrafish olfactory organ were chosen for
positive controls. Negative controls were obtained by replacing the primary antibody with 10%
NGS.

Antibodies

Primary antibodies used were: 1) polyclonal rabbit anti-calretinin (AB5054 [developed against
rat calretinin], Chemicon International, Temecula, CA, USA, 1:1000), a marker for mOSNs
(Bettini et al., 2009) and a subpopulation of crypt cells (Bettini et al., 2017); 2) polyclonal rabbit
anti-G,, o (sc-383; Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:500), a marker for

cOSNs (Gayoso et al., 2011; Braubach et al., 2012; Bettini et al., 2016; Lazzari et al., 2017,
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2019); 3) monoclonal mouse anti-proliferating cell nuclear antigen (anti-PCNA; Clone PC10;
P 8825; Sigma; 1:500) to detect dividing cells (Bettini et al., 2016; Lazzari et al., 2017). All
antibodies were already validated in previous literature: anti-calretinin in guppy (Bettini et al.,
2017); anti-Gg o, which recognizes a 42-45 kDa protein under similar experimental conditions,
in zebrafish (Gayoso et al., 2011; Braubach et al., 2012), in catfish (Hansen et al., 2003), in
lamprey (Frontini et al., 2003), and in goldfish (Hansen et al., 2004).

Image acquisition and statistical analysis

Micrographs were taken using a BEL BlackL 5000 digital camera (BEL Engineering, Monza,
Italy) mounted on an Olympus BH-2 microscope (Olympus Italia, Segrate, Italy).

Figures were assembled with Adobe Photoshop (CS3; Adobe Systems, San Jose, CA, USA),
without content alteration.

We used the image analysis software ImageJ (version 1.53t) with Cell Counter plug-in (v.2) to
count calretinin-positive crypt cells and PCNA-positive mitotic cells, and calculate epithelial
volume and cell density (see Bettini et al., 2012 for more details). Immunostaining patterns of
anti-G, o1r (COSNs) and anti-calretinin (mOSNSs) did not permit cell discrimination and counting
(Bettini et al., 2016; Lazzari et al., 2017, 2019, 2021). Therefore, we considered the optical
density (OD), since the immunostaining intensity can be regarded as an indirect index of the
number of immunopositive cells (Igbal & Byrd-Jacobs, 2010). In the olfactory epithelium,
Imagel analysis provided average gray values of immunostained regions and background-
unstained zones. The OD was then calculated as the logarithm of the ratio between gray values

of background and stained Region Of Interest (we excluded the lamina propria and exclusively

selected the area of the epithelium, from the apical margin to the basal membrane). Using Excel

2019 (Microsoft Corporation, Redmond, WA, USA), data are reported in the histograms as

means + s.e.m. and statistically compared using one-way ANOVA {with LSD (Fisher Least
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Results

In the first 3 time points considered (from 7 to 21 days of age), guppies were in the fry stage;
in the 4™ time point, at 45 days after birth, they were in the juvenile stage, when gonads reached
their final structure, spermatogenesis started and oogenesis proceeded, secondary sexual
characteristics developed and sexual dimorphism began to manifest; in the 5™ time point, at 90
days of life fish were in the young stage and they were sexually active, even if sexual maturation
was not complete: in females the eggs were not fully matured, while the males, despite having
begun to court the females, were not yet capable to produce sperm and fertilize eggs. In the next
three months they reached adult stage with fully developed gametes in both sexes(Fig—H. At
this point, fish size growth stopped or slowed down significantly. For more details see Evans
et al. (2002) and Koya et al. (2003).

The olfactory organ of Poecilia reticulata contains only one olfactory lamella (Fig. 1a) whose

surface is covered by the sensory epithelium (Fig. 1b). PCNA immunohistochemistry allowed

to evaluate the course of cell proliferation during the considered periods. PCNA-positive cells
were usually located in the basal region of the olfactory lamella (Figs. 2al, 2bl, 2d1, 2a2, 2b2,
2d2). At stages of 7 and 14 days, the immunohistochemical staining was very reduced with very
few positive cells detected in the lamellae of both sexes without significant difference between
them (Figs. 2al, 2a2, 2e). From 21 days onwards, the dimensional increase of the olfactory
organ was due to a massive and statistically significant cell proliferation compared to the
previous stage, but without significant differences between the two sexes (Fig. 2e). At 45 days,
mitosis was still intense, comparable to the previous stage (Fig. 2e); the proliferating cells were
mainly localized in the posterior edge of the lamella (Figs. 2bl, 2c1, 2b2, 2¢2). In males at stage
90, upon reaching the sexual maturity, the proliferation decreased and stabilized showing values
comparable to those found in adults. Instead, in females the proliferation continued and

appeared to increase again after the mitotic rate decreased at 90 days of age (Fig. 2e). In adults,
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PCNA-positive cells were still numerous and also present in all the basal layer of female
olfactory lamella (Fig. 2d1), while in males they were restricted to some clusters in the posterior
region of the lamella (Fig. 2d2). At adult stage, the volume of the olfactory lamella was about

twice larger in females compared to males, in line with the ratio of total body size between

females and malestherelative-propertions-of-the-whele bedy-ef-the-two-sexes (Fig. 2f).

Anti-G,, r antibody labeled the superficial knobs of ciliated OSNs whose cell bodies were
located in the basal third of the olfactory epithelium and showed faint immunopositivity (Fig.
3a). The optical density of the immunopositive reaction evolved without significant difference
between the two sexes and the various stages considered except for 21 and 45 days, in which
the difference between sexes is significant, with the optical density being higher in males at 21
days and in females at 45 days (Fig. 3b). At 21 days of life, the optical density of males
increased by about 45% compared to the averages measured in previous stages. From 45 days
to adulthood the optical density of males returned to the average level recorded in previous fry
stages. The optical density of females reached its higher value at 45 days, thus later than in
males, then it decreased. However, the statistical analysis did not reveal significant differences
between the various stages, even if both F values for females and males were very close to F
critical values: female F(p<q 05 524/=2.465 and male F p< 5524=2.610; F critical=2.621.

Anti-calretinin immunopositivity was found in mOSNs whose cell bodies were located in the
superficial half of the olfactory epithelium (Fig. 3c). The optical density of the
immunohistochemical reaction showed no significant difference neither between sexes at any
considered stage (Fig. 3d), nor between stages, even if, similarly to what observed for G, .i¢
immunohistochemistry, both F values for females and males were very close to F critical values:
Female F(p<)s5,524=2.610 and male Fp< s 524=2.246; F Critical=2.621. Also in this case, the

densities apparently increased in 45-day-old guppies.
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In addition to mOSN:Ss, anti-calretinin immunohistochemistry also detected a subpopulation of
crypt neurons. The intense staining and the shape permitted their easy identification and
counting: crypt cells had a typical rounded or ellipsoidal cell body placed close to the free
surface of the olfactory epithelium (Figs. 4a, 4b). In the case of crypt cells, the total number of

calretinin-positive cells is also direethy-presented, as their dynamics are exactly opposite to the

trend of cell density. When considering the total number of calretinin-positive crypt cells, the
value remained low, without significant differences among stages at 7, 14, 21 and 45 days after
birth (Fig. 4c). Only in 90 days old fish, crypt cells were significantly more numerous in males
than in females. Starting from 45 days onwards, there was a statistically significant increase in
the total number of crypt cells compared to previous stages. The total number reached the
highest values in adult males and females (Fig. 4c). When the density of immunopositive crypt
cells was considered (Fig. 4d), the trend of the values obtained in the various stages appeared
reversed compared to the trend of the total number of positive crypt cells. In fact, despite the
moderate increase of the total number of calretinin-positive crypt cells, their density decreased
up to the minimum value in the adult stage. In females, the density at 7 days after birth was
significantly higher than other stages. In the following weeks the values gradually decreased
until they stabilized from 45 days onwards. In males, on the other hand, significant differences
in the density values of crypt cells among different stages were not observed. Significant
differences between the two sexes were present only at 7 days, when the value was higher in
females.

Comparing the number of calretinin-positive crypt cells obtained in this work with the total

number of crypt cells, which are S100-positive, taken from our previous work (Bettini et al..

2009, 2012). we have drawn up Table 1 which shows the percentage ratio between these two

types of crypt cells according to age and sex. The subpopulation of calretinin-positive crypt

cells remains predominant in both sexes up to 3 weeks, with percentages ranging between 70%
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259  30% in males.
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Discussion

The immunohistochemical localization of the selected molecular markers allowed us to follow
the dynamics of the different populations of OSNs during the development of the olfactory
mucosa of P. reticulata. From hatching up to the adult stage, the three main types of OSNs
showed different behaviors. In particular, cOSNs and mOSNs showed constant density without
particular differences between the stages. Sex-related differences appeared only for cOSNs at
21 and 45 days. Calretinin-positive crypt cells have decreasing density with age. Differences
between sexes appeared only at 7 days.

In a previous work (Bettini et al., 2012), we observed that the dimensional increase of the
olfactory organ of P. reticulata did not follow a linear trend: in the first 3 weeks the lamella did
not undergo variations, and only afterwards there was an evident growth, which, after 90 days,
led to a clear volumetric difference between males and females. In the present study, the
analysis of proliferative activity shows an increase in mitotic cell number in both sexes between
21 and 45 days of life. PCNA-positive cells observed in the early stages of development are
exclusively located in the basal layer of the epithelium. Due to their small number, we assume
that they predominantly support normal neuronal turnover. The increase in volume does not
affect the thickness, but the extent of the lamellar surface: from 21 days onwards, the greatest
density of proliferating cells is found in the edges of the olfactory organ, in particular the caudal
one, causing a progressive elongation of the lamella. At 90 days of age, the cell division rate
stabilizes in males, remaining similar at the male adult stage, on the contrary it further increases
in females in the adult stage, as their body growth continues to almost double the size of males.
Mousavi-Sabet et al. (2014) reported numerous morphometric changes during the first 50 days
of guppy development. While the growth in length of the body was quite progressive, allometric
growth pattern of snout length became strongly positive between 15 and 20 days after birth, in
line with what we observed in the olfactory organ. We can make some hypotheses in order to

explain why the dimensional development of the olfactory organ undergoes this variation at
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that particular stage. In fish, gonad formation begins 2 weeks before birth and their structure is
established at 10-14 days post birth (Koya et al., 2003; Mazzoni et al., 2014). However, sex is
unstable in the first weeks after birth and can be affected by administration of androgens, which
can lead to sex reversal (Ortega-Salas et al., 2013). The formation of secondary sexual traits
(caudal coloration, development of gonopodium in males, etc.), which starts approximately
between 2 and 3 weeks of life, appears to be the first indication of guppy sexual identity (Houde,
1998; Evans et al., 2002; Koya et al., 2003). In fact, gametogenesis continues during the
following weeks and is completed around 90-110 days after birth (Koya et al., 2003), but the
formation of rod-shaped gonopodia with clearly visible apical hoods starts courtship activity in
males, long before they can produce sperm (Houde, 1998; Evans et al., 2002). Since olfaction
is involved in reproduction, the increase in size of the snout (and of the olfactory organ) could
be correlated with the morpho-functional differentiation of the sex. But the absence of
differences between male and female proliferation patterns could lead to another possible
explanation. In accordance with Mousavi-Sabet et al. (2003), the rapid increase in P. reticulata
snout elongation after 15 days may be related to changing feeding habit, i.e., foraging from
water column to water surface.

Examining in more detail the development of the olfactory epithelium, we observed that the
density of cONSs and mONSs remained constant from the first week of life up to the adult
stage, with distinction between the two sexes only for cOSNs at 21 and 45 days. In the
comparison between the stages, the apparent increase, however statistically not significant,
which is visible for cOSNs between 21 and 45 days, could be a fluctuation simply reflecting
the imbalance in the ratio among cell types caused by the intense proliferation activity. It
appears evident that cOSNs and mOSNs are associated with the uptake of odorants linked to
activities that are functionally independent of sex and stage of development. It is well known

that foraging, social interaction, predator and toxicant avoidance and migration are the main
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behaviors associated with smell in fish (Nikonov & Caprio, 2001; Bazaes et al., 2013; Olivares
& Schmachtenberg, 2019).

Odorants have been indicatively divided in few molecular classes with different biological
functions: amino acids, bile salts, nucleotides, polyamines and pheromones (Nikonov & Caprio,
2001; Sato & Sorensen, 2018). Numerous electrophysiological, behavioral and
immunohistochemical studies, integrated with analysis of the molecular machinery of OSNs
and their projection patterns, made it possible to associate some of those classes of odorants
with each of the cell subtypes and suggest their role in the behavioral response (Bazaes et al.,
2013; Olivares & Schmachtenberg, 2019). Both cOSNs and mOSNs appear to respond to amino
acids in several teleost species (Sato & Suzuki, 2001; Hansen et al., 2003; Schmachtenberg &
Bacigalupo, 2004), but cORNs respond preferentially to bile salts, whereas mOSNs are
stimulated much more by amino acids and also by nucleotides (Hansen et al., 2003; Sato et al.,
2005; Koide et al., 2009; Bazaes et al., 2013; Olivares & Schmachtenberg, 2019). Bile salts,
mainly released into the water through feces and urine, are potential social odorants, that could
play a role in identification of conspecifics, alarm response and territorial demarcation
(Nikonov & Caprio, 2001; Hamdani & Deving, 2007; Bazaes et al., 2013). Nucleotides, instead,
serve as feeding cues (Nikonov & Caprio, 2001; Hansen et al., 2003; Wakisaka et al., 2017;
Sato & Sorensen, 2018). Amino acids are also a well-known category of food odorants (Hansen
et al., 2003; Hara, 2006; Nikonov & Caprio, 2007; Miklavc & Valentinc¢i¢, 2012; Sato &
Sorensen, 2018), but they appear to be also involved in behaviors other than feeding, such as
homing (Yamamoto & Ueda, 2009) and reproduction (Yambe et al., 2006). Taken together
these data seem to show that cOSNs are more correlated with social recognition among
conspecifics, while mOSNs are more involved in the search for food, even if Biechl et al. (2016)
showed that food odors stimulated both OSN subtypes, while only a subpopulation of mOSNs

but not cOSNs detected kin odor related signal in zebrafish. These perceptions appear equally
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important at all stages of development and the constant density of both cell types (cOSNs and
mOSNSs) that we observed during guppy development seems to be in accordance. However, at
the moment the meaning of the difference between sexes at 21 and 45 days for cOSNs remains
unclear. This difference could depend on an oscillation, although not significant, of the density
values due to the increased proliferation of basal cells that in males is a few days earlier
compared to females.

Interestingly, it has been observed that in the fish Astyanax mexicanus, present in two forms
adapted to different environments, the proportions between cOSNs and mOSNs are different
(Blin et al., 2018). COSNs were more represented in the surface-dwelling form, which is more
oriented towards the sense of sight, while mOSNs were more abundant in the cave-adapted
form, in which the sense of smell has predominant importance, given the reduction/absence of
eyes. In both morphs, the proliferation, cell death, lifespan and neurogenesis patterns in the
developing olfactory epithelium were identical, and very similar also between the two neuron
subtypes, analogously to what we observed in guppies. It could have been interesting to
compare the number of cOSNs and mOSNs in the guppy, but the immunohistochemical
markers, especially the G, ., do not allow easy cell counting, so we used an indirect estimate
of densities, which thus cannot be compared. A possible solution to be considered to better
distinguish and quantify the various OSN populations could be the use of transgenic fish, so far
effectively tested by Ma et al. (2018) in zebrafish, but that will be hopefully possible in the
future also for P. reticulata.

The third population of OSNs, crypt cells, has been associated to pheromone perception and
reproduction in numerous studies (Hamdani & Deving, 2006; Bazaes & Schmachtenberg, 2012;
Ahuja et al., 2013; Bazaes et al., 2013; Olivares & Schmachtenberg, 2019). As further support
for this hypothesis, in Carassius carassius (Hamdani et al., 2008) the number of crypt cells

varies throughout the year, increasing during the summer spawning season. Moreover, the



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

differentiation of crypt cells in the olfactory epithelium of the hermaphrodite Pseudapocryptes
lanceolatus is synchronized with the annual development of ovarian structures in the summer,
and they undergo apoptosis when the breeding season is over (Sarkar & De, 2018). We also
observed that S100-positive crypt cell development correlates with sex and gonadal maturation
in P. reticulata, with different dynamics and densities between males and females (Bettini et
al., 2012). However, in another study (Bettini et al., 2017), we observed that crypt cells in P.
reticulata do not constitute an immunohistochemically uniform population, identifying a
subpopulation of calretinin-positive cells (the population analyzed in the present study). Also,
Parisi et al. (2014) described, in zebrafish, a separate population of calretinin-positive crypt
cells, even if they showed no co-localization of S100 and calretinin proteins. In the present
study, we analyzed how this specific subpopulation of calretinin-positive crypt cells evolves
during the first 6 months of postnatal life. Their number increases in line with epithelial size,
with no substantial differences between males and females, even if in males it seems to start
earlier. The density, however, remains almost constant in males and only slightly decreasing in
females, with divergences between the two sexes at 7 days. Particularly interesting is the
percentage ratio between this calretinin-positive subpopulation and the totality of crypt cells: at
7 days of life, calretinin-positive crypt cells are over 75% in both sexes, but this percentage
gradually decreases after 3 weeks, reaching less than 30% in adult males and even 15% in adult
females. It can be easily assumed that the two subpopulations have different functions:
calretinin-positive cells, similarly to cOSNs and mOSN:ss, are linked to the perception of odors
important from the first day of life to adulthood, while the other crypt cells become numerically
preponderant only upon reaching sexual maturity, indicating a role connected to reproduction.
Sandulescu et al. (2011) also described an early onset of crypt cell differentiation in zebrafish,
at a stage similar to cOSNs and mOSNs, implying a probable functional significance in first

life stages. It is known that crypt cells can respond to amino acids (Vielma et al., 2008);



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

moreover, in calcium imaging experiments on the rainbow trout (Bazdes & Schmachtenberg,
2012), it was observed that in young fish, crypt cells respond more to amino acids and bile salts,
but in mature fish crypt cells are activated preferentially with exposure to gonadal extracts and
hormones from the opposite sex. The authors suggested that, during development, the crypt cell
population changed sensitivity and function, by replacing common odorant-sensitive cells with
pheromone-sensitive ones. Complementing previous research (Bettini et al., 2012, 2017),
present study appears to support the simultaneous presence of two distinct subpopulations of
crypt neurons, with autonomous functions, modalities and times of development.

Conclusions

In this study we analyzed the development of the olfactory organ of P. reticulata that does not
show a constant and progressive trend, but has a dimensional increase that begins three weeks
after hatching with a massive proliferative activity. The density of cOSNs and mOSNs remains
stable, with no differences between stages while sex related distinctions appear only for cOSNs
at 21 and 45 days. Calretinin-positive crypt cell density decreases with age despite the
simultaneous increase in the total number of these cells, probably due to a large increase in the
size of the olfactory epithelium. The results suggest the role of cOSNs, mOSNs and calretinin-
positive crypt cells in the uptake of odorants related to basic functions, such as search for food
and social relations. However, many gaps remain in the understanding of the sensory
capabilities of OSN subtypes, also because other factors influence the olfactory perception,
making the data analysis very complex. Many factors appear to influence OSN sensitivity, as
documented for example in zebrafish for the integration between alarm-response behavior and
mating (Diaz-Verdugo et al., 2019), imprinting among siblings (Biechl et al., 2016), and
neuropeptide expression (Kaniganti et al., 2021). Also, environmental changes can alter sensory
capacity by modifying the composition of the epithelium, either for pollutants (Igbal & Byrd-

Jacobs, 2010; Dew et al., 2012, 2014, 2016; Lazzari et al., 2017, 2019, 2021) or by improving
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the olfactory detection capacities, without affecting the organ size, as reported in visual-
deprived Astyanax mexicanus (Blin et al., 2018).
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Figure legends

Fig. 1. Light microscopic organization of the olfactory organ of adult Poecilia reticulata. (a)

In a frontal section of the head, the left olfactory organ appears composed of a single lamella

(arrowheads) protruding into the olfactory cavity. (b) Histological organization of the olfactory

epithelium (E) covering the olfactory lamella. LP. lamina propria. Hematoxvylin-eosin. Scale

bars (a), 200 um: (b), 20 um

Fig. 2. PCNA immunohistochemistry. (al, a2) Representative micrographs of lamellaec with

mitotic cells in the basal layer (arrowheads) in 7-day-old female (al) and male (a2) guppies.
(b1, b2) Representative micrographs of lamellae in 45-day-old female (bl) and male (b2)
guppies: dividing cells are more concentrated in the eaudal-posterior region of the olfactory
organ (arrows) than in the basal layer of the central and rostral lamella (arrowhead). (¢1, ¢2)
Higher magnification of the caudal region of the olfactory lamella in 45-day-old female (c1)
and male (c2). (d1, d2) Representative micrographs of the lamellae in adult female (d1) and
male (d2) guppies: the PCNA-positive cells are mainly located in the eawdal-posterior edge of
male olfactory organ (arrow), while in females they are also visible along the basal layer of the
entire lamella (arrowheads). C, caudal; R, rostral; L, lateral; M, medial. Scale bars (al-b2, d1,
d2), 100 um; (c1, c2), 10 um. (e) Density of proliferating cells and statistical comparison among
life stages and between sexes. (f) Volume of the olfactory lamella in adult females and males.

Significant differences among stages are indicated by asterisks above the bars, while differences

between sexes for each sampling time are indicated by asterisks superimposed on the bars.
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Continuous lines, female/female comparison; dotted lines, male/male comparison. *P<0.05,

**P<0.01, N=10.

Fig. 3. G, ir and calretinin immunohistochemistry. (a) Representative micrograph of lamellae
with G, positive cells: immunostaining is mostly visible in the apical knobs of cOSNs
(arrows) but is also present in the cytoplasm of cells throughout the lower half of the epithelium
(arrowheads). Scale bar (a), 20 um. (b) Optical density values of G, o -positive cOSNs and
statistical comparison among life stages and between sexes. Asterisks indicate significant
male/female differences. *P<0.05, N=10. (¢) Representative micrograph of lamellae with
calretinin-positive cells: they are mOSNs localized in the upper half of the epithelium. Scale
bar (c), 20 um. (d) Optical density values of calretinin-positive mOSNs; there are no significant

differences among stages and between sexes.

Fig. 4. Calretinin-positive crypt cells. (a, b) Representative micrographs of stained crypt
neurons with the characteristic ovoid shape (arrows); in some cases, the emerging axon is
clearly visible (arrowhead). Scale bar (a, b): 20 um. (¢) Histogram comparing the number of
calretinin-positive crypt cells per animal at various life stages. (d) Histogram comparing the
density of calretinin-positive crypt cells at various life stages. Significant differences among
stages are indicated by asterisks above the bars, while differences between sexes for each
sampling time are indicated by asterisks superimposed on the bars. Continuous lines,

female/female comparison; dotted lines, male/male comparison. *P<0.05, **P<0.01, N=10.
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Table 1. Number of calretinin-positive crypt cells, total number of crypt cells (S100-positive)*, and

their percentage ratio according to age and sex.

FEMALE Calretinin” crypt cells Total number of crypt Calretinin™ crypt cells
cells (51007 S100* crypt cells

7d 10.8+1.3 13.8+1.4 77.93%

14d 7.7+1.3 9.2+1.7 84.28%

21d 7.4+1.8 8.4+1.3 88.02%

45d 10.9£1.3 2743 40.62%

90d 1943 7716 24.36%

Adult 4716 297+30 15.74%

MALE Calretinin” crypt cells Total number of crypt Calretinin® crypt cells
cells (S1007) S100" crypt cells

7d 5.97£1.5 8.5t1.5 70.65%

14d 7.98+1.8 8.7+0.8 91.4%

21d 7.48+1.3 9.910.9 75.4%

45d 2115 2812 74.81%

90d 3345 61+5 53.81%

Adult 42+12 139+12 29.82%

Values are mean per animal £ s.e.m.

* Values taken from Bettini et al., 2009, 2012
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