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Simple Summary: The olfactory bulb can process odour cues through granular cells (GCs) and
dendritic spines, changing their synaptic plasticity properties and their morphology. The GCs’
dendritic spines density and morphology were analysed in Anguilla anguilla, considering the olfaction
as a driver involved in fish orientation and migration. For the head and neck morphology, spines were
classified as mushroom, long thin, stubby, and filopodia. Spines’ density decreased from juvenile
migrants to no-migrant stages and increased in the adult migrants. Spines” density was comparable
between glass and silver eels as an adaptation to migration, while at non-migrating phases, spines’
density decreased. For its phylogenetic Elopomorph attribution and its complex life cycle, A. anguilla
could be recommended as a model species to study the development of dendritic spines in GCs of
the olfactory bulb. Considering the role of olfaction in the orientation and migration of A. anguilla,
the modification of environmental stimuli (ocean alterations and climate change) could represent
contributing factors that threaten this critically endangered species.

Abstract: Olfaction could represent a pivotal process involved in fish orientation and migration.
The olfactory bulb can manage olfactive signals at the granular cell (GC) and dendritic spine levels
for their synaptic plasticity properties and changing their morphology and structural stability after
environmental odour cues. The GCs” dendritic spine density and morphology were analysed across
the life stages of the catadromous Anguilla anguilla. According to the head and neck morphology,
spines were classified as mushroom (M), long thin (LT), stubby (S), and filopodia (F). Total spines’
density decreased from juvenile migrants to no-migrant stages, to increase again in the adult migrant
stage. Mean spines’ density was comparable between glass and silver eels as an adaptation to
migration. At non-migrating phases, spines’ density decreased for M and LT, while M, LT, and S
density increased in silver eels. A great dendritic spine development was found in the two migratory
phases, regressing in trophic phases, but that could be recreated in adults, tracing the migratory
memory of the routes travelled in juvenile phases. For its phylogenetic Elopomorph attribution
and its complex life cycle, A. anguilla could be recommended as a model species to study the
development of dendritic spines in GCs of the olfactory bulb as an index of synaptic plasticity involved
in the modulation of olfactory stimuli. If olfaction is involved in the orientation and migration of
A. anguilla and if eels possess a memory, these processes could be influenced by the modification of
environmental stimuli (ocean alterations and rapid climate change) contributing to threatening this
critically endangered species.

Keywords: catadromous fish olfaction; olfactory bulb; olfactory granule cell; dendritic spine
development; European eel; orientation; migratory behaviour
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1. Introduction

Olfaction is a pivotal process involved in many behaviours of fish (orientation, mi-
gration, feeding, defence, spawning, and schooling) whose life is entirely restricted to the
aqueous environment [1-3]. The behavioural significance of the signals arriving at the
brain through different channels varies greatly from one species to another. The importance
of olfaction in the behaviour pattern known as homing is displayed by many fish species
(e.g., eel, rainbow trout, Pacific, and Atlantic salmon) [4-10].

Olfaction cues, reached first by olfactory neurons, are managed by the olfactory
bulb (OB), whose projections lead to higher telencephalic areas [11,12] and reciprocally
receive projections from the telencephalon itself [12-14]. Different neurobiological studies
have been performed on fish olfactory circuits, searching for a possible area involved in
olfactory memory formation. For instance, in Cyprinus carpio (L., 1758), the OB shows
general properties for neural plasticity in vivo and in vitro as examples of input-specific,
activity-dependent synaptic plasticity [15-17]. These synaptic activities can take place at
the dendro-dendritic synapses between glutamatergic mitral cells (MCs) and granular cells
(GCs, interneurons Gamma Amino Butirric Acid GABA releasing) at the peripheral den-
drites. Their activity is also regulated by synapses with noradrenergic afferent projections
by the telencephalon, which are mainly located at the deep dendrites [16,17]. Furthermore,
OB shows that both intrinsic and environmental factors can rearrange the dendritic spines
of GCs [18-24]. A single dendritic spine of a GC can change its morphology and structural
stability after environmental odour enrichment or removal [25]. Dendritic spines are the
most common postsynaptic structures of most excitatory synapses, connecting presynap-
tic and postsynaptic neurons [26]. They consist of a small bulbous head connected to its
dendrite through a neck, which provides a biochemical and electrochemical compartmental-
isation of the synapse. The dimension of the head is directly proportional to the quantity of
structural synaptic proteins and postsynaptic functional receptors [27]. Moreover, synaptic
activity is associated with physical growth or shrinkage of the spine [28].

Dendritic spines can mutate in various shapes and sizes, depending on brain areas,
cell types, and animal species [29]. Their structure is classified into four conventional
classes according to the morphological features of the head and neck: mushroom, long thin,
stubby, and filopodia [25,30,31]. Mushroom spines are characterised by a large head and a
small neck, able to establish strong synaptic connections, showing the longest lifetime and
constituting the sites of long-term memory storage [32,33]. Long thin spines are structurally
similar to mushroom spines but have a smaller head. They are more changeable and, for
this reason, can be considered the learning spines, able to learn new memories during
synaptic plasticity, followed by head growth [32,33]. Stubby spines usually do not have
a neck and are the predominant spine type during early postnatal development stages,
but a small amount is present also in adulthood due to the disappearance of mushroom
spines [34]. Filopodia are long dendritic protrusions without a well-defined head, typically
observed in young developing neurons [35]. These structures are mobile and flexible but
with a short lifetime [36].

The shape, structural organisation, synaptic function, and morphological rearrangements
of dendritic spines are potentially related to development or experience [19-22,37-39].

Furthermore, the stability of spines determines the maturity of neural circuits and
their maturation is related to learning, memory formation and storage, and memory
consolidation [25,33,37,40-43].

The catadromous European eel Anguilla anguilla (L., 1758) during its life undertakes
one of the most extraordinary migrations in the animal kingdom [44]. Indeed, the Eu-
ropean eel crosses the entire Atlantic Ocean twice, first as larvae and finally as an adult.
The species spawns in the Sargasso Sea, then leptocephali larvae migrate towards the
European and North African coasts for more than 5000 km [45,46], transported by the
Gulf Stream [47-50]. Larvae metamorphose into unpigmented glass eels [51] able to reach
continental areas [47,52] where, under stimulation by chemical attractants (pheromones,
green odors, amino acids, and bile salts), magnetic and lunar orientation mechanisms,
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and/or salinity gradients [53—-60] recruit estuarine environments, starting their upstream
migration [61]. Reaching continental waters, glass eels pigment into juvenile yellow eels
(elvers), developing all morphological and physiological features necessary for life in inland
waters [62,63]. Eels spend most of their lifetime in these habitats (5-25 years or more) at
the adult yellow eel stage, then metamorphose into silver eels towards sexual maturity
during seaward migration [47,64—67]. At this stage, eels swim across the Atlantic Ocean to
the spawning area in the Sargasso Sea to die after spawning [45,66,67].

Because of the complex life cycle (Figure 1), characterized by metamorphosis, a mi-
gratory behaviour, and the capacity to live in different habitats (marine, brackish, and
freshwater) [44], the European eel developed one of the most sensitive olfactory systems
among fish and olfaction plays a central role in its life [44,68-71]. However, the morpholog-
ical development of brain areas involved in olfaction remains unknown.

Glass eel

O\ Elver eel

Marine Waters
S18)eA) |BJUBUIUOD

Spawning

Silver el
Figure 1. The life cycle of the European eel (Anguilla anguilla).

To fill these gaps, in general, this study aimed to investigate the development of
dendritic spines in the secondary dendritic trunk of OB GCs of the European eel, which
resulted as the peripheral ones, known for the presence of synapses between MCs and
GCs, characterised by general properties for neural plasticity [15-17]. In particular, this
study aimed: (1) to investigate the morphological characterisation of dendritic spines along
the entire eel’s life cycle and (2) using a cytomorphological Golgi staining approach, the
differences in the density of these structures for each eel’s continental life stage.

2. Materials and Methods
2.1. Eel Samples

Eels were collected between November 2019 and January 2021 from the Pramaera
River (Central-Eastern Sardinia, Italy). The Pramaera River is a typical Mediterranean
small watercourse characterised by biseasonal climatic features, with hot arid summers,
rainy autumn/winter seasons along with extreme precipitation events, determined ir-
regular flow, and strong seasonal hydrological fluctuations [72-75]. The river showed
well-oxygenated waters (dissolved oxygen = 9.40 4 12.35 mg L), good conductivity
(1324.16 + 1564.71 uS cm™!), and typically Mediterranean average water temperatures
(16.01 £ 5.32 °C). Erosion was not very evident indicating a high level of naturalness and
integrity and a good fish suitability [76]. Euryhaline fish species (e.g., mullets and seabass),
and mostly European eels populate this river [77]. The extension of the watercourse is
10 km, with a catchment area of 180.7 km?, currently devoid of fluvial interruptions of
anthropogenic origin (i.e., dams or other anthropogenic barriers).

Nineteen animals were used for the experiment. According to the peak migration
periods of this species in Sardinia [77], five glass eels and five elvers were caught using
experimental fyke nets. Five yellow and four male silver eels were captured using low-
frequency, pulsed DC electrofishing. All individuals were immediately stored in cool and
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aerated water and anaesthetised by immersion in a bath of MS 222 until the termination
of opercular movements [78] and measured for total length (TL, cm) and total weight
(TW, g). Then, animals were sacrificed in situ using decapitation, conforming with the
guidelines and protocols approved by the European Community and Italian legislation
for the protection of animals used for scientific purposes (Directive 2010/63/UE L 276
20/10/2010, implemented by Italian Legislative Decree 26/2014). Finally, eel heads were
immediately fixed in 4.0% paraformaldehyde in phosphate buffer solution (PBS, pH 7.40)
and stored on ice for transfer to the laboratory for subsequent analysis.

2.2. Golgi-Cox Processing

In the laboratory, the whole brain (including rostral and caudal portions) was removed
from the skull and kept in paraformaldehyde solution at 4 °C overnight. All brains were
washed in PBS, weighed (brain weight, BW), and placed in 20 mL Golgi-Cox solution
(known for randomly providing the most complete morphology about the 5% of the total
neuron population) [79,80] for 2 weeks at room temperature in the dark. Brains were
quickly washed in distilled water and transferred in a 30% sucrose plus 0.2% Sodium
Azyde solution in PBS for cryoprotection for a minimum of 3 days at 4 °C to accurately
remove the Golgi-Cox solution in excess [81].

Afterward, brains were included in 35% gelatine/25% sucrose in PBS and cut at 80
to 100 um thick sagittal slices using a vibratome (Leica VIT1000S). Slices were collected
in a cryoprotectant in series, selecting those involved in OB, using a stereomicroscope
to identify the target brain area according to the zebrafish brain atlas ‘Neuroanatomy
of the Zebrafish Brain’ [82] as a reference (Figure 2). Slices were developed using the
procedure described by Kolb and McClimans [83], dehydrated, cleared, and mounted with
Canada balsam.

Figure 2. Sagittal slices of the eel’s brain. Representation of the sagittal slices of a male Silver eel’s
brain. The ICL (grey area) of the left OB is included.

2.3. Laser Scanning Confocal Microscopy

Quantitative analysis was performed using a Leica 4D confocal laser scanning micro-
scope (CLSM) with an argon-krypton laser (Leica, Heidelberg, Germany). Confocal images
were generated using 100 oil (n.a. = 1.3) in reflection mode (488 excitation wavelength).
Each frame (512 lines and 512 columns) was acquired eight times and averaged to obtain
noise-free images. Confocal images were obtained from the maximum number of scans
allowed by the dendrite thickness. Optical sections, usually at consecutive intervals of
0.5 pm, were imaged through the depth of the labelled neurons and saved as image stacks.
All confocal images were white labelled on a black background in grayscale ranging from



Biology 2022, 11, 1244

50f 15

0 (black) to 255 (white) and processed in grayscale values with Scanware 4.2a Leica. Criteria
for morphological analyses were: (i) internal cell layer, where GABAergic GCs were more
concentrated, with somata diameter of 7 to 10 um [84] were considered; (ii) only clearly
and completely countable GCs were classified; (iii) type IlIb sub-cells [85] were included
(Figure 3).

é.‘o/

Figure 3. Golgi-Cox Staining in Light Microscopy. Left image shows the ICL of a male Silver eel’s OB
(grey dotted line) (scale bar = 250 pm). Right image shows a magnification of the rectangular field in
the left image (black dotted line), where a subtype IIIb GC (somata indicated by the grey arrow) is
located (scale bar = 50 um).

2.4. Rendering

Image analysis was performed using the software Bitplane Imaris 7.4.2. by two
independent observers blind to the eel life stage using the libraries Filament Tracer and
Classifying Spine. Spine density was calculated by tracing at least a 10 um long spline
curve along the secondary dendritic trunk of GCs (Figure 4).

Figure 4. Representative GC’s secondary dendritic branches (orange). Spine class densities and
differences among the Glass, the Elver, the Yellow and Silver male eels. (Scale Bar = 1 um). Mushroom
spine (yellow); long thin spine (blue); stubby spine (red); filopodia (magenta).
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Primary dendritic trunks, known for being primarily innervated by inputs of telen-
cephalic origin [16,17] were not considered. For each eel continental life stage, for spine
density evaluation, about 75 dendritic segments were generated. According to the head
and neck morphological /metric criteria reported by Spiga et al. [30], spines were classified
into four classes: stubby spines (S) (no distinguishable head and total length less than
1 pum), mushroom spines (M) (head diameter greater than the maximum diameter of the
neck, well-formed head, and neck diameter greater than its length), long thin spines (LT)
(head diameter greater than the maximum diameter of the neck, well-formed head, and
neck length greater than its diameter), and filopodia (F) (no distinguishable head and total
length greater than 10 pm).

2.5. Statistical Analysis

The relationships between TL, TW, BW, and spine density in the OB GC secondary
dendritic trunk were evaluated for each specimen using linear correlation analysis (correla-
tion coefficient R?). Before linear regression, the extreme difference between the values of
body characteristics was down-weighted by applying a log-transformation. Spine density
was checked for normality (Shapiro-Wilk’s test, S-W, p < 0.05). Therefore, differences in
spine density among life stages and spine classes were analysed by the nonparametric
Kruskal-Wallis test (K-W test) to verify the equality of the medians between different
groups. When significant differences were obtained, pairwise comparisons were conducted
using Dunn’s post hoc test (Z test). All values were expressed as the mean and standard
error (£SE) unless otherwise indicated. Significance was set at p < 0.05. All data were
analysed by R [86].

3. Results

Basic statistics relative to TL, TW, and BW of different eel life stages are reported in
Table 1.

Table 1. Biometrics of sampled eels. Mean total length (TL), mean total weight (TW), and brain
weight (BW) of sampled eels (£ standard deviation) for different life stages.

Life Stage TL (cm) TW (g) BW (g)
Glass eel 6.53 £0.43 0.23 £0.04 0.004 £ 0.001
Elver 8.06 + 2.43 0.77 £ 0.94 0.005 £ 0.002
Yellow eel 30.56 £ 3.41 39.04 £ 14.04 0.058 £ 0.026
Silver eel 38.40 +3.23 105.75 £ 52.22 0.11 £ 0.049

From the image analysis, 308 segments (about 10 um long) from secondary den-
dritic trunks in eel OB GCs were collected and dendritic spine classes were characterised
(Figure 4).

Linear regression between body characteristics (TL, TW, and BW) and spine density for
each eel life stage showed no significant correlations (R? coefficient < 0.7, p < 0.05). However,
the highest total spine density was observed in relation to eels’ body characteristics for the
glass eel stage. In elvers and yellow eels, the density decreases and increases again at the
silver eel stage (Figure 5).

Total spine density was abundant in the glass eel stage (6.67 £ 0.15 spines/10 um), reducing
progressively in the elver (4.45 = 0.11 spines/10 um) and yellow eel (3.73 & 0.09 spines/10 pm)
stages, to increase again in the silver eel stage (5.71 £ 0.12 spines/10 um) (Figure 6).
Significant differences were highlighted in the median values of total spine density among
life stages (K-W: 42.77, p < 0.0001). Post hoc Dunn’s test showed no statistical differences,
only between elvers and yellow eels (Z: —1.42, p > 0.05).

Densities within dendritic spine classes (M, LT, S, F) revealed significant differences
for each eel life stage (Table 2).
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Figure 5. Relationships between eels” body characteristics and spine total density from secondary
dendritic trunks in the GCs of the OB. (A) log-transformed total length (TL), (B) log-transformed
total weight (TW), (C) log-transformed brain weight (BW).
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Figure 6. Dendritic spine density per 10 um of dendritic trunk length £ SEM, grouped for eels’ life
stage and for spine class. Bars are repartitioned according to the life stage of eels and the dendritic
spine class, respectively (M: mushroom in yellow, LT: long thin in blue, S: stubby in red, F: filopodia
in pink).

Table 2. Summary of K-W test among eels’ life stages. Paired post hoc Dunn’s test between dendritic
spine classes. p values < 0.05 are significant. Asterisks indicate the significance code: p < 0.0001 = ****;
p <0.001 =**; p <0.01 =**; p <0.05 =*; p > 0.05 = ns (non-significant).

Glass eel Elver Yellow eel Silver eel (M)
K-W =130.19 K-W=134.86 K-W=122.46 K-W=154.93
p < 0.001 p <0.001 p < 0.001 p <0.001
Paired N L N N
groups p value significance p value significance p value significance p value significance
M-S <0.0001 ok <0.0001 e 0.4912 Ns 0.0014 **
M-LT 0.6921 ns <0.0001 ke <0.0001 e <0.0001 e
M-F <0.0001 e <0.0001 e <0.0001 e <0.0001 e
LT-S <0.0001 ok 0.3539 ns 0.0028 o 0.051 ns
LT-F <0.0001 i <0.0001 ke <0.0001 e <0.0001 e
S-F <0.0001 e <0.0001 e <0.0001 e <0.0001 e
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For glass eels (K-W: 23.52, p < 0.05), greater mean densities were found for M and
LT spine classes (2.65 &= 0.20 spines/10 um, and 2.60 £ 0.23 spines/10 pum, respectively)
that, indeed, were detected as statistically similar (Z: 0.48, p > 0.05) (Figure 7). For elvers
(K-W:130.19, p < 0.05), M spines were the most abundant class (2.33 £ 0.20 spines/10 pm).
In addition, no differences were observed between S and LT spine classes (Z: 0.87, p > 0.05)
(Figure 7). In the yellow eel stage (K-W: 47.23, p < 0.05), both M and S classes showed higher
density values (1.50 £ 0.13 spines/10 pm, and 1.28 % 0.10 spines/10 um, respectively)
with no statistical differences (Z: —0.51, p > 0.05) (Figure 7). Lastly, greater density spines
(K-W:7.90, p < 0.05) were obtained for the M spine class (2.52 £ 0.20 spines/10 pm) for
silver eels. Furthermore, no differences were detected between S and LT classes (Z: 1.53,
p > 0.05) (Figure 7).

20

o
OmmnmE
—wm

3
o

Spines Density/10 pm

o
L

00

Elver

Glass eel
Yellow eel
Silver eel (M)

Figure 7. Mean density of dendritic spines. Mean spine density per 10 um in the European eel per life
stage and per spine class (M: mushroom in yellow, LT: long thin in blue, S: stubby in red, F: filopodia
in pink). Error bars represent standard error of the mean.

Based on the analysis of the density of different dendritic spine classes, the total spine den-
sity was greater in M spines (2.25 £ 0.19 spines/10 um), lower in F (0.07 £ 0.03 spines/10 pm),
and intermediate in LT (1.51 £ 0.18 spines/10 um) and S (1.31 =+ 0.10 spines/10 pum)
spines. Moreover, median spine density was significantly different among all spine classes
(K-W: 571.23, p < 0.001). Post hoc Dunn’s test explained no statistical differences only
between LT and S spine classes (Z: 0.52, p > 0.05).

Considering all dendritic spine classes separately (Figure 7), M and LT spines showed
a reduction in spine density in the elver and yellow eels’ stages to increase again in the
silver eel stage. Regarding the S spine class, a slight decrease in spine density was found
between glass eel and elver stages to increase again in yellow and silver eels. Finally, the
density of the F class decreased progressively until it almost disappeared in silver eels.
Within each spine class, significant differences were identified (Table 3).

The density in M spines was quite similar between glass eels and elvers (Z: 1.17,
p > 0.05), glass eels and silver eels (Z: —0.37, p > 0.05), and elvers and silver eels (Z: 0.81,
p > 0.05), respectively, showing greater values (glass eel 2.65 £ 0.20 spines/10 um; silver
eel 2.52 £ 0.20 spines/10 um; elver 2.33 & 0.20 spines/10 um). Regarding LT spine density,
a greater value was detected in the glass eel stage (2.60 £ 0.23 spines/10 pm) and no
differences were observed between the elver and yellow eel stages (Z: —0.37, p > 0.05). For
S spines, the most abundant were in the silver eel stage (1.65 = 0.10 spines/10 um). The
pairwise Dunn’s test confirmed that this stage was statistically different from the others
(silver eels vs glass eels: Z: 3.01, p < 0.05, silver eels vs. elvers: Z: 3.98, p < 0.05, silver eels
vs. yellow eels: Z: —2.45, p < 0.05). F class showed greater density in the glass eel life stage
(0.18 £ 0.06 spines/10 um), with the only significant difference between the glass eel and
silver eel stages (Z: —2.70, p < 0.05).
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Table 3. Summary of K-W test among dendritic spine classes. Paired post hoc Dunn’s test between
eels’ life stages. p values < 0.05 are significant. Asterisks indicate the significance code: p < 0.0001 = ****;
p <0.001 =***; p <0.01 =**; p <0.05 =*; p > 0.05 = ns (non-significant).

Mushroom (M) Stubby (S) Long Thin (LT) Filopodia (F)
K-W =23.52 K-W =130.19 K-W =47.23 K-W =7.90
p <0.001 p <0.001 p <0.001 p =0.048

Paired
groups

pvalue  significance pvalue significance pvalue significance pvalue  significance

Glass eel-Elver
Glass eel-Yellow eel
Glass eel-Silver eel (M)
Elver-Yellow eel
Elver-Silver eel (M)
Yellow eel-Silver eel (M)

0.2479 ns 0.3944 ns <0.0001 ok 0.0793 ns
<0.0001 Ak 0.5585 ns <0.0001 Ak 0.1318 ns
0.6584 ns 0.0042 ** <0.0001 Rk 0.0128 *
0.0013 ** 0.0953 ns 0.7401 ns 0.7591 ns
0.3719 ns <0.0001 ok 0.0145 * 0.3738 ns
<0.0001 pHEE 0.0097 ** 0.0040 ** 0.2338 ns

4. Discussion

Although the role of olfactory stimuli in the modulation of different functions in
fish is known (e.g., social relationships, prey or predator recognition, and the search for
food) [87], some studies have suggested a key role of olfaction in migration in the genus
Anguilla [68,69].

In this study, we tried to understand if the olfactory system could play a specific role
in the migratory behaviour and orientation of A. anguilla, focusing on the development
of dendritic spines in OB GCs as an index of synaptic plasticity involved in the possible
modulation of olfactory stimuli that drive these behaviours.

Considering the specific evolution of dendritic spines, starting from the pattern de-
scribed in the vertebrate central nervous system, it is well known that the total spine density
decreases from younger to older individuals, mostly connected with ageing [25,88,89]. In
the OB, mushroom and long thin spines are the most abundant spine classes, with mush-
room spines representing a more stable synapse than long thin spines [25]. Mushroom
spines are characterised by a large amount of structural synaptic proteins and postsy-
naptic receptors [22,90,91] and by long-term potentiation [92]. Furthermore, long thin
morphology shows a smaller head and a lower number of synaptic proteins and postsy-
naptic receptors than the mushroom shape [22,90]. Stubby spines can represent immature
spines [90,91,93,94] that may disappear or evolve into long thin spines [37]. During the
second postnatal week of young mammals, dendritic filopodia can emerge and interact
with other neurons to form nascent synapses [91,95], which can later develop into stubby
spines [96-98].

In general, results showed that the total dendritic spine density decreases progressively
from glass eels to non-migrant stages (elvers and yellow eels) to increase again in the adult
migrant silver stage. The amount of dendritic spines is comparable between glass eels
and silver eels, demonstrating a quantitative and qualitative adaptation of these structures
during the two migratory phases of the species. It was hypothesised that this overall trend
is initially dictated by the decrease in the density of mushroom and long thin spines during
the non-migrating trophic phase. Subsequently, the total spine density increases again
in the silver eel stage due to the increment of mushroom, long thin, and stubby spines.
Therefore, this model is in contrast to what is known in other vertebrates, revealing a
relationship between the trend of the total spine density and the catadromous life cycle
and the consequent two migratory phases of this species rather than with the ageing of
the animal.

By analysing the single spine classes, mature mushroom and long thin spines were
very similar in the migratory glass eel stage. Instead, in adult silver eels, there was a similar
increase between long thin and stubby spines. These results suggested that there would be
an increase in synaptogenesis in juvenile and adult stages, correlated by the increment in
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the number of mushroom, long thin, and stubby spines, with respect to elver and yellow
eel stages. Furthermore, in the silver eel stage, the increase in these three spine classes
suggested that this migratory phase could stimulate the processing of a large amount
of new olfactory cues, which may correspond to only reproductive functions, including
pheromone detection [99]. Stubby spines would constitute the source of the future mature
mushroom and long thin spines, necessary in the migration phase to reach the spawning
area. Higher-density values of filopodia were found at the juvenile glass eel stage and this
value gradually decreased in the subsequent development stages, which were statistically
homogeneous with each other. Although it was the lowest abundant class, their greatest
production in the glass eel stage could be attributable to the possible role of these spines in
the neural network formation in the OB during the still-stabilising juvenile stage. However,
these results were in line with those reported in the developmental model of filopodia in
other vertebrates, where a greater filopodia production was observed in the first weeks of
life [25,91,95].

Studies on the olfactory system development in fish species using the plasticity of
dendritic spines of GCs of OBs as an index for possible dendritic spines rearrangements
are scarce or absent. To date, few descriptive studies exist on the OB’s GCs morphology
and prolongations in the common carp C. carpio and in the Mediterranean barbel Barbus
meridionalis (Risso, 1826), where the presence of dendritic spines is reported only in these
neurons [85]. Other studies demonstrated the plasticity of these structures in the pyramidal
neurons of the optic tectum of the jewel fish Hemichromis bimaculatus (Gill, 1862) [100-105] and
in zebrafish Danio rerio (Hamilton, 1882) [106], as well as the spiny-medium-like neurons in
the telencephalon of the zebrafish [107].

Therefore, our work represents a pilot study for verifying, first, the presence of the
GCs in European eel’s OB, the presence of dendritic spines in this brain area, then the
quality evaluation of Golgi-Cox Staining, the morphological characterization of dendritic
spines, and their density estimation.

Our findings showed great synaptic development activity in migratory phases of
eels, which regresses in the trophic phase, but must necessarily be recreated by tracing the
migratory memory of the routes previously travelled in the juvenile phases. If olfaction
plays a role in the orientation and migratory behaviour throughout the complex and
long life cycle of A. anguilla and if eels possess a memory, all these processes could be
influenced by changes in the olfactory stimuli under several internal and external conditions
(e.g., adaptation to different aquatic environments; sexual development phases, growing
or fasting phases, climate changes, ocean alterations) [108-110], making it difficult or
impossible to cover wide reproductive migratory routes and constituting a cofactor that
contributes to threaten this critically endangered species (CR) [111].

For these reasons and due to its ancient phylogenetic attribution to the Elopomorph
teleost group, the European eel A. anguilla could be recommended as a model species to
study and understand the development of olfaction in catadromous fish species [112].
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