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• We studied phenotypic traits of eels climbing water obstacles.
• The analysis included muscle enzymatic activity and genes transcription in brain.
• Experienced fish up regulated genes associated with synapse and neurogenesis.
• Climbing water obstacles can implicate cognition-related traits in migrating fish.
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The European eel is a panmictic species, whose decline has been recorded since the last 30 years. Among human-
induced environmental factors of decline, the impact of water dams during species migration is questioned. In-
deed, water impoundments can be a severe obstacle for young eels trying to reach the upstream freshwater
zones, even if they are equipped with fish-friendly passes. The passage by such devices could be an important
event shaping the outcome of the future life and life history traits of eels. We studied what phenotypic traits
were associated with the event of experience of passage by water obstacles. We analyzed specific enzyme activ-
ities and/or gene transcription levels in the muscle and brain to test whether the obstacle passage is rather a
physical or cognitive task.We found that after a long period ofmaintenance under homogenous conditions, tran-
scription levels of several genes linked to synaptic plasticity, neurogenesis and thyroid activity differed among
the field-experience groups. In contrast, muscle gene transcription levels or enzymatic activities did not show
any differences amongfish groups.We suggest that cognitive processes such as learning andmemory acquisition
rather than swimming-related metabolic capacities are involved in passage of water obstacles by young eels.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Anthropogenic activities are often associated with landscape
restructuration for economic purposes. In aquatic ecosystems, land-
scape modifications involve the construction of water barriers such as
weirs and dams. These changes strongly alter the longitudinal connec-
tivity of water corridors and can negatively impact aquatic organisms
[1–2]. Movements of migratory species are constrained by aquatic bar-
riers, restricting their access to feeding or reproductive habitats [3–4].
Aquatic barriers can prevent the recruitment of fish into upstream
freshwater habitats [5], hence forcing them to settle in the most
rniak).
downstream parts at high densities. Depending on the type and height
of the barriers, environmental conditions and species physiology and
behavior, obstacles may be impassable. Even though barriers are pass-
able, they can delay migration [6], which in turn can lead to suboptimal
colonization and modify life-history traits of animals and in fine impair
reproductive capacity of genitors [7–8].

Many efforts have been undertaken to ease the passage of obstacles
by installing fish-friendly devices such as fishways. However, even if
equipped with fish passes, barriers still have an impact on fish passing
through. Indeed, beyond quantitative effects being widely addressed
in the literature [9], aquatic barriers could also have qualitative effects.
Fish passage by fishway involves energy expenditure needed to find
the entrance [10], especially when the fishway attractiveness is poor
[11–12], and to ascend such devices. In addition, the ascension is often
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performed under harsh hydraulic conditions [13–14]. In this case, inter-
individual variation in phenotypic traits at the intra-specific level could
play an important role in the success of passage of animals through fish-
ways. Among other traits, the capacity of individuals to perceive envi-
ronmental cues as well as their overall activity could play an
important role in their capacity to find the fishway [15]. The success of
crossing the fishway could be also associatedwith the physiological sta-
tus or swimming capacity of fish [9,16], and the fishway device could
hence act as a selective filter or contribute to themodification of fish bi-
ology, physiology and behavior.

The impact of fishway passage on individual phenotypic traits can be
particularly important in species with high phenotypic plasticity i.e.
with a potential for environmentally induced wide range of reaction
norms. One of the fish species with thewidest range of variation in phe-
notypic traits is the European eel Anguilla anguilla [17–18]. The
European eel is a catadromous species occurring in inland and estuarine
ecosystems throughout Europe. It has a complex life cycle requiring two
transatlantic migrations. The first migration from the Sargasso Sea, the
unique spawning ground of the species, is done by a passive transport
of leptocephali larvae towards the European continental shelf [19–20].
Once reached, the metamorphosis of leptocephali into glass eels occurs,
and the colonization of continental waters can begin. Many young eels
migrate upstream in search of optimal growth habitats to settle down
as elvers or yellow eels.

Over the last 30 years, the European eel population hasmarkedly de-
clined throughout its whole repartition area and is considered as ‘criti-
cally endangered’ [21]. Many causes have been proposed (overfishing,
man-introduced parasites and diseases, pollution, climate change), al-
though the impact of anthropogenic barriers at both ontogenetic stages
of fish (i.e. increased mortality during passage by hydropower plants in
the case of spawning migration of silver eels, non-optimal access to
freshwater habitats together with density dependent predation during
glass eel upstreammigration) has been suggested as one of the key fac-
tors contributing to the sharp decline of the European eel populations
[22]. For eel species, the most efficient fish pass is ladder-type, based
on a natural rheotaxy and climbing tendency of young eels. Yet, the ef-
ficiency of such fishways has been assessed only from a quantitative
point of view. Currently, data are mainly restricted to the proportions
offish approaching thedevice and of those succeeding to pass the obsta-
cle [8,23].

Our study aimed at testing whether phenotypic variation of spe-
cific traits in glass eels can be associated with their experiential dif-
ferences in passing water obstacles. We investigated whether fish
with different climbing experiences acquired in the field express dif-
ferences in phenotypic traits after a common garden period. We pre-
viously showed that brain gene expression was related to different
behaviors of fishway passage during in situ investigations [30]. How-
ever, these differences were observed in fish directly analyzed after
field sampling, thus preventing the detection of delayed and long-
term impacts on fish. In the present study, we aimed at expanding
these preliminary findings by assessing the relative long-term im-
pacts of obstacle crossing on cognitive abilities, often associated
with exploratory behavior [24–25] in contrast to swimming perfor-
mances [26–27]. Moreover, thyroid metabolism and body condition
were assessed, as they were suggested to play a role in glass eel
freshwater migration [28–29]. We therefore investigated differences
in the gene transcription level and in vitro enzyme activity in two tis-
sues ‐the brain and the muscle.
2. Material & methods

All procedures used in this study were approved by the Aquitaine
fish–birds ethic committee (a committee approved and registered by
the French Ministry of Higher Education and Research under number
73).
2.1. Sampling

Eels were collected using electric fishing during two consecutive
days (16–17 of July 2013) under similar climatic and hydrological con-
ditions in the Canal des Etangs, an artificial freshwater corridor in
South-Western France (44.75–44.95 N, 1.1–1.2W). The river line is lin-
ear, whereas the water flow remains homogenous and controlled by a
series of weirs. Three successive low-distanced obstacles were built
along the river length, all equippedwith afish pass delimiting three suc-
cessive river segments. The most downstream dam is equipped with a
glass eel-specific pass, and the two other are equipped with an eel
pass (Fig. 1). Thirty individuals were sampled from each of three sites,
according to their body size (between 67 and 98mm) and health status
(no externally visible pathogens). By sampling three linear dammed
sites, we ensure that certain fish have already expressed different
climbing behaviors in the field (with expectedly no climbing event,
one climbing event or two climbing events, hereafter labeled respec-
tively as 0C, 1C and 2C). In the two most downstream segments (i.e.
0C and 1C), individuals were sampled below the obstacle, close to the
fishway entry. Fish from the most upstream segment (2C) were sam-
pled directly on the fishway slope, as water depth below the obstacle
precluded the use of electric fishing. All fish were brought alive to the
laboratory for the common garden experiment.

2.2. Common garden

After a prophylactic treatment (H2O2, 250 ppm, 60 min), eels were
individually marked by inserting a 6 mm long RFID device (NONATEC,
Lutronics) in the peritoneal cavity. Tagging was undertaken under fish
anesthesia (eugenol). After one week recovery, all the fish were placed
into the same tank and reared for two months at low density (1 fish/
100 L) in the same controlled conditions of light, food, temperature
and water flow (T = 22 °C, pH = 6, 12/12 h light cycle, feed with Chi-
ronomidae ad libitum). After this period, body weight and body length
were measured and monthly growth rates were calculated. Then, fish
were sacrificed by severing the medulla oblongata. The whole brain
and a sample of muscle were dissected and stored in RNALater buffer
(Qiagen) for gene transcription analyses. Additional samples of muscle
were dissected and stored in liquid nitrogen for further enzymatic activ-
ity analyses.

2.3. Gene transcription analysis

Gene sequences were chosen to specifically target the cognitive
function, thyroid activity and aromatase activity in the brain and the
swimming capacity of fish muscle (Table 1). A total of 9 genes are asso-
ciatedwith neurogenesis and synaptic plasticity, both involved in cogni-
tive processes such as perception, learning and memorization [25,30]:
Glutamate receptor ionotropic, NMDA1 (grin1), c-Jun (jun), cofilin-1
(cfl1), CREB binding protein (crebbp), Thy-1 membrane glycoprotein
(thy1), disintegrin and metalloproteinase domain-containing protein
10 (adam10), protein S100B (s100b), glutamate receptor 3 (gria3), and
neurogenic differentiation factor 1 (neurod1). The gene of
iodothyronine deiodinase 2 (dio2) was chosen due to its implication
in thyroid hormone metabolism, and the gene of aromatase (cyp19a1)
due to its involvement in neurogenesis [31] and brain sexualization
[32]. Concerning muscle analyses, aerobic and anaerobic metabolic
pathways were targeted and both gene transcription levels and enzy-
matic activities of lactate dehydrogenase (gene = ldh/enzyme =
LDH), citrate synthase (cs/CS), cytochrome c oxidase (cc/CCO) andpyru-
vate kinase (pk/PK) were analyzed (Table 1). The type of metabolic ac-
tivity provides insights into physiological performance of fish during
two swimming modes: cruise swimming and burst swimming [27,33].

For each gene, specific primer pairs were designed using the
EeelBase [34] and the Primer3Plus software [35] and were purchased
from Sigma Aldrich. All primer pairs are reported in Table 1. Samples



Fig. 1. Sampling site characteristics. The height and the type of fishway in the first segment are different from the two upstream segments. Fish from the first two segments (0C and 1C)
were caught below the water obstacle, whereas the fish from the third segment (2C) were caught while climbing the fishway.

Table 1
Primer pairs used for RT-qPCR analyses (a= forward, b= reverse). A total of 11 genes were chosen for brain analysis: grin1, jun, cfl1, crebbp, neurod1, thy1, adam10, s100b, gria3, cyp19a1,
and dio2. A total of 4 genes were selected for muscle analysis: ldhb, pk, cs and cco. β-Actinwas chosen as reference gene.

Gene name Sequence 5′ to 3′ Function BLAST hit name Species E-value

gria3 CCAGCAAACACCCAGAATTTa Brain: synapse CAD60809.1 GI:27802719 Danio rerio 5e−37
AATTCCTGTCCGTGTCTTCGb

grin1 CTGAGCTTCCTCCACAAAGGa Brain: synapse XM_010772966.1 GI:736190489 Notothenia coriiceps 2e−163
CTGGCTACAGTGACCCCAATb

jun GATTCGACGTTCACGGTTTTa Brain: synapse JN257262.1 GI:357595814 Carassius auratus 0.0
TGTGGTTGACGCATTTCATTb

crebbp GAAGTGGATGCTGTCCAGGTa Brain: synapse XM_010889456.1 GI:742179578 Esox lucius 0.0
CCTTCCCGTACAGAACCAAAb

adam10 AGACGCAAGTCTGCCTCAATa Brain: synapse XM_011607642.1 GI:768930177 Takifugu rubripes 0.0
CGCAGTAGCCCTTAAAGTCGb

s100b CGTGGCCTGGTCTTTAATGTa Brain: synapse XM_008285887.1 GI:657560810 Stegastes partitus 5e−42
CCTCCACTCTCCTCAACTGCb

cfl2 TCCACCACAGAGTTTGGTCAa Brain: synapse NP_998804.1 GI:47174751 Danio rerio 5e−29
TGTCATCTGGTCAGCTCTGGb

thy1 GCACTCCACTGCTTCACAAAa Brain: synapse NP_932331.1 GI:37620192 Danio rerio 9e−14
GTAACCTTGCTGGGTGGAAAb

dio2 TGCGGTGCTTCTGTACTTTGa Brain: thyroid activity AB199797.1 GI:83758433 Anguilla japonica 0.0
CAGGACAGGCGATGAGTGTAb

neurod1 ACGAAGGCTCGTGCTTAAAAa Brain: synapse NP_001133280.1 GI:213514432 Salmo salar 5e−15
TACAATGGACAGCTCCCACAb

cyp19a1 GAGGAGATCGTGATGGAAGCa Brain: synapse, sex KF990052.1 GI:595583444 Anguilla anguilla 0.0
ACTTGTCTGATCGGCTCCAGb

ldhb GGGCACATTACGCTCCTAAAa Muscle: anaerobiosis Q9YGL2.3 GI:17433151 Anguilla rostrata 2e−109
AAGAGCAGTGGCAGTGTGTGb

pk TCTGTGTGGCACAGGTGATTa Muscle: (an)aerobiosis NM_001140489.1 GI:213513313 Salmo salar 0.0
TTCGATGAGATCATGGATGCb

cs GCATGTTGGTGAAGTTGTGGa Muscle: aerobiosis XP_642824.1 GI:66818329 Dictyostelium discoideum 6e−87
GGCCAAGTACTGGGAGTTCAb

cco TAGAGGCCGGAGCTGGa Muscle: aerobiosis KM286458.1 GI:697736614 Anguilla anguilla 0.0
GGGGAGTTTGGTACTGTGTAATb

β-actin CAGCCTTCCTTCCTGGGTa Housekeeping gene DQ286836.1 GI:82798415 Anguilla anguilla 0.0
AGTATTTGCGCTCGGGTGb
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Fig. 2.Mean growth rates (length (t2)− length (t1) / time lapse) of young eels that expe-
rienced different climbing events in the field (OC, 1C, 2C), after a two month period of
common garden. Bars sharing same-case letters do not differ significantly (Tukey tests,
p N 0.05). Significance level of p value is indicated with asterisk (0.001 b **b0.01 b

*b0.05). Total number of fish: 0C = 21, 1C = 26, and 2C = 29.
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of the brain andmuscle were homogenized by means of a beadmill ho-
mogenizer (45 s at 3000 oscillations per s, Mixer Mill MM 200, Retsch).
Total RNAs were extracted using the SV Total RNA Isolation System
(Promega) according to the manufacturer's instructions. RNA concen-
tration was determined using NanoDrop spectrophotometry. The gene
transcription level was measured by quantitative real-time Reverse
Transcribed-Polymerase Chain Reaction (qRT-PCR), using the β-actin
gene as reference. Amplification of cDNA was monitored using the
DNA intercalating dye SyberGreen. Real-time PCR reactions were per-
formed in a MX3000P (Stratagene) following the manufacturer's in-
structions (one cycle at 95 °C for 10 min, and 40 amplification cycles
at 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s). Reaction specificity
was determined for each reaction from the dissociation curve of the
PCR product and by electrophoresis. Relative quantification of each
gene transcription level was normalized according to the β-actin gene
transcription. Hence, during our experiment, total RNAs were quanti-
fied and a same quantity was used for reverse-transcription. During
the subsequent qPCR amplifications, the output cycle corresponding to
β-actin was examined. This output was always obtained around the
same output cycle and no significant variations were observed among
conditions, demonstrating the relevance of β-actin as a reference gene
in our conditions.

2.4. Enzymatic analyses

All chemicals were purchased from Sigma-Aldrich. Muscle samples
were thawed on ice, choppedwith a surgical steel razor blade, weighted
and homogenized in ice-cold buffer (pH 7.5; 20 mM HEPES; 1 mM
EDTA; 0.1% Triton X-100) (1:50, w/v) using a tissue homogenizer for
30 s (Mixer Mill MM 200, Retsch). Enzyme assays were performed at
20 °C using an ultraviolet and visible (UV/vis) spectrophotometer mi-
croplate reader (Epoch, Biotek). The total assay volume was 200 μL (in-
cluding 10 μL of homogenate) and homogenate dilution factors were 25
for CS (citrate synthase), 1000 for LDH (lactate dehydrogenase), 200 for
PK (pyruvate kinase) and 75 for CCO (cytochrome c oxidase). Reaction
rates were assayed at 412 nm for CS, 550 nm for CCO and 340 nm for
LDH and PK. Reactions were measured for 5 min and a linear portion
of at least 3minwas used to calculate reaction rates. Reaction conditions
for the various enzymes were as follows:

– CS (EC 2.3.3.1): Phosphate buffer (100 mM, pH 8.0), Tris–HCl
(100 mM), dithiobis(2-nitrobenzoic) acid (DTNB) (0.1 mM), acetyl
CoA (0.4 mM), and oxaloacetate (0.45 mM);

– LDH (EC 1.1.1.27): Phosphate buffer (100 mM, pH 7.0), β-nicotin-
amide adenine dinucleotide (β-NADH) (0.16 mM), and pyruvate
(2 mM) (omitted in controls);

– PK (EC 2.7.1.40): Imidazole buffer (imidazole 50mM,MgCl2 20mM,
KCl 70 mM, pH 7.5), β-NADH (0.16 mM), adenosine diphosphate
(ADP) 15 mM, phosphoenolpyruvate (PEP) (7.5 mM), and LDH in
excess;

– CCO (EC 1.9.3.1): Phosphate buffer (100 mM, pH 7.0), cytochrome c
(0.07 mM), and 0.33% potassium ferricyanide in blanks.

All assays were run in triplicate and the specific activities are
expressed in IU (μmol of substrate converted to product per min) per
g of muscle (wet weight). Protein concentrations were determined
using the Lowry method [36].

2.5. Statistical analyses

Comparisons among (ANOVA) or between (t-test) fish groups from
different river sections (0C, 1C, 2C) were performed after testing the as-
sumptions of normality (Shapiro–Wilk test) and homoscedasticity
(Bartlett test) of the error terms. When assumptions were not met,
the non-parametric Kruskal–Wallis test was applied. If significant
effects were detected, Tukey HSD orWilcoxon tests were used to deter-
mine whether means or medians significantly varied between pairs of
samples. For all the statistical results, a probability of p b 0.05 was con-
sidered significant.

For each analysis, measurements of fish bodymass and length, brain
somatic index, brain total RNA concentration (ng·g−1, ww), relative
body condition (Kn), gene transcription levels, total protein concentra-
tion and enzymatic activities were compared among fish groups.

3. Results

3.1. Fish growth

No difference in body length among field groups was observed be-
fore (77 ± 6.8 mm, Chi2 = 5.749, df = 2, p = 0.056) or after
(89.29 ± 10.8 mm, Chi2 = 1.473, df = 2, p = 0.479) the experiment.
After the common garden experiment, the growth rate of animals in
terms of body length varied significantly among groups (F = 5.836,
df = 2; 74, p = 0.004), with the growth rate of fish from the 2C group
being significantly lower than that of the two other groups (Fig. 2). No
significant differences among groups were observed regarding the
brain somatic index (BSI) and the body condition factor of animals
(data not shown).

3.2. Eel brain gene transcription analyses

After two months of common garden experiment, the transcription
level of 4 genes (cyp19a1, jun, thy1, dio2) was significantly higher in
fish that experienced two climbing events in the field (2C) compared
to fish that had never climbed in the field (0C) (Fig. 3). Three out of
these four genes (cyp19a1, thy1, dio2) and an additional gene (cfl1)
were significantly over-transcribed in fish from the 1C group than
those from the 0C group. Thus, a general pattern of an increasing tran-
scription level of genes in the brain was found in fish with at least one
climbing experience acquired in the field.

3.3. Interaction of detected genes

Four out of the five genes with higher transcription levels in the
climbing-experienced fish group were linked using GeneMANIA
(http://www.genemania.org) either by co-expression, shared protein
domain or physical interactions (Fig. 4). These associations between
jun, thy1, cfl1 and dio2 were indirect, and involved many other genes.

http://www.genemania.org


Fig. 3. Transcription level of genes in brain of all young eels sampled along a river on three successive forebays (0C, 1C, 2C) separated by dams after a twomonth period of commongarden.
For each gene independently, bars sharing same-case letters do not differ significantly (p N 0.05). Significance level of p value is indicatedwith asterisk (***b0.001 b **b0.01 b *b0.05). Total
number of fish: 0C = 21, 1C = 26, and 2C = 29.
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Table 2
Mean and standard error of total protein concentration (μg of proteins per g of muscle,
ww), enzymatic activities (UI·g−1, ww), transcription levels (a.u.) of genes encoding for
ldhb, cco1, cs, and pk, as well as the ratio of LDH/CS (enzymatic activities and transcription
level) in muscle of young eels sampled along a river on three successive forebays (OC, 1C,
2C) separated by dams after a twomonth period of commongarden.Means designedwith
different letters differ significantly (p b 0.05).

Variable/site 0C 1C 2C

Mean ± se Mean ± se Mean ± se

Total protein
concentration

0.31 ± 0.07 (a) 0.23 ± 0.05 (b) 0.26 ± 0.06 (a, b)

PK activity 525.74 ± 156.37 535.29 ± 150.91 521.24 ± 156.4
LDH activity 973.59 ± 341.21 1144.97 ± 230.51 1094.07 ± 343.29
CS activity 10.17 ± 3.07 9.11 ± 3.6 10.08 ± 2.8
CCO activity 6.26 ± 5.59 5.14 ± 1.33 6.68 ± 5.45
LDH/CS ratio
[enzyme]

99.9 ± 36.52 141.04 ± 56.45 114.33 ± 40.87

ldhb transcription
level

0.53 ± 0.24 0.59 ± 0.23 0.67 ± 0.37

cs transcription level 0.75 ± 0.44 0.87 ± 0.46 1.04 ± 0.78
cco1 transcription
level

29.26 ± 18.03 32.14 ± 17.41 44.3 ± 28.11

ldh/cs ratio [RNA] 0.84 ± 0.46 0.83 ± 0.47 1.01 ± 1.13
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It is noteworthy that jun, thy1 and cfl1were chosen for analysis accord-
ing to their similar biological function, i.e. for their involvement in syn-
aptic plasticity and neurogenesis. cyp19a1wasnot linked to any of these
genes according to GeneMANIA prediction server.

3.4. Eel muscle gene transcription analyses and enzymatic activities

No differences were observed among the fish groups on the enzy-
matic activities and neither on the transcription levels of enzyme-
related genes measured in muscle tissue (Table 2). However, the total
protein concentration in the muscle of fish from the first (0C) field
group was higher in comparison to fish from the second (1C) group.

4. Discussion

4.1. Importance of the brain tissue in crossing water obstacles

At the end of a two-month period of stabulation under homogenous
conditions, several differences in gene transcription levels were ob-
served among groups of fish with different climbing experiences in
the field. However, these differences concerned only the brain tissue.
Neither gene transcription levels nor enzymatic activities in muscle
allowed discriminatingfishwith different experiences of obstacle cross-
ing, indicating that this ecological event does not necessarily imply spe-
cific swimming performance traits such as muscle metabolic capacities
of fish.

Experienced eel climbers (i.e. fish that experienced at least one ob-
stacle passage) presented higher levels of transcription of neural plastic-
ity related genes such as thy1, jun, and cfl1. THY-1 is related to the
development of the neural system involved in olfaction in mice [36]
and vision in rats [37]. C-JUN is closely related to synaptic plasticity,
and is involved in memory formation and learning [38–39]. C-JUN be-
longs to the IEG (Early Immediate Gene) family which is among the
first to be regulated in response to environmental stimuli [40]. This
group is involved in long-term potentiation (LTP) and in the establish-
ment of long-term memory that requires rapid de novo synthesis of
Fig. 4. Existing links among genes with higher transcription levels found in the groups of fish
linked: thy1, jun, cfl1 and dio2, either by co-expression, physical interaction or shared protein d
of the link is proportional to the importance it gives to construct the whole network.
proteins [41]. Another gene that showed different transcription levels
among groups was cfl1, encoding for cofilin-1. Cofilin-1 is a protein reg-
ulated by NMDA receptors [42] and involved in neural plasticity by reg-
ulating the number and the shape of dendritic spines and synapses
[43–44]. Cofilin-1 is implicated in spatial and associative learning and
memory, as it has been found in rats andmice [45]. Higher transcription
levels of this gene were detected in mature European eels when com-
pared to immature individuals [46]. Moreover, overexpression of cfl1
and thy1was also found in a similar group of individuals in the previous
study [30]. In the present study, increased transcription levels of cfl1
were observed in the fish groups that crossed at least one obstacle. Alto-
gether, these genes suggest that cognitive function of the brain (mem-
ory acquisition, spatial learning) could be implicated during obstacle
with obstacle crossing experience. Four out of the five genes were found to be indirectly
omain. Interaction networks were found using GeneMANIA prediction server. The length
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crossing in the field. Indeed, successful passage of obstacles could in-
volve different adjustments of behavior. In thefield, each obstacle cross-
ing is a different task, due to different turbulences, water current
intensities, social interactions, predatory presence or steepness and ri-
gidity of the climbed slope. Therefore, it could require from the fish a
high behavioralflexibility, related to better perception of environmental
stimuli and their use in decision-making processes [47]. Compared to
obstacle-naïve fish, experienced climbers showed differences in gene
transcription levels even after twomonths of common garden, implying
that experiences acquired in the field had long-lasting effects on gene
expression.

Another genewith a higher level of transcription displayed by expe-
rienced climbers was dio2, encoding for iodothyronine deiodinase 2
(DIO2). DIO2 is an enzyme responsible for the deiodination of the thy-
roxin (T4) hormone into its biologically active form, the 3,5,3′-triiodo-
thyronine (T3). Our results corroborate with the general consensus
that thyroid activity is an important factor explaining the propensity
to migrate in glass eels [29]. High levels of T3 and T4 hormones were
shown to be associated with migratory behavior [48–49]. An experi-
mental study demonstrated that eels expressing upstream climbing be-
havior presented higher levels of T4 and T3 hormones in the body [50].
Moreover, wild eels caughtwhile climbingwaterfalls had also higher T4
plasma levels and locomotory activity compared to sedentary individ-
uals [51]. Thyroid hormones have a variety of functions in living organ-
isms, frommetabolism regulation to neurogenesis [52]. In addition, high
thyroid activity was suggested to correlate with higher caloric status in
teleosts [53] andmore specifically with higher body condition [49]. This
is consistent with our results showing that 2C fish had lower growth
rate in size and in accordance with a physiological trade-off where thy-
roid activity enhances energy allocation tomigratory activity (i.e. swim-
ming against the water current, climbing) in detriment to body growth.

Another gene with a higher transcription level in the experienced
climbers was the cyp19a1 gene, encoding for aromatase. Aromatase
can play a role in neurogenesis and brain sexualization [31,54]. This is
in agreement with the general statement of female-biased proportions
encountered in upstream freshwater zones. However, gene transcrip-
tion data in glass eels and young elvers are not sufficient to suggest an
effect of dam passage on eel sexualization. On the other hand, involve-
ment of aromatase in neurogenesis – a function also implicating other
differentially regulated genes – reinforces the hypothesis of obstacle-
induced changes in neural activity of the brain rather thanmetabolic ca-
pacities of muscle in eels.

Putting these results together we hypothesize that cognitive func-
tion of the brain (memory acquisition, spatial learning) could be impli-
cated during obstacle crossing in the field. Several genes related to
neural activity and synaptic plasticity were highly expressed in fish
that experienced one or two obstacles crossing in the field. Links be-
tween activity of genes involved in synapse remodeling or neurogenesis
and cognitive capacities have been found in many different organisms
[55–56] including fish [57–58], rats [59] or humans [60] and most of
them concern physical activity [61–62] or environmental enrichment
[63] as a crucial factor increasing cognition-related traits. Alternatively,
changes in gene transcription levels could be associated with ontoge-
netic changes and brain development of glass eels. As crossing the ob-
stacle could be time-consuming, eels from the most upstream
segment could be older than the downstream group. At a certain
stage, they could engage in a period of higher brain development and
morphogenesis of a particular brain region. For example, juvenile eels
have larger relative volumes of chemo- and mechanosensory regions
of the brain than leptocephalus larvae [64]. These age- or stage-related
changes could potentially involve the function of neurogenesis and syn-
aptic plasticity, and energy re-allocation necessary for brain develop-
ment could partly explain the lowest growth rates of the upstream
group of fish. Little is known, however, how and which genes are regu-
lated during this process, and whether there exists any size- or age-
threshold for a specific brain region development within the age and
size range of the studied fish. Moreover, otolithometric measurements
from the previous study on the same size-range eels didn't show any
significant age differences among the fish groups [30], which makes
this hypothesis less likely.
4.2. Fishway passage experience and phenotypic traits

An increased gene transcription level is presented here as a conse-
quence of obstacle passage in the field. In other words, we would sug-
gest that the transcription levels of these genes were related to the
experience or event of obstacle crossing rather than to the intrinsic pro-
pensity to climbdisplayed by eachfish long before theymeet any obsta-
cle. However, even if sampling occurred at the end of the migration
peak, we cannot rule out the hypothesis that a part of the fish sampled
below the first obstacle, i.e. individuals with no climbing experience
(0C), were individuals presenting a high propensity to climb, but lacked
time to pass the fishway. Determining whether differences in the tran-
scription level are induced by the obstacle crossing or whether aquatic
obstacles act as selective pressure for specific but already existing mo-
lecular phenotypes can be ecologicallymeaningful. Indeed, water obsta-
cles could be represented respectively as an element of habitat
enrichment or heterogeneity generating different molecular pheno-
types via phenotypic plasticity (environment × gene interaction), or
as a factor contributing to selective repartition of different genotypes.
While several studies on European eels considered the local adaptation
hypothesis as less likely, all the more so because of randommating and
the absence of habitat choice at least during larval dispersal [65–66] a
recent study carried out on the panmictic American eel species showed
the presence of genetically different ecotypes in fish [67]. Thus, the hy-
pothesis of phenotypic plasticity should be interpreted carefully to ex-
plain the differences that we observed in a water impoundment
context.

Nevertheless, there appear to be critical periods when the brain is
most plastic and receptive to environmental influences [68]. Early life,
with key transitions fromone life stage to the next, such as early postna-
tal development and puberty with heightened neural development, is
important for the development of sensory processes and cognition
where the fishes have to adapt to a range of foraging opportunities, to
cope with varying predation threats and social interactions [69]. Thus,
it is not surprising to observe differences related to activity in neural cir-
cuitry at the glass eel stage (i.e. the post-larval stage). What is the most
remarkable is the perseverance of those environmentally induced mo-
lecular phenotypes as well as its relationship with ecologically mean-
ingful behavior. The arising questions are how those changes affect
the fish in their later stages, and whether they can be related to life his-
tory traits, life-lasting behavioral syndromes such as personality, sex de-
termination or to their individual fitness.
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