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Acute environmental temperature
variation affects brain protein
expression, anxiety and explorative
behaviour in adult zebrafish

S. Nonnis'?7, E. Angiulli*’, E. Maffioli®%“*, F. Frabetti®, A. Negri%*, C. Cioni?, E. Alleva®,
V. Romeo?, G. Tedeschi%%* & M. Toni®3**

This study investigated the effect of 4-d acute thermal treatments at 18 °C, 26 °C (control) and

34 °C on the nervous system of adult zebrafish (Danio rerio) using a multidisciplinary approach

based on behavioural tests and brain proteomic analysis. The behavioural variations induced by
thermal treatment were investigated using five different tests, the novel tank diving, light and

dark preference, social preference, mirror biting, and Y-Maze tests, which are standard paradigms
specifically tailored for zebrafish to assess their anxiety-like behaviour, boldness, social preference,
aggressiveness, and explorative behaviour, respectively. Proteomic data revealed that several
proteins involved in energy metabolism, messenger RNA translation, protein synthesis, folding and
degradation, cytoskeleton organisation and synaptic vesiculation are regulated differently at extreme
temperatures. The results showed that anxiety-like behaviours increase in zebrafish at 18 °C compared
to those at 26 °C or 34 °C, whereas anxiety-related protein signalling pathways are downregulated.
Moreover, treatments at both 18 °C and 34 °C affect the exploratory behaviour that appears not to

be modulated by past experiences, suggesting the impairment of fish cognitive abilities. This study

is the continuation of our previous work on the effect of 21-d chronic treatment at the same constant
temperature level and will enable the comparison of acute and chronic treatment effects on the
nervous system function in adult zebrafish.

Temperature is one of the most important factors influencing fish physiology and behaviour! because poikilo-
thermic animals depend on the environmental temperature to regulate their body temperature. Each species
lives within a given temperature range, which is the result of the evolution and adaptation to its environmental
niche; this range can be represented graphically by the temperature tolerance polygon®.

Significant perturbations of the environmental temperatures are perceived by fish as stressful events and
induce both behavioural and physiological adjustments to maintain their homeostatic balance. The behavioural
response comprises migration to areas with a more favourable temperature®, while the physiological response
is often the result of a complex series of cellular, tissue, and organismal events, defined as acclimatisation, that
allow the individual fish to modify its thermal sensitivity*. Therefore, temperature variations may influence the
growth rate, food consumption, feed conversion, physiology, behaviour, and other body functions® 19,

Climate change in recent decades has increased the attention on the impact of thermal variations on the
aquatic environment, and several studies have investigated the effect of temperature on freshwater and saltwater
fish species'!~?’. The influence of thermal perturbations depends on the extent of the variation and its duration
so that short (acute) or long (chronic) exposure to the same temperature may induce different responses. Gen-
erally, acute exposures induce thermal stress while chronic exposures may result in compensatory adjustment
due to acclimatisation?.
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The definitions of “acute” and “chronic” terms are not clearly stated. Acute stress usually refers to a stimulus
that lasts from minutes to days, whereas chronic stress is a stimulus that persists from days to months, depending
on the study®-*2. Catching fish with nets and handling animals on farms are often considered acute stress®**,
while fish overcrowding in the intensive farms and the consequent water pollution are considered chronic
stress** ¢, According to Logan et al’s review on the transcriptomic responses to environmental temperature?,
in the present paper, we considered a temperature exposure lasting less than 5 d as acute and a more prolonged
exposure as chronic.

In this paper, we have studied the effect of acute thermal treatments at 18 °C, 26 °C (control) and 34 °C on the
brain proteome and behaviour of zebrafish, a poikilotherm and eurytherm cyprinid increasingly used in recent
years in many areas of scientific research. Given its thermal tolerance, zebrafish represents a good model to study
the effects of thermal variation in terms of behavioural and biochemical modifications. Indeed, behavioural
tests have been successfully performed in zebrafish®’~*, and the availability of its genome has allowed specific
transcriptomic*~* and proteomic analyses'**°.

Zebrafish live in India, mainly near the Ganges River®', where there are daily temperature fluctuations of
approximately 5 °C and wide seasonal temperature variations ranging from 6 °C in the winter to more than 38 °C
in the summer®. Zebrafish are characterised by wide thermal tolerance from 6.7 to 41.7 °C***, enabling us to
test the effects of large temperature variations within the animal’s tolerance polygon®.

Previous research from our group investigated the effect of chronic exposure (21 d) to the same temperatures
of 18 °C, 26 °C and 34 °C on adult zebrafish!#. The three temperature values were chosen according to Ver-
gauwen et al.*’ within the zebrafish vital range and correspond to temperatures the fish cope with in the natural
environment. Our results showed that adult zebrafish at 18 °C and 34 °C have altered expression of proteins
associated with metabolism, cytoskeleton organisation and cellular transport. This suggests that environmental
temperature strongly impacts the cytoarchitecture and energy state of the brain'*. In particular, we found that
reduced expression of synaptic proteins and downregulated protein pathways were positively correlated with
impairments of the cognitive abilities of fish in the Y-Maze test. In addition, behavioural tests showed that long
exposure to 34 °C reduces the anxiety-like status of zebrafish.

We aimed to further investigate the effect of temperature on the zebrafish nervous system by analysing the
brain proteome and behaviour of adult specimens subjected to 4-d acute thermal stress at the same tempera-
tures, 18 °C, 26 °C (control) and 34 °C. Behaviour was tested using the same experimental design—i.e., novel
tank diving (NTT), light and dark preference (LDT), social preference (SPT), mirror biting (MBT) and Y-Maze
(YMT). The results enabled us to compare the effect of the 4-d acute thermal treatment to the 21-d chronic one
previously studied.

Methods

Ethical note. Animal experiments were performed in accordance with the guidelines approved by the Ani-
mal Care Committee and authorized by the Italian Ministry of Health (protocol number 290/2017-PR), and the
animals were handled in accordance with the European directive 2010/63 on the protection of animals used for
scientific purposes. The health status and the well-being of all animals involved in the study were checked daily
for the duration of the thermal treatment and the subsequent behavioural tests. No procedures caused significant
pain or lasting harm to the zebrafish, and no experimental subject died during the experimental procedures (fish
housing, heat treatment and behavioural tests).

Subjects. A total of 108 experimentally-naive adult (12 months old) wild type zebrafish (1:1 male: female
sex ratio) from a stock colony purchased from commercial dealers acclimated at 26+ 1 °C in the zebrafish facil-
ity of the University of Bologna, was used in the present study. Fish were randomly divided into six identical
tanks (width (W) 40 x depth (D) 30 x height (H) 30 cm, home-tanks). Eighteen individuals per home-tank were
maintained at the density of 1 zebrafish/l at 26 + 1 °C (control temperature) for 10 days to acclimate to the tank
(adaptation period).

Thermal treatment.  Of the six tanks, two were randomly chosen to house fish at 18 °C (home-tanks 1 and
5), two at 26 °C (home-tanks 4 and 6) and the other two at 34 °C (home-tanks 2 and 3). Water temperature was
gradually (0.5 °C/h) decreased from 26 to 18 °C and raised from 26 to 34 °C to start thermal treatment. Zebrafish
were then maintained at 18+ 1 °C and 34+ 1 °C for 4 days while control fish were maintained at 26 + 1 °C. At the
end of thermal treatment, 15 individuals from each home-tank were subjected to behavioural tests and 3 were
individually euthanized by a prolonged immersion in a solution of the anaesthetic tricaine methanesulfonate
MS-222 (300 mg/1), decapitated, and their brains were dissected for the proteomic analysis.

Fish husbandry during adaptation and thermal treatment. Zebrafish husbandry was based on the
same protocol used in our previous works and all procedures were conducted in the same laboratory room by
the same operators using the same tanks and housing conditions previously described'**. Briefly, fishes were
manipulated equally in a 14/10 h light/dark photoperiod (light 6 am-8 pm). The interior enrichment of each
home-tank (consisting of a heating coil, inlet and outlet pipes for the filters and an aerator) was replicated
exactly. The water temperature was held constant by external water chiller (TK 150 Teco) and digital thermostats
(Eden 430) connected to a heating coil (Eden 415, 230 V, 50/60 Hz, 80 W) and checked daily using an analogue
thermometer. In each tank, a constant flow of filtered water (600 1/h) was maintained by an external filtration
system (Eden 511 h), and the water was also continuously aerated (7.20 mgO,/1) by an aquarium aerator (Sic-
ceAlIRlight, 3300 cc/min 200 1/h). The conductivity of the water ranged between 400 and 500 micro-Siemens.
The main chemical/physical characteristics of the tank water such as total ammonia (NH;/NH,), nitrite (NO,),
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water pH, total hardness, carbonate hardness (dKH), and phosphate (PO,), copper (Cu) and chlorine (Cl,) levels
were checked at least two times per week using a Sera Aqua-test Box Kit (Sera, Italy) and an eSHa Aqua Quick
Test (Nayeco, Spain). No differences were found between the treatment and control tanks. The zebrafish were
fed three times a day (10 am, 2 pm and 6 pm) with a commercial dry granular food (TropiGranMIX, Dajanapet).
Food (0.6 g/day) was administered to each tank, allowing zebrafish at the three temperatures to feed themselves
according to their appetite. The average mass (+ SEM) at end of the thermal treatment is reported in Table S1. A
two-way ANOVA (3 x 6, temperature/home-tank) analysis detected no statistically significant differences among
masses (P>0.44). During adaptation and thermal treatment, the behaviour of fish in each tank was observed
every day for 5 min by two operators (M.T. and E.A.) to evaluate physical indicators for fish welfare®”. During the
four days of thermal treatment no freezing events were observed in the tanks at the three temperatures.

Behavioural tests: general design.  Fish were subjected to five behaviour tests: NTT, LDT, SPT, MBT and
YMT. These are paradigms for assessing different aspects of behaviour such as the anxiety-like state, boldness,
social preference and aggressive behaviour, spatial orientation and interest in novelties.

Behavioural tests were conducted using the same apparatus and protocol used in our previous studies to
which reference is made for details (YMT' and NTT, LDT, SPT, MBT>®).

To reduce stress on individuals and to allow comparisons with behavioural results previously obtained after
a 21-day chronic thermal treatment'*, we decided to use 15 individuals exclusively for the YMT test and 15
individuals for LDT, NTT, SPT and MBT. The number of experimental subjects was chosen, given the reduction
criteria, on the basis of data in the literature suggesting that in zebrafish, significant data may be obtained with
n=12-15 per group for strong effects*’. To minimize the interference between the different tests®®** the NTT
and LDT were performed alternately as the first or second test, whereas the SPT and MBT were performed
alternately as the third or fourth test.

The temperature of the water in all the tanks used in the behavioural tests was the same as the home-tank in
which the animal had been housed and was held constant with 1 °C of maximum variation between the begin-
ning and the end of each test. The tanks were not aerated during testing to avoid disturbing the animals. Before
the tests, each single fish was captured using a beaker and placed in a waiting tank (W15 xD10x H10 cm) for
30 min until the beginning of the behavioural tests. After each test the water was removed and the apparatus
rinsed and filled with clean water. In the room, a diffuse light was present to avoid directional lighting that could
interfere with fish behaviour. The duration of the NTT, LDT, SPT, MBT and of a single YMT trial was 10 min
each. All tests were video recorded by a webcam (Logitech C170) placed one meter above (LDT, Y-Maze) or in
front of (NTT, SPT and MBT) each apparatus. Tests were carried out in May 2018 between 10 am and 5 pm.

The parameters recorded depend on the test. The main parameters analysed relating to locomotor behaviour
were the number and duration of immobile phases (sec), distance travelled (m), average and maximum speed
(m/sec), total number of rotations, ratio between clockwise (CW) and counter-clockwise (CCW) rotations,
absolute turn angle (the sum of the absolute angles between each movement vector of the animal, in degrees),
meandering (the change in direction of movement relative to the distance moved, whose value is the result of
the absolute turn angle divided by the total distance travelled in deg/m). For other parameters, see Methods and
Figures relating to the specific tests.

Novel tank diving test (NTT). NTT was used to evaluate the locomotor activity and anxiety-like behav-
iour (Fig. 1). The apparatus consisted of a glass transparent tank with a lower triangular base®, with sides of
30 cm and filled with 4.7 L of water. The sides of the tank were covered by white paper to avoid reflection. To
measure the vertical exploratory activity, the tank was virtually divided into three equally horizontal areas (bot-
tom, middle and top) as shown in Fig. la. Specific parameters recorded were latency to enter the top area (sec),
time spent in the bottom/middle/top area (sec), the number of top entries and the distance travelled within the
top area (m).

Light and dark preference test (LDT). LDT was used to assess fish exploratory activity and anxiety-like
behaviour (Fig. 2). This test measures the natural preference of adult zebrafish for dark environment (scoto-
taxis) and its aversion to bright areas®’. LDT was performed in a rectangular plastic tank (L33 x W18 x H18 cm)
divided into two compartments of equal size (Fig. 2a). The lateral walls and the base of one half of the apparatus
consisted of black plastic, while the other half of opaque white plastic. The dark side was shielded from ambient
light with an opaque black lid®%. The tank was filled with 4 L of water. In the middle of the tank two transparent
transverse septa restrict the passage between the two areas (6 cm) to prevent that fish could freely swim from
one area to the other. Two transparent sliding doors (W18 xH18 cm) define a central area (W7 xD18xH18
cm) half black and half white where the fish was housed before starting the test. After 30 s from the insertion of
the fish in the central area, the two sliding doors were lifted simultaneously to allow fish moving between black
and white areas. Parameters analysed were the time spent in the bright area (sec) and the number of passages
between the two areas.

Social preference test (SPT). Zebrafish are social vertebrates® and exhibit group behaviours like shoaling
and schooling®®. The experimental setting in this test consisted of three rectangular tank (W28xD25x H16
cm) namely empty, experimental and conspecific tank aligned side by side in a horizontal line (Fig. 3a). Each
tank was filled with 4 L of water. The experimental tank is located in the middle and houses the experimental
subject. One of the two adjacent tanks (conspecific tank) contained three zebrafish representing the social stimu-
lus, the other tank was left empty.
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Figure 1. Novel environment exploration behaviour in the NTT. Schematic representation outlining the
experimental design (a). Immobile episodes (b), time immobile (c), maximum speed (d), average speed (e), total
distance travelled (f), clockwise (CW) rotations expressed as the percentage of total rotations (g), absolute turn
angle (h), meandering (i), transitions among areas (j), latency to enter the top area (k), time spent in the three
vertical virtual areas of the tank (1), time spent in the top area expressed as a percentage of the total time (m),
distance travelled in the top area (n) and number of transitions to the top area (0). The data are expressed as
means+S.E.M. and analysed by one-way ANOVA with Bonferroni post hoc correction. P<0.05, * 18 °C versus
26 °C; # 18 °C versus 34 °C and $ 34 °C versus 26 °C. P values are reported in Table S2. N=15.
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Figure 2. Scototaxis behaviour in the LDT. Schematic representation of the apparatus (a). Time spent in

the dark area (b) and number of passages between the bright and dark areas (c). The data are expressed as
mean + S.E.M. and analysed by one-way ANOVA with Bonferroni post hoc correction. P<0.05, * 18 °C versus
26 °C; # 18 °C versus 34 °C and $ 34 °C versus 26 °C. P values are reported in Table S3. N=15.
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Figure 3. Shoaling behaviour in the SPT. Schematic representation of the apparatus (a). Whole tank analysis:
immobile episodes (b), time immobile (c), maximum speed (d), average speed (e), total distance travelled (f),
clockwise (CW) rotations (g), absolute turn angle (h), and meandering (i). Conspecific area (C.A.) analysis: time
spent (j), total distance travelled (k), number of entries (). The data are expressed as mean = S.E.M. and analysed
by one-way ANOVA with Bonferroni post hoc correction. P<0.05, * 18 °C versus 26 °C; # 18 °C versus 34 °C
and $ 34 °C versus 26 °C. P values are reported in Table S4. N=15.
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Three fishes of the same size and age of the experimental subjects available in the facility were used as social
stimulus. The three fish were novel to the experimental subjects, having never been placed in the same tank
before. The week before the tests, the three fish were transferred to the conspecific tank for 3 h a day to adapt
to the tank. The same three fish were used for all social tests. The group position (on the left or the right of the
experimental tank) was balanced between tests.

At the beginning of the test, two black panels were positioned between the tanks, preventing the experimental
subject from seeing the other tanks. The fish was placed in the tank and left to settle for 30 s, then the two panels
were gently removed. The experimental tank was divided into three virtual areas. The one closest to the conspe-
cific tank was designated as “social area’, where fish is supposed to prefer visual interaction with conspecifics.
Specific parameters analysed were the time spent in the social area (sec), distance travelled in the social area (m),
and number of entries into the social area (sec).

Mirror biting test (MBT).  The mirror image stimulation is a paradigm used for studying social and aggres-
sive behaviour in zebrafish®. The apparatus consisted of a barrel tank (W28 x D25x H16 cm) filled with 4 L of
water and equipped with a mirror (D16 x H14 cm) (Fig. 4a). The fish was placed in the tank and left to settle for
30 s, then the mirror was tilted at an angle of 22.5° on the long side of the tank**>*®¢". The position of the mir-
ror (reflected image closer to the left or right side of the aquarium) was balanced between the tests. Parameters
analysed were the time spent (sec) and distance travelled (m) in the mirror area, the number of entries into the
mirror area, number of times that the fish bites the mirror and the latency to the first mirror bite (sec).

Y-Maze test (YMT). The Y-Maze was composed by three arms at 120 degrees to each other (W 25xD 8 xH
15 cm) replicating exactly the same features of the maze successfully used on zebrafish in previous works'**!
(Fig. 5). A single arm was identified by the presence of geometric shapes (square, circle and triangle) that do
not induce fear in the fish and for which the fish has a similar preference, as demonstrated by Cognato and
collaborators*!.

The maze was filled with 4 L of water and the water depth was 6.5 cm, enough to submerge the geometric
shapes. One single task consisted of four trials (T1, T2, T3 and T4) separated by a one-hour interval. Each trial
consisted of a training phase (Tr) in which the fish was free to swim in the start (S) arm and in the other (O)
arm for 5 min but it could not access the novel (N) arm for the presence of a dividing wall, and of a testing phase
(Te) in which the wall was removed and the fish was free to swim for 5 min all over the maze also exploring
the novel environment constituted by the N arm. The assignment of circle, square, and triangle to the S, O and
N arm was randomized for each experimental subject. The interest in the new environment was evaluated in
the testing phase by quantifying the time spent and the number of entries in N arm. To determine whether the
temperature influences fish tendency to explore the novel environment in its entirety, the N arm was virtually
divided into three equal parts named sector 1, 2 and 3 starting from the centre of the maze and the number of
entries in the sector 3 was analysed.

Video tracking and statistical analysis. Videos were analysed using the ANY-Maze® software (Stoelting
Co., Wood Dale, IL, USA). Results were expressed as means+SEM. Data were subjected to ANOVA analysis
with a post hoc test utilising Bonferroni correction (for more detail refer to the relative figure caption). Differ-
ences were considered to be statistically significant at P<0.05.

Proteomic analysis. The brain proteome was analysed by a shotgun label free proteomic approach to iden-
tify and quantify expressed proteins. Six whole brains for each temperature were homogenized according to'*.
Prior to proteolysis, proteins were reducted with 13 mM DTE (30 min at 55 °C) and alkylated with 26 mM
iodoacetamide (IAA; 30 min at RT). Protein digestion was performed using sequence-grade trypsin (Roche)
overnight at 37 °C using a protein:trypsin ratio of 20:1. The proteolytic digest were desalted using Zip-Tip C18
before Mass Spectrometric (MS) analysis®®.

LC-ESI-MS/MS analysis was performed on a Dionex UltiMate 3000 HPLC System with a PicoFritProteoPrep
C18 column (200 mm, internal diameter of 75 um). Gradient: 1% ACN in 0.1% formic acid for 10 min, 1-4%
ACN in 0.1% formic acid for 6 min, 4-30% ACN in 0.1% formic acid for 147 min and 30-50% ACN in 0.1%
formic for 3 min at a flow rate of 0.3 pl/min. The eluate was electrosprayed into an LTQ Orbitrap Velos (Thermo
Fisher Scientific, Bremen, Germany) through a Proxeon nanoelectrospray ion source. The MS was operated in
positive mode in data-dependent acquisition mode to automatically alternate between a full scan (m/z 350-2000)
in the Orbitrap (at resolution 60,000, AGC target 1,000,000) and subsequent CID MS/MS in the linear jon trap of
the 20 most intense peaks from full scan (normalized collision energy of 35%, 10 ms activation). Data acquisition
was controlled by Xcalibur 2.0 and Tune 2.4 software (Thermo Fisher Scientific)®’.

Statistical and bioinformatic data analysis. Database search was conducted against the zebrafish Uni-
prot sequence database (release December 2018) with MaxQuant (version 1.6.0.4) software using the following
parameters: initial maximum allowed mass deviation of 15 ppm for monoisotopic precursor ions and 0.5 Da
for MS/MS peaks, trypsin enzyme specificity, a maximum of 2 missed cleavages, carbamidomethyl cysteine
as fixed modification, N-terminal acetylation, methionine oxidation, asparagine/glutamine deamidation and
serine/threonine/tyrosine phosphorylation as variable modifications. Quantification was performed using the
built in XIC-based label-free quantification (LFQ) algorithm using fast LFQ”’. False protein identifications (5%)
were estimated by searching MS/MS spectra against the corresponding reversed-sequence (decoy) database. Sta-
tistical analysis was performed using the Perseus software (version 1.5.5.3, www.biochem.mpg.de/mann/tools
). Four technical replicates were carried out for each treated group (18 °C and 34 °C) and for 26 °C used as the
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Figure 4. Aggressive behaviour in the MBT. Schematic representation of the apparatus (a). Whole-tank
analysis: immobile episodes (b), time immobile (c), maximum speed (d), average speed (e), total distance
travelled (f), clockwise (CW) rotations (g), absolute turn angle (h), and meandering (i). Mirror approach area:
entries (j), time (k), total distance travelled (1), mirror bites (m) and mirror-biting latency (n). The data are
expressed as mean = S.E.M. and analysed by one-way ANOVA with Bonferroni post hoc correction. P<0.05, *
18 °C versus 26 °C; # 18 °C versus 34 °C and $ 34 °C versus 26 °C. P values are reported in Table S5. N=15.
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Figure 5. Behavioural response to thermal treatment on the Y-Maze test observed in the training (Tr) and
testing (Te) phases. Schematic representation of the apparatus (a). Swimming activity and behaviour measured
as immobile episodes (b), time immobile (¢) maximum speed (d), average speed (e), total distance travelled
(f), clockwise (CW) rotations expressed as percentage of total rotations (g), absolute turn angle (h), and
meandering (i). The data were analysed by two-way ANOVA with post hoc Bonferroni correction. P<0.05, °,
intra-temperature difference between Tr and Te; ¥, intra-phase differences between 18 and 26 °C; #, intra-phase
differences between 18 °C and 34 °C; @ intra-phase differences between 34 °C and 26 °C. P values are reported
in Table S6. Novel environment exploration T1-T4. Time spent in N arm (j), number of entries in N arm (k)
and number of entries in sector 3 of the N arm (1). The data were analysed by two-way repeated measures
ANOVA with post hoc Bonferroni correction. P<0.05, *, compared to T1,$, compared to T2. P values are
reported in Table S7. Square, triangle and circle indicate 18 °C, 26 °C, and 34 °C respectively. N=15.
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control. Only proteins present and quantified in 75% of the repeats were positively identified and used for statis-
tical analysis. An ANOVA test (cut-off at 0.01 FDR) was carried out to identify proteins differentially expressed
among the three conditions’".

To find relevant patterns and specific differences in processes related to the diverse conditions (18 °C, 34 °C,
or 26 °C) a principal component analysis (PCA) was carried out on the total brain proteome of zebrafish. The
analysis was applied to all the proteins found in these three experimental conditions.

Focusing on specific comparisons, 18 °C versus 26 °C and 34 °C versus 26 °C, proteins were considered dif-
ferentially expressed if they were present only in one condition or showed significant t-test difference (Welch’s
test P<0.05)”%. Bioinformatic analyses were carried out by Panther software (Version 10.0), DAVID software
(release 6.7) and ClueGO to cluster enriched annotation groups of Molecular Function, Biological Processes, and
Pathways within the set of identified proteins. Functional grouping was based on P<0.05 and at least three counts.
Bioinformatic analyses of results obtained in chronic conditions have been performed using data published in'*.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE” partner repository with the dataset identifier PXD016847.

Results and discussion

Behavioural analysis. Our previous studies demonstrated that the exposure of adult zebrafish at three
different temperatures (18 °C, 26 °C or 34 °C) for 21 d affects the brain proteome and fish behaviour'**. In this
work, fish were exposed to the same temperatures for a shorter time (4 d) to distinguish between variations in
the brain proteome and behaviour following acute and chronic thermal treatment. The effect of the exposure to
the three temperatures for 4 d was assessed by behavioural tests already successfully used in adult zebrafish, such
as the NTT, LDT, SPT, MBT and YMT.

Locomotor and swimming activity. The locomotor and swimming activities of zebrafish at the three
temperatures were analysed by a webcam placed in front of the tanks in the NTT (Fig. 1), SPT (Fig. 3), MBT
(Fig. 4) and above the maze in the YMT (both in Tr and Te) (Fig. 5). The results showed some statistically sig-
nificant differences at 18 °C versus 26 °C and 18 °C versus 34 °C, but no significant differences were detected
between 34 and 26 °C (Figs. 1, 3-5 and Tables S2, S4-56).

An increase in the time of immobility (freezing) was observed at 18 °C versus 26 °C and 18 °C versus 34 °C in
the NTT (P=0.0002 and P=0.0002, respectively; Fig. 1c), MBT (P <0.0001 and P<0.0001, respectively; Fig. 4c),
and YMT Tr (P=0.0014 and P<0.0001, respectively; Fig. 5c) and Te (P<0.0001 and P <0.0001, respectively;
Fig. 5¢), was associated with an increase in immobile episodes in the NTT (P=0.0014 and P=0.0006, respectively;
Fig. 1b) and MBT (P <0.0001 and P <0.0001, respectively; Fig. 4b).

The observation by the operators of the experimental subjects in the home-tanks did not detect immobile
episodes at the three temperatures during the 4 d of thermal treatment. Thus, the freezing events observed in
the behavioural tests at 18 °C were not simply induced by low temperature but may represent a behavioural
response to the challenge of the test in zebrafish kept at that temperature. Because freezing events are associated
with anxiety”, it is conceivable that the challenge of the behavioural test increased more the anxiety-like status in
zebrafish at 18 °C than in those at 26 °C and 34 °C. After all, behavioural tests were carried out by single individu-
als that could not take refuge in the school of conspecifics; this situation could have increased the animal’s anxiety.
Numerous studies agree that the main function of shoaling is predator avoidance and that an increase in anxiety
is associated with an increase in shoaling®’>-8. However, in the SPT, the only test in which the experimental
subject could see other conspecifics, no significant increase was found in the number and duration of freezing
events in subjects at 18 °C compared with the control (26 °C) (P=0.2817 and P=0.2356, respectively; Fig. 3b,c).
Further experiments based on shoaling tests®>*¢7*# that are more suitable for assessing the animal’s tendency
to aggregate into groups are needed to verify whether acute or chronic thermal treatment affects shoaling and
schooling behavior in zebrafish.

A reduction in the average speed was observed at 18 °C versus 26 °C and 18 °C versus 34 °C in the NTT
(P<0.0001 and P<0.0001, respectively; Fig. 1e), SPT (P=0.0417 and P=0.0007, respectively; Fig. 3e), MBT
(P=0.0004 and P=0.0001, respectively; Fig. 4e) and YMT Tr (P<0.0001 and P <0.0001, respectively; Fig. 5f)
and Te (P<0.0001 and P<0.0001, respectively; Fig. 5e). Moreover, a reduction in distance travelled was observed
at 18 °C versus 26 °C and 18 °C versus 34 °C in the NTT (P<0.0001 and P <0.0001, respectively; Fig. 1f), SPT
(P=0.0389 and P=0.0006, respectively; Fig. 3f), MBT (P=0.0004 and P=0.0001, respectively; Fig. 4f) and YMT
Tr (P<0.0001 and P<0.0001, respectively; Fig. 5f) and Te (P<0.0001 and P<0.0001, respectively; Fig. 5f). By
contrast, no difference was observed in the maximum speed among the heat treatments (Figs. 1, 3-5 d), suggest-
ing that exposure to different temperatures does not affect the swimming capacity of the animals.

No temperature-dependent alterations were observed in the percentage of CW and CCW rotations (Figs. 1,
3-5g) and in the meandering (Figs. 1, 3-5i) in all the tests.

Novel tank diving test. NTT was applied to analyse the vertical exploration of the specimens in a new
environment (Fig. 1a). Vertical exploration was reduced at 18 °C versus 26 °C and 18 °C versus 34 °C, as indi-
cated by higher latency to enter the top area (P=0.0120 and P=0.0006, respectively; Fig. 1k) and lower values in
the time spent (P=0.0001 and P <0.0001, respectively; Fig. 11, m), distance travelled (P=0.0001 and P<0.0001,
respectively; Fig. 1n) and number of transitions carried out by fish in the top area (P<0.0001 and P<0.0001,
respectively; Fig. 10). These results indicate greater anxiety-like status in zebrafish at 18 °C than in controls at
26 °C because the exploration of the most superficial areas in the NTT corresponds to greater boldness of the
animal. By contrast, dwelling on the bottom of the tank represents an anxiety-like behaviour®*627481,
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No significant difference was observed in the comparison at 34 °C versus 26 °C, although the average values
for the time spent (Fig. 1m), distance travelled (Fig. 1n) and transitions in the upper zone (Fig. 10) were greater
at 34 °C than those in the control. The same values were found to be significantly different after 21-d chronic
thermal treatment®®, indicating that exposure to high temperatures must be prolonged for several days before
producing the significant alterations in the vertical exploration of the water column.

Light and dark preference test. Behavioural analysis conducted by LDT (Fig. 2a) showed significant
difference in the comparisons at 18 °C versus 26 °C and 18 °C versus 34 °C in the time spent in the dark area
(P=0.0079 and P<0.0001, respectively; Fig. 2b) and in the number of passages between areas (P=0.0007 and
P <0.0001, respectively; Fig. 2c). Zebrafish at 18 °C showed a total preference for the dark area where fish spend
almost all the time (99.4% of the total time) compared with fish at 26 °C (73.8%) and 34 °C (58.9%) (Fig. 2b).
Moreover, fish at 18 °C strongly reduced the number of crossings between the two compartments of the appara-
tus (Fig. 2¢), confirming the preferential choice by the animal for the dark and covered region®°'. The results of
the LDT support a major anxiety-like status in subjects at 18 °C versus 26 °C, as already found in the NTT, given
that the opposite—i.e., increased exploration of the bright compartment in the LDT—is considered the expres-
sion of major animal boldness®*®! due to the decrease in its anxiety.

The comparison of 34 °C versus 26 °C showed a non-significant reduction in the time spent in the dark area
after 4-d acute thermal treatment, and this trend was confirmed after 21-d acute thermal treatment, when the
reduction was statistically significant®®. This finding confirms that the high temperature alters the light/dark
preference of adult zebrafish but an exposure longer than 4 d is required to significantly alter the phototaxis
behaviour.

Social preference test. In the SPT (Fig. 3a), no differences were detected in the time spent (Fig. 3j) and
distance travelled (Fig. 3k) in the social zone among the three temperatures. However, the lower number of tran-
sitions to the social area observed in the comparisons of 18 °C versus 26 °C and 18 °C versus 34 °C (P=0.0034
and P=0.0012, respectively; Fig. 31) could reflect the reduced swimming activity of fish at low temperature. By
contrast, 21-d chronic exposure at 34 °C showed a reduction in the time and distance spent in the social area®.
This result suggests that the stress condition induced by 4-d heat treatment at 34 °C does not alter the interest in
conspecifics; however, prolonged exposure to the same temperature for three weeks causes an alteration of the
social interaction.

Mirror biting test. In the MBT (Fig. 4a), no significant differences were observed in the time spent (Fig. 4k)
and distance travelled (Fig. 41) in the mirror approach zone and mirror bites (Fig. 4m) among the three tempera-
tures. The significant reduction in the entries in the mirror zone (P<0.0001 and P=0.0001, Fig. 4j) and increase
in the mirror biting latency (P=0.0384, Fig. 4n) observed at 18 °C versus 34 °C could reflect the reduced swim-
ming activity of fish at low temperature.

Again, we observed a difference in behavioural results between acute and chronic exposure at 34 °C: 21-d
exposure caused a reduction in the number of bites and, thus, a reduced exhibition of intraspecific aggressive
patterns®, while the 4-d exposure did not alter the number of bites.

This finding highlights that the effect of high temperatures on behaviour depends on the duration of the
exposure and that some alterations observed after chronic exposure are not yet detectable or significant after
acute exposure.

Y-Maze. The YMT was used to evaluate the tendency of the animals to explore the new environment and
assess whether the exploratory behaviour is modulated by past experiences (Fig. 5a). The exploration of the new
environment constituted by the N arm was evaluated in Te by analysing the time spent in the N arm (Fig. 5j) and
the number of entries in the N arm (Fig. 5k) and in S3 of the N arm (Fig. 51) in the four trials (T1-T4). The results
of two-way repeated measures ANOVA with Bonferroni post hoc analysis revealed a significant reduction in the
time spent in the N arm from T1 to T3 and from T1 to T4 (P=0.0141 and P=0.0152, respectively; Fig. 5j), in the
number of entries in the N arm from T1 to T4 (P=0.0005, Fig. 5k) and in the number of entries in S3 from T1
to T3, from T1 to T4 and from T2 to T4 (P=0.0008, P<0.0001 and P=0.0102, respectively; Fig. 51) in zebrafish
at 26 °C. No differences were observed at 18 °C and 34 °C.

The data at 26 °C confirm previous results'* demonstrating that zebrafish at the control temperature (26 °C)
modulate the explorative behaviour by progressively reducing their interest for the N arm based on previous
experience. These results also confirm that zebrafish at 26 °C maintain their ability in spatial orientation, distin-
guishing the unexplored from the explored arms and keeping memories of past experiences, as demonstrated
by the reduced interest for the N arm when already explored.

By contrast, the experimental subjects at 18 °C and 34 °C did not modulate or modify exploratory behaviour
from T1 to T4, suggesting that their cognitive abilities are altered by the acute thermal treatment.

The cause of this alteration can be different in subjects at 18 °C and 34 °C. No difference in locomotor param-
eters that could affect exploratory behaviour was observed between 34 and 26 °C, suggesting that the altered
exploration may be due to cognitive impairment.

Conversely, the reduction in locomotor parameters (such as average speed and total distance travelled) and
the increase in freezing events observed in subjects at 18 °C compared to 26 °C can influence the exploratory
behaviour of zebrafish and can explain the reduced number of entries in the new arm observed at 18 °C. However,
it cannot be excluded that the differences in exploration observed at 18 °C versus to 26 °C also reflect cognitive
impairment. In fact, no significant differences in the locomotor parameters were observed at 18 °C among trials
(Table S7), indicating that the experimental subject had a similar exploration capacity in all trials. Consequently,
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Figure 6. PCA and Panther analysis of the proteome of zebrafish kept at 18 °C, 34 °C and 26 °C. (A) PCA
analysis of the proteomes of zebrafish kept for 4 days at 18 °C, 26 °C and 34 °C. (B) Panther analysis of the
proteins differentially expressed among the three data set: 18 °C, 26 °C and 34 °C. The numbers on top of each
column indicates the number of genes present in each category. Functional grouping was based on P<0.05 and
at least three counts.

the reduced locomotor parameters would not prevent the zebrafish from spending more time in the N arm if
interested in the novel environment.

Interestingly, similar results were obtained in adult zebrafish subjected to the same behavioural paradigm*
after 21 d of acclimatisation to the same temperatures.

Therefore, the exposure of the zebrafish at 18 °C or 34 °C for 4 d causes an alteration of their exploratory
behaviour that persists after 21 d, suggesting that acute thermal treatment induces cognitive impairments that
are not recovered during chronic exposure.

Proteomic analysis. Proteomic analysis from the brain of adult zebrafish kept at 18 °C or 34 °C for 21 d
clearly showed that the two experimental temperatures induced differential expression of proteins involved in
important cellular events—e.g., cytoskeletal organisation, mitochondria regulation and energy metabolism—
and reduced the expression of proteins involved in cognitive processes, synapses and neurotransmitter release,
compared with control fish at 26 °C!4.

In the present study, the same quantitative shotgun approach was applied to the whole brain of zebrafish kept
for 4 d at 18 °C, 34 °C and 26 °C. This approach enabled the detection of 1592 total brain proteins at 18 °C and
1470 at 34 °C against 1595 total proteins expressed at 26 °C.

PCA analysis carried out to identify major differences among the three datasets highlights differences among
the two proteomes under stress conditions that are in contrast to the comparison at 26 °C but are also different
from each other (Fig. 6a).

A comparison of the three proteomes by ANOVA (FDR 0.01) shows proteins exclusively expressed at each
temperature, as well as 1334 proteins present at all temperatures, among which 18 are differentially expressed
under the thermal conditions tested. Bioinformatic analysis of these proteins carried out by Panther (Fig. 6b)
highlights that at 34 °C, 18 °C and 26 °C the proteome is different suggesting that thermal regime has a significant
impact on cellular and cytoskeleton organisation, stress and the immune system response.

As in the previous study, specific analyses were carried out by comparing 18 °C versus 26 °C and 34 °C versus
26 °C. Tables S8-S11 present the list of proteins that are differentially expressed (either increased or decreased)
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Figure 7. Volcano plots comparing the proteome of zebrafish at 18 °C and 34 °C with 26 °C, kept as the control
condition. Volcano plots of the proteins differentially expressed in the comparison 18 °C versus 26 °C (A) and
34 °C versus 26 °C (B), respectively. Proteins were considered differentially expressed if showed significant t-test
difference (Welch’s test P<0.05). Proteins more expressed at stress temperatures (18 °C or 34 °C) compared to
control are shown in blue while proteins less expressed in stress conditions are shown in red.

or exclusively expressed in one condition, while the corresponding volcano plots are shown in Fig. 7. These
proteins were further analysed using different software programs (David, Panther, Cluego) to identify possible
enrichment in GO terms and pathways. The results were compared with similar analyses carried out on zebrafish
subjected to 21-d chronic thermal treatment at identical temperatures', as reported in Tables S12 (Panther
analysis), S13, S14 (David analysis) and S15, S16 (Cluego analysis) and in Table 1 and Fig. 8, which summarise
the main bioinformatic results.

As shown in Table S12, the modulation of Panther pathways by 4-d acute thermal treatment is different at low
and high temperatures. Several pathways are downregulated in the comparison at 18 °C versus 26 °C, while no
statistically significant enrichment of specific Panther pathways was detected between 34 and 26 °C. This find-
ing suggests that the acute exposure impacts more at low than at high temperatures, consistent with the NTT,
LDT, SPT and MBT behavioural results revealing significant differences in the comparison 18 °C versus 26 °C
but not in 34 °C versus 26 °C. Although any correlation between the variations detected by Panther analysis
and the observed behavioural alterations must be considered merely speculative, we can hypothesise that the
downregulation of defined pathways at 18 °C is responsible for the increase in anxiety-like status and consequent
alterations in behaviour.

The reduction in total distance travelled by fish at 18 °C is consistent with the downregulation of histamine
H1 and serotonin receptor-mediated signalling pathways because it has been shown that locomotor activity and
exploratory behaviour®? are impaired in mice lacking histamine H1 receptors and in zebrafish larvae exposed to
an inverse agonist of the H1 receptor®*#*. Moreover, serotonin depletion was found to reduce explorative locomo-
tion in rats®. The downregulation of the serotonin pathway could also contribute to the increased anxiety-like
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TCA Cycle TCA Cycle Stress response/heat shock/chaperonins | Stress response/heat shock/chaperonins
Ubiquitin/proteasome Ubiquitin/proteasome Intermediate filament Intermediate filament
Oxygen transport Actomiosin structure organization

Lipid Transport/cholesterol efflux

Microtubule cytoskeleton organization

Axon regeneration

Protein processing in RE/ folding

Integrin signalling

ATP synthesis

CCKR signalling

Branched-chain amino acid catabolism

Actomiosin structure organization

Glycolysis/carbohydrates metabolism Lipid transport

Wnt signalling

Pentose Phosphate pathway Inflammation chemokine/cytokine

Cadherin signalling

Table 1. Summary of the main findings from bioinformatic analysis by Panther, David and Cluego software
programs. The analysis was carried out on the proteins differentially expressed (either up- or downregulated)
or exclusively expressed under stress conditions with 26 °C as the control. Chronic refers to zebrafish kept at
18 °C or 34 °C for 21 d (mass spectrometric data published previously'*), while acute refers to zebrafish kept
at the same temperatures for 4 d. Protein classification is based on GOBP, GOMFE, KEGG and Pathway with
P<0.05 and a minimum of 3 counts.

behaviour shown by fish at 18 °C in the N'T'T, as several reports have shown that acute pharmacological increases
in the 5-HT levels decrease anxiety-like behaviour in the NNT3¢-%,

The anxiolytic action of oxytocin is well documented in both rodents and humans®*-%%; thus, the down-
regulation of the oxytocin receptor-mediated signalling pathway could contribute to the anxiety-like behaviour
observed in zebrafish at 18 °C. Interestingly, the downregulation of oxytocin and serotonin pathways could be
related to each other because oxytocin in mice regulates serotonin release and exerts anxiolytic effects via direct
activation of oxytocin receptors in serotonergic neurons of the raphe nuclei®.

In NTT-based literature studies, lower levels of delta opioids were found to be expressed in shy than in bold
adult zebrafish®. Consistently, the present results showed that the reduction in the enkephalin release and
opioid pathways at 18 °C is associated with minor boldness. The downregulation of the opioid pathway could
also impair C-start escape responses in zebrafish at 18 °C because opioids potentiate electrical transmission on
Mauthner cells®.

The anxiety-like levels recorded at 18 °C could also be related to the downregulation of the muscarinic acetyl-
choline receptor (mAChR) and nicotine pharmacodynamics signalling pathways because experiments conducted
using mAChR agonists and antagonists demonstrated that endogenous Ach reduces anxiety through actions
on nicotinic and muscarinic receptors whereas mAChR antagonists induce anxiogenic responses in rats*>?’.

Finally, the downregulation of the thyrotropin-releasing hormone receptor (TRH-R) signalling pathway
could contribute to the anxiety detected in zebrafish at 18 °C because TRH-R1-deficient mice display increased
anxiety-like behaviour®.

The comparison between the 4-d acute and 21-d chronic thermal treatments showed that the Panther path-
ways are modulated by low temperature similarly in chronic and acute conditions. In both conditions, opioid,
metabotropic glutamate receptor, beta-adrenergic receptor and 5HT receptor signalling are decreased at 18 °C
whereas the cytoskeleton seems to be mainly affected in chronic stress and the ubiquitin—proteasome pathway
is mainly increased in the acute response (Table S12).
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Figure 8. Schematic summary of Gene Ontology classification of brain proteins expressed after thermal
treatment fully reported in Tables 1, S2-S16. Down regulation |, Up regulation 1 and general variation 1 of
proteins are reported at 18 °C on the left and at 34 °C on the right.
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Several differences were noted between the acute and chronic treatments at 34 °C with both increases or
decreases in numerous pathways with chronic treatment and only increases in others (ATP synthesis) with
acute treatment.

The results were generally confirmed by DAVID analysis (Table S13,514). At low temperature (18 °C), the
major difference between the chronic and acute treatments is the significant decrease in oxidative phosphoryla-
tion and electron transport under acute conditions but increase in TCA cycle activities under both conditions
suggests that, at low temperature, this cycle not only plays a role in redox processes but is also very important
to produce metabolites controlling cell fate and function®. TCA metabolites are involved in the regulation of
chromatin modifications and DNA methylation and cell protein expression, consistent with the enrichment
in the RNA translation and ribosome categories at 18 °C (Table S13)*. Low temperature also disrupts folding
and cysteine and methionine metabolism with chronic treatment; however, with acute treatment, the growth
at 18 °C bursts oxygen and lipid transport probably to fuel the TCA cycle and alter processes involving methyl
groups (Table S13).

At high temperature (34 °C), anion and porin transport are specifically decreased under acute compared
with chronic conditions; however, PPAR signalling decreased under both acute (DAVID, Table S14) and chronic
exposure (Cluego, Table S16). PPAR signalling plays a modulatory role in the expression of genes involved in
lipid metabolism, adipogenesis, maintenance of metabolic homeostasis, and inflammation'®. It is now known
that adipose tissue participates in mediating the susceptibility to stress and emotion-related behaviours by
responding to PPAR signalling and secreting adipokines that operate as hormones in the brain crossing the
blood-brain barrier'®!. Their decrease is strictly related to the susceptibility to stress and depression/anxiety-
related behaviours.

The impact of acute heat stress on anion transport and porins is mainly due to the decreased expression
of voltage-dependent anion channel VDAC proteins of the mitochondrial outer membrane that regulate the
influx of respiratory substrates ADP and Pi into the mitochondrion and ATP release into the cytosol under both
physiological and pathological conditions. In many eukaryotic cells, VDACs are involved in maintaining cell
homeostasis under different stress responses, such as oxidative, salt and temperature stress'’%. In mice, decreased
VDAC expression is associated with decreased ATP synthesis and deficits in learning and synaptic plasticity'®.
Interestingly, in the fish brain at 34 °C, there is an increase (Table S14) in microtubule-based processes, tubu-
lin and intermediate filament, which may potentiate the negative effect of heat stress on VDAC, as reported
previously'® where high free tubulin in cancer cells contributes to close VDAC. These phenomena limit the
exchange of respiratory substrates and ATP and decrease the mitochondrial membrane potential, which modulate
mitochondrial metabolism, ROS formation, and the intracellular flow of energy.

The chronic and acute datasets were then analysed by Cluego, which allows protein clusterisation based on
GOBP, GOMF and KEGG with P<0.05 and a minimum of 3 counts. The results mirrored what was already
observed by Panther and David pointing out some interesting aspects in the comparison (Table S15, S16).

Low temperature (18 °C) under acute conditions significantly increased the expression of proteins involved
in the regulation of synapse structure, response to axon injury and axon regeneration. The response to oestrogen
stimulation and lipid transport is also increased in accordance with Wang et al.!® who described the upregulation
of genes related to lipid transport in transgenic zebrafish acclimated at low temperature. Under both chronic and
acute exposure, cold temperature decreases oxidative phosphorylation and transmission by synaptic vesicles.

At high temperature (34 °C), acute stress induces proteins related to microtubule cytoskeleton organisation
and chaperone-mediated protein folding, decreasing nucleosome and vesicle organisation.

The major bioinformatic results summarised in Table 1 suggest that thermal treatment, either high or low
temperature, regardless of chronic or acute, has a major impact on energy metabolism, translation, protein syn-
thesis, folding and degradation, cytoskeleton organisation and synaptic vesiculation. The reduction of oxidative
phosphorylation (OXPHOS) with thermal treatment and increased glycolysis following low-temperature adapta-
tion agree with the results recently reported in C2C12 myoblasts that prefer glycolysis as a rapid compensatory
mechanism to meet the energy requirements for adaptive thermogenic response and reduce aerobic respiration
following exposure to cold or heat stress. In C2C12 cells, this effect is linked to epigenetic changes (histone
H4 acetylation and global DNA methylation) observed under both heat and cold stress'. Concurrent with a
metabolic shift, in chronically exposed zebrafish, we observed a decrease in CH3 groups at 34 °C and in Cys/Met
metabolism at 18 °C, suggesting that methylation processes could be affected by thermal stress possibly involving
alteration in DNA methylation, nucleosome assembly and chromatin organisation (Tables 1, S13 and S16). These
observations could also underline that, in zebrafish, crosstalk exists between alteration in energy metabolism and
epigenetics during the stress response, leading to behaviour alteration after prolonged exposure!®.

The impact of thermal treatment on protein synthesis and folding, as reported in Table 1, agrees well with
extensive literature reporting that the stress response typically affects protein synthesis and increases chaperone-
mediated protein folding, mainly at high temperature'?’. Overall, this response leads to stress of the endoplasmic
reticulum (ER), a central organelle that regulates stress responses in both plant and animal cells'%. The stresses
affecting protein folding lead to ER stress, which is communicated to the nucleus via the unfolded protein
response (UPR), a cellular homeostatic response to ER stress that is reported to be associated with translation
attenuation and psychiatric disorders in humans!'®.

Remarkable is the decrease in EGF/FGF signalling following long-term thermal exposure considering that
FGF decrease has been associated with multiple neurological disorders''’. However, in our model, the impact
on this pathway can be observed only under chronic conditions (Table 1) and is not counted in the events that
the cells launch immediately upon thermal variation, in contrast to the metabolic shift and ER involvement that
are also observed after several days of acclimatization.

The effects of thermal stress on the cytoskeleton were already underlined by the experiments conducted
on zebrafish following 21-d exposure to 18° or 34 °C!, and the present data confirmed the observation under
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acute conditions at both 18° and 34 °C. Previous data in the literature have reported that neuronal cells change
their growth properties in response to external physical stimuli, such as variations in external temperature,
stiffness of the growth substrate, or topographical guidance cues'!’. The structural and mechanical properties
of neurons are controlled by the cytoskeleton, a deformable and dynamic biopolymer network comprising actin
fibres, intermediate filaments, and microtubules. The cellular cytoskeleton undergoes structural changes and
reorganisation in response to external stimuli such as temperature variations that may have a strong impact on
neurons. More precisely, Sunnerberg et al.'!'! demonstrated that ambient temperature affects the volume and
mechanical properties of cortical neuronal cells at both the bulk (elastic modulus) and local (elasticity maps)
levels. In a previous study, the same authors reported that neurons display a significant increase in the average
elastic modulus following a decrease in ambient temperature due to the stiffening of the actin components of the
cytoskeleton induced by myosin II and molecular motors. Additionally, during phases of active neurite exten-
sion, the soma of cortical neurons stiffens reversibly due to changes in microtubule aggregation that differ with
the temperature®. Literature findings have demonstrated variations in the soma volume and elasticity of cortical
neurons in response to changes in cytoskeleton dynamics (microtubules and actin) at different temperatures.
In fish brains, motor proteins increase following chronic exposure at 34 °C; in the acute response, the increase
prevails in microtubule-based processes and intermediate filaments.

‘We may tentatively speculate that the behavioural changes observed after acute and chronic treatment at both
low and high temperature—i.e., impairment of cognitive abilities associated with spatial orientation, alteration
of interest in the new environment or reduced ability to recognise geometric shape—may be due to changes in
the neuronal cytoskeleton and physico-chemical properties of neurons at different temperatures. Consistent
with this hypothesis, recent studies also suggest that microtubule dynamics in the adult brain plays a pivotal role
in the essential processes of learning and memory and may be compromised in neurodegenerative diseases'!>.

Changes in cytoskeleton dynamics also have a significant impact on axon migration and axonal transport,
which are decreased in thermal stressed brains under acute and chronic conditions, altering the endo- and
exocytosis of synaptic vesicles.

Notably, a significant increase was observed in proteins involved in lipid transport and cholesterol efflux after
4 d at 18 °C and in vitellogenin involved in fat mobilisation following acclimatization at 34 °C for 21 d.

Both processes can be activated in response to oestrogen/oestradiol stimulation under physiological condi-
tions. It is well known that temperature may be sensed by thermotropic changes in macromolecular structures
not only through conformational changes in proteins or RNA but also through the microdomain organisation
of membrane lipids. Poikilothermic organisms can compensate cellular disturbances induced by temperature
fluctuation through physiological and biochemical mechanisms of homeoviscous adaptation by adjusting their
membrane lipid composition to maintain fluidity'". Lowering the temperature causes an increase in the mem-
brane lipid order, which could cause cholesterol efflux, as observed in zebrafish kept at 18 °C (Table 1). Under
heat stress, zebrafish must counteract major membrane fluidity using a long process, over many days, causing
the binding to specific Hsps associated transiently with the membrane''®. A concomitant increase in the lipid
transport protein vitellogenin was found in zebrafish at 34 °C (Table 1). This protein is involved in membrane
homeostasis in C. elegans and other eukaryotes''*. Membrane fluidity is very important for neuron plasticity, as
reported by Chauve et al. who recently described a thermostat-based mechanism that centrally coordinates mem-
brane fluidity in response to warm temperatures across tissues in multicellular animals'!®>. Membrane homeostasis
plays an important role in synaptogenesis and neuronal differentiation, thus facilitating the normal development
of cognitive abilities, while alterations in membrane lipid composition can lead to membrane instability and
synaptic loss found in many neurological disorders such as AD!®.

Conclusions

Behavioural tests conducted on adult zebrafish subjected to 4-d acute thermal treatment at 18 °C, 26 °C and 34 °C
demonstrate increased anxiety-like status at 18 °C compared with controls (26 °C) and a higher temperature
(34 °C) and impaired cognitive abilities at both 18 °C and 34 °C compared with 26 °C. Brain proteomic analysis
showed altered protein expression at 18 °C and 34 °C compared with the controls (26 °C) and these neurochemi-
cal alterations could cause the recorded behavioural coping response observed.

Regarding anxiety levels, behavioural patterns associated with the reduction of the animal’s boldness, such as
a higher number of freezing events, greater tendency to rest at the bottom of the tank in the NTT?%60:62748L117,
and preference for dark and protected areas in the LDT®*¢!, were observed at 18 °C but not at 34 °C, compared
with 26 °C. Thus, 4-d thermal treatment at 18 °C impacts zebrafish behaviour more than that at 34 °C. Similarly,
Panther analysis showed downregulation of proteins involved in anxiety-related signalling pathways at 18 °C
but not at 34 °C, compared with 26 °C, suggesting that neurochemical alterations induced by low temperature
can contribute to the increase in anxiety-like behaviour. Therefore, the results reported here and in our previous
works®® show that low and high temperatures have opposite effects on zebrafish anxiety. The 4-d acute treatment
at 18 °C increases anxiety-like behaviour, while the 21-d chronic exposure to 34 °C reduces anxiety-like behaviour
and increases pro-active behaviour and boldness.

Concerning cognitive performance, the results of the YMT demonstrate that both 4-d acute and 21-d chronic
thermal treatments at 18 °C and 34 °C alter the exploratory behaviour, which does not seem to be modulated
by past experiences, suggesting an impairment of cognitive abilities. Our proteomic analysis suggests that this
impairment may be explained by the alteration of energy metabolism, cytoskeleton organisation, synaptic vesicu-
lation and membrane lipid composition, which occur after short-term exposure but continues even after long
periods of exposure.

This work shows that although zebrafish is a model species characterised by wide thermal tolerance, both
acute and chronic thermal variations within its vital range alter brain protein expression, cognitive abilities and
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other behavioural features. Protein expression is altered differently under acute and chronic treatments at both
high and low temperatures. This finding suggests that the acclimatization process involves the expression of dif-
ferent proteins and biochemical response begins after acute stress conditions. Both acute and chronic thermal
treatments induce alterations in zebrafish behaviour. In particular, exploratory behaviour is already affected after
4 d and the observed alterations persist after 21 d of heat treatment, suggesting that three weeks of acclimatization
are not sufficient to restore fish cognitive abilities. Therefore, even short-term thermal variations can alter the
ability of zebrafish to face challenges and may compromise its survival in the natural environment.

Data availability

The behavioural data have been deposited on figshare repository (10.6084/m9.figshare.12382496). The mass
spectrometry proteomics raw data have been deposited to the ProteomeXchangeConsortium via the PRIDE”
partner repository with the dataset identifier PXD016847.
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