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abstract. Escalating concerns about global climate change necessitate investigations into its conse-
quences for the survival of poikilothermic animals like fish. The present study describes histological 
alterations in gill, skin, kidney, liver, and brain tissues of the juvenile Horabagrus brachysoma 
specimens acclimated to 26°C (control) and 36°C for 30 days, and those exposed to dynamic tempera-
ture changes (increased or decreased at the rate of 0.3°C/min from 26°C), the critical thermal maxima 
(CTMax) and critical thermal minima (CTMin). The fish acclimated to 36°C and those exposed to 
CTMax (40.23 ± 0.12°C) and CTMin (14.15 ± 0.10°C) showed severe histological aberrations in gill, 
skin, liver, kidney, and brain tissues. Histological alterations in gill tissues included loss of epithelial 
cells in the branchial arch, thinning of the primary lamellae, and loss of the secondary lamellae. 
Thickening of the epithelial layer (36°C), and desquamation of epithelial cells (CTMax) were the 
histological alterations detected in skin tissues. Alterations in liver tissues included severe conges-
tion with vacuolization and the cloudy appearance of cells and extensive loss of cellular contour. 
Extensive vacuolization with complete flattening of the tubule epithelial cells, distorted appearance 
of tubular lamellae, and marked loss of glomerular tuft were the changes recorded in kidney tissues. 
Brain tissue alterations comprised increased cellularity and vacuolization in the cerebrum (36°C), 
and nodular masses of various sizes in the cerebrum (CTMin). The present study showed that ac-
climation to warm temperature (36°C) and exposure to dynamic temperature changes (CTMax and 
CTMin) cause histopathological alterations in the vital organs of H. brachysoma. The findings of 
the present study can help in monitoring the health of H. brachysoma in the natural environment 
and in culture systems under a climate change scenario.

introduction

Temperature is an important physical environmental 
factor profoundly influencing lives of all poikilothermic 
animals, including fish. Unfavorable changes in the 
environmental temperature cause stress in fish, influenc-
ing their physiological homeostasis and affecting their 
optimum temperature for growth, reproduction, and 
disease resistance (Pörtner and Peck 2010; Alfonso et 
al. 2021; Islam et al. 2022a). Thermal extremes, both 
maximum and minimum, cause stress in fish altering 
their biochemical processes and cellular architecture 
(Das et al. 2014; Ern et al. 2023). Severe or irrevers-
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ible cellular and histopathological changes in the vital 
organs can seriously affect their normal functions even-
tually leading to the death of fish. Tissue histology is a 
valuable tool for monitoring fish health in aquaculture 
systems and in the natural environment (Saraiva et 
al. 2015; Abbaszadeh and Şişman 2021). Therefore, 
histopathological investigations in relation to such 
environmental protuberances can help understand and 
correlate the physiological and behavioural changes 
observed in fish during stressful conditions (Wolf et 
al. 2015; Phrompanya et al. 2021).
Depending on emission scenarios, global mean surface 
temperatures are expected to rise by 0.9–5.4 °C by 2100, 
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potentially causing an increase in water temperature 
(Pörtner et al. 2019). Climate change is a significant 
stressor in aquatic ecosystems, and freshwater ecosys-
tems are highly vulnerable to global warming (Capon 
et al. 2021) affecting several aquaculture species (Mug-
wanya et al. 2022). Rising freshwater temperatures are 
predicted to affect species’ geographical ranges, disease 
outbreaks, phenology, and survival of fishes (Reid et al. 
2019). Climate change is expected to have a significant 
influence on tropical freshwater fish species (Ficke et 
al. 2007; Li et al. 2022; de Visser et al. 2023), with 
74–81% of them declining and more than half of their 
range becoming endangered with a 2°C rise in global 
temperature (Barbarossa et al. 2021). It is also predicted 
that global climate change may also cause ''surprises'' 
or sudden ecological changes altering the limnological 
characteristics, which may lead to increased incidences 
of fish kills in the coming years (Ficke et al. 2007; 
Panikkar et al. 2022). Several researchers have reported 
fish kills due to rapid temperature changes in freshwater 
bodies (Nair et al. 2021; Phelps et al. 2019; Kangur et 
al. 2016). The present study was therefore undertaken 
to understand the effect of both acclimation to warm 
temperature (36 °C) and short-term dynamic changes 
in water temperature, i.e., critical thermal maxima 
(CTMax) and critical thermal minima (CTMin), on 
the histological alterations in rare and endemic catfish, 
Horabagrus brachysoma (Family: Bagridae).
We used the critical thermal methodology (CTM) to 
investigate the effect of dynamic temperature changes 
on the histology of the vital organs of H. brachysoma. 
CTM is widely used to determine the temperature toler-
ance in fish and to estimate lethal temperatures without 
killing the fish, wherein, fish are exposed to a linear and 
constant rate of temperature increase or decrease until a 
pre-death thermal point is reached, designated as a criti-
cal thermal maximum and critical thermal minimum, 
respectively (Beitinger et al. 2000). The endpoint is 
manifested by the disorganized locomotory movements 
of the fish, indicating the loss of ability to escape the 
situation that could ultimately result in its death (Be-
itinger et al. 2000; Desforges et al. 2023; Conte et al. 
2023). It is suggested that this approach is more relevant 
to temperature variations occurring in natural conditions 
(Bennett and Judd 1992; Terblanche et al. 2011).
Investigations into the effect of fish acclimation to warm 
temperatures have revealed various histological altera-
tions in different tissues. For example, the acclimation 
of the hybrid catfish (♂ Clarias gariepinus × ♀ C. mac-
rocephalus) to 37°C caused gill shortening, severe 
hyperplasia of epithelial cells, and desquamation of the 
gills; hepatocyte vacuolization, nuclei displacement, and 
pyknotic hepatic cells in the liver; peripheral distribution 
of mucus cells and increased epithelial layer thickness 
of the skin (Khieokhajonkhet et al. 2022). The advanced 

fingerlings of Labeo rohita acclimated to 36, 38, and 
40°C exhibited such histopathological changes in the 
gills as primary lamellar hyperplasia, lamellar fusion and 
clubbing of the secondary lamellae; in the liver- disar-
rangement of hepatic cells and vacuolar degeneration; 
in kidneys- degeneration and a complete loss of cellular 
organization, massive vacuolar degeneration of the renal 
tissue; and in the heart- degeneration of the myofibrillar 
layer (Dash et al. 2011). However, research on the ef-
fect of CTMax and CTMin on fish histology is sparse. 
Hernández-López et al. (2018) reported that exposure 
of Sardinops sagax caeruleus to CTMax caused severe 
histological alterations in liver (vacuolated or necrotic 
hepatocytes and infiltration of inflammatory blood cells) 
and kidney (degenerative glomeruli and renal tubules, 
and increased melanomacrophage centers) tissues.
The catfish, H. brachysoma, is propagated as a candidate 
species for aquaculture (Raghavan et al. 2016) and is 
valued as an ornamental fish in India and in international 
trade (Anvar Ali et al. 2007; Sureshkumar 2013). Its 
natural home range is reported in the rivers of southern 
India states, including Kerala (Anvar Ali et al. 2007), 
Karnataka (Kali and Aghanashini) (Bhat 2001), and 
Northern Western Ghats in Maharashtra (Katwate et 
al. 2012). In India, H. brachysoma is considered an 
emerging species for small-scale aquaculture and is also 
caught from the wild for local consumption. Techniques 
for its captive breeding (Padmakumar et al. 2011) and 
mass production (Sahoo et al. 2010, 2014, 2015) are 
successfully established. Earlier studies on H. brachy-
soma revealed its increased heat tolerance and increased 
metabolic rates with acclimation temperatures increas-
ing from 15 to 36 °C, with CTMax ranging from 34.86 
± 0.09°C to 42.79 ± 0.02°C, and the final preferred tem-
perature estimated from the Q10 value ranging between 
31 and 33 °C (Dalvi et al. 2009); the correlation of its 
increased heat tolerance and HSP70 levels with increas-
ing acclimation temperatures (20 and 30 °C) (Dalvi et 
al. 2012); and modulation of its metabolic enzymes and 
cellular stress response (Dalvi et al. 2017). In the present 
study, we investigated histological changes in the vital 
organs such as the skin and gills, (exposed directly to 
the external environment) and such internal organs as 
the liver, kidney, and brain (equilibrated to the external 
environment temperature through blood circulation) of 
the juvenile H. brachysoma specimens acclimated to 
26 (Control) and 36 °C and those exposed to dynamic 
temperature changes (CTMax and CTMin).

materials and metHods

Experimental fish
Juvenile H. brachysoma (average weight 20.72 ± 2.06 g) 
were procured from a local vendor (Aquatic world, 
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Mumbai, India) and transported with proper oxygenation 
to the wet laboratory of the Central Institute of Fisher-
ies Education (CIFE), Mumbai, India. The fish were 
acclimated to the laboratory conditions (26 ± 1 °C) for 
30 days in a circular plastic tank (dimensions: 0.9 m 
diameter × 0.6 m height, capacity 350 L, Plasticrafts 
Group, Mumbai, India), and were fed ad libitum daily 
with live Tubifex worms (Dalvi et al. 2009). The natu-
ral photoperiod of approximately 12 h light: 12 h dark 
was maintained during the acclimation. Water quality 
parameters such as dissolved oxygen (5.8 to 6.3 mg.L-1) 
and temperature (25.8 to 26.1°C) (Merck, Germany), pH 
(6.9 to 7.4) (digital pH meter; Labindia, Mumbai, India), 
free carbon dioxide (negligible), total hardness (60–
80 mg.L-1), ammonia (0.014–0.06 mg.L-1), nitrite (0.001 
to 0.005 mg.L-1) and nitrate (0.05 to 0.06 mg.L-1) were 
recorded following standard procedures (APHA 1998), 
and water was exchanged (10%) manually every day. 
The experiment was conducted with the permission of 
CIFE’s local committee for animal experimentation.

Acclimation and critical thermal studies
Acclimation and exposure to CTMax and CTMin tem-
peratures were carried out as described earlier (Dalvi 
et al. 2009). Briefly, 24 juvenile H. brachysoma were 
equally distributed (6 fish per aquarium) in 4 digital 
thermostatic aquaria (dimensions: 45 cm length × 32 cm 
width × 40 cm height, capacity 52 L, sensitivity ± 0.2°C, 
Suan Scientific Instruments & Equipments, Kolkata, 
West Bengal, India) with the initial water temperature 
maintained at 26 °C. One of the aquaria maintained at 
26 °C was used as the control. For warm acclimation, the 
water temperature in an aquarium was increased at a rate 
of 1°C per day over the ambient water temperature of 
26°C until 36 °C. The fish were maintained at 36 °C for a 
period of another 30 days prior to sampling. During the 
acclimation period fish were fed daily with live Tubifex 
worms ad libitum. Excess worms were removed from 
the experimental aquaria 1 h post-feeding. One-tenth 
of water in aquaria was daily exchanged with the water 
having the temperature like the water in which fish of 
the respective treatment group were kept. Water quality 
parameters, namely, pH, oxygen, alkalinity, nitrogen, 
and ammonia, were measured once every four days in 
each tank. Dissolved oxygen concentration was main-
tained at 5.6 ± 0.5 mg.L−1 throughout the experimental 
period by continuous aeration using a 2 HP centralized 
air blower. For the critical temperature study, another 
set of the fish (6 fish per aquarium) acclimated to 26°C 
for 30 days in two separate thermostatic aquaria was 
exposed to a linear water temperature increase (for 
CTMax) or decrease (for CTMin) at a rate of 0.3°C 
min-1 until the loss of equilibrium occurred in the fish. 
The CTMax and CTMin of the fish acclimated to 26°C 
were 40.23 ± 0.12°C and 14.15 ± 0.10°C, respectively. 

At the end of CTMax and CTMin exposure, the fish were 
transferred to separate tanks with water maintained at 
26°C and allowed to recover for 24 h prior to sampling 
for histology.

Tissue preparation and histology
Following the 30-day acclimation period, three fish 
specimens from the control (26°C) and warm acclima-
tion (36°C) groups, and those exposed to CTMax (40.23 
± 0.12 °C) and CTMin (14.15 ± 0.10 °C) were anaes-
thetized individually with clove oil (50 µL.L-1). The 
gill, skin, liver, kidney, and brain tissues were carefully 
dissected, blotted on blotting paper to remove traces 
of blood clots, fixed in 10% neutral buffered formalin 
(HiMedia, India), dehydrated in different grades of al-
cohol, cleared in xylene, and embedded in paraffin wax. 
Tissues (brain: cerebrum area; kidney: posterior or trunk 
region; skin: dorsal trunk region; gill: vertical sections; 
and liver: whole organ sections including both right and 
left lobes) were sliced into thin sections (7 μm), and 
stained with hematoxylin and eosin, as described earlier 
(Kumar et al. 2016). The stained sections were examined 
using a binocular research microscope (Olympus CX-
31, Japan) equipped with Nikon FX-35DX camera and 
photographs were taken wherever necessary.

results and discussion

Suitable environmental conditions are essential for 
sustaining optimal physiological functions in poikilo-
thermic animals. Long-term exposure of fish to extreme 
temperature that lies within their tolerance range causes 
stress and brings about physiological and biochemical 
reorganization leading to adaptation (Wendelaar Bonga 
1997; Alfonso et al. 2021; Islam et al. 2022a). However, 
exposure to drastic thermal changes may cause patho-
logical changes in the vital organs by distorting their 
structural integrity and functional processes that may 
prove detrimental for the species survival (Phrompanya 
et al. 2021). In the present study, the fish acclimated to 
26°C (Control) showed normal histoarchitecture of gill 
(Figure 1a), skin (Figure 2a), liver (Figure 3a), kidney 
(Figure 4a), and brain (Figure 5a) tissues. However, the 
fish acclimated to 36°C and those exposed to CTMax 
and CTMin showed alterations in the histoarchitecture 
of the vital organs. During the 24 h recovery period fol-
lowing CTMax and CTMin exposure, the fish displayed 
behavioral changes such as cessation of feeding, erratic 
and sluggish swimming with occasional abrupt swim-
ming hitting the walls of the aquaria, and increased 
surface activity and air gulping.
In our study, the gills of the fish acclimated to 36°C 
showed loss of epithelial cells in the branchial arch; 
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Figure 1. Histology of the gill of H. brachysoma (H and E staining). (a) acclimated to 26°C: normal histoarchitecture (40X); 
(b) acclimated to 36°C: loss of epithelial cells in the branchial arch (LECB), loss of the secondary lamellae (LSL); thinning 
of the the primary gill lamellae (TPL) (20X); (c) acclimated to 36°C: thickening (TSL) and atrophy (ASL) of the secondary 
gill lamellae (80X); (d) exposed to CTMax: congestions (C) and hemorrhages (H) in the branchial arch (40X); (e) exposed 
to CTMax: the damaged secondary lamellae (arrow) (160X); (f) exposed to CTMin: congestion in the primary gill filament 
(arrow) (40X); and (g) exposed to CTMin: congestion in the branchial arch (arrow) (40X) and the primary lamellae (box 
and insert) (160X).
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Figure 2. Histology of the skin of H. brachysoma (H and E staining). (a) acclimated to 26°C: normal histoarchitecture (80X) 
showing alarm / cuboid cell (AC), mucus cells (MC) and epithelium (EP); (b) acclimated to 36°C: epithelial thickening (ET) 
(80X); (c) exposed to CTMax: desquamation of epithelial, mucus and alarm cells (DEMA); and (d) exposed to CTMin: ap-
peared normal (H and E; 80X).

thinning of the primary gill lamellae, and occasional 
loss of the secondary gill lamellae (Figure 1b); and 
thickening and atrophy of the secondary gill lamellae 
(Figure 1c). The gills of the fish exposed to CTMax 
showed congestions and hemorrhages in the branchial 
arch (Figure 1d), and damage to the primary gill fila-
ment with massive destruction of the secondary lamellae 
(Figure 1e), while the gills of those exposed to CTMin 
showed congestions in the primary filament (Figure 
1f and 1g) and the branchial arch (Figure 1g). Along 
with its respiratory functions, the gills also act as heat 
exchangers for heat conduction between the environ-
ment and the fish body and facilitate the exchange of 
ions across the membrane. Drastic and rapid changes in 
water temperature cause the gills to undergo significant 
histological changes, which impact their primary func-
tions (Wendelaar Bonga 1997), leading to passive ion 
effluxes and water intake in freshwater fishes inhibit-
ing ion exchange (Wendelaar Bonga and Lock 1992). 
Higher water temperatures also affect the capacity of 
fish to maintain osmotic balance because they change the 
lipids in their gill cells, which causes cell leakage and 
lowers the effectiveness of salt excretion and osmotic 
balance (Pörtner et al. 2005; Das et al. 2014). Compen-
satory responses of the gills to changes in the external 
environment include hypertrophy and hyperplasia of 

the epithelium (Mallatt 1985). Although the present 
study revealed structural alterations in the gill tissue of 
the H. brachysoma specimens acclimated to 36°C, in 
an earlier study we observed an increase in the oxygen 
consumption rate in the fish acclimated to 36°C (Dalvi 
et al. 2009). Such increased oxygen demand during 
stress compromises the hydromineral balance in fish, 
with high levels of catecholamine and reduction in the 
vascular resistance in the gills by circulating epine-
phrine (Wendelaar Bonga 1997). The increased blood 
flow together with the branchial lamellae distention 
increases the effective respiratory surface area of the 
gills, thereby increasing the surface area for diffusion 
and, also the diffusion rate of water, ions, and even 
larger organic molecules, the process known as the 
osmorespiratory compromise (Wendelaar Bonga 1997; 
Onukwufor and Wood 2020; Wood and Eom 2021). 
Our results agree with those reported earlier for chronic 
exposure to increased temperatures in L. rohita (Dash 
et al. 2011; Islam et al. 2020), Cyprinus carpio (Saber 
2011), Paralichthys olivaceus (Liu et al. 2014), killifish 
(Aphanius dispar) (Akbarzadeh et al. 2014), Nile tilapia 
(Islam et al. 2022b), hybrid catfish (♂C. gariepinus 
×♀C. macrocephalus) (Khieokhajonkhet et al. 2022); 
and for acute thermal exposure in Oreochromis niloticus 
(Phrompanya et al. 2021).
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Figure 3. Histology of the liver of H. brachysoma (H and E staining). (a) acclimated to 26°C: normal histoarchitecture (160X); 
(b) acclimated to 36°C: swelling and vacuolation of hepatocytes (SVH) (160X); (c) acclimated to 36°C: occasional necrosis 
(N) and vacuoles (arrow) (160X), and occasional hemolysis (HL) and necrosis (N) (insert, 80X); (d) exposed to CTMax: severe 
congestion (arrow, 40X; box and insert, 160X); (e) exposed to CTMax: fragmented edges (FE) and degenerated hepatocytes 
(DH) (arrow) (160X); (f) exposed to CTMin: dilated blood vessels (arrow) (40X) with haemolysis (box and insert) (160X); 
and (g) exposed to CTMin: swollen hepatocytes (arrow) (160X).
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Figure 4. Histology of the kidney of H. brachysoma (H and E staining). (a) acclimated to 26°C: normal histoarchitecture 
(160X); (b) acclimated to 36°C: extensive vacuolation (40X); (c) acclimated to 36°C: severe vacuolation (V), flattening of the 
tubule epithelial cell (FT) and loss of glomerular tuft (LG) (160X); (d) exposed to CTMax: vacuolation (V), loss of tubules 
(LT), necrosis of tubules (NT), and glomeruli shrinkage (SG) (160X); (e) exposed to CTMax: invariably dilated blood ves-
sels (160X) (f) exposed to CTMin: ballooning of the blood vessels and markedly thin empty tunica-interna detached from 
the tunica-media (arrow) (160X); (g) exposed to CTMin: vacuolation (V), loss of interstitium (LI), and loss of tubules (LT) 
(160X).
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Like the gills, the skin is also susceptible to changes in 
environmental parameters because of their proximity to 
the external environment. We observed mild thickening 
in the skin epithelial layers of the fish acclimated to 36°C 
(Figure 2b). The skin of the fish exposed to CTMax ap-
peared markedly odious because of the desquamation of 
epithelial cells (Figure 2c), while the skin of those ex-
posed to CTMin did not exhibit any discernible changes 
(Figure 2d). It is reported that there is hypersecretion of 
mucus followed by depletion of mucus cells with dif-
ferentiation of new mucus cells in the branchial region 
of fishes as a compensatory response to various environ-
mental stressors (Mallatt 1985). Khieokhajonkhet et al. 
(2022) reported that the hybrid catfish (♂C. gariepinus 
×♀C. macrocephalus) acclimated to 37°C had increased 
peripheral distribution of mucus cells in the subcutane-
ous skin, and enlarged club cells and melanophores in 
the skin resulting in increased epithelial layer thickness. 
Similarly, increased cellularity in the epithelial layer 
observed in our study indicates the differentiation of the 
new mucus and other cells in the skin of the fish accli-
mated to 36°C. However, acute increase in temperature 
(CTMax) had a detrimental effect on the skin of the 
tested H. brachysoma specimens. Hernández-López et 
al. (2018) reported that external responses of the skin 
of the Pacific sardines (S. sagax caeruleus) exposed to 
acute (CTMax) and chronic heat stress (warm acclima-
tion) were desquamation and mucus production. Yang 
et al. (2022) reported that exposure to mild (24°C) and 
high (28°C) heat stress for one week caused skin dam-
age in Siberian sturgeon (Acipenser baerii), including 
exfoliation and necrotization of the epidermis with 
raised cell debris, a partially broken epidermal layer 
with slight dissociation and epidermal shriveling, and 
a decrease in the number of mucous cells.
Unlike the gills and skin, the liver, kidney, and brain are 
not in direct contact with water. The complete equilib-
rium of the blood and environment temperatures at the 
gills leads to an equally complete thermal equilibrium 
between these essential organs through the circulating 
blood because thermal diffusion is considerably faster 
than molecular diffusion (Hazel and Prosser 1974; Pörtner 
et al. 2005). In our study, the liver of the H. brachysoma 
specimens acclimated to 36°C showed moderate swell-
ing and vacuolization of the hepatocytes (Figure 3b), and 
occasional hemolysis and necrosis (Figure 3c). The liver 
of the fish exposed to CTMax showed severe congestion 
(Fig 3d) with fragmented edges, the hepatocytes were 
markedly degenerated with the cloudy appearance of the 
cells and the extensive loss of cellular contour (Figure 3e), 
while the fish exposed to CTMin showed highly dilated 
blood vessels with haemolysed RBCs (Figure 3f) and 
swollen hepatocytes (Figure 3g). Our results agree with 
those reported earlier for chronic exposure of L. rohita 
(Dash et al. 2011) and hybrid catfish (♂C. gariepinus 

×♀C. macrocephalus) (Khieokhajonkhet et al. 2022) to 
increased temperatures and acute heat exposure of juve-
nile blunt snout bream (Megalobrama amblycephala) 
(Liu et al. 2016; Li et al. 2019), and S. sagax caeruleus 
(Hernández-López et al. 2018). Changes in the liver may 
act as indicators of earlier exposure to environmental 
stressors because the liver is the primary organ respon-
sible for detoxification and is particularly vulnerable to 
damage from stress (Velmurugan et al. 2007). Hepatocyte 
vacuolization is suggested to be a sign of the imbalance 
between the rate of substance production in parenchymal 
cells and the rate of these compounds release into the 
circulatory system (Gingerich 1982). Exposure of M. am-
blycephala to acute temperatures has been reported to 
damage mitochondria, leading to the leaking of reactive 
oxygen species into the cytosol causing oxidative stress, 
suggesting that the imbalance between lipid peroxides 
and the antioxidant system may cause cell dysfunction 
and cell damage (Liu et al. 2016).
In our study, the kidney of the H. brachysoma speci-
mens acclimated to 36°C showed extensive vacuolation 
with complete flattening of the tubule epithelial cells 
(Fi gure 4b & 4c), distorted appearance of tubular la-
mellae and marked loss of glomerular tuft / capillaries 
(Figure 4c). The kidney of the fish exposed to CTMax 
appeared markedly vacuolar with loss of tubules, oc-
casional areas of necrosis of the tubules, and scattered 
leucocytic infiltration with occasional shrinkage in the 
glomeruli (Figure 4d), and invariably dilated blood ves-
sels (Figure 4e). The fish exposed to CTMin exhibited 
ballooning of the blood vessels and markedly thin empty 
tunica-interna detached from the tunica-media (Fi-
gure 4f), vacuolation with large empty spaces and with 
loss of interstitium and tubules, however, glomeruli ap-
peared normal (Figure 4g). Our results agree with those 
reported for P. olivaceus (Liu et al. 2015) and Pacific 
sardine (S. sagax caeruleus) (Hernández-López et al. 
2018) exposed to acute and chronic heat stress, and for 
L. rohita acclimated to increased temperatures (Dash et 
al. 2011). Histological changes in kidneys are suggested 
to be good indicators of environmental contamination 
because the renal tissue is close to the adrenal tissue 
that synthesizes stress hormones such as adrenaline, 
noradrenaline and glucocorticoids that are released dur-
ing stress conditions in animals (Hinton 1993).
In our study, the brain of the fish acclimated to 36°C 
showed increased cellularity and vacuolation in the cer-
ebrum (Figure 5b). The fish exposed to CTMax showed 
empty spaces in the cerebrum (Figure 5c) and blood 
vessels appeared highly dilated (Figure 5d), while those 
exposed to CTMin showed nodular masses of various 
sizes in the cerebrum (Figure 5e), indicating capillary 
thrombosis in the brain tissue. Our results agree with 
those reported for O. niloticus exposed to acute tempera-
ture shocks (Phrompanya et al. 2021). It is suggested 
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that tissue deterioration in specific brain regions may 
cause impairment of specific brain functions as well as 
changes in the physiological and behavioral processes 
of the fish, resulting in such behavioral changes as res-
piratory dysfunctions, loss of equilibrium, and erratic 
swimming (Lakshmaiah 2017).

conclusion

Overall, the observations of the present study suggest 
that acclimation to 36°C and exposure to CTMax and 
CTMin profoundly affects the histoarchitecture of the 
vital organs of H. brachysoma. The histopathological 
alterations in different vital organs of H. brachysoma 

after exposure to CTMax and CTMin temperatures 
indicate that the aberrations are more apparent during 
exposure to dynamic heat stress than during exposure 
to dynamic cold stress. The alterations observed in the 
histology of the vital organs suggest their contributory 
role in the aberrant behavior of the fish observed during 
exposure to dynamic temperature changes.

acKnowledgements

The authors gratefully acknowledge the financial support 
from the Board of Research in Nuclear Sciences, Depart-
ment of Atomic Energy, Government of India (BRNS 
Sanction No. 99/36/22/BRNS, Grant No. 089).

Figure 5. Histology of the brain tissue of H. brachysoma (H and E staining). (a) acclimated to 26, 31 and 33°C: normal his-
toarchitecture (80X); (b) acclimated to 36°C: increased cellularity (IC) and vacuolization (V) (160X); (c) exposed to CTMax: 
empty spaces in the cerebrum (arrow) (40X); (d) exposed to CTMax: dilated blood vessels (arrow) (160X); (e) exposed to 
CTMin: nodular thrombotic masses of various sizes (arrow) (160X).



106 Rishikesh S. Dalvi, Tilak Das, Asim K. Pal, Dipesh Debnath

Authors’ contributions
RSD designed and executed the experiment, and 
drafted the manuscript, TD helped in experimentation 
and commented on the manuscript; AKP designed and 
supervised the experiment and discussed the results 
and commented on the manuscript, DD commented 
and proofread the manuscript. All authors reviewed 
the manuscript.

Competing interests
The authors declare that they do not have any conflict 
of interest.

references

Abbaszadeh, M., & Şişman, T. 2021. An application 
of histological technique for monitoring health 
status of fish species, Leuciscus aspius (Linnaeus, 
1758) inhabiting Aras River,  Iran. Caspian 
Journal of Environmental Sciences 19, 187–199.  
https://doi.org/10.22124/cjes.2021.4727

Akbarzadeh, A., Noori Mosayebi, A., Noori, A., Par-
to, P., Asadi, M., Yousefzadi, M., Dehghani, H., 
& Kamrani, E. 2014. Responses of the killifish 
(Aphanius dispar) to long-term exposure to elevated 
temperatures: Growth, survival and microstructure 
of gill and heart tissues. Marine and Freshwater 
Behaviour and Physiology  47(6),  429–434.  
https://doi.org/10.1080/10236244.2014.952989

Alfonso, S., Gesto, M., & Sadoul, B. 2021. Temperature 
increase and its effects on fish stress physiology in the 
context of global warming. Journal of Fish Biology 
98(6), 1496–1508. https://doi.org/10.1111/jfb.14599

Anvar Ali, P.H., Raghavan, R., & Prasad, G. 2007. 
Threatened fishes of the world: Horabagrus 
brachysoma (Gunther, 1864) (Bagridae). Envi-
ronmental Biology of Fishes 78(3), 221–221.  
https://doi.org/10.1007/s10641-006-0022-4

APHA, 1998. American Public Health Association, American 
Water Works Association, & Water Pollution Control 
Federation. Standard methods for the examination of 
water and wastewater (20th ed) (American Public Health 
Association, American Water Works Association, & 
WPCF. 1998).

Barbarossa, V., Bosmans, J., Wanders, N., King, H., 
Bierkens, M.F.P., Huijbregts, M.A.J., & Schipper, A.M. 
2021. Threats of global warming to the World’s 
freshwater fishes. Nature Communications 12(1), 1701. 
https://doi.org/10.1038/s41467-021-21655-w

Beitinger, T.L., Bennett, W.A., & McCauley, R.W. 2000. 
Temperature tolerances of North American freshwater 
fishes exposed to dynamic changes in temperature. 
Environmental Biology of Fishes 58(3), 237–275. 
https://doi.org/10.1023/A:1007676325825

Bennett, W.A., & Judd, F.W. 1992. Comparison of methods 
for determining low temperature tolerance: Experiments 
with pinfish, Lagodon rhomboides. Copeia 1992(4), 
1059–1065. https://doi.org/10.2307/1446638

Bhat, A. 2001. New report of the species, Horabagrus 
brachysoma in Uttara Kannada District of Karnataka. 
Journal of Bombay Natural History Society 98, 
294–296.

Capon, S.J., Stewart-Koster, B., & Bunn, S.E. 2021. 
Future of freshwater ecosystems in a 1.5 C warmer 
world. Frontiers in Environmental Science 9, 596.  
https://doi.org/10.3389/fenvs.2021.784642

Conte, M.,  de Campos, D.F.,  & Eme, J.  2023. 
Effective practices for thermal tolerance polygon 
experiments using mottled catfish Corydoras 
paleatus. Journal of Thermal Biology 115, 103616.  
https://doi.org/10.1016/j.jtherbio.2023.103616

Dalvi, R.S., Pal, A.K., Tiwari, L.R., Das, T., & 
Baruah, K. 2009. Thermal tolerance and oxygen 
consumption rates of the catfish Horabagrus 
brachysoma (Günther) acclimated to different 
temperatures. Aquaculture 295(1–2), 116–119.  
https://doi.org/10.1016/j.aquaculture.2009.06.034

Dalvi, R.S., Pal, A.K., Tiwari, L.R., & Baruah, K. 
2012. Influence of acclimation temperature on 
the induction of heat-shock protein 70 in the 
catfish Horabagrus brachysoma (Günther). Fish 
Physiology and Biochemistry 38(4), 919–927.  
https://doi.org/10.1007/s10695-011-9578-9

Dalvi, R.S., Das, T., Debnath, D., Yengkokpam, S., 
Baruah, K., Tiwari, L.R., & Pal, A.K. 2017. Metabolic 
and cellular stress responses of catfish, Horabagrus 
brachysoma (Günther) acclimated to increasing 
temperatures. Journal of Thermal Biology 65, 32–40. 
https://doi.org/10.1016/j.jtherbio.2017.02.003

Das, T., Sahu, N.P., Chakraborty, S.K., Chatterjee, N., 
Mohammed, M.S., Dalvi, R.S., Baruah, K., & Pal, A.K. 
2014. Ultrastructural Alterations in the Gills of Labeo 
rohita fingerlings exposed to thermal extremes. 
Anatomia, Histologia, Embryologia 43(1), 75–80. 
https://doi.org/10.1111/ahe.12039

Dash, G., Yonzone, P., Chanda, M., & Paul, M. 2011. 
Histopathological changes in Labeo rohita (Hamilton) 
fingerlings to various acclimation temperatures. 
Chronicles of Young Scientists  2(1), 29–36.  
https://doi.org/10.4103/2229-5186.79347

de Visser,  S . ,  Scherer,  L. ,  Hui jbregts ,  M. ,  & 
Barbarossa, V. 2023. Characterization factors 
for the impact of climate change on freshwater 
fish species. Ecological Indicators 150, 110238.  
https://doi.org/10.1016/j.ecolind.2023.110238

Desforges, J. E., Birnie-Gauvin, K., Jutfelt, F., Gil-
mour, K.M., Eliason, E.J., Dressler, T.L., McKen-
zie, D.J., Bates, A.E., Lawrence, M.J., Fangue, N., 
& Cooke, S.J. 2023. The ecological relevance of 

https://doi.org/10.22124/cjes.2021.4727
https://doi.org/10.1080/10236244.2014.952989
https://doi.org/10.1007/s10641-006-0022-4
https://doi.org/10.1038/s41467-021-21655-w
https://doi.org/10.1023/a:1007676325825
https://doi.org/10.2307/1446638
https://doi.org/10.3389/fenvs.2021.784642
https://doi.org/10.1016/j.jtherbio.2023.103616
https://doi.org/10.1016/j.aquaculture.2009.06.034
https://doi.org/10.1007/s10695-011-9578-9
https://doi.org/10.1016/j.jtherbio.2017.02.003
https://doi.org/10.1111/ahe.12039
https://doi.org/10.4103/2229-5186.79347


107
Histological changes in Horabagrus brachysoma acclimated to warm temperature and exposed  
to critical thermal maxima and minima

critical thermal maxima methodology for fishes. 
Journal of Fish Biology 102(5), 1000–1016.  
https://doi.org/10.1111/jfb.15368

Ern, R.,  Andreassen, A.H.,  & Jutfelt ,  F.  2023. 
Physiological mechanisms of acute upper thermal 
tolerance in fish. Physiology 38(3), 141–158.  
https://doi.org/10.1152/physiol.00027.2022

Ficke, A.D., Myrick, C.A., & Hansen, L.J. 2007. Potential 
impacts of global climate change on freshwater fisheries. 
Reviews in Fish Biology and Fisheries 17(4), 581–613. 
https://doi.org/10.1007/s11160-007-9059-5

Gingerich, W. 1982. Hepatic toxicology of fishes. In Aquatic 
Toxicology, edited by L. Weber, 55–105. New York: 
Raven Press.

Hazel, J.R., & Prosser, C.L. 1974. Molecular mechanisms 
of temperature compensation in poikilotherms. 
P h y s i o l o g i c a l  R e v i e w s  5 4 ( 3 ) ,  6 2 0 – 6 7 7 .  
https://doi.org/10.1152/physrev.1974.54.3.620

Hernández-López, J.R., Hernández-Rodríguez, M., 
Rivas-Manzano, P., & Bückle-Ramirez, L.F. 2018. 
Thermal effect of acute and chronic stress on 
hepatic and renal tissue of the Pacific sardine, 
Sardinops sagax caeruleus  (Jenyns,  1842). 
International Journal of Morphology 36(1), 212–220.  
http://dx.doi.org/10.4067/S0717-95022018000100212

Hinton, D. 1993. Toxicologic histopathology of fishes: A 
systematic approach and overview. In Pathobiology of 
Marine and Estuarine Organisms, edited by J. Couch & 
J. Fourine,117–215. Boca Raton: FL: CRC Press.

Islam, S.M.M., Zahangir, M.M., Ashaf-Ud-Doulah, M., 
Khatun, M.M., & Shahjahan, M. 2020. Extreme warm 
acclimation temperature alters oxygen consumption, 
micronucleus formation in erythrocytes, and gill 
morphology of rohu (Labeo rohita) fingerlings. Fish 
Physiology and Biochemistry 46(6), 2323–2330.  
https://doi.org/10.1007/s10695-020-00886-6

Islam, M.J., Kunzmann, A., & Slater, M.J. 2022a. 
Responses of aquaculture fish to climate change-
induced extreme temperatures: A review. Journal 
of the World Aquaculture Society 53(2), 314–366.  
https://doi.org/10.1111/jwas.12853

Islam, S.M., Akhter, F., Jahan, I., Rashid, H., & Shahja-
han, M. 2022b. Alterations of oxygen consumption and 
gills morphology of Nile tilapia acclimatized to extreme 
warm ambient temperature. Aquaculture Reports 23, 
101089. https://doi.org/10.1016/j.aqrep.2022.101089

Kangur, K., Ginter, K., Kangur, P., Kangur, A., Nõges, P., 
& Laas, A. 2016. Changes in water temperature and 
chemistry preceding a massive kill of bottom-dwelling 
fish: An analysis of high-frequency buoy data of shallow 
Lake Võrtsjärv (Estonia). Inland Waters 6(4), 535–542. 
https://doi.org/10.1080/IW-6.4.869

Katwate, U., Raut, R., Khot, M., Paingankar, M., & 
Dahanukar, N. 2012. Molecular identification and 
ecology of a newly discovered population of sun catfish 

Horabagrus brachysoma from northern Western Ghats 
of India International Scholarly Research Notices 2012, 
1–9. https://doi.org/10.5402/2012/419320

Khieokhajonkhet, A., Sangphrom, S., Aeksiri, N., Tatsa-
pong, P., Wuthijaree, K., & Kaneko, G. 2022. Effects 
of long-term exposure to high temperature on growth 
performance, chemical composition, hematological 
and histological changes, and physiological 
responses in hybrid catfish [♂ Clarias gariepinus 
(Burchell, 1822) × ♀ C. macrocephalus (Günther, 
1864)]. Journal of Thermal Biology 105, 103226.  
https://doi.org/10.1016/j.jtherbio.2022.103226

Kumar, N., Ambasankar, K., Krishnani, K.K., Bhu shan, S., 
& Minhas, P.S. 2016. Dietary pyridoxine protects 
against stress and maintains immunohaematological 
status in Chanos chanos exposed to endosulfan. Basic 
and Clinical Pharmacology and Toxicology 119(3), 
297–308. https://doi.org/10.1111/bcpt.12589

Lakshmaiah, G. 2017. Brain histopathology of the fish 
Cyprinus carpio exposed to lethal concentrations of 
an organophosphate insecticide phorate. International 
Journal of Advanced Research and Development 2(5), 
668–672.

Li, B., Sun, S., Zhu, J., Yanli, S., Wuxiao, Z., & Ge, X. 
2019. Transcriptome profiling and histology changes 
in juvenile blunt snout bream (Megalobrama 
amblycephala) liver tissue in response to acute 
thermal stress.  Genomics  111(3),  242–250.  
https://doi.org/10.1016/j.ygeno.2018.11.011

Li, D., Dorber, M., Barbarossa, V., & Verones, F. 2022. 
Global characterization factors for quantifying 
the impacts of increasing water temperature on 
freshwater fish. Ecological Indicators 142, 109201.  
https://doi.org/10.1016/j.ecolind.2022.109201

Liu, B., Xu, P., Brown, P. B., Xie, J., Ge, X., Miao, L., 
Zhou, Q., Ren, M., & Pan, L. 2016. The effect of 
hyperthermia on liver histology, oxidative stress and 
disease resistance of the Wuchang bream, Megalobra-
ma amblycephala. Fish and Shellfish Immunology 52, 
317–324. https://doi.org/10.1016/j.fsi.2016.03.018

Liu, Y., Ma, D., Zhao, C., Wang, W., Zhang, X., Liu, X., 
Liu, Y., Xiao, Z., Xu, S., Xiao, Y., Liu, Q., & Li, J. 
2014. Histological and enzymatic responses of Japanese 
flounder (Paralichthys olivaceus) and its hybrids 
(P. olivaceus ♀ × P. dentatus ♂) to chronic heat stress. 
Fish Physiology and Biochemistry 40(4), 1031–1041. 
https://doi.org/10.1007/s10695-013-9903-6

Liu, Y., Ma, D., Xiao, Z., Xu, S., Wang, Y., Wang, Y., Xiao, Y., 
Song, Z., Teng, Z., Liu, Q., & Li, J. 2015. Histologi-
cal change and heat shock Protein 70 expression in 
different tissues of Japanese flounder Paralichthys 
olivaceus in response to elevated temperature. Chinese 
Journal of Oceanology and Limnology 33(1), 11–19.  
https://doi.org/10.1007/s00343-015-4028-7

Mallatt, J. 1985. Fish gill structural changes induced by 

https://doi.org/10.1111/jfb.15368
https://doi.org/10.1152/physiol.00027.2022
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1152/physrev.1974.54.3.620
https://doi.org/10.4067/s0717-95022018000100212
https://doi.org/10.1111/jwas.12853
https://doi.org/10.1016/j.aqrep.2022.101089
https://doi.org/10.1080/iw-6.4.869
https://doi.org/10.5402/2012/419320
https://doi.org/10.1016/j.jtherbio.2022.103226
https://doi.org/10.1111/bcpt.12589
https://doi.org/10.1016/j.ygeno.2018.11.011
https://doi.org/10.1016/j.ecolind.2022.109201
https://doi.org/10.1016/j.fsi.2016.03.018
https://doi.org/10.1007/s10695-013-9903-6
https://doi.org/10.1007/s00343-015-4028-7


108 Rishikesh S. Dalvi, Tilak Das, Asim K. Pal, Dipesh Debnath

toxicants and other irritants: A statistical review. 
Canadian Journal of Fisheries and Aquatic Sciences 
42(4), 630–648. https://doi.org/10.1139/f85-083

Mugwanya, M., Dawood, M.A., Kimera, F., & Sewi-
lam, H. 2022. Anthropogenic temperature fluctuations 
and their effect on aquaculture: A comprehensive 
review. Aquaculture and Fisheries 7(3), 223–243.  
https://doi.org/10.1016/j.aaf.2021.12.005

Nair, R.P., Tholkudiyil, S.R., & Shaji, C.P. 2021. An unusual 
fish kill in Chandragiri River, Kasaragod district, Kerala, 
India. Journal of Bombay Natural History Society 118, 2.  
http://doi.org/10.17087/jbnhs%2F2021%2Fv118%2F146829

Onukwufor, J.O., & Wood, C.M. 2020. Osmorespiratory 
compromise in zebrafish (Danio rerio): Effects 
of hypoxia and acute thermal stress on oxygen 
consumption, diffusive water flux, and sodium 
net  loss  ra tes .  Zebraf i sh  17(6) ,  400–411.  
https://doi.org/10.1089/zeb.2020.1947

Padmakumar, K.G., Bindu, L., Sreerekha, P.S., Gopa la-
krishnan, A., Basheer, V.S., Joseph, N., Manu, P.S., 
& Krishnan, A. 2011. Breeding of endemic catfish, 
Horabagrus brachysoma in captive conditions. Current 
Science, 100, 1232–1236.

Panikkar, P., Sarkar, U.K., & Das, B.K. 2022. Exploring 
climate change trends in major river basins and its 
impact on the riverine ecology, fish catch and fisheries 
of the Peninsular region of India: Issues and a brief 
overview. Journal of Water and Climate Change 13(7), 
2690–2699. https://doi.org/10.2166/wcc.2022.054

Phelps, N.B.D., Bueno, I., Poo-Muñoz, D.A., Knowles, S.J., 
Massarani, S., Rettkowski, R., Shen, L., Rantala, H., 
Phelps, P.L.F., & Escobar, L.E. 2019. Retrospective 
and predictive investigation of fish kill events. 
Journal of Aquatic Animal Health 31(1), 61–70.  
https://doi.org/10.1002/aah.10054

Phrompanya, P., Panase, P., Saenphet, S., & Saenphet, K. 
2021. Histopathology and oxidative stress responses 
of Nile tilapia Oreochromis niloticus exposed to 
temperature shocks. Fisheries Science 87(4), 491–502. 
https://doi.org/10.1007/s12562-021-01511-y

Pörtner, H.O., & Peck, M.A. 2010. Climate change effects 
on fishes and fisheries: Towards a cause-and-effect 
understanding. Journal of Fish Biology 77(8), 1745–1779.  
https://doi.org/10.1111/j.1095-8649.2010.02783.x

Pörtner, H.O., Langenbuch, M., & Michaelidis, B. 2005. 
Synergistic effects of temperature extremes, hypoxia, and 
increa ses in CO2 on marine animals: From earth history 
to global change. Journal of Geophysical Research 
110(C9). https://doi.org/10.1029/2004JC002561

Pörtner, H.-O., Roberts, D.C., Masson-Delmotte, V., 
Zhai, P., Tignor, M., Poloczanska, E., Mintenbeck, K., 
Nicolai, M., Okem, A., Petzold, J., Ram, B., & Weyer, N. 
2019. The ocean and cryosphere in a changing climate. 
IPCC special report on the ocean and cryosphere in 
a changing climate. Cambridge, UK and New York, 

NY, USA: Cambridge University Press, 755 pp.  
https://doi.org/10.1017/9781009157964

Raghavan, R., Philip, S., Ali, A., Katwate, U., & Dahanu-
kar, N. 2016. Fishery, biology, aquaculture and 
conservation of the threatened Asian sun catfish. 
Reviews in Fish Biology and Fisheries 26(2), 169–180. 
https://doi.org/10.1007/s11160-016-9418-1

Reid, A.J., Carlson, A.K., Creed, I.F., Eliason, E.J., 
Gell, P.A., Johnson, P.T.J., Kidd, K.A., MacCor-
mack T.J., Olden, J.D., Ormerod, S.J., Smol, J.P., 
Taylor, W.W., Tockner, K., Vermaire, J.C., Dud-
geon, D., & Cooke, S.J. 2019. Emerging threats and 
persistent conservation challenges for freshwater 
biodiversity. Biological Reviews 94(3), 849–873.  
https://doi.org/10.1111/brv.12480

Saber, H.T. 2011. Histological adaptation to thermal changes 
in gills of common carp fishes Cyprinus carpio L. 
Rafidain journal of Science 22, 46–55.

Sahoo, S.K., Giri, S.S., Chandra, S., & Sahu, A.K. 
2010. Stocking density-dependent growth and 
survival  of  Asian sun catf ish,  Horabagrus 
brachysoma  (Gunther 1861) larvae. Journal 
o f  A p p l i e d  I c h t h y o l o g y  2 6 ( 4 ) ,  6 0 9 – 6 11 .  
https://doi.org/10.1111/j.1439-0426.2010.01473.x

Sahoo, S.K., Ferosekhan, S., Paramanik, M., & Swain, S.K. 
2014. Hatchery production of the yellow catfish Horaba-
grus brachysoma in India. World Aquaculture, 52–54.

Sahoo, S.K., Giri, S.S., Paramanik, M., & Ferose-
khan, S. 2015. Larval age at stocking, growth, 
and survival during fingerling production of the 
endangered sun catfish, Horabagrus brachysoma. 
Journal of Applied Aquaculture 27(2), 144–149.  
https://doi.org/10.1080/10454438.2015.1045768

Saraiva,  A. ,  Costa,  J . ,  Serrão,  J . ,  Cruz,  C. ,  & 
Eiras, J.C. 2015. A histology-based fish health 
assessment of farmed seabass (Dicentrarchus 
l a b r a x  L . ) .  A q u a c u l t u re  4 4 8 ,  3 7 5 – 3 8 1 .  
https://doi.org/10.1016/j.aquaculture.2015.06.028

Sureshkumar, S., Ranjeet, K., & Radhakrishnan, K.V. 2013. 
Live handling and domestication of selected indigenous 
ornamental fishes of India. International Journal of 
Fisheries and Aquatic Studies 1, 08–11.

Terblanche, J.S., Hoffmann, A.A., Mitchell, K.A., Ra ko, L., 
le Roux, P.C., & Chown, S.L. 2011. Ecologically 
relevant measures of tolerance to potentially lethal 
temperatures. Journal of Experimental Biology 214(22), 
3713–3725. https://doi.org/10.1242/jeb.061283

Velmurugan, B., Selvanayagam, M., Cengiz, E.I., & Unlu, E. 
2007. Histopathology of lambda-cyhalothrin on tissues 
(gill, kidney, liver and intestine) of Cirrhinus mrigala. 
Environmental Toxicology and Pharmacology 24(3), 
286–291. https://doi.org/10.1016/j.etap.2007.07.001

Wendelaar Bonga, S.E. 1997. The stress response 
in fish. Physiological Reviews 77(3), 591–625.  
https://doi.org/10.1152/physrev.1997.77.3.591

https://doi.org/10.1139/f85-083
https://doi.org/10.17087/jbnhs%2f2021%2fv118%2f146829
https://doi.org/10.1089/zeb.2020.1947
https://doi.org/10.2166/wcc.2022.054
https://doi.org/10.1002/aah.10054
https://doi.org/10.1007/s12562-021-01511-y
https://doi.org/10.1111/j.1095-8649.2010.02783.x
https://doi.org/10.1029/2004jc002561
https://doi.org/10.1017/9781009157964
https://doi.org/10.1007/s11160-016-9418-1
https://doi.org/10.1111/brv.12480
https://doi.org/10.1111/j.1439-0426.2010.01473.x
https://doi.org/10.1080/10454438.2015.1045768
https://doi.org/10.1016/j.aquaculture.2015.06.028
https://doi.org/10.1242/jeb.061283
https://doi.org/10.1016/j.etap.2007.07.001


109
Histological changes in Horabagrus brachysoma acclimated to warm temperature and exposed  
to critical thermal maxima and minima

Wendelaar Bonga, S., & Lock, R.A.C. 1992. Toxicants and 
osmoregulation in fish. Netherlands Journal of Zoology 
42, 478–493.

Wolf, J.C., Baumgartner, W.A., Blazer, V.S., Ca mus, A.C., 
Engelhardt, J.A., Fournie, J.W., Frasca, Jr., S., Gro-
man, D.B., Kent, M.L., Khoo, L.H., Law, J.M., 
Lombardini, E.D., Ruehl-Fehlert, C., Segner, H.E., 
Smith, S.A., Spitsbergen, J.M., Weber, K., & Wol fe, M.J. 
2015. Nonlesions, misdiagnoses, missed diagnoses, and 
other interpretive challenges in fish histopatho logy 
studies: A guide for investigators, authors, reviewers, 
and readers. Toxicologic Pathology 43(3), 297–325. 
https://doi.org/10.1177/0192623314540229

Wood, C.M., & Eom, J. 2021. The osmorespiratory 
compromise  in  the  f ish  gi l l .  Comparat ive 
Biochemistry and Physiology. Part A, Molecular 
and  In tegra t ive  Phys io logy  254 ,  110895 .  
https://doi.org/10.1016/j.cbpa.2021.110895. 

Yang, S., Xu, W., Tan, C., Li, M., Li, D., Zhang, C., Feng, L., 
Chen, Q., Jiang, J., Li, Y., Du, Z., Luo, W., Li, C., Gong, Q., 
Huang, X., Du, X., Du, J., Liu, G., & Wu, J. 2022. Heat 
stress weakens the skin barrier function in sturgeon by 
decreasing mucus secretion and disrupting the mucosal 
microbiota. Frontiers in Microbiology 13, 860079.  
https://doi.org/10.3389%2Ffmicb.2022.860079

https://doi.org/10.1177/0192623314540229
https://doi.org/10.1016/j.cbpa.2021.110895
https://doi.org/10.3389%2Ffmicb.2022.860079

