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Abstract

Predation is a principal selection pressure acting on prey, often leading to changes in
physiology, morphology, behaviour, and life-history traits of prey. Vertebrates respond
to predation by activating their neuroendocrine stress axis (hypothalamus-pituitary-
adrenal axis). Activation of the neuroendocrine stress axis results in the release of
corticotropin-releasing factor (CRF) from the hypothalamus that acts on corticotropes
of the anterior pituitary to release adrenocorticotrophic hormone (ACTH). ACTH
reaches the adrenal cortex, through peripheral blood and stimulates the cortical cells
to secrete glucocorticoids (GCs) which mediate the antipredator responses of prey
animals by integrating many physiological processes. CRF being the key regulator of
HPA axis, holds a key role in predator induced stress responses of animals. The
present study intends to determine the changes in CRF distribution and expression
after a chronic predation stress on larval Euphlyctis cyanophlyctis. After rearing the
tadpoles under chronic predator stress from Gosner stages 25-44, changes in the
distribution of CRF in the brain of tadpoles was checked using Immunohistochemistry
and the CRF gene expression was assessed using QqRT-PCR. The
immunohistochemical results show that robust CRF expression was observed in the
hypothalamus of tadpoles which were exposed to predator. These results were
corroborated by RT-PCR studies which showed the increased levels of mMRNA in the
brain of tadpoles experiencing predation stress. The results of our study are discussed

in the context of previous studies in other vertebrates.
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1 Introduction
1.1 Stress

Biotic and abiotic factors play a crucial role in shaping the life-histories of organisms
in diverse environments. Abiotic factors such as environmental temperature play a
pivotal role in development and survival of the organisms. Similarly, predation acts as
a major selection pressure on prey animals, often determining their spatial and
temporal distribution and abundance in an ecosystem (Chivers & Brown, 1996; Mathis
& Smith, 1993) . Due to the ubiquitous nature of predators, prey species living in
various ecosystems have developed novel strategies to escape, evade or deter
predators (Scherer & Smee, 2016). These responses to predation risk can range from
changes in behaviour, morphology, life-history traits, or a combination of these(Kats &
Dill, 1998). Since the antipredator responses are potentially costly to develop and
maintain for prey, these responses vary depending on the type of predator and the
level of threat posed by predators (Scherer et al., 2017). Predation is therefore an
important biotic stressor for prey species that alters behaviour, morphology,
physiology, and life history traits in the prey population (Ferrari et al., 2010; Lima &
Dill, 1990).

Predator recognition is the first step in eliciting an appropriate antipredator
response. Prey organisms can recognize predators with the help of visual, chemical,
auditory and vibration from predators, as well as from other members of the same or
different species (McCoy et al.,, 2012; Munoz & Blumstein, 2012). In aquatic
environments, chemical cues from predators (kairomones, dietary cues) or prey when
attacked, captured, or, ingested is more reliable in accessing the predator presence
(Ferrari et al., 2010; Wisenden, 2000).

According to Selye (1936), animals react to physical or mental challenges in
three distinct stages, which he dubbed the general adaptation syndrome (GAS): the
alarm response, the resistance stage and following prolonged exposure, the
exhaustion stage. Selye coined the term "stress" to characterize the physiological
condition resulting from the GAS and labelled the causal factors "stressors" (Selye,
1956). A critical notion that underpins the GAS theory is the link between stress and
adaptation; that is, stress is a reaction that facilitates the adaptation of an organism to
the presence of a stressor. A stress response is elicited in an individual when a

stressor disrupts physiological homeostasis. It can range from behavioural to



physiological responses that help to maintain homeostasis. The endocrine system
involving epinephrine and glucocorticoids released from the adrenal medulla and
cortex respectively constitute a major stress response. Immediately after perceiving
the stressor, the sympathetic nervous system secretes norepinephrine and the adrenal
medulla secretes epinephrine. Subsequently, glucocorticoids are secreted from the
adrenal cortex. Glucocorticoids mediate the behavioural effects of stress as these
steroid hormones can easily diffuse through the blood-brain barrier, unlike epinephrine
(Weil-Malherbe et al., 1959).The secretion of glucocorticoids is regulated along the
hypothalamic-pituitary-adrenal axis (H-P-A axis)

1.1.1 Vertebrate stress response

The hypothalamic-pituitary-adrenal (HPA) axis (Figure 1) is the major neuroendocrine
system that mediates an individual’s response to stress (McEwen, 2007). It involves
three main components: the hypothalamus, the pituitary gland, and the adrenal glands
(McEwen, 2007). The hypothalamus is responsible for activating the HPA axis by
releasing two neuropeptides, corticotropin-releasing factor (CRF) and arginine
vasopressin (AVP) in response to stress. CRF and AVP synergistically act on the
anterior pituitary to release adrenocorticotropic hormone (ACTH; Vale et al., 1981).
ACTH circulates through the bloodstream to the adrenal glands, located on top of the
kidneys. In the adrenal tissue, ACTH binds to its receptors on zona fasciculata of
cortex and not only stimulates the conversion of cholesterol esters to free cholesterol
but also activates the steroidogenic pathway. The adrenal cortex, then releases
glucocorticoids (cortisol in humans, corticosterone in rodents) that help the body to
respond to stress (Nicolaides et al., 2015). Glucocorticoids are released into the
systemic circulation in addition to storing a small quantity in the adrenal gland.
Glucocorticoids have a variety of effects on the body that includes increasing blood
sugar levels, suppressing the immune system, and aiding in the metabolism of fats,
proteins, and carbohydrates, all of which inherently try to allocate energy resources
efficiently at the time of crisis (Ulrich-Lai & Ryan, 2014). The secretion of
glucocorticoids via the HPA axis promotes the homeostatic adaptation to stress.

The HPA axis is tightly regulated by a negative feedback loop, which helps to
maintain the body's homeostasis. When glucocorticoids’ levels in the blood exceed
beyond a certain threshold, they inhibit the release of CRF and ACTH, which then

reduces the production of glucocorticoids by the adrenal glands (Jp et al., 1995).



Chronic activation of the HPA axis due to prolonged stress can lead to dysregulation
of glucocorticoids production, which can have negative effects on the body. High levels
of cortisol have been associated with an increased risk for a variety of health problems,
including depression, anxiety, obesity, and cardiovascular disease (McEwen, 2007;
Ulrich-Lai & Ryan, 2014)
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Figure 1 : Hypothalamic pituitary adrenal axis:(Figure created using the Biorender software)
Hypothalamic pituitary adrenal axis is the major neuro endocrine system that gets activated in response
to stress. The Corticotropin releasing hormone (CRH) is released from the paraventricular nucleus of
the hypothalamus, which reaches the anterior pituitary and stimulates the adrenocorticotropic hormone
(ACTH) secretion. ACTH then acts on the adrenal gland to induce the secretion of glucocorticoids.
Glucocorticoids mediates the behavioural and physiological responses to maintain homeostasis.

1.1.2 Amphibian stress response

Hypothalamic-pituitary-interrenal (HPI) axis, is the major system that evokes
the physiological stress response in amphibians. As HPA axis of the higher
vertebrates, hypothalamus, pituitary gland, and interrenal tissue, work together to
regulate the production and release of stress hormones such as corticosterone
(Denver, 1997). The HPI axis is activated in response to a wide range of stressors,
including physical, environmental, and social stress (Romero, 2004). For instance,
exposure to a predator or a sudden change in temperature can activate the HPI axis

and stimulate the release of corticosterone (Narayan et al., 2013). Hypothalamus



being the central regulator of the HPI axis releases corticotropin-releasing factor (CRF)
and arginine vasotocin (AVT) in response to stress. CRF and AVT synergistically
stimulate the anterior pituitary gland to produce adrenocorticotropic hormone (ACTH),
which binds to the melanocortin 2 receptor (MC2R) in the interrenal tissue to stimulate
the production of glucocorticoids such as corticosterone (CORT; (Sapolsky et al.,
2000). CORT plays an essential role in the stress response of amphibians by
increasing glucose availability, suppressing the immune system, and promoting
survival in stressful situations (Sapolsky et al., 2000). However, chronic activation of
the HPI axis can lead to negative effects on the health and survival of amphibians.
Overall, the HPI axis is a critical component of the stress response in amphibians and

plays a vital role in their ability to adapt and survive in their environment.

1.2 Corticotropin-releasing factor

Corticotropin-releasing factor (CRF) or the corticotropin-releasing hormone (CRH) is
a 41-amino acid peptide first characterized neuropeptide that is primarily involved in
the stress response of vertebrates (Vale et al.,, 1981). CRF is produced by the
parvocellular neurons of the paraventricular nucleus (PVN) of the hypothalamus in
response to stress situations. It is released at the median eminence and drains into
the portal system (hypothalamus-hypophyseal portal system). It is then transported to
the anterior pituitary where it acts on the corticotropes to secrete adrenocorticotropic
hormone (ACTH). CRF works synergistically with arginine vasopressin (AVP; arginine
vasotocin- AVT is the amphibian hormone) to regulate ACTH secretion (Vale et al.,
1981). ACTH stimulates adrenal cortex (Interrenal tissue in amphibians) to secrete
glucocorticoids in response to stress. In addition to acting as a releasing factor for
ACTH, CRF is also one of the major TSH-secreting factors in amphibians (Denver,
1988).

1.2.1 Other peptides in the CRF family and receptors
Urotensin-I of fish, Sauvagine of frog and Urocortins 1-3 are peptides belong to
the same family of vertebrate hormones that includes CRF (Boorse et al., 2005;
Boorse & Denver, 2006; Dautzenberg & Hauger, 2002; Deussing & Chen, 2018)
CRF and the related peptides act via two G-protein coupled receptors;
corticotropin-releasing hormone receptor 1 (CRFi) and corticotropin-releasing
hormone receptor 2 (CRF2). The G protein-coupled receptors on the binding of the

ligand, lead to the activation of adenylyl cyclase and the resulting increase in



intracellular cAMP. Their actions are modulated by a secreted CRF binding protein
(CRF-BP), which regulates the bioavailability of CRF to its receptors (Dautzenberg &
Hauger, 2002; Deussing & Chen, 2018; A. F. Seasholtz et al., 2001) The binding
affinity of CRF to CRF-BP is similar or more than that of the CRF receptors (A.
Seasholtz et al., 2002). CRF-BP is a phylogenetically ancient molecule, which has
conserved its structural and functional properties (A. Seasholtz et al., 2002). CRF-BP
genes have been isolated in rat, sheep, frog and honeybee (Behan et al., 1996; Brown
et al., 1996; Cortright et al., 1997; Huising & Flik, 2005; Potter et al., 1992).

CREF is known to have a higher affinity for CRF1. Urocortin 1 binds to both CRF1
and CRF2. Urocortin 1, 2 and 3 sauvagine, and urotensin have a 100-fold higher affinity
to CRF2 compared to the species CRF homolog. Urocortin 2 and urocortin 3 show no
binding affinity to CRF1 (Dautzenberg & Hauger, 2002; Hsu & Hsueh, 2001; Lewis et
al., 2001; Reyes et al., 2001; Vaughan et al., 1995). CRF1 receptors are seen in the
cerebral cortex, cerebellum, olfactory bulb, medial septum, hippocampus, amygdala,
and pituitary in mammals (Potter et al., 1994) whereas CRF2 receptors are limited to
raphe nuclei, lateral septum (LS), cortical and medial amygdalar nuclei, and
paraventricular (PVN) and ventromedial hypothalamic nuclei (Bale & Vale, 2004;
Dautzenberg & Hauger, 2002; Hauger et al., 2003)

1.2.2 CRF-stress models

Studies in the rainbow trout (Oncorhynchus mykiss) have shown that in a
hierarchical social system, the subordinate trout has significantly elevated CRF1
MRNA (Doyon et al., 2003). Similarly, CRF mRNA levels were increased in the
subordinate rat when exposed to chronic social stress (Albeck et al., 1997). However,
this effect is kept in check by reduced CRF receptors in the anterior pituitary (Hauger
et al., 1988). The expression pattern of CRF in the neurons of the preoptic area (POA)
and caudal neurosecretory system (CNSS) of the trout is stressor-specific (Bernier et
al., 2008). For instance, exposure to hypoxia could increase CRF expression in the
non-preganglionic nucleus of the vagus nerve (NPO) in the fish (Bernier & Craig,
2005). CRF-related peptides contribute to the regulation of the hypothalamic-pituitary-
interrenal (HPI) axis and mediate the reduction in food consumption under hypoxic
conditions in the rainbow trout (Bernier & Craig, 2005). Stress can elevate CRF
expression, which is an initial step in the cascade that leads to the synthesis and
release of glucocorticoids (Rivier & Vale, 1983). The expression of CRF and CRF-R2



MRNA in the forebrain was higher in high-responder (HR) trout than low-responder
(LR) trout after confinement, which may be related to the divergence in stress coping

displayed by these rainbow trout strains (Backstrom et al., 2011).

1.2.3 Other roles of CRF

CRF is the primary neurohormone that regulates the hypothalamic-pituitary axis
in the vertebrate stress response. Apart from its role in mediating ACTH secretion,
CRF also has other physiological roles. In non-mammalian vertebrates, CRF also
works as a thyrotropin (TSH) releasing factor (Denver, 1988). Thyroid hormones
playing a primary role in amphibian metamorphosis, make CRF a key player in
facilitating metamorphosis (Tata, 1993). CRF induces TSH secretion in the pituitary of
amphibians (Denver, 1988). CRF1 mRNA expression was seen during pre-
metamorphosis, which increased during pro-metamorphosis and reached a peak
during the metamorphic climax (Manzon & Denver, 2004). While CRF2 mRNA was low
during pre-metamorphosis and early pro-metamorphosis, it increased tremendously
during late pro-metamorphosis and metamorphic climax (Manzon & Denver,
2004).This indicates the action of CRF via CRFz in inducing the TSH release from the
pituitary during the metamorphic climax. The action of CRF via CRF1 is primarily
involved in eliciting the stress response that is the increased CORT production
throughout the larval stage (Glennemeier & Denver, 2002).

CRF also has a cytoprotective role in cells (Radulovic et al., 2003). CRF is
expressed in the tadpole tail muscles, which helps in their survival until
metamorphosis. It also slows down tail regression thereby directing the metamorphic
timing. Tadpole tail being an important locomotory organ aiding in feeding and
escaping from predators in aquatic ecosystem, the cytoprotective role of CRF helps in
the survival of individuals delaying the time of transition till the conditions are
favourable. CRF-BP regulates the cytoprotective action of CRF in the tail. The CRF-
BP mRNA expression increases in the tadpole tail during spontaneous
metamorphosis. The forced CRF-BP expression in the tadpole tail accelerated the loss
of tail muscle cells in-vivo (Boorse et al., 2006). Environmental stressors like hypoxia
upregulated CRF and urocortin 1 mRNA and strongly downregulated CRF-BP mRNA
(Boorse et al, 2006). During the metamorphic climax, the tail regression is directed by

the upregulation of CRF-BP by thyroid hormones thereby reducing the bioavailability



of CRF. The effect of environmental stressors on the tail regression and timing of

metamorphosis has a significant role in the quality of life of an adult individual

2 Aim of the study

Previous studies have shown that Euphlyctis cyanophlyctis tadpoles lack an innate
predator recognition mechanism against gape-limited predators such as dragonfly
nymph that cannot eat a larger prey (Supekar & Gramapurohit, 2017). However, they
can learn to recognize a dragonfly nymph as predator by associating the conspecific
alarm cues with the predator kairomones. This learned recognition of dragonfly nymph
has been well described in the previous research work in our laboratory. Larval E.
cyanophlyctis exposed to a combination of conspecific alarm cues and predatory
odours throughout Gosner stages 1-33 responded by reducing their activity (Supekar
& Gramapurohit, 2017). Similarly, these tadpoles are capable of assessing the
intensity of predation and respond to predation stress accordingly (Supekar &
Gramapurohit, 2020). Under predator-induced stress situations the whole-body CORT
levels were elevated in animals facing moderate and high predation risk (Supekar &
Gramapurohit, 2020). The increasing corticosterone levels with increasing intensity of
predation encouraged us to study the effect of predation on the expression pattern of
CRF at the level of central nervous system as CRF is a key player in the activation of
HPI axis. Therefore, we aim to determine the effect of predation on the expression
pattern of CRF protein and its gene (mMRNA) in the brain. Studies done so far on the
changes in expression pattern of CRF in anuran brain have focused on assessing their
baseline expression pattern or their expression change after exposing to an acute
stress. In this study we are rearing the E. cyanophlyctis tadpoles from developmental
stage 25-44 under chronic predation stress and assessing their effect on brain upon

reaching the metamorphic climax.

3 Materials and Methods

3.1 Collection and rearing of experimental animals:
Six pairs of adult E. cyanophlyctis were collected from a pond located in the
M.L.T. (ARAI Tekdi) campus, Pune, Maharashtra, India on 29 July 2022, and quickly
transported to the laboratory where each pair was kept separately in the buckets filled
with aged tap water for spawning. Spawned eggs were collected the following day and

housed in a glass aquarium (45cm x 30cm x 10cm) with aged tap water until they were



hatched. The adults were returned to nature. Hatchlings from all the clutches were
thoroughly mixed and 90 tadpoles were randomly chosen for experimentation.
Remaining tadpoles were reared separately and were used for feeding dragonfly
nymphs. Developmental stages were identified as per Gosner (1960) standard table
for staging anuran tadpoles. The tadpoles (n = 90) were divided into two groups:
control group reared without any predator and treatment group reared with predators
feeding on conspecific tadpoles. Each experimental unit consisted of a glass aquarium
(45cm x 30cm x 10cm) with two predator cages (with or without predators). Tadpoles
were reared at a density of 3/L of water and each treatment was replicated thrice. Six
experimental units, three with predator treatment and three without any predator were
set up. The experiment was initiated when the tadpoles reached stage 25.

Since nymphs of the dragonfly are known to feed voraciously on different
stages of anuran larvae and are cosmopolitan in their distribution, they (fourth instar)
were used as predators (Figure 2). The predators housed in transparent, perforated
plastic jars (8 cm diameter x 11cm height) and fed 2 stage and size matched
conspecific tadpoles once in three days (Figure 3). Each aquarium was filled with 5L
of aged tap water. The water was changed every third day followed by the addition of
partially-boiled spinach. The tadpoles were exposed to predators from stages 25 — 44.
On reaching stages 43-44, the tadpoles were transferred to separate containers with
little quantity of water to facilitate metamorphosis. At the completion of metamorphosis,
the froglets were anesthetized using diethyl ether and the brain was dissected and

processed for immunohistochemical or molecular studies.



Figure 2: Interaction between tadpole and dragonfly nymph A) Euphlyctis cyanophlyctis tadpole of
developmental stage 40 B) Dragonfly nymph of fourth instar C) Dragonfly nymph attacking the tadpole

D) Dragonfly nymph feeding on the tadpole

Figure 3: Experimental setup Tadpoles were reared in a glass aquarium at a density of 3/ litre of
water. Each aquarium had two perforated jars placed diagonally opposite to each other. The jars were
used to house dragonfly nymphs along with conspecifics in the treatment group and are left empty in

the control group.



3.2 Tissue processing for histological studies

The dissected brains were fixed in Bouin’s fluid for 24 h. Subsequently, the fixed brain
tissues were dehydrated using increasing grades of ethanol (30% - 100%), cleared in
xylene and embedded in paraffin (58°C - 60°C). Tissues were sectioned in sagittal and
transverse planes (7 um) using a rotary microtome (RM2125 RTS, Leica). The tissue
sections were spread and heat fixed onto clean slides coated with Mayer’s albumin
and processed for further staining procedures.

3.3 Hematoxylin-Eosin staining

The tissue sections were deparaffinized in xylene and subsequently hydrated in
alcohol grades (100%-30%) and distilled water. Subsequently, the tissue sections
were stained with Haematoxylin for 3 min and Eosin (0.2%) solution in 95% ethanol.
The sections were cleared in xylene, and mounted in distyrene plasticizer xylene
(DPX) and photographed using a Bright field microscope (Axioscope A-1, Zeiss).

3.4 Tissue processing and sectioning for Immunohistochemical studies
The brain was fixed in Bouin’s solution for 24 h at 4°C and subsequently cryopreserved
in 10% and 20% sucrose (2 h each), and 30% sucrose (overnight) for
immunohistochemistry. The tissue was then embedded in a freezing medium
(Shandon cryomatrix) at -20°C and processed for cryosectioning. For paraffin
sections, the brain tissues following their fixation in Bouin’s were dehydrated in
different grades of ethanol (30%-100%), cleared in xylene, and embedded in paraffin
wax (58°C- 60°C). The paraffin blocks were stored at room temperature until
sectioning. Paraffin sections of 16um were cut using the rotary microtome (Leica) and
cryosections of 20um were taken using the cryotome (CM 1960, Leica). Tissue
sections were fixed on poly-L-Lysine precoated slides.

3.5 Immunohistochemistry

Tissue sections were deparaffinized and hydrated in alcohol grades before processing
for immunohistochemical protocol (Gaupale et al., 2013). The tissue sections were
washed in distilled water followed by three washes in phosphate buffered saline (PBS)
and kept in hydrogen peroxide in methanol (0.3%) for 1 h to quench endogenous
peroxidase activity. The tissue sections were then washed thrice in PBS and treated
with blocking agent 0.5% BSA and 0.5% gelatin in PBS for one hour. After washing
thrice, the sections were incubated with normal goat serum (1:40 dilution, Vectastain).

After one hour the excess normal goat serum was removed and the sections were



incubated with polyclonal rabbit CRF antibody (1:75 dilution, Santacruz SC-21000)
containing 0.5% BSA and gelatin for 24 h at 4°C. The sections were washed and
incubated with biotinylated goat anti-rabbit IgG antibody (1:200 dilution, Vectastain)
for 1 h at room temperature. Tissue sections were then washed thrice and incubated
with ABC reagent (1:100 dilution, Vectastain ABC kit) for 1 h at room temperature.
After three washes, sections were incubated with 3,3 diaminobenzidine
tetrahydrochloride (DAB) in tris buffer (0.05M, pH 7.2) containing 0.02% H202 for 8
min. The tissue sections were then washed in distilled water, dehydrated in alcohol
grades (50%, 70%, 90%, 100%), cleared in xylene, and mounted in DPX. Tissue
sections were photographed using Bright field microscope (Axioscope A-1, Zeiss)
3.6 Details of the antibody

The CRF antibody used in the present study was commercially available and were
procured from Santa-Cruz Biotechnologies USA. The CRF SC-21000 is a rabbit
polyclonal antibody of amino acids 1-196 representing the full-length CRF of human
origin.

3.7 RNA Isolation

Brain tissues cryopreserved at -80° C were homogenised in 500 pl of TRIzol reagent.
The homogenate was then incubated for 30 min on ice. Chloroform (100 pl) was added
and the contents were thoroughly mixed. The tube was kept on ice for 15 min followed
by centrifugation at 12000 rpm for 15 min at 4° C. The aqueous layer was transferred
to another centrifuge tube and equal quantity of isopropanol was added to it. The tube
was incubated on ice for 30 min and then stored at -20° C overnight to precipitate
RNA. Next day, the tube was centrifuged at 13000 rpm for 25 min at 4° C. The pellet
obtained was washed with 70% ice chilled ethanol. It was again incubated on ice for
5 min and centrifuged at 13000 rpm for 25 min at 4° C. Ethanol was removed and the
pellet was allowed to dry at room temperature. After removing the traces of alcohol,
the pellet was dissolved in 20 ul DEPC treated water. The concentration of RNA was
determined by Nanodrop and the RNA was diluted accordingly to perform cDNA

synthesis.

3.8 cDNA preparation

cDNA (20 pl) was prepared using Verso cDNA synthesis kit (Thermo Fischer). The

components were added as mentioned in Table 1



Components Volume
5X cDNA synthesis buffer 4 ul
dNTP Mix 2 ul
RNA primer oligo dT 1 pl

RT enhancer 1 pl
Verso enzyme mix 1 pl
Template (RNA)-150 ng Sl
NFW 6 pl
Total volume 20 pl

Table 1: Composition of the reaction mixture used for cDNA synthesis.

Conditions of thermal cycler used for cDNA synthesis are shown in Figure 4.

42°C 95°C
\ 4°C /
30 min 2 min
co
1 cycle 1 cycle |

Figure 4: Reaction conditions for thermal cycler for cDNA synthesis

3.9 Primer designing

Primers for CRF and B-actin (house-keeping gene) were designed for E. cyanophlyctis
from the homology analysis and multiple sequence alignment of 15 closely related
species of frogs. Homology alignment was carried out using Clustal Omega tool. NCBI
PrimerBlast was used for designing the primers. The details of primers are shown in
Table 2.



CRF gene primers

Sequence (5' 3) Length Tm GC% Self complementarity Self 3' complementarity
[Forward primer [ TAAATCCCCAGCATCTTCTC 20 51.80 45.00 [2.00 0.00
Reverse primer (CACGCTTTGCTTTTTCTGT 19 51.90 4211 [2.00 0.00

Beta-actin gene primers

‘ Sequence (5'—3') |lLength Tm |GC% Self complementarity Self 3' complementarity

[Forward primer TACTGAAGCTCCACTAAACCCAAAAG 26 56.9 42.31/1.00 0.00

[Reverse primer (GTCCAGCACGATACCAGTTGT 21 57.2 |52.4 |0.00 0.00

Table 2: Primer details: CRF and Beta-actin

3.10 Real-time Polymerase chain reaction

Quantitative real-time PCR was performed on Real-Time PCR detection system
(Applied Biosystems Bio-Rad, USA) in a total of 10ul reaction volume. Following
reaction composition was used for RT-PCR reaction set up (Table 3). The reaction
was carried out in duplicates with 3-actin as the endogenous (house-keeping) control.
The thermal cycling conditions were as follows — 1 cycle of 95° C for 10 min, 40 cycles
of 95° C for 15 sec and 49° C for 1 min, followed by melt curve analysis (95° C for 15
sec, 49° C for 1 min, and 95° C for 15 sec)

Sr.No Chemicals Volume (pl)
1 5X SYBR Green 5.0
2 Forward & Reverse Primer mix 1.0
3 Nuclease free water 2.0
4 cDNA 2.0
Total volume 10

Table 3: Reaction composition for RT-PCR



3.11 Statistical analysis

The data on duration of larval period and the number of CRF-ir cells between control
and treated groups were analysed using student t test while the data on mRNA

analysis between the groups were analysed using Mann-Whitney test.

4 Results and Discussion

4.1 Growth and metamorphosis

Tadpoles were reared with adequate food and periodic water changes to ensure ideal
conditions. The period of exposure to predation risk ranged from August-November,
2022 for the majority of tadpoles. All the tadpoles reached metamorphic climax (stage
42). However, mortality was observed during their transition from metamorphic climax
to metamorphosis (n =19). Growth was very slow in a few individuals, which did not
develop even the hindlimbs after seven months of rearing [(control (n=2) and treated
(n=2)] and hence were not considered for the analysis. Tadpoles exposed to the
predation risk by dragonfly nymphs took significantly more time (t = 2.864, p=0.0059)
to metamorphose in comparison to control groups tadpoles (Figure:5).
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Figure 5: Larval duration (Mean +SEM) of tadpoles from control and predator exposed groups.
[n=27(control), n=31(treated)],

** jndicate significant difference at 0=0.01 [student’s t test]



4.2 Gross morphology of the amphibian brain

Olfactory lobe -

‘Cerebral hemisphere——————

Optic lobe Pituitary

Cerebellum

Medulla Oblongata

Spinal cord
B. Ventral view

Figure 6: Frog Brain- A) Dorsal view B) Ventral view

Figure 7: Midsagittal section of adult Euphlyctis cyanophlyctis brain-Histology (CR-Cerebrum,
POA- Preoptic area, OC-Optic chiasma, 3V- Third ventricle, TH-Thalamus, HT-Hypothalamus, PT-
Pituitary, OT-Optic tectum, TG-Tegmentum, CL-Cerebellum, MO-Medulla Oblongata)

The brain of an adult frog is divided into three parts: forebrain, midbrain and hindbrain.
Forebrain consists of olfactory lobe, cerebral hemispheres and diencephalon.
Olfactory lobe is almost merged with the cerebral hemispheres and each cerebral

hemisphere encloses a large cavity called lateral ventricle. The diencephalon is



situated just behind the cerebrum and has a small cavity, the third ventricle. The thin
roof of diencephalon is called the epithalamus and the floor is called the hypothalamus.
Pituitary is situated below the hypothalamus, and acts as an important endocrine
gland. The two optic nerves cross each other in front of the pituitary making the optic
chiasma. Midbrain consists of optic lobes and the hindbrain consists of cerebellum
and medulla oblongata. Medulla oblongata continues further as the spinal cord.

4.4 Immunohistochemical localization of CRF in the brain of adult Euphlyctis
cyanophlyctis

Adults of E. cyanophlyctis collected from nature were used to study the distribution
pattern of CRF immunoreactivity. Mid-sagittal sections of the frog brain passing
through the pituitary are shown in the figure 8. In the adult brain, a strong CRF positive
immunoreaction was observed in the hypothalamic area (Figure 8C). Immunoreaction
was also localized to neuronal cells situated towards the thalamic region of the brain.
However, there was no immunoreaction in any other regions of the brain (Figure 8B).
Similarly, there was no immunoreaction in the pituitary gland (Figure 8B). Brain
sections which were incubated without primary antibody did not show any reaction
(Figure 8A).



Figure 8: Midsagittal section of the adult brain of E. cyanophlyctis showing
immunohistochemical localization of CRF: A) Negative control section without primary antibody
incubation (B & C) Depicting strong CRF positive cells present in the hypothalamic region. CRF-ir cells
are shown by the arrows)



4.5 Localization of CRF in the brain of E. cyanophlyctis reared as controls.

In the brain of control froglets, a weak immunoreaction for CRF was observed in the
hypothalamic region (Figure 9 B). Only a few cells were positive for CRF-ir (Figure
9C). Surprisingly, other regions of the brain were negative for CRF immunoreaction
(Figure 9 B). Brain sections which were incubated without primary antibody did not

show any reaction (Figure 9A).
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Figure 9: Midsagittal section showing immunohistochemical localization of CRF in the brain of
control group froglets A) Negative control section without primary antibody incubation (B & C) Weak
CREF positive immunoreaction present in the hypothalamic region (CRF-ir cells are shown by the arrows)

4.6 Localization of CRF in the brain of E. cyanophlyctis exposed to predator

The brain of E. cyanophlyctis exposed to dragonfly nymph as tadpoles exhibited a
strong CRF immunoreaction in the hypothalamus. More number of immunoreactive
cells were seen in the hypothalamic region of the brain with secretory granules passing
through the nerve fibres (Figure 10 B & C). Brain sections which were incubated
without primary antibody did not show any reaction (Figure 10A). Surprisingly, no other
brain region showed CRF immunostaining (Figure10 B). In comparison with the control
group of animals, CRF-ir cells in the predator-exposed group was more (Figurell).
Further, quantification of the immunoreactive cells in the brain of control and predator-
exposed groups revealed that significantly (t=4.814, p=0.0003) greater number of cells
were positive for immunoreaction of CRF in the individuals exposed to predation stress

in comparison to the control group (Figure 12).






Figure 10: Midsagittal section showing immunohistochemical localization of CRF in the brain of
E. cyanophlyctis exposed to predator: A) Negative control section without primary antibody; B & C)
Strong CRF positive immunoreaction present in the hypothalamic region (CRF-ir cells are shown by the
arrows)

Figure 11: Transverse section showing immunohistochemical localization of CRF in the
hypothalamus: A) control group B) predator-exposed group. Enlarged view of the CRH-ir area is
shown in the inset (CRF-ir cells are shown by the arrows)
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Figure 12: Number of CRF positive cells (Mean £ SEM) in the control and predator exposed E.
cyanophlyctis. Note that increase in the total number of CRF positive cells in predator exposed group
than that of the control group.

*** indicates significant difference (p<0.001) between control and predator-exposed groups (unpaired t
test)

4.7 CRF gene expression

Quantitative real-time PCR results showed that the expression of CRF gene was
elevated in the predator exposed group (n=5). The RT-PCR results were analysed by
the 2-22Ct method with B-actin as the endogenous control. Fold change of CRF was
3.35 for the predator exposed group (Figure 13). The relative gene expression of CRF

with the control group has a significant difference (p=0.0025); Mann-Whitney test).
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Figure 13: Fold change of CRF (Mean +SEM) in control and predator exposed group: Fold change
determined by the quantitative real-time PCR (qRT-PCR) analysis of CRF in control and predator
exposed groups of brain tissues. All data were normalized with B-actin expression and given as relative
to control. [n=7 for control, n=5 for predator exposed)],

** indicate significant difference at a = 0.01

5 Discussion

Different environmental and ecological factors act as short-term or long-term stressors
thus influencing different aspects of life-history of organisms. A biotic stressor such as
predation often acts as a major determinant of spatial and temporal distribution of prey
animals in different environments. Hence, prey species have evolved novel strategies
such as changes in behaviour, morphology and life-history traits to minimize predation
risk (Scherer et al., 2017). To respond to predation risk appropriately, prey species are
expected to recognise their potential predators. For this purpose, prey species have
either innate or acquired predator recognition mechanisms. A combination of both
mechanisms may exist depending on the species and the complexity of habitat.
Learning to recognise potential predators in prey animals is accomplished by
chemical, visual and auditory cues (McCoy et al., 2012; Munoz & Blumstein, 2012)
Vertebrate prey respond to different stressors including predation by activating
the HPA axis (Romero, 2004). In amphibian prey this axis is represented by HPI. The

stress response is initiated by the release of corticotropin releasing factor (CRF) from



the hypothalamus, which acts on the corticotropes of anterior pituitary to secrete
corticotropin  (ACTH). Corticotropin stimulates the interrenal tissue to secrete
glucocorticoids (Denver, 1997; Sapolsky et al., 2000). Glucocorticoids mediate the
downstream changes to exhibit stress responses. Corticotropin releasing factor thus
plays a key player in eliciting antipredator response of vertebrates.

CRF has been a well-studied peptide since its identification in 1981 (Vale et al.,
1981). For instance, Immunohistochemical studies have shown that CRF-
immunoreactive cell bodies and fibres are widely distributed in the CNS of Xenopus
laevis (Yao et al., 2004). Further, a strong expression of CRF was found in the
magnocellular and parvocellular divisions of the preoptic area (POA), locus coeruleus
(LC), cerebellum, and rostral spinal cord. CRF-ir cells were also found in the amygdala
and bed nucleus of stria terminalis (BNST). Similarly, strong CRF-ir fibres were seen
in the median eminence (Yao et al., 2004). The first study that presented the
immunological evidence for localization of CRF-like peptide in the amphibian brain
indicated the presence of CRF-like peptides in the preoptic area, retro chiasmatic, and
dorsal preoptic regions. Radioimmunoassay studies using the pieces of brain of Rana
ridibunda revealed that a substantial amount of CRF is present in the hypothalamus
and infundibular recess (Tonon et al., 1985). Yao et al. (2004) were the first to show
the effect of a stressor on the CRF distribution in the CNS of a non-mammalian
species. When exposed to an acute shaking stress the CRF expression in Xenopus
laevis was shown to have a difference compared to the non-stressed control group.
Further, an increase in CRF staining and the number of CRF-ir positive neurons was
observed in the anterior preoptic area of stressed animals. Increased CRF-ir cells was
also observed in BNST and medial amygdala (Yao et al., 2004). However, there are
no studies on the effect of chronic stress on the distribution of CRF in the central
nervous system of Indian amphibians. In the present study, tadpoles of E.
cyanophlyctis were subjected to chronic stress by exposing them to predation risk
throughout metamorphosis (stage 25-44) to assess the distribution of CRF in the
CNS. Immunohistochemical studies revealed an intense immunoreactivity against
CRF antibodies in the hypothalamus of E. cyanophlyctis brain. Greater number of
immunoreactive cells were observed in the brain of froglets experiencing predation
stress. This suggests a potential role of CRF in eliciting a stress response against a
chronic stressor such as predation risk. Though a robust change in the distribution of

CRF could be observed in two groups of animals, CRF expression was seen only in



the hypothalamus. No other regions of the brain were positive for CRF
immunoreactivity. Similarly, CRF immunoreaction was seen only in the hypothalamic
region of the adult E. cyanophlyctis brain. In contrast, previous studies have shown
the CRF-immunoreaction in the other regions of the brain to hypothalamus (Yao et al.,
2004). Interestingly, CRF-ir cells were also observed in the pituitary gland in addition
to hypothalamus of Indosylvirana indica exposed to predation stress (personal
observations). Therefore, absence of CRF-immunoreactivity in the other regions of the
brain could be due to either be a species-specific variation in the distribution of CRF
or less specificity of the antibody used. Since the antibody used in our study was raised
against the human sequence. In contrast, the antibody used by Yao et al. (2004)
antibody was raised against Xenopus specific sequence. The specificity of our
antibody needs to be confirmed with western blot analysis.

The effect of social stress in rainbow trout (Oncorhynchus mykiss) has shown a
persistent increase in CRF mRNA expression in the subordinate animals (Doyon et
al., 2003). CRF mRNA expression increased in the preoptic area of both the dominant
and subordinate animals at the time of establishment of social hierarchy, which returns
to basal levels in the dominant fish after the establishment of social dominance.
However, the levels remain high in the subordinate fish (Doyon et al., 2003).
Consequently, the cortisol (the principal glucocorticoid in fish) level was also high in
the subordinate fish indicating a continuously activated HPI axis in socially stressed
animals (Doyon et al., 2003). In our study we used the whole brain tissue to assess
the expression pattern of CRF gene using quantitative RT-PCR. Our results show an
upregulation of CRF gene in the predator exposed animals. However, among
individual variation in the pattern of expression was higher. A potential limitation of our
study was the limited sample size. Unfortunately, we had fewer number of individuals
for molecular analysis due to unprecedented death of experimental animals during the
transition from metamorphic climax to completion of metamorphosis. A larger sample
size could have minimized the among individual variation in the expression of CRF
MRNA. Moreover, western blot analysis could have provided us with the further
evidence of increased levels of CRF protein.

In summary, with available data we can say that the CRF expression was more in
the predator treated (chronically stressed) animals indicating a continuously activated
HPI axis. However, we do not have any data on how the CRF-BP and the CRF

receptors are distributed in such a scenario. Also, how other players in this axis are



regulated to counteract a chronic predatory stress needs to be investigated.
Additionally, species-specific variations in response to predation stress needs to be

investigated by studying a greater number of species.
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