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Abstract 
Transforming growth factor-beta (tgf-β) is implicated as a signalling molecule and considered a vital regulator for neuronal 
survival, development, ovarian growth, and many other biological processes. The present study was aimed to analyze 
the expression of tgf-β and its significance during the early brain and gonadal development. Initially, cloning of partial 
cDNA of tgf-β from the female brain was performed followed by expression analysis during various developmental stages 
using quantitative real-time PCR. Cloned tgf-β is approximately 210 bp, which encodes a putative protein of 69 amino 
acid residues, and showed high similarity with other counterparts. The tissue-specific expression of tgf-β was ubiquitous 
but significantly higher in brain as well as gonads of both male and female. Further, in ontogeny analysis, tgf-β mRNA 
levels were significantly greater in 75-, 100- and 125-days post-hatch during development. The pre-spawning stage 
showed higher expression of tgf-β when compared to all other reproductive stages. Immunolocalization study revealed 
the presence of Tgf-β protein in the preoptic area-hypothalamus which was well correlated with the mRNA expression in 
discrete regions of the catfish brain. Expression of tgf-β seems to have a role in the regulation of gonadal function through 
the brain-pituitary axis.
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1. Introduction
Transforming growth factor-beta (Tgf-β) is an essential 
molecule that acts in an autocrine and/or paracrine 
manner to regulate neuronal cell survival synergistically 
with neurotrophic factor steroidogenesis, ovarian follicle 
growth as well as oocyte maturation in teleost1,2. However, 
it also increases the potency of selected neurotrophin 
(NT), fibroblast growth factor-2, brain cell-derived 
neurotrophic factor (BDNF), ciliary neurotrophic 
factor, and glial cell line-derived neurotrophic factor 
(GDNF) which control diverse cellular processes during 
embryogenesis3,4. Expression of tgf-β in goldfish ovary 
revealed a decrease in androgen production at two 
different stages and its vital role in gonadal development2. 

Likewise, prostaglandins that play an essential role 
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in ovulation, whose production level was elevated 
by tgf-β, exhibit their control on brain and gonadal 
development in teleost5. Tgf-β superfamily includes 
growth/differentiation factors and the GDNF subfamily 
which act in a synchronized manner to regulate the 
neural development6 and maturation of ovarian follicle7. 

Moreover, the growth factor Tgf-β most likely plays an 
important role in neuronal survival, spermatogenesis, 
oocyte proliferation and maturation that may be exerted 
by interacting with estrogens8. Evidence obtained using 
model neurons shows that chromaffin cells release Tgf-β 
in response to presynaptic neurotransmitters and may be 
dependent on neuronal activity9. Tgf-β also regulates the 
occurrence of ciliary ganglionic neurons in association 
with another neurotrophic factor and NT3,10. The 
several cell functions of Tgf-β include cell cycle control, 
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differentiation, regulation of early development and 
immune functions. Interestingly, Tgf-β requires GDNF 
not only in vitro, but also in vivo to exert its neurotrophic 
functions in teleost3,11.

Tgf-β is a potential factor in maintaining homeostasis, 
development, and repair in nearly all the tissues from 
lower to higher organisms, which indicates that its 
expression is ubiquitous, yet temporal12–15. It is involved 
in the regulation of the neural circuits’ assemblage in the 
retina and indirectly regulates axon specification and 
growth1. Tgf-β autocrine characteristic features are well-
known for their protagonist nature in cell transformation 
and were further confirmed by its role in transforming 
naive neurites into axons in neocortical neurons17. In 
mammals, Tgf-β was known to promote outgrowth and 
survival of neurons on neonatal dorsal root ganglion 
during neuronal development18a,18b. Other studies shown 
that the Tgf-β domain might be liable for the Amh-receptor 
interaction in common carp19, which is important for the 
development of male reproductive system. In addition, 
the profound significance of Tgf-β1 in male and female 
reproductive physiologies provides a basis for discovering 
the significance of cytokines in mammal infertility and 
sexual dysfunction20. In consideration of these findings, 
it is worthwhile to investigate the impact of Tgf-β in a 
seasonally breeding fish due to the modulatory action 
of a brain-pituitary-gonadal axis. Based on this premise, 
the present study is aimed to evaluate the significance 
of Tgf-β and its expression profiling to understand the 
regulation of brain over gonadal function in catfish, 
which undergoes seasonal gonadal recrudescence.

2. Materials and Methods

2.1 Animal Sampling and Maintenance
The catfish, Clarias gariepinus, was used as the model 
organism. The reproductive cycle of this fish is categorized 
into four different stages (preparatory, pre-spawning, 
spawning, and post-spawning). Spawning male and fertile 
female fishes were bred through in vitro fertilization 
and the fingerling so obtained was maintained strictly 
in the aquaculture containment facility of the institute. 
Immediately after hatching, the fingerlings were kept 
in round plastic tubs and maintained at oxygen level 3 
mg/L with the suitable thermal condition. The fingerlings 
were fed Tubifex tubifex, live tube worms, besides 
commercially available fish feed pellets until adulthood. 

As described earlier by Raghuveer & Senthilkumaran21, 
the sex differentiation in catfish was observed at 50-day 
post-hatch (dph).  The fingerlings of different age groups 
were grown in freshwater tanks and the gonads were 
dissected out under a stereo-zoom microscope with fine 
forceps scissors after animal sacrifice on 50, 75, 100, and 
150 dph. Similarly, mature gonads and brain of adult C. 
gariepinus during the spawning phase were obtained after 
animal sacrifice, as mentioned earlier, following exposure 
to ethyl 3-aminobenzoate methane sulfonate (MS-222; 
Sigma; St. Louis, MO, USA)as the anesthetizing agent, 
were fixed in 4% Para Formaldehyde Solution (PFA) for 
immunehistochemical analysis and stored at -80oC for 
total RNA isolation to perform cloning and expression 
analysis. Animal maintenance and sampling were 
performed by following the IAEC (Institutional Animal 
Ethics Committee) guidelines of Hyderabad University 
(dt.22.07.1999, CPCSEA, Ins. Reg #No#151/1999).

2.2 Cloning of tgf-β partial cDNA
Total RNA from catfish brain was extracted using TRI-
reagent® by following the manufacturer’s protocol 
and the RNA purity was determined by NanoDrop 
spectrophotometer, USA. The total RNA, 2 μg, was 
used to generate the cDNA by reverse transcription 
using OneScript® Plus cDNA Synthesis kit (Applied 
Biological Materials Inc. (ABM), Richmond, BC, V6V 
2J5, Canada, USA). Degenerate primers were designed 
using the available nucleotide sequence information 
of tgf-β from NCBI database of different teleost 
species.  The master mix of Taq 2x polymerase (New 
England Biolabs Inc., Ipswich, MA) was used for PCR 
amplification by degenerate primers i.e., Fw primer 
5’-CTGCTGYRTVMGVMVBCTNTACA-3’, and Rv 
primer 5’-CTTGCARKHVYKSACVAYCAT-3’, as per 
the following thermal cycle conditions: a first crucial 
step of 94 °C (2 min), 94 °C (1 min), 94 °C (1.15 min), 
72 °C (1 min), for 35 cycles, and 72 °C (10 min) final 
extension. The gel-extracted sample was ligated and the 
amplified product was purified using pGEM®-T easy 
vector (Promega, Madison, WI, USA) and bidirectionally 
sequenced to confirm through BLAST.

2.3 Quantitative Real-time PCR (qRT-PCR)
Expression analysis of tgf-β was carried out by qRT-
PCR to determine the tissue distribution and brain 
ontogeny using SYBR green detection process. Total 
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RNA (1 μg) was prepared, and reverse transcribed 
as described earlier. Furthermore, one set of gene-
specific qRT-PCR primers i.e., RT Fw primer 5’- 
GAGCAGAGACTGGAGCTGTATCAG-3’; RT Rv 
primer 5’- CTGCGTCACATCAAACGATAGCC-3’, were 
designed and the reaction was performed at 94 ºC (1 min) 
and 72ºC (1 min) using 18S rRNA as an internal control 
FW 5’-GCTACCACATCCAAGGAAGGCAGC3’; and 
RV 5’-CGGCTGCTGGCACCAGACTTG3’ reference 
gene. The experiment was carried out with biological 
triplicates (n=3) using SYBR green master mix in 
MicroAmp® 96-Well plates by a 7500 fast thermal cycler 
(Applied Biosystems, USA) using universal thermal 
cycling conditions. The intensity of the PCR amplification 
was determined by analyzing the melting curve of the 
reaction. The exponential phase of PCR amplification was 
used to estimate the cycle threshold (Ct) values and ΔCt 
values were calculated by standardizing the expression 
of tgf-β against 18S rRNA expression (Ct of target gene 
-Ct of reference gene). Relative expression was calculated 
using 2−ΔCt method.

2.4 Tissue Distribution of tgf- β
Tissue distribution of tgf-β was determined by qRT-PCR 
using gene-specific primers in both sexes. The total RNA 
was isolated from different tissues of adult catfish by 
practicing the protocol mentioned earlier.

2.5 Differential Expression of tgf-β during 
Brain Ontogeny
qRT-PCR was carried out using SYBR Green detection 
to estimate the tgf-β levels in the brain during various 
developmental stages. Diverse age groups, i.e., 0, 10, 20, 
30, 40, 50, 75, 100, 150, 200, and 250 dph, were taken and 
samples were pooled till 100 dph, however morphological 
differences of the gonad arose at nearly 50 dph. Further, 
ontogeny analysis was carried out in brain of both sexes. 
All the collected samples (total RNA, cDNA, etc.) were 
stored temporarily at -80 °C for further experiments.

2.6 Phase-wise Expression
The total RNA was extracted then cDNA synthesis was 
performed and analyzed by qRT-PCR to analyze the tgf-β 
expression from four different reproductive phases i.e., 
preparatory, pre-spawning, spawning, and post-spawning 
were determined as catfish shows seasonal reproductive 
cycle. 

2.7 Expression of tgf-β in Different Regions 
of Brain
To determine the relative expression levels of tgf-β, 
tissues were collected from distinct regions of the brain 
i.e., thalamus (THA), olfactory bulb, telencephalon 
(OB + TEL), preoptic area-hypothalamus (POA-HYP), 
medulla oblongata (MO), and pituitary (P). The tissues 
were collected as mentioned previously by Mamta and 
Senthilkumaran6.

2.8 Immunohistochemistry (IHC)
IHC analysis was performed to examine the localization 
of Tgf-β in the brain as per the procedure described 
previously6,22.  In brief, 4% PFA in PBS was used for brain 
tissue fixation and kept at 4ºC. Tissues were washed in 
PBS several times and a tissue freezing medium (Leica, 
140201) was used to embed the tissues for sectioning 
by cryostat (Leica CM1850 Microsystems). Cryomold 
brain sections (5μm) were prepared on Poly-L-Lysine-
coated glass slides. Then PBS was used to hydrate the 
sections before blocking with 8% goat serum (Bangalore 
Genei, Merck) for 60 mins. Later, anti-Tgf-β polyclonal 
antibody (1:500) and pre-adsorbed antibody with the 
excess antigen of Tgf-β were used as a negative control. 
Tissue sections were washed with PBS and incubated with 
HRP-conjugated secondary antibody (1: 4000) for 60 min 
at Room Temperature (RT). Later, avidin-biotinylated 
horseradish peroxidase (ABC) reagent complex 
VECTASTAIN® Elite supplied in ABC kit (Vector Lab) was 
used for half an hour. Sections were adequately washed 
in PBS and developed using 3′,3′-diaminobenzidine as 
chromogen and H2O2, Vector Laboratories, as a substrate 
for horseradish peroxidase. The sections were washed in 
PBS to complete color development and counter-stained 
using hematoxylin (Qualigens Chemicals) followed by 
dehydration using a series of graded ethanol and finally 
mounted using DPX. Olympus Microscope CX41 was 
used to perform imaging of the sections prepared.

2.9 Western Blot 
Western blot with polyclonal antibodies (Biosciences, 
Seattle, WA, USA) raised against human Tgf-β protein in 
N-terminal regions that exposed∼85% similarity with the 
conserved region of catfish was performed. Adult catfish 
brain was homogenized with ice-cold homogenization 
buffer containing NaCl 150 mM, Tris 1 M, pH 7.4, 1 
mM dithiothreitol and cocktail of protease inhibitors. 
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Protein estimation was done using the Bradford assay. 
One hundred microgram protein was run on a 12% SDS-
polyacrylamide gel electrophoresis and then transferred 
onto a nitrocellulose membrane (Port Washington).  The 
transfer of bands was confirmed by Ponceau S staining. 
Further, 5% skimmed milk powder in Tris-Buffered 
Saline (TBS) was used to block the membrane and kept 
for 1 h at RT. After blocking, sections were adequately 
washed in TBS containing 0.1% Tween 20 (TBST). 
Then the membrane was incubated with 1:500 dilution 
of polyclonal anti-Tgf-β antibody at 4°C in 0.5% skim 
milk powder/TBST solution. The membrane was washed 
and incubated with alkaline phosphatase-conjugated 
secondary antibody i.e., Goat anti-rabbit IgG (1:4000; 
Merk Bangalore Genei, Bengaluru) for 60 min and the 
blot was developed using BCIP-NBT (Roche Diagnostics 
GmbH) as substrates. β-tubulin protein was used as a 
positive control.

2.10 Statistical Analysis
All the data are expressed with mean ± Standard Error 
of the Mean (SEM). Significance among groups was 

determined by Analysis of Variance (ANOVA) using 
Student’s t-test, and one-way ANOVA was considered 
statistically significant at p<0.05, Student’s–Newman–
Keuls’ test was performed using Sigma Plot 11.0 software 
(Systats Software, USA). 

3. Results 

3.1 Cloning Partial cDNA of tgf-β
A set of degenerate primers were used to clone a partial 
fragment of tgf-β ~210 bp from C. gariepinus brain. The 
clone was further confirmed by NCBI-BLAST analysis 
where the aligned sequence coding for Tgf-β domain 
region was revealed (Figure 1).

3.2 Tissue Distribution 
tgf-β were ubiquitously expressed in all the tissues (n=3) 
analyzed (Figure 2). However, the expression level of tgf-β 
was significantly (p<0.05) elevated in male and female 
brains as well as gonads. Moderate expression levels were 
observed in the liver, kidney, heart, gills, intestine, and 
spleen whereas low expression was seen in muscles.

Figure 2.  Tissue distribution of tgf-β in male and female brains and gonads. The relative expression was normalized against 18S 
rRNA in various tissues i.e., the brain, testis, ovary, heart, liver, kidney, spleen, gill, intestine, and muscle. The data were expressed as 
mean ± SEM (*/p< 0.05, Student’s t-test; n = 3).

Figure 1.  Protein BLAST analysis of the putative conserved domains of Tgf-β. Protein-containing the domain of Tgf-β propeptide, 
is known as Latency-Associated Peptide (LAP) in TGF-β (52-186).
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Figure 3.  Ontogeny of tgf-β expression in male and female brain by qRT-PCR. tgf-β expression analysis was carried out to quantify 
mRNA levels during ontogeny from 0 dph to 250 dph‘*’ and showed significantly higher tgf-β mRNA levels in brains at 75, 100 and 
125 dph in both the sexes as compared with other age groups (n = 5 */p < 0.05; ANOVA followed by SNK test).

3.3 Brain Ontogeny 
Expression of tgf-β in various developmental stages 
of catfish starting from 0 to 250 dph was analyzed. The 
expression pattern was seen in the brain of both sexes by 
qRT-PCR (Figure 3). Increase in tgf-β expression from 50 
dph to 125 dph during the gonadal sex differentiation was 
observed. Considerably higher levels (p<0.05) of tgf-β 
were observed at 75, 100 and 125 dph in the male and 
female brain with a minor change.

Figure 4.  tgf-β expression in adult brain by qRT-PCR analysis during reproductive phases. The expression level was normalized with 
18Sr RNA. The values were calculated using comparative 2−ΔCt method, and expressed as mean ± SEM (*/p < 0.05; one-way ANOVA 
followed by SNK test; n=5). The pre-spawning phase showed significantly higher expression.

3.4 Expression of tgf-β during Different 
Phases of Reproduction
In phase-wise expression analysis, the pre-spawning 
phase showed significantly higher expression levels of 
tgf-β than all other reproductive stages (Figure 4). 

3.5 Expression of tgf-β in Discrete Regions 
of Brain
Expression of tgf-β was determined in five distinct 
regions (POA-HYP, THA, MO, OB + TEL and P) of the 
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Figure 6  (A) Immunohistochemistry of Tgf-β protein in the brain. (B) Schematic sagittal image of catfish brain depicting various 
regions. The immunoreactivity of Tgf-β was seen in POA-HYP. (C-D), though negative control by preabsorbed antibody treatment 
showed no immunoreactivity. (E) Arrow indicates immune-reactive brain cells in POA-HYP region. Scale bar specifies, B: 50 μm; C: 
50 μm; D: 25 μm; E: 10 μm. (F) Shows corroboration of western blot with a prominent band of ∼45 kDa size.

adult female brain where the expression level was higher 
in POA+HYP and P in comparison to other brain regions 
(Figure 5).

3.6 Immunolocalization and Western Blot 
Analysis of Tgf-β Protein 
Immunoreactivity of Tgf-β protein in the brain was 
seen in POA-HYP, confirming the antibody specificity 
(Figure 6C-E). However, no immunoreactivity signals of 
Tgf-β were observed in negative control or pre-adsorbed 
antibody (Figure 6B) indicating the antigen used. The 
results were further confirmed by Western blot wherein 
a single band of ~ 45 kDa of putative Tgf-β was observed 
(Figure 6F).

4. Discussion
In the present study, Tgf-β partial cDNA was cloned from 
the female catfish brain. The differential expression of 
tgf-β in various tissues revealed higher levels of tgf-β in 

Figure 5.  Expression of tgf-β levels in distinct regions 
of adult female brain by qRT-PCR analysis. Mean with ‘*’ 
indicates significantly high expression of tgf-β (p<0.05; 
ANOVA followed by SNK test; n=3). Abbreviation: TEL + 
OB- telencephalon+olfactory bulb, POA-HYP- preoptic area-
hypothalamus, TH-thalamus, MO-medulla oblongata, and P- 
pituitary.
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emerging male and female brains as well as in gonads, 
and lower level in other tissues implying its role in these 
regions. In a previous study, the expression of tgf-β was 
found in the brain, gills23, spleen, and kidney24 of teleosts. 
Observation of tgf-β expression in brain, spleen, kidney, 
macrophages, and leukocytes of O. mykiss and in sea 
bream, Sparus aurata revealed its multiple functions 
in biological processes23,25. In the present study, higher 
expression of tgf-β was shown in both male and female 
at 75, 100, and 125 dph during brain ontogeny. However, 
in O. mykiss, the most prominent difference was found 
in the intestine and gonad where Tgf-β1a expression was 
88.6 times higher than Tgf-β1b26. During ontogeny, Tgf-
β1a was expressed significantly high in all progressive 
stages than Tgf-β1b, while minor differences in expression 
were seen amongst all developmental stages for both 
the isoforms26. It is reported that inadequacy of Tgf-β1 
triggers perturbed functioning of the hypothalamic-
hypophyseal-gonadal axis, which inhibits synthesis 
of luteinizing hormone in mammals, leading to low 
testosterone levels in males and abnormalities of estrous 
cycle in females20. In catfish, higher expression of tgf-β 
in prespawning phases signifies that the gene might be 
regulated by gonadotropin-releasing hormone (GnRH) 
and gonadotropin (GTH) axis via GnRH periodicity27. 
Further, GTHs showed cyclic differences ensuring their 
control on gonads in catfish28–30. Immunolocalization of 
Tgf-β protein predominantly expressed in POA-HYP 
supports a key role for this correlate in catfish brain. 
Some lines of evidence support that Tgf-β is a crucial 
molecule that regulates neuronal survival synergistically 
with GDNF, BDNF, NT, and other neurotrophic factors. 
Consecutively, these factors regulate the release and 
synthesis of Tgf-β from neurons6,10. Two different members 
of Tgf-β act as modulators of ovarian function in teleost2. 

In grass carp, the expression of tgf-β1 mRNA was seen 
in the pituitary, brain, head kidney, spleen, and thymus31. 

Incidentally, no functional studies have been carried out 
to implicate the expression analysis of tgf-β. Nevertheless, 
the present study in terms of tissue distribution, ontogeny, 
reproductive cycle, and immunohistochemistry indicates 
an important role for Tgf-β in catfish brain.

5. Conclusion
To conclude, prominent expression of tgf-β mRNA and 
protein in the brain appears to propose a substantial impact 
for this correlate via growth factor signalling. Further, 
tissue distribution and ontogeny study revealed higher 
expression in the developing brain. Immunolocalization 
of Tgf-β protein expression in the POA-HYP by IHC 
indicates its conceivable role in relation to neuronal 
development through GnRH and GTH axis which might 
further support gonadal function.

6. Conflict of Interest
The authors declare no conflict of interest. The authors are 
accountable for the content and writing of the manuscript. 

7. Acknowledgments
A Grant-in-Aid (SR/WOS-A/LS-303/2017) to SKM from 
the Department of Science and Technology, Government 
of India, through the Women Scientist Program 
(WOS-A) supported this work. Partial support from 
DST-SERB Science and Engineering Research Board 
(EMR/2017/000718), India, BS is acknowledged. NA is 
grateful to the University of Hyderabad for the Non-NET 
fellowship.

8. References
1.	 Meyers EA, Kessler JA. TGF-β family signaling in neural and neuronal differentiation, development, and function. Cold Spring 

Harb Perspect Biol. 2017; 9(8):a022244. https://doi.org/10.1101/cshperspect.a022244. PMid:28130363 PMCid:PMC5538418.
2.	 Calp MK, Matsumoto JA, Van Der Kraak G. Activin and transforming growth factor-β as local regulators of ovarian steroid 

genesis in the goldfish. Gen Comp Endocrinol. 2003; 132(1):142-50. https://doi.org/10.1016/S0016-6480(03)00060-1.
3.	 Krieglstein K, Strelau J, Schober A, Sullivan A, Unsicker K. TGF-β and the regulation of neuron survival and death. J Physiol Paris. 

2002; 96(1-2):25-30. https://doi.org/10.1016/S0928-4257(01)00077-8.
4.	 Zheng S, Long J, Liu Z, Tao W, Wang D. Identification and evolution of TGF-β signaling pathway members in twenty-four 

animal species and expression in Tilapia. Int J Mol Sci. 2018; 19(4):1154. https://doi.org/10.3390/ijms19041154. PMid:29641448 
PMCid:PMC5979292.

5.	 MacDougall TM, Van Der Kraak G. Peptide growth factors modulate prostaglandin E and F production by goldfish ovarian 
follicles. Gen Comp Endocrinol. 1998; 110(1):46-57. https://doi.org/10.1006/gcen.1997.7047. PMid:9514845. 

https://doi.org/10.1101/cshperspect.a022244
https://doi.org/10.1016/S0016-6480(03)00060-1
https://doi.org/10.1016/S0928-4257(01)00077-8
https://doi.org/10.3390/ijms19041154
https://doi.org/10.1006/gcen.1997.7047


Transforming Growth Factor β: Cloning and Expression Profiling in the Brain of Catfish Model

J Endocrinol Reprod.32 Vol 26 (1) | March 2022 | http://www.informaticsjournals.com/index.php/jer/index

6.	 Mamta SK, Senthilkumaran B. GDNF family receptor α-1 in catfish: Possible implication to brain dopaminergic activity. Brain Res 
Bull. 2018; 140:270-80. https://doi.org/10.1016/j.brainresbull.2018.05.010. PMid:29758254. 

7.	 Findlay JK, Drummond AE, Dyson ML, Baillie AJ, Robertson DM, Ethier JF. Recruitment and development of the follicle: The 
roles of the transforming growth factor-β superfamily. Mol Cell Endocrinol. 2002; 191(1):35-43.  https://doi.org/10.1016/S0303-
7207(02)00053-9.

8.	 Knight PG, Glister C. TGF-β superfamily members and ovarian follicle development. Reproduction. 2006; 132(2):191-206.  
https://doi.org/10.1530/rep.1.01074. PMid:16885529. 

9.	 Krieglstein K, Suter-Crazzolara C, Fischer WH, Unsicker K. TGF-beta superfamily members promote survival of 
midbrain dopaminergic neurons and protect them against MPP+ toxicity. The EMBO J. 1995; 14(4):736-42.  https://doi.
org/10.1002/j.1460-2075.1995.tb07052.x. PMid:7882977 PMCid:PMC398139.

10.	 Krieglstein K, Henheik P, Farkas L, Jaszai J, Galter D, Krohn K, Unsicker K. Glial cell line-derived neurotrophic factor requires 
transforming growth factor-β for exerting its full neurotrophic potential on peripheral and CNS neurons. J Neurosci. 1998; 
18(23):9822-34. https://doi.org/10.1523/JNEUROSCI.18-23-09822.1998. PMid:9822741 PMCid:PMC6793316.

11.	 Schober A, Hertel R, Arumäe U, Farkas L, Jaszai J, Krieglstein K, Saarma M, Unsicker K. Glial cell line-derived neurotrophic 
factor rescues target-deprived sympathetic spinal cord neurons but requires transforming growth factor-β as cofactor in vivo. J 
Neurosci. 1999; 19(6):2008-15. https://doi.org/10.1523/JNEUROSCI.19-06-02008.1999. PMid:10066254 PMCid:PMC6782553.

12.	 Massague J. TGF-β signal transduction. Annu Rev Biochem. 1998; 67(1):753-91. https://doi.org/10.1146/annurev.biochem.67.1.753. 
PMid:9759503. 

13.	 Burt DW, Law AS. Evolution of the transforming growth factor-beta superfamily. Prog Growth Factor Res. 1994; 5(1):99-118. 
https://doi.org/10.1016/0955-2235(94)90020-5.

14.	 Laing KJ, Pilström L, Cunningham C, Secombes CJ. TGF-β3 exists in bony fish. Vet Immunol Immunopathol. 1999; 72(1-2):45-53.  
https://doi.org/10.1016/S0165-2427(99)00116-6.

15.	 Tan B, Pascual A, de Beus A, Cooper K, Hull E. TGFβ (transforming growth factor β) and keratocyte motility in 24 h zebrafish 
explant cultures. Cell Biol Int. 2011; 35(11):1131-9. https://doi.org/10.1042/CBI20110063. PMid:21729005. 

16.	 Carrella S, Barbato S, D’Agostino Y, Salierno FG, Manfredi A, Banfi S, Conte I. TGF-β controls miR-181/ERK regulatory network 
during retinal axon specification and growth. PLoS One. 2015; 10(12):e0144129. https://doi.org/10.1371/journal.pone.0144129. 
PMid:26641497 PMCid:PMC4671616.

17.	 Jason JY, Barnes AP, Hand R, Polleux F, Ehlers MD. TGF-β signaling specifies axons during brain development. Cell. 2010; 
142(1):144-57.  https://doi.org/10.1016/j.cell.2010.06.010. PMid:20603020 PMCid:PMC2933408.

18.	 (a) Chalazonitis A, Kalberg J, Twardzik DR, Morrison RS, Kessler JA. Transforming growth factor β has neurotrophic actions on 
sensory neurons in vitro and is synergistic with nerve growth factor. Dev Biol. 1992; 152(1):121-32. https://doi.org/10.1016/0012-
1606(92)90162-A.

19.	 (b) Chalazonitis A, Kessler JA, Twardzik DR, Morrison RS. Transforming growth factor α, but not epidermal growth factor, promotes 
the survival of sensory neurons in vitro. J Neurosci. 1992; 12(2):583-94. https://doi.org/10.1523/JNEUROSCI.12-02-00583.1992. 
PMid:1740693 PMCid:PMC6575603.

20.	 Oliveira MA, Martinez ER, Butzge AJ, Doretto LB, Ricci JM, Rodrigues MS, Vigoya AA, Gómez-González NE, Stewart AB, 
Nóbrega RH. Molecular characterization and expression analysis of anti-Müllerian hormone in common carp (Cyprinus carpio) 
adult testes. Gene Expr Patterns. 2021; 40:119169.  https://doi.org/10.1016/j.gep.2021.119169. PMid:33667682. 

21.	 Ingman WV, Robertson SA. The essential roles of TGFβ1 in reproduction. Cytokine Growth Factor Rev. 2009; 20(3):233-9. https://
doi.org/10.1016/j.cytogfr.2009.05.003. PMid:19497778. 

22.	 Raghuveer K, Senthilkumaran B. Identification of multiple dmrt1s in catfish: localization, dimorphic expression pattern, changes 
during testicular cycle and after methyltestosterone treatment. J Mol Endocrinol. 2009; 42(5):437-48. https://doi.org/10.1677/
JME-09-0011. PMid:19293249. 

23.	 Mamta SK, Sudhakumari C, Kagawa H, Dutta-Gupta A, Senthilkumaran B. Controlled release of sex steroids through osmotic 
pump alters brain GnRH1 and catecholaminergic system dimorphically in the catfish, Clarias gariepinus. Brain Res Bull. 2020; 
164:325-33. https://doi.org/10.1016/j.brainresbull.2020.08.022.PMid:32860867. 

24.	 Hardie LJ, Laing KJ, Daniels GD, Grabowski PS, Cunningham C, Secombes CJ. Isolation of the first piscine transforming growth 
factor β gene: analysis reveals tissue-specific expression and a potential regulatory sequence in rainbow trout (Oncorhynchus 
mykiss). Cytokine. 1998; 10(8):555-63.  https://doi.org/10.1006/cyto.1997.0334.PMid:9722928. 

https://doi.org/10.1016/j.brainresbull.2018.05.010
https://doi.org/10.1016/S0303-7207(02)00053-9
https://doi.org/10.1016/S0303-7207(02)00053-9
https://doi.org/10.1530/rep.1.01074
https://doi.org/10.1002/j.1460-2075.1995.tb07052.x
https://doi.org/10.1002/j.1460-2075.1995.tb07052.x
https://doi.org/10.1523/JNEUROSCI.18-23-09822.1998
https://doi.org/10.1523/JNEUROSCI.19-06-02008.1999
https://doi.org/10.1146/annurev.biochem.67.1.753
https://doi.org/10.1016/0955-2235(94)90020-5
https://doi.org/10.1016/S0165-2427(99)00116-6
https://doi.org/10.1042/CBI20110063
https://doi.org/10.1371/journal.pone.0144129
https://doi.org/10.1016/j.cell.2010.06.010
https://doi.org/10.1016/0012-1606(92)90162-A
https://doi.org/10.1016/0012-1606(92)90162-A
https://doi.org/10.1523/JNEUROSCI.12-02-00583.1992
https://doi.org/10.1016/j.gep.2021.119169
https://doi.org/10.1016/j.cytogfr.2009.05.003
https://doi.org/10.1016/j.cytogfr.2009.05.003
https://doi.org/10.1677/JME-09-0011
https://doi.org/10.1677/JME-09-0011
https://doi.org/10.1016/j.brainresbull.2020.08.022
https://doi.org/10.1006/cyto.1997.0334


Sajwan-Khatri Mamta, NarlagiriAnusha and Balasubramanian Senthilkumaran

J Endocrinol Reprod. 33Vol 26 (1) | March 2022 | http://www.informaticsjournals.com/index.php/jer/index

25.	 Harms CA, Ottinger CA, Blazer VS, Densmore CL, Pieper LH, Kennedy-Stoskopf S. Quantitative polymerase chain reaction for 
transforming growth factor-beta applied to a field study of fish health in Chesapeake Bay tributaries. Environ Health Perspect. 
2000; 108(5):447-52. https://doi.org/10.1289/ehp.00108447. PMid:10811572 PMCid:PMC1638039.

26.	 Tafalla C, Aranguren R, Secombes CJ, Castrillo JL, Novoa B, Figueras A. Molecular characterization of sea bream (Sparus 
aurata) transforming growth factor β1. Fish Shellfish Immunol. 2003; 14(5):405-21. https://doi.org/10.1006/fsim.2002.0444. 
PMid:12711274. 

27.	 Maehr T, Costa MM, Vecino JL, Wadsworth S, Martin SA, Wang T, Secombes CJ. Transforming growth factor-β1b: A second 
TGF-β1 paralogue in the rainbow trout (Oncorhynchus mykiss) that has a lower constitutive expression but is more responsive 
to immune stimulation. Fish Shellfish Immunol. 2013; 34(2):420-32. https://doi.org/10.1016/j.fsi.2012.11.011. PMid:23178261. 

28.	 Senthilkumaran B, Okuzawa K, Gen K, Ookura T, Kagawa H. Distribution and seasonal variations in levels of three native 
GnRHs in the brain and pituitary of perciform fish. J Neuroendocrinol. 1999; 11(3):181-6. https://doi.org/10.1046/j.1365-
2826.1999.00304.x. PMid:10201813. 

29.	 Joy KP, Singh MS, Senthilkumaran B, Goos HT. Pituitary-gonadal relationship in the catfish Clarias batrachus (L): a study correlating 
gonadotrophin-II and sex steroid dynamics. Zool Sci. 2000; 17(3):395-404. https://doi.org/10.2108/jsz.17.395. PMid:18494596. 

30.	 Kirubagaran R, Senthilkumaran B, Sudhakumari CC, Joy KP. Seasonal dynamics in gonadotropin secretion and E2-binding 
in the catfish Heteropneustes fossilis. Fish Physiol Biochem. 2005; 31(2-3):183. https://doi.org/10.1007/s10695-006-0022-5. 
PMid:20035456. 

31.	 Acharjee A, Chaube R, Joy KP. Molecular cloning and characterization of the gonadotropin subunits GPα, FSHβ, and LHβ genes 
in the stinging catfish Heteropneustes fossilis: phylogeny, seasonal expression and pituitary localization. J Exp Zool A Ecol Genet 
Physiol. 2015; 323(8):567-85.  https://doi.org/10.1002/jez.1949. PMid:26205349. 

32.	 Zapata A, Diez B, Cejalvo T, Gutierrez-de Frias C, Cortes A. Ontogeny of the immune system of fish. Fish Shellfish Immunol. 
2006; 20(2):126-36.  https://doi.org/10.1016/j.fsi.2004.09.005. PMid:15939627.

https://doi.org/10.1289/ehp.00108447
https://doi.org/10.1006/fsim.2002.0444
https://doi.org/10.1016/j.fsi.2012.11.011
https://doi.org/10.1046/j.1365-2826.1999.00304.x
https://doi.org/10.1046/j.1365-2826.1999.00304.x
https://doi.org/10.2108/jsz.17.395
https://doi.org/10.1007/s10695-006-0022-5
https://doi.org/10.1002/jez.1949
https://doi.org/10.1016/j.fsi.2004.09.005

