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Abstract 30 

The epithelium lining the oviduct/fallopian tube is critical for early reproductive events, many of 31 
which are mediated via intracellular calcium ions.  Despite this, little is known about  the regulation of 32 
calcium homeostasis in the oviductal epithelium. Epithelial Transient Receptor Potential Channels 33 
(TRPCs) modulate calcium flux in other tissues and their expression and functional regulation have 34 
therefore been examined using the bovine oviduct as a model for the human. The effects of FSH, LH, 35 
17β-estradiol (E2) and progesterone on TRPCs expression and intracellular calcium flux were 36 
determined. TRPC1, 2, 3, 4 and 6 were expressed in the bovine reproductive tract and their gene 37 
expression varied throughout the estrous cycle. In more detailed studies undertaken on TRPC1 and 6 38 
we show that protein expression varied through the estrus cycle; specifically, E2, FSH and LH 39 
individually and in combination up-regulated TRPC1 and 6 expression in cultured bovine oviduct 40 
epithelial cells (BOECs), whilst progesterone antagonized these effects. Functional studies showed 41 
changes in calcium mobilization in BOECs were dependent on TRPCs. In conclusion, TRPC 1, 2, 3, 4 42 
and 6 are present in the epithelium lining the bovine oviduct and TRPC 1and 6 vary through the 43 
estrous cycle suggesting an important role in early reproductive function.  44 
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1. Introduction 58 

Calcium is an important intracellular second messenger that has been shown to have a significant role 59 

in the early events of mammalian reproduction including oocyte activation [1] and oviduct contraction 60 

required for the transit of the ovulated egg from the ovary to the site of fertilisation [2]. Calcium 61 

transport across epithelial cells occurs by a number of mechanisms, including transit across tight 62 

junctions, Na+/Ca2+ exchangers (NCXs), voltage-dependent Ca2+ channels (VDCCs) and members of 63 

the transient receptor potential (TRP) channel superfamily[3-5]. 64 

 65 

The TRP superfamily comprises 28 proteins, characterised by six transmembrane domains unique to 66 

the family, intracellular N- and C-terminals and a pore domain located between the fifth (S5) and 67 

sixth (S6) segments. Members of the mammalian TRP superfamily may be divided into seven families 68 

based on amino acid homologies: TRPC (Canonical); TRPV (Vanilloid); TRPM (Melastatin); TRPP 69 

(Polycystin); TRPML (MucoLipin); TRPA (Ankyrin) and; TRPN (NOMPC) [6, 7]. Despite a wealth 70 

of knowledge of calcium transport at the molecular level in a wide variety of tissues and cell types, 71 

very few studies have investigated the potential involvement of TRP channels in calcium transport 72 

across uterine and oviductal epithelia [3, 8-10], which is surprising since calcium dysregulation has 73 

been implicated in follicular arrest and menstrual disturbances [11, 12].  74 

  75 

The epithelial cells of the female reproductive tract have critical roles in early development.  In the 76 

oviduct, the epithelium facilitates gamete transport [13], and fertilization [14] and the cleavage stages 77 

of embryo development [15] while; the cells of the uterus are closely involved in pregnancy 78 

recognition [16] and blastocyst implantation [17]. A major mechanism by which the epithelia of the 79 

female reproductive tract support early development is through the regulation of the composition of 80 

the fluid environment in which these events occur [15].  81 

 82 

The bovine estrous cycle begins with ovulation as a result of the preovulatory Luteinizing hormone 83 

(LH) surge which in turn triggers nuclear and cytoplasmic maturation of the oocyte [18]. The tissue of 84 

the recently ovulated follicle which express both FSH and LH receptors [19] undergoes 85 

transformation under the effect of  FSH and LH produced in gonadotrophs of the anterior pituitary 86 

gland [20], and differentiates to form small and large luteal cells, respectively that secrete 87 

progesterone. Formation of a functional corpus Luteum (CL) requires LH. Progesterone is the 88 

dominant hormone for the major part of the bovine estrous cycle. The concentration of progesterone 89 

increases from day 3-4 of the estrous cycle, and then, dramatically until day 8  when a plateau is 90 

reached [18]. A decrease in progesterone concentration, the result of rapid regression of the CL 91 

induced by PGF2α secreted by the endometrium [21] is the key event in the estrous cycle. Regression 92 

of the CL begins 1-4 days before estrous and is completed within 2 days [18].  93 

http://en.wikipedia.org/wiki/Gonadotroph
http://en.wikipedia.org/wiki/Anterior_pituitary_gland
http://en.wikipedia.org/wiki/Anterior_pituitary_gland
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The primary aim of this study was therefore to identify the TRPC isoforms present in epithelial cells 94 

lining the oviduct of bovine, used as model system due to its physiological similarities to the human 95 

[22, 23].  The focus of this study was on TRPC1 and TRPC6 as the main candidates for Store-96 

Operated Channels (SOC) and Receptor-Operated Channels (ROC), respectively [24, 25]. We decided 97 

to focus attention on these two isoforms in bovine oviduct epithelial tissue throughout the estrous 98 

cycle including, their gene and protein regulation by sex hormones, and the role of TRPCs in 99 

regulating intracellular calcium flux. 100 

 101 

2. Material and methods 102 

2.1 Bovine tissue 103 

Fresh female bovine reproductive tracts obtained from a local abattoir were transported to the 104 

laboratory within 2 hours of slaughter in Hanks Balanced Salt Solution without CaCl2 and MgCl2 105 

(HBSS; Gibco Invitrogen) supplemented with 10 mM HEPES (4-(2-hydroxyethyl)-1-106 

piperazineethanesulfonic acid; Gibco Invitrogen), and 1 µM Aprotinin (Sigma Aldrich), a competitive 107 

serine protease inhibitor that inhibits trypsin, chymotrypsin, kallikrein and plasmin. The stage of 108 

estrous determined according to the gross morphology of the ovary [26]. Since the experiments on 109 

bovine tissue were carried out on the waste material obtained from animals after slaughter in a local 110 

abattoir no institutional committee approval was required.   111 

2.2 Isolation and culture of bovine oviduct epithelial cells 112 

Oviducts were dissected from the reproductive tract and connective tissue carefully removed. Bovine 113 

Oviduct Epithelial Cells (BOECs) were harvested by squeezing the oviduct from isthmus to 114 

infundibulum. Cells were collected in HBSS and centrifuged at 2500 x g for 5 minutes. The 115 

supernatant was discarded and the cells washed twice more by this process.  The cell pellet was then 116 

re-suspended in 1 ml of culture medium (1:1 ratio of Dulbecco’s Modified Eagle’s Medium and 117 

Nutrient Mixture F-12 Ham, supplemented with 270 U/ml PenStrep, 20 µg/ml Amphotericin B, 2 mM 118 

L-Glutamine, 2.5% v/v Newborn Calf Serum, 2.5% v/v Foetal Calf Serum, 0.1% w/v Albumin from 119 

Bovine Serum (essentially fatty acids free).  Cell viability and number were assessed using Trypan 120 

Blue Exclusion test on a hemocytometer. Cells were seeded into a T25 culture flask at a density of 121 

5x106/ml and maintained at 39˚ C in a 5% CO2 incubator.  Culture medium was first changed after 24 122 

hours and then every 48 hours until the cells reached the confluence stage after 7days. 123 

2.3 RNA extraction and Quantitative Real-Time PCR 124 

Total RNA was extracted using NucleoSpin® RNA II isolation kit (Macherey- Nagel). RNA 125 

concentration and purity were assessed by measuring 260/280 nm absorbance on a 126 

nanospectrophotometer (Implen, Germany). Isolated RNA with a 260/280 ratio of ~2 was used for 127 
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further experiments. Isolated RNA was reverse-transcribed to cDNA using EZ-First Strand cDNA 128 

Synthesis Kit (Geneflow, Isreal). 1µg RNA was used in all reverse transcription experiments. Gene 129 

expression was determined by quantitative real-time PCR using SYBR green. β- actin was chosen as a 130 

housekeeping gene and used as an internal comparator in parallel with the control sample (primer 131 

sequences supplemental tables 1 and 2). Relative gene expression was analyzed using StepOne 132 

software V2.0 and the baseline and threshold were set manually. RT-qPCR data were analysed using 133 

the ∆∆Ct method. 134 

2.4 Immunohistochemistry and confocal microscopy 135 

Immunostaining for TRPC1 and TRPC6 was performed on frozen 10 µm sections of bovine oviduct 136 

biopsies. The tissue sections were either permeabilized (ice cold Methanol and 0.1% Triton X-100) to 137 

detect intracellular localization of TRPC1 and 6, or used non-permeabilized to examine cell surface 138 

localization of TRPC1 and 6. The oviduct was divided into infundibulum, ampulla and isthmus based 139 

on the morphology of the tube, prior to the sectioning.  140 

Non-specific binding sites were blocked with 2% donkey serum (Sigma Aldrich) in PBS for 30 141 

minutes at room temperature (RT). Samples were then incubated with 1μg/ml of each of TRPC1 goat 142 

polyclonal IgG (Santa Cruz) and TRPC6 rabbit polyclonal IgG (Abcam) primary antibodies diluted in 143 

PBS containing 1% fetal calf serum (FCS) in the humidified chamber at 4°C overnight. Primary 144 

antibodies were removed and the slides washed with PBS containing 0.25% Tween 20 (Sigma 145 

Aldrich). Secondary antibodies, 4μg/ml Alexa Four 647 donkey anti goat (Invitrogen) (against 146 

TRPC1 primary) and 4μg/ml Alexa Flour 488 donkey anti rabbit (Invitrogen) (against TRPC6 147 

primary), were diluted in PBS containing 1% FCS. Tissue sections were incubated with secondary 148 

antibodies in a dark humidified chamber at RT for one hour. Slides were washed with 0.25% Tween 149 

20 in PBS. Specimens were mounted in Vectashield containing 1.5 μg/ml 4',6-diamidino-2-150 

phenylindole (DAPI) (Vector Laboratories).  151 

Samples were visualized using a laser scanning confocal microscope (LSM 710-Zen2008; Carl Zeiss, 152 

Oberkochen, Germany) equipped with an argon/krypton laser source. A single wavelength of 568 nm 153 

was used for excitation, and the emitted fluorescence at 603 nm (Alexa Fluor 488, emitted at 519 nm) 154 

was collected through an oil-immersion 100x objective. 155 

Semi-quantitative determination of fluorescent staining was measured from the apical, basal and 156 

lateral membranes using ImageJ. 157 

2.5 Western Blotting 158 

Cultured BOECs were lysed in radioimmunoprecipitation assay (RIPA) buffer. Protein concentration 159 

was measured using DC Protein Assay Reagents Package (BioRad, USA).  Equal amount of 30 µg of 160 
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total protein was loaded per well.  Proteins were separated on a 10% SDS-PAGE and transferred onto 161 

a polyvinylidene difluoride (PVDF) membrane. The blot was incubated at 4°C overnight with 0.2 162 

µg/ml anti- rabbit TRPC1or TRPC6 antibodies (ALomone labs) in TBS-T buffer containing 2% BSA. 163 

The membrane was washed with TBS-T and incubated with 2 µg/ml polyclonal donkey to rabbit IgG 164 

conjugated to horseradish peroxidise (Abcam) in TBS-T buffer containing 2% BSA at RT for 60 165 

minutes. Visualization was carried out using ECL reagents and developed on a film. 166 

2.6 Sex hormone treatment 167 

Confluent BOECs were incubated with 10 ng/ml Progesterone (P4), 2 pg/ml 17β- estradiol (E2), 0.5 168 

ng/ml FSH, and LH [27] individually and in combination for 24 hours prior to the mRNA and protein 169 

extraction. 170 

2.7 Intracellular Calcium assay 171 

BOECs were seeded at a density of 2x105 cells/ml into sterile black polystyrene 96 well plates (Nalge 172 

Nunc, Fisher Scientific). Confluence, as determined visually, was regained 7 days after being seeded 173 

into the 96 well plates.  174 

The culture medium was removed and confluent BOECs were washed with calcium free solution (130 175 

mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 10 mM HEPES, 8 mM Glucose, 0.4 mM EGTA, pH 7.4). 176 

Cells were then incubated with calcium free solution containing 10µM Fura PE 3-AM (Sigma 177 

Aldrich) for 30 minutes at 39˚C in a 5% CO2 incubator. Fura PE 3-AM was removed from the wells 178 

and cells washed 3 times with calcium free solution. Cells were kept in the dark after treatment with 179 

Fura PE 3-AM to avoid non-specific bleaching. The 96 well plate containing the BOECs was placed 180 

in an Infinite M200 Tecan plate reader (Tecan).  Cells were maintained at 39˚ C in the plate reader. 181 

After measuring the basal intracellular calcium, calcium free solution was replaced with calcium-182 

containing solution (130 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 10 mM HEPES, 8 mM Glucose, 1.5 183 

mM CaCl2, pH 7.4). Depending on the number of agonists and antagonists used and their required 184 

time of action, different numbers of kinetic cycle (5 sec each) without intervals were used for each 185 

experiment. 186 

Changes in intracellular calcium concentration were measured using 25 µM Hyperforin for minimum 187 

of 60 sec, a TRPC6 channel activator, 25 µM SKF96365 for minimum of 60 sec, a general TRP 188 

channel blocker, and 15 µM 2.5-Di-t-butylhydroquinone (DBQ), a sarcoplasmic/endoplasmic 189 

reticulum Ca2+ -ATPase (SERCA) inhibitor. DBQ depletes the intracellular calcium stores which 190 

consequently activate the present Store-Operated Channels. Each agonist or antagonist was added to 191 

the 96 well plate after removal of the previous one.  192 

2.8 Statistics 193 
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Each experiment was performed using at least 3 samples in triplicate (n = 3) and expressed as ± 1 194 

standard deviation, and Student's t-test performed using Origin 6.1 software (OriginLab Corporation, 195 

Northampton, Massachusetts). 196 

 197 

3. Results 198 

3.1 Expression of TRPC genes in bovine oviduct tissue throughout the estrous cycle 199 

From 7 isoforms of TRPC subfamily TRPC1, TRPC2, TRPC3, TRPC4 and TRPC6 were expressed in 200 

bovine oviduct epithelium (Supplemental Figure 1). TRPC1 gene expression in the bovine oviduct 201 

was down-regulated at the stage 2 and 4 by 0.25 (p<0.001) and 0.35 (p<0.001) fold respectively  202 

compared to the stage 1 of the estrous cycle. However, at stage 3, oviduct expression of TRPC1 was 203 

up-regulated by a small, but significant amount (1.49 fold, p<0.05) (Figure 1). 204 

TRPC2 expression was down-regulated in bovine oviduct epithelial tissue by 0.1 (p<0.001), 0.7 205 

(p<0.01), 0.3 (p<0.01) fold at stage 2, 3 and 4 respectively compared to the stage 1(Figure 1).  206 

In bovine oviduct epithelial tissue, expression level of TRPC3 was down-regulated by 0.7(p<0.001), 207 

0.65 (p<0.01) and 0.15 (p<0.001) fold at stage 2, 3 and 4 respectively relative to the stage 1 (Figure 208 

1).  209 

Expression of TRPC4 in bovine oviduct epithelial tissue was down-regulated by 0.05 (p<0.001), 0.6 210 

(p<0.01) and 0.15 (p<0.001) fold at stage 2, 3 and 4 relative to the stage 1 (Figure 1).  211 

TRPC6 expression in the oviduct fell by 0.5 (p<0.01), 0.8 (p<0.01), 0.4 (p<0.001) fold at stage 2, 3 212 

and 4 relative to the stage 1 (Figure 1). 213 

 3.2 Localization and abundance of TRPC1 and TRPC6 in bovine oviduct epithelial tissue 214 

Various physiological events occur in each part of the oviduct. Localization and abundance of TRPC1 215 

and TRPC6 was studied in each section of the oviduct throughout the estrous cycle (Figure 2 and 4). 216 

In the infundibulum, membrane abundance of TRPC1 was equal at stage 1 and 2. However, it was 217 

increased by 7 (p<0.001) and 8.85 (p<0.001) fold at stage 3 and 4. Membrane abundance of TRPC1 in 218 

ampulla was equal at 1, 2 and 3 of the estrous cycle. However, TRPC1 was slightly more abundant 219 

(1.7 fold (p<0.05)) at stage 4. In the isthmus, membrane abundance of TRPC1 was highest at stage 1 220 

and lowest at stage 4 of the estrous cycle. Membrane abundance of TRPC1 in isthmus was generally 221 

decreased by 0.8 (p<0.01), 0.85 (p<0.05) and 0.55 (p<0.001) fold at stage 2, 3 and,  respectively.  222 

(Figure 2 and 3A).   223 
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Cytosolic abundance of TRPC1 in infundibulum was higher at stage 2 and 4 and lowest at stage 3 of 224 

the estrous cycle. In the ampulla, cytosolic abundance of TRPC1 was equal at stage 1 and 3 and was 225 

higher than that of stage 2 and 4 of the estrous cycle. Cytosolic abundance of TRPC1 was decreased 226 

by 0.12 (p<0.01) and 0.13 (p<0.01) fold at stage 2 and 4 compared to the stage 1 of the estrous cycle. 227 

Cytosolic abundance of TRPC1 in isthmus at stage 1 was higher than that of stage 2, 3 and4 (Figure 4 228 

and 5A). 229 

 Membrane abundance of TRPC6 in the epithelium lining infundibulum was markedly lower at stage 230 

1 compared to other stages of the estrous cycle. Membrane abundance of TRPC6 in infundibulum was 231 

increased by 18325 (p<0.01), 19.7 (p<0.001) and 18.75 (p<0.01) at stage 2, 3 and 4, respectively. In 232 

ampulla, membrane abundance of TRPC6  was equal at stage 1 and 2. Whereas, at stage 3 and 4 233 

TRPC6 was slightly more abundant by 1.3 (p<0.05) and 1.6 (p<0.05) fold respectively,  relative to 234 

that of stage 1 and 2. In isthmus, membrane abundance of TRPC6 was dramatically higher at stage 1 235 

compared to stage 2, 3 and 4. TRPC6 membrane abundance was reduced by 0.1 (p<0.01), 0.2 236 

(P<0.01) and 0.15 (p<0.01) at stage 2, 3 and 4 respectively.  (Figure 2 and 3B).   237 

In infundibulum, cytosolic abundance of TRPC6 was equal at stage 1, 2 and 4. Cytosolic abundance 238 

of TRPC6 in epithelium lining infundibulum was lowest at stage 3 of the estrous cycle and it was 239 

decreased by 0.75 fold (p<0.01). Cytosolic abundance of TRPC6 in epithelium lining ampulla was 240 

highest at stage 3 and equally lowest by 0.05 (p<0.01) fold at stage 2 and 4. In isthmus, cytosolic 241 

abundance of TRPC6 was highest at stage 1 and it was equal at stage 2, 3 and 4 (Figure 4 and 5B).   242 

3.3 Hormonal regulation of TRPC1 and 6 gene/protein expression in BOECs  243 

Having identified variation in gene and protein expression at different stages of the estrous cycle, we 244 

measured the impact of hormone addition on expression of TRPC1 and 6 in the bovine model.  245 

Addition of P4, E2, FSH, and LH individually and in combination[27]  to the BOECs culture system 246 

for 24 hours induced significant changes in expression of TRPC1 and 6 in cells derived from 247 

reproductive tracts throughout the estrous cycle (Figure 6; Supplemental Table 3A and 3B): 248 

Expression of TRPC1 in BOECs treated with E2 was down-regulated at stage 1 and 3, while an up-249 

regulation was observed at stage 2 and 4 compared to the control. FSH and LH generally led to 250 

increased expression of TRPC1 at all stages of the estrous cycle. By contrast, P4 induced a down-251 

regulation in expression of TRPC1 at stage 1 and 3. However, an up-regulation in expression of 252 

TRPC1 was observed at stage 2 and 4 of the estrous cycle in response to P4 treatment. When added 253 

together, P4 and E2 did not induce any changes in expression of TRPC1 at stage 1 and 3. However, 254 

TRPC1 expression was up-regulated at stage 2 and 4 as a result of P4 and E2 treatment. A similar 255 

pattern of TRPC1 expression was observed when BOECs were treated with a combination of P4, FSH 256 

and LH. This combination led to increased expression of TRPC1 at all stages of the estrous cycle. 257 
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When P4 was added to the mixture of E2, FSH and LH, the up-regulatory effect of this mixture was 258 

abolished at stage 1 and dramatically decreased at stage 2, 3 and 4 (Figure 6A and supplemental Table 259 

3A).  260 

TRPC6 gene expression level in BOECs was not altered by E2 at stage 1, 2 and 3. However, increased 261 

expression of TRPC6 was detected in stage 4 BOECs in response to E2-treatment. FSH and LH 262 

generally up-regulated the expression of TRPC6 at all stages of the estrous cycle whereas P4-263 

treatment of BOECs resulted in an up-regulation in TRPC6 expression at all stages of the estrous 264 

cycle except stage 1. When added in combination, P4 and E2 increased the expression of TRPC6 at all 265 

stages of the estrous cycle. Treatment of BOECs with a mixture of P4, FSH and LH did not alter 266 

TRPC6 gene expression at stage 1. However, expression of TRPC6 at stage 2, 3 and 4 was increased 267 

in response to P4, FSH and LH treatment. Concurrent treatment of BOECs with E2, FSH and LH up-268 

regulated the expression of TRPC6 dramatically at all stages of the estrous cycle. However, this up-269 

regulatory effect was reduced when P4 was added to this mixture (Figure 6B and supplemental Table 270 

3B).    271 

After confirming the response of TRPC 1 ad 6 at the gene level, we next attempted to map this onto 272 

protein levels.  TRPC1 protein levels were lower in cells collected from oviducts at stages 1, 2 and 3 273 

of the estrous cycle after exposure to E2 (Figure 6C). After treatment with FSH and LH- the amount 274 

TRPC1 protein was increased in BOECs collected from tissue at stage 4 of the estrous cycle 275 

compared to the control group (Figure 6C; Table 3). In BOECs treated with P4, the amount of TRPC1 276 

protein was lower at stage 3 compared to the untreated BOECs. However, this decrease was 277 

significantly greater than that at stage 4 of the estrous cycle (Figure 6C).  Protein expression of 278 

TRPC1 at all 4 stages of the estrous cycle was significantly decreased in BOECs treated with a 279 

mixture of E2, FSH, LH and P4.   By contrast, TRPC6 protein expression did not change in response 280 

to P4 exposure. Addition of FSH and LH led to a reduction of TRPC6 protein expression in cells 281 

collected from stage 1 tissue and a rise in stage 3 compared to the control group (Figure 6C).  Protein 282 

expression of TRPC6 was strongly reduced in E2-treated BOECs at all stages of estrous cycle; more 283 

significantly at stage 3 and 4 compared to the untreated BOECs.  When added in combination, E2, 284 

FSH, LH and P4 led to a slight rise in protein expression of TRPC6 at stage 1 of the estrous cycle in 285 

BOECs (Figure 6C). 286 

3.4 Intracellular calcium concentration in the BOECs throughout the estrous cycle 287 

Finally, we examined the activity of TRPC 1 and 6 in epithelial cells from the female reproductive 288 

tract, using the bovine oviduct model (Figure 7).  Using Hyperforin, an activator of TRPC6, 289 

intracellular Ca2+ mobilization changes in [Ca2+]i in stage 2 BOECs was 1.2 fold higher than that of 290 

the stage 1 cells (p< 0.001). The increase in [Ca2+]i induced by Hyperforin was higher by 1.5 (p< 291 
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0.01) and 1.3 fold (p< 0.001) respectively in stage 3 and 4 BOECs relative to the stage 1 BOECs. 292 

When the calcium channel antagonist SKF96365 was included, [Ca2+]i in BOECs was lower by 0.89 293 

(p< 0.01), 0.76 (p< 0.01)  and 0.34 (p< 0.001) fold respectively at stage 2, 3 and 4 of the estrous cycle 294 

compared to that of the stage 1 (Figure 7A and D).  Treatment of BOECs with SKF96365 without 295 

activation of TRPC6 resulted in an inhibition in Ca2+ influx (Figures 7B and E). Changes induced by 296 

SKF96365 in stage 2 BOECs were not significantly different to that of the stage 1. Furthermore, no 297 

significant difference was observed in [Ca2+]i after SKF96365 treatment in stage 3 and 4 BOECs 298 

relative to that of stage 1 (Figure 7B and E). 299 

When Hyperforin was added to the SKF96365-treated BOECs, [Ca2+]i increased at all stages of the 300 

estrous cycle (Figure 7B and E). No significant difference was observed in the response of BOECs to 301 

Hyperforin at stage 2, 3 and 4 compared to stage 1 of the estrous cycle (Figure 7B and E).  The effect 302 

of 2.5DBQ which causes intracellular calcium store depletion, is shown in Figures 7C and F. The 303 

DBQ-induced transient increase in [Ca2+]i at stage 2 was not significantly different to that of the stage 304 

1; however, the DBQ-induced effect in BOECs was lower at stage 3 and 4 by 0.75 (p< 0.001) and 305 

0.49 (P< 0.001) fold respectively compared to stage 1 of the estrous cycle. Replacing the Ca2+ free 306 

solution with extracellular solution containing 1.5 mM Ca2+ after depleting the intracellular store 307 

resulted in an increase in [Ca2+]i . This increase was not significantly different at stage 2, 3 and 4 308 

compared to the stage1 (Figure 7C and F). Addition of SKF96365 to the extracellular solution led to a 309 

fall in [Ca2+]i in BOECs. The effect of SKF96365 was greater at stage 4 compared to the other stages 310 

of the estrous cycle. Effect of SKF96365 was greater at stage 2, 3 and 4 by 1.18 (p< 0.05), 1.28 (p< 311 

0.001) and 2.09  (p< 0.001) fold respectively relative at stage 1 (Figure 7C and F).  312 

  313 
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4. Discussion  314 

These studies report the first detailed exploration of TRPC channels in the epithelium lining the 315 

bovine oviduct and show that gene expression of TRPC1,2, 3, 4 and 6 are present and vary throughout 316 

the estrous cycle. TRPC1 and 6 protein expression determined by IHC also varied throughout the 317 

estrous cycle and were functionally active and hormonally regulated.  318 

In general, expression of all the TRPC isoforms present in the bovine oviduct epithelium was highest 319 

at stage 1 of the estrous cycle, corresponding to when 17β-estradiol (E2), FSH and LH are at their 320 

highest levels and progesterone (P4) is at its lowest level. A notable exception to this pattern was 321 

TRPC1 whose expression was highest at stage 3.  Stage 1 (day 1-4) of the estrous cycle starts 322 

immediately after ovulation, when the oocyte is transported into the oviduct. Transport of the oocyte 323 

is dependent on the ciliary beat frequency which is calcium-dependant [28]. Although the regulatory 324 

effect of E2 on TRPC genes expression has not been investigated previously, it has been reported that 325 

TRPV5, TRPV6 and TRPM2 genes are up-regulated by E2 [29, 30]. 326 

17β- estradiol, which is at its highest level just before the stage 1 of the estrous cycle, stimulates NF-327 

κB activation in bovine granolusa cells [31]. Moreover, FSH triggers the NF-κB activity in rat 328 

granolusa cells leading to expression of the X-linked inhibitor of apoptosis (XIAP) and inhibition of 329 

apoptosis [31]. Inhibition of  NF-κB activation suppresses the FSH-stimulated follicle growth in vitro 330 

[32]. By contrast, progesterone reduces the activation of toll-like receptor 4 (TLR4) and the NF-κB 331 

signaling pathway in the brain of male rats after subarachnoid hemorrhage [33]. The promoter region 332 

of TRPC1 contains an NF-κB binding site [34]. Furthermore, expression of TRPC1 in human vascular 333 

endothelial cells [34] and TRPC3 in human airway smooth muscle cells [35]  is up-regulated in 334 

response to TNF-alpha; which is an activator of NF-κB pathway [36]. I kappa B Kinase (IKK) which 335 

phosphorylates the NF-κB inhibitor (IКB) is activated by TNF-α. Phosphorylation of IКB at serine 32 336 

and 36 leads its ubiquitination and degradation by 26S proteasome. This in turn results in the release 337 

of the nuclear localization signal of NF-κB and translocation of NF-κB to the nucleus. Consequently, 338 

binding of NF-κB to its binding sites on DNA is likely to result in transcription of NF-κB-linked 339 

proteins such as TRPC1 and TRPC3. However, FSH-induced activation of NF-κB is independent of 340 

IКB phosphorylation [32].   341 

The mechanism underlying the effect of sex hormones on TRPC gene expression may involve the 342 

TNF-α and NF-κB pathways. The promoter region of TRPC1 contains an NF-κB binding site 343 

ENREF_40 [37-40] and it is recognized that estradiol, progesterone and FSH can all act through the 344 

this pathway [28, 41]. Binding of NF-κB to DNA is likely to result in transcription of NF-κB-linked 345 

proteins such as TRPC1. However, further studies are required to support this. 346 

  347 
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Immunostaining for TRPC1 and 6 protein expression and abundance showed variation throughout the 348 

estrous cycle in bovine oviduct epithelial tissue, supporting the notion that hormones may play a role 349 

in the regulation of these proteins.  In general, TRPC6 was more abundant than TRPC1in bovine 350 

oviduct epithelium, more specifically on the apical membrane of the tissue indicating the possible role 351 

of this TRPC isoform in secretion [22, 23]. In infundibulum and ampulla, TRPC1 protein was present 352 

on the cytoplasmic membrane at highest levels at stage 4 when the concentration of P4 is very low or 353 

absent and E2, and FSH and LH are the dominant hormones. However, in isthmus, TRPC1 membrane 354 

abundance was highest at stage 1 and lowest at stage 4. Changes in cytosolic abundance of TRPC1 in 355 

bovine oviduct epithelial tissue throughout the estrous cycle was similar to that of the TRPC6.  356 

 357 

Abundance of both TRPC1 and TRPC6 was variable from the infundibulum to the isthmus end of the 358 

oviduct throughout the estrous cycle  which  might indicate the involvement of these channels in 359 

various physiological functions of the infundibulum  (oocyte transport) [42], ampulla (fertilization) 360 

[43] and isthmus (spermatozoa reservoir and early embryo transport) [44, 45] throughout the estrous 361 

cycle.     362 

TRPC channels are functional in STIM-dependent and STIM-independent mode indicating their role 363 

as Store- Operated Channels (SOC) and Receptor- Operated Channels (ROC). Changes in TRPC1 364 

abundance might be due to its physiological role in association with STIM and the complex of STIM 365 

and Orai proteins [46]. STIM1 regulates TRPC1, 3, 4, 5 and 6 [47]. However, TRPC1, 4 and 5 are 366 

gated directly by STIM1 whereas, the regulatory effect of STIM1 on TRPC3 and TRPC6 is via the 367 

heteromultimerization of TRPC1-TRPC3 and TRPC4-TRPC6 [47].  368 

 369 

Intracellular calcium measurements illustrated that TRPCs were physiologically active in BOECs, 370 

since Hyperforin significantly increased calcium influx. Furthermore, depletion of intracellular 371 

calcium with DBQ increased the basal calcium uptake in BOECs at all stages of the estrous cycle 372 

suggesting that depletion of intracellular calcium resulted in activation of Store-Operated Channels 373 

(SOC) of which TRPCs are components. Hence, SKF96365-induced decrease in intracellular calcium 374 

concentration was higher in BOECs pre-treated with DBQ. This indicates that Store-Operated 375 

Calcium channel (SOC) activation is occurring in BOECs and that the TRPC isoforms are functional, 376 

similar to SOCs and TRPC1 in prostate epithelial cells [48]. 377 

 378 

In conclusion, TRPC1, 2, 3, 4 and 6 were expressed in bovine oviduct epithelial tissue and their gene 379 

and protein expression varied throughout the estrous cycle, suggesting a role in bovine reproductive 380 

events via regulation of calcium homeostasis. Furthermore, changes in TRPC gene and protein 381 

expression and functional activation were likely due to hormonal changes through the estrous cycle as 382 

shown from the studies on TRPC1 and 6. Such cyclical regulation suggests a possible role(s) of these 383 
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channels in the female reproductive tract during the cyclical physiological remodeling associated with 384 

the estrous or menstrual cycles.   385 
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 516 

Figure 1. Patterns of gene expression of TRPC isoforms in bovine oviduct epithelial tissue (A) and  517 

bovine oviduct epithelial cultured cells (BOECs) (B) throughout the estrous cycle. A, Expression of 518 

all TRPC isoforms in bovine oviduct epithelial tissue was highest at stage 1 of the estrous cycle. 519 

However, gene expression of TRPC1 was highest at stage 3 of the estrous cycle. B, Expression of 520 

TRPC isoforms in bovine oviduct epithelial cultured cells throughout the estrous cycle was different 521 

to that in the tissue. *, #, +, ^ and ~  represent the P value, comparing the changes in the TRPC1, 522 

TRPC2, TRPC3, TRPC4 and TRPC6  genes expression at different stages of the estrous cycle to the 523 

stage 1 in  bovine oviduct epithelial tissue and cultured cells, respectively. Data are expressed as mean 524 

3 independent experiments (n=3) ± 1 standard deviation. Statistical analysis was carried out using 525 

Student's t-test (*, #, +,^ and ~; p<0.05; **, ##, ++,^^ and ~~ p<0.01; *** , ###, +++, ^^^ and ~~~ 526 

p<0.001).   527 



© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 

 528 

Figure 2. Membrane localization of TRPC1 and TRPC6 in bovine oviduct epithelial tissue (Non-529 

Permeabilized) during stages of the estrous cycle. TRPC1 with Alexa Four 647 FITC conjugated 530 

(Red), TRPC6 with Alexa Flour 488 (Green) and nuclei are labelled with DAPI (Blue).  Images are 531 

representative examples from samples analysed in triplicate. 532 

 533 
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Figure 3. Membrane abundance of TRPC1 and TRPC6 in bovine oviduct epithelial tissue (Non-534 

Permeabilized) during stages of the estrous cycle. (A), membrane abundance of TRPC1 in 535 

infundibulum did not differ between stage 1 and stage 2 . However, relative membrane abundance of 536 

TRPC1 was increased at stage 3 and 4 relative to the stage 1. In ampulla, membrane abundance of 537 

TRPC1 was equal at stage 1, 2 and 3. However, it was increased at stage 4. Membrane abundance of 538 

TRPC1 in isthmus was generally decreased at stage 2, 3 and 4. (B), membrane abundance of TRPC6 539 

in infundibulum was lowest at stage 1 and highest at stage 3. In ampulla, TRPC6 was equally 540 

abundant at stage 1 and 2. However, membrane abundance of TRPC6 was increased at stage 3 and 4 541 

relative to the stage 1. Membrane abundance of TRPC6 was highest at stage 1 in isthmus and was 542 

reduced at stage 2, 3 and 4. Semi quantitative data are presented as mean (n=3) ± 1 standard deviation. 543 

The graphs are plotted on a logarithmic scale for ease of interpretation. *, # and +  represent P value, 544 

comparing the abundance of each TRPC1 and TRPC6 in bovine infundibulum, ampulla and isthmus  545 

epithelial tissue respectively, obtained from stage 2, 3 and 4 of the estrous cycle to that in the stage 1. 546 

Statistical analysis was carried out using Student's t-test  (* , # and +; p<0.05; ** , ## and ++p<0.01; 547 

*** , ### and +++ p<0.001).  548 

 549 
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Figure 4. Cytosolic localization of TRPC1 and TRPC6 in bovine oviduct epithelial tissue 550 

(Permeabilized) during stages of the estrous cycle. TRPC1 with Alexa Four 647 FITC conjugated 551 

(Red), TRPC6 with Alexa Flour 488 (Green) and nuclei are labelled with DAPI (Blue).  Images are 552 

representative examples from samples analysed in triplicate. 553 

 554 

Figure 5. Cytosolic abundance of TRPC1 and TRPC6 in bovine oviduct epithelial tissue 555 

(Permeabilized) during stages of the estrous cycle. (A), cytosolic abundance of TRPC1 in 556 

infundibulum was increased  at stage 2 and 4 compared to the stage 1. However, a decrease in 557 

cytosolic abundance of TRPC1 was detected at stage 2. In ampulla, membrane abundance of TRPC1 558 

was equal at stage 1 and 3. However, it was decreased at stage 2 and 4 compared to the stage 1. 559 

Membrane abundance of TRPC1 in isthmus was generally decreased at stage 2, 3 and 4 compared to 560 

stage 1. (B), membrane abundance of TRPC6 in infundibulum was equal at stage 1, 2 and 4. 561 

However, it was decreased at stage 3. In ampulla, TRPC6 was equally abundant at stage 1 and 2. 562 

However, membrane abundance of TRPC6 was decreased at stage 3 and 4 relative to the stage 1. 563 

Membrane abundance of TRPC6 was highest at stage 1 in isthmus and was reduced stage 2, 3 and 4. 564 

Semi quantitative data are presented as mean (n=3) ± 1 standard deviation. The graphs are plotted on 565 

a logarithmic scale for ease of interpretation. *, # and +  represent P value, comparing the abundance 566 

of each TRPC1 and TRPC6 in bovine infundibulum, ampulla and isthmus  epithelial tissue 567 

respectively, obtained from stage 2, 3 and 4 of the estrous cycle to that in the stage 1. Statistical 568 

analysis was carried out using Student's t-test  (* , # and +; p<0.05; ** , ## and ++p<0.01; *** , ### 569 

and +++ p<0.001).  570 
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 571 

Figure 6. The effect of sex hormones on the gene expression of TRPC1 (A) and TRPC6 (B) 572 

throughout the estrous cycle. The expression of both TRPC1 and TRPC6 in BOECs harvested from 573 

oviducts at stages 1, 2, 3 and 4 of the estrous cycle was altered by each of the sex hormones 574 

individually and combined. (A) However, combination of E2/P4 and P4/FSH/LH did not induce any 575 

significant effect on the expression of TRPC1 in stage 3 BOECs. (B) At stage 2 and 3, expression of 576 

TRPC6 was altered in BOECs treated with each of the sex hormones individually, with the exception 577 

of E2, and their combination. The graphs are plotted on a logarithmic scale for ease of interpretation. 578 

Changes induced in gene expression in BOECs are expressed as a fold of that of the untreated 579 

BOECs. Data are expressed as mean 3 experiments (n=3) ± 1 standard deviation. (*/#/+/^ = p<0.05; 580 

**/##/++/^^ = p<0.01; ***/###/+++/^^^ = p<0.001).(C) Effect of sex hormones on TRPC1 and 581 

TRPC6 protein expression in BOECs. Protein expression level of TRPC1 and TRPC6 was altered by 582 

E2, FSH and LH, P4 and the mixture of E2, FSH, LH and P4 individually and combined compared to 583 

the untreated BOECs (n=1). E2: Estrogen; P4: Progesterone.  584 
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 585 

Figure 7. Calcium mobilisation in oviduct epithelial cells. A shows a representative trace of 586 

intracellular calcium concentration, which is an average signal of a 96 well, induced by Hyperforin 587 

followed by SKF96365 in BOECs harvested from tissue throughout the estrous cycle. (* and #  588 

represent the P value, comparing the changes in calcium influx induced by Hyperforin and SKF96365 589 

respectively, at different stage of the estrous cycle to the stage 1 in BOECs.). B is a representative 590 

trace of intracellular calcium concentration, which is an average signal of a 96 well,  induced by 591 

SKF96365 (* and #  represent the P value, comparing the changes in calcium influx induced by 592 

SKF96365 and Hyperforin post SKF96365 treatment respectively,  at different stages of the estrous 593 

cycle to the intracellular calcium level before the treatment in BOECs.) C shows depleting the 594 

intracellular calcium store using DBQ enhanced the inhibitory effect of SKF96365 on TRP channels 595 

present in BOECs throughout the estrous cycle (* indicates the P value comparing the effect of 596 

SKF96365 on calcium influx at stage 2, 3 and 4 relative to that of the stage 1 of the estrous cycle). 597 

Figures 7D, 7E and 7F show mean changes in calcium influx All data are expressed as a mean of 6 598 

experiments (n=6) ± 1 standard deviation. Statistical analysis was carried out using Student's t-test (* 599 

= p<0.05; ** = p<0.01; *** = p<0.001). ZeroCa2+: Zero Calcium; Ca2+: Calcium; Hyper: 600 

Hyperforin; SKF: SKF96365; DBQ: 2.5-Di-t-butylhydroquinone. 601 

 602 

Supplemental data legend 603 
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 604 

Supplemental Figure 1.  TRPC isofoms expressed in bovine oviduct epithelium. PCR Products 605 

eletrophoresed on a 2% agarose gel, indicating positive expression of TRPC 1, 2, 3, 4 and 6 in bovine 606 

oviduct tissue. Expression of TRPC5 and TRPC7 was not detected.  PCR products were loaded on the 607 

gel as following: lane 1; β actin (100 bp), lane 2; TRPC1 (232 bp), lane 3; TRPC2 (233bp), lane 4; 608 

TRPC3 (244 bp), lane 5; TRPC4 (227 bp), lane 6 ; TRRPC5 (179 bp), lane 7; TRPC6 (183 bp), lane 609 

8; TRPC7 (168 bp) and lane 9; Cytokeratin18 (181 bp).  610 

 611 

Supplemental Table 1. Primers used for TRPCs gene detection in bovine oviduct epithelium using 612 

conventional PCR 613 

 614 

Supplemental Table 2. Primers used in RT- qPCR reaction for detecting the changes in TRPC genes 615 

expression in bovine oviduct epithelium. The RT-q PCR conditions consisted of 95°C for 10 minutes 616 
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followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute and a cycle of melt curve consisted 617 

of 95°C for 15 seconds, 60ºC for 1minutes and 95°C for 15 seconds. 618 

 619 

Supplemental Table 3. (A) Effect of sex hormones on TRPC1 gene expression in BOECs throughout 620 

the estrous cycle. n=3; No significant changes:- ; Fold change: f ; E2: Estrogen; P4: Progesterone. (B) 621 

Effect of sex hormones on TRPC6 gene expression in BOECs throughout the estrous cycle. n=3; No 622 

significant changes: - ; Fold change: f  ; E2: Estrogen; P4: Progesterone.   623 

 624 


