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Abstract 16 

Chlamydia trachomatis infection is a primary cause of reproductive tract diseases including 17 

infertility. Previous studies showed that this infection alters physiological activities in mouse 18 

oviducts. Whether this occurs in the uterus and cervix has never been investigated. This study 19 

characterized the physiological activities of the uterine horn and the cervix in a Chlamydia 20 

muridarum (Cmu) infected mouse model at three infection time-points 7-, 14- and 21 days 21 

post infection (dpi). Cmu infection significantly decreased contractile force of spontaneous 22 

contraction in the cervix (7- and 14dpi; P<0.001 and P<0.05, respectively) but this effect was 23 

not observed in the uterine horn. The responses of the uterine horn and cervix to oxytocin 24 

were significantly altered by Cmu infection at 7dpi (P<0.0001), but such responses were 25 

attenuated at 14- and 21dpi. Cmu infection increased contractile force to prostaglandin 26 

(PGF2α) by 53-83% in the uterine horn. This corresponded with the increased messenger 27 

ribonucleic acid (mRNA) expression of Ptgfr that encodes for its receptor. However, Cmu 28 

infection did not affect contractions of the uterine horn and cervix to PGE2 and histamine. 29 

The mRNA expression of Otr and Ptger4 were inversely correlated with the mRNA 30 

expression of Il1b, Il6 in the uterine horn of Cmu-inoculated mice (P<0.01 – P<0.001), 31 

suggesting that the changes in the Otr and Ptger4 mRNA expression might be linked to the 32 

changes in inflammatory cytokines. Lastly, this study also showed a novel physiological 33 

finding of the differential response to PGE2 in mouse uterine horn and cervix.   34 

  35 
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Introduction 36 

Chlamydia trachomatis infection is the most frequently reported sexually transmitted 37 

infection in western countries (19, 27, 42). The disease causes clinically important 38 

morbidities and causes significant financial burden to individuals and healthcare services (76). 39 

This infection is easily curable with antibiotics, but the majority of patients are often 40 

asymptomatic, thus, leaving the infection untreated (37). Subsequently, ascension of the 41 

bacteria into the upper reproductive tract occurs and cause serious complications that affect 42 

reproductive tract function. Pelvic inflammatory disease, infertility, ectopic pregnancy and 43 

chronic pelvic pain (13, 70) are often the result of chronic and recurrent Chlamydia infections 44 

(39, 62) . There is also a strong link between Chlamydia trachomatis reproductive tract 45 

infection on pre-term birth and miscarriage (2, 3, 58, 61). A better understanding of the 46 

processes that lead to the development of Chlamydia-associated pathologies, in particular its 47 

effects on reproductive tract function, is required.    48 

In pre-clinical models, Chlamydia infection disrupts the pace-making activity of the 49 

mouse upper reproductive tract (i.e. oviducts), thus, affecting spontaneous contraction of 50 

these tissues (25, 26). This disrupted motility is a potential contributor to tubal infertility. 51 

Whether this extends to the lower region of the female reproductive tract is unknown. Like 52 

oviducts, the uterus and cervix contract spontaneously in the non-pregnant state in human and 53 

mouse (14, 15, 24, 36). Importantly, spontaneous contraction in the human female 54 

reproductive tract is believed to play an essential role in maintaining fertility. Although the 55 

exact functions of these contractions have not been fully elucidated, what is already known is 56 

that they help oocyte propulsion and menstrual shedding (43), sperm transportation (67) and 57 

perhaps the transportation or shedding of pathogens.  58 

Apart from spontaneous contraction, smooth muscles along the female reproductive 59 

tract are also responsive to endocrine, paracrine and neuronally released signalling molecules. 60 
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For example, the hormone oxytocin, which is the prominent stimulant in the female 61 

reproductive tract, increases uterine (23, 34, 35, 64), cervical and vaginal motility (36). 62 

During parturition, increased expression of the oxytocin receptor along the female 63 

reproductive tract is essential for heightened uterine contraction during labour (65). 64 

Prostaglandin signalling is also recognized in modulating uterine motility (20). Of all the 65 

subtypes of prostaglandins, only PGF2α and PGE2 are known to modulate motility in the 66 

female reproductive tract (56, 68). These prostaglandins are also associated with pain in 67 

dysmenorrhea (38). In addition, mast cell mediators such as histamine, also modulate smooth 68 

muscle contractions along the female reproductive tract (69). Importantly, these mediators are 69 

essential in regulating smooth muscle contractions during parturition (49).  70 

In other viscera, notably the bladder and bowel, inflammation or infection are known 71 

to alter smooth muscle functions. This occurs in inflammatory bowel disease (53, 79), 72 

ulcerative colitis (48), interstitial cystitis (21), urinary tract infection (74) and cystic fibrosis 73 

(33). Inflammatory mediators can exert their effects by directly acting on smooth muscle cells. 74 

They can also stimulate the release of mediators from mast cells that have profound effects 75 

on smooth muscle function (63). In addition, these inflammatory mediators may also modify 76 

the sensitivity of smooth muscle cells to endogenous mediators by altering the expression of 77 

certain receptors (45). Evidence from preterm and term deliveries suggest that parturition is 78 

regulated by a series of inflammatory processes because inflammatory neutrophils and 79 

macrophages are observed in the uterus, decidua and cervix in both clinical and pre-clinical 80 

models during labour (32, 50). These immune cells, along with mast cells and chemokines, 81 

coordinate the timely contraction of the uterus, cervical ripening and dilation and rupture of 82 

the foetal membrane during parturition (1, 28, 32, 50). Chlamydia infection induces 83 

immunological alterations in the female reproductive tract (6, 8, 9, 29) but whether these 84 

affect physiological functions remain unknown.  85 
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It is now increasingly acknowledged that infection changes microbiota composition 86 

(11, 22) in the infected region and may alter the physiological function of an organ (4, 30). 87 

Evidence demonstrates that alterations in gut microbiota may lead to smooth muscle motility 88 

dysfunction (30, 66). The alteration in gut microbiota is also suggested to be a factor causing 89 

slow transit constipation (30, 55). The host and microflora interactions are essential in 90 

maintaining organ health and any alteration in the microbiota composition may disrupt this 91 

homeostasis. The changes in bacterial substances or end products of bacterial fermentation 92 

may change the immune response and neuroendocrine factors which in turn affect the 93 

physiological functions of the organ (4, 30). Chlamydia infection does not only alter the 94 

immunological response (8, 29, 44), it is also suggested to change the microbiota composition 95 

in the cervicovaginal region (4, 11). The collective evidence of alterations caused by 96 

Chlamydia infection suggest there could be a change in the physiological function of the 97 

uterus and cervix. Therefore, we compared smooth muscle contraction of mouse uterine horn 98 

and cervix in Chlamydia infection at three time-points. We also assessed the relationship 99 

between mRNA expression for receptors involved in smooth muscle contraction with 100 

inflammatory cytokines following infection.  101 

  102 
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Materials and Methods 103 

Ethics Statement 104 

All procedures were conducted in accordance with the Australian Code for the Care and Use 105 

of Animals for Scientific Purposes 8th Edition (2013) as endorsed by the National Health and 106 

Medical Research Council (NHMRC), the Australian Research Council, the Commonwealth 107 

Scientific Industrial Research Organisation and Universities Australia. All protocols were 108 

approved by The University of Newcastle Animal Care and Ethics Committee (A-2011-109).  109 

 110 

Mice 111 

Naïve specific pathogen-free female wild-type C57BL/6 mice of reproductive age (3 – 7 112 

months old; weighed 20-35g) were obtained from the Australian BioResources (Moss Vale, 113 

NSW, Australia) and housed 4 mice per cage in individually ventilated cages. Each cage was 114 

equipped with autoclaved corn cob bedding and a shelter, nesting paper, paper coils and a 115 

wooden tongue depressor for environmental enrichment. Mice were maintained on a 12-hour 116 

light-dark cycle in a room with controlled temperature (22 ± 2 °C) and humidity (30-117 

70%). They were fed ad libitum with autoclaved standard rat and mouse cubes (Specialty 118 

Feeds, WA, Australia) and water throughout the experimental period. Mice acclimatised for 119 

at least 5 days prior to experimentation. Before the mice were assigned into groups, they were 120 

monitored for general signs of health and well-being and therefore represented the uniform 121 

population. All treated mice were monitored daily for clinical signs of disease as part of the 122 

approved protocol. Intervention by veterinary treatment or euthanasia was indicated by the 123 

development of signs of severe disease. There were no animal deaths or interventions 124 

required as a result of our protocol. Their weight, appearance and behaviour were within 125 

normal parameters prior to being assigned to groups. All mice were euthanised by 126 

pentobarbital (Virbac, Australia) overdose at the end of the treatment period.  127 
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 128 

Mouse treatments 129 

To replicate Chlamydia reproductive tract infection in human, we infected mice 130 

intravaginally with Chlamydia muridarum (Cmu) (52). This is a natural mouse pathogen that 131 

induces upper reproductive tract inflammation and pathology, characterized by the 132 

development of hydrosalpinx, similar to human C. trachomatis reproductive tract infection (6, 133 

9, 29, 52). At day 1, animals were subcutaneously injected with medroxyprogesterone acetate 134 

(PROVERA®, Pfizer, Australia; 2.5 mg in 200 µL saline) under isoflurane anaesthesia to 135 

ensure all mice were in the diestrus stage of their estrous cycle (6, 9, 29). At day 8, mice were 136 

allocated into two groups: sham-inoculated or Cmu-inoculated. Mice in the Cmu-inoculated 137 

group were infected by intravaginal inoculation of 5 × 104 inclusion forming units of Cmu 138 

(ATCC VR-123) in 10 µL sterile sucrose phosphate glutamate (SPG) buffer; while the sham-139 

inoculated mice were intravaginally inoculated with 10 µL of SPG buffer alone. All mice 140 

were under ketamine-xylazine anaesthesia (Troy Laboratories, Australia; 80 mg/kg:5 mg/kg 141 

IP; Ilium Ketamil® and Ilium Xylazil-20®) during the procedure. SPG buffer was used as the 142 

vehicle as it maintains viability of Chlamydia (6, 9, 29). Mice were monitored daily for 7-,14- 143 

and 21 days post-infection (dpi). Mice were sacrificed at the end of respective time-point by 144 

sodium pentobarbitone (Lethabarb, Virbac, Australia) overdose, and vaginal lavages were 145 

collected for estrous cycle stage confirmation as previously described (29, 36). The left 146 

uterine horn was dissected out, trimmed of visceral fat, snap-frozen in liquid nitrogen and 147 

stored at -80C for subsequent quantitative polymerase chain reaction (qPCR). The right 148 

uterine horn and cervix were placed in chilled physiological saline solution (PSS, 120 mM 149 

NaCl, 5 mM KCl, 2.5 mM CaCl2, 2 mM MgCl2, 25 mM NaHCO3, 1 mM NaH2PO4 and 10 150 

mM glucose; gas with 95% O2 and 5% CO2). 151 

 152 
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Measurement of cross-sectional area of oviducts 153 

The height and width of both oviducts were measured using a calliper and the cross-sectional 154 

area was calculated. Higher cross-sectional area indicates swelling of the oviducts. 155 

Development of hydrosalpinx and swelling of the oviducts indicate fluid accumulation which 156 

is caused by scarring and blockage of the oviducts and is one of the key pathological features 157 

of Chlamydia infections. Hydrosalpinx is the result of immune cell infiltration and 158 

inflammation (5, 18, 77). We have used measurement of hydrosalpinx to identify the 159 

development of Chlamydia-associated pathology in our model. 160 

 161 

Preparation of myometrial and cervical strips 162 

The detailed anatomy of our isolated preparations have been previously outlined relative to 163 

smooth muscle actin ((36); see also (78)). Right uterine horns were trimmed of connective 164 

tissue and opened along the mesometrial border. A uterine strip of 1 cm in length measured 165 

from the end of oviduct was prepared. Uterine strips were tied at both ends with thread that 166 

was subsequently attached to a hook at the base of the 4 mL tissue bath and a tension 167 

transducer (Grass FT03) respectively. For cervical preparations, tissue immediately caudal to 168 

the bicollis uterus was transected adjacent to the vaginal canals. The cervical incision was 169 

made at the anterior fornix and extended longitudinally towards the uterine horns. The tubular 170 

cervix was then uncoiled into a rectangular strip. Due to the firmer nature of the cervix tissue 171 

piercings were made near the cut edge with a 30G needle. String was then looped through the 172 

puncture and tissue was suspended in the tissue bath so the direction of force would be in 173 

similar direction to a dilating cervix. Tissues were then equilibrated at tension of 10 mN 174 

(cervix) and 5 mN (uteri) for 30 min in PSS at 37C before being challenged with 60 mM 175 

KCl (potassium chloride). Spontaneous contractions were recorded as previously described 176 

(36). At the end of the experiment, tissues were blotted dry and wet weight measured. 177 
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Cervices were kept in RNAlater® (Thermo Fisher Scientific, Scoresby, VIC, Australia), 178 

stored at 4℃ overnight, and finally stored at -80℃ until RNA extraction was performed for 179 

subsequent qPCR reaction.  180 

 181 

Contractile activity  182 

Contractile force was assessed by measuring peak amplitude relative to 60 mM KCl corrected 183 

for wet weight and expressed as %KCl while frequency of contractions were expressed as 184 

number of contractions per 5 minutes as outlined in (36). 60 mM KCl acted as the internal 185 

control for contractile force as it was not affected by Cmu infection in both cervix and uterine 186 

horns at the three time-points (Fig S1 -  DOI: 187 

https://doi.org/10.6084/m9.figshare.10317068.v1). Each tissue was equilibrated for 30 min 188 

before stimulation with 60 mM KCl (~2 min). Following KCl stimulation preparations were 189 

left for a further 30 minutes to determine baseline contractility before application of drugs. 190 

Oxytocin, PGF2α and PGE2 (Cayman Chemical, Ann Arbor, USA) were dissolved in 191 

dimethyl sulfoxide (DMSO). The final concentration of DMSO did not exceed 0.001%. 192 

Histamine (Sigma Aldrich, Missouri, USA) was dissolved in milli-Q water. 193 

Cumulative oxytocin dose responses were obtained by adding increasing 194 

concentrations into the organ bath every 5 min. In separate experiments, PGF2α (1 µM and 3 195 

µM), PGE2 (1 µM) and histamine (1 mM) were tested. The concentration for each mediator 196 

was based on previous studies (17, 54, 59). Each mediator was applied for 5 min before 197 

wash-off. Tissues were washed 3-5 times before the next drug was added. At the end of the 198 

experiment, tissues were contracted with 60 mM KCl again to ensure tissue viability. The 199 

contractile force was extracted using automated quantification in LabChart 8 Reader 200 

(ADInstruments, Australia) and averaged over 5 min. 201 
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The change in contractile force of the spontaneous contractions evoked by PGF2α, 202 

PGE2 and histamine (∆ %KCl) was compared between the sham- and Cmu-inoculated mice.  203 

. 204 

RNA isolation, reverse-transcription PCR (RT-PCR) and qPCR 205 

Frozen tissues were thawed and squeezed dry of RNAlater®. Tissues were then homogenized 206 

in 500 µL of TRIzol® (Invitrogen, Mount Waverly, VIC, Australia) using a Tissue-Tearor 207 

stick homogenizer (BioSpec Products, Bartesville, OK) on ice. Total RNA was extracted 208 

according to the manufacturer’s instructions (TRIzol®, Invitrogen, Mount Waverly, VIC, 209 

Australia) (6, 9, 29) and was treated with DNase (Sigma-Aldrich). The end-product was 210 

reverse-transcribed to cDNA using M-MLV Reverse Transcriptase (Life Technologies, 211 

Thermo Fisher Scientific) and random hexamer primers (Bioline, Alexandria, NSW, 212 

Australia) in a T100™ Thermal Cycler (BioRad). qPCR was performed on a CFX384 Touch 213 

Real-Time PCR Detection System (Bio-Rad, Gladesville, NSW, Aus) using SYBR reagents 214 

(KAP Biosystems, MA, USA) and custom designed primers specific for Cmu ribosomal 16S 215 

rRNA; the inflammatory markers, Stat1, Stat6, Ifng, Cxcl1, Cxcl2, Il10, Mmp9, Il1b, Il6, 216 

Cxcl15, Tnfa; oxytocin receptor, Otr; and prostaglandin receptors, Ptgfr, Ptger1, Ptger2, 217 

Ptger3 and Ptger4. mRNA expression was calculated using 2-Ct relative to the reference 218 

gene hypoxanthine-guanine phosphoribosyl-transferase (Hprt) and expressed as relative 219 

expression. Primers used in this study are reported in Table 1.  220 

 221 

Statistical Analysis 222 

Tests for normality were performed on all data using Statistical Package for the Social 223 

Science v24 software (SPSS Inc., Chicago, IL, USA). GraphPad Prism Software v8 (San 224 

Diego, CA) was subsequently used for statistical analyses. All data are presented as means  225 

standard error of the mean (S.E.M.), with n representing the numbers of individual tissues 226 
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from different mice. Statistical significance was set at P<0.05. Statistical significance for 227 

comparisons between two groups was determined using either unpaired t-test for parametric 228 

data or Mann-Whitney U test for non-parametric data. Dose-response curves were fitted 229 

using Nonlinear Regression – log(agonist) vs. response (three parameters) model from 230 

GraphPad Prism v8, as previously described (47). Comparison of Fits under the Nonlinear 231 

Regression model was used for the comparison of best-fit curves, where the bottom plateau, 232 

EC50, and top plateau of best-fit curves was compared between sham- and Cmu-inoculated 233 

data. For comparison of changes in mRNA expression of inflammatory markers versus 234 

receptors, a Spearman’s correlation analysis of multi-variables was performed using 235 

GraphPad Prism v8 (San Diego, CA). Correlation coefficients r (rho) range from -1 to +1. 236 

Values lesser than 0 indicate an inverse relationship and values larger than 0 show a positive 237 

relationship. Significance level of P<0.05 indicates the two variables are significantly 238 

correlated.  239 

  240 
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Results: 241 

Pathology of Cmu infection 242 

We first confirmed productive Cmu infection in the upper reproductive tract by 243 

quantifying Cmu ribosomal 16S rRNA in the uterine horn. The presence of 16S rRNA 244 

indicates active infection (6). There was no 16S rRNA expression in sham-inoculated uterine 245 

horns while 16S rRNA was detected in the uterine horn of all Cmu-inoculated mice at 7-, 14- 246 

and 21dpi (Fig 1A). The highest bacterial load (peak infection) of 16S rRNA was observed at 247 

7dpi. Higher cross-sectional area was also observed in both the oviducts of Cmu-inoculated 248 

mice compared to the sham (Fig 1B and C), confirming the successful development of 249 

pathology in our model. As noted in previous studies (6, 8, 9, 29), Cmu infection significantly 250 

increased inflammatory cytokines in the uterine horn (Fig 2) and cervix (Fig 3) at all three 251 

time-points. 252 

 253 

Cmu reduced spontaneous contraction in the cervix but not in the uterine horn  254 

 Relative to 60 mM KCl contractions, spontaneous contractions were unaffected in the 255 

uterine horn of Cmu-inoculated mice at three time-points (Fig 4A – E). In contrast, 256 

spontaneous contraction in the cervix was reduced by 45.4% and 49.7% at 7- and 14dpi, 257 

respectively (Fig 4F - I). However, this phenomenon was restored to sham levels at 21dpi 258 

(Fig 4I). Contractile frequency of the cervix was not affected by Cmu infection at any time-259 

point post infection (Fig 4J).  260 

 261 

Effects of Cmu infection on mediator-induced contractions  262 

Oxytocin 263 

Cmu infection altered uterine and cervical contractions to oxytocin at the early infection 264 

time-point 265 
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In parallel with the study by Gravina and co-workers (36), oxytocin modified uterine 266 

contractile force and frequency in mice (Fig 5A, D and G). To investigate the effects of Cmu 267 

infection on the uterine contractions to oxytocin, best-fit dose-response curves were 268 

compared between the sham- and Cmu-inoculated mice. A significant decrease in both the 269 

contractile force and frequency to oxytocin in Cmu-inoculated mice was observed at 7dpi 270 

(Fig 5B). Despite the decrease in uterine response to oxytocin, there was no significant 271 

change in the EC50 of oxytocin between the two groups (EC50 - 32.3±1.4 nM in sham-272 

inoculated; 42.4±1.9 nM in Cmu-inoculated; P=0.65).  273 

To further investigate the reason for the decreased uterine contractions to oxytocin at 274 

7dpi, we compared the mRNA expression of the oxytocin receptor – Otr in the uterine horn 275 

between the two groups. The Otr expression was significantly decreased in the Cmu-276 

inoculated uterine horns at 7dpi (Fig 5C), while Otr expression remained unchanged at 14- 277 

(Fig 5F) and 21dpi (Fig 5I).  278 

 279 

Cmu infection increased contractile force of the cervix to oxytocin at the early infection 280 

time-point 281 

In contrast to the uterine horn, a significant increase in contractile force to oxytocin 282 

was observed in the cervix of Cmu-inoculated mice at 7dpi (Fig 6A and B) but contractile 283 

frequency was not affected by Cmu infection. The EC50 in the two groups was also unaffected 284 

(EC50 – 2.0±0.3 µM in sham-inoculated; 1.3±0.2 µM in Cmu-inoculated; P=0.75). The 285 

response of cervix to oxytocin in Cmu-inoculated mice was not significantly different to 286 

sham levels at 14 and 21dpi (Fig 6E and H).  287 

In a separate cohort of mice, we found that 14dpi Cmu infection decreased mRNA 288 

expression of Otr in the cervix (refer to Fig 6F). However, there was no change in Otr 289 

expression in the cervix of Cmu-inoculated mice at 7- and 21dpi (Fig 6C and I).  290 
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 291 

Prostaglandins - PGF2α and PGE2 have differential effects on the cervix and uterine 292 

horn 293 

PGE2 elicited a differential response in the cervix and uterine horn 294 

Notably, we observed opposing responses elicited by PGE2 in both the uterine horn 295 

and cervix. PGE2 decreased contractile force in the uterine horn (Fig 7A) while it increased 296 

contractile force in the cervix (Fig 7B). To further assess if such differential responses to 297 

PGE2 was due to differences in receptor expression, mRNA expression for PGE2 receptors 298 

was compared between the uterine horn and cervix. The data were pooled from only sham-299 

inoculated mice of 7-, 14- and 21dpi, and the comparison was made between the cervix and 300 

uterine horn. Other than Ptger1, the cervix generally showed lower mRNA expression of 301 

receptors – Ptgfr, Ptger2, Ptger3 and Ptger4 (Fig 7C; n=24-29; Mann-Whitney U test; 302 

P<0.0001) compared to the uterine horn. Interestingly, Ptger2 expression was very low in the 303 

cervix compared to the uterine horn (relative expression of Ptger2 in the cervix – 304 

0.002±0.0004; uterine horn – 0.05±0.008).  305 

 306 

Cmu infection increased uterine contraction to PGF2α 307 

To investigate the effects of Cmu infection on the response to prostaglandins, PGF2α 308 

and PGE2, we compared uterine contractions between sham-inoculated and Cmu-inoculated 309 

mice. Cmu infection did not alter uterine contraction to PGF2α at 7dpi (Fig 8A and S2) but it 310 

significantly increased uterine contractile force at 14- (Fig 8C) and 21dpi (Fig 8E). We then 311 

compared the mRNA expression of PGF2α receptors – Ptgfr, Ptger3 and Ptger4 between the 312 

two groups. At 7dpi, the mRNA expression of Ptgfr, Ptger3 and Ptger4 were significantly 313 

lower in the uterine horn of Cmu-inoculated mice compared to sham (Fig 8B). At 14dpi, a 314 

significant higher expression of Ptgfr was observed in the uterine horn of Cmu-inoculated 315 
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mice. Also, at 14dpi, Ptger4 mRNA expression in the uterine horn was significantly 316 

decreased by Cmu infection (Fig 8D). Cmu infection also significantly increased Ptgfr 317 

mRNA expression in mouse uterine horn at 21dpi but did not alter the mRNA expression of 318 

Ptger3 and Ptger4 (Fig 8F).  319 

 320 

Cmu infection did not alter cervical response to PGF2α 321 

PGF2α induced contraction in the cervix of sham- and Cmu-inoculated mice (Fig S3 - 322 

DOI: https://doi.org/10.6084/m9.figshare.10317068.v1) at 7-, 14- and 21dpi. However, 323 

there was no significant difference in the cervical contraction to PGF2α between the sham- 324 

and Cmu-inoculated mice (Table 2).  325 

 326 

PGE2 327 

Cmu infection did not alter cervical and uterine contraction to PGE2 328 

The effects of Cmu infection on the cervical and uterine contractions to PGE2 were 329 

also investigated. Cmu infection did not alter physiological response of both the organs to 330 

PGE2 at all infection time-points (Tables 2 and 3).  331 

 332 

Histamine 333 

Cmu infection did not alter cervical and uterine contractions to histamine 334 

Histamine is one of the mediators released during mast-cell degranulation and it is 335 

also a potent modulator of smooth muscle contraction along the female reproductive tract (16, 336 

59). Thus, the effects of Cmu infection on the cervical and uterine contractions to histamine 337 

were also investigated. The cervical and uterine contractions to histamine were not different 338 

between the sham- and Cmu-inoculated mice at 7-, 14- and 21dpi time-points (Tables 2 and 339 

3). 340 
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 341 

Correlation of cytokines with receptor mRNA expression in the uterine horn 342 

Because Cmu infection significantly altered uterine contractions to mediators, we next 343 

explored the relationship between cytokines and related receptors in the uterine horn, 344 

specifically the relationship between Il1b, Il6, Cxcl15 (analogue of human Il8 (46)) and Tnfa 345 

mRNA relative expression levels versus Otr, Ptgfr and Ptger4 mRNA relative expression 346 

levels. These cytokines are known to modulate female reproductive tract contraction (1) and 347 

their mRNA was also significantly increased in the uterine horn of Cmu-inoculated mice (Fig 348 

2 and Fig 3). We combined the data of Cmu-inoculated uterine horn from the three time-349 

points for Spearman’s correlation analysis. In our model, Otr was inversely correlated with 350 

Il1b and Il6 mRNA in the uterine horn (Fig 9; n=23; Spearman’s correlation; **P<0.01). 351 

Similarly, Ptger4 was also inversely correlated with Il1b and Il6 mRNA in the uterine horn 352 

(Fig 9; n=23; Spearman’s correlation; **P<0.01, ***P<0.001). There was no significant 353 

correlation between Ptgfr mRNA and the selected cytokines (Fig 9). 354 

  355 
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Discussion and Conclusion 356 

It has long been recognized that Chlamydia reproductive tract infections in women 357 

elicit a range of immunological responses in infected areas (40). Despite the alarming 358 

increase in Chlamydia reproductive tract infections, we do not know how these 359 

immunological changes affect the physiological functions of the female reproductive tract. 360 

Previous studies in mice showed that Chlamydia infection causes loss of pace-making ability 361 

in the oviduct, and this eventually impedes the transportation of the oocyte to the uterus (25, 362 

26). However, no studies have asked whether sexually transmitted infection-associated 363 

pathology extends to the uterus or the lower reproductive tract. Here, we focused on the 364 

uterine horn and cervix, as these organs are the main routes for microbe ascension that lead to 365 

subsequent complications (67).  366 

 Cmu infection did not affect spontaneous contractions in the uterine horn, indicating 367 

that smooth muscle pace-making property was not affected. In contrast, Cmu infection 368 

reduced the force of spontaneous contractions in the cervix during early infection time-points 369 

(7- and 14dpi) when the Cmu load was high, but not at 21 days when Cmu load was reduced. 370 

This suggests that there might be an association between the Cmu load and smooth muscle 371 

motility. Although the mechanisms underlying this correlation are unclear, findings in the 372 

gastrointestinal tract demonstrated the association of changes in microbiota with disrupted 373 

smooth muscle function. Whether a similar mechanism occurs in the reproductive tract 374 

remains to be determined (4, 11, 22, 57). Also, we cannot discount the possibility that force 375 

changes are a secondary consequence of oedema within the connective tissue that the muscle 376 

fibres connect with (51, 71).  377 

The responses of the uterine horn and cervix to oxytocin - the prominent stimulant for 378 

female reproductive tract motility, were also studied. Interestingly, oxytocin evoked an 379 
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increase in both baseline tone and contractile frequency in the uterine horn but only evoked 380 

an increase in contractile frequency in cervix.  381 

We next compared the uterine contractions to oxytocin between the sham- and Cmu-382 

inoculated mice and showed that Cmu infection significantly reduced contraction of the 383 

uterine horn to oxytocin at early infection (7dpi). This was concomitant with a significant 384 

decrease in the Otr mRNA expression. However, at 14dpi and 21dpi, Cmu infection did not 385 

affect oxytocin evoked uterine contraction or the mRNA expression of Otr. This suggests that 386 

the response of uterine horn to oxytocin may only be affected in acute Cmu infection. The 387 

cervical contractions to oxytocin between the sham- and Cmu-inoculated mice were also 388 

compared. At 7dpi, the EC50 of oxytocin in the cervix was not different between Cmu- and 389 

sham-inoculated mice, and there was no difference in the Otr mRNA expression. While the 390 

maximum contraction of oxytocin relative to spontaneous contraction at 7dpi was increased 391 

in Cmu-inoculated cervix, this was more due to the reduced contractile force in spontaneous 392 

contraction than the increased total force to oxytocin. At 14dpi, Cmu infection did not affect 393 

the amplitude of the cervical contractions to oxytocin even though Otr mRNA expression 394 

was significantly decreased. Presumably post-transcriptional receptor expression is 395 

maintained (72) or downstream pathways are amplified that compensate for any decrease in 396 

receptor expression (12, 41).  397 

Cmu infection increased contractile force to PGF2α and the mRNA expression of 398 

Ptgfr, which encodes FP receptor, in the uterine horn at 14- and 21dpi. At 14dpi, there was 399 

also a marked decrease in the mRNA expression of Ptger4 encoding the EP4 receptor in the 400 

uterine horn. PGF2α induces contraction via FP receptor while the binding of PGF2α to EP4 401 

receptor mediates smooth muscle relaxation (10). Therefore, at 14dpi, both the potential 402 

increase in FP receptors and decrease in EP4 receptors would result in increased contractile 403 

force to PGF2α. On the other hand, at 7dpi, the uterine contractions to PGF2α was not 404 
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affected by Cmu infection despite the change in receptor mRNA expression. This further 405 

underscores the limitations of extrapolating changes in mRNA expression with physiological 406 

function (12, 72).  407 

While Cmu infection did not change the responses of the uterine horn or cervix to 408 

PGE2, one striking observation is that PGE2 exerted opposing effects on these tissues in mice 409 

in diestrus phase of the estrous cycle. PGE2 abolished spontaneous contractions in the uterine 410 

horn but induced contractions in the cervix. We also discovered differential mRNA 411 

expression for genes encoding EP receptors between cervix and uterine horn. Specifically, 412 

Ptger2 mRNA was expressed at extremely low levels in the cervix compared to the uterine 413 

horn of C57BL/6 mice. Given the EP2 receptor is linked to smooth muscle relaxation, the 414 

differential response to PGE2 in the uterine horn and cervix is perhaps not surprising. This is 415 

the first study to demonstrate a differential physiological response to PGE2 in mouse cervix 416 

and uterine horn. Further investigation into physiological function by using receptor blockers 417 

will strengthen this finding.  418 

Our results suggest that inflammation subsequent to Chlamydia infection drives 419 

changes in receptor expression or downstream signalling pathways. We found that Il6 and 420 

Il1b mRNA expression was inversely correlated with the mRNA expression of Otr and 421 

Ptger4 in the uterine horn. Several studies have implicated Il6 with changes in Otr receptors. 422 

There are several Il response elements, including nuclear factor (NF)-Il6, which flanks both 423 

rat Otr and human OTR promoter regions (60, 80). Our findings were in line with a study 424 

conducted by Schmid and co-workers on human myometrial cells, where Il1b and Il6 425 

negatively regulated Otr gene expression (60). However, Fang and co-workers showed that 426 

there was no correlation between Il6 and Otr in non-pregnant rat uterine tissue (28). 427 

While our data shed light on altered physiology in the non-pregnant reproductive tract, 428 

extrapolations to pregnancy must be made with caution. We have previously shown that 429 
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cervix contractility is changed in late pregnancy compared with the non-pregnant state (36). 430 

Interestingly miscarriage is one of the complications associated with Chlamydia infections (2, 431 

7, 31, 75). How this might relate to altered smooth muscle function requires future 432 

investigation (73, 75). 433 

We have shown for the first time that Chlamydia infection can change smooth muscle 434 

motility in the female reproductive tract. Furthermore, Cmu infection differentially altered 435 

smooth muscle function and receptor mRNA expression of prostaglandin receptors (Ptgfr, 436 

Ptger2 and Ptger4) in mouse uterine horn compared with cervix. Our results suggest that 437 

Chlamydia-induced changes to reproductive tract physiology need to be extended below the 438 

oviduct to the entire female reproductive tract. 439 

 440 

Acknowledgements 441 

We thank Mr. Peter Dosen for technical training and support for contractility experiment. We 442 

also thank Prof. Robert Callister for providing constructive feedback on manuscript 443 

presentation.  444 

 445 

Grants and funding  446 

LJM is funded by UNIPRS and UNRSC scholarships from The University of Newcastle. The 447 

project is funded by a grant from the National Health and Medical Research Council 448 

(NHMRC) of Australia (#1059242). PMH is supported by Fellowships from the NHMRC. 449 

PMH and JCH are supported by the Brawn Foundation Faculty of Health, University of 450 

Newcastle.  451 

 452 

Disclosure 453 

No conflicts of interest, financial or otherwise, are declared by the authors.  454 



Cmu infection alters uterine and cervical contractions 

21 
 

 455 

Author Contributions  456 

Conceptualization: PJ, JCH  457 

Formal analysis: LJM, PJ  458 

Funding acquisition: JCH, PMH  459 

Investigation: LJM, JRM, JCH, PJ  460 

Methodology: LJM, JRM, AC, HM  461 

Project administration: LJM  462 

Resources: JCH, PMH 463 

Supervision: PJ, JCH  464 

Visualization: LJM, PJ, DVH  465 

Writing – original draft: LJM 466 

   467 



Cmu infection alters uterine and cervical contractions 

22 
 

References 468 

1. Agrawal V and Hirsch E. Intrauterine infection and preterm labor. Seminars in Fetal 469 

& Neonatal Medicine 17: 12-19, 2012. doi: 10.1016/j.siny.2011.09.001. 470 

2. Ahmadi A, Khodabandehloo M, Ramazanzadeh R, Farhadifar F, Roshani D, 471 

Ghaderi E, and Farhangi N. The Relationship between Chlamydia trachomatis Genital 472 

Infection and Spontaneous Abortion. Journal of Reproduction & Infertility 17: 110-116, 2016. 473 

doi: PMC4842232. 474 

3. Ahmadi A, Ramazanzadeh R, Sayehmiri K, Sayehmiri F, and Amirmozafari N. 475 

Association of Chlamydia trachomatis infections with preterm delivery; a systematic review 476 

and meta-analysis. BMC Pregnancy and Childbirth 18: 240, 2018. doi: 10.1186/s12884-018-477 

1868-0. 478 

4. Anahtar MN, Gootenberg DB, Mitchell CM, and Kwon DS. Cervicovaginal 479 

Microbiota and Reproductive Health: The Virtue of Simplicity. Cell Host & Microbe 23: 480 

159-168, 2018. doi: 10.1016/j.chom.2018.01.013. 481 

5. Andrew DW, Cochrane M, Schripsema JH, Ramsey KH, Dando SJ, O’Meara 482 

CP, Timms P, and Beagley KW. The Duration of Chlamydia muridarum Genital Tract 483 

Infection and Associated Chronic Pathological Changes Are Reduced in IL-17 Knockout 484 

Mice but Protection Is Not Increased Further by Immunization. PLoS One 8: e76664, 2013. 485 

doi: 10.1371/journal.pone.0076664. 486 

6. Asquith KL, Horvat JC, Kaiko GE, Carey AJ, Beagley KW, Hansbro PM, and 487 

Foster PS. Interleukin-13 Promotes Susceptibility to Chlamydial Infection of the Respiratory 488 

and Genital Tracts. PLOS Pathogens 7: e1001339, 2011. doi: 10.1371/journal.ppat.1001339. 489 

7. Baud D, Goy G, Jaton K, Osterheld M-C, Blumer S, Borel N, Vial Y, Hohlfeld P, 490 

Pospischil A, and Greub G. Role of Chlamydia trachomatis in miscarriage. Emerging 491 

Infectious Diseases 17: 1630-1635, 2011. doi: 10.3201/eid1709.100865. 492 
8. Beagley KW, Huston WM, Hansbro PM, and Timms P. Chlamydial infection of 493 

immune cells: altered function and implications for disease. Critical Reviews in Immunology 494 

29: 275-305, 2009. doi: 10.1615/critrevimmunol.v29.i4.10. 495 

9. Berry LJ, Hickey DK, Skelding KA, Bao S, Rendina AM, Hansbro PM, Gockel 496 

CM, and Beagley KW. Transcutaneous immunization with combined cholera toxin and CpG 497 

adjuvant protects against Chlamydia muridarum genital tract infection. Infection and 498 

Immunity 72: 1019-1028, 2004. doi: 10.1128/iai.72.2.1019-1028.2004. 499 

10. Blesson CS and Sahlin L. Prostaglandin E and F receptors in the uterus. Receptors & 500 

Clinical Investigation 1, 2014. doi: 10.14800/rci.115. 501 

11. Brotman RM. Vaginal microbiome and sexually transmitted infections: an 502 

epidemiologic perspective. The Journal of Clinical Investigation 121: 4610-4617, 2011. doi: 503 

10.1172/JCI57172. 504 

12. Brozovich FV, Nicholson CJ, Degen CV, Gao YZ, Aggarwal M, and Morgan KG. 505 

Mechanisms of Vascular Smooth Muscle Contraction and the Basis for Pharmacologic 506 

Treatment of Smooth Muscle Disorders. Pharmacological Reviews 68: 476-532, 2016. doi: 507 

10.1124/pr.115.010652. 508 

13. Brunham RC, Gottlieb SL, and Paavonen J. Pelvic inflammatory disease. The New 509 

England Journal of Medicine 372: 2039-2048, 2015. doi: 10.1056/NEJMra1411426. 510 

14. Bulletti C and de Ziegler D. Uterine contractility and embryo implantation. Current 511 

Opinion in Obstetrics and Gynecology 18: 473-484, 2006. doi: 512 

10.1097/01.gco.0000233947.97543.c4. 513 

15. Bulletti C, de Ziegler D, Polli V, Diotallevi L, Del Ferro E, and Flamigni C. 514 

Uterine contractility during the menstrual cycle. Human Reproduction 15 Suppl 1: 81-89, 515 

2000. doi: 10.1093/humrep/15.suppl_1.81. 516 



Cmu infection alters uterine and cervical contractions 

23 
 

16. Bytautiene E, Vedernikov YP, Saade GR, Romero R, and Garfield RE. 517 

Endogenous mast cell degranulation modulates cervical contractility in the guinea pig. 518 

American Journal of Obstetrics and Gynecology 186: 438-445, 2002. doi: 519 

10.1067/mob.2002.120488. 520 

17. Cao J, Shayibuzhati M, Tajima T, Kitazawa T, and Taneike T. In vitro 521 

pharmacological characterization of the prostanoid receptor population in the non-pregnant 522 

porcine myometrium. European Journal of Pharmacology 442: 115-123, 2002. doi: 523 

10.1016/s0014-2999(02)01489-9. 524 

18. Carey AJ, Cunningham KA, Hafner LM, Timms P, and Beagley KW. Effects of 525 

inoculating dose on the kinetics of Chlamydia muridarum genital infection in female mice. 526 

Immunology & Cell Biology 87: 337-343, 2009. doi: 10.1038/icb.2009.3. 527 

19. CDC. Sexually Transmitted Disease Surveillance, 2018. Atlanta, GA: Department of 528 

Health and Human Services, 2018. 529 

20. Chiossi G, Costantine MM, Bytautiene E, Kechichian T, Hankins GDV, Sbrana 530 

E, Saade GR, and Longo M. The effects of PGE1 and PGE2 on in vitro myometrial 531 

contractility and uterine structure. American Journal of Perinatology 29: 615-622, 2012. doi: 532 

10.1055/s-0032-1311986. 533 

21. Chopra B, Barrick SR, Meyers S, Beckel JM, Zeidel ML, Ford APDW, De Groat 534 

WC, and Birder LA. Expression and function of bradykinin B1 and B2 receptors in normal 535 

and inflamed rat urinary bladder urothelium. The Journal of Physiology 562: 859-871, 2005. 536 

doi: 10.1113/jphysiol.2004.071159. 537 

22. Crakes KR and Jiang G. Gut Microbiome Alterations During HIV/SIV Infection: 538 

Implications for HIV Cure. Frontiers in Microbiology 10, 2019. doi: 539 

10.3389/fmicb.2019.01104. 540 

23. Cretoiu SM, Simionescu AA, Caravia L, Curici A, Cretoiu D, and Popescu LM. 541 

Complex effects of imatinib on spontaneous and oxytocin-induced contractions in human 542 
non-pregnant myometrium. Acta Physiologica Hungarica 98: 329-338, 2011. doi: 543 

10.1556/APhysiol.98.2011.3.10. 544 

24. De Ziegler D, Bulletti C, Fanchin R, Epiney M, and Brioschi PA. Contractility of 545 

the Nonpregnant Uterus. Annals of the New York Academy of Sciences 943: 172-184, 2001. 546 

doi: 10.1111/j.1749-6632.2001.tb03801.x. 547 

25. Dixon RE, Hwang SJ, Hennig GW, Ramsey KH, Schripsema JH, Sanders KM, 548 

and Ward SM. Chlamydia infection causes loss of pacemaker cells and inhibits oocyte 549 

transport in the mouse oviduct. Biology of Reproduction 80: 665-673, 2009. doi: 550 

10.1095/biolreprod.108.073833. 551 

26. Dixon RE, Ramsey KH, Schripsema JH, Sanders KM, and Ward SM. Time-552 

Dependent Disruption of Oviduct Pacemaker Cells by Chlamydia Infection in Mice. Biology 553 

of Reproduction 83: 244-253, 2010. doi: 10.1095/biolreprod.110.083808. 554 

27. England PH. Sexually transmitted infections (STIs): annual data tables. In: Sexually 555 

transmitted infections and Chlamydia screening in England: 2017. GOV.UK, 2018. 556 

28. Fang X, Wong S, and Mitchell BF. Effects of LPS and IL-6 on oxytocin receptor in 557 

non-pregnant and pregnant rat uterus. American Journal of Reproductive Immunology 44: 65-558 

72, 2000. doi: 10.1111/j.8755-8920.2000.440201.x  559 

29. Fung KY, Mangan NE, Cumming H, Horvat JC, Mayall JR, Stifter SA, De 560 

Weerd N, Roisman LC, Rossjohn J, Robertson SA, Schjenken JE, Parker B, Gargett 561 

CE, Nguyen HPT, Carr DJ, Hansbro PM, and Hertzog PJ. Interferon-ε Protects the 562 

Female Reproductive Tract from Viral and Bacterial Infection. Science 339: 1088-1092, 2013. 563 

doi: 10.1126/science.1233321. 564 

30. Ge X, Ding C, Zhao W, Xu L, Tian H, Gong J, Zhu M, Li J, and Li N. 565 

Antibiotics-induced depletion of mice microbiota induces changes in host serotonin 566 



Cmu infection alters uterine and cervical contractions 

24 
 

biosynthesis and intestinal motility. Journal of Translational Medicine 15: 13, 2017. doi: 567 

10.1186/s12967-016-1105-4. 568 

31. Giakoumelou S, Wheelhouse N, Cuschieri K, Entrican G, Howie SEM, and 569 

Horne AW. The role of infection in miscarriage. Human Reproduction Update 22: 116-133, 570 

2015. doi: 10.1093/humupd/dmv041. 571 

32. Gomez-Lopez N, StLouis D, Lehr MA, Sanchez-Rodriguez EN, and Arenas-572 

Hernandez M. Immune cells in term and preterm labor. Cellular & Molecular Immunology 573 

11: 571-581, 2014. doi: 10.1038/cmi.2014.46. 574 

33. Govindaraju V, Michoud MC, Ferraro P, Arkinson J, Safka K, Valderrama-575 

Carvajal H, and Martin JG. The effects of interleukin-8 on airway smooth muscle 576 

contraction in cystic fibrosis. Respiratory Research 9: 76, 2008. doi: 10.1186/1465-9921-9-577 

76. 578 

34. Gravina FS, Jobling P, Kerr KP, de Oliveira RB, Parkington HC, and van 579 

Helden DF. Oxytocin depolarizes mitochondria in isolated myometrial cells. Experimental 580 

Physiology 96: 949-956, 2011. doi: 10.1113/expphysiol.2011.058388. 581 

35. Gravina FS, Parkington HC, Kerr KP, de Oliveira RB, Jobling P, Coleman HA, 582 

Sandow SL, Davies MM, Imtiaz MS, and van Helden DF. Role of mitochondria in 583 

contraction and pacemaking in the mouse uterus. British Journal of Pharmacology 161: 584 

1375-1390, 2010. doi: 10.1111/j.1476-5381.2010.00949.x. 585 

36. Gravina FS, van Helden DF, Kerr KP, de Oliveira RB, and Jobling P. Phasic 586 

contractions of the mouse vagina and cervix at different phases of the estrus cycle and during 587 

late pregnancy. PLoS One 9: e111307, 2014. doi: 10.1371/journal.pone.0111307. 588 

37. Grimes JA, Smith LA, and Fagerberg K. Sexually Transmitted Disease: An 589 

Encyclopedia of Diseases, Prevention, Treatment, and Issues [2 volumes]: An Encyclopedia 590 
of Diseases, Prevention, Treatment, and Issues: ABC-CLIO, 2013. 591 

38. Guo SW, Mao X, Ma Q, and Liu X. Dysmenorrhea and its severity are associated 592 
with increased uterine contractility and overexpression of oxytocin receptor (OTR) in women 593 

with symptomatic adenomyosis. Fertility and Sterility 99: 231-240, 2013. doi: 594 

10.1016/j.fertnstert.2012.08.038. 595 

39. Hafner LM. Pathogenesis of fallopian tube damage caused by Chlamydia 596 

trachomatis infections. Contraception 92: 108-115, 2015. doi: 597 

10.1016/j.contraception.2015.01.004. 598 

40. Hafner LM, Cunningham K, and Beagley KW. Ovarian steroid hormones: effects 599 

on immune responses and Chlamydia trachomatis infections of the female genital tract. 600 

Mucosal Immunology 6: 859-875, 2013. doi: 10.1038/mi.2013.46. 601 

41. Hasenfuss G. Alterations of calcium-regulatory proteins in heart failure. 602 

Cardiovascular Research 37: 279-289, 1998. doi: 10.1016/s0008-6363(97)00277-0. 603 

42. Health AGDo. Chlamydia. In: Pregnancy Care Guidelines. Australia: Australian 604 

Government Department of Health, 2019. 605 

43. Heffner LJ and Schust DJ. The Reproductive System at a Glance: Wiley, 2014. 606 

44. Horvat JC, Mayall JR, Mangan NE, Brown AC, Chevalier A, Starkey MR, Kim 607 

RY, Hertzog PJ, and Hansbro PM. IFN-ɛ regulated innate immune responses in the female 608 

reproductive tract during Chlamydia infection. In: The Journal of Immunology, 2017, p. 609 

149.121-149.121. 610 

45. Ishiguro T, Takeda J, Fang X, Bronson H, and Olson DM. Interleukin (IL)-1 in rat 611 

parturition: IL-1 receptors 1 and 2 and accessory proteins abundance in pregnant rat uterus at 612 

term - regulation by progesterone. Physiological Reports 4: e12866, 2016. doi: 613 

10.14814/phy2.12866. 614 

46. M.G.I. CXCL15. In: Mouse Genome Database. Mouse Genome Database: Te 615 

Jackson Laboratory, 2019. 616 



Cmu infection alters uterine and cervical contractions 

25 
 

47. Manglik A, Lin H, Aryal DK, McCorvy JD, Dengler D, Corder G, Levit A, Kling 617 

RC, Bernat V, Hübner H, Huang X-P, Sassano MF, Giguère PM, Löber S, Da D, 618 

Scherrer G, Kobilka BK, Gmeiner P, Roth BL, and Shoichet BK. Structure-based 619 

discovery of opioid analgesics with reduced side effects. Nature 537: 185-190, 2016. doi: 620 

10.1038/nature19112. 621 

48. Mawe GM, Collins SM, and Shea-Donohue T. Changes in enteric neural circuitry 622 

and smooth muscle in the inflamed and infected gut. Neurogastroenterology & Motility 16 623 

Suppl 1: 133-136, 2004. doi: 10.1111/j.1743-3150.2004.00489.x. 624 

49. Menzies FM, Shepherd MC, Nibbs RJ, and Nelson SM. The role of mast cells and 625 

their mediators in reproduction, pregnancy and labour. Human Reproduction Update 17: 383-626 

396, 2011. doi: 10.1093/humupd/dmq053. 627 

50. Mittal P, Romero R, Tarca Adi L, Gonzalez J, Draghici S, Xu Y, Dong Z, Nhan-628 

Chang C-L, Chaiworapongsa T, Lye S, Kusanovic Juan P, Lipovich L, Mazaki-Tovi S, 629 
Hassan Sonia S, Mesiano S, and Kim Chong J. Characterization of the myometrial 630 

transcriptome and biological pathways of spontaneous human labor at term. Journal of 631 

Perinatal Medicine 38: 617, 2010. doi: 10.1515/jpm.2010.097. 632 

51. Moore-Olufemi SD, Xue H, Allen SJ, Moore FA, Stewart RH, Laine GA, and 633 

Cox CS. Inhibition of Intestinal Transit by Resuscitation-Induced Gut Edema is Reversed by 634 

L-NIL1,2. Journal of Surgical Research 129: 1-5, 2005. doi: 10.1016/j.jss.2005.04.041. 635 

52. O'Meara CP AD, Beagley KW. The mouse model of Chlamydia genital tract 636 

infection: a review of disease, infection, immunity and vaccine development. Current 637 

Molecular Medicine 14: 26, 2014. doi: 10.2174/15665240113136660078. 638 

53. Ohama T, Hori M, and Ozaki H. Mechanism of abnormal intestinal motility in 639 

inflammatory bowel disease: how smooth muscle contraction is reduced? Journal of Smooth 640 

Muscle Research 43: 43-54, 2007. doi: 10.1540/jsmr.43.43. 641 

54. Parkington H, Hart J, and Coleman H. MECHANISMS OF CONTRACTION IN 642 
UTERINE SMOOTH MUSCLE. Journal of Smooth Muscle Research 30: 189-337, 1994. doi: 643 

10.1540/jsmr.30.189. 644 

55. Quigley EM. The enteric microbiota in the pathogenesis and management of 645 

constipation. Best Practice & Research Clinical Obstetrics & Gynaecology 25: 119-126, 646 

2011. doi: 10.1016/j.bpg.2011.01.003. 647 

56. Ricciotti E and FitzGerald GA. Prostaglandins and inflammation. Arteriosclerosis, 648 

thrombosis, and vascular biology 31: 986-1000, 2011. doi: 10.1161/ATVBAHA.110.207449. 649 

57. Rocafort M, Noguera-Julian M, Rivera J, Pastor L, Guillén Y, Langhorst J, 650 

Parera M, Mandomando I, Carrillo J, Urrea V, Rodríguez C, Casadellà M, Calle ML, 651 

Clotet B, Blanco J, Naniche D, and Paredes R. Evolution of the gut microbiome following 652 

acute HIV-1 infection. Microbiome 7: 73, 2019. doi: 10.1186/s40168-019-0687-5. 653 

58. Rours GIJG, Duijts L, Moll HA, Arends LR, de Groot R, Jaddoe VW, Hofman 654 

A, Steegers EAP, Mackenbach JP, Ott A, Willemse HFM, van der Zwaan EAE, 655 
Verkooijen RP, and Verbrugh HA. Chlamydia trachomatis infection during pregnancy 656 

associated with preterm delivery: a population-based prospective cohort study. European 657 

Journal of Epidemiology 26: 493-502, 2011. doi: 10.1007/s10654-011-9586-1. 658 

59. Rubio E, Navarro-Badenes J, Palop V, Morales-Olivas FJ, and Martinez-Mir I. 659 

The effects of histamine on the isolated mouse uterus. Journal of Autonomic Pharmacology 660 

19: 281-289, 1999. doi:  661 

60. Schmid B, Wong S, and Mitchell BF. Transcriptional regulation of oxytocin 662 

receptor by interleukin-1beta and interleukin-6. Endocrinology 142: 1380-1385, 2001. doi: 663 

10.1210/endo.142.4.8107. 664 



Cmu infection alters uterine and cervical contractions 

26 
 

61. Schmidt R, Muniz RR, Cola E, Stauffert D, Silveira MF, and Miranda AE. 665 

Maternal Chlamydia trachomatis Infections and Preterm Births in a University Hospital in 666 

Vitoria, Brazil. PLoS One 10: e0141367-e0141367, 2015. doi: 10.1371/journal.pone.0141367. 667 

62. Shaw JLV, Dey SK, Critchley HOD, and Horne AW. Current knowledge of the 668 

aetiology of human tubal ectopic pregnancy. Human Reproduction Update, 2010. doi: 669 

10.1093/humupd/dmp057. 670 

63. Shea-Donohue T, Notari L, Sun R, and Zhao A. Mechansims of smooth muscle 671 

responses to inflammation. Neurogastroenterology & Motility 24: 802-811, 2012. doi: 672 

10.1111/j.1365-2982.2012.01986.x. 673 

64. Shmygol A, Gullam J, Blanks A, and Thornton S. Multiple mechanisms involved 674 

in oxytocin-induced modulation of myometrial contractility. Acta Pharmacologica Sinica 27: 675 

827-832, 2006. doi: 10.1111/j.1745-7254.2006.00393.x. 676 

65. Sivarajasingam SP, Imami N, and Johnson MR. Myometrial cytokines and their 677 

role in the onset of labour. Journal of Endocrinology 231: R101-r119, 2016. doi: 678 

10.1530/joe-16-0157. 679 

66. Sommer F and Backhed F. The gut microbiota--masters of host development and 680 

physiology. Nature Reviews Microbiology 11: 227-238, 2013. doi: 10.1038/nrmicro2974. 681 

67. Suarez SS and Pacey AA. Sperm transport in the female reproductive tract. Human 682 

Reproduction Update 12: 23-37, 2006. doi: 10.1093/humupd/dmi047. 683 

68. Sugimoto Y, Inazumi T, and Tsuchiya S. Roles of prostaglandin receptors in female 684 

reproduction. The Journal of Biochemistry 157: 73-80, 2015. doi: 10.1093/jb/mvu081. 685 

69. Theoharides TC, Alysandratos KD, Angelidou A, Delivanis DA, Sismanopoulos 686 

N, Zhang B, Asadi S, Vasiadi M, Weng Z, Miniati A, and Kalogeromitros D. Mast cells 687 

and inflammation. Biochimica et Biophysica Acta 1822: 21-33, 2012. doi: 688 

10.1016/j.bbadis.2010.12.014. 689 

70. Trigg BG, Kerndt PR, and Aynalem G. Sexually Transmitted Infections and Pelvic 690 
Inflammatory Disease in Women. Medical Clinics of North America 92: 1083-1113, 2008. 691 

doi: 10.1016/j.mcna.2008.04.011. 692 

71. Uray KS, Laine GA, Xue H, Allen SJ, and Cox Jr CS. Intestinal edema decreases 693 

intestinal contractile activity via decreased myosin light chain phosphorylation. Critical Care 694 

Medicine 34: 2630-2637, 2006. doi: 10.1097/01.CCM.0000239195.06781.8C. 695 

72. Vogel C and Marcotte EM. Insights into the regulation of protein abundance from 696 

proteomic and transcriptomic analyses. Nature Reviews Genetics 13: 227-232, 2012. doi: 697 

10.1038/nrg3185. 698 

73. Wahabi HA, Fayed AA, Esmaeil SA, and Bahkali KH. Progestogen for treating 699 

threatened miscarriage. Cochrane Database of Systematic Reviews, 2018. doi: 700 

10.1002/14651858.CD005943.pub5. 701 

74. Werkstrom V, Lam DS, Farnsworth RH, Awad N, Burcher E, and Moore KH. In 702 

vitro contractile responses of detrusor to carbachol and neurokinin A, in children with 703 

recurrent urinary tract infection or day wetting. BJU International 85: 319-325, 2000. doi: 704 

10.1046/j.1464-410x.2000.00441.x. 705 

75. Wilkowska-Trojniel M, Zdrodowska-Stefanow B, Ostaszewska-Puchalska I, 706 

Redzko S, Przepiesc J, and Zdrodowski M. The influence of Chlamydia trachomatis 707 

infection on spontaneous abortions. Advances in Medical Sciences 54: 86-90, 2009. doi: 708 

10.2478/v10039-009-0008-5. 709 

76. World Health Organization. Sexually transmitted infections (STIs), 2016. 710 

77. Yohannes E, Kazanjian AA, Lindsay ME, Fujii DT, Ieronimakis N, Chow GE, 711 

Beesley RD, Heitmann RJ, and Burney RO. The human tubal lavage proteome reveals 712 

biological processes that may govern the pathology of hydrosalpinx. Scientific Reports 9: 713 

8980-8980, 2019. doi: 10.1038/s41598-019-44962-1. 714 



Cmu infection alters uterine and cervical contractions 

27 
 

78. Yoshida K, Jayyosi C, Lee N, Mahendroo M, and Myers KM. Mechanics of 715 

cervical remodelling: insights from rodent models of pregnancy. Interface Focus 9: 20190026, 716 

2019. doi: doi:10.1098/rsfs.2019.0026. 717 

79. Zhang Y, Li F, Wang H, Yin C, Huang J, Mahavadi S, Murthy KS, and Hu W. 718 

Immune/Inflammatory Response and Hypocontractility of Rabbit Colonic Smooth Muscle 719 

After TNBS-Induced Colitis. Digestive Diseases and Sciences 61: 1925-1940, 2016. doi: 720 

10.1007/s10620-016-4078-5. 721 

80. Zingg HH and Laporte SA. The oxytocin receptor. Trends in Endocrinology & 722 

Metabolism 14: 222-227, 2003. doi: 10.1016/s1043-2760(03)00080-8. 723 

 724 

  725 



Cmu infection alters uterine and cervical contractions 

28 
 

Figures and Legends 726 

 727 

Fig 1: Intravaginal inoculation of Cmu successfully promoted bacterial ascension into 728 

the upper reproductive tract. (A) 16S rRNA expression was only detected in the uterine 729 

horn of Cmu-inoculated mice at three different time-points (**P<0.01, ***P<0.001; Mann-730 

Whitney U test). (B-C) Higher cross-sectional area (mm2) was observed in both the oviducts 731 

of Cmu-inoculated mice at three time-points (*P<0.05, **P<0.01, ***P<0.001; unpaired t-732 

test). Data are presented at mean  S.E.M. (n = 8-14).  733 

 734 

Fig 2: mRNA expression of cytokines in the uterine horn of sham- and Cmu-inoculated 735 

mice at 7-, 14- and 21dpi. Data are presented at mean  S.E.M. (n = 7-14; unpaired t-test or 736 

Mann-Whitney U test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 737 

 738 

Fig 3: mRNA expression of cytokines in the cervix of sham- and Cmu-inoculated mice at 739 

7-, 14- and 21dpi. Data are presented at mean  S.E.M. (n = 7-14; unpaired t-test or Mann-740 

Whitney U test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 741 

 742 

Fig 4: The contractile force and frequency of spontaneous contractions in the uterine 743 

horn and cervix of sham-inoculated and Cmu-inoculated mice at 7-, 14- and 21 days 744 

post-infection (dpi). (A-C; F-H) Representative traces of spontaneous contractions of mouse 745 

uterine horns and cervices. (D-E) Chlamydia muridarum (Cmu) did not affect the 746 

spontaneous contraction of the uterine horn at 7-, 14- and 21dpi. (I) Cmu infection 747 

significantly reduced the contractile force of the spontaneous contractions of cervix at only 7- 748 

and 14dpi (* P<0.05, ***P<0.001; unpaired t-test) but not at 21dpi. (J) Cmu also did not alter 749 
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the contractile frequency of the spontaneous contractions in the cervix at the three time-points. 750 

Data are presented as mean  S.E.M. (n = 8-14). 751 

 752 

Fig 5: Cmu infection significantly reduced contractile force and frequency of the uterine 753 

horn to cumulative doses of oxytocin at7dpi. (A, D, G) Representative traces of the 7-, 14- 754 

and 21dpi uterine horns in response to increasing concentrations of oxytocin. (B, E, H) Dose-755 

response curves of the uterine horn responses to cumulative doses of oxytocin (n=6-10; 756 

Nonlinear Regression – Comparison of Fits; ****P<0.0001). (C, F, I) mRNA expression of 757 

Otr receptor in the uterine horns (n=6-12; unpaired t-test or Mann-Whitney U test; **P<0.01). 758 

Data are presented as mean  S.E.M.  759 

 760 

Fig 6: Cmu infection significantly reduced the contractile force of the cervix at 7dpi. (A, 761 

D, G) Representative traces of the 7-, 14- and 21dpi cervices in response to increasing 762 

concentrations of oxytocin. (B, E, H) Dose-response curve of the cervix response to 763 

cumulative doses of oxytocin (n=6-10; Nonlinear Regression – Comparison of Fits; 764 

****P<0.0001). (C, F, I) mRNA expression of Otr receptor in the cervices (n=6-10; unpaired 765 

t-test; ****P<0.0001). Data are presented as mean  S.E.M. 766 

 767 

Fig 7: PGE2 induced relaxation in the uterine horn but induced contraction in the 768 

cervix. (A and B) Representative traces of the uterine horn (A) and cervix (B) in response to 769 

1µM PGE2. (C) The comparison of combined mRNA expression of prostaglandin receptors 770 

in the cervices and uterine horns of sham-inoculated mice in three time-points (n=24-29; 771 

Mann-Whitney U test; ****P<0.0001). Data are presented as mean  S.E.M. 772 

 773 
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Fig 8: Cmu infection significantly increased the contractile force of the uterine horn to 774 

1µM and 3µM PGF2α at 14- and 21dpi and altered mRNA expression of prostaglandin 775 

receptors. (A, C, E) The change in peak contractile force of the spontaneous contractions of 776 

the uterine horn evoked by 1µM and 3µM PGF2α was compared between the sham- and 777 

Cmu-inoculated mice (n=8-10; unpaired t-test; *P<0.05, **P<0.01). (B, D, F) mRNA 778 

expression of prostaglandin receptors (Ptgfr, Ptger3 and Ptger4) in the uterine horn (n=6-12; 779 

unpaired t test or Mann-Whitney U test; *P<0.01, **P<0.01, ****P<0.0001). Data are 780 

presented as mean  S.E.M. 781 

 782 

Fig 9: Correlation coefficients of inflammatory cytokine gene expression with Otr, Ptgfr 783 

and Ptger4 gene expression in the uterine horn of Cmu-inoculated mice. Numbers in the 784 

figure refer to the correlation coefficients r value. The data was combined from three time-785 

points for correlation analysis. The mRNA expression of Otr and Ptger4 genes was inversely 786 

correlated with the mRNA expression of Il1b and Il6 genes in the uterine horn of Cmu-787 

inoculated mice (n=23; Spearman’s correlation; **P<0.01, ***P<0.001). 788 

 789 

Fig S1 Cmu infection did not alter the responses of the cervix and uterine horn to 60mM 790 

KCl at three time-points.  Data are presented as mean  S.E.M. (n = 8-14). 791 

 792 

Fig S2: Representative traces of uterine contractions to PGF2α at 7-, 14- and 21dpi.  793 

 794 

Fig S3: Representative traces of cervical contractions to PGF2α at 7-, 14- and 21dpi.  795 

 796 
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Tables: 

 
Gene Forward primer Reverse primer 
Hprt 5'-AGGCCAGACTTTGTTGGATTTGAA-3' 5'-CAACTTGCGCTCATCTTAGGCTTT-3' 

16S rRNA 5’-GCGGCAGAAATGTCGTTTT-3’ 5’-CGCTCGTTGCGGGACTTA-3’ 

Stat1 5'-CCCGAATTTGACAGTATGATGA-3' 5'-GAAGGAACAGTAGCAGGAAGGA-3' 

Stat6 5'-GCACCTTGGAGAGCATCTATCAGAG-3' 5'-TTGAGTTCTTCCTGCTTCCGATG-3' 

Ifng 5’-TCTTGAAAGACAATCAGGCCATCA-3’ 5’-GAATCAGCAGCGACTCCTTTTCC-3’ 

Cxcl1 5'-GCTGGGATTCACCTCAAGAA-3' 5'-CTTGGGGACACCTTTTAGCA-3' 

Cxcl2 5'-TGCTGCTGGCCACCAACCAC-3' 5'-AGTGTGACGCCCCCAGGACC-3' 

Il10 5’-AGGCGCTGTCATCGATTTCT-3’ 5’-ATGGCCTTGTAGACACCTTGG-3’ 

Mmp9 5'-CGAACTTCGACACTGACAAGAAGT-3' 5'-GCACGCTGGAATGATCTAAGC-3' 

Il1b 5'-TGGGATCCTCTCCAGCCAAGC-3' 5'-AGCCCTTCATCTTTTGGGGTCCG-3' 

Il6 5'-AGAAAACAATCTGAAACTTCCAGAGAT-3' 5'-GAAGACCAGAGGAAATTTTCAATAGG-3' 

Cxcl15 5’-AAGGAAGTGATAGCAGTCCCAAA-3’ 5’-GCCAACAGTAGCCTTCACCC-3’ 

Tnfa 5'-TCTGTCTACTGAACTTCGGGGTGA-3' 5'-TTGTCTTTGAGATCCATGCCGTT-3' 

Otr 5’-CCTGGAGAGACGAGCATTAGC-3’ 5’-TCATGCCGAGGATGGTTGAG-3’ 

Ptgfr 5’-ATAATGTGCGTCTCCTGCGT-3’ 5’-GCGGAGAGCAAAAAGTGTCG-3’ 

Ptger1 5’-ACGCACACGATGTGGAAATG-3’ 5’-CAGGGAGTTAGAGTTCCAGC-3’ 

Ptger2 5’-GAGAGGACTTCGATGGCAGAG-3’ 5’-AGGTCCCACTTTTCCTTTAGGG-3’ 

Ptger3 5’-ATGTGTGTGCTGTCCGTCTG-3’ 5’-TGTCTTGCATTGCTCAACCG-3’ 

Ptger4 5’-CTCATCTGCTCCATTCCGCT-3’ 5’-GGTTCACAGAAGCAATCCTG-3’ 

Table 1: Forward and reverse primers of selected genes 

 

 Relative increase or decrease in cervical peak force in the presence of agonists  

 7 dpi  14 dpi  21 dpi 

 Sham Cmu  Sham Cmu  Sham Cmu 

n 8 9  8 8  10 10 

1 µM PGF2α 25.68±6.56 32.76±3.58  38.24±6.95 31.37±6.46  28.53±9.26 38.97±13.06 

3 µM PGF2α 37.00±7.15 27.62±4.75  34.53±6.64 27.36±6.82  23.21±5.85 31.57±8.19 

1 µM PGE2 -6.28±3.03 -5.09±4.38  15.50±5.93 25.70±7.27  9.25±7.61 11.65±5.86 

1mM histamine 9.90±4.86 2.60±3.97  1.83±4.18 9.91±5.63  -1.66±2.87 7.43±5.57 

Table 2: Comparison of cervical contractile force in sham-inoculated and Cmu-inoculated mice to 
prostaglandins and histamine. The change in contractile force evoked by agonists as a percentage of 
maximal KCl evoked force. There was no significant difference in the cervical contractions between the 
two groups at these doses. Data are presented as mean ± S.E.M. 
 

 



 Relative increase or decrease in uterine peak force in the presence of agonists 

 7 dpi  14 dpi  21 dpi 

 Sham Cmu  Sham Cmu  Sham Cmu 

n 8 9  8 8  10 10 

1 µM PGE2 -15.34±3.12 -19.50±4.04  -17.63±6.09 -15.50±5.24  -24.40±4.50 -31.31±5.70 

1 mM histamine 0.57±2.60 4.87±4.03  9.01±3.48 15.91±3.36  12.69±3.30 13.36±4.49 

Table 3: Comparison of uterine contractile force in sham-inoculated and Cmu-inoculated to 
prostaglandins and histamine. The change in contractile force evoked by agonists as a percentage of 
maximal KCl evoked force. There was no significant difference in the uterine contractions at these doses. 
Data are presented as mean ± S.E.M. 
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