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Abstract

Preconceptive health encompasses male and female reproductive capability. In females, this takes 

into account each of the stages of the estrous cycle. Microvascular reactivity varies throughout the 

estrous cycle in response to hormonal changes and in preparation for pregnancy. Microvascular 

alterations in response to engineered nanomaterial (ENM) exposure have been described within 

24-h of inhalation; however, the impact upon the uterine vasculature at differing estrous stages and 

at late-stage pregnancy is unclear. Female Sprague Dawley (SD) rats (virgin and late stage 

pregnancy [GD 19]) were exposed to nano-TiO aerosols (173.2 ± 6.4 nm, 10.2 ± 0.46 mg/m3, 5 h) 

24-h prior to experimentation leading to a single calculated deposition of 42.2 ± 1.9 µg nano- TiO2 

(exposed) or 0µg (control). Animals were anesthetized, estrous status verified, and prepared for in 
situ assessment of leukocyte trafficking and vascular function by means of intravital microscopy, 

Uterine basal arteriolar reactivity was stimulated using iontophoretically applied chemicals: 

acetylcholine (ACh, 0.025 M; 20, 40, 100, 200 nA), sodium nitroprusside (SNP, 0.05 M; 20, 40, 

100 nA), phenylephrine (PE, 0.05 M; 20, 40, 100 nA). Finally, adenosine (ADO, 10−4 M) was 

superfused over the tissue to identify maximum diameter. In situ vessel reactivity after exposure 

was significantly blunted based on estrous stage, but not at late-stage pregnancy. Local uterine 

venular leukocyte trafficking and systemic inflammatory markers were also significantly affected 

during preparatory (proestrus), fertile (estrus), and infertile (diestrus) periods after ENM 

inhalation. Overall, these deficits in reactivity and increased inflammatory activity may impair 

female fertility after ENM exposure.
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1. Introduction

Given the epidemiological associations of elevated air pollution with increased rates of 

respiratory and cardiovascular morbidity and mortality [1,2], many studies have focused on 

the cardiovascular implications of burning biomass, urban/industrial sources of air pollution, 

and the burgeoning use of engineered nanomaterials (ENM). However, air pollution 

exposure and associated cardiovascular impairments may lead to effects in other 

physiological systems, including the reproductive and immune systems.

Recently, investigators have sought to identify the impact of air pollution exposure on 

preconceptive health and fertility. Reviews and data meta-analyses have concluded that air 

pollution exposure can have a significant impact on fertility and miscarriage rates in normal 

and subfertile populations [3,4]. The Nurses’ Study II, a prospective cohort study, recently 

identified air pollution exposure as a risk for infertility [5]. Additional studies associate 

exposure to high levels of particulate matter (PM) with early pregnancy loss among couples 

naturally conceiving or undergoing fertility treatment [6,7]. These outcomes have been 

associated with defects in gametogenesis [8]. Ongoing investigations suggest associations 

between air pollution and deficits in sperm quality, motility, morphology, and count [9–12], 

while the physiological effects on the female reproductive system have been essentially 

unexplored [13].

Given the complex mixture of chemicals, gases, and materials in air pollution [14] and the 

increased toxicities associated within the ultrafine fraction (<0.1 µm) of air pollution [15], 

ENM have been introduced as a surrogate for ultrafine PM to enable toxicological analysis 

to a homogeneous nanoscale particulate [16]. Despite the rapidly increasing commercial use 

of nanomaterials, few groups have sought to identify the potential reproductive and 

developmental toxicities associated with ENM exposures during gestation [13,17–19] and 

even less is known about outcomes of exposure prior to conception.

Understanding of uterine microcirculation reactivity during estrous and pregnancy is limited 

[20]. Anatomically, female human and rodent reproductive anatomy differs vastly, as rodents 

possess a dual-horn uterus to allow for multiple pup litters. However, there are hormonal 

similarities marked by elevated estrogen and a spike of luteinizing hormone leading to 

ovulation in both species [21,22]. The ability of the supporting vasculature to meet the 

demands of the maternofetal unit is critical for a successful pregnancy. Our previous work 

has identified uterine microvascular dysfunction in the pregnant [23] and virgin (diestrus) rat 

[24] after inhalation of ENM. These studies indicate the ability of pulmonary xenobiotic 

exposure to impair uterine microvascular function, leading to dysfunction of normal uterine 

physiological functions [e.g. preparation of the uterine lining for implantation (growth, 

clearance of waste) or support of ongoing pregnancy]. However, these observations address 

only a brief snapshot of the female reproductive cycle. Hormone fluctuations during the 
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estrous cycle may influence microvascular reactivity, inflammatory action, and subsequent 

fertility [25]; consequently, each stage must be evaluated independently.

Xenobiotic pulmonary exposures are theorized to ignite both systemic and local 

inflammation [14]. Systemic inflammation may develop through initial pulmonary insult 

leading to the production of circulating cyto- and chemokines; while local inflammation 

may develop due to particle translocation and deposition from the site of original exposure.

The purpose of the present studies was to identify acute in situ uterine microvascular 

reactivity responses throughout the estrous cycle following a single ENM pulmonary 

exposure. Using intravital microscopy techniques, we can evaluate these stages 

independently while maintaining normal humoral perfusion and neural innervation [24]. 

Lastly, we conducted measures of systemic inflammation and local uterine leukocyte 

trafficking.

2. Materials and methods

2.1. Animal model

Female Sprague-Dawley (SD) rats were purchased from Hilltop Laboratories (Scottsdale, 

PA), and provided food and water ad libitum. They were acclimated for 72 h prior to use and 

were randomly assigned to either the naive, control, or exposure groups. Estrous status was 

verified by microscopic evaluation of vaginal smears immediately prior to surgery [23–26]. 

Rats within the late-stage pregnancy cohort mated in-house. Successful mating was assured 

based on the presence of sperm in the vaginal canal and the date was identified as GD 1. 

These animals were monitored for increased weight during their pregnancy and remained in 

the animal facility until GD 19 for exposure and GD 20 for surgery, as previously described 

[23,27,28]. All procedures were approved by the Institutional Animal Care and Use 

Committee of West Virginia University.

2.2. Particle characterization

Nanosized TiO2 P25 was obtained from Evonik (Aeroxide TiO2, Parsippany, NJ) and 

prepared prior to aerosolization by drying, sieving and storing the powder [29,30]. It has 

previously been shown to be a mixture composed primarily of anatase (80%) and rutile 

(20%) TiO2, with a primary particle size of 21 nm and a mean surface area of 48.08 m2/g 

[30–32].

2.3. Inhalation exposure

Our nanoparticle aerosol generator was designed and tested specifically for rodent 

nanoparticle inhalation exposures (US Patent No. 8881997) [33,34]. As previously 

described, nano-TiO2 aerosols generated from the bulk dry powder were diluted and 

delivered to the inhalation exposure chamber [23,24]. The aerosol characteristics were 

monitored in real time and manually adjusted to assure a consistent and known exposure for 

each experimental animal using an Electrical Low Pressure Impactor (ELPI; Dekati, 

Tempere, Finland) and Scanning Mobility Particle Sizer (SMPS; TSI Inc, St. Paul, MN).
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Non-pregnant and gestational day (GD) 19 pregnant rats were placed singly in the whole-

body exposure chamber with a volume of 500 L [34] for 5-h during the single nano-TiO2 

inhalation exposure. Exposures were initiated between 9am and 11am, approximately 24-h 

prior to microvascular assessments to maintain consistency and avoid any variability 

associated with the rats’ circadian rhythm [23,24]. Once a steady-state aerosol concentration 

was achieved (final mass concentration of 10.2 ± 0.46 mg/m3 for nano-TiO2), exposure 

duration was adjusted to achieve a single calculated deposition of 42.2 ± 1.9 µg nano-TiO2 

(exposed) or 0 µg (control) and final deposition of 13.3 ± 0.8 µg after normal clearance [24]. 

During the inhalation exposure, particles were collected onto 47 mm Teflon sheets and 

particle concentration was verified using gravimetric sampling [33]. Aerodynamic diameter 

(173.2 ± 6.4 nm; Electrical Low Pressure Impactor (ELPI), Dekati, Tempere, Finland) and 

particle size distribution (165.8 ± 5.4 nm; Scanning Mobility Particle Sizer (SMPS; TSI Inc., 

St. Paul, MN) were measured in real-time (Fig. 1). Included for study were virgin and 

pregnant filtered-air sham control rats and naive (not placed within the inhalation chamber) 

control rats.

Total deposition was calculated based on mouse methodology previously reported [35] and 

normalized based on rat weight and to rat minute ventilation [23,24] using the following 

equation: D = F*V*C*T, where F is the deposition fraction (10%), V is the minute 

ventilation based on body weight, C equals the steady state mass concentration (mg/m3), and 

T equals the exposure duration (minutes) [30].

2.4. Surgical preparation

Surgeries were initiated between 9am and 11am, 22–26 h after the initiation of nano-TiO2 

exposures to be consistent with previous study evaluations at a 24-h time point (REFS) and 

to reduce circadian rhythm variability. Rats were anesthetized, estrous phase was verified, 

and prepared for intravital microscopy. GD 20 pregnant rats were prepared in a similar 

fashion (Fig. 2). The animals were anesthetized with Inactin (100 mg/mL i.p.) and placed 

supine on a heating pad to maintain a 37° C rectal temperature. The trachea and carotid 

artery were cannulated to ensure a patent airway and to monitor mean arterial pressure and 

heart rate. A longitudinal incision was made on the right iliac region of the abdomen and the 

right horn of the gravid uterus was surgically exteriorized over an optical pedestal specially 

designed to support the pups and for uterine transillumination. To reduce myometrial 

motility during the experiment, the right horn of uterus was continuously superfused (3–

4mL/min) with a warmed (35° C) and equilibrated (95% N/5% CO2) physiological salt 

solution (PSS; 119 mM NaCl, 25 mM NaHCO3, 6 mM KCl, and 3.6 mM CaCl2) with the 

addition of isoproterenol (10 mg/L; Sigma-Aldrich, St. Louis, MO) and phenytoin (20 mg/L; 

Sigma-Aldrich, St. Louis, MO) [24,36–40].

2.5. Intravital microscopy and microiontophoresis

The animal preparation was transferred to the stage of an Olympus intravital microscope 

(Model BX51WI, Center Valley, PA) linked to a charge-coupled device (CCD) Olympus 

video camera (Model DP71). Microvessels were visualized using a 20× water-immersion 

objective. Video images were viewed on a high-resolution color monitor and digitally 
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recorded via DP Controller (Olympus, Center Valley, PA) for off-line analysis (Image J) 

[24,41].

2.5.1. Leukocyte trafficking—After a 20-min equilibration period, leukocyte adhesion 

and rolling in separate second- or third-order venules were counted for 1 min in each vessel 

studied (2 or 3 per rat) using a 20× water immersion objective to characterize leukocyte 

trafficking after nano-TiO2 exposure.

2.5.2. Vascular assessment—Micropipettes were backfilled with acetylcholine (0.025 

M; ACh), sodium nitroprusside (0.05 M; SNP), or phenylephrine (0.05 M; PE). A 

micromanipulator (Narishige, Tokyo, Japan) was used to position the tip parallel to the 

arteriolar wall in order to evaluate endothelium-dependent dilation (EDD; ACh; 20, 40, 100, 

and 200 nA), –independent dilation (EID; SNP; 20, 40, and 100 nA), and vascular smooth 

muscle responsiveness (VSM; PE; 20, 40, and 100 nA). Micropipettes were connected to a 

current programmer (model 260; World Precision Instruments, New Haven, CT) via an Ag/

AgCl wire as previously described [24]. All experimental periods were at least 2 min, 

steady-state diameters were collected for at least one minute, and vessels recovered back to 

baseline for 2–5 min after agonist administration. The chemical applications were 

randomized between animals to prevent any ordering effects. Passive maximum arteriolar 

diameter was established by superfusing the tissue with 10−4 M adenosine.

The responses to ACh, SNP, and PE are presented as raw measurements (micrometers, µm) 

and as calculated baseline active-vascular tone via the equation T = [DM-DBASE/DM]*1 00, 

where DM is the maximum diameter measured during adenosine superfusion and DBASE is 

vessel diameter at baseline [36]. To compare across groups, we normalized chemical-

dependent baseline reactivity to its maximum response, allowing for an appropriate 

comparison of microvascular reactivity across groups. This normalization used the following 

equation: [(DSS-DCON)/(DM-DCON)]*1 00, where DSS is the steady-state diameter achieved 

after each chemical bolus, DCON is the baseline diameter measured immediately prior to the 

microiontophoresis administration, and DM is the maximal response after adenosine 

administration at the end of each experiment [23,24,36,42].

2.6. Inflammatory panels

Upon conclusion of the intravital microscopy, whole blood was collected directly from the 

carotid artery into EDTA vacutainers and centrifuged (1100× g) to separate the components. 

The plasma was collected, flash-frozen in liquid nitrogen, and stored at −80 °C until 

analysis. Rats were killed and tissues harvested for further analysis. Multi-spot inflammatory 

and proinflammatory assays were completed per manufacturer’s directions (Meso Scale 

Diagnostics, Rockville, MD) for: lipocalin-2, TSP-1, TIMP-1, MCP-1, interferon (IFN)-γ, 

interleukin (IL)-1β, IL-4, IL-5, IL-6, KC/GRO, IL-10, IL-13, and TNF-α.

2.7. Statistical analysis

The data are expressed as mean ± standard error (SE), where “N” represents the number of 

rats studied and “n” represents the number of arterioles evaluated as previously described 

[23,30,43]. Global effects within the window of normalized vascular reactivity for each 
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estrous phase were independently evaluated using multiple regression analyses followed by 

ANOVA to denote significant differences between responses. Inflammatory panels were 

assessed by a two-way analysis of variance (ANOVA) and followed by Holm-Sidak post-hoc 

test, p < 0.05 was taken to reflect statistical significance.

3. Results

3.1. Vascular reactivity

To distinguish any stresses to the vascular system associated with transportation to/from the 

inhalation facility or noise related to the operation of the facility, two groups of controls 

were assessed. This included a naive group which did not enter the inhalation facility and a 

filtered air sham group, which were handled in the same manner as the exposed group. 

There were no significant differences noted between these naive (N = 15, n = 27) and sham 

(N = 4; n = 11) groups in response to the endothelium-dependent dilator acetylcholine (ACh) 

(Fig. 3); therefore, the controls presented represent a pooling of the naive and sham samples. 

Data indicate that the animals do not have a measureable vascular stress reaction to 

placement within the inhalation facility 24-h post-inhalation. With the understanding that 

each stage of estrous is associated with differing vascular reactivity due to hormonal 

fluctuations, the vascular assessments will be presented comparing the control and exposed 

groups within each stage of estrous and at late-stage (GD 20) pregnancy.

There were no significant differences with respect to age or body weight between the control 

and exposed groups in any of the estrous groups or at GD 20 of pregnancy (Table 1). 

Additionally, there were no significant differences between the size of the vessels between 

the control and exposed groups either at baseline or at maximum dilation induced by 

adenosine superfusion (Table 1).

Differences in endothelium-dependent reactivity were identified between estrous groups in 

response to increased concentrations of ACh, where reactivity during proestrus, estrus, and 

late stage pregnancy are significantly different than reactivity during diestrus (Table 2). 

These measurements demonstrate modulations of vascular response throughout the estrous 

cycle (Fig. 4). When response was examined over the physiological range, the rates of 

endothelium-dependent dilation associated with ENM exposure were significantly different 

during metestrus, diestrus, estrus, and late-stage pregnancy (Fig. 4). The reactivity curve 

during estrus, the reproductively receptive stage of the estrous cycle, constricts to increased 

concentrations of ACh, an endothelium-dependent dilator. If this phenomenon were to 

persist after conception, blood flow necessary to support normal fetal maturation might not 

be present, described as the development of a hostile gestational environment and supported 

by our previous work [20].

There were trends and significant differences in the raw vessel diameter to increased 

concentrations of the endothelium-independent dilator SNP associated with estrous status at 

the 20 nA and 40 nA concentrations, where estrus cycle stage led to significant differences 

in endothelium-independent reactivity between infertile periods of the estrous cycle 

(metestrus and diestrus as compared to late-stage pregnancy (Fig. 5). The single-stage 

responses between control and exposed animals were assessed to compare the reactivity 

Stapleton et al. Page 6

Reprod Toxicol. Author manuscript; available in PMC 2018 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



throughout the pharmacological treatment range (Fig. 5). In this case, significantly different 

rates of reactivity were identified in di- and proestus stages indicating a reduced ability to 

utilize bioavailable NO compared to control after ENM exposure. Interestingly, 

endothelium-dependent and - independent dilation is significantly different during 

pregnancy than alfor all late-pregnancy group.

There were indications of an altered sensitivity or response to α-adrenergic stimulation in 

the vascular smooth muscle associated with estrous status between diestrus, compared with 

met-or proestrus at an ionic concentration associated with 40 nA (Table 2). At this dose, 

vascular reactivity was also significantly different with respect to ENM exposure. When 

evaluated over the range of PE responses, there were no significant differences identified at 

any estrous stage (Fig. 6). Taken together, these findings suggest an inability to appropriately 

sense and react to local blood flow mediators initiating vasorelaxation.

3.2. Inflammatory mediators

A count of venular leukocyte-endothelium interactions revealed significant differences in the 

groups according to stage of the estrous cycle: diestrus, proestrus, and estrus, with the 

average observed interactions within the exposed groups significantly higher than controls 

(Fig. 7). This is suggestive of a proinflammatory environment within the uterus during both 

receptive and quiescent periods of the estrous cycle 24-h after nano-TiO2 inhalation, a tatus 

which may affect conception.

Inflammatory mediators did not vary with respect to estrous phase. However, significant 

differences (p = 0.016) were identified in IL-4 concentrations between control and exposed 

groups (Table 3). There was also a trend toward significance between the control and 

exposed groups with respect to IL-6 (p = 0.069) and IL-13 (p = 0.079) (Table 3). There were 

no differences identified with respect to the remaining inflammatory markers evaluated 24-h 

after ENM inhalation. Overall, alterations to the inflammatory environment during 

reproductively relevant phases of estrous and pregnancy may have implications for 

conception and the developing fetus (Table 3–4).

4. Discussion

The present experiments identified in situ alterations to pre-conceptive uterine vascular 

reactivity 24-h after ENM inhalation at each stage of estrous, but not at late stage pregnancy. 

This is the first study to evaluate toxicological exposures using intravital microscopy to 

evaluate arteriolar function in the late-stage pregnant uterus while preserving reserving all 

neurological, humoral, and fetal biofeedback. ENM exposure led to a significant impairment 

of endothelium-dependent reactivity during estrus and late-stage pregnancy; while an 

increased rate of response was evident in infertile periods of estrous. Leukocyte counts 

between the control and exposed venules were significantly higher during preparatory 

(proestrus), fertile (estrus), and infertile (diestrus) periods after ENM inhalation. 

Additionally, levels of IL-4 were elevated in response to a single ENM inhalation exposure. 

Therefore, the uterine environment post-exposure may not provide a receptive environment 

for implantation or the initiation of a successful gestation.
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The biological variability of the intact GD 20 uterus makes it difficult to conclusively 

identify significant differences at this stage of pregnancy, however endothelium-dependent 

dilation was significantly blunted in the late-stage pregnant group, indicating an inability to 

properly react to dilation mediators. Reduced blood flow to the fetus during late-stage 

pregnancy may impair nutrient-waste exchange and overall fetal growth.

While the results within the pregnancy group included some differences of reactivity within 

the PE and SNP ionic doses did not achieve statistical significance and varies from our 

previous work [23]. This may be due to study design as this study included a single 

inhalation exposure to nano-TiO2, versus the chronic exposures throughout gestation used 

previously and kept all neurological, humoral, and fetal networks intact, while previous 

studies to care to evaluate isolated microvessels of the uterine circulation. Interestingly, in a 

different cohort of animals focusing intravital in situ methodology solely during the diestrus 

stage of the estrus cycle [24], the patterns of reactivity within those groups of animals were 

nearly identical to the findings presented here, affirming reproducibility, validity, and 

reliability to these exposures and methodologies.

The roles of inflammatory mediators in preconceptive, conceptive, and gestational health are 

not well defined; however, it is becoming clear that inflammatory elevations and reductions 

are crucial for proper endometrial function and successful implantation. Elevated 

concentrations of IL-6 in humans have been associated with preterm birth [44]. Interestingly, 

the level of IL-6 in this study was significantly elevated at late pregnancy after ENM 

exposure. Given the roles immunity and inflammation play in successful implantation, 

placental development, and gestation [45], dysfunction of preconceptive and perinatal 

regulation of these mediators may lead to infertility [46,47] and altered fetal cardiac 

structure and function [48].

In this study, a single acute exposure to ENM 24-h prior to estrus led to increased 

inflammatory and vascular dysfunction affecting local nutrient/waste exchange. Alterations 

to the local uterine environment, including endometrial inflammation and metabolic factors, 

have been associated with adverse outcomes for patients seeking assisted reproductive 

treatments and identify them as ‘high risk’ [46]. Infertility literature identifies maternal 

inflammation as a risk factor for various reproductive disorders [46,47]. These results may 

also provide evidence of reproductive health effects associated with high PM exposures as 

ENM are of a similar size range as ultrafine particulate matter (PM 0.1). While PM 0.1 

concentrations at a sustained concentration of 10 mg/m3 are uncommonly high, the 

outcomes may be of consideration to those who are concerned with infertility, miscarriage, 

and preconceptive health with long commutes, or who regularly take public transportation in 

urban areas [3,49,50].

These studies represent the vascular reactivity during a 24-h snapshot during the female 

reproductive cycle and do not address whether exposure to ENM altered the length of the 

estrous cycle. Interruptions to the estrous ovulatory cycle were recently reported following 

pulmonary exposure to multi-walled carbon nanotubes (MWCNT) [51]. These disruptions 

were found to be stage-dependent, with the greatest effects occurring when exposure took 

place in the proestrus and estrus stages. Exposures to MWCNT prior to conception have also 
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been shown to delay litter delivery; however, this outcome has not been consistently 

observed [51,52]. Implantation in rats can only occur in an amenable uterus, occurring 

between GD 4 and 6 [53]. Our previous studies indicated microvascular dysfunction would 

persist for at least 7 days post-exposure [54]. Taken together, these studies may indicate an 

increased likelihood of impaired fertility and/or reduced implantation rates after ENM 

exposure. Future studies should thoroughly monitor the estrous cycle timelines and 

hormonal fluctuations before and after ENM exposure. Additionally, animals in these studies 

should be allowed to mate during receptive periods to identify any reductions in reproductive 

rates, maternal weights, litter sizes, pup weights, and gestational timelines occur. Lastly, 

these exposures represent a single concentrated dose of nano-TiO2, further dose-dependent 

studies must be conducted at varying concentrations to address the full impact of ENM 

pulmonary exposure on female reproductive health.

Overall, these studies revealed: (1) vascular responses using intravital microscopy 

techniques are not uniform during the stages of estrous and therefore must be taken into 

account in further analyses, (2) vascular reactivity is disturbed 24-h after a single ENM 

inhalation exposure during each stage of estrous, and (3) inflammatory status associated 

with ENM exposure is also influenced by the stage of the female reproductive cycle. Taken 

together, these outcomes may affect preconceptive health, fertility, and endometrial 

receptivity.
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Fig. 1. 
Real Time Nano-TiO2 Exposure Characteristics. (A) Aerosol size distribution and 

characterization determined by mass-based aerodynamic diameter as a mean of 173 ± 6 nm 

using ELPI. (B) Size-based aerodynamic diameter and mobility was characterized as 166 

± 5 nm using a SMPS. (C) The daily concentration distribution maintained plateau at 10.2 

± 0.46 mg/m3. Values are means ± SE.
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Fig. 2. 
Intravital Microscopy Image. (A) Illustration of the late-stage pregnant (GD 20) rat uterus 

exteriorization. (1) placenta. (2) GD 20 fetal pup. Within this right uterine horn, there are 6 

placenta and pup pairs. (B) Identification of uterine antenatal anatomy. (1) placenta, (2) GD 

20 fetal pup, (3) uterine artery, (4) arcuate network, (5) radial artery, and (6) basal/straight 

arterioles.

Stapleton et al. Page 14

Reprod Toxicol. Author manuscript; available in PMC 2018 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Endothelium-dependent arteriolar reactivity of naive and sham (filtered air exposed) control 

groups. Values are means ± SE.
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Fig. 4. 
Endothelium-dependent arteriolar reactivity normalized to maximum dilation. 

Measurements are taken in response to increased iontophoretically dosages of acetylcholine 

between control and exposed groups throughout estrous and late-stage pregnancy. Values are 

means ±SE. * (p ≤ 0.05) within group compared to control.a,b,c (p ≤ 0.05) diestrus compared 

to late-stage pregnancy, estrus, and proestrus stages, respectively.
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Fig. 5. 
Endothelium-independent arteriolar reactivity normalized to maximum dilation. 

Measurements are taken in response to increased ionic concentrations of sodium 

nitroprusside. between control and exposed groups throughout estrous and late-stage 

pregnancy. Values are means ± SE. * (p ≤ 0.05) within group compared to control.a,b (p ≤ 

0.05) compared to late-stage pregnancy and estrus stages, respectively.
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Fig. 6. 
Vascular smooth muscle raw (A) and normalized (B) responsiveness between control and 

exposed groups in response to increased ionic dosages of phenylephrine throughout estrous 

and late-stage pregnancy. Values are means ± SE. T (p ≤ 0.10), * (p ≤ 0.05). c,d (p ≤ 0.05) 

diestrus compared to proestrus and metestrus stages, respectively.
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Fig. 7. 
Counts of leukocyte adhesion and rolling within small venules at each stage of estrous and 

late-stage pregnancy 24-h after nano-sized TiO2 inhalation. Values are means ± SE. * (p ≤ 

0.05).
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