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Problem

Changes in the systemic immune response are found in preeclampsia.

This may be related to high extracellular adenosine triphosphate (ATP)

levels. The question arose whether ATP could affect immune responses

in pregnancy. Previously, we investigated whether ATP affected mono-

cyte activation and subpopulations. Here, we investigated ATP-induced

changes in other immune cell populations in pregnant rats, systemically

and in the kidney, an affected organ in preeclampsia.

Method of study

Using flow cytometry or immunohistochemistry, blood and kidney leu-

kocytes were studied in pregnant and non-pregnant rats at different

intervals after ATP or saline infusion.

Results

Adenosine triphosphate (ATP) infusion induced increased peripheral

blood non-classical monocytes and decreased T lymphocyte subsets in

pregnant rats only, higher glomerular macrophage and T lymphocyte

numbers in non-pregnant animals 1 day after infusion, and higher

glomerular macrophage numbers in pregnant rats 6 days after infusion.

Conclusion

Adenosine triphosphate (ATP) infusion in pregnant rats induced a preg-

nancy-specific inflammatory response. Increased ATP levels could poten-

tially contribute to development of the inflammatory response of

preeclampsia.

Introduction

Preeclampsia is a major pregnancy complication

characterized by hypertension and proteinuria in the

second half of pregnancy. It affects 3–8% of the

pregnancies.1 The exact pathophysiology of pre-

eclampsia remains unknown, but abnormal tropho-

blast invasion into the maternal spiral arteries in the

first trimester is thought to be important in its

pathogenesis.2 This may give rise to placental ische-

mia and to the release of various factors, such as

cytokines, sFlt-1, microparticles, or fetal DNA into

the peripheral circulation in the second half of preg-

nancy.2,3 This process eventually results in pre-

eclampsia.2,3 To date, the only cure for preeclampsia

is delivery of the fetus and specifically of the pla-

centa. Although the symptoms abate after delivery,

long-term maternal effects of preeclampsia have
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become accepted to be a major threat, as women

with previous preeclampsia are more prone to

develop cardiovascular or renal diseases later in

life.4,5

The immune system plays an important role in

the pathophysiology of preeclampsia. Many changes

in the immune responses of preeclamptic women,

both systemically and locally, have been observed.6

In women with preeclampsia, the systemic innate

immune system, that is, monocytes, granulocytes,

and NK cells, is activated,7,8 while various studies

also observed a shift from a Th2-type immune

response toward a Th1-type immune response and

lower regulatory T lymphocyte numbers.8–10 How

these changes in maternal immune responses are

induced remains to be determined, but circulating

plasma factors produced by the ischemic placenta

have been implicated.11

Adenosine triphosphate (ATP), mainly known as

an intracellular energy source, can also be released

from the cell upon cellular activation, stress, dam-

age, or necrosis.12 Extracellular ATP functions as a

pro-inflammatory danger-associated molecular pat-

tern (DAMP) molecule and can activate immune

responses.13 It is produced by activated and hypoxic

cells. In healthy individuals, plasma ATP levels vary

between 400 and 700 nM;12 however, in various dis-

eases, for instance preeclampsia, ATP levels are

about five times higher.14 The effects of ATP are

conducted via their purinergic P2 receptors, which

are widely expressed on immune cells,13 the pla-

centa15, and other tissues.16 Various studies have

shown that ATP activates monocytes,17,18 neutroph-

ils19, and T lymphocytes20 and, as a chemotactic sig-

nal, stimulates recruitment of neutrophils and

macrophages.21,22

We have previously shown that a single infusion

of ATP in pregnant rats disturbs pregnancy, by

inducing proteinuria, monocyte activation, and pla-

cental ischemia.18,23 Such effects were not observed

in non-pregnant rats, treated in a similar fashion.18

In the present study, we hypothesized that ATP

would also induce a pregnancy-specific response in

granulocytes and T lymphocytes. In addition, as we

have also shown proteinuria after ATP infusion spe-

cifically in pregnant rats,23 we hypothesized that a

pregnancy-specific inflammatory response will also

be present in the kidney. Hence, in the present

study, we investigated the effects of extracellular

ATP on various immune cell populations in pregnant

and non-pregnant rats in the peripheral circulation

and in the kidney. We evaluated systemic granulo-

cytes and lymphocyte subsets and activation at vari-

ous intervals after ATP infusion. We also

investigated glomerular leukocyte populations on

days 15, 17, and 20 of pregnancy.

Materials and methods

Animals

The Institutional Animal Care and Use Committee of

the University of Groningen approved all animal

experiments. Female Wistar outbred rats (about

200 g) were kept in a temperature and light-con-

trolled room (lights on from 7:30 AM till 7:30 PM)

with free access to food and water. Until selection

for experiments, vaginal smears were taken daily,

and rats were rendered pregnant by housing them

on pro-estrus with fertile males for one night.

When spermatozoa were detected in the smear

the next day, this day was designated as day 0 of

pregnancy. In both pregnant (on day 0 or 1 of preg-

nancy) and non-pregnant rats, a cannula was

inserted into the right jugular vein under isoflurane/

oxygen anesthesia for stress-free blood sampling and

infusion of ATP or saline.24

Experimental Design

Pregnant rats were infused with 3000 lg/kg bw ATP

in 2.0 mL saline (n = 9) or with 2.0 mL saline alone

(n = 7) on day 14 of pregnancy.24 Non-pregnant rats

were infused with 3000 lg/kg bw ATP in 2.0 mL sal-

ine (n = 6) or saline alone (n = 5) on di-estrus.

Ethylenediaminetetraacetic acid (EDTA) blood sam-

ples (0.4 mL) were taken from the jugular vein can-

nula on day 13 (1 day before), day 15 (1 day after),

and day 17 (3 days after the infusion of ATP or sal-

ine) of pregnancy. On day 20, rats were killed and

blood samples were taken during killing by aortic

punction under anesthesia (isoflurane/oxygen). To

study inflammation in the kidney at days 15 and 17,

four additional groups of non-pregnant (NP) and

pregnant (P) rats were infused with either saline or

ATP and killed on day 15 (NP+saline: n = 6;

NP+ATP: n = 5; P+saline: n = 5; P+ATP: n = 7) or

day 17 (NP+saline: n = 5; NP+ATP: n = 5; P+saline:
n = 7; P+ATP: n = 6). During killing on days 15, 17,

and 20, kidneys were obtained and snap frozen for

analysis of immune cells in the kidney using immu-

nohistochemistry.
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Rat Blood Leukocyte Counts

Twenty microliter of EDTA blood was diluted in

500 lL pOCH buffer (Sysmex Netherlands, Etten-Leur,

the Netherlands) for leukocyte counts using a microcell

counter (model Sysmex PocH 100i; Sysmex).

Staining of Rat Blood for Flow Cytometry

To identify monocytes and granulocytes, whole blood

was washed with phosphate-buffered saline (PBS,

pH = 7.2) and incubated with PE-conjugated anti-

CD172a (Biolegend, Uithoorn, the Netherlands), Al-

exaFluor647-conjugated anti-CD43 (Biolegend), and

Alexa Fluor 700-conjugated anti-CD11b (for granulo-

cytes; AbD Serotec, Dusseldorf, Germany) antibodies

or with isotype controls for 30 min in the dark.18,25

To identify lymphocyte subpopulations, whole

blood was washed with PBS and incubated with

biotin-conjugated anti-CD3 (eBioscience, Vienna,

Austria), FITC-conjugated anti-CD4 (BD Biosciences,

Breda, the Netherlands) and PE-conjugated anti-

CD25 (BD Biosciences) for 30 min in the dark. Sam-

ples were washed with 0.5 mL fluorescence-acti-

vated cell sorter (FACS) buffer (PBS with 2% fetal

calf serum and 1.3 mM EDTA) and incubated with

PE/Cy7-labeled streptavidin for 15 min in the dark.

Thereafter, samples were washed twice and incu-

bated with BD FACSTM Lysing Solution (BD Bio-

sciences) for 30 min. Then, the samples were

washed with permeabilization buffer (Foxp3 staining

kit; eBioscience) and incubated in permeabilization

buffer with APC-conjugated anti-Foxp3 (eBio-

science) or APC-conjugated isotype control antibod-

ies (eBioscience). Cells were subsequently washed

twice with permeabilization buffer, resuspended in

FACS buffer, and kept in the dark at 4°C until FACS

analysis (within 24 hr). All steps were performed at

room temperature.

Flow Cytometry Data Collection and Evaluation

Data were collected (at least 200,000 events per

sample) on a BD LSR II Flow Cytometer (BD Bio-

sciences) and were analyzed using FlowJo software

(Tree star, Inc., Ashland, OR, USA).

Peripheral blood monocyte subsets and granulocytes

Live leukocytes were selected from the forward/side

scatter plot (Fig. 1a). From the leukocytes, a wide

gate was drawn on the monocytes (rat monocytes

are often not a distinct population) and copied to a

CD43/CD172a plot (Fig. 1b,c). Here, the total

CD172a+ monocytes were selected, as well as the

granulocyte population (Fig. 1c). The total monocyte

population was copied to a new plot, in which the

classical CD43lo and non-classical CD43hi monocyte

subsets were selected (Fig. 1d). To analyze CD11b

expression on granulocytes, samples stained with is-

otype controls were used to set a gate, so that each

fluorescent label contained no more than 1% of the

population. This gate was subsequently copied to the

CD11b-stained samples, after which the mean fluo-

rescent intensity (MFI) of CD11b expression on

granulocytes was calculated.

Lymphocytes

Live leukocytes were selected from the forward/side

scatter plot (Fig. 1e) and the CD3+ population was

selected, from which the CD4+ and CD4� popula-

tions were selected in a CD4/CD3 plot (Fig. 1f,g).

The CD4+ population was copied in a CD25/Foxp3

plot, in which the CD25+ Foxp3+ (regulatory T lym-

phocyte) population and the CD25+ Foxp3� (effector

T lymphocyte) population were selected (Fig. 1h).

Data were expressed as the percentage within the

whole live leukocyte population (% of leukocytes).

Immunohistochemical Staining of Kidney Tissue

Rat cryostat kidney sections were stained for the pres-

ence of total macrophages (mouse-anti-rat CD68,

1:100 diluted, clone ED1; AbD Serotec), iNOS+ macro-

phages (rabbit-anti-rat iNOS, 1:2000 diluted; Abcam,

Cambridge, UK), CD206+ macrophages (rabbit-anti-

rat CD206, 1:1000 diluted; Abcam,), granulocytes

(mouse-anti-rat His48, 1:50 diluted; BD Biosciences),

and T lymphocytes (mouse-anti-rat CD3, 1:100

diluted; Abcam). All sections were fixed with ice-cold

acetone (10 min). Only the iNOS stained sections

were pre-incubated with a mixture of 0.5% saponin,

4% bovine serum albumin (BSA), 1% normal goat

serum, and 10% normal rat serum in PBS (30 min)

and washed with PBS afterward. Before incubation

with primary antibodies [with 1% normal rat serum

(60 min)], sections for CD68 were incubated with

10% normal goat serum (30 min) and sections for

CD206, iNOS, His48, and CD3 with 2% BSA with 1%

ELK in PBS (20 min). After washing with PBS, sec-

tions were blocked with 3% H2O2 in methanol and

with a biotin blocking kit (Dako, Heverlee, Bel-

gium). After washing with PBS, biotin-conjugated
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goat-anti-mouse (for CD68, CD3 and His48; Southern

Biotech, Birmingham, AL, USA) and biotin-conju-

gated goat-anti-rabbit (for iNOS and CD206; Dako)

were added as a second step (30 min). After washing

with PBS, peroxidase-conjugated streptavidin (Dako)

was added (30 min) and the staining was subse-

quently visualized by 3-amino-9-ethyl-carbazole and

hematoxylin. All of the incubation steps were carried

out at room temperature.

Analysis of Kidney Sections

Kidney sections stained for total macrophages, iNOS+

and CD206+ macrophages, granulocytes, and lym-

phocytes were quantitatively scored in a double-

blind manner by an independent observer. Positive

cells were counted in all the glomeruli in the kidney

section, and results are expressed as number of posi-

tive cells per glomerulus.

Statistical Analysis

The effect of pregnancy on leukocyte subsets and

their activation status was evaluated by testing the

differences between non-pregnant and pregnant sal-

ine-infused rats on the same experimental day using

Mann–Whitney U tests. To evaluate the effect of

ATP or saline infusion on peripheral blood leukocyte

subsets and their activation status, Friedman

repeated measures tests were performed followed by

Dunn’s post-tests comparing day 13 pre-infusion

values with days 15, 17 or 20 post-infusion values.

To evaluate the effect of pregnancy on glomerular

leukocyte populations, the saline-infused non-

pregnant rats were compared with pregnant saline-

infused rats using Mann–Whitney U tests. To

evaluate the effect of ATP on leukocyte populations

in the kidney, ATP and saline-infused rats were

compared using Mann–Whitney U tests.

For all evaluations, differences were considered to

be significant if P < 0.05 or a statistical trend if

P < 0.1. Data are presented as medians with the in-

terquartile range.

Results

No effects of ATP or saline infusion were found on

leukocyte populations in non-pregnant rats.

a b c d

e f g h

Fig. 1 Flow cytometric gating strategy for peripheral blood leukocyte populations. Flow cytometric staining of whole blood from a representative

saline-infused pregnant rat. For the monocytes and granulocytes, leukocytes were selected first in a FSC/SSC plot (a), and after that, the

monocytes and granulocytes were selected in a new FSC/SSC plot (b). This gate was copied to a CD43/CD172a plot and granulocytes and total

monocytes were selected (c). Finally, the total monocytes were copied to a new CD43/CD172a plot and the two monocyte subsets (CD172a+/

CD43low and CD172a+/CD43high) were selected (d). For the lymphocytes, leukocytes were selected from the FSC/SSC plot (e) and copied to a CD3/

FSC plot in which the CD3+ lymphocytes (f) were selected. These were then copied to a CD4/CD3 plot where the CD3+ CD4� cytotoxic T

lymphocytes and CD3+ CD4+ T helper lymphocytes were selected (g). The latter were copied to a Foxp3/CD25 plot from which the CD25+ Foxp3�
effector T lymphocytes and the CD25+ Foxp3+ regulatory T lymphocytes were selected (h).
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Therefore, for clarity, data of the non-pregnant sal-

ine and ATP-infused rats are not shown in the tables

and figures. Instead, the saline-infused non-pregnant

group is depicted by a single bar showing the per-

centages on day 13 of the experiment (see Table II

and Figs 2 and 3, indicated as NP).

No Effect of ATP on Peripheral Blood Leukocytes

No effects of pregnancy on total leukocyte counts

were observed on days 13, 15, 17, or 20 of preg-

nancy (Table I). No effects of ATP infusion on blood

leukocyte counts were observed in pregnant rats

(Table I).

Peripheral Blood Non-classical Monocytes Increase

After ATP Infusion in Pregnant Rats

To give a complete overview of the changes in

immune cell populations after ATP infusion, we

have included data here on monocyte subpopula-

tions that have been published previously (see

Table II).18

The total percentage of monocytes was higher in

pregnant rats on days 15, 17, and 20 of pregnancy

compared with non-pregnant rats on the same day

(Table II). ATP did not affect total numbers of mono-

cytes. In rats, monocyte subsets are identified by the

markers CD43 and CD172a, rather than with CD14

and CD16.25,26 Classical monocytes are defined as

CD172a+ and CD43lo, while non-classical monocytes

are defined as CD172a+ and CD43hi.25,26 There was

no effect of pregnancy or ATP infusion on the per-

centage of classical monocytes (Table II). However,

the percentage of non-classical monocytes was

higher on days 15, 17, and 20 in the pregnant rats

compared with non-pregnant rats at the same time

point (Table II). Furthermore, only ATP, but not sal-

ine infusion, enhanced the percentage of non-classi-

cal monocytes on days 17 and 20 of pregnancy

compared with the pre-infusion day 13 value

(Table II).

Peripheral Blood Granulocyte Numbers Increase

during Pregnancy

Percentages of granulocytes were significantly higher

in pregnant compared with non-pregnant rats on

days 13, 15, and 20 (Fig. 2a). No changes in the per-

centages of granulocytes were observed compared

with pre-infusion day 13 after both ATP and saline

infusion in pregnant rats (Fig. 2a). No changes in

CD11b expression were observed after saline or ATP

infusion in pregnant animals (Fig. 2b).

Peripheral Blood Lymphocytes Decrease in

Pregnancy and by ATP Infusion

In pregnant rats, percentages of CD3+ T lymphocytes

were lower on days 13 and 15 of pregnancy than in

non-pregnant rats (Fig. 3a). ATP infusion during

pregnancy decreased the percentage of T lympho-

cytes on day 20 of pregnancy as compared with the

a

b

Fig. 2 Numbers of granulocytes after adenosine triphosphate (ATP)

infusion in rat peripheral blood. (a) Circulating granulocytes in

pregnant animals infused with saline (P+saline, open squares) or ATP

(P+ATP, closed squares) on day 14 of pregnancy (dotted line) (a). Bars

on the left side of the graph represent percentages for non-pregnant

saline-infused animals on day 13 of pregnancy (NP). (b) CD11b

expression on granulocytes in pregnant animals infused with saline

(black solid bars) or ATP (striped bars) on day 14 of pregnancy.

Medians with interquartile range are shown. aP < 0.05 significantly

different from non-pregnant saline-infused animals on the same

experimental day, Mann–Whitney U test.
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pre-infusion value, while no changes were observed

in saline-infused pregnant animals (Fig. 3a).

In pregnant rats, both the percentages of T helper

lymphocytes (CD4+) and the percentage of cytotoxic

T lymphocytes (CD4�) were lower on days 13, 15,

and 17 compared with non-pregnant rats (Fig. 3b,c).

ATP infusion significantly reduced the percentage of

T helper lymphocytes on day 20 (Fig. 3b) of

a b

c

e

d

Fig. 3 Numbers of T lymphocytes after adenosine triphosphate (ATP) infusion in rat peripheral blood. Circulating CD3+ (a), CD4+ T helper

(b), CD4� cytotoxic (c), CD4+ CD25+ T effector (d) and CD4+ CD25+ Foxp3+ T regulatory lymphocytes (e) in saline (P+saline, open squares) and

ATP (P+ATP, closed squares) infused pregnant animals. Bars on the left side of the graph represent day 13 values of non-pregnant saline-infused

animals (NP). Medians with interquartile range are shown. aP < 0.05 significantly different from non-pregnant saline-infused animals on the same

experimental day, Mann–Whitney U test; *P < 0.05 significantly decreased compared with pre-infusion (day 13) values in the same experimental

group, Friedman followed by Dunns post-tests.
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pregnancy compared with pre-infusion values. This

was not observed in control pregnant rats. The per-

centage of cytotoxic T lymphocytes was decreased in

ATP-infused rats on day 15 of pregnancy compared

with pre-infusion values (Fig. 3c).

No changes in effector T lymphocytes

(CD4+ CD25+ Foxp3� T lymphocytes) were observed

in pregnant animals as compared to non-pregnant

animals (Fig. 3d). However, a decreased percentage

of effector T lymphocytes were found after ATP infu-

sion on day 20 of pregnancy compared with the pre-

infusion value, that is day 13 (Fig. 3d).

Percentages of regulatory T lymphocytes

(CD4+ CD25+ Foxp3+ T lymphocytes) were lower on

days 13 and 15 in pregnant rats as compared to

non-pregnant rats (Fig. 3e). In pregnant rats infused

with ATP, lower percentages of regulatory T lym-

phocytes were observed on day 20 compared with

pre-infusion values (Fig. 3e).

Effect of ATP on Leukocyte Populations in The

Kidney

Macrophages

CD68+ cells (total macrophages), iNOS+ cells, and

CD206+ cells in the kidney were mainly located in

the glomeruli and only occasionally in the intersti-

tium at all time points. On days 15 and 20 of preg-

nancy, no differences in glomerular CD68+, iNOS+,

and CD206+ macrophages were observed between

non-pregnant and pregnant rats (Fig. 4a–c). How-

ever, on day 17 of pregnancy, iNOS+ cells tended to

be higher and CD206+ cells were significantly higher

in pregnant as compared with non-pregnant animals

(Fig. 4b,c), ATP infusion induced higher numbers of

glomerular CD68+ cells in non-pregnant rats on day

15, while in pregnant rats, ATP induced higher

CD68+ cell numbers on day 20 (Fig. 4a). ATP infu-

sion had no effect on the number of iNOS+ and

CD206+ cells in pregnant rats or in non-pregnant

rats on days 15, 17, and 20 (Fig. 4b,c).

Granulocytes

On days 15, 17, and 20, His48+ granulocytes in the

kidney were located in the interstitial space as well

Table I Leukocyte Counts During Pregnancy and After

Adenosine Triphosphate (ATP) Infusion

Day of pregnancy

Leukocyte count

(9109 cells/L)

Non-pregnant + saline – 6.3 (4.1–9.2)

Pregnant + saline 13 7.2 (5.8–11)

15 7.5 (5.8–9.5)

17 7.4 (6–9.1)

20 6 (3.7–7.7)

Pregnant + ATP 13 7.5 (5.4–9.7)

15 8.1 (6.5–9.2)

17 8.1 (6.5–10.1)

20 6 (2.5–11)

Medians plus range are shown.

Table II Monocyte Subsets During Pregnancy and After Adenosine Triphosphate (ATP) Infusion

Day of pregnancy

Total monocytes

(% of leukocytes)

Classical monocytes

(% of leukocytes)

Non-classical monocytes

(% of leukocytes)

Non-pregnant + saline – 5.5 (5.4–6.0) 4.1 (3.6–5.0) 1.7 (1.5–1.8)

Pregnant + saline 13 7.9 (5.8–10.1) 6.1 (4.3–6.9) 2.3 (2.0–2.5)

15 9.4 (7.9–9.9)a 5.7 (4.9–6.6) 2.9 (2.8–3.9)a

17 8.3 (7.0–8.5)b 2.1 (1.9–3.1) 2.5 (2.4–4.9)b

20 9.5 (8.2–9.7)a 3.5 (2.9–4.3) 4.3 (3.9–4.9)a

Pregnant + ATP 13 8.3 (7.5–9.3) 6.1 (4.3–6.9) 2.3 (2.0–2.4)

15 8.8 (8.2–9.6) 4.7 (4.1–5.3) 4.3 (3.7–4.3)

17 7.2 (6.8–9.3) 3.1 (3.0–3.4) 4.4 (3.8–4.8)*

20 9.9 (7.2–13.8) 3.7 (3.5–4.7) 6.2 (3.4–8.4)*

Medians plus range are shown.
aP < 0.05; bP < 0.1 significantly increased compared with non-pregnant saline-infused animals on the same experimental day, Mann–Whitney

U test.

*P < 0.05 significantly increased compared with pre-infusion (day 13) values in the same experimental group, non-parametric Friedman fol-

lowed by Dunns post-tests. This dataset has been previously published under a Creative Commons Attribution.19
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a b

c

e

d

Fig. 4 Glomerular numbers of CD68, iNOS, CD206, His48 and CD3 positive cells. Glomerular numbers of (a) total macrophages (CD68), (b) iNOS+

macrophages, (c) CD206+ macrophages, (d) granulocytes (His48) and (e) T lymphocytes (CD3) on days 15, 17, or 20 of pregnancy, in pregnant (P)

or non-pregnant (NP) animals infused with saline (open bars) or adenosine triphosphate (ATP) (black bars). Medians with interquartile range are

shown. aP < 0.05; bP < 0.10 significantly different from non-pregnant saline-infused animals on the same experimental day; *P < 0.05 significantly

increased compared with saline-infused animals, Mann–Whitney U test.
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as in glomeruli, with most granulocytes being pres-

ent within the glomeruli. Numbers of glomerular

granulocytes tended to be higher on day 17 and

were significantly higher on day 20 in pregnant

compared with non-pregnant animals (Fig. 4d),

while no significant effects of ATP infusion were

observed in pregnant and non-pregnant rats on all

time points.

T lymphocytes

CD3+ lymphocytes in the kidney on days 15, 17 and

20 were found in the glomeruli, in most cases at the

Bowman’s capsule as well as in the interstitial space,

often closely surrounding the glomeruli. On day 15,

but not days 17 and 20 of pregnancy, increased

numbers of CD3+ lymphocytes were observed in

pregnant compared with non-pregnant animals

(Fig. 4e). In addition, ATP infusion increased the

number of CD3+ lymphocytes 1 day after infusion in

non-pregnant animals, while no changes were found

after ATP infusion in pregnant rats (Fig. 4e).

Discussion

Our findings demonstrated that extracellular ATP

induced pregnancy-specific changes in peripheral

and kidney leukocyte populations. Higher percent-

ages of peripheral blood non-classical monocytes and

lower percentages of various subsets of T lympho-

cytes characterized the pregnancy-specific peripheral

response. In addition, a pregnancy-specific inflam-

matory response was also observed in the glomeruli

after ATP infusion, in which we identified higher

numbers of macrophages and T lymphocytes on day

15 in non-pregnant rats, while higher numbers of

glomerular macrophages were found in ATP-infused

pregnant rats on day 20.

Pregnancy in humans has been regarded a pro-

inflammatory condition, characterized by increased

numbers and activation of circulating monocytes

and granulocytes, and decreased percentages of lym-

phocytes.18,27–29 Our current data are in accordance

with this suggestion, because we showed that preg-

nant rats have higher numbers of circulating mono-

cytes (total monocytes as well as non-classical

monocytes) and granulocytes, and lower numbers of

circulating T lymphocytes compared with non-preg-

nant rats. We showed lower regulatory T lympho-

cyte numbers in pregnant compared with

non-pregnant animals. This is in line with previous

studies showing lower circulating regulatory T cells

during pregnancy in humans9,10 and coherent with

the suggestion of Shima et al.30 that regulatory T

lymphocytes are not important for the maintenance

of pregnancy. Locally in the glomeruli of the kidney,

control pregnant animals showed increased T lym-

phocyte numbers on day 15, which is in line with

our previous paper.31 We also observed increased

CD206+ and iNOS+ macrophages on day 17 and

increased granulocyte numbers on days 17 and 20 of

pregnancy. The exact mechanism of how numbers

of certain leukocyte populations increase in glome-

ruli during pregnancy remains to be established, but

they may be due to physiological changes in kidney

function and blood pressure,32 or may be the conse-

quence of general activation of the immune system

during pregnancy.33

The changes in immune responses in pregnancy

may underlie the increased sensitivity of pregnant

rats to the pro-inflammatory ATP. The present study

showed that a single ATP infusion on day 14 of

pregnancy induced prolonged effects on the immune

response in pregnancy. This observation is in line

with previous observations in our lab showing a per-

sistent inflammatory response following another

pro-inflammatory stimulus LPS in the pregnant

rat.31 The mechanism is unknown, but the pro-

longed effects cannot be due to long-lasting circula-

tion of infused ATP, because ATP is degraded to

adenosine in a few seconds by plasma and mem-

brane bound enzymes, such as CD39, CD73, and

alkaline phosphatase.34 As a result, it cannot be

found in the circulation after ATP infusion.23 The

increased sensitivity to ATP may be due to changes

in P2 receptor expression during pregnancy, as has

been shown for human uterine smooth muscle.35 In

addition, P2 receptors are also expressed by syncytio-

trophoblast cells in the placenta.36 Therefore, ATP

may be able to activate syncytiotrophoblast cells,36

which in their turn may activate and influence func-

tion of circulating immune cells.

We observed increased numbers of peripheral

blood non-classical monocytes after ATP infusion in

pregnant rats. Previously, we showed that only this

specific subset was also activated following ATP infu-

sion.18 Various in vitro studies showed monocyte

activation by ATP.17,37,38 Only one study in bovine

monocytes showed that responses to ATP seem to be

subset specific, as classical and non-classical bovine

monocytes produce different amounts of IL-1ß in

response to ATP stimulation.39 Non-classical mono-

cytes are a more pro-inflammatory subset as
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compared with classical monocytes as they produce

higher amounts of TNF-a and IL-1ß after stimula-

tion, exhibit lower phagocytic activity, and have

higher antigen presenting capacity compared with

classical monocytes.40–42 The present results suggest

that this more pro-inflammatory subset plays a role

in the pathophysiology of this model and preeclamp-

sia, as we have previously shown that also in human

preeclampsia, the non-classical subset of monocytes

was increased.18 Interestingly, ATP infusion specifi-

cally increased numbers of monocytes, but not gran-

ulocytes, suggesting that monocytes may be

important leukocytes in preeclampsia. The different

response of granulocytes and monocytes might be

due to differential P2 receptor expression patterns

on these cells: P2Y14 receptors are for instance

expressed on granulocytes, but not expressed on

monocytes, while P2Y12 and P2Y13 are expressed on

monocytes, but not on granulocytes.13,43,44 How-

ever, changes in expression patterns of P2 receptors

have not been studied during pregnancy. Further

insights into the role of the non-classical subset in

preeclampsia as well as studies on sensitivity of gran-

ulocytes and classical and non-classical monocytes

for ATP are warranted.

We showed decreased numbers of several periph-

eral blood T lymphocyte subpopulations after ATP

infusion in pregnant rats. This could be due to a direct

effect of ATP on these cells, because purinergic recep-

tors are expressed on T lymphocytes.44 Decreased

numbers of circulating T lymphocytes may be due to

ATP-induced migration of these cells into the me-

sometrial triangle, because we found increased num-

bers of T lymphocytes in this tissue. Alternatively,

decreased T lymphocyte subpopulations could be due

to an inhibition of production of these cells due to

ATP. This has for instance been shown for regulatory

T lymphocytes: ATP stimulation was shown to inhibit

regulatory T lymphocyte formation in vitro.45 Regula-

tory T lymphocytes are important in establishing preg-

nancy associated immune tolerance to the fetus,46

and decreased numbers of these cells are associated

with preeclampsia.47 Our study suggests that the high

ATP levels in preeclampsia14 may be associated with

decreased numbers of regulatory T lymphocytes in

this condition.

Although ATP did not affect circulating leukocytes

in non-pregnant rats, in the kidneys of non-pregnant

rats, 1 day after the infusion of ATP, glomerular

CD68+ macrophages, and CD3+ T lymphocytes

increased. This suggests that ATP does have a

short-term effect on immune responses of non-preg-

nant rats. The question may arise why non-pregnant

rats do not develop proteinuria,23 despite the

increased presence of inflammatory cells? This may be

due to the relatively low number of macrophages and

T cells present in the glomeruli or to the fact that non-

pregnant rats are less sensitive to damage inflicted by

inflammatory cells.48 The short-term effect of a pro-

inflammatory stimulus on immune responses in non-

pregnant rats, without inducing apparent damage,

has been shown before in another model.31,49

Glomerular macrophage numbers were increased

after ATP infusion in pregnant rats on day 20. How-

ever, ATP had no effect on the number of glomeru-

lar granulocytes and lymphocytes. This corroborates

our previous findings.23 The present study adds to

the previous data in showing that at earlier intervals

after the infusion of ATP in pregnant rats, no effect

was observed on glomerular leukocyte numbers.

Even though the number of macrophages was

increased in response to ATP on day 20 of preg-

nancy, the numbers of glomerular iNOS+ (M1) and

CD206+ (M2) macrophages were unchanged after

ATP infusion. Therefore, at this time point, that is,

6 days after the infusion, ATP appeared not to influ-

ence macrophage phenotype. We have been limited

to the use of iNOS and CD206 as potential markers

of M1 and M2 phenotypes in our study, due to the

unavailability of other markers for macrophage sub-

sets in rats. Therefore, further studies on the effect

of pregnancy on macrophage M1 and M2 markers

are warranted.

It is tempting to speculate that increased glomeru-

lar macrophage numbers after ATP infusion in preg-

nant rats may be involved in the albuminuria as

macrophage accumulation in the kidney has been

shown to contribute to acute and chronic kidney

injury,50 and increased glomerular macrophage

numbers in pregnant rats were shown to be corre-

lated with the development of albuminuria.23 The

question remains as to the mechanism of increased

macrophage numbers after ATP infusion. As these

ATP-induced effects on glomerular macrophages

were not observed until day 20 of pregnancy, it

seems unlikely that it is a direct effect of the infu-

sion on day 14, because, as described above,

increased levels of ATP cannot be found after the

infusion of ATP. However, the previously observed

increase in ATP levels on day 20 in ATP-infused

pregnant animals exclusively23 may contribute to

macrophage infiltration 6 days after the infusion.

American Journal of Reproductive Immunology 72 (2014) 305–316

314 ª 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

SPAANS ET AL.



Conclusions

Adenosine triphosphate (ATP) infusion in pregnant

rats increased the numbers of peripheral blood non-

classical monocytes and decreased T lymphocyte

numbers compared with control pregnant rats. These

changes coincided with infiltration of macrophages

into the kidney, which may be involved in inducing

proteinuria. Our data thus support our hypothesis

that ATP infusion stimulates pregnancy-specific

inflammatory responses that may result in protein-

uria. These immune changes after ATP infusion in

pregnant rats appear similar to changes found in

human preeclampsia, although they are more subtle.

The increased ATP levels in preeclamptic women

may, therefore, potentially contribute to develop-

ment of the pro-inflammatory condition in pre-

eclampsia.
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