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Abstract 

G protein regulation by regulators of G protein signaling (RGS) proteins play a key role in vascular tone maintenance. The 
loss of G i/o and G q/11 regulation by RGS2 and RGS5 in non-pregnant mice is implicated in augmented vascular tone and 

decreased uterine blood flow (UBF). RGS2 and 5 are closely related and co-expressed in uterine arteries (UA). However, 
whether and how RGS2 and 5 coordinate their r egulator y acti vities to finetune G pr otein signaling and r egulate v ascular 
tone are unclear. Here, we determined how the integrated activity of RGS2 and 5 modulates vascular tone to promote UBF. 
Using ultr asonogr aphy and pr essur e m y ogr aphy, w e examined uterine hemodynamics and m y ogenic tone (MT) of UA of 
wild type (WT), Rgs2 −/ −, Rgs5 −/ −, and Rgs2/5 dbKO mice. We found that MT w as r educed in Rgs5 −/ − r elati v e to WT or Rgs2 −/ −

UA. Acti v ating G i/o with dopamine incr eased, wher eas e xo genous cAMP decr eased MT in Rgs5 −/ − UA to lev els in WT UA. 
Dual deletion of Rgs2 and 5 abolished the reduced MT due to the absence of Rgs5 and enhanced dopamine-induced G i/o 

effects in Rgs2/5 dbKO UA. Conv ersel y, and as in WT UA, G i/o inhibition with pertussis toxin or exogenous cAMP decreased 

MT in Rgs2/5 dbKO to levels in Rgs5 −/ − UA. Inhibition of phosphodiesterases (PDE) concentration-de pendentl y decr eased 

and normalized MT in all genotypes, and blocked dopamine-induced MT augmentation in Rgs2 −/ −, Rgs5 −/ −, and Rgs2/5 
dbKO UA. We conclude that G i/o augments UA MT in the absence of RGS2 by a novel mechanism involving PDE-mediated 

inhibition of cAMP-dependent vasodilatation.. 
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ntroduction 

terine artery hemodynamics controls perfusion of the female
 e pr oducti v e system and can be a bnormall y alter ed in hyper-
ensi v e diseases and other car dio vascular disor ders. Abnormal
terine blood flow (UBF) is a hallmark of hypertensi v e disorders
f pregnancy, including chronic hypertension, preeclampsia, 
nd gestational hypertension with or without superimposed
reeclampsia. 1–4 Abnormal UBF is also associated with low
ertility rate and low gravidity and parity. 5–8 However, the

echanisms that govern the regulation of uterine artery hemo-
ynamics and thus UBF, both in nonpregnant and pregnant
tates, ar e poorl y understood. The uterine v asculatur e is con-
ider ed a v ascular bed of low impedance , c har acterized by high
 esisti vity with almost negligible capacitance or compliance
ehavior. 6 , 9 The “low impedance” reflects the relationship
etween the low frequency of blood pressure pulsatility and the
ate of vasomotion, driven largely by the biomechanical prop-
rties of the uterine vascular bed, while the “high r esisti vity”
eflects the relatively small diameters of the arteries in the uter-
ne vascular bed that are further reduced by the relatively high
 ascular tone dri v en mostl y by m y ogenic r eacti vity to intralu-
inal pr essur e. 10 , 11 The uterine artery and arterial br anc hes

n the uterine vascular bed are muscular and are considered
esistance arteries that readily generate myogenic response to
 hanges in intr aluminal pr essur e . As suc h, perfusion in this
ascular bed is regulated largely by the vascular resistance that,
n turn, is determined by vascular tone. 12 Principally, the level
f tone in a resistance vascular bed is the balance between the
asodilation elicited by factors extrinsic to the vascular smooth
uscle, including nitric oxide (NO) and endothelium-deri v ed
 1  
yperpolarization factors (EDHF), vasoconstriction resulting
r om v ascular r eacti vity to contr actile ligands and m y ogenic
esponse, a vascular smooth muscle-intrinsic property enabling
mall-diameter arteries and arterioles to constrict in reaction to
 all str etch by incr eases in intraluminal pr essur e dri ving b lood
o w do wn the arterial tree . 13–18 My ogenic r esponse de pends on
echanosensing and subsequent mechanotransduction. The

pecific mechanosensors detecting w all str etch in the uterine
ascular bed are ill-defined. However, the downstream mechan-
transduction, culminating in cytoplasmic rise in calcium
oncentration for the acti v ation of the contractile machinery
riggering actom y osin cr oss-bridging and smooth m uscle
ontraction, is r elati v el y well esta b lished. 17–19 Nonetheless, it
emains unclear how these downstream signaling pathways are
egulated in the uterine vasculature to promote UBF as needed
r become defecti v e leading to reduced uterine perfusion in
isease states. 

Pre vious work b y us and others has shown that the regu-
ation of signaling via heterotrimeric G proteins of the G q/11 

nd G i/o classes ar e inv olv ed in the control of uterine artery
 y ogenic response and thus UBF in nonpregnant mice. 20 , 21 

ev eral putati v e mechanosensing G pr otein-coupled r ece p-
ors (GPCRs), including the angiotensin type 1a r ece ptor and
dhesion GPCRs, are proposed to couple to and activate G q/11 G
rotein class in a ligand-independent manner to mediate a
 y ogenic response . 22–25 Once acti v ated, G q/11 signaling triggers

ntr acellular Ca 2 + tr ansients by stimulating IP 3 -mediated Ca 2 + 

 elease fr om internal stor es via the acti v ation of phospho-
ipase C (PLC) that, in turn, hydr ol yzes phosphatidylinositol
,5-bisphosphate (PIP 2 ) to diacyl gl ycer ol (DAG) and inositol
,4,5 trisphosphate (IP 3 ). 17 , 22 , 23 Besides G q/11 , G i/o signaling has
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lso been shown to upregulate myogenic tone. 21 However, 
n contrast to G q/11 -mediated signaling, the mechanisms by 
hich G i/o is inv olv ed in the induction and/or regulation of 
 y ogenic r esponse inv olv es the r egulation of cyclic adenosine 
 

′ ,5 ′ -monophosphate (cAMP) generation and signaling causing 
asodilation to oppose Ca 2 + -dependent constriction. 26–28 The 
ctivity of both G q/11 and G i/o classes is finetuned by regulators 
f G protein signaling (RGS) proteins, which act as GTPase- 
cti v ating pr oteins (GAPs), accelerating GTP hydr ol ysis via 
he intrinsic GTPase activity of the heter otrimeric G pr otein 

-subunit. 29–31 The finetuning by RGS proteins is crucial to 
odulating m y ogenic tone in uterine arteries (UA). Increased 

 i/o activity, as occurs in the absence of RGS2, augments uterine 
rtery m y ogenic tone and impedance to UBF in nonpre gnant 
ice. 21 Additionally, global Rgs2 deletion has been shown to 

lev ate b lood pr essur e in mice. 32 The a bsence of RGS5, which is
losel y r elated to RGS2 in structur e and function, 29 , 31 , 33 , 34 has 
lso been demonstrated to increase uterine artery reactivity to 
ontractile agonists that activate G q/11 -coupled GPCRs, 20 while 
r egnant Rgs5 n ull mice ar e r e ported to show gestational hyper-
ension and pr eeclampsia-like featur es. 20 , 35 Together, these 
ines of evidence indicate that G protein regulation by both RGS2 
nd 5 is critical to maintaining normal UBF. The uterine vascular 
ed expr esses m ultiple RGS pr oteins, including RGS2, 4, and 5, 35 

ll of which belong to the R4/B RGS family and act as GAP to war d
 q/11 and G i/o . 31 , 36 , 37 Ho wever, whether and ho w the activity 
f m ultiple RGS pr oteins is coordinated to finetune G pr otein 

ctivity to modulate m y ogenic tone , and thus UBF, is unclear. 
In this study, we determined how RGS2 and 5 indepen- 

entl y r egulate G i/o , and how their r egulator y r oles ar e inte gr ated
o modulate uterine artery m y ogenic tone and uterine artery 
emodynamics in nonpregnant mice. Our findings r ev eal a novel 
ec hanism by whic h G i/o acts to upre gulate uterine artery m y o-

enic tone. We also r e port that RGS2 and 5 have opposing effects 
n uterine artery m y ogenic tone , whic h hinge on the efficiency 
f regulating the inhibitory effect of G i/o , on cAMP signaling 
artly via the canonical inhibition of adenylyl cyclase (AC) and 

 novel mechanism involving the upregulation of phosphodi- 
sterase (PDE) activity in UA. 

aterials and Methods 

nimals 

emale mice between the ages of 8 and 20 wk were used for 
ll experiments. All genotypes used in the study, including wild 

ype (WT), Rgs2 knockout ( Rgs2 −/ −), Rgs5 knockout ( Rgs5 −/ −), and 

gs2/5 double knockout ( Rgs2/5 dbKO) mice, were backcrossed 

xtensi v el y into the Charles Ri v er C57BL/6 genetic background. 
he generation of Rgs2 −/ − and Rgs5 −/ − mice has been described 

r eviousl y. 38 , 39 Rgs2/5 dbKO mice were generated from crosses 
etween Rgs2 −/ − and Rgs5 −/ − mice, as pr eviousl y described. 40 All 
xperiments were performed in accordance with the protocols 
ppr ov ed by the Institutional Animal Care and Use Committee 
t Case Western Reserve University School of Medicine, in accor- 
ance with the National Institutes of Health Guidance for the 
are and Use of Laboratory Animals. 

terine Hemodynamics Ev alua tion By Doppler 
ltrasound 

e followed the mouse Doppler ultrasound (US) pr otocol pr evi- 
usly described by us and others. 21 , 35 , 41 Briefly, adult nonpreg- 
ant female mice were shaved from the mid to lower abdomen 
ollowed by the application of a de pilator y a gent under isoflu-
ane anesthesia, 1 d before the US. On the day of the US, the mice
ere positioned on the heated platform of a Vevo 3100 Imaging 
tation (VisualSonics Inc., Toronto, Canada) and secured with 

n adhesi v e tape, as pr eviousl y described. 21 Body temperatur e 
as maintained at 37 ◦C throughout the animal preparation and 

ata acquisition period with a continuous monitoring of heart 
nd r espirator y rates. Uterine arteries near the b ladder wer e
ocated by color Doppler using a 400-MHz probe placed over 
he lower abdomen, which was covered with copious amount 
f warm coupling gel, as previously described. 21 F e w seconds of 
ines of the pulsed w av eforms of b lood flow wer e r ecorded at
n insonation angle of ∼30 ◦ and a frequency of 24 Hz. Wave- 
orm r ecordings wer e taken fr om both the right and left UA.
fter baseline data acquisition, each animal r ecei v ed a bolus 

ntraperitoneal injection of L-N 

G -Nitroarginine methyl ester (L- 
AME, 60 mg kg −1 , i.p.). Ten minutes later, the pulsed w av e-

orm r ecordings wer e r e peated. The mice wer e r eturned to their
ome cage after data acquisition to recover from anesthesia. The 
 ecorded w av eform data wer e pr ocessed and anal yzed, as pr evi-
usly described. 21 , 35 

terine Artery Isolation and Myogenic Tone 
ssessment 

nimals were euthanized by deep anesthesia with 

etamine/xylazine (ketamine; 43 mg kg −1 , i.p., and xylazine; 
 mg kg −1 , i.p.) followed by cervical dislocation. As previ- 
usly described, 21 the uterus was harvested, rinsed, and quickly 
laced in chilled Ca 2 + -free HEPES buffer of the following compo- 
ition (in mmol L −1 ): 140 NaCl, 5 KC1, 1.2 MgSO 4 , 10 NaAcetate,
0 HEPES, 1.2 Na 2 H 2 PO 4 , 5 dextrose, with pH adjusted to 7.4 with
aOH. Segments of the main UA were dissected and cleaned of 
eri v ascular fat, excised, and transferred into a Living Systems 
H-1-LIN Vessel Chamber (Catamount, Burlington, VT) contain- 

ng Ca 2 + -free HEPES buffer. Each artery segment was cannulated 

t both ends with glass pipettes and secured with double nylon 

igature. The vessel lumen was perfused with Ca 2 + -free HEPES 
uffer without or with 1 M L-NAME. The chamber containing 
he vessel preparation was placed on Ti Eclipse Nikon inverted 

icroscope equipped with IonOptix vessel dimensions data 
cquisition system. The bath fluid was then switched to Ca 2 + - 
ontaining HEPES buffer and warmed with a serv o-contr olled 

eating system. After the bath temperature had risen to at 
east 35 ◦C, the intraluminal pr essur e w as incr eased to and

aintained at 60 mm Hg with a serv o-contr olled pump system 

onnected to the mounted vessel preparation via an in-line 
r essur e transducer filled with Ca 2 + -free HEPES buffer. After 
 min of equilibration, vessel viability was tested by abluminal 
pplication of 2 concentrations (15 and 60 m m ) of pr ew armed
otassium chloride (KCl)-HEPES buffer. Artery segments with 

ess than 50% reduction in lumen diameter in response to 60 m m
Cl were discarded. Approximately 10 min after the viability 

est, the artery se gments w ere incubated with HEPES buffer 
ontaining vehicle, dopamine (DA, 10 μm ), dibutyryl cyclic-AMP 
Db-cAMP, 10 μm ) for 20 min, or pertussis toxin (PTX, 200 ng

L −1 ) for 2 h. To evoke m y ogenic constriction, intr aluminal
r essur e w as incr eased ste pwise fr om 20 to 160 mm Hg (20-mm
g incr ements fr om 20 mm Hg, 5 min each), while lumen and
 essel diameters wer e contin uousl y tr ac ked with IonOptix
dge detection system, as pr eviousl y described. 42 After the 
ighest-pr essur e ste p, the v essels wer e incubated in Ca 2 + -fr ee
EPES buffer containing 1 m m EGTA for 20 min at 60 mm Hg.
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he pr essur e ste ps wer e then r e peated as described a bov e to
etermine passi v e diameter at each intraluminal pr essur e.
yogenic tone at each intraluminal pr essur e w as calculated, as

r eviousl y described. 21 

easurement of Stimulated cAMP Generation in 

reshl y Isola ted UA 

terine arteries were freshly isolated from harvested urter-
ne horns of nonpregnant mice, as described a bov e, and were
ncubated with 3-isobutyl-1-methylxanthine (IBMX, 500 μm ) in
EPES buffer at 37 ◦C for 15 min. This was followed by a sec-
nd incubation with vehicle (0.01% DMSO) control or forskolin

50 μm ) in IBMX-HEPES buffer for 5 min at 37 ◦C. Subsequently,
he arteries wer e flash-fr ozen in liquid nitrogen and stored at
80 ◦C for further processing and analysis later. Sample prepa-

ation and anal ysis wer e conducted by following the assay pro-
ocol provided by the man ufactur er of the cAMP detection kit
No: ADI-900-163, Enzo Life Sciences, NY). 

easurement of PDE Activity in Freshly Isolated UA 

terine arteries were freshly obtained from nonpregnant mice
s described a bov e. Thr ee tr eatment gr oups wer e generated;
pecificall y, untr eated contr ol, DA (10 μm , 10 min)-tr eated, and
TX (750 ng mL −1 , 2 h)-tr eated gr oups. All incubations were per-
ormed in Ca 2 + -free HEPES buffer at 37 ◦C. After various treat-

ents, the arterial vessel samples were flash-frozen in liquid
itrogen and stored at −80 ◦C for further processing and analysis

ater. Sample pr e paration and anal ysis wer e conducted in accor-
ance with the protocol provided with the PDE Activity Assay Kit

No. ab241034, Abcam, MA). 

ulk RNA Sequencing and Transcriptomics 

terine arteries and small br anc hes w ere cleaned of all perivas-
ular fat and excised from the uterine horns of nonpregnant WT,
gs2 −/ −, Rgs5 −/ −, and Rgs2/5 dbKO mice in chilled HEPES buffer
s described a bov e. Thr ee samples, each comprising pooled ves-
els from 3 mice, of each genotype wer e pr ocessed for RNA iso-
ation using the RNeasy Mini Kit (QIAGEN) by following the man-
factur er’s pr otocol, which included the sample tr eatment with
Nase I to r emov e potential genomic DNA contamination. Ini-

ial RNA quality was examined using a NanoDrop 2000 Micro-
 olume Spectr ophotometer (Thermo Fisher Scientific). Ribon u-
leic acid quality control and library preparation were performed
y the Case Western Reserve University Genomics Core facility
 https://genomics.case.edu ) using an Invitrogen Qubit Fluorom-
ter RNA assay with an AATI Fra gment Anal yzer RNA assay to
etermine concentration and the integrity of RNA and an Illu-
ina NextSeq High Output Flow Cell—1 × 75 bp run, respec-

i v el y, as pr eviousl y described. 43 FastQ files w ere tr ansferred
o the Case Western Reserve University Institute for Computa-
ional Biology for sequence alignment and transcriptional analy-
is using ADV AIT A next-generation bioinformatics softw ar e. Sig-
aling pathway and gene ontology (GO) analysis for the identi-
cation of enriched terms and ov err e pr esented genes in sets of
enes with measured expression were performed using iPath-
 ayGuide , as pr eviousl y described. 43 Genes in WT samples wer e
sed as a r efer ence to determine differ ential expr ession (DE)

n eac h knoc kout genotype . Genes considered to have DE were
hose with ≥0.6-fold change in measured expression (ME) rela-
i v e to the expression in WT tissue. A P -value < .05 threshold for
 Pathway gene was considered to be significantly altered. 
hemical Reagents 

ll r ea gents wer e pur c hased from Sigma-Aldric h, unless indi-
ated otherwise. Pertussis toxin (200 or 750 ng mL −1 ), an adeno-
ine diphosphate (ADP)-ribosylating a gent, w as used to specif-
call y inacti v ate G i/o class G proteins. Dibutyryl cyclic-AMP,
odium salt (10 μm ; Tocris Bioscience, MN, USA) was applied as
 xo genous cAMP. Dopamine (10 μm ; Tocris Bioscience, MN, USA)
as used to stimulate D 2 -like DA receptors for the acti v ation of
 i/o class G proteins. IBMX was used as a pan-PDE inhibitor. 

ata and Statistical Analysis 

ll data are mean ± SE. All statistical analyses were performed
sing GraphPad Prism softw ar e v ersion 10.1.1. Normality of
ata distribution was tested using the Shapiro-Wilk test, while
he ROUT method ( Q = 5%) was used for outlier tests. Unpaired
tudent’s t -test was used for the comparison of baseline param-
ters. For the assessment of within-group effects of various drug
reatments on m y ogenic tone , one-way analysis of variance
ANOVA) mixed effect model was used, and two-way ANOVA

ixed effect model was used for between-group comparisons,
ac h follow ed by Sid ̂

 ak post hoc tests. The calculation of the
ffecti v e intraluminal pr essur e eliciting a half-maximal myo-
enic constriction (EiP 50 ) and maximal m y ogenic constriction
E max ) was performed using sigmoidal, 4PL nonlinear curve
tting, where X and Y values were the applied pressure steps
nd the corresponding m y ogenic constriction, respectively, in
raphPad Prism softw ar e. The lev el of significance w as set at P
 .05. 

esults 

eletion of RGS2 and RGS5 Leads to Differential 
terine Hemodynamic Response to Nitric Oxide 
ynthase Inhibition 

r eviousl y, w e show ed that signaling via the inhibitory G pro-
ein, G i/o class G pr oteins, pr omotes m y ogenic constriction, and
hat increased G i/o activity in nonpregnant Rgs2 −/ − mice con-
ributes to augmented m y ogenic tone , increased impedance ,
nd decreased UBF velocity. 21 However, to the extent that dimin-
shed vasodilation and/or impaired G i/o regulation by other RGS
roteins contributes to decreased uterine perfusion in Rgs2 −/ −

ice is not clear. To address these questions, we assessed
BF by Doppler US in mice lacking Rgs5 , which belongs to the
ame RGS family as Rgs2 , and mice dually lacking Rgs2 and 5 ,
nd treated with or without acute systemic blockade of nitric
xide synthase (NOS) with L-NAME. At baseline, and prior to L-
 AME administr ation, peak systolic velocity (PSV) was reduced

n Rgs2/5 dbKO mice and trended lower in Rgs2 −/ −and Rgs5 −/ −

 elati v e to WT mice. In contrast, end diastolic velocity (EDV)
as similar in all genotypes ( Figure 1 ). Baseline mean pres-

ure gradient of flow trended lower in Rgs2 −/ − and Rgs5 −/ −

ice and was markedly decreased in Rgs2/5 dbKO relative to
T mice. Baseline indices of impedance, including r esisti v-

ty index (RI), pulsatility index (PI), and PSV/EDV ratio, were
or e v aria b le among the genotypes. At baseline, RI, PI, and

SV/EDV r atio w ere similar among WT, Rgs2 −/ −, and Rgs5 −/ −

ice but trended lower in Rgs2/5 dbKO mice. A bolus adminis-
r ation of L-N AME decreased PSV in all genotypes, though the
ffect appeared to be less pronounced in Rgs5 −/ − and Rgs2/5

https://genomics.case.edu
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Figure 1. The effects of nitric oxide synthase blockade on uterine blood flow in mice null for Rgs2 ( Rgs2 − / −) or Rgs5 ( Rgs5 − / −), or dually lacking Rgs2 and 5 ( Rgs2/5 

dbKO) as assessed by transabdominal Doppler ultrasound. ( A - D ) Re pr esentati v e uterine b lood flow sonograms of pulsed Doppler and flow w av eforms of uterine arter y 
Doppler ultr asonogr aphy at baseline (Bsln) and ∼10 min after intr aperitoneal injection of L-N 

G -Nitroarginine methyl ester (L-N AME, 60 mg kg −1 , i.p.). Uterine arteries 
were located behind the bladder, guided by pulsed Doppler and the shape of the w av eforms. Cines of the pulsed w av eforms wer e acquir ed at an angle of ∼30 ◦ and 

frequency of 24 Hz. ( E ) Summary bar graphs of peak systolic velocity (PSV), end diastolic velocity (EDV), and mean pr essur e gradient, and the accompanying r esisti vity 
index (RI), pulsatility index (PI), and PSV/EDV ratio all deri v ed fr om an av era ge of at least 3 w av eforms per animal per treatment condition. Values are mean ± SEM. 
Each data point r e pr esents 1 animal per genotype per group. ∗, ∗∗P < .05, .01. 

art/zqae003_f1.eps
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bKO mice . In contr ast, only in WT mice show ed a decreas-
ng trend in EDV following L-N AME administr ation. Interest-
ngl y, wher eas L-NAME modestl y lower ed mean gradient onl y in
gs2 −/ − mice, it decreased the indices of impedance in all geno-
ypes, except in WT mice. These data suggested that the deletion
f Rgs2 , Rgs5 , or both Rgs genes had differential effects on uterine
rter y hemodynamics r esponse to NOS b lockade in nonpr egnant
ice. 

he Loss of RGS5 Decreases Uterine Artery Basal Tone 
nd Myogenic Response 

espite the evidence that RGS2, 4, and 5, all of which are mem-
ers of the R4/B family, are expressed in the uterine vascular
ed, 35 only RGS2 and 5 have been shown to be crucial to the reg-
lation of G pr otein-de pendent v asoconstriction of arteries in
his vascular bed. 20 , 21 , 35 In the uterine vascular bed, the mRNA
xpression ratio of RGS2:RGS5 is ∼1:30, 35 yet the deletion of
gs2 leads to increased m y ogenic constriction and decreased
BF, 21 while the deletion of Rgs5 has been shown to increase
 asoconstriction ev oked with angiotensin II. 20 Whether RGS2
nd 5 adopt similar r egulator y mechanisms to finetune G pro-
ein signaling and m y ogenic tone in the uterine vascular bed
o maintain normal uterine perfusion has not been explored.
o test this hypothesis, we used ex vi v o pr essur e m y ogr aphy
o assess basal tone and m y ogenic response in UA from non-
re gnant WT and Rgs5 −/ − mice . As shown in Ta b le 1 , basal
one was unexpectedly reduced in UA from Rgs5 −/ − mice rel-
ti v e to WT contr ol. Similarl y, m y ogenic constriction induced
y stepwise increases in intraluminal pressure was also sup-
ressed in Rgs5 −/ − UA; however, sensitivity to increases in intra-

uminal pr essur e, defined as the effecti v e intraluminal pr es-
ure inducing half-maximal m y ogenic constriction (EiP 50 ), was
ot affected by the deletion of Rgs5 ( Figure 2 A and Table 1 ). To
etermine whether increased endothelium-dependent vasodi- 

ation was involved in the reduced m y ogenic tone in Rgs5 −/ − UA,
 e examined m y ogenic response in the presence of the non-

electi v e eNOS inhibitor, L-NAME. In WT UA, L-NAME had lit-
le effect, while it markedly increased basal tone (ie, myogenic
esponse at 60 mm Hg, equi v alent to in vi v o pr essur e in the uter-
ne vascular bed) in Rgs5 −/ − UA ( Ta b le 1 ). Howev er, despite the
ugmented basal tone, myogenic tone in Rgs5 −/ − UA was lower
 elati v e WT UA in the presence of L-N AME ( F igure 2 B), with-
ut a significant change in the sensitivity to changes in EiP 50 

 Ta b le 1 ). 

he Absence of RGS5 Augments cAMP-dependent 
eduction in Uterine Artery Basal Tone and Myogenic 
esponse 

yclic adenosine 3 ′ ,5 ′ -monophosphate signaling is an estab-
ished negati v e r egulator of v ascular tone in r esistance arter-
es, besides endothelium-deri v ed r elaxing factors. 27 , 44 , 45 There-
ore , w e hypothesized that decreased m y ogenic response in
he absence of RGS5 may be due to increased cAMP-dependent
ttenuation of m y ogenic constriction. We tested this hypothe-
is in 2 ways, in the presence of L-NAME: In 1 experiment, we
reincubated UA with DA to stimulate G i/o -coupled DA r ece p-
ors, prior to triggering pr essur e-induced m y ogenic response .
his experiment was premised on the knowledge that activa-

ion of G i/o dir ectl y inhibits AC, thereby decreasing cAMP gener-
tion in the vessel. 46 , 47 In the other experiment, UA were prein-
ubated with e xo genous cAMP to acti v ate signaling downstr eam
f the second messenger prior to pr essur e-induced m y ogenic
esponse. As shown in Table 2 and compared to values in Table
 , DA elevated basal tone in both WT and Rgs5 −/ − UA (WT: 30

9 versus 51 ± 9; Rgs5 −/ −: 7.61 ± 4.2 versus 32 ± 12, L-NAME
lone versus L-NAME + DA) such that there was no statisti-
al difference between the 2 genotypes. Conversely, e xo genous
AMP markedl y decr eased basal tone in WT and Rgs5 −/ − UA to
imilar lev els ( Ta b le 2 ). Dopamine augmented the ov er all m y o-
enic response but more so in Rgs5 −/ − UA, thereby abolishing
he difference in the response between the 2 groups ( Figure 3 ).
essel incubation with DA also increased the sensitivity of UA
o changes intraluminal pr essur e, which w as slightl y mor e evi-
ent in WT UA ( Ta b le 2 ). Conv ersel y, e xo genous cAMP decreased
he overall myogenic response and abolished the difference
etween the 2 gr oups ( Figur e 3 ). Both, the sensitivity to intralu-
inal pr essur e (EiP 50 ) and maximal m y ogenic constriction (E max )
 ere similar betw een the 2 genotypes after pr etr eatment with
b-cAMP ( Ta b le 2 ). 

uppressed Myogenic Constriction in Rgs5 

−/ − UA is 
eversible By Simultaneous Deletion of Rgs2 

he observation that G i/o activation with DA abolished the
educed m y og enic constriction in Rgs5 −/ − UA sugg ested that the
oss of RGS5, at least partly, leads to enhanced negati v e r egula-
ion of G i/o activity, thereby decreasing the activation of signaling
ffectors downstream of the inhibitory G protein. Previously, we
howed that G i/o -mediated facilitation of myogenic constriction
s regulated by RGS2. 21 As already mentioned, RGS2 and 5 are
tructurall y and functionall y closel y r elated, 31 , 34 , 36 and the RGS
omain of both RGS pr oteins hav e been shown to dir ectl y, but

nde pendentl y, interact with GTP-bound G i/o at the same binding
ite in the acti v ated G α subunit to function as GAP. 34 , 48 , 49 There-
or e, gi v en the high RGS5:RGS2 mRN A r atio in the UA, 35 we pos-
ulated that the absence of RGS5 unmasks the tight regulation
f G i/o by RGS2, ther eby r educing the activity of downstream sig-
aling pathways that oppose cAMP-dependent vasodilatation.
o test this hypothesis, first, we determined how the absence of
GS2 affected m y ogenic constriction in the presence of DA acti-
ating G i/o , or increased cAMP signaling upon the application of
 xo genous cAMP in UA from Rgs2 −/ − mice. As shown in Figure
 , m y ogenic r esponse in Rgs2 −/ − UA w as enhanced r elati v e to
T and in contrast to the reduced response in Rgs5 −/ − UA, in

he presence of L-NAME. And as observed in Rgs5 −/ − UA, the
pplication of DA augmented m y ogenic constriction in Rgs2 −/ −

A, reaching a maximal m y ogenic constriction at ∼80 mm Hg,
hile e xo genous cAMP application decreased m y ogenic con-

triction ( Figure 4 B). We noted, however, that the application
f e xo genous cAMP was less robust at reducing m y ogenic con-
triction in Rgs2 −/ − UA r elati v e to the effects in WT and Rgs5 −/ −

A, suggesting that there could be additional mechanism(s)
y which RGS2 regulates myogenic response in the uterine
 asculatur e. 

Next, we reasoned that if the absence of RGS5 unmasks the
AP activity of RGS2 to war d G i/o , then the dual deletion of RGS2
nd 5 should r ev erse the r educed m y ogenic response in the
bsence of just RGS5 as shown in Figure 2 . We addressed this
 ypothesis b y assessing m y ogenic r esponse in UA fr om mice
ually lacking RGS2 and 5 ( Rgs2/5 dbKO). Basal m y ogenic tone

n Rgs2/5 dbKO UA was lower compared to the level in WT but
lightly higher relative to the level in Rgs5 −/ − UA (WT: 26 ± 8 ver-
us Rgs2/5 dbKO 15 ± 4 versus Rgs5 −/ −: 7.6 ± 4). In the presence of
-N AME, basal m y ogenic tone almost tripled in Rgs2/5 dbKO UA
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Figure 2. The absence of RGS5 decreases uterine artery m y ogenic response to step increases in intraluminal pressure. Lumen diameter and maximal m y ogenic tone 
of uterine arteries from wild type (WT) and Rgs5 knockout ( Rgs5 − / −) mice measured at increasing intraluminal pr essur e in the presence ( A ) and absence ( B ) of the 
nonselecti v e endothelial nitric oxide synthase inhibitor, L-N 

G -Nitroarginine methyl ester (L-NAME, 1 m m ). Myogenic tone at each intraluminal pr essur e w as calculated 
as a % change (%) in lumen diameter in the presence of Ca 2 + (active diameter) relative to passive lumen diameter measured at the same intraluminal pressure in the 

absence of Ca 2 + in the superfusing physiological saline solution (PSS). Values are mean ± SEM. ∗, ∗∗P < .05, .01, main effect of WT versus Rgs5 − / −. 

Figure 3. The absence of RGS5 facilitates modulation of m y ogenic response by cAMP in uterine arteries. Lumen diameter ( A and B ) and maximal m y ogenic tone ( C ) of 
uterine arteries from wild type (WT) and Rgs5 knockout ( Rgs5 − / −) mice measured at increasing intraluminal pressure in the presence of L-NAME (1 m m ) with dopamine 
(DA, 10 μm ) or e xo genous cAMP (Db-cAMP, 10 μm ). Myogenic tone at each intraluminal pr essur e w as calculated as a % change (%) in lumen diameter in the presence of 
Ca 2 + (acti v e diameter) r elati v e to passi v e lumen diameter measur ed at the same intraluminal pr essur e in the a bsence of Ca 2 + in the superfusing physiological saline 

solution (PSS). Values are mean ± SEM. n.s.—not significant. 
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Ta ble 1. Baseline m y ogenic tone , EiP 50 , and maximal m y ogenic constriction of uterine arteries from nonpregnant WT and Rgs5 −/ − mice in the 
absence and presence of L-NAME 

Intraluminal Ca 2 + -free HEPES Intraluminal Ca 2 + -free HEPES + L-NAME (1 m m ) 

WT ( n = 5) Rgs5 −/ − ( n = 6) P -value WT ( n = 5) Rgs5 −/ − ( n = 6) P -value 

Basal m y ogenic tone @ 60 mm Hg (%) 30 ± 9 7.61 ± 4.2 0 .0324 24 ± 13 34 ± 8 0 .2498 
Half-maximal effecti v e intraluminal 
pr essur e (EiP 50 ) (mm Hg) 

84 ± 14 87 ± 5 0 .4079 71 ± 7 87 ± 11 0 .1198 

Maximal m y ogenic constriction, E max (%) 60 ± 7 38 ± 5 0 .0188 61 ± 3 40 ± 5 0 .0026 

Values are mean ± SEM. 

Ta ble 2. Baseline m y ogenic tone , EiP 50 , and maximal m y ogenic constriction of uterine arteries from nonpregnant WT and Rgs5 −/ − mice in the 
presence of L-NAME + dopamine (10 μm ) or L-NAME + Db-cAMP (10 μm ). 

Intraluminal Ca 2 + -free 
HEPES + L-NAME + dopamine (10 μm ) 

Intraluminal Ca 2 + -free 
HEPES + L-NAME + Db-cAMP (10 μm ) 

WT ( n = 4) Rgs5 −/ − ( n = 4) P -value WT ( n = 5) Rgs5 −/ − ( n = 3) P -value 

Basal m y ogenic tone @ 60 mm Hg (%) 51 ± 9 32 ± 12 0 .1238 7 ± 3 4 ± 3 0 .2341 
Half-maximal effecti v e intraluminal 
pr essur e (EiP 50 ) (mm Hg) 

46 ± 17 71 ± 2 0 .1810 100 ± 8 115 ± 12 0 .2107 

Maximal m y ogenic constriction, E max (%) 69 ± 6 60 ± 4 0 .1567 52 ± 5 48 ± 2 0 .2280 

Values are mean ± SEM. 

Figure 4. The absence of RGS2 augments m y ogenic response partly due to reduced cAMP-dependent vasodilation in uterine arteries. ( A ) Maximal m y ogenic tone of 
uterine arteries from Rgs2 knockout ( Rgs2 − / −) mice compared to those of wild type (WT) and Rgs5 knockout ( Rgs5 − / −) mice determined at increasing intraluminal 

pr essur e in the presence of 1 m m L-NAME. ( B ) Maximal myogenic tone of uterine arteries from WT and Rgs2 − / − mice determined at increasing intraluminal pressure 
in the presence of 1 m m L-NAME, with or without preincubation with e xo genous cAMP (Db-cAMP, 10 μm ). Myogenic tone at each intraluminal pr essur e w as calculated 
as a % change (%) in lumen diameter in the presence of Ca 2 + (active diameter) relative to passive lumen diameter measured at the same intraluminal pressure in the 
absence of Ca 2 + in the superfusing physiological saline solution (PSS). Values are mean ± SEM. n.s.—not significant; ∗, ∗∗∗P < .05, .001. 
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WT: 24 ± 13 versus Rgs2/5 dbKO 47 ± 14 versus Rgs5 −/ −: 34 ± 8).
te p incr eases in intraluminal pr essur e elicited a gr eater m y o-
enic response in Rgs2/5 dbKO UA relative to the response in
gs5 −/ − UA but similar to the response in WT UA in the absence
r presence of L-N AME ( F igure 5 A and B). The application of DA
r e xo genous cAMP, r especti v el y, augmented or decr eased m y o-
enic response in Rgs2/5 dbKO UA as observed in WT and Rgs2 −/ −

A ( Figure 5 C). Interestingly, the decline in the maximal m y o-
enic response in the presence of e xo genous cAMP appeared
or e pr onounced in Rgs2/5 dbKO r elati v e to WT U A. Together ,

hese results indicated that the absence of RGS5 disinhibits the
odulation of UA m y ogenic tone by RGS2 by facilitating cAMP-

e pendent v asodilatation. 
eletion of Rgs2 and 5 Alters the Expression of Genes 
nvolved in cAMP, Calcium, and Contractile Signaling in
he Uterine Vascular Bed 

o identify the signaling pathway(s) potentially involved in the
ifferential effects of the absence of RGS2 and 5 on uterine artery
 y ogenic tone , w e performed bulk RN A sequencing (RN A-seq)

o determine how the deletion of Rgs2 , Rgs5 , or both Rgs2 and
gs5 sim ultaneousl y alter ed the UA transcriptome in nonpr eg-
ant mice. The number of differentially expressed (DE) genes
ith ≥0.6-fold change in ME r elati v e to the expression in WT

issue, as detected by bulk RNA-seq, was similar between UA
rom Rgs2 −/ − (DE/ME: 3076/15 985, P < .05), Rgs5 −/ − (DE/ME:

art/zqae003_f4.eps
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Figure 5. The dual absence of RGS2 and RGS5 abolishes the suppressed m y ogenic response in Rgs5 − / − uterine arteries partly via the attenuation of cAMP-dependent 
vasodilation. ( A and B ) Maximal m y ogenic tone of uterine arteries from Rgs2/5 double knockout ( Rgs2/5 dbKO) mice compared to those of wild type (WT) and Rgs5 

knockout ( Rgs5 − / −) mice determined at increasing intraluminal pr essur e in the presence and absence of 1 m m L-NAME. ( C ) Maximal myogenic tone of uterine arteries 
from WT and Rgs5 − / − , and Rgs2/5 dbKO mice determined at increasing intraluminal pressure in the presence of 1 m m L-NAME, with or without preincubation with 

dopamine (DA, 10 μm ) or e xo genous cAMP (Db-cAMP, 10 μm ). Myogenic tone at each intraluminal pr essur e w as calculated as a % change (%) in lumen diameter in 
the presence of Ca 2 + (active diameter) relative to passive lumen diameter measured at the same intraluminal pressure in the absence of Ca 2 + in the superfusing 
physiological saline solution (PSS). Values are mean ± SEM. n.s.—not significant; ∗∗P < .01. 
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095/15 962, P < .05), and Rgs2/5 dbKO (DE/ME: 3754/16 099, 
 < .05) mice. Among the 3 knockout groups, Rgs2/5 dbKO had 

he most DE genes exclusi v e to that genotype, while Rgs5 −/ − had 

he least ( Figure 6 A). Fr om pathw ay anal ysis, we found the fol-
owing signaling pathways with DE genes: cAMP, calcium, vascu- 
ar smooth muscle contraction, and extracellular matrix (ECM)- 
 ece ptor interaction, to be among the top 6 pathways differen- 
iall y alter ed by single or dual deletion of Rgs2 and 5 , with cal-
ium and cAMP signaling pathways being common among all 
 knockout genotypes ( Figure 6 B-D). Given the observed effect 
f e xo genous cAMP in normalizing m y ogenic tone in UA from 

gs2 −/ − and Rgs2/5 dbKO mice, we focused on further examin- 
ng DE genes in the cAMP pathway to determine how the dele- 
ion of Rgs2 , Rgs5 , or both Rgs genes altered the expression of 
enes in this pathway. In Rgs2 −/ − UA, 6 genes were upregulated, 
hile 10 genes were downregulated; in Rgs5 −/ − UA, 11 genes 
er e upr egulated, while 9 genes were downregulated; and in 

gs2/5 dbKO UA, 10 genes were upregulated, while 6 genes were 
ownre gulated ( F igure 6 E-G). The DE genes in the cAMP signal- 

ng pathway included those for G s - and G i/o -coupled GPCRs, AC, 
rotein kinase A, calmodulin kinases, and PDEs. Of note, Rgs5 −/ −

A showed incr eased expr ession of Adc y5 and 6 , whic h encode
he 2 most abundant AC isoforms in the mouse uterine vascu- 
ar bed ( Figure S1 ). Interestingly, all the DE cAMP signaling path- 
ay genes in Rgs2/5 dbKO UA wer e alter ed in similar directions 

n either Rgs2 −/ − or Rgs5 −/ − UA, except the adenosine r ece ptor 
a gene, Adora2a , which was exclusively upregulated in Rgs2/5 
bKO UA ( Figure 6 G). 

hosphodiesterase Activity Mediates G i/o -dependent 
o wnregula tion of cAMP Signaling and Augmented 

asal Tone and Myogenic Response in UA From Rgs2 

−/ −

nd Rgs2/5 dbKO Mice 

he r esults fr om the UA transcriptome and pathw ay anal ysis 
howing upregulation of Adcy5 and 6 , coupled with the down- 
egulation of genes encoding various PDE isoforms suggested 

ignaling imbalance in favor of upregulated cAMP level and/or 
ignaling in Rgs5 −/ − UA. In addition, the observation that e xo ge- 
ous cAMP decreased m y ogenic constriction in WT UA to sim- 

lar levels in Rgs5 −/ − UA also suggested that reduced UA m y o-
enic tone in the absence of RGS5 was due at least partly to
ncr eased cAMP-de pendent smooth m uscle r elaxation. Mor e- 
ver, Db-cAMP, the cAMP analogue utilized in this study, elic- 
ts its effect partly by inhibiting PDE activity. 50 , 51 Together, these 
bservations led to the postulation that the absence of RGS5 
ampens the enhancement of PDE activity by G i/o signaling, 
hus decreasing cAMP de gr adation to promote cAMP-mediated 

asodilatation and reduce m y ogenic tone . To test this hypothe- 
is, first, we examined the effects of the pan-PDE inhibitor, IBMX, 
nd G i/o inhibition with PTX (750 ng mL −1 ) on basal tone and
 y ogenic response in UA from WT, Rgs2 −/ −, and Rgs5 −/ − mice.

BMX concentration-de pendentl y r educed the maximal m y o- 
enic constriction and caused a rightward shift of the pressure- 
 y ogenic r esponse curv e in all genotypes ( Figur e 7 ). Inter est-

ngly, m y ogenic response in UA from Rgs2 −/ − mice was more 
ensiti v e to the low est concentr ation of IBMX, while incubation
ith 10 μm of the PDE inhibitor almost completely abolished 

 y ogenic constriction in all genotypes ( Figure 7 A-C). Mor eov er,
TX-mediated inacti v ation of G i/o decr eased basal tone and 

 y ogenic response in all genotypes but mor e substantiall y in
A from WT, Rgs2 −/ −, and Rgs2/5 dbKO mice ( Figure 7 D). Next,
e determined whether increased sensitivity of UA m y ogenic 

one in the absence of RGS2 was due to enhanced inhibition of 
AMP generation and/or the upregulation of PDE activity due to 
ncr eased G i/o acti vity. As shown in Figur e 8 A, forskolin-induced
AMP generation tr ended downw ard in UA fr om Rgs2 −/ −, and
gs2/5 dbKO mice, r elati v e to lev els in WT UA. In contrast, UA

ac king Rgs5 show ed a tr end tow ard enhanced forskolin-induced 

AMP generation. Conv ersel y, basal PDE acti vity in Rgs2 −/ − or 
gs2/5 dbKO UA was augmented relative to the activity in WT 

A ( Figure 8 B). In Rgs5 −/ − UA, basal PDE activity trended higher
 elati v e to WT level; however, the difference did not reach sta-
istical significance ( Figure 8 B). To test whether the augmented 

DE activity was a consequence of enhanced G i/o signaling, PDE 
ctivity in the UA was examined in vessels preincubated with 

TX (750 ng m −1 , 2 h). G i/o inacti v ation had no effect on PDE
ctivity in UA from WT or Rgs5 −/ − UA but markedl y r educed the

art/zqae003_f5.eps
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Figure 6. Effects of single or dual deletion of Rgs2 and Rgs5 on the transcriptional profiles of genes in signaling pathways inv olv ed in the regulation of smooth muscle 
contractility in the uterine vascular bed. ( A ) Venn diagram showing the number of genes, as detected by bulk RNA sequencing, with differential expression (DE) in 

uterine arteries from Rgs2 knockout (2KO or Rgs2 − / −), Rgs5 knockout (5KO or Rgs5 − / −), and Rgs2/5 double knockout (KK or Rgs2/5 dbKO) mice r elati v e to the expression 
in arteries from wild type (WT) mice. The numbers in the nonoverlapping areas of the circles indicate the number of genes with altered expression specific to the 
single or dual silencing of Rgs2 and/or Rgs5 . ( B - D ) Signaling network analysis showing the top 6 pathways and the most prominent genes with differ entiall y alter ed 

expression. The color scheme depicts the signaling pathways and the range of fold change in gene expr ession. ( E - G ) Differ entiall y expr essed pathw ay genes in the 
cAMP signaling pathway. The selected genes are those with ≥0.6-fold change in DE and P < .05 and encoding proteins reported to be involved in the regulation of cAMP 
levels including generation and degradation. Red and blue bars indicate upregulation and downregulation, respectively. 
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ctivity in Rgs2 −/ − UA close to the level in WT UA ( Figure 8 C).
n Rgs2/5 dbKO UA, PTX treatment reduced PDE activity slightly
ut remained markedly elevated relative to the level in WT UA.
ogether, these results demonstrated that RGS2 and 5 modu-
ate m y ogenic tone in UA, at least partly, by controlling G i/o -
e pendent r egulation of cAMP lev els. 

iscussion 

he findings in the current stud y pro vide new lines of evidence
hat finetuning of G protein signaling in the uterine vascular bed
y RGS proteins is key to the regulation of uterine artery hemo-
ynamics and blood flow. The novel signaling pathway iden-
ified herein is that G i/o upregulates PDE activity that, in turn,
ecr eases the atten uation of m y ogenic tone by cAMP signaling

n UA. To our knowledge, this is the first evidence that RGS pro-
eins regulate myogenic tone through mechanisms that inv olv e
1) the canonical negati v e r egulation of G i/o -mediated inhibi-
ion of cAMP generation and (2) the newly discovered pathway,
hereby RGS2 and 5 promote cAMP signaling by dampening G i/o -
ediated augmentation of PDE activity. We further show that

he effects of RGS2 and 5 on m y ogenic tone and uterine artery
emodynamics are reflected by changes in flow velocities and
r essur e gradient, as e valuated b y Doppler ultr asonogr aphy, in
esponse to changes in perfusion pr essur e dri ving flow in that
ascular bed. 

In the nonpregnant state, UBF serves the crucial role of facil-
tating endometrial growth and vascularity, as well as contribut-
ng to the readying of the endometrium for the implantation of
ertilized ov a. 52–54 Gi v en that the uterine v asculatur e is a high
 esisti vity v ascular bed in the nonpr e gnant state , impedance
o blood flow to the uterus is determined mostly by vascular
esistance , whic h, in turn, is determined mainly by m y ogenic
one and the modulatory effects of v asodilator y factors. 9 , 55 , 56 
he UA senses and responds to the cyclical stretch from sys-
emic pr essur e that dri v es UBF, and this leads to the generation
f a 2-component flow velocity Doppler w av eform comprising
eak systolic and end diastolic velocities, mimicking the cardiac
ycle. 7 , 12 During early systole of the cardiac cycle in the non-
re gnant state , the level of resistance to systolic blood flow is
eflected by the formation of a notch following a sudden fall in
ow velocity from PSV, which precedes the initiation of EDV in
he UBF Doppler w av eform. 12 Thus, the level of PSV and/or the
rominence of the systolic notch in the UBF Doppler w av eform
re a reflection of the level of m y ogenic tone and resistance in
he uterine vascular bed. 7 , 12 The current study shows that in

T mice, both components of UBF velocity (PSV and EDV) are
 esponsi v e to increased systemic pressure elicited by systemic
lockade of NOS with L-NAME. Inter estingl y, the loss of RGS2
ended to accentuate the decreased UBF flow velocity response,
ith a more robust decline in PSV. The change in flow velocity
 esponse w as paralleled by changes in the mean pr essur e gra-
ient across the uterine vascular bed that appear ed r elati v el y
obust in Rgs2 −/ − mice after L-N AME administr ation relative to

T baseline. These data suggest that the v asodilator y effect
f endothelium deri v ed nitric oxide modulates the unmasking
f high resistance to UBF in the absence of RGS2. Surprisingly,
owev er, the commonl y used indices of impedance, including
I and RI, tended to decrease in all knockout animals follow-
ng the elevation of perfusion pressure with L-NAME. This could
e clarified by 2 observations in the study. First, all 3 indices
f impedance are derived from some combination of PSV and
DV and ar e ther efor e subject to the extent to which the loss
f RGS2 and/or 5 affects either or both velocity components.
n the knockout animals, L-NAME had r elati v el y little effect on
DV compared to WT mice, which might hav e decr eased the
SV-EDV gap more so in the knockout than in WT mice. Sec-
nd, the loss of RGS2 and 5 may have altered basal tone and
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Figure 7. Rgs2 deletion increases the sensitivity of uterine artery m y ogenic tone to phosphodiesterase and G i/o inhibition. Maximal m y ogenic tone of uterine arteries 
from wild type (WT), Rgs2 knockout ( Rgs2 − / −), Rgs5 knockout ( Rgs5 − / −), and Rgs2/5 double knockout ( Rgs2/5 dbKO) mice determined at increasing intraluminal pressure 
in the presence or absence of 0.1, 1.0, or 10 μm IBMX ( A-C ) or pertussis toxin ( D ; PTX, 750 ng m −1 , 2-h incubation). Myogenic tone at each intraluminal pr essur e w as 
calculated as a % change in lumen diameter in the presence of Ca 2 + (acti v e diameter) r elati v e to passi v e lumen diameter measured at the same intraluminal pr essur e 

in the absence of Ca 2 + in the superfusing physiological saline solution (PSS). Values are mean ± SEM. n.s—not significant; ∗, ∗∗∗P < .05, .0001. 
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rimed the resistance vasculature to be more responsive to sys- 
olic pr essur e, r esulting in lower PSV at baseline and in response 
o increased systemic pressure following NOS blockade with 

-NAME. As pr eviousl y r e ported, the loss of either RGS2 or 5
eads to endothelial dysfunction and augmented vascular reac- 
ivity to vasoactive GPCR agonists. 35 , 57 , 58 Thus, inde pendentl y 
f changes in systemic pr essur e, the loss of RGS2 or 5 could 

ead to the attenuation of endothelium-dependent vasodilation 

o oppose the intrinsic m y ogenic constriction of the smooth 

uscle layer elicited by the perfusion pr essur e dri ving UBF. 
hese effects of the absence of RGS2 and 5 may be unnoticed if 

mpedance to flow is assessed just by quantifying the commonly 
sed parameters of PI, RI, and PSV/EDV. As shown in this study, 
he r esults fr om a dir ect assessment of uterine artery m y ogenic
one using an ex vi v o pr essur e m y ogr aphy further supports the
ypothesis that the loss of RGS2 and 5 alters impedance to UBF 
y affecting the mechanisms that mediate uterine artery myo- 
enic tone regulation, and thus vascular resistance. 

In the resistance vasculature, the loss of RGS2 and 5 has 
een shown to enhance contractile signaling via stimulation 

f procontractile GPCRs such as the angiotensin type 1, α1- 
dr energic, and m uscarinic r ece ptors, and impairment of the 
 asodilator y NO-cGMP-PKG signaling inhibiting m y ogenic con- 
triction. 32 , 58–60 As already mentioned, w e show ed pr eviousl y 
hat increased m y ogenic constriction of UA is due partly to 
ncreased signaling via G q/11 and G i/o class G proteins. 21 The 
ndings here that the loss of RGS5 decreases uterine artery 
 y ogenic response , as opposed to the augmented response in 

he absence of RGS2, w ere counterintuitive , given the structural 
nd functional similarities between RGS2 and 5 and that both 

GS proteins act as GAP to war d G q/11 and G i/o . 30 , 34 , 61 From a
ore detailed examination of G i/o signaling using pharmacol- 

gy and tr anscriptomics, w e find that by sheer level of expres-
ion in the uterine v asculatur e, RGS5 appears to act as effec- 
or antagonist, out-competing RGS2 in engaging G i/o but with 

ess efficient GAP activity. This hypothesis is supported by the 
bservation that the absence of RGS5 decreases m y ogenic tone 
nd is associated with a trend to war d augmented forskolin- 
timulated cAMP generation, suggesting decreased competitive 
 protein interaction and more efficient GAP activity of RGS2 

o war d G i/o . This contrasts with the enhanced m y ogenic tone in
he absence of RGS2 that is accompanied by a decreasing trend 

n forskolin-stim ulated cAMP pr oduction, demonstrating a less 
fficient regulation of G i/o by RGS5. Others and we have reported 

hat this effector antagonism between multiple RGS proteins is 
r esent in v entricular m y ocytes and the central nervous sys-
em. 40 , 62 In a previous study by Garzon and colleagues, it was 
 e ported that effector antagonism by RG-R7 is inv olv ed in the
elay ed toler ance associated with r e peated morphine adminis- 
ration. That is, RGS-R7 proteins were found to bind G i/o/z pro- 
eins and sequester them, thereby preventing the acceleration 

f GTP hydr ol ysis necessar y to r estrict the amplitude of opioid
nalgesia by the more efficient RGS-R4 and RGS-Rz. 62 In ven- 
ricular m y ocytes, the loss of only RGS2 or both RGS2 and 5 but
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Figure 8. The loss of G i/o regulation by RGS2 and 5 augments uterine artery m y ogenic tone by downregulating cAMP generation and upregulating PDE activity. ( A ) 
Forskolin-stimulated cAMP generated in uterine arteries from wild type (WT), Rgs2 knockout ( Rgs2 − / −), Rgs5 knockout ( Rgs5 − / −), and Rgs2/5 double knockout ( Rgs2/5 

dbKO) mice . F r eshl y isolated uterine arteries wer e incubated with forskolin (50 μm ) for 5 min in the presence of 50 μm IBMX. ( B and C ) Phosphodiesterase (PDE) activity 
in uterine arteries from WT, Rgs2 − / −, Rgs5 − / − , and Rgs2/5 dbKO mice. Fr eshl y isolated uterine arteries were incubated with vehicle (0.01% DMSO) or PTX (750 ng m 

−1 ) 
for 2 h before processing for the PDE activity assay. Data points indicate assays with uterine arteries from individual mice. Values are mean ± SEM. ∗, ∗∗P < .05, .01 versus 
WT control (con); # P < .05, Rgs2 − / −con versus Rgs2 − / − + PTX; and ns—not significant. 
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ot RGS5 alone leads to ventricular m y ocyte arrhythmias associ-
ted with decreased cAMP generation that is reversible by chem-
cal inacti v ation of G i/o with PTX. 40 The results in this study also
ndicate that in the absence of NOS-generated nitric oxide, the

odulation of G i/o activity by RGS2 and 5 to promote cAMP sig-
aling is critical to pr ev enting excessi v e m y ogenic response to
hanges in intraluminal pr essur e in the uterine vascular bed.
nd, besides the regulation of the canonical inhibition of cAMP
eneration by G i/o , we found a novel mechanism by which RGS2
nd 5 promote cAMP signaling to modulate UA m y ogenic tone . 

Gene ontology and iPathw ay anal ysis of the uterine vascular
ed transcriptome r ev ealed that the absence of RGS2 or 5 leads
o DE and enrichment of genes inv olv ed in the cAMP signaling
athway, consistent with the importance of the regulatory role
f RGS2 and 5 of this pathway in the uterine vascular bed. 20 , 21 

he loss of RGS5 but not RGS2 increased the enrichment of Adcy5
nd 6 , the genes encoding the most abundant AC isoforms in
he uterine vascular bed, suggesting augmented cAMP genera-
ion, which is consistent with the increased trend of forskolin-
timulated cAMP generation in UA from Rgs5 −/ − mice. Inter-
stingl y, the a bsence of RGS5 also incr eased the enrichment
f Pde3a , perhaps balancing the upregulated expression of AC
enes to maintain balanced cAMP levels. However, chemical
nterrogation of cAMP signaling shows that the regulation of PDE
ctivity is likely to be more crucial than gene expression in the
odulation of uterine artery m y ogenic tone . The observation

hat UA from Rgs2 −/ − mice are highly sensitive to the nonse-
ecti v e PDE b locker, IBMX, suggests that PDE acti vity is elev ated
n the absence of RGS2. Additionally, the upregulated PDE activ-
ty in the absence of RGS2, or both RGS2 and 5 w as sensiti v e to
TX, further indicating that G i/o signaling promotes PDE activ-
ty and that this signaling axis is r egulata b le, at least partly by
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GS2. However, whether the regulation of G i/o -PDE signaling axis 
y RGS2 is strictly via its GAP activity cannot be ascertained from 

he results herein, since PTX barely had any effect on the aug- 
ented PDE activity in Rgs5 −/ − arteries. Moreover, the PDE iso- 

orm(s) acti v ata b le by G i/o in the uterine v ascular bed r emains to
e identified, though PDE genes with DE in the absence of RGS2 
ould be candidate isoforms for future evaluation. 

A fe w ca veats limit the interpretation of our findings regard- 
ng the vascular mechanisms identified as mediators of altered 

terine artery hemodynamics in the absence of RGS2 and 5. 
ota b l y, in both the in vi v o and ex vi v o experiments, we used
ice with global deletion of Rgs2 and 5 . Both Rgs genes are 

r ominentl y expr essed in the car dio vascular system, particu- 
arly, in m y ocardial cells and in all compartments of the arte- 
ial wall, as well in regions of the central nervous system (CNS) 
nv olv ed in the regulation of sympathoexcitation and anxiety- 
ike behaviors. 63–67 Ther efor e, other unknown compensatory 

echanisms could blunt or contribute to the effects observed 

n this study. For instance, the interaction between the effects 
f changes in CNS activity due to the deletion of either or 
oth Rgs genes and anesthetics could potentially impact uter- 

ne hemodynamics assessment under isoflurane anesthesia. In 

ddition, the constituti v e deletion of both Rgs genes may trig- 
er some yet unknown developmental compensation that could 

ccount for the absence of overt developmental abnormalities or 
 sev er e hypertensi v e phenotype due at least partl y to disinhi-
ition of G q/11 signaling and peripheral vascular tone, including 

n UA. 21 , 32 , 59 , 68 We also acknowledge that the r elati v el y wide age 
ange of the mice used in our study could potentially confound 

he interpretation of the uterine hemodynamics assessment 
esults. As previously reported, aortic stiffness has been shown 

o decrease during the estrus phase in female mice. 69 Such vari- 
tions in elastic artery stiffness with the estrous cycle, if also 
resent in small muscular arteries such as UA, could impact vas- 
ular impedance, thereby blunting the effects of altered uterine 
rtery m y ogenic tone and thus hemodynamics r esulting fr om 

gs2 and 5 deletions. Future experiments to further explore the 
ov el pathw ays identified her ein as r egulators of uterine arter y 
emodynamics and m y ogenic tone should utilize animal mod- 
ls amena b le to v ascular compartment-specific deletion of Rgs2 
nd 5 . 

In summary, perturbations in uterine artery hemodynamics 
ue to elevated vascular tone can impair UBF and disrupt phys- 

ological m y ometrial r emodeling for placentation in earl y pr eg- 
ancy. Mutations that affect the expression and/or function of 
GS2 and 5 are associated with abnormal vascular function and 

mplicated in pregnancy complications hallmarked by abnor- 
al uteroplacental perfusion. 37 , 70–73 Our study gives additional 

nsights into pathw ays r egulated by RGS2 and 5 that could be 
argeted as a novel therapeutic approach to enhancing uterine 
erfusion. 
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