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An activated renin–angiotensin system maintains normal blood pressure
in aryl hydrocarbon receptor heterozygous mice but not in null mice
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A B S T R A C T

It has been postulated that fetal vascular abnormalities in aryl hydrocarbon receptor null (ahr�/�) mice

may alter cardiovascular homeostasis in adulthood. We tested the hypothesis that blood pressure

regulation in adult heterozygous mice (ahr+/�) would be normal, compared to ahr�/� mice, since no

vascular abnormalities have been reported in the heterozygote animals. Mean arterial blood pressure

(MAP) was measured using radiotelemetry prior to and during treatment with inhibitors of the

autonomic nervous system, nitric oxide synthase (NOS), angiotensin converting enzyme (ACE), or

endothelin-1 A receptor (ETA). Also, indices of renin–angiotensin system (RAS) activation were

measured. ahr+/� and ahr�/�mice were normotensive and hypotensive, respectively, compared to wild-

type (ahr+/+) littermates. Responses of all genotypes to autonomic nervous system inhibition were

normal. ahr+/� mice responded normally to NOS inhibition, while the responses of ahr�/� mice were

significantly blunted. In contrast, ahr+/�mice were significantly more responsive to inhibition of ACE, an

ETA antagonist, or both, while ahr�/�mice were significantly less responsive to ACE inhibition and more

responsive to an ETA antagonist. ahr+/�mice also exhibited significant increases in plasma renin and ACE

activity, plasma sodium, and urine osmolality, indicative of RAS activation. Thus, normotension in ahr+/�

mice appears to be maintained by increased RAS and ET-1 signaling, while hypotension in ahr�/� mice

may result from decreased RAS signaling. In conclusion, despite the lack of overt fetal vascular

abnormalities in ahr+/� mice, the loss of a single ahr allele has a significant effect on blood pressure

regulation.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The aryl hydrocarbon receptor (AHR) is a ligand-activated, basic
helix-loop-helix/Per-ARNT-Sim transcription factor best known
for mediating the toxicity of environmental pollutants, typified by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). More recently, stu-
dies of the ahr null mouse (ahr�/�) have established that the AHR
has physiological functions in the absence of exogenous ligands
and many of these functions relate to the vasculature. ahr�/� mice
exhibit a significant reduction in liver weight, which results from
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the persistence of the fetal ductus venosus after birth [1].
Conditional deletion of ahr in a cell type-dependent manner
demonstrates that AHR expression in endothelial/hematopoietic
cells, but not hepatocytes, is necessary for normal postnatal closure
of this fetal vascular structure [2]. The loss of ahr also has been
shown to enhance new blood vessel development following
skeletal muscle ischemia [3].

Given the effects of AHR deficiency on angiogenesis and vascular
remodeling, others and we have studied blood pressure regulation in
adult ahr�/�mice. ahr�/�mice exhibit increased plasma levels of two
potent vasoconstrictors, angiotensin II (Ang II) and endothelin-1 (ET-
1), and are hypertensive at modest altitude (1600 m), but
hypotensive at sea level [4–6]. The hypertension at modest altitude
is associated with hypoxemia and is normalized by exposure to sea
level oxygen conditions [5]. Interestingly, after maintaining a colony
of ahr�/� mice for multiple generations at modest altitude, our
current studies reveal that the ahr�/� mice have adapted and now
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exhibit hypotension similar to that reported for ahr�/� mice at sea
level. Nonetheless, since ahr�/�mice exhibit vascular defects during
fetal development [1], it has been suggested that these develop-
mental vascular changes might contribute to the disruption of
cardiovascular homeostasis in adulthood [7].

Numerous studies have suggested that the intrauterine fetal
environment can contribute to programming of blood pressure
in adulthood, although most studies demonstrate hypertension
in the adult offspring. Nonetheless, fetal programming of
hypotension in adult offspring has been reported, including
following prenatal dexamethasone exposure, placental insuffi-
ciency, and a shift from a protein to carbohydrate diet [8,9]. To
further evaluate the functional role of AHR in blood pressure
regulation in adulthood and the potential contribution of
abnormal fetal vascular development, we have conducted
studies with mice lacking a single ahr allele, i.e. ahr heterozygous
mice (ahr+/�). In contrast to ahr�/� mice, the liver size of ahr+/�

mice is normal and the ductus venosus closes properly [10–13].
In fact, no developmental phenotypic changes have been
ascribed to the loss of a single ahr allele, suggesting that one
copy of ahr is sufficient for normal development, including the
vasculature.

In these studies we test the hypothesis that blood pressure
regulation would be normal in ahr+/�mice in which fetal vascular
abnormalities have not been reported, compared to ahr�/�mice in
which numerous fetal vascular abnormalities have been
described.

2. Methods

2.1. ET-1 receptor A (ETA) antagonist, PD155080

The orally active ETA antagonist, PD155080, was synthesized as
described previously [14]. The sodium salt of PD155080 was
dissolved in water, added to transgenic dough (Bio-Serv, French-
town, NJ) along with 0.1% bromophenol blue, and the mixture was
folded together until the dye was evenly distributed throughout
the dough. Pregelatinized corn starch was added to absorb excess
water and reduce stickiness. The dough was then formed into
100 mg tablets using a pill mold (Gallipot, St. Paul, MN) coated
with 5% magnesium stearate. Pills were stored at 4 8C and analyzed
for PD155080 concentration at 1, 7, 14, and 28 d after preparation.
Individual pills were crushed, extracted with 60% ammonium
acetate, 40% acetonitrile, and analyzed by high-pressure liquid
chromatography, using 60% ammonium acetate, and acetonitrile
mobile phase [14]. Control pills were made in the same manner
without addition of PD155080. All chemicals were purchased from
Sigma–Aldrich Co. (St. Louis, MO).

2.2. Mouse model

ahr�/� mice were obtained from Dr. Frank Gonzales (National
Cancer Institute, MD) [11] and have been maintained in our
laboratory backcrossed to C57B1/6N for 11 generations since 2002.
Sibling ahr+/� mice were bred to generate male ahr+/+, ahr+/�, and
ahr�/� littermates of the same genetic background (C57Bl/6; 12–16
weeks old). All animal protocols were approved by the University
of New Mexico Animal Care and Use Committee and the
investigation conforms with the Guide for the Care and Use of

Laboratory Animals published by the U.S. National Institutes of
Health (NIH Publication No. 85-23, revised 1996)

2.3. Assessment of functional AHR levels

Male mice from all three genotypes were treated with control or
180 ng/kg TCDD orally (n = 3/genotype/treatment) for two con-
secutive days and cardiac expression of cytochrome P4501A1
(CYP1A1) mRNA was analyzed by real time PCR 72 h later. Total RNA
was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA was
synthesized using iScript Select cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA) with the supplied random primers
and 250 ng RNA. PCR amplification was performed using an iCycler
(Bio-Rad Laboratories) with a reaction mixture comprised of iQ SYBR
Green Supermix (Bio-Rad Laboratories) with 500 nM CYP1A1 sense
(50 CAAAGAGCACTACAGGACA 30) and antisense primers (50

TTGGCATTCTCGTCCAGC 30) (Sigma–Genosys) and 250 pg cDNA/
mL. Cycle threshold data for both the target gene and reference gene,
RNA polymerase II (POL2; sense primer: 50 TGACTCACAAACTGGCT-
GACATT 30; antisense: 50 TACATCTTCTGCTATGACATGG 3), were
used to calculate mean normalized expression as previously
described [15,16].

2.4. Plasma electrolytes and PD155080 concentration

To determine plasma electrolyte concentrations from all
genotypes, heparinized whole blood was collected by cardiac
puncture and plasma electrolytes analyzed with an i-STAT
(Abbott Point of Care Inc, Princeton, NJ). In addition, the plasma
concentration of PD155080 was measured from ahr+/+ mice
were given 25 mg/kg PD155080 in pills at 12-h intervals. Mice
were euthanized at 6, 54, or 102 h after the first dose,
representing 6 h after the last dose, and heparinized plasma
was collected and stored at �20 8C. Plasma was extracted with
1% trifluoracetic acid and applied to a reverse phase C-18 sep
column (Phoenix Pharmaceuticals, Burlingame, CA). The column
eluate was dried, reconstituted in mobile phase, and analyzed
for PD155080 by HPLC. Extraction efficiency was determined
by spiking plasma from untreated mice with a known
quantity of drug. A mean plasma concentration of 9.6 � 0.8
mg/mL was achieved that did vary among the three time points of
analysis and is within the therapeutic effective range reported
previously [17].

2.5. In vivo analysis of blood pressure and heart rate

Arterial blood pressure and heart rate were measured using
radiotelemetry (Data Sciences International, St. Paul, MN) as
described [5], using PA-C10 telemeters. Mice were allowed to
recover for 7 days prior to data collection. Basal blood pressure,
including systolic, diastolic, mean and pulse arterial blood
pressure, and heart rate were collected for 7 d before drug
treatments began. Blood pressure and heart rate were recorded for
10 s every 15 min during baseline measurements and chronic drug
treatment, or for 10 s every 1 min for 30 min after prazosin or
hexamethonium injection.

2.6. Drug treatments

Prazosin (1 mg/g, ip) or hexamethonium (30 mg/g, ip) was
injected into conscious animals to assess acute responses in blood
pressure and heart rate [18], while N

v
-nitro-L-arginine (LNNA) was

administered in the drinking water (250 or 500 mg/L) to assess
chronic changes in blood pressure [19]. To determine the effects of
Ang II and ET-1 on blood pressure, mice were treated with 4 mg/kg
captopril (angiotensin converting enzyme inhibitor, ACEi) in the
drinking water for 3 d [15], followed by captopril in the drinking
water plus 25 mg/kg PD155080 (ETA antagonist) twice per day in
dough pills for 3 d [17], followed by PD155080 alone for 3 d, and
finally 3 d of no treatment. In all experiments blood pressure and
heart rate were monitored prior to, during and after drug therapy.
All drugs, except for PD155080, were purchased from Sigma–
Aldrich.



Fig. 1. Loss of a single ahr allele results in reduced levels of functional AHR as

assessed by TCDD induction of CYP1A1 mRNA. Cardiac CYP1A1 mRNA expression

was measured by real time PCR from ahr+/+, ahr+/� and ahr�/� male mice 72 h after

exposure to control or a total of 320 ng TCDD/kg (n = 3/genotype). Data represent

mean � SEM and were analyzed by two-way ANOVA, using post hoc Holm–Sidak

comparisons; *p < 0.05, compared to ahr+/+ in the same treatment; yp < 0.05 compared

to ahr+/� in the same treatment; #p < 0.05 compared to control-treated mice of the

same genotype.
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2.7. Urine collection and analysis

Male ahr+/+ and ahr�/� mice were placed into metabolic mouse
cages, one animal per cage, with access to food and water. Mice
were acclimated to the cage for 24 h and urine generated during
this period was discarded. Then, 24-h urine samples were collected
twice in the subsequent 48 h and pooled. Cages were cleaned and
dried between two collections, and urine samples were stored at
�80 8C until analyzed. Urine samples were analyzed for NE by an
enzyme immunoassay (Alpco Diagnostics) and for osmolality
using a VaproTM Vapor Pressure Osmometer, model 5520 (Wescor,
Inc Biomedical Division, Logan, UT).

2.8. Analysis of plasma renin and ACE activity

Plasma renin activity (PRA) was determined using a commercial
kit (GammaCoat1 Plasma Renin Activity 125I Kit; DiaSorin,
Stillwater, MN) [20]. The PRA assay is a two-step process, where
first angiotensin I is generated and second angiotensin I is detected
by a radioimmunoassay. PRA is expressed as ng/mL/h of generated
angiotensin I. Plasma ACE activity was determined using a
commercial kit (Alpco Diagnostics, Salem, NH). Plasma samples
were incubated with a synthetic ACE substrate, 3H-hippuryl-
glycyl-glycine, and the product, 3H-hippuric acid, was extracted
and measured in a beta counter. ACE activity was expressed as
Units/Liter. One unit of ACE activity was defined as the amount of
enzyme required to release 1 mmol of hippuric acid per minute per
liter of plasma at 37 8C.

2.9. Ex vivo analysis of aortic reactivity

The thoracic aorta was removed, placed in ice-cold physiological
saline (PSS) containing 130 nM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4,
1.2 mM MgSO4, 15 mM NaHCO3, 5.5 mM glucose, 26 mM
CaNa2EDTA, 1.8 mM CaCl2, pH 7.4, and cleaned of connective tissue
and adventitial fat. The vessel was cut into 3 mm segments and
individual rings were suspended in an organ bath containing PSS at
37 8C bubbled with 21% O2, 6% CO2, balanced N2. The rings were
attached to a force transducer (Grass Technologies, West Warwick,
RI) with steel hangers and resting tension was increased step wise to
1.5 g over 1 h. After initial contraction with 10 mM phenylephrine
(PE) followed by relaxation with 10 mM acetylcholine (ACh), dose-
response curves to KCl (2.5–80 mM), PE (0.001–10 mM), or PE
following a 30 min preincubation with 100 mM LNNA were
performed. All chemicals were purchased from Sigma–Aldrich.

2.10. Aortic eNOS protein analysis

Thoracic aortas were homogenized in RIPA buffer (Santa Cruz
Biotechnology, Santa Cruz, CA), the homogenate frozen at �80 8C,
thawed, sonicated and centrifuged at 15,000� g 4 8C for 10 min.
Protein concentration in the supernatant was measured using Bio-
Rad protein assay (Bio-Rad Laboratories). A 30 mg aliquot of protein
was analyzed on a 7.5% Tris–HCl polyacrylamide gel for total eNOS,
using mouse anti-eNOS antibody (BD Biosciences, San Jose, CA), and
b-actin (Santa Cruz Biotechnology) as a normalization control.

2.11. Statistical analyses

Differences among genotypes were analyzed by one-way
analysis of variance with post hoc Holm–Sidak comparisons. The
dose-dependent changes in vasocontraction and treatment-
related changes in blood pressure among genotypes were analyzed
by repeated measures, two-way analysis of variance with post hoc

Holm–Sidak comparisons. A p<0.05 was considered statistically
significant in all cases.
3. Results

3.1. Functional AHR levels as measured by TCDD-inducible CYP1A1

mRNA expression

Since inducible expression of CYP1A1 mRNA is controlled by AHR,
we used this as a sensitive, quantitative assessment of functional
AHR levels. Neither constitutive nor TCDD-inducible cardiac CYP1A1
mRNA expression was detectable in ahr�/� mice (Fig. 1). While the
constitutive expression of cardiac CYP1A1 mRNA was very low and
not significantly different between ahr+/� and ahr+/+ mice, the TCDD-
inducible cardiac CYP1A1 mRNA expression was significantly
reduced in ahr+/� mice (3� fold lower), demonstrating that loss of
a single ahr allele resulted in reduced levels of functional AHR.

3.2. Basal blood pressure and organ weights

Blood pressure of ahr+/+, ahr+/�, and ahr�/� littermates was
measured by radiotelemetry. While ahr+/� mice exhibited normal
systolic, diastolic, and pulse pressures, ahr�/� exhibited signifi-
cantly lower systolic and diastolic blood pressures (Fig. 2A). ahr+/�

and ahr�/� mice exhibited a normal heart rate and 24 h circadian
pattern of mean arterial pressure (MAP), although MAP of ahr�/�

mice remained significantly lower throughout the 24-h period
(Fig. 2B and C). Lastly, ahr+/� mice exhibited normal heart and
kidney weights with a significant increase in body weight, while
ahr�/� mice exhibited significant increases in heart and kidney
weights as previously reported (Table 1) [15,21].

3.3. Aortic reactivity to phenylephrine

To determine if vascular reactivity to alpha adrenergic receptor
agonists in the presence or absence of vascular nitric oxide (NO)
was altered among the three genotypes, we assessed aortic
vasocontraction responses to PE � the NOS inhibitor, LNNA. Aortas
from ahr+/� mice exhibited an enhanced dose-dependent vasocon-
traction to PE, compared to both ahr+/+ and ahr�/� mice (Fig. 3A),
suggesting an enhanced response to adrenergic stimuli. However,
when NO production was blocked by LNNA both ahr+/� and ahr�/�

mice exhibited an enhanced dose-dependent vasocontraction to PE
(Fig. 3B). Furthermore, the degree of vasocontraction that was
blocked by basal NO (vasocontraction of PE + LNNA minus PE alone)
was significantly greater in aortas from ahr�/� mice and from ahr+/�

mice in the middle of the dose-response curve (Fig. 3C), suggesting an
increase in basal NO.



Fig. 2. Loss of a single ahr allele does not affect systolic or diastolic blood pressure or

heart rate, while loss of both alleles results in significantly decreased systolic and

diastolic blood pressure. (A) Systolic, diastolic and pulse arterial blood pressure, (B)

heart rate, and (C) hourly mean arterial pressure over a 24-h period of male ahr+/+,

ahr+/� and ahr�/� mice as measured by radiotelemetry (n = 8–10/genotype). Data

represent mean � SEM and were analyzed by one-way ANOVA, *p < 0.05, compared to

ahr+/+; yp < 0.05 compared to ahr+/� (A and B), or by repeated measures two-way

ANOVA, using post hoc Holm–Sidak comparisons; *p < 0.05, compared to both ahr+/+

and ahr+/�.
Fig. 3. Loss of one or both ahr alleles increases the aortic sensitivity to PE-mediated

contraction in the presence of the NOS inhibitor, LNNA. (A) PE-induced contraction

(% KCl), (B) PE-induced contraction in the presence of LNNA, and (C) difference (D)

in PE-induced contraction in the presence and absence of LNNA of endothelium-

intact thoracic aortic rings from male ahr+/+, ahr+/�, and ahr�/� mice (n = 6–9/

genotype). Data represent mean � SEM and were analyzed by two-way repeated

measures ANOVA, using post hoc Holm–Sidak comparisons; *p < 0.05, compared to

ahr+/+ and yp < 0.05 compared to ahr�/� (A) or compared to ahr+/� (C).
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3.4. Sympathetic nervous system activity

Since the aortic vasoreactivity results suggested that ahr+/� and
ahr�/� mice may exhibit an increase in alpha adrenergic agonist
sensitivity, we analyzed urinary NE as an indirect index of
sympathetic nervous system activity and MAP following acute
exposure to prazosin, an alpha1 adrenoceptor antagonist, or to
hexamethonium, a ganglionic blocker. We found that urinary NE
was not different among genotypes (34.6 � 8.0 ng/mL/g BW, ahr+/+;
Table 1
Body and organ weights of 4-month-old male ahr+/+, ahr+/� and ahr�/� mice.

Weight (organ/body weight) ahr+/+ (n = 16)

Body (g) 31.1� 0.8

Heart (mg) 129�3 (0.417� 0.010)

Kidney (mg) 379�10 (0.604� 0.014)

Values are expressed as mean� SEM.
* p<0.05 versus ahr+/+.
y p<0.05 versus ahr+/�.
# p<0.05 versus ahr�/�.
36.3 � 5.6 ng/mL/g, ahr+/�; 43.7 � 6.8 ng/mL/g, ahr�/�, n = 5–7/geno-
type; p > 0.6) and there were no significant differences in the
responsiveness among the genotypes to prazosin- or hexametho-
nium-induced decreases in MAP (Fig. 4A and B).
ahr+/� (n = 19) ahr�/� (n = 10)

35.7�1.2*,# 30.2� 0.8

137�4 (0.388� 0.012) 162�6*,y (0.535�0.014)*,y

409�17 (0.576�0.024) 433�9* (0.719�0.019)*,y



Fig. 4. Loss of one or both ahr alleles does not alter the blood pressure responses to

acute exposure to an alpha adrenergic receptor blocker, prazosin, or a ganglionic

blocker, hexamethonium. MAP prior to (basal) and during 30 min immediately after

ip injection of (A) 1.0 mg/g prazosin or (B) 30.0 mg/g hexamethonium of male ahr+/+,

ahr+/�, and ahr�/� mice (n = 6–7/genotype). Data represent mean � SEM and were

analyzed by repeated measures two-way ANOVA, using post hoc Holm–Sidak

comparisons, *p < 0.05 compared to ahr+/+ and yp < 0.05 compared to ahr+/� within

the same treatment group; #p < 0.05 compared to untreated, basal MAP of the same

genotype.
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3.5. NOS expression and activity

Since the aortic vasoreactivity studies also suggested that ahr+/�

and ahr�/� mice may exhibit an increase in basal aortic NO, we
measured aortic eNOS expression and blood pressure responses to
chronic LNNA treatment in vivo. Aortic expression of total eNOS
was significantly increased in ahr�/�mice but not changed in ahr+/

�mice, compared to ahr+/+ mice (Fig. 5A and B). We also found that
MAP of ahr+/+ and ahr+/� mice increased to an equivalent degree
following treatment with LNNA, while the MAP of ahr�/� mice
increased, but to a significantly lower degree than either ahr+/+ or
ahr+/� mice (Fig. 5C).

3.6. Inhibition of RAS and ET-1 on blood pressure

Since RAS and ET-1 are key components in blood pressure
regulation, we next investigated the responsiveness of all three
genotypes to inhibitors of the RAS and ET-1 signaling. We found
that the ACEi, captopril, significantly decreased MAP in mice of all
three genotypes, but the decrease was significantly greater in ahr+/

� mice and significantly less in ahr�/� mice (Fig. 6A and B). In
contrast, the ETA antagonist, PD155080, significantly decreased
MAP in ahr+/� and ahr�/� mice, but not ahr+/+ mice (Fig. 6C and D),
while the combination drug therapy showed the greatest decrease
in ahr+/� mice (Fig. 6E and F).

3.7. Indices of RAS activity

The increased responsiveness to in vivo inhibition of ACE in ahr+/

� mice, but not in ahr�/� mice, suggested that the RAS may be
activated only in ahr+/� animals. We found that four indices of RAS
activation were significantly increased only in ahr+/� mice. Both
the rate limiting step, plasma renin activity (PRA), and the final
step, ACE activity, in Ang II formation were significantly elevated in
ahr+/� mice (Table 2). In addition, downstream responses that
would be consistent with an activated RAS, including sodium
retention and an increased concentration of electrolytes in the
urine, were evident in ahr+/�mice. ahr+/�mice showed a small but
significant increase in plasma sodium and a significant increase in
urine osmolality (Table 2).

4. Discussion

Although ahr+/�mice do not exhibit overt vascular abnormalities
during development [12,13] and are normotensive in adulthood, our
studies show that blood pressure regulation in ahr+/� mice is
different from both ahr�/� and ahr+/+ mice. Notably, ahr+/� mice
exhibit an activated RAS and increased ETA signaling, which are
responsible for maintaining their blood pressure at normotensive
levels. In contrast, ahr�/�mice do not have an activated RAS and are
significantly less responsive to ACE inhibition, suggesting that
hypotension may result, in part, from reduced contribution of RAS
signaling. While we cannot rule out the possibility that ahr+/� mice
are devoid of vascular abnormalities, the results of our studies
clearly show that loss of a single ahr allele has a significant impact on
blood pressure regulation in adulthood.

The role of the RAS in contributing to basal blood pressure
regulation is well known and is demonstrated in a number of
studies where ACE inhibition decreases blood pressure in
experimental animals that are hypertensive, normotensive, and
hypotensive [22]. Further evidence that the RAS is essential to
regulating basal blood pressure comes from gene ablation studies.
Mice harboring a genetic deletion of angiotensinogen, ACE,
angiotensin 1A (AT1A) receptor or AT1B receptor are all hypoten-
sive [23–26]. Thus, our observation that ACE inhibition reduces
blood pressure is not novel. What is novel about our data, however,
is that the set point for basal blood pressure is reached by a greater
degree of RAS and ET-1 signaling in ahr+/�mice. In contrast, this set
point is not reached in ahr�/� mice, at least in part, because RAS is
not activated and ahr�/� mice appear to exhibit reduced
responsiveness to Ang II, the downstream product of ACE and
one prohypertensive effector of the RAS.

The role of ET-1 in basal blood pressure regulation is less clearly
defined. While non-selective ETA/ETB receptor blockade fails to
decrease blood pressure in normotensive rats [27], selective ETA

receptor blockade reduces MAP in normotensive nonhuman
primates, rats, and mice [17,28,29], supporting a role of ET-1
and ETA receptors in basal blood pressure regulation. While
administration of the selective ETA receptor antagonist
(PD155080) in this study did not significantly decrease MAP in
ahr+/+ mice, this drug significantly decreased MAP in both ahr+/�

and ahr�/� mice. Thus, the contribution of ET-1 and the ETA

receptor to basal blood pressure is greater in ahr+/� and ahr�/�mice
than in ahr+/+ mice, although it is not sufficient to normalize blood
pressure in hypotensive ahr�/� mice.

It is not clear if loss of a single ahr allele results in direct
activation of the RAS and ET-1 or if these are compensatory
responses to changes in other blood pressure regulatory pathways.
Our current studies fail to reveal changes in other regulatory blood
pressure pathways that might lead to RAS and ET-1 activation,
including the sympathetic nervous system and NO signaling. A
reduction in sympathetic nervous system activity, such as genetic
deletion of alpha1 adrenoceptors, can induce hypotension [30].
Treatment of ahr+/� with the alpha1 adrenoceptor blocker,
prazosin, or with the ganglionic blocker, hexamethonium, reduced
blood pressure to an equal degree as in ahr+/+ mice, suggesting that
sympathetic nervous system regulation of blood pressure is not
altered by AHR. Alternatively, increased eNOS expression and NO



Fig. 5. Loss of both ahr alleles significantly increases eNOS expression, but blunts the MAP response to NOS inhibition by LNNA in vivo, while loss of a single ahr allele has no effect

on these two parameters. (A) Representative Western blot of total eNOS protein expression in the aorta, (B) quantification of total aortic eNOS protein expression relative to b-

actin, and (C) MAP 5 d after treatment with 250 and 500 mg/L LNNA in the drinking water of male ahr+/+, ahr+/�, and ahr�/� mice (n = 5/genotype for all experiments). Data

represent mean� SEM and were analyzed by one-way ANOVA, using post hoc Holm–Sidak comparisons, *p < 0.05, compared to ahr+/+ and yp < 0.05 compared to ahr+/�.
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release can also induce hypotension [31,32]. Although ahr+/� mice
exhibit increased aortic basal NO activity, the degree to which
blood pressure increases when NOS is chronically inhibited does
not differ between ahr+/+ and ahr+/� mice, suggesting that NO-
dependent regulation of blood pressure also is not altered in ahr+/�

mice. Thus, the mechanism that leads to activation of RAS and ET-1
in ahr+/� mice remains to be elucidated.

The blood pressure and vascular reactivity phenotypes of the
ahr+/� mice share some similarities with ahr�/� mice. Both
genotypes exhibit increased aortic basal NO activity and increased
vasocontraction to PE when NOS is inhibited. Despite these
changes, the regulation of blood pressure was not significantly
affected by inhibition of alpha adrenergic signaling or NO
production. This discrepancy could result from the fact that
changes in vasoreactivity of a conduit vessel, like aorta, are not
always predictive of changes occurring in resistance vessels that
are the vascular regulators of blood pressure. Nonetheless, these
changes in vessel reactivity could potentially contribute to
alterations in other vascular functions, such as angiogenesis, that
have been reported by others in ahr�/� mice [3,33,34].

Despite the similarities between ahr+/� and ahr�/� mice, there
also are some significant differences. First, and most importantly,
ahr+/� mice are normotensive, while ahr�/� mice are hypotensive.
Second, ahr+/� mice have an activated RAS, while ahr�/� mice do
not. Since the activated RAS maintains normal blood pressure in
ahr+/� mice, it is possible that the failure of the RAS to up-regulate
under normoxic conditions in ahr�/� mice may be one contributor
to their hypotension. Third, ahr+/� and ahr�/� mice exhibit
significantly different blood pressure responses to NOS inhibition.
NOS inhibition results in a sustained increase in blood pressure in
ahr+/� mice, which is identical to that observed in ahr+/+ mice. In
contrast, ahr�/�mice are almost completely refractory to increases
in blood pressure following NOS inhibition. It has been reported
that sustained hypertension induced by NOS inhibition is
mediated, in part, by RAS activation [35]. Thus, the differences
in blood pressure responses to NOS inhibition between ahr+/� and
ahr�/� mice may result from their respective abilities to up-
regulate the RAS. Future studies will investigate the regulation of
the RAS components and their ability to increase in ahr+/� and ahr�/

� mice following typical physiological stimuli, such as a low salt
diet.

Finally, there are some significant differences in organ and body
weights between ahr+/� and ahr�/� mice. Body weight is
significantly increased in ahr+/� animals, but not in ahr�/�, when
compared to wild-type mice. The reason for this difference is not
known, but it is possible that ahr+/� mice retain more water as a
result of RAS activation. Both kidney and heart weights are
significantly increased in ahr�/� mice, while these organ weights
are normal in the ahr+/� animals, when compared to wild-type
mice. The increased heart weight in ahr�/� mice could represent a
compensatory physiological hypertrophy to increase cardiac
output in an attempt to increase blood pressure. Consistent with
this idea, hearts from ahr�/�mice exhibit hypertrophic remodeling
without induction of fetal hypertrophy marker genes, which would
suggest a physiological, rather than pathological, hypertrophy [36].
Since ahr+/�mice are normotensive, there would be no stimulus for
a compensatory physiological hypertrophy. Lastly, altered vascular
branching has been described in the kidneys of ahr�/� mice [1].



Fig. 6. Loss of a single ahr allele increases the hypotension response following exposure to an ACEi (captopril), ETA receptor antagonist (PD155080), or the two in combination,

while loss of both ahr alleles attenuates the response to an ACEi but increases the response to an ETA receptor antagonist. (A) MAP and (B) change in MAP following treatment

with 4 mg/mL ACEi, captopril, in the drinking water for 3 d. (C) MAP and (D) change in MAP following treatment with 25 mg/kg PD155080 twice per day for 3 d. (E) MAP and

(F) change in MAP following treatment with captopril in the drinking water plus oral PD155080 for 3 d (n = 8/genotype). Data represent mean � SEM and in panels (A, C, and E)

were analyzed by repeated measures two-way ANOVA (A, C, and E); *p < 0.05 compared to ahr+/+ and yp < 0.05 compared to ahr+/� within the same treatment group; #p < 0.05

compared to untreated, basal MAP of the same genotype. Data in panels (B, D, and F) were analyzed by one-way ANOVA, using post hoc Holm–Sidak comparisons; *p < 0.05

compared to ahr+/+ and yp < 0.05 compared to ahr�/�.
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Since no vascular structural changes have been reported in the
ahr+/�mice, the increase in kidney weight in ahr�/�mice, but not in
the ahr+/� mice, could be related to disruption of renal
vascularization during fetal development.

The specific mechanisms by which AHR contributes to blood
pressure regulation remain to be fully elucidated. It is well
established that vascular endothelium plays an important role in
the maintenance of vascular tone and blood pressure. A number of
Table 2
Indices of RAS activation, plasma electrolytes, and urine osmolality in ahr+/+, ahr+/�,

and ahr�/� mice.

Parameter ahr+/+ (n) ahr+/� (n) ahr�/� (n)

PRA (ng Ang I/mL/h) 2.1� 0.4 (6) 3.3� 0.3 (6)*,y 2.1�0.6 (5)

Plasma ACE (U/L) 148�12 (5) 176�4 (6)*,y 142�11 (5)

Plasma Na (mM) 144.9�1.13 (11) 148.3�0.4 (6)*,y 145.4� 0.6 (7)

Plasma K (mM) 7.5� 0.4 (11) 7.3� 0.3 (6) 8.0�0.4 (7)

Plasma Cl (mM) 118�1 (11) 118�1 (6) 123�2 (7)

Urine osmolality 2069�245 (7) 2733�223 (6)*,y 1695�104 (5)

Values are expressed as mean� SEM.
* p<0.05 versus ahr+/+.
y p<0.05 versus ahr�/�.
studies have shown that physiological shear stress of endothelial
cells is a potent stimulus for AHR activation [37–39]. Further,
changes in gene expression associated with shear of endothelium
can be protective or deleterious, depending on the level shear and
the vascular site, and some of these changes are likely controlled by
AHR. Thus, ahr+/� mice could be a useful tool for investigating
changes in gene expression that contribute to altered vasoreactiv-
ity and blood pressure regulation under conditions of increased
shear, such as during exercise or exposure to vasoconstricting
agents. In addition, we are developing a new mouse model in
which ahr is deleted only from endothelial cells in adult animals to
further investigate its role in the vascular control of blood pressure.
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