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Abstract

Background/Aims: Disrupting the enzyme Cyp4al4 in mice
leads to hypertension, which is more severe in the male mice
and appears to be due to androgen excess. Because the
Cyp4al4 enzymeis located in the proximal tubule of the kid-
ney, we hypothesized that there could be dysregulation of
transport in this segment that could contribute to the hyper-
tension. Methods: Wild-type (SV/129) mice and mice that
had targeted disruption of the Cyp4al4 gene were studied.
Proximal convoluted tubules (PCT) from knockout and wild-
type mice were dissected and perfused in vitro for measure-
ment of volume absorption (Jy). Expression of the sodium-
hydrogen exchanger 3 (NHE3), the predominant transporter
responsible for sodium transport in this segment, was mea-
sured by immunoblot. Renal vascular (afferent arteriole) re-
sponses to angiotensin and endothelin were also measured.
Results: PCT volume absorption was elevated in tubules
from the Cyp4al4 knockout mice as compared to the wild-

type mice. Brush border membrane NHE3 expression was
almost 2-fold higher in Cyp4a14 knockout mice than in wild-
type mice. No difference was found in the afferent arteriolar
response. Conclusion: Thus, hypertension in the Cyp4al4
knockout mice appears to be driven by excessive fluid reab-
sorption in the proximal tubule, which is secondary to over-

expression of NHE3. Copyright © 2009 S. Karger AG, Basel

Introduction

Although hypertension remains a major clinical prob-
lem, the pathophysiologic cause in most cases is un-
known. Gender differences in the incidence and severity
of hypertension suggest the involvement of sex-depen-
dent mechanisms in the pathogenesis of human hyper-
tension [1, 2]. Animal models of hypertension also dem-
onstrate a gender difference in the severity and end-or-
gan response to hypertension [3, 4].

Recently, disruption of the Cyp4al4 gene in mice was
shown to cause hypertension that was more severe in
male mice [5]. The male mice had elevated concentrations
of androgens in their blood and castration corrected the
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blood pressure in the hypertensive male mice. Replace-
ment of androgens to the castrated mice once again led
to hypertension [5]. Thus, this appeared to be a good
model of gender difference in hypertension.

We also recently examined the effects of androgens
on blood pressure and renal function in male Sprague-
Dawley rats [6]. Administration of dihydrotestosterone
(DHT) to normal male rats was shown to stimulate
proximal tubule transport [6]. The mechanism appeared
to involve the intrarenal renin-angiotensin system and
upregulation of the sodium-hydrogen exchanger 3
(NHE3) [6]. Thus, androgens appear to have a direct ef-
fect to upregulate sodium reabsorption in the proximal
tubule and have an impact on blood pressure regula-
tion.

The distribution of Cyp4al4 in the mouse nephron is
principally in the proximal tubule [7]. The effects of
eicosanoids on transport in the proximal tubule have
been studied using in vitro microperfusion of rabbit
proximal straight tubules [8]. The results demonstrate
that 20-hydroxyeicosatetraenoic acid (HETE) inhibited
transport and 19-S HETE stimulated transport. How-
ever, it remains unknown how this would affect overall
sodium balance and blood pressure control in the intact
animal.

The purpose of the present study was to directly ex-
amine proximal tubule transport in the Cyp4al4 knock-
out (KO) mice as well as NHE3 expression. This was done
using in vitro microperfusion of proximal convoluted tu-
bules from wild-type control and Cyp4al4 KO mice. In
addition, we also examined vascular reactivity of the af-
ferent arteriole in the kidney to determine if there were
altered responses to vasoactive peptides.

Methods

Cyp4al4 KO Mice

The Cyp4al4 gene disruption model has been previously de-
veloped and reported [5]. These served as the experimental mod-
el. Wild-type SV/129 mice served as the controls.

Blood Pressure Measurement

The arterial blood pressure of conscious 12- to 14-week old
male mice were measured by means of a right carotid artery
catheter (300-500 wm outer diameter). After surgery (24-48 h),
the animals were allowed to become familiar with their envi-
ronment and, after stabilization, their arterial blood pressures
were monitored continuously for at least 30 min by using a pres-
sure transducer as previously described from our laboratory [5].
The animals were maintained on either a standard mouse chow
(0.3% salt), low-salt diet (0.03% salt) or high salt diet (8%) for
approximately 3 weeks.
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In vitro Tubule Microperfusion

Proximal convoluted tubules from Cyp4al4 KO and wild-type
mice (SV/129) were perfused in vitro as previously described [9-
11]. Briefly, tubules were dissected in cooled (4°C) modified
Hank’s solution containing in mMm: 137 NaCl, 5 KCI, 0.8 MgSO,,
0.33 NazHPO4, 0.44 KH2PO4, 1 MgClz, 10 Tris—HCl, 0.25 CaClz,
2 glutamine and 2 L-lactate. This solution was bubbled with 100%
O, and had a pH of 7.4. Tubules were then transferred to a 1.2 ml
thermostatically-controlled (38°C) bathing chamber and per-
fused with concentric glass pipettes. The perfusion solution con-
tained in mM: 115 NaCl, 25 NaHCOs3, 2.3 Na,HPO,, 10 Na acetate,
1.8 CaCl,, 1 MgSOy, 5 KCl, 8.3 glucose and 5 alanine and had an
osmolality of 290 mOsm/kg water. The bathing solution was de-
signed to simulate plasma and contained in mM: 115 NaCl, 25
NaHCO;, 2.3 Na,HPOy, 10 Na acetate, 1.8 CaCl,, 1 MgSOy, 5 KCl,
8.3 glucose and 5 alanine and also 6 gm/dl of albumin. The osmo-
lality of the bathing solution was 290 mOsm/kg water. The perfu-
sion and bathing solutions were bubbled with 95% O, and 5% CO,
at 37°Cand had a pH of 7.4. The osmolalities of the perfusion and
bathing solutions were measured with a Wide Range Osmometer
(Advanced Instruments, Model WDW, Norwood, Mass., USA)
and adjusted to the desired osmolality by the addition of water or
NaCl. The bathing solution was exchanged at a rate of 0.5 ml/min
to keep the osmolality and pH constant.

Volume absorption (Jy; in nl/min - mm) was measured as the
difference between the perfusion and collection rates and nor-
malized per mm of tubule length. The collection rate was deter-
mined by timed collections using a constant volume pipette. Ex-
haustively dialyzed [methoxy-*H] inulin (New England Nuclear,
Boston, Mass., USA) was added to the perfusate at a concentration
of 50 nCi/ml so that the perfusion rate could be calculated. The
tubule length was measured using an eyepiece micrometer.

Brush Border Membrane Vesicle Preparation

Animals were euthanized and kidneys were rapidly removed
and immediately placed in ice-cold phosphate buffered saline (in
mM: 137 NaCl, 2.7 KCl, 10.1 Na,HPOy, 1.7 KH,PO,, pH 7.4). The
capsule was removed and the cortex dissected, minced and placed
in 15 ml of an ice-cold isolation buffer (in mM: 300 mannitol, 16
HEPES, 5 EGTA, titrated to pH 7.4 with Tris containing protease
inhibitors aprotonin (2 pg/ml), leupeptin (2 wg/ml), and phenyl-
methylsulfonyl fluoride (100 pg/ml). The minced cortex was then
homogenized with a Power Gen 125 (Fisher Scientific, Pittsburgh,
Pa., USA) homogenizer at 4°C. After addition of 230 pl of 1.0 M
MgCl, to precipitate cell debris, the homogenate was shaken vig-
orously for 10 s, every 5 min for 20 min, as previously described
[12-14]. Subsequently, the homogenate was centrifuged at 2,500 g
for 15 min at 4°C. The supernatant was decanted, added to 230 .l
1.0 M MgCl,, shaken vigorously for 10 s every 5 min for 20 min,
and centrifuged for 15 min at 2,500 gat 4°C. The supernatant was
then centrifuged at 48,400 g for 30 min at 4°C. The pellets were
resuspended in 1.5 ml of ice-cold resuspension buffer (5 mMm
HEPES, pH 7.4; osmolality adjusted to 80 mOsm with D-manni-
tol) using 22 and 25 gauge needles. Protein was determined in the
crude homogenate and brush border membrane vesicles (BBMV)
using a BCA protein assay (Pierce, Rockford, IIl., USA). Alkaline
phosphatase activity was used to determine the enrichment as
described previously [12-14].
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Protein Abundance of Na/H Exchanger (NHE3) in Brush

Border Membrane

BBMYV protein was denatured and separated on a 7.5% poly-
acrylamide gel as previously described (50 pg/lane) [12-14]. The
separated proteins within the gel were then transferred to polyvi-
nylidone difluoride membrane overnight at 140 mA at 4°C. The
blot was blocked with Blotto (5% nonfat milk, 0.05% Tween 20,
and PBS [pH 7.4]) for 1 h, and then a primary antibody to rat
NHE3 (gift from O. Moe, University of Texas Southwestern Med
Center, Dallas, Tex., USA) was added at a 1:750 dilution and in-
cubated for 2 h at room temperature on a shaker. B-Actin anti-
body (Sigma Chemical Co. St. Louis, Mo., USA) was added at a
1:15,000 dilution. The blot was washed with PBS containing 1%
Tween, and then the secondary horseradish perioxidase-conju-
gated anti-rabbitimmunoglobulin (for NHE3 antibody) and anti-
mouse immunoglobulin (for B-actin antibody) were added at
1:10,000 dilution for 1 h in Blotto at room temperature. The blot
was subsequently washed with PBS containing 1% Tween, and
enhanced chemiluminescence was used to detect the bound
horseradish perioxidase-conjugated antibody (Amersham Life
Sciences, Inc., Arlington Heights, I1l., USA).

Afferent Arteriolar Response to Angiotensin II and Endothelin

Experiments were performed on male wild-type SV129 mice
and Cyp4al4 KO mice weighing an average of 29.5 * 0.81 and
30.8 £ 1.15 g, respectively. Mice were anesthetized with a combi-
nation of thiobutabarbital (Inactin; 100 mg/kgi.p.) and ketamine
(Ketaset; 10 mg/kg i.p.) and a midline abdominal incision was
made. The right renal artery was cannulated via the superior mes-
enteric artery, and the kidney was immediately perfused with Ty-
rode’s solution containing 6% albumin and a mixture of L-amino
acids [15]. All protocols were conducted in the juxtamedullary
microvascular preparation perfused with the cell-free Tyrode’s
solution containing 6% albumin. The Tyrode’s solution was
stirred continuously in a closed reservoir that was pressurized by
a95% 0,/5% CO, tank. The kidney was removed from the mouse
and maintained in an organ chamber at room temperature
throughout the isolation and dissection procedure. The juxta-
medullary microvasculature was isolated for study as previously
described [15]. The organ chamber was then warmed, and the tis-
sue surface was continuously superfused with Tyrode’s solution
containing 1% albumin at 37°C. Renal artery perfusion pressure,
measured at the tip of the cannula, was set to 100 mm Hg.

Determination of afferent arteriolar diameter was accom-
plished using transillumination videomicroscopy as previously
described [15]. The tissue was transilluminated and the focused
image converted to a video signal by a high-resolution Newvicon
camera. This video signal was electronically enhanced and re-
corded on videotape for later analysis. Afferent arteriolar inside
diameters were measured at 15 s intervals using a digital image
shearing monitor. The image shearing device is accurate to with-
in 0.2% of the screen width or 0.2 wm and measurement repro-
ducibility is within 0.5 pm.

After a 20-min equilibration period, baseline diameter mea-
surements of the afferent arteriole were made. Angiotensin II
(0.1-100 nM) or endothelin-1 (0.1-10 nM) was then administered
in increasing concentrations and diameter changes monitored.
Steady-state diameter was attained by the end of the second min
and the average diameter of the third min of each treatment pe-
riod was utilized for statistical analysis.

Increased PCT Transport in Cyp4al4 KO
Mice

Statistical Analysis

Data are presented as mean £ SEM. Comparisons between
wild-type and Cyp4al4 KO mice were made by unpaired t tests.
Differences in mean afferent arteriolar diameters between groups
were evaluated with a 2-way analysis of variance (ANOVA) for
repeated measures followed by Duncan’s multiple range test. A
p < 0.05 was considered statistically significant.

Results

Blood Pressure

Blood pressure was measured in the control (n = 5)
and Cyp4al4 KO mice (n = 5) on a regular sodium diet
(0.3%), low-sodium diet (0.03%) and high-sodium diet
(8%). The mean arterial blood pressure of the Cyp4al4
KO mice was significantly higher than that of the wild-
type controls on a regular diet (0.3% sodium diet: wild-
type 114 * 3 mm Hg; Cyp4al4 KO 140 £ 4 mm Hg, p<
0.05). This is similar to the previously reported blood
pressures in these animals [5].

To determine if the hypertension was salt sensitive,
control (n = 5) and Cyp4al4 KO mice (n = 5) were placed
on a low-sodium diet for 20-27 days. The sodium-re-
stricted diet did not affect the blood pressure (0.03%
sodium diet: wild-type 114 = 3 mm Hg; Cyp4al4 KO
138 = 9 mm Hg, p < 0.05). The blood pressures on the
high-salt diet tended to increase for both groups, and
were not statistically different. The blood pressure for the
wild-type mice on the 8% salt diet was 130 = 10 mm Hg
and for the KO mice was 150 = 7 mm Hg (p = NS). Thus,
the hypertension in the Cyp4al4 KO mice is not salt sen-
sitive.

Proximal Convoluted Tubule Transport

The volume absorption rate of the proximal convo-
luted tubules (PCTs) from control and Cyp4al4 KO mice
was determined by in vitro microperfusion. Figure 1
shows the volume absorption rates in PCTs from the
Cyp4al4 KO and wild-type mice. As can be seen, the rate
of transport is about 50% higher in the Cyp4al4 KO mice
(p < 0.05). The length of the perfused tubule segments
was not different between the 2 groups (wild-type 1.1 *
0.1; Cyp4al4 KO 0.9 £ 0.1, p = NS). Thus, there was a
significant increase in the volume absorption rate in the
Cyp4al4 KO mice that could contribute to the develop-
ment of hypertension.

NHE3 Expression
Most of the sodium transport in the proximal tubule
is mediated by sodium proton exchange. The principal
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Fig. 1. The volume absorption rates of PCT from wild-type
(SV/129) mice and Cyp4al4 KO mice. Volume absorption was sig-
nificantly higher in the Cyp4al4 KO mice than in the wild-type
control mice (¥ p <0.05).

protein that performs this function is NHE3. We then
determined the expression of NHE3 in the brush borders
of proximal tubules from wild-type and Cyp4al4 KO
mice using an immunoblot as previously used in our lab-
oratory [6]. The antibody for NHE3 was a gift from Dr.
Orson Moe and has been previously used in our labora-
tory [6].

Figure 2 shows the results of the Western blot for
NHE3 and -actin. Densitometry showed that the abun-
dance of NHE3 was significantly higher in the samples
obtained from the Cyp4al4 KO mice as compared to the
wild-type controls. The expression of 3-actin was not sig-
nificantly different between the 2 groups. Thus, increased
expression of NHE3 appears to be responsible for the in-
creased volume absorption rate in the Cyp4al4 KO
mice.

Vascular Reactivity

The last set of experiments was to determine if there
was a component of increased vascular reactivity that
would also contribute to the development of hyperten-
sion in the Cyp4al4 KO mice. Juxtaglomerular arterioles
were examined and their response to administration of
angiotensin II and to endothelin was measured. The re-
sults are shown in figure 3. As can be seen, there was no
difference in the vascular reactivity in the response to ei-
ther angiotensin II or endothelin. Thus, changes in vas-
cular reactivity do not appear to contribute to the hyper-
tension in the Cyp4al4 KO mice.
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Fig. 2. Immunoblots of the brush border membrane NHE3 ex-
pression. The apical membranes of the proximal tubules from
Cyp4al4 KO mice have a higher expression of NHE3 than the
wild-type control mice.

Discussion

Hypertension remains a significant clinical problem.
There are multiple causes of hypertension as well as nu-
merous animal models of hypertension. We demonstrate
in this study that the hypertension that develops in ani-
mals that have the Cyp4al4 gene disrupted is associated
with increased volume transport in the proximal tubule.
This, in turn, is due to upregulation of the expression of
NHE3, the primary transporter in the proximal tubule
responsible for sodium reabsorption.

Salt transport is critical to the maintenance of the ex-
tracellular fluid volume and hence of blood pressure. If
the kidney does not reabsorb the large quantities of fil-
tered sodium, the individual would quickly dehydrate.
On the other hand, if salt transport is not regulated prop-
erly and there is too much reabsorption of sodium, the
individual becomes volume expanded and hypertensive
[16]. The known defects in this system affect sodium
transport in the distal nephron, such as in Liddle’s syn-
drome [17]. In this setting, salt restriction can correct the
blood pressure problem since the collecting tubule is re-
sponsible for only 1 or 2% of the filtered load of sodium.
It is not clear if a defect in sodium transport in the prox-
imal tubule can be overcome by salt restriction. The
proximal tubule must reabsorb more than 50% of the fil-
tered load of sodium.

In the present model of hypertension, the Cyp4al4 KO
mice had hypertension that was not salt sensitive. This
would argue against a defect in transport in the distal
nephron segments [16, 17]. Because of our previous work
with the effect of eicosanoids on proximal tubule func-
tion, we examined the transport rate of the proximal con-
voluted tubule in this animal model [8]. Volume absorp-
tion was found to be about 50% higher in the mice with
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Cyp4al4 deletion. This appears to be a result of overex-
pression of NHE3.

We had previously examined the effects of androgens
on proximal tubule transport and NHE3 expression in a
rat model [6]. These animals received DHT injections for
10 days and were found to be hypertensive. In vivo mi-
croperfusion demonstrated that the proximal tubule
transport was stimulated and there was evidence that the
intrarenal renin-angiotensin system was responsible [6].
The expression of NHE3 in the brush border membranes
from the rats that were treated with DHT was higher than
that of the control rats. Our results in the Cyp4al4 KO
mice are similar to these results, in that the NHE3 expres-
sion was higher in the KO mice and the volume absorp-
tion rate in the proximal tubule was found to be higher.

The vascular reactivity studies were very interesting
and somewhat surprising. The initial report of hyperten-
sion in this mouse model showed that they had impaired
afferent arteriolar autoregulatory capacity [5]. Previous
studies have shown that eicosanoids participate in the au-
toregulation of the afferent arteriole [18]. Thus, the pres-
ent findings of no difference in the reactivity of the affer-
entarteriole to angiotensin IT and endothelin suggest that
the effects are related to the androgens and not due to al-
terations in eicosanoid production.

Thus, sustained elevations in androgens as a result of
Cyp4al4 gene disruption led to over expression of NHE3
in the proximal tubules. This in turn, caused a dysregula-

Increased PCT Transport in Cyp4al4 KO
Mice

tion of sodium transport in the proximal tubule as mea-
sured in the volume absorption rates. The increased so-
dium reabsorption likely contributed to the development
of hypertension in this model.
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