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Abstract

Endothelium-derived relaxing factor (EDRF) has profound ef-
fects on the renal vasculature, the glomerular mesangium, and
also affects renal salt excretion. EDRFstimulates guanylyl cy-
clases, which are thought to be heterodimers comprised of a
and (3 subunits. Two a and two (3 isoforms have been identified
thus far. However, the molecular composition of in vivo gua-
nylyl cyclase-linked EDRF receptors is unknown. Weused
polymerase chain reaction to clone a portion of the rat a2 sub-
unit. Guanylyl cyclase-linked EDRFreceptor mRNAwas de-
tected in microdissected renal structures using a reverse tran-
scription/polymerase chain reaction assay. The interlobular
artery/afferent arteriole contained mRNAfor the al, a2, and
(31 subunits; a faint ,(2 band was found in 29%of experiments.
In contrast, the cortical collecting duct contained mRNAonly
for al and,82 subunits.

Weconclude that guanylyl cyclase-linked EDRFreceptor
subunit isoforms are independently and heterogeneously ex-
pressed in the renal vasculature and cortical collecting duct,
suggesting that several different EDRFreceptors exist in vivo.
These data suggest that the tubule receptor is composed of
al /j2. The vasculature may contain at least two different
EDRFreceptors (al 1,81 and a22/f1i). Some (32 may also be
expressed, allowing for even greater heterogeneity. (J. Clin.
Invest. 1993.91:730-734.) Key words: endothelium-derived re-
laxing factor receptor * soluble guanylyl cyclase * polymerase
chain reaction - gene expression * blood vessels

Introduction

Endothelium-derived relaxing factor (EDRF)' is produced in
endothelial cells and acts in vascular smooth muscle cells to
produce vasodilation. As expected, EDRFhas profound effects
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1. Abbreviations used in this paper: CCD, cortical collecting duct;
EDRF, endothelium-derived relaxing factor; ILA/ AA, interlobular ar-
tery/afferent arterioles.

on renal blood flow and glomerular filtration rate (reviewed in
[ 1, 2 ]). There is growing evidence that EDRFalso affects renal
sodium transport, since EDRFsynthesis inhibitors alter renal
salt excretion in the absence of hemodynamic effects (3, 4) and
inhibit oxygen consumption in suspensions of outer medullary
collecting ducts (5). EDRFalso inhibits short circuit current, a
marker for sodium transport, in cultured mouse cortical col-
lecting duct (CCD) cells (6).

EDRFstimulates guanylyl cyclases, causing elevation of
cyclic GMPconcentration. Guanylyl cyclase-linked EDRFre-
ceptors, subsequently referred to as EDRFreceptors, consist of
two subunits (a and (3) and contain a heme group, the pre-
sumed recognition site for nitric oxide/EDRF (7-13). By con-
vention, the longer subunit is denoted a; the shorter subunit is
denoted #(314). At present, two a and two (3 subunits have
been cloned (7, 8, 10, 11, 15). Although all a and (3 subunits
contain an apparent COOH-terminal catalytic domain, they
do not function independently (8, 11, 16). Rather, co-expres-
sion of two subunits is required to reconstitute catalytic activity
(8, 15, 16).

From the limited data available, there is evidence of tissue-
specific expression. While a l and (1 are expressed in many
organs and tissues (8, 10), a second (-subunit ((32) cloned by
Yuen, Potter, and Garbers from rat kidney is preferentially
expressed in rat kidney and liver ( 15). Rat (2 is 43% homolo-
gous to rat 31 in the putative catalytic domain near the car-
boxyl terminus and 50%homologous to rat (31 in an amino-ter-
minal domain which may contain the heme binding site. Re-
cently, a second a subunit (a2) was cloned from human brain;
however, its tissue distribution is unknown ( 11). The tissue-
specific distribution of (32 suggests the existence of multiple
EDRFreceptor heterodimers. However, the specific cellular
localization and the composition of in vivo heterodimers are
unknown. Weused the reverse transcriptase/ polymerase chain
reaction (RT/ PCR) to localize the known EDRFreceptor sub-
unit isoforms in specific portions of the kidney. This method
couples the fine structural resolution obtained with renal mi-
crodissection with the extreme sensitivity of PCR( 17, 18).

Methods

Cloning ofpartial length rat a2 guanylyl cyclase subunit by degenerate
PCR. cDNAwas made from 1 ,g of poly A' RNAfrom rat olfactory
mucosa (gift of Dr. Randall Reed, Johns Hopkins University, Balti-
more, MD). RNAwas denatured by heating to 650C for 10 min, then
cooled on ice for 2 min. Murine Moloney leukemia virus reverse tran-
scriptase (BRL, Gaithersburg, MD) was added at a final concentration
of 200 U/pg, and tubes were incubated at 370C for 1 h. The reaction
was stopped by ethanol precipitation. PCRwith degenerate oligonucle-
otide primers directed at the guanylyl cyclase domain was carried out as
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described previously ( 15). The sense oligonucleotide [GGCGGATTC-
GGTACCGTITA(C/T)AA(G/A)GTIGA(G/A)ACI(G/A)TIGG-
IGA;5' to 3'] coded for amino acids VYKVET(V/I)GD; the antisense
oligonucleotide [GCTATCTAGAGGATTC(G/A)AAIA(G/A)(G/A)-
CA(G/A)TAICIIGGCAT; 5' to 3'] coded for amino acids MPRYCLF.
Both oligonucleotides contained a 1 5-bp polylinker as described previ-
ously ( 15). Inosine was used in positions of high (> 2) degeneracy.
PCRproducts (230 bp) were cloned into a M13 vector. Screening of 32
clones by single track sequencing (Sequenase 2.0; U. S. Biochemical
Corp., Cincinnati, OH) yielded a guanylyl cyclase which had a 72%
amino acid homology to rat al. Additional 5' sequence information
was cloned from rat lung cDNAusing PCRwith a degenerate oligonu-
cleotide primer directed to a consensus amino acid sequence [FC(D/
K)(A/T)FPF] found in the 5' end of the molecule, and additional 3'
sequence was obtained by 3' RACEPCR( 19 ). These pieces were sub-
cloned and sequenced from both ends. The deduced amino acid se-
quence was 95% identical to the recently reported human a2 ( 11).

Isolated nonperfused tubules and blood vessels. Weisolated vascu-
lar and nephron segments from pathogen-free Sprague Dawley rats
(90-120 g) as previously described (20). The kidneys were perfused
with 1 mg/ml collagenase and 0.05% BSA. Cortical slices were incu-
bated with collagenase for 15-40 min at 370C in a Hepes-buffered
solution (in mM: NaCI 125, KCI 5, Hepes 5, Na acetate 3, CaCl2 2,
MgSulfate 1.2, NaH2PO41, glucose 5.5, L-alanine 6, L-glutamine 1; pH
adjusted to 7.4 with NaOH). Specific vascular and nephron segments
were dissected at 1 5°C. Tubule lengths were measured with a calibrated
eyepiece micrometer. Because previous studies identified the afferent
arteriole as a target of EDRF, we developed a technique to dissect rat
blood vessels. Interlobular arteries with attached afferent arterioles
(ILA/AA) were dissected by grasping an arcuate blood vessel with the
left hand and carefully stripping away adherent tubules and glomeruli
with the right hand. The length of the interlobular artery was recorded;
the lengths of the attached afferent arterioles were not recorded.

Detection of EDRFreceptor mRNAin renal tubules and blood ves-
sels. We used the RT/PCR technique of Moriyama (17, 18), with
slight modifications to allow four parallel reactions on the same cDNA
sample. Microdissected tubules (20-40 mm) or blood vessels (8 mm)
were transferred by an albumin-coated 200-,g pipette tip to a wash
solution to rinse away debris. Wash solutions were placed in disposable
plastic dishes (Coming Inc., Coming, NY) to minimize contamina-
tion. The segments were attached to .25-mm glass beads (Thomas Sci-
entific, Swedesboro, NJ), then transferred using a forceps to a 500-i1
reaction tube. To minimize cross-contamination of mRNAfrom tu-
bules to blood vessels, the dissection and wash solutions did not con-
tain RNAse inhibitors. The segments were rinsed four times with ice-
cold dissection solution containing an RNase inhibitor (RNasin, 1 U/
Ml; Promega Corp., Madison, WI), then permeabilized with 2%Triton
X- 100 in the presence of RNase inhibitor. cDNAsynthesis was carried
out using 200 Umurine Moloney leukemia virus reverse transcriptase,
5 MMoligo-dT 6, 1 mMdNTPs, and 3 mMMg++ in a volume of 20 1d.
In some tubes, the reverse transcriptase was omitted to control for
amplification from contaminating cDNAor genomic DNA. The tem-
perature profile was: (a) annealing at room temperature for 5 min, (b)
extension at 42°C for 60 min, and (c) termination at 99°C for 5 min.

The resulting segment-specific cDNAwas split into four tubes, and
PCRwas performed using specific oligonucleotide primers and condi-
tions indicated in Table I. PCRreactions contained: .5-2 MMprimers,
1.5-2.5 mMMg++, 200MiM dNTPs, reaction buffer, and 2 Ml cDNAin
48 Ml. The sample was overlaid with 75 Ml silicone oil (.05 stokes; Dow
Coming Corp., Midland, MI). To minimize nonspecific amplification,
we employed a "hot start" procedure whereby PCR samples were

placed in a thermal cycler (Perkin Elmer Cetus, Norwalk, CT) pre-
warmed to 94°C. After 2 min, each tube was opened sequentially and
2.5 U (in 2 Ml) of TaqDNApolymerase (Promega Corp.) was added.
The PCRtemperature profile consisted of 35 cycles of 94°C for 30 s
(denaturation), 58°C for 15 s (annealing), and 72°C for 1.25 min
(extension), followed by an additional 5 min final extension at 72°C.
Optimal annealing temperature was determined from nearest neighbor
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free energy considerations (21 ) using a computer program written by
the authors. Weoptimized the primer location, primer concentration,
Mg and annealing temperature, for each primer set to produce the
greatest amount of a single PCRproduct.

The PCRproducts were size-fractionated by agarose gel electropho-
resis. The DNAwas transferred to nylon filters, and probed with a
32P-end-labeled internal oligonucleotide primer specific for each sub-
unit. The prehybridization, hybridization, and washing conditions
were similar to Garcia-Perez et al. (22). Our subunit specific oligonucle-
otide probes do not cross-hybridize with the other known subunits.

Potential PCRprimers were chosen from rat sequence information
using the method of Lowe et al. (23). To prevent amplification of other
known guanylyl cyclases, nonspecific annealing of the 3' end of each
primer with other EDRF receptor subunits and the ANPA and B
receptors (15, 24, 25) was checked using specially written computer
software. The location of intron/exon boundaries for the EDRFrecep-
tor isoforms are unknown. PCRprimers were shown to be in separate
exons by the absence of the predicted PCRproduct (a) in samples
containing 1 utg of rat genomic DNA(data not shown), or (b) in sam-
ples containing blood vessels or tubules but lacking reverse transcrip-
tase (see Figs. 1 and 2). Each primer set produced a single band of the
predicted size on both agarose gels and on Southern blots (Figs. 1 and
2). The (1 primer set produces a higher molecular weight product,
which presumably contains at least one intron. The higher molecular
weight (31 band is seen in reactions using 1-2-mm tubule, indicating
that the 11 primer set is extremely sensitive (i.e., can detect - 1,000
template molecules in - 500 cells).

Direct sequencing of PCRproducts. DNAexcised from an agarose
gel band was purified by glass beads, then subjected to direct double
stranded sequencing (fmol PCRsequencing; Promega Corp.). Weused
the isoform-specific PCRprimers as sequencing primers. The DNA
was sequenced for 100-200 bp in each direction.

cGMPaccumulation. cGMPaccumulation was measured as de-
scribed previously (26). Microdissected arteries were incubated for 10
min at 370C with 0.5 mM3-isobutyl-l-methylxanthine in dissection
solution. Nitroprusside (final concentration 100 ,M) or vehicle was
added for 3 min. The incubation was terminated with ice-cold TCA,
and the supernatant was stored at -70'C. The TCAwas removed with
water-saturated ether, and cGMPcontent was measured by radioimmu-
noassay (New England Nuclear, Boston, MA). In each experiment,

a1 a2
1 2 3 4 5 6 1 2 3 4 5 6

B2
1 2 3 4 5 6 1 2 3 4 5 6

al a2

1 2 3 1 2 3 1 2 3 1 2 3

a,
S 4'

Figure 2. Southern blot of RT/PCR products from rat cortical col-
lecting duct. (Lane 1) 2 mmCCDwithout reverse transcriptase.
(Lane 2) 2 mmCCD+ reverse transcriptase. (Lane 3) positive con-
trol. Band sizes are as described in Fig. 1. These results are represen-
tative of four independent experiments.

blank samples containing medium and TCAwithout arteries were also
taken. Each point is the mean of four tubes.

Statistics. The results are given as means±SE. The differences were
tested by unpaired t test. P < 0.05 was considered significant.

Results

Differential expression of EDRFreceptor subunit mRNAby
RT/PCR in microdissected rat renal structures. Fig. 1 shows a
typical ethidium bromide stained agarose gel (top) and South-
ern blot analysis (bottom) of the RT/PCR amplification prod-
ucts from EDRFreceptor subunit isoform mRNAin microdis-
sected interlobular artery with attached afferent arteries. We
consistently found the presence of a 1, a2, and iB 1 on ethidium
bromide-stained gels and on Southern blots. Wewere sur-
prised to find a2 by RT/PCR, since a2 could not be detected
by Northern blotting using 30 ug of poly-A' RNA(data not
shown). To confirm that a2 was present in this vascular seg-
ment, we performed RT/PCR using a second set of a2
primers. This primer set produced an 879-bp band of the
correct predicted size, which hybridized to an internal oligonu-
cleotide probe (results not shown). This confirms that a2 is
present in the interlobular artery/afferent arteriole. A similar
pattern of subunit expression was found in microdissected ar-
cuate arteries. Wealso detected a very faint band for 132 by both
ethidium bromide stained agarose gels and by Southern blot-
ting in 2 of 7 independent experiments in ILA/AA. Wedid not
detect any 132 mRNAin three similar experiments using 1-2-
mmarcuate blood vessels.

12 3 45 6 1 23 4 56 1 2 34 56 1 2 34 56
Fig. 2 shows a Southern blot analysis of the RT/PCR am-

XL. plification products from microdissected cortical collecting
t 4* duct. Wefound that mRNAfor a 1 and j32 were present in rat

CCD. In contrast, we could not detect a2 or #1.
Direct double-stranded sequencing of the specific bands

Figure 1. Ethidium bromide-stained gel (top) and Southern blot generated from microdissected renal structures indicated that
(bottom) of RT/PCR products from rat interlobular artery/afferent the bands were identical to published sequences for rat a 1, #1,
arterioles. (Lane 1) 123-bp mol wt markers. (Lane 2) glass bead-re- and #2. Partial sequence of the bands produced from both sets
verse transcriptase. (Lane 3) glass bead + reverse transcriptase. (Lane of a2 primers was identical to the sequence of a2 cloned from
4) 2 mmILA/AA without reverse transcriptase. (Lane 5) 2 mm
ILA/AA + reverse transcriptase. (Lane 6) positive control. Southern rat olfactory mucosa.
blots were processed as indicated in Methods. Band sizes were: a 1,l cGMPaccumulation. 100 ,M nitroprusside significantly
438 bp; a2, 238 bp; #11, 284 bp; 12, 400 bp. The larger band (1,100 increased cGMPaccumulation in interlobular artery/afferent
bp) in the 1l3 reactions was produced from genomic DNA. These arterioles (124±17 to 413±83 fmol/4 mmper 3 min), indicat-
results are representative of five independent experiments; in two ad- ing the presence of a functional guanylyl cyclase-linked EDRF
ditional experiments, 132 was barely detectable. receptor.
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Discussion

These studies provide the first evidence that mRNAfor differ-
ent guanylyl cyclase-linked EDRFreceptor subunits are hetero-
geneously expressed in renal blood vessels and the cortical col-
lecting duct (Table II). Wealso report a method for detecting
several genes simultaneously. Previous studies using an RT/
PCR technique to detect gene expression in microdissected
renal structures have only detected one gene at a time. Wewill
discuss several technical issues, then discuss the implications of
the results.

Specificity of PCRprimers. We placed all PCRprimers
near the 3' end of the coding sequences, since this would maxi-
mize detection of cDNA transcripts prepared using oligo-dT
primers. However, the four EDRFreceptor subunits all con-
tain a putative guanylyl cyclase catalytic domain at their car-
boxy terminus, which shares high homology with a similar re-
gion contained in the membrane bound guanylyl cyclase recep-
tors (including ANPand heat-stable enterotoxin [1 1, 14]). We
developed computer software to find the regions of highest mis-
match between similar genes. To minimize the possibility of
detecting the wrong gene, we were careful to locate the PCR
primers in unique regions. For example, the forward primers
for a2, 131, and 132 were placed in the same low homology
region within the presumed guanylyl cyclase catalytic site,
while the reverse primers for 11 and 132 were placed in their
unique carboxy terminus regions. Weconfirmed that the PCR
products were indeed from the desired genes by two different
methods: (a) Weused Southern blotting with an internal oligo-
nucleotide probe synthesized to an unique region of each iso-
form. This technique ensures that the PCRproduct contains an
additional 20-25 bases of identity to the intended product. (b)
More strict evidence was obtained by directly sequencing sev-
eral hundred bases of each band. In all cases, the sequences
agreed with those previously published for a 1, 131, and 132. The
deduced amino acid sequence of the a2 band agreed with the
published sequence of human a2. Taken together, these results
establish that the PCRprimers were specific for the desired
genes.

Molecular composition of heterodimeric guanylyl cyclase-
linked EDRFreceptors. By performing four PCRreactions in
parallel on the same sample, we were able to co-localize the
expression of EDRFreceptor subunits. This is important, since
the guanylyl cyclase-linked EDRFreceptor is a heterodimer.
When expressed alone, all four subunits are inactive, and not
stimulated by nitroprusside (8, 11, 15, 16). Co-expression of
a I /131 or a2 / 13 results in enzyme which is stimulated by ni-
troprusside (8, 11, 16), suggesting that dimerization is required
for formation of an active catalytic site. Thus, at least several
different heterodimeric EDRFreceptors could exist in vivo:

Table IL Differential Expression of Guanylyl Cyclase-linked
EDRFReceptor Subunit Isoforms

Location al a2 61 ,2

Interlobular artery/
afferent arteriole + + + Faint*

Cortical collecting duct + - - +

* Detected in only two of seven experiments.

i.e., al /I1, a2/131, al /132, and a2/132. The first two are known
the be active in vitro expression systems; the other combina-
tions have yet to be tested. Our results strongly suggest that
several different EDRFreceptors exist in vivo, and suggest that
tubule receptor is composed of a 1 /12. Since we have only
detected mRNAexpression, the existence of a 1/131, a 1/132,
and a2/13l heterodimers must be determined at the protein
level. Whether these different heterodimers possess different
sensitivity to EDRFor other EDRFanalogues, or function
differently, is unknown. In this regard, it is interesting that the
132 subunit contains a carboxy terminus consensus isoprenyla-
tion sequence (C-V-V-L), which, if isoprenylated, could allow
132 to associated with a cell membrane ( 15 ).

The composition of the vascular EDRFreceptor(s) is un-
certain. While it is usually assumed that EDRFis synthesized
in the endothelium and acts in vascular smooth muscle, recent
studies have suggested that endothelial cells also contain an
EDRFreceptor (27) whose function is unknown. Our results
show that the afferent arteriole/interlobular artery has gua-
nylyl cyclase activity, and contains mRNAfor the a 1, a2, and
131 EDRFreceptor subunit isoforms. In addition, the afferent
artery/interlobular artery may also weakly express 132. Terada
et al. found that the arcuate artery weakly expressed 132 (28).
The molecular identity of the endothelial and vascular smooth
muscle EDRFreceptor(s) would be of interest. However, we
cannot answer this question since the vascular tissue dissected
in this study contains endothelium and vascular smooth mus-
cle cells. In particular, it would be of interest to determine if a2
is expressed in both cell types, or only one cell type. If all three
receptor isoforms are simultaneously expressed in one cell, this
raises the intriguing possibility that the level of a2 could modu-
late guanylyl cyclase activity. Indeed, a recent study has shown
that'human a2/bovine 13 heterodimer appears less active than
a bovine al/bovine ,13 heterodimer (11). It is uncertain
whether this is caused by intrinsic differences in enzyme activ-
ity, subtle species differences, or unequal expression of a 1 / 31
vs a2/13l.

Expression of mRNAfor the a2 EDRFreceptor was easily
detected by RT/PCR in microdissected interlobular arteries/
afferent arterioles (Fig. 2), but not by Northern blotting with
random-hexamer primed probes. Northern blotting may not
detect gene expression if the message is of low abundance, or
localized to a rare compartment. Because of its high sensitivity,
PCR is routinely employed to detect gene expression of rare
transcripts. These studies show the synergistic methods of mi-
crodissection and PCRcan be used to localize mRNAspecies
expressed in small portions of an organ.

Nitroprusside-stimulated cGMPaccumulation has been
detected in microdissected rat CCDand cultured mouse CCD
cells (6, 29). Recently, EDRFreleased from endothelial cells
decreased the short-circuit current in mouse CCDcells (6).
Taken together, these studies indicate that the CCDcontains a
functional EDRFreceptor which is comprised of a 1 /132 sub-
units. Activation of this receptor could modulate salt transport,
although this has not been formally tested in the intact CCD.

Conclusions. We conclude that guanylyl cyclase-linked
EDRFreceptor subunit isoforms are independently and hetero-
geneously expressed in the renal vasculature and cortical col-
lecting duct. These results strongly suggest that several different
EDRFreceptors exist in vivo, and suggest that the tubule recep-
tor is composed of al /132. The identity of the endothelial and
vascular smooth muscle cell receptors are unknown. Future
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co-expression studies should be useful in determining if these
EDRFreceptors exhibit different sensitivity to EDRFand re-
lated compounds, or subserve different functions.
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