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Abstract

,81- and fl2-adrenergic receptor (,B-ARs) expression in the thick
ascending limb of rat kidney was studied at the level of mRNA
and receptor coupling to adenylyl cyclase. Absolute quantita-
tion of f,l- and .82-AR mRNAsin microdissected nephron seg-

ments was performed with an assay based on reverse transcrip-
tion and polymerase chain reaction, using in vitro transcribed
mutant RNAs as internal standards. In the cortical thick as-

cending limb (CITAL), the number of mRNAmolecules/mm of
tubular length was 2,806±328 (n = 12) for,l1-AR and 159±26
for,#2-AR (P < 0.01). Lower levels were obtained in the medul-
lary thick ascending, fl1-AR mRNAstill being predominant.
The pharmacological properties of f-ARS was also studied in
the CTAL. Cyclic AMPaccumulation was stimulated by ,B-ago-
nist with a rank order of potency of isoproterenol >norepineph-
rine >epinephrine. This observation, and the higher efficiency
of a 6i1 than of a f62 antagonist to inhibit isoproterenol-induced
cAMPaccumulation, establish the typical fl1-AR sensitivity of
the CTAL. No detectable contribution of atypical or ,63-ARs to
adenylyl cyclase stimulation could be found. In conclusion, this
study, which shows markedly different levels of l1- and ,62-AR
mRNASin the CTAL, provides a molecular basis for the pre-

dominant expression of the ,l1 receptor subtype in this nephron
segment. (J. Clin. Invest. 1993.91:264-272.) Key words: quan-
titative reverse-transcription polymerase chain reaction * site-
directed mutagenesis nephron microdissection * cyclic adeno-
sine monophosphate * catecholamines

Introduction

Catecholamine action through adenylyl cyclase-coupled f-

adrenergic receptors (/3-ARs)' has been shown to influence a

variety of renal transport processes, including C ( 1), Na ( 1,
2), Ca and Mg(2) reabsorption as well as K (3, 4) and bicar-
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1. Abbreviations used in this paper: fl-AR, ,B-adrenergic receptor;
CTAL, cortical thick ascending limb; MTAL, medullary thick ascend-
ing limb; RT-PCR, reverse transcription-polymerase chain reaction;
TBE, Tris-borate EDTA; TE, Tris-EDTA.

bonate (5) secretion. In both rat and mouse kidney, catechol-
amine-sensitive adenylyl cyclase activity is mainly present in
the thick ascending limb of Henle's loop and the collecting duct
(6). In the thick ascending limb, the :-agonist isoproterenol
increases Na, Cl, Ca and Mg reabsorption (2), all effects that
are also elicited by several peptide hormones, including vaso-
pressin, glucagon, calcitonin, and parathyroid hormone (7).
To date, the physiological significance of such multiple hor-
monal control of the thick ascending limb functions has not
been elucidated. However, it was proposed that the pluri-hor-
monal control of NaCl reabsorption could preserve the cortico-
medullary gradient in water diuresis (i.e., in the absence of
vasopressin) and thus might play a role in the urinary concen-
trating process (7). On the other hand, the hormone-depen-
dent increase of Mgreabsorption in the thick ascending limb is
generally responsible for a reduction of the Mgexcretion rate
(7). This observation opens the question of the hormonal con-
trol of Mgbalance.

,B-ARs are membrane receptors that stimulate adenylyl cy-
clase. Three subtypes of f-ARs, termed 0,, 02, and O3, have
been characterized (8- 10 ). Nothing is known, however, about
the contribution of the various A-AR subtypes to the action of
catecholamines in the thick ascending limb as well as in other
nephron segments. This question gains importance in view of
the different affinities of these receptors for epinephrine and
norepinephrine. Norepinephrine is the preferential ligand of
both fr- and O3-ARs (8, 10, 11 ) whereas epinephrine acts prefer-
entially on the f2-AR (8). In addition recent studies revealed
that glucocorticoids ( 12) or obesity ( 13) alters differentially the
various f-ARs at both the mRNAand protein levels. Thus,
establishing the physiological significance of catecholamine ac-
tion first requires a detailed characterization of the f-ARs ex-
pressed in the target cells.

Considering the structural and functional heterogeneity of
the tubular segments, it is essential to determine the distribu-
tion of the various receptor subtypes in well-delineated
nephron portions. Probably because of this heterogeneity, pre-
vious Northern hybridization analysis performed on whole
kidney RNAs failed to detect either A,-, 02-, or f3-AR mRNAs
in the rat or mouse kidney (8, 1 1). More sensitive methods
must be used to obtain this information. The amplification
through reverse transcription and polymerase chain reaction
(RT-PCR) offers the opportunity to detect specific mRNAsin
single or small numbers of cells ( 14). Accordingly, we devel-
oped a quantitative RT-PCR assay to measure fl1- and :2-AR
mRNAsin single pieces of nephron segments. This method
was used to measure the steady state levels of 01:- and ,82-AR
mRNAsin microdissected rat cortical thick ascending limbs
(CTAL) and revealed that the amounts of ,B,- and ,82-AR
mRNAsgreatly differed in this n-phron portion. From a physi-
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ological perspective it was also important to assess whether the
expression of the corresponding membrane receptors corre-
lated with these differential mRNAlevels. For this purpose,
intracellular cAMPaccumulation induced by ,B-agonists and
its inhibition by specific antagonists were measured in micro-
dissected nephron segments. These experiments allowed us to
establish which $3-AR subtypes are functionally coupled to the
adenylyl cyclase system.

Methods

The quantitative RT-PCRassay we have elaborated requires the avail-
ability of a standard as close as possible to the mRNAof interest. This
assay, as the one described by Becker-Andre and Hahlbrock ( 15), was
performed using mutant RNAs that display a single or double base
substitution to create a new endonuclease restriction site in the corre-
sponding cDNA. To generate such mutated RNAs the entire coding
region of the rat j3l- and #2-AR genes were amplified by PCR from
genomic DNAand cloned into a plasmid vector carrying promoters of
T3 and T7 RNA polymerases. Site-directed mutagenesis was per-
formed on the cloned DNAfragments and known amounts off1 and #2
mutant RNAs were produced by in vitro transcription. Precise
amounts of the mutant RNAswere used as internal standards to deter-
mine the amounts of coamplified RNAs extracted from isolated tu-
bules. After conversion to cDNAand PCR, the DNAfragments were
treated with the appropriate restriction enzyme. Wild-type and mutant
DNAfragments were discriminated by gel electrophoresis, allowing a
quantitative determination of natural mRNAamounts introduced in
the assay.

All the methods used for recombinant DNAprocedures and RNA
manipulation were from Ausubel et al. ( 16). The solutions used for
experiments on RNAswere prepared in diethyl pyrocarbonate-treated
water and were sterilized by filtration or autoclaving as appropriate.
Glassware and surgery instruments were heated at 180°C for 8-12 h
and were subsequently always handled with gloves. To prevent contam-
ination, PCRand RT-PCR experiments were performed using spe-
cially designed pipettes. Restriction enzymes were from NewEngland
Biolabs (Beverly, MA).

Primer design and synthesis. For PCRand RT-PCR experiments
the primers were designed with the help of Oligo software (MedProbe,
Oslo, Norway). Specific (,B or #2 primers with Tm>60'C were se-
lected. Each pair of upstream and downstream primers had closely
similar Tm(Table I). They were also checked for minimal self-priming
and upper/lower dimer formation. The primers were synthetized on a
DNAsynthesizer (Model 380B; Applied Biosystems, Inc., Foster City,
CA) by 0-cyanoethyl-phosphoramidite chemistry, and then ammonia
deprotected overnight and ethanol precipitated. Working solutions
were stored at -20'C in 10 mMTris-HCl, pH 8; 1 mMEDTA(TE) at
a concentration of 5 pmol/gl.

PCRcloning of rat ,3, and f32-AR templates. A 1,586-bp DNAfrag-
ment encompassing the entire coding region of the rat $,-AR gene ( 17)
was amplified from 1 tsg of Sprague-Dawley rat genomic DNA(Strata-
gene, Inc., San Diego, CA) by PCRusing primers listed in Table I. The
5' end of the upper primer located 14 nucleotides upstream to the ATG
codon, and the 5' end of the lower primer located 271 nucleotides
downstream to the stop codon. Amplification was carried out using a
Hybaid Thermal reactor with 0.2 uMof each primer, 100MMdNTP, 4
mMMgSO4, 20 mMTris-HCl (pH 8.8), 10 mMKCI, 10 mM
NH4SO4, 0.1% Triton X-100 and 100 Mg/ml of Dnase-Rnase-free ace-
tylated BSA in a final volume of 75 Ml. The reagents were mixed in a
polypropylene tube kept on ice and then placed in the thermocycler at a
holding temperature of 80°C. To avoid cooling of the sample, the en-
zyme (1 U of Vent Polymerase [New England Biolabs] in a volume of
25 ,lA) was slowly added along the tube wall. The solution was mixed by
repeated filling of the pipette tip. It was then overlaid with three drop-
lets of mineral oil and processed for 35 cycles of three temperature
steps: 98'C (15 s, denaturation), 68'C (30 s, annealing), and 72'C
(2.5 min, elongation). One additional cycle was performed using an
elongation time of 10 min.

With regards to the ,2-AR gene, a 1,842-bp DNAfragment encom-
passing the entire coding region of the rat f32-AR (18, 19) was also
produced by PCRfrom 1 g of Sprague-Dawley rat genomic DNA. The
upstream primer was a 23-mer (5' end located 55 nucleotides upstream
to the initiation codon) and the downstream primer was a 25-mer (5'
end located 532 nucleotides downstream the stop codon) (see Table I).
Amplification was carried out with 1.25 Uof Thermus aquaticus DNA
polymerase (Taq polymerase; Beckman Instruments, Inc., Fullerton,
CA), 0.25 MMof each primer, 75 MMdNTP, 3 mMMgCl2, 10 mM
Tris-HCI (pH 8.3), 50 mMKCI,5 mMDTT, and 100,ug/ml gelatin in
a final volume of 100 Ml. The tubes were processed as described above
and submitted to 35 cycles as follows: 97'C for 15 s, 61 'C for 30 s, and
72'C for 1.5 min. One additional cycle with an elongation time of 5
min was carried out.

The PCRproducts were analyzed by agarose gel electrophoresis. To
further characterize the DNAto be cloned, the 1,586-bp (,3,) and the
1,842-bp (#2) fragments were recovered from the gel with Gene Clean
(BIO 101, Inc., Vista, CA). Digestion of these fragments with a set of
restriction enzymes always gave products of the expected size (data not
shown).

Site-directed mutagenesis of #, and #2-AR templates. The ,-AR
DNAfragments were cloned into P Bluescript (BSSK+) vector linear-
ized at SmaI (/3k) or EcoRV (12) sites. The clones selected displayed
positive and reverse orientation for f, and #2, respectively. Mutants
were generated according to the method of Kunkel et al. (20) using
primers containing a single (#,) or a double (#2) mismatch (see Table
I) to produce a new (XhoI) restriction site.

In vitro transcription. Mutated sense RNAswere transcribed from I
MAg of EcoRI-cut DNAtemplates. Transcription was performed in a
25-,Ml reaction volume containing 20 mMTris-HCl (pH 8), 4 mM

Table I. Oligonucleotide Primers Used in this Study

Application Sequence Position Tm Sequence Position Tm

°C °C

PCR-cloning 5'-CTCCGAAGCTCGGCATGGGCGC-3' -14 72.0 5'-TGCACCCGCTGAGAGAGTCTGGG-3' -55 66.4
5'-TGGGCTTCGCATTCACCTGCTTTCGG-3' 1,571 72.3 5'-TCCCTCAAATCCCTGCCTTCAACAC-3' 1,786 64.9

RT-PCR 5'-CGCTCACCAACCTCTTCATCATGTCC-3' 272 63.6 5'-TCTTCGAAAACCTATGGGAACGGC-3' 1,036 63.0
5'-CAGCACTTGGGGTCGTTGTAGCAGC-3' 647 64.6 5'-GGATGTGCCCCTTCTGCAAAATCT-3' 1,378 63.1

Mutagenesis 5'-ACAGGGTCTCGAGXjCTGGCCGTCAC-3' 448 63.0 S'-GCATATCAGCTCGAGCAGGAGAA-3' 1,130 50.7

Positions of the 5' ends of the primers are numbered from the ATGinitiation codon of the #,f- and p32-AR genes. Tmvalues were calculated with
the program OLIGO. Base substitutions (underlined) are as follows: Greplaces T in #I; C and A replace G residues in 02.
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MgCl2, 1 mMspermidine, 250 mMNaCl, 0.4 mMof each nucleotide,
10 uCi of a(32P)UTP (400 Ci/mmol), and 3 U of T3 or T7 RNA
polymerase (Stratagene, Inc.) as appropriate. Incubation was carried
out at 37°C for 30 min. DNAtemplates were then digested at 37°C
with 5 U of Rnase-free Dnase (Stratagene, Inc.) during an additional
1-h incubation period. The mixture was then treated with Proteinase K
(Boehringer Mannheim GmbH, Mannheim, Germany), extracted
with phenol-chloroform-isoamylalcohol (PCI), and precipitated with
ethanol. The pellet was resuspended in RNAdilution buffer (TE pH
7.6; DTT, 2 mM; actylated BSA, 100 ALg/ml; Rnasin (Promega Corp.,
Madison, WI), 40 U/ml). The amount of RNAsynthesized was mea-
sured by liquid-scintillation counting of the TCA-precipitated mate-
rial. 4-5 pmol of RNAwere obtained per reaction. Size and homogene-
ity of the product were checked by agarose gel electrophoresis and
autoradiography.

RT-PCR of,#, and fl2-AR mRNAS.The ,B, primers corresponded to
bases 272-298 and 623-647 of the coding region, giving a DNAfrag-
ment of 376 bp. The l2 primers corresponded to bases 1,036-1,059
(upstream primer, located in the coding region) and 1,355-1,378
(downstream primer, located in the 3' untranslated region), giving a
DNAfragment of 343 bp. To minimize sample handling and contami-
nation, RT and PCRsteps were performed sequentially in the same
reaction tube. To a final volume of 25 ,ul, the following compounds
were added and maintained on ice: 2.5 A1 of lOX PCRbuffer (200 mM
Tris-HCl (pH 8.3), 500 mMKCI, 15 mMMgCl2, 1 mg/ml gelatin),
RNAs obtained from isolated segments, known amounts of ,B or 02
mutant RNAs (used as internal standards), and the corresponding
downstream primer (6.25 pmol). The tubes were heated 2 min at 80°C
in the thermocycler to break up secondary structures and then equili-
brated at 42°C. Each sample was supplemented with 25 AL of RT mix
containing 2.5 ,l of PCRbuffer, 200 ,uM of each dNTP, 1 MCi/nmol of
a[32P]dCTP, 4 mMMgCl2, 6.4 mMDTT with or without 200 U of
Moloney Murine Leukemia virus reverse transcriptase (Bethesda Re-
search Laboratories, Gaithersburg, MD), The RT reaction lasted 45
min and was carried out at 42°C to prevent excessive mispriming and
possible RNArefolding. After completion of RT, the temperature was
raised to 96°C for 30 s to inactivate the enzyme and denaturate the
RNA-DNAhybrid and then was equilibrated at 80°C. The amplifica-
tion reaction was initiated by adding 50 Ml of a mix containing 5 Ml of
PCRbuffer, 6.25 pmol of the upper primer, and 1.25 Uof Taq polymer-
ase. The samples were overlaid with mineral oil and submitted to the
following sequential steps: 96°C, 30 s; 64°C, 30 s; and 74°C, 1 min. 28
PCRcycles were performed for experiments performed with a[32P]-
dCTP; 35 cycles were used when DNAwas analyzed by ethidium-bro-
mide staining. In all cases, the final elongation step lasted 10 min.

Quantitative analysis ofRT-PCR products. To discriminate DNAs
formed from wild-type and mutant RNAs, the PCRsamples were XhoI
digested (90 min at 37°C) by adding 10 ,l of the adequate digestion
buffer, 10 U of enzyme, and 100 Mg/ml of acetylated BSA. It was
checked that these conditions ensure complete digestion of mutant
DNAfragments. 15 Ml of the reaction was electrophoresed through a
3%( 1%agarose, 2%low melting point agarose) agarose slab gel in TBE.
The gel was fixed in 10% acetic acid, dried on 3MMpaper (Whatman
Inc., Clifton, NJ) at 70°C, and submitted to autoradiography. Several
exposures were always performed to obtain nonsaturated images of all
samples. Band intensity was recorded by densitometry. In each experi-
ment, serial dilutions of RNAsobtained from nephron segments were
always amplified simultaneously to fixed amounts of internal stan-
dards. The number of mRNAmolecules in isolated tubules was calcu-
lated from samples in which the ratio of the signals obtained from the
wild-type DNAto the mutant DNAwas close to unity (see Figs. 4 and
5). Results are expressed as number of mRNAmolecules per milli-
meter of tubular length.

Isolation ofnephron segments. The experiments were performed on
male Sprague-Dawley rats that had free access to water and standard
laboratory chow until anesthesia. Nephron segments were obtained by
microdissection, as previously described (21 ). After anesthesia (Nem-
butal, S mg/ 100 g), the left kidney was perfused with collagenase (2

mg/ml), dissolved in the microdissection solution with the following
composition (mM): 137 NaCl, 5 KCI, 0.8 MgSO4, 0.34 NaH2PO4,
0.44 KH2PO4, 1 MgC92, 1 CaCl2, 4 NaHCO3, 10 CH3CO2Na,5 D-Glu-
cose, 20 Hepes, and protease-free BSA (1 mg/ml, Fraction V; Miles
Inc., West Haven, CT) (pH 7.5). For RNAextraction experiments this
medium was made from Hanks' sterile solution (Eurobio, Les Ulis,
France) and for cAMPaccumulation studies it also contained 0.5 mM
ascorbic acid, as antioxydant, and 5MMindomethacin (21 ). Thin pyra-
mids cut along the corticomedullary axis were incubated for 20-25 min
at 30°C in the microdissection solution containing 1 mg/ml collage-
nase, continuously bubbled with air. The pyramids were then rinsed
thoroughly in ice-cold microdissection solution and kept on ice in a
Petri dish containing the same medium. The segments were microdis-
sected at 4°C under stereomicroscopic observation using thin needles.
CTAL were obtained from the medullary rays, and medullary thick
ascending limbs (MTAL) were obtained from the inner stripe of the
outer medulla. Tubular length was measured with an ocular microme-
ter either directly in the microdissection Petri dish or, for cAMPaccu-
mulation studies, after transfer of the tubules onto glass slides (21 ).

RNAextraction from isolated tubules. Total RNAswere extracted
using a microadaptation of the method described by Chomczynski and
Sacchi (22). After microdissection, the tubules were transferred by
pipetting to a second Petri dish containing fresh microdissection solu-
tion. They were dragged from one side to the other of the dish with
microdissection needles to get structures free of contaminating cells or
debris. Either single segments or pools of tubules (1-40 mm) were
transferred with 5-10 Ml of microdissection solution into 400 ML of
denaturing solution containing 4 Mguanidinium thiocyanate, 25 mM
sodium citrate (pH 7), 0.5% sarcosyl, and 0.1 Mfl-mercaptoethanol.
10 ,g of yeast RNA(Pharmacia Inc., Piscataway, NJ), used as carrier
for microextraction, was added just before transferring the tubular seg-
ments. The suspension was immediately mixed by vortexing. Sequen-
tially, 40 Ml of 2 MCH3CO2Na(pH 4), 400 Mul of water-saturated
phenol, and 80 Mul of chloroform were added, with 20 s of mixing by
vortexing after addition of each reagent. The final suspension was
cooled on ice for 15 min and then centrifuged at 10,000 g for 20 min at
4°C. The supernatant was transferred to a fresh tube, mixed with 450 Ml
of isopropanol, and cooled 15 min at 4°C. The tubes were centrifuged
at 17,000 g for 30 min at 4°C and the RNApellet was dissolved in 100
Ml of denaturing solution. After adding 100 Ml of ice-cold isopropanol,
centrifugation ( 17,000 g) was again performed for 20 min at 4°C. The
RNApellet was washed two times in 75% ethanol, sedimented, and
vacuum dried. The final pellet was dissolved in 10-20 MI of RNAdilu-
tion buffer and stored at -80°C until RT-PCR. All these steps were
performed in 1.5-ml polypropylene tubes.

The yield of the entire procedure was evaluated by extracting in the
same way a radiolabeled RNA synthetized from the cloned ,B,-AR
gene. Less than 10% (8±2%, n = 5) of TCA-precipitated radioactivity
was lost in the organic and ethanol phases, indicating that RNArecov-
ery was essentially complete. Another approach consisted of adding
into the denaturing solution both tubular segments and known
amounts of 3,1 or I2 mutant RNAs(see Fig. 5). In this case, the number
of mRNAmolecules per nephron segment was calculated, after RT-
PCRand XhoI digestion, from the amount of mutant molecules intro-
duced initially; the possible loss during extraction being considered
equivalent for all RNAspecies. This protocol gave results identical to
those obtained when the mutant RNAswere added only for the RT-
PCRreaction (see Figs. 4 and 6 for comparison).

cAMPaccumulation studies. The nephron segments, stored on
sealed glass slides in 2 Ml of microdissection solution supplemented
with bacitracin (1 mg/ml), were preincubated 10 min at 30°C. Incu-
bation was initiated by adding 2 Ml of microdissection solution contain-
ing 3-isobutyl-1-methylxanthine (1 mMfinal concentration) and the
tested agent(s). For studies on the inhibition of cAMPaccumulation,
antagonists and isoproterenol were added simultaneously. The incuba-
tion (4 min at 35°C) was stopped by transferring the segments by
pipette onto a IO-Ml droplet of formic acid in absolute ethanol (5%,
vol/vol) in a polypropylene tube. After overnight evaporation to dry-
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ness, 50 ,l of 50 mMpotassium phosphate buffer (pH 6.2) was added
and the samples were kept frozen at -20°C until determination of
cAMPcontent. cAMPwas measured on acetylated samples using an
enzyme immunoassay enabling amounts of cAMPof between 5 and
130 fmol per tube to be measured accurately (21 ). Each experiment
consisted of several replicate samples (mean±SD, 7±2) for each experi-
mental condition.

Results

Specificity ofthe oliginucleotide primers. The possibility of am-
plifying specific ,B-AR genes was first investigated on genomic
DNA. As shown in Fig. 1, amplification of 0.1 ,ug of DNAwith
the (2 primers gave a single band of the expected size (343 bp).
Under our conditions, a DNAfragment was detected by ethi-
dium-bromide staining when amplification was performed
from as low as 0.1 ng ( - 30 targets) of genomic DNA(data not
shown). Fig. 1 also shows that a set of restriction enzymes
chosen from the published sequence (18, 19) always gave
bands of the expected size. This restriction profile definitively
identifies the amplification product as a (2 fragment. The same
kind of experiment also validated the primers designed for 3,B
amplification (data not shown).

Detection of,(, and ,82-AR mRNAsin isolated thick ascend-
ing limbs by RT-PCR. The following experiments were per-
formed to assess d-AR mRNAexpression in the CTAL and
MTAL(Fig. 2). In all cases, single bands of the expected size
((3I, 376 bp; (2, 343 bp) were obtained. In both the CTALand
MTAL, amplification with the (2 primers gave very faint bands
(Fig. 2). With the (3, primers, the band intensities were defi-
nitely higher. The (3 signal obtained from the CTAL RNA
sample appears more intense than the one obtained with the
MTALRNAs. The amplification was fully RNAdependent, as
shown by the uniformly negative results obtained without re-
verse transcriptase on the same RNAsamples.
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Figure 1. Amplification
of rat genomic DNA
with specific (32 primers.
Amplification was per-
formed from 0.1 g of
rat genomic DNAusing
35 PCRcycles. DNA
was then extracted with
phenol-chloroform-
isoanyl alcohol, precipi-
tated with ethanol, and
left uncut (Control) or
digested with the indi-
cated enzyme. The frag-
ments were fractionated
on a 3%agarose gel and
stained with ethidium
bromide. The expected
band sizes were (bp):
control, 343; PvuII, 265
+ 78; HaeIII, 247 + 96;
Bstnl, 220 + 123. The
left lane shows the mo-
lecular weight marker
(1 gg of pBR322 di-
gested with MspI).
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Figure 2. Detection of #,- and (32-AR mRNAsin isolated thick as-
cending limbs by RT-PCR. RNAswere extracted from pools of mi-
crodissected CTALor MTALsegments (total length, 15 mm). Ali-
quots corresponding to RNAsoriginating from 1 mmof tubule were
submitted to RT-PCR (35 PCRcycles). 20 ,l of the RT-PCR reaction
were loaded on a 2%agarose gel and the DNAfragments were stained
with ethidium bromide. The assay was carried out in the absence (-)
or presence (+) of reverse transcriptase. Blank, reaction performed
without RNA; Carrier, reaction performed on a sample treated simi-
larly to the tubular segments and containing 10 jg of yeast RNAbut
no isolated tubules. These reactions were carried out with the 02
primers and were also negative when using the 3,B primers. Left and
right lanes shows the molecular weight marker ( 123-bp DNAladder;
Bethesda Research Laboratories).

Attempts to quantify even roughly the absolute mRNAlev-
els in this experiment were impeded by the lack of external or
internal standards in the RT-PCRassay and the low sensitivity
of ethidium-bromide staining. This detection method requires
a high number of PCRcycles to generate detectable amounts of
DNAmolecules. Under these conditions, however, exponen-
tial accumulation is not maintained throughout the PCRreac-
tion, resulting in a lack of proportionality between the amount
of RNAin the sample and the DNAproduct (23). To over-
come these limitations, a quantitative assay was set up. To
reduce the number of cycles and lower the detection threshold
of the method, a radiolabeled deoxynucleotide was included in
the assay.

Quantitative analysis of(A, and (32-AR mRNA.The require-
ments for a quantitative RT-PCRassay, especially the number
of molecules to be introduced for a given number of cycles,
were first studied by amplifying separately wild-type and mu-
tant mRNAs. Fig. 3 illustrates such an experiment. As ex-
pected, single bands of identical sizes were obtained from
CTAL and mutant RNAs. More importantly, Fig. 3 shows
that, under our conditions, the amount of DNAmolecules
formed clearly increased with the number of ,B,-AR mRNA
molecules introduced in the assay. Scanning analysis of the
autoradiograms revealed a linear increase of up to 2,500 start-
ing molecules. Between 2,500 and 12,500 the output signal
increased by a factor of 4.3, suggesting that linearity was not
fully maintained. In a similar experiment performed using
12,500 mutant RNAmolecules as starting material, we calcu-
lated from the radioactivity incorporated that the end product
concentration was 0.5 x 10-8 M. On the basis of the observa-
tion that the concentration of Taq polymerase in the assay
becomes limiting when DNAconcentration reaches 10-8 M
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Figure 3. RT-PCR of [1-AR mRNAfrom isolated CTALand mutant
[1-AR mRNA. The figure shows an autoradiogram of DNAfrag-
ments formed by RT-PCR from CTALRNAsor known amounts of
mutated [3I RNA. CTALsamples (serial dilutions corresponding to
0.04-1 mm)and mutated [31 RNAswere amplified using 28 PCRcy-
cles. Note that a single band of the expected size (376 bp) was ob-
tained from both targets. The assay was performed in the absence (-)
or presence (+) of RT enzyme. Blank, reaction carried out in the
absence of RNAbut in the presence of RT and Taq polymerase.

(23), we defined conditions for obtaining 10 times lower DNA
concentrations. Accordingly, to allow exponential accumula-
tion throughout the PCRreaction and thus to avoid competi-
tion between wild-type and mutant DNAtargets, we decided to
introduce a maximum of 2,500 molecules in the assay.

The number of :3-AR mRNAmolecules in tubular seg-
ments was measured through coamplification with mutant
RNA(Fig. 4). The corresponding DNAproducts were clearly
identified through XhoI digestion. The number of [l,-AR
mRNAmolecules per millimeter calculated from serial dilu-
tions of CTAL RNAswas 2,803, 3,564, and 2,972 for nine-,
three-, and onefold dilutions, respectively. The three indepen-
dent determinations therefore gave very similar results. In ad-
dition, Fig. 4 shows that the number of [2-AR mRNAmole-
cules, measured on the same CTALsample, was markedly dif-
ferent: it was only 185 molecules per mm, i.e., nearly 20-fold
lower than the number of [,-AR mRNAmolecules.

Since catecholamines might act in both the CTAL and
MTAL (2), [-AR mRNAlevels were also measured in this
latter nephron segment. Fig. 5 shows that the [,3-AR mRNA
level was clearly lower than in the CTAL, being only 529 mole-

343bp -, V)W

26 bop

13 2 Mwu t

200 mo'

82bp

Figure 4. Quantitative analysis of [,- and f32-AR mRNAsin the
CTAL: coamplification of wild-type and mutant RNAs. CTAL sam-
ples and mutated [3-AR RNAswere amplified simultaneously using
variable amounts of CTAL RNAs and constant amounts (#,, 1,000
molecules; [2, 200 molecules) of the internal standard. The DNA
fragments formed from wild-type and mutant RNAswere discrimi-
nated by digestion with XhoI. Wild-type DNAfragments (bp): [,3,
376; [2, 343. Mutant DNAfragments (bp): [,, 212 + 164; [2, 262
+ 81. These fragments were fractionated on a 3% agarose slab gel
and detected by autoradiography.

cules/mm. This is consistent with reports indicating a lower
stimulation of adenylyl cyclase by isoproterenol in the MTAL
than in the CTAL (2, 6) (In both the mouse and rat kidney,
isoproterenol-sensitive adenylyl cyclase was first reported to be
present in CTALbut not in MTAL[6 ]. More recently, it was
demonstrated that adenylyl cyclase is activated by isoproter-
enol in both segments in the mouse [ 2 ]. In preliminary studies
we compared isoproterenol-dependent cAMPaccumulation in
the rat MTALand CTAL. We found a small but significant
increase of cAMPaccumulation in the MTAL[- 30% of that
observed in the CTAL].). This experiment also confirms the
very low level of [2-AR mRNAin the CTAL ( 137 molecules/
mmfor the sample analyzed in Fig. 5).

A,- and [2-AR mRNAlevels in the thick ascending limb
were measured in several experiments, which are summarized
in Table II. In the CTAL, the number of mRNAmolecules was
always markedly higher for f3- than for ,82-AR, demonstrating
the preponderance of the [,3-AR mRNA.In the MTAL, despite
the low number of observations, it is clear that [l,-AR mRNAis
also predominant.

The accuracy of the previous determinations was further
tested by adding known amounts of mutant [,1 mRNAduring
the extraction procedure. This approach should eliminate po-
tential losses as contributing to underestimation of the mRNA
content of biological samples. Fig. 6 gives results of an experi-
ment in which RNAs were isolated from CTALs of various
length (range 0.4-2.15 mm). A significant correlation was ob-
served between the number of [,-AR mRNAmolecules and
the tubular length. [,-AR mRNAlevels in these samples aver-
aged 2,500 molecules per mm, a value very close to that ob-
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tained when the internal standard was added only for the RT-
PCRreaction step. This experiment demonstrates that our mi-
croprocedure of extraction allows complete RNArecovery.

Pharmacological properties of fi-ARs in the CTAL. The
markedly different levels of fi- and ,82-AR mRNAsin the
CTAL prompted us to study its functional consequences on
agonist-induced cAMPaccumulation. As shown in Fig. 7, the
rank order of potency for stimulating cAMPaccumulation was
isoproterenol >norepinephrine >epinephrine, a profile en-
tirely typical of a fi,-AR (8, 17). Moreover, the f1 antagonist
CGP20712A was 15 times more potent than the fi2 antagonist
ICI 118551 in inhibiting isoproterenol-induced cAMPaccu-
mulation (Fig. 8). CGP12177A, a nonselective fl-AR antago-

Figure 5. Quantitative analysis of fl-AR
mRNASin the MTALand the CTAL. Se-
rial dilutions of MTALor CTALsamples
were amplified with constant amounts (500
molecules) of mutated fi,- and ,82-synthetic
RNA, respectively (28 PCRcycles). The
DNAfragments were then digested with
XhoI, fractionated on a 3% agarose gel,
and analyzed by autoradiography. Wild-
type DNAfragments (bp): f1, 376; f2, 343.
Mutant DNAfragments (bp): /3I, 212 +
164; f2, 262 + 8 1. The reaction was carried
out in the absence (-) or presence (+) of
reverse transcriptase.

nist (10), inhibited isoproterenol action with a Ki even lower
than that of CGP20712A (Fig. 8). This is in agreement with
the different affinities of CGP12177A and CGP20712A for
fi-AR (24). On the other hand, CGP12177A has partial ago-
nistic properties on ,83-AR (11, 24). Nevertheless, as shown on
Fig. 8, it completely abolished isoproterenol-dependent cAMP
accumulation and, when tested alone, did not measurably in-
crease cAMPformation (data not shown). These data indicate
that f33-AR should not contribute significantly to cAMPsynthe-
sis in this nephron segment, and consequently, that fi1-AR is
the predominant receptor subtype responsible for adenylyl cy-
clase activation.

6000 r

Table II. fil- and f32-AR mRNALevels in the CTAL and MTAL

mRNAcontent

CTAL MTAL

Experiment ,2 1 2

molecules/mm

1 3,078 244 529 117
2 5,453 138
3 2,392 90
4 3,385 185
5 1,895 137
6 - 565 119

Mean 3,241 159* 547 118
SEM 611 26

RNAsextracted from isolated CTALs or MTALs were analyzed by
quantitative RT-PCR, as described in Figs. 4 and 5. The same RNA
preparation was always tested for both ,B, and #2 mRNAlevels.
* Significant difference between the number of fl, and f2 mRNA
molecules in the CTAL (P < 0.01, paired t test).
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Figure 6. Correlation between the amount of fl1-AR mRNAsand the
tubular length. RNAswere extracted from microdissected CTALs
(0.4-2.15 mm). Known amounts of mutated fl, RNAswere added
just before extraction. RT-PCR (28 PCRcycles) was then performed
as described in Fig. 4 except that the mutated fl, RNAwas not further
added to the reaction. Somesamples were halved to perform the assay
in the presence or absence of RT enzyme, as indicated. Linear re-
gression equation: y = 2,257x + 267.
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Maximal cAMP(fmol/
mm.4 min) accumulations were isoproterenol, 58+8; norepineph-
rine, 53±12; epinephrine, 58±15 (n = 3-5 experiments for each ago-
nist).

Discussion

This study demonstrates the differential expression of 3,, and
02-AR mRNAin the thick ascending limb of Henle's loop. The
high levels of 01-AR mRNASwere associated with a profile of
agonist-induced cAMPaccumulation typical of #,-ARs. These
data were obtained using a method that allows absolute mRNA
quantitation through a RT-PCR assay that is sensitive enough
to detect 00 target copies. The method can be applied to mea-

sure mRNAsobtained from as few as 30 cells.
Several methods using RT-PCR have already been pro-

posed for relative or absolute quantitation of RNAs. Relative
quantitation has been used to detect aldose reductase, Na/H
antiporter, and ANF receptor mRNAsin single nephron seg-

ments (25-27). This method, although useful to roughly evalu-
ate gene expression, is limited in its applications. Robinson and
Simon (28) attempted to quantitate mRNAlevels using an

external standard. In this case, known amounts of synthetic
RNAs and experimental samples were amplified in separate
RT-PCR reactions. However, this method does not correct the
yield of product for reaction-to-reaction variation and its appli-
cation for accurate quantitation is uncertain (29). This prob-
lem is circumvented and reliability is greatly improved through
coamplification with a single pair of primers of the natural
mRNAtarget and of a synthetic RNA, used as an internal
standard. The internal standard is either of different size than
the wild-type species (29, 30) or only differs by a single base
substitution to introduce a new restriction site in the cDNA
( 15, 29). In each case, the products obtained from synthetic
and wild-type RNAscan be separated by gel electrophoresis.

Our method is close to the one described by Becker-Andre
and Hahlbrock ( 15), i.e., the PCR-aided transcript titration
assay (PATTY) method, with notable modifications that make
it easier. Our assay is performed in the presence of one labeled
deoxynucleotide. This allows direct detection of the product by
autoradiography without additional steps for transfer and hy-
bridization. The amounts of natural and synthetic RNAsintro-
duced in the assay are 1,000-fold lower than in other methods
( 15, 29) to ensure an exponential accumulation all along the
PCRreaction. If such was not the case, the DNAstrands not
used as templates could partly reassociate and form heterodi-
meric DNAspecies resistant to XhoI digestion.

To demonstrate the absence of heteroduplex molecules in

C -10 -9 -8 -7 -6 -5

Antagonist concentration (logM)

Figure 8. Inhibition of isoproterenol-induced cAMPaccumulation by
nonselective (CGP 12177A), 0,-(CGP 20712A), and 12- (ICI
118551) adrenergic antagonists. Each point is the mean value of 7 to

17 replicate samples obtained from two experiments. The results are

expressed as percent of the effect of isoproterenol (0.2 MM) - induced
cAMPaccumulation, which averaged 28±3 fmol/mm .4 min (n = 6
experiments). cAMPaccumulation in the presence of l0-_-l0-4 M
concentrations of CGP12177A was below the detection threshold of
the assay ( <3 fmol/mm), indicating complete inhibition. o, CGP
12177A; *, CGP20712A; A, ICI 118551.

our assay, the CTALsamples amplified with the Al primers and
described in Table II (line I) were 10 or 100 times diluted, fully
denaturated, and submitted to an additional PCRcycle with
fresh enzyme before XhoI digestion and electrophoresis ( 15).
The ratio of the wild-type and mutant DNAmolecules was

unaltered. Consequently, the calculated mRNAlevel was un-

changed, being 3,078, 3,133, and 2,703 for native, 10 times,
and 100 times diluted samples, respectively. Therefore, our ex-

perimental conditions rule out the presence of heterodimeric
molecules. With the advantage of labeling the product, it was

possible to quantitate 100 molecules after only 28 PCRcycles.
Physiological significance of the differential expression of 1,]

and 132-AR mRNAS. 03-AR mRNAlevels in the CTAL aver-

aged 3,000 molecules/mm. Considering that the number of
cells approximates 300/mm in this nephron segment (30a),
then the amount of p31-AR mRNAis of about 10 copies/cells.
Conversely, the $2-AR mRNAlevel should be < copy/cell.
This very faint level may correspond to background expression
of the 132-AR gene. The predominance of #,1-AR mRNAis in
close agreement with the typical #,-AR sensitivity of the CTAL
and demonstrates coordinated differences of 1-AR subtypes at
the protein and mRNAlevels. The contribution of a third or

"atypical" 1-AR to catecholamine action in the CTAL is un-

likely since CGP12177A, which elicits 30-40% of the effect of
isoproterenol in cells bearing 133-ARs (24), was unable to stimu-
late cAMPaccumulation and completely inhibited isoproter-
enol action. In addition, when RT-PCR was performed using
133-AR selective primers, no detectable product (assessed by
ethidium-bromide staining) was obtained from the CTAL
whereas, as expected (11, 13), 133-AR transcripts were evi-
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denced in the brown adipose tissue (unpublished observations
from our laboratory). All these data, therefore, reveal a molecu-
lar basis for the predominant expression of the #,1-AR in the
CTALand are consistent with previous autoradiographic stud-
ies showing that f3-adrenoceptors of the thick ascending limb
are almost exclusively of the f3 subtype (31-33).

Norepinephrine, the neurotransmitter of sympathetic
nerves, is the preferential ligand of #,-ARs. Consequently, the
thick ascending limb should be more sensitive to variations of
the local concentrations of norepinephrine than to circulating
epinephrine. The thick ascending limb has monoaminergic in-
nervation (34), and low frequency renal nerve stimulation has
been shown to increase Na and Cl reabsorption in the loop of
Henle (35). Wetherefore suggest that norepinephrine, through
f31-ARs, is responsible for many of the physiological effects as-
signed to :3-agonists in this nephron segment, including the
stimulation of NaCl, Ca and Mg reabsorption (2).

The lack of significant expression of the p2-AR gene in the
CTAL indicates that this nephron segment will be a useful
model to study the regulation of the f3-AR and to assess the
factors contributing to the emergence of 32-AR. Recently, a
human neurotumoral cell line that expresses #,- but not #2-
ARs has been used to study the mechanism of #,-AR desensiti-
zation (36). The cAMP-dependent protein kinase A, but not
the ,B-adrenergic receptor kinase, was responsible for desensiti-
zation of the human f3-AR to isoproterenol. The mechanisms
of desensitization of the rat and human A1-AR may neverthe-
less be different since the rat p,-AR has more potential phos-
phorylation sites for 13-adrenergic receptor kinase (8, 17). De-
sensitization to isoproterenol has also been reported in the
CTAL (21), and investigating the kinase(s) involved in this
process is an attractive area for future studies. Furthermore,
our RT-PCR assay will make possible to study the regulatory
mechanisms of the #,B-AR at the mRNAlevel. Regulation of
the O2-AR has been shown to involve alterations of both the
receptor protein and its mRNA(37, 38). However, nothing is
known on the possible effects of adrenergic agents on the steady
state level of AI-AR mRNA.

In conclusion, this study demonstrates the possibility of
measuring minute amounts of fl3 and f32-AR mRNAsby RT-
PCR. This assay is sensitive enough to detect mRNAin 30 cells
and will be useful to characterize ,8-AR subtypes and establish
their regulation. In the thick ascending limb, #,B-AR mRNA
levels were 20-fold higher than those of 02-AR. The corre-
sponding adrenergic sensitivity supports the notion that norepi-
nephrine, rather than epinephrine, is responsible for the stimu-
lation of ion transport in this portion of the nephron.
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