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Quantification of ANP mRNA in Primary Cultures of
Adult Rat Atrial Myocytes by Image Processing: In Situ
Hybridization to Multiple Parallel Samples Using

Single-Stranded cDNA Probes'

LESZEK KORDYLEWSKI,? S. KELLY AMBLER, and DONALD D. DOYLE?
Department of Medicine, University of Chicago, Chicago, Winois.

In primary cultures of adult rat atrial myocytes, we quanti-
fied the accumulation of atrial natriutetic peptide (ANP)
mRNA in parallel with ANP secretion. ANP mRNA was
quantified by image analysis of myocytes hybridized in situ
with single-stranded cDNA probes generated by two suc-
cessive thermal cycling procedures. In situ analysis permit-
ted measurement of many small experimental samples in
tandem while avoiding the possibility of differential extrac-
tion and processing of mRNA from sample to sample. The
single-step application of 32Rlabeled probes allowed pro-
cessing of many parallel samples and generated intense punc-
tate autoradiographic signals that were readily countable by
image processing. Biotin-labeled probes, in conjunction with
gold-labeled anti-biotin antibodies and silver intensification,

Introduction

In the absence of immortalized cell lines, primary cultures of cardiac
myocytes have become a widely used model system for heart cell
research. However, relative to cell lines, primary cultures provide
the investigator with limited material with which to work. Quan-
tification of the levels of specific messenger RNA (mRNA) expres-
sion can be a particular problem when small sample sizes are be-
ing handled. For this reason, single experiments involving many
small samples to be processed in parallel require specialized tech-
niques to quantify biochemical events, such as changes in mRNA
levels, as a function of time or in response to pharmacological or
physiological challenges.

In this report we describe an assay that utilizes image process-
ing of labeled cDNA probes hybridized to mRNA in situ in multi-
ple (20 or more) individual cell culture samples. We have also de-
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gave an apparently equivalent specific signal but presented
more difficulty in uniform processing of many samples and
was harder to quantify by our image processing system. Mea-
surement of ANP mRNA during atrial myocyte culture
showed that ANP mRNA accumulated from undetectable
levels after 1 day of culture to maximal levels by Day 8. In
contrast, secretion of ANP (which is stored in atrial gran-
ules) slowly decreased, but was not abolished, during the
first 5 days of culture. Subsequently, ANP secretion increased,
with the increase trailing ANP mRNA accumulation by at
least 24 hr. ( J Histochem Cytochem 43:481-488, 1995)
KEY WORDS: In situ hybridization; Primary culture; Rat atrial myo-
cytes; Single-stranded cDNA probes; Image processing; ANP; Mul-
tiple mRNA samples; PCR.

veloped a method for generating single-stranded, isoform-specific,
uniformly labeled cDNA probes by two successive thermal cycling
steps. The cDNA probes were labeled with radiosiotope (32P) or
with biotin. With these methods we were able to quantify the time-
dependent content of mRNA in individual cultured atrial myocytes.

To illustrate the usefulness of these techniques, we have mea-
sured the levels of atrial natriutetic peptide (ANP) mRNA in pat-
allel with measurements on the secretion of ANP as a function of
culture age in primary cultures of adult rat atrial myocytes. ANP
is a member of a family of peptides that regulate renal sodium ex-
cretion, blood volume homeostasis, and blood pressure (18). The
expression and secretion of ANP, in turn, are regulated in the atria
by stretching of the atrial wall and by neurotransmitters and hor-
mones. Primary cultures of atrial myocytes are commonly used in
the investigation of the molecular mechanisms of the regulation
of ANP secretion (1,5). A portion of this work has been presented
previously in abstract form (10).

Materials and Methods

Hybridization Probes. To produce isoform-specific, single-stranded
cDNA hybridization probes labeled either isotopically (with 32P) or non-
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isotopically (with biotin), we employed two sequential thermal cycling reac-
tions. In the first reaction we used as template a cDNA clone of the trans-
lated region of ANP mRNA, kindly provided by Dr. Christine Seidman,
Harvard University (20). Sense and anti-sense 24-met primers spaced about
160 bases apart were used to make by PCR a double-stranded (ds) template
of about 200 bases. The primers chosen here annealed to the 3' end of the
translated region of ANP mRNA:

sense AAGTCAACCCGTCTCAGAGAGATG, beginning at BP 318, and
anti-sense TATCTTCGGTACCGGAAGCTGTTG, beginning at BP 522.

This region of ANP mRNA had about 40-45% homology with BNP (9)
and CNPmRNA (8). PCR in 40 pl contained 1 pg ANP clone, 0.5 pM (100
ng) each primer, 200 uM each dA, C, G, and TTP, 10 mM KCI, 2 mM
MgSOy4, 20 mM Tris-HCI, pH 8.8, 0.1% Triton X-100, and 2 U Vent DNA
polymerase (New England Biolabs; Bevetly, MA). The PCR consisted of
1 min at 94°C (denaturation), 40 sec at 55°C (annealing), and 40 sec at
72°C (extension) for 35 cycles. The 200-BP product was isolated from other
reactants, especially primer pairs that could compromise the following single-
strand synthesis, by agarose gel electrophoresis and was eluted electropho-
retically (Hoefer), followed by phenol, phenol-chloroform, and chloroform
extraction and Na-acetate-ethanol precipitation. The reliability and yield
of 3P labeling in the subsequent reaction was dependent on the purity
of the ds product. DNA concenttations were detetmined by absorbance
at 260 nm, with corrections made for absorbance at 280 and 320 am for
protein and background, using a Beckman microcell in a Beckman DU-65
instrument. Greater than 1 ug of template was routinely made in a single
PCR tube.

The single-stranded (ss) probe was generated in a second reaction in
which the double-stranded product served as the template when added
to sense of anti-sense primer (same sequences as above) in the presence
of nucleotides and appropriate enzymes. One of these nucleotides was la-
beled with isotope or biotin, and a labeled sense probe or a labeled anti-
sense probe was produced by a thermal cycling reaction. In this reaction,
we employed 60 cycles and used Vent (exo-) DNA polymerase (New En-
gland Biolabs) because of its pronounced thermal stability and absence of
exonuclease activity. For 3?P labeling, we adopted the method of Stiirzl
and Roth (21), in which we used 50 ng ds template, 700 ng (3.5 pM) primer,
200 pM each dA, G, and TTP, 18.75 uM dCTP, and 6 ul (3.3 uM) [*?P]-
dCTP (3000 Ci/mmol) (Amersham; Poole, UK) in 40 pl volume contain-
ing Vent buffer (augmented to contain 5 mM MgSOy). Cycling was done
at 95°C for 1 min, 37°C for 2 min, and 72°C for 3 min. For biotin labeling,
we used 100 pM of all four nucleotides where 25-75% of dATP contained
biotin-14 (Gibco BRL; Gaithersburg, MD). Typical cycling was at 95°C for
1 min, 55°C for 1 min, and 72°C for 1 min, although biotin labeling was
so reliable that it could be done in parallel with 3*P labeling, under the
cycling conditions described above, with good results. Generated probe was
separated from unreacted nucleotides and primer by double ammonium
acetate precipitation.

Northern Hybridization. Pieces of heart (ventricle plus atria) and liver
were excised from adult rats, then frozen and pulverized in liquid nitro-
gen. Poly(A) mRNA was isolated from the tissue powder using a Micro-
Fasttrack mRNA isolation kit (Invitrogen; San Diego, CA) according to the
manufacturer’s instructions. mRNA was fractionated on a horizontal 1%
agarose—formaldehyde gel and transferred to 0.22-pm nitrocellulose mem-
brane (Schleicher & Schuell; Dassel, Germany) by capillary action (19). The
filters were pre-hybridized in 50% formamide, 6 x SSC, 5 x Denhardt’s
solution (19), 200 pg/ml sheared salmon sperm DNA, and 0.5% SDS at
42°C. Filters were hybridized in 6 ml fresh pre-hybridization containing
1.0 x 106 DPM/ml either sense or anti-sense probe. Filters were washed
at room temperature (RT) in 1 x SSC, 0.1% SDS for 30 min with one
change, followed by washing at 68°C in 0.2 x SSC, 0.1% SDS for 30 min
with one change. Filters were exposed to Hyperfilm-MP film (Amersham)
at —70°C.
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Primary Cultures of Atrial Myocytes. Atrial myocytes wete isolated by
collagenase digestion of both left and right atria obtained from six to nine
300-350-g adult male Sprague-Dawley rats per preparation and were cul-
tured by our previously published methods (1,6). Briefly, the isolated myo-
cytes were plated on laminin-coated 13-mm coverslips in 16-mm wells (fous-
well multidish) (Nunc; Rostilde, Denmark) at a density of approximately
12 x 107 rod-shaped myocytes per culture well and maintained in a hu-
midified 95% air/5% CO; atmosphere at 37°C. The culture medium con-
sisted of Gibco Medium 199 (M199) supplemented with 10% fetal bovine
serum, 20 ug/ml cytosine B-D-arabinofuranoside (ARA-C), 100 U/ml pen-
icillin, and 100 pg/ml streptomycin. Unattached cells were removed from
the wells on Day 5 of culture. Experiments were performed on 1-10-day-
old cultures that contained 7-9 x 10% atrial myocytes per culture well.

Atrial myocyte density in a sample well was determined for each cul-
ture preparation to standardize the individual measurements of different
preparations. Fot this purpose, three wells from a four-well dish of cultured
myocytes were fixed on the day of the experiment with 3% glutaraldehyde
and then stained with Toluidine Blue. The myocytes were ditectly counted
by projecting their image onto the screen of a Nikon Profile Projector to
determine the number of myocytes in three 4-mm? areas, to calculate the
number of myocytes per well. The average number of myocytes per well
was defined as the mean obtained from the three individual wells.

Measurement of ANP Secretion. Secretion of ANP was measured in
the same atrial myocytes that were subsequently used for in situ hybridiza-
tion. The secretory interval was initiated by sequentially removing the growth
medium, washing three times with 1 ml M199, and adding 0.5 ml M199
to each of four culture wells (each containing myocytes on a coverslip) from
a single four-well dish. After 1 hr of incubation at 37°C in a 5% CO; in-
cubator, the supetnatant was collected and the myocytes fixed for in situ
hybridization as described below. Aprotinin and EDTA were added to the
supetnatant samples (final concentrations 2 pg/ml and 4 mM, respectively)
and the samples were stored at —70°C until further use. The concentra-
tion of immunoreactive ANP (pmol/ml) was determined by radioimmu-
noassay of diluted aliquots of the samples (1,6). Unless otherwise noted,
the data were normalized to the number of atrial myocytes in each culture
well and were expressed as the amount of immunoreactive ANP (in atto-
moles) per myocyte.

In Situ Hybridization. Four coverslips of cultured myocytes per time
point were fixed for 10 min at RT with 4% paraformaldehyde in PBS (pH
7.2). The myocytes were subsequently washed and dehydrated in a graded
series of increasing concentrations of ethanols containing 50 mM ammo-
nium acetate, and were stored desiccated under vacuum at 4°C. Specimens
from a single experiment were processed for in situ hybridization together
to enable comparisons of message levels from multiple time points or treat-
ments. For hybridization, the myocytes on two separate covetslips were re-
hydrated in a series of decreasing concentrations of ethanols and rinsed in
PBS (pH 7.2) for 2 min. Cells were then permeabilized by the following
protocol: 0.05% Triton X-100 in PBS for 10 min, two 5-min PBS washes,
0.2 N HCl for 5 min, two 5-min PBS washes (all at RT), digestion with
1 ug/ml proteinase K in 100 mM Tris-HCI, 50 mM EDTA (pH 8.0) for 10
min at 37°C, and two 5-min PBS washes at RT. Samples were post-fixed
in 4% paraformaldhyde (pH 7.2) for 5 min, washed in 200 mM Tris-HCI,
100 mM glycine (pH 7.6) for 10 min, and acetylated with 0.25% (v/v) ace-
tic anhydrate in triethanolamine buffer (pH 8.0) for 10 min. After a rinse
in 2 x SSC, mRNA in the cells was denatured for 10 min at 60°C in 1 x
SSC, 50% formamide. Coverslips were placed on 25-ul droplets of pre-
hybridization solution on Parafilm and incubated for 30 min at 37°C. The
pre-hybridization solution contained 50% formamide, 0.3 M NaCl, 10 mM
Tris-HCI (pH 8.0), 1 mM EDTA, 1 x Denhardt’s solution, 500 pg/m! yeast
tRNA, 500 ng/ml poly(A). The coverslips wete transferred to 25-ul droplets
containing hybridization solution (pre-hybridization solution plus 10% dex-
tran sulfate and 0.2 ng/pl 32P- ot biotin-labeled ssDNA probes) and in-
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cubated at 37°C overnight. One coverslip was hybridized with the anti-
sense probe and the other coverslip hybridized with the sense probe. After
hybridization, coverslips were washed at RT in a large volume of 2 x SSC
for 1 hr, followed by 50% formamide, 2 x SSC for 40 min, then 50%
formamide, 1 x SSC for 20 min, both at 37°C. A final wash in 1 x SSC
was performed at RT. The coverslips wete dehydrated through a series of
ethanols (70~95%) containing 50 mM ammonium acetate and then air-
dried. For specimens hybridized with 3?P:labeled probes, hybridization sig-
nals were localized by autoradiography. Coverslips were mounted cell side
out on microscope slides with double-adhesive tape and the slides wete
dipped in Kodak NTB-2 nuclear track emulsion with a Pelco emulsion coater
(Ted Pella; Tustin, CA). After air-drying, samples were exposed for 15 days
at —70°C to ensure that the signal was fully developed for those conditions
in which the mRNA content was small (e.g., culture Day 3). The samples
were submitted to routine photographic procedures to develop the exposed
silver grains. For biotin-labeled specimens, coverslips were blocked with 10%
goat serum in PBS, incubated with 5-nm gold-labeled goat anti-biotin anti-
bodies, and intensified with silver for 10-15 min according to the manufac-
turer’s instructions (Ted Pella). Finally, with either type of labeling, cover-
slips were stained wtih hematoxylin and eosin, dehydrated with a series
of ethanol concentrations, and mounted on microscope slides with Permount.

Image Processing. Measurements wete made using the Cue-2 Image
analyzer, Version 3.0 (Olympus), interfaced with the Olympus BH-2 mi-
croscope via closed circuit television (Sony Galai CCD Video Camera, Sony
Trinitron Color Video Monitor). As previously described (11), the Cue-2
system consisted of a video chain, a high-speed digital image processor,
and a general purpose computer (Zeos 386, Zeos International, St Paul,
MN). The video signal from the television camera was transferred simul-
taneously to the digital image processor and to a television monitor. The
image processor transformed the signal from the camera into a matrix of
512 x 512 pixels. The intensity of the signal at each pixel was encoded
as one of 128 shades of gray ranging from black to white. The processed
image was then displayed on the Sony monitor as well as transferred to
the computer for quantitative analysis. Brightfield optics or darkfield op-
tics plus UV side illumination were used for locating and orienting the spec-
imen. A darkfield condenser with a x 40 Olympus SPlan objective lens
was used for the actual measurement of the silver precipitates.

Before quantification, each specimen from a single experiment was
assigned a randomly selected code number to ensure impartial selection
of the counting regions. The number of silver grains within each counting
region (100 x 100 pm?), chosen and calibrated by the operator, was auto-
matically counted by the computer. The counting region generally con-
tained fractions of two or three myocytes. Resolution of probe-generated
silver grains from non-probe-generated noise was maximized by establish-
ing a threshold value in a randomly selected counting region within each
specimen. The threshold value was determined by visual inspection of the
image. The Cue-2 system enabled the operator to examine and compare
any choices of threshold. When a threshold value was chosen, pixels in the
graphic area with gray values less than threshold were designated as black
by the computer. Pixels at or above threshold were designated as white.
Subsequently, the computer designated each cluster of white pixels as a
single spot, or silver grain. The threshold level set for the randomly selected
counting region was automatically retained and employed by the computer
for all regions counted in the specimen. To increase the accuracy of our
measurement, 10 separate regions, selected from the specimen by moving
systematically across or down the field in one direction, were counted for
each specimen and averaged.

Resules

cDNA probes for hybridization were made using two sequential
thermal cycling reactions. The probes were labeled on 2 single strand
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and isoform specificity was determined by the judicious choice of
primers. Agarose gel electrophoresis of anti-sense and sense probes
showed that both probes were uniformly full length, and that la-
beled strands of length other than 200 BP were not produced (Fig-
ure 1). In addition, the 60 cycle thermal reaction produced a large
surplus of labeled strands relative to the unlabeled template cDNA.
For the labeling reaction depicted in Figure 1 (in which 50 ng of
ds DNA served as template), 980, 864, and 224 ng of DNA were
collected in the anti-sense, sense, and control (polymerase omit-
ted) reactions, respectively, after double ammonium acetate-etha-
nol precipitation. The anti-sense and sense products contained 3.27
and 1.91 x 107 DPM/pg, respectively, whereas the control prod-
uct contained 1.26 x 104 DPM/pg. Because even two successive
ammonium acetate—ethanol precipitations do not remove all un-
labeled primet, and labeled and unlabeled free nucleotides from
the samples, the purpose of our control reaction was to determine
how much of the radioactivity in the enzyme-containing reactions
was actually associated with labeled strands. This enabled us to de-
termine more accurately the specific activities of the probes. By
subtracting the control DNA value from the DNA values of the
two probes, and neglecting the residual amount of labeled free
nucleotide remaining in the control, we calculated a specific activ-
ity of 4.24 x 107 and 2.58 x 107 DPM/ g for the anti-sense and
sense probes. In addition, our determination of DNA and radio-
active content in our samples allowed us to estimate the propor-
tion of full-length strands in our probe mixtures that were actually
labeled. By subtracting the control DNA value from the DNA values
for the two probes, and assuming that all unlabeled template was
recovered in the final products, we calculated a lower bound for
the ratio of labeled anti-sense or sense (i.e., probe) strands to unla-
beled template anti-sense or sense strands of 30.2 and 25.6 for the
anti-sense and sense probe mixtures, respectively. For five separate
labelings, anti-sense and sense labeled strands had specific activi-
ties of 2.68 = 1.16 (mean + SD)and 2.17 + 0.93 x 107 DPM/pg,
and labeled to unlabeled strand ratios of 26.7 +.4.0 and 23.6 =
4.6, respectively. In the subsequent quantification of in situ hy-
bridization signals with 32P-labeled probes presented in this study
(Figure 5), we corrected for differences in the intensities of the anti-
sense and sense labeled probes employed (see Discussion).

For biotin-labeled probes we were similatly able to estimate the
yield and relative proportion of labeled DNA. However, the rela-
tive degree of labeling of anti-sense and sense probes, by blotting
equivalent amounts of anti-sense and sense probe onto nitrocellu-
lose, probing with reporter-labeled streptavidin, and comparing
staining intensities densitometrically, was not determined in this
study.

In a Northern analysis, the 32P-labeled anti-sense probe syn-
thesized by the methods described above hybridized to a single
band of heart (ventricle plus atrium) poly(A) mRNA of the appro-
priate size, 850 bases (14, 20), but did not hybridize to poly(A)
mRNA from liver (Figure 2). The sense probe did not hybridize
to poly(A) mRNA from either rat heart ot liver (Figure 2). Similar
results were obtained for sense and anti-sense probes labeled with
biotin (data not shown).

Figure 3 compares the results obtained with biotin-labeled
(Figures 3A and 3B) versus 32P-labeled (Figure 3C-3H) anti-sense
and sense cDNA probes hybridized in situ to ANP mRNA in pri-






