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A reverse transcription PCR assay with porcine cytokine-specific primers was developed to clone cDNA
fragments and generate cDNA probes that were specific for porcine tumor necrosis factor alpha (TNF-a),
interleukin 6 (IL-6), and IL-1b. The specificities of the cDNA PCR products were confirmed by sequence
analysis on the basis of known porcine cytokine gene sequences. The reverse transcription PCR assay was also
used to study cytokine mRNA expression in lipopolysaccharide (LPS)-stimulated and control unstimulated
porcine alveolar macrophages. The cDNA products were analyzed in ethidium bromide-stained agarose gels,
and the transcription level of each cytokine was determined relative to the endogenous glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) RNA level of each cytokine by measuring the intensity of the chemilumi-
nescence hybridization signals by densitometric scanning. Various levels of cytokine mRNAs were detected in
both LPS-stimulated and control unstimulated cells. Thus, TNF-a mRNA levels were enhanced in the cell
cultures stimulated for 6 h with LPS compared with those in control cell cultures. No differences in TNF-a
transcription levels between LPS-stimulated and control cells were observed after incubation for 24 or 55 h.
Enhancements of IL-6 and IL-1b mRNA levels were also observed in the cultures stimulated with LPS for 6
and 24 h compared with the cytokine mRNA levels in control cell cultures. The presence of cytokine mRNA
transcripts in the LPS-stimulated macrophage cultures correlated with the detection of these soluble cytokines
by the bioassays. In contrast, no soluble cytokine was detected in control macrophage culture supernatants in
the presence of cytokine mRNA transcripts.

A variety of immunocompetent cells such as macrophages
and T and B lymphocytes play a central role in the humoral
and/or cellular immune response to pathogenic infections and
other antigens of various natures. These immune responses are
regulated by soluble factors called cytokines (2, 22), which are
polypeptide hormones with autocrine or paracrine activities
released by various immune cell types.
Although progress has been made in recent years, the cas-

cade of cytokines and its effect on the regulation of cells of the
immune system are not well understood, especially in vivo (22).
However, it is generally accepted that monocytes/macrophages
play a major role in the activation of lymphocytes through the
cytokines that they secrete (22). Among them, interleukin 1
(IL-1), IL-6, and tumor necrosis factor alpha (TNF-a), which
are mainly produced by the monocyte/macrophage lineage (17,
28, 34), can act on a variety of cells, which, in turn, produce
other cytokines that may be important in various physiological
functions within the host (3, 16, 22, 23, 30).
The cloning and sequencing of porcine TNF-a, IL-6, and

IL-1b gene cDNAs have been reported previously (11, 18, 25).
However, precise information on porcine monokine gene ex-
pression is lacking. Cytokine mRNAs are generally expressed
at extremely low levels and are therefore difficult to detect,
especially from small numbers of cells (6). Moreover, conven-

tional bioassays that are used to detect the presence of cyto-
kines in activated porcine immune cell supernatants offer rel-
atively low sensitivities and specificities (8, 27).
PCR is a technique by which the nucleic acid in any sample

can be specifically amplified by up to 106-fold prior to attempt-
ing to detect it (33). Over the past few years, a reverse tran-
scription (RT) step has been used in conjunction with PCR
amplification for the detection of a variety of RNA molecules
from different sources (4, 6, 9, 15, 18, 19, 21, 31, 32, 38). In the
study described in this report, porcine-specific cytokine nucleic
acid probes were generated, and an RT-PCR assay, standard-
ized with the endogenous glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene, was developed and was used to
measure the relative levels of expression of porcine TNF-a,
IL-6, and IL-1b mRNAs in porcine macrophages.

MATERIALS AND METHODS
Cells. Porcine peripheral blood mononuclear cells (PBMCs) were separated

by Ficoll-diatrizoate (specific gravity 5 1.077 g/ml) gradient centrifugation of
sodium citrate-treated peripheral blood from individual 6- to 8-week-old specif-
ic-pathogen-free piglets as described previously (1, 40). The PBMCs were then
resuspended (15 3 106 cells per ml) in RPMI 1640 medium supplemented with
2 mM L-glutamine, 20 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethane-
sulfonic acid), 15% heat-inactivated fetal bovine serum (FBS), and antibiotics.
Five milliliters of the PBMC suspension was then plated in cell culture in 60-mm
petri dishes, and the dishes were incubated overnight at 378C in a 5% CO2
atmosphere. Thereafter, the adherent cells were washed three times with a
phosphate-buffered saline solution and were cultured for 2 h in serum-free cell
culture medium. The medium was then removed and was replaced with 5 ml of
cell culture medium containing 5% FBS, 5 3 1025 M 2-mercaptoethanol, and,
where appropriate (stimulated cells), 2.5 mg of lipopolysaccharide (LPS; Esche-
richia coli serotype O17-B8; Sigma Chemical Company, St. Louis, Mo.) per ml.
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Cytochemical analysis (i.e., sodium fluoride-inhibited esterase activity) revealed
that the adherent cell population consisted of .95% monocytes.
Pig alveolar macrophage (PAM) cells, which were used for the kinetic studies

for cytokine gene expression, were obtained from bronchoalveolar washes of
individual specific-pathogen-free piglets as described previously (5, 26). The
viability of the cell preparation was .95%, as determined by the trypan blue
exclusion test, and examination of Wright-stained smears revealed that 75 to
80% of the cells were macrophages. The cells were plated at a concentration of
5 3 106 cells per cell culture in petri dishes. The cell cultures were then treated
as described above for the blood-derived adherent cells.
RNA isolation and analysis. Control unstimulated and LPS-stimulated cells

were lysed at 6, 24, and 55 h after treatment, and total cellular RNA was isolated
by a guanidinium isothiocyanate procedure with a commercial kit (TRIzol Re-
agent; Gibco/BRL, Gaithersburg, Md.). Aliquots of the cell culture supernatants
were kept at 2858C and were used for cytokine detection in the bioassays. The
resulting RNA preparation was resuspended in RNase-free diethyl pyrocarbon-
ate-treated water, heated to 948C for 5 min, and chilled on ice prior to RNase-
free DNase treatment (2.5 U for 1 h) to remove possible contaminating genomic
DNA (32). The RNA suspension was then heated at 948C for 10 min to inactivate
the DNase, adjusted to a concentration of 0.05 mg/ml (as measured by determin-
ing the optical density at 260 nm), and kept at 2858C until it was used. Cytokine
mRNA levels were determined by RT-PCR (38), and the transcription level of
each cytokine was determined relative to the endogenous GAPDH RNA level
(15).
Oligonucleotide primers, cDNA synthesis, and PCR. The oligonucleotide

primers listed in Table 1 and derived according to the published sequences of
porcine IL-1b (18), IL-6 (25), and TNF-a (11) cDNAs were synthesized with a
Gene Assembler Plus DNA Synthesizer (Pharmacia Biotech, Uppsala, Sweden).
Primers were selected by using PRIMER analysis software (version 0.5; White-
head Institute for Biomedical Research, Cambridge, Mass.) within the GCG
system of the VAX (10). The GAPDH product was amplified with the commer-
cial GAPDH Control Amplimer set of primers (Clontech Laboratories Inc., Palo
Alto, Calif.) that is generally used to amplify human, rat, or mouse GAPDH
sequences with an expected PCR product size of 450 bp. The melting tempera-
tures of all oligonucleotide primers varied from 60 to 628C.
For each cytokine to be tested, RT of mRNAs was carried out at room

temperature for 10 min and at 428C for 1 h in 13 Taq buffer (103 Taq buffer is
500 mM KCl, 100 mM Tris-HCl [pH 8.3], 1% Triton X-100) containing 1 mM
(each) deoxynucleoside triphosphates, 5 mM MgCl2, 15 U of avian myeloblas-
tosis virus reverse transcriptase (Pharmacia Biotech), 60 U of RNAsin (Phar-
macia Biotech), 10 ml of RNA sample, and 10 pmol of random hexadeoxyribo-
nucleotides [pd(N)6; Pharmacia Biotech] (21) in a final reaction volume of 40 ml.
Then the mixture was incubated at 948C for 5 min to inactivate the avian
myeloblastosis virus reverse transcriptase. For PCR coamplification of DNA, 5
ml of 103 Taq buffer, 0.2 mM (each) deoxynucleoside triphosphates, 2.5 U of
TaqDNA polymerase (Boehringer Mannheim, Laval, Québec, Canada), 10 pmol
of each cytokine (IL-1b, IL-6, or TNF-a)-specific primer together with the
GAPDH-specific sense and antisense primers were added to one-quarter of the
cDNA mixture volume to a final reaction volume of 50 ml. The mixture was then
overlaid with mineral oil and was incubated for 4 min at 948C. The cDNA was
then amplified by 20, 24, 28, and 30 successive cycles (to ensure that amplification
was linear) of denaturation at 948C for 1 min, primer annealing at 618C for 1 min,
and DNA chain extension at 728C for 2 min by using a programmable thermal
cycler (Temp.Tronic; Barnstead/Thermolyne, Dubuque, Iowa). An additional
incubation step at 728C for 8 min was allowed after the final amplification cycle.
All reagents used in the RT-PCR procedure, including the buffer and the primer
solutions, were routinely tested for possible cellular RNA contamination by
running mock RT-PCRs. To control for possible DNA contamination, parallel
PCRs (30 amplification cycles) were also run for each cytokine-specific primer
set in which the RT step was omitted. The conditions used in the RT-PCR
procedure described above were obtained from preliminary experiments in which
RT-PCR assays were optimized by varying the annealing temperatures and the
MgCl2 and RNA template (from 32.25 to 250 ng of RNA) concentrations in the
reaction mixtures (data not shown). The denaturation and extension times and

temperatures described above for all primer pairs were also found to be suitable
for the cDNA amplification step.
Preparation of cytokine- and GAPDH-specific cDNA probes. The amplified

cDNA fragments from the IL-1b (417 bp), IL-6 (532 bp), TNF-a (291 bp), and
GAPDH (450 bp) nucleotide sequences were cloned into the PCR II TA cloning
vector (Invitrogen Corporation, San Diego, Calif.) for DNA probe preparation
as described previously (38). The cloned cDNAs were then sequenced by the
chain termination sequencing method (35) and were analyzed to confirm the
porcine cytokine sequence. The sequence of the porcine GAPDH cDNA clone
was confirmed after comparison with the published sequence of human GAPDH
cDNA (13). The cDNA fragments were excised from the DNA vector with the
appropriate restriction enzymes and were purified by using a low-melting-tem-
perature agarose gel as described previously (38). The cDNA bands were recov-
ered and used as templates in the random-primed DNA labeling technique in the
presence of digoxigenin-11-dUTP by using a DNA labeling and detection kit
(Boehringer Mannheim).
Analysis of amplified cytokine cDNAs, Southern blot hybridization, and RNA

measurement. A 10-ml sample of the 50-ml reaction mixture was fractionated by
electrophoresis through 2%NuSieve and 1% SeaKem agarose gels in TBE buffer
(90 mM Tris-borate, 2 mM EDTA [pH 8.0]). The DNA was visualized under UV
light by ethidium bromide (1 mg/ml) fluorescence.
For Southern blot hybridization, the RT-PCR products were transferred onto

nylon membranes and were subjected to prehybridization and hybridization with
50 pmol of each digoxigenin-labeled cytokine cDNA probe essentially as de-
scribed previously (38). The membranes were then subjected to chemilumines-
cence analysis with a commercial digoxigenin luminescence detection kit (Boehr-
inger Mannheim). The chemiluminescence-treated membranes were exposed to
X-ray film (X-OMAT AR-5; Eastman Kodak Company, Rochester, N.Y.), usu-
ally for 5 to 20 min. Preliminary experiments under the same hybridization
conditions described above have shown that the DNA band intensities obtained
with each cDNA probe, including that obtained with GAPDH, increased linearly
for film exposure times up to 30 min (data not shown). Thereafter, the mem-
branes were stripped off to remove the cytokine cDNA probe and were then
subjected to hybridization with the GAPDH cDNA probe and autoradiography
as described above. The intensity of the hybridization signal for each PCR
product was determined by densitometric scanning (model PDS1-MAC 375A;
Molecular Dynamics, Sunnyvale, Calif.). The relative levels of IL-1b, IL-6, and
TNF-a RNAs were determined relative to the endogenous GAPDH RNA level
of each cytokine and were expressed as the cytokine/GAPDH ratio (32). The
given cytokine/GAPDH ratios of the LPS-stimulated cells were compared at
each posttreatment time with those for the mRNA transcripts from unstimulated
control cells for each PCR amplification cycle. Constant amplification in reaction
tubes was assessed by coamplifying exogenous DNA (equine arteritis virus
ORF-4 sequences) (38) in some samples.
Cytokine bioassays. The secretion of IL-6 and TNF-a by PAMs was detected

by measuring the proliferation of IL-6-dependent B9 cells and the cytotoxicity of
TNF-a-sensitive L929 and WEHI 164 cells, respectively (27), as described else-
where (39).

RESULTS

Cytokine RNA amplification and cloning of the RT-PCR
products. Following the RT reaction with random hexamers,
the oligonucleotide primers specific for porcine IL-6, IL-1b,
and TNF-a amplified, after 30 PCR amplification cycles, well-
defined DNA products, as observed on an ethidium bromide-
stained agarose gel with total cellular RNA extracted from
porcine blood-derived monocytes stimulated for 12 h with LPS.
These DNA bands corresponded to the expected size of 532 bp
(IL-6), 417 bp (IL-1b), or 291 bp (TNF-a) (Fig. 1, lanes 1 to 3,
respectively) on the basis of the published cDNA sequences
specific to each porcine monokine. The primer pair used for
GAPDH detection amplified a cDNA product corresponding
to the expected size of 450 bp (Fig. 1, lane 4). The RT-PCR
cDNA products were then excised from the agarose gels,
cloned into the PCR II TA cloning vector, and sequenced for
IL-1b, IL-6, and TNF-a sequence confirmation. Sequence
analysis of the amplified porcine GAPDH product showed a
91% homology with the human GAPDH sequence (data not
shown). The plasmid constructs were also used as positive
control DNA templates in subsequent RT-PCRs and to gen-
erate cDNA probes specific to each cytokine and GAPDH
gene product.
Detection and analysis of cytokine gene expression.After we

demonstrated that the selected oligonucleotide primers and

TABLE 1. Nucleotide sequences of PCR primers of
target cytokine genes

Cytokine
mRNA Sense Sequence (59 to 39) Predicted

product size (bp)

IL-1b 1 TCAGGCAGATGGTGTCTGTC 417
2 GGTCTATATCCTCCAGCTGC

IL-6 1 AACGCCTGGAAGAAGATGCC 532
2 CTCAGGCTGAACTGCAGGAA

TNF-a 1 GCTGTACCTCATCTACTCCC 291
2 TAGACCTGCCCAGATTCAGC
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assay conditions were suitable for IL-1b, IL-6, TNF-a, and
GAPDH sequence amplification, we wished to evaluate the
sensitivity of the RT-PCR for cytokine gene expression and
semiquantitation. To fulfill this objective, alveolar macro-
phages were cultured and exposed to LPS, as described in
Materials and Methods, for 6, 24, or 55 h. Total cellular RNA
was then extracted and subjected to RT with the random hex-
amer primer as described above. cDNA aliquots were then
coamplified with various numbers of PCR amplification cycles
by using a primer pair specific to each cytokine together with
the GAPDH-specific primers in the same tube reaction.
As shown in Fig. 2A, we could readily amplify the TNF-a

gene product in cells stimulated for 6 h with LPS, as demon-
strated by the presence of a DNA band of the expected size on
the ethidium bromide-stained agarose gel obtained with 20, 24,
28, or 30 PCR amplification cycles. The DNA band intensity
increased with the number of amplification cycles (Fig. 2A,
lanes 5 to 8). DNA bands of much less intensity were also
detected in the nonstimulated control cell cultures after 24 to
30 PCR amplification cycles (Fig. 2A, lanes 2 to 4). These
results suggest that mRNA for porcine TNF-a is constitutively
expressed by macrophages at a low level and that its expression
increases after LPS treatment. cDNA products specific to the
constitutive GAPDH gene obtained from control and LPS-
stimulated cells were somewhat similar in intensity when they
were compared at each PCR amplification cycle. This shows
that comparable amounts of cDNA templates were used in
each PCR mixture. To further confirm that the PCR-derived
products were TNF-a and GAPDH specific, the agarose gel
was subjected to Southern hybridization with cDNA probes
specific for the expected amplified sequences. As shown in Fig.
2B, positive signals of various intensities were detected for
TNF-a in control and LPS-stimulated cells with either PCR
amplification cycle number. The hybridization signals obtained
with the TNF-a-specific cDNA probe (as well as for the IL-6-
and IL-1b-specific cDNA probes; see below) were not ob-
served with a control PCR II TA cloning vector containing no
cytokine gene-specific DNA insert (data not shown).
It was apparent from the results obtained from the ethidium

bromide-stained agarose gels and the corresponding autora-

diograms that the level of TNF-a gene expression was in-
creased in the cell cultures treated with LPS for 6 h compared
with that in control unstimulated cells. Although it was possi-
ble to detect cytokine- and GAPDH-specific DNA bands in
both control and LPS-stimulated cells, no significant difference
in the cytokine transcription levels could be detected between
these cultures when the cells were harvested for RNA analysis
at 24 h (Fig. 2C and D) or 55 h (Fig. 2E and F) after starting
cell stimulation. Variations in the intensities of the hybridiza-
tion signals for both TNF-a and GAPDH at 6, 24, or 55 h after
cell treatment were observed because of different film expo-
sure times. This had no effect on the interpretation of the
results, however, because the DNA band intensities, as men-
tioned above, were linearly proportional to film exposure time.
Moreover, comparisons of cytokine gene expression between
nonstimulated and LPS-stimulated cell cultures were always
made on the same agarose gel and the same blotting mem-
brane at each posttreatment time.
To generate quantitative data, the level of TNF-a transcrip-

tion in LPS-stimulated cell cultures relative to the endogenous
GAPDH RNA level was then determined and was compared
with the cytokine/GAPDH ratio obtained in control cells at
each PCR amplification cycle and at each posttreatment time.
As shown in Fig. 2G, the differences in the TNF-a/GAPDH
ratios between control cells and cells stimulated with LPS for
6 h were inversely proportional to the number of amplification
cycles used in the PCR, with the highest differences being
observed when 20 or 24 PCR amplification cycles were used.
On the basis of these observations, there was a complete con-
cordance between these ratio data and the results obtained
with the ethidium bromide-stained agarose gel and the corre-
sponding autoradiogram (Fig. 2A and B). In contrast, we ob-
served no marked differences in the levels of TNF-a mRNA
expression between the control and the LPS-stimulated cell
cultures after 24 or 55 h of cell stimulation for any number of
PCR amplification cycles (Fig. 2C to G).
Porcine IL-6 and IL-1b gene transcription levels relative to

the endogenous GAPDH mRNA levels after cell stimulation
were also evaluated. A noticeable increase in the level of IL-6
gene transcription was observed in cells stimulated with LPS
for 6 h, as determined with the ethidium bromide-stained aga-
rose gel, the corresponding autoradiogram, and the cytokine/
GAPDH ratio determination, compared with the data for con-
trol cells after 20 to 30 PCR amplification cycles (Fig. 3A, B,
and E). The IL-6 transcription level was still enhanced in
LPS-treated cell cultures at 24 h posttreatment compared with
that in the control cell cultures after 20 or 24 cDNA amplifi-
cation cycles (Fig. 3C, D, and E), but the IL-6/GAPDH ratio
differences between the LPS-stimulated and the control cell
cultures were less than those obtained in the 6-h cell cultures.
As shown in the cytokine/GAPDH histogram (Fig. 3E), no
noticeable enhanced level of IL-6 transcription was observed in
the cell cultures stimulated with LPS for 55 h compared with
the level in the control cell cultures.
The level of IL-1b gene transcription was also enhanced in

the LPS-stimulated culture after 6 or 24 h of cell exposure
compared with that in control cell cultures. These enhanced
IL-1b mRNA levels were observed at a low number of PCR
amplification cycles (20 cycles), as determined with the
ethidium bromide-stained agarose gel, from the intensity of the
hybridization signals, and/or from the cytokine/GAPDH ratio
differences (Fig. 4A, B, and C). The lower quantity of GAPDH
cDNA PCR products compared with the quantity obtained for
TNF-a or IL-6 gene transcription was due to the use of less
starting cellular RNA material in the RT step prior to PCR
amplification. Finally, as shown in the histogram of the cyto-
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FIG. 1. Amplification products of porcine IL-6 (lane 1), IL-1b (lane 2),
TNF-a (lane 3), and GAPDH (lane 4) mRNAs by RT-PCR. Total cellular RNAs
isolated from porcine blood-derived adherent cells stimulated for 12 h with LPS
were reverse transcribed with random hexamers and were then amplified for 30
cycles with each cytokine-specific sense and antisense oligonucleotide primer set
described in Table 1. A 10-ml sample of each RT-PCR mixture was subjected to
gel electrophoresis as described in Materials and Methods. Lane M, HaeIII-
digested fX174 replicative form DNA as molecular size markers.
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kine/GAPDH ratios in Fig. 4C, no enhancement of the level of
IL-1b transcription was observed in the cell cultures stimulated
with LPS for 55 h compared with that in control cell cultures.
Secretion of porcine cytokines in macrophage culture super-

natants. As shown in Table 2, the biological activities of
TNF-a and IL-6 in LPS-stimulated alveolar macrophage cul-
ture supernatants increased progressively over time, reaching
maximal levels at 24 or 55 h, respectively, after cell treatment.
No biological activity of the cytokines was observed in control
unstimulated cells. Similar results were obtained with macro-
phages from two different donors (data not shown).

DISCUSSION

Cytokines play a crucial role in the modulation of immuno-
logical and physiological reactions in animals under normal or
stress reactions. IL-1, IL-6, and TNF-a are cytokines which are
mainly produced by monocytes/macrophages in response to
stressful conditions and which have a role in lymphocyte acti-
vation (22). In many animal species, the presence of IL-1b,
IL-6, and TNF-a in stimulated immune cell supernatants can
be detected by using bioassays that are performed with indi-
cator cell lines such as D10.G4.1 cells, B9 cells, and L929 or
WEHI 164 cells, respectively (27). However, these bioassays
are laborious and time-consuming and, in swine, offer rela-
tively poor sensitivity compared with those used to assess the

biological activities of human or mouse cytokines (27). These
bioassays also have the disadvantage of lacking full cytokine
specificity; an indicator cell line may respond to more than a
single cytokine and may detect the activity of the cytokine that
we wish to test in combination with the activity of another
unidentified cytokine. These disadvantages might limit the use
of these bioassays to the analysis of cytokine production by
cells in vivo. Therefore, the development of molecular reagents
and methods to assess cytokine gene expression in the early
stages of cell activation is needed to elucidate their biology. To
this end, in swine, progress with the cloning and sequencing of
various porcine cytokines has been made in recent years. In
our study, we took advantage of these nucleotide sequence
data to develop cytokine-specific cDNA probes and used the
RT-PCR system for the rapid, sensitive, and specific detection
of IL-1b, IL-6, and TNF-a gene transcription in porcine mono-
cytes/macrophages.
The results presented here have indicated that all primer

sets used in the RT-PCR procedure targeting the coding se-
quences of porcine IL-1b, IL-6, and TNF-a were successful in
amplifying the cytokine cDNAs derived from reverse-tran-
scribed monocyte or macrophage mRNAs. The specificities of
the RT-PCR assays were confirmed when the amplified prod-
ucts of the expected size reacted positively with the corre-
sponding cytokine-specific digoxigenin-labeled cDNA probes
in the chemiluminescence assays.
To evaluate more adequately the modulation of cytokine

gene expression, a quantitative or semiquantitative RT-PCR
assay is needed. A relatively easy way to evaluate the transcrip-
tion level of a particular gene is to use a semiquantitative PCR
standardized with the endogenous GAPDH gene, whose level
of expression is recognized to remain unchanged under most
conditions (12, 24, 37, 41). Although quantitation of nucleic
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FIG. 2. Analysis of TNF-a mRNA expression in PAMs by RT-PCR. Total
cellular RNA was reverse transcribed with random hexamers and was then
coamplified with TNF-a- and GAPDH-specific sense and antisense oligonucle-
otide primers for 20 to 30 cycles of amplification. A 10-ml sample of each
RT-PCR mixture was subjected to gel electrophoresis as described in Materials
and Methods. (A, C, and E) Ethidium bromide-stained agarose gels of the
RT-PCR products obtained from unstimulated control (lanes 1 to 4) or LPS-
stimulated (lanes 5 to 8) PAM cells at 6, 24, and 55 h after cell treatment,
respectively. Lanes 1 and 5, 2 and 6, 3 and 7, and 4 and 8 refer to 20, 24, 28, and
30 cycles of PCR amplification, respectively. Arrowheads mark the positions of
the expected RT-PCR-amplified products. (B, D, and F) Chemiluminescence
Southern blot hybridization of the agarose gels shown in panels A, C, and E,
respectively; TNF-a and GAPDH cDNA probes specific to each amplified DNA
product were used. (G) TNF-a- and GAPDH-specific chemiluminescence signals
were analyzed by densitometric scanning to calculate the cytokine/GAPDH ratio,
which was determined for each amplification cycle in control or LPS-stimulated
PAM cells at 6, 24, and 55 h after cell treatment.
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acids is not absolute, this technique was used in several other
studies (9, 15) and has the advantage over competitive PCR
methods (6, 31) of addressing the efficiency of the RT reaction
prior to PCR amplification by using an invariant reference
gene. Therefore, this approach combined with chemilumines-
cence hybridization performed on the RT-PCR cDNA prod-
ucts, as used in the present study, enabled us to evaluate and
compare the levels of various monocyte/macrophage-derived
cytokine mRNAs relatively to the those of GAPDH transcripts
between LPS-stimulated and control cell cultures undergoing
the same incubation times and PCR amplification cycle num-
bers.
In the current study, performing chemiluminescence hybrid-

ization with specific cDNA probes and varying the number of
PCR amplification cycles appeared to be particularly valuable
in light of the basal cytokine transcription levels detected in
unstimulated cell cultures. First, for some RNA samples, the
hybridization procedure allowed us to detect cytokine gene
expression that was not observed by the ethidium bromide-
stained agarose gel and to thereby determine differences in the
levels of cytokine gene transcription between LPS-stimulated
and unstimulated control cell cultures. Second, the most im-
portant differences between LPS-stimulated and unstimulated
control cells were generally observed with the PCR-derived
products obtained after 20 to 28 amplification cycles. After 30
amplification cycles, the differences between the cell culture
types were generally much less than those obtained with lower
amplification cycle numbers or, in most cases, were no longer
observed, as analyzed with the ethidium bromide-stained aga-
rose gel, by chemiluminescence hybridization, or from the cal-
culated cytokine/GAPDH ratios. This observation may refer to
different levels of reference and cytokine-targeted cDNAs
prior to PCR amplification or to the plateau effect that is
recognized to occur late during PCR cycles (20), depending on
the conditions used in the PCR assays. To overcome these
problems, analysis of reference and cytokine cDNAs must be
performed with various numbers of PCR amplification cycles
to ensure that both products are indeed analyzed during the
exponential amplification phase. In most cases, our results
showed comparable gene transcription levels in LPS-stimu-
lated and unstimulated control cells when we used high num-
bers of PCR amplification cycles. Thus, it appeared to be
important to use various amplification cycle numbers to pro-
vide assay conditions in which amplification is linear (9, 15) in
order to detect cytokine gene expression differences between
control and LPS-stimulated cell cultures.
Enhancement of porcine IL-1b, IL-6, and TNF-a mRNA

transcription levels in alveolar macrophages, as determined by
RT-PCR, was observed by 6 h after exposure of cells to LPS,
returning to levels comparable to those of the control cell
cultures by 24 h (TNF-a) or 55 h (IL-1b and IL-6) after LPS
treatment. Similar results were obtained with cells from a dif-
ferent donor. Rapid enhanced levels of cytokine gene tran-
scription followed by a decrease in the levels of cytokine-
specific mRNA transcripts has also been reported for human
and other animal species (4, 17, 19, 21, 28, 32). The enhanced
cytokine gene transcription levels observed in our study were
specific in the sense that they correlated with the detection of
cytokine biological activity in corresponding macrophage cul-
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FIG. 3. Analysis of IL-6 mRNA expression in PAMs by RT-PCR. Total
cellular RNA was reverse transcribed with random hexamers and was then
coamplified with IL-6- and GAPDH-specific sense and antisense oligonucleotide
primers for 20 to 30 cycles of amplification. A 10-ml sample of each RT-PCR
mixture was subjected to gel electrophoresis as described in Materials and Meth-
ods. (A and C) Ethidium bromide-stained agarose gels of the RT-PCR products
obtained from unstimulated control (lanes 1 to 4) or LPS-stimulated (lanes 5 to
8) PAM cells at 6 and 24 h after cell treatment, respectively. Lanes 1 and 5, 2 and
6, 3 and 7, and 4 and 8 refer to 20, 24, 28, and 30 cycles of PCR amplification,
respectively. Arrowheads mark the positions of the expected RT-PCR-amplified
products. (B and D) Chemiluminescence Southern blot hybridization of the
agarose gels shown in panels A and C, respectively; IL-6 and GAPDH cDNA

probes specific to each DNA amplified product were used. (E) IL-6- and
GAPDH-specific chemiluminescence signals were analyzed by densitometric
scanning to calculate the cytokine/GAPDH ratio, which was determined for each
amplification cycle in control or LPS-stimulated PAM cells at 6, 24, and 55 h
after cell treatment.
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ture supernatants, as determined by bioassays with L929 or
WEHI 164 (TNF-a) and B9 (IL-6) indicator cells.
Cytokine mRNA expression was also detected in unstimu-

lated control cells. This shows that the RT-PCR technique is
highly sensitive for the detection of minimal constitutive levels
of cytokine mRNAs. However, by contrast to LPS-stimulated
macrophage cultures, the presence of cytokine mRNA did not
correlate with the release of detectable cytokines since no IL-6
or TNF-a activity could be detected in control cell culture
supernatants. Similar observations were reported in unstimu-

lated bovine (19) and human (36) PBMCs, whose adherence to
glass or plastic resulted in the expression of cytokine (TNF-a
or IL-1b) mRNAs without detectable cytokine synthesis. It is
thus possible that control unstimulated cells did not receive the
appropriate stimulation signals, which may have resulted in
interference in the translation or secretion of the cytokines (7,
14, 29). A similar interpretation may also explain the enhance-
ment of TNF-a or IL-6 activity in the cell cultures stimulated
with LPS for 24 or 55 h without an apparent enhancement of
RNA transcript levels compared with those in the control cell
cultures. This might be due to the continued synthesis of cy-
tokine proteins in supernatants from macrophages that have
been primed with LPS, thereby receiving the appropriate stim-
ulation signals. Finally, another possible explanation for the
detection of mRNA transcripts without cytokine synthesis in
the control cell cultures is that the biological assays simply lack
sensitivity and/or specificity (19, 27).
The results presented here demonstrate that the RT-PCR

procedure based on coamplification of monokine and endog-
enous gene-specific sequences and then chemiluminescence
hybridization with cytokine-specific cDNA probes can be used
to analyze cytokine gene transcription in swine immune cells.
The overall method is sensitive and allows RNAs to be ana-
lyzed when only limited number of cells are available for study.
The RT-PCR and hybridization procedures developed in the
present study are likely to have many applications such as in
investigations of the modulatory effects of biotic or abiotic
products (i.e., viruses, immunostimulanting agents, and other
such products) on porcine IL-1b, IL-6, and TNF-a gene ex-
pression.
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