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We have applied a newly developed real-time reverse transcriptase (RT) PCR (RT-PCR) assay for quanti-
fication of substance P (SP) mRNA expression (the SP real-time RT-PCR assay) in human blood monocyte-
derived macrophages, peripheral blood lymphocytes, and microglia isolated from fetal brain. The SP real-time
RT-PCR assay had a sensitivity of 60 mRNA copies, with a dynamic range of detection between 60 and 600,000
copies of the SP gene transcript per reaction mixture. The coefficient of variation of the threshold cycle number
between the SP real-time RT-PCR assays was less than 1.16%. This assay with an SP-specific primer pair
efficiently recognizes all four isoforms of preprotachykinin A (the SP precursor) gene transcripts. In order to
use this assay to measure the levels of SP mRNA in the human immune cells quantitatively, we designed a
specific probe (molecular beacon) derived from exon 3 of the SP gene. We demonstrated that the real-time
RT-PCR quantitatively detected SP mRNA in the human immune cells, among which the microglia isolated
from fetal brain had the highest levels of SP mRNA. The SP real-time PCR assay yielded reproducible data,
as the intra-assay variation was less than 1%. Thus, it is feasible to apply the real-time RT-PCR assay for
quantification of SP mRNA levels in human immune cells, as well as in other nonneuronal cells. Since SP is
a major modulator of neuroimmunoregulation, this assay has the potential for widespread application for
basic and clinical investigations.

Substance P (SP), a major modulator in neuroimmunoregu-
lation, is the most studied member of the tachykinin peptide
family (2, 22). SP has been described almost exclusively as a
peptide of neural origin (24, 27). SP, however, has also been
identified in nonneuronal cell types, including murine macro-
phages (3, 26), human endothelial cells (20, 23), eosinophils
(1), and Leydig cells of human and mouse testes (4). We have
recently demonstrated that human immune cells (monocytes,
T lymphocytes, and microglia) express the SP gene and the SP
receptor (12, 15, 18).

SP is synthesized from four preprotachykinin A (PPT-A)
mRNAs (�, �, �, and �) (21). These isoforms of mRNA are the
result of alternative mRNA splicing of the primary transcript
of the PPT-A gene (6). The sequence in exon 3 encodes SP,
while the sequence in exon 6 encodes neurokinin A (NKA).
The SP sequence is encoded by all four isoforms (�, �, �, and
�) of PPT-A mRNA, whereas the NKA precursor sequence is
present only in � and � PPT-A mRNAs. These four isoforms of
PPT-A mRNA differ in their exon combinations (Fig. 1). �
PPT-A mRNA contains all seven exons of the corresponding
gene, while � PPT-A mRNA lacks exon 6, � PPT-A mRNA
lacks exon 4 (14, 25), and � PPT-A mRNA lacks both exon 4
and exon 6 (6, 13).

In an attempt to identify SP gene expression in human im-
mune cells, we have recently characterized the splicing prod-
ucts of the PPT-A gene transcript in human blood monocytes,

monocyte-derived macrophages (MDMs) (12), lymphocytes
(15), and microglia (18) by reverse transcriptase (RT) PCR
(RT-PCR). We then developed a strategy of designing a spe-
cific primer pair (primer pair human SP4 [HSP4]-HSP3) to
amplify SP mRNA-derived cDNA that reflects all four iso-
forms (�, �, �, and �) of PPT-A mRNA transcripts, resulting in
a single 121-bp fragment that can be measured quantitatively
by the SP mimic-based PCR assay (17). Establishment of the
SP mimic-based PCR assay, however, is laborious and needs
several dilutions from 1:10 to 10:1 (its dynamic range) for each
unknown sample in order to determine a target-to-mimic ratio.
Although this assay can determine the number of SP mRNA
transcripts in a sample, the differences in SP mRNA copy
numbers between samples must be twofold or higher. In addi-
tion, the mimic-based PCR quantification involves post-PCR
manipulations which are laborious and time-consuming. Re-
cently, a real-time PCR analysis has been developed (10, 31).
The real-time PCR method solved these problems with real-
time monitoring of the PCR amplification process. The mon-
itoring of the entire reaction rather than just the end product
permits the quantification to be based on the early, exponential
phase of the reaction. Most importantly, the real-time system
for PCR quantification is a probe-based analysis. The molec-
ular beacon [MB] probe has been reported to be used for the
construction of probes that are critical for real-time detection
of nucleic acid hybridization events (31). Recent studies have
successfully used the MB probe for a variety of real-time PCR
applications (5, 28, 30–32). The MB probe is a single-stranded
nucleic acid molecule that possesses a stem-and-loop structure.
In real-time PCR, the MB probe as well as the primers hybrid-
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ize to the templates during the annealing stage. As the target
strands synthesized in a reaction accumulate, the fraction of
the MB probe that binds to the targets increases, resulting in a
brighter fluorescent signal. Here, we describe a rapid and re-
producible RT-PCR method with specific SP primers and a
probe that allows the quantification of SP mRNA copies in
human immune cells with the ABI Prism 7700 real-time se-
quence detection system (the SP real-time RT-PCR assay).

MATERIALS AND METHODS

Cells. Peripheral blood was obtained from healthy adult donors (ages, 24 to 45
years) recruited locally. The blood samples were identified as human immuno-
deficiency virus type 1 antibody negative by anonymous testing by the enzyme-
linked immunosorbent assay method (Coulter Immunology, Hialeah, Fla.). In-
formed consent was obtained, and the institutional review board of the
Children’s Hospital of Philadelphia has approved the present study. Blood was
obtained and was used within 4 h of collection. Monocytes were purified by our
previously described techniques (7, 9). Freshly isolated monocytes were plated in
24-well culture plates at a density of 106 cells/well in Dulbecco modified Eagle
medium containing 10% fetal calf serum. The total length of time in culture for
the MDMs was 7 to 10 days. The viabilities of the MDMs were monitored by
trypan blue exclusion and cell adherence to the wells. Nonadherent peripheral
blood lymphocytes (PBLs) were collected from gelatin-coated flasks, washed
three times with phosphate-buffered saline, and cultured in RPMI 1640 medium
containing 10% fetal calf serum and 1 �g of phytohemagglutinin P per ml for
72 h. PBL viability was measured by a cell proliferation assay. Human fetal brain
microglia were isolated and cultured as described previously (8, 18). NT-2N cells
were derived from Ntera2/cl.D1 (NT2) cells, a human teratocarcinoma cell line,
and consisted of �95% pure neuronal cells (29). NT-2N cells were used as a
positive control for SP mRNA. The Limulus amebocyte lysate assay demon-
strated that all media and reagents were free of endotoxin.

RNA extraction. Total RNA was extracted from MDMs, PBLs (stimulated
with phytohemagglutinin P for 72 h), fetal brain microglia, and NT-2N cells (106

cells) with Tri-Reagent (Molecular Research Center, Cincinnati, Ohio), as in-
structed by the manufacturer. In brief, the total RNA was extracted in a single
step by guanidinium thiocyanate-phenol-chloroform extraction. After centrifu-
gation at 13,000 � g for 15 min, the RNA-containing aqueous phase was pre-
cipitated in isopropanol. The RNA precipitates were then washed once in 75%
ethanol and resuspended in 50 �l of RNase-free water.

Cloning of PPT-A cDNA. The four isoforms of PPT-A mRNA were cloned and
identified with primer pairs HSP4-HSP5 and HSP4-HSP7, as reported earlier
(16, 17) (Fig. 1). Briefly, the PCR products amplified with these primers were
separated on a 4% agarose gel and then purified with a Wizard PCR Preps DNA
purification system (Promega, Madison, Wis.). The purified cDNAs of the
PPT-A isoforms (�, �, �, �) were then cloned into a plasmid with a Eukaryotic
TA cloning kit (Invitrogen Corporation, San Diego, Calif.). The cloned plasmids
containing the cDNAs of the PPT-A isoforms were then purified with a Wizard
Plus Minipreps DNA purification system (Promega). The presence and orienta-
tion of the PPT-A isoform inserts were determined by restriction analysis by
using EcoRV digestion and DNA sequencing. The purified plasmids were lin-
earized by EcoRI restriction enzyme digestion and were purified by phenol-
chloroform extraction and alcohol precipitation. These cloned PPT-A isoform-
containing plasmids were used as a standard control for determination of the
accuracy of the quantitative real-time PCR and as a template for the synthesis of
mRNA in vitro to evaluate the sensitivity of the real-time RT-PCR and to make
a standard curve for the real-time RT-PCR.

In vitro mRNA synthesis. PPT-A mRNA transcripts were obtained by tran-
scription from the plasmid containing the �-isoform cDNA insert with a
MEGAshortscript kit (Ambion, Austin, Tex.). After digestion with RNase-free
DNase (Promega), the resulting RNA transcripts were purified by phenol-chlo-
roform extraction and alcohol precipitation as reported previously (16, 17). The
purified mRNA was used as a standard to quantitatively measure the SP mRNA
transcripts in MDMs, PBLs, and the microglia by the real-time RT-PCR with
primer pair HSP4-HSP3	.

Design of molecular beacons and primers. The PCR primers and the MB
probes used were designed with Primer Express software (PE Applied Biosys-
tems) and were synthesized by Integrated DNA Technologies, Inc. (Coralville,
Iowa). The HSP4-HSP3	 primer pair (HSP4, 5	-CGACCAGATCAAGGAGGA
ACTG-3	; HSP3	, 5	-CAGCATCCCGTTTGCCCATT-3	), which is specific for
a 121-bp fragment of the SP transcript, was described previously (17), but with
modification by the addition of 4 additional nucleotides at the 3	 end of primer
HSP3 (underlined) because of the design obtained with the Primer Express
software. The sequences of the primers and the MB probe were selected from
the sequences of exons 2 and 3 of the PPT-A gene (16) (Fig. 1) so that they
amplify a single cDNA fragment that represents the total SP from transcripts of
all four isoforms of PPT-A mRNA (17). The primer pair specific for glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) is 5	-GGTGGTCTCCTCTGAC
TTCAACA-3	 (sense) and 5	-GTTGCTGTAGCCAAATTCGTTGT-3	 (anti-
sense). The sequences of the MB probes specific for SP and GAPDH were
designed to be perfectly complementary to the target sequence in exon 3 of the
SP gene and to be complementary to the sequence between the sequence of each

FIG. 1. Alternative splicing products of PPT-A mRNA transcripts. Exons 2, 3, 4, 5, 6, and 7 are indicated. Exon 3 encodes SP, and exon 6
encodes NKA. The locations and orientations (arrows) of primers HSP3	, HSP4, HSP5, and the SP MB probe are indicated.
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primer in the primer pair for GAPDH, respectively. The following are the
sequences of the two MB probes: SP, 5	-FAM-GCGAGCAGA-ATCGCCCGG
AGACCCAAGCGCTCGC-DABCYL-3	; GAPDH, 5	-FAM-GCGAGCC-TG
GCATTGCCCTCAACGACCACGCTCGC-DABCYL-3	. The underlined se-
quences are the stem sequences, FAM is 6-carboxyfluorescein, and DABCYL is
4-(4	-dimethylaminophenylaso) benzoic acid. The stem sequences were selected
such that they would not complement the sequences within the loop region. The
lengths of the MB probes were designed such that the annealing temperature is
slightly higher than those for the PCR primers. The MB probes were labeled at
the 5	 end with FAM and the quencher DABCYL at the 3	 end. The primers and
MB probes were resuspended in TE (Tris-EDTA) buffer and stored at 
30°C.

Reverse transcription. Total RNA (1 �g) was subjected to reverse transcrip-
tion with a reverse transcription system (Promega) with random primer p(dN)6

(Roche Molecular Biochemicals, Indianapolis, Ind.) and specific primer (anti-
sense) HSP5 (5	-GCATTGCACTCCTTTCATAAGCCA-3	) for 1 h at 42°C.
The reaction was terminated by incubation of the reaction mixture at 99°C for 5
min. One-tenth (100 ng) of the resulting cDNA was used as a template for PCR
amplification.

Real-time PCR assay. The Perkin-Elmer ABI Prism 7700 sequence detection
system was used for real-time analysis. Thermal cycling conditions were designed
as follows: initial denaturation at 95°C for 10 min, followed by 45 cycles of 95°C
for 15 s and 60°C for 1 min. Fluorescence measurements were recorded during
each annealing step. At the end of each PCR run, the data were automatically
analyzed by the system and amplification plots were obtained. For each PCR, 2
�l of cDNA template was added to 48 �l of the PCR master mixture (5 �l of 1�
PCR buffer II, 5 mM MgCl2, 300 nM deoxynucleoside triphosphates, 400 nM
each primer, 1.5 U of AmpliTaq Gold DNA polymerase, 400 nM MB probes,
24.7 �l of water). The PCR buffer contained 5-carboxy-X-rhodamine (ROX)
(500 nM) as the reference dye for normalization of the reactions. Any possible
fluctuations in the ROX signal are used to correct the sample signal. All ampli-
fication reactions were performed in duplicate. To control for the recovery of
intact cellular RNA and for the uniform efficiency of each reverse transcription
reaction, a GAPDH fragment was amplified by real-time RT-PCR on the same
plate as that with SP cDNA. A standard curve was generated with 10-fold
dilutions of total RNA quantified with a spectrophotometer. The final results
were expressed as the mean number of copies of SP mRNA per microgram of
total RNA. In order to prepare a standard curve for SP mRNA, 10-fold serial
dilutions of �-isoform PPT-A RNA transcripts ranging from 6 � 101 to 6 � 106

copies/2 �l were amplified.
Amplification efficiency. The efficiency of real-time amplification was deter-

mined by running a standard curve with serial dilutions of a known amount of
cloned SP plasmid cDNA. A PCR that amplifies the target sequence with 100%
efficiency (E) can double the amount of PCR products in each cycle. The amount
of PCR products (Y) from input target molecules (Z) after n cycles can be
calculated by the formula s � 
1/log(1 � E) (where s is the slope), and after
transformation, E is equal to 101/
s 
 1 (19).

RESULTS

Sensitivity of real-time RT-PCR. The analytical sensitivity of
the real-time RT-PCR was determined with a series of dilu-
tions of PPT-A �-isoform RNA transcripts containing 0, 6 �
101, 6 � 102, 6 � 103, 6 � 104, 6 � 105, and 6 � 106 molecules.
Each assay was performed five times, in duplicate. The real-
time RT-PCR could detect as few as 6 SP mRNA copies,
although the detection rate was only 60% (6 of 10 replicates)
(data not shown). The detection rate, however, was 100% for
PPT-A mRNA copy numbers of 60 or higher (10 of 10 repli-
cates). The detection limit, therefore, was 60 RNA molecules
per reaction mixture. A representative result is shown in Fig. 2.

Linearity, range of quantification, and precision. Amplifi-
cation of PPT-A �-isoform RNA transcripts at different con-

FIG. 2. Sensitivity and linearity of real-time RT-PCR with RNA
transcripts derived from plasmid with �-isoform mRNA. A reading of
the change in fluorescence (Rn) as a function of the cycle number is
demonstrated for a range of known input numbers of copies of the SP
RNA transcript. Tenfold serial dilutions of the RNA starting from 60
to 6 � 106 molecules per reaction mixture were amplified by the
real-time RT-PCR. (A) Standard curve of serial dilutions of SP RNA
(R2 � 0.98). (B) Amplification plot of serial dilutions of SP RNA
showing the dynamic detection range of 6 orders of magnitude from 60
to 6 � 106 molecules and the sensitivity of detection of 60 SP mRNA
copies per reaction mixture. NC, negative control which lacked PCR-
amplified product when RT was omitted from the reverse transcription
reaction with 6 � 106 molecules of SP mRNA transcripts.

FIG. 3. Standard curves of PPT-A �-isoform plasmid cDNA. The
curve was made on the basis of the data from Table 1, and the CT
values are the means for five runs. Tenfold serial dilutions of the
cDNA ranging from 60 to 6 � 104 copies per reaction mixture were
amplified by the real-time PCR. The correlation coefficient was 0.9973.
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centrations showed linearity over a range of 6 orders of mag-
nitude (Fig. 2), and R2 was 0.98. In order to determine the
variations in repetitive measurements of the real-time PCR
between different runs, 10-fold serial dilutions of PPT-A �-iso-

form cDNA-containing plasmids (range, 6 � 101 to 6 � 104

copies per reaction mixture) were examined by real-time PCR
in five different experiments. The coefficients of variation
(CVs) of the values of the threshold cycle number (CT) be-
tween runs were between 0.54 and 1.16% (Table 1 and Fig. 3).
The intrarun CV was even lower than the interassay CV (data
not shown).

Amplification efficiency of different isoforms of PPT-A gene.
In order to determine whether SP can be amplified from tran-
scripts of all four isoforms of PPT-A mRNA by the real-time
PCR with similar efficiencies, each of the four plasmids that
contained the PPT-A �, �, �, and � isoform sequences, respec-
tively, was used as a template for the real-time PCR. As shown
in Fig. 4 and Table 2, the SP sequence was efficiently amplified
by the real-time PCR from plasmids containing all four iso-
forms of PPT-A. The slopes of the four curves were generated
to compare the efficiencies of amplification among the four
isoforms of PPT-A cDNA. The efficiencies of the PCR ampli-
fications for these isoforms were between 98 and 110% (Table 2).

FIG. 4. Real-time PCR amplification plot of the four isoforms of PPT-A cDNA. A reading of a change in fluorescence (Rn) as a function of
the cycle numbers is demonstrated for a range of known input copy numbers of plasmids containing the four isoforms of PPT-A. Tenfold serial
dilutions of the four plasmids were amplified. The input amounts of targets were 30 to 3 � 106 copies per reaction mixture for plasmids containing
the �, �, �, and � isoforms of PPT-A, as indicated. NC, negative control, which lacked PCR-amplified product when the template was omitted.

TABLE 1. Reproducibility of SP real-time PCR assaya

Run
CT for the following no. of input copiesb:

60 600 6,000 60,000

1 33.38 29.94 26.37 23.05
2 33.44 29.72 26.56 23.46
3 33.97 29.68 26.27 23.58
4 33.45 29.58 26.60 22.70
5 32.88 29.36 26.56 23.42

Mean � SD 33.42 � 0.38 29.66 � 0.21 26.47 � 0.14 23.44 � 0.24
CV(%) 1.16 0.71 0.54 1.05

a The data are for five separate assays performed on different days.
b Input numbers of copies of plasmid DNA with the � isoform of PPT-A.
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Real-time RT-PCR detection of SP mRNA. In order to mea-
sure the expression of SP mRNA in NT-2N cells, MDMs,
PBLs, and microglia, total RNAs isolated from these cells from
different healthy donors and a brain specimen were reverse
transcribed. The cDNAs were then amplified by the real-time
PCR with the specific primers and MB probes. MDMs, PBLs,
and the microglia expressed SP mRNA transcripts, as shown in
Table 3. As expected, the neuronal (NT-2N) cells express
much higher levels of SP mRNA than human immune cells.
The cultured fetal brain-derived microglia expressed higher
levels of SP mRNA compared with the amount expressed by
blood MDMs (Table 3). In order to prove the reproducibility
of the SP real-time PCR assay with these immune cells, four
cDNA samples from each cell type (PBLs, MDMs, microglia,
and NT-2N cells) were run in the assay. The data in Table 4
demonstrate that the SP real-time PCR has excellent repro-
ducibility, with an intra-assay variability of less than 1%.

DISCUSSION

We have recently identified and characterized four isoforms
(�, �, �, and �) of PPT-A mRNA in human immune cells (12,
15, 16, 18). In order to determine the total SP mRNA tran-
script levels, we developed a mimic-based PCR to amplify SP
mRNA from all four isoforms of PPT-A mRNA transcripts in
a single cDNA product with the HSP4-HSP3 primer pair (17).
The HSP3 primer sequence is from within the exon 3 sequence
of the SP gene (16) (Fig. 1). However, quantification of SP
mRNA levels by the mimic-based PCR can be problematic due
to the exponential nature of PCR analyses, since small varia-
tions in amplification efficiency can lead to dramatic changes in
product yields, which obscures differences in the levels of SP
mRNA during amplification. This is particularly true for the
quantification of low levels of SP mRNA in human immune
cells. In the present study, we have successfully used the real-
time PCR for the quantification of SP mRNA in human
MDMs, PBLs, and microglia (Table 3). The microglia had the
highest levels of SP mRNA transcripts among the three types

of cells tested, which is in agreement with our previous com-
parisons with these cell types by mimic-based PCR (18).

The ability to monitor the real-time progress of the ampli-
fication completely revolutionizes the PCR-based quantifica-
tion of DNA and RNA. In real-time PCR, reactions are char-
acterized by the point in time during cycling when the
amplification of a PCR product is first detected rather than the
amount of PCR product accumulated at the end of the entire
PCR process. The higher the numbers of copies of the nucleic
acid target at the start of the reaction, the sooner a significant
increase in fluorescence is observed (11) and the lower the CT

value is. Real-time PCR allows the CT value to be observed
when the PCR amplification is still in the exponential phase.
Therefore, the CT value is a more reliable measurement of the
number of copies of mRNA or DNA at the start of the reac-
tion.

Thus, we have developed an MB probe-based real-time RT-
PCR assay for the quantification of SP mRNA copy numbers in
human immune cells. We designed an SP-specific MB probe
and a pair of SP-specific primers to target the sequence of a
single cDNA fragment that reflects total SP mRNA from all
four isoforms of PPT-A mRNA. Since it has a wide dynamic
detection range (6 � 101 to 6 � 105 copies per reaction), there
is no need to dilute or concentrate the samples, which was one
of the problems encountered with the mimic-based SP PCR
(17). This SP MB-based RT-PCR is much less cumbersome,
and the costs associated with the use of this system are the
same as those associated with the use of the regular RT-PCR.
Because this system allows processing of multiple samples with
minimal labor time, the risk of carryover contamination due to
post-PCR sample manipulation is minimal. In addition, this
assay is highly specific, since the assay uses both specific prim-
ers and a probe (the MB probe) to identify SP mRNA tran-
scripts in human immune cells. The SP MB probe-based real-
time PCR has an excellent reproducibility (Tables 1 and 4).
Furthermore, all four isoforms of PPT-A cDNA in cloned
plasmids were efficiently amplified by the SP real-time PCR
assay (Fig. 4; Table 2). Although the SP real-time PCR assay
that we have developed can amplify cDNA that reflects tran-
scripts of all four isoforms of SP mRNA, it is not feasible to
amplify a transcript of a particular SP mRNA isoform. This
limitation is due to the PPT-A genome structure and the com-
bination of the seven exons for each isoform of PPT-A mRNA
(Fig. 1) (17). However, the assay with different primer pairs has
the ability to amplify mRNA of the PPT-A � and � isoforms or
mRNA of the � and � isoforms (17).

TABLE 2. Amplification efficiencies and slopes for four isoforms of
PPT-A

PPT-A isoform % Efficiency Slope R2

� 103 3.25 0.9995
� 98 3.37 0.9991
� 101 3.29 0.9988
� 110 3.10 0.9983

TABLE 3. Quantification of SP mRNA in human immune cells

Expt no.
No. of SP mRNA copies/�g total of RNAa

PBLs MDMs Microglia NT-2N cells

1 1,394 7,280 198,811 10,523,409
2 1,006 949 310,405 13,872,522
3 40,093 113,388 464,632 NT
4 4,431 3,497 435,042 NT
5 NT NT 137,987 NT

a Human immune cells (PBLs, MDMs, and microglia) were from five different
samples. The SP mRNA levels were normalized on the basis of the SP mRNA/
GAPDH mRNA ratio obtained by the real-time PCR. NT, not tested.

TABLE 4. Intra-assay reproducibility of SP real-time PCR assaya

Repetition
CT

PBLs MDMs Microglia NT-2N cells

1 39.71 39.78 30.86 26.0
2 39.82 39.67 30.86 25.65
3 39.75 39.55 30.75 25.67
4 39.80 39.51 30.81 25.58

Mean � SD 39.77 � 0.05 39.63 � 0.12 30.82 � 0.05 25.73 � 0.19
CV (%) 0.12 0.31 0.17 0.73

a Four cDNA samples from each cell type (PBLs, MDMs, microglia, and
NT-2N cells) were amplified by the SP real-time PCR assay.
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In summary, we have successfully used a newly developed
MB probe-based RT-PCR assay to quantitatively measure the
total levels of SP mRNA transcripts in both human neural cells
and immune cells. Our data demonstrate that this method is
precise, sensitive, highly reproducible, and particularly useful
for the quantification of SP mRNA levels in nonneuronal cells
that have very low levels of expression of the SP gene. This
method has the potential for widespread application in basic
and clinical studies in neuroimmunology.
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