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Abstract

Quantitative RT-PCR using LUX primers was performed to determine the expression patterns of various transcripts in samples

of pluripotent, mouse P-19 stem cells. The P-19 cells were used because they transform into neuron-like cells upon retinoic acid

treatment. The expression of neural and stem cell genes, including GLUR1, GABA-B1a, NMDA1, GAP-43, ChAT, BDNF, nestin,

BMP-2, BMP-4, and EGR1, was increased, approximately 10- to 1000-fold, during the course of differentiation from 0 to 11 days

after induction with retinoic acid. A 3-fold serial dilution of in vitro-transcribed ChAT mRNA from 66 to 107 copies was dis-

criminated by qRT-PCR using fluorogenic LUX primers. Results of quantitation using PCR utilizing dual LUX primer pairs were

similar to quantitation using single LUX primers, and to results derived by using an alternate method for qRT-PCR, the 50-nuclease

probe assay. The efficiencies of PCRs using various primer sets were similar, so that a comparative CT method of quantifying relative

amounts of transcripts was performed. We conclude that real-time RT-PCR using fluorogenic LUX primers is a reliable, effective

alternative to present methods for quantifying several transcripts in neural stem cells.

� 2003 Elsevier Science (USA). All rights reserved.
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The importance of investigating the role of gene ex-

pression in neural stem cells has increased due to the

possible use of stem cells as donor cells for use in ner-
vous system repair [1–3]. Neural stem cells undergo

complex changes in gene expression during their differ-

entiation. The expression of mRNA in these cells may be

quantified using the traditional Northern blot analysis,

RNase protection [4], in situ hybridization [5], or

competitive RT-PCR1 [6,7]. These methods are time

consuming and require considerable effort. Gene

microarray [8], SAGE [9], and differential display [10]

are newer methods that are efficiently able to track the

expression of multiple genes, but they are complicated
and require large amounts of sample material. Fluo-

rescence-based, real-time PCR proves to be a sensitive,

reliable, and convenient alternative for quantifying the

changes in expression of multiple genes [11–13]. Real-

time PCR requires small sample size and is adaptable to

automated, high-throughput sample assays.

A fluorescence-based, real-time PCR technique that

utilizes a fluorogenic primer labeled only with a single
fluorophore was recently developed as a cost-effective

alternative to other fluorescence-based PCR techniques

[14,15]. These other techniques, such as TaqMan

probe, Molecular Beacon, Ampliflour, DNA-binding

dyes (SYBR green), and others are more studied than

this newer method and may be reviewed elsewhere
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[16–22]. The fluorogenic primer method, however, has
some advantages over some methods that include the

ease of design and synthesis of the fluorogenic primers.

Other advantages and disadvantages are listed in pre-

vious works [14,15]. The fluorogenic primer is designed

to be ‘‘self-quenched’’ until it is incorporated into a

double-stranded PCR product, whereupon its fluores-

cence increases, i.e., is ‘‘dequenched.’’ The fluorogenic

primer is called a LUX primer, meaning Light-Upon-
eXtension. The counterpart PCR primer used in con-

junction with the fluorogenic primer is a standard,

unlabeled oligonucleotide. LUX primer design is based

on studies that demonstrate the effects of the primary

and secondary structure of oligonucleotides on the

emission properties of a conjugated fluorophore [15].

The design factors are largely based on the necessity of

having guanosine bases in the primary sequence nearby
the conjugated fluorophore. The fluorophore may be

various commonly used dyes such as FAM (5 or 6-

carboxyfluorescein) and JOE (6-carboxy-40; 50-dichloro-

20; 70-dimethoxyfluorescein). Furthermore, the LUX

primers have a nonsequence-specific 50-tail that is

complementary to the 30-end of the primer. The 50-tail

enables the primer to assume a hairpin conformation at

temperatures below the melting point of the hairpin,
and it also effects the fluorescence of the LUX primer.

The above characteristics and other standard charac-

teristics of the primers, such as length and Tm, are in-

cluded in the primer design by proprietary software,

called LUX Designer (Invitrogen, http://www.invitro-

gen.com/lux). These design rules enable the software to

output numerous primer pairs that are located

throughout the target (input) sequence.
We, here, develop a useful model system for investi-

gating neural stem cell expression. The pluripotent P-19

mouse carcinoma cell line was used because it is well

characterized and convenient [23–25]. Gene expression

was analyzed in P-19 cells during differentiation by using

the newly devised real-time LUX PCR method. In order

to validate our methods, the genes that were selected for

analysis were ones for which the pattern of expression
was previously known to some extent. To further vali-

date our method, we compared gene expression results

obtained using the fluorogenic-primer method with

those obtained using a more traditional, 50-nuclease as-

say [18,19]. We demonstrate that several important

genes involved with P-19 cell differentiation may be

rapidly quantified using the fluorogenic primer tech-

nique. Our gene expression data are consistent with
previous studies using other methods, and, in some

cases, provide relative quantitation values not per-

formed in previous qualitative studies. Furthermore, we

provide quantitative expression data for select genes

over a more extensive period of differentiation than

some studies, and provide some data that are not found

elsewhere.

Materials and methods

Cell culture

P-19 mouse embryonic carcinoma cells (American

Type Culture Collection, CRL 1825, Manassas, VA)

were cultured in standard growth medium (a-MEM,

7.5% donor calf, and 2.5% fetal bovine serum; Gibco,

Grand Island, NY). P-19 cells were induced to differ-
entiate into neuronal-like cells [25] by seeding them

(1 � 106 cells/100-mm nonadhesive dish) into Differen-

tiation medium containing Neurobasal medium, 2% B27

supplement, 0.5 mM LL-glutamine (Gibco), and 50 nM

retinoic acid (Sigma, St. Louis, MO).

Templates

RNA was isolated from P-19 cells using the Trizol

reagent (Invitrogen, Carlsbad, CA) as instructed by the

vendor. Mouse brain and liver RNA samples were a

generous gift of Mark Smith of Invitrogen or obtained

from Stratagene (Catalog Nos. 776001 and 776009, La

Jolla, CA).

Choline acetyltransferase (ChAT) mRNA was tran-

scribed in vitro from cDNA templates using T7 RNA
polymerase (Invitrogen). Full-length ChAT cDNA was

amplified from P-19 cell RNA using primers bearing

topoisomerase I recognition sites (forward, 50-cggaacaa

gggggctgctgggatctgg; reverse, 50-tgagtcaagggctgagacggcg

gaaatta). A 50 T7 promoter and a 30 poly(A) tail were

joined to the cDNA by incubating the cDNA at 25 �C
for 5 min in reactions containing topoisomerase-charged

Topo Tools (Invitrogen), 50 T7 element (No. T301-20)
and 30 poly(A) element (No. T307-20). The molar ratio

of cDNA was 2� that of each element. An antibody-

based ‘‘hotstart,’’ proofreading Taq DNA polymerase

mixture (Part No. 11304011, Invitrogen), was used to

amplify full-length cDNA, and to amplify the linear

cDNA construct after topoisomerase-mediated linkage

of the elements. The transcribed mRNA was treated

with DNaseI (Invitrogen, standard vendor protocol) to
degrade the cDNA template. The mRNA was then

mixed with lysis buffer, applied to a spin column,

washed on the column, and then eluted with pure water

(Micro-to-Midi Total RNA purification system, Invi-

trogen).

First-strand cDNAs were synthesized from P-19 cel-

lular RNA by reverse transcription (20- or 40-ll reac-

tion volume) using the Superscript II (50 U reverse
transcriptase per reaction) first-strand synthesis kit (In-

vitrogen) primed with oligo(dT)12–18.

Fluorogenic real-time qPCR

Fluorophore-labeled LUX primers and their unla-

beled counterparts were supplied by Invitrogen. LUX
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primers were designed by the proprietary software,
called LUX Designer (Invitrogen, www.invitrogen.com/

lux). Primers and 50-nuclease probes used for 50-nuclease

assays were designed using Primer Express (Applied

Biosystems), and supplied by Biosearch Technologies

(Novato, CA).

For P-19 cell experiments, each 20 ll PCR contained

4 ll cDNA (first diluted 1:10 after reverse transcription),

200 nM of each gene-specific primer (two pairs for
multiplex PCR) and either 1X Platinum Quantitative

PCR SuperMix-UDG (Invitrogen) or Universal Core

TaqMan mix (Applied Biosystems, Foster City, CA)

including 200 lM each dATP, dGTP, dCTP, and

400 lM dUTP, 1 U uracil DNA glycosylase, 3–3.5 mM

MgCl2, 20 mM Tris–HCl, pH 8.4, 50 mM KCl, DNA

polymerase antibodies (only in SuperMix-UDG), sta-

bilizers, and Taq polymerase (1.5 U Taq polymerase in
SuperMix-UDG; 1.25 U AmpliTaq Gold polymerase in

Universal Master Mix) and 1X ROX reference dye

(500 nM in SuperMix). Reactions containing fluorogenic

LUX primers included 1X SuperMix and were incu-

bated at 25 �C for 2 min, 95 �C for 2 min, and then cycled

(40�) using 95 �C for 15 s, 55 �C for 30 s, and 72 �C for

30 s, and reactions were incubated at 40 �C for 1 min and

then ramped to 95 �C over a period of 19 min followed
by incubation at 25 �C for 2 min (ramp for melting-curve

analysis). Reactions containing 50-nuclease probes

(100 lM) included 1X Universal Core Mix and were

incubated at 50 �C for 2 min then at 95 �C for 10 min and

then cycled (40�) using 94 �C for 15 s and 60 �C for 30 s.

Reactions were conducted in a 96-well spectrofluoro-

metric thermal cycler (ABI PRISM 7700 Sequence de-

tector system, Applied Biosystems). Fluorescence was
monitored during every PCR cycle at the annealing or

extension step and during the post-PCR temperature

ramp.

Results

Differentiation of P-19 cells

The P-19 mouse embryonic carcinoma cell line is

pluripotent and differentiates into neuronal and glial

cells in the presence of retinoic acid. The P-19 cells

treated with 50 nM retinoic acid formed aggregates

(embryoid bodies) within 24 h which then grew larger

over the course of the 4-day treatment (Differentiation

medium was replaced after 2 days). The embryoid bo-
dies were dissaggregated with a pipetor and vortex and

then replated (1 � 106 cells per 6-well plate, poly-LL-

lysine coated) in Differentiation medium lacking retinoic

acid. The dissaggregated cells adhered to the culture

surface and began sprouting neuron-like processes

within 2 h. The processes continued to grow and ramify

over the course of a 7-day differentiation period

(medium replaced after 4 days). The dissaggregated cells
assumed various morphology types resembling neurons

or glia, including bipolar cells, stellate cells, and round

cells (Fig. 1). Although the induced cultures were en-

riched in dissaggregated cells, many large, multicell ag-

gregates were still present after dissaggregation, or

formed afterward, and grew in size during the 7-day

period (not measured). Many cell processes emerged

from these aggregates. Total RNA was isolated from
cell cultures harvested before the induction period with

retinoic acid (Time 0), during the 4-day induction period

(1, 6, 48, and 96 h after retinoic acid treatment) and

during the differentiation period (1 and 6 h, 1, 3, 5, and 7

days after retinoic acid withdrawal). The resulting RNA

yields (measured by absorbance at 260 nM) increased

steadily over the time course from 8 to 29 lg per 1 � 106

million cells plated.

LUX primers

The mono-labeled, fluorogenic LUX primers main-

tained a self-quenched fluorescence during the early

cycles of PCR or when no PCR template was present.

The primers then increased their fluorescence intensity

when incorporated into double-stranded PCR products.
This ‘‘LUX effect’’ is mainly due to the primary se-

quence of the primer; no quencher is present [14,15]. A

G or C base is required at the 30-end, and one or more

Gs are required within 3 bases on the 50-side of the la-

beled T-base. A 50 hairpin tail is added, which forms a

Fig. 1. Differentiated P-19 cells. Cells resembling neurons were pho-

tographed (20� objective) 7 days after they were induced to differen-

tiate by retinoic acid treatment.
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blunt-end hairpin with a moderate stability (DG) at
temperatures at or below the planned annealing tem-

perature of PCR. The DG of LUX primers in this study

was between )4.3 and )2.7, but may range between )5.5

and )2.5 for the LUX Designer software. Other self-

complementarities of LUX primers are avoided. The

LUX primers, and their unlabeled counterparts, were

designed using a primer design software program called

LUX Designer (www.invitrogen.com/lux). Complete
coding regions for various genes were obtained from

Entrez-PubMed (http://www.ncbi.nlm.nih.gov/entrez/

query.fcgi) and pasted into the input field of LUX De-

signer. The LUX primers were designed to produce

amplicons ranging in size between 69 and 145 bp, which

was facilitated by resetting the ‘‘amplicon size’’ feature

of the LUX Designer program. The melting temperature

(Tm) of the LUX primers ranged between 60 and 68 �C,
which is the default range set by LUX Designer. Several

primer pairs located throughout each sequence were

designed, and various primer pairs were selected that

were located near the 30-end of the sequence (Table 1).

LUX primer pairs were generated for neural gene

transcripts that increase during the P-19 blast cell

transformation, including neuronal growth-associated

protein 43 (GAP-43), glutamate receptor 1 (GLUR1),
NMDA-type glutamate receptor 1 (NMDA1), c-amin-

obutyric acid receptor B1a (GABA-B1a), choline ace-

tyltransferase, and brain-derived neurotrophic factor

(BDNF). Other LUX primer pairs were generated for

genes involved in differentiation of neural precursors,

including early growth response factor 1 (EGR1), bone

morphogenic proteins 2 and 4 (BMP2 and BMP4), and
nestin. The LUX primers for all gene targets were la-

beled with FAM, except LUX primers for a glyceral-

dehyde-6-phosphate dehydrogenase (GAPDH) target

were labeled with JOE. The expression of GAPDH is

relatively uniform and its quantitation provides an en-

dogenous reference for the quantitation of variable

transcripts.

The real-time PCR amplification efficiency of the
LUX primers was first tested before using them to

quantify targets in P-19 cells. The efficiencies of the

primer sets must be similar to the endogenous reference

(GAPDH) in order to validate the relative quantitation

method described below. The mRNA from mouse brain

was used for this validation because the supply of P-19

cell RNA was limited, and because the expression of

some selected genes is low in P-19 cells. The higher copy
number of selected genes in brain allows a wide range of

input dilutions for generating a standard curve of fluo-

rescence of the PCR cycles versus template amount. The

standard curve is done to assess amplification efficiency.

Messenger RNA (500 ng) of mouse brain was reverse-

transcribed (20-ll reactions) and the resulting cDNA

was used for fluorogenic-primer PCR (20 ll reactions in

SuperMix, 40 cycles). The 11 target genes were amplified
from 25-, 250-, and 2500-fold dilutions of the first-

strand cDNA reactions, including 3 replicates per dilu-

tion and 3 replicates of no template controls. Plots of

fluorescence versus PCR cycle were generated by the

ABI PRISM 7700 SDS software. The cycle thresholds

(CT), the cycle where the fluorescence rises above

Table 1

Fluorogenic LUX primers pairs used for quantitative RT-PCR

Target gene 30-end Labeled LUX primer 30-end Unlabeled counterpart Product

GABA-B1a

(af114168)

2295 CACGAACCTTCTTCTCCTCCTTCTTCGTG 2243 GCTCTTGGGCTTGGGCTTTAG 102

GLUR1

(af320126)

4398 CACGGTTCCAGATCGTCTTCCTCCGTG 4349 GGACGACGATGATGACAGCAG 97

NMDA1

(nm_008169)

2569 CTACGAGTGGCTGGAGGCATCGTAG 2603 GGCATCCTTGTGTCGCTTGT 79

GAP-43

(m16736)

680 CACTTTCTGAAGCCAAACCTAAGGAAAGTG 713 CAGGCATGTTCTTGGTCAGC 83

ChAT

(d12487)

683 CAGCCTCAGTGGGAATGGATTGGCTG 615 TCGGCAGCACTTCCAAGACA 114

BDNF

(ay011461)

729 GAACATAGCCGAACTACCCAATCGTATGTTC 759 CCTTATGAATCGCCAGCCAAT 82

GAPDH

(nm_008084)

632 CACGCTCTGGAAAGCTGTGGCGTG 657 ACCAGTGGATGCAGGGATGA 69

EGR1

(nm_007913)

876 CAACGAGTAGATGGGACTGCTGTCGTTG 779 AGTGGCCTCGTGAGCATGAC 145

BMP4 (s65032) 1249 CACAATGGCTGGAATGATTGGATTGTG 1288 CAGCCAGTGGAAAGGGACAG 86

BMP2

(ay050249)

5168 CACCAGTTCTGCGTGGCATGGTG 5138 TTGTCTCCTCCTCTGCAAACTCA 76

Nestin

(af076623)

5798 CAGCCCAGAGCTTTCCCACGAGGCTG 5836 ACCCTGTGCAGGTGGTGCTA 84

Target genes (accession numbers in parentheses) and sequences for LUX primer pairs (given 50–30). The 30-end position is noted due to the

nonspecific 50-tail. Note that the GAP-43 target sequence is for the rat. The bold T designates the labeled base. The size of the PCR product is given.
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background (10 times the standard deviation of the
background fluorescence), were between 15 and 33 cy-

cles for all PCRs involving all primer sets and template

dilutions. A linear relationship exists between the CT

and the initial template concentrations and was plotted

(not shown). The correlation (r2) was strong for these

linear plots (average ¼ 0:993 � 0:005 SD, n ¼ 11 primer

sets). The average slope of the CT versus initial template

plots was �3:4 � 0:17 SD and the PCR efficiency
(E ¼ 10 exp½�1=slope�) ranged between 1.9 and 2.1

(average ¼ 1:96 � 0:06 SD). The predicted slope and

efficiency for 10-fold dilutions is )3.3 and 2, respec-

tively. The efficiency of the GAPDH primer PCR mat-

ched that of the other genes, which indicates that

relative differences in target genes may be calculated

according to the DDCt mathematical model [19] (User

Bulletin 2, Applied Biosystems, 7700 Sequence Detector
System, P/N 4303859). The standard criterion for a va-

lid, or matched, set of primer pairs is when the plot of

the log of the input amount of template versus the DCT

(CTGAPDH-CT target gene) has a slope of less than 0.1.

This was true for all the target-gene primer sets when

compared to GAPDH, except the GABAB1a primer,

which showed a slope 0.14.

The average gain of fluorescence above background
during real-time PCR was calculated to be 0:5 � 0:15

SD (range 0.73–0.22) for the LUX primer sets. The gain

in fluorescence signal during PCR for each primer set

was calculated by dividing the difference of the signal

plateau (average 4970 � 602 SD, range 6100–4000) and

the signal baseline (average 3350 � 617 SD, range 4100–

2400) by the signal baseline. All values are relative flu-

orescence units read from the ‘‘multicomponent’’ plot of
the fluorescence versus cycle number (ABI 7700

PRISM).

The PCRs resulted in a single specific product for all

LUX primer sets when brain RNA was used as a tem-

plate for RT-PCR. There was, furthermore, no indica-

tion of the inappropriate amplification of nonspecific

targets or primer dimers, which may complicate the

quantification of target genes. The change in fluores-
cence versus temperature was plotted for PCR products,

for the melting temperature ramp from 40 to 95 �C. The

melting curves for all LUX primer PCRs have a single

peak, which indicates a single PCR product. There was

no signal in the RT-PCR (40 cycles) that did not include

cDNA template, which indicates no amplification of

primer dimers. Real-time PCR (standard SuperMix 20-

ll reactions, 40 cycles) using either mouse brain or liver
cDNA (transcribed from mRNA) was performed to

check the primer specificity. There was a relatively high,

or no, CT in the RT-PCR that included RNA from liver

as the starting template, which indicates the primers are

specific. Lastly, agarose-gel analysis of RT-PCRs prod-

ucts from liver and brain samples resulted in a single

band of expected size.

Quantitative RT-PCR using LUX primers

The level of expression of the selected genes for each

time point during P-19 cell development was determined

by quantitative, real-time fluorogenic, RT-PCR (qPCR)

using a relative method of quantitation (Figs. 2 and 3).

The expression of the transcripts, NMDA1, GABA-

B1A, GLUR1, GAP-43, and ChAT, substantially

increased during the 7-day differentiation period. The
increase in BDNF, BMP-2, and BMP-4 transcripts was

moderate during the differentiation period, and EGR1

and nestin levels first increased and then decreased.

Transcripts levels fluctuated up or down (or both) dur-

ing the induction period, and most genes increased

moderately. The transcription factor EGR1 sharply

decreased between the 1- and 6-h time points of both the

induction and the differentiation period. For these ex-
periments, the P-19 cell RNA (500 ng) from each time

point was reverse-transcribed (40-ll reactions) and the

resulting cDNA (4 ll) was used as a template for fluor-

ogenic PCR (40 cycles). PCRs included 4 replicates of

cDNA and 4 replicates of no template controls per

primer pair. Plots of fluorescence versus PCR cycle were

generated by the ABI 7700 SDS software (Fig. 2). The

cycle threshold (CT) for a fluorescent PCR correlates
with amount of initial template in the PCR. The CT for

the PCRs was between 15 and 32 cycles, except the

PCRs for GLUR1 and ChAT, which were between 28

and 38 (not shown). The CTs for GAPDH for all time

points ranged between 16.9 and 18.5, which indicate that

GAPDH expression was relatively constant. Relative

quantification was performed as a relative fold-increase

in transcript level with respect to the Time 0 level
(preinduction). This method, called comparative CT,

does not require plotting a standard curve of CT versus

starting copy number. Instead, the amount of target is

calculated based on the difference (DCT) between the

average CT of each time point and the average CT of the

0-time point. Before subtraction, both CT values are

normalized by subtracting the average CT of the en-

dogenous reference gene, GAPDH, from each. The CTs
for each set of replicates lay within 2 CTs of one an-

other, except in some sets (not measured) in which there

was a single outlying replicate. These outlying replicates

were attributed to pipeting error or instrument failure at

a specific sample well. Thus, the best 3 of 4 replicates

were used for relative quantitation in order to exclude

outlying replicates from quantitation. The variability

among the replicates is expressed as the standard devi-
ation, which ranged from 0.02 to 1.78. The maximum

values in the range occurred for PCRs amplifying

GLUR1 from early time points, where CTs were rela-

tively high compared to other genes.

Melting-curve analyses indicate that the PCRs pro-

duced a single, specific product (Fig. 2C). The change in

fluorescence versus temperature was plotted for PCR
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products, for the temperature range from 40 to 95 �C in

increments of 0.3 �C. This temperature ramp was done

after PCR without removing samples from the thermal

cycler. This ramp was programmed by SDS 1.7a, ABI

7700 software. PCR with multiple products of various

sizes will melt at different temperatures and cause the

Fig. 2. The time course of gene expression in P-19 cells. (A) Expression of NMDA1 receptor and GAPDH in quantitative RT-PCR samples taken at

1, 3, 5, and 7 days during the differentiation period. The fluorescence versus PCR cycle (3 replicates per time point) is shown for fluorogenic PCRs

that amplify transcripts for NMDA1 (dark traces) and GAPDH (light traces) using LUX primers. Higher CTs (points where the traces cross the x

axis) are correlated with a lesser amount of initial template. (B) The relative increases in gene expression for several genes in P-19 cells. The

comparative CT method was used to determine the difference in expression between each time point and the 0-time point (before retinoic acid

treatment). The expression for samples taken during the 4-day induction period (IND) and the 7-day differentiation period (DIF) is given, and the

two periods are separated by a line break. Error bars indicate standard deviation. (C) A representative melting-curve analysis of PCR products. The

fluorescence versus temperature for the NMDA and GAPDH PCR products of the experiments shown in A. Each trace is the derivative of the

fluorescence versus temperature (dF/dT) plot (derivatives calculated using ABI dissociation curve software), which indicates where the plot changes

slope and the temperature at which the duplexes melt. One-, 3-, 5-, 7-day samples and no template controls (three replicates each) are shown for

NMDA and GAPDH; as in A. Dotted traces are for NMDA and gray traces are for GAPDH. There was a single infection for all melting-curve

traces, which indicates a single species of duplex that is assumed to be the specific PCR product. The dips below the baselines occur for PCRs with

only LUX primers and are due to changes in secondary structure of the hairpin LUX primers.
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slope of the melting curve to have multiple inflections.
The melting curves for most LUX primer PCRs have a

single inflection, which indicates a single PCR product.

An exception occurred for PCRs of ChAT when no

cDNA template was added (2 of 4 replicate PCRs). The

CTs (average 37.5) for these ‘‘no template’’ reactions

were 10 cycles higher than the CTs for reactions in-

cluding cDNA template. Thus, potential primer-dimer

amplification probably contributes little to the ChAT-
specific signal. Furthermore, melting-curve analysis in-

dicates that dimers did not form in samples where ChAT

cDNA was present, presumably because the cDNA out-

competes potential primer dimers for PCR reactants.

Fluorescence for all other PCRs for all genes and time

points lacking cDNA did not rise above background.

In vitro transcription

ChAT mRNA (903 bp) was generated by in vitro

transcription to determine the dynamic range for quan-

titative real-time RT-PCR, where the approximate initial

copy number is known. The transcription reactions

yielded 300 ng per reaction (five 20-ll reactions, 100 ng

initial template per reaction, were combined) after puri-

fication. The optical density of RNA was determined by
UV-absorbance measurements, and copy number was

then calculated from RNA molecular weight and optical

density. The PCR amplification of full-length cDNA, the

PCR amplification of the linear, in vitro transcription

cDNA construct, and the T7 RNA polymerase reaction

all resulted in a single specific product as shown by gel

electrophoresis (Fig. 3A). Some very faint bands indicate

the presence of nonspecific products, which may induce
error in the calculation of the final mRNA copy number

of reactions, which induces error in quantitative PCR.

Samples of purified ChAT mRNA comprising a 3-fold

serial dilution from 66 to 13 � 106 are discriminated by

RT-PCR using LUX primers (Fig. 3B). A linear rela-

tionship exists between CT and starting copy number

with high correlation (r2 ¼ 0:990) and a slope of )3.35

(Fig. 3B). The yield of cDNA copies after reverse tran-
scription was not determined. The resulting cDNA (4 ll)

from each reverse-transcription reaction was used for

separate fluorogenic PCRs with the ChAT primer pair

(Table 1). The CTs of the PCRs involving the P-19 cell

RNA samples taken at various time points may be

compared to the standard curve generated for the in vitro

transcribed ChAT mRNA. The average CTs for PCRs

involving ChAT were 28:4 � 0:55, 28:5 � 0:54, and
29:9 � 0:29 for the 7, 5, and 3 day time points of the

differentiation period, respectively. These CTs corre-

spond to 93:17 � 19:94, 246:07 � 84:70, and 265:52�
88:07 (average� SD) initial starting copies of ChAT

mRNA. The copies were calculated from the equation of

the straight line in the lower graph in Fig. 3B

(slope¼)3.35; y intercept¼ 36.5).

Multiplex LUX and 50-nuclease assays

The expression of GLUR1, NMDA1, GAP-43, and

ChAT was also quantified by RT-PCR utilizing two sets

of LUX primers in the same PCR (multiplex PCR)
(Table 1). In the multiplex PCR, one primer set primes a

variable neural target using a FAM-labeled primer and

the other primes the GAPDH reference target using a

JOE-labeled primer. These experiments demonstrate the

versatility of the fluorogenic primer PCR assay, espe-

cially for use when the input cDNA is in limited supply.

The change in the level of expression for the selected

genes was similar to the results obtained utilizing a

Fig. 3. The RT-PCR of in vitro transcribed ChAT mRNA using LUX

primers. (A) Gel analysis of in vitro-transcribed mRNA and its cDNA

template. M1, markers (top bands, 850 and 1000 bp); L1, full-length

ChAT cDNA (903 bp); M2, markers (top bands, 850 and 1000 bp); L2,

ChAT cDNA linked with 50 T7 and 30 poly(A) elements (993 bp); M3,

markers (1350 and 240 bp); L3, purified ChAT mRNA (993 bp). (B)

The fluorescence versus PCR cycle for 3-fold serial dilutions (66–107

copies) of in vitro-transcribed mRNA (4 replicates per dilution) and

standard curve of CT versus initial RNA template for in vitro-tran-

scribed mRNA. Traces for each of four serial dilution replicates

are grouped together and are successively gray then black for each

dilution.
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single LUX primer set (Fig. 4). Both single and multi-

plex assays used the same cDNA samples from the re-

verse transcription of RNA harvested at the 0-time

point and on the 7th day of the differentiation period.

The relative quantitation method (comparative CT) was
used to assess the increases in gene expression. The

variability among replicates (3 per time point per gene)

was slightly higher using a single primer set than for

multiplex (Fig. 4).

The result of the single and multiplex, fluorogenic

primer PCR assays was confirmed by the more tradi-

tional 50-nuclease hydrolysis-probe assay. The primer

and probe sequences are given in Table 2. The cDNA
used for the 50-nuclease assays was the same as for the

single and multiplex fluorogenic primer assays. The

changes in gene expression between the Time 0 and the

7th day of the differentiation period were comparable
between the 50-nuclease assay and the fluorogenic primer

assays (Fig. 4). For Fig. 4, three replicates samples per

time point were included for assays of the 50-nuclease-

probe type and the LUX primer type (single and mul-

tiplex). All replicates were analyzed for these assays,

which were performed separately from the LUX primer

assays of Fig. 2. The 50-nuclease assays had slightly

lower variability among replicates than the LUX assays.

Discussion

Quantitative, real-time, RT-PCR using LUX primers

was used to rapidly and reliably quantify the relative

level of expression of multiple genes as their levels

fluctuated during P-19 cell differentiation. The PCRs
using LUX primers yielded robust data that were ap-

plied to the comparative CT method for calculating the

change in the relative expression between samples.

Several patterns of expression existed for the selected

transcripts. The neuronal-associated genes, NMDA,

GLUR1, GABA-B1a, and GAP-43 increased between

100- and 1000-fold during the 7-day differentiation pe-

riod. The increases in NMDA1 and GluR1 are consis-
tent with other experiments that investigate changes in

the levels of expression of these genes in P-19 cells

[27,28]. The increase in expression of GABA-A recep-

tors was reported in differentiated P-19 cells [29], and

GABA-B receptors were characterized [30] and found to

be expressed in neurons [31]. This is the first known

report of increased GABA-B1a expression in differenti-

ated P-19 cells. The GAP-43 protein reached high levels
in differentiated P-19 cells after 8 days in culture [32].

We show a complementary increase in GAP-43 tran-

script that precedes the high level of protein expression

reported. Furthermore, we provide relative quantitation

of the increase in expression.

The increase in the neuronal gene, ChAT, was ap-

proximately 10-fold. This increase is relatively low

compared to the other neuronal genes, and may result
from a low number of P-19 cells that transformed into

cholinergic neurons, compared to GABAergic or

glutamatergic neurons. The number of cholinergic P-19

cells induced by retinoic acid is dependent upon the

culture density of P-19 cells, whereas cell density has no

affect on the number of glutamatergic and gabaergic

cells [33]. The density of P-19s in culture was not mea-

sured in this study.
The genes BMP-2 and -4 increased approximately 10-

fold, and most of this increase occurred during the 4-day

induction period. The BMP-2 and -4 proteins are pro-

duced in undifferentiated cells and may act synergisti-

cally with retinoic acid to induce astroglia differentiation

in P-19 cells [34]. The neurotrophic factor, BDNF, also

increased approximately 10-fold during the induction

Fig. 4. Comparison of quantitative RT-PCR methods. The relative

fold increase between undifferentiated (0 time point) and differentiated

(7th day of differentiation) P-19 cells for various genes was calculated

using RT-PCR data generated from the use of single LUX primers,

multiplex LUX primers, or the 50-nuclease assay. Error bars show

standard deviation.

Table 2

Primers and probes for 50-nuclease assays

Gene Position Sequence

GAPDH F-50-251 gggaagcccatcaccatctt

R-30-326 cgacatactcagcaccggc

P-50-276 ttcctacccccaatgtgtccgtcgt

ChAT F-50-598 ggcagcacttccaagacacc

R-30-673 gccttgtagctaagcacaccaga

P-50-620 catcgtggcctgctgcaacca

GAP-43 F-50-712 ggctgaccaagaacatgcct

R-30-787 ggcaggagagacagggttca

P-50-744 ttccacgttgcccccacctga

GLUR1 F-50-2405 agcgcctcctagttggcct

R-30-2480 atgcgtgcaatacgattggtt

P-50-2426 caggtggaagacaggcgccca

NMDA1 F-50-2555 ctggaggcatcgtagctgg

R-30-2630 ttcctacgggcatccttgtg

P-50-2582 tgttcttccgctccggctttgg

Sequences are written 50–30. All PCR products are 75 bp. F, for-

ward primer; R, reverse primer; P, probe.
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period of our experiments. BDNF receptors are ex-
pressed in neural precursors [35] and BDNF plays a role

in neurogenesis [36]. The type of cells, e.g., neurons, glia,

stem, or other, expressing BMP-2 and -4 was not iden-

tified in these experiments. Additional work to identify

the expression pattern of the various cell types in these

cultures may be useful for future studies of P-19 cell

differentiation. The spike in EGR1 expression that we

report is consistent with previous reports that demon-
strate EGR1 (Krox 24) is expressed early during differ-

entiation of P-19 cells, and that EGR1 plays a role in

differentiation [37]. Nestin, also implicated in P-19 dif-

ferentiation, increased during the 4-day induction pe-

riod. Previous reports also demonstrate that the

expression of nestin protein rises and then falls with a

similar time course as in this study [38]. Whether the

changes in expression reported in this study are involved
in differentiation is beyond the scope of this report. The

results, nonetheless, are valid and may provide useful

data for further studies on the role of gene expression

during neurogenesis.

The linkage of TOPO-charged elements, a 50-T7

promoter and a 30 poly(A) tail, to full-length cDNA by

topoisomerase-mediated reactions is a rapid and easy

method to create mRNA that may be used to generate a
standard curve for real-time RT-PCR. Real-time, RT-

PCR using LUX primers quantifies approximately 3-

fold changes in the amount of in vitro-transcribed

ChAT mRNA over the dynamic range between 66 and

1 � 107 transcripts per reverse-transcription reaction.

The plot of CT versus log of initial mRNA starting

amount is highly correlative (r2 ¼ 0:990 and

slope¼)3.35). This type of plot may be used as a
standard ‘‘calibration’’ curve for quantitative, real-time,

RT-PCR. For instance, the CTs obtained from unknown

samples may then be compared to the standard curve to

estimate the absolute copy number of the unknown

samples. The standard curve generated for ChAT (Fig.

3B) indicates that a CT of 31 represents 60 to 70 copies.

We note that our experiments were not sufficiently

replicated to provide a precise measure of absolute copy
number [11].

The quantitation of two transcripts in the same PCR

reaction (multiplex PCR) was attainable using two LUX

primer pairs per reaction, with each LUX primer having

a separate emission wavelength maximum. One LUX

primer was labeled with FAM and used to quantify a

variable target, and the other was labeled with JOE and

used to quantify the endogenous reference (GAPDH, a
housekeeping gene). The quantification of transcripts in

P-19 cells using multiplex PCR yielded similar results to

quantification using PCRs with a single primer set per

reaction. We are currently investigating how well other

common fluorophores perform as LUX primers.

The LUX primer pairs used for the experiments were

easily designed using the proprietary software (LUX

Designer; Invitrogen), and the use of the LUX primers,
including multiplex applications, required no optimiza-

tion of the PCR cycling parameters or reagent concen-

trations. The LUX primer design is flexible and therefore

may be adjusted to amplify regions of transcripts that

span exon-exon boundaries. We chose to use primer sets

that amplified sequences near the 30-end of the coding

regions. This strategy is useful when using oligo(dT) to

prime reverse transcription. The design flexibility for
LUX primers may be useful when creating a qPCR assay

for highly mutated targets or for assays that target genes

with multiple spliceforms. Most LUX primers amplified

their targets with efficiency comparable to GAPDH and

the comparative CT method was used for relative quan-

titation. If, however, a LUX primer set and the endog-

enous reference set have greatly different efficiency,

another LUX primer set may be designed. This new
primer set may include the same LUX primer sequence

paired with a different unlabeled primer sequence, or

may have different LUX primer. An alternative is to use

other mathematical models that factor the PCR effi-

ciencies of both primer sets when quantifying relative

differences in transcripts [26]. Quantitation by the cali-

bration-curve method is another alternative [11,26]. A

potential drawback of using LUX primers for RT-PCR
is the possible amplification and detection of nonspecific

products, primer dimers or incomplete products, which

may result in false positives, overestimates of input

DNA, or variability among replicate samples. The de-

tection of PCR artifacts may be less likely when using a

probe-based method. However, the use of antibody-

based ‘‘hotstart’’ PCR and the hairpin structure of the

LUX primer [14,39,40] may help avoid these PCR arti-
facts. Furthermore, primer-dimer amplification is rare

when specific template is present in the PCR (unpub-

lished observation). We conclude that quantitative, real-

time RT-PCR using fluorogenic LUX primers is a

reliable, cost-effective alternative for investigating the

expression of multiple genes in neural stem cells.
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