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Abstract
The serotonin 2C receptor (5-HT2CR) plays a significant role in psychiatric disorders (e.g.,
depression) and is a target for pharmacotherapy. The 5-HT2CR is widely expressed in brain and
spinal cord and is the only G-protein coupled receptor currently known to undergo mRNA editing,
a post-transcriptional modification that results in translation of distinct, though closely related,
protein isoforms. The 5-HT2CR RNA can be edited at five sites to alter up to three amino acids
resulting in modulation of receptor:G-protein coupling and constitutive activity. To rapidly
quantify changes ex vivo in individual 5-HT2CR isoform levels in response to treatment, we
adapted quantitative (real-time) reverse transcription polymerase chain reaction (qRT-PCR)
utilizing TaqMan® probes modified with a minor groove binder (MGB). Probes were developed
for four 5-HT2CR RNA isoforms and their sensitivity and specificity were validated systematically
using standard templates. Relative expression of the four isoforms was measured in cDNAs from
whole brain extracted from 129S6 and C57BL/6J mice. Rank order derived from this qRT-PCR
analysis matched that derived from DNA sequencing. In mutant mice solely expressing either non-
edited or fully edited 5-HT2CR transcripts, only expected transcripts were detected. These data
suggest this qRT-PCR method is a precise and rapid means to detect closely related mRNA
sequences ex vivo without the necessity of characterizing the entire 5-HT2CR profile.
Implementation of this technique will expand and expedite studies of specific brain 5-HT2CR
mRNA isoforms in response to pharmacological, behavioral and genetic manipulation, particularly
in ex vivo studies which require rapid collection of data on large numbers of samples.
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1. Introduction
The serotonin (5-HT) 2C receptor (5-HT2CR) is involved in normal physiology and
behavior, as well as in mental health disorders, including addiction, depression, obsessive–
compulsive disorder and schizophrenia (for reviews, Giorgetti and Tecott, 2004; Bubar and
Cunningham, 2008). The 5-HT2CR is found in brain (Pasqualetti et al., 1999; Clemett et al.,
2000) and is the only G-protein coupled receptor (GPCR) currently known to undergo
mRNA editing (Burns et al., 1997; Sanders-Bush et al., 2003), a type of post-transcriptional
modification that inserts, deletes (Benne et al., 1986; Cruz-Reyes et al., 1998; Igo et al.,
2002) or modifies (Samuel, 2003) single or small numbers of ribonucleotides in pre-mRNA.
These changes alter the coding properties and information content of mRNA molecules
(Bass, 2002; Hoopengardner et al., 2003; Maydanovych and Beal, 2006).

The 5-HT2CR pre-mRNA is a substrate for base modification via hydrolytic deamination of
five closely spaced adenosines (A) to yield inosines within a 13 base region of the RNA
[(designated A, B, E, C, and D; Fig. 1) Burns et al., 1997; Niswender et al., 1998; Gurevich
et al., 2002a]. In the course of translation, the ribosome recognizes the resultant inosine (I)
as a guanosine (G), resulting in an A → G substitution. This leads to the formation of
proteins that differ by up to three amino acids, thereby modulating receptor:G-protein
coupling, constitutive activity and receptor trafficking (Marion et al., 2004; Berg et al.,
2001; Herrick-Davis et al., 1999; Niswender et al., 1999). In theory, there are 32 possible
nucleotide combinations of these editing sites, resulting in 24 possible protein isoforms. In
practice, fewer isoforms are routinely detected and the pattern of expression varies by
species and brain region (Niswender et al., 1999; Fitzgerald et al., 1999; Sanders-Bush et al.,
2003).

The profile of edited 5-HT2CR isoforms is significantly modified following 5-HT depletion
(Gurevich et al., 2002b; Englander et al., 2005; Yang et al., 1995) and drug exposure
(Englander et al., 2005; Gurevich et al., 2002b) as well as in a rat model of depression
(Iwamoto et al., 2005). In humans, changes in 5-HT2CR RNA editing profiles have been
observed in the prefrontal cortex of depressed suicide victims (Dracheva et al., 2008, 2007;
Gurevich et al., 2002a) and schizophrenics (Sodhi et al., 2001; Dracheva et al., 2003). Thus,
basal patterns of 5-HT2CR isoform expression may play a role in vulnerability to and/or
expression of various psychiatric disorders. Furthermore, it is conceivable that abnormal 5-
HT2CR function based upon altered patterns of 5-HT2CR isoform expression may be
normalized by therapeutic treatment with psychiatric medications (Niswender et al., 2001;
Sanders-Bush et al., 2003).

The quantitative measurement of final protein products of edited 5-HT2CR transcripts is an
important analytic endpoint for study; however, antibodies capable of discriminating among
5-HT2CR proteins with the minor sequence differences caused by RNA editing are not
currently available. Until options are available to study isoform-specific proteins, there is
obvious utility in accurately detecting and quantifying changes in the levels of mature
mRNA isoforms in ex vivo samples. The two most commonly used methods to quantify
edited RNA isoforms in ex vivo brain samples are direct sequencing (Burns et al., 1997;
Gurevich et al., 2002a) and pyrosequencing (Iwamoto et al., 2005; Sodhi et al., 2005). These
methods yield unambiguous results, but are labor intensive and involve multiple
intermediate steps that can increase error and introduce sampling bias. In general, these
methods involve an initial reverse transcription of isolated RNA, cloning of the cDNA,
bacterial transformation and amplification, colony selection (both methods) followed by
amplification and DNA isolation (direct sequencing only), then sequencing of the DNA
from each colony. Because each colony analyzed represents a single RNA transcript (Sodhi
et al., 2005), this sequencing process must be performed on numerous colonies for each
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individual subject in order to characterize the editing profile for that subject. To determine
the percentage of the total population of the 5-HT2CR isoform of interest, it is necessary to
measure the entire isoform profile for each test subject. As a result of the time and expense
involved, the number of sequences characterized is often small compared to the actual
number of mRNA molecules. For example, sequencing methods have been employed to
characterize entire RNA editing profiles by analyzing 51–60 (Gurevich et al., 2002b) or
more than 50 5-HT2CR cDNA sequences for each animal (Iwamoto et al., 2005). Thus, there
is a pressing need for a precise, rapid assay that avoids sampling bias and extracts data from
the entire 5-HT2CR mRNA population. In practice such an assay would be beneficial
particularly in ex vivo analyses of changes in the RNA editing of the 5-HT2CR that occur
after pharmacological, behavioral or genetic manipulation with a larger number of subjects.

We have adapted quantitative (real-time) reverse transcription polymerase chain reaction
(qRT-PCR) as a method to detect and quantify changes in edited 5-HT2CR RNA isoforms
by utilizing TaqMan® probes modified with a minor groove binder (MGB; Kutyavin et al.,
2000). As a proof of concept, four TaqMan® MGB probes were designed for detection of
four closely related 5-HT2CR edited transcripts (Table 1). The non-edited, fully edited
(ABECD) and partially edited (AD) 5-HT2CR RNA isoforms were chosen as examples of
low abundance isoforms relative to the partially edited ABD isoform which is the most
abundant in the rodent brain (Burns et al., 1997). In addition, the AD isoform differs from
the ABD isoform by only a single nucleotide while the fully edited ABECD isoform differs
by two nucleotides. This set of probes was chosen to allow us to assess the ability of the
TaqMan® MGB assay to detect both high and low abundance isoforms and to discriminate
among closely related isoforms. The probes were tested against a complementary set of
standard cDNA templates generated by PCR amplification from well-characterized plasmids
expressing the respective 5-HT2CR isoforms to accurately control the amount of given
cDNA template in the reaction (and thereby determine whether the results were as
expected). We then analyzed RNA samples isolated from whole brains of wild-type mice
and mutant mice limited in expression to a single isoform each. The findings strongly
suggest that the TaqMan® MGB assay exhibits appropriate specificity and sensitivity to
analyze changes in levels of specific edited 5-HT2CR mRNA isoforms in both in vitro and
ex vivo systems.

2. Materials and methods
2.1. Animals

Eight-week-old naïve adult male C57BL/6J mice (n = 4; Harlan Sprague–Dawley, Inc.,
Indianapolis, IN, USA) weighing 15–20 g were used. The animals were housed four per
cage in a temperature (21–23 °C) and humidity (40–50%) controlled environment and
lighting was maintained under a 12-h light-dark cycle (lights on 7:00 a.m. to 7:00 p.m.).
Mice were euthanized by cervical dislocation, their brains rapidly removed and placed in a
cool tray (4 °C). Whole brains were cut into small pieces, stored in RNAlater (Ambion) and
kept at −80°C until RNA extraction was performed. Total whole brain RNA also was
obtained from 129S6 mice and genetically modified mice (n = 1 each) that solely express
either the fully edited ABECD (VGV) or the non-edited (INI) isoform (129S6 genetic
background). Mice solely expressing the VGV isoform were generated by mutating the five
edited adenosine residues by homologous recombination to mimic RNA editing at all five
sites. Mice solely expressing the INI isoform were generated by introducing 11 point
mutations in the intron 5 portion of the 5-HT2CR pre-mRNA duplex opposite the five
adenosine editing sites in order to disrupt RNA duplex formation and inhibit 5-HT2CR RNA
editing. Confirmation that the introduced mutations resulted in the sole expression of RNA
transcripts encoding VGV and INI isoforms was confirmed by sequence analysis of RT-
PCR amplicons derived from whole brain RNA obtained from each mutant mouse strain
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(poster# 465.9/H21, 2007 Society for Neuroscience (SFN) Scientific Meeting; manuscript
submitted).

2.2. Materials
6-Carboxyfluorescein (FAM)-labeled TaqMan® MGB probes were custom synthesized by
Applied Biosystems. Primers and unlabeled competing probes were synthesized by
SigmaGenosys (Sigma–Aldrich, St. Louis, MO). We designed a TaqMan® assay for the
housekeeping gene cyclophilin (accession number M 19533; bases 224–293); primer and
probe sequences were: SN primer = 5′-TGT GCC AGG GTG GTG ACT T-3′; ASN primer
= 5′-TCA AAT TTC TCT CCG TAG ATG GAC TT-3′; probe = [FAM] ACA CGC CAT
AAT GGC ACT GGT GG [TAMRA]. TaqMan® Universal PCR Master Mix, TaqMan®

Reverse Transcription Kit and Gene Amp XL PCR kit were purchased from Applied
Biosystems.

2.3. Preparation of standard templates
Sense (SN) and antisense (ASN) primer sequences flanking the 5-HT2CR editing region
(accession number M21410; bases 1014–1192) were designed using Primer3 Software
(Whitehead Institute, Cambridge, MA) with stringent parameters to reduce primer
dimerization and to minimize the difference between primer melting temperatures (Tms
within 2 °C). SN and ASN sequences were 5′-CCT GTC TCT GCT TGC AAT TCT-3′ and
5′-GCG AAT TGA ACC GGC TAT G-3′, respectively.

A plasmid containing cDNA for the complete non-edited 5-HT2CR was kindly provided by
Drs. William Clarke and Kelly Berg (University of Texas Health Science Center at San
Antonio). A standard template for the non-edited isoform was produced using conventional
PCR with Taq DNA polymerase (Fisher Scientific, Houston, TX) and the primers described
above. Plasmids containing cDNA for the A, B, D, AD, ABD, ABCD and ABECD edited
isoforms were developed by RT-PCR amplification of total RNA from adult mouse brain
using oligonucleotide primers in exon 5 (5′-ATT AGA ATT CTA TTT GTG CCC CGT
CTG G-3′) and intron 5 (5′-GGG CAA ATA TTC TGA AAA GAT GTT-3′) that flanked
the edited region of the 5-HT2CR pre-mRNA. The 376 bp PCR amplicon was subcloned into
the pBlueScript II KS (−) plasmid (Stratagene, La Jolla, CA) between the EcoR I and Hind
III sites and individual cDNA isolates were subjected to DNA sequence analysis to identify
clones containing the required patterns of editing. Because the cDNA fragments in these
clones did not extend upstream to the primers selected for this study, we utilized an extra
long SN primer (60 bases) to extend the sequences during amplification. The SN primer was
5′-CCT GTC CCT GCT TGC TAT TCT TTA TGA TTA TTT ACC TAG ATA TTT GTG
CCC CGT CTG GAT-3′; the ASN primer was as described above. The underlined
nucleotides correspond to the region of hybridization of the sense primer to the clone DNA.
Because of the length of this sense primer, the PCR reaction was carried out with the Gene
Amp XL PCR kit (Applied Biosystems) according to manufacturer’s directions.

Following PCR, all amplimers were characterized by agarose gel electrophoresis for the
correct size (180 bp), then excised, gel purified and sequenced by the Sealy Center for
Molecular Science (UTMB) to confirm the identities of the 5-HT2CR isoforms. The DNA
concentrations of standard template stock solutions were estimated by absorbance at 260
nm, then by comparison to quantitative DNA standards in polyacrylamide gel
electrophoresis (Recombinant DNA Lab, UTMB). The concentrations of the standard stock
solutions were as follows: non-edited (30 ng/μL), A (30 ng/μL), B (30 ng/μL), D (30 ng/
μL), AD (100 ng/μL), ABD (100 ng/μL), ABCD (60 ng/μL), and ABECD (100 ng/μL).
Stocks were aliquoted and frozen at −20 °C. These amplimers were used as templates to
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standardize reaction conditions and to test the sensitivity and discriminative ability of the
TaqMan® MGB probes.

2.4. RNA extraction and reverse transcription
Tissue was homogenized in 500 μL of TRI Reagent® (Applied Biosystems), using a Tissue-
Tearor™ homogenizer. RNA was then isolated using the RiboPure kit (Applied Biosystems)
according to the manufacturer’s directions. Any residual genomic DNA was removed by
treatment with TURBO DNA-free™ (Applied Biosystems); a final incubation step of 70 °C
for 10 min was used to inactivate the DNAse. The final RNA concentration was determined
by absorbance at 260 nm. The reverse transcription reaction was performed on 0.25–0.5 μg
of RNA using the TaqMan® Reverse Transcription Kit (Applied Biosystems) with random
hexamer primers according to the manufacturer’s directions. The reverse transcription
program consisted of an annealing step (25 °C, 10 min) followed by elongation (48 °C, 30
min) and a final enzyme inactivation step (95 °C, 5 min).

2.5. TaqMan® MGB assay
TaqMan® MGB probes for four 5-HT2CR mRNA isoforms (ABECD, ABD, AD and non-
edited; Table 1) were designed with the assistance of Dr. Joy Sheng of Applied Biosystems
Technical Support. The SN and ASN primers flanking the editing region (described above)
were used in qRT-PCR assays with each TaqMan® MGB probe to assess the different 5-
HT2CR mRNA edited isoform levels. Initial qRT-PCR reactions were comprised of 10 μL of
Universal TaqMan Master Mix, 125 nM sense and antisense primers, 150 nM probe and 6
μL of sample containing target template in a final reaction volume of 20 μL. Assays were
performed in a 7500 Fast Real-Time PCR System (Applied Biosystems). The initial
TaqMan® assay amplification program (according to manufacturer’s directions) consisted of
an activation step (95 °C, 10 min) followed by 40 cycles of denaturation (95 °C, 15 s),
annealing and elongation (60 °C, 1 min). Conditions for the assay were varied during the
optimization process and are described in Section 3. All data were analyzed using the 7500
Fast System Detection Software (SDS) version 1.3.1 (Applied Biosystems).

The relative quantitation method was used to compare differences between samples (Schefe
et al., 2006; Livak and Schmittgen, 2001; Wong and Medrano, 2005). Results are expressed
in terms of crossing threshold (Ct), which is defined as the PCR cycle at which sample
fluorescence crosses a threshold set above baseline fluctuations (background noise) and
within the logarithmic portion of the amplification plot. The difference in crossing
thresholds (ΔCt) was calculated for each cDNA being studied: ΔCt = Ct (5-HT2CR isoform
of interest) − Ct (cyclophilin). Mean ± SEM was determined for each group. The magnitude
of the differences between groups was calculated as: ΔΔCt = ΔCt (5-HT2CR isoform of
interest) − ΔCt (5-HT2CR most abundant isoform); relative mRNA expression was estimated
by 2−ΔΔCt.

2.6. Sensitivity of the TaqMan® MGB probes
Probe sensitivity was tested by performing qRT-PCR assays for each probe with matching
standard template stock solutions serially diluted 106–1012-fold. Serial dilutions of target
templates were tested until the resultant Ct value of the sample was not significantly
different from that of no template controls (NTCs). Each sample (6.0 μL per reaction) was
tested in triplicate against its respective TaqMan® MGB probe. The slope of the standard
template dilution curve was determined by plotting Ct values measurements as a function of
the log DNA concentration. Efficiency (E) of each assay was determined according to the
equation  (Wong and Medrano, 2005). An efficiency equal to 1.0 is the
maximum possible and implies that the amount of PCR product doubles with every 1.0
cycles.
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2.7. Specificity of TaqMan® MGB probes
Probe specificity was determined by performing a series of qRT-PCR assays using each
probe with templates that differed by 1–5 nucleotides from the perfectly matched template.
Standard templates were diluted 106-fold. [Initial concentrations were 15 ng/μL (D and non-
edited) or 50 ng/μL (ABECD, ABCD, ABD, and AD)]. The qRT-PCR program was that
recommended by Applied Biosystems (see above). The Ct values for mismatched templates
were compared to those for perfectly matched templates. To simplify these comparisons, we
have defined the following term:

The percentage of cross-hybridization was calculated by:

By using these equations, a Ct Difference of 5 cycles correlates to 3.125% cross-
hybridization. This should provide a sufficient level of discrimination between closely
related isoforms and we have adopted this criterion as our minimum acceptable value for
probe specificity.

2.8. Optimization of reaction conditions
Parameters that were varied from the standard conditions included: (1) annealing
temperature (60.0, 60.5, 61.0 and 62.0 °C); (2) probe concentration (25, 50, 100, 125 and
150 nM final concentration); (3) addition of PCR enhancers: ammonium chloride [5, 10 and
20 mM (Decker et al., 2002)]; tetra-methyl ammonium chloride [60 mM (Chevet et al.,
1995)]; formamide [1, 2.5 and 5% (Varadaraj and Skinner, 1994)]; and DMSO [1, 2.5 and
5% (Varadaraj and Skinner, 1994)]; (4) addition of competitors (see below).

2.9. Effects of unlabeled competing probes (“Competitors”)
Unlabeled competing probes (competitors) are oligonucleotides that differ from the
complementary target sequence for each respective TaqMan® MGB probe at a single
(editing site) nucleotide. [We have used the same nomenclature (Table 1) regarding editing
sites for competitor probes as for the TaqMan® MGB probes.] A fixed concentration of each
TaqMan® MGB probe was tested against various concentrations of competitor (ranging
from 0.0125 to 1 μM final concentration). The D, ABD, ABCD, and ABCD standard
templates were used as mismatched templates for the TaqMan® MGB non-edited, AD, ABD
and ABECD probes, respectively. Each qRT-PCR reaction consisted of: 10 μL of Universal
TaqMan® Master Mix, 125 nM SN and ASN primers, 100 nM TaqMan® MGB probe, 6 μL
of standard templates (106-fold dilution of standard stocks) and 2 μL 0.125–10 μM of 10×
stock solution of competitors in a final reaction volume of 20 μL. These concentrations of
standard templates yielded Ct values of 18–22, which are lower (indicating higher template
concentrations) than those we have found in brain samples, thus representing a more
stringent test of specificity. Assays were performed according to the manufacturer’s
directions (Applied Biosystems).

2.10. Effects of mixed templates on TaqMan® MGB probe assays
In order to simulate conditions expected for ex vivo experiments, we tested the non-edited
probe against various standard template mixtures. In these experiments, the qRT-PCR
reaction mix consisted of: 10 μL of Universal TaqMan® Master Mix, 125 nM sense and
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anti-sense primers, 100 nM TaqMan® MGB non-edited probe and 6 μL of standard template
mixture [1.5 μL each of A, B, D and non-edited standard templates (108-fold dilution)] in a
final reaction volume of 20 μL. Assays were performed according to manufacturer’s
directions (Applied Biosystems).

2.11. Effects of competitors on assays with mixed templates
Extensive tests on the non-edited probe, which has five possible single-mismatch
competitors, were performed. Equal concentrations of competitors for the A, B, C, D and E
edited isoforms were combined to form a cocktail (0.25 μM final total concentration; 0.05
μM each). The final qRT-PCR reaction mix consisted of: 10 μL of Universal TaqMan®

Master Mix, 125 nM sense and antisense primers, 100 nM TaqMan® MGB non-edited
probe, 2 μL competitor cocktail mix and 6 μL template mixture [1.5 μL each of A, B, D and
non-edited standard templates (108-fold dilution)] in a final reaction volume of 20 μL.
Assays were performed as described above.

2.12. Validation of TaqMan® MGB probe assays using RNA from whole mouse brains
Following reverse transcription, samples were diluted in 4 volumes of nuclease-free water
(Applied Biosystems). TaqMan® MGB probe assays were performed as described above on
the resultant cDNA samples both in the presence and absence of competitors. The relative
quantification method was used to analyze the data. Competitor cocktails were prepared for
each probe in 20 μL final volumes from 15 μM stock solutions as follows: non-edited = 4
μL each of A, B, E, C and D; AD = 4 μL each of A, D, ABD and ACD; ABD = 4 μL each of
AD, AB and ABCD; and ABECD = 4 μL each of ABCD and ABEC. Competitor cocktails
were then diluted 8 or 16 times in nuclease-free water. The resultant final concentrations for
each competitor in the respective dilutions were 0.375 and 0.188 μM. Two μL of the diluted
competitor cocktails were used in the qRT-PCR reaction, producing final concentrations of
each individual competitor of 37.5 and 18.8 nM, respectively.

2.13. Data analysis
All samples were run in triplicate and statistical analyses were performed on the Ct values
using non-parametric one-way ANOVA (NPAIRWAY1 comparison with SAS System for
Windows V.8.2 (SAS Institute Inc., Cary, NC)) with a Kruskal–Wallis test and Dunn’s post-
test with an experimentwise error rate α = 0.05 (Yuan et al., 2006). When statistical analyses
were performed on the Ct Differences, a one-way ANOVA (Instat for Win95/NT V.3.01;
GraphPad Software, San Diego, CA) was used with a Dunnett post-test with an
experimentwise error rate α = 0.05. The SEM for the Ct Difference was calculated by error

propagation using the following equation:  (Livak and Schmittgen,
2001).

3. Results
The five editing sites of the 5-HT2CR mRNA are illustrated in Fig. 1; the sequences and
nomenclature of the TaqMan® MGB probes utilized in this study are outlined in Table 1.
Our first task was to validate that each probe sensitively detects its target (complementary;
matching) template and then to determine how well each discriminates templates that are not
perfectly complementary (mismatched templates). The assay parameters were optimized on
matched and mismatched templates under a variety of conditions to simulate expected ex
vivo conditions and then were validated in RNA from mouse brain.
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3.1. Validation of TaqMan® MGB probes: sensitivity and specificity
3.1.1. Sensitivity of the probes—As shown in Supplementary Material 1, there were
strong correlations between the log [concentration] and resultant cycle threshold (Ct) values
for each probe tested with its respective matching standard template. All correlation
coefficients (r2 value) were ≥0.9999 (p ≤ 0.0001). Linearity was maintained even when
standard templates were diluted between 106- and 1011-fold, demonstrating a wide dynamic
range and yielding accurate Ct values until at least 34 cycles. Ct values > 35 approach those
of non-template controls, and thus were considered non-specific. Efficiencies of the probes
were as follows: EABECD = 0.988 (slope = −3.35); EABD = 0.879 (slope = −3.65); EAD =
0.813 (slope = −3.87); and Enon-edited = 0.926 (slope = −3.51). These values are well within
or exceed the expected range of 0.65–0.9 for efficiencies of TaqMan® PCR assays (Wong
and Medrano, 2005; Schefe et al., 2006; Yao et al., 2006). If the objective of an experiment
is to compile quantitative isoform profiles, measurements of individual isoforms would need
to be adjusted to account for differences in efficiencies of the TaqMan® 5-HT2CR MGB
probes. However, when the experimental goal is to determine changes in a given isoform(s)
in response to treatment, there would be no need to correct for efficiency differences. Such
experiments are the ideal application of the proposed method.

3.1.2. Specificity of probes—Results of assays utilizing matched templates compared to
those utilizing mismatched templates for all four probes are summarized in Table 2. Our
results demonstrated that each probe unequivocally discriminated templates that differed by
two or more nucleotides: the Ct Difference in most cases was >10 cycles. For example, the
cross-hybridization observed for the AD probe with the ABD template (one mismatch) was
80–87% and for the D template (also one mismatch) was 32–45%. However, a cross-
hybridization of <1.2% was observed for the same probe with the ABCD template (two
mismatches) (Table 2). These results indicated an even greater discrimination between the
probe and templates with two mismatches than that previously reported by Yao et al. (2006;
4 cycles, equivalent to 6.25% cross-hybridization). However, cross-hybridization with
templates containing only a single mismatch was still considerable.

3.2. Optimization of assay conditions
In an attempt to determine whether discrimination of single mismatches could be improved,
we measured the effects of several variations of the assay conditions on Ct Difference.

3.2.1. Annealing temperature and PCR enhancers—To test whether increased
annealing temperature would differentially affect probe binding to matched versus
mismatched templates, we tested 60–62 °C in increments of 0.5 °C. An annealing
temperature of 60.5 °C achieved small, probe-dependent increases in Ct Difference;
however, annealing temperatures >61.0 °C were deleterious (data not shown). Consequently,
we continued to perform the assays at the original 60.0 °C annealing temperature.

We compared the effects of several PCR enhancers (small molecules used to destabilize
non-specific base pairing) on discrimination of matched versus mismatched templates.
Addition of ammonium ions (60 mM tetra-methyl ammonium chloride) to the reaction mix
improved discrimination by approximately one cycle for the ABECD probe only (data not
shown). Inclusion of formamide (1–5%) or DMSO (1–5%) dose-dependently disrupted
interactions of probes with both matched and mismatched templates (data not shown). In
summary, effects of PCR enhancers on Ct values were small, probe-dependent and did not
improve the discrimination between matched and mismatched templates.

3.2.2. Probe concentration—Applied Biosystems (Foster City, CA) recommends a final
probe concentration between 150 and 200 nM for TaqMan® assays. Since high
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concentrations would be expected to increase amounts of binding (by mass action), we
tested several lower probe concentrations (25, 50, 100, 125 and 150 nM) to determine
whether a decrease in the final concentration of the probe would reduce cross-hybridization
with singly mismatched templates. Probes were tested against 106-fold dilutions of their
respective standard template stocks (as stated in Section 2). Supplementary Material 2 shows
that, for template concentrations resulting in Ct values between 18 and 22 cycles, lowering
the probe concentration to 100 or 125 nM did not alter the discriminative ability of the
assay: the lower probe concentrations increased the Ct values of both matched and singly
mismatched templates only slightly. For example, in the case of the ABECD probe,
decreasing probe concentration from 150 nM (Ct value = 18.217) to 100 nM (Ct value =
18.323) increased the Ct value for the matched template by 0.106 cycles. For the singly
mismatched (ABCD) template the Ct values increased from 19.694 to 19.886 (0.242 cycles).
Thus, lowering the probe concentration only increased the Ct Difference by 0.136 cycles.

There were no significant changes in Ct values at probe concentrations of 100 and 125 nM
relative to the initial condition of 150 nM. Decreasing probe concentration below 100 nM
resulted in significant increases in Ct values of both matched templates and mismatched
templates, with no improvement in the Ct Difference. Even at concentration <100 nM there
were only a few Ct Differences that were statistically different than those seen at 150 nM.
[For the ABECD probe (F(4,14) = 2.029, p < 0.1660); for the ABD probe (F(4,14) = 13.892, p
= 0.0004); for the AD probe (F(4,14) = 1.762, p = 0.2131); for the non-edited probe (F(4,14) =
5.122, p < 0.0166); Supplementary Material 2.]

It was anticipated that ex vivo samples would contain lower abundance 5-HT2CR isoforms
(Ct values > 25 but <34; unpublished data); thus, a subset of the experiment using lower
template concentrations was performed to determine the effect of decreased probe
concentrations on template detection (Supplementary Material 3). Decreasing the probe
concentration from 150 to 100 nM had little effect on Ct Difference under these conditions.
As above, only probe concentrations ≤100 nM resulted in any Ct Differences statistically
different than those seen at 150 nM. [For the ABECD probe (F(2,8) = 0.1186, p = 0.8902);
for the ABD probe (F(2,8) = 3.433, p = 0.1014); for the AD probe (F(2,8) = 0.0847, p =
0.9199) and for the non-edited probe (F(2,8) = 28.283, p = 0.0009).]

Since lowering the concentration of the probe to 100 nM did not alter the Ct values of the
matched template when compared to the Ct values obtained with 150 nM of probe in either
set of experiments (Supplementary Materials 2 and 3), we decided to use 100 nM as the final
probe concentration to conserve resources and decrease the cost of the reaction.

3.3. Single mismatch discrimination
3.3.1. Addition of competitors—None of the above modifications achieved our desired
discrimination criterion of Ct Difference >5 cycles for singly mismatched templates (see
Section 2.7). Since commercial qRT-PCR single nucleotide polymorphism assays utilize
two probes (labeled with two different fluors, one for each allele) to successfully distinguish
between single nucleotide mismatches, we reasoned that the addition of an unlabeled probe
complementary to the singly mismatched template (competitors) should compete with the
labeled probe to diminish cross-hybridization. The theoretical basis for this is classical
kinetics: the perfectly matched probe should have a greater affinity for its complement than
a slightly mismatched one and should effectively compete for binding at equilibrium.

In Fig. 2A, we tested this hypothesis by measuring the effect of increasing concentrations of
a single competitor on the Ct values of matching template (●) and a singly mismatched
template (○) for each TaqMan® MGB probe (template dilution of 106-fold). The added
competitor dramatically increased the Ct value with the mismatched template (○) in a
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concentration-dependent manner but had little effect on detection of the matched template
(●). For example, in the absence of the ABCD competitor, the Ct value for the ABECD
probe with its target template is 19.43 ± 0.39 and with the singly mismatched ABCD
template is 20.73 ± 0.17. However, in the presence of 0.05 μM of the ABCD competitor, the
respective values are 20.06 ± 0.13 and 23.54 ± 0.56, respectively (Fig. 2A). The inclusion of
the ABCD competitor thus increased the Ct Difference from approximately 1.3–3.5 cycles
(Fig. 2B) representing a decrease in the percentage of cross-hybridization from 40.6% to
8.8%. By converting all the Ct Differences to percentage cross-hybridization, the same data
can be represented in a fashion that is analogous to a classical displacement curve (Fig. 2C)
and clearly demonstrates the efficacy of this approach. It should be noted that the final
concentration of competitors necessary to achieve the criterion of a 5 cycle Ct Difference (as
interpolated from Fig. 2C) is probe-dependent and varies between approximately 0.05 and
0.25 μM for this concentration of target template. The concentration of template used in Fig.
2 are higher than those we expect to encounter in experimental samples and therefore
constitute a stringent test of the ability of the competitors to improve the specificity of the
reaction.

While the addition of competitors does not measurably affect Ct values for the matched
template, high final concentrations of competitors [>0.04 μM (ABECD probe), 0.05 μM
(ABD probe), 0.025 μM (AD probe), and 0.25 μM (non-edited probe)] begin to decrease the
plateau level of the relative fluorescence readings, resulting in decreased signal to noise (S/
N) ratio (data not shown) and thus should be avoided.

3.3.2. Mixed templates (without competitors)—Previous studies have shown that
multiple 5-HT2CR isoforms can be found within a tissue sample (Burns et al., 1997;
Niswender et al., 1998, 2001). To more closely model this scenario, we conducted a series
of assays with mixtures of standard templates (Table 3). If a TaqMan® MGB probe is most
specific for its perfectly matched template, addition of mismatched template(s) to the mix
should result in little cross-hybridization and thus have negligible effects on the measured Ct
values of the probe target. We tested the non-edited probe and focused on mixtures of
matched (non-edited template) and singly mismatched templates (A, B and D templates)
because single mismatches represent the most stringent tests for accurate discrimination
(Table 3). In addition, preliminary data from our laboratory with ex vivo samples (data not
shown) have indicated that 5-HT2CR is present in relatively low abundance (Ct values > 25
but <34). Therefore, we set up the mixture of templates with lower concentrations of
individual standard templates (total concentration equal to that in Supplementary Material 3)
to more closely model expected ex vivo samples.

Similar to results reported in Table 2, the non-edited probe, in the absence of its own target
template, exhibited small amounts of cross-hybridization with the A, B and D standard
templates, either individually (A < 0.1%, B < 0.1% and D < 6%; upper section, Table 3) or
in combination (e.g., A + B < 0.1%, A + D < 2%; upper section, Table 3). As in Table 2, the
Ct Difference reflects cross-hybridization due to the presence of the mismatched templates.
Data in the lower section of Table 3 indicate that the non-edited probe continued to
distinguish its target (non-edited) template even in the presence of the A, B and D standard
templates: Ct values were not significantly different from the Ct with the non-edited
template alone, suggesting that, at these concentrations, there is little or no cross-
hybridization of this probe to other templates when its matched template is present in the
reaction mix [X2

(DF = 7, n = 23) = 9.160, p = 0.241].

3.3.3. Mixed templates: addition of multiple competitors—Data in Fig. 2 show the
effects of a single competitor on the Ct value of a probe with a singly mismatched template.
We expect to encounter multiple 5-HT2CR isoforms in vivo that differ from the target
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template by a single mismatch (Burns et al., 1997; Englander et al., 2005; Du et al., 2006).
Thus, depending on the concentration of isoforms with single mismatches to a given probe,
experimental assays may require the presence of several competitors to blanket the spectrum
of potential cross-hybridization. We tested the effects of all the relevant competitors (those
targeting the A, B, E, C and D edited sites), individually and in combination (same
combinations as in Table 3), on the Ct values obtained with the non-edited probe and its
target template. To minimize inhibition of plateau fluorescence levels, we began with a
cocktail comprised of a low concentration of competitors (0.05 μM of each, resulting in a
total final concentration of 0.25 μM). Even at these concentrations, the competitors
decreased cross-hybridization of the non-edited probe with the D standard template (the only
template in Table 3 that exhibited <5 cycle Ct Difference) from 5–6% to 2.47–3.45% (Ct
Difference = 5.097 ± 0.240) and did not affect the Ct values of the target template (data not
shown). Though the initial cross-hybridization is low at these template concentrations, these
results are consistent with Fig. 2, and suggest that addition of multiple competitors improves
the specificity of the assay while not changing detection of the target.

3.4. Validation of TaqMan® MGB probes in ex vivo assays
3.4.1. 5-HT2CR isoform expression in mouse brains in the absence of
competitors—The RNA from whole brains derived from transgenic mouse strains (129S6
genetic background) solely expressing the fully edited ABECD (VGV) or the non-edited
(INI) isoforms of 5-HT2CR were used to validate the specificity (cross-reactivity) of our four
TaqMan® MGB probes in an ex vivo experimental system. Only the fully edited ABECD
isoform was detected by the ABECD probe in VGV-expressing mutant mice which solely
express the ABECD transcript (Fig. 3A, normalized to cyclophilin). This complete lack of
cross-reactivity demonstrates that the ABD, AD or non-edited probes (2, 3 and 5 nucleotide
mismatches, respectively) do not cross-hybridize with ABECD isoform cDNA. Similarly,
only the non-edited isoform was detected using the non-edited probe in INI-expressing
mutant mice which solely express the non-edited transcript (Fig. 3B). A similar lack of
cross-reactivity by the ABECD, ABD or AD probes (5, 3 and 2 nucleotide mismatches,
respectively) was observed in INI-expressing mutant mice. These results are consistent with
our previous results in the well defined system using standard templates (Table 2) and
indicate that the TaqMan® MGB assay accurately detects the expected 5-HT2CR isoforms.

Fig. 4 shows differential expression of the four 5-HT2CR isoform transcripts (normalized to
cyclophilin) in brains of 129S6 and C57BL/6J mice. In 129S6 mice, we found the ABD
isoform to be most prevalent; this agrees with results obtained by pyrosequencing for that
strain (ABD + AD isoforms = 38%; Dr. Emeson, preliminary data) (Fig. 4; closed bars). The
rank order (ABD + AD ⋙ non-edited > ABECD) and low expression levels of the non-
edited and ABECD isoforms obtained by pyrosequencing for this strain (Dr. Emeson,
preliminary data) are similar to the results obtained with the TaqMan® MGB assay. These
data are also consistent with previously published data obtained with RNA from whole brain
of C57BL/J6 mice: the ABD edited isoform is the most prevalent (Fig. 4, open bars;
compare to Du et al., 2006, Table 3); the relative abundance of AD edited 5-HT2CR
transcript is significantly lower than that observed for the ABD edited isoform; and the
ABECD edited isoform as well as the non-edited isoforms are found in lower levels than the
ABD isoform. More precise comparison to published data is not likely to be possible
because editing of 5-HT2CR can be affected by minor genetic differences (such as supplier),
age and life experience of the mice. The proposed technique successfully detected four 5-
HT2CR edited mRNA variants in 129S6 and C57BL/6J wild-type mouse brains, in amounts
and rank order similar to published data, suggesting that the method herein is suitable for the
detection of these closely related mRNA sequences.
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3.4.2. 5-HT2CR isoform relative expression measured in the presence of
competitors—Preliminary data indicated that the Ct values obtained ex vivo are higher
(data not shown) than those Ct values shown in Table 3, therefore we utilized lower
concentrations of competitor for this experiment. Fig. 5 illustrates the effects of two
concentrations of competitor cocktails (18.8 or 37.5 nM; see Section 2.12) employed in
determinations of the relative expression of ABECD, ABD, AD and non-edited 5-HT2CR
transcripts normalized to cyclophilin in whole brain from 129S6 and C57BL/6J mice. For
the 129S6 strain, addition of competitor cocktail to the assay did not change the detected
amounts of the four isoforms compared to control (absence of competitor): ABECD
[X2

(DF = 2, n = 9) = 7.200, p = 0.0036], ABD [X2
(DF = 2, n = 9) = 5.600, p = 0.0500], AD

[X2
(DF = 2, n = 9) = 5.600, p = 0.0500] and non-edited probes [X2

(DF = 2, n = 9) = 4.622, p =
0.1000]. However, for the C57BL/6J strain, the relative expression of the AD
[X2

(DF = 2, n = 12) = 9.8462, p < 0.001] and ABECD isoforms [X2
(DF = 2, n = 12) = 9.2692, p <

0.001] decreased significantly in the presence of the higher concentration of the competitor
cocktail. The relative expression of the ABD [X2

(DF = 2, n = 12) = 7.7308, p = 0.0066] and
non-edited isoforms [X2

(DF = 2, n = 12) = 2.000, p = 0.3967] was unaffected by addition of
competitor cocktails. These data suggest that the precision of measurement of the AD and
ABECD isoforms in brains of C57BL/6J mice is improved by addition of competitors but
addition of competitors is not required for the measurement of ABECD, ABD, AD and non-
edited isoforms in whole brains of 129S6 mice.

4. Discussion
A precise and rapid assay to establish changes in levels of relative expression of specific
brain 5-HT2CR RNA isoforms is needed to move forward our understanding of the biology
of RNA editing in the brain. We have advanced this goal by adapting a qRT-PCR method to
detect and quantify relative changes in edited 5-HT2CR RNA isoforms by utilizing MGB
TaqMan® probes. Probes for a series of four closely related 5-HT2CR isoforms were
designed to test the sensitivity and discriminative ability of the proposed assay. After
confirming these characteristics against standardized templates, we tested the ex vivo cross-
reactivity of the four TaqMan® MGB probes (ABECD, ABD, AD and non-edited) against
cDNA samples derived from transgenic mouse strains solely expressing the ABECD or non-
edited 5-HT2CR isoform. We found that both the ABECD and the non-edited isoforms were
detected accurately by their respective probes without cross-reactivity, demonstrating that
this technique can sensitively measure target isoforms and discriminate closely related
isoforms extracted from tissue samples.

The ex vivo sensitivity and specificity of these probes was further verified in RNA isolated
from whole brain of 129S6 and C57BL/6J mice. The relative values of the four isoforms
measured were similar to those predicted from DNA sequencing data in both 129S6
(Emeson, preliminary data) and C57BL/6J mouse brain (Du et al., 2006), suggesting that the
described method is suitable for the detection of closely related mRNA sequences in ex vivo
samples. The current TaqMan® MGB assay detected a rank order of isoform abundance of
ABD ⋙ ABECD ≈ non-edited ≈ AD (Fig. 4). DNA sequencing analysis of RNA from
C57BL/6J mouse whole brain indicated a rank order of abundance of ABD ⋙ non-edited
≈ AD ≈ ABECD (Du et al., 2006). Both the TaqMan® (present results) and DNA
sequencing (Du et al., 2006) techniques detected the ABD isoform as the most abundant
isoform with the other three isoforms present in much lower amounts. This consistency
between the TaqMan® method and published data on the relative abundance of different
isoforms is reassuring and suggests the usefulness of the TaqMan® MGB probes to measure
disease- or treatment-related changes in individual isoforms ex vivo.
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The discriminatory ability of the TaqMan® MGB probes can be enhanced by the addition of
unlabeled competitors, either singly or as a cocktail (Fig. 2 and Table 3). This simple
adjustment represents a major advancement in the utility of the method for routine
applications. Addition of competitors did not alter the Ct values of the ABECD and non-
edited isoforms in VGV- and INI-expressing mutant mice, respectively suggesting that
addition of competitors do not interfere with the detection of the target sample (data not
shown). For C57BL/6J mouse brain, there were small differences in the amount of ABECD
and AD isoforms detected with the addition of 37.5 nM competitor (Fig. 5), although the
rank order of abundance was not changed [ABD ⋙ ABECD ≈ non-edited ≈ AD]. These
data strongly suggest that the observed decrease in detection of the ABECD and AD
isoforms in cDNA samples from whole brain of C57BL/6J mice upon the addition of the
competitor cocktail is due to a reduction of cross-reactivity of the respective probes to other
5-HT2CR isoforms. In cDNA samples from whole brain of 129S6 mice, increasing
concentrations of competitors did not alter Ct values for the four isoforms suggesting that
the need for competitor cocktails is specific to the system under study. For probes not
characterized herein, appropriate concentrations of competitor cocktails will need to be
estimated using standard templates at concentrations approximating the Ct values of each
isoform in the particular ex vivo system under study (Fig. 5). When a series of experiments
is initiated, it will be an easy matter to compare Ct values for each isoform of interest
obtained with and without competitors to establish the necessity (and concentration) of
competitor cocktail (as in Fig. 5). Since high concentrations decrease plateau fluorescence,
there are limits to the total amount of competitors (singly or as a cocktail) that can be added
to a reaction. For example, concentrations of competitors above 0.25 μM for the non-edited
probe utilized with standard templates altered the detection of high concentrations of the
target template (Fig. 3). However, lower concentrations of competitors, such as the ones
used in Fig. 5, may prove to be sufficient for ex vivo systems.

The labor-intensive direct DNA sequencing (e.g., Burns et al., 1997; Gurevich et al., 2000a)
and pyrosequencing methods (Iwamoto et al., 2005; Sodhi et al., 2005) provide
unambiguous results and have been used as a “gold standard” in the measurement of the
entire profile of mRNA editing. This new TaqMan® MGB method addresses several
drawbacks for the study of editing ex vivo. With the TaqMan® MGB assay, measurements
are performed directly on cDNA reverse transcribed from isolated RNA. Elimination of the
subsequent processing steps increases the speed of data collection and eliminates several
sources of error. In direct sequencing and pyrosequencing, each sequenced colony represents
a single transcript of RNA within a single sample. While several hundred sequences per
sample is a large number to analyze, it is, statistically speaking, a very small number of
mRNA molecules. Sodhi et al. (2005) also point out the statistical bias that can result from
small sampling size per subject; such concerns would be moot with the present approach
because the proposed qRT-PCR method samples the entire population of mRNA transcripts
unlike the small subset of transcripts assessed in sequencing methods. Measurement of the
entire population of mRNA transcripts in a sample would reduce or eliminate the errors
generated due to sampling bias, resulting in more precise measurements and greater
statistical discrimination among experimental groups (Wong and Medrano, 2005; Yao et al.,
2006). By focusing on only the isoforms of interest based upon the experimental question in
hand, the proposed method will bypass the need to characterize the entire isoform profile,
thus requiring only a single measurement (rather than hundreds) for each experimental
subject. This, in turn, will facilitate the use of a greater number of subjects per study group.

The choice of specific mRNA species for normalization will depend upon the nature of the
study being conducted. Normalization to a classical housekeeping gene, such as cyclophilin
or actin, is useful to allow expression of isoform level proportionate to cell number. In the
present studies, we have normalized our ex vivo data to cyclophilin and then set the value of
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the most abundant isoform to 100% (ABECD and non-edited in Fig. 3; ABD in Figs. 4 and
5). Setting the normalized value of the expected isoform to 100% clearly conveys the results
with no additional manipulations necessary. An additional normalization step using total 5-
HT2CR mRNA could describe expression of isoforms as a percentage of total 5-HT2CR
mRNA but such analysis would require that measurements of total 5-HT2CR and all
individual isoforms be corrected to account for differences in efficiencies among TaqMan®

MGB probes. Data obtained with those probes would need to be adjusted in order to
calculate percentages appropriately (Schefe et al., 2006; Rebrikov and Trofimov, 2006;
Schmittgen and Livak, 2008). However, there are several caveats to this approach. First, and
most importantly, such corrections are not necessary when the goal is to measure disease- or
treatment-related changes in individual isoforms because the average reaction efficiency to
measure a single isoform ex vivo will be the same whether analyzed before or after a given
manipulation (Schmittgen and Livak, 2008). Second, the algorithms to correct for probe-to-
probe and sample-to-sample differences in efficiency vary among the available online
software packages (e.g., LinRegPCR, GenEx, and REST; http://www.efficiency.gene-
quantification.info; University of Amsterdam, Amsterdam, The Netherlands) (Rebrikov and
Trofimov, 2006). There is currently no consensus for the choice of one correction method
over the others. Third, the multiple calculations performed during the correction process can
vastly increase the amount of error in the final comparisons. Such manipulations are
essential when the goal is to obtain absolute values (i.e., copy numbers) or to measure
complete 5-HT2CR isoform profiles, but are not necessary when the goal is to measure
disease- or treatment-related changes in individual isoforms ex vivo (Schmittgen and Livak,
2008).

The TaqMan® MGB method allows relative quantification of edited isoforms of 5-HT2CR
mRNA in a rapid and cost-effective manner. Purchase of MGB-labeled probes (about $250
each for 6000 pmol from Applied Biosystems) represents an initial expense but is sufficient
for measuring a large number of samples (5000 reactions at a final probe concentration of
100 nM). Once assays for isoforms of particular genes have been developed, large quantities
of data can be obtained in a relatively short time (Wong and Medrano, 2005; Yao et al.,
2006). This method will be particularly useful to study changes in levels of specific isoforms
in response to pharmacological, behavioral or genetic manipulations ex vivo without the
necessity of measuring an entire profile for each experimental sample. Following an initial
survey of isoform profiles by DNA sequencing, assays can be designed to specifically target
one (or a few) isoform(s) of interest and rapidly assess changes in expression levels
following treatment or to correlate with disease state, behavioral activity, or other parameter.
In addition, the qRT-PCR method also will enable investigators to study the impact of
treatment-elicited changes in less abundant isoforms because of the increased precision of
the assay.

Another approach to the quantitative assessment of 5-HT2CR edited isoform profiles has
been published recently (Poyau et al., 2007). Following reverse transcription and nested
PCR (in which the second round of PCR incorporates different fluorescent labels onto the
forward and reverse cDNA strands), these authors used capillary electrophoresis (CE) to
separate the single stranded products. Results were quantified by comparison to similarly
prepared standards. The CE method approach is very promising for entire isoform profiles,
particularly if researchers have access to the appropriate equipment. This method, however,
may require significantly more time and technical expertise than the present TaqMan® MGB
method, especially when only one or a few isoforms need to be measured.

In summary, the method to measure RNA edited isoforms described here for brain is a novel
and innovative application of TaqMan® technology with the potential to broaden our
knowledge of the function and regulation of RNA editing for the brain 5-HT2CR. The
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general technique can be adapted easily to the study of other multiply edited RNAs and
should facilitate the development of a knowledge base to address broader issues of the
physiological roles of RNA editing. With the advent of increasing numbers of qRT-PCR
equipment and core facilities, this technique has the potential for widespread application by
laboratories without in-house DNA sequencing or capillary electrophoresis equipment. With
the discovery of ever-increasing numbers of edited mRNAs in brain or other tissues, a rapid
method to measure changes in multiply edited RNA isoforms following pharmacological,
behavioral or genetic manipulations should have wide applicability. The increased
capabilities afforded by this new application will accelerate the pace of discovery in
discerning the role of RNA editing in normal physiology and in disease processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
RNA editing sites of 5-HT2C R transcript. cDNA nucleotide and predicted amino-acid
sequences for the non-edited and fully edited transcripts are shown with the editing sites
indicated by arrows (↓). Picture adapted from Sanders-Bush et al. (2003).
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Fig. 2.
Effects of competitors on TaqMan® MGB assay. (A) Ct values for matched (●) and singly
mismatched (○) templates in the presence of increasing concentrations of competitors
complementary to the singly mismatched template. Competitors are: ABCD (for the
ABECD probe); ABCD (for the ABD probe); ABD (for the AD probe); D (for the non-
edited probe). (B) Ct Difference calculated at each concentration of competitor from the data
shown in (A). (C) Percentage of cross-hybridization as a function of competitor
concentration. Experiments were repeated 2–4 times for each probe, with each sample run in
triplicate. In all instances, results are expressed as mean ± SEM. Where error bars are not
seen, SEM is smaller than the size of the symbol.
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Fig. 3.
Specificity of TaqMan® MGB probes in RNA from whole brain from genetically modified
129S6 mouse strains. (A) VGV-expressing mutant and (B) INI-expressing mutant mice.
Data are normalized to cyclophilin and plotted relative to expression of (A) ABECD and (B)
non-edited isoforms. The average crossing threshold (ΔCt) was calculated for each isoform
studied: ΔCt = Ct (isoform of interest) − Ct (cyclophilin). Relative expression was
determined by: 2−ΔΔCt where ΔΔCt = ΔCt (isoform of interest) − ΔCt (ABECD or non-edited
isoform). Experiments were repeated twice for each probe, with each sample run in
triplicate. In all instances, results are expressed as mean ± SEM.
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Fig. 4.
Specificity of TaqMan® MGB probes in RNA from whole brain from mouse strains. The
data from the 129S6 (closed bars, n = 1) and C57BL/6J mouse strains (open bars, n = 4) are
normalized to cyclophilin and plotted relative to expression of the ABD isoform for each
mouse strain. The average crossing threshold (ΔCt) was calculated for each isoform studied:
ΔCt = Ct (isoform of interest) − Ct (cyclophilin). Relative expression between groups was
determined by: 2−ΔΔCt where ΔΔCt = ΔCt (isoform of interest) − ΔCt (ABD isoform).
Experiments were repeated twice for each probe, with each sample run in triplicate. In all
instances, results are expressed as mean ± SEM.
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Fig. 5.
Effect of competitors on 5-HT2C R RNA isoform profiles of mouse strains. Relative
expression levels in (A) 129S6 and (B) C57BL/6J mouse strains in the absence and presence
of competitors. The relative quantification method was used to compare 5-HT2C R samples
(www.appliedbiosystems.com/). The average crossing threshold (ΔCt) was calculated for
each isoform studied: ΔCt = Ct (isoform of interest) − Ct (cyclophilin). Relative expression
between groups was determined by: 2−ΔΔCt where ΔΔCt = ΔCt (isoform of interest) − ΔCt
(ABD isoform of control (no competitor). Experiments were repeated twice for each probe,
with each sample run in triplicate. In all instances, results are expressed as mean ± SEM. *p
< 0.001 vs. no competitor.

Lanfranco et al. Page 22

J Neurosci Methods. Author manuscript; available in PMC 2013 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lanfranco et al. Page 23

Table 1

Names and sequences of TaqMan® MGB probes for RNA isoforms of 5-HT2C R.

TaqMan® MGB probe

5-HT2c R
RNA
isoform
detected Edited sites TaqMan® MGB probe sequence Amino acid sequence

ABECD ABECD A, B, E, C
and D

[FAM] TAGCAGTGCGTGGTCCTGTTGA [MGB/NFQ] VGV

ABD ABD A, B, and D [FAM] TAGCAGTGCGTAATCCTGTTGA [MGB/NFQ] VNV

AD AD A and D [FAM] TGTAGCAGTACGTAATCCTGTTGA [MGB/NFQ] VNV

Non-edited Non-edited None [FAM] TAGCAATACGTAATCCTATTG [MGB/NFQ] INI
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Table 3

Effects of standard template mixtures on template detection by the non-edited probe. Ct values for the non-
edited probe were measured for the non-edited template alone and for various combinations of A, B, and D
templates, with or without the non-edited template. Ct Difference = Ct − Ct (non-edited template only). In the
upper section, Ct Difference reflects cross-hybridization due to the presence of the mismatched templates:
cross-hybridization = [1/(2Ct Difference)] × 100%. In the lower section, cross-hybridization is not calculated
because binding of the probe to the matched template predominates. Each Ct value is the average of three
replicates; results are expressed as mean ± SEM.

Template combination Ct value Ct Difference Cross-hybridization (%)

No matching template

 None >35.000

 A >35.000 >10.000 <0.1

 B >35.000 >10.000 <0.1

 D 29.383 ± 0.073 4.204 ± 0.094 5.084–5.789

 A + B >35.000 >10.000 <0.1

 A + D 32.021 ± 0.692 6.842 ± 0.695 0.538–1.411

 B + D 31.301 ± 0.250 6.112 ± 0.260 1.199–1.719

 A + B + D 30.686 ± 0.560 5.507 ± 0.563 1.488–3.248

With matching template

 Non-edited 25.176 ± 0.059 0.000 ± 0.084

 Non-edited + A 25.298 ± 0.050 0.119 ± 0.078

 Non-edited + B 25.521 ± 0.172 0.342 ± 0.182

 Non-edited + D 25.083 ± 0.140 −0.095 ± 0.152

 Non-edited + A + B 25.248 ± 0.331 0.069 ± 0.337

 Non-edited + A + D 25.172 ± 0.127 −0.007 ± 0.140

 Non-edited + B + D 25.283 ± 0.069 0.104 ± 0.091

 Non-edited + A + B + D 25.401 ± 0.038 0.222 ± 0.070
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