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ABSTRACT

The real-time quantitative polymerase chain reac-
tion (rtqgPCR) has overcome the limitations of
conventional, time-consuming quantitative PCR
strategies and is maturing into a routine tool to
quantify gene expression levels, following reverse
transcription (RT) of mRNA into complementary
DNA (cDNA). Expression profiling with single-cell
resolution is highly desirable, in particular for com-
plex tissues like the brain that contain a large
variety of different cell types in close proximity. The
patch-clamp technique allows selective harvesting
of single-cell cytoplasm after recording of cellular
activity. However, components of the cDNA reac-
tion, in particular the reverse transcriptase itself,
significantly inhibit subsequent rtqPCR amplifica-
tion. Using undiluted single-cell cDNA reaction mix
directly as template for rtqPCR, | observed that the
amplification kinetics of rtgPCRs were dramatically
altered in a non-systematic fashion. Here, | describe
a simple and robust precipitation protocol suitable
for purification of single-cell cDNA that completely
removes inhibitory RT components without
detectable loss of cDNA. This improved single-cell
real-time RT-PCR protocol provides a powerful
tool to quantify differential gene expression of indi-
vidual cells and thus could complement global
microarray-based expression profiling strategies.

INTRODUCTION

Gene expression is regulated at the level of individual cells,
with different cell types or different developmental stages of
the same cell expressing distinct sets of genes. Thus, analysis
of the gene expression pattern of individual cells is a desirable
goal. Laser-based microdissection techniques enable the
isolation of identified single cells from fixed tissue (1,2),
while the patch-clamp method enables the harvesting of
mRNAs from a single living cell (3,4). The latter technique is
of particular importance as it permits correlation of the
functional properties of individual cells with their specific
gene expression profile (5). Reverse transcription of mRNA
followed by polymerase chain reaction (RT-PCR) is a reliable

method of detecting gene expression. To analyze mRNA
expression from single cells without loss of low abundance
mRNA:s, it is common practice to use all of the total single-cell
complementary DNA (cDNA) reaction mixture as template
for subsequent PCR (3). It is of increasing importance to
detect not only qualitative but also quantitative differences in
gene expression levels, and several approaches have been used
to obtain quantitative data from single-cell RT-PCR experi-
ments. These include the addition of known amounts of
competitor mRNA (6,7), serial dilution of single-cell cDNA
pools (8), and fluorescence-based real-time quantitative PCR
(rtgPCR) (9). The latter has the advantage that it is easy
to perform, highly reproducible, and, importantly, has the
sensitivity to amplify and quantify even a single DNA
template molecule (10-14). Thus, rtqPCR has become the
method of choice for quantitative analysis of gene expression
levels (14-17). However, I and others have observed that
components of the undiluted RT reaction mixture consider-
ably distort the subsequent PCR amplification reaction,
presumably by inhibiting Tag-polymerase (9,18,19). As
DNA quantification via rtqPCR depends critically on the
presence of an unperturbed exponential phase of PCR
amplification (15,16) this inhibition restrains the use of
rtqPCR for quantitative single-cell gene expression profiling.
To date, RT-rtqPCR analysis of single cells has therefore been
limited to either diluted (2,9), or PCR pre-amplified (20)
single-cell cDNA pools. Both these strategies limit sensitivity.
Here, I describe a simple single-cell cDNA precipitation
protocol that overcomes these inhibition problems and thus
enables the full application of rtqPCR in combination with
established single-cell RT protocols (3-5,21,22).

MATERIALS AND METHODS
Generation of control cDNA and DNA standard

For tissue RT-PCR, RNA was prepared from the midbrains of
three 13-day-old C57B1/6J mice using the Micro-FastTrack™
Kit (Invitrogen). RT was performed with 500 ng of poly(A)*
RNA overnight at 37°C in a total reaction volume of 10 pl,
containing random hexamer primers (5 uM; Roche), dithio-
threitol (DTT, 10 mM; Gibco BRL), the four deoxyribo-
nucleotide triphosphates (ANTPs, 0.5 mM each; Pharmacia),
20 U of ribonuclease inhibitor (Promega) and 100 U of reverse
transcriptase (Superscript™II; Gibco BRL). For T4 gene 32
protein experiments, T4gp32 (ChimerX) was diluted to a
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concentration of 3.2 pug/ul with sterile water. Freshly diluted
T4gp32 (1.6 ug) was added to the single-cell reaction mixture
directly before the reverse transcriptase was added. Single-cell
cDNA was kept at —70°C until PCR amplification. cDNA was
purified, diluted and quantified using a BioPhotometer
(Eppendorf). For the calibration curve, a tyrosine hydroxylase
(TH) cDNA fragment (accession no. M69200) was amplified
using conventional PCR [forward primer (387 bp), CACCTG-
GAGTACTTTGTGCG; reverse primer (1525 bp), CCTGTG-
GGTGGTACCCTATG], purified (Qiaquick Gel Extraction
and PCR Purification Kits; Qiagen) and quantified using a
BioPhotometer (Eppendorf). The number of DNA molecules
was calculated and the DNA was diluted accordingly in serial
steps.

Harvesting of single-cell mRNA and cDNA synthesis

Single-cell mMRNA was harvested from dopaminergic neurons
in acute mouse brain slices as previously described (23).
Briefly, for patch-clamp recording and cytoplasm harvest,
patch-clamp capillaries (baked overnight at 220°C) were filled
with 6 pl of RNase-free patch-clamp buffer (140 mM KCl,
5 mM HEPES, 5 mM EGTA, 3 mM MgCl,, pH 7.3; all
chemicals were from Sigma-Aldrich). After electrophysio-
logical recording of neuronal activity using the whole-cell
configuration, the cytoplasm of the same cell was harvested
via the patch-pipette, under visual control, without losing the
gigaseal to prevent contamination with extracellular fluid.
Subsequently, the pipette contents were expelled into a sterile
0.5 ml reaction tube (Biopure; Eppendorf), containing the RT
reaction mixture. RNasin and reverse transcriptase were added
immediately, and single-cell cDNA synthesis was performed
as described above.

Precipitation of single-cell cDNA

All chemicals were molecular biology grade and certificated
to be RNase/DNA free. One microgram of glycogen
(Ambion), 250 ng of polyC RNA (Amersham Pharmacia),
250 ng of polydC DNA (Amersham Pharmacia) and a 1/10 vol
of 2 M sodium acetate pH 4.0 were added to the single-cell
cDNA reactions, or to 10 pl of diluted cDNA (generated from
brain tissue) in water. cDNA was precipitated overnight with
3.5 vol of ethanol (100%; Sigma) at —20°C. After centrifug-
ation for 60 min at 4°C (13 000 g) the supernatant was
discarded, 100 pl of 75% ethanol was added and after a
second centrifugation (13 000 g at 4°C) for 15 min, the
supernatant was removed. The cDNA pellet was dried in a
thermal heating block (Eppendorf) at 45°C until all ethanol
had evaporated, and then dissolved in 10 pl of sterile water
(Eppendorf). In order to completely resolubilize the cDNA, it
was incubated for 60 min at 45°C prior to quantitative
real-time PCR.

TaqMan quantitative real-time PCR and data analysis

rtqPCR was performed as recently described (13) using the
GeneAmp 5700 instrument (Applied Biosystems). The
TagMan primer/hybridization probe real-time PCR approach
uses a fluorescence resonance energy transfer probe as
reporter system (24). Hybridization primer/probe assay spe-
cific for real-time PCR detection of TH (accession no.
M69200) was optimized according to the recommended
criteria using the Abiprism Primer express software
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(Applied Biosystems) and the 2X TagMan hybridization-
probe Mastermix (Applied Biosystems). The TagMan
Mastermix contains uracil-N-glycosylase (UNG). RT and
PCR were performed with the same batches of enzymes,
random hexamers and dNTPs for all cells analyzed. All
pipetting steps were carried out in a flow hood (HERAEUS),
with the same set of pipettes by the same person. Control DNA
or purified single-cell cDNA (each in volumes of 10 pl) was
used as a template in a 50 pl PCR reaction in 1X TagMan
Mastermix in the presence of 300 nM of the forward primer
(TH-F1151,5-GAATGGGGAGCTGAAGGCTTA-3’),300nM
of the reverse primer (TH-R1260, CTGCTGTGTCTGGT-
CAAAGG), and 125 nM of the specific probe (TH-probe1193,
CTATGGAGAGCTCCTGCACTCCCTGTCA). The hybrid-
ization probe was 3’ labeled with 6-carboxytetramethylrhod-
amine as quencher and 5’-labeled 6-carboxyfluoroscein as
reporter dye. Real-time PCR was performed in a GeneAmp
5700 thermocycler (PCR program: 2 min at 50°C, 10 min at
95°C, 50 cycles; 15 s at 95°C and 1 min at 60°C) and analyzed
with GeneAmp 5700, Excel and IGOR (Wavemetrics)
software. After defining a baseline (normalized background
fluorescence of cycles 6-15) in a linear plot of relative
fluorescence (Ry) against PCR cycle number, quantification of
the initial template molecules was performed. The PCR cycle,
where the increasing relative fluorescence (Ry) crossed a
manually set detection threshold (C,) was defined in a
logarithmic plot of Ry values against PCR cycle numbers (C;
at Ry = 0.09 for all analyzed data). Calibration curves were
generated in IGOR by plotting C; values against respective
numbers of DNA template molecules, cDNA concentrations or
cDNA dilution factors. Overall efficiencies (E) of PCR were
calculated from the slopes of the standard curves according to
the E = 10C1s1opo) for serial dilution in steps of 10 [log(10)
scale] or E = 201/s1ope) for serial dilution in steps of 2 [log(2)
scale]. E = 2 reflects a doubling of DNA in each PCR cycle
over all dilution steps. Errors are given as standard deviations
(SDs) of the means. Significance was defined according to
P-values gained from either two-tailed #-test analysis, or for
single-cell AC; comparisons, one-tailed 7-test analysis.

RESULTS

A TagMan primer/probe assay was designed and optimized to
detect TH, a marker gene expressed in monoaminergic
neurons. Figure 1 shows a representative result for an
experiment in which different amounts of TH DNA (from 1
up to 10° molecules) were used as templates for rtqPCR.
Relative fluorescence levels are plotted against PCR cycle
numbers on both a linear scale (Fig. 1, top) and a semi-
logarithmic scale (Fig. 1, middle). Figure 1 illustrates that the
PCR amplification kinetics are similar over the whole range of
TH DNA template molecules. This is a precondition for the
determination of C; values and the generation of reliable
calibration curves. The standard curve derived by plotting C;
values against DNA template molecule numbers has a
calculated slope of —3.31, reflecting an overall PCR efficiency
of 2.0 (mean slope for n = 5 experiments: —3.35 = 0.09,
E =1.99 £ 0.04). This slope indicates a near perfect doubling
of amplification products per cycle during the exponential
phase of the PCR [the theoretical slope for an ideal PCR
amplification is —1 / log(10)2 = -3.32].
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When undiluted single-cell ¢cDNA was used as PCR
template, the results were dramatically different from those
obtained using purified DNA (Fig. 1), or cDNA in water (see
Fig. 4A). The rtqPCR amplification kinetics varied from cell
to cell in an unpredictable fashion, making the definition of the
cycle threshold for detection problematic (Fig. 2A). These
results appear to rule out reliable rtqPCR quantification of
cDNA molecules using undiluted single-cell cDNA reaction
mixtures as PCR templates.

To identify the RT reaction component(s) that distort the
rtqPCR amplification kinetics, the inhibitory effect of each of
the individual RT reaction components was determined. These
included DTT, RT buffer (containing random hexamer
primers and dNTPs), the patch-clamp buffer, reverse tran-
scriptase and ribonuclease inhibitor. Real-time PCR was
performed with identical amounts of template cDNA (1 fM),
generated from brain tissue, in either water or in the presence
of an individual RT reaction component. The C; value for
cDNA in water was used as a reference to identify significant
inhibition of cDNA-synthesis reaction components. The
following C; values were obtained: C, = 34.44 = 0.18
(n=6) for cDNA in water; C;=34.31 + 0.33 (n =4) for cDNA
in patch-clamp buffer; C, = 34.44 = 0.16 (n = 4) for cDNA in
2 U/ul RNasin; C; = 34.29 = 0.18 (n = 4) for cDNA in RT
buffer; C; = 35.03 £ 0.23 for cDNA in DTT (n = 4); C, =
50.00 = 0.0 (n = 6) for cDNA in reverse transcriptase. A two-
paired #-test demonstrated that the TagMan rtqPCR amplifi-
cation was significantly compromised only in the presence of
10 U/ul reverse transcriptase (P << 0.000005) and to a much
lesser degree in the presence of 10 mM DDT (P = 0.002).
Interestingly, the inhibitory effect of the reverse transcriptase
was higher in these control experiments than in single-cell
RT-PCR experiments (Fig. 2), resulting in complete rtqPCR
inhibition (C; = 50 after 50 PCR cycles).

It has been reported that adding of the T4 gene 32 protein
(T4gp32) to the RT reaction mixture, prior to RT, could
remove the inhibitory effects of reverse transcriptase on
subsequent PCR amplification (18,25). However, as illustrated
in Figure 2B, addition of 1.6 nug of T4gp32 prior to single-cell
cDNA synthesis did not improve the real-time RT-PCR
amplification kinetics.

Figure 1. Real-time fluorescent RT-PCR standard curve for TH cDNA
quantification. Top, sensitivity of the real-time fluorescent RT-PCR
protocol for TH. Relative fluorescence intensities (Ry) were plotted against
PCR cycle numbers for five different calculated numbers of TH dsDNA
template molecules (ranging from 1 to 1 000 000 molecules, as indicated).
Middle, same data as in the top panel are plotted on a logarithmic Ry scale,
for better illustration of the exponential phase of the PCR. Slopes of the
exponential amplification phases were highly reproducible and independent
of template concentration. Bold line (C,) indicates the fluorescence
threshold of amplification detection at Ry = 0.09, manually set within the
exponential PCR phase. Bottom, standard curve for TH cDNA
quantification derived from data shown in the top and middle panels. C,
value is defined as the cycle number where the relative fluorescence crosses
the set threshold of amplification detection. Mean C; values for different
numbers of TH template molecules are plotted against their respective
numbers of template molecules on a logarithmic scale. The linear regression
fit (r = 0.999) was highly reproducible (mean slope = -3.31 £ 0.09 SD,
n = 3) and defined the intercept at PCR cycle = 40.76 for a single TH
dsDNA molecule.
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Figure 3 shows serial dilution of single-cell cDNA reaction
mixtures. As illustrated, the rtqgPCR amplification kinetics
were not homogeneous across different cDNA dilutions, and
varied both in the same cell (Fig. 3A, top and middle), and
between individual cells (Fig. 3A, bottom). Thus, analysis of
individual single-cell PCR calibration curves did not produce
reliable values. The mean slope for the individual linear
regressions was —3.45 = 1.0 (n = 4), the high SD indicates the

rtgPCR: standard curve for TH quantification
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Figure 2. Real-time PCR using undiluted single-cell cDNA as template. (A) Amplification plots for TH rtqPCR for three individual cells utilizing undiluted
cDNA reactions as templates. Relative fluorescence intensities (Ry) were plotted against PCR cycle numbers on a linear (top) and logarithmic (bottom) scale,
illustrating inhomogeneous amplification kinetics between different single cells and compared with the standard (compare Fig. 1). (B) Similar experiment as
shown in (A). However, single-cell cDNA synthesis was performed in the presence of the T4 gene 32 protein.

large scatter in the slopes of individual calibration curves.
Figure 3B depicts the results of a similar set of experiments to
those shown in Figure 3A, except that in this case the single-
cell cDNAs were precipitated prior to serial dilution and
rtqPCR. It is evident from the individual amplification plots
that the kinetics of rtqPCR were independent of cDNA
concentration both in the same cell (Fig. 3B, top and middle)
and between different cells (Fig. 3B, bottom). The mean slope
of the calibration curve was —1.03 = 0.05 (rn = 4) for the log(2)
scale (ideal slope for serial dilution of 2 = 1.0), corresponding
to —3.44 £ 0.16 on a log(10) scale and an efficiency of 1.96 *
0.06. Importantly, neither the slope of the calibration curve nor
the overall PCR efficiency was significantly different when
precipitated single-cell cDNA or purified TH DNA was used
as PCR template [P = 0.28 (slope) and P = 0.34 (E)].

I next tested whether the purification protocol leads to any
loss of low concentration cDNA, which would bias quantifi-
cation. Sets of serial dilutions of brain cDNA (10 ul each)
were either used directly for rtqPCR or were precipitated and
redissolved in 10 pl of water prior to rtqPCR. Figure 4A shows

that the amplification plots and calibration curves obtained
using these two protocols were almost identical, indicating
that precipitation results in no significant loss of template
cDNA over the full range of concentrations tested (10>-10°
aM). The mean values between the C; value for non-
precipitated and precipitated DNA (ACy) was —-0.04 *= 0.15
(for n = 4 dilution steps). The slopes of the calibration curve
obtained for non-precipitated or precipitated cDNA were
-3.55*0.17(n=4,E=1.92 = 0.06) and -3.62 = 0.15 (n =4,
E = 189 = 0.05), and were not significantly different
[two-paired #-test: P = 0.54 (slope) and P = 0.52 (E)]. There
was also no difference between the calibration curves
generated from a single-cell cDNA and from brain tissue
cDNA [P = 0.15 (slope) and P = 0.36 (E), respectively].

To evaluate the reproducibility of the precipitation method
at the level of the single cell, cDNA reaction mixtures from
individual cells were split after RT into two halves, and both
halves were separately precipitated and used for comparative
rtqPCR. Figure 4B illustrates the high reproducibility of the
single-cell cDNA precipitation protocol. The C; values of
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Figure 3. Real-time PCR of TH for cDNA derived from single cells. (A) Top/middle, amplification plots (linear/logarithmic y-axis) of TH rtqPCR with serial
dilutions (steps of 2) of cDNA derived from a single cell as template (dilutions: a = 1:2, b = 1:4, ¢ = 1:8, d = 1:16, e = 1:32, C, at 0.09). Note the diverging
slopes of individual amplification kinetics that also differs from those of controls (compare Figs 1 and 4A) preventing quantification of single-cell TH cDNA
molecules. Bottom, linear plot of C; values against dilution factor of cDNA derived from individual cells, further illustrating the unpredictability of altered
amplification kinetics (data points for cell 1 correspond to amplification plots shown in the top and middle panel). (B) Similar experiment as shown in (A),
but single-cell cDNA was precipitated and redissolved in water prior to rtqPCR. Top/middle, slopes of the exponential amplification phases (C, = 0.09) were
highly reproducible and independent of template concentration. Bottom, linear plot of C, values against dilution factor of cDNA derived from individual cells,
further illustrating the robustness and reproducibility of results (data points for cell 3 correspond to amplification plots shown in the top and middle panels).
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Figure 4. No loss of cDNA occurs during the precipitation procedure. (A) rtqPCR of TH with serial dilutions (steps of 10) of cDNA in water, generated from
brain tissue, as templates. Red traces, precipitation of cDNA prior to PCR; black traces, no precipitation of cDNA prior to PCR. Linear and logarithmic ampli-

fication plots reveal almost identical amplification kinetics (top/middle) over the full

range of tested cDNA concentrations. The respective calibration curves

(bottom) had very similar slopes and they were similar to the standard curves shown in Figure 1. (B) Reproducibility of rtqPCR following single-cell cDNA
precipitation. Amplification plots for TH and C, values of cDNA generated from a single cell, split into two reactions prior to precipitation and rtqPCR, are
almost identical.
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single-cell duplicates were very similar (mean AC; = 0.27 *=
0.16, n = 6) and the mean AC, was not significantly different
from those of standard replicates, calculated to have 10 DNA
molecules as PCR template (compare Fig. 1, mean AC; =
0.31 £ 0.13, n =6, P = 0.32, one-tailed t-test). In contrast, if
only one half of the single-cell cDNA reaction mixture was
precipitated, and the other was not, the C; values were very
different from cell to cell (mean AC; = 1.73 £ 1.33, n = 6; the
high SD indicates the large scatter of AC; values), and AC;
values were significantly higher than those of standard
replicates (P = 0.01, one-tailed t-test). These results further
illustrate that the extent of PCR inhibition is not predictable
using unpurified single-cell cDNA reaction mixtures as
templates for rtqPCR. In contrast, the precipitated single-cell
cDNA behaves like the purified TH DNA template during
rtqgPCR amplification.

Taken together, absolute quantification of single-cell cDNA
molecules using real-time PCR is possible, without diluting
the single-cell cDNA reaction mixture, providing a quantita-
tive cDNA precipitation step is included in the protocol.

DISCUSSION

Quantitative analysis of gene expression at the level of
individual cells is of particular relevance in tissues that contain
a large variety of different cell types in close proximity, like
the brain. Determination of the exact amount of a cDNA
related to a specific gene using rtqPCR requires the definition
of a cycle threshold for detection (C,) in the exponential phase
of the PCR amplification. For both relative and absolute
quantification and comparison of gene expression between
different samples, similar PCR amplification kinetics, espe-
cially in the exponential phase, are required for all samples
analyzed. Relative quantification requires a housekeeping
gene that shows constant expression levels between individual
samples. The choice of such a gene is problematic at the tissue
level (26) and is likely to be even more difficult at the single-
cell level. We have previously shown that the classic
housekeeping gene beta-actin display large variations in
cDNA expression levels between individual dopaminergic
neurons (13). This indicates that beta-actin, at least at the level
of single dopaminergic neurons, is not suitable for relative
quantification. In order to allow absolute quantification of
cDNA molecule numbers, a standard curve is required for the
respective gene, which is generated by using defined numbers
of DNA molecules as rtqPCR templates (compare Fig. 1). In
addition, the amplification kinetics and efficiencies of PCR
reactions for sample DNA and for standard DNA need to be
similar (15,17,27,28). In general, it is problematic to extrapo-
late from the number of cDNA molecules determined, to the
absolute number of corresponding mRNA transcripts, as the
efficiency of reverse transcriptase depends on the secondary
structure, the specific RNA/protein complexation, and the
absolute number of the respective individual target mRNA
species (26,29,30).

I show here that the requirements for reliable rtqPCR
quantification of TH cDNA molecules were clearly not met
when undiluted single-cell cDNA reaction mixtures were used
as templates; rtqPCR amplification kinetics were altered in a
non-systematic fashion from cell to cell (compare Fig. 2).
Serial dilution experiments of single-cell cDNA reaction
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mixtures revealed that the rtqPCR amplification kinetics were
also inhomogeneous across different cDNA dilutions, not only
for the same cell, but also between different individual cells
(Fig. 3A). Inhibition of the PCR amplification reaction, and
thus altered PCR amplification kinetics, has been found to be a
major problem for quantitative PCR (18,27,31). Mathematical
procedures to adjust altered PCR amplification kinetics are
only valid if PCR kinetics are distorted in a systematic and
thus predictable manner (19,28,32,33). Thus, mathematical
procedures to correct for the different PCR amplification
kinetics found for undiluted single-cells cDNA reaction
mixtures are not applicable.

To find an experimental way to overcome rtqPCR inhibition
when undiluted cDNA reaction mixtures are used as tem-
plates, I analyzed which component of the cDNA reaction
mixture was responsible for PCR inhibition. I found that the
presence of the reverse transcriptase itself in the rtqPCR
reaction dramatically inhibited PCR amplification. PCR
inhibition by reverse transcriptases has previously been
described, and reported to be particularly significant at lower
concentrations of template DNA (<10° molecules) (18).

It has been reported that the addition of the T4 gene 32
protein prior to RT increases the efficiency of reverse
transcriptases and could overcome PCR inhibition (18).
However, I found that addition of T4gp32 prior to single-
cell cDNA synthesis did not result in improved amplification
kinetics of subsequent rtqPCR (Fig. 2B). Heat inactivation of
the reaction mix after cDNA synthesis, to destroy secondary
structure and thus enzymatic activity, has previously been
shown not to be preventing the inhibitory effects of reverse
transcriptase on PCR (18). This is in accordance with my
results, as all rtqPCR reactions were incubated for 10 min at
95°C prior to PCR amplification to inactivate the UNG
enzyme of the TagMan Mastermix.

Decreasing the amount of reverse transcriptase to reduce its
inhibitory effect on PCR is expected to result in loss, or under-
representation, of low abundance mRNAs from single cells
because the efficiency of the cDNA synthesis is reduced at low
mRNA concentrations (15). Dilution of the single-cell cDNA
reaction (>one-eighth-fold, compare Fig. 2A) resulted in
amplification kinetics that were very similar to those per-
formed with either cDNA in water, or purified DNA as PCR
template. However, dilution of single-cell cDNA will inevit-
ably lead to loss of low abundance cDNAs and thus
compromise the application of single-cell rtqPCR for the
study of low abundance mRNAs.

I describe here a simple ethanol precipitation protocol that
enables quantitative precipitation and recovery of very low
concentrated cDNA, and that removes all rtqPCR-inhibiting
components. Ethanol precipitation was carried out in the
presence of sodium acetate, in accordance with the original
protocol (34). Precipitation of cDNA was carried out
overnight at —20°C, as precipitation at —70°C has been found
to inhibit complete DNA precipitation when ammonium
acetate was used as source of monovalent cations (35,36). The
addition of the carrier nucleic acids polyC and polydC allowed
quantitative precipitation of low concentrated DNA without
affecting subsequent rtqPCR, as illustrated in Figure 4A.
Glycogen was added to increase the reproducibility of cDNA
recovery. I did not test linear acrylamide as co-precipitants
as there were no problems either with DNA or RNase
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contamination of glycogen or with re-dissolving of precipi-
tated cDNA. Linear acrylamide has the advantage of being
derived from a non-biological source, however, it contributes
to absorbance at 260 and 280 nm (37).

Experiments using the same amount of highly diluted
cDNA with or without precipitation prior to rtqPCR allowed
direct monitoring of any cDNA loss due to the precipitation
procedure and demonstrated that this did not happen (Fig. 4A).
PCR amplification plots, PCR efficiencies, and the slopes of
calibration curves generated from precipitated single-cell
cDNA were very similar to those using purified TH DNA or
brain cDNA as templates. Taken together, single-cell cDNA
after precipitation fulfills all the requirements for absolute
quantification of TH cDNA molecules at the level of
individual cells.

The protocol enables rtqPCR in combination with estab-
lished specific RT conditions for single-cell RNA, harvested
after electrophysiological characterization (3-5,9,23). With
the method described here we have quantified single-cell
cDNA expression after electrophysiological characterization
for six different genes with high, medium and low expression
levels, and identified a high correlation between cDNA
transcript numbers and respective functional protein levels
in the individual neurons (13). Furthermore, this approach
provides a reliable method for cell-specific validation of
tissue-based DNA  microarray-generated global gene
expression-profiling data (38,39).
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