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Abstract
Terminal continuation (TC) RNA amplification was developed originally to reproducibly and
inexpensively amplify RNA. The TC RNA amplification method has been improved further by
obviating second strand DNA synthesis, a cost-effective protocol that takes less time to perform with
fewer manipulations required for RNA amplification. Results demonstrate that TC RNA
amplification without second strand synthesis does not differ from the original protocol using RNA
harvested from mouse brain and from hippocampal neurons obtained via laser capture
microdissection from postmortem human brains. The modified TC RNA amplification method can
discriminate single cell gene expression profiles between normal control and Alzheimer’s disease
hippocampal neurons indistinguishable from the original protocol. Thus, TC RNA amplification
without second strand synthesis is a reproducible, time- and cost-effective method for RNA
amplification from minute amounts of input RNA, and is compatible with microaspiration strategies
and subsequent microarray analysis as well as quantitative real-time PCR.
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Introduction
Microarray analysis is an effective approach to evaluate transcript levels in a high-throughput
manner, but requires significant amounts of high quality input RNA. Molecular manipulations
have been implemented to increase RNA including exponential PCR-based amplification and
linear RNA amplification procedures (Ginsberg, 2008; Nygaard and Hovig, 2006; Schneider
et al., 2004). PCR-based protocols are not optimal, as exponential amplification can skew the
original quantitative relationships between genes from an initial population (Kacharmina et
al., 1999). In contrast, linear RNA amplification methods allow for the analysis of relative gene
expression levels. A linear RNA amplification procedure typically entails generating quantities
of RNA species through in vitro transcription (IVT) (Eberwine et al., 2001; Ginsberg and
Mirnics, 2006), although PCR/linear RNA amplification hybrid methods (Wang et al., 2000)
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as well as isothermal RNA amplification (Dafforn et al., 2004; Kurn et al., 2005) procedures
are also available that generate a faithful representation of the original input RNA.

A well known linear amplification method, amplified antisense RNA (aRNA) amplification
(Eberwine et al., 1992; VanGelder et al., 1990), enables the quantitation of relative gene
expression levels from fairly small amounts of input RNA. There have been modifications of
the aRNA procedure to improve efficiency (Iscove et al., 2002; Matz et al., 1999; Wang et al.,
2000; Zhumabayeva et al., 2001) and several kits that use aRNA-based technology are available
commercially. The principal obstacle of problematic second strand cDNA synthesis remains.
This difficulty is not exclusive for the aRNA protocol. Rather, the majority of current RNA
amplification methods are afflicted by problems with second strand synthesis efficiency and
specificity (Goff et al., 2004; Wang et al., 2000; Zhumabayeva et al., 2001). Key factors to
improving RNA amplification include streamlining and/or obviating second strand cDNA
synthesis and allowing for flexibility in the placement of bacteriophage transcriptional
promoter sequences for sense and antisense amplification. An RNA amplification procedure
developed in our laboratory named terminal continuation (TC) RNA amplification satisfies
these objectives (Fig. 1A). TC RNA amplification originally consisted of synthesizing first
strand cDNA complementary to the mRNA template, subsequent second strand cDNA
synthesis complementary to the first strand cDNA, and finally IVT using the double stranded
cDNA as template (Che and Ginsberg, 2004). First strand cDNA synthesis complementary to
the template mRNA entails the use of two oligonucleotide primers, a first strand poly d(T)
primer and a TC primer (Che and Ginsberg, 2004) (Fig. 1A). Transcript orientation with TC
RNA amplification procedure can be in the antisense orientation when the bacteriophage
promoter sequence is placed on the first strand poly d(T) primer or in a sense orientation when
the promoter sequence is attached to the TC primer. One round of amplification is sufficient
for downstream genetic analyses (Che and Ginsberg, 2004). TC RNA amplification has been
shown to be more sensitive than aRNA amplification using input RNA obtained from neurons
from mouse and postmortem human brains (Che and Ginsberg, 2004; Ginsberg and Che,
2002).

A new adaptation of the TC RNA amplification procedure is presented that enables robust
RNA amplification without the need for second strand synthesis, a cost-saving and potential
yield-preserving method compatible with homogeneous cell analysis by laser capture
microdissection (LCM) and subsequent microarray analysis. Herein, TC RNA amplification
without second strand synthesis is compared to the original TC RNA amplification protocol
using RNA extracted from mouse brain and hippocampal CA1 neurons and dentate gyrus
granule cells obtained via LCM from human postmortem brain tissues to demonstrate viability
of the modification.

Materials and Methods
Tissue and RNA accession

Animal protocols have been approved by the Institutional Animal Care and Use Committee
(IACUC) of the Nathan Kline Institute/NYU School of Medicine and postmortem tissue
accession were in full accordance with NIH guidelines. Wild-type C57BL/6 mice were
euthanized by cervical dislocation and brains stored at −80°C. Cortex was weighed and
approximately 100 mg was utilized for RNA extraction. Trizol (Invitrogen, Carlsbad, CA) was
added at 10X (w/v) and tissue was homogenized. RNA was then extracted with chloroform
and precipitated utilizing isopropanol and resuspended in 18.2 mega Ohm RNase-free water
(Nanopure Diamond, Dubuque, IA). RNA purity and concentration was analyzed utilizing the
total RNA Nano procedure by bioanalysis (2100, Agilent Technologies). Hippocampal CA1
neurons were harvested from postmortem human brains as described previously (Ginsberg and
Che, 2005). Briefly, 50 individual neurofilament-immunoreactive CA1 neurons and 50
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individual neurofilament-immunoreactive dentate gyrus (DG) granule cells were
microaspirated via LCM per reaction from 6 um thick paraffin embedded tissue sections (n=8
normal aged controls) and (n=6 subjects with AD) (Table I). A total of 3–5 samples per cell
type per case were collected and analyzed for both RNA amplification procedures (e.g., original
TC RNA amplification protocol and TC RNA amplification without second strand synthesis).

TC RNA amplification
The TC RNA amplification protocol developed in this laboratory (Che and Ginsberg, 2004)
has been modified to obviate the need for second strand cDNA synthesis altogether. The
original and new TC RNA amplification protocols are available at
http://cdr.rfmh.org/2005/Ginsberg_protocol1.html. Briefly, RNAs were reverse transcribed in
the presence of poly d(T) primer (100 ng/ul) and TC primer (100 ng/ul) in 1X first strand buffer
(Invitrogen), 2 ug of linear acrylamide (Applied Biosystems, Foster City, CA), 10 mM dNTPs,
100 uM DTT, 20 U of SuperRNase Inhibitor (Applied Biosystems) and 200 U of reverse
transcriptase (Superscript III, Invitrogen). Single stranded cDNAs were digested by adding the
following and then placed in a thermal cycler: 10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, and 10 U RNase H (Invitrogen) in a final volume of 100 ul. RNase H digestion step at
37 ºC, 30 minutes; denaturation step 95 ºC, 3 minutes; primer re-annealing step 60 ºC, 5
minutes. Samples were purified by column filtration (Montage, Millipore, Billerica, MA).
Column reservoirs were filled with 300 μl of 18.2 mega Ohm RNase-free water and the cDNA
reaction was then added to the reservoir. The columns were then spun at 1000 × g for 15
minutes. To recover the cDNA, 20 μl of 18.2 mega Ohm RNase-free water was added to the
columns, and the columns were inverted into clean microfuge tubes and spun at 1000 × g for
2 minutes. The volume of the samples was measured and adjusted to 19 μl by speed vacuum
and resuspension in 18.2 mega Ohm RNase-free water. Hybridization probes were synthesized
by IVT using 33P incorporation in 40 mM Tris (pH 7.5), 6 mM MgCl2, 10 mM NaCl, 2 mM
spermidine, 10 mM DTT, 2.5 mM ATP, GTP and CTP, 100 uM of cold UTP, 20 U of RNase
inhibitor, 2 KU of T7 RNA polymerase (Epicentre, Madison, WI), and 120 uCi of 33P -UTP
(Perkin-Elmer, Boston, MA) (Ginsberg, 2008). The reaction was performed at 37°C for 4
hours. Radiolabeled TC RNA probes were hybridized to custom-designed cDNA arrays
without further purification.

Custom-designed cDNA array platforms and data analysis
Array platforms consisted of 1 μg of linearized cDNA purified from plasmid preparations
adhered to high-density nitrocellulose (Hybond XL, GE Healthcare, Piscataway, NJ). Each
cDNA and/or expressed sequence-tagged cDNA (EST) was verified by sequence analysis and
restriction digestion. cDNA clones and ESTs from mouse, rat, and human were employed.
Approximately 576 cDNAs/ESTs were utilized on the current array platform. Arrays were
prehybridized (2 hours) and hybridized (14–16 hours) in a solution consisting of 6X SSPE, 5X
Denhardt’s solution, 50% formamide, 0.1% sodium dodecyl sulfate (SDS), and denatured
salmon sperm DNA (200 μg/ml) at 42 °C in a rotisserie oven (Che and Ginsberg, 2004;
Ginsberg, 2005). Following hybridization, arrays were washed sequentially in 2X SSC/0.1%
SDS, 1X SSC/0.1% SDS and 0.5X SSC/0.1% SDS for 15 minutes each at 37°C. Arrays were
placed in a phosphor screen for 24 hours and developed on a phosphor imager (GE Healthcare).
All array phosphor images were adjusted to the same brightness and contrast levels for data
acquisition and analysis. Hybridization signal intensity was determined utilizing ImageQuant
software (GE Healthcare). Statistical procedures for custom-designed microarray analysis have
been described in detail previously (Ginsberg, 2005, 2008). Briefly, the arrays were compared
to negative control arrays performed utilizing the respective protocols without any starting
RNA (Ginsberg, 2008). Expression of TC amplified RNA bound to each linearized cDNA
(approximately 576 cDNAs/ESTs on the array) minus background was then expressed as a
ratio of the total hybridization signal intensity of the array (a global normalization approach).
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Global normalization effectively minimizes variation due to differences in the specific activity
of the synthesized probe as well as the absolute quantity of probe present (Eberwine et al.,
2001; Ginsberg, 2008). Data analyzed in this manner does not allow the absolute quantitation
of mRNA levels. However, an expression profile of relative changes in mRNA levels was
generated. Relative changes in total hybridization signal intensity and percentage of cDNA
clones above negative control were analyzed by one-way analysis of variance (ANOVA) with
post-hoc analysis (Neumann-Keuls test; level of significance was set at p < 0.05) and correction
for multiple observations for individual comparisons.

Real-time quantitative PCR (qPCR)
qPCR was performed in triplicate on microdissected frozen hippocampal tissue samples
subjected to the RNA amplification procedures as described previously (Ginsberg and Che,
2005). TaqMan hydrolysis probes designed against AMPA glutamate receptor subunit 1
(GRIA1) (Mn00514377_m1), beta actin (ACTB; Mm00447557_m1), synaptophysin (SYP;
Hs00300531_m1), and the housekeeping gene glyceraldehyde-3 phosphate dehydrogenase
(GAPDH; Hs00266705_g1) were employed (Applied Biosystems). Samples were assayed on
a real-time PCR cycler (7900HT) in 96-well optical plates covered with optical caps as per the
manufacturer instructions (Applied Biosystems) as described previously (Ginsberg, 2008);
(Ginsberg and Che, 2005). Standard curves and cycle threshold (Ct) were generated using serial
dilution standards obtained from total mouse brain RNA (GRIA1, ACTB, and GAPDH) and
human brain RNA (SYP and GAPDH). The ddCT method was employed to determine relative
gene level differences with GAPDH qPCR products used as a control (ABI, 2004; Ginsberg
and Mirnics, 2006). A total of 3–4 independent samples per condition were run in triplicate for
the qPCR assessments. Negative controls consisted of the reaction mixture without input RNA.
Alterations in PCR product synthesis were analyzed by one-way ANOVA with post-hoc
analysis (Neumann-Keuls test; level of statistical significance was set at p < 0.05).

Results and Discussion
A representative comparison of the original and modified TC RNA amplification methods is
presented in Figure 1. Using mouse brain RNA extracts (1 ng, 10 ng, 25 ng, and 50 ng), the
TC RNA amplification procedure without second strand synthesis provided robust
hybridization signal intensity similar to results published previously by our group using a
second strand synthesis step (Che and Ginsberg, 2004). The similarity between procedures is
evidenced for total hybridization signal intensity (Fig. 1B) as well as individual genes with
low, moderate, and high relative expression levels including ACTB, calcium/calmodulin-
dependent protein kinase II alpha (CAMK2), GRIA1, and SYP (Fig. 1C). Hybridization signal
intensity levels are depicted for representative custom-designed arrays with and without second
strand synthesis in Figure 2. Similar results indicated that levels of total hybridization signal
intensity on the custom-designed array (Fig 1D) as well as individual genes (Fig. 1E) did not
differ statistically between TC RNA amplification procedures for human CA1 neurons and DG
granule cells acquired via LCM. Additional experiments were performed to assess the fidelity
of the new modification on the ability to detect expression level differences across diagnostic
conditions. Specifically, microarray analysis of CA1 neurons acquired via LCM from normal
control and AD brains indicated a significant down regulation of the synaptic-related marker
SYP in AD with the original TC RNA amplification protocol (52.6% ± 8.6 decrease as
percentage of normal aged control) or without second strand synthesis second strand synthesis
(65.7% ± 11.5 decrease as percentage of normal aged control) at a similar level of high
statistical significance (Fig. 1F). Validation of the observed SYP down regulation via
microarray analysis was performed with frozen human hippocampus using qPCR. Pronounced
down regulation was found (82.2% ± 10.2 decrease as percentage of normal aged control),
similar in direction (down regulation) and percentage of decrease to the microarray assessments
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with the two distinct TC RNA amplification protocols (Fig 1F). A greater decrease in SYP
expression in AD using the qPCR technique may indicate greater sensitivity of this method for
quantitation of one primer set (Bustin, 2000), or could also indicate that down regulation of
SYP gene expression occurs in multiple cell types within the hippocampal formation (e.g.,
CA3 pyramidal neurons and dentate gyrus granule cells in addition to CA1 pyramidal neurons
profiled via LCM for the present microarray analysis). Importantly, down regulation of SYP
gene expression and protein levels has been observed by our group and others via several
independent genomic and protein-based techniques within the AD postmortem human
hippocampal formation (Callahan et al., 1999;Ginsberg et al., 2000;Gutala and Reddy,
2004;Knobloch and Mansuy, 2008), further validating the current technical and research
observations.

Additional validation of the present microarray results was performed via qPCR with probes
against GRIA1 (Figs. 1G, H) and ACTB (not shown) using input RNA from mouse brain
following the two RNA amplification procedures. The original and modified TC RNA
amplification methods did not differ statistically in their ability to detect both ACTB and
GRIA1 at 10 ng, 25 ng, and 50 ng of input RNA with high specificity above negative control
samples, and notable linearity of amplicon products at the 3 concentrations (Fig. 1H). The
present qPCR-based ddCT expression levels are commensurate with previous observations
using the TC RNA amplification method compared to native RNA levels in unamplified
samples (Che and Ginsberg, 2004; Ginsberg and Che, 2005), further demonstrating the viability
of the TC RNA amplification methodology without second strand synthesis.

Minute amounts of mRNAs within individual cells make RNA amplification methods requisite
for functional genomics approaches when single cell and/or population cell resolution is
desired, particularly if a microaspiration method such as LCM is employed. The process by
which single cell genomic is performed, namely LCM, RNA amplification, microarray
analysis, and subsequent qPCR validation is time consuming and expensive, and fraught with
many sites where experimenter error and/or sample degradation can take place. The present
report demonstrates that a modification of the original TC RNA amplification method is a
highly effective, reproducible, and cost-effective advance that is compatible with single cell
gene expression and subsequent microarray analysis and related downstream genetic analyses.
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Figure 1. Comparison of TC RNA amplification methodologies
A. Schematic representation of TC RNA amplification without second strand synthesis. The
mRNA to be amplified (green line) and the TC primer serve as templates for the first strand
synthesis with poly d(T) acting as a primer. First strand cDNA consists of three portions, the
5′ end comprised of the poly d(T), the mRNA complementary portion in the middle (purple
line), and the 3′ end is comprised of the TC primer complementary to the cDNA (denoted as
TC′). The TC′ portion hybridizes with the TC primer present in the reaction and forms a double
stranded region without need for further second strand synthesis. Since the TC primer contains
the T7 bacteriophage transcription promoter sequence, double stranded TC primer regions
provide a functional RNA synthesis promoter for IVT and subsequent robust RNA
amplification.
B. Histogram indicating no significant differences between the original TC RNA amplification
method with second strand synthesis and TC RNA amplification without second strand
synthesis in terms of total hybridization signal intensity ± standard deviation. Depicted assays
were performed with 50 ng of mouse brain RNA using the original protocol (n = 6) and modified
protocol (n = 8).
C. Comparison of amplification protocols using 50 ng of mouse brain RNA on specific gene
expression levels. Histogram demonstrating no significant differences in expression levels in
representative genes with varying levels of hybridization signal intensity. Key: ACTB, beta
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actin; CAMK2, calcium/calmodulin-dependent protein kinase II alpha; GRIA1, AMPA
glutamate receptor 1 subunit; SYP, synaptophysin.
D. Similar to B, no differences in total hybridization signal intensity are observed between
amplification protocols using RNA extracted from 50 cells per reaction obtained from normal
control human postmortem CA1 neurons and DG granule cells.
E. Consistent with C, no differences are observed within representative individual genes
following TC RNA amplification using the original or modified protocols in CA1 neurons
acquired via LCM.
F. SYP expression levels are down regulated in CA1 neurons obtained from AD brains
compared to age-matched normal controls using the original TC RNA amplification protocol
(single asterisk denotes p < 0.01) and the TC RNA amplification without second strand
synthesis methodology (double asterisk denotes p < 0.03). Consistent with the microarray
analysis, significant down regulation of SYP expression was observed via qPCR in AD
hippocampus as compared to age-matched controls (triple asterisk denotes p < 0.002).
G. Histograms depicting no significant differences in GRIA1 qPCR products across TC RNA
amplification protocols in relation to a negative control using 50 ng of input mouse brain RNA.
H. GRIA1 qPCR products at three low concentrations (10 ng, 25 ng, and 50 ng) following TC
RNA amplification without second strand synthesis. Note the linear nature of the amplification
above the negative control.

Alldred et al. Page 9

J Neurosci Methods. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Comparison of the two TC RNA amplification procedures
A. Representative custom-designed array displaying hybridization signal intensity derived
from mouse brain RNA (50 ng input RNA sample) following the original TC RNA
amplification procedure.
B. An identical section of a custom-designed array as in A, using the TC RNA amplification
procedure without second strand synthesis. Note the similarity between the two arrays.
C. Unigene/NCBI clone identification for each feature on the custom designed array.
Key: SYN1, synapsin 1; SYN3, synapsin 3; SYP, synaptophysin; SYT1, synaptotagmin I;
A1G1, adapter-related protein complex 1 gamma 1 subunit (gamma-adaptin); SNAP-29,
synaptosomal-associated protein, 29kD; CTNNB1, beta catenin; VAMP1, vesicle-associated
membrane protein 1; JUND, jun D proto-oncogene; CREB, cAMP responsive element binding
protein; CREBBP, CREB binding protein; CREM, CAMP responsive element modulator;
TRADD, Tumor necrosis factor receptor 1A-associated death domain; NFK-β, nuclear factor
kappa-β; CASP1, caspase 1
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Table I
Case demographics

Clinical Diagnosis

AD (N=11) CTR (N=9)

Age at death (yrs): mean ± sd
(range)

81.4±4.6 (72–92) 78.3±11.7 (66–98) p = 0.23a

Number (%) of males: 4 (36.4%) 4 (44.4%) p = 0.57b

PMI (hrs): mean ± sd (range) 11.3 ± 4.5 (4.5–17) 9.1 ± 4.9 (4–17) p = 0.72a

a
Kruskal-Wallis test

b
Fisher’s exact test

No significant differences were observed between the conditions in terms of average age, number of males or postmortem interval (PMI). Brains were
accrued from the Rush Alzheimer’s Disease Center, Rush University Medical Center, Chicago, IL and the Penn Alzheimer’s Center, University of
Pennsylvania School of Medicine, Philadelphia PA. All of the tissue samples were harvested using the same methods and procedures. Neuropathological
designations for the diagnosis of AD were based on the NIA Reagan and CERAD criteria (Hyman and Trojanowski, 1997; Mirra et al., 1991). Assessment
of demographic variables between conditions was assessed by the Kruskal-Wallis test (age and PMI) and Fisher’s exact test (percentage of males) as
described previously (Ginsberg et al., 2006a; Ginsberg et al., 2006b). Only brains confirmed to have abundant RNAs by acridine orange histofluorescence
were selected for study (Ginsberg et al., 1997). A total of 8 AD and 6 control brains were used in the microarray study. A total of 5 AD and 5 control
brains were used in the qPCR study (tissue from 2 AD brains and 2 control brains were used for both the microarray and qPCR studies). This study was
performed in accordance with IRB guidelines administrated by the Rush University Medical Center, University of Pennsylvania School of Medicine, and
the Nathan Kline Institute/NYU School of Medicine.
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