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Analysis of gene transcription patterns in complex tissues with multiple cell types is a major challenge.
Examination of cellular subpopulations for molecular expression patterns requires their isolation from other
surrounding cells. We performed single-cell mRNA analysis to study gangliogliomas obtained from patients
with pharmacoresistant epilepsy (n¼ 6), in order to characterize CD34 expressing cells found in these tumors.
Fresh-frozen biopsy tissue was analyzed by initial in situ-reverse transcription (in situ-RT) with oligonucleo-
tides, subsequent immunohistochemistry (IHC) to identify specific cell types, and laser-capture microdissection
(LCM, herein termed immuno-LCM) to obtain antigen-expressing cell subpopulations. Isolated complementary
DNAs (cDNAs) were then quantified by real time-polymerase chain reaction (RT-PCR). We found that short- vs
long-term incubation time for the IHC step did not adversely affect cDNA abundance obtained by subsequent
RT-PCR, either for high-abundance (glyceraldehyde dehydrogenase; GAPDH), medium-abundance (glial
fibrillary acidic protein; GFAP), or low abundance (neurofilament; NFM) gene transcripts. We also determined
that the cellular specificity of capture was excellent, as determined by lack of contamination between different
immuno-LCM cell isolates. We were therefore able to examine the lineage expression markers of isolated CD34-
expressing cells. We observed coexpression of CD34 and NFM, suggesting neuronal differentiation of the CD34
expressing cellular elements in gangliogliomas. Expression markers for other cellular types (myelin basic
protein for oligodendroglia; GFAP for astrocytes) were negative. Our findings support the hypothesis that
gangiogliomas contain neuronal elements with compromised or atypical differentiation. We consider that this in
situ-RT/immuno-LCM protocol is of general applicability, whereby virtually any primary antibody can be used to
facilitate capture of individual cells in tissue sections for molecular analysis.
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Cellular resolution of transcription patterns consti-
tutes a major challenge for gene expression analyses
in tissues with complex histoarchitecture such as
the brain. Laser capture microdissection (LCM)
allows the isolation of individual cells from hetero-
geneous tissue samples and subsequent gene ex-
pression analysis.1,2 Starting from individual
neuroepithelial cells, mRNA analyses by reverse
transcription-polymerase chain reaction (RT-PCR)3

and even genomewide expression profiling have

been reported.4–7 With respect to the identification
of target cells for laser isolation, the microscopic
discrimination of specific cell types in routinely
stained tissue sections relies largely on parameters
such as cellular size and shape. LCM from immu-
nostained tissue sections enables significantly more
specific access to cells of interest. However, a
limiting factor for the combination of immunohis-
tochemistry (IHC) and LCM (Immuno-LCM) is the
instability of mRNA. Recent reports describing
mRNA analysis from immunostained cells describe
rapid protocols for Immuno-LCM in the range of
minutes.8–10 However, the majority of antibodies
require extensive IHC-protocols, often with over-
night incubation. In situ-transcription was originally
established as procedure for reverse transcription of
mRNAs and generation of radiolabeled cDNAs in
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fixed tissue sections.11 Here, we describe a proce-
dure composed of initial in situ-RT with oligonu-
cleotides, subsequent IHC and LCM, followed by
(real-time) PCR-based expression analysis. The pro-
tocol is then applied to study the cellular nature of
frequent epilepsy-associated tumors. However, the
protocol can be combined with virtually any
primary antibody, suggesting it is also suitable for
diagnostic use.

Gangliogliomas constitute epilepsy-associated,
highly differentiated biphasic tumors, composed of
neoplastic glial and dysplastic neuronal elements.
Intriguingly, gangliogliomas express the stem cell
epitope CD34,12 suggesting an origin from a devel-
opmentally compromised precursor lesion. How-
ever, the cellular identity of CD34 expressing
elements remains enigmatic.12 However, CD34 ex-
pression has been also described in activated
microglia,13,14 cellular elements frequently observed
in brain tissue following epileptic attacks. In order
to characterize the cellular origin of CD34-expres-
sing cells in gangliogliomas, we employed in situ-RT
primers specific for three neural lineage markers:
glial fibrillary acidic protein (GFAP), neurofilament
(NFM) and myelin basic protein (MBP); as well as
human leukocyte antigen (HLA-DQ) and CD34.

Methods and results

Tissue

Biopsy samples were obtained from patients with
chronic pharmacoresistant TLE in the Epilepsy
Surgery Program at Bonn University (n¼ 6:
Table 1). Surgical removal of tumors was necessary
to achieve seizure control in all cases.15 Informed,
written consent was obtained from all patients
for additional studies. Procedures were carried out
in accordance with the Helsinki-Declaration and
approved by the local ethics committee.

Fresh frozen tissue was cut into 10 mm sections,
mounted on poly-L-lysine coated membrane-cov-
ered glass slides and air-dried for 30min. Slides
were fixed in 4% PFA/PBS (pH 7.4) at 41C for 10min
and washed. All wash steps were carried out for
2� 5min in PBS at room temperature. The mRNA

was denatured by stirring for 10min in 0.1M TEA
(þNaCl) (pH 8.0) and two applications of 0.5%
acetic anhydride. After washing, slides were treated
with 0.1% Triton/PBS for 20min to permeabilize the
membranes, which was followed by another wash.

The histopathology of a ganglioglioma is shown in
Figure 1(1), demonstrating the typical biophasic
pattern of neoplastic glial and dysplastic neuronal
elements. Cellular expression of the stem cell
epitope CD34 also is demonstrated, raising the
question under study as to their specific nature.
Accordingly, fresh frozen tissue was cut.

In Situ-RT

For in situ-RT,11 RT-mix (MBI Fermentas) containing
8ml 5� reaction buffer, 2 ml ribonuclease inhibitor
(20U/ml), 4ml dNTPs (10mM each), 4 ml reverse
transcriptase (200U/ml), 2 ml of each reverse primer
(10pmol) (Table 2) and 18 ml DEPC-water were
placed on individual slides. Primers were designed
mRNA-specific by primer express software (Applied
Biosystems). All procedures were carried out under
RNase-free conditions. We then positioned a cover-
slip on the sections, which were transferred to a
humid box. Mixes of the primers specific for above-
mentioned genes were used. The primers were
modified by a nonspecific tail for concatameriza-
tion, for example, 50-CCC CAA ACC CCA AAC CCC-
30 and 50-GGG GTT TGG GGT TTG GGG-30. This
modification provides a network of generated
cDNAs and avoids their displacement16 resulting
in a high specificity of signals. Slides were incu-
bated at 41C 1h, followed for 2 h at 371C. After
washing and gentle removal of the coverslips, slides
were fixed in 4% PFA/PBS (pH7.4) at 41C for 10min.

IHC

Initially, we aimed to study potential degeneration
of templates dependent on variation of incubation
times in primary antibody. Therefore, we carried out
real-time RT-PCR quantification of high, intermedi-
ate and low copy transcripts (GAPDH, GFAP and
NFM) in tissue sections subjected to IHC for short vs

Table 1 Clinical parameters of patients used in the present study

ID Age (years) Lesion Sex Seizure type Duration Onset Frequency

1 15 GG (WHO Grade I) M CPS 14 1 60
2 29 GG (WHO Grade I) M SPS, CPS with sGTCS 26 3 28
3 29 GG (WHO Grade I) F CPS 23 6 1
4 24 GG (WHO Grade I) M CPS, sGTCS 4 20 5
5 29 GG (WHO Grade I) F CPS 17 12 3
6 36 GG (WHO Grade I) F SPS, CPS 34 2 ND

ID, identification number; GG, ganglioglioma; F, female; M, male; SPS, simple partial seizures; CPS, complex partial seizures; sGTCS, secondary
generalized tonic clonic seizures; ND¼not determined. Duration and onset of epileptic seizures is given in years; frequency of seizures refers to
number of events per month.
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long incubation times. After in situ-RT,11 slides were
immunostained with mouse monoclonal antibodies
directed against human GFAP or CD34. The IHC
experiments with the shorter incubation time started
with a blocking step (PBS with 10% FCS, 2% NHS,
nonfat dry milk) for 30min at 371C. Primary
antibodies (GFAP, DAKO, 1:400; CD34, Immunotech,
ready to use) were then added, and slides are
incubated at 371C for 15min (CD34) or 45min
(GFAP). After washing in PBS (2� 2min), slides
were covered with biotinylated second antibody anti-
mouse IgG (Vector Laboratories) (1:100, PBS with
10% FCS) and incubated at 371C for 15min, followed
by washing (2� 2min) and a 15min incubation at
371C with AB complex (Vector Laboratories). The
stains were developed by DAB application (0.05M
Tris/HCl pH7.4 with DAB 1:50, H2O2 1:2000) after
washing (2� 2min). For the IHC experiments with
the longer incubation time, the following modifica-
tions were made: the blocking step was carried out
for 1.5 h at 371C and followed by overnight incuba-
tion with primary antibody at room temperature. The
second antibody (1:200, PBS with 10% FCS) was
applied for 2h at 371C, followed by 2h AB complex.

LCM and RT-PCR

UV-Laser microbeam technology (PALM, Bernried)
was applied for microdissection and separate har-
vesting of immunostained neurons, glial cell com-
ponents and blood vessels in gangliogliomas. For
cDNA isolation of laser microdissected cells, the
DNeasy tissue kit was used according to the

manufacturer’s guidelines (Qiagen, Hilden). By
real-time PCR, we quantified target mRNAs derived
from identical areas of adjacent ganglioglioma
sections containing several hundred cells, which
we had previously been subjected to IHC. Real-time
RT-PCR (ABI PRISM 7700) was carried out in a 13ml
reaction volume containing 6.25 ml SYBR Green PCR
Master Mix (Applied Biosystems), 0.375 ml forward
and reverse primers (10pmol/ml), 3.0 ml DEPC-H2O
and cDNA dissolved in 2.5 ml DEPC-H2O. Duplicate
reactions were carried out for each gene. After
preincubation for 10min at 951C, we performed 50
PCR cycles (20 s at 941C followed by 30 s at 591C,
and 40 s at 721C). The SYBR Green fluorescence
signal was measured in each cycle.

Real-time PCR revealed significant differences in
the levels of GAPDH (high abundance), GFAP
(medium abundance) and NFM (low abundance)
after in situ-RT and IHC with a CD34 antibody.
When short- vs long-time IHC were compared, there
were no significant differences in the cDNA levels
detected (Figure 1(2)a–c). This finding suggests that
cDNAs were quantitatively conserved after in situ-
RT, independent of variation of IHC.

Cellular Specificity

Next, we addressed the cellular specificity of the RT-
PCR signals, that is, whether cDNAs after in situ-RT
were anchored in the cells of origin during IHC. We
used tissue sections after in situ-RT and immuno-
stained for GFAP/CD34. After LCM isolation of

Table 2 Primer sequences, annealing temperatures and MgCl2 concentrations of the genes under study

Gene Forward primer Reverse primer Annealing
temeprature

(1C)

MgCl2
concentration

(mM)

CD34 50-CCCACAGGAGAAAGGCTGG-30 50-CCCAAACCCCAAACCCCTGAGCCCCTCGGTTCACA-30

50-GGGTTTGGGGTTTGGGGTGAGCCCCTCGGTTCACA-30
55 1.0

GAPDH 50-GAAGGTGAAGGTCGGAGT-30 50-CCCCAAACCCCAAACCCCGAAGATGGTGATGGGATTTC-30

50-GGGGTTTGGGGTTTGGGGGAAGATGGTGATGGGATTTC-3
55 1.0

GFAP 50-AGAACCGGATCACCATTCCC-30 50-CCCCAAACCCCAAACCCCCTCTCCATCCCGCATCTCC-30

50-GGGGTTTGGGGTTTGGGGCTCTCCATCCCGCATCTCC-30
60 1.0

MBP 50-GCAGATTTAGCTGGGGGGC-30 50-CCCCAAACCCCAAACCCCCGACTATCTCTTCCTCCCAGCTTA-30

50-GGGGTTTGGGGTTTGGGGCGACTATCTCTTCCTCCCAGCTTA-30
55 1.0

NFM 50-CAGGACACCATCCAGCAGCT-30 50-CCCCAAACCCCAAACCCCCTCCAGGAGTTTTCTGTACGCAG-30

50-GGGGTTTGGGGTTTGGGGCTCCAGGAGTTTTCTGTACGCAG-30
55 1.5

HLA-DQ 50-ATGACTGCAAGGTGGAGCACT-30 50-CCCCAAACCCCAAACCCCGCAGGCCTTGGATGATGAAG-30

50-GGGGTTTGGGGTTTGGGGGCAGGCCTTGGATGATGAAG-30
60 1.5

GenBank ID: CD34: XM_036615; GAPDH: BC023632; GFAP: J04569; MBP: M13577; NFM: XM_005158; HLA-DQ: NM_002122

The conditions were used for in situ-RT, PCR and quantitative RT-PCR. Underlined sequences display a nonspecific tail for concatamerization.

Figure 1 (1) (a–d) Histopathology of a ganglioglioma (a: hematoxylin and eosin (H&E) stain; �20) with the typical biphasic pattern
composed of neoplastic glial (b: GFAP IHC, �40) and dysplastic neuronal elements (c: synaptophysin IHC, � 40). (d) Cellular elements
expressing the stem cell epitope CD34 in a ‘satellitosis’-like pattern can be observed as ganglioglioma components (CD34 IHC, � 40). (2)
(a–c) Comparison of amplification plots (normalized fluorescent signal (DRn) vs PCR cycles) after in situ-RT and CD34 short- (open
symbols) vs long time- (closed symbols) IHC. During real-time PCR, products were labeled by SYBR Green. There were no significant
differences in cDNA abundance after short/long-term IHC in the high (2a, GAPDH), intermediate (2b, GFAP), and low (2c, NFM)
transcript copy range.
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CD34-positive blood vessel endothelia and indivi-
dual GFAP-expressing astrocytes, PCR was carried
out as described above. For PCR amplification, a
final volume of 10 ml contained 1.0/1.5mM MgCl2
(50mM), 5.75/5.65 ml H2O, 1 ml 10� PCR buffer, 1ml
dNTPs (2mM each), 0.5 ml of each primer (10pmol/
ml), 0.05 ml Taq polymerase and 1ml cDNA template.
After initial denaturation at 941C for 5min, 35 PCR
cycles were at 941C for 30 s, 55/601C for 40 s and
721C for 1min, and 721C for 10min (Table 2). PCR
products were visualized by gel electrophoresis in
2% agarose gels. These experiments revealed a high
specificity of transcripts after Immuno-LCM, that is,
only GFAP transcripts were found in GFAP im-
munolabeled astrocytes (Figure 2a1–3). We observed
CD34 transcripts only in CD34-immunoreactive
endothelial cells from blood vessels (Figure 2b1–
3). No contaminating PCR products were detected
for NFM, HLA-DQ and MBP.

Lineage

Based on these experiments, we addressed the
lineage marker expression pattern of CD34-positive

cells in gangliogliomas. After in situ-RT with
primers for GFAP, NFM, MBP, HLA-DQ and CD34,
ganglioglioma sections were immunostained for
CD34. PCR was carried out as described above. We
observed coexpression of CD34 and NFM, suggest-
ing neuronal differentiation of CD34 expressing
cellular elements in gangliogliomas (n¼ 6; all
experiments in duplicates; Figure 2c1–3). We found
no expression of the oligodendroglial marker MBP,
the astrocytic marker GFAP, or HLA-DQ in CD34-
positive ganglioglioma elements (Figure 2c1–3).
These data suggest neuronal characteristics of
CD34 expressing ganglioglioma cell components.
Considering the role of CD34 as stem cell epitope,
these findings support the hypothesis that gang-
liogliomas contain neural elements with compro-
mised or atypical differentiation.12

Conclusion

In summary, the combination of in situ-RT and
immuno-LCM provides the ability to carry out gene
expression studies by PCR after LCM of tissue
sections immunostained with antibody under vary-

Figure 2 Ganglioglioma sections (1, 2) after in situ-RT and IHC with antibodies against GFAP (a) and CD34 (b, c). a1–3: After LCM of a
GFAP expressing cell (white arrow in a1; a2), a PCR product was only observed for GFAP in lane 1 (a3) on the agarosis gel (lane 1: GFAP,
lane 2: NFM, lane 3: MBP, lane 4: HLA-DQ, lane 5: CD34). Following LCM of CD34 expressing blood vessel components (white arrow in
B1; B2), an amplicon was obtained only for CD34 in lane 5 (b3). In c1–2, representative laser microdissection of a CD34 expressing cell
component within a ganglioglioma was shown (black arrow in c1). PCR products for NFM (lane 2) and CD34 (lane 5) were obtained from
laser microdissected, CD34 immunoreactive cells after in situ-RT (c3).
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ing conditions of IHC. As shown here, fresh frozen
tissue was suited as starting material for this
protocol. Considering the fact that fresh frozen
tissue samples are generally the first biopsy tissue
samples available after surgery, this protocol might
be well used in diagnostic molecular–pathological
settings. Also, the combination of several primers in
the same in situ-RT reaction—5 primers applied so
far—suggests a high flexibility of the method. By
modification of the in situ-RT primers, that is,
attachment of a T7 RNA polymerase recognition
site, the described procedure can also be combined
with mRNA profiling.17 It may also be applied to
paraffin-embedded tissue,5 which could be useful,
considering potential difficulty in obtaining non-
disease control tissue from human fresh frozen
biopsy specimens. In conclusion, the present proto-
col provides a fast and easy procedure for gene
expression analysis after Immuno-LCM.
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